FLORAL SCENT AND POLLINATION OF GREENHOUSE TOMATOES

A Thesis
Presented to
The Faculty of Graduate Studies
of

The University of Guelph

by
ANDREW MORSE

In partial fulfilment of requirements
for the degree of
Master of Science

May, 2009

©Andrew Morse, 2009



ABSTRACT

FLORAL SCENT AND POLLINATION OF GREENHOUSE TOMATOES

Andrew Morse Advisor:
University of Guelph, 2009 Professor P. G. Kevan

In this studyfloral scentof greenhouse tomato wagamined.Neutral red
stainingwas usedo identify osmophores on tomato flowers and dynamic headspace
analysiswas usedo identify the volatiles released by thevilers. Tomato fowers
producel b-phellandrene, 2 a r e-pireene atdl {tymene mostly from their petal and
anther tips.Bumble bees, thmainpollinators of greenhouse tomato, seedto be
repelled by the floral scent of tomato floweBwo cultivars of greenhouse tomato
(Bigdena andClarance)were examinedbr production of floral scerandpollination
success.n addition, the effect of growth condition on floral scent and pollination
successvas investigatedResultsindicated thatbumble bees visiidtomato flowerghat
producedess scentnore frequentlfthanflowers that werdeavily scented. Bigdena and
Clarance diffeedin their production of floral scentGrowth conditioncouldbe
manipulated in ordeo reduce floral scerand thusmake tomato flowers more appealing

to bumble bees.
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CHAPTER 1. Generalntroduction and Literature Review

1.1. Introduction

Canadas an international leader in the production of greenhouse vegetables in
the Americas. Of all the greenhouse vegetables commercially grown in the country, the
tomato cropI(ycopersicon esculentulill ) has the highest farmgate vali8tatistics
Canada 2007)Ontario is the largest producer of greenhouse tasatdCanada
producing 122,469,940 kg of fruit, worth $198,500,(8tatistics Canada 2007)
Becauseofths, Ontari o has been a significant
in the production of greenhouse vegetables. The value placed on greenhouse tomato
world-wide has led to Canadian research on the crop, much of wghaking place in
Ontario.

Thehigh valueof greenhouse tomatmn be attributed to the qualiypundness,
size and sugar contemt) the tomatoes produced; allowing growers to sell their product
exclusively to the fresh produce market. Producing a tomato crop is dependentyon man
factors; but pollination success and the growth regime used to manage the plants are two

major components of tomato cultivation.

1.2. What is Pollination?

Pollination is the transfer of pollen from the male reproductive structures of a
flower (anthes) to the female receptive structures of a flower (stigma) for sexual

reproduction. If successful, the pollen grain germinates, producing pollen tubes which
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grow down the style to the ovaries where fertilization occurs. Sexual reproduction leads
to the ebvelopment of seeds and, in plants like tomato, edible fruit. Thus, pollination is
important to the lifeeycle of many plant species and is essential for production of most

fruit.

1.3. The Flowers of Tomato and their Pollination

Tomatois monoeciousind has hermaphroditic flowergt first glance flowers seem to

have only male reproductive structures because their anthers are fused forming a cone

that encloses the stigma and st@e(re 1.1).The anthers of tomato are poricidal,

meaning thatthedwer 6 s pol |l en i s pandckleasedthrovght hi n t h
small pore (Buchmann 1983, Plowright and Laverty 198As with poricidal anthers of

ot her ©pl ant s, quirecagitatibnodrelease pdi@@ehimann 1383) By
restricting pollen release, poricidal ant h
distributed to many pollinators and thus potentially many floldesder and Barclay

1994) For tomato, howevepollen releasaloneis often adequat®r pollination

because he pl ant 6s f |aodirgtgualitygsuch assneréased frug r t i | e
weight) is not improvedyocrosspollination (Fletcher and Gregg 19Q7Regardless of

whether tomato is selbr crosspollinated, the agitation necessary for pollination is

facilitated generally by insects or wildree 1970)



Petal

Sepal

Anther Cone

Ovary

Style

Stigma

Figure 1.1. Structure of the Tomato Flower.The tomato flower looks as though it
only has male reproductive structures (A,B) because the anther cone obstructs view of the
female reproductive structures, the stigma, siylé ovary (C: anthers removed).
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Tomato does not produce fruit without pollination, and inadequate pollination
results in low quality misshapen friletcher and Gregg 19Q7)ncreasing pollination
activity is knavn to affect positively many desired characteristics of tomato fruit quality
including roundness, weight and the number of seeds pr@detther andsregg 1907,
Sawhney ad Dabbs 1978, Kevan et al. 19®%4orandin et al. 2001b)Through
optimizing pollination in tomato crops, growers help to ensure that their plants are
productive and that the fruit produced are of the highest quality.

Unfortunatelyt o mat o6 s p oposexpollthationchallergdferr s
greenhousgrowers Greenhouse environments aréficial and excludé o mat o0 s
natural sources of agitah such as wind and pollinating insecihus tomatoes within a
greenhouseo not typcally achieve adequate pollination withdutmanintroduced
agitation. Until the early 1990greenhousgrowersmanually pollinatedheir tomato
flowers using handheld electric vibratoréBanda ad Paxton 1991, Kevan et al. 1991)
Because pollinating a tomato crop in this way was not labffinient, other options
wereexamined The use oinsectpollinators within greenhouses posed an attractive and
eventually coseffective alternative to nmual pollination(Velthuis and van Doorn

2006)

1.4. The Bumble Bee Pollination System

Pollination experiments on greenhouse tomato in Cawada conducted to
comparebumble beeBombusspp.Hymenoptera, Apidég pollination and manual
pollination. The results indicated that the two methods produced tomatoes of equal

guality and quantity; thus bumble bee pollinators could be successfully used for
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pollinating commercial crop@evan et al. 1991, Dogterom et al. 1998ubsequent

research has demonstrated that bumble bee pollination is superior to manual pollination,
resulting in larger yielsland higher quality produd®anda and Paxton 1991, Abak and
Dasgan 2005, Palma et al. 2008Yith bumble bees being less expensive and more
productive than manual pollination techniques, the greenhouse tomato sector has become
dependentio bumble bees to pollinate thenops(Morandin et al. 2004,c). Today,

bumble bees are the most common polliretddigreenhouse tomatsworld-wide

(Velthuis and van Doorn 2006)

The species of bumble bee used for pollination depends on the geographic
location of the greenhouse. Many countries discourage importing alien species for
pollination (North American Bllinator Protection Campaign 200&)d have attempted to
adapt their own native species (or subspecies) of bumbledregr®énhouse pollination.
In eastern North AmericBombus impatien&resson)s the standard pollinator for
tomato, buB. occidentalig(Green)originally was he pollinator used west of the Rocky
Mountains, wher8. impatiengCresson)s not naturally preserVelthuis and van
Doorn 2006) However, commercial production Bf occidentaligGreenexeased and
B. impatiengCresson)s now used throughout North AmericBombus terrestrig. is
the most commonly used species outside of North America, being utilized throughout
Europe, AsiaNew Zealand and Chil@/elthuis and van Doorn 2006)

Bumble bees were selected as the standard pollinators of greenhouse tomato
because dtheir ability to extract pollen from thgoricidal anthers by buzz poikation
(Plowright and Laverty 1987)Bumble bees buzz pollinate flowers by graspineg

poricidal anthers with their mandibles and then vibrating their flight muatkesigh



frequency to shake pollen from tflewer (Michener 1962Buchmann 1983Corbet et al.

1988) The pollen is released onFigurel2Ale venter
where it is collected into #corbiculag(Figure 1.2C,) and carried back to the colony.

In addition, most species of bumble bees are relatively docile and do not swarm.

Considering that greenhouse staff are commonly present in commercial greenhouses, it is
important that they anmeot attacked by the pollinators.

Al t hough the bumbl e beeds makethemi ty and
suitableas tomatgollinators introducing them into greenhouses creates other challenges
and obstacles for tomato groweBumble bees requireoth pollen and nectar for
survival: pollen for its protein and nectar for its high sugar content providing energy to
forage(Heinrich 2004) Because tomagalantsdo not produce nectar, bumble bee

colony producersmpvide colonies with sugar syrup in their domici{Psacek 2001)

1.5. Difficulties in Bumble Bee Pollination of Greenhouse Tomato

Recently, some Ontario greenhouse tomato producers have had difficulty
achieving dequate pollinatiomsing bumble beesTo compensate for the reduced
pollination efficiency, growers have been forced to increase the number of bumble bee
colonies in theifacilities; even though this tactic has had limited success (S. Khosla,
personal ommunication, October 5, 2006). There are many possible causes for reduced
pollination success, but none has been identified definitively. Suggested causes for
reduced pollination success include the high prevalence of parasites in greenhouse
bumble begopulations, the ability of the bumble bees to leave the greenhouse and poor

attractiveness of the tomato flower.



Figure 1.2. Foraging Technique of the Bumble bee on Tomatdhe bumble bee must
vibrate the tomato flower to extract its pollen. Tiddlen is first released onto the
underside of the bee (A,B), then collected on toctirbiculag(elongated hairs on the
hind leg, C) forming a pollen clump (D). p, pollencorbiculae c, pollen clump.



1.5.1. Parasites ofr€enhouseBumbleBees

Comnercially raised bumble bees are more likely to be infected with parasites
than wild bumble bees (Colla et al. 2008Joreover, greenhouse bumble bees often drift
i nto ot her c Birmnghard and Wiosin 2004) ihceeasing their contact
with other bees. Greenhouse bumble bee parasites identified in commerciallyBraised
impatieng(Cressonpand wildBombusspp. include the intestinal protozaCrithidia
bombi(Lipa and TriggianiandNosema bomk{Fartham and Portgras well as the
tracheal mitd_ocustacarus buchne(Btammer)Colla et al. 2006) Thase three parasites
havedifferent effects on their hoanhdtend to affectoragingbehavioumegatively
(Gegear et al. 2005, Otterstatter et al. 2005, Gegear et al.\2Bi@®) could affect the
beesd6 abil it y. Reoentpesdarthihasahown thatovitdebtimble bees
capturel near commercial greenhouses around Leamington, Ontario, a Canadian center of
greenhouse tomato production, have a higher prevalence of parasites than do bumble bee
populations in places far from commercial greenhaymgationgColla et al. 2006)To
our knowledge, no survey has examined the prevalence of these parasites within

commercial greenhouses.

1.5.2 Greenhouse ExternabFaging

Although greenhouses reduce the movement of insects between the gseenho
environment and the outsidiey are not completely closed. Pollinators can, and do,
leave the greenhouses through gutter ventilation to forage on plants outside the
greenhouséMVorandin et al. 200c, Sabara and Winston 2003)ne suggested and

partial solution to this problem was to encourageeasedise of ultraviolet (UV) light
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transmitting coverings on the greenhou@derandin et al. 2001c)Bumblebees are
capable of finding flowers with or without UV ligliDyer and Chittka 2004 put
allowing UV transmission into greenhouses decreases the frequency of bumble bees
exiting a greenhouse and increases colonyiaciiMorandin et al. 2001c)

Difficulties with bumble bees exiting greenhousesroge of a problem during
spring and summer months when bumble bees can survive outside. In British Columbia,
as much as 73% of thmllen collected by a single colonyring Julyhas been recorded
as coming from plants other than tom@#éghittington et al. 2004) The amount of nen
tomato pollen collected during winter, however, is dramayicatuced to 5% between
September and FebruaWhittington et al. 2004)

Considering that Ontariods pollination
and summer month§$(Khosla, personal communicatipmomato pollination may
indeed suffer from bumble bees escaping greenhouses. Applying screens or nets to cover
greenhouse vents would help restrict pollinators to forage inside the gree(fbabam
and Winston 2003) Although nets have been tes{@@neda et al. 2007jomato
growers are concerned that screening vents is costly and would reduce temperature
control in the greenhouse through loss of ventilat®riKbosla, persoal
communicatioin

As vent screens are not likely to be used by growers, it is important to consider
why bumble bees attempt to forage outsdlteegreenhouseCook et al. (20033howed
that honey bees preferentially foragehoghly nutritious pollen. Whittington and
Winston (2003) imestigated the possibility that bumble bees did not receive adequate

nutrition through a tomatonly pollen diet. Their results suggested that bumble bee



colonies do not clearly benefit from any pollen supplement addittortomato pollen.

Thus t omato pollen seems to be adequate for
pollen quality should not be a factor in influencing bumble bees to forage outside a

tomato greenhouse. Considering that bumble bees do notdikefgpt to escape
greenhouses for nutritional reasons, 1t is

sufficiently attract bumble bees.

1.5.3. Plant Atractiveness

Many floral characteristics influence tlilwral foraging behaviouof insects. For
the purposes of this thesfgral characteristicarecategorizednto floral advertisements
or pollinator rewards Typical rewards for pollinators include pollen, nectairosome
casesoil (Kevan and Bakel983) but pollen is the only reward presented by tomato
flowers. Pollinators interested in the reward within the flower may use the advertisement
to find the reward, or estimate how much reward is available. Bumble besteatan
learning to useldral advertisements such as flower qiBtarer et al. 2002)floral
display(Ishii 2006, Biernaskie and Gegear 2Q@wer colour(Kunze and Gumbert
2001) floral scent(Kunze and Gumbert 2001, Laloi and PhBregue 20049r a
combination of advertisemeni§unze and Gumbert 2001, Lunau 1992, Kulahci et al.
2008)to find and collect floral resources such as pollen or nectar efficigtlgr to
learningabout rewardsbumble bees typically visit flowers with large displays regardless
of the reward availabl@Makino and Sakai 2007)

Because pollen is the only resource presented to tomato pollinators, any floral

advertisement that indicates the presence of pollen on a tomato flower could be importan
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to foraging decisions by bumble bees. Popeedicting floral characteristics have yet to
be identified for tomato, but floral scent has been suggéStason 2005) Floral scents
are known to be importantifansect pollination of many plan{®obson 1994, Raguso
2008)and this may also be true for bumble bees and tomato.

I f tomatods attractiveness togbthemble be
insects to forage, enhancing the plantds a
efficiency in greenhouses. Through adjusting growth conditions within greenhibuses,

may bepossibleto grow tomatesof high attractivaiessto bumble bees.

1.6. Importance of Growth Regime and Environmental Conditions to Tomato

Production

Greenhouse tomato growers are adept at manipulating environmental and growth
conditions to manage their plantsd product
manipulatons on floral advertisement is unknown. The Ontario Ministry of Agriculture
Food and Rural Affairs (OMAFRA 1998) has outlined general production practices for
greenhouse tomato growers. In their suggested production practices, OMAFRA
describes two diffeent growth patterns in tomato that relate to the productiveness of the
plant: vegetative and generative, which must be balanced for optimal productivity.

Accordingto OMAFRA (1998) plants which are overly vegetative have larger
leaf areas, bigger andugher flowers, smaller fruit, reduced fruit set, delayed harvest
and a greater susceptibility to diseasen compared to traditionally grown plantSn

the opposite end of the spectrum, overly generative plants have smaller leaf areas, smaller
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and smother flowers, reduced or delayed fruit set and ultimately reduced total
productioncompared to traditionally grown plants

In order to control tomato growth patterns, plants must be influenced early in their
life cycle. If the first flower cluster of young plant does not set fruit, the plant likely
remains vegetative. Environmental conditions are the primary togtdanngtomato
plants to be more vegetative or generative, but these conditions vary for different periods
of the year. Managing a plato be more vegetative requires that day and night
temperature differences are small. Conversely, pushing plants to become more
generative can be done by increasing the difference between day and night temperatures.
Irrigation is also a useful toah influencing plant condition Plantsbecomemore
vegetativavhen providedvith shortandfrequent irrigations, whiléong and infrequent
irrigations over the course afdayresults inmore generativgrowth (Ontario Ministry
of Agriculture Food and Rural Affairs 1998)

Although tomato growth conditions (as described here) are not commonly
reported ornn the literature, environmental conditions used to impact growth conslitio
have been shown to affect t(Husseylb6a,iPeebes gr ow
al. 1998, Gautier et al. 2001, Van Der Ploeg and Heuvelink)20@gnato pollen is
affected by flgh temperaturereducing itgproduction, release, germination success and
starch contenfAbdulbaki and Simmel 1995, Pressman et al. 2002, Sato and Peet 2005,
Firon et al. 2006, Sato et al. 2008)arger differences in day and night temperature, such
as those commonly used to influence growth condition, are known to increase fruit
quality as well as totaldit yield and pollen germinatiofPeet and Bartholemew 1996,

Willits and Peet 1998) Temperature has also been shown to affect the floral scent of
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white clover (Trifolium repend..) (Jakobsen and Olsen 1994, Sagae et al. 2008)ts
impact on floral scentf tomatohas yet to be studied.

Environmental conditions which are used to produce generative and vegetative
plants are known taffect floral characteristics such as scent and pollen availability;
therefore, generative and vegetative tomato plants may be more or less attractive to
pollinators. If the generativeness of the plant, or the environmental conditions which
encourage gemative growth negatively affect floral advertisement in tomato, pollination

success could b&gnificantlyaffected.

1.7. Summary and Objectives

Production of higkguality greenhouse tomagsin Canadaartially depends on
pollination success and faw@ble growth conditionsModification of growth conditions
couldlead to the production of greenhouse toraatwith poorer floral attractants and
pollinator rewardsesulting in poor pollination Whenpresentedvith poor floral
attractants and rewardsymble bees may choose to leave their greenhouses through
gutter ventilation and forage on plants which are more attractive to them, resulting in
poor pollination of tomato crops. This poses a serious problem for greenhouse tomato
growers using bumble bgéor pollination; without pollination their crops suffer in terms
of both quantity and quality of produce.

This study aims to determine if the attractiveness of tomato flowers is affected by
growth conditions commonly imposed by growers in southern @ntéar order to

evaluate this possibility three objectives have been described:
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Determine iftomato floralscent or flower size encourages or dissuadesble
bee foraging.

Determine which tomato floral characteristics differ between cultivars or are
affected by the growth condition of the plant.

Determine if plant growth condition can affect pollination success in tomato.
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CHAPTER 2. Osmophorelocation and Chemical
Identification of Floral Scent in Greenhouse Tomato:
Implications in Pollination

2.1. Abstract

Floral scent has been little studied in some economically importantinsect
pollinated plants such as tomdtgcopersicon esculentulill ). Comparative studies of
floral scent are often made using dynamic headspace collection techniques; however
these techniques often vary from one study to the rigsfore largescale quantitative
scentanal ysis could be undertaken to study to
collection techniques needed to be designed and tested to ensure that the sample
collectedwererepresentative and comparab{@smophores, the scent producing glands
of flowers, werdirst determined to bpresent on tomato using neutral red staining.
Osmophores were common on the petal and anther tiglyn@mic headspace collemti
apparatus was consurtcuesing 10 mg Super Q scent traps and tesiddtwo
greenhouse tomato cultivars; Clarance and Bigdéma scent trapsvere usedo collect
volatiles fromtheheadspacef a single sample arthta were analyzed using a linear
regression.The major volatiles produced by the flowers wieqghellandrene, 2arene,
Upinene and {tymene Linear regression analysis confirmed that scent traps, when
sampling from the same headspace, collected similar quantities of all volatiles
encountered; suggesting that results producetidsescent trapsveresimilarand

adequate for analyes floral scent.
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2.2. Introduction

Greenhouse tomataycopersicon esculentulill. (Solanaceg) is an
economically important crop for Ontario, being value®%28,500,000n 2007
(Statistics Canada 20Q7pPlant yield and fruit quality, however, are very much
dependent on pollination success: without pollination fruit quality is substantially reduced
(Fletcher and Gregg 19Q7Although tomato is self fertiléFletcher and Gregg 1907)
and normally pollinated by both wind and insgétsee 1970)a greenhouse environment
excludes both sources of palition. Thus, pollination is an important challenge for
greenhouse tomato producers.

Before 1991, greenhouse tomato growers hired workers to manually pollinate
their crops by vibrating overhead wires or by using battery powered flower vibrators or
air blowers; however this was costly and time consuming. In the early 1990s, bumble
bees were identified in Canada (as elsewhere) as being capable of pollinating tomato in a
greenhouse environmefievan et al. 1991) Sirce then, bumble bee pollination in
tomato greenhouses has become the standard for tomato produceraiderld
Currently, greenhouse tomato production is reliant on bumble bee pollifdgtihuis
and van Doorn 2006, Morandinetal. 200lc) The greenhouse tomato
dependence on the bumble bee pollination system became quite clear in western Canada
when shortages of their commonly used greenhouse pollifgtari{us occidentalis
Greeng resulted in growers needing to import an exotic speBigmpatiensCresson
from eastern North America) to ensure that they would still achieve pollination adequate

for tomato productioiSabara and Winston 2003
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Many studies have evaluated various dynamics of bumble bee pollination,
including pollination success of different spediésvan et al. 1991, &gterom et al.

1998, Pressman et al. 1999, Whittington and Winston 2@0d effects of bumble bee
pests(Otterstatter and Whidden 2004, Gegdaale2005, Otterstatter et al. 2005, Gegear
et al. 2006) greenhouse insecticid@gdorandin and Winston 2003yreenhouse
environment and coveringMorandin et al. 2001¢joraging external to the greenhouse
(Whittington et al. 2004and foraging on multiple cultivafsefebvre and Pierre 2006)

Despite a wealth of literature on bumble lpedination of tomato, very little has
focused on the effesbf thefloral scent. Floral scent often plays a pivotal role in
pollination success for many insqmillinated plants: it can attract pollinators to flowers
and thus i mp ac t(Dolasond994)Bumble beé feraging kethavioyr can,
in some instances, be affected by floral s¢gninze and Gumbert 2001, Laloi and
PhamDelegue 2004andDobson (2005) suggesthat floral scent may indeed affect
bumble bee pollination of tomato. Better understandirte relationship between
characteristics of tomafitoral scent and bumble bee pollination success could help
greenhouse managers and polimaexperts ensure that tomato crops achieve optimal
pollination.

Studying floral scent is commonly undertaken using dynamic headspace
collection coupled with gas chromatography and mass spectrometsiI@ @nalysis.
Before dynamic headspace analysis loamsed for any large scale studies focusing on
tomatods floral scent and pollination, sam
ensure that the volatiles collected are representative of the sample plant and accurately

guantifiable
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Dynamichealspace collection begins with flonablatilesbeing sucked from a
sampling vessel containing a flower through a scent trap. The trap is then eluted using a
chemical solvent, concentrated in inert gas and analyzed onM35CGAt each of these
stages of aalysis some of the volatile sample may be (Bstguso and Pellmyr 1998)
reducing the accuracy of the data collected. Therefore, it is desirable to avoid any
unnecessary steps involved in scent analysis whenev&blgos

This research had three objectives.

1. Determine the location of scent producing glands (osmophores) on tomato

flowers.

2. ldentify the volatiles released by tomato flowers

3. Determine if a dynamic headspace collection protocol quantifiably collects

floral scent

2.3. Materials and Methods

2.3.1. Study Area and Plant Production

Tomato plants were produced in two cohorts; one for osmopdwagonand a
second for evaluation of floral scent and scent trap comparability. All studies were
conducted inhe experimental greenhouses at the Greenhouse and Processing Crops
Research Centém Harrow OntariqAgriculture and AgrFood Canada&AFC). Plants
were grown using rockvool bags as the growing medium, two plants per bag, and
suspended by overhead varas is common practice in the greenhouse tomato industry.

Plant nutrition and irrigation was provided-adc based on plant size and temperature
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within the greenhouse as described by OMABR:A p u b | i (OMAFRAAL®98)3 7 1
Temperatures in the experimental greenhouses ranged ff@rafl 6ight to 22C during
the day and plants weggown undemnaturallight. Experimentation was done using

tomato cv. Bigdena, a beefsteakiegy, and cv. Clarance, a tomato on the vine variety.

2.3.2. Osmophore Location

One hundred and ninety two tomato cv. Clarance were seeded on Ni&ea&
and transplanted into two experimental greenhoweas«(13nm). On 29 May 2008, 24
flowers werecollected for osmophore analysis and their peduncles were immediately
placed into water to keep the flowers fresh. Before staining, the anther cones of two
flowers were removed in order to expose the female parts to the stain; all other flowers
were leftintact. Granular neutral red stain (N4638, Sigihdrich) was mixed with
doubledistilled water in a 1:1000 ratio as describedSigrn et al. (1986).

Living flowers were stained with neutral red by submerging them in the stain for
2 h. The peduncles eve kept free of neutral red to ensure that stain uptake was through
the fl owersdéd osmophores and not through
rinsing in doubledistilled water for ~20nin.

Photographs of flowers before and after staining waken using both a Lumix
FZ20 digital camera and a Pax Cam 5 digital microscope camera mounted on a Leica
MZ8 stereo microscope. Photographs of jared posistain flowers were compared to

determine théocationof osmophores.
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2.3.3. Scent Analysis

Five-hundred and seventy di@mato plants (288 cv. Clarance and 288 cv.
Bigdena) were seeded on AuguStahd sampled between Septembéf add October
11" of 2007 in three experimental greenhouses. Before scent analysis, flower clusters
were pruned sthat each flower cluster would have only a single flower; ensuring that
scent collected from each sample wasnly one flower Volatile sampling was by
dynamic headspace collection as described eathesrder to reduce wound volatile
release into dusamplescut pedicleswere covered usingsing Teflon tape.

For a sampling vessel, medium size LOOK! brand polyester oven bags (imported
by Reckitt Benckiser Canada) cut to 25 cm by 25x@re used Polyester oven bags
were usedecause they are knowm e effective for floral scent collectigS8tewart
Jones and Poppy 200&hd their internal temperatures are relatively unaffected when
sampling in greenhousesmpared to other sample vessels such as @tass and
Tumlinson 1997)

To sample from multiple plants simultaneously a vacuum system composed of a
vacuum pump connected to a vacuum manifold was constructed. The manifold was built

out of PVC piping: it wa$9 cm bng with an outer diameter of 3.3 cm and an inner

diameter oR.1 cm and its ends were plugged using end caps sealed on with silicone glue.

The manifold was connected to a HYVAC 7 vacuum pump (Central Scientific Co.)
through al.27 cmrubber tube and @635 cmbrass hose barb mounted on to the

manifold. Thirteer0.635cmh ol es wer e drill ed along the
hose barb to connect the vacuum to thirt@&35 cnrubber tubes which were each 15 m

in length (Fishe6cientific) (Figure 21). Ten of the 13 tubes were used to sample from
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sampling vessels, one wesnnectedo a control sampling vessel which contained no
plant tissue and the remaining two tubes left open in order to prevent excessive stress
from being placed on the vacuummp.

Before scent sampling, all scent traps were connected to the vacuum system to
calibrate air flow rates through the scent traps. Once all scent traps were connected and
thevacuum pump was switched onGG&M17 (Aalborg, Orangeburg, New York)ass
flow meter was used to identify the rate at wtachwas flowing through eadtent trap
brass stop cocks were used tstriet flow rates to 210 ml/min & ml/min. After
calibration, scent traps and sampling vessels were attached to the sample plants for
collection. An activated carbon filter (BD mesh,Supelco Oakville, Ontarig)
constructed in the laboratory was attached to the sampling vessel to clean air before it
entered the vessel bagsilters were constructed of 6 cm long glass tubes packid wi
activated charcoal between two plugs of silanized glass wool (Su@=kwille,

Ontario). Sampling took 2, ltherefore each scent trap sampled 25.2 L of headspace.
Figure 2.2llustratesthedynamic headspace collection in opperation.

Scent traps werconstructed in the laboratory similar to specification&siiman
et al. (2005).Borosilicak glass pasteur pipettes (14.605long, VWR) were packed
with 10 mg of SuperQ80-100 meshSupelco) column packing as an adsorbant between
two plugs of silinzed glass wool (Supelcdyigure 2.3) Once scent samples had been
collected (two hours), scent traps were removed from the sampling vessels and then
eluted by pushing 500 pl of dichloromethane through using a rubber nipple the trap.
Dichloromethane wasollectedina 1 ml Tar get DPE vi al (Chr ol

with a screw top lid and teflon/silicon septum (Chromatographic Specialties) fM&C

21



Vacuum Manifold

End cap

PVC piping \

Tube leading to
vacuum pump

—

Brass hose-barb

End cap

)

)

Tubing leading to

sample bags
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Air inlet filter

Sample vessel

Scent trap

Brass stopcock

Vacuum tubing

Vacuum manifold

Vacuum pump

Figure 2.2. Dynamic headspace sampling systemir proceeded through a lab
constructed activated charcoal air inlet filter (A) into polyester anvessels
containing the floral tissue. Headspace inwbgsel wagulledthrough a SuperQ packed
scent trap (B) where floral volatiles were collected. From there, aipwikesithrough a
brass stopcock (C) which restricted air flow to 210ml/min. Air then traveled through a
tube (D) to a manifold, eventuallgading to a vacuum pump (E) which provided suction
for the system.
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Figure 2.3. Labconstructed scenttrap.Scent traps were construc
long pasteur pipette containing one 10mg bed of SuperQ column packing (S) packed

between 2 plugsef silinized glass wool (W). The lower glass wool plug was always

placed 3cm from the tip of the pipette, to ensure that SuperQ packing was always in the

same position.
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The scent traps were cleaned by flushing three times with 3.3 ml of dichloromethane
(total 10 ml) and dried in a closed fume hood over night befeusee

Eluted samples were left taoncentrated to avoid sample loss and analyzed on a
HewlettPackard 5890 Series Il G&juippedvith a5971Amass selective detector
(ionization voltage Gev) using scan mode# AAFC. Samples of fil were injected into
the GC inlet where they were volatilized2®®C andrun along éDB-5 capilary
column, 60m x 0.25 mm, 0.25wufilm thicknesswith (J & W, Folsom Californighelium
as the carrier gas. Qwhn temperature remained af6dor 5 min after which itwas
increased by IT/minto 280°C where itwas maintainedor another 10 min Resulting
data was analyzed usiktP Analytical MSD Productivity ChemStation Software
Volatile quantities were estiated based on peak area compared to external standards of

2-careneseparatelyun under the same GKaS protocol.

2.3.3.1. ldentifyingFloral ScentComponents

Mass spectra of collected volatiles were compared tovitey 7N library and,
when availableto authentic chemical standards for volatile identification. Adiben
standards of (+2-carene,imonene, trangaryophyllene and-pymene were acquired

from SigmaAldrich.

2.3.3.2. TestingConsistency ofScent Traps for Quantification of Floral &nt

To ensure that constructed scent traps were adequate for comparisons of floral

scent from different flowerdrap consistencyvas tested Sampling vessels were set up
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on three tomato cv. Bigdena plants, and six tomato cv. Clarance plants (nw®). T

scent traps were attached to each sampling vessel and taped together with teflon tape to
ensure that both traps sampled headspace from approximately the same location within
the sampling vessel. Traps which collected volatiles from the same samigal were
compared using a linear regression in SPSS (2007) to determine if the traps produced

similar results.

2.3.3.3. Relationship oFloral Volatiles to Each Other

The techniguethatusedhereresulted in some tomato volatiles being present in
conentrations below th&C-MS threshold of detection. Although those volatiles were
not always detected, they were likely present in the samples; therefore it was desirable to
estimate their concentrations using volatiles which were present in high coticantra

Forty four samples were collected from tomato cv. Clarance and 44 from cv.
Bigdena between Septembef"2fhdOctober 1§ 2007 For each cultivaa linear
regression analysisa s us ed tphellandremgpcancentrafion (the largest
componenbf t omatobés floral scent) to the conce

volatiles.

2.4. Results

2.4.1. Osmophoreocation
Neutral red successfully stained all tomato flowers testepife 2.4A. Stained

flowers showed heavy depositionrautral red intermittently along the center of petals
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and at their tipsKigure 2.4A, B. In addition, all anthers stained at the center of their tips
(Figure 2.40. Emasculated flowers stained heavily on their stigmas, but not on their

styles Eigure 24D).

2.4.2. Components Bforal Sent

Tomatobds floral scent was ctapmpidsshed of
monoterpeneb-phellandrene, 2 a r e-pirene, abd {tymeneg(Figure 2.5) Some
samples containealsotrace levels of transaryoplyllene, a sesquiterpendable 2.1

presentshe identification method for each thie volatiles and their relative quantities

2.4.3. Testingonsistency obcent Traps for Quantification of Floral Scent

Scent traps were compared based on theiratolie o n-phaldndréne,-2arene,
Upinene and wymene. Regression analysis showed that both traps sampling from the
same vessel collectedmost identicatj u a n t i -phelergdreref2 abr e-pirene U

and pcymene(R? = 0.983, 0.983, 0.979 and 0.97@spectivelyYFigure 2.6.
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Pre-stain Post-stain

QR

Figure 2.4. Comparison of flower features before and after stainingFlowers stained
heavily on the tips of their petals (A,B), as well as at the tips of their anthers (C) and on
their stigmas but not their styles (D).
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Figure 2.5. Chromatogram of tomato flower volatiles.1  =pindhe; 2 = prymene; 3
=2-c ar e n ephellahdrene; b= trarsaryophyllene.

Table 2.1. Volatiles collected from tomato flowers using dynamic headspace
collection.

Peak number Compound Identification method
1 Upinene W7N
2 p-cymene WT7N, ASMS, ASRT
3 2-carene W7N, ASMS, ASRT
4 b-phellandrene W7N
5 transcaryophyllene W7N, ASMS, ASRT

Wiley 7N Library, W7N; Authentic Standard Mass Spectrometry, ASMS; Authentic
Standard Retention time, ASRT.
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Figure 2.6. Linear regression of collected volatile abundance in traps sampling the
same headspaceTraps sampling the same headspace always collected similar quantities
o f -phBllandrene,2 a r e-pirene and {Tymene.
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b-phellandrene was a good predictor fecté2enea n dpinéhe in both Bigdena

(Figure 2.7A, B R?= 0.984 and 0.925 respectively) and Clararfégure 2.7D, ER’=

0.964 and 0.878 respectively)-Gymene was naow e | | p r e-pghelaridmain by

either Bigdena (R 0.638,Figure 2.7¢ or Clarance (R 0.699,Figure 2.7F.

Using the average production rates for each volatitegsfor production of each
volatile for each cultivawere determined Bigdena produces its four main volatilasai
100:26.1:2.5:3.% at iplellagdbene : 2arene : pcymene -pidend and
Clarance produces its volatiles i1@0: 24.9: 2.9 : 3.4 a t iplellafdbene :2arene :

p-c y me nmnene). U

2.5. Discussion

SuperQ scentaps were shown to be valuable for collectiotoohato floral
scent. Becausdinear regression results have shown that the traps collect volatiles in a
comparable and quantifiable manrtbesescent traps are adequate for comparisons of
scent production between different flowers and industralbduced scent traps are not
required.

The results presented here indicate that tomato flowers commonly produce four
volatile compounds -pbellandrene, 2 a r e-pireene ardb-cymene These volatiles
are likely released from either the tips of the petals or the tips of the anthers, and can be
easily collected and analyzed using scent traps constructed from pasteur pipettes packed

with a 10 mgbed of SuperQ column packing between plugs of silinized glass wool.
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Althoughneutral red staining is commonly used to stain osmophores and scent
producing gland¢Vogel and Renner 1990, Stern et al. 1986, Dafni et al. 2005, Effmert et
al. 2005) it is not clear by what action neutral red stains these stru¢ties et al.

1986) Neutral red is known to stain vames(Stern et al. 1986, Stadelmann and Kinzel
1964) volatile oils(Stern et al. 198&nd also cell sa(Stadelmann and Kinzel 1964)
However, these features may be present in floral organs other than osmophores. Thus,
interpretation of neutral red staining and osmophore localization must be considered
carefully; neutral red staining does not confirm thespncer absencef osmophore

all circumstances

These esults illustrated stain deposition tamatopetal tips, anther tips and
stigmas, but osmophoresiay not bepresent on all these floral structures. Neutral red
staining should not be useditoply osmophore presence on the stigma: it is glandular
and metabolically active when receptive. Some research has used neutral red as a
measure of stigma receptivity through indicating increased permeability of cell walls
(Dulberger 1987, LeRoux et al. 199@)erefore stigma staining could be caused by
receptivity or osmophore presence. Considering the consistency of staining in the petals
and anther tips, it is quite possible that one tfbaih of these structures contribute to the
floral scent of tomato flowers.

The value of neutral red staining is in macroscopically identifying tissues which
are likely releasing volatiles. Areas which stain well with neutral red warrant further
studyto determine if osmophores are indeed present. In order to confirm the presence of
osmophores in either tomato petal tips or anther tips two techniques may be used. Firstly,

electron microscopy has been used in the past to confirm the presence of assiopho
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scent producing glandSkubatz et al. 1996, Effmert et al. 200%) second way to

determine the location of floral scent production is to isolate floral tissues in a sampling

vessel and saple floral parts for volatile production individually. SPME would likely be

the ideal technique as it is capable of collecting volatiles present in low concentrations.

Through collecting floral scent from floral parts individually, specific volatikas loe

identified from specific flower parts. If, however, chemical techniques are unavailable to

determine which floral parts are producing floral scent, researchers may consider

separating floral parts into separate sealed glass jars then using & prashiglduals to

sniff each sample to determine which floral part has a stronger @aétii et al. 2005)
Tomato flowers produce scent largely composed-phbllandrene,2 ar e-ne, U

pinene, pcymene andranscaryophyllene, but the impact these volatiles have on bumble

bee foraging is unknown. Insect responses to chemical cues vary from species to species

and this seems to be true for these volatilegeds Forlps pini(Say) b-phellandrene

acts as a pinproduced kairomone; likely assisting the beetle in finding lodgepole pine

which the beetles use for reproduct{dfiller and Borden 1990)In contrastb-

phelandrene is repellend the banana weev@osmopolites sordidu&ermar)(Ndiege

et al. 1996and is toxic to eastern larch beetlBefdroctonus simplexeContg in high

concentrationgWerner 1995) In tomato, production di-phellandrendrom vegetative

tissue increases based on herbivory by tobacco horn{amduca sexté.) (Farag and

Pare 2002)and thus the role of this volatile in tomato flowers is still unclear. hike

phellandene 2-carene production in tomato can alsdrageasedy herbivory(Farag

and Pare 2002plthough its relationship to insect behaviour remains largebtudied.
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p-Cymene has been studied in relation to inbettaviour and as with
phellandrengthe responses to the volatile differ from one insect species to another. It
has been suggested as a larvicide for the yeldwar transmitting mosquitogsedes
aegyptiL. andA. albopictugSkusé (Lucia et al. 2008, Cheng et al. 20@®)dmay be
toxic to the bean weevilAcanthoscelides obtect&sy) and the western flower thsp
(Frankliniella occidentalidPergrande(RegnauktRoger and Hamraoui 1995, Janmaat et
al. 2002) In addition, pcymene may also be a repellent for the Colorado potato beetle
(Leptinotarsa decemlineat8ay) (Schearer 1984)Other insects may useqymene as a
kairomone o find their host plants: theedfly (Ceratitis capitataWWeidemanh may use
p-cymene to assist it in locating mandéangifera indical..) (HerndndezSanchez et al.
2001)and the lueberry maggot fruit fly Rhagoletis mendaRurrar) and European
grapevine mothL(obesia botrandenis and Schiffermull¢ican detect fymene and
aggregate on plants which produce the voldtilggemwva et al. 1989, Gabel et al. 1992)
Honey beesApis mdiferal.), not only detect{ctymene, but can be trained to recognize
it as a cue to extend its proboscis for feeqBigght et al. 1997)B | i ght 199%) al
results, however, do not implyqgymene is a foraging cue: honey bees can be trained to
exhibit the same responses even to volatiles which are repellent or unattrattiem to
(Menzel 1985, Lua et al. 2008)

U-Pinene has been studied for its relationship to insect behaviour and has been
described as a prominent component of floral scent of many gkemisisen et al. 2006)
Much of the research ontine r a ¢ t i 0 npinenb ant inseotsrare téntered on forest
entomology as the volatile may asga kairomone for many wood boring beet(bstller

2007) Beyond f or-mnerehas beeroshown to rgayearietybf impacts
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on insect behaviour. The volatile is reported to have repellent characteristics for the
American cockroachReriplaneta americand.) (Ngoh et al. 1998and toxic effects on
the bean weevilAcantioscelides obtectusay) (RegnaukRoger and Hamraoui 1995)
spruce beetledendroctoms rufipenniKirby) and eastern larch beetl@gndroctonus
simplexLeContg (Wernerl1995) For s epmene pay berrdlated to piotection
from herbivorous insects: the volatileds p
which is under attack by beet armywof8podoptera exigubltibne) (Loughrin et al.
1994) | n ad dipihenechas beea showm to seducelbr mask the attractiveness
of host plant volatiles to herbivorous inse@¢lliams and Dodson 1972, Hori and
Komatsu 1997)

Dodsonetal. (19699t udi ed eugl ossi ne-pibeaeanmsnatn d s ug
attractive for themSimilarly, Schiestl and Roubik (2003) suggesteti apinend could
not be detected by the euglossbeeguglossa cybeli@dMoure)andEulaema
polychroma(Friese) However, like pcymeneBlightetal. (1997p1 so s howed t ha
pinene could be used to initiate foraging responses in trained honewbkis the
results of thexperiments blight etal. (1997)i n d i ¢ a-pimenetcdnde detected
by honey bees, -pinédneasandatiractaiilenzei 188p)Sigce the
euglossine bees and honey bees are both Apidae yet show differences in detection
ab | i t i-mnenefit e diffiddlt to predict how other Apidae, such as bumble bees,
may respond to the volatile.

The r oepinene ia pollindtion of tomato is further complicated by the
potential presence of limonene. Some research shows tloalma can prevent the

det e c t-pineme byirfsectNordlander 1991) While no limonene was detected in
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thesf | oral samples, it has been reported as
volatile prodution (Buttery et al. 1987, Runyon et al. 200&}hemical standards of
limonene run usinthispr ot oc o | el uted wit hphellandreng,a me r et
the largest peak ithesesamples.It is possible that imonene may have been present in
thesampl es of t omat o thisGGEMS@mtacbimay ltcaeemmissedih o we v e r

Transc ar y o p h y |-phelandrene, fz iy knee n fe-pireeme dhasWepellent
properties to arthropods, repatlithe two spotted spider mitédtranychus urticae
Koch) (Antonious and Snyder 2006 However, unlike the other volatiles collected from
tomato, transaryophyllene was only collected from Bigdena and only fidmi% of
samples.

Al | in all, the components of tomatods
of various arthropods, but rame has specifically looked at the effd@tthese volatiles
have on bumble bees. Even so, it is likely that some, if hateel be detected by at least
some species of bees. Many chemicals can play various roles in the ecology of different
insects(Rodriguez and Levin 1976Moreover, much of the research implying insect
responsestfloral scent is based on circumstantial evidence rather than experimentation
(Dobson 1994) Hencepumble beénteractonswith the chemical blends of tomato
flowerscannot be predicted her®@umble bees are goteat learning to use floral cues,
such as scent, to estimate the presence or absence of floral révarzs and Gumbert
2001, Laloi and Phardelegue 200430 it would be beneficial to determineadinato
floral scent could be used to estimate the presence or absence of pollen on tomato

flowers.
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The volatiles collected in this study have been collected from tomato vegetative
tissue in previous studi¢Buttery et al. 1987, Runyon et al. 2006, Antonious and Snyder
2006) althoughthistechnique did not yield all the volatiles collected in other studies.
Volatiles which were not founith this study were likely mdsed by ceelution with other
volatiles. Adjustments to the GK2S protocol may ensure all volatiles are collected in

the future.

38



CHAPTER 3. Tomato Flowers Stink: The Bumble Bee
Perspective.

3.1. Abstract

Greenhouse tomato production relies on padlioraby bumble bees. Some
growers have suggested that they experience difficulty with bumble bee pollination at
certain times of yearBumble bees are known to frequently leave tomato greenhouses in
order to forage on flowers of other plants for unknaeasons.This studyaimed to
determine i f tomatods floral advertisement
investigates which of tomatods fl oral <char
determining if the pouldbeusedbythd bees tolestimatev er t i s
pollen availability; (2) identifying temporal changes in floral display which correspond to
peakbumble bee activity; and (3) observing foraging preferences for bumble bees on
greenhouse tomatd-lower size (petal legth, anther cone width dranther cone length)
and floralscent(releaseo f -phbllandrene,2 a r e-pireene and {tymene)were
studiedin order to identify the pollinatemportant characteristics of tomato flowers.
Results show that (1) flower size and floral scent are not likely used by the bees to
estimate pollen avaitai | 1 t vy ; (2) components of tomat oo:s
during bumble beebs peak activity; and (3)
by flower bruising) idetteri n f | ower s wh-phellandiene ardi@acere | ess b
in comparisond flowers producing more of the volatileShosechemicalsnay beanti
herbivory volatiles andeducedoroduction during bee activitmay helpto facilitate
pollination of tomato. Pollinaterepellent volatiles may help to protect flowers from
damage caed by ovepollination.
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3.2. Introduction

Greenhouse tomataycopersicon esculentuliill ) is a high value and well
studied commodity of Canadaéds agricultural
largely for fresh fruit and vegetables: because &fi s, t he cropbés value
quality. Pollination has been identified as a critical component of successful tomato
production. Tomato plants do not set fruit without pollination and better pollination
results in improved quality fru{fFletcher and Gregg 19Q7Although tomato is self
fertile, its flowers require agitation in order to release pdidetcher and Gregg 1907)
from its poricidal anther@Buchmann 1983, Plowright and Laverty 198Ratural pollen
release is usually facilitated by external sources of agitation such as wind or pollinating
insects(Free 1970) Greenhouse environments typically obstruct wind and pollinating
insects from interacting with the crop; thus, greenhouse managers must manage for
pollination, leasing colonies of bumble beBsifhbus impatienSressorfor Ontario
greenhousesptpollinate their tomato plan{¥elthuis and van Doorn 2006, Morandin et
al. 2001c)

Bumble beesBombusspp.) have been shown to be adept pollinators of
greenhouse tomato over the lasptlecadegBanda and Paxton 1991, Kevan et al. 1991,
Abak and Dasgan 2005, Palma et al. 2008)e bees buzpollinate tomato by grasping
the flowers with theimandibles and vibrating their flight muscles to extract pollen.
Currently, bumble bees are the standard pollinators for greenhouse tomateviderld
(Velthuis and van Doorn 2006Despite their success as pudliors of greenhouse
tomato, difficulties still persist: some growers have suggested that their bumble bees are

not adequately pollinating their tomato crops. The reason for this pollination difficulty is
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still unknown, although some studies suggesthbatble bees leave greenhouses

through gutter ventilation whedV-impenetrablegreenhouseoveringsare used

(Morandin et al. 2001c, Sabara and Winston 20@3her research has shown that

bumbk bee colonies may in some instances collect much more pollen from plants outside
of greenhouse operations and return to the colony without pollinating the crop
(Whittington et al. 2004)

It is unknown why bumbléees attempt to forage outside tomato greenhouses that
are rich with resourcesWhittington and Winston (2003)etermined that bumble bee
coloniescan attain adequate nutrition from a tomaiy pollen diet, and that obtaining
resources additional tortwato pollen did not further benefit bumble bee colonies. This
suggests that bumble bees may not forage outside commercial greenhouses out of
necessity, but rather out of preference.

Little research has focused on bumble bee foraging preferences féotoma
Bumble bees have been shown to be adept in learning rewarding information; they may
use a variety of floral cues to assess the presence or absence of floral resources. Bumble
bees have been shown to recognize flsia (Ashman and Stanton 199%larer et al.

2002, display(Ishii 2006, Biernaskie and Gegear 20@9lour(Kunze and Gumbert

2001), scent(Kunze and Gumbert 2001, Laloi and PhBelegue 2004pr combinatios

of advertisementéKunze and Gumbert 2001uhau 1992, Kulahci et al. 20018)

assessing resource availability. No one has identified which (if any) floral characteristics
are indicative ofesource availability for tomato; but floral scent has been suggested

(Dobson 2005)

41



Pollinatorimportant floral characteristics can be identified by examining plants
for diurnal changes in floral display which correspond to pollinator ac{yalkobsen
and Olsen 199/4udareva and Pichersky 20@ffmert et al. 2005, Theis et al. 2007)
For some plants (such @sfolium repend.. andMirabilis jalapaL.) floral display and
especially floral scent is known to charmeer the course of a day in accordance with
their pol | i rfJakobsensndl Olbea h984y Effmertret al. 200%ke
pollinatorimportant floral characteristics tomatomay also bedentified through
observation of bumble bee foraging decisions in relation to tomato floral characteristics.

Tomatoflowerswere studiedn terms of both size and scent as well as bumble
bee activity in greenhouse$his studyaimed to (1) determine fforal advertisements
could be used to estimate pollen characteristics, (2) identify diclnaages in
greenhouse tomagmollen availability and floral scent/sizend(3) identify which floral

advertisements affect bumble bee foraging decisions onlgrese tomato.

3.3. Materials and Methods

3.3.1. Study r®a andPlant Production

All experiments were conducted at the Greenhouse ara$§3ing Crops
Research Center éfgriculture and AgrFood Canada (AAFGh Harrow, Ontario.
Chemical analyses oldfral volatiles were conducted AAFC London Tomato cv.
Bigdena and cv. Clarance were seeded on Auglig087 and transplanted into three
experimental greenhouses (8m x 13m) on Augu$t28@7. Bigdena and Clarance were

selected for their common usecommercial greenhouse tomato production in southern
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Ontario. All greenhouses were equipped with insect screens to prevent bumble bees
escaping from the experimental greenhouses. Each greenhouse was split into an east and
a west plot; eastlwaysbeing used for Clarance and west for Bigdena. Within each plot,

96 plants were grown two to a slab in@8 rockwool slabs and were organized in 8
north-south rows of 12 plantser row Plants were supported by overhead suspension

wires as is common pracidor greenhouse tomato producti@MAFRA 1998) To

avoid plot edge effectplants in the first and last rows of each plot as well as the first and
last plant of each rowere considered as border plants and were not saniptrdéd

3.1). Temperature within the greenhouses was @tbte range from day time highs to

night time lows of 22C and16°C, respectivelyand irrigation was modified weekly to

accommodate the chang needs of the plants in each greenhouse.

3.32. Experimental Procedures

3.32.1. Collection of Floral Scent

Floral scent was collected using a dynamic headspace collection giptéret
al. 2005) Beforesamping, all but one flower was removed from the flower cluster to be
sampled. Because removal of extra flowers could result in the release of wound response
volatiles entering the samp(Bare and Tumlinson 1997younded tissue was covered
with Teflon tape prior to sampling.

Medium Look! Brand®polyesteroven bags (imported by Reckitt Benckiser

Canada) were cut to 25cm by 25cm and used as sampling vessels. Each flower to be

sampled was covered with anoven bagwiwchs att ached by a pl asti
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Figure 3.1. Greenhouse layoutNinety-six Bigdena and 96 Clarance were grown in

each greenhouse, arranged into 8 rows of 12 plants. All plants were grown in 90 cm rock
wool slabs: two plantgere grown in each slab. For experiments involving bumbds,be

one colony was positioned in the centeoné end of the greenhouse as illustrated.
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pedicle. Air was allowed to enter into the sample bag through a labecatasjructed
activated carbofilter (20-60 mesh, Supelg¢@nd was pulled through of the bag through
ascent trap which collected the volatiles released by the flower. Scent traps were made
in thelaboratory using Borosilicate glass pasteur pipefté05 cmong, VWR) packed
with 10mg of SuperQ8§0-100 meshSupelco) column packing between two plugs of
silinized glass wool (Supelco) as describeddlsiman et al. (2005)Suction was
provided to the scent traps by a HYVAC 7 vacuum pump (Central Scientific Co.) which
was connected tall samples through a vacuum manifold, 13 rubber tubes and brass
stopcockgFigure 2.2. Rates of air flow through the scent traps were calibrated to
210ml/minz 5ml/min using brass stopcks to restrict air flow: &FM17 gas flow meter
(Aalborg; Orangebng, New York) was used etermineair flow rates. Flow rates for
each trap were calibrated immediategforesampling on each sampling instance.
Headspace volatile samphegre collectedrom 10 sample bags once. One of
the remaining thremubber tibes was used to collect volatiles from an empty $aivg,
a control, and twaubes were left disconnected to reduce negative pressure on the
vacuum pump.Sampling time duration varied by experiment. In studying floral display
and indication of floratewardsa one hour floral/olatile sampling period was used.
Two hours was used for studying the effect of floral display on pollinator activity. A
shorter duration was used in the floral display study to facilitate collection of floral scent
multiple times per day.
Scent traps were eluted using 500ul of dichloromethane. The solvent was forced
through each scent trap using a rubber nipple and collecledin g et dsSE GC

(Chromatographic SpecialtieBrockville, Ontariy. Samples were stored-4fC until
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transport t)AAFC London for chemical analyse Eluted solvent samples were analyzed
on aHewlettPackard 5890 Series Il G&fjuippedwvith a5971Amass selective detector
(ionization voltage 70ev) using scan maohel aJ & W DB-5 capilary column (®@m x
0.25mm, 0.25m film thicknes$ using helium as the carrier gas. Injector inlet
temperature was set 8@C, column temperature was maintained &iG€br 5 min,
then increased by ¥0/min until reaching a temperature of 280which was maintained
for 10 min. HP Analytical MSD Productivity ChemStation Softwavas used to analyze
the data. Vdlatiles were identifiechitially using the Wiley 7N librarandchemical
standardsvhen available Later analysg used retention time to identify all compoand
Chemical volumes presenttine samples were estimated by comparing sample peak
areas to external standards etétene analyzed using the same-K&S protocol.
Preliminary research indicated that this protocol yields foomaon volatiles in
tomato @. Bigdena andw. C| a-phallandrene,2ba r e-pirene and wymene.

Analyses of floral scent were conded with consideration for each of these volatiles.

3.3.22. Measuring Flower Size

Three characteristics of flower size were measurdd] fgngth, anther cone
length and anther cone width. Petal length was measured as the distance from the tip of
the petal to where the sepals meet at the base of the flower and anther cone length was
measured from the tip of the anther cone to wheredtsrtbe petals. Anther cone width
was measured at the widest point, generally near the base of the dithieakcallipers
(MastercraftCanadian TireTorontg Ontarig were used to ensure that all measurements

were accurate to 0.1mm.
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3.3.23. PollenQuantification

Pollen was collected by vibrating single tomato flowers over microcentrifuge
tubes for5 seconds using a commercial pollinating wand as describ&atoyand Peet
(2005) Once pollen had been collected, the anther cones weosedrand sired at
-4°C in a separate microcentrifuge tube. Before counting, all samples were allowed to
defrost at room temperature and were then mixed withl38fOvater and vortexed fdx
seconds using a Gilson GV Laliexer. The number of pollen grairdeased by
vibrating each flower was estimated by counting pollen santpsveremixedwith
water using the full grid of Bemacytometer.

After defrosting, each anther cone was mixed withub@d water and
homogenized in a Wheaton Tenbroeck 7s8uie grinder. Pollen present in those anther
cone samples was then estimated by hemacytometer. Total pollen grain production and
percent of pollen grains releasedredetermined using estimates of pollen release and

pollen remaining in the anthers.

3.3.2.4. Estimating Burhle Bee Foraging

Bumble bee pollination was estimated by grading flowers into one of five bruising
categories as defined Iorandin et al. (2004). Bruising categories range from 0 to 4:
a score of O represents a nasitedflower and 4 epresents very highly visitg&igure
3.2). Bruising scores closely approximate pollination success for tomato (Morandin et al.
20013 and they are now commonly used by specialists to determine tomato pollination

Success.
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Figure 3.2. Flaver bruising scores. Flowers were ranked from 0 to 4 based on bruises
resulting from bumble bee foraging activity. Flowers which fall into the O category are
considered not to have been visited by bumble bees, while flowers in the 4 category are
consideed to have been heavily visited. The above figure is modified from Morandin et
al. (2001a).
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3.33. Experimental Desigand Analysis

3.33.1. Floral Displayand Indication of Floral Rewards

Flowers were examined for floral scent, flower size and palemacteristics at
three sampling times per dégam, 11:30am and 3pm) ovedays between November
14" and 28 2007. Five tomato cv. Bigdena and five cv. Clarance were randomly
selected for each sampling time. Plants would only be selected for pleisreant if at
least one open flower was presantl the plant had not previously been sampled for
floral scent For each sampling timecent was first collected ovéh, then flower size
was measured and finally polleslease ang@roductionwerequantfied.

Pearson correlations were used to identify whictheft o mat o6s f |l or al v
flower size characteristics could be used to predict pollen availability on the flower.
Analysis was repeated individually for each time of day and poolechi&rget

Scent profiles of plants at different times of day were compared using factorial
ANOVAs and agposthoc Tukey HSD comparison. When normality could not be
established through logarithmic, square root or exponential transformations, data were
compared sing a Kruskal Wallis test (for multiple comparisonsa ManrWhitney U-
test (for pairwise comparisonspll statistical analyses were conducted using SPSS

version 16.0.
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3.33.2. Effect of Floral Display on Pollinator Activity

Flowers in three gredouses were sampled for floral scent, flower size and
flower bruising caused by bumble bees. Floral characteristics which influenced bumble
bee foraging were determined by comparing flower bruising to floral scent and flower
size characteristics.

Eachof the three greenhouses was provided with one class A bumble bee colony
(Biobest® Leamington, Ontaripdonsistingof six workers and one queen. Colony
populations were maintained at six workers for the complete experiment through weekly
CO, anesthetiation and removal of excess workers and brood. Management of colony
populations was essential to ensure that bumble bees could not pollinate all available
plants: bees were forced to choose which flowers to forage on and which to avoid.
Colonies were rotatl at random between greenhouses once per week and their activity
was recorded using bee counters attached to colony entrances as desdfieahbst
al. (2009) Bumble bee colonies were always set on top of two bricks in a tub of water to
prevent antérom entering the coloniegigure 3.3. All colonies were placed in
greenhouses on Septembel 2D07; tracking of bumble bee activity using bee counters
was conducted between Septembét 48d November?2007.

Five plants per cultivar in each grehouse were sampled for floral scent and
flower size once per week for three weeks between Septentban@®ctober 112007
(n=15/greenhouse/cultivar). Sample plants were randomly selected two days before scent

collection and floral measurements.ais for this study were selectexly if at
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Figure 3.3. Bumble bee colonyBumble bee colonies were kept on top of two bricks
set in a tub of water to prevent ants from entering the colony.
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least one flower beginning anthesis was preselowdts were selected during anthesis
because bumble bees could not have foraged on them yet.

Experimental ibwers were then covered with mesh bags to prevent bumble bees
from foraging on them until after they had been sampled for floral scent and fawer
two days later. Floral scent, for many plants, is known to change follgeifigation
(Tollsten 1993 Euler and Baldwin 1996, Schiestl et al. 199iéddareva and Pichersky
2000,Negre et al. 2003, Muhlemann et al. 2QG6¢refore sampling floral scent after
pollination can lead to discrepancies between the volatiles collected and the volatiles
encounteed by the pollinator. After anthesis, flowers were sampled foit ssen 2 h
from 8am to 10am. Flowers were then measured for size and marked by labels. Flowers
were left urcovered for 24 fallowing bumble bees to forage on them, after which each
flower was rated for bumble bee bruises as describ&tbipgndin et al. (2004).

Data from all three greenhouses were pooled and flower bruising scores were
analyzed for correlations against all measurements of flower size and floral scent using

Pearsoncerel ati ons (U = 0.05) . All statistical

3.4. Results

3.4.1.Floral Displayand Indication of Floral Rewards

Pollen characteristics coutwt be consistently estimated based on any floral
measurement or the quawgtof any floral volatile. Significant correlations consistently

differed between times of day and cultiviaeble 3.1 3.2. Pollen release in Bigdena

52



Table 3.1. Correlations between pollen characteristics and floral characteristics
over three timesof day for Tomato ov. Bigdena.

Flower size(mm) Floral scen{ng)
Anther  Anther b-
Petal cone cone | phellandre 2-carene v p-
length width length ne pinene cymene
Pooled
Pollen r= | -0.316* 0.156 0.020 -0.197 -0.156 0.120 -0.141
release n= 65 65 65 67 67 40 42
p=| 0.010 0.215 0.847 0.111 0.208 0.463 0.372
Pollen r=| -0.204 0.163 0.071 -0.115 -0.106  -0.028  -0.086
production| n= 65 65 65 67 67 40 42
p=| 0.104 0.194 0.574 0.353 0.392 0.866 0.589
Pollen r= | -0.314* 0.092 0.015 -0.199 -0.162 0.124 -0.158
percent n= 65 65 65 67 67 40 42
release p=| 0.011 0.465 0.909 0.106 0.191 0.444 0.317
8:00 am
Pollen r=| 0.142  0.485* 0.143 -0.015 -0.031 0.452 0.577*
release n= 22 22 22 23 23 13 15
p=| 0.529 0.022 0.525 0.945 0.888 0.121 0.024
Pollen r= | 0.085 0.210 0.255 0.059 -0.051 -0.135 0.162
production| n= 22 22 22 23 23 13 15
p=| 0.706 0.349 0.252 0.790 0.816 0.661 0.565
Pollen r=| 0.002 0.433* 0.155 -0.127 -0.104 0.492 0.553*
percent n= 22 22 22 23 23 13 15
release p=| 0.992 0.039 0.610 0.564 0.637 0.088 0.032
11:30 am
Pollen r= | -0.526* -0.340 -0.258 -0.490* -0.443* -0.133 -0.362
release n= 22 22 22 23 23 16 15
p=| 0.012 0.122 0.246 0.018 0.034 0.625  0.185
Pollen r= | -0.188 0.062 0.053 | -0.588** -0.523** -0.491 -0.471
production| n= 22 22 22 23 23 16 15
p=| 0.403 0.783 0.816 0.006 0.009 0.054 0.076
Pollen r= | -0.458* -0.378 -0.240 -0.423* -0.361  -0.048 -0.395
percent n= 22 22 22 23 23 16 15
release p=| 0.032 0.083 0.282 0.044 0.091 0.860 0.146
3:00 pm
Pollen r=| -0.392 0.043 0.185 0.011 -0.006 0.174  -0.242
release n= 21 21 21 21 21 11 12
p=| 0.079 0.852 0.421 0.961 0.978 0.608 0.449
Pollen r= | -0.474* 0.138 -0.147 0.176 0.179 0.452 -0.023
production | n= 21 21 21 21 21 11 12
p=| 0.030 0.550 0.523 0.445 0.437 0.163 0.942
Pollen r=| -0.369 -0.018 0.142 -0.045 -0.68 0.129 -0.271
percent n= 21 21 21 21 21 11 12
release p=| 0.100 0.937 0.540 0.846 0.770 0.705 0.395
*indicates significace at the U = 0.05 | evel
**jindicates significance at the U =
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Table 3.2. Correlations between pollen characteristics and floral characteristics
over three times of day for Tomato @. Clarance.

Flower size(mm) Floral scen(ng)
Anther  Anther b-
Petal cone cone | phellandre  2- p-
length width length ne carene Upinene cymene
Pooled
Pollen r=| -0.082  0.249* 0.014 -0.163 0.160 -0.045  -0.092
release n= 70 71 71 74 74 33 44
p=| 0.501 0.036 0.909 0.166 0.173 0.803 0.554
Pollen r=| -0.172 0.343* 0.137 -0.117 0.092 0.041 -0.065
production | n= 69 70 70 73 73 32 43
p=| 0.157 0.004 0.257 0.322 0.438 0.828 0.677
Pollen r=| 0.006 0.149 -0.024 -0.169 0.146 -0.182  -0.178
percent n= 69 70 70 73 73 32 43
release p=| 0.964 0.218 0.845 0.153 0.219 0.318 0.253
8:00 am
Pollen r=| 0.076 0.365 0.103 -0.315 -0.281 0.163 0.230
release n= 23 23 23 25 25 6 12
p=| 0.732 0.087 0.683 0.125 0.174 0.757 0.472
Pollen r=| -0.148 0.433* 0.364 -0.271 -0.245 0.356 -0.239
production| n= 23 23 23 25 25 6 12
p=| 0.499 0.039 0.088 0.190 0.238 0.48 0.454
Pollen r=| 0.428*  0.195 -0.84 -0.135 -0.107  -0.024 0.309
percent n= 23 23 23 25 25 6 12
release p=| 0.041 0.372 0.704 0.520 0.610 0.964 0.328
11:30 am
Pollen r=| -0.114  0.133 0.012 -0.153 0.407* 0.029 -0.098
release n= 24 24 24 25 0.043 13 18
p=| 0.595 0.563 0.954 0.466 25 0.926 0.699
Pollen r=| -0.228  0.392 0.138 -0.163 0.321 -0.006  -0.130
production | n= 23 23 23 24 24 12 17
p=| 0.296 0.064 0.530 446 0.126 0.986 0.619
Pollen r=| -0.093  0.080 0.091 -0.254 0.296 -0.093  -0.217
percent n= 23 23 23 24 24 12 17
release p=| 0.674 0.715 0.679 0.231 0.160 0.773 0.402
3:00 pm
Pollen r=| -0.266  0.179 -0.073 -0.037 -0.032  -0.054  -0.337
release n= 23 24 24 24 24 14 14
p=| 0.220 0.402 0.734 0.865 0.881 0.855 0.238
Pollen r=| -0.211  0.196 -0.008 0.095 0.087 0.213 0.061
production | n= 23 24 0.972 24 24 14 14
p=| 0.334 0.357 24 0.658 0.685 0.464 0.863
Pollen r=| -0.263  0.162 -0.136 -0.142 -0.134 -0.211  -0.486
percent n= 23 24 24 24 24 14 0.078
release p=| 0.225 0.488 0.525 0.507 0.532 0.469 14
*indicates sigfii cance at the U = 0.05 |level
**jindicates significance at the U =
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wassignificantly correlated to anther cone width (P = 0.022) aognpene (P = 0.024) at
8: 00am; pet al tpeetiagdrehe (B #°0.0£8) ahecAdeheH 5 0.084) at
11:30am; anadho correlations were detectatt3pm. On the other hand, pollen release in
Clarancadid notsignificantly correlat¢o any floral characteristicat 8:30am; Zarene
significantly correlatedP = 0.043) at 11:30am; amd correlations wereedectedcat 3pm.
Pooled pollen release data also differed between cultivars; significantly correlating to
petal length (P = 0.010) in Bigdena and nothing in Clarance. Because of this, it is not
possible to say which (if any) of floral characterisb€somatocould be used to predict
pollen characteristics.

None of the measured characteristics of floral display were significantly affected
by time of day for Bigdenal@ble 3.3. For Clarance, howevaglease othe floral
volatilesb-phellandrene (k59 = 8.645 P = 0.01), (+2-c a r e’n ¥1.B0, ® = 0.004)
and pcymene (R220)= 5.852 P = 0.017) differed between times of day, all of which
were produced less during the morning hdabas later in the dafFigure 3.4, Table 3)4
Pollen productn, release and release percentage did not significantly differ between
times of day for Bigdena (gs»= 0. 305, P %£. 067% 45P1.384F0= 375;
0.501, respectively) or Clarance gFsg)= 0.564, P = 0.599; [, 59)= 0.02, P = 0.98 2= G
0.268, P = 0.867, respectively). Complete results for time of day comparisons of floral

characteristics are illustrated Appendix 3.1
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Table 3.3. Effects of sampling time on tomat¢cv. Bigdena) floral characteristics.
No floral or pollen characteristics were significantly impacted by time of day.

Time of day Sample day Day*time

Floral Normality Test effect effect of day
Characteristic
Pollen release not normal Kruskal = 1.964
Wallis df=2
P=0.375
Pollen production  normal ANOVA F =0.305 F=5.867* F=1.085
df = 2,52 df = 4,52 df = 8,52
P =0.745 P=0.016 P =0.388
Pollen release% notnormal  Kruskal  &°=1.384
Wallis df=2
P =0.501
b-phellandrene log ANOVA F =0.098 F=4.270* F=0.738
df =2,54 df =4, 54 df =8, 54
P =0.908 P =0.038 P =0.657
2-carene log ANOVA F=0.634 F= F=0.270
df =2,54 15.464** df =8, 54
P=0553 df=4,54 P =0.973
P =0.001
Upinene not normal Kruskal ¢’=0.137
Wallis df =2
P= 0.934
p-cymene log ANOVA F=1.43 F=2709 F=1.242
df = 2, 28 df = 4, 28 df =8, 28
P=0.277 P=0.106 P =0.312
Anther cone width  normal ANOVA F=3.103 F=1.222 F=0.257
df =2, 52 df = 4, 52 df =8, 52
P =0.092 P=0.372 P =0.977
Anther cone length  not normal Kruskal 6°=2.722
Wallis df =2
P = 0.256
Petal length log ANOVA  F=2.641 F=2794 F=0.879
df = 2, 52 df = 4,52 df = 8, 52
P =0.129 P =0.129 P =0.540
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Figure 3.4. Mean quantities (ngt SE) of four floral volatiles collected from tomato
(cv. Clarance)flowers at three times of day.Different letters indicate significant
differences bhsed on ANOVA and Tukey tedtso +p hfe | | a npihene (og) and
cymene (log). arene was analyzed using a Kruskal Wallis Test and NMéminey
UTests U = 0.05.
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Table 3.4. Effecs of sampling time on tomato (e. Clarance) floral characteristics.
On | -phelandrene, 2arene and4symene production were significantly affected by

time of day.
Time of day  Sample Day*time
Floral Normality Test effect day effect  of day
Characteristic
Pollen release squareroot  ANOVA  F=0.020 F=0826 F=1.768
df =2, 59 df=4,59 df=8,59
P =0.981 P=0544 P =0.102
Pollen production log ANOVA F =0.564 F=2.062 F=1.698
df =2, 58 df=4,58 df=8,58
P =0.599 P=0.178 P=0.118
Pollen release% not normal Kruskal ¢ =0.286
Wallis df =2
P =0.867
b-phellandrene normal ANOVA F=8.645** F=2270 F=0.675
df =2, 59 df=4,59 df=8,59
P =0.010 P=0.150 P=0.711
2-carene not normal Kruskal ¢ = 11.280**
Walllis df=2
P =0.004
U-pinene log ANOVA  F=2.840 F=1536 F=0.566
df=2,21 df=4,21 df=8,21
P=0.139 P=0.349 P =0.725
p-cymene log ANOVA  F =5.852* F=3.560* F=0.464
df =2, 29 df=4,29 df=8,29
P =0.017 P=0.045 P=0.871
Anther cone width  log ANOVA F =0.853 F=0.785 F=0.201
df = 2, 56 df=4,56 df=8, 56
P=0.460 P=0.565 P=0.990
Anther cone length normal ANOVA F =0.598 F=1364 F=2737*
df =2, 56 df=4,56 df=8,56
P=0.573 P=0.327 P=0.013
Petal length normal ANOVA F =0.159 F=3.953* F =0.659
df =2, 55 df=4,55 df=8,55
P = 0855 P=0.046 P=0.725
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3.4.2 Floral Display and Bee Activity Over the Day

Bumble bee counters in all three greenhouses recorded activity being highest
during the morning hours and tapering off throughoutitine Figure 3.5). Peak activity
of bumble bee coloris s e e me d t -pheladeney(+P\ware@aenanddp

cymene were at their lowestvelsin Clarance.

3.4.3. Effect ofléral Display on Pollinator Activity

Of all characteristics observeahly bruising scoresveresignificantly and
negativelyo r r e | aphalahdréne and@arene production for both cultivarbaple
3.5). For Clarance, however, petal length also correlated significantly to bruising (
-0.332*,P = 0.032), indicating that tomato petal length may affect pollinatioisidas

by bumble beesT@ble 35). Further results are presentedppendix 32.

3.5. Discussion

Theseresultsindicatethat (1) pollen production, release and release percentage
cannot likely be predicted for tomato flowers based on flower sizerat #oent; (2for
Clarancefloral volatiles are releasedledsur i ng t he bumbl e beeds
than during lower activityand @) bumble bees prefer tomatw (8igdena and Clarance)
fl ower s t hphdllandrene &nd-Garensoser flowers which produce mare
Difficulties in bumble begoollination of greenhouse tomato may be linked to unattractive

volatiles naturally produced by the flowers.
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Figure 3.5. Diurnal bumble bee activity profile in three tomato greenhousesA B

and C represent the hourly average number of entrances or exits of bumble bees from a
colony in greenhouse A, B, or C (respectively) over 26, 32 and 32 days (respectively).
Number ofsampling days differed between greenhouses due to errors in bee counter
recordings: days kere errors were detected could not be analyzed due to data
unreliability. D represents the average activity in all three greenhouses combined for a
total of 90 days Black arrows indicate the time at which scent samples and flower
measurements were taken.
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Table 3.5 Correlations between flower bruising scores and floral characteristics
pooled for all three greenhouses.

Anther  Anther

b- 2- U p- Petal  cone cone

phellandrene carene pinene cymene| length length  width
Bigdena r= -0.325 -0.341 -0.296 -0.260| -0.013 -0.135 0.014
bruising p= .031 0.023  0.060 0.174| 0.932 0.383 0.927
n= 44 44 41 29 44 44 44
Clarance r= -0.422° -0.449  -0.292 -0.274| -0.332 -0.073 -0.253
bruising p= 0.005 0.003 0.157 0.271| 0.032 0.646 0.106
n= 42 42 25 18 42 42 42
*indicatessyni fi cance at the U = 0.05 evel

I
**jindicates significance at the U 0.01
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Although bumble bees are adept learners of rewarding information, it does not
appear frontheseresults that their learning abilities could assist them in estimating
pollen availability in either Clarance or Bigdena. Correlations between pollen and floral
characteristics were inconsistent between times of day for both cultivars: correlations in
one time of day were rarely repeated in others. Because diuhmble beeforaging
preferences for tomato flowerserenotlikely related to predicting resource availability.

Theser esul t s suggest t iplellandfecer2ararteanndp ast Cl ¢
cymene were all produced significantly légsunpollinated flowersluring the bumble
beeds petanks la additiow, braisyng scores showed that bumble bees foraged
moreheavily on fl owers of bopghélandrenkand2 ar s whi
car ene. -ph@landrena and-Rarene could not be consistently used to imply
resource availability (no correlation to pollen characteristibgly may have been
unattrative tobumble bees!/}Pinene and ymene may alsbe unattractive tbumble
bees. Volumes of the two volatiles were often below the threshold of detection and thus,
t he s ampl -pineseiazdgzsy nfeonre Uver e s-phallaridrenreand® an f or
car ene. -pikeesapdigtyemelheds correlations to flow
insignificant, they were always negative correlations.

Production of volatiles that reduce pollination may seem coumtigitive,
although in some cases flowers have beemwsho produce volatiles which deter insects
(Gabel et al. 1992, Euler and Baldwin 1986ven potential pollinato©mura et al.
2000) In addition, pollinatoattractive volatiles are thought to have evolved from
herbivore repellent volatilg®ellmyr and Thien 1986, Pellmyr et al. 19%nd the

similarities between the two groups of chemicals ha¥egapne uanoticed(Rodriguez
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and Levin 1976) Plant production of insecepellent volatiles are usually based on

her bi vor y:-phdlandran@-at e n epmena amission has been shown to
significantlyincrease in vegetativessue which is under attack bybtacco hornworm

(Manduca sexté.) (Farag and Pare 2008) Egyptian cotton leafwornSfpodoptera

littoralis Boisduva) (Maes ad Debergh 2003) Pr o d tpletlandoene andf2 b

carene from vegetative tissue of tomato has been shown to be similar between day and

night (Farag and Pare 20Q2)oweverthis research showehat both of these volatiles
areprdduced by the plantds fl owers in | ower g
tomato flowers may produce these volatiles specifically for protection from herbivores,

the volatilesalsonegatively affecpollinators. By reducing he f | ower s6 pr odu
release othese volatilesluring peak bumble bee activitpmatoplantsmay be able to

defend themselveagainst herbivores without dramaticadligsuadingollinators.

The repel |l ent -pbellaadreaecandarens tb bumide bees mdy
benefit the plant through protecting its flowers. Herbivore damage is known to
encourage production of those volatiles by vegetative tissfuitesnato(Farag and Pare
2002) so the same may be true of floral damage. Sometimes bumble bees can
aggressively forage on tomato, pulling apart the anther cone and exposing the stigma, or
destroying the flower entirely (personal observation}orfato flowers incrased
pr od u c tphetlamdremd andearene after pollination or excessive floral damage,
they might reduce the likelihood that other bumble bees would visit them and so
potentially reduce floral destruction before fruit set.

Postpollination changes floral scent emission ammon(Tollsten 1993,

Negre et al. 2003, Muhlemann et al. 2086) pollinated flowers sometimes become less
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attractive to pollinatoréSchiestl et al. 1997)Therefore, pollinators may be more likely
to visit other urpollinated flowers on the same pldBchiestl et al. 19974nd less likely
to damage alreadyollinated flowergDudareva and Pichersky 2000Q)\lso, if floral
scent is increased tomatoflowers by foraging damage, bumble bees may simply use
the scent as an indicator of pollen depletion: flowers produnmg scent would be
more likely to have been visited earlier.

Most of the volatiles examindterehave been shown previously to have
repellent or toxic effects on insect speciepliellandrengeNdiege et al. 1996, Werner
1995 -pidene;Werner 1995, RegnadRoger and Hamraoui 1995ghh et al. 199&nd
p-cymene;Schearer 1984, Regnaltoger and Hamraoui 1995, Janmaat et al. 2002,
Lucia et al. 2008, Cheng et al. 2009jigher concentrations of these volatiles in tomato
flowers likely deter pollinators from foraging.

The results mrsened herdikely have significant implications for greenhouse
tomato growers experiencing pollination difficultiddnattractivenessf b-phellandrene
and 2carene, th largest components of tomdlkoral scent, to bumble bees may
encourage the insects to exit the greenhouse in order to forage on flowers which do not
produce repellent volatil es. ctiolmmaybein t omat o

part responsible for bumble bee pollination failure in some tomato greenhouses.
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CHAPTER 4. Managing Floral Scent for Bumble Bee
Pollination of Greenhouse Tomato.

4.1. Abstract

Bumble beesBombus impatienSressoh are the principle gbnators of
greenhouse tomataycopersicon esculentulill ) in Ontario. Some greenhouse tomato
growers have suggested that bumble bee pollination in their greenhouses is often
inadequate due to the insects leaving greenhouses to forage-oropgians.
Recentlytomato pollination was found to be best when release of some floral volatiles
was lowest Herepracticalmet hods of reducing tomatods f|
encourage bumble bee pollination of tomaite identified Tomat odyis fl or al
known to differ between cultivars and growth conditions; therefore two tomato cultivars
(Bigdena and Clarance) and three growth conditions (generative, traditional and
vegetatively grown plantsyere comparetbr floral scent production and bumbleebe
pollination successA choice testvas usedo determine if bumble bees preferred to
forage on plants grown in a generative or vegetative regittarance produced
significantly lesh-phellandrene, 2 a r e n epinenethéin ddiBigdena and in some
instancesad higher pollination ratesChoice tests illustrated that bumble bees prefer to
forage on the less scented vegetative tomato rather than more scented generati{fe plants
=110.094, P = 0.008)These resultsuggest that bumble bee pollinatiwigreenhouse
tomato can be encouraged by growing pollinafieendly cultivars and by growing

plants to be more vegetatiirehabit
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4.2. Introduction

Pollination is important for fruit set in many crop plants and pollination
techniques differ fronone crop to another. For greenhouse tomagoqpersicon
esculentunMill ) production, commerciallyeared bumble bee coloniddombus
impatiensCressorfor Ontario) have been used as the standard and most cost effective
pollination technique for nearlyb decadegVelthuis and van Doorn 2006)The
greenhouse t omaxclosiva usedofibsimble pesfor podirsation has been
based on the insectds superi or npgeshHniuesnat i on
(Banda and Paxton 1991, Kevan et al. 1991, Abak and Dasgan 2005, Palma et al. 2008)
or other commercially available pollinators such as honey (Bzgsla and Paxton 1991)
Despite the large scale success of bumble bees as pollinators for greenhouse tomato, their
use has not been without problems. Some growers have complained that their bumble
bees commonly extheir greenhouses to forage on fwop plants and research has
suggested that this is trg®abara and Winston 2003, Whittington et al. 2004)

In order to determine why bumble bees exit gherises to forage on nanop
plants,Whittington and Winston (2003pnsidered the possibility that bumble bees had
received inadequate nutrition in tomato greenhouses. Their conclusions illustrated that
colonies attained no added benefit from consurpwoiten of various plants when
compared to a tomatonly pollen diet(Whittington and Winston 2003)That suggests
that bumble bees are not leaving greenhouses for nutritional red&®essarch presented
in Chaper 3 suggestethatbumble bees preferred to forage on tomato flowers releasing

lower levels of floral volatiles These volatiles are nbkely produced in order to attract
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pollinators butatherto repel herbivores and potentially protect damaged flodvem
overpollination by aggressive pollinators.
Production of repellent floral sceby tomato plantsnay encourage bumble bees
to forage on other available flowers, including flowers external to the greenhouse
environment. No simple technique pratiag bumble bees from escaping greenhouses is
currently available. Vent screens have been tested for keeping both honéydteea
and Winston 2003and bumble beg¥ oneda etl. 2007)inside greenhouses, but
growers are concerned that the screens are an additional expense and would reduce their
ventilation capabilities. Heat stress is known to be a serious problem for fruit set in
tomato(Sato et al. 2000, Sato et al. 2D@6éd thus growers are likely more willing to lose
some pollination success in order to keep their greenhouse environment under control.
Because vent screens are not likely to be installed by growersllioapion, other
options need to be explored.
Tomato cultivars differ in growth and flower characteristics; it is possible that
some may differ in floral scent production and release as well. Through selecting lesser
scented cultivars growers may be adol@ncourage pollination in their greenhouses. To
our knowledge n@ne has ever compared tomato cultivars for floral scent production.
Similarly, growth conditions are also k
characteristics. The Ontario Ministry of Aguiture, Food and Rural Affails pub |l i cat i
317(OMAFRA 1998 describes two growth conditions for greenhouse tomato:
generative and vegetative growth. Very generative plants tend to have smaller flowers,
delayed fruit set and larger fruit loads. Vege®lants, in contrast, produce larger

leaves and flowers, smaller fruit and are more susceptible to d{§&d#d-RA 1998)

67



Vegetative and generatively produced plants tmeexesr been compared for pollinator
preference and because they are known to differ in floral advertisement, they may also
differ in pollinatorrepellent volatile production or in characteristics of their floral

display.

Tomato growers are obliged to balartbese growth conditions for their plants in
order to encourage a productive crop: a balanced crop may be referred to as being
Atraditional o0. Bal ancing these growth con
modifying environmental conditions within tiggeenhouse. Forcing plants to become
more generative can be done through increasing the day/night temperature differential
and irrigating plants less frequently but for longer periods. Encouraging vegetative
growth can be done through keeping temperatalese between day and night, while
giving plants short frequent irrigations throughout the (@VMAFRA 1998)

Environmental conditions also affect tomato growth and fmoduction(Hussey
1965, Peet et al. 1998, Gautier et al. 2001, Van Der Ploeg and Heuvelink Ei®zmted
temperature, specifilg, is known to reluce tomatgollen production, release,
germination success and pollen stazohtent(Abdulbaki and Stommel 1995ato et al
2000,Pressman et al. 2002, Sato and Peet 2005 Eiral. 2006, Sato et al. 200an
addition, temperature has also been implicated in affecting floral scesitefclover
(Trifolium repend..) (Jakobsen and Olsen 1994, Sagae et al. 20D reforejt was
reasoned that greenhouse environmental conditions ainpeddaicingplants vegetative
or generativen habitmay i nfl uence pollination of t omat

floral scent.
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This study aimed to determine whether two tomato cultigaosvn undethree
growth conditios would affectfloral scent sufficiently to affect bumble bee pollination
success.Comparisons were made betwd&htomato cv. Bigdena and.cClarane for
differences in pollination success and production of floral scent; (2) generative,
traditional and vegetatively grown tomato plants for differences in floral scent
production; and (3) flowers of vegetative and generative plants for bumble bee

preferace.

4.3. Materials and Methods

4.3.1. Study Area and Plant Production and Environmental Treatments

All work presented here was conducted using the experimental greenhouses at the
Greenhouse and Processing Crops Research CAAEC] in Harrow Ontaio. Gas
chromatography and floral chemistry were undertakéhegBouthern Crop Protection
and Research Cent@AFC) in London Ontaria Two tomato cultivars @re used for
this work: Bigdena an@larance. These two cultivars were ideal plants faehe
experiments because they differ in terms of growth rate and productivity and are both
commaly produced in greenhouses wushern Ontario. Plants were produced in three
cohorts: the first (1) was used for comparing Bigdena and Clarance as well asingmp
the effects of growth conditiorm floral scent (experiment 1). The second and third
cohorts (2a and 2b) were both used to compare pollinator preference of vegetative or
generative Clarangaants(experiment 2). Two cohorts were used in experir2eso

that plants would be approximately within one week of the at the time of sampling.
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Cohort 2a was used for the first two weeks of the experiment and cohort 2b was used for
the second two weeks. Cohort 1 (288 Clargiastsand 288 Bigdenplantg was

seeded on August®®007; cohort 2a (192 Claranpkanty was seeded on February’21
2008; and cohort 2b (192 Clararanty was seeded on MarcH 2008.

Experiments were conducted in three experimental greenhouses (A, B and C),
measurindm x13m Bumble bees were prevented from escaping these greenbguses
insect screeningn all vents. Each greenhouse was split into east and west plots of 96
plants arranged in 8 north/south running rows of 12 plants per row. For experiment 1,
Bigdena waslways grown in the east plot and Clarance was grown in the west. In
experiment 2, cohort 2b was grown in the east plot and cohort 2a was grown in the west.
All plants were grown in 90cm rockwool slabs and suspended by overhead suspension
wires as is comon practice in greenhouse tomato product@OMAFRA 1998) Plants
on the border of each plot wanet sampledo prevent edge effects.

For both experiments, each greensmuepresented a different environmental
condition treatment. All environmental conditions were representative of growth
practices common in tomato production and
vegetable specialist, Shalin Khosla. In experimegrdenhouse A was used to grow
generative plants; B for traditional plants and C for vegetative plants. In experiment 2;
generative plants were grown in greenhouse C, and vegetative plants in greenhouse A
with greenhouse B being used for exclusively fggexkmentation on plants which had
grown in the vegetative or generative treatment greenhouses. A detailed plot plan for

both experiments is describedrigure 4.1
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Figure 4.1. Plot plan for experiment 1 and 2.Plot plans for experiment 1 andeach

involved planting 12 plants per row in 8 rows per cultivar (for experiment 1) or 8 rows

per cohort (experiment 2). Generative and vegetative treatments were reversed between
experiments to ensure a plot effect was not affecting results.
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