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ABSTRACT OF DISSERTATION 

 

Breeding for Tomato Resistance to Spider Mite Tetranychus urticae Koch  

(Acari: Tetranychidae) 

 

Cultivated tomato plants are extremely susceptible to the two-spotted spider mite 

Tetranychus urticae Koch. Selection for pest resistance is usually a crucial step required 

to achieve successful genetic resistance transfer from wild into cultivated tomato 

genotypes. S. habrochaites LA2329, a wild relative of tomato, is highly resistant to 

arthropods. Its resistance has been attributed to the presence of a high density of type IV 

and type VI trichomes and abundant production of 7-epi-zingiberene, a sesquiterpene 

hydrocarbon.  The interspecific backcross hybrids used in this research were derived from 

the cross between the wild relative tomato, S. habrochaites LA2329, and the cultivated 

tomato, S. lycopersicum ‘Zaofen 2’ (ZH2).  This population has been directly selected for 

type IV trichome density and zingiberene. The arthropod resistance status of the 

backcross hybrids was unknown when this research was initiated. Thus, the main 

objective of the research was to verify the transfer of arthropod resistance from S. 

habrochaites to cultivated tomato. The effects of glandular trichome densities and leaf 

zingiberene contents on spider mite behavior and biology were also explored. Also, the 

chemical composition of the trichome secretions in the wild tomato donor is segregating 

for presence and abundance of sesquiterpenoids related to zingiberene. The bioactivity 

of these sesquiterpenoids was explored in this research.  

To evaluate the relative bioactivities of zingiberene alcohol and 7-epizingiberene, 

extracted from glandular trichomes of Solanum habrochaites accession LA2329, as well as 

alpha-zingiberene obtained from ginger oil, these were purified by silica gel 

chromatography and bioassayed with two-spotted spider mites, Tetranychus urticae Koch 

(Acari: Tetranychidae) using a bean leaf disc bioassay. Zingiberene alcohol was most 

efficacious and alpha-zingiberene, was least efficacious, while the efficacy of 7-

epizingiberene was intermediate. Thus, tomato breeders should consider introgression of 

the genes responsible for the oxidation of 7-epizingiberene into zingiberene alcohol to 

potentially improve the spider mite resistance of cultivated tomato. Also, it is possible 

that this compound may be exploited as eco-biopesticide approach for integrated pest 

management against a broad spectrum of herbivorous pests.  

To verify transfer of arthropod resistance, a bioassay utilizing whole leaves was 

employed. Nine hybrids (BC3F3 and BC3F4) were chosen for this bioassay, based on 

variation of type IV trichome density and zingiberene concentration among the hybrids. 

The experiment also included three susceptible and three resistant control plants. Mite 

responses on some of the hybrids were similar to those on the resistant wild donor 

parent, S. habrochaites, as indicated by number of leaflet surfaces infested by mites, 

degree of mite webbing and feeding damage. Egg density on four backcross hybrids was 



     

 

similar to that on the S. habrochaites resistant controls. Based these results, we concluded 

that resistance had been successfully transferred from the wild accessions to the hybrids 

by deployment of backcrossing and indirect selection. There was a significant negative 

correlation of almost all mite behavioral and biological responses with Type IV trichome 

density and zingiberene content. This bioassay illuminated behavioral variations of mites 

associated with presence or absence of leaf compounds and glandular trichome densities. 

Also, the results support the idea that introgression of type IV trichomes and zingiberene 

has led to effective spider mite resistance. 

In another bioassay-based experiment to verify transfer of resistance, seven 

interspecific backcross hybrids (BC3F2), the resistant parent LA2329, and two susceptible 

cultivated tomato lines, the recurrent parent ZH2 and ‘Small Roma’, were used in 

thumbtack bioassays. Mite movement was measured by imaging bioassayed leaves at 15, 

20, 30, 45, and 60 min intervals. In addition to confirming transfer of spider mite 

resistance, other objectives included determination of the relative contributions of type 

IV and VI trichome densities and leaf compounds to mite behavior over time intervals. 

Our findings confirmed the transfer of mite repellency from the wild resistant parent to 

advanced backcross hybrids. Several backcross hybrids performed similarly to the wild 

donor parent, displaying shorter distances traveled on the leaves after 15 and 30 min. The 

type IV and type VI trichome densities as well as zingiberene contents had a significant 

positive correlation with the number of spider mites remaining on tack.  There was a 

significant negative correlation of type IV density and zingiberene concentration with the 

total distance travelled by mites for both the abaxial and adaxial surfaces across most 

time intervals. Stepwise multiple regression analysis showed that the type IV trichome 

density was the most critical factor, and zingiberene content was a secondary factor 

across over most time intervals. T. urticae remained longer on the thumbtack heads and 

traveled shorter distances on the leaf surface of the wild donor parent LA2329 and the 

interspecific hybrids compared to S. lycopersicum leaves. These results indicated that 

introgression of genetic resistance, especially repellence, against spider mite from the 

wild relative into cultivated tomato varieties has been successfully achieved.  

In conclusion, trichome type IV and/or zingiberene content has been successfully 

transferred from the wild relative into interspecific tomato hybrids, and the hybrids show 

significant adverse impact on spider mite behavior and/or biology in whole leaf and 

thumbtack bioassays. Type IV trichome density is the most crucial factor in mite 

deterrence while zingiberene seemed to be a second key factor across most of time 

durations for both surfaces. Collectively, several backcross hybrids had similar leaf 

characteristics to the S. habrochaites LA2329, also may be a potential source of resistance 

to other insect pests.  

KEYWORDS: Solanum habrochaites, Tomato, Trichomes, 7-epi-Zingiberene,  

 Alpha-zingiberene, Arthropod resistance  



     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ammar Sami AL-Bayati 

     Author signature 

 

April 15, 2019 

            Date 



 

 

 

 

 

 

 

 

 

 

 

 

Breeding for Tomato Resistance to Spider Mite Tetranychus urticae Koch  

(Acari: Tetranychidae) 

 

 

By 

Ammar Sami AL-Bayati 

 

 

 

 

 

 

 

 

 

John C. Snyder 

Director of Dissertation 

 

Arthur G. Hunt 

Co-Director of Dissertation 

 

Mark S. Coyne 

Director of Graduate Studies 

 

April/15/2019 

               Date 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DEDICATION 

 

I dedicate my dissertation work to the souls of my parents, to the lifelong companion, my 

wife Hind AL-Delfi, my daughters Mawadah, Rahma, and my son Aliarridah. A special 

feeling of gratitude to my friends ...... whose words of encouragement supported me 

throughout the entire PhD program.



 

iii 

 

ACKNOWLEDGMENTS 

 

First of all, I would like to acknowledge God Almighty for granting me this 

valuable opportunity of knowledge and intellectual aptitude to pursue my education life. 

I am sincerely grateful to my esteemed advisor Dr. John Snyder and co-advisor 

Dr. Arthur Hunt for all of their constant support, professional orientation, and 

constructive comments over the years of my PhD journey. I am honored to work under 

the supervision of Dr. John Snyder; I learned a lot of things from him that reflected 

fruitfully in my education and life. Dr. Snyder refined my mind to be self-educated, 

problem solver, and a critical thinker as a scientist, as well as he enhanced my writing 

skills as a scientific author. Without his emotional and financial support and patient 

guidance, I would never be able to finish my PhD study. In addition, I highly appreciate 

my committee members Dr. Paul Vincelli, Dr. Barbara Liedl and the outside examiner 

Dr. Nicholas Teets, for their help, excellent suggestions, and advice that allowed me to 

accomplish my degree at the best it could. I would also like to thank The Higher 

Committee of Education and Development (HCED) in Iraq for giving me this scholarship 

and supporting me during my PhD study. Also, special thanks to my dearest friends, 

Mohammad Dawood, Ammar Alzubade, and Mohammad Alsabri for their continuous 

inspirations and dedicated efforts. Further, I would like to thank the lab technician 

Belinda Labadie, Dr. John Strang, Steve Diver, Chris Smigell who helped me in the field 

management at the Horticulture Research Farm as well as all staff of the Horticulture 

Department at the University of Kentucky. Lastly and especially my gratitude go to my 

wonderful family, my brothers and sisters who continuously encouraged and supported 

me throughout my academic career.



 

iv 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGMENTS .................................................................................................................................... iii 

LIST OF TABLES .............................................................................................................................................. vii 

LIST OF FIGURES .......................................................................................................................................... xvii 

CHAPTER 1. Tomato Breeding for Arthropod and Insect Resistance: General Background ....................... 1 

1.1 Diversity of Wild Tomato Species ...................................................................................................... 1 

1.2 Breeding Tomato for Herbivore Resistance ....................................................................................... 2 

1.3 Diversity of Tomato Leaf Trichomes .................................................................................................. 4 

1.4 Tomato Foliar Allelochemical Secretions and Pest Resistance .......................................................... 6 

1.5 Spider Mite as a Pest and a Model .................................................................................................... 7 

CHAPTER 2. Mortality Fecundity of Two-spotted Spider Mites in a Bean Leaf Disk Bioassay Treated with 

7-EpiZingiberene, Zingiberene Alcohol  and Alpha-Zingiberene ................................................................... 12 

2.1 Abstract ........................................................................................................................................... 12 

2.2 Introduction ..................................................................................................................................... 13 

2.3 Materials and Methods ................................................................................................................... 16 

2.3.1 Plant Materials: ..................................................................................................................... 16 

2.3.2 Maintenance of Mite Colony: ................................................................................................ 17 

2.3.3 Gas Chromatographic Analysis: ............................................................................................. 17 

2.3.4 Validation of Ethanol as a Solvent for Zingiberene: .............................................................. 18 

2.3.5 Silica Gel Column Preparation for Column Chromatography: ............................................... 18 

2.3.6 Isolation and Purification of Alpha-zingiberene from Ginger Oil (Zingiber officinale L.): ...... 19 

2.3.7 Isolation and Purification of Zingiberene and Zingiberene Alcohol  from S. habrochaites 

LA2329: ………………………………………………………………………………………………………………………………………….20 

2.3.8 Preparation of Ethanol Solutions for Bioassays: .................................................................... 21 

2.3.9 Bean Leaf Disk Bioassay: ........................................................................................................ 21 

2.3.10     Data Recorded: ...................................................................................................................... 22 

2.4 Results ............................................................................................................................................. 23 

2.4.1 Isolation and Purification of Alpha-zingiberene of Ginger Oil and Zingiberene as well as 

Zingiberene Alcohol of S. habrochaites LA2329: ................................................................................. 23 

2.4.2 Validation of Ethanol as a Solvent: ........................................................................................ 23 

2.4.3 Ethanol as a Non-toxic Solvent to Spider Mites: ................................................................... 24 

2.4.4 Mortality: ............................................................................................................................... 24 

2.4.5 Fecundity: .............................................................................................................................. 25 

2.5 Discussion ........................................................................................................................................ 25 

2.6 Conclusion ....................................................................................................................................... 27 



 

v 

 

CHAPTER 3. Two-spotted Spider Mite Resistance in Tomato Hybrids by Trichome Secretions and 

Densities of Solanum habrochaites  Accession LA2329 ................................................................................ 40 

3.1 Abstract ........................................................................................................................................... 40 

3.2 Introduction ..................................................................................................................................... 41 

3.3 Materials and Methods ................................................................................................................... 44 

3.3.1 Plant Materials: ..................................................................................................................... 44 

3.3.2 Maintenance of Mite Colony:  as described in Chapter 2. .................................................... 45 

3.3.3 Quantification of Chemicals in Tomato Leaflets and Trichome Assessment: ........................ 45 

3.3.4 Whole Leaf Bioassay: ............................................................................................................. 46 

3.3.5 Statistical Analysis: ................................................................................................................ 47 

3.4 Results ............................................................................................................................................. 48 

3.4.1 Tomato Leaflet Chemistry and Type IV Trichome Density: ................................................... 48 

3.4.2 Mite Responses: .................................................................................................................... 50 

3.4.2.1 Number of Leaflets and Surfaces Infested by Spider Mites: ........................................ 50 

3.4.2.2 Mite Webbing: ............................................................................................................. 51 

3.4.2.3 Mite Feeding Damage: ................................................................................................. 53 

3.4.2.4 Oviposition: .................................................................................................................. 55 

3.4.3 Correlation of Trichome Density and Zingiberene Content with Behavioral and Biological 

Mite Variables: ..................................................................................................................................... 56 

3.4.4 Cluster Analysis:..................................................................................................................... 56 

3.5 Discussion ........................................................................................................................................ 58 

3.6 Conclusion ....................................................................................................................................... 64 

CHAPTER 4. Image-Based Spider Mite Thumbtack Bioassays-of Tomato Interspecific Hybrids ............. 117 

4.1 Abstract ......................................................................................................................................... 117 

4.2 Introduction ................................................................................................................................... 118 

4.3 Materials and Methods ................................................................................................................. 122 

4.3.1 Plant Materials: ................................................................................................................... 122 

4.3.2 Maintenance of Mite Colony: as previously mentioned in Chapter 2. ................................ 122 

4.3.3 Sample Preparation: ............................................................................................................ 122 

4.3.4 Quantification Chemical Compounds in Tomato Leaflets and Trichome Assessment: ....... 123 

4.3.5 Thumbtack Bioassay: ........................................................................................................... 123 

4.3.6 Image Analysis, Data Recorded and Statistical Analyses: .................................................... 124 

4.4 Results ........................................................................................................................................... 126 

4.4.1 Tomato Leaflet Extracts and Trichome Densities: ............................................................... 126 

4.4.2 Mite Performance in Thumbtack Bioassays: ....................................................................... 127 

4.4.2.1 Number of Mites Remaining on Thumbtack: ............................................................. 127 

4.4.2.2 Distance Travelled by Spider Mites: ........................................................................... 129 

4.4.3 Correlation of Trichome Densities and Zingiberene Contents with Mite Repellence 

Parameters: ....................................................................................................................................... 130 

4.4.4 Multiple Regression Model: ................................................................................................ 131 

4.5 Discussion ...................................................................................................................................... 133 

4.6 Conclusion ..................................................................................................................................... 137 



 

vi 

 

CHAPTER 5. Implications and Future Perspectives .................................................................................. 177 

REFERENCES ................................................................................................................................................ 181 

VITA ............................................................................................................................................................. 189 

 

 

 

 

 

 

  



 

vii 

 

LIST OF TABLES 

Table 2–1: GC-FID area units/µL and purity (%) of alpha-zingiberene in selected fractions 

collected from silica gel chromatography of ginger oil. ................................................... 29 

Table 2–2: Eluant concentrations of hexane:MTBE and their elution volume (mL) for serial 

fractions collected from wild tomato accession LA2329 extract separated by silica gel 

chromatography. .............................................................................................................. 30 

Table 2–3: GC-FID area units/µL and purity (%) of 7-epizingiberene and zingiberene 

alcohol in selected fractions collected from silica gel chromatography of wild tomato 

accession LA2329 extract. ................................................................................................. 31 

Table 2–4: Concentrations (GC area units/µL) of alpha-zingiberene detected in ethanol 

and hexane solutions of ginger oil prepared at 10 or 100 µl per mL and relative recovery 

of in ethanol compared to hexane determined by GC-FID. SE refers to standard error. 32 

Table 2–5: Concentrations of three sesquiterpenoids, zingiberene, zingiberene alcohol, 

and zingiberene epoxide in ethanol and hexane solutions of oleoresins obtained from two 

accessions   of  S. habrochaites,  LA2329  and  PI127826   as   determined   by   GC-FID. 33 

Table 2–6: Fecundity and mortality percent of spider mites using the bean leaf disk 

bioassay with water and ethanol samples. SE refers to standard error. ......................... 34 

Table 3–1: Preliminary observations for type IV trichome rating (Type IV Score) and 

zingiberene  concentration  determined  by  GC-FID  as  GC  area  units/cm2 of  leaf  area.

........................................................................................................................................... 65 

Table 3–2: ANOVA model results for leaf compound concentration for 15 tomato 

genotypes tested in the whole leaf bioassay. .................................................................. 66 

Table 3–3: Means of β-phellandrene concentration detected by GC-FID and measured as 

GC area units/cm2 of leaf area for 15 tomato genotypes tested in the whole leaf bioassay.

........................................................................................................................................... 67 

Table 3–4: Means of zingiberene concentration detected by GC-FID and measured as GC 

area units/cm2  of  leaf area  for 15 tomato genotypes tested in the  whole leaf  bioassay.

........................................................................................................................................... 68 

  



 

viii 

 

Table 3–5: ANOVA model results for type IV trichome density (No./mm²) for adaxial and 

abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf bioassay. ....... 69 

Table 3–6: Means of trichome type IV density (No./mm²) for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 70 

Table 3–7: Means of trichome type IV Density (No./mm²) for adaxial and abaxial leaflet 

surfaces of 15 tomato genotypes tested in the whole leaf bioassay. Means followed by 

the same letters are not different based on Tukey’s test (P=0.05). Standard error of the 

mean denoted by SE. ........................................................................................................ 71 

Table 3–8: Means of trichome type IV Density (No./mm²) for adaxial (Ad) and abaxial (Ab) 

leaflet    surfaces   of  the  15   tomato   genotypes   tested  in  the  whole  leaf   bioassay.

........................................................................................................................................... 72 

Table 3–9: ANOVA model results for number of leaflets infested by mites on day 1 and 

day 2 for 15 tomato genotypes tested in the whole leaf bioassay. ................................. 74 

Table 3–10: ANOVA model results for number of leaflet surfaces infested by mites on day 

1 and day 2 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the 

whole leaf bioassay. .......................................................................................................... 75 

Table 3–11: Means of number of leaflets infested by mites on day 1 for 15 tomato 

genotypes tested in the whole leaf bioassay. Means followed by the same letters are not 

different based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. .. 76 

Table 3–12: Means of number of leaflets infested by mites on day 2 for 15 tomato 

genotypes tested in the whole leaf bioassay. Means followed by the same letters are not 

different based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. .. 77 

Table 3–13: Means of the number of leaflet surfaces infested by mites on day 1 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 78 

Table 3–14: Means of the number of leaflet surfaces infested by mites on day 2 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 79 



 

ix 

 

Table 3–15: Means of the number of surfaces for adaxial and abaxial leaflet surfaces 

infested by mites on day 1 and day 2 respectively for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 80 

Table 3–16: Means of the number of leaflet surfaces infested by mites for adaxial (Ad) 

and abaxial (Ab) leaflet surfaces of 15 tomato genotypes tested on day 1 in the whole leaf 

bioassay. Means within genotypes followed by the same letter are not statistically 

different as determined by Lsmeans at (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 81 

Table 3–17: Means of the number of leaflet surfaces infested by mites for adaxial (Ad) 

and abaxial (Ab) leaflet surfaces of 15 tomato genotypes tested on day 2 in the whole leaf 

bioassay. Means within genotypes followed by the same letter are not statistically 

different as determined by Lsmeans at (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 83 

Table 3–18: ANOVA model results for average mite webbing score on day 3 and day 7 for 

adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. ............................................................................................................................ 85 

Table 3–19: ANOVA model results for the number of leaflet surfaces with mite webbing 

score on day 3 and day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes 

tested in the whole leaf bioassay. .................................................................................... 86 

Table 3–20: Means of mite webbing score on day 3 for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 87 

Table 3–21: Means of mite webbing score on day 7 for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 88 

Table 3–22Means of mite webbing score on day 3 for adaxial and abaxial leaflet surfaces 

of 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the same 

letters are not different based on Tukey’s test (P=0.05). Standard error of the mean 

denoted by SE. .................................................................................................................. 89 



 

x 

 

Table 3–23: Means of mite webbing scores on day 7 for adaxial (Ad) and abaxial (Ab) 

leaflet    surfaces    of   15   tomato   genotypes    tested   in   the    whole   leaf    bioassay.

........................................................................................................................................... 90 

Table 3–24: Means of the number of leaflet surfaces with mite webbing on day 3 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 92 

Table 3–25: Means of the number of leaflet surfaces with mite webbing on day 7 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. ...................................................................................................................................... 93 

Table 3–26: Means of the number of leaflet surfaces with mite webbing on day 3 and day 

7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. Means followed by the same letters are not different based on Tukey’s test 

(P=0.05). Standard error of the mean denoted by SE. ..................................................... 94 

Table 3–27: ANOVA model results for mite feeding damage score on day 3 and day 7 for 

adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. ............................................................................................................................ 95 

Table 3–28: Means of mite feeding damage score on day 3 for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 96 

Table 3–29: Means of mite feeding damage score on day 7 for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ................................. 97 

Table 3–30: Means of mite feeding damage score on day 3 and day 7 for adaxial and 

adaxial   leaflet   surfaces   of   15   tomato   genotypes   tested   in   the  whole leaf bioassay.

........................................................................................................................................... 98 

Table 3–31: Means of mite feeding damage score for the adaxial (Ad) and abaxial (Ab) 

leaflet   surfaces  of  15  tomato   genotypes   tested  on  day  7 in  the  whole  leaf  bioassay.

........................................................................................................................................... 99 



 

xi 

 

Table 3–32: ANOVA model results for the number of leaflet surfaces with mite feeding 

damage on day 3 and day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes 

tested in the whole leaf bioassay. .................................................................................. 101 

Table 3–33: Means of the number of leaflet surfaces with mite feeding damage on day 3 

for 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the same 

letters are not different based on Tukey’s test (P=0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 102 

Table 3–34: Means of the number of leaflet surfaces with mite feeding damage on day 7 

for 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the same 

letters are not different based on Tukey’s test (P=0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 103 

Table 3–35: Means of the number of leaflet surfaces with mite feeding damage on day 3 

and  day  7  for   adaxial  and    abaxial   leaflet    surfaces  of  15  tomato   genotypes tested

......................................................................................................................................... 104 

Table 3–36: ANOVA model results for the number of leaflet surfaces with mite eggs and 

egg density on day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested 

in the whole leaf bioassay. ............................................................................................. 105 

Table 3–37: Means of the number of leaflet surfaces with mite eggs on day 7 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. .................................................................................................................................... 106 

Table 3–38: Means of egg density (No./cm2 leaf area) on day 7 for 15 tomato genotypes 

tested in the whole leaf bioassay. Means followed by the same letters are not different 

based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. ............... 107 

Table 3–39: Means of egg density (No./cm2 leaf area) on day 7 for adaxial and abaxial 

leaflet surfaces of 15 tomato genotypes tested in the whole leaf bioassay. Means followed 

by the same letters are not different based on Tukey’s test (P=0.05). Standard error of the 

mean denoted by SE. ...................................................................................................... 108 

Table 3–40: Means of egg density (No./cm2 leaf area) for adaxial (Ad) and abaxial (Ab) 

leaflet  surfaces of  15  tomato genotypes  tested  on  day  7  in the  whole  leaf  bioassay.

......................................................................................................................................... 109 



 

xii 

 

Table 3–41: Correlation matrix among total trichome type IV density, zingiberene, and 

monoterpene parameters and biological and behavioral mite variables (combined by 

surface) obtained from the whole leaf bioassay. ........................................................... 111 

Table 3–42: Cluster means for trichome type IV density and zingiberene content in tomato 

genotypes and mite responses from the whole leaf bioassay. All variables were combined 

as total by surface except for zingiberene and leaflet number infested by mites on day 1 

and 2. .............................................................................................................................. 112 

Table 4–1: ANOVA model results for β-phellandrene and zingiberene concentration of 

leaflets for 10 tomato genotypes tested in the thumbtack bioassay. ............................ 139 

Table 4–2: Means of β-phellandrene concentration (GC area units/cm2 of leaf area) and 

means of transformed data log10(X+1) for 10 tomato genotypes tested in the thumbtack 

bioassay. Means followed by the same letter(Breeden and Coates) are not significantly 

different (P = 0.05) as determine by Duncan’s multiple range test. Standard error of the 

mean denoted by SE. ...................................................................................................... 140 

Table 4–3: Means of zingiberene concentration (GC area units/cm2 of leaf area) and 

means of transformed data log10(X+1) for 10 tomato genotypes tested in the thumbtack 

bioassay. Means followed by the same letter are not significantly different (P = 0.05) as 

determine by Duncan’s multiple range test. Standard error of the mean denoted by SE.

......................................................................................................................................... 141 

Table 4–4: ANOVA results for types IV and VI trichome densities on abaxial and adaxial 

surfaces for 10 tomato genotypes tested in the thumbtack bioassay. .......................... 142 

Table 4–5: Means of type IV trichome density (No./mm2) and means of transformed data 

log10(X+1) for 10 tomato genotypes tested in the thumbtack bioassay. Means followed by 

the same letter are not significantly different (P = 0.05) as determine by Duncan’s multiple 

range test. Standard error of the mean denoted by SE. ................................................ 143 

Table 4–6: Means of type VI trichome density (No./mm2) and means of transformed data 

log10(X+1) for 10 tomato genotypes tested in the thumbtack bioassay. Means followed by 

the same letter(s) are not significantly different (P = 0.05) as determine by Duncan’s 

multiple range test. Standard error of the mean denoted by SE. .................................. 144 



 

xiii 

 

Table 4–7: Means of trichome type IV and VI Density (No./mm2) on adaxial and abaxial 

leaflet surfaces and means of transformed data log10(X+1) for 10 tomato genotypes tested 

in the thumbtack bioassay. Means followed by the same letter are not significantly 

different (P = 0.05) as determine by Duncan’s multiple range test. Standard error of the 

mean denoted by SE. ...................................................................................................... 145 

Table 4–8: Means of trichome type IV density (No./mm2) and for adaxial (Ad) and abaxial 

(Ab)  leaflet    surfaces   of  10  tomato   genotypes   tested  in  the   thumbtack   bioassay.

......................................................................................................................................... 146 

Table 4–9: Means of trichome type VI density (No./mm2) and for adaxial (Ad) and abaxial 

(Ab)   leaflet  surfaces  of  10   tomato   genotypes   tested  in   the   thumbtack   bioassay.

......................................................................................................................................... 147 

Table 4–10: ANOVA results for the number of mites remaining on thumbtack after 15, 30, 

45, and 60 min for adaxial and abaxial surfaces of 10 tomato genotypes tested in the 

thumbtack bioassay. ....................................................................................................... 148 

Table 4–11: Means of number of mites remaining on thumbtack after 15 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different (P = 0.05) based  on Duncan’s  multiple range test.

......................................................................................................................................... 149 

Table 4–12: Means of number of mites remaining on thumbtack after 30 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different (P = 0.05) based on Duncan’s  multiple range test.

......................................................................................................................................... 150 

Table 4–13: Means of number of mites remaining on thumbtack after 45 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different  (P = 0.05) based on Duncan’s  multiple range test.

......................................................................................................................................... 151 

Table 4–14: Means of number of mites remaining on thumbtack after 60 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different  (P = 0.05) based on Duncan’s  multiple  range test.

......................................................................................................................................... 152 



 

xiv 

 

Table 4–15: Means of number of mites remaining on thumbtack after 15, 30, 45, and 60 

min on adaxial and abaxial leaflet surfaces for 10 tomato genotypes tested in the 

thumbtack bioassay. Means followed by the same letter are not significantly different (P 

= 0.05) based on Duncan’s multiple range test. Standard error of the mean denoted by 

SE. .................................................................................................................................... 153 

Table 4–16: Means of number of mites remaining on thumbtack after 15 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 154 

Table 4–17: Means of number of mites remaining on thumbtack after 30 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 155 

Table 4–18: Means of number of mites remaining on thumbtack after 45 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 156 

Table 4–19: Means of number of mites remaining on thumbtack after 60 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 157 

Table 4–20: ANOVA results for total distance travelled by spider mites (cm) after 15, 30, 

45, and 60 min for adaxial and abaxial surfaces of 10 tomato genotypes tested in the 

thumbtack bioassay. ....................................................................................................... 158 



 

xv 

 

Table 4–21: Means of total distance travelled by spider mites (cm) after 15 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. .................................................................................. 159 

Table 4–22: Means of total distance travelled by spider mites (cm) after 30 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. .................................................................................. 160 

Table 4–23: Means of total distance travelled by spider mites (cm) after 45 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. .................................................................................. 161 

Table 4–24: Means of total distance travelled by spider mites (cm) after 60 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. .................................................................................. 162 

Table 4–25: Means of total distance travelled by spider mites (cm) after 15, 30, 45, and 

60 min on adaxial and abaxial leaflet surfaces for 10 tomato genotypes tested in the 

thumbtack bioassay. Means followed by the same letter are not significantly different (P 

= 0.05) based on Duncan’s multiple range test. Standard error of the mean denoted by 

SE. .................................................................................................................................... 163 

Table 4–26: Means of total distance travelled by spider mites (cm) after 15 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 164 

Table 4–27: Means of total distance travelled by spider mites (cm) after 30 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 165 



 

xvi 

 

Table 4–28: Means of total distance travelled by spider mites (cm) after 60 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. ................................................................................................................ 166 

Table 4–29: Correlation coefficients among trichome type IV density, trichome type VI 

density, zingiberene content and mite repellence variables obtained from the thumbtack 

bioassay of two surfaces of 10 tomato genotypes. N=30 for each leaflet surface and time 

interval. ........................................................................................................................... 167 

Table 4–30: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  number  of mites  remaining on thumbtack  on  the independent  variables

......................................................................................................................................... 168 

Table 4–31: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  number  of mites remaining  on  thumbtack on  the independent  variables

......................................................................................................................................... 170 

Table 4–32: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  total distance travelled  by spider mites (cm) on the independent variables

......................................................................................................................................... 172 

Table 4–33:Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of total  distance travelled  by spider mites (cm) on  the independent variables

......................................................................................................................................... 174 

 

  

 



 

xvii 

 

LIST OF FIGURES 

Figure 1–1: Modified backcross scheme used for transferring high type IV trichome 

density, and high concentration of 7-epizingiberene from the wild S. habrochaites to the 

cultivated tomato (Courtesy of my advisor, Dr. John Snyder). ........................................ 10 

Figure 1–2: Extreme webbing and feeding damage caused by two-spotted spider mite T. 

urticae Koch. ..................................................................................................................... 11 

Figure 2–1: Stereochemical configuration of alpha-zingiberene isolated from ginger oil 

and 7-epizingiberene isolated from two wild tomato accessions S. habrochaites f. 

hirsutum PI 365906 and S. habrochaites f. glabratum PI 199381 (Breeden and Coates 

1994). ................................................................................................................................ 35 

Figure 2–2: GC-FID chromatogram of fraction 28 of ginger oil separated on silica gel 

demonstrating purity and quantity of alpha-zingiberene. Chemical structure of alpha-

zingiberene obtained from Bleeker et al. (2011). ............................................................. 36 

Figure 2–3: GC-FID Chromatogram of fraction 6, containing 7-epi-zingiberene (A) and 

fraction 45 containing zingiberene alcohol (Breeden and Coates) obtained by silica gel 

chromatography of LA2329 extract. Chemical structures obtained from (Bleeker et al. 

2011; EP Patent No. 3178313A1 2017). ........................................................................... 37 

Figure 2–4: Mean mortality (%) of female spider mites in bean leaf disk bioassays of 7-

epizingiberene and zingiberene alcohol isolated from trichome secretions of the wild 

tomato   S.  habrochaites  ‘LA2329’   and    alpha-zingiberene  isolated   from  ginger   oil.

........................................................................................................................................... 38 

Figure 2–5: Mean eggs per female mite in bean leaf disk bioassay of 7-epizingiberene and 

zingiberene alcohol isolated from trichome secretions of the wild tomato S. habrochaites

........................................................................................................................................... 39 

Figure 3–1: Examples of the whole leaf bioassay. A—Array of samples of the whole leaf 

bioassay set on the illuminated laboratory bench. B—A closeup of a bean leaf infested by 

spider mites in the detached tomato whole leaf. .......................................................... 114 

Figure 3–2: Two-spotted spider mites T. urticae Koch with eggs. .................................. 115 

  

file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196096
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196096
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196096
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196097
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196097
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196098
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196098
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196098
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196098
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196099
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196099
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196099
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196100
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196100
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196100
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196100


 

xviii 

 

Figure 3–3: Dendrogram resulting from hierarchical cluster analysis (Ward’s method) for 

the 15 tomato genotypes (combined data) involving type IV trichome density (No./mm2), 

zingiberene concentrations (area unit of GC/cm2 leaf area) in association   with  behavioral  

and  biological  variables  of  spider  mite  T.  urticae  as follow:  leaflet ....................... 116 

Figure 4–1: Examples of the thumbtack bioassay showing three genotypes setup on the 

Styrofoam board under laboratory conditions where ten adult female mites were placed 

onto each thumbtack. ..................................................................................................... 176 

 

file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196105
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196105
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196105
file:///G:/Tomato-Spidermites/The%20Project/Leaf%20Disk%20Bioassay/Revised%20documents/Breeding%20for%20Tomato%20Resistance%20to%20Spider%20Mite%20Tetranychus%20urticae%20Koch.docx%23_Toc7196105


 

1 

 

CHAPTER 1.  Tomato Breeding for Arthropod and Insect Resistance: General 
Background 

1.1 Diversity of Wild Tomato Species 

Tomato relatives are comprised of thirteen species, including the cultivated one 

Solanum lycopersicum.  These wild relatives  tend to have more or less compatibility when 

crossed with the cultivated lines (Peralta et al. 2008). The habitats of wild species are 

primarily in Peru and northern Chile, the Andes area in Ecuador, as well as the Galapagos 

Islands.  They grow  in a wide array of elevations and climates ranging from dry to rainy 

regions (Bergougnoux 2014). From a breeding perspective, wild relatives of tomato are 

precious sources for resistance genes against pest and pathogens, ecological stresses, as 

well as for genes that can confer higher nutritional value to the fruit (Gonçalves et al. 

2007; Lucini et al. 2016). Eco-diversity has greatly contributed to the other formation of 

divergent tomato phenotypes (Nakazato and Housworth 2011). 

Resistance to arthropod pests  has been investigated in wild species including S. 

habrochaites f. hirsutum (Carter and Snyder 1985; Bleeker et al. 2012), S. habrochaites f. 

glabratum (Antonious and Snyder 2015), S. pimpinellifolium (Rodríguez-López et al. 2011; 

Rakha et al. 2016), S. pennellii (Liedl et al. 1995; Maciel et al. 2018). S. cheesmaniae 

(Rakha et al. 2017), S. galapagense (Lucatti et al. 2013), and S. peruvianum 

(Channarayappa et al. 1992). Collectively, there is a necessity to delineate the genetic 

basis of resistance along with compatibility between wild and cultivated tomato 

genotypes to allow the transmission of genes responsible for resistance.  Examples of 

valuable genes would be those controlling presence of glandular trichomes and/or leaf 
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chemical secretions, also called allelochemicals (Aragão et al. 2000; Rodríguez-López et 

al. 2011; Lucini et al. 2016; de Oliveira et al. 2018). 

1.2 Breeding Tomato for Herbivore Resistance 

The tomato plant, S. lycopersicum (Solanaceae), is cultivated worldwide and is 

utilized as fresh or as processed products, with global gross production more than 182 

metric tons.  75.26% of world’s total production occurs in a Asia and America (FAO 2017). 

Tomato growers face economic challenges due to pests, e.g. herbivorous arthropods, 

beginning from germination until harvest. One important pest of tomato is the two-

spotted spider mite (T. urticae Koch) (Acari: Tetranychidae). This mite is polyphagous, 

meaning that it attacks a wide plant-host range feeding on more than 140 different plant 

families (Grbic et al. 2011). In fact, cultivated tomato lines are susceptible to spider mite. 

Mite feeding on tomato plants  causes severe damage on leaves and fruits resulting in 

yield loss under severe infestation levels (Meck et al. 2013).  

Screening genetic resources of tomato for resistance to arthropods such as two-

spotted spider mites is needed. Also needed is the ability to evaluate novel hybrids by 

bioassay, subjecting plants to mite infestation and then studying mite behavior to select 

resistant plants. Breeding for durable genetic resistance in crops is urgently required as 

an alternative for pesticide-based pest control. Moreover, considering the need for  

promising substitutes for chemical insecticide application for mite control, tomato 

breeding research oriented toward investigating and developing resistant varieties should 

be considered as a critical role for integrated management of this pest (de Oliveira et al. 
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2018). A number of wild tomato accessions  are  remarkably resistant to a wide array of 

herbivorous pests (Rick 1982; Guo et al. 1993; de Azevedo et al. 2003; Vosman et al. 

2018), but cultivated tomatoes experience lower commercial value due to lack of plant 

defense mechanisms. Domestication of many crops with increasing selection for desirable 

characters has narrowed genetic variability (Liedl et al. 1996). It has been stated that 

there is more genetic variability in a single accession of wild tomato than there is all of 

cultivated tomato (Lindhout 2005).  

Although resistance to insects and arthropods has been documented in wild 

tomato relatives, the presence of Dobzhansky-Muller interactions may preclude or 

reduce the breeder’s ability to utilize these genetic resources (Dobzhansky 1937; 

Rieseberg and Willis 2007; Lowry et al. 2008).  Other crossing barriers also exist. For 

example,  (Liedl et al. 1996) characterized unilateral incongruity (UI) in the interspecific 

hybrids derived from crossing the wild tomato species S. pennellii X cultivated variety S. 

lycopersicum used as a model for non seed set, suggesting that (UI) is responsible for the 

interspecific barrier distinct from self incompatibility (SI) which is expressed as 

intraspecific barrier. 

Because of the existence of these barriers, successful introgression of resistance 

genes into cultivars requires an efficient breeding method. The breeding scheme that 

underpins this dissertation research, a modified backcross scheme, is provided in Figure 

1-1. The modified backcross scheme permits direct selection for factors known to be 

associated with resistance such as for high foliar zingiberene content and for presence 

and abundance of certain trichome types with additional emphasis on reproductive traits 
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like fruit and seed set. The presumption is that direct selection for factors associated with 

arthropod resistance will lead to lines that are actually resistant. Studies reporting 

resistance to arthropods have often cited the importance of the presence and density of 

different trichome types, especially  glandular trichomes (Carter and Snyder 1985; 

Weston et al. 1989; Gonçalves et al. 2006; Schilmiller et al. 2010; de Oliveira et al. 2018), 

suggesting that trichome characteristics may be valuable breeding tools. Also, Snyder et 

al. (2005) provided evidence that the spider mite-repellency present in the resistant 

parent, due to high levels of 2,3-dihydrofarnesoic acid, was successfully transferred to the 

interspecific F2 backcross hybrids, as demonstrated by thumbtack bioassays.  In other 

breeding work, similar bioassays on an interspecific cross, BPX-368, obtained from 

crossing S. lycopersicum × S.  habrochaites showed that zingiberene and type IV trichome 

densities were negatively correlated with mite T. evansi deterrence measured as distance 

travelled by mites on the leaf surface (Maluf et al. 2001). 

1.3 Diversity of Tomato Leaf Trichomes  

Trichomes are hair-like appendages growing on the aerial plant epidermis. In 

tomato species, trichomes have been reported to play a role in arthropod resistance. 

Glandular trichomes on wild tomato leaves can play key anti-herbivory roles via 

production of chemical secretions and mechanical impairment  (Kang et al. 2010).  

Trichomes can serve as repellent barriers to small herbivores due to allelochemical 

secretions (Guo et al. 1993; Snyder et al. 2005; Bergau et al. 2015). They can also 

physically hamper insect movement on the leaf surface , due to trichome length and 
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density (Baur et al. 1991; Aragão et al. 2000; Simmons and Gurr 2005). Basically, there are 

two major forms of trichomes: glandular and non-glandular. Trichomes in wild tomato 

relatives were first documented by Luckwill (1943) who described seven types of 

trichomes. Subsequently eight distinct types were described by Channarayappa et al. 

(1992), based on trichome shape and size. Leaves of S. lycopersicum genotypes tend to 

have copious type III and V trichomes whilst S. habrochaites accessions tend to have 

abundant type IV trichomes, few type III, and a lack of type V trichomes. The type VI 

trichomes are ubiquitous glandular trichomes in tomato and have been studied 

extensively in the genus Solanum (Bergau et al. 2015). Therefore, the existence of specific 

types of trichomes can differentiate wild species S. habrochaites from the cultivated one, 

S. lycopersicum (Snyder and Carter 1985).  

QTLs associated with tomato trichomes have been studied by Andrade et al. 

(2018) who identified two QTLs, located on chromosome 2 (gal.IV-2) and on chromosome 

3 (gal.IV-3), associated with presence and abundance of type IV trichome in an F2 

population derived from the interspecific cross of S. lycopersicum TOM-684 X S. 

galapagense LA1401. These two QTLs are responsible for the formation of the glandular 

head and density of type IV trichomes. High density of type IV trichomes in this 

interspecific tomato population was associated with whitefly (Bemisia tabaci biotype B) 

resistance.  Recovered resistance was similar to that present in the wild S. galapagense 

LA1401 (Andrade et al. 2017). Also, resistance to T. urticae was correlated with the 

density of type IV trichomes in S. pimpinellifolium accession ‘TO-937’ and in the BC1 

hybrids generated by crossing between ‘TO-937’ and S. lycopersicum ‘Moneymaker’ 
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(Fernández-Muñoz et al. 2003). Therefore, introgression of type IV trichomes into 

cultivated tomato may improve tomato resistance to arthropod pests. 

1.4 Tomato Foliar Allelochemical Secretions and Pest Resistance 

Studies of tomato–arthropod interactions have emphasized the role of 

allelochemical content associated with glandular trichomes. Glandular trichomes are 

often secretive for secondary metabolites and these can often act as substantial weapons 

that impact herbivore nutrition and growth progress (Baldwin et al. 2001; Vandenborre 

et al. 2010; Bleeker et al. 2011; Huang et al. 2018). These secondary metabolites (e.g. 

terpenoids, phenylpropanoids, flavonoids, and methyl ketones) are critical components 

of repellency or toxicity to herbivores (Simmons and Gurr 2005; Kortbeek et al. 2016). 

Tomato species that exude different main chemical compositions are called chemotypes 

(Lundgren et al. 1985).  Hence, different accessions belonging to the wild species S. 

pennellii have different acylsugar chemotypes. One class of chemotypes produce 

primarily acylglucoses and the other class produces a mixture of acylglucoses and 

acylsucroses (Leckie et al. 2014). Similarly, different chemotypes of S. habrochaites exude 

different volatiles via glandular trichomes, e.g. LA2329 exuding mainly sesquiterpene 

hydrocarbons, but LA407 secreting methyl ketone volatiles (Guo et al. 1993). 

Terpenoids such as sesquiterpenes and derivatives are one of the major 

components of secretions in tomato glandular trichomes, and are a  highly diverse class 

of plant secondary metabolites that can perform numerous biological functions (Bleeker 

et al. 2012). Zingiberene, a monocyclic sesquiterpene hydrocarbon consisting of three 
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isoprene units, is mostly stored and released by type IV and/or VI glandular trichomes in 

accessions of S. habrochaites f. hirsutum. Zingiberene confers potent resistance to spider 

mites (Freitas et al. 2002; Gonçalves et al. 2006; Bleeker et al. 2012). Also,  zingiberene  

has been reported as having  bio-pesticidal activity  on  Colorado Potato Beetle (Carter et 

al. 1989; Gianfagna et al. 1992), spider mites (Weston et al. 1989; Gonçalves et al. 2006), 

white flies (Neiva et al. 2013),  and tomato pinworm (de Azevedo et al. 2003; Lima et al. 

2015). The wild tomato accession LA2329, S. habrochaites, used in this research is rich in 

7-epizingiberene (Snyder, personal communication). It is noteworthy that a novel 

sesquiterpenoid, zingiberene alcohol, has been discovered in S. habrochaites (EP Patent 

No. 3178313A1 2017). However, its effects have not been studied before on the two-

spotted spider mites or other arthropods. Characterizing and discovering additional 

phytochemicals that may confer insect resistance in some wild crop relatives could allow 

for breeding cultivars with pest resistance. Leaves of S. habrochaites that produce the 

anti-arthropod sesquiterpenoid compound known as zingiberene alcohol, may provide a 

source for natural acaricidal/insecticidal agents instead of synthetic pesticides. This foliar 

extract may be a component of integrated pest management and have activity against a 

broad spectrum of herbivorous pests. 

1.5 Spider Mite as a Pest and a Model 

The two-spotted spider mite Tetranychus urticae Koch belongs to the phylum 

Arthropoda and family Tetranychidae. It is known as a poly-phytophagous, devastating 

pest worldwide responsible for causing considerable damage on tomato leaves and fruits. 



 

8 

 

Damage includes slow growth, leaf wilting, yield loss and low fruit quality particularly 

under favorable conditions for infestation (Pokle and Shukla 2015). This mesophyll-

feeding mite (Egas et al. 2003), invades a wide range of host plant species,  feeding on 

1200 plant species belonging to more than 140 different plant families (Grbic et al. 2011). 

Feeding damage can be observed after several days of heavy infestation as  necrotic spots 

on leaf surfaces, due to chlorophyll sucking (Meck et al. 2009) and gold flecking on tomato 

fruits (Meck et al. 2012). Oku et al. (2009) reported that T. urticae webbing (Figure 1-2) 

previously formed by conspecifics on leaf surfaces can promote oviposition rate of other 

females that visit later the same leaf patch. In addition, this arthropod pest is known to  

rapidly evolve pesticide resistance at a high rate, one that is amongst the highest  for  

arthropods (Whalon et al. 2016). Mites can  prevail under field and greenhouse conditions 

by virtue of several biological mechanisms, including  rapid development during its life 

cycle, high fecundity of up to 25 generations per year, haplodiploid sex determination 

(Van Leeuwen et al. 2010) and high adaptability of mate competition (Macke et al. 2011). 

Female spider mites have short developmental times (10 to 14 days) from egg to adult 

stage depending on  environmental conditions and host plant (Hance and Van Impe 1999). 

Cultivated tomato varieties, S. lycopersicum, experience a broad array of arthropods 

pests, including the two-spotted spider mite, T. urticae.  

The frequent development of resistance by T. urticae to synthetic pesticides, 

which are also associated with environmental and human health consequences, has 

motivated us to identify novel, appropriate replacements for plant protection with fewer 

adverse impacts. Additionally, understanding trichome secretive chemicals having 
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potentially growth-inhibiting, antifeedant, anti-ovipositional and lethal effects against 

mites or insects is crucial for motivating introgression of these characters into cultivated 

varieties to improve resistance.  
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  S. lycopersicum  ×  S. habrochaites 

      ↓ 

    F1 

      ↓⊗ 

                              F2  → (selection for mite resistance) 
                                                                             ↓ 

     S. lycopersicum  ×  F2 (selected)  

                                                   ↓ 

  BC1F1 → (selection for mite resistance) 
                                                                        ↓ 

S. lycopersicum  × BC1F1 (selected) 
                          ↓ 

 BC2F1 → (selection for self fruiting, zingiberene, type 

       IV trichome density) 
                                                                                    ↓ 
                                          BC2F1 (selected) 
                                                          ↓⊗ 

        BC2F2 → (selection for self fruiting, zingiberene, type IV 

trichome density) 
                                                                                                    ↓ 

                                                     BC2F2 (selected) ×  S. lycopersicum 
                                                                                                                    ↓ 
                                                                               BC3F1 
                                                                                                           ↓⊗ 

                                                                                 BC3F2 

 

Figure 1–1: Modified backcross scheme used for transferring high type IV trichome 

density, and high concentration of 7-epizingiberene from the wild S. habrochaites to 

the cultivated tomato (Courtesy of my advisor, Dr. John Snyder). 
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Figure 1–2: Extreme webbing and feeding damage caused by two-spotted spider mite 

T. urticae Koch. 
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CHAPTER 2. Mortality Fecundity of Two-spotted Spider Mites in a Bean Leaf Disk 
Bioassay Treated with 7-EpiZingiberene, Zingiberene Alcohol  

and Alpha-Zingiberene 

2.1 Abstract 

The isolation and characterization of novel allelochemical extracted from leaves 

of wild tomato relatives is important for their introgression into cultivated varieties to 

improve mite resistance. Zingiberene alcohol and 7-epizingiberene, present in trichome 

secretions of Solanum habrochaites LA2329, as well as alpha-zingiberene from ginger oil, 

were purified by silica gel chromatography and bio-assayed with two-spotted spider 

mites, Tetranychus urticae Koch (Acari: Tetranychidae). The objective was to compare the 

relative efficacies of these sesquiterpenoids for their ability to cause mite mortality and 

to reduce fecundity (number of eggs per female mite). Based on results using a bean leaf 

disc bioassay, zingiberene alcohol was most efficacious, alpha-zingiberen isolated from 

ginger oil was least efficacious, and the efficacy of 7-epizingiberene was intermediate. 

The highest concentration tested of zingiberene alcohol caused complete mortality of 

spider mites; 7-epizingiberene and alpha-zingiberene tested at similar concentrations did 

not cause complete mortality. The results support the idea that tomato breeders should 

consider introgression of the genes responsible for the oxidation of 7-epizingiberene from 

wild to cultivated tomato. Furthermore, evaluation of other unidentified volatiles present 

in trichome secretions of S. habrochaites LA2329 could lead to the identification of 

compounds with higher efficacy to control insects. 
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2.2 Introduction 

Tomato, Solanum lycopersicum L., is grown worldwide in gardens as well as an 

agricultural commodity providing an important source of vitamins and nutrients (Labate 

et al 2007).  Cultivated tomato plants are susceptible to a wide range of arthropod pests  

(Kennedy 2003) which requires the use of chemical sprays to protect the crop. One of 

these arthropod pests is the two-spotted spider mite (T. urticae Koch) (Acari: 

Tetranychidae) which attacks 1200 plant species belonging to more than 140 different 

plant families (Grbic et al. 2011). Whalon et al. (2016) found that T. urticae has one of the 

highest rates of pesticide resistance amongst arthropods and also rapidly evolves 

pesticide resistance under field and greenhouse conditions (Van Leeuwen et al. 2010). 

This frequent development of T. urticae resistance to active components of synthetic 

pesticides, and the cumulative environmental and health-related consequences 

associated with the utilization of synthetic pesticides provide the rationales behind 

current research for novel, appropriate approaches to plant protection having fewer 

adverse impacts.  

Resistance to arthropods has been explored in some wild tomato relatives 

including S. habrochaites (Carter and Snyder 1985; Antonious and Snyder 2008; Bleeker 

et al. 2012), S. pennellii (Liedl et al. 1995; Maciel et al. 2018), and S. pimpinellifolium (Alba 

et al. 2009). The resistance in these wild species has been associated with the presence 

of certain leaf glandular trichomes (Carter and Snyder 1985; Bleeker et al. 2012), which 

domesticated tomato lacks. Glandular trichomes secrete secondary metabolites that 

often play roles as natural defensive systems against pests (Antonious and Snyder 2006; 



 

14 

 

Bleeker et al. 2011; Huang et al. 2018). Secondary metabolites have been shown to impact 

herbivore nutrition and growth progress (Baldwin et al. 2001; Vandenborre et al. 2010). 

For example, alkaloids, glucosinolates, terpenes, phenolics, and polyphenol oxidases are 

secreted from glandular trichomes from various plant species such as wild relatives of 

tomato (Antonious and Snyder 2006; Schilmiller et al. 2010), Artemisia annua (Tan et al. 

2015), sweet basil (Maria et al. 2016), Arabidopsis (Barczak-Brzyzek et al. 2017), and 

tobacco (Huang et al. 2018). 

Terpenes are particularly diverse in tomato trichomes. The bioactivity of tomato 

terpene synthases (TPS) were identified in vitro as enzymatic functions (Falara et al. 2011). 

They reported additional clades found in tomato of functional TPS genes belong  mainly

to TPS-a clade but partially to TPS-b clade genes, which both are responsible for encod-

ing only sesquiterpene synthases.  They suggested if the TPS genes clustering of 2 to 5

genes located in close proximity with genes encoding enzymes such as genes encoding 

putative cytochrome P450 proteins, then these could possibly modify terpenes. Thus, 

characterizing and quantifying modified or oxidized sesquiterpene hydrocarbons, e.g. 7-

epizingiberene alcohol, in Solanum species is of interest to test the biochemical activities 

against arthropods would be useful towards breeding resistant into cultivated tomato. 

Understanding the bioactivity of chemicals secreted from trichomes such as their 

growth inhibition, antifeedant, anti-ovipositional and toxic or lethal effects against insects 

is a fundamental aspect of understanding host resistance.  Terpenoids such as 

sesquiterpenes and their derivatives are one of the major components secreted by   

glandular trichomes of tomato and are a highly diverse class of plant secondary 
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metabolites with numerous biological activities (Bleeker et al. 2012). The sesquiterpene 

hydrocarbon, zingiberene, that is present in extracts of wild tomato S. habrochaites has 

efficacy as a pesticide against Colorado Potato Beetle (Carter et al. 1989), spider mites 

(Weston et al. 1989; Gonçalves et al. 2006), and white flies (Freitas et al. 2002; Bleeker et 

al. 2012).  

Breeden and Coates (1994) extracted 7-epizingiberene from the leaves of two wild 

tomato accessions S. habrochaites f. hirsutum PI 365906 and S. habrochaites f. glabratum 

PI 199381 then purified it by chromatography. They reported that 7-epizingiberene is a 

diastereoisomer of alpha-zingiberene present in ginger oil (Zingiber officinalis). They also 

proposed that the presence of this sesquiterpene could be a useful taxonomic character 

of certain Solanum accessions. The stereoisomers alpha-zingiberene and 7-

epizingiberene differ in their configurations of the hydrogen and methyl group at carbon 

7 (Figure 2-1). Bleeker et al. (2011) isolated and purified 7-epizingiberene from S. 

habrochaites PI127826 and also isolated and purified alpha-zingiberene from ginger oil. 

They reported that the tomato zingiberene, 7-epizingiberene, acted as a repellent to 

whiteflies, Bemisia tabaci, while the stereoisomer, alpha-zingiberene from ginger oil, had 

no effect. The S. habrochaites accession, LA2329, used in this research is rich in 7-

epizingiberene (John Snyder, personal communication). This S. habrochaites accession 

has been used as a donor parent to transfer spider mite resistance into cultivated tomato.  

Several years ago, our lab identified two distinct segregating chemotypes of LA2329 based 

on glandular trichome extracts of leaves detected by gas chromatography. These 

chemotypes have been maintained using selfing or sib-mating within chemotype for our 
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breeding projects. One chemotype exudes one major terpene, 7-epizingiberene, while 

the other chemotype produces two 7-epizingiberene derivatives. Recently, we also found 

similar terpenoid components in another S. habrochaites accession PI127826. 

This research investigated the effect of isolated and purified sesquiterpenes on 

the two spotted spider mites and addresses this question:  can alpha zingiberene, 7-

epizingiberene, and zingiberene alcohol in a leaf disc bioassay exhibit distinct effects on 

spider mite  

2.3 Materials and Methods 

2.3.1 Plant Materials: 

Seeds of Solanum habrochaites S Knapp and DM Spooner, formerly named 

Lycopersicon hirsutum f. typicum LA2329 were obtained from the Tomato Genetics 

Resource Center (TGRC) at Davis, California, USA and seeds of the other accession, 

PI127826 were obtained from the USDA, ARS Plant Genetic Resources Unit at Geneva, NY. 

Seeds were germinated on moistened filter paper in a 9 cm glass petri dish kept in an 

incubator in the dark at 28 C. After germination, seedlings were transplanted into 72-cell 

plastic trays filled with growing medium (Pro Mix BX, Premier Horticulture Inc., 

Quakertown, PA, USA) and were maintained in the laboratory at the Horticulture 

Department, University of Kentucky, Lexington, KY with continuous fluorescent lighting.  

Once seedlings had six leaves, they were transplanted into 20 cm diameter plastic pots 

filled with Pro Mix BX and set on greenhouse benches, spaced in 30 cm apart. Greenhouse 

conditions for plant growth included natural light, day temperatures of 25C and night 

temperatures of 20C. Plants were irrigated as necessary using a fertigation system 
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consisting of two 1:100 injectors. One injector was supplied with a stock solution of 97 

g/L of Ultrasol® Hydroponic Plus 3-15-28 fertilizer (SQM North America, Atlanta, GA). The 

other injector was supplied with a stock solution of 118 g/L of greenhouse grade CaNO3 

(Yara North America, Tampa, FL).  

Bean plants (Phaseolus vulgaris ‘Dwarf Horticultural’) were grown and maintained 

in the lab of the Horticulture Department at University of Kentucky.  Growth conditions 

were constant light from cool white florescent lights and a temperature of 23 ± 2C.  These 

plants were used for producing mites and leaf discs for bioassays described later. 

2.3.2 Maintenance of Mite Colony: 

Two-spotted spider mite, Tetranychus urticae Koch, were reared on the bean 

plants as described by Weston and Snyder (1990). Weekly, non-infested plants having 3-

4 trifoliate leaves were inoculated by transferring several infested bean leaves to non-

infested plants. Mite reproduction on the newly infested plants was checked after two 

days and after 5 – 6 days, adult female mites were used for the leaf disk bioassay 

described later. 

2.3.3 Gas Chromatographic Analysis: 

A gas chromatograph equipped with a flame ionization detector (GC-FID) (Hewlett 

Packard 5890 Series II) was used for quantitation of sesquiterpenoids. The column was an 

RTX-5 (5% diphenyl/95% dimethyl polysiloxane, 15 m, 0.53-mmID, 0.5 µm df (Restek 

Corporation, Bellefonte, PA, USA). Helium gas was used as a carrier was flowing at 16 

ml/min. Temperatures were as follows: injector 250°C, detector 300°C, oven initial 

temperature 50°C for 1 min, then increasing at 20°C/min to 260°C. 
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2.3.4 Validation of Ethanol as a Solvent for Zingiberene: 

Ten and 100 µL of ginger oil (Berje, Bloomfield, NJ, USA) were dissolved 

individually in 1.0 ml hexane or in 1.0 ml 100% pure ethanol in triplicate and then analyzed 

by GC-FID. Mean concentrations of zingiberene in each solution were calculated and then 

the concentrations in ethanol were calculated as a percentage of the concentration in 

hexane. A preliminary experiment used the two accessions of wild tomato, S. 

habrochaites LA2329 and PI127826, to verify the solubility of sesquiterpenoids in ethanol 

versus hexane. Three leaflets of each accession were collected from the third leaf from 

the apex to make leaf hexane extract (2mL) which was then sub divided into two samples. 

One of these was used as a control. For the other sample, hexane was evaporated by use 

of a nitrogen gas stream and the residue was re-dissolved in 100% pure ethanol. All leaflet 

samples were prepared in triplicate and were analyzed by GC-FID to quantify the major 

sesquiterpenoid components, 7-epi-zingiberene, zingiberene alcohol, and zingiberene 

epoxide. 

2.3.5 Silica Gel Column Preparation for Column Chromatography: 

A ball of glass wool was inserted into the bottom of the glass column to serve as a 

plug and then about one gram of sand was poured with the aid of a scoopula into the 

column to provide a flat surface. A slurry packing method was carried out using silica gel 

(230 – 400 mesh SiO2, FW 60.08, Natland International Corporation) (Khrimian et al. 2014) 

by mixing it with hexane and pouring into the glass column (20 cm long x 0.8 cm 

diameter). Afterwards, the upper interior column wall was rinsed and then the silica gel 

was left for 5 minutes to allow the silica gel layer to settle. Bed length was then measured. 
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About a half gram of sand was added to the top of the column to avoid the disturbance 

while running the sample. 

2.3.6 Isolation and Purification of Alpha-zingiberene from Ginger Oil (Zingiber 

officinale L.): 

A sufficient number of tubes (12 x 75mm) were labeled for collecting fractions. 

Preliminary trials helped optimize conditions for separation and yield. To allow isolation 

of sufficient quantities of purified alpha-zingiberene, 200 µL (~172 mg) of ginger oil (Berje, 

Bloomfield, NJ, USA) was applied to the top of the column. The column was then eluted 

with hexane:methyl tert-butyl ether (MTBE). The initial ratio of hexane:MTBE was 100:0. 

Fractions (0.5 mL) were collected and evaluated for the presence or absence of uv-light 

absorbance.  This was done by placing a drop from each fraction onto a thin layer 

chromatography plate (TLC) (Silica gel 60 A with fluorescent indicator, Whatman Int Ltd, 

England) which was then illuminated with uv-light (254-nm UVGL 25Mineralight Lamp, 

UVP Inc, CA USA). Once a uv positive fraction was detected on a TLC plate, the eluant 

concentration was changed, first to 99:1, and subsequently to 98:2, and 97:3 with elution 

volume of ~10mL for each ratio. Subsequently 1 µL of each fraction that contained uv-

absorbing material was manually injected into the gas chromatograph (GC-FID) to confirm 

the presence of and to quantify alpha-zingiberene as well as other compounds. The 

fraction chosen for use in the bioassays were stored in the freezer (-20°C) until used for 

bioassay. 
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2.3.7 Isolation and Purification of Zingiberene and Zingiberene Alcohol  from 

S. habrochaites LA2329: 

To obtain this extract, leaflets were collected in March 2018 from S. habrochaites 

LA2329 maintained in the greenhouse. After collection, leaflets were then steeped in 

hexane. The next day, the leaflets were removed, and the extract was left under hood 

until most of the hexane evaporated. The concentrated extract was transferred to a 20-

ml vial, and the remaining hexane was removed with the aid of a gentle stream of N2. 

This very concentrated extract was then stored in a -20C freezer. 

After warming the concentrated extract, 200 µL (~176 mg) was added to top of 

the silica gel column. The column was then eluted initially with 99:1 hexane:MTBE. Elution 

was monitored in a similar fashion to that described for the separation of ginger oil. 

Fraction volume was about 1.0 mL collected in small tube. The ratio of hexane:MTBE in 

the eluent was sequentially changed to 95:5, 93:7, 91:9, 89:11, 87:13, and 85:15 based on 

the pattern of uv-positive spots observed on the TLC plate. Then 1 µL of each uv-positive 

fraction was manually injected into the GC to quantify and identify 7-epi-zingiberene, 

zingiberene alcohol, and other compounds as well. The fractions were stored in the -20C 

freezer until used for bioassay. In addition, the separation process for 7-epi-zingiberene 

and zingiberene alcohol collected from wild tomato accession LA2329 extract was 

validated by repetition, three times. 
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2.3.8 Preparation of Ethanol Solutions for Bioassays: 

To prepare ethanol solutions of sesquiterpenoids fractionated by silica gel 

chromatography for use in the bioassay, fractions containing alpha-zingiberene, 7-epi-

zingiberene, or zingiberene alcohol were taken from the -20°C freezer. The residue of 

each fraction was dissolved in 1.0 ml of 100% ethanol (Decon Lab Company, King of 

Prussia, PA) to prepare a stock solution for each fraction. Serial dilutions were then 

prepared to create 0.1X and 0.01X dilutions to cover concentrations in the range of 105 – 

107 GC area units of the compound of interest per µl. One µl of each dilution was then 

manually injected into the GC-FID to quantify alpha-zingiberene, 7-epi-zingiberene, and 

zingiberene alcohol as appropriate. Periodically, a known concentration of tetradecane in 

hexane was injected into the GC-FID to verify chromatographic performance. 

2.3.9 Bean Leaf Disk Bioassay: 

The bioassay consisted of spraying bean leaf discs with isolated fractions and then 

bioassaying the disks with spider mites. Intact bean trifoliate leaves were removed from 

the plant and disks were prepared by punching discs using a 3.17 cm diameter punch. 

Three disks were placed on a paper towel with the abaxial surface oriented up, which 

were then sprayed using a small sprayer (spray bottle-fine plastic mist, 2.7 oz, Juvo Plus 

Inc Irwindale, China) with either an ethanol solution of sesquiterpenoids isolated by silica 

gel chromatography or ethanol only as control. The measured average amount of ethanol 

solution applied on each disk was approximately 22.3 mg. The solution on the leaf disk 

surface was allowed evaporate under the fume hood.  The treated discs were placed on 

a moistened filter paper (9 cm- Shanghai Haoen Chemical, China) in a 9 cm glass petri 
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dish. Another filter paper was attached by transparent tape onto the petri dish lid to 

absorb condensation that could occur during incubation. Ten lab-reared female spider 

mites (2-4 days in age) were gently positioned on each leaf disk using a fine-tipped brush 

(Antonious et al. 2014). All dishes were closed with a tight-fitting lid, sealed with parafilm, 

labeled and transferred into a 30C incubator in the dark. Spider mite number and viability 

were checked by recounting and assessing their movement just before incubation. 

Moistness of the lower filter paper in each petri dish was monitored with water added as 

needed. Additional bean leaf discs were treated with water and bioassayed as described 

to determine if ethanol was a confounding factor in comparison with the control samples 

(ethanol only). 

2.3.10 Data Recorded: 

Replications of each concentration were assessed on the same day to reduce 

replication variability. Data were recorded after 3 days of incubation. Mortality was 

evaluated by poking the spider mites gently with a fine-tipped-brush and observing their 

response with the aid of a stereo microscope. When no appendage moved, mites were 

considered dead. For fecundity assessment, eggs were counted with the aid of the stereo 

microscope on both adaxial and abaxial surfaces of the bean leaf disk and then the total 

number of eggs was divided by 10, the number of female mites placed on each leaf disk. 

An ocular microgrid installed in the stereo microscope allowed accurate counting of eggs. 

Data were statistically analyzed according to a one-way ANOVA using PROC GLM via SAS 

software version 9.4 (SAS Institute Inc. 2012). Duncan’s multiple range test was 
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implemented for mean comparisons. Graphs were created by Microsoft® Office Excel 365 

ProPlus. 

2.4 Results 

2.4.1 Isolation and Purification of Alpha-zingiberene of Ginger Oil and 

Zingiberene as well as Zingiberene Alcohol of S. habrochaites LA2329:  

The purity of the alpha-zingiberene separated from other components in the 

ginger oil by silica gel chromatography was calculated from the GC-FID data. The area 

units/µL of alpha-zingiberene, provided in GC-FID data file, was divided by the total area 

units/µL of that data disregarding the injection peak. Based on purity, and concentration 

of alpha-zingiberene, fraction 28 (83% purity) was chosen for use in the bioassay (Figure 

2-2, Table 2-1).  

The purities of 7-epi-zingiberene and zingiberene alcohol were computed from 

the GC-FID data for each fraction as mentioned above. Fractions 6 and 45 contained 7-

epi-zingiberene (92% purity) and zingiberene alcohol (73% purity), respectively, and were 

selected for use in the leaf disk bioassays (Table 2-3, Figure 2-3 A, B). 

2.4.2 Validation of Ethanol as a Solvent:  

Results from the two solutions (10 and 100 µL of ginger oil per ml of solvent) 

indicated that the amount of zingiberene detected in the ethanol solution compared to 

that in the hexane solution was 103% with standard error ± 3.04 for the 10 µL sample of 

ginger oil, and 95% with standard error ± 1.76 for the 100 µL sample. Therefore, it 

appeared that solubility of zingiberene was nearly identical between ethanol and hexane 

at the concentrations tested (Table 2-4). Similar results were obtained for the three 
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terpenoids present in extracts of wild tomatoes; relative recoveries in ethanol vs. hexane 

ranged from 79 to 90%, depending on the particular compound evaluated and plant 

source of the extract (Table 2-5). Recovery in all cases was sufficient to permit use of 

ethanol as the solvent for the planned bioassays. 

2.4.3 Ethanol as a Non-toxic Solvent to Spider Mites:  

The average number of eggs per mite in the control samples sprayed with water 

was 18.96 ± 1.79 and for the samples sprayed with ethanol, 17.7 ± 4.44. In addition, 

average percent mortality of spider mites in the control samples was 43.33 ± 8.81 and for 

the samples treated with ethanol, 50.00 ± 5.77 (Table 2-6). Statistically, a t-test verified 

that there was no significant difference between control and ethanol-treated samples for 

both eggs per mite (P = 0.81) and mortality percent (P = 0.56). Consequently, we 

concluded that ethanol can be used as a solvent for the bean leaf disk bioassay without 

introducing a confounding factor. 

2.4.4 Mortality:  

Of the three compounds tested in the leaf disk bioassay against spider mites, 

zingiberene alcohol was the most toxic to female spider mites when tested at the highest 

concentration, with 100% dead mites on the treated bean leaf disks three days after 

infestation (Figure 2-4). Conversely, bioassays with alpha-zingiberene from ginger oil 

resulted in the least mortality, 60% when tested at the highest concentration. Mortality 

associated with exposure to 7-epi-zingiberene was intermediate. Even at the lowest 

concentration of zingiberene alcohol tested, 53% of the mites died compared with only 

33% mortality for alpha zingiberene at a similar concentration. These results suggested 



 

25 

 

that zingiberene alcohol and 7-epi-zingiberene had higher efficacy against spider mites 

compared to that for alpha-zingiberene obtained from ginger oil (Figure 2-4). 

2.4.5 Fecundity:  

Of the three compounds tested in the leaf disk bioassay against the spider mite, 

zingiberene alcohol had the greatest adverse effect on eggs per mite at all concentrations 

tested compared to 7-epizingiberene from wild tomato or alpha-zingiberene from ginger 

oil (Figure 2-5). In contrast, alpha-zingiberene isolated from ginger oil was least effective 

in reducing the number of eggs laid per female. 7-epi-zingiberene was intermediate in 

effectiveness across all concentrations (Figure 2-5). Furthermore, the number of eggs per 

female mite were reduced to nearly zero at the highest rate of zingiberene alcohol 

application (107). Although the greatest reduction of fecundity was realized by highest 

concentration of zingiberene alcohol, it may be confounded with mite mortality. 

2.5 Discussion 

We identified zingiberene alcohol in trichome exudates from wild tomato LA2329 

and compared its toxicity against spider mites with 7-epizingiberene and alpha- 

zingiberene.  Zingiberene alcohol was the most toxic of the three compounds tested 

whilst alpha zingiberene was the least effective. 

 Bleeker et al. (2012) reported that leaf bioassays of transgenic tomato (line 2) that 

produced 7-epizingiberene at 1.5% of the concentration of the wild parent had 40% 

higher mite mortality than that for the control genotype S. lycopersicum cv. Moneymaker 

after 4 days incubation. Other studies have reported that 7-epizingiberene was not only 



 

26 

 

toxic to spider mites, but also had pesticidal potential for white flies, tomato pinworm, 

beet armyworm and Colorado potato beetle; Freitas et al. (2002), de Azevedo et al. 

(2003), Eigenbrode et al. (1994), and Carter et al. (1989) respectively. Spider mite 

mortality caused by zingiberene alcohol could have resulted from ingestion by the mites, 

or by vapor toxicity. These potential effects should be tested at lower concentrations to 

assess the threshold impact on mite survival and to determine LC50 values, the 

concentration that kills 50% of the population. The other compound tested from wild 

tomato, 7-epi-zingiberene, had a higher percent mite mortality and anti-fecundity than 

the alpha-zingiberene isolated from ginger oil. To the best of our knowledge, based on 

the literature, this is the first report on the acaricidal properties of zingiberene alcohol.  

Because zingiberene alcohol appears to have greater toxic effects on spider mites, 

plant breeders should make an effort to introgress this compound into tomato. This could 

lead to tomato plants that produce zingiberene alcohol and these would, perhaps, be 

more resistant to arthropods, compared to plants producing zingiberene alone.  It is likely 

that a cytochrome P450 terpene oxidase is responsible for the conversion of 7-epi-

zingiberene  into  zingiberene alcohol  (EP Patent No.  3178313A1  2017). Therefore, 

tomato  hybrids  that  possess  leaf  glandular  trichomes  secreting  zingiberene,  such as

those reported on in other chapters of this dissertation, could produce and secrete 

zingiberene derivatives after introgression of the cytochrome P450, terpene oxidase from 

wild parent to the hybrid.  A GMO approach to such a plant has been patented (EP Patent 

No. 3178313A1  2017).  Because  introgression  of  the  genes  responsible  for  high 

levels of  zingiberene production have  been successfully  introgressed from wild to 
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cultivated tomato (Snyder, personal communication),  the concept that  introgression  of 

the oxidase might also be successful, permitting a non-GMO path toward greater 

arthropod resistance in tomato could also be successful.

Reducing insect and spider mite fecundity and preventing attendant leaf and fruit 

damage caused by herbivores is crucial in crop protection. Bleeker et al. (2012) reported 

that egg production of T. urticae and T. evansi was reduced after 4 d by 81% and 54% 

respectively, compared to control plants, on the transgenic line 2 that was expressing low 

levels of 7-epizingiberen. Foliar 7-epizingiberene in tomato plants is known to be toxic as 

well as to have an adverse impact on whitefly oviposition and feeding (Muigai et al. 2002; 

Freitas et al. 2002), while foliar application of ginger oil containing mostly alpha- 

zingiberene had weak repellent effect to the whitefly Bemisia tabaci biotype B adults at 

distance < 1 mm from the odor source (Zhang et al. 2004).  In this study, the reduction of 

number of eggs per mite was an indirect effect with mortality as the primary mite 

response. 

2.6 Conclusion 

This study was designed to understand the relative efficacy of zingiberene alcohol 

and 7-epizingiberene extracted from wild tomato leaves ‘LA2329OH’, and alpha 

zingiberene extracted from ginger oil for mite mortality and fecundity. We performed a 

leaf disk bioassay of these compounds isolated by silica gel chromatography which 

allowed measurement of mite mortality and fecundity. Testing was limited to a few 

concentrations, and so this should be kept in mind when considering future research or 
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deployment of these results.  Surprisingly, alpha-zingiberene was less effective in our 

bioassays than was 7-epizingiberene, indicating that stereochemistry of natural products 

may be an extremely important aspect of their pesticidal characteristics. Also, we found 

that zingiberene alcohol had greater activity for mite mortality compared to 7-

epizingiberene and, zingiberene alcohol had greater anti-fecundity effects than those of 

7-epizingiberene at the lowest concentrations tested.  These observations support the 

idea that plant breeders should consider introgression of the presence of zingiberene 

alcohol from wild to cultivated tomato. Doing so may lead to tomato lines having greater 

arthropod resistance, compared to those producing only 7-epizingiberene. 
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Table 2–1: GC-FID area units/µL and purity (%) of alpha-zingiberene in selected fractions 

collected from silica gel chromatography of ginger oil. 

Fraction Alpha-zingiberene concentration 

(GC-FID area units/ µL) 

Purity (%) 

26 1.4 X 107 74 

27 8.5 X 106 79 

28 1.1 X 107 83 

29 5.3 X 106 84 
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Table 2–2: Eluant concentrations of hexane:MTBE and their elution volume (mL) for serial 

fractions collected from wild tomato accession LA2329 extract separated by silica gel 

chromatography. 

Eluant 
concentration 
(hexane:MTBE) 

Fraction 
Number 

Total elution  
volume (mL) 

99:1 1-4 ~ 6 

95:5 5-15 ~ 13 

93:7 16-25 ~ 12 

91:9 26-35 ~ 12 

89:11 36-46 ~ 13 

87:13 47-54 ~ 10 

85:15 55-62 ~ 10 
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Table 2–3: GC-FID area units/µL and purity (%) of 7-epizingiberene and zingiberene 

alcohol in selected fractions collected from silica gel chromatography of wild tomato 

accession LA2329 extract. 

Fraction Chemical ID 
Concentration 

(GC/FID Area unit/ µL) 
Purity 

(%) 

5 7-epi-zingiberene 2.2 X 107 84 

6 7-epi-zingiberene 6.7 X 107 92 

7 7-epi-zingiberene 4.9 X 107 79 

32 Zingiberene alcohol 1.9 X 107 62 

33 Zingiberene alcohol 1.5 X 107 64 

35 Zingiberene alcohol 1.4 X 107 62 

36 Zingiberene alcohol 1.4 X 107 64 

37 Zingiberene alcohol 1.2 X 107 62 

38 Zingiberene alcohol 1.1 X 107 62 

40 Zingiberene alcohol 8.2 X 106 66 

41 Zingiberene alcohol 8.1 X 106 66 

43 Zingiberene alcohol 5.3 X 106 64 

45 Zingiberene alcohol 1.4 X 107 73 
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Table 2–4: Concentrations (GC area units/µL) of alpha-zingiberene detected in ethanol 

and hexane solutions of ginger oil prepared at 10 or 100 µl per mL and relative recovery 

of in ethanol compared to hexane determined by GC-FID. SE refers to standard error. 

  
Solvent 

   

  Ethanol Hexane 
Relative Recovery  

Ginger Oil Concentration GC Area Units/µL   %        ±     SE 

10 µL/ml 5.7 X 106 5.6 X 106 103 ± 3.04 

100 µL/ml 3.9 X 107 4.1 X 107 95 ± 1.76 
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Table 2–5: Concentrations of three sesquiterpenoids, zingiberene, zingiberene alcohol, 

and zingiberene epoxide in ethanol and hexane solutions of oleoresins obtained from two 

accessions   of  S. habrochaites,  LA2329  and  PI127826   as   determined   by   GC-FID. 

Relative recovery is the amount of the indicated compound present in the ethanol extract 

compared to that in the hexane extract, expressed as a percentage. SE refers to standard 

error. 

  
Solvent 

   

  Ethanol Hexane 
Relative 

Recovery  

Plant source Sesquiterpenoid  GC Area Units/µL    %    ±    SE 

LA2329 Zingiberene 2.2 X 105 2.5 X 105 85 ± 0.91 

  Zingiberene alcohol 1.7 X 105 1.8 X 105 90 ± 1.13 

PI127826 Zingiberene 1.1 X 105 1.5 X 105 79 ± 5.29 

  Zingiberene alcohol 9.6 X 104 1.1 X 105 84 ± 5.44 

  Zingiberene epoxide 8.9 X 104 1.1 X 105 79 ± 3.99 
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Table 2–6: Fecundity and mortality percent of spider mites using the bean leaf disk 

bioassay with water and ethanol samples. SE refers to standard error. 

Control Eggs Per 
Mite 

± SE Mortality  
(%) 

± SE 

Water        18.96 ± 1.79 43.33 ± 8.81 

100% Ethanol 17.73 ± 4.44 50.00 ± 5.77 
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Figure 2–1: Stereochemical configuration of alpha-zingiberene isolated from ginger oil 

and 7-epizingiberene isolated from two wild tomato accessions S. habrochaites f. 

hirsutum PI 365906 and S. habrochaites f. glabratum PI 199381 (Breeden and Coates 

1994). 
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Figure 2–2: GC-FID chromatogram of fraction 28 of ginger oil separated on silica gel 

demonstrating purity and quantity of alpha-zingiberene. Chemical structure of alpha-

zingiberene obtained from Bleeker et al. (2011). 
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Figure 2–3: GC-FID Chromatogram of fraction 6, containing 7-epi-zingiberene (A) and 

fraction 45 containing zingiberene alcohol (Breeden and Coates) obtained by silica gel 

chromatography of LA2329 extract. Chemical structures obtained from (Bleeker et al. 

2011; EP Patent No. 3178313A1 2017). 
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Figure 2–4: Mean mortality (%) of female spider mites in bean leaf disk bioassays of 7-

epizingiberene and zingiberene alcohol isolated from trichome secretions of the wild 

tomato   S.  habrochaites  ‘LA2329’   and    alpha-zingiberene  isolated   from  ginger   oil. 

Each leaf disc was triplicated per concentration sprayed. Control sample contained 

ethanol only. Actual extract concentrations were: alpha-zingiberene 1.4 X 107, 1.3 X 106, 

and 1.3 X 105; 7-epizingiberene 1.1 X 107, 2.0 X 106, and 2.7 X 105; and zingiberene alcohol 

1.1 X 107, 2.1 X 106, and 6.3 X 105. Letters indicate significant differences among 

treatments at each concentration. Vertical lines designate to standard errors. 
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Figure 2–5: Mean eggs per female mite in bean leaf disk bioassay of 7-epizingiberene and 

zingiberene alcohol isolated from trichome secretions of the wild tomato S. habrochaites 

‘LA2329’ and alpha-zingiberene isolated from ginger oil. Each leaf disc was triplicated per 

concentration sprayed. Control sample contained ethanol only. Actual extract 

concentrations were: alpha-zingiberene 1.4 X 107, 1.3 X 106, and 1.3 X 105; 7-

epizingiberene 1.1 X 107, 2.0 X 106, and 2.7 X 105; and zingiberene alcohol 1.1 X 107, 2.1 X 

106, and 6.3 X 105. Letters indicate significant differences among treatments at each 

concentration. Vertical lines designate to standard errors.
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CHAPTER 3. Two-spotted Spider Mite Resistance in Tomato Hybrids by Trichome 
Secretions and Densities of Solanum habrochaites  

Accession LA2329 

3.1 Abstract 

Selection for pest resistance is essential to the genetic transfer of resistance 

between a wild species and cultivated tomato. Solanum habrochaites LA2329, a wild 

relative of tomato, is known to be highly resistant to arthropods due to high density of 

type IV and type VI trichomes with high levels of foliar zingiberene. The primary objective 

of this work was to confirm the transfer of resistance from S. habrochaites accession 

LA2329 to cultivated tomato. Also investigated was the interaction of type IV trichome 

densities and leaf zingiberene contents with spider mite behavior.  

In 2017, nine tomato genotypes consisting of BC3F3 and BC3F4 hybrids, three 

susceptible genotypes and three resistant wild species controls were used. These 

genotypes were selected based on densities of trichome type IV and zingiberene 

concentrations. Whole tomato leaves, consisting of five leaflets, were bioassayed with 

spider mites, Tetranychus urticae Koch under laboratory conditions. Mite responses on 

some hybrids were almost the same as on the resistant wild donor parent, S. habrochaites 

as indicated by leaflet surface infested by mites, mite webbing, and feeding damage by 

mites. At the end of the bioassay, egg density on four backcross hybrids was similar to 

that on the resistant S. habrochaites accessions. Based on reduced mite success on some 

of the backcross hybrids, we infer the resistance has been successfully transferred from 

the wild accession to the selected genotypes by deployment of indirect selection. 

Trichome-type IV density and zingiberene content had a significant negative correlation 
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with most of the mite behavioral and biological responses. This bioassay identified 

behavioral differences of mites based on the presence or absence of leaf compounds and 

glandular trichome densities and supported the hypothesis that introgression of type IV 

trichome and zingiberene will lead to greater spider mite resistance. 

 

3.2 Introduction 

Breeding for durable genetic resistance in crops is an alternative to pesticide-

based pest control. The development of crops and cultivars with desirable traits (large 

seed size, high yield, pest and disease resistance, etc.) has been realized by utilization of 

plant genetic diversity as germplasm resources (Govindaraj et al. 2015). For instance, the 

secondary and tertiary tomato germplasm pool is highly diverse providing a wide range 

of phenotypes that may have economic potential. Recent trends have moved to improve 

resistance of tomato plants to herbivores such as pinworm (Antônio et al. 2011), and 

whitefly (Freitas et al. 2002; Neiva et al. 2013). Hence, there is a significant necessity for 

assay platforms to assess and identify levels of resistance to insect performance, also to 

understand fundamentals of tomato–pest interactions and for the development of 

resistant varieties. 

Two-spotted spider mite (T. urticae Koch) is known as a poly-phytophagous pest 

responsible for causing damage on tomato leaves and fruits leading to a reduction in fruit 

yield (Pokle and Shukla 2015). Aznar-Fernández and Rubiales (2018) identified two major 

mechanisms of plant resistance to pea aphid Acyrthosiphon pisum; antixenosis and 

antibiosis.  Both have been characterized in tomato host-pest interaction papers (Carter 
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and Snyder 1985; Vijaykumar et al. 2009; Kim et al. 2013; Kamphuis et al. 2013). Out of 

99 interspecific backcrosses made by crossing S. habrochaites LA1363 x S. lycopersicum, 

16 hybrids resistant to  spider mites were identified by Snyder et al. (2005), using a whole 

leaf bioassay. Repellent effects were attributed to foliar secretions of 2,3-

dihydrofarnesoic acid.  

Although resistance to insects and arthropods has been proven in wild tomato 

relatives, the presence of Dobzhansky-Muller interactions may preclude or reduce gene 

flow, preventing introgression or hybridization between species (Dobzhansky 1937; 

Rieseberg and Willis 2007; Lowry et al. 2008). Therefore, the key for successful 

introgression of genetic resistance into cultivars requires using an efficient breeding 

method. For instance, direct selection, as used in the breeding program at the University 

of Kentucky for high foliar zingiberene and specific trichome types as well as emphasizing 

additional traits like fruit size and color, is an efficient procedure aimed at indirect 

selection for spider mite resistance. 

Extensive characterizations of foliar trichome types, hair-like appendages growing 

on the aerial plant epidermis, have been reported for tomato. Many of these studies 

focused on the role of trichomes in arthropod resistance, often related to their chemical 

secretions (Guo et al. 1993; Snyder et al. 2005; Bergau et al. 2015) and/or their ability 

physically entrap arthropods (Baur et al. 1991; Simmons and Gurr 2005). Basically, there 

are two major forms of trichomes: glandular and non-glandular. Seven type of trichomes  

on tomato and its wild relatives  were first documented by Luckwill (1943). Subsequently, 

eight distinct types based on shape and size were described by Channarayappa et al. 
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(1992). The S. lycopersicum genotypes tend to have copious type III and V trichomes whilst 

S. habrochaites accessions tend to have abundant type IV trichomes, few type III, and a 

lack of type V trichomes. The type VI trichomes are ubiquitous glandular trichomes and 

have been studied extensively in the genus Solanum (Bergau et al. 2015). Therefore, the 

existence of specific types of trichomes can differentiate the wild species S. habrochaites 

from the cultivated one, S. lycopersicum (Snyder and Carter 1985). Fernández-Muñoz et 

al. (2003) reported that resistance to T. urticae was correlated with the density of type IV 

trichomes in S. pimpinellifolium accession ‘TO-937’ and in the BC1 hybrids generated by 

crossing between ‘TO-937’ and S. lycopersicum ‘Moneymaker’. They indicated that 

genetic resistance was controlled by a major dominant gene.  

Multiple studies of tomato–arthropod interactions have emphasized the role of 

allelochemical content associated with glandular trichomes. For instance, secondary 

metabolite synthesis in tomato trichomes (e.g. terpenoids, phenylpropanoids, flavonoids, 

and methyl ketones) is the most important in stems and leaves, often leading to 

production of compounds that provide resistance against herbivores (Simmons and Gurr 

2005; Kortbeek et al. 2016). Exploitation of these foliar compounds by plant breeders 

could be an effective approach to integrated pest management. 

The sesquiterpene hydrocarbon zingiberene, mostly stored and released by type 

IV and/or VI glandular trichomes of some accessions of S. habrochaites, is responsible for 

high levels of resistance against spider mites even at low levels, reflected in a severe 

reduction (~ 81%) of T. urticae eggs (Bleeker et al. 2012). The pesticidal activity of 

zingiberene has been studied in Colorado potato beetle (Carter et al. 1989; Gianfagna et 
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al. 1992), beet armyworm (Eigenbrode et al. 1994), whiteflies (Freitas et al. 2002; Bleeker 

et al. 2011; Neiva et al. 2013), tomato pinworm (de Azevedo et al. 2003; Lima et al. 2015), 

red and two spotted spider mites and whiteflies (Bleeker et al. 2012). Direct selection for 

genotypes with specific types of glandular trichome densities and zingiberene levels 

seemed to be an efficient technique for indirect selection for arthropod 

resistance/repellence (Azevedo et al. 1999; Maluf et al. 2001; Júnior et al. 2018). 

Consequently, glandular leaf-trichomes and their chemical exudates found in wild 

genotypes can be recovered in cultivated tomatoes providing a defensive system against 

pests. 

The objectives of this study were to use the whole leaf bioassay to determine if 

we are successfully introgressing spider mite resistance from wild tomato into cultivated 

tomato by direct selection for type IV trichome density and foliar zingiberene 

concentration. Secondly, we wanted to illustrate the relationships of type IV trichome 

density and zingiberene content with mite resistance criteria. 

3.3 Materials and Methods 

3.3.1 Plant Materials: 

An interspecific population between Solanum lycopersicum ZH2 ‘Zaofen 2’ (lacking 

type IV trichomes and zingiberene; susceptible to spider mites) and a wild tomato species, 

Solanum habrochaites LA2329 (rich in type IV trichomes and zingiberene; highly resistant 

to spider mites), provided the plant material used in this research. The population has 

undergone selection for high concentrations of zingiberene and high type IV trichome 

densities on leaflets as well as selection for fruit set and seeds per fruit. The entire 
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population was prescreened based on rating type IV trichomes using a stereomicroscope 

and collecting leaf samples for zingiberene quantification. From this screening, nine 

tomato backcross hybrids of two generations (BC3F3 & BC3F4) were chosen based on the 

presence and absence of type IV trichomes, and zingiberene concentrations. An 

additional six genotypes were chosen, three considered as positive controls (highly 

resistant to spider mite) and three others as negative controls (highly susceptible to spider 

mite). All genotypes studied were pre-characterized from preliminary observations (Table 

3-1). Details on obtaining the plant material, transplanting, and fertigation management 

in greenhouse were mentioned in Chapter 2. Plants were grown at the Horticulture 

Research Farm, University of Kentucky-Lexington, KY and managed as recommended in 

ID-36  (http://www2.ca.uky.edu/agcomm/pubs/id/id36/id36.pdf). 

3.3.2 Maintenance of Mite Colony:  as described in Chapter 2. 

3.3.3 Quantification of Chemicals in Tomato Leaflets and Trichome 

Assessment: 

Three leaflets from a leaf adjacent to the bioassayed leaf (see item 4 below) were 

excised from each genotype. Leaflet tips and bases were removed by scissors and the 

center leaflet segments were placed in 2.0 ml hexane. After agitation, the extracts were 

analyzed for zingiberene and the primary monoterpene, β-phellandrene, by GC-FID as 

described previously in Chapter 2. All leaf segments were scanned to calculate leaf area 

(cm2) by image analysis using ImageJ software (https://imagej.nih.gov/ij/). Then leaf 

chemical concentration was divided by its leaf area to obtain the final value, in units of 

GC area units/cm2.  

http://www2.ca.uky.edu/agcomm/pubs/id/id36/id36.pdf
https://imagej.nih.gov/ij/


 

46 

 

The remaining leaflets on the leaf were used for counting number of type IV 

trichomes on abaxial and adaxial surfaces by use of a Meiji stereo microscope equipped 

with 10X10 microscopic grid (4.3 mm2) at 50X for the entire grid. 

3.3.4 Whole Leaf Bioassay: 

The whole leaf bioassay (Snyder et al. 2005) was used for this research. An excised 

whole tomato leaf, fully expanded and positioned at the third node from the apex, 

consisting of five leaflets, was transferred from the field to the laboratory.  Three leaves 

from each genotype were bioassayed with spider mites to provide replication. Each whole 

leaf was inserted into a 250-ml Erlenmeyer flask filled with tap water (Figure 3-1-A). Next, 

a leaf from a bean plant, Phaseolus vulgaris L., infested with about thirty female two-

spotted-spider mites, T. urticae Koch, was placed at the base of the detached tomato leaf. 

(Figure 3-1-B). Conditions during the bioassay were temperature range of 20-22 OC and 

light in the range of 60-100 µE m-2 s-1 provided by fluorescent lamps.  Flasks were 

monitored daily and refilled with water until the seventh day of the bioassay setup. 

Several parameters of mite performance were evaluated during the seven-day 

course of the bioassay. In most cases, visual evaluations were aided by use of a 3X 

magnifying glass. Most of the evaluations were based on counting the leaflets and 

surfaces involved for a particular mite parameter.  For example, data for the number of 

leaflet surfaces infested by mites were obtained by examining the abaxial surfaces of all 

five leaflets of a leaf, and recording the total number of abaxial leaflet surfaces where at 

least one mite was present. A similar operation was used to evaluate the adaxial surfaces 

of the same five leaflets. Data recorded for each surface ranged from 1 to 5. Leaflets with 
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mite webbing, feeding damage, and presence of eggs were similarly evaluated. Number 

of leaflets infested by mites, regardless surfaces, and number of each leaflet surface 

infested by mites were determined on days 1 and 2 of the bioassay. Number of each 

leaflet surface, abaxial and adaxial, with webbing and feeding damage were determined 

on day 3 and 7 of the bioassay. Rating scales of 0-3 were also used to score webbing and 

feeding damage on the whole leaf surface.  For these scales 0 represented no webbing or 

no feeding damage, and 1 represented light webbing or feeding damage based on the 

intensity and number of spots involved in the whole leaf. Also, a score of 3 represented 

extensive webbing or feeding damage while a score of 2 was intermediate between score 

1 and 3. Leaf surfaces involved with webbing or feeding damage is basically an objective 

method, however, a rating scale of 0-3 is a subjective measurement.  

The total number of each abaxial and adaxial leaflet surfaces having any eggs was 

determined on day 7 of the bioassay. Egg counting was aided by use of a Meiji stereo 

zoom microscope and a sum of total number of eggs per surface of each leaf was 

calculated after the seventh day of the bioassay. Each whole leaf sample, containing five 

leaflets without petioles, was scanned then processed by ImageJ software to calculate 

leaf area. Subsequently, egg density (number/cm2) for each abaxial and adaxial surface of 

each sample was determined by dividing the total number of eggs on a leaf by leaf area. 

3.3.5 Statistical Analysis: 

Data for the plant characteristics, β-phellandrene and, zingiberene concentrations 

(GC area units/cm² of leaflet), and trichome type IV density (No./mm²), and data obtained 

from the bioassay were analyzed by SAS v 9.4 (SAS Institute Inc. 2012). All data were 
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analyzed according to a completely randomized design (CRD) using the general linear 

model (GLM) procedure. The effects of genotype on β-phellandrene and zingiberene were 

evaluated using a one-way ANOVA. The effects of genotype, surface, and their interaction 

(genotype X surface) were evaluated through a two-way ANOVA for type IV trichome 

density and for mite data obtained from the bioassays.  Post-hoc Tukey HSD tests were 

conducted for mean comparisons at P< 0.05 if a significant effect (P < 0.05) of treatments 

was present. LSmeans was used to compare genotype X surface interaction means when 

a significant interaction (P < 0.05) was observed. To calculate Pearson’s correlation 

coefficients among variables, the parameters measured for adaxial and abaxial surfaces 

were summed prior to calculation of coefficients.  Doing so avoided false replication with 

β-phellandrene and zingiberene contents, which were not determined for each surface of 

the tested leaves. Additional analyses were performed by use of hierarchical cluster 

analysis based on Ward’s method performed by JMP statistical software (JMP® version 

12.1.0 SAS Institute Inc, Cary, NC, USA). This analysis included trichome type IV density 

and zingiberene concentrations as well as all spider mite data obtained from whole leaf 

bioassay. 

3.4 Results 

3.4.1 Tomato Leaflet Chemistry and Type IV Trichome Density: 

The ANOVA results of the leaflet chemical composition (Table 3-2) indicated that 

there were significant differences among tomato genotypes in terms of zingiberene and 

β-phellandrene concentrations per cm2 of leaf area (P <.0001). Only two hybrids Z116 and 

X155 had high concentrations of β-phellandrene (Table 3-3). β-phellandrene was 
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detected in three tomato cultivars, W126, W129, and W160, and the two additional 

hybrids, W126 and X71. For the remaining hybrids, β-phellandrene concentrations were 

below the detection limits (Table 3-3).  

The backcross hybrid X71 had the highest concentration of zingiberene/cm2 leaf 

area with 5.7 X 107 AU/cm2 followed by the wild accessions LA2329 and LA2329OH, 2.8 X 

107 and 2.3 X 107 respectively (Table 3-4). Six genotypes, three tomato cultivars and three 

interspecific hybrids W126, W129, and W160, X155, Z116, and Z120 had no detectable 

zingiberene. The remaining six plants, W75, Z70, PI127826, X166, Z58 and Z161 produced 

intermediate concentrations of zingiberene, with the latter two, Z58 and Z161, producing 

at the lowest non-zero concentrations.  With the exception of PI127826, these plants 

were hybrids.  

Type IV trichome densities varied among the genotypes and surfaces (Table 3-5). 

PI127826 had the most abundant density of type IV trichomes followed by the backcross 

hybrids X155 and X71. In contrast, the cultivated tomato varieties, W126, W129, and 

W160, as well as three of the hybrids had no type IV trichomes (Table 3-6). Significant 

differences were found on adaxial (5.49/mm²) and abaxial (21.51/mm²) leaflet surfaces 

(Table 3-7). However, these means are influenced by presence of six plants, three hybrids 

and three cultivated tomatoes that did not possess any type IV trichomes. The presence 

of these six genotypes in the ANOVA likely also explains the significant genotype X surface 

interaction in the analysis; genotypes lacking type IV trichomes cannot differ in density 

between surfaces. Conversely, for genotypes having type IV trichomes, density can and 
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did differ between surfaces with the abaxial surface density for type IV trichomes always 

significantly greater than the density on the adaxial surface of a genotype (Table 3-8). 

Considering the phenotypic variability of the interspecific tomato hybrids chosen 

for this study. They represent a wide range of type IV trichome density as well as 

zingiberene production. Thus, understanding mite behavior on these hybrids may provide 

important information for their relationship to spider mite resistance. 

3.4.2 Mite Responses: 

3.4.2.1 Number of Leaflets and Surfaces Infested by Spider Mites: 

Results of the ANOVA analysis indicated significant differences among tomato 

genotypes in number of leaflets infested by spider mites on the first and second day of 

the whole leaf bioassay (Table 3-9) as well as how many leaflet surfaces were infested by 

spider mites on the same days (Table 3-10). The negative controls W126, W129, and 

W160 and two of the backcross hybrids, Z161 and Z116, had the highest number of 

leaflets with mite infestation,  4.33, 3.67, 3.67, 3.67, and 3.33 respectively on the first day 

while PI127826 and X166 showed the lowest mean,  only one leaflet, infested by spider 

mites (Table 3-11). On the second day, the hybrid Z161 had the highest mean number of 

leaflets with for mite infestation, 4.67, followed by the negative controls, W126, W129, 

W160 at 4.33, while the wild accessions used as positive controls, PI127826 and 

LA2329OH had two or fewer leaflets infested by spider mites (Table 3-12).  

For number of leaflet surfaces infested by spider mites on the first and second 

days of the whole leaf bioassay, the number of leaflets infested by mites were the highest 

and similar for the negative control genotypes Z58 and W129 (Table 3-13 and 3-14). In 
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contrast, the positive controls LA2329OH and PI127826 plus the hybrid X166 had similarly 

low numbers of leaflet surfaces with mites on the first day, 1.33, 0.83, and 1.17 leaflets 

with mites, respectively, and on the second day with 2.00, 1.33, and 1.67 leaflets with 

mites, respectively (Table 3-13 and 3-14). On both rating days, adaxial surfaces were more 

extensively infested than were abaxial surfaces (Table 3-15).  

There was a significant genotype X surface interaction (P=0.013 and P=0.028) for 

number of leaflet surfaces with mites on day 1 and day 2 of the whole leaf bioassay (Table 

3-10). For number of leaflet surfaces with mite infestation on day 1, there were no 

differences between surfaces for PI127826, X166, LA2329OH, LA2329, Z116, X155, Z70, 

or W126 (Table 3-16). However, for the remaining genotypes, W75, Z120, X71, Z161, 

W160, W129 and Z58 there was a difference between leaflet surfaces for number of 

surfaces with mites (Table 3-16).  On day 2 of the whole leaf bioassay (Table 3-17) the 

abaxial and adaxial surfaces on all of the hybrids except one, Z70, had different numbers 

of surfaces with mite infestation; there was no difference between surfaces in number of 

surfaces infested by mites for the positive or negative controls. 

3.4.2.2 Mite Webbing: 

There were significant differences among tomato genotypes for mite webbing 

scores on day 3 and day 7 but surfaces only differed on day 3 (Table 3-18). The interaction 

of genotype and surface was only significant for webbing score on Day 7 (Table 3-18).   For 

number of surfaces having webbing on day 3 and day 7, there were significant differences 

among genotypes and between surfaces on day 3 and day 7; the genotype X surface 

interaction was not significant on either rating day (Table 3-19).  
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The negative controls, W129, W126, and W160 had high mite webbing scores, 

1.50, 1.33, 0.83, respectively on the third day while the hybrids X166, X71, and Z116 

showed the lowest mean webbing score (no webbing), similar to the positive controls, 

LA2329, LA2329OH, and PI127826 (Table 3-20). Correspondingly on the seventh day, the 

negative controls, W126, W129, and W160 had the highest mean of mite webbing scores 

of 2.67, 2.50, and 2.00 respectively while the wild accession, PI127826 followed by the 

backcross hybrid X155 had webbing scores of 0.33 and 0.50 mite as the lowest means, 

respectively (Table 3-21). The adaxial leaflet surface on the third day had a higher mite 

webbing score than that on the abaxial surface (Table 3-22); average mite webbing scores 

did not differ between surfaces on the seventh day (data not shown). 

The genotype X surface interaction for webbing score was only significant on day 

7 of the bioassay (Table 3-23). For the 3 negative controls, W160, W129 and W126, for 

one of the three positive controls, PI127826, and for five of the nine hybrids, X166, Z161, 

Z120, Z70, X71 there were no differences in webbing score between surfaces. For the 

remaining entries in the bioassay, the webbing scores for abaxial and adaxial surfaces did 

significantly differ for four of the nine hybrids X155, Z116, W75, and Z58, and for the 

positive controls LA2329 and LA2329OH (Table 3-23).     

For number of leaflet surfaces with spider mite webbing on day 3, the S. 

lycopersicum controls W129 and W126, had the maximum number of leaflet surfaces with 

mite webbing, 2.67 and 1.67 respectively (Table 3-24). Contrarily, the S. habrochaites 

controls, LA2329, LA2329OH, and PI127826, as well as the hybrids, Z116, X71, and X166 
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had no leaflet surfaces with mite webbing (Table 3-24). On the seventh day the negative 

controls, W129, W160, and W126, had 4.16, 4.00, and 3.83 leaflet surfaces with   mite 

webbing as the highest means respectively, whereas the positive controls, PI127826 and 

LA2329OH, had the lowest mean number of leaflets with webbing of 0.33 and 0.83, 

respectively (Table 3-25). Webbing scores on hybrids X155, X166, W75, Z116, Z70 and 

that for the positive control, LA2329 were not significantly different from those of the 

resistant controls, PI127826 and LA2329OH (Table 3-25).  

For number of surfaces with webbing, the adaxial leaflet surfaces for both third 

and seventh day of the bioassay had higher means than those on the abaxial surface 

(Table 3-26). 

3.4.2.3 Mite Feeding Damage: 

There were significant differences among tomato genotypes in feeding damage 

score (table 3-27) and number of leaflet surfaces with feeding damage (table 3-32) on day 

3 and day 7. Furthermore, statistical differences were found between adaxial and abaxial 

surfaces for feeding damage score (table 3-27) and for number of leaflet surfaces with 

feeding damage (table 3-32) on day 3 and day 7. Genotype X surface interaction was 

significant for only the mite feeding damage score on day 7 (Table 3-27).  

The negative controls, W160, and W126 had high mite feeding damage scores, 

1.17 and 1.00, respectively on the third day, while the positive control PI127826 and two 

backcross hybrids, X71 and X166, displayed no feeding damage (score 0) (Table 3-28). 

Similarly, for the negative controls, W129, W160, and W126, feeding damage scores on 
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the seventh day were high, 2.50, 2.33, and 2.00, respectively, while the backcross hybrid, 

X155, and wild relative, PI127826 had low feeding damage scores, 0.50 and 0.67, 

respectively (Table 3-29). The adaxial leaflet surface had higher average mite feeding 

damage scores than that for the abaxial surface, 0.60 and 0.29 on the third day and 1.44 

and 1.18 on the seventh day, respectively (Table 3-30). 

For the genotype X surface interaction for mite feeding damage score, which was 

only significant for day 7 (Table 3-27), scores did not differ between surfaces for most of 

the plants in the bioassay (Table 3-31). Scores did differ between surfaces for X155, Z58, 

W75, Z161, and W126.  For each of these genotypes, the adaxial surface had higher 

feeding damage scores than the abaxial surface. Of the five genotypes having a feeding 

damage score difference, four were hybrids and one, W126, was a negative control. No 

relationship between surface difference in feeding damage score and susceptibility to 

feeding damage was noted, because the group of five genotypes included the genotype 

with the lowest feeding damage score, X155, as well as the other four genotypes were 

among the lowest for feeding damage score (Table 3-29).   

For the number of leaflet surfaces damaged by mite feeding the S. lycopersicum 

susceptible controls, W126, W129, and W160 showed the maximum number of leaflet 

surfaces damaged by mite feeding 1.83, 1.67, and 1.50 respectively on day 3 (Table 3-33) 

and the same susceptible genotypes had the highest numbers of surfaces damaged on 

day 7, 4.50, 4.16, 4.00, respectively (Table 3-34) On the other hand, the S. habrochaites 

positive control, PI127826, and the hybrids, X71 and X166 showed no leaflet surfaces 

damaged by mite feeding on day 3 (Table 3-33). Similarly, on the seventh day, the positive 
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control, PI127826, and the hybrid X155 only had 1.00, and 1.17 leaflet surfaces damaged 

by mite feeding, respectively (Table 3-34). The adaxial leaflet had significantly more 

surfaces damaged by mite feeding on both the third and seventh day than did the abaxial 

surface (Table 3-35). 

3.4.2.4 Oviposition: 

Significant differences among tomato genotypes were found for number of leaflet 

surfaces with eggs on day 7 and for egg density on day 7 (Table 3-36). Furthermore, 

statistical differences were found between adaxial and abaxial surfaces for both variables 

(Table 3-36). The genotype X surface interaction was significant for only egg density on 

day 7. 

The mean of the number of leaflet surfaces infested by mite eggs on day 7 slightly 

differed among genotypes where the maximum was 5 leaflet surfaces infested by eggs 

for Z161, Z58, Z116, and Z120 and the minimum was 3.5 leaflet surfaces infested by eggs 

for PI127826 (Table 3-37).  

The S. lycopersicum controls, W129, W160, and W126, had the highest mean egg 

density on day 7 (Table 3-38). Contrarily, the S. habrochaites genotype controls, 

LA2329OH and PI127826, showed the lowest mean egg density (Table 3-38). Average egg 

density on adaxial leaflet surfaces was higher than that for the abaxial surfaces (Table 3-

39). 

For the genotype X surface interaction for egg density on day 7, the four positive 

controls and two hybrids X71, and X155 did not have a significant difference in egg density 
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between surfaces (Table 3-40). Egg density was lower on abaxial surface compare with 

adaxial surfaces for the remaining nine genotypes tested. 

3.4.3 Correlation of Trichome Density and Zingiberene Content with 

Behavioral and Biological Mite Variables: 

Correlation analyses provided the opportunity to explore potential relationships 

between densities of type IV glandular trichomes and their exudate contents with spider 

mite resistance. Genotypes tested in the whole leaf bioassay had a wide range of 

variability in their foliar zingiberene concentrations (Table 3-2) and glandular type IV 

trichome densities (Table 3-5). Correlation coefficients (r) between type IV trichome 

density and all behavioral and biological mite parameters suggested that type IV density 

was significantly and inversely correlated with spider mite resistance (Table 3-41). In 

addition, zingiberene contents had a significant negative correlation with all mite 

response variables except for total mite webbing score on leaflet surfaces on day 7, total 

leaflet surfaces with webbing on day 7, and total leaflet surfaces infested by mite eggs on 

day 7. Additionally, there were no significant correlations between the monoterpene 

content, β-phellandrene, and mite parameters except for total mite webbing score on day 

7 which was weak and had a negative association (r = -0.29) as shown in Table 3-41. 

3.4.4 Cluster Analysis: 

The objective of this analysis was to visualize the extent of the association of 

phenotypic variability of leaf characteristics and spider mite behavior for the fifteen 

tested genotypes. The dendrogram obtained by hierarchical cluster analysis for the 15 

tomato genotypes showed two main clusters (resistant and susceptible – clusters 1 and 
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2) among all genotypes evaluated using whole leaf bioassay (Figure 3-3). The cluster of 

resistant genotypes included the wild S. habrochaites LA2329, LA2329OH, and PI127826 

and all of the interspecific backcross hybrids W75, X71, X155, X166, Z58, Z70, Z161, Z116, 

and Z120 (Figure 3-3). The other cluster contained only the susceptible S. lycopersicum 

lines, W126, W129, and W160 (Figure 3-3). Within the resistant genotype cluster, there 

were four distinct subgroups labeled A, B, C, and D. 

Cluster means for type IV trichome density and zingiberene concentration differed 

dramatically among clusters as did means for some of the mite response variables (Table 

3-42). Interestingly, no hybrid was clustered with the susceptible controls in cluster 2 

(Figure 3-3) For the four resistant subclusters, 1-A – 1-D, there was considerable variation 

for zingiberene concentration and fir type IV densities (Table 3-42). For mite responses, 

means associated with degree of webbing and eggs appeared to be the parameters that 

differentiated clusters. Hybrids in clusters 1-A and 1-D are of greatest interest because 

these hybrids clustered with mite resistant wild lines. These two clusters had the high 

type IV trichome density, High zingiberene concentration, low values for number of 

surfaces with webbing (especially on day 1), webbing score, and egg density seemed to 

differentiate clusters 1-A and 1-D from clusters 1-B and 1-C. These observations are 

consistent with the hypothesis that type IV trichome density and zingiberene 

concentration are particularly important in determining degree of webbing and egg 

density in the whole leaf bioassay  

The resistant controls LA2329OH and PI127826 were strongly associated with 

hybrid X166, likely due to high type IV trichome density and high zingiberene production. 
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Eight other interspecific backcross hybrids either for one or both resistance features, high 

density of type IV trichome and zingiberene content, were comparable in to some degree 

to the wild resistant accessions LA2329, LA2329OH, and PI127826. As a result, the 

presence of glandular type IV trichomes mediated terpenoids in relation to resistance 

parameters reflected greater spider mite resistance compared with susceptible tomato 

varieties. 

3.5 Discussion 

While investigating zingiberene bioactivity and trichome specific type densities 

through a whole leaf bioassay, we demonstrated behavioral differences of mites 

associated with the presence or absence of leaf compounds and trichome densities. The 

genotypes evaluated in the whole leaf bioassay were selected for wide variation in 

concentration of zingiberene and type IV trichome density with the expectation that mite 

responses in the whole leaf bioassay would also widely vary, which they did.  

The classification of genotypes based on cluster analysis showed clear 

dissimilarities among groups based on the presence and magnitude of the allelochemical 

zingiberene and type IV trichomes and on mite performance. The nine resistant 

genotypes clustered with the wild parent S. habrochaites LA2329 indicating their mite 

bioassay performance was more similar to that of the donor wild parent than to the S. 

lycopersicum susceptible controls. 

In the literature, segregation of zingiberene in interspecific tomato hybrids 

obtained by crossing wild x cultivated lines was governed by the action of a single gene 

locus (Rahimi and Carter 1993; Freitas et al. 2002; Lima et al. 2015). Therefore, our 
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interspecific hybrids created by S. lycopersicum x S. habrochaites that segregated for 

presence of zingiberene may be partially explained by this genetic model. The rationale 

behind choosing backcross hybrids with contrasting leaf traits, high vs. low or absent type 

IV densities and zingiberene contents was to demonstrate mite responses that may be 

associated with these characters and to verify transfer of resistance into the hybrids. 

Based on our cluster analysis, in which all of the hybrids clustered with the wild tomato 

lines, the positive controls, is strong evidence that resistance has been introgressed into 

these hybrids.   

The introgression of zingiberene from wild species into cultivated tomato has 

been shown to be related to host-plant resistance. Bleeker et al. (2012) successfully 

engineered zingiberene synthase from wild to cultivated tomato with the best transgenic 

hybrids producing about 1.5% of the 7-epizingiberene present in the wild plant S. 

habrochaites PI127826. When one of the transgenic tomato lines, line 2, was evaluated, 

the number of T. urticae eggs were reduced by 81% compared to the wild type control 

(Bleeker et al. 2012). Also, ninety-nine interspecific backcrosses obtained by crossing S. 

habrochaites LA1363 x S. lycopersicum were screened by Snyder et al. (2005) using the 

whole leaf bioassay to assess the potential for resistance to tomato spider mites. They 

evaluated the number of leaflets infested by mites as well as webbing and feeding 

damage. They reported that this bioassay allowed identification of 16 resistant hybrids 

having trichomes and 2,3-dihydrofarnesoic acid that had repellent effects on spider mites 

and also identified hybrids having resistance mechanisms other than repellency.  
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In our experiment, the hybrid genotypes X116, X71, and W75 are valuable for 

resistance breeding against T. urticae. These genotypes possessed high zingiberene 

concentrations and high trichome type IV densities, and were in the subclusters 

containing the wild resistant genotypes. Both factors, zingiberene and type IV trichomes 

may interact to hinder spider mite performance. Others have reported the advantage of 

the presence of multiple factors conferring arthropod resistance.  Neiva et al. (2019) 

evaluated fifteen tomato genotypes for whitefly (Bemisia tabaci biotype B) resistance 

with reference to foliar zingiberene and acylsugar presence. They reported that 

genotypes having high concentrations of both zingiberene and acylsugars had lower 

oviposition as compared to genotypes with low concentrations of both allelochemicals or 

without either allelochemical. Also, the genotypes having leaves producing both 

zingiberene and acylsugar exhibited a synergistic effect of lowering the number of 

whitefly eggs compared to genotypes producing only one of these compounds. Sridhar et 

al. (2019) showed that type IV glandular trichomes with types I and VII were negatively 

correlated with larval number of Tuta absoluta per plant, leaf damage percentage, and 

adult moth activity while testing different tomato genotypes.  

These findings with regard to importance of multiple factors such as trichomes 

and allelochemicals agree with de Oliveira et al. (2018) who realized that the resistance 

of tomato genotypes having abundant of glandular trichomes and high zingiberene 

production was close to the resistance of the wild accession PI127826. Recently, de 

Oliveira et al. (2018) also bioassayed interspecific crosses between wild S. habrochaites 

PI127826 and S. lycopersicum (cv. Redenção) selected based on high vs low zingiberene 
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production on leaflets to identify T. urticae behavior and biology influenced by these 

genotypes using free- and no-choice tests. The authors reported that genotypes with high 

zingiberene associated with high glandular trichome densities were significantly less 

preferred by mites and reduced their fecundity rate, implying harmful impacts on mite 

behavior and biology.  

The hybrid X155 is of particular interest. This hybrid had the highest type IV 

density among all the hybrids, but lacked zingiberene production.  In cluster analysis it did 

not subcluster with the wild positive controls. However, based on the egg production on 

this hybrid, it was indistinguishable from the wild positive controls, and from the hybrids 

that did subcluster with the positive controls.  Also, in most of the analysis of mite 

performance, abaxial surfaces tended to show more resistance than adaxial surfaces.  This 

likely reflects the fact that abaxial surfaces tend to have much higher type IV trichome 

densities than adaxial surfaces (Antonious 2016), providing additional evidence for the 

importance of type IV trichomes in the resistance to spider mites. Mite fecundity was 

inversely and significantly correlated with trichome type IV densities implying the higher 

the trichome density, the larger the reduction in number of eggs produced by female 

mites (Carter and Snyder 1985).  Alba et al. (2009)  found  that the  density  of type 

IV leaf  trichomes  releasing  allelochemicals  such as acylsugars  reduced spider mite 

eggs but increased mite repellency in recombinant inbred lines of tomato.

Three of the hybrids tested, Z70, Z58 and Z161, had zingiberene without type IV 

trichomes. In terms of resistance as measured in the whole leaf bioassay by egg density, 

these genotypes were intermediate in resistance. These results suggest that zingiberene 



 

62 

 

alone can confer a degree of resistance to spider mites. Carter et al. (1989) reported the 

sesquiterpene hydrocarbon, zingiberene, produced by glandular trichomes of S. 

habrochaites accession PI126445 was toxic to larvae of Colorado potato beetle, 

Leptinotarsa decemlineata, reducing survival percent. Also, Maluf et al. (2001) indicated 

zingiberene concentrations in leaves of tomato interspecific crosses were correlated 

positively with high repellency to tobacco spider mite, T. evansi,. The F2 populations 

derived from the interspecific cross between S. lycopersicum ‘TOM-556’ × S. habrochaites 

PI127826 selected for high foliar zingiberene content showed a significant reduction in 

oviposition and feeding damage of the South American tomato pinworm Tuta absoluta 

(de Azevedo et al. 2003). Moreover, Bleeker et al. (2012) infested intact tomato plants 

with three female mites then after 45 days found that the foliar 7-epizingiberene 

produced by the transgenic plant leaves considerably attenuated the mite growth rates 

in comparison with control susceptible plants.  

The whole leaf bioassay may identify potential avoidance resistance mechanism 

mediated by zingiberene reducing mite oviposition and preventing feeding damage in the 

tested resistant hybrids. Also, another mechanism indicated that the small number of 

mites on the five leaf surfaces and reduced webbing are the result of physical impediment 

rather than avoidance, due to presence of an entrapment mechanism via trichomes. 

These two mechanisms of plant resistance, defined as antixenosis and antibiosis, have 

been identified in a few tomato host-pest interaction papers (Antônio et al. 2011; 

Vijaykumar et al. 2009; Kim et al. 2013; Kamphuis et al. 2013). 
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 Correlations between biological and behavioral mite parameters and densities of 

type IV trichomes and zingiberene concentration were significantly negative for most 

parameters. These findings indicate that adverse effects on mite performance e.g. mites 

on leaf surface, mite webbing, feeding damage, and egg densities were associated with 

high type IV trichome densities and with abundant zingiberene concentration. These 

findings were similar to  Fernández-Muñoz et al. (2003)  who reported  that resistance to

T. urticae was correlated with the density of type IV trichomes in S. pimpinellifolium 

accession ‘TO-937’ and in the BC1 hybrids generated by crossing between ‘TO-937’ and S. 

lycopersicum ‘Moneymaker’. In our research, the significant negative association 

between mite resistance variables and the density of type IV trichomes, suggesting that 

this resistance mechanism was attributed to higher rates of entrapment via trichomes 

causing mite starvation, according to Alba et al. (2009). 

β-phellandrene did not have significant association with any mite variables except 

for mite webbing on day 7 which had a marginally significant negative effect. β-

phellandrene is generally present on leaves of susceptible S. lycopersicum genotypes. 

Thus, its presence might be associated with mite susceptibility. Some of the hybrids tested 

in the whole leaf bioassay had concentration of β-phellandrene considerably higher than 

that found in most S. lycopersicum leaves (Snyder, personal communication). This is 

possible that β-phellandrene, particularly high concentrations of it, may play a role in 

spider mite resistance. This area needs additional investigation. 
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3.6 Conclusion 

To determine whether spider mite resistance had been successfully introgressed 

from wild to cultivated tomato, based on selection for zingiberene and type IV trichome 

density, we evaluated, using a whole leaf bioassay, nine different tomato backcross 

hybrids with contrasting zingiberene concentrations and type IV trichomes densities. In 

addition, three positive controls, and three negative controls, were included. Location of 

mites on the leaf, presence of webbing, and aspects of mite oviposition were evaluated 

in the bioassay.  

Based on results of cluster analysis, the presence of three hybrids that clustered 

with the highly resistant wild genotype, provided strong evidence that mite resistance 

had been successfully introgressed into the tested hybrids. Subsequently, more research 

should center on these valuable tomato hybrids for resistance to other insect pests. 

The whole leaf bioassay requires limited physical space and labor to detect and 

characterize plant resistance to herbivorous pests. This bioassay demonstrated 

behavioral differences of mites associated with the presence/absence of leaf exudates 

and glandular trichome densities. 
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Table 3–1: Preliminary observations for type IV trichome rating (Type IV Score) and 

zingiberene  concentration  determined  by  GC-FID  as  GC  area  units/cm2 of  leaf  area. 

Type IV Score was scored as 0-3 on the central portion of the abaxial surface on lateral 

two areas of leaflet vein using Meiji stereo microscope where 0 = none, 3 = density similar 

to the donor parent, 1= a few type IV trichomes and 2 = density between the 1 and 3 

ratings. 

Name Background Generation 
Type IV 

Score 

Zingiberene 

Concentration 

LA2329 Wild Donor Parent 3 5.3 X 107 

W126 Fla. 8059 Cultivated tomato  0 0 

W129 Maglia Rosa  Cultivated tomato  0 0 

W160 ZH2 (Zaofen 2) 
Recurrent parent 

cultivated tomato 
0 0 

W75 Hybrid BC3F3 3 2.3 X 107 

X155 Hybrid BC3F3 3 0 

X166 Hybrid BC3F3 3 1.8 X 107 

X71 Hybrid BC3F3 3 2.6 X 107 

Z116 Hybrid BC3F3 3 0 

Z120 Hybrid BC3F3 3 0 

Z161 Hybrid BC3F4 0 1.1 X 107 

Z58 Hybrid BC3F4 0 3.7 X 107 

Z70 Hybrid BC3F4 0 2.1 X 107 
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Table 3–2: ANOVA model results for leaf compound concentration for 15 tomato 

genotypes tested in the whole leaf bioassay. 

Source of 
Variation 

 β-phellandrene 
 

Zingiberene 

DF F value P value 
 

F value P value 

Genotype 14 5.77 <.0001  70.71 <.0001 

Error 30      

R2   0.73   0.97 

 

β-phellandrene and zingiberene concentration determined as GC area unit/cm2 of leaf 

area. 
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Table 3–3: Means of β-phellandrene concentration detected by GC-FID and measured as 

GC area units/cm2 of leaf area for 15 tomato genotypes tested in the whole leaf bioassay. 

Means followed by the same letters are not different based on Tukey’s test (P=0.05). 

Standard error of the mean denoted by SE. 

  Average β-phellandrene 

Genotype Background 
(GC area 

units/cm2) 
± SE  

Z116 Hybrid 6.6 X 106 ± 3.4 X 106 a 

X155 Hybrid 6.0 X 106 ± 6.4 X 105 ab 

W126 Cultivated 2.3 X 106 ± 7.3 X 105 abc 

Z120 Hybrid 1.8 X 106 ± 4.9 X 105 bc 

W160 Cultivated 4.8 X 105 ± 2.0 X 105 c 

W129 Cultivated 3.1 X 105 ± 9.5 X 104 c 

X71 Hybrid 1.4 X 105 ± 1.3 X 104 c 

LA2329 Wild relative 0.0 ± 0.0 c 

W75 Hybrid 0.0 ± 0.0 c 

X166 Hybrid 0.0 ± 0.0 c 

PI127826 Wild relative 0.0 ± 0.0 c 

LA2329OH Wild relative 0.0 ± 0.0 c 

Z161 Hybrid 0.0 ± 0.0 c 

Z58 Hybrid 0.0 ± 0.0 c 

Z70 Hybrid 0.0 ± 0.0 c 
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Table 3–4: Means of zingiberene concentration detected by GC-FID and measured as GC 

area units/cm2  of  leaf area  for 15 tomato genotypes tested in the  whole leaf  bioassay. 

Means followed by the same letters are not different based on Tukey’s test (P=0.05). 

Standard error of the mean denoted by SE. 

  Average zingiberene 

Genotype Background 
(GC area 

units/cm2) 
± SE  

X71 Hybrid 5.7 X 107 ± 2.1 X 106 a 

LA2329 Wild relative 2.8 X 107 ± 3.7 X 106 b 

LA2329OH Wild relative 2.3 X 107 ± 4.1 X 106 bc 

W75 Hybrid 1.9 X 107 ± 2.8 X 106 bcd 

Z70 Hybrid 1.4 X 107 ± 2.6 X 106 cde 

PI127826 Wild relative 1.2 X 107 ± 4.1 X 106 def 

X166 Hybrid 1.1 X 107 ± 1.6 X 106 def 

Z58 Hybrid 4.8 X 106 ± 2.2 X 105 efg 

Z161 Hybrid 2.6 X 106 ± 2.6 X 105 gf 

W126 Cultivated 0.00 ± 0.00 g 

X155 Hybrid 0.00 ± 0.00 g 

Z120 Hybrid 0.00 ± 0.00 g 

W129 Cultivated 0.00 ± 0.00 g 

W160 Cultivated 0.00 ± 0.00 g 

Z116 Hybrid 0.00 ± 0.00 g 

 

  



 

69 

 

Table 3–5: ANOVA model results for type IV trichome density (No./mm²) for adaxial and 

abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf bioassay. 

  Type IV Density 

Source of Variation DF F value P value 

Genotype 14 153.82 <.0001 

Surface 1 468.33 <.0001 

Genotype X Surface 14 38.13 <.0001 

Error 60   

R2   0.98 
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Table 3–6: Means of trichome type IV density (No./mm²) for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  Average type IV Density 

Genotype Background (No./mm²) ± SE  

PI127826 Wild relative 66.33 ± 7.91 a 

X155 Hybrid 26.83 ± 9.11 b 

X71 Hybrid 25.67 ± 10.15 b 

W75 Hybrid 21.83 ± 8.47 bc 

X166 Hybrid 21.17 ± 8.67 bc 

Z116 Hybrid 15.33 ± 5.33 cd 

LA2329OH Wild relative 10.67 ± 2.09 de 

Z120 Hybrid 7.67 ± 2.51 e 

LA2329 Wild relative 7.00 ± 1.39 ef 

W160 Cultivated 0.00 ± 0.00 f 

W129 Cultivated 0.00 ± 0.00 f 

W126 Cultivated 0.00 ± 0.00 f 

Z161 Hybrid 0.00 ± 0.00 f 

Z58 Hybrid 0.00 ± 0.00 f 

Z70 Hybrid 0.00 ± 0.00 f 
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Table 3–7: Means of trichome type IV Density (No./mm²) for adaxial and abaxial leaflet 

surfaces of 15 tomato genotypes tested in the whole leaf bioassay. Means followed by 

the same letters are not different based on Tukey’s test (P=0.05). Standard error of the 

mean denoted by SE. 

 Average type IV Density 

Surface (No./mm²) ± SE  

Abaxial 21.51 ± 3.68 a 

Adaxial 5.49 ± 1.88 b 
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Table 3–8: Means of trichome type IV Density (No./mm²) for adaxial (Ad) and abaxial (Ab) 

leaflet    surfaces   of  the  15   tomato   genotypes   tested  in  the  whole  leaf   bioassay. 

Means within genotypes followed by the same letter are not statistically different as 

determined by Lsmeans at (P=0.05). Standard error of the mean denoted by SE. 

   Average type IV Density 

Genotype Surface Background (No./mm²) ± SE  

PI127826 Ad Wild relative 51.33 ± 0.88 a 

PI127826 Ab Wild relative 81.33 ± 9.35  b 

X155 Ad Hybrid 6.67 ± 1.33 a 

X155 Ab Hybrid 47.00 ± 2.52 b 

X71 Ad Hybrid 3.00 ± 0.58 a 

X71 Ab Hybrid 48.33 ± 4.98 b 

W75 Ad Hybrid 3.00 ± 0.58 a 

W75 Ab Hybrid 40.67 ± 1.86 b 

X166 Ad Hybrid 2.00 ± 0.58 a 

X166 Ab Hybrid 40.33 ± 2.85 b 

Z116 Ad Hybrid 3.67 ± 0.88 a 

Z116 Ab Hybrid 27.00 ± 2.31 b 
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Table 3-8 (continued) 

   Average type IV Density 

Genotype Surface Background (No./mm²) ± SE  

LA2329OH Ad Wild relative 6.33 ± 0.88 a 

LA2329OH Ab Wild relative 15.00 ± 1.53 b 

Z120 Ad Hybrid 2.33 ± 0.33 a 

Z120 Ab Hybrid 13.00 ± 1.73 b 

LA2329 Ad Wild relative 4.00 ± 0.58 a 

LA2329 Ab Wild relative 10.00 ± 0.58 b 

W160 Ad Cultivated 0.00 ± 0.00 a 

W160 Ab Cultivated 0.00 ± 0.00 a 

W129 Ad Cultivated 0.00 ± 0.00 a 

W129 Ab Cultivated 0.00 ± 0.00 a 

W126 Ad Cultivated 0.00 ± 0.00 a 

W126 Ab Cultivated 0.00 ± 0.00 a 

Z161 Ad Hybrid 0.00 ± 0.00 a 

Z161 Ab Hybrid 0.00 ± 0.00 a 

Z58 Ad Hybrid 0.00 ± 0.00 a 

Z58 Ab Hybrid 0.00 ± 0.00 a 

Z70 Ad Hybrid 0.00 ± 0.00 a 

Z70 Ab Hybrid 0.00 ± 0.00 a 
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Table 3–9: ANOVA model results for number of leaflets infested by mites on day 1 and 

day 2 for 15 tomato genotypes tested in the whole leaf bioassay. 

Source of 
Variation 

 Number of leaflets 
infested by mites on  

day 1  

Number of leaflets 
infested by mites on 

day 2 

DF F value P value 

 

F value P value 

Genotype 14 9.87 <.0001 
 

5.14 <.0001 

Error 30   
 

  

R2 
 

 0.82 
 

 0.71 
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Table 3–10: ANOVA model results for number of leaflet surfaces infested by mites on day 

1 and day 2 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the 

whole leaf bioassay. 

Source of  
Variations 

 
Number of leaflet 

surfaces infested by 
mites on day 1  

Number of leaflet 
surfaces infested by 

mites on day 2 

DF F value P value 

 

F value P value 

Genotype 14 12.58 <.0001  10.79 <.0001 

Surface 1 75.03 <.0001  65.96 <.0001 

Genotype X Surface 14 2.31 0.013  2.05 0.028 

Error 60      

R2   
 

0.83 
  

0.80 
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Table 3–11: Means of number of leaflets infested by mites on day 1 for 15 tomato 

genotypes tested in the whole leaf bioassay. Means followed by the same letters are not 

different based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average number of leaflets 
infested by mites on day 1 

Genotype Background 
No. of 

Leaflets 
± SE  

X166 Hybrid 1.00 ± 0.00 d 

PI127826 Wild relative 1.00 ± 0.00 d 

LA2329OH Wild relative 1.33 ± 0.33 cd 

LA2329 Wild relative 2.00 ± 0.00 bcd 

Z120 Hybrid 2.33 ± 0.33 bcd 

W75 Hybrid 2.33 ± 0.33 bcd 

Z70 Hybrid 2.67 ± 0.33 abcd 

X71 Hybrid 2.67 ± 0.33 abcd 

X155 Hybrid 2.67 ± 0.33 abcd 

Z58 Hybrid 3.00 ± 0.00 abc 

Z116 Hybrid 3.33 ± 0.33 ab 

Z161 Hybrid 3.67 ± 0.67 ab 

W160 Cultivated 3.67 ± 0.33 ab 

W129 Cultivated 3.67 ± 0.33 ab 

W126 Cultivated 4.33 ± 0.33 a 
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Table 3–12: Means of number of leaflets infested by mites on day 2 for 15 tomato 

genotypes tested in the whole leaf bioassay. Means followed by the same letters are not 

different based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average number of leaflets 
infested by mites on day 2 

Genotype Background 
No. of 

Leaflets 
± SE  

LA2329OH Wild relative 1.33 ± 0.33 d 

PI127826 Wild relative 2.00 ± 0.58 cd 

X166 Hybrid 2.33 ± 0.33 bcd 

LA2329 Wild relative 2.33 ± 0.33 bcd 

X71 Hybrid 3.33 ± 0.33 abcd 

X155 Hybrid 3.33 ± 0.33 abcd 

Z70 Hybrid 3.67 ± 0.33 abc 

Z120 Hybrid 3.67 ± 0.88 abc 

Z116 Hybrid 4.00 ± 0.58 abc 

W75 Hybrid 4.00 ± 0.58 abc 

Z58 Hybrid 4.33 ± 0.33 ab 

W160 Cultivated 4.33 ± 0.33 ab 

W129 Cultivated 4.33 ± 0.33 ab 

W126 Cultivated 4.33 ± 0.33 ab 

Z161 Hybrid 4.67 ± 0.33 a 
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Table 3–13: Means of the number of leaflet surfaces infested by mites on day 1 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. 

  
Average number of leaflet 
surfaces infested by mites  

on day 1 

Genotype Background 
No. of 

Surfaces 
± SE  

PI127826 Wild relative 0.83 ± 0.17 g 

X166 Hybrid 1.17 ± 0.17 fg 

LA2329OH Wild relative 1.33 ± 0.21 fg 

W75 Hybrid 1.50 ± 0.34 efg 

Z120 Hybrid 1.83 ± 0.31 defg 

LA2329 Wild relative 1.83 ± 0.17 defg 

Z116 Hybrid 2.17 ± 0.54 cdef 

X71 Hybrid 2.17 ± 0.31 cdef 

X155 Hybrid 2.17 ± 0.54 cdef 

Z70 Hybrid 2.33 ± 0.33 bcdef 

W126 Cultivated 2.67 ± 0.33 abcde 

Z161 Hybrid 3.00 ± 0.37 abcd 

W160 Cultivated 3.33 ± 0.42 abc 

W129 Cultivated 3.50 ± 0.43 ab 

Z58 Hybrid 3.67 ± 0.49 a 
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Table 3–14: Means of the number of leaflet surfaces infested by mites on day 2 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. 

  
Average number of leaflet 
surfaces infested by mites  

on day 2 

Genotype Background 
No. of 

Surfaces 
± SE  

PI127826 Wild relative 1.33 ± 0.33 f 

X166 Hybrid 1.67 ± 0.33 ef 

LA2329OH Wild relative 2.00 ± 0.37 def 

LA2329 Wild relative 2.17 ± 0.31 cdef 

W75 Hybrid 2.33 ± 0.49 cdef 

Z120 Hybrid 2.83 ± 0.54 bcdef 

X71 Hybrid 3.17 ± 0.60 abcde 

X155 Hybrid 3.17 ± 0.70 abcde 

Z70 Hybrid 3.33 ± 0.33 abcd 

Z161 Hybrid 3.50 ± 0.43 abcd 

Z116 Hybrid 3.67 ± 0.49 abc 

Z58 Hybrid 4.00 ± 0.52 ab 

W129 Cultivated 4.33 ± 0.33 ab 

W126 Cultivated 4.33 ± 0.33 ab 

W160 Cultivated 4.50 ± 0.22 a 
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Table 3–15: Means of the number of surfaces for adaxial and abaxial leaflet surfaces 

infested by mites on day 1 and day 2 respectively for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

 
Average number of leaflet 
surfaces infested by mites  

on day 1 

 Average number of leaflet 
surface infested by mites 

on day 2 

Surface Mean ± SE  
 

Mean ± SE  

Adaxial 2.78 ± 0.18 a 
 

3.73 ± 0.19 a 

Abaxial 1.69 ± 0.12 b 
 

2.44 ± 0.18 b 
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Table 3–16: Means of the number of leaflet surfaces infested by mites for adaxial (Ad) 

and abaxial (Ab) leaflet surfaces of 15 tomato genotypes tested on day 1 in the whole leaf 

bioassay. Means within genotypes followed by the same letter are not statistically 

different as determined by Lsmeans at (P=0.05). Standard error of the mean denoted by 

SE. 

  

 Average number of leaflet 

surfaces infested by mites 

on day 1 

Genotype Surface Background Surface No. ± SE  

PI127826 Ad Wild relative 1.00 ± 0.00 a 

PI127826 Ab Wild relative 0.67 ± 0.33 a 

X166 Ad Hybrid 1.33 ± 0.33 a 

X166 Ab Hybrid 1.00 ± 0.00 a 

LA2329OH Ad Wild relative 1.33 ± 0.33 a 

LA2329OH Ab Wild relative 1.33 ± 0.33 a 

W75 Ad Hybrid 2.00 ± 0.58 a 

W75 Ab Hybrid 1.00 ± 0.00 b 

Z120 Ad Hybrid 2.33 ± 0.33 a 

Z120 Ab Hybrid 1.33 ± 0.33 b 

LA2329 Ad Wild relative 2.00 ± 0.00 a 

LA2329 Ab Wild relative 1.67 ± 0.33 a 
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Table 3-16 (continued) 

  

 Average number of leaflet 

surfaces infested by mites 

on day 1 

Genotype Surface Background Surface No. ± SE  

Z116 Ad Hybrid 3.33 ± 0.33 a 

Z116 Ab Hybrid 1.00 ± 0.00 a 

X71 Ad Hybrid 2.67 ± 0.33 a 

X71 Ab Hybrid 1.67 ± 0.33 b 

X155 Ad Hybrid 3.33 ± 0.33 a 

X155 Ab Hybrid 1.00 ± 0.00 a 

Z70 Ad Hybrid 2.67 ± 0.33 a 

Z70 Ab Hybrid 2.00 ± 0.58 a 

W126 Ad Cultivated 3.00 ± 0.58 a 

W126 Ab Cultivated 2.33 ± 0.33 a 

Z161 Ad Hybrid 3.67 ± 0.33 a 

Z161 Ab Hybrid 2.33 ± 0.33 b 

W160 Ad Cultivated 4.00 ± 0.58 a 

W160 Ab Cultivated 2.67 ± 0.33 b 

W129 Ad Cultivated 4.33 ± 0.33 a 

W129 Ab Cultivated 2.67 ± 0.33 b 

Z58 Ad Hybrid 4.67 ± 0.33 a 

Z58 Ab Hybrid 2.67 ± 0.33 b 
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Table 3–17: Means of the number of leaflet surfaces infested by mites for adaxial (Ad) 

and abaxial (Ab) leaflet surfaces of 15 tomato genotypes tested on day 2 in the whole leaf 

bioassay. Means within genotypes followed by the same letter are not statistically 

different as determined by Lsmeans at (P=0.05). Standard error of the mean denoted by 

SE. 

  

 Average number of leaflet 

surfaces infested by mites 

on day 2 

Genotype Surface Background Surface No. ± SE  

PI127826 Ad Wild relative 1.67 ± 0.33 a 

PI127826 Ab Wild relative 1.00 ± 0.58 a 

X166 Ad Hybrid 2.33 ± 0.33 a 

X166 Ab Hybrid 1.00 ± 0.00 b 

LA2329OH Ad Wild relative 2.00 ± 0.58 a 

LA2329OH Ab Wild relative 2.00 ± 0.58 a 

LA2329 Ad Wild relative 2.33 ± 0.33 a 

LA2329 Ab Wild relative 2.00 ± 0.58 a 

W75 Ad Hybrid 3.33 ± 0.33 a 

W75 Ab Hybrid 1.33 ± 0.33 b 

Z120 Ad Hybrid 3.67 ± 0.88 a 

Z120 Ab Hybrid 2.00 ± 0.00 b 

X71 Ad Hybrid 4.33 ± 0.33 a 

X71 Ab Hybrid 2.00 ± 0.58 b 
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Table 3-17 (continued) 

  

 Average number of leaflet 

surfaces infested by mites 

on day 2 

 

Genotype Surface Background Surface No. ± SE  

X155 Ad Hybrid 4.67 ± 0.33 a 

X155 Ab Hybrid 1.67 ± 0.33 b 

Z70 Ad Hybrid 3.67 ± 0.33 a 

Z70 Ab Hybrid 3.00 ± 0.58 a 

Z161 Ad Hybrid 4.33 ± 0.33 a 

Z161 Ab Hybrid 2.67 ± 0.33 b 

Z116 Ad Hybrid 4.67 ± 0.33 a 

Z116 Ab Hybrid 2.67 ± 0.33 b 

Z58 Ad Hybrid 5.00 ± 0.00 a 

Z58 Ab Hybrid 3.00 ± 0.58 b 

W129 Ad Cultivated 4.67 ± 0.33 a 

W129 Ab Cultivated 4.00 ± 0.58 a 

W126 Ad Cultivated 4.67 ± 0.33 a 

W126 Ab Cultivated 4.00 ± 0.58 a 

W160 Ad Cultivated 4.67 ± 0.33 a 

W160 Ab Cultivated 4.33 ± 0.33 a 
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Table 3–18: ANOVA model results for average mite webbing score on day 3 and day 7 for 

adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. 

Source of 
Variations 

 Mite webbing score  
on day 3 

 Mite webbing score  
on day 7 

DF F value P value  F value P value 

Genotype 14 12.56 <.0001  14.75 <.0001 

Surface 1 9.09 0.0038  1.39 0. 243ns 

Genotype X Surface 14 0.71 0.751ns  2.22 0. 0169 

Error 60      

R2    0.76   0.80 

 

No significant difference indicated by ns. 
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Table 3–19: ANOVA model results for the number of leaflet surfaces with mite webbing 

score on day 3 and day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes 

tested in the whole leaf bioassay. 

Source of Variations 

 
Number of leaflet 
surfaces with mite 
webbing on day 3  

Number of leaflet 
surfaces with mite 
webbing on day 7 

DF F value P value  F value P value 

Genotype 14 11.63 <.0001  8.87 <.0001 

Surface 1 4.03 0.049  5.58 0.0214 

Genotype X Surface 14 0.96 0.501ns  1.51 0.134ns 

Error 60      

R2   0.75    0.72 

 

No significant difference indicated by ns. 
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Table 3–20: Means of mite webbing score on day 3 for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average mite webbing score 

on day 3 

Genotype Background Score (0-3) ± SE  

PI127826 Wild relative 0.00 ± 0.00 d 

LA2329OH Wild relative 0.00 ± 0.00 d 

LA2329 Wild relative 0.00 ± 0.00 d 

Z116 Hybrid 0.00 ± 0.00 d 

X71 Hybrid 0.00 ± 0.00 d 

X166 Hybrid 0.00 ± 0.00 d 

Z120 Hybrid 0.17 ± 0.17 cd 

X155 Hybrid 0.17 ± 0.17 cd 

W75 Hybrid 0.17 ± 0.17 cd 

Z161 Hybrid 0.17 ± 0.17 cd 

Z58 Hybrid 0.67 ± 0.21 bcd 

Z70 Hybrid 0.67 ± 0.21 bcd 

W160 Cultivated 0.83 ± 0.17 abc 

W126 Cultivated 1.33 ± 0.21 ab 

W129 Cultivated 1.50 ± 0.22 a 
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Table 3–21: Means of mite webbing score on day 7 for 15 tomato genotypes tested in the 

whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average mite webbing score 

on day 7 

Genotype Background Score (0-3) ± SE  

PI127826 Wild relative 0.33 ± 0.21 e 

X155 Hybrid 0.50 ± 0.22 d 

LA2329OH Wild relative 0.67 ± 0.21 cde 

Z116 Hybrid 0.67 ± 0.21 cde 

X166 Hybrid 0.67 ± 0.21 cde 

Z161 Hybrid 1.00 ± 0.00 cde 

Z120 Hybrid 1.00 ± 0.00 cde 

Z70 Hybrid 1.00 ± 0.00 cde 

W75 Hybrid 1.00 ± 0.26 cde 

LA2329 Wild relative 1.00 ± 0.26 cde 

X71 Hybrid 1.33 ± 0.21 bcd 

Z58 Hybrid 1.50 ± 0.22 bc 

W160 Cultivated 2.00 ± 0.26 ab 

W129 Cultivated 2.50 ± 0.22 a 

W126 Cultivated 2.67 ± 0.21 a 
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Table 3–22: Means of mite webbing score on day 3 for adaxial and abaxial leaflet sur-

faces of 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the 

same letters are not different based on Tukey’s test (P=0.05). Standard error of the 

mean denoted by SE.

 Average mite webbing score on day 3 

Surface Score (0-3) ± SE  

Adaxial 0.48 ± 0.10 a 

Abaxial 0.26 ± 0.07 b 
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Table 3–23: Means of mite webbing scores on day 7 for adaxial (Ad) and abaxial (Ab) 

leaflet    surfaces    of   15   tomato   genotypes    tested   in   the    whole   leaf    bioassay. 

Means within genotypes followed by the same letter are not statistically different as 

determined by Lsmeans at (P=0.05). Standard error of the mean denoted by SE. 

  
 Average mite webbing score 

on day 7 

Genotype Surface Background Score (0-3) ± SE  

PI127826 Ad Wild relative 0.33 ± 0.33 a 

PI127826 Ab Wild relative 0.33 ± 0.33 a 

X155 Ad Hybrid 1.00 ± 0.00 a 

X155 Ab Hybrid 0.00 ± 0.00 b 

LA2329OH Ad Wild relative 1.00 ± 0.00 a 

LA2329OH Ab Wild relative 0.33 ± 0.33 b 

Z116 Ad Hybrid 1.00 ± 0.00 a 

Z116 Ab Hybrid 0.33 ± 0.33 b 

X166 Ad Hybrid 0.67 ± 0.33 a 

X166 Ab Hybrid 0.67 ± 0.33 a 

Z161 Ad Hybrid 1.00 ± 0.00 a 

Z161 Ab Hybrid 1.00 ± 0.00 a 

Z120 Ad Hybrid 1.00 ± 0.00 a 

Z120 Ab Hybrid 1.00 ± 0.00 a 
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Table 3-23 (continued) 

  
 Average mite webbing score 

on day 7 

Genotype Surface Background Score (0-3) ± SE  

Z70 Ad Hybrid 1.00 ± 0.00 a 

Z70 Ab Hybrid 1.00 ± 0.00 a 

W75 Ad Hybrid 1.33 ± 0.33 a 

W75 Ab Hybrid 0.67 ± 0.33 b 

LA2329 Ad Wild relative 1.33 ± 0.33 a 

LA2329 Ab Wild relative 0.67 ± 0.33 b 

X71 Ad Hybrid 1.33 ± 0.33 a 

X71 Ab Hybrid 1.33 ± 0.33 a 

Z58 Ad Hybrid 1.00 ± 0.00 a 

Z58 Ab Hybrid 2.00 ± 0.00 b 

W160 Ad Cultivated 1.67 ± 0.33 a 

W160 Ab Cultivated 2.33 ± 0.33 a 

W129 Ad Cultivated 2.33 ± 0.33 a 

W129 Ab Cultivated 2.67 ± 0.33 a 

W126 Ad Cultivated 2.67 ± 0.33 a 

W126 Ab Cultivated 2.67 ± 0.33 a 
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Table 3–24: Means of the number of leaflet surfaces with mite webbing on day 3 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. 

  
Average number of leaflet 

surfaces with mite webbing  
on day 3 

Genotype Background Surface No. ± SE  

PI127826 Wild relative 0.00 ± 0.00 d 

LA2329OH Wild relative 0.00 ± 0.00 d 

LA2329 Wild relative 0.00 ± 0.00 d 

Z116 Hybrid 0.00 ± 0.00 d 

X71 Hybrid 0.00 ± 0.00 d 

X166 Hybrid 0.00 ± 0.00 d 

Z120 Hybrid 0.17 ± 0.17 cd 

X155 Hybrid 0.17 ± 0.17 cd 

W75 Hybrid 0.17 ± 0.17 cd 

Z161 Hybrid 0.33 ± 0.33 cd 

Z58 Hybrid 1.00 ± 0.37 bcd 

Z70 Hybrid 1.00 ± 0.37 bcd 

W160 Cultivated 1.33 ± 0.33 bc 

W126 Cultivated 1.67 ± 0.33 ab 

W129 Cultivated 2.67 ± 0.42 a 
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Table 3–25: Means of the number of leaflet surfaces with mite webbing on day 7 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. 

  
Average number of leaflet 

surfaces with mite webbing  
on day 7 

Genotype Background Surface No. ± SE  

PI127826 Wild relative 0.33 ± 0.21 d 

LA2329OH Wild relative 0.83 ± 0.31 cd 

X155 Hybrid 1.17 ± 0.65 cd 

X166 Hybrid 1.33 ± 0.49 cd 

LA2329 Wild relative 1.50 ± 0.43 cd 

W75 Hybrid 1.50 ± 0.43 cd 

Z116 Hybrid 1.83 ± 0.60 cd 

Z70 Hybrid 2.17 ± 0.40 bcd 

Z120 Hybrid 2.33 ± 0.33 abc 

X71 Hybrid 2.33 ± 0.33 abc 

Z161 Hybrid 2.33 ± 0.33 abc 

Z58 Hybrid 2.50 ± 0.34 abc 

W126 Cultivated 3.83 ± 0.30 ab 

W160 Cultivated 4.00 ± 0.37 ab 

W129 Cultivated 4.16 ± 0.40 a 
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Table 3–26: Means of the number of leaflet surfaces with mite webbing on day 3 and day 

7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. Means followed by the same letters are not different based on Tukey’s test 

(P=0.05). Standard error of the mean denoted by SE. 

 
Average number of leaflet 

surfaces with mite webbing 
on day 3 

 Average number of leaflet 
surfaces with mite webbing 

on day 7 

Surface Surface No. ± SE  
 Surface 

No. 
± SE  

Adaxial 0.69 ± 0.15 a 
 

2.38 ± 0.18 a 

Abaxial 0.44 ± 0.13 b 
 

1.91 ± 0.24 b 
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Table 3–27: ANOVA model results for mite feeding damage score on day 3 and day 7 for 

adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested in the whole leaf 

bioassay. 

Source of Variations 

 Mite feeding damage 
score on day 3  

Mite feeding damage 
score on day 7 

DF F value P value  F value P value 

Genotype 14 4.14 <.0001  10.94 <.0001 

Surface 1 10.32 0.0021  8.00 0.0064 

Genotype X Surface 14 1.07 0.403ns  4.67 <.0001 

Error 60      

R2    0.58   0.79 

 

No significant difference indicated by ns. 
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Table 3–28: Means of mite feeding damage score on day 3 for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average mite feeding damage 

score on day 3 

Genotype Background Score (0-3) ± SE  

PI127826 Wild relative 0.00 ± 0.00 c 

X71 Hybrid 0.00 ± 0.00 c 

X166 Hybrid 0.00 ± 0.00 c 

LA2329OH Wild relative 0.17 ± 0.17 bc 

Z70 Hybrid 0.17 ± 0.17 bc 

Z120 Hybrid 0.17 ± 0.17 bc 

X155 Hybrid 0.17 ± 0.17 bc 

Z116 Hybrid 0.50 ± 0.22 abc 

LA2329 Wild relative 0.50 ± 0.34 abc 

Z58 Hybrid 0.67 ± 0.33 abc 

Z161 Hybrid 0.67 ± 0.21 abc 

W75 Hybrid 0.67 ± 0.33 abc 

W129 Cultivated 0.83 ± 0.17 abc 

W126 Cultivated 1.00 ± 0.00 ab 

W160 Cultivated 1.17 ± 0.17 a 
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Table 3–29: Means of mite feeding damage score on day 7 for 15 tomato genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  
Average mite feeding damage 

score on day 7 

Genotype Background Score (0-3) ± SE  

X155 Hybrid 0.50 ± 0.22 f 

PI127826 Wild relative 0.67 ± 0.21 ef 

LA2329OH Wild relative 0.83 ± 0.17 def 

X71 Hybrid 0.83 ± 0.17 def 

X166 Hybrid 0.83 ± 0.17 def 

Z120 Hybrid 1.00 ± 0.00 def 

Z116 Hybrid 1.00 ± 0.00 def 

Z70 Hybrid 1.17 ± 0.16 cdef 

LA2329 Wild relative 1.33 ± 0.21 cdef 

Z58 Hybrid 1.50 ± 0.22 bcde 

W75 Hybrid 1.50 ± 0.43 bcde 

Z161 Hybrid 1.67 ± 0.33 abcd 

W126 Cultivated 2.00 ± 0.37 abc 

W160 Cultivated 2.33 ± 0.33 ab 

W129 Cultivated 2.50 ± 0.22 a 
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Table 3–30: Means of mite feeding damage score on day 3 and day 7 for adaxial and 

adaxial   leaflet   surfaces   of   15   tomato   genotypes   tested   in   the  whole leaf bioassay. 

Means followed by the same letters are not different based on Tukey’s test (P=0.05). 

Standard error of the mean denoted by SE. 

 

 
Average mite feeding  

damage score on day 3 

 
Average mite feeding 

damage score on day 7 

Surface Score (0-3) ± SE  
 

Score (0-3) ± SE  

Adaxial 0.60 ± 0.10 a 
 

1.44 ± 0.10 a 

Abaxial 0.29 ± 0.06 b 
 

1.18 ± 0.13 b 
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Table 3–31: Means of mite feeding damage score for the adaxial (Ad) and abaxial (Ab) 

leaflet   surfaces  of  15  tomato   genotypes   tested  on  day  7 in  the  whole  leaf  bioassay. 

Means within genotypes followed by the same letter are not statistically different as 

determined by Lsmeans at (P=0.05). Standard error of the mean denoted by SE. 

  
 Average mite feeding 

damage score on day 7 

Genotype Surface Background Score (0-3) ± SE  

X155 Ad Hybrid 1.00 ± 0.00 a 

X155 Ab Hybrid 0.00 ± 0.00 b 

PI127826 Ad Wild relative 0.67 ± 0.33 a 

PI127826 Ab Wild relative 0.67 ± 0.33 a 

LA2329OH Ad Wild relative 1.00 ± 0.00 a 

LA2329OH Ab Wild relative 0.67 ± 0.33 a 

X71 Ad Hybrid 1.00 ± 0.00 a 

X71 Ab Hybrid 0.67 ± 0.33 a 

X166 Ad Hybrid 1.00 ± 0.00 a 

X166 Ab Hybrid 0.67 ± 0.33 a 

Z120 Ad Hybrid 1.00 ± 0.00 a 

Z120 Ab Hybrid 1.00 ± 0.00 a 

Z116 Ad Hybrid 1.00 ± 0.00 a 

Z116 Ab Hybrid 1.00 ± 0.00 a 
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Table 3-31 (continued) 

  
 Average mite feeding 

damage score on day 7 

Genotype Surface Background Score (0-3) ± SE  

Z70 Ad Hybrid 1.00 ± 0.00 a 

Z70 Ab Hybrid 1.33 ± 0.33 a 

LA2329 Ad Wild relative 1.67 ± 0.33 a 

LA2329 Ab Wild relative 1.00 ± 0.00 a 

Z58 Ad Hybrid 2.00 ± 0.00 a 

Z58 Ab Hybrid 1.00 ± 0.00 b 

W75 Ad Hybrid 2.33 ± 0.33 a 

W75 Ab Hybrid 0.67 ± 0.33 b 

Z161 Ad Hybrid 2.33 ± 0.33 a 

Z161 Ab Hybrid 1.00 ± 0.00 b 

W126 Ad Cultivated 1.33 ± 0.33 a 

W126 Ab Cultivated 2.67 ± 0.33 b 

W160 Ad Cultivated 2.00 ± 0.58 a 

W160 Ab Cultivated 2.67 ± 0.33 a 

W129 Ad Cultivated 2.33 ± 0.33 a 

W129 Ab Cultivated 2.67 ± 0.33 a 
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Table 3–32: ANOVA model results for the number of leaflet surfaces with mite feeding 

damage on day 3 and day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes 

tested in the whole leaf bioassay. 

Source of 
Variations 

 
Number of leaflet 

surfaces with feeding  
damage on day 3  

Number of leaflet 
surfaces with feeding 

damage on day 7 

DF F value P value  F value P value 

Genotype 14 5.75 <.0001  7.99 <.0001 

Surface 1 14.05 0.0004  15.80 0.0002 

Genotype X Surface 14 1.51 0.137ns  1.48 0.145ns 

Error 60      

R2    0.66   0.71 

 

No significant difference indicated by ns. 

  



 

102 

 

Table 3–33: Means of the number of leaflet surfaces with mite feeding damage on day 3 

for 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the same 

letters are not different based on Tukey’s test (P=0.05). Standard error of the mean 

denoted by SE. 

  
Average number of leaflet 

surfaces with feeding damage 
on day 3 

Genotype Background Surface No. ± SE  

PI127826 Wild relative 0.00 ± 0.00 d 

X71 Hybrid 0.00 ± 0.00 d 

X166 Hybrid 0.00 ± 0.00 d 

LA2329OH Wild relative 0.17 ± 0.17 cd 

X155 Hybrid 0.17 ± 0.17 cd 

Z120 Hybrid 0.17 ± 0.17 cd 

Z70 Hybrid 0.17 ± 0.17 cd 

LA2329 Wild relative 0.33 ± 0.21 bcd 

W75 Hybrid 0.67 ± 0.33 abcd 

Z116 Hybrid 1.00 ± 0.52 abcd 

Z58 Hybrid 1.17 ± 0.48 abcd 

Z161 Hybrid 1.17 ± 0.48 abcd 

W160 Cultivated 1.50 ± 0.22 abc 

W129 Cultivated 1.67 ± 0.49 ab 

W126 Cultivated 1.83 ± 0.40 a 
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Table 3–34: Means of the number of leaflet surfaces with mite feeding damage on day 7 

for 15 tomato genotypes tested in the whole leaf bioassay. Means followed by the same 

letters are not different based on Tukey’s test (P=0.05). Standard error of the mean 

denoted by SE. 

  
Average number of leaflet 

surfaces with feeding damage 
on day 7 

Genotype Background Surface No. ± SE  

PI127826 Wild relative 1.00 ± 0.37 f 

X155 Hybrid 1.17 ± 0.54 ef 

LA2329OH Wild relative 1.50 ± 0.34 ef 

W75 Hybrid 1.83 ± 0.48 def 

LA2329 Wild relative 2.00 ± 0.26 def 

Z70 Hybrid 2.00 ± 0.26 def 

X71 Hybrid 2.17 ± 0.65 cdef 

X166 Hybrid 2.17 ± 0.79 cdef 

Z120 Hybrid 2.50 ± 0.50 bcdef 

Z58 Hybrid 3.00 ± 0.37 abcde 

Z161 Hybrid 3.00 ± 0.26 abcde 

Z116 Hybrid 3.67 ± 0.42 abcd 

W126 Cultivated 4.00 ± 0.37 abc 

W129 Cultivated 4.17 ± 0.31 ab 

W160 Cultivated 4.50 ± 0.34 a 
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Table 3–35: Means of the number of leaflet surfaces with mite feeding damage on day 3 

and  day  7  for   adaxial  and    abaxial   leaflet    surfaces  of  15  tomato   genotypes tested 

in the whole leaf bioassay. Means followed by the same letters are not different based on 

Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

 
Average number of leaflet 

surfaces with feeding 
damage on day 3 

 Average number of leaflet 
surfaces with feeding 

damage on day 7 

Surface 
Surface 

No. 
± SE  

 Surface 
No. 

± SE  

Adaxial 0.93 ± 0.16 a 
 

2.97 ± 0.19 a 

Abaxial 0.40 ± 0.10 b 
 

2.18 ± 0.23 b 
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Table 3–36: ANOVA model results for the number of leaflet surfaces with mite eggs and 

egg density on day 7 for adaxial and abaxial leaflet surfaces of 15 tomato genotypes tested 

in the whole leaf bioassay. 

Source of Variations 

 
Number of leaflet 

surfaces infested by 
mite eggs on day 7  

Egg density  
on day 7  

(Egg No./cm2 leaf area) 

DF F value P value  F value P value 

Genotype 14 2.84 0.0026  68.83 <.0001 

Surface 1 0.76 0.387ns  331.45 <.0001 

Genotype X Surface 14 0.89 0.575ns  10.40 <.0001 

Error 60      

R2    0.47   0.96 

 

No significant difference indicated by ns. 
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Table 3–37: Means of the number of leaflet surfaces with mite eggs on day 7 for 15 

tomato genotypes tested in the whole leaf bioassay. Means followed by the same letters 

are not different based on Tukey’s test (P=0.05). Standard error of the mean denoted by 

SE. 

  
Average number of leaflet 

surfaces infested by mite eggs  
on day 7 

Genotype Background Surface No. ± SE  

PI127826 Wild relative 3.50 ± 0.22 c 

LA2329OH Wild relative 4.00 ± 0.37 ab 

X166 Hybrid 4.30 ± 0.33 ab 

X155 Hybrid 4.50 ± 0.50 ab 

X71 Hybrid 4.50 ± 0.34 a 

W75 Hybrid 4.67 ± 0.21 ab 

W129 Cultivated 4.67 ± 0.21 a 

W160 Cultivated 4.67 ± 0.21 a 

LA2329 Wild relative 4.67 ± 0.21 ab 

W126 Cultivated 4.83 ± 0.17 a 

Z70 Hybrid 4.83 ± 0.17 ab 

Z120 Hybrid 5.00 ± 0.00 a 

Z116 Hybrid 5.00 ± 0.00 a 

Z58 Hybrid 5.00 ± 0.00 a 

Z161 Hybrid 5.00 ± 0.00 a 
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Table 3–38: Means of egg density (No./cm2 leaf area) on day 7 for 15 tomato genotypes 

tested in the whole leaf bioassay. Means followed by the same letters are not different 

based on Tukey’s test (P=0.05). Standard error of the mean denoted by SE. 

  Average egg density on day 7 

Genotype Background 
(No./cm2 leaf 

area) 
± SE  

PI127826 Wild relative 0.51 ± 0.15 e 

LA2329OH Wild relative 0.75 ± 0.24 e 

X71 Hybrid 1.16 ± 0.21 e 

X166 Hybrid 1.16 ± 0.34 e 

W75 Hybrid 1.51 ± 0.36 e 

LA2329 Wild relative 1.64 ± 0.31 e 

X155 Hybrid 1.81 ± 0.3 e 

Z116 Hybrid 3.38 ± 0.69 d 

Z70 Hybrid 3.64 ± 0.87 d 

Z161 Hybrid 3.89 ± 0.5 cd 

Z120 Hybrid 5.12 ± 0.92 bc 

Z58 Hybrid 5.4 ± 1.42 b 

W126 Cultivated 5.54 ± 0.74 b 

W160 Cultivated 6.03 ± 1.14 ab 

W129 Cultivated 7.16 ± 0.85 a 
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Table 3–39: Means of egg density (No./cm2 leaf area) on day 7 for adaxial and abaxial 

leaflet surfaces of 15 tomato genotypes tested in the whole leaf bioassay. Means followed 

by the same letters are not different based on Tukey’s test (P=0.05). Standard error of the 

mean denoted by SE. 

 Average egg density on day 7 

Surface (No./cm2 leaf area) ± SE  

Adaxial 4.49 ± 0.44 a 

Abaxial 2.01 ± 0.23 b 
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Table 3–40: Means of egg density (No./cm2 leaf area) for adaxial (Ad) and abaxial (Ab) 

leaflet  surfaces of  15  tomato genotypes  tested  on  day  7  in the  whole  leaf  bioassay. 

Means within genotypes followed by the same letter are not statistically different as 

determined by Lsmeans at (P=0.05). Standard error of the mean denoted by SE. 

   Average egg density on day 7 

Genotype Surface Background 
(No./cm2 

leaf area) 
± SE  

PI127826 Ad Wild relative 0.82 ± 0.15 a 

PI127826 Ab Wild relative 0.21 ± 0.05 a 

LA2329OH Ad Wild relative 1.21 ± 0.26 a 

LA2329OH Ab Wild relative 0.28 ± 0.05 a 

X71 Ad Hybrid 1.57 ± 0.14 a 

X71 Ab Hybrid 0.74 ± 0.14 a 

X166 Ad Hybrid 1.91 ± 0.14 a 

X166 Ab Hybrid 0.41 ± 0.05 b 

W75 Ad Hybrid 2.16 ± 0.48 a 

W75 Ab Hybrid 0.86 ± 0.08 b 

LA2329 Ad Wild relative 2.26 ± 0.27 a 

LA2329 Ab Wild relative 1.01 ± 0.09 b 

X155 Ad Hybrid 2.27 ± 0.15 a 

X155 Ab Hybrid 1.35 ± 0.47 a 

Z116 Ad Hybrid 4.89 ± 0.35 a 

Z116 Ab Hybrid 1.88 ± 0.16 b 

Z70 Ad Hybrid 5.32 ± 0.89 a 

Z70 Ab Hybrid 1.97 ± 0.43 b 
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Table 3-40 (continued) 

   Average egg density on day 7 

Genotype Surface Background 
(No./cm2 

leaf area) 
± SE  

Z161 Ad Hybrid 4.87 ± 0.51 a 

Z161 Ab Hybrid 2.90 ± 0.10 b 

Z120 Ad Hybrid 7.07 ± 0.69 a 

Z120 Ab Hybrid 3.18 ± 0.04 b 

Z58 Ad Hybrid 8.57 ± 0.28 a 

Z58 Ab Hybrid 2.23 ± 0.15 b 

W126 Ad Cultivated 6.99 ± 0.63 a 

W126 Ab Cultivated 4.08 ± 0.49 b 

W160 Ad Cultivated 8.54 ± 0.33 a 

W160 Ab Cultivated 3.51 ± 0.25 b 

W129 Ad Cultivated 8.86 ± 0.79 a 

W129 Ab Cultivated 5.46 ± 0.25 b 
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Table 3–41: Correlation matrix among total trichome type IV density, zingiberene, and 

monoterpene parameters and biological and behavioral mite variables (combined by 

surface) obtained from the whole leaf bioassay. 

Variables 
Total IV 
Density 

Zingiberene 
Concentration 

β-phellandrene 
Concentration 

Leaflet number infested by mites-day 1 -0.57*** -0.35* 0.19 

Leaflet number infested by mites-day 2 -0.45** -0.35* 0.11 

Total number of surfaces infested by mites-day 1 -0.64*** -0.32* 0.01 

Total number of surfaces infested by mites-day 2 -0.61*** -0.35* 0.22 

Total mite webbing score-day 3 -0.50*** -0.40* -0.07 

Total mite webbing score-day 7 -0.54*** -0.17 -0.29* 

Total number of surfaces with webbing-day 3 -0.48*** -0.38* -0.10 

Total number of surfaces with webbing-day 7 -0.62*** -0.27 -0.10 

Total mite feeding damage score-day 3 -0.48** -0.37* -0.02 

Total mite feeding damage score-day 7 -0.58*** -0.33* -0.22 

Total number of surfaces with feeding damage-
day 3 

-0.48*** -0.44* -0.01 

Total number of surfaces with feeding damage-
day 7 

-0.56*** -0.39** -0.02 

Total number of surfaces with eggs-day 7 -0.52*** -0.19 0.15 

Total egg density-day 7 -0.67*** -0.58*** 0.03 

 

* p < 0.05, ** p < 0.01, *** p < 0.001. Total IV density= total trichome type IV density 

(No./mm²), zingiberene and β-phellandrene concentration determined as GC area 

units/cm2 of leaf area, total number of surfaces= total number of both adaxial and abaxial 

leaflet surfaces, total webbing and feeding damage score= total mite webbing and feeding 

damage score of both adaxial and abaxial leaflet surfaces, and total egg density (No./cm2 

leaf area) on both adaxial and abaxial leaflet surfaces. 
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Table 3–42: Cluster means for trichome type IV density and zingiberene content in tomato 

genotypes and mite responses from the whole leaf bioassay. All variables were combined 

as total by surface except for zingiberene and leaflet number infested by mites on day 1 

and 2. 

Cluster Count 
Tot IV 

Density 
Zingiberene 

Content 

Leaflet No 
with 

mites-day 
1 

Leaflet No 
with 

Mites- 
Day 2 

Total 
Surface 

No. with 
Mites- 
Day 1 

Total 
Surface 

No. with 
Mites- 
Day 2 

1-A 3 18.17 3.5 x 107 2.33 3.22 3.67 5.11 

1-B 3 11.50 4.5 x 106 2.56 3.56 4.22 6.22 

1-C 3 5.11 2.4 x 106 3.33 4.33 5.89 7.44 

1-D 3 32.72 1.5 x 107 1.11 1.89 2.22 3.33 

2 3 0.00 0.00 3.89 4.33 6.33 8.78 
        

      

Table 3-42 (continued)      

Cluster Count 

Total 
Surface 

No. with 
Webbing- 

Day 3 

Total 
Surface No. 

with 
Webbing- 

Day 7 

Total 
Webbing 

Score- 
Day 3 

Total 
Webbing 

Score- 
Day 7 

Total 
Feeding 
Damage 
Score- 
Day 3 

 

1-A 3 0.11 3.56 0.11 2.22 0.78  

1-B 3 0.89 3.78 0.67 1.67 0.33  

1-C 3 0.89 4.44 0.56 2.11 1.22  

1-D 3 0.00 1.67 0.00 1.11 0.11  

2 3 3.78 8.00 2.44 4.78 2.00  
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Table 3-42 (continued)      

Cluster Count 

Total 
Feeding 
Damage 
Score- 
Day 7 

Total 
Surface No. 

with 
Feeding 

Damage- 
Day 3 

Total 
Surface 

No. with 
Feeding 

Damage- 
Day 7 

Total 
Surface 

No. with 
Eggs- 
Day 7 

Total Egg 
Density- 

Day 7 

 

1-A 3 2.44 0.67 4.00 9.22 2.87 
 

1-B 3 1.78 0.33 3.78 9.56 7.05 
 

1-C 3 2.78 2.22 6.44 10.00 8.45 
 

1-D 3 1.56 0.11 3.11 7.89 1.61 
 

2 3 4.56 3.33 8.44 9.44 12.00 
 

 

Total IV density= total trichome type IV density (No./mm²), zingiberene concentration 

determined as GC area units/cm2 of leaf area, total number of surfaces= total number of 

both adaxial and abaxial leaflet surfaces, total webbing and feeding damage score= total 

mite webbing and feeding damage score of both adaxial and abaxial leaflet surfaces, and 

total egg density (No./cm2 leaf area) on both adaxial and abaxial leaflet surfaces. 

Genotypes LA2329, W75, and X71 refer to cluster 1-A. Genotypes X155, Z120, and Z70 

refer to cluster 1-B. Genotypes Z116, Z161, and Z58 refer to cluster 1-C. Genotypes 

LA2329OH, X166, and PI127826 refer to cluster 1-D. Genotypes W126, W160, and W129 

refer to cluster 2. Genotypes LA2329, LA2329OH, and PI127826 are S. habrochaites 

accessions while W126, W129, W160 are S. lycopersicum, the reminder are interspecific 

backcross hybrids. 
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Figure 3–1: Examples of the whole leaf bioassay. A—Array of samples of the whole leaf 

bioassay set on the illuminated laboratory bench. B—A closeup of a bean leaf infested by 

spider mites in the detached tomato whole leaf. 
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Figure 3–2: Two-spotted spider mites T. urticae Koch with eggs. 

https://agfax.com/2017/08/04/iowa-corn-soybeans-control-options-for-twospotted-spider-

mites/ 

 

 

https://agfax.com/2017/08/04/iowa-corn-soybeans-control-options-for-twospotted-spider-mites/
https://agfax.com/2017/08/04/iowa-corn-soybeans-control-options-for-twospotted-spider-mites/
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number infested by mites on day 1 and day 2, total number of leaflet surfaces (adaxial 

and abaxial) infested by mites on day 1 and day 2, total number of leaflet surfaces with 

mite webbing on day 3 and day 7, total mite webbing score on both leaflet surfaces on 

day 3 and day 7, total number of leaflet surfaces with feeding damage on day 3 and day 

7, total mite feeding damage score on both leaflet surfaces on day 3 and day 7, total 

number of leaflet surfaces infested by mite eggs on day 7, and total egg density on day 7 

(No./cm2 leaf area) on both leaflet surfaces. Genotypes LA2329, W75, and X71 refer to 

Cluster 1-A. Genotypes X155, Z120, and Z70 refer to Cluster 1-B. Genotypes Z116, Z161, 

and Z58 refer to Cluster 1-C. Genotypes LA2329OH, X166, and PI127826 refer to Cluster 

1-D. Genotypes W126, W160, and W129 refer to Cluster 2. Genotypes LA2329, 

LA2329OH, and PI127826 are S. habrochaites accessions while W126, W129, W160 are S. 

lycopersicum, the reminder are interspecific backcross hybrids. 

Figure 3–3: Dendrogram resulting from hierarchical cluster analysis (Ward’s method) for 

the 15 tomato genotypes (combined data) involving type IV trichome density 

(No./mm2), zingiberene concentrations (area unit of GC/cm2 leaf area) in association   

with  behavioral  and  biological  variables  of  spider  mite  T.  urticae  as follow:  leaflet  
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CHAPTER 4.  Image-Based Spider Mite Thumbtack Bioassays-of Tomato Interspecific 
Hybrids 

4.1 Abstract 

Mite response data were obtained by time lapse photography of spider mite 

thumbtack bioassays. This assay can be used for tomato breeding as a screening 

technique to measure leaf repellence to spider mites. Interspecific backcross hybrids 

(BC3F2) derived from the cross between the wild tomato relative, Solanum habrochaites 

(LA2329), and the cultivated tomato, Solanum lycopersicum (ZH2) were evaluated in 

thumbtack bioassays. Our objectives for this research were to (a) verify genetic transfer 

of leaflet repellence from the wild accession to the interspecific hybrids; (b) determine 

the associations and relative contributions of glandular type IV and VI trichome densities 

and leaf chemistry to mite behavior over time. (c) evaluate image analysis as a tool for 

improving the efficiency for evaluating arthropod repellence among different genotypes. 

Results verified transfer of repellency from wild parent to advanced hybrids. 

Type IV and type VI trichome densities as well as zingiberene content had a 

significant positive correlation with the number of spider mites remaining on the tack for 

both abaxial and adaxial surfaces across most time intervals. Correlation coefficients of 

type IV and VI trichome densities as well as zingiberene production with total distance 

travelled by mites had a significant negative correlation for the abaxial and adaxial 

surfaces across all time intervals except for type VI trichome density at some time 

intervals. The results of the number of mites remaining on the tack and total distance 

traveled by mites significantly differed among the genotypes tested at all sampling 
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intervals. Generally, fewer mites remained on thumbtack in bioassays of leaves of the S. 

lycopersicum trial entries than on the interspecific hybrids and the wild donor parent 

(LA2329). Several backcross hybrids outperformed the wild donor parent, displaying 

shorter mite distance traveled on the leaves after 15 and 30 min, compared to the donor 

parent. Stepwise multiple regression analysis found mite repellence was likely mediated 

by type IV trichome density as the first crucial factor and zingiberene content as a second 

key factor across most time intervals. T. urticae were retained longer on thumbtacks with 

shorter movement on leaflet surfaces over time durations indicating the presence of 

arthropod repellence on resistant plant leaves. Altogether, our findings of mite behavior 

indicate that introgression of resistance from a wild tomato relative into cultivated 

germplasm has been successfully achieved for spider mite repellence. Image analysis for 

distance traveled by mite could provide reliable estimates of mite travel and may be a 

useful tool for digitizing parameters that could be used as one aspect of high throughput 

phenotypic screening. 

 

4.2 Introduction 

A number of wild tomato accessions have great potential as sources of resistance 

to tomato pests (Vosman et al. 2018). Cultivated tomato varieties, S. lycopersicum, 

experience a broad array of arthropods pests, including the two-spotted spider mite 

Tetranychus urticae. T. urticae can evolve rapidly, due to haplodiploid sex determination 

and high adaptability of mate competition (Macke et al. 2011). Female spider mites have 
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short developmental times (10 to 14 days) beginning from egg to adult stage depending 

on environmental conditions and host plant (Hance and Van Impe 1999). 

There is a need for a substitute to chemical insecticide application for mite control 

and tomato breeding research oriented toward investigating and developing resistant 

varieties should be considered as critical piece for integrated management of this pest 

(de Oliveira et al. 2018). Screening genetic resources of tomato for resistance to 

arthropods such as two spotted spider mites is needed for a resistance breeding program. 

Many studies have reported that wild accessions of S. habrochaites are remarkably 

resistant to a wide array of herbivorous pests (Rick 1982; Guo et al. 1993; de Azevedo et 

al. 2003). Often mite resistance has been associated with trichomes on wild tomato, 

mostly glandular ones found on leaflet surfaces (Maluf et al. 2001).  Type IV trichomes are 

particularly important and these secretive trichomes are absent in cultivated tomato 

(Carter and Snyder 1985). 

Zingiberene, a sesquiterpene hydrocarbon, secreted by type IV and/or VI 

glandular trichomes in some accessions of S. habrochaites f. hirsutum, has been 

associated with high levels of spider mite resistance (Freitas et al. 2002; Gonçalves et al. 

2006; Bleeker et al. 2012). Trichomes may play a role as repellent barriers to small 

herbivores due to chemical secretions (Guo et al. 1993; Bergau et al. 2015), however, they 

may also physically hamper insect movement on a leaf surface as mechanical 

entrapments due to trichome type and density (Baur et al. 1991; Aragão et al. 2000; 

Simmons and Gurr 2005). Snyder et al. (2005) detected in S. habrochaites high levels of 

the sesquiterpenoid, 2,3-dihydrofarnesoic acid, in the spider mite repellent accession 
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‘LA1363’ which was crossed with two susceptible S. lycopersicum genotypes, ‘EBR1’ and 

‘Summit’, to generate the interspecific F2 and backcross hybrids. The authors presented 

evidence that the repellency found in the resistant parent, S. habrochaites, was 

transferred to the interspecific hybrids as demonstrated by mite performance in 

thumbtack bioassays of the hybrids  

The interspecific backcross, BPX-368, obtained by crossing S. lycopersicum and  S. 

habrochaites showed zingiberene concentration and type IV trichome densities were 

negatively correlated with the distance travelled by T. evansi on adaxial leaf surfaces after 

20, 40 or 60 minutes in thumbtack bioassays (Maluf et al. 2001). These researchers also 

reported that type IV trichomes deterred spider mites.  According to Alba et al. (2009), 

who studied mite resistance in hybrids of wild and cultivated tomato,   high densities of 

abaxial type IV trichomes and, especially, high contents of acylsucrose were associated 

with increased repellence of adult mites. Their conclusions relied on use of stepwise 

multiple regression. In other work, F1 interspecific tomato hybrids displayed an 

intermediate level of resistance compared to their wild parent S. habrochaites while the 

other parent S. lycopersicum was susceptible to spider mite (Snyder and Carter 1984). 

Screening methods for insect resistance,  especially with large numbers of 

genotypes is laborious and difficult, (Bas et al. 1992). Repellency mechanisms mediated 

by  phytochemicals can be determined by rapid and reliable methods (Weston and Snyder 

1990), and can hence be considered as resistance parameters for a broad range of 

herbivory arthropods (Maluf et al. 2001). Therefore, the thumbtack bioassay, an efficient 

and rapid screening technique used previously, may be employed to evaluate BC3F2 
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hybrids derived via crossing of wild and domesticated tomato. The feasibility of obtaining 

digital time lapse images of the bioassays arenas is an important consideration. Digital 

photography may speedup the research, increase throughput, resolve large statistical 

differences, and minimize labor and errors compared to manual sampling (Schomaker 

and Been 1998). The motivation behind the digital imaging of arthropod movement was 

to optimize the bioassay for achieving reliable and accurate data as mites passed through 

the leaf arena. Doing so also permitted storage of images that could be retrieved for 

further research purposes. 

Our objectives of this research were to:  

(a) determine whether or not indirect selection was conferring spider mite resistance as 

measured by the thumbtack bioassay. 

(b) estimate the relative contributions of glandular type IV and VI trichome densities and 

leaf allelochemicals to mite behavior over time intervals using multiple regression 

models. 

(c)  evaluate image analysis as a tool for recording mite movement with a view toward 

high throughput phenotyping.  

We expected interspecific hybrids of tomato would be more repellent to spider 

mites than cultivated tomatoes depending on composition and abundance of leaf 

exudates and on trichome densities of specific types. Results of this study may be 

applicable to breeding programs for other cash crops and other insect pests. New plant 

breeding lines may produce toxic or repellent chemicals which will allow them to defend 
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themselves against certain types of arthropods which turn may lead to elimination or 

reduction of synthetic pesticide utilization and cost. 

 

4.3 Materials and Methods 

4.3.1 Plant Materials: 

This study was comprised of ten genotypes maintained in the greenhouse at 

University of Kentucky, Lexington, KY in June 2016. Two parents, Solanum habrochaites 

LA2329, a wild relative rich in foliar zingiberene and glandular type IV and VI trichomes, 

and the recurrent parent Solanum lycopersicum ZH2 ‘Zaofen 2’, which lacks zingiberene 

and glandular trichomes especially type IV.  Seven backcrosses hybrids (BC3F2) plus an 

additional cultivated variety, SROMA ‘Small Roma’, were involved in this experiment. The 

backcross hybrids were selected for the presence of specific leaf compounds and 

trichome types since these resistance characteristics are most relevant to arthropod 

resistance (Maluf et al. 2001). In this research, we selected backcross hybrids with 

contrasting leaf traits potentially related to mite resistance. Source of seeds, planting, and 

greenhouse management were mentioned in Chapter 2. 

4.3.2 Maintenance of Mite Colony: as previously mentioned in Chapter 2. 

4.3.3 Sample Preparation: 

A fully expanded leaf from each three-month-old plant was excised from the third 

node position from the apex. Each plant was replicated three times. Each excised leaf 

consisting of five leaflets was inserted into 250 ml flask filled with water and was 

immediately transferred to a laboratory bench. Next, three leaflets were removed from 
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each leaf for quantification of zingiberene and other compounds by GC-FID and the two 

remaining leaflets were used for spider mite thumbtack bioassay followed by trichome 

assessment. 

4.3.4 Quantification Chemical Compounds in Tomato Leaflets and Trichome 

Assessment: 

The tips and bases of the three leaflets removed from each leaf were removed by 

use of scissors and then these center segments were steeped in hexane (2.0 ml). The 

extract was analyzed by GC-FID to evaluate the abundance of zingiberene and β-

phellandrene. GC-FID parameters were previously described in Chapter 2. Extracted 

leaflet segments were scanned, and the resulting image was used to calculate leaflet area 

(cm2). The amount of leaf chemicals detected by GC-FID was divided by leaflet area to 

establish a leaflet concentration expressed as GC area units/cm2.  

The abaxial and adaxial leaflet surfaces, bioassayed previously, were evaluated for 

type IV and VI trichome densities with the aid of a Meiji stereo microscope (50X), 

equipped with 10X10 ocular microgrid (4.3 mm2), which allowed accurate counting of 

these trichomes on abaxial and abaxial leaflet surfaces. Two positions away from the tip 

and base of the leaflet were counted then the average was recorded. 

4.3.5 Thumbtack Bioassay: 

This bioassay followed a modified procedure as outlined by Weston and Snyder 

(1990). First, a Styrofoam board (Dow Chemical Co., Midland, MI) was covered with paper 

just prior to the start of a bioassay which avoided trichome exudate contamination 

between bioassay setups. A leaf was removed from the flask and the stem end was placed 
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in a water-filled test tube (10 ml) which was then taped on the Styrofoam board until the 

bioassay was finished. The two leaflets of each leaf were fixed with a metal thumbtack 

(diameter 1.27 cm) to the foam board. One leaflet was rotated so that its lower (abaxial) 

surface was accessible for bioassay. Thumbtacks were washed with hexane prior to use 

and were inserted through the center of each leaflet. Ten adult female mites were placed 

onto each thumbtack using a fine paint brush. Mites on a thumbtack were visually 

inspected during the bioassay to assure the activity of mites (Figure 4-1). Mites that 

escaped leaflets during the assay were removed from the bioassay arena.  

To record the bioassay, an iPad-4  was clamped onto a ring stand at approximately 

15 cm above the foam board with bioassay leaflet samples. The iPad was parallel to the 

foam board.  The bioassay was photographed with the rear camera (5-megapixel) using 

an IOS app called OSnap! (free version). The app was set to take a photographic image 

every 60 seconds for one hour (1 frame per minute), for a total 60 images for each 

replication of each genotype. All images were transferred to a computer for image 

analysis. 

4.3.6 Image Analysis, Data Recorded and Statistical Analyses: 

Mites remaining on the tack (Whalon et al.) were counted visually at 15, 30, 45, 

and 60 min. Each image per the designated time interval was manually processed by 

image analysis software (ImageJ, https://imagej.nih.gov/ij/) using the straight-line tool.  

Distance was converted from pixels to cm, proportional to the thumbtack head (1.27 cm 

diameter). Travelled distance was equal to zero for mites that stayed on the thumbtack. 

The distance traveled by mite that moved onto the leaflet surface was the distance from 

https://imagej.nih.gov/ij/
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the nearest edge of the tack to the mite; these distances were summed. For mites that 

had left the leaflet, the minimum and maximum distances between the edge of the 

thumbtack and the leaf margin were determined by image analysis, averaged and then 

multiplied by the number of mites that had left the leaflet. For each time interval, the 

distances traveled by mites on each leaflet surface were added to the distance for mites 

off leaflet surface. This variable, total distance travelled by mite (cm) and is listed as TDTM 

was statistically analyzed. 

This bioassay was comprised of 240 observations, (3 reps x 2 surfaces x 4 intervals 

x 10 genotypes). Prior to analyses, variables of leaf trichomes and their exudates were 

log-transformed [Log10 (X + 1)] based on a recommendation in Oliveira et al. (2009) to 

normalize the data. Trichome and mite data were submitted to a two-way ANOVA while 

leaf exudate data were analyzed by one-way ANOVA, all according to completely 

randomized design using the GLM procedure by SAS v 9.4 (SAS Institute Inc. 2012), with 

genotype, surface effects and their interaction as sources of variance. Treatment means 

for main effects were separated by Duncan’s new multiple range comparison test 

(P<0.05), while LSmeans was used for the interaction mean comparisons. Trichome 

densities and zingiberene contents with mite repellence parameters were submitted to 

Pearson’s correlation analysis using the CORR procedure in SAS. Full model multiple 

regression analysis was used to determine whether type IV and VI trichome densities 

and/or compound profiles as independent variables influenced mite repellency for each 

time interval and surface. Based on full model regression, stepwise regression was then 

carried out to determine the relative contribution of independent variables giving the 
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best fitting model for each time interval and surface based on remaining significant terms 

at P=0.25 and removing nonsignificant terms at P=0.1. 

4.4 Results 

4.4.1 Tomato Leaflet Extracts and Trichome Densities: 

The results of ANOVA analysis of leaflet chemical composition (Table 4-1) 

indicated that zingiberene and β-phellandrene concentrations per cm2 of leaf area were 

significantly different among the tested genotypes (P <.0001). The recurrent parent ZH2 

had the highest concentration of β-phellandrene followed by the three hybrids A119, F32, 

and F51, while six genotypes had no detectable β-phellandrene (Table 4-2). The wild 

donor LA2329 produced the highest concentration of zingiberene, and zingiberene 

concentrations for two of the hybrids, C72 and B116 were indistinguishable from that of 

LA2329.  Three hybrids, A119, H21 and H19 produced intermediate concentrations of 

zingiberene. The remaining four plants including the cultivated controls had no detectable 

zingiberene production (Table 4-3). 

The results of the factorial ANOVA that included genotypes, surfaces, and 

genotype X surface interactions indicated that all sources of variance were significant for 

trichome type IV and VI densities (Table 4-4). The backcross hybrid B116 had the most 

abundant density of type IV trichomes whilst the cultivated tomato varieties as well as 

two of the hybrids had no type IV trichomes (Table 4-5). The wild species LA2329 had the 

highest density of type VI trichomes followed by some of the backcross hybrids, however, 

the backcross hybrid F51 had the lowest type VI trichome density (Table 4-6).  
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Type IV trichome densities on abaxial surfaces were higher than on adaxial ones (Table 4-

7). In contrast, type VI trichome densities on adaxial surfaces were significantly higher 

than on abaxial leaflet surfaces (Table 4-7). 

Table 4-8 shows the results of the genotype X surface means for type IV trichome 

density. For the genotypes lacking type IV trichomes, density did not differ between 

surfaces. However, for genotypes having type IV trichomes, the density of the abaxial 

surface was always significantly greater than that on the adaxial surface except for 

genotype A119. 

With regard to genotype X surface means for type VI trichomes, the wild relative 

LA2329, one cultivated plant SROMA, as well as four hybrids, A119, B116, F32 and F51 

had more type VI trichomes on their adaxial surfaces compared to their abaxial surfaces.   

For three hybrids, C72, H19, H21, and the cultivated ZH2, type VI densities were not 

statistically different between the two surfaces (Table 4-9). Further, the hybrid F51 had 

the lowest type VI trichome density among all abaxial surfaces (Table 4-9). The extent of 

difference between the adaxial and abaxial type VI trichome densities depended on 

genotype. 

4.4.2 Mite Performance in Thumbtack Bioassays: 

4.4.2.1  Number of Mites Remaining on Thumbtack: 

The results of ANOVA analysis indicated significant differences in number of mites 

remaining on thumbtacks after 15, 30, 45, and 60 min among the genotypes bioassayed, 

between abaxial and adaxial surfaces, and for the interaction of genotype X surface (Table 

4-10). The numbers of mites on the tack was highest on the leaves of the B116 genotype 
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after 15 min (Table 4-11), on C72 after 30 and 45 min (Tables 4-12 and 4-13), and on the 

wild parent, LA2329 after 60 min (Tables 4-14). At 60 min hybrids B116, C72, and A119 

were indistinguishable from the wild relative LA2329 with regard to the number of mites 

remaining on the thumbtack (Tables 4-14).  The number of mites on the tack was lowest 

on the genotype SROMA for the 15 min, 30 min and 45 min sample times (Tables 4-11, 4-

12, 4-13).  Few or no mites remained on the thumbtack at 60 min for the cultivated 

genotypes, SROMA and ZH2 (Tables 4-14). Other backcross hybrids F32, F51, H19, and 

H21 had generally intermediate values for mites on the tack means across all time 

intervals. 

Mean number of mites remaining on the tack was significantly higher on the 

abaxial leaf surfaces than on adaxial surfaces across all time intervals (Table 4-15). 

The difference between surfaces for number of mites on the tack within a 

genotype was statistically significant for two genotypes, C72 and F51 during all time 

intervals (Tables 4-16, 4-17, 4-18 and 4-19); means for abaxial surfaces were always 

higher for these two genotypes. At the 15 min sampling period, all genotypes, except C72 

and F51 had no significant differences between surfaces of number of mites on the tack 

(Table 4-16). At the 30 min sampling period, six of the nine genotypes had a difference 

between surfaces for number of mites on the tack, hybrids C72, B116, A119, F32 and F51 

and the wild relative LA2329 (Table 4-17). At the 45 min sampling period, five of the nine 

genotypes had a difference between surfaces for number of mites on the tack, hybrids 

C72, B116, F32 and F51 and the wild relative LA2329 (Table 4-18). At the 60 min sampling 

period, four of the nine genotypes had a difference between surfaces for number of mites 



 

129 

 

on the tack, hybrids C72, A119, H21 and F51 (Table 4-19). In all cases, except one, where 

there was a surface difference in the number of mites remaining on the tack, the mean 

for the abaxial surface was greater than that for the adaxial. The one exception was H21 

at the 60 min sampling period, which had more mites on the tack for the adaxial surface, 

compared to the adaxial. 

4.4.2.2 Distance Travelled by Spider Mites: 

Time lapse photography of bioassay arenas with an iPad camera was a 

straightforward technique. Significant differences were found in total distance traveled 

by mites after 15, 30, 45, and 60 min among the various genotypes bioassayed, between 

abaxial and adaxial surfaces, as well as for genotype X surface interactions except for the 

interaction term at 45 min, which was not significant (Table 4-20). Repellence (least 

distance travelled) was the highest on the genotype B116 after 15 min (Tables 4-21), on 

C72 after 30 min (Table 4-22), and 45 min (Table 4-23), and on the wild parent genotype 

(LA2329) after 60 min (Table 4-25). However, in terms of statistical differences, hybrids 

C72, B116, and A119 were indistinguishable from the wild relative LA2329 at all time 

intervals (Tables 4-21, 4-22, 4-23, and 4-24).  Repellence level was the lowest (most 

distance traveled) on the genotype SROMA for all time intervals (Tables 4-21, 4-22, 4-23, 

and 4-24). Generally, repellence was also low, and often statistically indistinguishable 

from SROMA, for the hybrid F51 and the cultivated ZH2. Surface means indicated that 

repellence level based on total distance travelled by mites was significantly higher on the 

abaxial leaf surface than that on adaxial surface across all time intervals (Table 4-25). 
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Genotype X surface interaction for total distance travelled by mites was 

statistically significant for three (15, 30 and 60 min) of the four-time intervals. Hybrid F51 

was the only genotype having a surface difference of total distance travelled by mites at 

all three time periods (Tables 4-26, 4-27, 4-28). Surface differences were also present for 

hybrid A119 and wild LA2329 at 15 min (Table 4-26), for hybrids H21, H19 and the 

cultivated SROMA at 30 min (Table 4-27); for genotypes having a surface difference in 

distance travelled, the distances on abaxial surfaces were significantly less on abaxial 

surfaces, compared to adaxial surfaces. 

4.4.3 Correlation of Trichome Densities and Zingiberene Contents with Mite 

Repellence Parameters: 

The associations of type IV and type VI trichome densities as well as zingiberene 

content with number of spider mites remaining on the tack showed a significant positive 

correlation for both abaxial and adaxial surfaces across most time intervals, except for 

type VI trichome density on adaxial surfaces at 30 min, which was not significant (Table 

4-29). The significant correlations between leaf characteristics and mites on tack mean 

indicated that the number of mites retained on the tack was greater on genotypes with 

higher type IV and VI trichome densities and with high zingiberene levels. In contrast, 

correlation coefficients of type IV trichome densities, type VI trichome densities as well 

as zingiberene content with total distance travelled by mites were significant and negative  

for both abaxial and adaxial surfaces across all time intervals except for type VI trichome 

density on the abaxial surface at 30 and 45 min and on the adaxial surface at 15, 30, and 

45 min (Table 4-29). Significant negative correlations between leaf characteristics and 
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total distance travelled by mites suggested that the total distances traveled by the mites 

on leaflet surfaces were shorter for genotypes with high trichome densities (types IV and 

VI) and zingiberene contents. 

4.4.4 Multiple Regression Model: 

To better understand relationships among trichome types and their exudates with 

mite responses for these ten tomato genotypes, we carried out multiple regression 

analyses to diagnose these potential relationships among independent and dependent 

variables. 

For the number of mites remaining on the thumbtack on abaxial surfaces, for any 

time period analyzed with the full model of multiple regression, only type IV trichome 

density and zingiberene content were significant independent variables with positive 

slopes, indicating that higher the type IV density and the higher the zingiberene content, 

the greater the number of mites remaining on the thumbtack on abaxial leaf surfaces 

(Table 4-30). Type VI density and B-phellandrene content were not significant regressors 

in the analyses.  Slopes for type IV trichome density tended to increase over time ranging 

from 1.83 at 15 min to 2.56 at 60 minutes. The slope associated with zingiberene content 

was remarkably stable, ranging from 0.37 at 60 minutes to 0.49 at 30 minutes. Similarly, 

the reduced model obtained by stepwise multiple regression analysis reflected that the 

estimated slopes for type IV trichome density and zingiberene content were positive for 

mites on tack with the highest relative contribution of trichome IV densities across all 

time intervals (Table 4-30). Slope estimates were little changed by use of stepwise 

regression.  
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For the number of mites remaining on the thumbtack on adaxial surfaces, the only 

significant predictors included in the full model of multiple regression analysis were 

trichome type IV densities and zingiberene content with positive slopes for mite on tack 

means at 15 and 60 min intervals but the only zingiberene content at 30 and 45 min 

intervals (Table 4-31). Slopes associated with type IV trichome densities had the highest 

magnitude after 15 and 60 min intervals. In the reduced model obtained by stepwise 

multiple regression analysis, type IV trichome densities had the highest relative 

contribution on mites on tack means across most time intervals except for the 45 min 

interval where only zingiberene content had a positive effect (Table 4-31). 

The total distance traveled by mites as a dependent variable in the full model of 

multiple regression analysis, trichome type IV densities and zingiberene content were the 

only significant regressors with negative slopes for on abaxial leaf surfaces after 15, 30, 

and 45 min (Table 4-32).  At 60 min, only type IV trichome density was significant (Table 

4-32). Type IV trichome densities had the highest relative effect across all time intervals. 

The reduced model of multiple regression analysis showed that the estimate values for 

type IV trichome densities and zingiberene content had the negative effects on total 

distance travelled by mites on abaxial leaflet surface after 15, 30, and 45 min with the 

highest magnitude for trichome IV densities. However, after 60 min, type IV and VI 

trichome densities were significantly and negatively associated with total distance 

travelled by mites and the highest effect was type VI densities (Table 4-32).  

Multiple regression analysis for adaxial leaf surface including all predictors in the 

full model exhibited that trichome type IV density and zingiberene content were the best 
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variables for explaining the total distance travelled by mites with negative slope at 15 

min. For the  30, 45, and 60 min intervals only the zingiberene content had a significant 

negative effects on total distance travelled by mites (Table 4-33). The reduced model of 

multiple regression analysis for adaxial leaf surface indicated that the slopes for  type IV 

trichome density and zingiberene content were significant and negative for  total distance 

travelled by mites after 15 and 60 min with the highest relative contribution of trichome 

IV densities.  However, at 30 and 45 min, only zingiberene content was significantly and 

negatively associated with total distance travelled by mites (Table 4-33). 

4.5 Discussion 

The assumption of this bioassay is when more mites remain on tack and/or the 

mites move less onto a leaflet surface there is a higher degree of mite repellence  (Maluf 

et al. 2007). The backcross genotypes chosen for this bioassay had a broad array of 

variability for leaf secretions (e.g. β-phellandrene and zingiberene production) and for 

leaf surface features (e.g. type IV and VI trichome densities), that could potentially 

influence T. urticae behavior. Within the backcross hybrids there were two lines C72 and 

B116 that exceeded the wild parent LA2329 in type IV trichome densities or were similar 

in zingiberene contents, both absent in the cultivated parent. Generally, in the thumbtack 

bioassay, these two lines were as resistant or more resistant than the wild donor parent, 

LA2329. This observation strongly underpins the conclusion that resistance has been 

successfully introgressed by selection for type IV trichome density and zingiberene 

concentration. Prior studies have highlighted the importance of glandular trichomes and 
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their exudates in resistance of wild tomato accessions (Snyder et al. 2005; Alba et al. 2009; 

Lucini et al. 2015). 

Our results from these bioassays suggested that resistance to the spider mite T. 

urticae in wild parent S. habrochaites ‘LA2329’, and three backcrosses C72, B116, and 

A119, may be due to high type IV trichome densities and zingiberene production on leaflet 

surfaces. Resistance was manifested as an increased number of mites remaining on 

thumbtack plus a reduction in the total distance traveled by mites on abaxial and adaxial 

surfaces. These results were consistent with other studies that evaluated mite repellence 

using thumbtack bioassay for tomato genotypes (Snyder et al. 2005; Saeidi and Mallik 

2006; Maluf et al. 2007; Resende et al. 2008; Wosula et al. 2009; Murungi et al. 2012; 

Lima et al. 2016; Maciel et al. 2017; Maciel et al. 2018). Moreover, there could be an 

interacting role, e.g. synergistic, between trichome densities and repository of chemical 

secretions (Guo et al. 1993; Maluf et al. 2001). 

 Imaging of arthropod movement in this bioassay can accelerate transfer of 

resistance and help with measurement of mite distance, nearly simultaneous 

determination of distances for multiple mites on leaf surface. There results are similar to 

those of Hoffmann et al. (2010) who were successful in using image analysis to provide 

reliable and accurate data associate with insect movement.  

Due to the variability of trichome densities on abaxial and adaxial leaflet surfaces 

among the chosen genotypes, we investigated mite responses for both surfaces. Based 

on differences of mite on tack and total distance travelled by mites for abaxial and adaxial 

surfaces, mites were less repelled on the adaxial leaflet surfaces than on abaxial ones. 
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Generally, genotype X surface interactions for mite repellence across time intervals were 

different on some genotypes, which may be attributed to the nature of variability of leaf 

trichome density as a component of resistance with other leaf characters resulting 

phenotypic differences (Valverde et al. 2001). 

In the current study, the correlation results manifested that T. urticae behaviors 

were consistently associated with glandular trichome densities and foliar zingiberene 

concentrations. Significant positive correlations between certain leaf characteristics and 

number of mites remaining on thumbtack suggested that higher number of mites on the 

tack on both abaxial and adaxial surfaces were associated with higher type IV and VI 

trichome densities and with higher zingiberene contents at all sampling times. 

Additionally, significant negative correlations between leaf traits and total distance 

travelled by mites suggested that shorter distances were associated with high trichome 

densities (types IV and VI) and abundant zingiberene content for most time intervals. 

Furthermore, the elevated densities of glandular trichomes and/or high concentration of 

zingiberene were therefore associated with adverse effects on arthropod behavior like 

deterrence, indicating potential repellency present in the resistant interspecific hybrids. 

Our findings seemed to generally agree with those of Snyder et al. (2005); Maluf et al. 

(2007); and Murungi et al. (2012) regarding effects of glandular trichome densities on 

arthropod behavior. 

The repellence parameters involved in the full regression model were significantly 

associated with the presence of type IV trichome density and/or zingiberene 

concentration at almost all sample periods. Contrarily, neither type VI trichome density 
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nor β-phellandrene content were significant contributors to mite performance in the 

bioassays. In the reduced model using a stepwise regression method, it is noteworthy that 

trichome type IV densities had an incremental effect to impede the mite movements on 

the leaflet surface of the genotypes evaluated over sampling times. Similar to analysis of 

mites on tack means, the slope for type IV trichome density tended to increase with 

sample time, with estimates ranging from 1.83 at 15 minutes to 2.56 at 60 minutes. The 

slope for zingiberene concentration changed little over the sampling period, ranging from 

a low of 0.37 at 60 minutes to 0.49 at 30 minutes.  Also, slope estimates were little 

changed by employment of stepwise regression. 

Stepwise regression in the reduced model showed that type IV trichome density 

was the best single variable model and had a significant impact on mite responses, which 

agrees with the findings of Carter and Snyder (1985). Our study demonstrated that 

selection for either high densities of type IV glandular trichomes or high zingiberene 

production should be appropriate indirect selection parameters for resistance to other 

tomato pests including spider mites. According to Alba et al. (2009), the high densities of 

abaxial type IV trichomes and high contents of acylsucrose were associated with 

increased repellence of two-spotted spider mites, as indicated by  stepwise multiple 

regression, in a population derived from the cross between the wild tomato, S. 

pimpinellifolium ‘TO-937’ and the cultivated tomato, S. lycopersicum. Besides, they found 

that acylsucrose production showed the best explanatory variable for mite repellence 

with positive effects among all predictors involved in the multiple regression analysis. 

When they include trichome types as predictors in the regression model, type IV trichome 
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density was the only predictor explaining mite repellence parameter with positive slope. 

The authors also reported significant slopes for type VI trichome density but with opposite 

sign to the slope for  type IV trichome density. Maciel et al. (2017) reported reduced mite 

displacement on the leaflet surfaces of the wild species S. pennellii and mini tomato 

hybrids associated with high foliar acylsugar over four evaluation times (5, 10, 15, and 20 

min). In addition, Maciel et al. (2018), reported that the backcross plant UFU-102- F2BC2 

#13, which had higher acylsugar content than the recurrent parent (UFU-040) also had 

shorter distances covered by the mites.  

In our experiment, taking together the mean of type IV trichome densities and 

zingiberene abundance significantly improved mite repellence in several interspecific 

hybrids compared to the negative control (cultivated genotypes), whose leaves lack 

specific type of glandular trichomes and zingiberene. It is notable that some backcross 

hybrids rich in trichome type IV and zingiberene production could be lines having 

resistance to other arthropods or insects. 

Conversely, the other trichome exudate component, β-phellandrene as well as 

type VI trichome density did not show significant association with mite deterrence except 

for trichome type VI density which had a negative impact, same as trichome IV density, 

on the mite movements on abaxial leaf surface after 60 min in the reduced model. 

4.6 Conclusion 

For the repellent parameters measured, e.g. mites on tack and total distance 

travelled by mites, mite resistance was mainly associated with type IV trichome densities 

and foliar zingiberene production and marginally associated with type VI trichome 
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densities. Interestingly, type IV trichome density is the most crucial factor in mite 

deterrence while zingiberene seemed to be a second key factor across most of time 

durations for both surfaces, but both factors could have synergistic effect, particularly on 

the abaxial leaf surface. In other words, a low level of zingiberene with the presence of 

glandular type IV trichomes was sufficient to realize strong resistance to arthropods. This 

conclusion is similar to that of  Lucatti et al. (2013), who suggested that a low content of 

acylsugars accompanied by the presence of type IV trichomes  on plant leaves was a 

prerequisite for attaining a durable resistance  phenotype. The evidence presented herein 

also indicated that the degree of repellency may be different between the abaxial and 

adaxial leaflet surface due to the variability of trichome density and chemical profile. A 

high number of T. urticae remaining on thumbtacks as well as shorter mite movement on 

leaflet surfaces over all sampling times indicated a degree of arthropod repellence on 

plant leaves. It is worth mentioning that thumbtack bioassay is a tested technique for 

repellency to arthropods among diverse tomato genotypes as a model. However, it may 

also be a quick and efficient method for testing a small number of plant samples. Results 

of this study could be utilized by tomato breeding programs that require better 

knowledge of the impact of specific trichome types on performance of arthropod pests. 
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Table 4–1: ANOVA model results for β-phellandrene and zingiberene concentration of 

leaflets for 10 tomato genotypes tested in the thumbtack bioassay. 

    β-phellandrene  Zingiberene 

Source of 
Variations 

DF F Value P Value   F Value P Value 

Genotype 9 1148.54 <.0001  1681.6 <.0001 

 Error 20      

 R2   0.99   0.99 

β-phellandrene and zingiberene determined as GC area unit/cm2 of leaf area were 

transformed data log10(X+1) prior to analysis. 
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Table 4–2: Means of β-phellandrene concentration (GC area units/cm2 of leaf area) and 

means of transformed data log10(X+1) for 10 tomato genotypes tested in the thumbtack 

bioassay. Means followed by the same letter(Breeden and Coates) are not significantly 

different (P = 0.05) as determine by Duncan’s multiple range test. Standard error of the 

mean denoted by SE. 

  Average β-phellandrene 

Genotype Background 
(GC area 

units/cm2) 
Transformed 

(Log10(X+1)) 
± SE  

ZH2 Cultivated 5.9 X 106 6.76 ± 0.07 a 

A119 Hybrid 2.4 X 106 6.33 ± 0.15 b 

F32 Hybrid 2.0 X 106 6.15 ± 0.24 bc 

F51 Hybrid 1.0 X 106 5.99 ± 0.09 c 

C72 Hybrid 0.00 0.00 ± 0.00 d 

H19 Hybrid 0.00 0.00 ± 0.00 d 

H21 Hybrid 0.00 0.00 ± 0.00 d 

B116  Hybrid 
0.00 

0.00 ± 0.00 d 

LA2329 Wild relative 0.00 0.00 ± 0.00 d 

SROMA Cultivated 
0.00 

0.00 ± 0.00 d 
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Table 4–3: Means of zingiberene concentration (GC area units/cm2 of leaf area) and 

means of transformed data log10(X+1) for 10 tomato genotypes tested in the thumbtack 

bioassay. Means followed by the same letter are not significantly different (P = 0.05) as 

determine by Duncan’s multiple range test. Standard error of the mean denoted by SE. 

  Average zingiberene 

Genotype Background 
(GC area 

units/cm2) 
Transformed 
(Log10(X+1)) 

± SE  

LA2329 Wild relative 4.3 X 107 7.63 ± 0.04 a 

C72 Hybrid 4.2 X 107 7.62 ± 0.06 a 

B116 Hybrid 2.4 X 107 7.38 ± 0.04 a 

A119 Hybrid 9.0 X 106 6.85 ± 0.25 b 

H21 Hybrid 5.1 X 106 6.70 ± 0.05 b 

H19 Hybrid 4.3 X 106 6.61 ± 0.12 b 

F32 Hybrid 0.00 0.00 ± 0.00 c 

F51 Hybrid 0.00 0.00 ± 0.00 c 

ZH2 Cultivated 0.00 0.00 ± 0.00 c 

SROMA Cultivated 0.00 0.00 ± 0.00 c 
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Table 4–4: ANOVA results for types IV and VI trichome densities on abaxial and adaxial 

surfaces for 10 tomato genotypes tested in the thumbtack bioassay. 

    IV Density1   VI Density 1 

Source of Variation DF F-Value P-Value   F-Value P-Value 

Genotype 9 246.88 <.0001  17.53 <.0001 

Surface 1 258.34 <.0001  28.14 <.0001 

Genotype X Surface 
9 39.01 <.0001  4.37 <.0005 

Error 
40      

R2   0.99   0.85 

 

1Type IV and VI Density= trichome type IV and VI Density (No./mm2) were transformed 

data log10(X+1) prior to analysis. 
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Table 4–5: Means of type IV trichome density (No./mm2) and means of transformed data 

log10(X+1) for 10 tomato genotypes tested in the thumbtack bioassay. Means followed by 

the same letter are not significantly different (P = 0.05) as determine by Duncan’s multiple 

range test. Standard error of the mean denoted by SE. 

   Average type IV Density 

Genotype Background (No./mm²) 
Transformed 
(Log10(X+1)) 

±  SE  

B116 Hybrid 34.00 1.51 ± 0.08 a 

A119 Hybrid 15.33 1.21 ± 0.04 b 

F32 Hybrid 16.17 1.09 ± 0.17 c 

LA2329 Wild relative 12.33 1.08 ± 0.10 c 

C72 Hybrid 20.00 1.04 ± 0.25 c 

F51 Hybrid 11.33 0.73 ± 0.29 d 

H19 Hybrid 0.00 0.00 ± 0.00 e 

H21 Hybrid 0.00 0.00 ± 0.00 e 

ZH2 Cultivated 0.00 0.00 ± 0.00 e 

SROMA Cultivated 0.00 0.00 ± 0.00 e 
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Table 4–6: Means of type VI trichome density (No./mm2) and means of transformed data 

log10(X+1) for 10 tomato genotypes tested in the thumbtack bioassay. Means followed by 

the same letter(s) are not significantly different (P = 0.05) as determine by Duncan’s 

multiple range test. Standard error of the mean denoted by SE. 

  Average type VI Density 

Genotype Background (No./mm²) 
Transformed 
(Log10(X+1)) 

± SE  

LA2329 Wild relative 21.00 1.29 ± 0.10 a 

A119 Hybrid 9.50 0.98 ± 0.08 b 

C72 Hybrid 5.83 0.81 ± 0.07 bc 

H19 Hybrid 4.67 0.74 ± 0.05 cd 

H21 Hybrid 4.00 0.69 ± 0.05 cde 

ZH2 Cultivated 3.83 0.67 ± 0.05 cde 

B116 Hybrid 3.50 0.60 ± 0.10 cde 

SROMA Cultivated 3.50 0.57 ± 0.12 de 

F32 Hybrid 3.50 0.49 ± 0.18 e 

F51 Hybrid 1.17 0.28 ± 0.10 f 
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Table 4–7: Means of trichome type IV and VI Density (No./mm2) on adaxial and abaxial 

leaflet surfaces and means of transformed data log10(X+1) for 10 tomato genotypes tested 

in the thumbtack bioassay. Means followed by the same letter are not significantly 

different (P = 0.05) as determine by Duncan’s multiple range test. Standard error of the 

mean denoted by SE. 

 

Average type IV Density  Average type VI Density 

Surface 
(No./
mm²) 

Transformed 

(Log10(X+1)) 
± SE  

 
(No./
mm²) 

Transformed 
(Log10(X+1)) 

± SE  

Abaxial 16.9 0.86 ± 0.13 a 

 

4.2 0.60 ± 0.06 a 

Adaxial 4.93 0.47 ± 0.09 b 

 

7.9 0.82 ± 0.05 b 

 

  



 

146 

 

Table 4–8: Means of trichome type IV density (No./mm2) and for adaxial (Ad) and abaxial 

(Ab)  leaflet    surfaces   of  10  tomato   genotypes   tested  in  the   thumbtack   bioassay. 

Data were transformed prior to analysis (log10(X+1)). Means of transformed data within a 

genotype followed by the same letter are not significantly different as determined by 

LSmeans (P = 0.05). Standard error of the mean denoted by SE. 

 

   Average type IV Density 

Genotype Surface Background (No./mm²) 
Transformed 
(Log10(X+1)) 

± SE  

B116 Ad Hybrid 21.67 1.35 ± 0.04 a 

B116 Ab Hybrid 46.33 1.67 ± 0.04 b 

A119 Ad Hybrid 13.33 1.15 ± 0.06 a 

A119 Ab Hybrid 17.33 1.26 ± 0.03 a 

F32 Ad Hybrid 4.67 0.72 ± 0.13 a 

F32 Ab Hybrid 27.67 1.46 ± 0.02 b 

LA2329 Ad Wild relative 7.00 0.89 ± 0.08 a 

LA2329 Ab Wild relative 17.67 1.27 ± 0.05 b 

C72 Ad Hybrid 2.33 0.49 ± 0.12 a 

C72 Ab Hybrid 37.67 1.59 ± 0.03 b 

F51 Ad Hybrid 0.33 0.10 ± 0.10 a 

F51 Ab Hybrid 22.33 1.36 ± 0.05 b 

H19 Ad Hybrid 0.00 0.00 ± 0.00 a 

H19 Ab Hybrid 0.00 0.00 ± 0.00 a 

H21 Ad Hybrid 0.00 0.00 ± 0.00 a 

H21 Ab Hybrid 0.00 0.00 ± 0.00 a 

ZH2 Ad Cultivated 0.00 0.00 ± 0.00 a 

ZH2 Ab Cultivated 0.00 0.00 ± 0.00 a 

SROMA Ad Cultivated 0.00 0.00 ± 0.00 a 

SROMA Ab Cultivated 0.00 0.00 ± 0.00 a 
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Table 4–9: Means of trichome type VI density (No./mm2) and for adaxial (Ad) and abaxial 

(Ab)   leaflet  surfaces  of  10   tomato   genotypes   tested  in   the   thumbtack   bioassay. 

Data were transformed prior to analysis (log10(X+1)). Means of transformed data within a 

genotype followed by the same letter are not significantly different as determined by 

LSmeans (P = 0.05). Standard error of the mean denoted by SE. 

   Average type VI Density 

Genotype Surface Background (No./mm²) 
Transformed 
(Log10(X+1)) 

± SE  

LA2329 Ad Wild relative 29.67 1.46 ± 0.10 a 

LA2329 Ab Wild relative 12.33 1.12 ± 0.06 b 

A119 Ad Hybrid 11.33 1.03 ± 0.17 a 

A119 Ab Hybrid 7.67 0.94 ± 0.02 b 

C72 Ad Hybrid 7.33 0.91 ± 0.08 a 

C72 Ab Hybrid 4.33 0.70 ± 0.10 a 

H19 Ad Hybrid 6.00 0.84 ± 0.04 a 

H19 Ab Hybrid 3.33 0.63 ± 0.03 a 

H21 Ad Hybrid 4.67 0.75 ± 0.03 a 

H21 Ab Hybrid 3.33 0.62 ± 0.09 a 

ZH2 Ad Cultivated 3.67 0.64 ± 0.11 a 

ZH2 Ab Cultivated 4.00 0.69 ± 0.05 a 

B116 Ad Hybrid 2.00 0.46 ± 0.09 a 

B116 Ab Hybrid 5.00 0.74 ± 0.13 b 

SROMA Ad Cultivated 6.00 0.83 ± 0.07 a 

SROMA Ab Cultivated 1.00 0.30 ± 0.00 b 

F32 Ad Hybrid 6.33 0.83 ± 0.13 a 

F32 Ab Hybrid 0.67 0.16 ± 0.16 b 

F51 Ad Hybrid 2.00 0.46 ± 0.09 a 

F51 Ab Hybrid 0.33 0.10 ± 0.10 b 
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Table 4–10: ANOVA results for the number of mites remaining on thumbtack after 15, 30, 

45, and 60 min for adaxial and abaxial surfaces of 10 tomato genotypes tested in the 

thumbtack bioassay. 

     15 min    30 min 

Source of Variations DF F Value P Value   F Value P Value 

Genotype 9 28.93 <.0001   37.58 <.0001 

Surface 1 16.78 0.0002   42.25 <.0001 

Genotype X Surface 9 4.00 0.0011   3.33 0.004 

Error 40      

R2   0.89   0.91 

 

Table 4-10 (continued) 

    
45 min  60 min 

Source of Variations DF F Value P Value   F Value P Value 

Genotype 9 38.01 <.0001  30.48 <.0001 

Surface 1 32.55 <.0001  15.01 0.0004 

Genotype X Surface 9 4.59 0.0003  3.96 0.0011 

Error 40      

R2   0.91   0.89 
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Table 4–11: Means of number of mites remaining on thumbtack after 15 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different (P = 0.05) based on Duncan’s multiple range test. 

Standard error of the mean denoted by SE. 

  
Average mites remaining on 

thumbtack 

Genotype Background Mite No. ± SE  

B116 Hybrid 9.33 ± 0.33 a 

LA2329 Wild relative 9.17 ± 0.31 ab 

C72 Hybrid 8.67 ± 0.67 abc 

A119 Hybrid 7.83 ± 0.40 bcd 

H19 Hybrid 7.33 ± 0.67 cd 

F32 Hybrid 7.00 ± 0.37 d 

H21 Hybrid 6.50 ± 0.50 d 

ZH2 Cultivated 4.50 ± 0.50 e 

F51 Hybrid 4.33 ± 1.28 e 

SROMA Cultivated 1.83 ± 0.48 f 
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Table 4–12: Means of number of mites remaining on thumbtack after 30 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different (P = 0.05) based on Duncan’s  multiple range test. 

Standard error of the mean denoted by SE. 

  
Average mites remaining on 

thumbtack 

Genotype Background Mite No. ±    SE  

C72 Hybrid 8.67 ± 0.61 a 

B116 Hybrid 8.17 ± 0.54 ab 

LA2329 Wild relative 7.67 ± 0.71 ab 

A119 Hybrid 7.00 ± 0.58 bc 

H19 Hybrid 6.33 ± 0.33 c 

F32 Hybrid 6.00 ± 0.45 cd 

H21 Hybrid 4.83 ± 0.40 de 

F51 Hybrid 3.67 ± 1.31 ef 

ZH2 Cultivated 3.33 ± 0.42 f 

SROMA Cultivated 0.33 ± 0.33 g 
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Table 4–13: Means of number of mites remaining on thumbtack after 45 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different  (P = 0.05) based on Duncan’s  multiple range test. 

Standard error of the mean denoted by SE. 

  
Average mites remaining on 

thumbtack 

Genotype Background Mite No. ±  SE  

C72 Hybrid 8.17 ± 0.79 a 

LA2329 Wild relative 7.83 ± 0.75 a 

B116 Hybrid 7.00 ± 0.63 ab 

A119 Hybrid 6.50 ± 0.43 bc 

H19 Hybrid 5.67 ± 0.49 cd 

F32 Hybrid 5.00 ± 0.63 d 

H21 Hybrid 5.00 ± 0.52 d 

ZH2 Cultivated 3.00 ± 0.45 e 

F51 Hybrid 2.17 ± 1.11 e 

SROMA Cultivated 0.00 ± 0.00 f 
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Table 4–14: Means of number of mites remaining on thumbtack after 60 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same 

letter(s) are not significantly different  (P = 0.05) based on Duncan’s  multiple  range test. 

Standard error of the mean denoted by SE. 

  
Average mites remaining on 

thumbtack 

Genotype Background Mite No. ± SE  

LA2329 Wild relative 7.50 ± 0.56 a 

B116 Hybrid 6.83 ± 0.48 a 

C72 Hybrid 6.67 ± 0.76 a 

A119 Hybrid 6.17 ± 0.70 a 

F32 Hybrid 4.67 ± 0.33 b 

H19 Hybrid 4.50 ± 0.56 b 

H21 Hybrid 4.33 ± 0.61 b 

F51 Hybrid 2.17 ± 1.11 c 

ZH2 Cultivated 1.17 ± 0.48 cd 

SROMA Cultivated 0.00 ± 0.00 d 
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Table 4–15: Means of number of mites remaining on thumbtack after 15, 30, 45, and 60 

min on adaxial and abaxial leaflet surfaces for 10 tomato genotypes tested in the 

thumbtack bioassay. Means followed by the same letter are not significantly different (P 

= 0.05) based on Duncan’s multiple range test. Standard error of the mean denoted by 

SE. 

 

Average mites remaining 
on thumbtack  
After 15 min  

Average mites remaining on 
thumbtack 

After 30 min 

Surface Mite No. ± SE  Mite No. ± SE  

Abaxial 7.23 ± 0.48 a 6.47 ± 0.52 a 

Adaxial 6.07 ± 0.49 b 4.73 ± 0.47 b 

 

Table 4-15 (continued) 

 

Average mites remaining 
on thumbtack  
After 45 min  

Average mites remaining 
on thumbtack 
After 60 min 

Surface Mite No. ± SE  Mite No. ± SE  

Abaxial 5.80 ± 0.55 a 4.97 ± 0.54 a 

Adaxial 4.27 ± 0.47 b 3.83 ± 0.47 b 
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Table 4–16: Means of number of mites remaining on thumbtack after 15 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average mites remaining on 

thumbtack 

Genotype Surface Background Mite No. ± SE  

B116 Ab Hybrid 9.67 ± 0.33 a 

B116 Ad Hybrid 9.00 ± 0.58 a 

LA2329 Ab Wild relative 9.67 ± 0.33 a 

LA2329 Ad Wild relative 8.67 ± 0.33 a 

C72 Ab Hybrid 10.00 ± 0.00 a 

C72 Ad Hybrid 7.33 ± 0.67 b 

A119 Ab Hybrid 8.33 ± 0.67 a 

A119 Ad Hybrid 7.33 ± 0.33 a 

H19 Ab Hybrid 7.00 ± 1.15 a 

H19 Ad Hybrid 7.67 ± 0.88 a 

F32 Ab Hybrid 7.33 ± 0.67 a 

F32 Ad Hybrid 6.67 ± 0.33 a 

H21 Ab Hybrid 6.67 ± 0.67 a 

H21 Ad Hybrid 6.33 ± 0.88 a 

ZH2 Ab Cultivated 5.33 ± 0.67 a 

ZH2 Ad Cultivated 3.67 ± 0.33 a 

F51 Ab Hybrid 7.00 ± 0.58 a 

F51 Ad Hybrid 1.67 ± 0.88 b 

SROMA Ab Cultivated 1.33 ± 0.33 a 

SROMA Ad Cultivated 2.33 ± 0.88 a 
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Table 4–17: Means of number of mites remaining on thumbtack after 30 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average mites remaining on 

thumbtack 

Genotype Surface Background Mite No. ± SE  

C72 Ab Hybrid 9.67 ± 0.33 a 

C72 Ad Hybrid 7.67 ± 0.88 b 

B116 Ab Hybrid 9.33 ± 0.33 a 

B116 Ad Hybrid 7.00 ± 0.00 b 

LA2329 Ab Wild relative 8.67 ± 0.88 a 

LA2329 Ad Wild relative 6.67 ± 0.88 b 

A119 Ab Hybrid 8.00 ± 0.58 a 

A119 Ad Hybrid 6.00 ± 0.58 b 

H19 Ab Hybrid 6.33 ± 0.67 a 

H19 Ad Hybrid 6.33 ± 0.33 a 

F32 Ab Hybrid 7.00 ± 0.00 a 

F32 Ad Hybrid 5.00 ± 0.00 b 

H21 Ab Hybrid 5.33 ± 0.67 a 

H21 Ad Hybrid 4.33 ± 0.33 a 

F51 Ab Hybrid 6.33 ± 1.20 a 

F51 Ad Hybrid 1.00 ± 0.00 b 

ZH2 Ab Cultivated 3.33 ± 0.67 a 

ZH2 Ad Cultivated 3.33 ± 0.67 a 

SROMA Ab Cultivated 0.67 ± 0.67 a 

SROMA Ad Cultivated 0.00 ± 0.00 a 
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Table 4–18: Means of number of mites remaining on thumbtack after 45 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average mites remaining on 

thumbtack 

Genotype Surface Background Mite No. ± SE  

C72 Ab Hybrid 9.67 ± 0.33 a 

C72 Ad Hybrid 6.67 ± 0.88 b 

LA2329 Ab Wild relative 9.33 ± 0.33 a 

LA2329 Ad Wild relative 6.33 ± 0.67 b 

B116 Ab Hybrid 8.33 ± 0.33 a 

B116 Ad Hybrid 5.67 ± 0.33 b 

A119 Ab Hybrid 7.33 ± 0.33 a 

A119 Ad Hybrid 5.67 ± 0.33 a 

H19 Ab Hybrid 5.00 ± 0.00 a 

H19 Ad Hybrid 6.33 ± 0.88 a 

F32 Ab Hybrid 6.00 ± 1.00 a 

F32 Ad Hybrid 4.00 ± 0.00 b 

H21 Ab Hybrid 4.67 ± 0.67 a 

H21 Ad Hybrid 5.33 ± 0.88 a 

ZH2 Ab Cultivated 3.33 ± 0.67 a 

ZH2 Ad Cultivated 2.67 ± 0.67 a 

F51 Ab Hybrid 4.33 ± 1.20 a 

F51 Ad Hybrid 0.00 ± 0.00 b 

SROMA Ab Cultivated 0.00 ± 0.00 a 

SROMA Ad Cultivated 0.00 ± 0.00 a 

 

  



 

157 

 

Table 4–19: Means of number of mites remaining on thumbtack after 60 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average mites remaining on 

thumbtack 

Genotype Surface Background Mite No. ± SE  

LA2329 Ab Wild relative 8.33 ± 0.88 a 

LA2329 Ad Wild relative 6.67 ± 0.33 a 

B116 Ab Hybrid 7.67 ± 0.33 a 

B116 Ad Hybrid 6.00 ± 0.58 a 

C72 Ab Hybrid 8.00 ± 0.58 a 

C72 Ad Hybrid 5.33 ± 0.88 b 

A119 Ab Hybrid 7.33 ± 0.88 a 

A119 Ad Hybrid 5.00 ± 0.58 b 

F32 Ab Hybrid 5.00 ± 0.58 a 

F32 Ad Hybrid 4.33 ± 0.33 a 

H19 Ab Hybrid 4.00 ± 1.00 a 

H19 Ad Hybrid 5.00 ± 0.58 a 

H21 Ab Hybrid 3.33 ± 0.67 a 

H21 Ad Hybrid 5.33 ± 0.67 b 

F51 Ab Hybrid 4.33 ± 1.20 a 

F51 Ad Hybrid 0.00 ± 0.00 b 

ZH2 Ab Cultivated 1.67 ± 0.88 a 

ZH2 Ad Cultivated 0.67 ± 0.33 a 

SROMA Ab Cultivated 0.00 ± 0.00 a 

SROMA Ad Cultivated 0.00 ± 0.00 a 
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Table 4–20: ANOVA results for total distance travelled by spider mites (cm) after 15, 30, 

45, and 60 min for adaxial and abaxial surfaces of 10 tomato genotypes tested in the 

thumbtack bioassay. 

    15 min   30 min 

Source of Variations DF F Value P Value   F Value P Value 

Genotype 9 27.23 <.0001  15.66 <.0001 

Surface 1 11.65 0.0015  22.84 <.0001 

Genotype X Surface 9 6.10 <.0001  2.97 0.0084 

Error 40      

R2   0.89   0.83 

 

Table 4-20 (continued) 

    45 min   60 min 

Source of 
Variations 

DF F Value P Value   F Value P Value 

Genotype 9 12.48 <.0001  19.97 <.0001 

Surface 1 13.01 0.0009  9.35 0.004 

Genotype X Surface 9 1.85 0.0882ns  3.35 0.0039 

Error 40      

R2   0.78   0.85 
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Table 4–21: Means of total distance travelled by spider mites (cm) after 15 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. 

  
Average total distance travelled 

by mites 

Genotype Background Distance (cm) ± SE  

B116 Hybrid 0.29 ± 0.19 a 

C72 Hybrid 0.42 ± 0.24 a 

A119 Hybrid 1.12 ± 0.37 a 

LA2329 Wild relative 1.29 ± 0.66 ab 

F32 Hybrid 1.51 ± 0.45 ab 

H19 Hybrid 2.03 ± 0.27 ab 

H21 Hybrid 2.93 ± 0.94 b 

F51 Hybrid 6.60 ± 1.96 c 

ZH2 Cultivated 6.84 ± 0.77 c 

SROMA Cultivated 8.15 ± 0.71 c 
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Table 4–22: Means of total distance travelled by spider mites (cm) after 30 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. 

  
Average total distance travelled 

by mites 

Genotype Background Distance (cm) ± SE  

C72 Hybrid 0.62 ± 0.37 a 

B116 Hybrid 2.00 ± 0.59 ab 

A119 Hybrid 2.09 ± 0.59 ab 

LA2329 Wild relative 3.18 ± 1.41 abc 

F32 Hybrid 3.34 ± 0.83 bc 

H21 Hybrid 4.90 ± 1.07 c 

H19 Hybrid 4.98 ± 0.69 c 

F51 Hybrid 8.41 ± 2.54 d 

ZH2 Cultivated 8.60 ± 0.67 d 

SROMA Cultivated 10.70 ± 0.81 d 
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Table 4–23: Means of total distance travelled by spider mites (cm) after 45 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. 

  
Average total distance  

travelled by mites 

Genotype Background Distance (cm) ± SE  

C72 Hybrid 1.75 ± 0.92 a 

LA2329 Wild relative 2.81 ± 1.18 ab 

B116 Hybrid 3.15 ± 0.84 ab 

F32 Hybrid 4.47 ± 1.35 ab 

A119 Hybrid 4.60 ± 0.32 ab 

H19 Hybrid 6.06 ± 1.06 b 

H21 Hybrid 6.30 ± 1.98 b 

ZH2 Cultivated 10.21 ± 0.52 c 

F51 Hybrid 10.69 ± 2.52 c 

SROMA Cultivated 14.42 ± 1.41 d 

 

  



 

162 

 

Table 4–24: Means of total distance travelled by spider mites (cm) after 60 min for 10 

tomato genotypes tested in the thumbtack bioassay. Means followed by the same letter 

are not significantly different (P = 0.05) based on Duncan’s multiple range test. Standard 

error of the mean denoted by SE. 

  
Average total distance travelled 

by mites 

Genotype Background Distance (cm) ± SE  

LA2329 Wild relative 2.50 ± 0.87 a 

C72 Hybrid 2.93 ± 1.07 a 

B116 Hybrid 3.94 ± 0.68 a 

F32 Hybrid 4.82 ± 0.43 a 

A119 Hybrid 4.91 ± 1.45 a 

H21 Hybrid 8.61 ± 1.73 b 

H19 Hybrid 8.89 ± 1.09 b 

F51 Hybrid 12.01 ± 2.66 c 

ZH2 Cultivated 12.17 ± 1.11 c 

SROMA Cultivated 17.17 ± 1.23 d 
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Table 4–25: Means of total distance travelled by spider mites (cm) after 15, 30, 45, and 

60 min on adaxial and abaxial leaflet surfaces for 10 tomato genotypes tested in the 

thumbtack bioassay. Means followed by the same letter are not significantly different (P 

= 0.05) based on Duncan’s multiple range test. Standard error of the mean denoted by 

SE. 

 

Average total distance 
travelled by mites  

After 15 min  

Average total distance 
travelled by mites 

After 30 min 

Surface Distance (cm) ± SE  Distance (cm) ± SE  

Abaxial 2.51 ± 0.65 a 3.61 ± 0.63 a 

Adaxial 3.73 ± 0.57 b 6.15 ± 0.79 b 

 

Table 3-25 (continued)  

 

Average total distance 
travelled by mites  

After 45 min  

Average total distance 
travelled by mites 

After 60 min 

Surface Distance (cm) ± SE  Distance (cm) ± SE  

Abaxial 5.13 ± 0.82 a 6.75 ± 0.97 a 

Adaxial 7.76 ± 0.93 b 8.84 ± 1.04 b 
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Table 4–26: Means of total distance travelled by spider mites (cm) after 15 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

    
Average total distance travelled 

by mites 

Genotype Surface Background Distance (cm) ± SE  

B116 Ab Hybrid 0.06 ± 0.06 a 

B116 Ad Hybrid 0.51 ± 0.35 a 

C72 Ab Hybrid 0.00 ± 0.00 a 

C72 Ad Hybrid 0.84 ± 0.33 a 

A119 Ab Hybrid 0.55 ± 0.29 a 

A119 Ad Hybrid 1.69 ± 0.53 b 

LA2329 Ab Wild relative 0.04 ± 0.04 a 

LA2329 Ad Wild relative 2.54 ± 0.79 b 

F32 Ab Hybrid 1.28 ± 0.62 a 

F32 Ad Hybrid 1.75 ± 0.75 a 

H19 Ab Hybrid 1.98 ± 0.42 a 

H19 Ad Hybrid 2.08 ± 0.44 a 

H21 Ab Hybrid 3.29 ± 1.79 a 

H21 Ad Hybrid 2.56 ± 1.05 a 

F51 Ab Hybrid 2.31 ± 0.72 a 

F51 Ad Hybrid 10.89 ± 0.50 b 

ZH2 Ab Cultivated 6.81 ± 0.90 a 

ZH2 Ad Cultivated 6.88 ± 1.46 a 

SROMA Ab Cultivated 8.79 ± 0.58 a 

SROMA Ad Cultivated 7.52 ± 1.34 a 
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Table 4–27: Means of total distance travelled by spider mites (cm) after 30 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average total distance 

travelled by mites 

Genotype Surface Background Distance (cm) ± SE  

C72 Ab Hybrid 0.05 ± 0.05 a 

C72 Ad Hybrid 1.18 ± 0.60 a 

B116 Ab Hybrid 1.00 ± 0.55 a 

B116 Ad Hybrid 3.00 ± 0.64 a 

A119 Ab Hybrid 1.21 ± 0.68 a 

A119 Ad Hybrid 2.96 ± 0.72 a 

LA2329 Ab Wild relative 1.98 ± 1.87 a 

LA2329 Ad Wild relative 4.37 ± 2.24 a 

F32 Ab Hybrid 2.30 ± 0.92 a 

F32 Ad Hybrid 4.38 ± 1.22 a 

H21 Ab Hybrid 3.79 ± 1.76 a 

H21 Ad Hybrid 6.00 ± 1.18 b 

H19 Ab Hybrid 4.15 ± 0.32 a 

H19 Ad Hybrid 5.81 ± 1.27 b 

F51 Ab Hybrid 3.28 ± 1.22 a 

F51 Ad Hybrid 13.54 ± 2.11 b 

ZH2 Ab Cultivated 9.07 ± 0.87 a 

ZH2 Ad Cultivated 8.14 ± 1.12 a 

SROMA Ab Cultivated 9.26 ± 0.79 a 

SROMA Ad Cultivated 12.14 ± 0.79 b 
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Table 4–28: Means of total distance travelled by spider mites (cm) after 60 min for abaxial 

(Ab) and adaxial (Ad) leaflet surfaces of 10 tomato genotypes tested in the thumbtack 

bioassay. Means for the two surfaces of a genotype followed by the same letter are not 

significantly different as determined by LSmeans (P = 0.05). Standard error of the mean 

denoted by SE. 

   
Average total distance travelled 

by mites 

Genotype Surface Background Distance (cm) ± SE  

LA2329 Ab Wild relative 1.26 ± 0.90 a 

LA2329 Ad Wild relative 3.73 ± 1.20 a 

C72 Ab Hybrid 1.37 ± 0.73 a 

C72 Ad Hybrid 4.48 ± 1.68 a 

B116 Ab Hybrid 3.04 ± 0.49 a 

B116 Ad Hybrid 4.84 ± 1.13 a 

F32 Ab Hybrid 4.94 ± 0.76 a 

F32 Ad Hybrid 4.69 ± 0.59 a 

A119 Ab Hybrid 2.89 ± 1.29 a 

A119 Ad Hybrid 6.93 ± 2.18 a 

H21 Ab Hybrid 10.68 ± 1.87 a 

H21 Ad Hybrid 6.55 ± 2.67 a 

H19 Ab Hybrid 9.33 ± 2.05 a 

H19 Ad Hybrid 8.44 ± 1.22 a 

F51 Ab Hybrid 6.52 ± 1.44 a 

F51 Ad Hybrid 17.50 ± 1.76 b 

ZH2 Ab Cultivated 10.50 ± 1.02 a 

ZH2 Ad Cultivated 13.83 ± 1.53 a 

SROMA Ab Cultivated 16.93 ± 2.62 a 

SROMA Ad Cultivated 17.41 ± 0.77 a 
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Table 4–29: Correlation coefficients among trichome type IV density, trichome type VI 

density, zingiberene content and mite repellence variables obtained from the thumbtack 

bioassay of two surfaces of 10 tomato genotypes. N=30 for each leaflet surface and time 

interval. 

 

 15 min 30 min 45 min 60 min 

Variables 

Abaxial Surface Abaxial Surface Abaxial Surface Abaxial Surface 

MOT TDTM MOT TDTM MOT TDTM MOT TDTM 

IV Density 0.69*** -0.72*** 0.75*** -0.72*** 0.71*** -0.68*** 0.76*** -0.78*** 

VI Density 0.49** -0.37* 0.43* -0.33 0.52** -0.34 0.49** -0.41* 

Zingiberene 0.66*** -0.63*** 0.65*** -0.59** 0.69*** -0.59** 0.65*** -0.50** 

Variables 
Adaxial Surface Adaxial Surface Adaxial Surface Adaxial Surface 

MOT TDTM MOT TDTM 
MOT TDTM MOT TDTM 

IV Density 0.64*** -0.58** 0.58** -0.54** 0.46** -0.51** 0.59** -0.57** 

VI Density 0.37* -0.30 0.32 -0.35 0.37* -0.32 0.46** -0.41* 

Zingiberene 0.77*** -0.71*** 0.79*** -0.67*** 0.84*** -0.66*** 0.84*** -0.68*** 

 

* p < 0.05, ** p < 0.01, *** p < 0.001. IV Density= trichome type IV Density (No./mm2), VI 

Density= trichome type VI Density (No/mm2), Zingiberene determined as GC area 

units/cm2 of leaf area, MOT= Number of mites remaining on tack, TDTM=total distance 

travelled by mites. 
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Table 4–30: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  number  of mites  remaining on thumbtack  on  the independent  variables 

of zingiberene and β-phellandrene content and  type IV and type VI trichome densities for 

abaxial leaf surfaces of 10 tomato genotypes evaluated at 15, 30, 45 and 60 in the 

thumbtack bioassay. Independent variables were transformed to log10(X+1) prior to 

analysis.  ns = non-significant. 

 

  After 15 min   
 Full Model Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 2.86 0.66 0.0002  3.01 0.61 <.0001 

IV Density 1.83 0.40 0.0001  1.76 0.38 <.0001 

VI Density 0.72 1.16 0.543ns     

Zingiberene 0.45 0.14 0.0050  0.51 0.10 <.0001 

β-phellandrene 0.18 0.11 0.123ns  0.21 0.11 0.061ns 
 

  
After 30 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 2.01 0.65 0.0049  2.59 0.45 <.0001 

IV Density 2.29 0.39 <.0001  2.50 0.35 <.0001 

VI Density -0.05 1.14 0.968ns     

Zingiberene 0.49 0.14 0.0017  0.40 0.07 <.0001 

β-phellandrene 0.16 0.11 0.182ns     
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Table 4-30 (continued) After 45 min 
  

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 0.98 0.66 0.1555  1.71 0.46 0.0010 

IV Density 2.31 0.41 <.0001  2.39 0.36 <.0001 

VI Density 1.01 1.17 0.395ns     

Zingiberene 0.46 0.14 0.0038  0.47 0.07 <.0001 

β-phellandrene 0.09 0.11 0.402ns     

   
After 60 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 0.20 0.64 0.7530  0.94 0.45 0.0459 

IV Density 2.56 0.39 <.0001  2.60 0.35 <.0001 

VI Density 1.27 1.13 0.269ns     

Zingiberene 0.37 0.14 0.0126  0.42 0.07 <.0001 

β-phellandrene 0.08 0.11 0.494ns     
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Table 4–31: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  number  of mites remaining  on  thumbtack on  the independent  variables 

of zingiberene and β-phellandrene content and  type IV and type VI trichome densities for 

adaxial leaf surfaces of 10 tomato genotypes evaluated at 15, 30, 45 and 60 in the 

thumbtack bioassay. Independent variables were transformed to log10(X+1) prior to 

analysis.  ns = non-significant. 

 

  After 15 min   
 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 2.96 0.97 0.0054  3.24 0.45 <.0001 

IV Density 1.92 0.69 0.0100  1.84 0.61 0.0055 

VI Density 0.67 0.99 0.502ns     

Zingiberene 0.41 0.13 0.0037  0.46 0.09 <.0001 

β-phellandrene -0.04 0.12 0.746ns     
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Table 4-31 (continued) After 30 min 
  

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 1.26 0.97 0.2037  2.03 0.46 0.0001 

IV Density 1.02 0.68 0.149ns  1.38 0.62 0.0338 

VI Density 0.13 0.98 0.894ns     

Zingiberene 0.58 0.13 0.0001  0.48 0.09 <.0001 

β-phellandrene 0.16 0.12 0.215ns     

   
After 45 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 0.58 0.92 0.5341  1.66 0.42 0.0004 

IV Density 0.15 0.65 0.817ns     

VI Density 0.52 0.93 0.578ns     

Zingiberene 0.66 0.12 <.0001  0.61 0.08 <.0001 

β-phellandrene 0.15 0.12 0.222ns     

   
After 60 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 0.14 0.83 0.8649  1.00 0.39 0.0147 

IV Density 1.27 0.59 0.0390  1.27 0.54 0.0258 

VI Density 1.36 0.84 0.118ns     

Zingiberene 0.47 0.11 0.0002  0.52 0.08 <.0001 

β-phellandrene -0.01 0.11 0.899ns     
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Table 4–32: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple 

regression of  total distance travelled  by spider mites (cm) on the independent variables 

of zingiberene and β-phellandrene content and  type IV and type VI trichome densities for 

abaxial leaf surfaces of 10 tomato genotypes evaluated at 15, 30, 45 and 60 in the 

thumbtack bioassay. Independent variables were transformed to log10(X+1) prior to 

analysis.  ns = non-significant. 

 

  After 15 min   
 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 7.07 0.78 <.0001  6.55 0.55 <.0001 

IV Density -2.19 0.47 0.0001  -2.59 0.43 <.0001 

VI Density 1.27 1.37 0.363ns     

Zingiberene -0.66 0.17 0.0006  -0.42 0.09 <.0001 

β-phellandrene -0.25 0.13 0.081ns     
 

  
After 30 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 8.16 0.95 <.0001  7.97 0.64 <.0001 

IV Density -2.63 0.57 0.0001  -2.92 0.50 <.0001 

VI Density 1.27 1.66 0.448ns     

Zingiberene -0.62 0.20 0.0058  -0.43 0.10 0.0003 

β-phellandrene -0.16 0.16 0.329ns     
 

  
After 45 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 10.46 1.37 <.0001  10.67 0.91 <.0001 

IV Density -3.46 0.83 0.0003  -3.56 0.72 <.0001 

VI Density 1.01 2.40 0.677ns     

Zingiberene -0.67 0.30 0.0327  -0.58 0.15 0.0005 

β-phellandrene -0.04 0.24 0.883ns     
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Table 4-32 (continued) After 60 min 
  

 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 15.76 1.31 <.0001  14.96 1.18 <.0001 

IV Density -4.81 0.79 <.0001  -5.57 0.71 <.0001 

VI Density -2.86 2.29 0.225ns  -5.70 1.52 0.0009 

Zingiberene -0.52 0.28 0.080ns     

β-phellandrene -0.37 0.23 0.112ns     
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  After 15 min   
 Full Model  Reduced Model 

Variable ParEst SE P Value  ParEst SE P Value 

Intercept 7.07 1.54 0.0001  7.15 0.71 <.0001 

IV Density -2.35 1.09 0.0415  -2.16 0.96 0.0327 

VI Density -0.42 1.57 0.789ns     

Zingiberene -0.49 0.20 0.0232  -0.56 0.14 0.0004 

β-phellandrene 0.08 0.19 0.674ns     
 

  
After 30 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 12.34 1.94 <.0001  10.07 0.92 <.0001 

IV Density -1.71 1.38 0.225ns  -2.42 1.25 0.064ns 

VI Density -1.44 1.98 0.473ns     

Zingiberene -0.81 0.26 0.0044  -0.65 0.18 0.0014 

β-phellandrene -0.30 0.25 0.245ns     

  

Table 4–33: Parameter estimates  (ParEst),  standard errors (SE), and P-values for  multiple

regression of  total distance travelled  by spider mites (cm) on the independent variables

of zingiberene and β-phellandrene content and  type IV and type VI trichome densities for

adaxial leaf surfaces of 10 tomato genotypes evaluated at 15, 30, 45 and 60 in the

thumbtack bioassay. Independent variables were transformed to log10(X+1) prior to

analysis.  ns = non-significant.
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Table 4-33 (continued) After 45 min 
  

 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 14.87 2.38 <.0001  14.30 1.69 <.0001 

IV Density -1.63 1.69 0.343ns     

VI Density -1.28 2.43 0.602ns     

Zingiberene -0.99 0.31 0.0040  -1.23 0.24 <.0001 

β-phellandrene -0.40 0.30 0.202ns  -0.53 0.27 0.065ns 

   
After 60 min   

 Full Model  Reduced Model 

Variable ParEst SE P Value 
 

ParEst SE P Value 

Intercept 16.79 2.48 <.0001  14.14 1.17 <.0001 

IV Density -3.24 1.76 0.077ns  -3.57 1.59 0.0332 

VI Density -3.14 2.53 0.225ns     

Zingiberene -0.83 0.33 0.0182  -0.85 0.23 0.0011 

β-phellandrene -0.12 0.32 0.707ns     
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Figure 4–1: Examples of the thumbtack bioassay showing three genotypes setup on the 

Styrofoam board under laboratory conditions where ten adult female mites were placed 

onto each thumbtack. 
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CHAPTER 5. Implications and Future Perspectives 

This research provides considerable insights into the resistance of tomato to two-

spotted spider mites T. urticae. The wild tomato species S. habrochaites produces the 

bioactive compound, zingiberene alcohol, conferring acaricidal activity towards T. urticae. 

Based on research presented herein, mite resistance mediated by type IV trichome 

density and zingiberene have been successfully transferred from the wild tomato species 

into advanced interspecific hybrids. 

The discoveries associated with characterizing the acaricidal properties of the 

newly discovered zingiberene alcohol, accompanied by the study of the comparative 

activities of zingiberene stereoisomers, should motivate breeders and natural product 

chemists to further discover and exploit powerful allelochemicals. The efficacy of 

zingiberene alcohol against mites suggests it could be employed as natural acaricide, 

replacing synthetic pesticides. Thus, tomato breeders should consider introgression of the 

genes responsible for zingiberene alcohol from the wild species, such as LA2329OH or 

PI127826, into cultivated tomato lines to improve resistance against a broad spectrum of 

herbivorous pests. Future studies could aim at combining multiple advanced backcross 

hybrids of tomato to develop recombinant inbred lines (RILs) that would facilitate 

studying spider mite resistance characters while possibly avoiding undesirable linked or 

epistatic plant traits. 
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The hybrids that were tested in this dissertation in different bioassays are 

promising with regard to progress of the tomato-breeding program, which targets release 

of tomato cultivars with reliable resistance to arthropod pests combined with desirable 

characteristics for agriculture production. Introgression of leaf chemical compounds and 

specific trichomes from wild into cultivated advanced-backcross lines has proven effective 

in producing lines resistant to mites, especially in these early generations, BC3 and BC4. 

Nonetheless, integrative procedures that adopt conventional breeding and molecular 

biotechnology methods, e.g. marker-assisted backcross, could significantly accelerate 

breeding programs and recover more genetic resources responsible for unique biological 

features (Monforte and Tanksley 2000). Also, marker-assisted selection (MAS) may be 

useful to reduce linkage drag while recovering the desirable phenotype from the 

recurrent parent genotype (Tanksley et al. 1989). 

One of the breeding objectives is to produce arthropod-resistant lines and make 

them affordable and accessible for future studies. This may permit breeders and 

geneticists to discover other factors associated with resistance. These advanced lines may 

also be candidates for gene editing that would target defects like nonfertility, slow 

germination, and fruit size. Gene editing to promote the synthesis of zingiberene alcohol 

could be an additional and appropriate technology to improve tomato resistance.  

The bioassays used in this research are rapid methods especially when using small 

number of genotypes.  However, their application to large populations will be difficult and 

costly. However, there may be potential for direct selection for arthropod resistance using 
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the whole leaf bioassay based on density of webbing and oviposition measured after few 

days.  

The image-based thumbtack bioassay is one aspect of high throughput 

phenotyping for resistance to arthropods. Distance traveled by mites was successfully 

evaluated from images obtained during the bioassay. Bioassays aided by image analysis 

could allow capture of extra parameters such as mite webbing and egg density in a quick 

and accurate manner, reducing reliance on less reliable and less objective methods such 

as visual rating scales. Photography of multiple live insects on plant surfaces  

accompanied by image processing for measuring insect movement  provided  reliable and 

accurate data (Hoffmann et al. 2010), a finding reiterated in this research. Although 

capturing images for our thumbtack bioassay was quick and straightforward, it was 

laborious to measure distance traveled by mites on tomato leaf surfaces. However, with 

additional research, it may be possible to automate, or partially automate the image 

analysis. Regardless, using image analysis for assessment of mite movement would be a 

component of high throughput phenotyping and would provide useful research 

information in the era of omics. 

The reader should keep in mind that the hybrids evaluated in my bioassays might 

not have the same level of resistance to spider mite under other conditions, for example, 

under field conditions. In other words, do the tested hybrids have really adequate and 

usable resistance useful for production of productive and adapted tomato varieties? 

Therefore, determining the relationship between responses observed in short term 

laboratory bioassays and responses under field conditions is the next step. If backcross 
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hybrids are advanced by inbreeding until completely inbred lines have been obtained, we 

do not know whether these inbreds would have adequate levels of resistance to spider 

mites. Resistance testing will need to be expanded to verify the utility of my initial results.  

The successful use of two-spotted spider mites in this research was partly related 

to their short reproduction period and the ease of rearing them under lab conditions.  It 

is likely that mites can be considered as a model of the interaction of tomato with other 

small herbivorous attackers like aphid, pinworm, and whitefly. Thus, it would not be 

surprising that the mite resistant hybrids identified in this research would also be resistant 

to other arthropods.  
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