Olfactory learning and coding in
honeybee: behavioral and physiological
evidences

Dissertation
to obtain the academic degree of
Doctor rerum naturalium (Dr. rer. nat.)

Submitted to the Department of Biology, Chemistng #harmacy
Freie Universitat Berlin

by
Neloy Kumar Chakroborty
from Barrackpore

July 2012



The research presented in this dissertation was caed out from April 2008 until
July 2012 in the Institut fir Biologie — Neurobiologie, Freie Universitat Berlin,
under the supervision of Prof. Dr. Dr. h. c. RanddliMenzel.

1% Reviewer. Prof. Dr. Dr. h. ¢. Randolf Menzel - Freie Unisiét Berlin

2" Reviewer. Prof. Dr. Dorothea Eisenhardt - Freie UniversBatlin

Date of defense: 18/09/2012



........................... To Atanu, Southik, Tudor and Amlan



This dissertation is based on the following manuspts:

Investigating the potential differences in olfactoy learning between the hygienic and non-
hygienic honeybees
Authors and Contributions: Neloy Kumar Chakrobatyl Randolf Menzel

Designed the experiment: NKC and RM. Gathered thta:dNKC. Analyzed the data: NKC.
Wrote the paper: NKC and RM.

This manuscript will be submitted for publicationan international peer reviewed journal.

Characterizing the learning and memory performancesof the individual honeybees using
the cumulative olfactory conditioning paradigm
Authors and Contributions: Neloy Kumar ChakroboByyren Pamir and Randolf Menzel

Designed the experiment: NKC and RM. Gathered #ia:dNKC. Analyzed the data: NKC and
EP. Wrote the paper: NKC and RM.

This manuscript will be submitted for publicationan international peer reviewed journal. We
received valuable suggestions from Dr. Gérard LBbdo(GL) on the design of the assay
(experiment).

Olfactory adaptation changes the glomerular respores strengths and representations of
odors in honeybee antennal lobe
Authors and Contributions: Neloy Kumar Chakrobatyl Randolf Menzel

Designed the experiment: NKC and RM. Gathered thta:dNKC. Analyzed the data: NKC.
Wrote the paper: NKC and RM.

This manuscript will be submitted for publicationan international peer reviewed journal.



Zusammenfassung

Honigbienen besitzen die Fahigkeit eine Vielzam @iiften anhand von unterschiedlich langen
Kohlenstoffketten und unterschiedlichen funktioma@&ruppen zu unterscheiden. Dufte sind flr
diese Tiere wahrend der Futtersuche und im Stock kommunikation von hochster
Wichtigkeit. Bienen lernen Difte im Labor in untengedlich komplexen Lernexperimenten.
Hierfir bedient man sich der olfaktorischen Koratiterung des Proboscisstreckungsreflexes
(PER). Mit Hilfe solcher Konditionierungsexperimenuntersuchte ich die Einflisse von
verschiedenen Lern- und Gedachtniseigenschaften daif Performance von Bienen in
komplexen Formen olfaktorischen Lernens. Zusatzlichbe ich (opto-)physiologische
Messungen an olfaktorischen Neuronen im Bienengelorgenommen, um den olfaktorischen
Code in Gegenwart von komplexen Hintergrunddifteruatersuchen. Im ersten Kapitel dieser
Dissertation untersuchte ich die Rolle von Olfaktizei der Aufspurung der pathogenen Milbe
Varroa in den Brutzellen von Honigbienen. Die Ergebnigseggen, dass Bienen mit einer
hoheren Resistenz gegevarroa-Milben besser zwischen den Diften von gesunder und
infizierter Brut unterscheiden konnten. Dies dewstark darauf hin, dass resistente Bienen von
Varroa parasitierte Brut durch olfaktorische Merkmale eznken konnen. Im zweiten Kapitel
wurden die Bienen mit Hilfe einer kumulativen (kdewen) Form der olfaktorischen
Konditionierung trainiert um die Ergebnisse der sebiedenen Typen von lernbezogenen
Performerklassen interpretieren zu konnen. Ich faedaus, dass die Geschwindigkeit des
Duftlernens und Duftunterscheidbarkeit die beidegeBschaften sind, die die Performance von
allen Typen von Performerklassen am meisten bess#h. Im letzten Kapitel untersuchte ich
unter Anwendung der opto-physiologischen Technikivo Calcium Imaging die Effekte von
olfaktorischer Adaption auf den Duftcode im Antellolaus. Meine Ergebnisse zeigen, dass
Adaption an einen komplexen Hintergrundduft die warttstarke erhdht und das glomerulare
Aktivitatsmuster von zusatzlich prasentierten Eidid#ten veréndert. Diese Ergebnisse tragen
dazu bei, die Rolle von Hintergrunddiiften in der ¢gétoung beim neuronalen Coding und das
Lernverhalten von Duftinformation in der Honigbidmesser zu verstehen.

Summary

Honeybees have superior abilities to learn andridigtate between enormous number of odors
with different carbon chain length and functionabup. They learn odors outside the colony
during foraging as well as inside the colony whitenmunicating with the hive comrades. Bees
can be trained to learn odors in the laboratorgimple and complex forms of learning assays
using the popular conditioning paradigm namely, tifactory conditioning of proboscis
extension reflex (PER). | used the same olfactdf® Ronditioning assay and investigated the
influences of different learning and memory relategtures on the overall performance of bees
in complex form of olfactory learning. In additiohrecorded physiological responses from the
olfactory neurons in honeybee brain to understdred dlfactory coding in presence of the
complex background odor used for adaptation. In firg chapter of this dissertation |
investigated the role of olfaction in honeybeeslétect the presence of pathogeviarroa mite
inside the brood cells. Results showed that be#s lgher resistance against tiarroa mite



were able to distinguish between the odors of #wdthy and infected brood better than the less
resistant bees. This strongly indicated that rastsbees possibly detect tWarroa parasitized
brood through recognizing their abnormal odordimdolony.This also indicated that honeybees
can possibly learn the odors associated withVidneoa infection in presence of the adapting
background odor of the honeybee colohy the second chapter a cumulative form (complex
form) of olfactory conditioning assay was used aint bees to identify and understand the
behavioral characteristics of the different typédearning related performer classes present in
the population of honeybee. | found that speeddafr dearning and odor discriminability were
the two most important features that strongly ieficed the overall performances of all types of
performer classes in honeybee. Furthermore, in tthied chapter | used the popular
neurophysiological technique wof vivo calcium imaging and investigated the effects tdaibry
adaptation on the odor coding of the antennal glbmeruli. My results showed that adaptation
with the background of complex odor stimuli changjegl response strengths and representation
patterns of odor in the glomeruli which togethenfomned the change in odor coding scheme of
the glomerular coding space. These results altegetbntributed further to the understanding of
neural coding and behavioral learning of odor infation in honeybee.

Key words: Hygienic behavior,Varroa mite, Cumulative conditioning assay, Performer
classes, Adaptation, Glomeruli



Abbreviations

ABPV Acute bee paralysis virus

AL Antennal lobe

AS Adaptation stimulus

CCD Colony collapse disorder

CR Conditioned response

CS Conditioned stimulus

DC Differential conditioning

DWV Deformed wing virus

EAG Electroantennogram

ED Euclidean distance

Ger Geraniol

IAA Isoamyl acetate

IAPV Israeli acute bee paralysis virus

KBV Kashmir bee virus

[-ACT lateral- antennocerebral tract

LA Linolenic acid

LIB Landerinstitut fir Bienenkunde

Lina Linalool

LN Local neuron

MB Mushroom body

m-ACT median- antennocerebral tract

OA Oleic acid

OB Olfactory bulb

ORN Olfactory receptor neuron

PEA Phenethyl acetate

PER Proboscis extension reflex

PN Projection neuron

PRC Pyramidal cell

RM-ANOVA Repeated measurement analysis of
variance

us Unconditioned stimulus

WMP (test) Wilcoxon matched pairs (test)

SAP Sting alarm pheromone

GRP Glomerular representation pattern
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Chapter-1: Introduction
Chapter -1

Introduction

Honeybee, member of the insect order Hymenoptera isusocial insect with the
characteristics of cooperative brood care by thembmrs of the colony (society),
overlapping generations of members and the reptv@udivision of labor amongst the
comrades of the colony. Worker bees, the laborefaicthe colony start their working
life as caretakers of the in-hive requirements sagltleaning the hive, preserving the
honey in the tightly sealed combs, taking carehef developing brood, attending the
gueen, feeding the drones, building the new comb arating the hive walls with the
propolis etc. As the workers grow older they starswitch from performing the set of
intranidal tasks into the more outside-task suclioesging (Seeley and Kolmes 1991).
Foraging for food (nectar, pollen) is a common deatin this regard which builds up the
food reserve of the honeybee colony during thengpaind summer when the outside is
enriched with the food sources. However, summerdgan of the workers is limited to
few weeks compare to the few months of life timeimy the long winters (Ribbands
1964; Sakagami and Fukuda 1968). Hence, worker leees the necessary skills for
successful food foraging within shorter period iofe during the summer. Learning the
color and olfactory information of flowers are oifgh importance for efficient food
foraging on the floral patches. Honeybees are wgllipped to learn both types of
sensory stimuli as showed in previous studies wiess were trained on different colors
and odors to associate the sucrose reward in deeflying conditions (von Frisch K
1914; Menzel and Erber 1978; von Frisch K 1919;khast al, 1999). Among the
different sensory modalities olfactory pathway igliwstudied in honeybee from the
behavioral manifestation until the cellular corteta of learning and memory.
Conditioning the proboscis extension reflex in hdree with the olfactory stimulus or
the olfactory PER conditioning paradigm in thisaetyhas contributed substantially to
our understanding of olfactory learning behaviohoheybee (Kuwabara 1957). Bees in

this Pavlovian or associative conditioning paradigam be trained in the laboratory to
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Chapter-1: Introduction

associate an odor stimulus with the food (sucreee)ard to develop the long term
memory of the odor as predictor of the food rew@&ittermanet al, 1983). This popular
appetitive paradigm has been used to train bessmamy different ways such as with one
odor paired with the sucrose reward (absolute ¢mming: Bittermanet al, 1983), with
two odors where one odor follows the reward andather is unrewarded (differential
conditioning: Bittermaret al, 1983), with reversal conditioning where the redeeal odor

of the first differential conditioning (DC) becom@arewarded during the second round of
DC andvice versa(Hadar and Menzel 2010) and with the extincticerdéng paradigm
where the rewarded odor during the first phaseootitioning follows no reward in the
second phase of conditioning (Eisenhardt and Me29€l7). The robust olfactory
learning ability of honeybees in this paradigm baen utilized not only to understand
the behavioral and neural mechanisms of olfacteariing and memory in general
(Menzelet al, 1996; Menzekt al, 2001; Sandoet al, 2001; Ratfet al, 2011) but also
to untwist the role of olfaction in the specifichaioral aspect such as the hygienic
behavior or resistance against the pathogens (N&zdi, 2004; Swansoet al, 2009).
The term hygienic behavior was originally coinedRgthenbuhler to define the genetic
ability of the worker bees to detect, uncap andoethe abnormal or diseased larvae
from the colony to stop the spread of infestati@rlye (Rothenbuhler 1964). This
defensive behavior is vital for survival of the @y in the face of pathogenic burden
since honeybee probably do not have more numbémwiune effector genes in their
genome (Evans et al. 2006). Amongst the differes thseases, western honeybeés
melliferahas the effective resistance against the Amefimalbrood (Spivalet al, 2001)
but no effective resistance is found against th®pezasitic miteVarroa destructor
However, some of the honeybee colonies in Europk Aamerica were reported to
develop higher level of resistance than othersrsgdineVarroa pathogen (lbrahiret al,
2006; Ehrhardet al, 2006). These colonies breed as genetic linethiotrait of higher
behavioral resisatnce against tfiarroa mite are popularly known as the hygienic or
tolerant lines and colonies with lower levels ofistance are called as the non-hygienic
or sensitive lines. Bees of thggienic lines can detect and removeWagroa parasitized
brood early and more frequently than bees of themaienic lines which lead to the

better resistance against this ectoparasitic nhteyever the mechanism of higher
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Chapter-1: Introduction

behavioral resistance of hygienic bees is not kleknown. Results of the study
conducted by Nazzi and colleagues although shothedtrong connection between the
olfactory cues emanated from the body of Yferoa parasitized brood to initiate the
hygienic behavior inside the hygienic bee colomewever; usage of their hygienic bees
without the non-hygienic bees in parallel did noiswer the important question as
whether the hygienic bees compare to the non-hygieees possess better olfactory
perception or learning ability to the odors asseciawith theVarroa infection which
contributes to the higher brood-removal hence,ebédtygienic behavior of these bees

against theVarroa mite.

Role of olfaction to elicit the hygienic behaviogainst the Varroa mite

In chapter-2 of this dissertation we tried to answes question by comparing the
olfactory learning abilities of bees from colonieg#h higher (hygienic colonies) and
lower (non-hygienic colonies) levels of resistaacminst thé/arroa parasite. Olfactory
learning in the PER paradigm was used to answeiginestion. Honeybees can detect the
Varroainfection present inside the brood cells whilepesting the brood health from the
other side of the sealed brood cells as part aof théhive activity. Hence, bees definitely
detect some form of chemical signals which affim presence dfarroa in the brood
cells. At first we checked whether bees can disistg between the odor profiles of the
wax caps sealing the healthy and Wexrroa parasitized brood cells in the differential
olfactory paradigm. Bees from both genetic lineseniled to learn the discrimination
between the volatile odor profiles of the two typafs wax pieces. The following
experiment investigated the same issue more cloglegn bees from the two lines were
conditioned to learn the discrimination between thdatile odor profiles of the
parasitized and un-parasitized (healthy) pupae.|@/jpopae were taken into the syringes
for delivering odor stimuli. Pupal volatiles althgiu elicited lower overall conditioned
responses in bees of the two lines compared twéxevolatiles; however, unlike the last
experimenthygienic bees but not the non-hygienic bees wenadfdo discriminate
between the two volatile odor-bouquethile the parasitized pupae were used as the
rewarded or CS+ stimulus and the healthy pupaéeasitrewarded or CS- stimulus but

not in the opposite combination of the two CSs. $hecessful discrimination between
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Chapter-1: Introduction

the odors of the healthy and the parasitized pupathe hygienic bees indicated that
thesetwo honeybee lines differed in their olfactory l@ag abilities for the brood odors
This also indicated the possible general scenhablygienic bees use the olfactory cues
emanating from thé&/arroa parasitized brood to detect the infection (or abradity)
which leads to the better hygienic behavior of ¢éhleses against this parasitic mite.
However, these results did not confirm whetherélhte lines had general differences in
their olfactory learning abilities. To test thatygenic and non-hygienic bees were
conditioned with the sting alarm pheromone odaamsyl acetate (IAA) but were tested
during the memory retention tests with the noveliatrained odor (new CS), 1-hexanal
along with the CS+ odor IAA. This protocol testée effect of olfactory generalization
between the trained and the novel odors (CS neeg@sBrom both genetic lines were
found to learn the CS+ (IAA) odor similarly durirtige absolute conditioning but non-
hygienic bees compared to the hygienics showedfisigntly higher odor generalization
between the CS+ and CS new both during the short-dad long-term memory retention
tests. In addition, the non-hygienic bees showedsistent strong responses to the
stimulus, like filter paper (may be a neutral stinsy during the two memory retention
tests. When bees from these two lines were comaitiodifferentially with the high
concentrations of the floral odors such as geramal 1-hexanol, non-hygienic bees were
again failed to learn the discrimination both dgrithe conditioning and the retention
tests. Hygienic bees on the other hand learnedifeeimination task between these two
odors, like bees in our institute’s garden as regabpreviously (Maluret al, 2002).
Hygienic bees although showed significantly bettescrimination between the pupal
odors however, poor olfactory learning and memagyfgrmances of the non-hygienic
bees throughout the experimental season of 20G8ni&n) did not confirm the general
differences in olfactory learning between these tmes. Possibly, the non-hygienic
honeybee line had some general deficit to learn dHiactory information in PER
paradigm. Hence, the question of ‘general diffeesnic olfactory learning between the
hygienic and non-hygienic lines’ was not clearlgwaared in this chapter but the findings
indicated the possible role of olfactory chemoréicepprocesses to elicit the behavior of
brood-removal in hygienic bees againstaroa mite.

14



Chapter-1: Introduction

Chapter-2 of the thesis dealt with the olfactorgriteng of honeybees in the simple
(absolute and differential) conditioning paradigbug using both the simple (pure floral
or pheromonal odors) and complex forms of odor wiiifodor mixtures emanated from
the wax pieces or pupae). In chapter-3, a commax bf odor training protocol namely
the cumulative olfactory conditioning (multiple #es of differential conditioning and
memory retention test) was applied to train antttesbees with single or pure odors (in
place of complex odor stimuli). Results of chagtesalthough did not confirm the
possible differences in olfactory learnability beem the hygienic and non-hygienic bees
but using the backcrossed hygienic bee colonieshapter-3 (why backcross? see the
section ‘Honeybee colonies used in the assay’ apth-3)we investigated the learning
and memory performances of individual bees of tbpufation to characterize the
different performer classes behavioralBees from the hygienic colonies were used for
this purpose as it was patrticlularly interestingtést the different single brood odors
(odors released from the healthy and parasitizedd)ron these bees in the differential
conditioning during the cumulative assay. Differahtonditioning (DC) of the hygienic
bees in the laboratory background using the bratmtsowas somehow represented the
simpler version of the natural behavior of remasahe diseased brood when bees detect
them through the abnormal olfactory cues in presesicthe constant background of
colony odor (e.g. hygienic behavior against tferroa mite as studied in chapter-2).
Although the disease-associated single odor (phghatetate) used in the cumualtive
assay was isolated from the chalkbrood infectechkaSwansoet al, 2009) in place of
theVarroa parasitized brood; however, testing the hygiemiedowith these type of odors
made the connection between the motivations ofsitigations reported in chapter-2 and
3 as depicted in Fig. 1. Additioanlly, these twapters generally made the investiagtions

on the ‘olfactory learning and memory processedsonieybee’.

Typical characteristics of learning of the individu bees

Olfactory learning and memory mechanisms in honeylere studied for long time for
the population, rather than for the individual bddewever, recent study by Pamir and
colleagues (Pamet al, 2011) revealed some interesting aspects ofethiming behavior

of individual bees which were never detected in gupulation based performance
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Chapter-1: Introduction

analyses. This study analysed the results of tifiereint PER conditioning paradigms and
found that individual bees in the population wemgiable in their rate of olfactory
learning which created the population heterogenéityividuals were found to learn the
odor information in a switch-like or abrupt mannemlike the gradually increasing
conditioned or learned responses found commonlyhe population learning curve.

Additionally, it was also found that once the indival bees learned the association or no

Hygienic bees were used

Testing the discriminability
between the
healthy and diseased brood odors

Cha pte -2 Olfactory learning and memory Chapter- 3

Single + Complex (mixture) odors < Single odors
Simple conditioning protocols Complex conditioning protocol

N 7
Honeybees detect Farroarelated \\
odors in the background \
of the complex odor mixture of colony Olfactory perception, learning
\\ and memory
It is important to investigate \ ’
the odor coding (neuronal perception) \\
in honeybee under conditions
of olfactory adaptation with the \
background of complex odor stimuli \ .
such as the colony odor ~ K

AY

Chapter-4
Coding of single odors
in the adaptive background of complex
odor stimuli

Fig. 1: Schematic representation of the connectiortsetween the individual chapters of this
dissertation in terms of their respective goalsAs part of the common introduction it was
important to provide the possible connections betwthe different chapters of the dissertation
which was represented in this schematic diagranchiapter-2 (top left rectangular box) the
possible roles of olfaction in recognition of tNarroa infected brood inside the colony was
investigated using the simple olfactory PER leagnparadigms and both single and multi-
component odor stimuli. Although, all experimentsahapter-2 using the hygienic and non-
hygienic honeybees were performed in the laboratotyinside the honeybee colony; however,
bees were trained to discriminate between the ilmlador profiles of the healthy and tharroa
parasitized brood. This was important to understardbossible natural scenario of whether bees
can recognize the presence of the parasitic mitaugfin the olfactory cues. The same hygienic
bees were used in chapter-3 (top right rectandaday and conditioned in the complex form of
olfactory conditioning assay (cumulative olfactoopnditioning assay) with the goal to
behaviourally characterize the different learning amemory classes of the honeybee population.
The goals apparently were different between thepten&®2 and 3 but in the cumulative
conditioning assay bees were conditioned to disnete between the pure odors represented the
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healthy and the diseased brood. Although, the sésaasociated odor was isolated from the
chalkbrood infected larvae rather from Warroainfected brood, but the basic ideas of these two
chapters were related. Differential conditioninghyienic bees in the laboratory background
using these pure odors in chapter-3 was to sonemertimicked the natural behavior of brood-
removal from the colony through the recognitiontlé disease-associated olfactory cues in
presenece of the adapting background of the catoloy e.g. the hygienic behavior against the
Varroa mite as studied in chapter-2. Additionally, thése chapters commonly investiagted the
olfactory learning and memory processes in honeybeenection showed with the bold dotted
double arrow). In chapter-4 (lower rectagular boacium imaging of the antennal lobe (AL)
neuropil was performed unlike the behavioral leagnéxperiments performed in the other two
chapters. However, in chapter-4 we investigatedpibesible effects of olfactory adaptation on
the neural perception of odors or odor coding i Ab neuropil. Adaptation in one of the two
sets of experiments was achieved with the backgrador stimulus extracted from the honeybee
colony. Hence, chapter-4 although did not investidahe olfactory learning in the AL neuropil;
however, chapter-2 and 4 shared the common intévesnhderstand the phenomena of odor
perception and / or learning in honeybees in gérn@rachapter-2 bees were trained with the
isoamyl acetate under the condition of olfactorgdtion with the colony odor) or with respect
to the specific behavior (e.g. hygienic behavioniler the condition of olfactory adaptation with
the background odor of the colony (connection stlibwéth the bold dotted double arrow).
Chapter-3 and 4 rather were only connected withaeisto of the general interest to understand
the processes of olfactory perception, learning mednory (connection showed with the faint
dotted double arrow).

association (CS- trials of the differential conaliing or the extinction learning trials)
between the CS and the US they remained stableilearned state with high probability
for rest of the odor conditioning. Conversely, badsch did not show the PER during
the particular training trial also showed no-PERthwhigh probability during the
following trial and if they continued showing no-REintil the last conditioning trial then
they also showed no conditioned responses durmgniimory retention tests again with
high probability. These results confirmed the esise of the good and bad learning
performers in the heterogeneous behaving populatiah opened up the possibility to
characterize these extreme performer classes lwebhHyias well as to investigate the

possible other interesting aspects of the individuearning behavior.

Behavioral characterization of the different learng and memory performer

classes of the honeybee population

We analyzed the learning and memory performanceshefindividual bees in the
cumulative conditioning assay to characterize tifeerént performer classes of the

population. The experimental protocol of the curuéa conditioning assay was
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consisted of two phases using two different pdirsdors, with each phase had one round
of differential conditioning (DC) followed by thevb rounds of the memory retention
tests. This paradigm offered the advantage tothestindividual honeybees repeatedly
with 56 odor trials for 6.5 hours to perform thesific set of learning and memory tasks
which made the screening for performer classesh(sgcthe cumulatively good or bad
performers) stringent. In other words, performaee@luation of the individual bees
based on the total number of correct and incomesponses to the different CS stimuli
decreased the chances of selection of performessdban random responses. The
combination of the multiple phases of DCs and #tention tests also made it possible to
score the different learning and memory relatechbeinal features such as the speed and
consistency of the CS+ (rewarded odor) learningnduthe DCs, odor discriminability
during the DCs and the retention tests, odor seitgito the dilutions of the conditioned
odors, responses to the stimuli like filter paped @araffin oil of the individual bees
separately during the two phases of the assayoffeahce scores of individual bees in
these features were first evaluated using a sirspteing scheme (details given in
chapter-3). This was followed by the selection dfedent scorer or performer classes
(e.g. cumulatively high and low scorers) of theseéividual features as well as of the
overall or cumulative performance (summation offgrenance scores of all features) to
ask question such as
- how the performance scores of the different indialdfeatures such as the
learning speed, odor discriminability, sensitivity the overall responsiveness to
the conditioned stimuli influenced the scores dfeotfeatures generally (for
whole population) and in the specific scorer categ®
- whether the performance scores (higher or loweresgof any one or more of
these features were able to select the two extdasses of cumulative scorers
(best and poor cumulative performers) with highesbgbilities than the other
features. The idea was to check whether any siogi®ore of these quantified
features was able to predict strongly or influentrezlfinal performance levels of
bees in the cumulative olfactory conditioning assay
High variability in the performance scores of indivals for all of the learning related

features such as the speed of learning, odor dis@bility and sensitivity was the most
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salient feature found in the data. This prohibitieel formation of any visible scorer or
performer cluster while the cumulative performamsceres of the entire experimental
population (152 honeybees) were plotted; hence,ctimulatively best and the poor
performers were selected with the arbitrary crétesf higher and lower ranges of the
cumulative score. Nearly 14% bees of the populatieere selected as the best
(consistently good performance throughout the gssag ~13% as the poor cumulative
performers (consistently bad performance throughbet assay) with these criteria.
However, independent of performance dissimilaritiecemmon high correlation
(Pearson’s linear correlation) between the perfoicaascores of the learning speed and
odor discriminability during the *Ldifferential conditioning was found for these two
classes of cumulative performers. The high coinmabetween these two features was
also found in other performer classes irrespectifethe differences between their
performances. Amongst the different learning relateatures, the higher and lower
scores in odor discriminability were found to selespectively for the best and the poor
cumulative scorers with the highest probabilitiesother words, ability to learn the CS+
and CS- stimuli concomitantly was found to influenstrongly the final performance
levels of these two types of cumulative scorersdasn this assay. Performance scores of
Acql (speed and consistency of CS+ learning) aisd¢Djodor discriminability during™
differential conditioning) were found to predict ttee the scores of the feature
represented ‘odor sensitivity’ but notice versa Additionally, the cumulative
performance scores and the speed of learning o€ 8 stimuli were found as the two
key features strongly influenced the learning spegdamics) of the unrewarded or CS-
stimuli in the different performer classes. Higlbamulative or Acgl scorers showed the
concomitant learning of the CS+ and CS- stimulimyithe £' differential conditioning.
On the other hand, the moderate and lower cumelativAcgl scorers showed the faster
learning of CS+ than the CS- stimuli.

Individual's analyses of performances also providedwith the chance to examine the
possible correlations between the individual's méay related performances with the
expression patterns of genes in their brain nelespnvolve with the processes of

learning and memorylhe cumulatively best and the poor performers of #ssay were
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studied for their expression patterns of the leaynelated genes in the mushroom body
neuropil; but the results were not analyzed henetgiven in chapter-3.

In chapter-4 of this dissertation we reported tkpeemental results of then vivo
calcium imaging study performed on the projecti@unons of the honeybee antennal
lobe (AL) neuropil. Unlike the other two chaptergported the findings about the
olfactory learning behavior in honeybees, chapteaded substantially with respect to
the technique used. In chapter-4 we investigatecetfects of olfactory adaptation on the
glomerular odor coding (neuronal perception of gjiaf the honeybee antennal lobe.
Honeybees were exposed constantly for 20 min tobdekground of complex odor
stimuli such as the odor mixture of honeybee colémyachieve the adaptation of
olfactory glomeruli. The meaning of colony odorgiresented the internal environment of
the honeybee colony) was already learned by bessinour experiments and in general
this is one of the most frequent odor stimuli tbaes encounter throughout their life.
Although it was not understood as how bees perdeive colony odor in the context of
the laboratory; however, measurements of odor resggounder the adapted condition
with the colony odor was an important step whichtgbuted to the understanding of
neuronal perception of single odors in the backgdoof complex-adapting odor stimuli.
This also somehow represented the scenario of ptewoeof odor cues associated with
the Varroa infection in presence of the constant adaptingk@axind odor of the colony.
In chapter-2 although, no experiment was desigoefintl out the effects of olfactory
adaptation (using the colony odor) on the learrhg@dors associated with théarroa,
infection, but bees were at least conditioned al#boratory background to discriminate
between the volatile odor mixtures of the healthy Varroa parasitized pupae.
Importantly, in chapter-2 bees in one of the experits were also conditioned with the
sting alarm pheromone (SAP) odor isoamyl acetadd\)lin presence of the constant
adaptation background of colony odor. The purpdséhis experiment performed in
chapter-2although was different from measuring the calciugnals in the AL to the
same odor IAA in chapter-dbut these two chapters shared t@mmon goalto
understand the phenomena of odor perception anttaAming in honeybees generally or
with respect to the specific behavior (hygienic dgbr) under the condition of olfactory

adaptation with the constant background of compmdar stimuli (such as the odor of
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honeybee colony). The possible connections betvlesse two chapters with respect to
the overall goals were described in Fig. 1, althouyg chapter-4 unlike the other two
chapters we did not use bees from the hygienicoorhygienic colonies, rather bees of
our institute’s garden were used. Investigationshafpter-3 and 4 were mostly related in
terms of the general interest to understand thegsses of olfactory perception, learning

and memory (Fig. 1).

More information are available on the olfactory leaing than the adaptation

related neural plasticities in honeybee antennabio

Olfactory learning paradigms in honeybee were mby ased to understand the dynamics
and mechanisms of learning and memory processewioetlly but also merged with the
signal recordings from the different neuronal pagiohs of brain to understand the
cellular correlates of learning and memory. Earbrks of Till Faber (Fabest al, 1999)
and recent report by Lisa Rath and colleagues (Btath, 2011) showed that associative
olfactory learning transformed the odor represe@migpatterns in the honeybee antennal
lobe (AL) while they recorded the calcium signatéhb‘before’ and after the differential
olfactory PER conditioning. Olfactory learning wésund to increase the response
intensity of the glomeruli to the rewarded odoeathe condition compared to ‘before’.
However, the population’s activity to the unrewatdedor was found to remain same
between the same two conditions. In comparison uo knowledge of the neural
correlates of olfactory learning and memory in Hwneybee antennal lobe, effects of
olfactory adaptation on the neural representatminedors in the AL were much less

known.

Effects of olfactory adaptation on the glomerulamdor coding of the honeybee

antennal lobe

Adaptation is an important plastic mechanism tlealuces the responses of the neural
system to the unchanging and often meaninglessgbauckd stimuli due to the prolong
exposure. Olfactory adaptation is a frequently entered phenomenon in insect’s life

when performing tasks driven by the odor stimutirsas the search for food or mates or
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the predator avoidance in presence of the comptixroms background. Successful
performances in these tasks in the adapted statheoblfactory system indicate that
either the neural representations of the cruci@ctbdry stimuli remain unchanged or get
changed without changing the meaning of the relesamuli. These possibilities can be
checked out through the recording of odor respofrees the olfactory neurons while
keeping them in the state of adaptation. In chagteve recorded odor responses in the
AL glomeruli to understand the adaptive odor codafgglomeruli using the already
established scheme of spatio-temporal glomerular abding (Galiziaet al 1999;
Sachseet al.1999; Sachset al.2002). Two different odor mixtures were used fag th
adaptation of the antennal lobe glomeruli; the oahdxture drawn from the honeybee
colony with the quantitative estimation of its imdiual components unknown, but
mimicking the background environment of the hive #me mixture of four different pure
odorants (1-hexanol, 1-nonanol, 2-octanone andrene) with known composition
(equal volume synthetic odor mixture). The secandigus was used to test tigeneral
effects of adaptation on the glomerular odor codimglependent of the complexity of
adaptation stimulus. This synthetic mixture of @dalso weakly mimicking the
background olfactory environment of floral patcin¢e numbers of odor components in
the floral patch are generally much higher thanr)f@s these four odors were isolated
from the floral scents (Knudsen al. 1993).

Possible changes in the glomerular response skremgt representation pattern to the set
of eight-test odors were considered as the re$ulhange in the process of odor coding
due to the olfactory adaptation. Glomerular respen® the different test odors were
measured and compared between the conditions ofdhefuring and after the adaptation
for investigation of the potential effects of addmn and its removal on the odor
responses with respect to the initial state of daptation (before adaptation). Adaptation
was defined as the process tlugclined the strength of calcium signals of the AL
glomeruli to the adaptation stimulus with time frahe onset until the point of no
detectable responsesonsidered as the point of physiological adaptatiChanges in
calcium concentration were recorded 20 sec befe®hset of the adaptation stimulus to
capture the adaptation related events. Althoughirttividual bees were neither found to

show the onset responses nor did they show theeguést decline in the strength of
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calcium responses over time to the adaptation $tiffar both the colony odor and the

synthetic odor mixture); however, the constant expe for 20 min most likely adapted
the glomerular responses to the background adaptatimuli. Both adaptation stimuli

increased the average response strength of theeghtam ensemble (pooled data of all
glomeruli from all bees separately in the two adaph experiments) to the set of 8-test
odors during the time of adaptation compared tarti@al un-adapted condition. For the

analysis of individual glomeruli, 14 candidates &vahosen which also showed the
adaptation induced increase in the odor responsegths in most of the cases with both
adaptation stimuli (e.g. Glomerulus 28 and 35 m ¢blony odor adaptation experiment;
glomerulus 38, 42, 47 and 48 in the adaptation ex@at with the synthetic odor

mixture). However, decrease in the odor responseagth of the AL glomeruli during the

adaptation was also found with both types of bamlgd adaptation stimuli (Glomerulus
42 and 17 respectively in the adaptation experinwveitit colony odor and with the

synthetic odor mixture). Same glomerulus showetediht patterns of changes in odor
responses with the two adaptation stimuli as welitde more number of glomeruli was

found to increase their odor response strength vaddapted with the synthetic odor
mixture than with the colony odor. The differentiddects of two background adaptation
stimuli on the odor response strength of the glan@robably indicated that these two
background odor activated the different forms ahpays of olfactory adaptation in the

glomerular network of the honeybee antennal lolts& possibilities although were not
investigated further in this study. Amongst thdeatiént test odors only three were found
to show the common pattern of change in glomertgaponses with both adaptation
stimuli; floral odor 1-hexanol and the sting alapheromone odor isoamyl acetate
showed the adaptation induced increase and 1-dcthawed the decrease in glomerular
responses. However, for all of the test odors commnarease in the linear distances
between their glomerular representation patteroar(tified through the measurement of
Euclidean distances) was found due to the introdaf background adaptation stimuli

compared to their removal. Increase in Euclideastadces brought about by the
olfactory adaptation and its persistence even dfterremoval of the adaptation stimuli
clearly showed that prolong exposure of the AL ghomti to the habitat odor of honeybee

(colony odor) or the mixture of the pure odoranteanced the specific and stable forms
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(although unknown) of odor discrimination in th@mlerular odor coding space. At the
end, it was concluded that olfactory adaptatiorihef honeybee antennal lobe with the
odor mixture changed the glomerular response dtierand the representation patterns
of odors which together indicated the change inatier coding scheme of the antennal

lobe neuropil.
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Chapter-2: Hygienic behavior
Chapter -2

Investigating the potential differences in olfactoy
learning between the hygienic and non-hygienic
honeybees

2.1 Abstract

Honeybees breed for the higher resistance agdiestfdarroa mite or the hygienic bee
lines can detect and remove Narroa parasitized brood early and more frequently than
the lessvVarroa resistant or the non-hygienic bee lines. The pres@fVarroa must be
detected by bees through the perception and retmgnof the chemical signals
emanating from the infected brood cells. Olfactsignals can be one of the possible
candidates. In this study it was tested whetherigmyg bees can recognize the odors
associated with th&arroa infection better than the non-hygienic bees wipdssibly
contributes to the better hygienic behavior of ¢hbees against théarroa mite. When
conditioned differentially in the olfactory PER pdigm, bees of the hygienic line were
found to discriminate better or generalized ledsvben the odor bouquets of the healthy
and theVarroa infected pupae than bees of the non-hygienic Hmwvever, bees from
both genetic lines were failed to discriminate kestw the volatile odor profiles of the
wax caps isolated from the healthy andWaeroa parasitized brood cells. Apart from the
differences in learning of tiéarroa associated odors, these two lines showed diffesenc
when the general olfactory learning was tested whth floral and pheromonal odors.
Bees from the hygienic and non-hygienic lines ledrthe alarm pheromone component,
isoamyl acetate similarly both under the normal auhpted condition. However,
hygienic bees showed significantly less generatinain both conditions than the non-
hygienics when the effect of odor generalizatiors vested with an untrained odor during
the multiple retention tests. Non-hygienic bees ewvexven failed to learn the
discrimination between the floral volatiles, gemnand 1-hexanol in the differential
conditioning paradigm. Honeybees in general wekmnto discriminate between these
two odors in the PER paradigm. Hence, the poomiegrperformance of the non-
hygienic bees precluded any conclusion about thesiple differences in olfactory
learning between the two genetic lines; howevettebeliscrimination of the pupal odors
by the hygienic bees provided the important clueualihe possible use of olfactory
signals for the detection darroa mite.

Author’'s contribution: This is a manuscript whichillwbe submitted for publication in an
international peer reviewed journal. Please rafgrage number iii of this dissertation for details
about the author’s contribution.
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2.2 Introduction

Honeybee colonies are populated mainly with the kexs, performing bulk of the
behavioral tasks which are required both inside @mdide of the colony (Seeley 1985;
Winston 1991). Worker bees start to switch fronfqrening the set of intranidal tasks of
taking care of the queen, brood, food reserve afictleaning into the more outside-task
of foraging as they grow older (Seeley and Kolm@81). Inside the honeybee colony the
whole set of tasks are allocated with exquisitecigien amongst the hive comrades
depending on their age. However, bees of the sg@mean display behavioral plasticity
in their temporal task performances, which is goedrby their genetic make-ups, social
interaction with the hive mates and local demanthefcolony (Page and Robinson 1991,
Robinson 1992; Calderone and Page Jr 1991; Caldesiod Page 1988, 1992). The
phenomenon of task partitioning of the honeybe®myplhas been explained with the
response threshold model, according to which iddiai bees start to perform certain
task if the threshold of the task-driving stimukesceeds the detection threshold of the
individuals (Robinson 1992; Arathi and Spivak 200Bge 1997; Arathi and Spivak
2001). Like the behavior of task allocation, it waported previously that hygienic
behavior of honeybee colony can also be explaingd the response threshold model
(Mastermaret al., 2001). This is an important behavior which deteesithe degree of
disease resistance and hence the survival prolyabilithe colony while facing the
pathogenic challenges. The term hygienic behavias woriginally coined by
Rothenbubhler to define the genetic ability of therker bees to detect, uncap and remove
the abnormal or diseased larvae (Fig. 1; pictegptesentation) from the nest (before the
pathogen becomes virulent) to stop the disseminaifoinfection early (Woodrow and
Holst 1942; Rothenbuhler 1964). Hygienic behawass reported to consist of two task
components- first ‘uncapping’; the act that begihsing the time of inspection of the
brood health by the nurses or foragers, with a lswiable made through their mandibles
on top of the wax cap of the brood cell with the@aion of abnormality, following the
second task of ‘removal’ of the brood if it showsyalisease symptoms (Rothenbuhler
1964). Due to the limited number of immune effect@nes found in the honeybee
genome the hygienic behavior is considered to lee ainthe most important social or

group immune responses to cope up with the brosdades (Evanst al., 2006). The
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importance of this behavior was further understtwoch the report that 15 — 20 days old
bees (younger than the typical foragers) are aide ® show this behavior inside the
colony (Goodeet al.,2006). Hygienic behavior was previously studiethatcolony level
to understand the temporal dynamics of the uncgpaind brood removal behaviors as
well as for the purpose of selective breeding @&s#htraits against the various brood
diseases (Palacet al.,2000; Palaciet al., 2005; Spivak and Gilliam 1993; Spivak and
Reuter 1998). Investigations of this kind evaluatssl efficiency of this behavior against
the different brood diseases, however, did not igevany information about the
behavioral resistance mechanisms of the indivitheals which collectively contribute to
the hygienic behavior of the whole colony. Reseandimtives, a decade back started to
investigate the behavioral and physiological medm(s) of the hygienic behavior of
the individual bees as opposed to the whole pojpulain this context, Marla Spivak’s
group of the department of Entomology, Universify Minnesota, USA contributed
substantially as they showed that honeybees utiliee olfactory cues to detect the
parasitized brood to elicit the brood-removal ogikeyic behavior against the chalkbrood
infestation (Mastermaet al.,2000; Mastermast al.,2001; Gramacho and Spivak 2003;
Swansonet al., 2009). Masterman and colleagues found that hormsyldeom the
different lines which were breed for the higher daster removal of the freeze-killed
brood (the hygienic lines) were also able to leamd discriminate (in the olfactory PER
conditioning paradigm) between the volatile odomdpeets of the healthy and the
chalkbrood infested pupae significantly better thlae bees of the non-hygienic (slow
removers of the freeze-killed brood) lines (Mastanrat al., 2000). Hygienic bees were
also found to show lower response threshold andenigensitivity to the diseased brood
odors compared to bees of the non-hygienic liness{drmaret al.,2001). Furthermore,

it was found that even bees from the same hygieolicny showed variability in their
olfactory sensitivity to the brood odors (Gramadchul Spivak 2003). Hygienic bees
collected during the time of uncapping (the ‘uncaygp) were found to show significantly
higher sensitivity to the lower concentrations lo¢ tdiseased brood odors (chalkbrood
infection) than the hygienic bees collected whiexfprming the task of removal (the
‘removers’). These highly sensitive ‘uncappers’ evealso able to discriminate

significantly better between the volatile odor pes of the healthy and the chalkbrood
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infested pupae in the differential olfactory PERditioning paradigm compared to the
‘removers’. However, the superior olfactory sendii and discriminability of the
hygienic bees compared to the non-hygienic bee® wet found to encompass the
naturally occurring floral odors. Masterman andleadues found the similar olfactory
learning and discriminability between their hygieand non-hygienic bee lines while the
bees were trained with the high concentrationfeffioral odors, 1-hexanol and geraniol
(Mastermanet al., 2000). Hence, the superior sensitivity and diserahility of the
hygienic bees was thought to be limited to the sdefated to the health status of the
brood which can facilitate the early detection amthoval of the abnormal brood to
confer the disease resistance. However, a dimrdctletween the olfactory recognition of
the abnormal brood and the colony-level manifestatof the hygienic behavior was
missing until the report by Swanson and colleag&ansoret al., 2009). The authors
in this study found the expression of multiple ¥ildkacompounds (phenethyl acetate, 2-
phenylethanol and benzyl alcohol) in the chalkbraoicted larvae which were not
expressed (qualitative) by the healthy larvae. 8gbently, phenethyl acetate amongst
the other compounds was also found to elicit thrgalaremoval (hygienic) behavior
inside the hygienic colonies while the pure compisuwere tested on the healthy larvae
in the field bioassay. This evidence confirmed ithelvement of olfactory cues as one
of the chemical signals to evoke the hygienic ba&vain honeybee against the

chalkbrood pathogeAscophera apisSimilar to the chalkbrood disease, honeybees also

Deeternon and removal
of mite-infemted brood,
uiiaaity after mitz has
started laying egos

Detection and remoad
of ditsearsad brood
before diseass fom
infectioun spores
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Fig. 1: Pictorial representation of the hygienic bkavior in honeybee colonyWorker or nurse
honeybees are detecting and removing the fungatetial orVarroa mite infected brood from
the nest before the dissemination of the diseamtu(p taken from the Annu. Rev. Entomol.
2009. 54, 405-423; Rich NW, Spivak M, Fefferman Bittl Starks PT).

employ the same hygienic behavior to resist themom infestation of the American
foulbrood bacteriunfPaenibacillus larvagSpivak and Reuter 2001a; Spivak and Gilliam
1989a, 1998b). However, a direct link between tifectory recognition of the foulbrood
infected larvae and the hygienic behavior was nesported, although the conspicuous
foul smells of the foulbrood infected combs suggést possible connection between
them. Hence, olfactory recognition of the diseabedod seemed to be a common
behavioral mechanism eliciting the hygienic behagigainst the different types of brood
diseases. The same hygienic behavior as well agrtioening behavior was also reported
to act as the resistance mechanisms against tleatitiy ectoparasitic mit&arro
destructorAnderson & Trueman (Pereg al.,1987; Boecking and Spivak 1999).

Varroa destructorwas found as the natural parasite of the Asiareyio@eApis cerana
(Anderson and Trueman 2000) but the mite switcledhiost to the Western honeybee
Apis melliferaprobably in early 1960s during the incidence whba tmportedA.
mellifera colonies in Philippines came into contact with fhécted colonies ofA.
cerana The life cycle of the adult female mite consistdwo phases, the phoretic and
the reproductive phase. During the phoretic phlsentite attaches itself in between the
abdominal segments and feed on the haemolymphdplafothe adult bees. This phase
ends with the beginning of the reproductive phabehvlasts for 10 days as the adult
female mite leaves the mature bee and enters lmtdarval cells before the cells are
capped by the attending bees. Within the next dag<demale foundress mite produces
many offspring which finally mature and leaves theod cell along with the emerging
adult bee. During the reproduction cycle the foesdrmite feeds on the haemolymph of
the developing bee which compromises the fithesth@fnewly emerging adult. These
parasitized bees were reported to show the abnadmatlopment of their wings and
body and died soon after the maturation (Yang arak-Ebster 2007) or even
cannibalized by the adult workers at the pupales(&himanuket al.,1994). In addition,

certain fraction of the infected brood which deysd normally into the mature foragers
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were reported to show the significantly compromisdi@ctory learning and foraging
abilities compared to the uninfected hive comradaslj et al., 2007; Kralj and Fuchs
2004). Hence, unlike th&. cerana(original host of th&/arroa mite), A. melliferado not
possess any effective resistance againstMeoa parasitization. Infestation of this
parasitic mite can cause the alarming outbreakhamA. mellifera colonies namely
varroosis, which probably is one of the importardsons of the recent time losses of the
European and American colonies in high number. @ler winter massive losses of the
honeybee colonies in Europe and in other parthefworld are not only affecting the
economy of the bee keeping industry but also tkreag) the pollination of the important
crops and flowers (Potet al., 2010; Ratnieks and Carreck 2010). Viral pathogarch

as the deformed wing virus (DWV), acute bee parslysus (ABPV), Israeli acute bee
paralysis virus (IAPV) and the Kashmir bee virusB{ were reported to play an
important role for this large scale loss of the éydyee colonies (Genersch and Aubert
2010; Pottset al., 2010; Ratnieks and Carreck 2010). Additionalgrroa destructor
was found to transmit these viral pathogens vedltgr(Ball 1989; Bowen-Walkeet al.,
1999; De Miranda and Genersch 2010; Ckeal., 2004; Di Prisceet al.,2011; Yueet
al., 2007; Gisdeet al.,2009) and at least the DWV and ABPV were repotteldecome
virulent and caused the overt infections only wiibay were transmitted by the.
destructor(De Mirandaet al., 2010; Genersch and Aubert 2010). Throughout disé |
decade the bee keeping industry in the USA sufféredlevastating colony losses due to
the phenomena of colony collapse disorder (CGI)yroa parasitism is suspected to be
one of the potent reasons of the CCD although mearete connection is established. No
strict clinical cases of the CCD was found in thedpe until now, although the drastic
rise in the number of colony losses in Europe armtldwide indicate the possible
connection with thé/arroa infestation apart from the contributions of théest pests,
pathogens (Ratnieks and Carreck 2010). Selecteediorg programs in the USA (Spivak
1996; Spivak and Reuter 2001b) as well as in Eu(Bpehleret al.,2010) in recent time
produced multiple genetic lines of tA@is melliferawhich were reported to have higher
resistance against théarroa pathogenesis compared to the non-selected linesseT
resistant honeybee lines are commonly known ashttggenic lines with the genetic

background to perform the uncapping and removabteh more efficiently than the

31



Chapter-2: Hygienic behavior

non-selected and less-resistant or non-hygienéslfRothenbuhler 1964; Moritz 1988).
Development of the hygienic honeybee lines with thenetic (natural) defense
mechanisms against the ectoparasitarroa mite is important for both the long-term
goals of the bee keeping industry as well as tddattee health hazards of the toxic
chemical treatments in bees and in the human casrsuof the colony products. The
resistance mechanisms of the American hygienic nbedo although were not clearly
known, however, it was found that colonies breadtli@ hygienic behavior against the
commonly encountered brood diseases such as théboad and the American
foulbrood also showed higher resistance againstVidweoa destructor(lbrahim and
Spivak 2006). Hence, it was hypothesized that ¢iteer brood diseases honeybees can
perceive thevarroa infestation using the olfactory cues of the ptrasl brood or the
foundress mites. Reports from the different resegroups, however, were controversial
about the source of the key olfactory stimuli ¢iicg the hygienic behavior against the
Varroa mite. Le Conte’s group reported that volatile ciehmixtures present on the
cuticle of the foundress mite were mostly distiinotn the volatiles of the healthy and the
parasitized pupae (Martiet al., 2002). Polar compounds (some acids and estetseof
cuticular fractions of the foundress mites wereortgl as the possible interesting
candidates since thearroa-resistant honeybees showed higher olfactory semgito
these chemical moieties. The authors suggestedhdmatybees preferably use these polar
volatile compounds of th&arroa mite to detect the parasitized brood present enthie
capped cells. However, the authors neither tesiegadtential of these volatile chemicals
to elicit the brood removal behavior in the coldfigld bioassay), nor they showed that
resistant bees were more sensitive or able toidis@te better between these odor cues
than bees of the non-resistant lines. However, roffedd bioassays excluded the
possibilities of mite-volatiles or the movementdaindress mites inside the capped cells
as the potential stimuli to elicit the hygienic belor in the Africanized and Carniolan
honeybee colonies (Aumeier 2001). At this point dlwious candidate left to be tested
was the parasitized brood itself, which Nazzi antleagues showed to emanate the
crucial volatile chemicals which were able to eltbie brood removal behavior inside the
hygienic colony (Nazzet al., 2004). The authors of this study found the expoasef
multiple unsaturated hydrocarbons such as the geogémes (both Z-(6) and Z-(7)
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isomers) and heptadecenes in higher amount (qatweit in the volatile profiles of the
intact Varroa infected brood cells compared to the uninfectdts.cén the subsequent
bioassay they also found that at least the iso®é6) pentadecene was able to elicit the
removal of the chemically treated brood from th@ibgic colonies significantly higher
than the solvent (hexane) controls. Although, theyer compared the brood removal
behavior between the hygienic and non-hygienic rdelky however, this evidence
strongly suggested that like other brood diseds@gienic bees also utilize the olfactory
recognition mechanisms to detect tarroa infestation in the colony. In recent time
Schoning and colleagues effused more lights reggrtle possible vital role of the
olfactory cues to recognize théarroa infected brood (Schoningt al., 2012). The
authors of this study found that brood removal fiibwa hygienic colonies was dependent
on the extent of damage inflicted on the broodmiythe process dfarroa infestation.
Honeybee broods infected artificially with tNarroa mites harboring the virulent forms
of the deformed wing virus (DWV) with the potenttal cause overt infection in brood,
were removed in significantly higher number compatie the broods which were either
uninfected or parasitized with the mites carryihg hon-virulent DWV strains with the
potential to cause the covert infection. They damd that volatile odor profiles of the
brood infected with the mites with high viral loddirulent DWV) had quantitative
differences compared to the other two brood typesh ghat the former contained the
compounds like acetoin, isovaleric acid and 2, tbhediol in significantly higher
amount (some of these compounds were known to beciased with the bacterial
spoilage). These results for the first time showieel direct involvement of the viral
infection to dictate the fate of théarroa pathogenesis and again indicated the important
roles of the volatile odor cues emanated from tamgtized brood to elicit the brood
removal behavior in the hygienic honeybee colonf@ther mechanism such as the
contact chemoreception elicited by the surfaceutexbf the wax caps of the infected
brood cells might also contributed to the resuftshese field assays, which were not
tested; however, the roles of the olfactory chemepdon were more apparent.
Additionally, theVarroa tolerant or hygienic line bees compared to thesitga or non-
hygienic bees were reported to show the up-reguidt expression levels of the genes

involve with the processes of olfaction, neuronakiwbility and the neuroblast
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proliferation of the mushroom body; associated walfactory learning (Navajast al.,
2008). The early evidences were able to make thaeamion between the recognition of
Varroa by the hygienic bees using the olfactory signalsased from the infected brood
cells. The result of the gene expression studyprof this strongly indicated the possible
superior olfactory perceptibility or learning abjliof theVarroa tolerant bees compared
to the bees of sensitive line which contributeshe better hygienic behavior of the
tolerant line against th&arroa mite. One interesting point found in the data elsgar
Schoning was, that majority of the broods infecteith the high viral-load mites
developed normally apart from the few which showlee apparent signs of spoilage
(discolored, disfigured with foul smell). This pedily indicates the adaptation strategy of
theVarroa destructorfor the successful pathogenesis over the Aps mellifera where
the workers are only able to perceive the presefidae mite inside the sealed brood
cells if the brood develops the clear symptomspafilage due to an overt or virulent
DWV infection.

2.3 Goals of the study

Several studies in honeybee although indicatedhti@vement of the olfactory signals to
elicit the hygienic behavior against tilarroa mite (Nazziet al., 2004; Schoningt al.,
2012); however, these studies only used their mesistant or hygienic bee lines but
never compared the brood-removal behavior betweerhygienic and the non-hygienic
honeybee lines. Hence, the piece of evidence wssimgi which tested these two types of
honeybees for their abilities to recognize the sdassociated with théarroa infection
such as the volatile odors emanate from the infebtee materials (infected brood or
wax pieces from the infected brood cells). Possshigerior performance of the hygienic
bees than the non-hygienic bees can indicate tperiant contribution of the olfactory
chemoreception processes in the higher behavieseétance of the hygienic bees against
the pathogenic mite. This issue was investigatdatiisistudy through the conditioning of
honeybees from the behaviorally more (hygienic) desk resistant (non-hygienic)
genetic lines in the olfactory PER paradigm. Beemfthe two genetic lines were trained

to discriminate between the volatile odor profitdghe healthy and th€arroa infected
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pupae or the wax caps isolated from these two tygfethe pupal cells and their
performances were compared. These two genetic lised were delivered from the
honeybee institute of Hohen Neurndorf (Landeriostifir Bienenkunde, Hohen
Neuendorf), Berlin. One of the two genetic linegeviereed for the higher (hygienic) and
the other for the lower (non-hygienic) level of beloral resistance (uncapping and
removal of parasitized brood) against the ectojiiarasite Varroa destructorsince 1997
(Boecking et al., 2000; Ehrhardet al., 2006; Garridoet al., 2005). Additionally, the
possible differences in the general olfactory lesgrand memory performances of the
two lines were also checked with the absolute affierdntial olfactory PER conditioning
paradigms using the high concentrations of theafland pheromonal odors. Masterman
and colleagues although previously found no difieeein the floral odor learning
between their hygienic and non-hygienic honeybeesli (Mastermaret al., 2000),
however, it was imperative to clarify this issudhwihe two genetic lines that were used
here in the experiments.

2.4 Materials and Methods

2.4.1 Preparing honeybees for the olfactory PER ddioning

The general procedure of preparing the honeybeeth& olfactory PER conditioning
was explicitly written in the previous articles (Bittermaet al., 1983; Menzel 2001;
Stollhoff et al.,2005). Here, | used the same protocol with theomchanges. Honeybee
colonies of the two genetic lines (hygienic and -hggienic) were placed in the
institute’s bee-garden between the month of July @ctober 2009 for the behavioral
experiments. Forager bees were caught at the estrthe hives during the afternoon,
around 16.00 hours; the day before the experimeaken to the laboratory and were
anesthetized on ice to fix them in the small ptagtibes. Only, the antennae and
mouthparts such as mandibles, proboscis and argeme@ allowed to move freely with
rest of the animal’s body fixed within the tube hwvé sticky tape. Equal number of bees
from both types of colonies was used during eacimdoof the experiment, to compare
their performances afterwards. In the evening, r@ddlB8.00 hours all bees were fed with
the 30% (WI/V) sucrose solution (0.87 M) and wergasad. Bees were kept inside the
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small, dark and humid (~ 28) Styrofoam box for overnight. The very next mogi
bees were taken out form the box and placed iexperimental arena at least 30-45 min
before (to adapt the bees with new surrounding)biginning of the olfactory PER

conditioning.

2.4.2 Olfactory PER conditioning protocols

General information about the differential olfagt®ER conditioning is given in chapter-
3. During the differential conditioning bees werenditioned with the rewarded (CS+)
and the unrewarded (CS-) odors for a total of id#st(6 CS+ and 6 CS- conditioning
trials) with the alternate presentations of the tstonuli (not pseudoradomized). A
constant amount of 10 pl. of pure odors soaked pieee of filter paper (1 cfhwas
used as the stimulus both during the conditionimagst and the memory retention tests.
Olfactory conditioning in all experiments was penied with an already established odor
delivery protocol (Stollhoffet al., 2005) where the odor stimulus (CSs) was manually
delivered from the 20 ml. volume syringe for 5 s&uring the reinforced CS
presentation (CS+) the sucrose reward (30% sucwséion) was offered to the animal
by first touching the antenna with the sucrose tsmuto elicit the PER, followed by
feeding though the proboscis. The US was preséhset after the onset of the CS (total
time of the CS+ trial was 7 sec) for the total tioie4 sec with an overlap of 2 sec
between the CS and the US. The unreinforced CSSetrials lasted for 5 sec where only
the odor was presented without any US. Bees weaeeglin front of an exhaust for 20
sec before and 20 sec after the odor trials (otisermentioned). Honeybees, after the
conditioning trials and the mid-term memory retaktest were feed with the same 30%
(W/V) sucrose until satiation and kept overnight fee memory retention test performed
on the next day (day-2). At the end of the retentest on day-2, PER responses of the
bees were checked by touching the antennae withuti®se (without feeding) and only
the performance data of the bees were incorpoiatedthe analysis which showed the

PER until this point of the experiment.

Differential conditioning using the wax caps as stienuli was performed with the inter-

stimulus interval (ISI: the time interval betweére dissimilar CS trials; between the CS+

36



Chapter-2: Hygienic behavior

and CS- trials) of 15 min and inter-trial intery#ll: the time gap between the similar CS
trials) of 30 min. Fifteen freshly isolated wax sdpom the brood cells kept at a constant
temperature of 3T were used as the odor stimulus. Two types of vegps were used in
this experiment, one type was isolated from thdthgdrood cells and the other type
was collected from the brood cells artificially ected with the/arroa mites for 7 days.
However, reproduction status (presence or absdnoeiltiple offspring) of the foundress
mites was checked during the isolation of wax capd wax caps only from the
parasitized brood cells with the reproducing mitese used in the experiment. Memory
retention tests were performed twice after 2 hoansl 1 day of the differential

conditioning using the identical doses of the tyuets of wax caps.

Differential conditioning with the pupae was perfad with the ISI and ITI of 14 min
and 21 min respectively. For the pupae experimestlarvae were artificially infected
(brood cells were opened with the fine needle aitdsnere introduced with the help of
a soft brush) with the three foundress mites. Hea iof using three in place of one mite
was to raise the level of the brood-damage inflidtg theVarroa mites for the purpose
of producing in sufficient amounthe disease-associated volatile chemicals for &R P
conditioning experiments. The infected and contmolun-parasitized brood cells were
kept inside the incubator at %7 for 7 days before the pupae were removed and fosed
the experiment. During the experiment 10 infected an-parasitized (and healthy)
pupae were taken out of the brood cells (cells waeviously marked on top of a
transparent sheet), carefully placed without dan@thieir skin inside the 12 ml. volume
syringes and used as the stimuli. Used batchelseo$timuli were periodically replaced
with the fresh stock of pupae during every roundtld differential conditioning.
Importantly, the parasitized pupae which suppottedmite reproduction were only used
for the conditioning. However, during the isolationly a few of the infected pupae were
found to show the obvious symptoms of spoilage cfplaolored, disfigured and
malodorous pupae), but majority did not show anyaapnt abnormalities, even though
they were infected with the three foundress mitésmory retrieval tests were performed
twice after 1 hour and 1 day of the differentiahditioning using the fresh stocks of the
healthy and theVarroa infected pupae (same developmental stage as used f

conditioning).
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Differential conditionings with the pure odors wgrerformed using the constant amount
(10 pl.) of fresh odors with all stimuli delivergdrough a custom built olfactometer.
Differential conditioning with the geraniol (Aldt¢ purity: 98%) and 1-hexanol (Sigma
Aldrich, 98%) was performed using the same I1SI4€idin and ITI of 21 min. However,
conditioning with 1-octanol (Roth, purity: 99.6%)d1-hexanal (Sigma, Germany) was
conducted with the ISI of 10 min and ITI of 20 min.

Absolute conditioning experiments were performedthgghe alarm pheromone odor,
isoamyl acetate (IAA; purchased from Sigma, Germavith the inter-trial interval of 30
min. Memory retention tests were conducted afteodr and 1 day of the odor training.
During the memory retention bees were presenteld thig novel or untrained odor (1-
hexanal) along with the conditioned odor, IAA tosttdor the effect of olfactory

generalization. Responses to the stimulus likerfijaper were also recorded during tests.

Absolute conditioning with the isoamyl acetate \wagformed again but this time prior to
the odor conditioning; bees were adapted behalyovath the background odor of the
honeybee colony. The previous experiment was cdadwgith the background condition
of the laboratory, but this time additional backgrd odor stimulus was used on top of
the laboratory background. Honeybees often weraddo extend their proboscis while
exposed to the colony odor, probably due to theidant odor cues of the honey and
wax. With an exhaust fan, the air inside the colasag sucked and delivered to the bees
continuously until they stopped showing the PER dndr stoppage the directed
movement of their antenna towards the adaptingustisn This particular point was
considered as the point of behavioral adaptatioennthe bees were conditioned with the
IAA. Behavioral adaptation was achieved within &ih after the onset of the adaptation
stimulus and bees were conditioned under adapteditean with isoamyl acetate using
the inter-trial interval of 60 min. Honeybees wemnditioned with 4 training trials and
were tested twice (the same set of bees) afterut and 1 day of the conditioning.
During the memory retention tests bees were fotapged with the colony odor and then
were tested sequentially with the presentatiorhefthree CS stimuli: CS+, CS new (1-
hexanal), and the filter paper. Like the previougpeziment effect of olfactory
generalization was tested with the new odor 1-haxalong with the conditioned odor,

IAA and the filter paper.
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The overall learning and memory performances o vegre represented with the group-
averaged conditioned responses to the rewarded)(@&d unrewarded (CS-) odors
during the conditioning and memory retention teRespeated measurement ANOVA and
chi-square tests were performed to analyze the #&& respectively for the differential

and absolute conditioning experiments.

2.5 Results

2.5.1 Differential conditioning using the wax capsolated from the healthy and

the Varroa infected brood cells

Nazzi and colleagues reported the important valtpentadecene isomers) from the
intact Varroa parasitized brood cells which were able to elitie brood removal
behavior inside the hygienic colonies (field bi@gsdNazziet al.,2004). This meant that
volatile compounds emanated from the body of theagptized brood were able to
impregnate and released through the wax matrikebtood cells which eventually were
detected in the chemical analysis. Hence, in th& #xperiment it was investigated

whether bee’s form the two genetic lines were &bliscriminate between the volatile

CS+ (Healthy wax caps) and CS-Varroa infected wax caps);
Hygienic line
N =30
100 -
80 -
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O
S
40 A
CS+
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() A — —
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Fig. 2a: Learning and memory performances of beesfdhe hygienic line in the differential
conditioning using the wax caps of the healthy brabcells as the CS+ and from th&arroa
infected brood cells used as the CS-The first set of line graphs in the figure showbd
conditioned responses (y-axis represented the mpemmnditioned response or % CR) of the
hygienic bees to the CS+ (dark green line grap eegs collected from the healthy brood cells)
and CS- (red color line graph: wax caps isolatethftheVarroa infected brood cells) stimuli
during the conditioning trials (x-axis represented number of conditioning trials; from 1-6).
Hygienic bees generalized between the CS stimidutihout the conditioning as well as during
the memory retention tests (CS+: dark greendoaCS-: red bar) performed after 2 hours and 1
day of the conditioning (the bars after the linaps). ‘N’ represented the number of hygienic
bees used in the experiment.

odor profiles of the wax pieces sealing the headting thevVarroa parasitized brood cells.

The idea behind was that if bees can detect theasksassociated chemicals while
attending the brood, then the pieces of wax capated from the infected brood cells
probably contain these compounds in sufficient amhdlat they can be discriminated in
the olfactory PER conditioning paradigm. Fresh veaps covering the healthy and
infected brood cells were collected and heated7&€ 3or the constant release of the
volatile chemical cues during the experiment. Rssaf the differential conditionings

with all four combinations of the CSs viz. wax cdpsm the healthy brood cells as the

CS+ and caps isolated from tiarroa parasitized brood cells as the CS- s versa

CS+ (Healthy wax caps) and CSMarroa infected wax caps);
Non-hggic line

100 A

% CR

2 hours 1 day
# Trials
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Fig. 2b: Learning and memory performances of beesfothe non-hygienic line in the
differential conditioning using the wax caps of thehealthy brood cells as the CS+ and from
the Varroa infected brood cells used as the CSThe line graphs in the figure showed the
conditioned responses of the non-hygienic beeshi¢oQS+ (dark green line graph: wax caps
collected from the uninfected and healthy broodstelnd CS- (red color line graph: wax caps
isolated from thé&/arroa infected brood cells) stimuli during the condifiog trials. X and y axes
in the figure represented the same variables agilded in Fig. 2a. Non-hygienic bees like the
hygienics generalized between the two stimuli dutine conditioning as well as the memory
retention tests (CS+: dark green laaid CS-: red bar) performed after 2 hours and 1 dathef
conditioning (the bars after the line graphs). dpresented the number of non-hygienic bees
used in the experiment.

CS+ (Varroa infected wax caps) and CS- (Healthy wax capgs)
Hygienic line
N=31
100 -
80 -
60 - CS-
@
O
X
40 A CS+
20 -
0 +— r r T r .
1 2 3 4 5 6 2 hours 1 day
# Trials

Fig. 3a: Learning and memory performances of the hgienic line in the differential
conditioning using the wax caps of the infected b cells as the CS+ and from the healthy
brood cells used as the CS-The line graphs in the figure showed the conditbnesponses of
the hygienic bees to the CS+ (dark green line graptx caps from th&arroa infected brood
cells) and CS- stimuli (red color line graph: waaps from the uninfected and healthy brood
cells) during the conditioning. X and y axes repriged the same variables as described in Fig.
2a. Hygienic bees like before generalized betwhernwo stimuli during the conditioning as well
as the memory retention tests (CS+: dark greemha@€S-: red bar) performed after 2 hours and
1 day of the conditioning (the bars after the imaphs).

showed the high generalization in conditioned rasps (CRs) between the CSs with no
discrimination showed by bees of the hygienic aoe-hygienic lines (Fig. 2a, 2b, 3a and
3b). No statistical test was performed to find whether the responses to the CS- stimuli

were higher compared to the CS+, since the gematan in CRs to the volatile odor
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profiles of the two types of wax pieces were chearisible in all four experimental
groups. The continuous release of the wax volatileing the conditioning and the CRs
of the experimental populations to the CS stimutileded the possibility that bee’s only
perceived the constant air flow of the olfactomé&dthough there was no air-only group
tested in parallel).

Honeybees showed higher conditioned response® t6 3 compared to the CS+ stimuli
throughout the differential conditioning in all eeqgmental groups. These higher CS-
responses probably appeared due of two reasons;daeeralized completely between
the two CS stimuli during conditioning and conditgal with the alternate CS+ and CS-
stimulus trials. Hence, complete generalizationwken the two CS stimuli resulted in
little more number of responses during the CSistiveith the anticipation of receiving
the sucrose US again like the preceding CS+ thiliérnately, no US of the CS- trials
reduced the conditioned responses during the follgW S+ trial by little.

CS+ (Varroainfected wax caps) and CS- (Healthy wax caps);
Non-hygienic line
N =27
100 +
CS-
4 CS-
80 CS+
CSs-
60 4 CS+
S CS+
S
40 -
20 A
O ] ] ] ] T T //
1 2 3 4 5 6 2 hours 1 day
# Trials

Fig. 3b: Learning and memory performances of the ne-hygienic line in the differential
conditioning using the wax caps isolated from thenfected brood cells as the CS+ and from
the healthy brood cells used as the CSThe line graphs showed the conditioned responkes o
the non-hygienic bees to the CS+ (dark green liply wax caps isolated from théarroa
infected brood cells) and CS- stimuli (red colaneligraph: wax caps collected from the
uninfected and healthy brood cells) during the d@ioning trials. X and y axes in the figure
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represented the same variables as described iRd&idNon-hygienic bees like before generalized
between the two CS stimuli during the conditionaggwell as the memory retention tests (CS+:
dark green baandCS-: red bar) performed after 2 hours and 1 dagetonditioning.

The reason for complete generalization in CRs #ottp types of wax stimuli was not
known. However, one possible explanation mighthae presence of the common wax
compounds in higher concentrations than the disasseciated chemicals in the volatile
odor profiles of the infected wax caps probably retiadowed the perception of the
disease-associated volatiles during the PER comiig. This eventually led to the
complete generalization in conditioned responsesh&se wax stimuli. Furthermore,
unlike the study conducted by Schoning and colleagthe levels of the replicating
virulent forms of the deformed wing virus (DWV) the infecting foundress mites were
not checked in these experiments. The presencéeokitulent DWV was the prime
reason in Schoning’s study that elicited the higmember of brood removal as well as
elevated the production of the specific volatileeriical cues associated with the
parasitization. Hence, conducting the same seiffereintial conditioning experiments as
reported here with the wax caps isolated from theod cells containing the overtly
infected and damaged pupae might change the rebuksestingly, one previous study
conducted by Feller & Bienefeld (unpublished regufound differences in the volatile
chemical profiles (using the SPME-GC-MS analysi§)thee cell caps of th&/arroa
infected and the uninfected brood cells. Togethese, it was concluded that the lack of
discrimination showed by the bees did not fully foom the fact that odor profiles of the
wax pieces sealing the healthy and Yeeroa infected brood can’t be discriminated in

the PER assay.

2.5.2 Differential olfactory conditioning using thehealthy and the Varroa

infected pupae

The last experiment found that honeybees from jfggehic and non-hygienic lines were
unable to discriminate between the volatile odafijgs of the wax caps isolated from
the healthy and thearroa infected brood cells. As the next step, honeylirees the two

genetic lines were conditioned to learn the disicration between the volatile odor

bouquets emanated from the body of the healthy tardvarroa parasitized pupae.
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Hygienic bees were able to discriminate between tthe odor profiles during the
differential conditioning when th¥arroa parasitized pupae were used as the CS+ and
the (un-parasitized) healthy pupae as the CS- @ay). Repeated measurement-analysis
of variance (RM-ANOVA) showed significant stimul(GS+/CS-) x conditioning trial (F
(5, 530) = 2.67, p = 0.02) effect as well as tlymidicant trial effect (F (5, 530) =5.28, p
= 0.00096), although the stimulus effect was fooad-significant (F (1, 106) = 2.25, p =
0.13). This showed that hygienic bees were abledm the difference in contingencies
between the two CS stimuli during the conditionirigls. During the memory retention
tests performed after 1 hour and 1 day of the ¢mming, hygienic bees showed the
significantly higher responses (Fig. 4a) to the @8mpared to the CS- stimuli (1 hour:
Fisher LSD post hoc test: p = 0.0005, 1 day: Fidifed post hoc test p = 0.01). In
comparison, the non-hygienic bees were failed tnlethe discrimination (Fig. 4b)
between the two stimuli both during the conditignifRM-ANOVA: non-significant
stimulus x trial effect F (5, 410) = 0.75, p = Oa)d non-significant stimulus effect F (1,
82) = 0.41, p = 0.52) and the retention tests cotaduafter 1 hour (Fisher LSD post hoc
test: p = 0.17) and 1 day (Fisher LSD post hoc fest1.0) of the conditioning. When
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Fig. 4a: Learning and memory performances of the hgienic line in the differential
conditioning using theVarroa parasitized pupae as the CS+ and un-parasitized pae as the
CS-: Hygienic bees were trained differentially with thalatile odors of th&/arroa infected and

the uninfected pupae in this experiment. TReslib-plot (line graphs) showed the percent
conditioned responses (y-axis represented the mtecomditioned response or CR) to the CS+
(red color line graphVarroa infected pupae) and the CS- (blue line graph:thgand un-
parasitized pupae) stimuli during the conditionitigals (x-axis showed the number of
conditioning trials; 6 trials). Hygienic bees wexlgle to discriminate between the two CS stimuli
during conditioning (significant differences betwabe CRs to the CSs together were denoted by
the asterics inside the rectangular box on tofhefiack line). The percent CRs to the CS+ and
CS- stimuli during the memory retention tests wengresented together in the same bar graphs
with the same two colors as used in line the grgpdd: CS+ and blue: CS-). Hygienic bees
showed significantly higher responses (denotedhieyasterix inside the rectangular box at the
demarcation between the red and blue colors) t&C®e (red part of the bars) compared to the
CS- (blue part of the bars) during the retenticstperformed after 1 hour (th& 8ub-plot) and

1 day (the ¥ sub-plot) of the conditioning. ‘N’ represented thember of hygienic bees used in
the experiment.

these two lines were trained and tested with thposie combination of the CSs,
hygienic bees were found to generalize highly betwihe CS+ and CS- stimuli during
the conditioning (Fig. 5a). The RM-ANOVA showed tkgnificant stimulus x trial
effect (F (5, 470) = 7.25, p = 0.000001) due tohtgher number of responses shown to
the CS- stimulus; albeit the stimulus effect wasni non-significant (F (1, 94) = 1.99, p
= 0.16). The strong generalization effect was fowodcontinue during the memory
retention test performed after 1 hour of the coadihg (Fisher LSD post hoc test p =
0.22); however, during the 1 day retention testi¢ryig bees showed significantly higher
responses to the CS+ compared to the CS- stimshé€FLSD post hoc test: p = 0.015).
On the other hand bees of the non-hygienic lineewagain found to generalize
completely or failed to learn the discriminatiortveeen the volatile odor bouquets of the
healthy (CS+) and the parasitized pupae (CS-) lootting the conditioning and the
memory retention tests (Fig. 5b). Significant stimsux trial (F (5, 410) = 2.75, p =
0.018), stimulus (F (1, 82) = 7.57, p = 0.0072) #mal effects (F (5, 410) = 2.83, p =
0.015) found in the RM-ANOVA confirmed that non-lggic bees responded
significantly higher to the CS- compared to the G8muli throughout the conditioning.
The strong effects of odor generalization were tbeontinuously during the retention
tests performed after 1 hour (Fisher LSD post lest {p = 0.49) and 1 day (p = 0.36) of
the conditioning. In addition, non-hygienic beesoalshowed higher conditioned
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responses to the CS- compared to the CS+ duringdhditioning with odors of the
pupae like before with the wax odors.

Hygienic bees showed high generalization or noruflisoation between the volatile
odors of the healthy and the diseased pupae wigeoatfitingencies of these two stimuli
were reversed. Similar result was reported by Gchimand colleagues, as they found
that bees of their hygienic line were able to dmgrate significantly better and
generalized less between the pupal (healthyliseased) odors when the volatile odors
emanated from the chalkbrood infected pupae weed as the CS+ but not when the
odors of the healthy pupae were used as the CSam@&@ho and Spivak 2003Jhe
asymmetric salience of the volatile odor bouquétthe healthy and the infected pupae
can be a general scenario irrespective of the idgiof the infection although the reasons
are unclear. However, in contrast to the chalkbrood or foullsrodiseasesyarroa
parasitized broods often were found to develop @adymwithout any signs of
abnormality (Schoningt al.,2012). In our experiments, majority of the paiasd brood
developed normally except the few which showed @hparent symptoms of spoilage
(discoloration, disfiguration and foul odors). Figtmore, the volatile odor profiles of the
healthy and theVarroa parasitized pupae were reported to differ largelythe

guantitative rather in the qualitative manner (N&t=al.,2004; Schoningt al.,2012).
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Fig. 4b: Learning and memory performances of the ne-hygienic line in the differential
conditioning using theVarroa parasitized pupae as the CS+ and un-parasitized pae as the
CS-: The ' sub-plot showed the percent conditioned respooiése non-hygienic bees to the
CS+ (red color line grapharroa infected pupae) and the CS- (blue line graph:thgand
uninfected pupae) stimuli during the conditionirigls. X and y axes in the figure represented the
same parameters as described in Fig. 4a. Non-higdiees were unable to discriminate between
the volatile odor profiles of the two types of weaps during the conditioning as well as during
the retention tests conducted after 1 houl" @b-plot) and 1 day {83 sub-plot) of the
conditioning. The percent CRs to the CS+ and Ciuit during the memory retention tests
were represented together in the same bar graghshei same two colors used in tiiesiib-plot
(red: CS+ and blue: CS-).N’ represented the numbgrnon-hygienic bees used in the
experiment.

Together with these factors, the possible (uncraclav viral load in the parasitizing
foundress mites used in our experiments probabiyributed to the overall low levels of
CRs of the experimental groups to the CS stimulie Teasons for the higher odor
generalization showed by the non-hygienic bees eoetpto the bees of the hygienic line
although were not understood however; successfaridiination between the odors of
the healthy and the parasitized pupae by the himikees indicated that theseo
honeybee lines differed in their olfactory learniglities for the brood odorsThis also
indicated the possible general scenario that hygie@es can recognize the odors of the
Varroa parasitized brood as abnormal or disease-assdcsageals which leads to the

better hygienic behavior of these bees againsv#rea mite.

2.5.3 Absolute conditioning with the sting alarm ptomone odor, isoamyl

acetate

PER conditioning experiments until now showed thaes form the hygienic line
discriminated better or generalized less than thre-hygienic bees between the volatile
odor profiles of the/arroa infected and uninfected brood, although both lifeeled to
discriminate between the odor bouquets of the veges ¢solated from the healthy and the
parasitized brood cells.

Whether the better performance of bees of the hygikne was specific for the brood
odors used in the second set of experiments oethee genetic lines had general
differences in olfactory learning were unclear. t€et that, bees from both genetic lines

were trained in the absolute conditioning paradvgith the sting alarm pheromone odor,
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isoamyl acetate (also known as isopentyl acetd@t®).choice of this odor was based on
the report that honeybees conditioned with thensgdacetate (IAA) showed higher odor
generalization to the floral and other pheromorddre than if they were conditioned
with the floral odors (Sandoet al., 2001). This satisfied our idea to check for the

potential differences both in olfactory learninglador generalization processes between
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Fig. 5a: Learning and memory performances of the hgienic line in the differential
conditioning using the un-parasitized pupae as th€S+ andVarroa parasitized as the CS-:
Bees were trained differentially with the volatitelor profiles of theVarroa infected and
uninfected pupae and th& 4ub-plot (line graphs) represented the percenditioned responses
(y-axis represented the percent conditioned regponds CR) to the CS+ (red color line graph:
un-parasitized pupae) and CS- (blue line grayéwroa parasitized pupae) stimuli during the
conditioning trials (x-axis showed the number ohditioning trials; 6 trials). Unlike the last
occasion (Fig. 4a), this time hygienic bees strprggneralized between the two CS stimuli
during the conditioning. The overall significanthigher number of responses to the CS-
compared to the CS+ was denoted by the asterixopnof the black line (results of RM-
ANOVA). The generalization effect was found to done during the 1 hour retention tesf?(2
sub-plot); however, bees showed significantly higresponses to the CS+ during the 1 day
retention test (3 sub-plot). Significant difference in the CRs (8fsub-plot) was denoted by the
asterix inside the rectangular box at the demamgdtietween the red and blue colors (red bar:
CS+ and blue bar: CS-).

these two lines. Olfactory generalization was tkshering the memory retention tests (1

hour and 1 day after conditioning) when the PERboases to the conditioned odor
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(IAA) were compared with the responses to the uméch or new odor, 1-hexanal (CS
new) and with the filter paper. Hygienic (Fig 6a)danon-hygienic bees (Fig 6b)
conditioned in parallel with the IAA showed no digrant difference in the conditioned
responses during the four conditioning triagfStést: p > 0.05 for all 4-trials). However,
during the retention tests performed after 1 howt & day of the conditioning, hygienic
bees (Fig. 6a) showed significantly lower resporisgh to the untrained CS, 1-hexanal
(1 hour:x?= 13.08, df =1, p = 0.02; 1 day*= 29.47, p = 5.6x1 and to the filter paper
(1 hour:y® = 22.53, p = 2.06x19 1 day:y*= 51.69, p = 6.4 x 1) compared to the
conditioned (CS+) odor, IAA. Hygienic bees alsowhd significantly higher responses
to the natural odor 1-hexanal compared to therfiiteper during both tests (1 hoyf:=
7.5, p = 0.006; 1 dayy’ = 6.54, p = 0.01). Responses to 1-hexanal did edtae
significantly (between 1 hour and 1 dag:= 4.03, p = 0.06) between the two retention
tests, however, for the filter paper significantidase in responses was found during the
2" compared to theSiretention test (between 1 hour and 1 ddy= 3.5, p = 0.06).

Additionally, the initial response level of the lggic bees to the filter paper was also
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Fig. 5b: Learning and memory performances of beesfothe non-hygienic line in the
differential conditioning using the un-parasitizedpupae as the CS+ an&/arroa parasitized
pupae as the CS-The ' sub-plot showed the percent conditioned respavisés® non-hygienic
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bees to the CS+ (red-colored line graph: healtltywamparasitized pupae) and the CS- (blue line
graph:Varroa parasitized pupae) stimuli during the conditionirigls. X and y axes represented
the same parameters as described in Fig. 5a. Ngie#ig bees showed high generalization
between the two CSs during the conditioning as tehby the asterics (in the rectangular box on
top of the black line) due to the significantly héy number of responses to the CS- compared to
the CS+. Memory retention tests performed afteodr {2 sub-plot) and 1 day (Bsub-plot) of

the conditioning also showed the high odor gereatiin between the two CS stimuli (red bar:
CS+ and blue bar: CS-).

CS+ (Isoamyl acetate); Hygienic line
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Fig. 6a: Learning and memory performances of the hgienic line in the absolute
conditioning with isoamyl acetate: Bees of the hygienic line were trained in the alsol
conditioning paradigm with 4 training trials usitige alarm pheromone odor, isoamyl acetate
(IAA) as the CS+. The®lline graph (dark green color) showed the learmiegormance of the
bees (y-axis represented the percent conditionggbrse or CR) along the conditioning trials
(shown on the x-axis: the number of training tridésioted with T1 until T4). The next two sets
of bar graphs represented respectively the % CR®et€S+ (dark blue bar), CS new (1-hexanal,
green bar) and to the filter paper (red bar) duthrg memory retention tests performed after 1
hour and 1 day of the conditioning. Hygienic belesveed significantly higheryf test: p < 0.05)
responses to the CS+ compared to the CS new arfiténgaper during both tests (denoted by
the black lines and asterics). Percent CRs to &txwere also found significantly higher (p <
0.05) than the filter paper during the two testb.represented the total number of hygienic bees
trained and tested.

found low (~ 10% CR). Olfactory conditioning withoamyl acetate elevated the effects
of odor generalization in honeybees as reportediquely (Sandozet al., 2001);
however, hygienic bees always responded signifigdoiver to the novel CS compared
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to the conditioned odor. Hence, we concluded thagiémic bees showed less odor
generalization or recognized the novel CS as diffefrom the conditioned odor. The
overall low response levels to the filter paperimiyiboth retention tests also supported
this conclusion. The lowering in CRs to the CSHmyithe 1 day compared to the 1 hour
test was not found significarmz(= 2.16, p = 0.14) but probably involved the comptne
of extinction learning since the same group of beere tested twice. Bees of the non-

hygienic line in contrary showed strong generaia(Fig. 6b) between the sting alarm

CS+ (Isoamyl acetate); Non-hygienic line
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Fig. 6b: Learning and memory performances of the ne-hygienic line in the absolute
conditioning with isoamyl acetate (IAA): The line graph (dark green color) showed the learni
performance of bees of the non-hygienic line duthey conditioning with the IAA. The x and y
axes represented the same variables as descrilfégl i6a.The next two sets of bar graphs were
respectively represented the % CRs to the CS+ (dlask bar), CS new (1-hexanal; green bar)
and to the filter paper (red bar) during the menmatgntion tests performed after 1 hour and 1
day of the conditioning. Chi-square test compateel tesponses to these stimuli during the
retention tests showed that conditioned resporséset CS+ were only significantly higher than
the responses to the filter papgf test: p < 0.05; denoted by the black lines andriasf). Non-
hygienic bees generalized strongly between the &f8htthe CS new as well as between the filter
paper and 1-hexanal during the two retention t€ssponses to the filter paper and the CS new
did not change significantly between the two tedtsrepresented the total number of non-
hygienic bees used in the experiment.
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pheromone odor, isoamyl acetate (CS+) and the alabdor (CS new), 1-hexanal.
Responses to these odors did not show any signifidéference during the retention
tests (1 houry?= 2.77, p = 0.09; 1 day’= 0.74, p = 0.38) performed after 1 hour and 1
day of the conditioning. Unlike the hygienic be#sgese bees showed no significant
difference in responses between the CS new anélltrepaper during the two tests (1
hour:¥*= 1.68, p = 0.19; 1 day’ = 3.76, p = 0.05). However, responses to the filter
paper were significantly lower than isoamyl acefataour:y>= 8.6, p = 0.003; 1 day?

= 7.6, p = 0.005) during the retention tests. Tha-hygienic bees like the hygienics
showed no significant change in responses to thee®Sbetween the retention tegts<
0.14, p = 0.7), but unlike the hygienic bees thepomses to the filter paper did not
decrease significantly between the retention {géts 1.06, p = 0.3).

CS+ (Isoamyl acetate) in presence of adaptation stimulus  ; Hygienic line
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Fig. 7a: Learning and memory performances of the hgienic line in the absolute
conditioning with isoamyl acetate under condition 6 olfactory adaptation: Bees of the
hygienic line were adapted behaviorally with thestant background of colony odor and then
conditioned with the isoamyl acetate (IAA) using th-conditioning trials. The®1line graph
(dark green color) showed the learning performasfcbees (% CR represented on the y-axis)
along the training trials (x-axis represented tkeaihing trials; denoted with T1 until T4). The
next two sets of bar graphs represented respectiiel % CRs to the CS+ (dark blue bar), CS
new (1-hexanal; the green bar) and to the filtggepdthe red bar) during the memory retention
tests performed after 1 hour and 1 day of the ¢mmiing. Hygienic bees were found to show
significantly higher * test: p < 0.05) responses to the CS+ compared tontige filter paper
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during the two tests (significant difference: dextbby the black lines and asterics). Responses
between IAA and 1l-hexanal did show any significdifference in the two tests. However,
hygienic bees showed significantly higher respornee$-hexanal compared to the filter paper
only during the 1 hour test (denoted by the blangd and asterics). Percent CRs to 1-hexanal and
the filter paper did not change significantly betwethe two tests. ‘N’ represented the total
number of bees trained and tested.

Comparison between these two lines revealed thathggienic honeybees showed
significantly higher responses to the filter padaring both retention tests compared to
the hygienic bees (No figure shown: Mann-Whitneyesst: 1 hour U = 2065.00, Z = -

2.71, p = 0.04, 1 day U = 2018.00, Z = -2.15, p.63D as well as to the CS new, 1-
hexanal during the 1 day (Mann-Whitney U test: Lrhd = 2200.00, Z = - 1.66, p =

0.09, 1 day U = 1829.50, Z = -3.64, p = 0.00026)e Tifferences in odor generalization
found between these two lines were not due to iffiereinces in olfactory learning since

they learned similarly. The differences also did ase due to some unknown effect of
the sequence of odor presentation during the memsdeytion since both lines received
the same sequence of odor presentation duringwbedsts (CS+, CS new and lastly
filter paper). However, keeping in mind theffects of isoamyl acetate on odor
generalization in honeybees and the absence obttwey honeybee lines conditioned and
tested in parallel, no conclusion was drawn betwentwo possibilities; whether the

non-hygienic bees performed poorly in the odor galimation task due to some general
deficit of this genetic line to learn in the olfagt PER paradigm or the hygienic bees
were generally better performers than both the mgnenic and other honeybee lines.
Previous reports of PER conditioning in honeybees ¢electively breed for any specific
genetic trait) with isoamyl acetate indicated theasnd possibility (Sandae al.,2001).

The next experiment although did not test betwdessda possibilities; however the
olfactory learning and effects of odor general@atbetween the two lines were again
compared using the same conditioned odor, isoacstiate but under the condition of
olfactory adaptation. Adaptation was achieved wfith constant background of colony
odor. In addition to the comparison of performangoetsveen the two lines, performances
of the individual lines in the adaptation experimerre compared with the performances
in the previous experiment to find out the posseffects of adaptation on the olfactory
learning and generalization processes.
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Hygienic line

Hygienic bees (Fig. 7a) learned the conditionedr alioing the conditioning trials and
showed significantly higher responses to the CSmpamed to the filter paper (1 hoyf:

= 19.8, p = 8.27x18 1 day:y* = 15.76, p = 7.15x1I¥) during the two retention tests.
However, unlike the last experiment (Fig. 6a), ooges between the CS+ and CS new
(1-hexanal) in this occasion were found no longgniScantly different during the two
retention tests (1 houg’ = 3.53, p = 0.06, 1 day’ = 1.73, p = 0.18). The responses
between the filter paper and 1-hexanal were fougwifgcantly different only during the

1 hour {*= 7.9, p = 0.0004) but not during the 1 day tg$t(0.52, p = 0.4). The higher
odor generalization in this experiment comparethé&previous experiment (Fig. 6a) was
also associated with the significantly lower coiadied responses to the CS+ during the 1
day compared to the 1 hour retention tgét=(4.55, p = 0.03). Responses to the filter
paper were found lowest amongst the test stimulublike the previous experiment (Fig.
6a) did not show any decrease during the 1 day acedpto the 1 hour tesf?E 0.43, p =
0.5). The responses to the CS new, 1-hexanal atsmat vary §* = 2.47, p = 0.11)
between the two tests.

During the 1 day unlike the 1 hour retention tesgiénic bees were unable to distinguish
between the filter paper and the novel CS, 1-hdxafae differences in responses
between the conditioned and novel odors althougie wever statistically significant, but
were higher during the 1 hour than the 1 day ®Responses to the filter paper unlike the
last experiment (Fig. 6a) did not reduce between ttho tests, rather were found to
increase during the 1 day test. These results iegethowed that olfactory adaptation
with the colony odor elevated the effects of odemeralization in the hygienic bees. This
effect was found stronger during the 1 day retentiest (early-long term memory)
compared to the 1 hour (mid-term memory) test.dditeoon, significant reduction in CRs
to the CS+ odor during the 1 day compared to theur test was found when the bees
were adapted with the colony odor but not when nesre conditioned in the background
of the laboratory. Adaptation with the colony oditacreased the consolidation of CS+
memory (IAA) between the 1 hour and 1 day test. Tetention tests conducted on the
same group of bees although incorporated an exdim@omponent in the conditioned

responses, but this component was weaker in théemggbees when they were not
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adapted with the colony odor. Whether the extimctearning became stronger due to the
olfactory adaptation with colony odor in hygienieds was unclear. However, hygienic
bees were found to show lower conditioned respodsgag the conditioning trials when
adapted with the background stimulus of colony odwmpared to the condition of no-
adaptation (Fig. 7b). The CRs only during th€ 8onditioning trial showed the
significant difference between the two experimebtd the overall CRs were lower
during the adaptation (Mann-Whitney U test: triak8aptationvs. no-adaptation U =
1640.50, Z = 2.98, p = 0.0028). Hence, adaptatigh the background stimulus of the
colony odor seemed to inhibit (or interfere) théacdlory learning of hygienic bees while
isoamyl acetate was used as the conditioned odas fieduction in CS+ learning
probably led to the deficit in consolidation of th&+ memory or in other words the
possible effect of extinction learning was strongeer the reduced effect of CS+
learning which subsequently reduced the CRs t€Cthe.

Acquisition curves; Hygienic line
100 -
80 -1
60 1 * N=75
5 =/ Hygienic; IAA
xX 40 - =@ Hygienic; IAA+ Hive air
N =59
20 A
Mann-Whitney U Test
* p=0.002
0 T T T
T1 T2 T3 T4

Fig. 7b: Comparison between the population-averagedearning functions of bees of the

hygienic line found during the conditions of olfacbry adaptation and no-adaptation: The

average learning or acquisition functions (for ieghacetate) found during the condition of no-
adaptation (line graph with green triangular datints) and background olfactory adaptation
with the colony odor (line graphs with yellow triular data points) were compared for the
hygienic bees using the Mann-Whitney U test. Sigaift reduction in CR was found during the
3 conditioning trial (p value = 0.002) under the dition of adaptation. The x and y-axes in the
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figure were respectively represented the numbeonofélitioning trials (denoted with T1 until T4)
and the percent CR (conditioned response). Oveilédictory adaptation inhibited the learning of
isoamyl acetate in the hygienic bees. ‘N’ represgéribe total number of hygienic bees in each
experimental group.

Non-hygienic line

Non-hygienic bees showed high generalization (8&).between the odor stimuli during
the two retention tests. No significant differemt¢he PER responses was found between
the CS+ and 1-hexanal (1 hoyf:= 0.48, p = 0.48 1 day? = 0.71, p = 0.39), between
the CS+ and filter paper (1 hoyf= 2.84, p = 0.09 1 day’= 0.3, p = 0.58) as well as
between the CS new and filter paper (1 hgti= 0.99, p = 0.3 1 day’= 0.08, p = 0.76)
during the two retention tests. The responsesa®®+ ¢*= 3.29, p = 0.06), CS new(

= 3.81, p = 0.05) and filter pape’ € 0.46, p = 0.49) also did not change significantly
between the two tests. Hence, like the previousexent (Fig. 6b), the non-hygienic
bees showed the strong generalization between id@mtate and 1-hexanal, along with

CS+ (Isoamyl acetate) in presence of adaptation stimu  lus;
100 1 Non-hygienicline

80 -

60 -

% CR

40 A

20 A

T1 T2 T3 T4 1 hour 1 day

Fig. 8a: Learning and memory performances of the no-hygienic line in the absolute
conditioning with isoamyl acetate (IAA) under condfion of olfactory adaptation: Non-
hygienic bees were adapted with the colony odorcamdlitioned with 4 training trials using IAA

as the CS+. The™line graph (blue color) showed the learning perfance of the bees along the
conditioning trials. The x and y axes in the figuepresented the same variables as describes in
Fig. 6a. The next two sets of bar graphs repredestpectively the % CRs to the CS+ (dark blue
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bar), new CS (1-hexanal; green bar) and to therfifaper (red bar) during the retention tests
performed after 1 hour and 1 day of the conditignidon-hygienic bees generalized completely
between the CS+ and CS new, between the CS+ aed fiiaper as well as showed similar

responses to the filter paper and the CS new duhiegwo tests. Responses to the filter paper
and CS new did not change significantly betweentweetests. ‘N’ represented the total number

of non-hygienic bees used in the experiment.

the constant high responses shown to the filteepadaptation with the background of
colony odor led to more reduction in learning iesl bees compared to the hygienic
bees. Non-hygienic bees showed significant redoctio conditioned responses
throughout the four conditioning trials during tadaptation (Fig. 8b) compared to the
previous condition of no olfactory adaptation (Manhitney U test: trial-1 between
adaptation and no-adaptation U = 1810.00, Z = 224,0.024, trial-2 between the two
conditions U = 1635.00, Z = 2.52, p = 0.011, tBabetween the two conditions U =
1530.00, Z = 2.97, p = 0.0029, trial-4 betweentthe conditions U = 1697.00, Z = 2.05,
p = 0.03).

The inhibitory effect of adaptation on olfactoryaleing was found in both honeybee
lines, although the effects were more severe imtirehygienic beedHowever, it was
unclear whether this effect wapecific for the isoamyl acetate or specific of todony
odor, which was not tested further in this study. Hygiebees showed higher odor
generalization in the adapted compared to the yntedsstate but overall they showed
significantly less generalization than the non-kewit bees. Non-hygienic bees on the
other hand showed complete generalization in odspanses during both adapted and
unadapted conditions. In addition to the strongrodeneralization, these bees also
showed strong responses to the filter paper in bpgpleriments. Honeybees probably can
perceive the smell of the filter paper but in congzn to the odor stimuli such as IAA or
1-hexanal with much higher salience, filter papesgibly acted like a neutral stimulus in
these experiments. Hence, strong responses taassithulus strengthened the doubt that
non-hygienic bees either had some general debiciedarn the olfactory information or

had the specific problem to learn odors in the PERiIgmM.
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Important point

A separate honeybee colony was used for the purpbsgelivering the adaptation
stimulus to the hygienic and the non-hygienic b&ds air flow delivered from this
colony probably had some stress related odorsgdires were restrained from flying out
during the experiments) apart from the pheromokésyelated compounds and the
dominant odors of the wax and honey. Since, beesreaognize and discriminate
between the different kin-related and the variobhsrpmonal odors; it was possible that
these volatile chemicals had the influences orctifg learning and generalization of the
two genetic lines. This issue remained unresolwvethis study as the hygienic and non-

hygienic bees were not adapted with the odorseaf thwn colonies.

Acquisition curves; Non-hygienic line
100 -
80 A
E S
60 - N =68
(14 i
o =fy=Control; IAA
X 40 - == Control; IAA+ Hive air
N =61
20 A
Mann-Whitney U Test
* p<0.05
0
T1 T2 T3 T4

Fig. 8b: Comparison between the average learning fictions of bees of the non-hygienic line
found during the conditions of olfactory adaptationand no-adaptation: The average learning
functions (for isoamyl acetate) of the non-hygiebiges found during the conditions of no-
adaptation (line graph with green triangular dadénts) and background olfactory adaptation
with the colony odor (line graphs with yellow trgular data points) were compared using the
Mann-Whitney U test. The x and y-axes were respelsti represented the number of
conditioning trials (represented with T1 until Tdhd the percent CR (conditioned response).
Significant reduction in CRs throughout the 4-cdioding trials was found during the adaptation
compared to the condition of no olfactory adaptatidhis inhibitory effect of adaptation was
found stronger in the non-hygienic than in the bypgi bees. ‘N’ represented the total number of
bees in each experimental group.
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2.5.4 Differential conditioning with the floral ods

The last experiment was designed to resolve theique dilemma about the poor
learning ability of the non-hygienic line. Honeybetom the two genetic lines were
conditioned again in the differential conditionipgradigm using the common floral
odors, 1-hexanol and geraniol. Masterman and aplies in 2000 already reported that
bees from their hygienic colonies although weres dbldiscriminate significantly better
between the volatile odors of the healthy and tredkbrood infected pupae compared to
the non-hygienic bees, however; both lines were &bldiscriminate similarly between
the high concentrations of the floral odors, gevhand 1-hexanol. In our experiment
hygienic bees were found to discriminate (Fig. &d &b) well between the two CS
stimuli during the differential conditionings wittoth combinations of the CS+ and CS-.
Repeated measurement ANOVA showed significant $tism(CS+/CS-) x conditioning
trial effect F (5, 460) = 9.84, p = 0.00000 andhdigant trial effect (F (5, 460) = 3.31, p
= 0.0059) although, the stimulus effect was nonfbgignificant F (1, 92) = 2.18, p =
0.14 when geraniol was used as the CS+ and 1-heranihe CS- (Fig. 9a). When 1-
hexanol was used as the CS+ and geraniol as the(Fig- 9b) RM-ANOVA tests
showed the significant stimulus x trial F (5, 4603.6130, p = 0.0032 as well as the trial
effects (F (5, 460) = 5.05, p =0.00000) althougle, $timulus effect was again found non-
significant F (1, 92) = 3.36, p = 0.00016). Therstius effects in hygienic bees although
were not found significant however, the significémdl effects as well as the significant
interaction between the stimulus and trial confidntieat hygienic bees were able to learn
the discrimination between these two odors or imeptwords these bees learned the
different contingencies of the two odor stimuli mdpthe conditioning trials during both
differential conditionings. During the memory retien tests performed after 1 hour and
1 day of the conditioning (both experiments) hygebees showed the significantly
higher number of responses to the CS+ compardtet@$- stimuli (Fisher LSD post hoc
test: 1hour p = 0.000000, 1 day p = 0.000000). Besgs to the filter paper were also
found significantly lower in these bees comparediite CS+ odors during the two
experiments (Fisher LSD post hoc test: geranid@&s 1 hour p = 0.000000 and 1 day p
= 0.000001, 1-hexanol as CS+ 1 hour p = 0.0000@11aday p = 0.000092). However,

when 1-hexanol was used as the CS+, these beegdmsignificantly higher responses
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(Fisher LSD post hoc test: p = 0.04) to the fiftaper during the 1 hour compared to the
1 day retention test (Fig. 9b). The responses ¢ofilker paper also were not found
significantly different from the CS- stimuli in thevo differential conditionings (data not
shown: Fig. 9a and 9b).

On the contrary, the non-hygienic bees were fatleddiscriminate or showed high
generalization like before between the CS stimiig( 10a and 10b) during the
differential conditionings with alternate combirmats of the CS+ and CS-. RM-ANOVA
showed the non-significant stimulus x trial efféct(5, 440) = 2.17, p = 0.05634 and
significant stimulus effect F (1, 88) = 14.21, 80029 when geraniol was used as the
CS+ and 1-hexanol as the CS-. In the other combmatf the two CSs (1-hexanol as
CS+ and geraniol as CS-) the non-significant stim trial effect F (5, 460) = 0.72, p =
0.60273 was associated with the significant stisfiect F (1, 92) = 8.89, p = 0.0036).
Non-hygienic bees showed strong responses to thest@Bulus which resulted in the
significant stimulus effect but non-significantenaction between the stimulus and trial
in both differential conditionings. These resultfirmed that non-hygienic honeybees
were failed to learn the different contingenciegh# two CS stimuli along the training
trials during both differential conditionings. Dog the memory retention tests, non-
hygienic bees responded significantly higher toGlss- odors (Fisher LSD post hoc test:
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*
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20 20
o o
—_— 1 2 3 P 5 B 1
# Trials
—_— CS- . .
Retention Test 1 day Filter paper
100 100
80 80
—
8 60 6 60
S S a0
20
ol NN
5} 0.5 1 1.5 2

60



Chapter-2: Hygienic behavior

Fig. 9a: Learning and memory performances of beesfdhe hygienic line in the differential
conditioning with geraniol as the CS+ and 1-hexanadhs the CS-:Hygienic bees were trained
differentially with geraniol as the CS+ and 1-hestaas CS-. The ®1 sub-plot (line graphs)
represented the percent conditioned responsese(eE® plotted on the y-axis) to the CS+ (red
line) and CS- (blue line) during the conditionimigls (the number of trials were given on the x-
axis; 6 trials). During the conditioning hygienieds discriminated well between the two stimuli
(significant differences between CRs of the conditig trials were together denoted by the
asterics on top of the black line). TH¥ &nd &' sub-plots showed the percent CRs to the two CS
stimuli respectively during the retention tests fpened after 1 hour and 1 day of the
conditioning. The percent CRs to the CS+ and Ciuit during the memory retention tests
were represented together in the same bar witlsah®e color codes as used in the line graphs
(red: CS+ and blue: CS-). Hygienic bees showedifsigntly higher responses to the CS+
compared to the CS- at both time points (denotethéyasterics inside the rectangular box at the
demarcation between the red and blue colors). TreiB-plot showed the responses to the filter
paper during the same two time points of test (drhlight green bar and 1 day: dark green bar).
N’ (in the T plot) represented the total number of hygienicshesed in the experiment.
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Fig. 9b: Learning and memory performances of the hgienic line in the differential
conditioning with 1-hexanol as the CS+ and geranidds the CS-:Hygienic bees were trained
differentially with 1-hexanol as the CS+ and gesamis the CS-. The*1sub-plot (line graphs)
showed the conditioned responses to the CS+ andt®34li during the conditioning trials. The

x and y axes represented the same parameters@agdddsn Fig. 9a with the same color codes
used to represent the CS stimuli. Hygienic beegabte to discriminate between the two stimuli
during conditioning (significant differences in CRi®ng the training trials: denoted by the black
line with the asterics on top). Thé&°2and 3 sub-plots represented the percent CRs to the CS
stimuli during the retention tests performed aftenour and 1 day of conditioning. Significant
differences were denoted by the asterics insidadbmngular box at the demarcation between
the red and blue colors. Th& 4nd last sub-plot showed the responses to thee filiper during
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the same two time points (1 hour: light green et & day: dark green bar) of the test. Responses
to the filter paper declined significantly duriffgetl day compared to the 1 hour test (denoted by
asterics in the box); however, no significant difeces were found between the CRs to the CS-
and responses to the filter paper. N’ represeftedatal number of hygienic bees.

1 hour p = 0.04) during the 1 hour time point (Fi@a) when geraniol was used as the
CS+ and 1 day after (Fisher LSD post hoc test T:hpe 0.003) the conditioning when
1-hexanol was used as the CS+ (Fig. 10b). The d#terconditioned responses during
the retention tests reflected the strong effectedufr generalization as showed by these
bees during the conditioning. Hence, the signifilsainigher responses to the CS+ stimuli
in two cases did not confirm the response spetjficf the non-hygienic bees. When
geraniol was used as the CS+ stimulus, the incdeessponses to the CS+ were lost
between the mid-term (1 hour) and the early lomgitenemory (1 day) retention.
Opposite type of conditioned responses were foumeihwL-hexanol was used as the CS+.
These two responses were not easy to be explaiogd the viewpoint of the
consolidation of CS+ memory after the conditiontrigls since in one case the CRs to
the CS+ compared to the CS- were higher duringnticeterm and in the other case
during the early long- term retention test. Howewenen we looked at the responses to
the filter paper, we found (Fig. 6a and 8b) thatnlon-hygienic bees like before again
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Fig. 10a: Learning and memory performances of the on-hygienic line in the differential
conditioning with geraniol as the CS+ and 1-hexanchs the CS-:Non-hygienic bees were
trained differentially with geraniol as the CS+ ahdiexanol as CS- in this experiment. THe 1
sub-plot (line graphs) showed the conditioned resps to the CS+ and CS- stimuli during the
conditioning trials. The x and y axes represenedsame parameters as described in Fig. 9a with
the same color codes were used to represent th&ti@8li. During conditioning non-hygienic
bees generalized strongly between the two CS stifibe 2 and 3' sub-plots respectively
represented the percent CRs to the CS stimuli (semler codes as in Fig. 9a) during the
retention tests performed after 1 hour and 1 dagoafiitioning. Significantly higher responses to
the CS+ compared to the CS- were shown by thesedeag the 1 hour test (as denoted by the
asterics inside the rectangular box at the denmiarcéetween the red and blue colors) but not
during the 1 day test. Thé"4ub-plot was showed the responses to the filteepduring the 1
hour and 1 day tests with the same color codesed m Fig. 9a. Responses to the filter paper
were found significantly higher during the 1 hownpared to the 1 day test, but no significant
differences were found between the responses tiltdrepaper with both the CS+ and CS- odors
during the two tests.
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Fig. 10b: Learning and memory performances of the on-hygienic line during the
differential conditioning with 1-hexanol as the CS+and geraniol as the CS-Non-hygienic
bees were trained differentially with 1-hexanoltis CS+ and geraniol as CS-. THéslb-plot
(line graphs) showed that bees were unable toidistate or generalized highly between the two
CS stimuli during conditioning. The x and y axest the same parameters as described in Fig. 9a
with the same color codes were used to represer@&stimuli. Percent conditioned responses to
the two CS stimuli (with the same color codes as-im 9a) during the retention tests were
represented in the"®and 3' sub-plots. Significantly higher responses to ti&+Ghan the CS-
were shown by these bees during the 1 day tesb{gly the asterics inside the rectangular) but
not during the 1 hour retention test. THestib-plot represented the responses to the fitpep
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during the 1 hour and 1 day tests with the sameramdes as used in Fig. 9a. Responses to the
filter paper did not change between the two tests.

showed the strong generalization in responses kettlee filter paper and CS+ and
between the filter paper and CS- (no significanffedences were found in both
comparisons: data not shown) in both experimenig. (F0a and 10b). Honeybees in
general (bees from our institute’s garden) can roiisnate between the high

concentrations of these two floral odors, geramiodl 1-hexanol in the olfactory PER
paradigm (Malunet al., 2002). Non-hygienic bees however, were failed darnt the

discrimination between the highest concentratidnthese two odors. Hence, the strong
responses to the stimulus like filter paper in @dperiments along with the high
generalization in odor responses during the camdiig and retention tests together

strengthened the possibility that non-hygienic bess some general problem to learn the

CS+ (1-Hexanal) and CS- (1-Octanol); Hygienic line
100 1
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Fig. 11a: Learning and memory performances of the ygienic line during the differential
conditioning with 1-hexanal as the CS+ and 1-octahaas the CS-:Hygienic bees were
conditioned differentially using 1-hexanal as th&+Cand 1-octanol as CS- with the 6 alternate
presentations of each of the CS+ and CS- stimlile X and y axes in the figure respectively
represented the number of conditioning trials dredtercent conditioned responses (CR). During
the conditioning as well as the retention testdooted after 2 hours and 1 day of training, bees
showed significantly higher responses to the CSmpaue to the CS-yttest: p < 0.05; denoted
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by the black line to show all significant differescwith the asterics on top). The x and y-axes
respectively represented the number of conditionifeds and the percent CR to the CSs. ‘N’

represented the total number of hygienic bees unstite experiment which was in between the 1
day and 1 hour test (due to death).
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Fig. 11b: Learning and memory performances of the on-hygienic line during the
differential conditioning with 1-hexanal as the CS+and 1-octanol as the CS-Non-hygienic
bees were conditioned differentially using 1-hexasathe CS+ and 1-octanol as CS- with the 6
(each) alternate CS+ and CS- trials. The x andeg ax the figure respectively represented the
number of conditioning trials and the percent ctaded responses (CR). During the
conditioning as well as the retention tests nonidmig bees showed significantly higher CRs to
the CS+ compared to the CSZ {est confirmed the significant differences, p <50.8enoted by
the black line to show all significant differencegth the asterics on top). The x and y-axes
respectively represented the number of conditioniials and the percent CR to the CSs. N’
represented the total number of hygienic bees unstite experiment which was in between the 1
day and 1 hour test (due to death).

olfactory information in the PER paradigm. Alterelgt these bees might have suffered
with some kind of sensitization effect which lastedg during and after the experiments
and contributed to the increased responses toiraiskof CSs (strong generalization
effect). We concluded thahe differences in the olfactory learning behaviound
between the two genetic lines were most likelycefd the poor overall performance of
the non-hygienic honeybees rather the true supeperformance of the hygienic
honeybeesSurprisingly, during the latter part of the sea@eginning of autumn; 2009)
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CS+ (1-Octanol) and CS- (1-Hexanal); Hygienic line
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Fig. 12a: Learning and memory performances of the ygienic line during the differential
conditioning with 1-octanol as the CS+ and 1-hexamhas the CS-:Hygienic bees were trained
differentially using 1-octanol as the CS+ and ldmat as CS- with the 6 each alternate CS+ and
CS- trials. The x and y axes in the figure respettirepresented the number of conditioning
trials and the percent conditioned responses (DRjing the conditioning and the retention tests
these bees showed significantly conditioned resgmis the CS+ compare to the CS- stimydli (
test: p < 0.05; denoted by the black line to shdvsignificant differences with the asterics on
top). N’ represented the total number of hygienged used in the experiment which was in
between the 1 day and 1 hour test (due to death).

the non-hygienic bees started to perform similaiity the hygienic bees in the olfactory
discrimination tasks. This was found when bees fbmth genetic lines were conditioned
differentially with the two other naturally occurg odors namely 1-hexanal and 1-
octanol. Both hygienic and non-hygienic bees ledrtiee discrimination between the
CS+ and CS- stimuli during conditioning (Fig. 114, 12a and 12b) with significantly
higher responses shown to the CS+ odors duringnégmory retention tests performed
after 2 hours and 1 day of the conditioning. Ttet gaoup (Fig. 12b) of the non-hygienic
bees although showed the differences in CRs tdwieeCS stimuli but they were not
found significant probably due to the low sampleesiThese experiments were repeated
during this time with the younger bees (1-2 weekage) in place of the foragers from

both genetic lines. We found that young bees wke able to learn the discrimination
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between the same two odors (data not shown). Tassthe first time during the entire
season when the similar learning performances i@rad between the two types of
bees. The reasons for the overall poor performahdbe non-hygienic bees during the
summer and the sudden improvement in performancengluautumn were not

understood, especially when the non-hygienic celonvere well maintained throughout
the summer and autumn (sufficient food, healthyeguand good population size).
However, these results disproved our previous cmmh that non-hygienic bees had
general deficit to learn in the PER conditioninggaigm. Under this circumstance, no
specific conclusion was made about the possibléerdifices in olfactory learning

between the two genetic lines.
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Fig. 12b: Learning and memory performances of the on-hygienic line during the
differential conditioning with 1-octanol as the CS+and 1-hexanal as the CS-Non-hygienic
bees were conditioned differentially using 1-octaa®the CS+ and 1-hexanal as CS-. The x and
y axes in the figure respectively represented tinaber of conditioning trials and the percent
conditioned responses (CR). During the conditioramg the retention tests, bees were able to
discriminate between the CS stimuli, however, tifier@nces were not found significanf test:

p > 0.05) due to the small sample size in this erpmtal group. N’ represented the total number
of hygienic bees used in the experiment which waseitween the 1 day and 1 hour test (due to
death).
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2.6 Discussion

2.6.1 Differential conditioning of the hygienic andion-hygienic bees with the

wax caps

Both the olfactory and contact chemosensory mesh@anican operate together to elicit
the uncapping component of the hygienic behavisidethe colony. To test the olfactory
component of the hygienic behavior honeybees fitmerhtygienic and non-hygienic lines
were trained to discriminate between the volatdergprofiles of the wax pieces sealing
the un-parasitized (and healthy) and Yeeroa parasitized brood cells. The wax pieces
were heated at 8C for the constant release of the volatile chemasds during the
conditioning. However, bees from both genetic linegre failed to learn the
discrimination task between the volatile odor gedfiof the two types of wax caps.
Beeswax mainly contains the esters of fatty aci$ lang chain alcohols; compounds
such as the esters of palmitate, palmitoleate, dxygralmitate and oleate with the long
chain (30 — 32 carbons) aliphatic alcohol predomemathe composition. However,
volatile chemical compounds such as butanediolaigsic acid (Schoningt al, 2011)

or Z- (6) pentadecene (Nazet al, 2004) which were reported as the possible crucia
compounds to elicit the hygienic behavior agains¢é Varroa mite, have more
hydrophilicity than the lipid components of the waaps. The polar nature of these
compounds probably inhibits their incorporatioroitite lipid matrix of the wax caps in
higher concentrations. Hence, the higher conceotraf the common lipid components
over the lower concentrations of the disease-aatagtichemicals in the infected wax
caps probably overshadowed their detection in e Bonditioning assay. This might be
one of the reasons why bees from both genetic feiéedd to discriminate or generalized
highly between the volatile chemical profiles oé tlwo types of wax caps.

Francesco Nazzi's experiment used the whole bratld,an comparison we only used
the small pieces of wax caps; hence, it was pastilalt the infection associated chemical
cues were lost in these preparations due to theousenall caps in place of the entire
brood cells. Additionally, the isolation procedurgght also have affected the chemical
composition of the wax caps. Caspar Schoéning’sysshlibwed that removal of the

Varroa parasitized brood predominantly involved with theidence of overt infection of
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the brood by the replicating, virulent forms of ttheformed wing virus (Schoénirgs al,
2011). The virulent form of the deformed wing virgbWV), transmitted by the
foundress mite during the infection was able tdiaghinore damage on the parasitized
brood. The extent of brood damage finally goverttexlbrood removal behavior in the
hygienic colonies. Otherwiseyarroa parasitized brood carried the covert from of
infection and the non-virulent forms of the mitafstsmitted DWV were often not
detected as abnormal by the bees and hence, weremoved. In our experiments the
viral loads of the foundress mites were never tedtevas possible that foundress mites
used in these experiments only carried the noneaplg or non-virulent forms of the
DWV; hence, caused the covert infections in thedtéd brood which eventually led to
the formation of the spoilage-associated volatileesc in amounts which were not
recognized by the hygienic and non-hygienic bedkerolfactory PER assay.

2.6.2 Differential conditioning of the hygienic andion-hygienic bees with the

brood specific volatiles

Schoning’s study found that the volatile chemicalfiles of the healthy and théarroa
infected pupae with the replicating DWV differed agtitatively, with many of the
infected pupal-odor profiles contained some of taee compounds such as isovaleric
acid and 2, 3-butanediol in high proportions. Thekert chain volatiles especially the
isovaleric acid was known to be involved with thheqess of microbial spoilage or decay
(Allison et al, 1978). Nazzi and colleagues also reported trentifative difference
between the chemical compositions of the volatilefiles of Varroa parasitized and un-
parasitized brood (Nazet al.,2004). Honeybees probably use these odor cuest¢atd
the Varroa parasitized brood present inside the capped celemce, in the next
experiment it was checked whether bees from théehiygand non-hygienic lines were
able to discriminate between the volatile odor iefof the healthy and th€arroa
parasitized pupae in the olfactory PER paradigmlikenthe severe brood-damage
inflicted by the chalkbrood or foulbrood pathogeviarroa parasitization often produces
no abnormality in the developing brood (Schéreh@l.,2012). In our experiments ~ 15 -

20 % of the pupae used in the single rounds otwdfftial conditioning were found to
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show the prominent signs of spoilage included tteekb coloration, disfiguration and
malodors. The viral load and the reproduction staifithe individual foundress mite
although were unchecked in our experiment howesestenance of the three mother
mites (originally used to infect individual brooadh the haemolymph of one brood led to
the occasional spoilage amongst the pupae. Hygias in this set of experiments were
able to recognize and discriminated the infectieseaiated volatiles (probably expressed
guantitatively) released by the spoiled pupae ftbehealthy pupal-volatiles when the
parasitized pupae were used as the CS+ stimulushMgienic bees, in comparison were
failed to learn the discrimination between the titdachemical profiles of the healthy and
parasitized pupae. They showed high generalizatiomesponses to the CS stimuli
throughout the conditioning. In the reciprocalrniag, with the healthy pupae used as the
CS+, both genetic lines were failed to learn thatiogencies of the two CS stimuli
during the conditioning. Similar asymmetry in thalisnce of the diseased and the
healthy brood odors was reported before by Masterama colleagues as they found that
hygienic bees were able to discriminate better gemteralized less when the chalkbrood
infected pupae were used as the CS+ but generatiped when the healthy pupae were
used as the CS+ (Mastermanal., 2001). The reasons for the asymmetric salience of
these two volatile profiles were unknown howevére general weaker nature of the
pupal-odors (low amount of odors released fromphpal body) compared to the pure
odor stimuli probably contributed to the low ovérédvels of PER and low odor
discrimination of the two honeybee lines. Addiady, unlike the previous experiment
with the wax caps, the temperature of the syringekis experiment was not be raised to
increase the release of the volatile odors fronpilgae since; it could have caused some
thermal damage on the pupae. Hence, it was unictmarthese results whether the poor
performance of the non-hygienic bees indicatedgemeral problem of this line to learn
the olfactory information in the PER paradigm o thygienic bees were better
performers in the olfactory learning tasks. Howeweespective of these possibilities the
successful discrimination of pupal-volatiles by ttygienic bees at least in one of the two
experiments was lkeey findingas it strongly indicated th@ossible use of olfactory signals
by the hygienic bees for the recognition of Varrog#e in the colony, which eventually

contributes to the better hygienic behavior of theees against the parasitic mite
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2.6.3 Absolute conditioning of the two types of bewith the sting alarm

pheromone odor, isoamyl acetate

Effects of olfactory generalization in the two geadines was tested during the mid-term
and early long-term memory retention tests usirgygtant odor 1-hexanal when bees
were conditioned with the sting pheromone compoisodmyl acetate. Both hygienic
and non-hygienic bees learned and subsequentlyetbtime memory of the CS+ odor,
IAA; however, non-hygienic bees showed higher ogeneralization than the hygienic
bees. No significant difference in conditioned wsges (CRs) between the conditioned
and the novel odor (1-hexanal) was found for the-mpgienic bees. In comparison
hygienic bees always showed the significantly higlesponses to the CS+ compared to
the novel CS. Stronger effect of odor generalizatiound in the non-hygienic bees
supported the results of Sandoz’s study (Saretoal, 2001) however, unusually high
and constant responses to the stimulus, like fdsgyer questioned the general olfactory
learning ability of these bees. In absence of amgrogroup of honeybees trained and
tested in parallel with these two lines we did matke any conclusion about the superior
performance of the hygienic bees or the gener&réifice in olfactory learning between
these two lines. In the next experiment we teskedpossible differences in olfactory
learning between these two lines however; bees wdapted before the conditioning
with the background odor of honeybee colony. Hoeegbused in our conditioning
experiments already learned the meaning of colodgr.olt was interesting to test
whether such a learned stimuli had any influencéhenlearning of the sting pheromone
odor IAA in both genetic lines. Like the previougeriment we found that non-hygienic
bees generalized between the IAA and novel odaxidimal more than the hygienic bees.
However, unlike the last experiment both type otdeavere found to show odor
generalization in their responses. When the passithects of olfactory adaptation on the
odor learning and generalization in honeybees \wesestigated, we found the common
decrease in olfactory learning in both types ofsb@#e reduction in olfactory learning
was found stronger in the non-hygienic comparethéohygienic bees. These results did
not confirm the possible general deficit in olfagtdearning of the non-hygienic line,
since this type of experiment was never reportecmn other honeybee line. However,

behavioral (olfactory) adaptation with the habadbr was found to inhibit the olfactory
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learning and elevate the effect of odor generatimain honeybees of the hygienic and
non-hygienic lines. The deficit in odor learninggmi be specific effect of the colony

odor background or for the training odor isoamyktate, rather not general. To test
between these possibilities, further experimenésraguired where one has to test the
adaptation effects of the single and mixture odackigrounds on the PER learning of

odors with different carbon chain lengths and fiora! groups.

2.6.4 Differential conditioning of the hygienic andgion-hygienic bees with the

floral odors

Masterman and colleagues (Masterneaial., 2000) showed that although their hygienic
bees had higher discriminability between the vidabdors of the healthy and the
chalkbrood infested pupae than the non-hygienis;beewever, both lines were able to
discriminate similarly between the high concentrnasi of the floral odors geraniol and 1-
hexanol. Previous reports also showed that honeyweee able to discriminate between
these two odors in the olfactory PER paradigm (Ma&ual.,2002) as well as in the free
flying condition (Laskaet al., 1999). In our experiments, hygienic bees were able
discriminate between the floral odors geraniol anrtiexanol which supported the
previous results. On the contrary, the non-hygielées were failed to learn the
discrimination tasks during the two conditioningss. addition, the non-hygienic bees
showed strong effect of generalization betweerr tfemponses to the conditioned odors
and filter paper during the memory retention teBlke strong effect of generalization was
associated with the consistently higher conditioresgpponses (CRs) to the CS- compared
to the CS+ stimuli during the differential conditing with wax odors, pupal odors and
floral odors. This common effect found in the CRshably did not arise only due to the
combined effects of stimulus generalization ancrafite CS+ and CS- trials, but
indicated some form of prolong arousal or senditmaeffect in odor responses of the
non-hygienic bees. However, non-hygienic foragefsdely contributed substantially to
the sufficient food reserve (monitored by us) adsh colonies during both summer and
autumn. Hence, keeping in mind the superior oligctearning ability of the free flying
forager bees (von Frisch K 1919; Laska et al. 199@) discarded the possibility that
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non-hygienic foragers used in our experiments rekeal deficit in olfactory learning.

We concluded that the overall poor learning and orgnperformances of the non-
hygienic bees during the summer were most likelg thusome general deficit of this
genetic line to learn the odors in the PER paradifimour surprise, the non-hygienic
bees showed the similar olfactory learning and nrgrperformances with the hygienic
bees when conditioned with the other naturally ateg odors (1-hexanal and 1-octanol)
during the autumn. This sudden improvement in legrperformances precluded our
previous conclusion that these bees had generblgmnoto learn in the PER paradigm.
Additionally, in our study no other group of honegs (from other colonies or genetic
lines) was trained in parallel to compare the pentnces of the two genetic lines with
another group or honeybee line. Hence, in absehtiseahird group of honeybees and
the lack of our understanding about the switchegrriing behavior of the non-hygienic
bees we did not conclude on the specific or gendifdrences in olfactory learning

between the hygienic and non-hygienic lines.

2.7 Comment and Outlook

Results showed that hygienic bees were able taidlis@ate better or generalized less
between the volatile odor bouquets of the healthg the Varroa parasitized pupae
compared to the non-hygienic bees. However, amadhgsbatches of the infected pupae
both the healthy looking and the discoloured androds pupae were used in the
differential conditioning experiments. These defedrpupae probably contributed the
abnormal odors to increase the distinctness betweerolatile odor profiles of the two
types of stimuli which were better perceived angcdminated by the hygienic bees.
However, for some unknown reasons the hygienic loeds were able to discriminate
more or generalized less when the diseased odajuetwas used as the CS+ but not
when it was used as the CS-. Odors specificallyesged and emanate from Narroa
parasitized brood were not clearly known. Howeusg of such odors in pure form along
with the healthy brood odor such fsocimen might confirm the potential superior
olfactory learning ability of the hygienic bees nhtéhe non-hygienic bees for the brood
odors.
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For comprehensive testing of possible superioiitedsilof the hygienic bees to learn and
discriminate between the brood volatiles one cangtlea merged or double-test assay. In
this assay bees from the hygienic and non-hygiéineybee lines at first can be
observed for their performances to remove\aeoa parasitized brood when exposed to
the healthy and the artificially-infected broodlsehside an observation hive. These bees
then can be followed for their performances in tiifeactory PER conditioning to
discriminate between the healthy and the diseassatiibdors (single odors). Correlation
in performances of the observation hive and ofRE®R conditioning assay can provide
important confirmation about the abilities of béesletect the health status of the brood
using the olfactory signals. This type of doublsttassay not only can reveal the
important aspects of the individual’'s hygienic bababut also can be used to study the
expression patterns of genes related to the otfatgarning and / or hygienic behavior in

the different brain neuropiles of the individuakbe

2.8 Bibliography

Allison, M.J.Production of branched-chain volatile fatty acigsclkrtain anaerobic
bacteriavol: 35. 872-877, 1978.

Anderson, D., Trueman, J. Varroa jacobsoni (Acdairroidae) is more than one species.
Experimental and Applied Acarologypl: 24. 165-189, 2000.

Arathi, H., Spivak, M. Influence of colony genotgpiomposition on the performance of
hygienic behavior in the honeybee, Apis melliferaAnimal Behaviorvol: 62. 57-
66, 2001.

Aumeier, P. Bioassay for grooming effectiveness aals Varroadestructor mites in
Africanized and Carniolan honeybeésidologievol: 32. 81-90, 2001.

Ball, B. Varroa jacobsoni as a virus vecteresent Status of Varroatosis in Europe and Progres
in the Varroa Mite Control. Commission of the Euwap communities, Luxemburgy77-
181, 1989.

Bitterman, M., Menzel, R., Fietz, A., Schéafer, $asSical conditioning of proboscis extension in
honeybeesApis mellifera. Journal of Comparative Psychologyl: 97. 107-119, 1983.

Boecking, O., Bienefeld, K., Drescher, W. Heritapibf the Varroaspecific hygienic behavior
in honeybees (Hymenoptera: Apidaépurnal of Animal Breeding and genetiesl: 117.
417-424, 2000.

Boecking, O., Spivak, M. Behavioral defenses of dyliees against Varroa jacobsoni Oud.
Apidologievol: 30. 141-158, 1999.

Bowen-Walker, P., Martin, S., Gunn, A. The Transiuis of Deformed Wing Virus between
Honeybees (Apis melliferal.) by the EctoparasititdMarroa jacobsoniOudlournal of
Invertebrate Pathologyol: 73. 101-106, 1999.

Biichler, R., Berg, S., Le Conte, Y. Breeding fosiseance to Varroa destructor in Europe.
Apidologievol: 41. 393-408, 2010.

74



Chapter-2: Hygienic behavior

Calderone, N.W., Page Jr, R.E. Evolutionary gesetit division of labor in colonies of the
honeybee (Apis melliferapmerican Naturalist69-92, 1991.

Calderone, N.W., Page, R.E. Effects of interactiansng genotypically diverse nestmates on
task specialization by foraging honeybees (Apis lifeeh). Behavioral Ecology and
Sociobiologyol: 30. 219-226, 1992.

Calderone, N.W., Page, R.E. Genotypic variabilityage polyethism and task specialization in
the honeybee, Apis mellifera (Hymenoptera: Apid8&havioral Ecology and Sociobiology
vol: 22. 17-25, 1988.

Chen, Y., Pettis, J.S., Evans, J.D., Kramer, Mldlgafer, M.F. Transmission of Kashmir bee
virus by the ectoparasitic mite Varroa destrucéguidologievol: 35. 441-448, 2004.

De Miranda, J.R., Cordoni, G., Budge, G. The Adme paralysis virus-Kashmir bee virus-
Israeli acute paralysis virus complebaurnal of Invertebrate Pathologyol: 103. S30-S47,
2010.

De Miranda, J.R., Genersch, E. Deformed wing vidairnal of Invertebrate Pathologyol:
103. S48-S61, 2010.

Di Prisco, G., Pennacchio, F., Caprio, E., BonestJr, H.F., Evans, J.D., Chen, Y. Varroa
destructor is an effective vector of Israeli acp@ralysis virus in the honeybee, Apis
mellifera.Journal of General Virologyol: 92. 151-155, 2011.

Ehrhardt, K., Reinsch, N., Bichler, R., Garrido, Bienefeld, K. Genetic Parameters of
Varroa Mite Tolerance Traits in the Honeyb&gidologievol: 37: 636 — 637,

2006.

Evans, J., Aronstein, K., Chen, Y., Hetru, C., ImleL., Jiang, H., Kanost, M., Thompson, G.,
Zou, Z., Hultmark, D. Immune pathways and defencectmanisms in honeybees Apis
mellifera.Insect molecular biologyol: 15. 645-656, 2006.

Garrido, C., Biichler, R., Bienefeld, K., Erhardt,B¢eeding for tolerance against

Varroosis — Factors influencing colony surViwihout treatment in a long term-
term survey. Proc. 39. Intepimondia Congres®ublin, Apimondia Publishing
House, Bukarest, p 76, 2005.

Genersch, E., Aubert, M. Emerging and re-emergingses of the honeybee (Apis mellifera L.).
Veterinary researchol: 412010.

Gisder, S., Aumeier, P., Genersch, E. Deformed wings: replication and viral load in mites
(Varroa destructorlJournal of General Virologyol: 90. 463-467, 2009.

Goode, K., Huber, Z., Mesce, K.A., Spivak, M. Hygie behavior of the honeybee (Apis
mellifera) is independent of sucrose responsivenessforaginf ontogeny-Hormones and
Behaviorvol: 49. 391-397, 2006.

Gramacho, K.P., Spivak, M. Differences in olfactsgnsitivity and behavioral responses among
honeybees bred for hygienic behaviBehavioral Ecology and Sociobiologwpl: 54. 472-
479, 2003.

Guerrieri, F., Schubert, M., Sandoz, J.C., GiuxaPerceptual and neural olfactory similarity in
honeybees?LoS biologyvol: 3. €60, 2005.

Ibrahim, A., Spivak, M. The relationship betweergieyic behavior and suppression of mite
reproduction as honeybee (Apis mellifera) mechasisiresistance to Varroa destructor.
Apidologievol: 37. 31, 2006.

Kralj, J., Brockmann, A., Fuchs, S., Tautz, J. Pagasitic mite Varroa destructor affects non-
associative learning in honeybee foragers, Apislifmel L. Journal of Comparative
Physiology A: Neuroethology, Sensory, Neural, artié¥ioral Physiologwol: 193. 363-
370, 2007.

Kralj, J., Fuchs, S., 2004. Parasite-host intepastibetween Varroa destructor Anderson and
Trueman and Apis mellifera L.: influence of pariasit on flight behavior and on the loss of
infested foragers. Fachbereich Biologie und Infdiknaler Johann Wolfgang Goethe-
Universitat.

75



Chapter-2: Hygienic behavior

Laska, M., Galizia, C.G., Giurfa, M., Menzel, R.fatory discrimination ability and odor
structure—activity relationships in honeybe&hemical sensesol: 24. 429-438, 1999.

Malun, D., Giurfa, M., Galizia, C.G., Plath, N., &dt, R., Gerber, B., Eisermann, B.
Hydroxyureainduced partial mushroom body ablation does noécaffacquisition and
retention of olfactory differential conditioning imoneybeesJournal of neurobiologyol:
53. 343-360, 2002.

Martin, C., Provost, E., Bagneres, A.G., Roux, M@lément, J.L., Le Conte, Y. Potential
mechanism for detection by Apis mellifera of thegsitic mite Varroa destructor inside
sealed brood cell®hysiological entomologyol: 27. 175-188, 2002.

Masterman, R., Ross, R., Mesce, K., Spivak, M. €@y and behavioral response thresholds to
odors of diseased brood differ between hygienic aod-hygienic honeybees (Apis
mellifera L.). Journal of Comparative Physiology A: Neuroetholo§gnsory, Neural, and
Behavioral Physiologyol: 187. 441-452, 2001.

Masterman, R., Smith, B., Spivak, M. Brood odorcdigination abilities in hygienic honeybees
(Apis mellifera L.) using proboscis extension reftmnditioning.Journal of Insect Behavior
vol: 13. 87-101, 2000.

Menzel, R. Searching for the memory trace in a +brain, the honeybed.earning & Memory
vol: 8. 53-62, 2001.

Moritz, R. A reevaluation of the two-locus moder foygienic behavior in honeybees (Apis
mellifera L.).Journal of Heredityol: 79. 257-262, 1988.

Navajas, M., Migeon, A., Alaux, C., Martin-MagniettM., Robinson, G., Evans, J., Cros-Arteil,
S., Crauser, D., Le Conte, Y. Differential genereggion of the honeybee Apis mellifera
associated with Varroa destructor infectiBMC genomicsol: 9. 301, 2008.

Nazzi, F., Vedova, G., D Agaro, M. A semiochemifiam brood cells infested by Varroa
destructor triggers hygienic behavior in Apis nfetia. Apidologievol: 35. 65-70, 2004.

Page, R.E. The evolution of insect societiesdeavouwol: 21. 114-120, 1997.

Page, R.E., Robinson, G.E. The genetics of divisiblabour in honeybee colonie&dv insect
physiolvol: 23. 117-169, 1991.

Palacio, M.A., Figini, E.E., Ruffinengo, S.R., Rajrez, E.M., del Hoyo, M.L., Bedascarrasbure,
E.L. Changes in a population of Apis mellifera klested for hygienic behavior and its
relation to brood disease tolerandgidologievol: 31. 471-478, 2000.

Palacio, M.A., Flores, J.M., Figini, E., Ruffineng®., Escande, A., Bedascarrashure, E.,
Rodriguez, E., Gongalves, L.S. Evaluation of thmetiof uncapping and removing dead
brood from cells by hygienic and non-hygienic hdmsys Genet. Mol. Resol: 4. 105-114,
2005.

Peng, Y.S., Fang, Y., Xu, S., Ge, L. The resistameghanism of the Asian honeybee, Apis
cerana Fabr., to an ectoparasitic mite Varroa jsamobOudemanslournal of Invertebrate
Pathologyvol: 49. 54-60, 1987.

Potts, S.G., Roberts, S.P.M., Dean, R., Marris,BBown, M., Jones, R., Settele, J. Declines of
managed honeybees and beekeepers in Euthpenal of Apicultural Researchvol:
492010.

Ratnieks, F.L.W., Carreck, N.L. Clarity on honeylmedlapseciencevol: 327. 152-153, 2010.

Robinson, G.E. Regulation of division of labor inséct societiesAnnual review of entomology
vol: 37. 637-665, 1992.

Rothenbuhler, W.C. Behavior genetics of nest clemim honeybees. |. Responses of four inbred
lines to disease-killed broodnimal Behaviowol: 12. 578-583, 1964.

Sandoz, J., Pham-Delégue, M., Renou, M., Wadhamésimmetrical generalisation between
pheromonal and floral odours in appetitive olfagteonditioning of the honeybee (Apis
mellifera L.). Journal of Comparative Physiology A: Neuroetholo§gnsory, Neural, and
Behavioral Physiologyol: 187. 559-568, 2001.

76



Chapter-2: Hygienic behavior

Schoning, C., Gisder, S., Geiselhardt, S., Kretsaiiml., Bienefeld, K., Hilker, M., Genersch, E.
Evidence for damage-dependent hygienic behavioarttsv Varroa destructor-parasitised
brood in the western honeybee, Apis melliféFae Journal of Experimental Biologxol:
215. 264-271, 2012.

Seeley, T.D., 1985. Honeybee ecology: a study eptadion in social life. Princeton University
Press.

Seeley, T.D., Kolmes, S.A. Age Polyethism for Haties in Honeybees—Illusion or Reality?
Ethologyvol: 87. 284-297, 1991.

Shimanuki, H., Calderone, N., Knox, D. Parasiti¢censyndrome-the symptoma&merican bee
journal vol: 134. 827-828, 1994.

Spivak, M. Honeybee hygienic behavior and defergggnat Varroa jacobsonfpidologievol:
27. 245-260, 1996.

Spivak, M., Gilliam, M. Facultative expression aofgienic behavior of honeybees in relation to
disease resistancéournal of Apicultural Researciol: 32. 1993.

Spivak, M., M, Gilliam. Hygienic behaviour of honbges and its application for control
of brood diseases and varroa mites. Patydienic behaviour and resistance to
American foulbroodBee Worldvol:79. 124-134, 1998a.

Spivak, M., M, Gilliam. Hygienic behaviour of honbges and its application for control
of brood diseases avdrroa mites. Part Il: Studies on hygienic behavior since
the Rothenbuhler edee Worldvol: 79. 165-182, 1998b.

Spivak, M., Reuter, G.S. Honeybee hygienic behawiarerican bee journalol: 138. 283-286,
1998.

Spivak, M., Reuter, G.S. Resistance to Americatbfood disease by honeybee colonies Apis
mellifera bred for hygienic behaviokpidologievol: 32. 555-565, 2001a.

Spivak, M., Reuter, G.S. Varroa destructor inféstatin untreated honeybee (Hymenoptera:
Apidae) colonies selected for hygienic behavilmurnal of Economic Entomologyl: 94.
326-331, 2001b.

Stollhoff, N., Menzel, R., Eisenhardt, D. Spontameoecovery from extinction depends on the
reconsolidation of the acquisition memory in an eijijve learning paradigm in the
honeybee (Apis mellifera). Neuroscivol: 25. 4485-4492, 2005.

Swanson, J.A.lL, Torto, B., Kells, S.A., Mesce, K.Aumlinson, J.H., Spivak, M. Odorants that
induce hygienic behavior in honeybees: identifmatdf volatile compounds in chalkbrood-
infected honeybee larvagournal of chemical ecologyol: 35. 1108-1116, 2009.

Winston, M.L., 1991. The biology of the honeybeankard Univ Pr.

Woodrow, A., Holst, E. The mechanism of colony stmice to American foulbroodournal of
Economic Entomologyol: 35. 327-330, 1942.

Yang, X., Cox-Foster, D. Effects of parasitizatibp Varroa destructor on survivorship and
physiological traits of Apis mellifera in correlati with viral incidence and microbial
challengeParasitologyvol: 134. 405, 2007.

Yue, C., Schrdder, M., Gisder, S., Genersch, Etitértransmission routes for deformed wing
virus of honeybees (Apis mellifera)ournal of General Virologyol: 88. 2329-2336, 2007.

77



Chapter-3: Cumulative conditioning
Chapter -3

Characterizing the learning and memory performances
of the individual honeybees using the cumulative
olfactory conditioning paradigm

3.1 Abstract

Olfactory learning and memory performances of tieiviidual honeybees were analyzed
with the aim to characterize the different typedeafrning related performers present in
the population. Honeybees were first trained argletk in the cumulative olfactory
conditioning paradigm with multiple phases of diffietial conditionings and memory
retention tests. The overall performance of anviddial bee was evaluated based on the
scores of the different learning and memory reldeadures such as the speed of odor
learning, odor discriminability and odor sensitvduring the assay. Performance scores
of the individuals showed high variability in eadf these features. Under this
circumstance, the overall or cumulatively best #mel poor performers were selected
with the arbitrary criteria of higher and lower ganof cumulative scores (summation of
scores of all features) and their performances wenepared. Common high correlation
between the learning speed and odor discriminghbatés found in these two types of
cumulative scorers and in other types of perfornsetected with different criteria. The
higher and lower scores of ‘odor discriminabilighong the other features were found to
select respectively the best and the poor cumelaorers with highest probabilities. In
other words, the cumulative performances of the tymes of extreme scorers were
strongly influenced by the ability to discriminatedors during the differential
conditioning. The analysis also showed that spédéeaoning of the rewarded (CS+) odor
and the cumulative performance levels were theitmmortant features that determined
the learning speed of the unrewarded (CS-) odoinguhe differential conditioning.
Apart from these, other interesting aspects sudheaslifferences in odor generalization
in several types of performers, consolidation @f short-term memory, and details about
the relationship between the different learningted features were also discussed in this
chapter.

Author’'s contribution: This is a manuscript whichillwbe submitted for publication in an
international peer reviewed journal. Please rafgrage number iii of this dissertation for details
about the author’s contribution.
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3.2 Introduction

Classical and operant conditioning paradigms haentextensively used for decades to
understand the behavioral and physiological meahasiof learning and memory both in
the vertebrate and invertebrate models. In thesidak or Pavlovian conditioning
paradigm bees receive the training trials to lew association of a neutral stimulus
called the conditioned stimulus (CS) with a biotadiy meaningful or reinforcing
stimulus (commonly a food reward or an electric ckflocalled as the unconditional
stimulus (US). After multiple of such training tisabees learn the association between
these two stimuli and start to respond to the ptagi®n of the CS while anticipating the
presence of the US following the CS. This is kn@asrthe conditioned response where a
neutral stimulus (CS) acquires a different meanthgough the association of a
motivationally important stimulus. In the other sien of the conditioning paradigm
(operant) certain behavioral response of the beeg&lés the occurrence of the events of
reinforcement. During the training trials bees te@r an operant manner the contingency
between the appropriate responses with the appmaddithe reinforcing stimuli.

The study reported here was based on the populdowan or classical conditioning
paradigm in the honeybee, namely the olfactory ttmming of the proboscis extension
reflex (PER). This is an appetitive learning pagadi(Kuwabara 1957; Takeda 1961;
Bitterman et al., 1983) where the proboscis extension reflex of bHomeybee is
conditioned with the olfactory stimulus (conditiehstimulus) through the presentation
of odor stimulus overlapping with the delivery dfetsucrose reward (unconditioned
stimulus) first to the antenna to elicit the PERI #imen to the proboscis which allows the
bees to feed. This particular conditioning procedsrable to create the robust and long-
lasting memory in the honeybees as they start tovsthe conditioned response (the
PER) to the presentation of the odor after the tmmihg with different time intervals
between the conditioning-trials (Menzgt al., 2001). However, it was always found in
the results of the olfactory PER conditioning, tbettain proportion of the honeybees in
the training population was able to learn the assion faster than the others, along with
the proportion which failed to learn. Similar resulere found in the different vertebrate
learning paradigms such as the autoshaped keyngetkpigeons (Gamzu and Williams

1973), plus maze learning in rats (Pelletval., 1985), water maze learning in mouse
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(D’Hooge and De Deyn 2001) and the eye blinkingditioning in rabbit (Hinson 1982)
where the learning performance of the individuasviound to differ (Gallistegt al.,
2004) from each other. Before, the work of Gallisted colleagues, the individualistic
variability in learning was not investigated catbfusince; popularly learning
performances (conditioned responses) in the difteparadigms were always explained
for the group or population of bees through the suess of the population-averaged
learning parameters. A popular measure of this kinthe population learning curve,
which represents the average performance of allbtes, trained identically over the
training trials. The gradually rising populationopability of the conditioned response
(CR) commonly found in the population learning @svdescribed ‘learning’ as the
process where the associative strength of the G&s rgradually as a function of the
number of the training trials. However, Gallisteldahis colleagues clearly showed for
the different vertebrate conditioning paradigmg tha learning curves of the individual
bees looked different from each other as well asmfrthe population-averaged
measurements. Individuals were found to vary wispect to their latency in responses
and the asymptotic levels of their CRs as wellhesy tneither were found to show the
gradual increment nor the prolonged acceleratiah®iCR probability which were found
in the population learning curve. Instead, indidtdbees showed the step-like increase in
the probability of the CR with the combination aftb faster and slower slopes found in
their learning curves before arriving to their resjpye asymptotes. This confirmed the
fact that individual animals in the eye-blinkingater maze or in other paradigms did not
learn gradually, rather abruptly or in the switdtelmanner from the unlearned to the
learned states. Additionally, it was found thatemice individuals achieved the learned
state they remained stable during rest of the ¢aming trials. Gallistel's analysis
strongly indicated that individual's learn the camhed stimuli with an ‘all-or-none’
dynamics which also was previously reported fordtteer learning experiments (Restle
1965; Bower 1961; Estes 1960). However, thesedsterg features of the individual's
learning were not captured in the population edtaf the learning parameters since, it
only represented the average of the learned arehumdd responses of all bees; hence,
bees which showed the CR dictated the group-avenageabilities of the CR during the

conditioning trials. Similar inadequacy of the plgtion-averaged measurement to
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represent the individual’s behavior was also reggbrpreviously with the other
conditioning paradigms (Krechevsky 1932; Estes 2002

In contrast to the vertebrate literature limitedoer of reports was available in the
invertebrate models regarding the learning dynaraigs the performance heterogeneity
of the individuals in the popularly used conditiogi paradigms. In the fruit fly,
Drosophila melanogastet was reported time back by Quinn (Quiahal., 1974) and
colleagues that population measures were able equadiely represent the individual's
probability of learning behavior in the aversivdactory learning paradigm. In the
appetitive olfactory learning paradigm of thH2rosophila Chabaud and colleagues
(Chabaudet al., 2006) also showed that individualistic probalsktiof showing the
proboscis extension response or PER (conditionsporese) were represented by the
population PER probabilities during the conditignitmials. These results disclosed the
fact that all members of the experimental popufetiof the adult fruit fly were
homogeneous with respect to their rates and tla ligwels of olfactory learning; hence,
excluded the possibilities of existence of thelliggent or poorly performing sub-groups.
Furthermore, unlike the vertebrate conditioningapagms, flies did not show the stable
learned responses (PERs) over time and developlgdtien short-term memory in the
appetitive paradigm which was successfully retrieatter 15 min of the conditioning but
disappeared within an hour time. The weaker effettsonditioning trials as seen in the
Drosophila model indicated the possibilities of low levelslefrning or even a faster
extinction however; did not match with the resufsthe olfactory PER conditioning
performed with the honeybee. Apart from these tveports, two other studies
investigated the olfactory and visual learning loé individualDrosophila larvae were
relevant to mention in this context (Scheeeml., 2003; Gerbeet al., 2004). Although,
the authors of these studies looked at the behavitire individual larvae however; they
only monitored the memory retention of the indialls without analyzing the
individual's learning (acquisition functions). Irhdir experimental paradigms, they
trained the larvae either to learn the odor cuethervisual conditions in groups and
tested their memories individually. Hence, thessults also did not contribute much

information about the dynamics of the individudéarning.
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To this end we started to investigate the issu¢hefindividualistic heterogeneity in
learning by systematically analyzing the learninatad generated with the different
olfactory PER conditioning paradigms (absolutefedéntial and extinction learning) in
the honeybee. We found that individual honeybeestdenthe different experimental
populations were variable in their rate of olfagttgarning which created the population
heterogeneity (Pamet al.,2011). During any conditioning trial of the diféet training
protocols, two types of bees were found, one wWithdssociative strength higher than the
threshold and high probability to show the CR (PERH the other type with the
associative strength lower than the threshold dmived no CR with high probability.
This analysis confirmed the existence of the goudl the bad learning performers in the
different experimental populations which received different types of odor training.
We also found that learning curves of the individuaneybees did not show the gradual
and prolonged accelerated increase in the CR,rrhkieethe vertebrate models they were
found to show the abrupt or step like increaseesponses from an unlearned or naive
level to the level of complete mastery. Additiogait was found that once they learned
the association or no-association (CS- trials efdfferential conditioning or during the
extinction learning) between the CS and the US swéch-like manner they showed
high probability to remain stable in the learneakestfor rest of the experimental
procedure until the memory retention test. Convgréees which did not show the PER
in a certain training trial also showed no-PER witgh probability during the following
trial and if they continued showing no-PER untg flast conditioning trial then they also
showed no conditioned responses during the menmatgntion tests again with high
probability. Although in the fruit fly model indidualistic heterogeneity in the learning
probability was never found both in the aversived an the appetitive paradigms
however; in honeybees the serial correlation amalylearly revealed the individualistic
differences in the learning behavior in the difféarappetitive paradigms. But it is not
know whether the other invertebrates also learthénswitch-like fashion similar to the
honeybees or the individual’'s learning in the otheodel system and in the other
paradigms takes place classically. The findingRafnjiret al.,2011) heterogeneity in the
learning performance of the individual honeybedbhaaigh opened up the next set of

guestions as whether there are behavioral sigrsathed can be used to characterize the
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different classes of the learning and memory perér in the middle of the

heterogeneously behaving population.

3.3 Goals of the study

The purpose of this study was to analyze the dafgctlearning and memory
performances of the individual honeybees to charae the different performer classes
present in the population. To fulfill the goal Isigned a cumulative form of olfactory
conditioning assay to train the honeybees in twiedint phases with each phase
consisted of one round of differential conditionifiglowed by the two rounds of
memory retention tests using the multiple dilutiafighe conditioned odors. The assay
offered the advantage of testing the bees repgatedlong period of time (6.5 hours)
with the total number of 56 conditioning and retenttest trials to screen for the
different types of learning and memory performerscomparison to the simpler odor
training protocols that bees received in the data analyzed recently by Evren Pamir
(Pamiret al.,2011). The cumulative manner of odor conditioningth the pure odorants
and retention tests using the different dilutiorfs tlrese odors made the protocol
particularly suitabldo score for the different learning and memory tetafeaturesuch
as the speed and reliability of the rewarded (Gftor learning, discriminability between
the CS+ and the CS- (unrewarded) odors both dufiegconditioning trials and the
memory retention tests, sensitivity to the odoutitins and responses to the stimuli like
paraffin oil and filter papeusing a simple scoring scheme for multiple timesnduthe
assay Individual's analysis of performances based oa $lcores in these quantified
behavioral features and the cumulative scores (satram of scores of all features)
allowed me to answer the questions such as:

1. How the different learning related features wesaelated or in other words how the
performance scores of the single features influgrihe scores of others in the different
group of performers such as the best and the pomulative performers (behavioral
characterization of the two extreme groups of pemfys), bees with the higher odor
sensitivity or higher odor discriminability or ftie entire experimental population?

The performance histories for the individual leagnirelated features were rigorously

analyzed to understand their influences over edicbr@and on the overall performances

83



Chapter-3: Cumulative conditioning

of the bees e.g. whether bees with higher scorésdor discrimination task’ during the
1% differential conditioning maintained their specifiesponses during the immediate
conditioning trials of during the retention tests well as during the "9 differential
conditioning and the following tests, whether thanalative performance levels of the
bees affected their responses to the filter papeparaffin oil and so on.

2. How the learning dynamics of the rewarded (C&nd the unrewarded odor (CS-)
stimuli varied between the different performer skss?

3. The cumulative assay provided the chance toyaealhether the performance scores
(higher or lower scores) of any one or more ofdiferent learning related features were
able to select the two extreme classes of cumelaoorers (best and poor performers)
with higher probabilities compared to the otherbeTidea was to check whether any
single or more of these quantified features was &bpredict or influenced the overall or
cumulative performance levels of bees in the cutivdaonditioning assay.

The other major purpose of this assay was to dtuelgxpression patterns of the learning
related genes among the different performer clagsthsthe motivation to find out the
possible genetic signatures of the olfactory lesgnand memory performances. The
performed gene expression study was limited tanthehroom body neuropil of the best
and the poor cumulative performers. However, tha daalysis of this study is currently
ongoing with our colleague Dr. Gérard Leboulle {Er&niversity, Berlin Germany);

hence, the findings of the behavioral data werg drdcussed in this chapter.

3.4 Honeybee colonies used in the assay

Honeybee colonies belong to the specific genetieslifrom the Landerinstitut fur
Bienenkunde or LIB, Hohen Neuendorf, Berlin weredido perform the cumulative
conditioning assay. These genetic lines were sslefdr (breed for generations; since
1997) their higher resistance against the ectop@rasite Varroa destructor(details
were given in chapter-2) and were called as thegigtyic line’ in this dissertation.
Hygienic behavior (details given in chapter-2) éided as the ability of the worker bee’s
to detect and remove the diseased or abnormal bfmod the colony before the
dissemination of the disease. Olfactory learnintpaneybee was previously reported to

show strong heritable components as bees fromreliffecolonies with the different
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genetic backgrounds were found to perform diffeediytin the different olfactory PER
conditioning paradigms (Latent inhibition and resadrlearning: Chandrat al., 2000;
Fergusoret al., 2001, Absolute conditioning: Brandes 1988). Hencehe cumulative
conditioning assay we wanted to use honeybeeslegthgenetic variability to reduce the
possible variability in olfactory learning. For shpurpose we used bees from the LIB-
hygienic lines since they were raised from the dsowith very similar genetic
background (few colonies, not all) hence, probabld low genetic variability.
Additionally, we (with my collaborator Dr. Gérardeboulle; Freie Universitat, Berlin)
investigated the possible correlations between libbavioral performances of the
individual bees with the expression patterns ofléaening and memory related genes in
their brain neuropiles. For the gene expressionysiti was necessary to reduce the
genetic variability in the experimental populatiminbees without compromising with the
idea to test bees from the different colonies f&irtlearning and memory performances.
Hence, multiple backcrossed hygienic colonies gingere used in the cumulative assay
which eventually reduced the experimental poputatibthe worker bees into two types;
one type contained both copies of the hygienidedl@and the other one contained the
genetic background with one copy each of the hygiand the non-hygienic alleles. This
procedure reduced the overall variability in theejec backgrounds of the worker bees
and given us the chance to test the effects oféme or allelic dosage (homozygouss
heterozygous) on the olfactory learning which euelty raised our chances to find out
the potential genetic signatures of the learningalb®r in the gene expression study,
although both the homozygous and heterozygous weodatually still represented many

different allelic combinations in their genome.

3.4.1 Backcrossing Scheme

In the backcrossing scheme (Fig. 1) queen bees fh@mon-hygienic (+/+) colonies
were artificially inseminated with the sperms takmm the hygienic drones (H).
Heterozygous queens (H/+) were selectively raisemnfthe F1 progeny of the
inseminated (+/+) parental queens. During the $éep of the backcross, the (H/+)-F1

gueens were again artificially inseminated with 8perms of their paternal hygienic

85



Chapter-3: Cumulative conditioning

drones (H). These inseminated, heterozygous queeres used to generate the colonies
which were populated by the workers with eithertioé two genetic backgrounds;
homozygous workers (H/H) with two copies of the ieyic alleles in their genome and
the heterozygous (H/+) progeny with one each copthe alleles inherited from the
hygienic and the non-hygienic parents. These tywedyof worker progenies were solely

used in the cumulative olfactory condition assay.

Queen (+/+Q X (H) Drones d

A 4

Queens were raised from the heterozygous (H/+) FquenyQ

F1 Queen (H/+9 X (H) Drones (Paternal)d

A 4

Inseminated queen produced the backcrossed colonyttvthe
(H/H) and (H/+) workers 9

Fig. 1. Schematic representation of the successivgenetic crosses of the backcrossing
scheme:At first the non-hygienic queen (+/+) bees wereemmated with the sperms of the
hygienic drones (H), which produced the heterozggbli progenies (H/+). Queen bees were
raised from the heterozygous progenies which agene inseminated with their paternal
hygienic sperms to produce the backcrossed popnlafi the workers with either two copies of
the hygienic alleles (homozygous: H/H) or one caach of the hygienic and non-hygienic
(heterozygous: H/+) alleles in their genomes.
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3.5 Materials and Methods

3.5.1 Preparing honeybees for the olfactory PER ddioning

The general procedure of preparing bees for thacwify PER conditioning was
explicitly mentioned in the previous articles (Bithanet al., 1983; Menzekt al., 2001,
Stollhoff et al., 2005) which was also followed in our experimentthwninor changes.
Honeybee foragers were caught at the entrance eofhibes (a total of 3 different
backcrossed colonies were used) during the aftesnm@und 16.00 hrs; the day before
the experiment. All colonies were placed in thdifoge’s bee garden and remained there
for the summer of 2010. The whole set of the caowihg experiments were conducted
between the month of July and the October’ 201heéijbees were caught with the help
of an UV translucent catching box, taken to theotatory, immobilized on the ice and
harnessed into the small plastic tubes. Only, thtersmae and mouthparts such as the
mandibles, proboscis and antennae were allowedte rfreely with rest of the animal’s
body fixed within the tube with a sticky tape. Femery day’s experiment, equal number
of bees were caught and trained in parallel froenttitee colonies to be able to compare
their performances and to avoid the effects ofst@sonal and the day-to-day variations
on the olfactory learning. In the evening, arouBd0 hrs all bees were fed with the 30%
(W/V) sucrose solution (0.87 M) until they wereigtdd. After the feeding procedure
they were kept for overnight inside a small, huntid 24C and ~ 70% humidity)
Styrofoam box for the next day’s experiment. Beesentaken out of the box on the next
morning (10:00 am) and were placed in front ofékperimental arena for at least 30-45

min before (to adapt bees with the new environmigrg)experiment.

3.5.2 General information about the differential falctory PER conditioning;
appetitive paradigm

In the appetitive paradigm of the differential aliary PER conditioning bees receive the
training with two odors; the two conditioned stim(€CSs). Presentation of one of these

odors namely the reinforced CS or CS+ is associatgd a food reward (sucrose

solution) known as the unconditioned stimulus or &8 the other odor, the non-
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reinforced CS or CS- is presented with no US follmy Honeybees trained in this
paradigm learn the contingencies of the two CSséduhe conditioning trials and start
extending the proboscis to the rewarded odor andisly no PER to the unrewarded one
(pictorial description: Fig. 2A). This protocol fas the long-term memory of the odor
identities in the bees which can be seen duringithe of memory retrieval tests (Fig.
2B). Differential PER conditioning in the cumulativassay was performed with an
already established odor delivery protocol where thidors (CSs) were manually
delivered with a syringe of 20 ml. volume for 5 g&tollhoff et al., 2005). During the
reinforced CS presentation (CS+) the sucrose re@&f% sucrose solution) was offered
to the bees 3 sec after the onset of the CS (iotal of CS+ trial was 7 sec) for a total
time of 4 sec with an overlap of 2 sec betweenGBeand the US. The unreinforced CS
or CS- trials lasted for a total of 5 sec whendter was only presented without any US.
Honeybees were placed in front of an exhaust (¢@milig arena) for 20 sec before and
20 sec after the CS+ or CS- conditioning trialse Tilme interval between the two similar
CS trials (inter-stimulus interval or I1SI) was 16nnand between the two successive and
dissimilar CS trials (between CS+ and CS- triatdeii-trial interval or ITI) was 8 min.
During the retention test only the two CSs werespnéed (Fig. 2B) for 5 sec like the
conditioning trials to check for the formation oémories.

3.5.3 Protocol and purpose of the cumulative olfagt PER conditioning assay

The experimental protocol of the cumulative olfagt¢’ER conditioning assay was
consisted of two different phases with each onesisted of one round of the differential
conditioning (DC) followed by the two rounds of mem retention tests. The completion
of the first round of DC during the first phase Wallowed by a pause of 20 min, which

immediately followed by the two consecutive rouralsretention tests to test for the
short-term memory in the bees. No time gap wasalénl between the two rounds of
retention tests in each of the two phases howewgrause for 30 min was applied
between the two phases of the cumulative conditgprassay. Retention tests were
performed using the inter-stimulus interval of &naind the inter-trial interval of 4 min

(half of the time intervals used during the comatitng). The completion of the whole
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protocol required 6.5 hours where the single beesived the total number of 56 training
and test trials. Differential conditionings (DCd)the two phases were conducted with
two different pairs of odors and the memory retamtiests were performed using the
trained and the untrained dilutions of the CS+ @&d odors along with the presentation
of the filter paper and paraffin oil. A total numbaf 152 honeybees were used in this
assay from the 3 backcrossed colonies and theimmiteggand memory performances were
evaluated. During the DCs bees were trained wighptire concentrations of the CS+ and
the CS- odors for a total number of 12 trials (6 CS# &nCS- trials) with an alternate
presentations of the CS+ and CS- stimuli (neveugsedomized). However, during the
retention tests they were exposed sequentiallggaricreasing concentrations of the CS+
and CS- odors (CS+ and CS- were again presentattemation) along with the two
other stimuli; filter paper and paraffin oil. Eatund of retention test was comprised off
6 trials with two dilutions of the CS odors viz. D and 10 were used apart from their
training concentrations (pure). A constant amouintl@ pl. of pure odors and their
dilutions soaked on a piece of filter paper (1°cmas used for the conditioning and for
the retention tests. All dilutionsere prepared with the paraffin oil (Sigma Aldrich,
Germany) using a serial dilution procedure with fing dilution of the respective odors
was made in the oil with 1:10 (v/v)-ratio from theghest (pure) concentration. The 30
min time gap after the completion of the first phad the assay was followed by the
beginning of the second phase which also was ceegriof the same number of
conditioning and the retention tests but conduetétl a different odor pairAfter the
completion of the second phase all bees were chdokeheir overall fithess through the
proboscis extension response to the sucrose (oanthing the antenna with 30% sucrose
solution), before they were sacrificed inside tefigerator at -28C and then preserved
immediately in another refrigerator at °80and kept for the gene expression study. This
paradigm offered the advantage to ask the individoaeybees repeatedly with the 56
odor trials for 6.5 hours to perform the specift of learning and memory tasks which
made the screening procedure more stringent for dis@ulatively good or bad
performers. In other words, the performance evalnadf the individual bees based on

the total number of correct and incorrect respotgdke different CS stimuli increased
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the chances to isolate the truly and consistentigesor and inferior classes of

performers. The combination of the multiple

(A)
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Fig. 2A and 2B: Pictorial representation of the diferential conditioning (A) and memory
retention (B) trials: During the CS+ conditioning trial (A-left picturbpneybees were trained to
associate the odor (CS) with the sucrose reward. (B&s were exposed to the CS+ for 3 sec
followed by the sucrose reward delivered for thet desec with the 2 sec overlap in between the
CS and US (the time protocols were given belowpibtures). Sucrose reward was delivered first
to the antennae and then to the proboscis witthéhe of a toothpick. During the CS- (A-right
picture) trial, bees only received the odor CS jd8 5 sec without any US. Figure 2B (both
pictures) represented the memory retention tridisres bees were tested with the CS+ and CS-
odors for 5 sec without any US. During the conditig if bees learned the association between

90



Chapter-3: Cumulative conditioning

the CS and US, then they showed PER to the CS+aflRER to the CS- odors during the
retention tests (Adapted from Prof. Dr. DorotheseBhardt, Freie Universitat, Berlin Germany).

differential conditionings and retention tests alsade it possible to score for the
different learning and memory related behavioradtdees such as the speed and
consistency of odor learning, odor discriminabibiiyd sensitivity of the individual bees
separately during the two phases of the assayil&lgiaen in the ‘scoring scheme’) to
answer the set of questions that | mentioned befiorentioned in the ‘Goals of the

study’).

Other complex learning paradigms such as the simighaultiple-reversal learning could
be used to understand the heterogeneity in theithdil's learning behavior and for the
characterization of the different classes of leagrperformers. However, the design of
the cumulative conditioning assay focusing on thecsssive rounds of the learning and
memory trials discarded the incorporation of theinetion learning component (an
important component of the reversal learning pamajlion top of the already quantified
set of learning related features (as mentionedipusly). In addition, it was previously
showed that cumulative training and test procedura® able to select for thbfferent
classes of learning performers in the honeybeen(®s 1988; Brandes and Menzel
1990). Hence, the cumulative protocol was choseth wmultiple rounds of the
conditioning and retention tesMultiple phases of memory retention tests might
incorporate an extinction component in this assdych was reflected in the reduction of
the conditioned responses during tHé @mpared to theiretention test (among the
pairs of retention tests) however; this compongrmbably never had the chance to
consolidate due to the quick-fire procedure of Wiele assayhence, probably did not

influence the performance of the bees.

3.5.4 Odors used

Floral or pheromonal odors were commonly used & dlfactory PER conditionings,
however, in this assay | used some special odorshwhere found to emanate from the

body of the brood or present on the cuticle ofatialt bees.
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Why so?

Honeybee workers remove the unhealthy or diseassatldfrom the colony as part of
their house keeping activity to stop the dissenmmabf the pathogen. This particular
behavior is popularly known as the ‘hygienic bebayia term that was originally coined
by Rothenbuhler (Rothenbuhler 1964). Honeybees in rgémaanifest this behavior
inside their colonies but only a few of these bsesne are genetic lines) have acquired
more resistance to the different bee diseasesdhrthe rigorous and efficient hygienic
behavior. The more-resistant honeybee lines poyutatled as the ‘hygienic line’ were
reported many times in the literature (details give chapter-2: Arathet al., 2000;
Arathi et al., 2006; Arathi and Spivak 2001; Ibrahiet al., 2007; Spivak and Reuter
2001), and for the cumulative conditioning assaygéd the hygienic bee lines from the
LIB, Berlin (LIB, Hohen Neuendorf, Berljnwhich were breed for the higher resistance
against the parasitic mitéarroa destructor Research for the past decade investigating
the underlying neuronal mechanism(s) of this befraghowed multiple evidence of
involvement of the olfactory chemoreception proess®r the detection and removal of
the diseased brood from the colony. In the yea©2@8sterman and colleagues reported
that their honeybee lines breed for the higher andefastmoval of the freeze-killed
brood and higher level of overall hygienic behaware able tdearn and discriminate
(in the olfactory PER conditioning paradigm) betwebe volatile odor profiles of the
healthy and the chalkbrood infested pupae sigmfigabetter than the bee lines (non-
hygienic lines) which were only capable of perfarithe slow removal of the freeze-
killed brood (Mastermaet al.,2000). Another report of the same research grboped
that bees from the hygienic line possess lowerstiolel and higher sensitivity to the
diseased brood odors compare to the bees of thédwyganic line (Mastermaset al.,
2001). However, bees from the hygienic and the Imggienic lines were also found to
learn and discriminate similarly between the higbencentrations of the floral odors
(Mastermaret al.,2001). Hence, the superior olfactory sensitivitg aiscriminability of
the hygienic bees were probably directed towardsbtimod-specific odors as bees from
both lines were able to learn the floral odors kiny. Apart from the possible behavioral
mechanisms, report about the genetic control of tiehavior revealed that hygienic

behavior is aguantitative trait (potentially controlled by many genes: Lapideeal.,
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2002). This aspect was confirmed in the variabilitybehavioral and physiological
(olfactory sensitivity) responses the individual bees of the hygienic coloty the
healthy and the diseased brood od@@amacho and Spivak 2003).

The cumulative conditioning assay reported het&pabh did not incorporate any non-
hygienic bees however; the backcrossed hygienionoed had heterozygous workers
with one copy of the genome containing the non-éywi alleles (H/+) along with the
homozygous hygienic progenies (H/H). Hence, thedenges were probably comprised
of members with differences in hygienic behavioe da the differences in their allelic
composition. | decided to use the brood-specifioredor this reason (represented the
healthy and diseased brood) to select for beesdifititrential performance levels in the
olfactory learning and memory tasks influenced lyy gene dosages from their hygienic
and non-hygienic alleles. However, experimentshid kind could also be conducted
with honeybees from any other colony (not breed genetic line) and using the floral or

pheromonal odors.

Two brood-specific volatiles namely ocimen (betayen) and phenethyl acetate (PEA)
were used in the cumulative assay. Ocimen was fasnithe constitutive component of
the brood volatiles, on the contrary PEA was reggbtb produce specifically from the
body of the larvae infected with the chalkbroodhpaenAscosphaera api€Swansoret
al., 2009) Hence, these two odors were chosen for one of tie differential
conditionings. This particular conditioning procesllsomehow mimicked the natural
scenario inside the colony, when bees recognizedisatiminate between the healthy
and (chalkbrood) the parasitized brood based dn\bkatile odor profiles. No other pair
of brood specific volatile was found which differad their expression pattern
gualitatively between the healthy and the parasitibrood such as these two. In this
situation, | chose two long-chain cuticular lipiosthe adult honeybee namely the oleic
acid (OA) and the linolenic acid (LA) for the sedoround of differential conditioning.
These two compounds were reported to be involvedthen phenomena of kin-
discrimination in honeybee (Breed al., 2004). These cuticular hydrocarbons were high
molecular weight (MW) and less volatility compouncismpared to the low MW and
volatile brood odors however; the whole idea behimd selection was to direct the

conditioning procedure more towards the phenomen&irerecognition (nest mate
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recognition) in absence of a suitable second phibrood-specific volatiles. Ocimen
(purity > 90%) and phenethyl acetate (99%) wereclpased from the Sigma-Aldrich,
Germany and both OA (> 99%) and LA (> 70%) werechased from a Belgian
company name TCI-Europe nv. In the assay only teralgnations of the CS+ and CS-
pairs were used; in one combination ocimen was asdlle CS+ and PEA as CS- for the
first round of the differential conditioning (DChad linolenic acid was used as the CS+
and oleic acid as CS- for the second round of t@e &nhd in the other combination PEA
was used as the CS+ and ocimen as CS- for theDi€sand oleic acid was used as the

CS+ and linolenic acid as the CS- during the secondd of DC.

3.5.5 Scoring scheme

Eight different features related with the olfactdegrning and memory processes were
guantified to evaluate the performance of the imtligl honeybees throughout the
cumulative conditioning assay. Three of these featwiz. speed and reliability of the
CS+ odor learning, odor discriminability during tleenditioning and the memory
retention test were quantified twice for each & tWo phases of the assay. The features
of ‘odor sensitivity’ and ‘responses to the filggaper and paraffin oil' were quantified
once, using the response data of the two phastsgsofssay. Only five of the six CS+
and CS- trials (after the first) of the DC were dise score the features associated with
the conditioning. Scoring was performed on the lhyitata set of ‘1’ and ‘0’ which were
respectively represented the extension and no @xterof the proboscis to the CSs
during the 56 conditioning and retention test $ialetails of the scoring scheme were

given below.

Feature-1 (F1)Speed and reliability of learning during the*differential conditioning
(Acql) Total number of PER responses showed by thedrdgdo the CS+ odors within
the 3% until the 11" trial of the differential conditioning during tHé' phase of the assay;
divided by 5. This feature represented the spewh consistency of learning of the
association between the CS and the US duringtzCl

Feature-2 (F2) Speed and reliability of learning during the "2 differential
conditioning (Acg2) Total number of PER responses shown by the belgd@the CS+
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odors within the 31 until the 39" trial of the differential conditioning during th@"
phase of the assay; divided by 5. This featureessprted the speed and consistency of

learning of the association between the CS antUshduring the %' DC.

Feature-3 (F3)Odor discriminability during the ¥ differential conditioning (Disc1)
The number of CS+ responses during tffeDIC (trial number 3 to 12) that were
respectively followed by no response to the CSnudlii divided by 5. This feature
represented the behavioral discrimination betwéenaS+ and CS- odors during thé 1
DC.

Feature-4 (F4) Odor Discriminability during the ¥ differential conditioning (Disc2)
The number of CS+ responses during tH& 2C (trial number 31 to 40) that were
respectively followed by no response to the CS#ded by 5. This feature represented
the same behavioral aspect as the F3 but for'theC.

Feature-5 (F5) Discrimination during the memory reftion tests 1 and 2 (T 1, 2)
Total number of CS+ responses both during theltgstial number 13, 15 and 17) and
test 2 (trial number 21, 23 and 25) that were retspay followed by no response to the
CS- during the test 1 (trial number 14, 16 andd8) test 2 (trial number 22, 24 and 26);
divided by 6. Feature-5 represented the learnedidimation between the CS+ and CS-
odors (including the dilutions) during the shontatememory retention test {iphase of
the assay).

Feature-6 (F6) Discrimination during the memory rention tests 3 and 4 (T 3, 4)
Total number of CS+ responses both during the3dstal number 41, 43 and 45) and
test 4 (trial number 49, 52 and 53) that were retbypaly followed by no response to the
CS- during the test 3 (trial number 42, 44 anda&fg) test 4 (trial number 50, 52 and 54);
divided by 6. Feature-6 like feature-5 represeiediearned discrimination between the
CS+ and CS- odors during the short-term memorytiete test (2 phase of the assay).
Feature-7 (F7) Odor sensitivityTotal number of responses to the lowest conceatrati
of the CS+ (10™) odors during theland 3" retention tests (trial number 13 and 41);
divided by 2. The feature ‘sensitivity’ representde ability of the bees to detect the
learned CSs at untrained dilutions during the tetartests.

Feature-8 (F8)Response to the Filter paper and Paraffin Oil (FP@il): Total number

of responses to the filter paper and paraffin ailimg the 4 retention tests (trial number
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19, 20, 27, 28, 47, 48, 55, 56); divided by 8. Reses to the filter paper and paraffin olil
represented both the overall responsiveness and-resjgonse specificity (odor
generalization effect) of the honeybees.

A score range with the maximum of +1 and minimunDofvas possible for all of the
guantified features described above. Apart fronséheight individual features, an overall
score or the ‘cumulative score’ was calculated whiepresented the summation of
scores of the individual features to evaluate tlesg performance of the individual bees;

ranging from O (minimum) until +8 (maximum).

These features apparently looked redundant as sditiiem were quantified twice, but to
evaluate the total performance of an animal in thssay with two phases of identical
sequence of conditioning and retention tests, it wacessary to score these features

separately for the individual phases.

3.5.6 Data analysis

Overall learning and memory performance graphs:r@veerformance graphs of the
bees selected with specific criteria (specific parfance scores in the learning and
memory related features) showed the group-averageditioned responses to the CS+
and CS- stimuli during the conditioning and retenttest trials of the cumulative assay.

This also included the responses to the filter papd paraffin oil.

Repeated measurement ANOVA was performed on tiponse data of the individual

colonies to compare between the conditioned regsof3Rs) to the CS+ and CS- stimuli
during the conditioning. Wilcoxon matched pairst tess applied to compare between
the CRs to the different dilutions of the CS+ ar& Gtimuli during the memory retention

tests.

Performance scores of the different quantified et (Feature-1 to 8) in the different
selected group of bees were used to calculate #azesén’s correlation coefficients
between them. These values were represented wik falors in the color coded

correlation plots.
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Bivariate histogram analysis was performed withdhginal binary response (PER) data
of the pooled population of honeybees of the thraekcrossed colonies. This analysis
showed the relationships between the responseiesto the different CS stimuli during

the phases of conditioning and retention tests.

3.6 Results

3.6.1 Cumulative learning and memory performance$ the backcrossed

colonies

Cumulative or overall performances of bees (N =)1if2the pooled population of the
three backcrossed colonies were represented &irfilsg. 3. The individual line-graphs
(sub-plots) in Fig. 3 were showing the conditiomegponses of the bees to the CS+ and
CS- odors with all combinations, during the two ggmof the assay. Thé& gub-plot (I
row) in Fig. 3 was showing the percent conditionesponses (CRs) of the honeybees to
the reinforced (CS+: red line) and non-reinforc€8{ blue line) odors during the'1l
differential conditioning. The™ and 4" sub-plots were respectively represented the CRs
during the ' and 2 memory retention tests to the different conceiumat of the CS+
and CS-, started with the lowest dilution until theining concentrations. Thé’and %'
sub-plots (black lines) represented the responsethe filter paper and paraffin oil.
Similarly all line graphs in the lower panel't2ow) of Fig. 3 represented the conditioned
responses of the bees during the second phase diftérential conditioning and the two
retention tests along with the responses to ther fdaper and paraffin oil. Although, no
statistical test was performed on the pooled dataheck for the learning effects,
however, it was apparent in Fig. 3 that bees lehthe discrimination between the CS+
and the CS- odors both during the conditioning #redretention tests in the two phases
of the assay. The overall learning and memory perdmces of the individual
backcrossed colonies were shown below from Fign#l &ig. 6. Honeybees from all
three colonies were conditioned with two combinagiof the CS+ and CS- odors (as
mentioned before: ‘odors used’). In one of the timees were trained with ocimen as the
CS+ and phenethyl acetate (PEA) as the CS- dumiadtdifferential conditioning (DC)
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and with linolenic acid (LA) as the CS+ and ole@da(OA) as the CS- during thé®2
DC. Honeybees conditioned with this combinationodbr stimuli were called as the
group-1. The other group of bees called the growya® trained with PEA as the CS+
and ocimen as the CS- followed by the OA as CS+Laxds the CS-. Each colony had
honeybees trained in both ways (both group-1 and 2)

Statistical analyses were performed on the respdase of the individual colonies to
check for the ‘learning effect’ however; during thralyses the PER data of these two
groups were pooled for the individual colonies. sTlpproach of data-pooling was
possible, since no significant difference in theditoned responses was found between
the group-1 and 2 for the individual colonies alahg conditioning trials with the
repeated measurement ANOVA test (RM-ANOVA). Althbugarametric ANOVA is
not recommended for the binary data (e.g. the P&R)dhowever, statistical techniques
confirmed the (Lunney 1970) permissibility of theN®VA for the dichotomous data
under certain conditions. The data generated in dimaulative conditioning assay
fulfilled these conditions of the equal cell or gpofrequencies and at least 40 degrees of
freedom of the error term.

RM-ANOVA conducted for colony 98 showed the nonmdiigant interaction effect
between the group (group 1 and 2), stimulus (CS+)/@&d the conditioning trial (group
x stimulus x trial: E1000= 0.13, p = 0.98) which validated the pooling lvé data for the
two groups. In the pooled data although no sigaifictrial effect was found §Fi000=
2.18, p = 0.053), but, the significant stimulus ¢bo= 27.73, p = 0.000000) effect and the
significant stimulus x trial & 1000= 37.54, p = 0.000000) effect confirmed the leagni
of contingencies of the CS+ and CS- stimuli duringth rounds of differential
conditionings.

Similar non-significant interaction between theugo< stimulus x conditioning trial §F
980 = 1.08, p = 0.36) was found for the colony or ggpe 299 which confirmed the
permissibility of the data-pooling. For colony 288gnificant stimulus (F¢s= 48.30, p =
0.000000), trial (F 9go= 3.96, p = 0.0014) and stimulus x trial effedts ¢go= 63.53, p =
0.000000) confirmed the learning of the CS+ and €&®nuli along the conditioning
trials during the two phases of the differentiahditioning.
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In contrary, significant interaction between theugy, stimulus and conditioning trials
(RM-ANOVA: Fs 490 = 2.35, p = 0.039) was found for the colony 73nglavith the

significant stimulus (F ¢s = 56.14, p = 0.000000), trial {Rgo= 11.88, p = 0.000000) and
stimulus x trial (k 490 = 29.87, p = 0.000000) effects. The later threslte confirmed

that bees learned the discrimination between thended and the unrewarded stimuli
during the conditioning trials however; the sigedint group x stimulus x trial interaction
prohibited the pooling of the conditioning datavie¢n the two training groups (1 and 2).
Further analysis of the PER data of the colonyei@aled the non-significant difference
between the CRs for the alternate combinationsalbérhate CS+ and CS- stimuli) the
ocimen and phenethyl acetate used during tRedifferential conditioning (non-

significant group x CS+ stimulus interaction; fos = 1.68, p = 0.15 as well as the non-

significant group x CS- stimulus interaction; §g= 0.78, p = 0.45). Separate analyses

Acquisition 1 Test 1 Filter paper and oil Test 2 Filter paper and oil
100 100 100 100 100
80 80 /Z/El 80 80 80
6 60 6 ez N 6 60 6 60 6 60
S 40 S 40 S 40 > 404 S 40
G
20 200 zq:;\EI 20 20
- CS+ B—ma
oSt g 0 0 s
2 4 6 1 2 3 1 15 2 1 2 3 1 15 2
— # Trials # Trials # Trials # Trials # Trials
Acquisition 2 Test 3 Filter paper and oil Test 4 Filter paper and oil
Filter 100 100 100 100 100
== paper +
QOil 80 80 80 80 80
C o
60 60 N 60 60 60
g § g g g
o 40c S 40 S 40 S 40 S 40
20 20 Fle s a— 2B 20
o—=:
o]

_ 0 ) 0 )
N = 152 2 4 6 1 2 3 1 15 2 1 2 3 1 15 2

# Trials # Trials # Trials # Trials # Trials

Fig. 3: Overall learning and memory performance grghs of the pooled population of
honeybees in the cumulative olfactory conditioningassay.The overall learning and memory
performances of the pooled honeybee population i@dtesented the total number of honeybees)
from the 3 backcrossed colonies were representeel Wweh the 8 sub-plots. Each sub-plot
showed either the performance during conditioningetention tests (written on top of the sub-
plots) in course of the 56-trial assay. The whadeag was divided into two phases with the
individual phases (each of the two rows) consisiedne round of differential conditioning
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followed by the two retention tests and two addidiltests with the two other stimuli (filter paper
and paraffin oil). The x-axis and y-axes respetfivepresented the number of trials and the
percent conditioned responses (CRs) during the ittonithg or retention tests. Conditioned
responses to the CS+ and CS- stimuli were alwgyesented respectively with the red and blue
lines and percent responses to the filter papeimdndere represented with the black lines. The 5
sub-plots (I phase) of the®irow of the figure showed the percent conditionesponses to the
CS stimuli during the first differential conditiorg (acquisition 1) and the two memory retention
tests (test 1 and 2) along with the responsesddilier paper and filter paper + paraffin oil;
tested twice during each phase. THeraw (2" phase) similarly represented the CRs to the CSs
of the second differential conditioning (acquigitip) and the following retention tests performed
with a different pair of CS+ and CS- stimuli. Thiadk arrows in both rows indicated the
retention test trial number 13 and 41 respectiwélyhe £' and 2° phases of the assay. CS+
responses of bees of these two test trials weigktosscore for the feature ‘sensitivity'.

between the alternate CS+ and CS- combinationsiefoteic acid and linolenic acids
used in the % DC showed the similar non-significant differenavieen the CRs (non-
significant group x CS+ stimulus interactiors, kz5 = 1.07, p = 0.37 as well as non-

significant group x CS- stimulus interaction; fzs= 0.52, p = 0.75). These effects were
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Fig. 4: Olfactory learning and memory performancesof honeybees from colony (genotype)
73: The overall performances of bees from colony 73ewsftown here with the x and y axes
represented the same parameters as mentioned .iB.Fithe 8 sub-plots in the figure also
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represented the performances during the same phaseaditionings and the memory retention
tests as described in Fig. 3. ‘N’ representedated humber of bees.
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Fig. 5. Overall olfactory learning and memory perfamances of honeybees from colony
(genotype) 98:The learning and memory performances of honeylrees €olony 98 during the
cumulative conditioning assay were represented Wélethe 8 sub-plots. The axes and the sub-
plots represented the same variables and the pwafme graphs during the same phases of the
assay as described in Fig. 3.

also visible (in the post hoc probabilities; FisHe8D test) when the ANOVA teat
formerly investigated the interaction between theug, stimulus and the conditioning
trial. Hence, the conditioning data of the two odoosups (1 and 2) of the colony 73 were
pooled for the analysis of the learning and mempeyformances (Fig. 4 - 6). All
differences between the conditioned responsesetalifferent concentrations of the CS+
and CS- stimuli during the memory retention teserevfound significant with the
Wilcoxon matched pairs test; the results were shbglaow in the tables (table: 1 — 3).
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Fig. 6: Olfactory learning and memory performancesof honeybees from colony (genotype)
299: The overall learning and memory performance graptise honeybees from the colony 299
were represented here with the x and y axes rapegséhe same parameters as in Fig. 3. The 8
sub-plots were also represented the performancesgdiine same phases of conditionings and
memory retention tests as described in Fig. 3.

Table 1: Results of the Wilcoxon matched pairs test (WMR)tfor the 3 colonies compared the

conditioned responses to the lowest concentrafior) (of the CS+ and CS- odors used during
the retention tests were shown here in table-1.Z'had p values were given in the table and all
p values were found significant.

Colony Number Z value p value
73 58. 000000
98 55. 000000
299 4.1 0000
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Table 2: Results of the Wilcoxon matched pairs test (WMR)tfor the 3 colonies compared the
conditioned responses to the second lower condiemtrd 0%) of the CS+ and CS- stimuli during
the 4-retention tests were shown here in tableh2 4 and p values were given in the table and
all p values were found significant.

Colony Number Z value p value
73 8.78 .0@0000
98 7.22 .0@0000
299 33 000000

Table 3: Results of the Wilcoxon matched pairs test (WMsR)tior the 3 colonies compared the
conditioned responses to the training concentratipnre odors) of the CS+ and the CS- odors
during the retention tests were shown here in t8blehe Z and p values were given in the table
and all p values were found significant.

Colony Number Z value p value
73 10.59 0.000000
98 10.04 0.000000
299 10.65 .0@0000

3.6.2 Variability in the learning and memory perforances of the individuals

After the colony-wise analysis, another populati@sed analysis was performed here to
check for the possible existence of the differecdrer or performer classes for the
different features associated with the olfactorgriiéng and memory. Multiple scorer
classes were found in the score histografrtbe eight quantified features (Fig. 7) except
for the feature ‘odor sensitivity’. The featuresensitivity had only 3 different scores (O,
0.5 and 1.0) as found in the histogram becauskeoivhy it was quantified. Theoretically
for each of the other 7 features, 10 possible scategories were possible. However, in
place of 10, maximum 6 -7 different categories adrer bees were found. This already
showed that bees had high variability in perforngascores in features like the rate of
CS+ learning or odor discriminability during thenditioning and the retention tests and
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so on. Major number of scores of the feature wigjgantified the animal’s responses to
the filter paper and paraffin oil were found adjatc® the minimum value of ‘0’ apart
from the few other score types. The overall lowember of responses of the bees to the
filter paper and paraffin oil indicated the highesfficity in their PER responses to the
learned odor stimuli during the tests. Scores afividual features from the three
backcrossed colonies were pooled for this analjisise nosignificant differences were
found between the mean scores of the differenufeatfor the 3 colonies (No figure
shown here: Acql: Kurskal-Wallis ANOVA: H = 3.4890.17, Acq2: H = 2.21 p = 0.33,
Discl: H = 2.65p =0.26, Disc2: H=0.57 p=0.78,2:.H=6.03p=0.04,T 3,4: H=
0.82 p = 0.66, response to filter paper + oil: 8.5 p = 0.92), except for the feature of
‘sensitivity’. Kurskal- Wallis ANOVA or the multid comparisons of means revealed a
significant interaction between the colony (or dggpe) and the sensitivity score
(Kurskal-Wallis ANOVA: H = 8.92 p = 0.01). Howevefor ‘odor sensitivity’, no

significant difference was found while the Kurskikllis ANOVA test was performed
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Fig. 7: Score histograms of the different featureselated with the olfactory learning and
memory quantified for the cumulative conditioning assay: The 8 sub-plots in the figure
represented the score histograms of the quanfiigtires related with the olfactory learning and
memory as described in the materials and methaor{ley scheme’). The abbreviations of the
individual features (such as Acql or Disc2) werétam on top of the respective histograms (sub-
plots). The scores were plotted on the x-axis dednumber of bees was represented on the y-
axis. Multiple score classes were found for theviddal features (in between the score range of
0 and 1) except for the feature of sensitivity, ebhshowed only three possible scores of 0, 0.5
and 1.0 due to the way this feature was quantifidtl.histograms were found significantly
different (p < 0.05; Kolmogorov Smirnov test andidfors test for normality) from the typical
Gaussian distribution.

using the medians in place of the means. Henceesado the 8 quantified features from
the three colonies were pooled to perform the paipr based analysis. For the
cumulative or total performance score, although riean score of the colony 98 was
found lower than the scores of the other two ca@sr{Fig. 8) however; these differences
were found non-significant (Kurskal Wallis ANOVA: H5.02 p = 0.08). Additionally,
no significant differences were found in the meamaulative performance scores along
the different time point of the season (summer antlimn); reported in the ‘seasonal
effect’ in appendix-1. Hence, the cumulative scdrem the 3 colonies were pooled to
analyze the variability in the gross performancethe individuals. The histogram of the
cumulative score (Fig. 9yaried significantly form the typical Gaussian distion
(Kolmogorov-Smirnov test: p < 0.05; Lilliefors te&ir normality: p < 0.01; Shapiro-
Wilk's W test: p = 0.000, W = 0.938) and showthe@ existence of the multiple scorer
classesvithout any particular bias to the specific scofidse absence of score cluster was
also foundin the principal component analysis (Appendix-1g.Fi0). The non-existence
of the score clusters or high heterogeneity in¢bmbinations of the PER (1s) and the
no-PER (0s) responses among the individual’'s wasddo be the most salient feature of
the data This result was similar to the previous findingtthaneybees trained identically
showed high variability in their learning perforneas in the different PER conditioning
paradigms (Pamiet al., 2011). Two different worker genotypes were usedtha
cumulative conditioning assagne with two copies of the hygienic alleles ahd bther
with one copies each of the hygienic and the nayidnyc alleles in their genome. In
addition to the two main genotypes, different atlelombinations inside the individual

genotypes (homozygous and heterozygous individumight influence the ability of the
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individual bees to perform the olfactory learneagd memory tasks differentially, which
eventually contributed to the population heteroggres found in the cumulative score
histogram. However, relative effects of the hygieand the non-hygienic alleles on the
olfactory learning of the backcrossed worker beesewuntested in our experiments.
Hence, it remained unknown from these results &g hany bees of the two genotypes
contributed to the total number of the lower, inmediate and the higher cumulative
scorers. It was possible however, that both gemstypad their own distribution of the
cumulative scores with different means and stand#ediation values, hence, the
cumulative score histogram showed here (Fig. 9)dcjust be the integrated form of the

cumulative score distributions of the two genotypes

H Colony 73
H Colony 98
H Colony 299

Mean cumulative score

Fig. 8: Mean cumulative performance scores of the Backcrossed coloniesThe color coded
bars in this figure represented the mean (mearaadard deviation) cumulative performance
scores of the 3 backcrossed colonies (blue: cofdnetd: colony 98 and green stood for colony
299). The y-axis represented the mean cumulativeescMean score of the colony 98 was found
lower than the other two, however, the differenaese not found significant (Kurskal Wallis
ANOVA test; p > 0.05).
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3.6.3 Selection of the best and the poor cumulatecerers

After the population analysis, individual's perfantes were analyzed to select for the
groups of honeybees belong to the specific perfoomeaclasses. In the first place the
overall good (the best) and bad (the poor) perfosmaeere selected respectively with the
higher and lower cumulative scores. Under the dandiof high heterogeneity in
individual's performances, these two extreme caiegoof the learning and memory
performers were selected with the simple critenat (statistical) of the cumulative or
overall performance scores$his arbitrary selection procedure was supporgdhe fact
that extreme scorer categories were found in thereshistograms of the individual
guantified features related with the learning andmory(Fig. 7). To select for the best
cumulative performers, the cut off score of 5.6nfalative score > = 5.6 out of the
maximum value8.0) was set. This criterion seledieel honeybees with an overall

performance score of at least 70% or more of theémman cumulative score.
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Fig. 9: Cumulative score histogram of the pooled gaulation of honeybee:The heights of the
red bars with the blue edges in the figure repteskethe number of honeybees correspond to the
different cumulative scores in the histogram of pleeled population of honeybees trained in the
cumulative conditioning assay (N = 152 bees). Thend y axes respectively represented the
scores (range from 0 to 8) and the number of béespecific bias was found for any particular
or more than one score as bees had the cumulatoressthroughout the entire range. The
distribution of the cumulative score was found #igantly different (p < 0.05; Kolmogorov
Smirnov test, Shapiro-Wilk's W testand Liliefors test for normality) than the Gaussian
distribution.

Twenty-two bees out of 152 (14.47%) satisfied driterion which indeed were found to
perform consistently good throughout the assayhasvs in their overall performance
graphs (Fig. 11). All three backcrossed coloniegtridouted to the population of the best
cumulative scorers with the decreasing number egldeund in the order; colony 98 (9
bees) > colony 299 (8 bees) > colony 73 (5 beesstelF and reliable learning of the CS+
stimuli showed by these bees was associated watkttbng discrimination between the
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Fig. 11: Olfactory learning and memory performancesof the best cumualtive scorers:
Overall olfactory learning and memory performancgthe best cumulative scorers were shown
in this figure with the 8 sub-plots represented pleeformances during the same phases of the
conditionings and the memory retention tests astiomed in Fig. 3. The x and y axes
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respectively represented the number of conditiomingdest trials and the percent conditioned
responses during the two phases of the cumualtimdittoning assay. Conditioned responses to
the CS+, CS-, filter paper and oil were represemésgpectively by the red, blue and the black
lines. The best cumulative scorers showed goodpaeinces throughout the assay as seen in
their high rate of CS+ learning, high odor discratility (both during the conditioning as well
as the retention tests) and high odor sensitiitywever, they also responded more to the the
filter paper and paraffin oil during thé' tompared to the"2test (sub-plot 3 and 5 in thé& fow,

8 and 9 in the™ row). Responses to the CS- stimuli were also faordecrease during the test 2
compared to the test 1 in the pairs of retentishdenducted during both phases of the assay. ‘N’
represented the number of honeybees found in dtégyory.

CS+ and CS- odors both during the conditioningdréand the memory retention tests, as
well as high sensitivity in responses were showrhw different dilutions of the CS
stimuli. These bees also showed strong response tlilter paper and the paraffin oil
during the 1' of the two tests which were found to decreasendgyuitie successivé'2test

in each of the two phases of the assay. Howeverfetiture quantified the responses to
the filter paper and oil showed low values of clatien with all other features. The

consistent good performances of these individuatsd the assay led to the high scores

N v . & g \
V‘& Y"& o° o AN < gé\ K

Acql ,
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Disc2 4

T1,2:
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ty 7 0ss
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Fig. 12: Color coded correlation plot of the 8 featres of the best cumualtive scorersThis
plot reperesented the color coded linear or Pearstorrelation coefficients between the 8
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features of the best cumualtive scorers (the catate shown in the right side). The matrix is
symmatrical on either side of the diagonal, whiohweyed no information. The good cumulative
performers showed very high correlations betweendifferent features except for the feature-8
(FP + Oil), which quantified the responses to thterfpaper and paraffiin oil. High correlations
between the features were explained by their soipg@erformances (throughout the assay) or
high scores in different features.

in the different features and high correlationsweein them as shown in Fig. 12. As
opposed to the best cumulative performers, the ppbad performers were selected with
the cut off score of 2.0 (cumulative score < = @ of the scale-maxima of 8.0). Bees
which were selected with this criterion had the olative score 25% of the maximum
cumulative score. A total of 20 bees (20 out of:152.15%) were short-listed which
showed the poor overall performances in the cunwalatonditioning assay (Fig. 13).
The contribution of the individual colonies to tipspulation was found to follow the
decreasing order of colony 98 (12 bees) > colony5/®ees) > colony 299 (3 bees).
Hence, colony 98 was found to contribute more lhedbe populations of both the best
and the poor performers than the other two coloiiasse bees exhibited the consistent
poor rate of CS+ learning, poor odor discriminapitiuring the conditionings and the
retention tests along with the overall weak respsrshowed to the CS stimuli during the
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Fig. 13: Olfactory learning and memory performancesof the poor cumulative scorers:
Overall olfactory learning and memory performanodsthe poor cumulative scorers in the
cumulative assay were shown in this figure. Thanat » axes were respectively represented the
number of conditioning or test trials and the peta®nditioned responses during the two phases
of the cumualtive conditioning; the 8 sub-plotsresented the performances during the same
phases of the conditionings and the memory retertésts as described in Fig. 3 (same color
codes for the different CSs). These bees showedistent poor rate of CS+ learning and
discriminability (both during the conditioning aglvas the retention tests) as well as poor odor
sensitivity during the assay. Additionally, thejiosved low overall responses to all kinds of CSs
throughout the assay. ‘N’ represented the numbépoéybees found in this category.

—

100
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BGood responder

% Honey bee 60 1
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40

20

Fig.14: The US-responder categories among the badirulative scorers: Among the bad
cumulative scorers, 95% showed consistent PERetsukrose stimulation of the antenna, which
were called as the ‘good responder’ (representéid tive blue bar) and the rest 5% bees which
showed inconsistent responses during the conditsniwere called as the ‘bad responder’
(represented with the red bay¥- test showed significant difference in number eés between
these two categories (significant difference wasotled with the asterics). The heights of the bars
correspond to the percentage of honeybees foutlteitwo categories as represented on the y-
axis.
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assay. The low number of PER responses to the ttmmeli odors throughout the assay
probably indicated the general deficit of the poamulative performers to respond to the
sucrose-US or they merely were not hungry durirggabsay. However, in this assay it
was rather unlikely that bees did not get hungrginduthe prolong sessions of training
and tests, started with the feeding status of ogktssatiation. While | checked for the
sucrose responses of the poor scorers, 19 out ofe2095% of the bees (‘Good
responder’) were found to show the consistent resg®to the US during the two rounds
of differential conditioning (Fig. 14). Only one iaral (5%) showed (‘Bad responder’)
the inconsistent PER during conditioning howevkis particular animal like others also
responded to the sucrose while the PER was testiéd @&nd of assay to check for the
overall fitness. Hence, we concluded that overatlorp learning and memory
performances, rather not the compromised respaonstse sucrose resulted in the low
cumulative scores in these bees. The weak perfa@saof these bees were also visible
in the weak correlations between the different ezt as shown in the color coded
correlation plot (Fig. 15). The poor cumulative a8 often scored ‘0’s for the different

features which contributed to the low correlati@ues between the pairs of features.
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Fig. 15: Color coded correlation plot of the 8 featres of the poor cumualtive scorersThis

plot represented the color coded correlation coeffit values between the 8 different features of
the poor cumulative scorers (the color scale shawithe right side). The bad cumulative
performers showed overall lower values of corretatietween the features compared to the best
scorers except between the pairs of features; eetweqgl and Discl, between the Acq2 and
Disc2. Consistent poor rates of CS+ leraning anat performances in the discrimination tasks
during the two phases of assay led to the higretaiions between these two pairs of feature.

However, high values of correlation were found lestw the features like Acql and
Discl and between the Acg2 and Disc2; represeimtedate and reliability of the CS+
learning (Acgl and 2) and discriminability betwaba CS+ and CS- stimuli (Disc1 and
2) during the T and 2 differential conditioning. These high correlatiowgre rather
obvious since the lack of responses to the CS+ glmaves in Acql or Acq2) also reduced
the scores of odor discriminability (Discl and 2jidg the two rounds of differential
conditionings. Poor discriminability led to the pgmerformances during the short-term
memory retention tests. This eventually reducedctiveelations of odor discriminability
during the retention tests (T 1, 2 and T 3, 4) bwith the speed of odor learning and

odor discriminability during the differential cortidining.

In addition to the cumulative differences in tharleng and memory performances
between the best and the poor cumulative scorésenae of the effect of seasonal
variation on the olfactory learning (details givém appendix-1; ‘seasonal effect’)
indicated that honeybees selected with the aritateria were most likely represented
the two opposite classes of learning performerseurein the natural population. The two
extreme types of cumulative performers howevery anhde up 27% of the pooled
population; the rest 73% of the population was cosepd of the bees with cumulative
performances nearly as good as the bests or asgsotre worst performers, and in
between. These bees however, were incorporatdteibivariate history analysis later in
this chapter to understand the relationships betwdbe performance scores of the

different learning related features in the paireusanner.

In the next step | wanted to find out whether tighér or lower scores of any one or
more of the quantified behavioral features weree aol select for these two types
cumulative scorers with higher probabilities. Hoegv before investigating this

particular issue, it was important to look at theerall correlations between the eight
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features for all bees in the pooled populatiorhefthree colonies. All correlations except
one for the feature-7 (sensitivity) and three for feature-8 (responses to the filter paper
and paraffin oil) were found to be statisticallgrsficant irrespective of the higher or
lower values of the Pearson’s correlation coeffitse (statistical data not shown).
However, the speed of CS+ learning (Acql) and alkeriminability (Discl) during the
1% differential conditioning like before, showed thighest value of correlation as found
in table-4 and Fig. 16. This clearly demonstrateat tonly during the °1 differential
conditioning, faster or slower learning of the CS-dssociation was correlated strongly
with the superior and inferior performances in thgk of odor discrimination. In other
words, the rate of CS+ learning was correlated wél the rate of CS- learning during
the ' DC. However, the same two features during tepBase of the assay, Acg2 and
Disc2 showed lower correlation values for the enpiopulation of bees as opposed to the
small populations of the best and the poor cumudaierformers. Hence, unlike th& 1
DC, bees in the™ differential conditioning showed less correlatadreéase or decrease
between the speed of CS+ and CS- learning. Higifiectory generalization between the
CS+ and CS- stimuli during thé®“compared to the®1DC was the reason behind this
decrease (details given in the ‘performance histamalysis’ later in this chapter).
Correlation coefficient values of the feature-5s@iminability during retentiotest 1, 2)
with the Acgl or Discl were also found to decrdase¢he whole population as opposed

to the values found for the best cumulative scofus the

Table 4: Table 4 showed the Pearson’s linear correlatioffficent values between all of the 8
features for the pooled population of honeybeess&hvalues were represented as the 8x8
symmetrical matrix (the diagonaépresentedhe maximum correlation of 1 between the same
features) with the highest correlation (numbersotiesh with the red color) found between the
features Acql (speed and reliability of CS+ leagriuring the 1 differential conditioning) and
the Discl (odor discriminability during thé' dlifferential conditioning).

Acql Acg2 Discl Disc2| T1,20 T3,4 Sensitivity Fp+
oil
Acql 1 055 | 090 | 019 | 061 | 0.38 0.57 0.23
ACq2 0.55 1 047 | 048 | 0.48 | 0.40 0.52 0.25
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Discl 0.90 | 0.47 1 028 | 059 | 0.37 0.45 0.14
Disc2 | 019 | 048 | 028 | 1 | 023 | 038 | 012 | -0.13
T1,2 0.61 | 0.48 | 059 | 023 1 | 039 0.68 0.26
T34 038 | 040 | 037 | 038 | 039 | 1 0.38 0.031
Sensitvity | 57 | 052 | 045 | 012 | 068 | 038 1 0.32
Fp+ Qil 023 | 025 | 014 | -013 | 026 | 0.03 0.32 1
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Fig. 16: Color coded correlation plot of the 8-quatified features for all bees in the pooled
population: This color coded plot represented the same coiwalabefficient values as given in
the table 4 (shown above) for the pooled populatibees. As shown in table 4 the highest
corelation was found between the Acql and the Distie feature of sensitivity also showed
good correlation with odor discriminability durilge memory retention tests of th& ghase of
the assay (T 1, 2). The feature of FP + Oil, wigdantified the responses to the filter paper and
paraffiin oil had low correlations with others.
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correlation values were similar with the valuesriiddior the poor cumulative performers.
Additionally, the low correlation between the Acg@d Disc2 was associated with the
low correlations with the feature T 3, 4 (odor distnability during test 3 and 4) due to
the higher odor generalization or less discrimoratiuring the % and 4" retention tests
of the assay. The feature of ‘odor sensitivity’afige-7) showed high correlation with
odor discrimination during the memory retentiontsed 1, 2) of the % phase of the
assay, albeit a low correlation was found with teature T 3, 4 (odor discrimination
during the memory retention tests; phase-2). Siader sensitivity was quantified using
the PER responses of th& dnd 3 retention tests, lack of correlation indicatect thigh
odor generalization in conditioned responses toGBe and CS- stimuli during thé3
and 4" retention tests reduced the scores of the fedtiBe4, keeping the responses of
the bees intact to the lowest dilutions of the @8ers during the 3test (sensitivity; see
Fig. 3). The reduction in correlation between thige features was also visible in the
cumulative performance graphs of the highly sevisjtbees (Fig. 17; selection criterion:
score > = 0.9 for the feature ‘sensitivity’). Thighly sensitive bees scored well (Fig. 17)
in other features like the speed of learning of @&+ stimuli and odor discriminability

during the conditionings and tests, however; thréopmances were not as good as found
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Fig. 17: The overall learning and memory performanes of the honybees with high scores in
‘odor sensitivity: This figure represented the overall learning andnony performances of the
honeybees which were able to respond consistentthe lowest dilution of the CS+ stimuli
during the test 1 and 3 or highly sensitive. Than® y axes represented the same parametrs as in
Fig. 3. The 8 sub-plots were also represented #mfopmances during the same phases of the
conditionings and the memory retention tests agiomesd in Fig. 3. Conditioned responses to the
different stimuli were also represented with thexeaolor codes as in Fig. 3. The 100% CRs to
the lowest CS+ dilution (the first data point iret8S+ curve during the test 1 and 3) in the two
tests represented the selection points. Theseshesged the switch-like CS+ learning as well as
discriminated well between the CSs during the taonds of differential conditioning and the
four retention tests however; their performancesewasot as good as found for the best
cumulative scorers (Fig. 11). They showed strorgpaases to the filter paper and paraffin oil
during the I of the 2-tests which like the best cumulative sc®decreased during th&' fest.
The number of responses to the CS- stimuli alsa wewn during the ¥ compared to the*itest

in the pair of memory retention tests.

for the best cumulative scorers (Fig. 11). In thetbest cumulative scorers were a subset
of the highly sensitive bees (30% of the sensitiges were best scorers); rest of the 70%
had substantial variability in their learning speedliscriminability, which explained the
lower correlation between these features (Acq2¢Di®isc2) with the odor sensitivity.
Hence, higher odor sensitivity did not seem toadetor strongly influence the superior
overall performance of the bees in the cumulatmad@ioning assay. Responses of these
bees to the filter paper and paraffin oil (feat8jehowever, were found to decrease

during the 3% compared to the®itest like the best cumulative scorers.

3.6.4 Selection of the best and poor cumulativerses using the scores of the

learning and memory related features

After the behavioral characterization of the bewd the poor cumulative performers, it
was investigated whether any one or more of thentified features related with the
olfactory learning and memory were able to seléesé two classes of honeybees
reliability or in other words with higher probalidis than the others. To this end, first |
looked at the correlation between the individuakdees with the cumulative score to find
out one or more of these features with higher ¢aticen values. Higher correlation value

indicated that how well or poorly the change inrssoof a particular feature was related
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with the change in the cumulative scores of theshéfence, features with the higher
correlation values may be able to select with higirebabilities the best and the poor
cumulative performers respectively with their highed lower scores. Acgql showed the
highest correlation with the cumulative score @ab) which was followed by the Discl
(table-5: numbers in bold-red font). These two desd were in fact found to have the
highest correlation amongst all the bees (Fig. f8)the individual colonies (appendix-1,
Fig. 18), for the best (Fig. 12) and the poor (Ri§) cumulative scorers, and in any other
group of bees selected with a specific criterigdgdeat shown). The highest correlation
coefficients of the Acgl and Discl with the cummatscore and between themselves
indicated the possibility that these two featunegdividually or together were able to
select for the best and the poor cumulative peréosmvith higher probabilities than the
other features. Other features such as the rateaofing during the ¥ differential
conditioning (Acq2), odor discriminability durindpe retention tests 1 and 2 (T 1, 2) or
odor sensitivity (Fig. 17) also showed high cortielas but were found less effective
while selecting the two types of extreme perforntbe the feature like Acql or Discl
(data not shown). Henceforth, all further analyisethis section were performed with the
Acqgl and Dics1.

Table 5: Table 5 represented the linear correlation coeffits between the 8 individual features
with the cumulative score which was the summatioscores in all features.

Cumulative

Score

Acql 0.84
Acq2 0.77
Discl 0.80
Disc2 0.46
T1,2 0.79
T34 0.59
Sensitivity 0.76
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Fp+ Oil 0.33
Cumulative
1
Score

Best cumulative performers

Previous analysis found the 22 best cumulativeoperérs in the pooled population of
the honeybees. The analysis performed here, fooadthe higher range of scores in
Acql (score >= 0.9, scale maxima of 1.0) were &bleelect 17 out of the 22 (77.27%)
best performing bees. However, this criterion del@ total of 35 bees; hence, high
scores in Acql (speed and consistency of learninthe CS+ stimuli during the®1
differential conditioning) selected the best cuntivaperformers with the probability of
0.48 (17/35).

The identical higher range of scores (score >= §c8le maxima of 1.0) of Dicsl (odor
discriminability during the % differential conditioning) selected 13 best beas af the
22 (59.09%). However, a total of 19 bees were ssdewith this criterion, which raised
the probability of finding the best cumulative merhers with the high scores in Discl up
to (13/19) 0.68. Since all of the 19 bees selentdtis case, were also selected with the
high scorers in Acgl (19 out of the 35 high Acgbrecs; 54%), hence, high scores in
Acgl and Discl together also selected the best lativel scorers with the same
probability of 0.68. All superior performers in tloelor discrimination task were found
tolearn the CS+ stimuli faster although amongst tast learners of the CS-US
association, only 54% of the bees showed the swpeliscriminability. The first
relationship was trivial but not the second sirtbe,faster and consistent responses to the
rewarded odors (CS+) were found to be insufficientthe faster and consistent learning
of the CS- or in other words odor discriminatiorisT indicated that learning speed or
dynamics of the CS+ and the CS- stimuli varied agntire bees with fast and reliable
learning of the CS+ stimuli. This variability aleaplained the low probability selection
of the best cumulative scorers with the high scameAcgl (many high Acql scorers
ended up with cumulative scores below the cut ofirs set for the selection of the best
cumulative scorers). It was concluded tlzancomitant learning of identities of the
rewarded and the unrewarded odor stimuli in the clative assay was found as the
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better criterion than the fast learning of the reded odors for the bees to achieve the
overall performance score equal to or higher thiae tut off score set for the selection of

the best performers

Acquisition 1 Test1 Filter paper and oil Test 2 Filter paper and oil
100 100 E/B—E 100 100 100
u:
80 80 80 8d? 80
60 60 60 60 60
8 § ¢ 8 8 8
S adf S a0 S adf > a0 > a0
20 20 20 20 20
ua
o=
(0] o o o, o
2 4 6 1 2 3 1 15 2 1 2 3 1 15 2
# Trials # Trials # Trials # Trials _ # Trials .
Acquisition 2 Test 3 Filter paper and oil Test 4 Filter paper and oil
100 100 100 100 100
x
80 80 80 80 80
1
5 60 5 60 5 60 5 60 5 60
S 40 > 40 S 40 S a0 S a0
\\ s 0
20 20 20 20 20 /El
N =19 - x
ot—— o o (0] (0]
2 4 6 1 2 3 1 15 2 1 2 3 1 15 2
# Trials # Trials # Trials # Trials # Trials

Fig. 19: The overall performances of honeybees withigh scores in Discl:This figure
represented the overall learning and memory pedaonas of bees in the cumulative conditioning
assay which scored high in the feature Discl. Trend y axes respectively represented the
number of conditioning or retention test trials @hd percent conditioned responses to the CS
stimuli during the two phases of the cumualtiveditboning. The 8 sub-plots also represented the
performances during the same phases of the conidig® and memory retention tests as
mentioned in Fig. 3. These bees not only discriteithatrongly between the CS+ from the CS-
odors during the ®idifferential conditioning, but also showed high aliminability during the
following retention tests as well as during tHé differential conditioning. Additionally, these
bees showed the high odor sensitivity and strosgameses to the filter paper and paraffin oil
during the 1' of the 2 tests which like the best cumulative scodeclined during thé®est. The
number of responses to the CS- stimuli also deetkdsring the % compared to the®Iretention
test. ‘N’ represented the total number of honeylfeesd in this scorer category.

Poor cumulative performers
Lower range of scores in the cumulative performammeviously selected 20 bees from
the pooled population of the three colonies andrayjsbthem 17 (85%) were selected

with the criterion of the lower scores (score <%,&cale maxima of 1.0) of the Acql.
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This particular criterion selected a total of 2@&ehence, low scores in Acql selected
the bad cumulative performers with the probabibty17/26) 0.65.

The lower range of scores (score <= 0.1, scale mmawadf 1.0) of Discl shortlisted the
same 26 bees in total as found with the Acql. Hemcdike the best cumulative
performers, the poor performers were selected thegtrsame probability of 0.65 using the
low scores in either of the two features; Acql adD. It was obvious that low scores in
Acqgl contributed poorly to the scores of the Dis&lnce, Discl selected the best
cumulative scorers with higher probability than fexl and the bad performers with the
same probability as the Acql; hence, learning tiseridnination between the CS+ and
CS- odors popped out again as the best criterioth@rstrongest amongst the eight

features to select the two extreme types of cunvelacorers with highest probabilities.
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Fig. 20: The overall olfactory learning and memoryperformances of the low scorers in
Discl: This figure showed the overall learning and mempgrformances of bees in the
cumualtive assay which scored low in Discl. Thegrall performance during th&%differential
conditioning and retention tests were better than ' however; the overall performances were
poor throughout the entire assay like the poor dative scorers. ‘N’ represented the total
number of honeybees found in this scorer category.
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Honeybees selected with the high (Fig. 19) and soares (Fig. 20) of Discl showed
respectively the superior and inferior overall pemfances in the cumulative assay like
the best and the poor cumulative scorers. Howeliese two cumulative scorer classes
were selected by the scores in Discl only withgrabability values nearly 70%, rather
not high as 90% or more to be adequately sure gheutsefulness of the feature, Discl
to select for the best and the worst cumulativdoperers. This clearly indicated the
individualistic variability in the learning and meny performances during the
cumulative conditioning assay such that the lonwesfqumance scores in one or more of
the features in an individual bee were compenslayettie higher scores in one or others
which resulted in the failure of selecting theseswith very high probabilities using the

scores in the single features.

3.6.5 Analysis of performance histories of the diféent selected groups of

performers

The analysis until now was focused on the behalvidraracterization of the good and
the bad cumulative performers. In this sectiorstdssed the performance histories of the
different performer classes or group of bees seteuwtith the specific criteria from the
pooled population of the three colonies. Initiaie learning dynamics of the rewarded
(CS+) and the unrewarded (CS-) odor stimuli and gienomena of olfactory
generalization during the differential conditioningere discussed for the high,
intermediate and low cumulative scorers. The loarexs were selected with the score
range higher than the poor cumulative scorers fsegious section) since the poor
performers provided least information about thearhing related performances due to
the consistent low level of responses to all kinfl<CSs used in the assay. Learning
(speed) dynamics of the CS+ and CS- stimuli wese aliscussed for the bees with
different range of performance scorers of the featicql, represented the speed and
reliability of the CS+ learning during thé' DC. These analyses were performed with the
bees which did not receive any prior odor trainihgnce, the PER conditioning data

generated only during thé' @lifferential conditioning was used.
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Honeybees with the high or best cumulative scosesré > = 5.6 or >= 70% of the
maximum score) showed significantly high resportsethe CS- (Fig. 21) compared to
the CS+ stimuli during the®1CS- conditioning trial (RM-ANOVA showed significan
stimulus (CS+/CS-) x trial effectsFi10= 42.60, p = 0.0000; followed by the Fisher LSD
post hoc test for the®Itrial CS+vs. CS-: p = 0.000000). In fact the CS- responses of
these bees during thé trial were found significantly higher than the ethwo classes of
cumulative scorers (Fig. 22) used in this analy&t$1-ANOVA showed significant
response x group effectid=410= 2.94, p = 0.0013; followed by the Fisher LSD tpuosc
test: the I CS- trials between the best and intermediate sEore0.000462, the®1CS-
trials between the best and low scorers p = 0.080Migh initial responses (60% CR) to
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<=60% <=45%
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Fig. 21: Learning dynamics of the CS+ and CS- stinluof the high, intermediate and low
cumulative scorers: Rewarded (CS+; represented by red lines) and umdeda (CS-;
represented by blue lines) odor stimuli were lednwih different rates by the three cumulative
scorer classes during th& differential conditioning. The x and y axes redjpety represented
the number of conditioning trials and the percemtditioned responses (CRs) to the CS stimuli.
The ' sub-plot in this figure showed the concomitanti@ay of the CS+ and CS- stimuli of the
good cumulative scorers (N = 22 bees). These bemgesl significantly higher initial responses
to the CS- compared to the CS+ stimuli (signifibahigher responses found in the Fisher LSD
post hoc test p < 0.05; denoted with tiieasterics on the blue line) possibly due to thersjr
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effects of odor generalization and the sucrose atediarousal apart from the spontaneous
responses. However, fast learning of the CS- stifrarh the 2° conditioning trial overshadowed
these effects as found in the significant lowerdfighe CRs (denoted with thé°&sterics on the
blue line) to the CS- stimuli. Thé“sub-plot showed the abrupt learning of the CS#utifrom

the F'to the 2% trial (significant increase in CR, denoted witle ésterics on the red line) of the
intermediate cumulative scorers (N = 39). Theses loged not learn the CS+ and CS- together due
to the slower learning rate of the CS- (non-sigaifit change in the CRs form th& tb the 2
CS- trial; denoted with ‘NS’ on the blue line). Hever, like the best scorers these bees also
showed the significantly higher initial responsedite CS- than the CS+ which were probably
associated with the effects of odor generalizationd the sucrose mediated sensitization
(significantly higher CS- responses in ttigtdal compared to the CS+; denoted with the asseri
on the blue line). The third sub-plot representssl glower (non-significant change in the CRs
form the £'to the 2 CS+ trial; denoted with ‘NS’) and unstable CS+riéag curve of the low
cumulative scorers (N = 24 bees). These bees lg@dneeCS- stimuli more steadily although with
a slower rate (non-significant change in the CRmfthe #'to the 2° CS- trial; denoted with
‘NS’ on the blue line). The overall responses w@fttlio types of CS stimuli in this scorer category
were found lower compared to the other 2 scoressels.

Conditioned responses to the CS-
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Fig. 22: Comparison of the conditioned responses tthe CS- stimuli between the high,
intermediate and low cumulative scorers:This figure was an extension of the Fig. 21,
highlighted the differences in learning dynamicstted CS- stimuli between the three types of
cumulative scorers during the™ Hifferential conditioning. The x and y axes regjety
represented the number of conditioning trials drdgercent conditioned responses (CRs) to the
CS- stimuli. All three classes of bees learned@Glse stimuli as evident from the 3 acquisition
functions (best scorer: blue line, intermediaterscodark brown line, low scorer: green line).
However, the best cumulative scorers showed saarifly higher initial responses to the CS-
(denoted with the *lasterics on the blue line) compared to the otherdlasses (possibly due to
higher odor generalization and sucrose arousafpadh these bees quickly learned not to
respond to the CS- during the successive conditiptiials. More persistent effects of odor
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generalization or sensitization were found in titerimediate scorers as they showed significantly
higher CRs during the"? 3¢ and the # conditioning trials compared to the low cumulative
scorers (denoted with the last 3 asterics on teergtine). The low scoring bees rather showed
minimum odor generalization and sensitization ¢ffeamong the three scorer classes however,
they showed the lowest overall responses to theG&astimuli. ‘N’ represented the number of
honeybee found in the three scorer categories.

the CS- stimuli did not only reflect the componehthe spontaneous responses but also
strongly indicated the effect of higher general@atbetween the CS- and the preceding
CS+ odor stimuli in the best cumulative scorers garad to the other two classes.
Additionally, there was a component of arousalens#tization mediated by the sucrose
(US) of the ' CS+ conditioning trial previous to thé' CS- trial. The combined effects
of the spontaneous response, odor generalizatidritrensucrose mediated sensitization
although were strong initially, but decreased sigantly during the next CS- trial when
the conditioned responses (CRs) declined shargh¢F LSD post hoc tesf'ICS- trial

vs. 2" CS- trial: p = 0.000003) followed by the continsodecrease during the further
trials until the CRs dropped down to ‘0’. The stelegline in the CS- acquisition function
was definitely due to the learning of the CS- odehsch opposed the effects of the odor
generalization and sucrose-arousal. However, a ooemd related with the US
habituation might also involve with the decreasethe CRs to the CS- odors. The
significant decrease in the CRs during ti& @S- trial was associated with a sharp and
significant rise in the CRs to the CS+ odors (Fidt8D post hoc test®1CS+ trialvs. 2™
CS+ trial: p = 0.000000) which ultimately followdke stable asymptote. These results
although confirmed the fast, switch-like and realearning of the CS+ stimuli in this
particular group of bees but were unable to digegiéa between the effects of CS-
learning and the US habituation. In absence of staeding about the strength of the
habituation effect, it was concluded that independa# the possible effects of the US
habituation, the best cumulative scorers learnedd8- stimuli concomitantly with the

CS+ stimuli during the *Ldifferential conditioning.

The intermediate cumulative scorers were selectiéld twe criterion of bees scoring in
between 50% — 60% (cumulative score range >= 4 <ut4.8) of the maximum
cumulative score also showed the significantly hrgsponses to the CS- (Fig. 21)
during the i training trial compared to the CS+ stimuli (RM-AN@ showed
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significant stimulus x trial effect:sFzgo= 26.79, p = 0.0000; Fisher LSD post hoc test for
the F'trial CS+vs.CS-: p = 0.0036). During the next conditioninglt@lthough a sharp
rise in the CR was found for the CS+ (Fisher LSBtpgmwc test  CS+ trialvs. 2" CS+
trial: p = 0.000014), however, the responses toG&e did not decline significantly
(Fisher LSD post hoc tesf'ICS- trialvs. 2" CS- trial: p = 0.52) and even remained
higher than the best (statistically non-signifigaamd the low cumulative scorers (Fisher
LSD post hoc test after RM-ANOVA: between the intediate and low scorers™ZS-
trials: p = 0.0035, "8 CS- trials: p = 0.026,"™#CS- trials: p = 0.035) for rest of the
conditioning trials (Fig. 22). Conditioned respan®é this scorer class of bee to the CS-
stimuli were only declined gradually with no sigo#ént decrease found in the CRs
between the consecutive CS- trials. Hence, likebiast scorers, the intermediates also
showed the high initial responses to the CS- whiehe associated with the components
of the spontaneous response, odor generalizatidntte sucrose mediated arousal, as
well as the switch-like learning of the CS+ odomswiBver unlike the best scorers this
group of bees did not show the concomitant learwinthe CS+ and CS- stimuli due to

slower learning rate of the CS- compared to the.CS+

The low cumulative scorers were selected (Fig.\v21l) the criterion of bees scoring in
between 30% and 45% of the maximum cumulative smmulative score >= 2.4 but
<= 3.6). These bees like the other two scorer elashowed the initial higher responses
to the CS- compared to the CS+ (Fig. 23), but entlie others this difference was not
found significant (RM-ANOVA showed significant stinus x trial effect: k 230= 8.75,

p = 0.00000; followed by the Fisher LSD post hast fer the f' trial CS+vs.CS-: p =
0.069). Conditioned responses to the CS- indee@ Weemd significantly lower in this
category of bees than the high and the intermediabeulative scorers (results shown
before). This indicated that the CRs to the unreedrodor stimuli were least affected by
the effects of odor generalization and the US niediaarousal, albeit the overall
responsiveness to both type of CS stimuli was falsod lower in these bees compared to
the other two categories. No significant increas¢he CRs was found between thé 1
and the 2 CS+ conditioning trials (Fisher LSD post hoc #3tCS+ trialvs. 2" CS+
trial: p = 0.64) until the first jump in respongesk place during the3CS+ trial (Fisher
LSD post hoc test™d CS+ trialvs. 3¢ CS+ trial: p = 0.006). The CS+ learning curve of
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the low cumulative scorers neither showed the abougwitch-like increase in the CRs
(rather gradually rising CRs) like the other twoorsr classes nor had the stable
asymptote, rather inconsistencies in CRs were falodg the subsequent conditioning
trials (decrease during thé" Z£ompared to the™5trial: p = 0.00028, decrease again
during the last trial). The reason for the inst&pibf acquisition function of the CS+
stimuli although was unclear however; probably @atitd the poor CS+ learning
(response noises or non-specific responses dun@ganditioning trials). The smaller
population size of these bees compared to the otleeclasses might also contribute to
the responses instability to the CS+ stimuli. Oa tther hand, learning of the CS-
stimuli although was followed the slow, gradual dgmcs (no significant differences in
the CRs were found between any two consecutivecGf&ditioning trials) but was more
consistent than the CS+ as the CRs were graduallgpdd down to ‘0O’ along the
successive conditioning trials. Hence, like theilimtediates, the low cumulative scorers
also showed the gradual learning of the CS- whiak mot concomitant with the learning
of the CS+ howeverunlike the other two scorer categories, the C&fniag was found
slower and inconsistent along the conditioningldri¢¢ seemed that the low cumulative
scorers rather learned the CS- stimuli earlierstably than the CS+.

In addition to the analysis of the learning dynamof the CS+ and CS- stimuli, the
possible differences in the final or asymptoticelevof the CS+ learning between the
three scorer categories of honeybees were alsostigaged. Quantification of the
asymptote values from the CS+ learning curveshis¢ase was not found to be straight
forward since, the asymptote was unstable in tke damulative scorers. Hence, the
mean conditioned responses during the last threwitboning trials were directly
compared between the three types of cumulativeessoto find out the possible
differences in CRs to the CS+ stimuli during thed eof conditioning. Repeated
measurement ANOVA showed the significant group spoamse interaction {Fs, =
50.60, p = 0.00000) which further revealed the ifigant gradual decline in the mean
responses during the last three conditioning tfi@m the best until the low cumulative
scorers (Fisher LSD post hoc test: between besthatrate scorers p = 0.03, between
moderate and low scorers p = 0.000000, betweenanelstow scorers p = 0.000000). It

was concluded that in addition to the concomitaatriing of the CS+ and CS- stimuli,

127



Chapter-3: Cumulative conditioning

the best cumulative scorers also showed the higiean CR to the CS+ odors during the
end of the differential conditioning (or final ldvef CS+ learning) compared to the other
two classes of scorers, although the effects of geoeralization and sucrose mediated
arousal were initially found higher in these bdesntthe others. The moderate scorers
were better than the low cumulative performersemms of the speed and final level of
the CS+ learning howevethese bees did not show concomitant learningef8+ and
CS- stimuli. The low cumulative scorers showeduhstable and minimum final level of
the CS+ learning amongst the three scorer categaieng with the overall low
responsiveness to the CS stimuli during the diffea¢ conditioning. It was not
surprising that eventual lowering of the cumulata@res selected the groups of bees
with inferior levels of odor learning however; tlgfferences found in the learning
dynamics of the CS+ and CS- stimadi well as in thénal levels of the excitatory CS+
learning during the differential conditioning were nevepoeted systematically for the

different types of learning and memory performersvare illustrated here.

One of the noticeable features in olfactory leagrohthe best cumulative scorers was the
higher average score of 0.95 in the feature Acqhpaoed to the moderate (0.72) and
low (0.30) cumulative scorers. The number of PEspoases to the CS+ stimuli during

the £ differential conditioning was quantified by theafare Acql, and a high average

value meant the early and consistent responseBetdC8+ stimuli throughout the®™1

differential conditioning.

Here, it was analyzed whether the early and cadidiearning of the CS+ stimuli
influenced the dynamics of the CS- learning durihg conditioning. Three different
categories of bees were selected like before fsrahalysis with the high (score >= 0.9;
maximum score 1.0), intermediate (score >= 0.5 end.6) and low range of scores
(score >= 0.3 and <= 0.45) for the Acql. Honeybedh the earlier (faster) and
consistent responses to the CS+ (high Acgl scorghswed significantly higher
responses to the CS- stimuli during tiecbnditioning trial (Fig. 23) compared to the
CS+ (RM-ANOVA showed significant stimulus x tridfect: Fs, 340= 99.98, p = 0.0000;
followed by the Fisher LSD post hoc test for tfigrial CS+vs.CS-: p = 0.000000). This
meant that the high Acql scorers like the best datime scorers also showed the high

initial responses to the CS- stimuli which wereoagsed with the components of
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spontaneous response, odor generalization andutttese mediated arousal. However,
responses to the CS- in the successive conditiotriaty were declined significantly
(Fisher LSD post hoc test'TS-vs. 2" CS- trial p = 0.012," CS-vs.39 CS- trial p =
0.00049, & CS-vs.4"™ CS- trial p= 0.00049) until the stable asymptogsweached. This
sharp and continuous reduction in the CRs was itlgfirassociated with the learning of
the CS- odors (which reduced the effects of theeg®ization and arousal) apart from the
possible involvement of the effect of US habituati®n the other hand CRs to the CS+
stimuli as expected (selection criterion of higlorecin Acgql) showed the steep jump
during the 2 trial from the initial level (~10% CRs) until th@aximum (100%) and
remained stable for rest of the conditioning tridience, the early and stable CS+

learning of these bees took place together withgaming of the CS-, although the later
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Fig. 23: Learning dynamics of the CS+ and CS- stinluof the high, intermediate and low
scorers of the Acql:The high, intermediate and the low scorers in Alegitned the rewarded
(CS+; represented by red lines) and the unrewal@8d; represented by blue lines) odor stimuli
with different dynamics. X and y axes respectivegresented the number of conditioning trials
and the percent conditioned responses (CRs) tvil€ S stimuli. High scorers in Acgl learned
the CS+ stimuli fast and respond consistently &@%+ throughout the conditioning. Théslib-
plot in this figure showed the concomitant learnoighe CS+ and CS- stimuli of the high Acql
scorers (N = 35 bees). These bees showed thd wigigificantly higher responses to the CS-
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compared to the CS+ (denoted with tiieakterics on the blue line) due to the effectsdiiro
generalization and the sucrose-arousal. Howevst, lemrning of the CS- from the™2trial
overshadowed these effects as the CRs decreasgficaigtly during the next 3 successive CS-
trials (denoted with the"? 3¢ and 4' asterics on the blue line). Th&" Zub-plot showed the
abrupt or switch-like learning of the CS+ stimuthrh the ' to the 2° trial (significant increase

in CRs, denoted with the asterics on the red lirighe intermediate scorers (N = 28 bees). These
bees did not learn the CS+ and CS- together dtieetslower rate of learning of the CS- odors
(non-significant change in the CRs form ttiétd 2'* and from the % to 5" CS- trial; denoted
with the ‘NS’ on the blue line). However, unlikeetlintermediate cumulative scorers (Fig. 21)
these bees showed no significant increase in reggdn the CS- compared to the CS+ during the
1% trial (denoted with the*1‘NS’ on the blue line). The'8sub-plot represented the slower and
unstable CS+ learning curve of the low Acql sco(Brs: 9 bees). These bees showed the least
number of responses to the two type of CS stimmuljéneral amongst the three scorer classes
(non-significant difference in the CRs between 1HeCS+ and CS- trial; denoted with ‘NS’ on
the blue line), albeit the number of bees (samigks) svas also lowest in this category.

Conditioned responses to the CS-
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Fig. 24: Comparison of the conditioned responses tthe CS- stimuli between the high,
intermediate and low Acql scorersThis figure was an extension of the Fig. 23, higjiéd the
differences in dynamics of learning of the CS- slinbetween the three Acql scorer classes
during the 1 differential conditioning. The x and y axes respety represented the number of
conditioning trials and the percent conditionedpmses (CRs) to the CS- stimuli. All three
scorer classes learned the CS- stimuli as evidemt fheir acquisition functions (best scorer: blue
line, intermediate scorer: dark brown line, low rezo green line). However, the best Acql
scorers showed significantly higher initial respesto the CS- (denoted with the 2 asterics on the
blue line) compared to the other two classes dubedigher odor generalization and effects of
sucrose arousal. CRs to the CS- odors betweemtheriediate and the low Acqgl scorers were
not found to differ significantly throughout the matitioning unlike the two similar cumulative

130



Chapter-3: Cumulative conditioning

scorer categories as shown in Fig. 22. ‘N’ represgthe number of honeybees found in the three
scorer categories.

one might incorporate an US habituation componEm. concomitant learning dynamics
of the CS+ and CS- odors were mimicking the scer@frthe best cumulative scorers; in

fact 48.5% of the high scorers in Acgql were alsmtbto be the best cumulative scorers.

The moderate or intermediate scorers showed thve dimamics (Fig. 23) of the CS-
learning with no significant differences found ihet CRs between any of the two
successive CS- conditioning trials, albeit thesestshowed significantly lower responses
to the CS- during the®land 29 conditioning trials (RM-ANOVA group x stimuluszfee

= 5.71, p = 0.0050; followed by the Fisher LSD pbst test for the ®1 CS- trials
between high and intermediate Acql scorers p =0D00, for the % CS- trials between
the same two groups p = 0.00039) compare to the Aiggl scorers (Fig. 24). This
meant that for the intermediates scorers, the GRiset ' presentation of the CS- stimuli
suffered less than the high Acql scorers with fifeces of odor generalization and the
sucrose arousal apart from their possible low spwdus responses. However, unlike the
high Acgl scorers fast discrimination between tiv® tCSs was not found in the
intermediate scorers; as revealed by the non-sigmif difference between the CRs of the
two stimuli during the %' conditioning trials (RM-ANOVA showed significantimulus

x trial effect: &, 270= 13.02, p = 0.00000; followed by the Fisher pust test: 2 trial
CS+vs. CS- p = 0.25). The learning curves of the CS+ @%i of these bees were
mimicking the intermediate cumulative scorers, wih overlap of 35.8% bees in

between these two classes.

The low Acql scorers like the intermediate categshowed significantly lower
responses to the CS- (Fig. 24) compared to the Aigiil scorers during the initial
conditioning trials (Fisher LSD post hoc test fbe tf' CS- trials between high and low
Acql scorers p = 0.0032, for thd92CS- trials between the same two groups p =
0.00031), but this was associated with a slow adlscrimination (Fig. 23) with no
significant differences found between the CRs ® @5+ and CS- stimuli even during
the 2% and &' conditioning trials (RM-ANOVA showed significantimulus x trial
effect: k5 go= 3.32, p = 0.0088; followed by the Fisher post kest for the ?' trial of
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CS+vs.CS-: p = 0.48, "8 trial CS+vs. CS-: p = 0.16). The differences between CRs
during the successive CS- training trials were &smd non-significant (results were not
shown; same set of statistical tests) with a furtherease in the CR found during th& 5
conditioning trial. Interestingly, like the low cudative scorers, the low Acql scorers
also showed an unstable asymptote for the CS+ pditr®ugh only 16.6% of the bees
were found in common between these two categofies.lower sample number (only 9
bees) in this particular category in Acql scorempared to the other two possibly
contributed to the instability of the CS+ learnmgve.

These analyses revealed that learning dynamickeofCS+ and CS- stimuli during the
differential conditioning had similarities betwettte two groups of honeybees; one with
the superior overall learning and memory perforneanand the other which learned the
CS+ stimuli fast and showed consistent PER to tiss @roughout the differential
conditioning. The CRs to the CS- stimuli in botlogp of bees although initially were
affected with the strong effects of odor generdilimaand the sucrose mediated arousal,
however; concomitant learning of the CS+ and C#nui found only in these bees
quickly overshadowed these effects. The intermediabrers of the feature Acql or the
cumulative performance showed faster learning efdhcitatory CS+ stimuli compared
to the CS- stimuli. The low scorer category showexlslower learning rate for both CS
stimuli compared to the other two scorer classéis an unstable asymptote found for the

excitatory CS+ stimuli.

It is never easy to understand from the populaganning graphs whether the rewarded
stimulus is learned together with the unrewardedhdtis during the differential
conditioning or whether they are learned by thesbeeth differential dynamics
dependent of their learning capabiliti#&e results in this assay clearly demonstrated the
fact that the rates of learning of the CS+ and G8muli during the differential
conditioning vary in the population, and dependtba overall learning performance of

the individuals.

At the end it was also checked whether the critenb the fast learning of the CS+
stimuli during the differential conditioning wasoak sufficient for the concomitant

learning of the CS- stimuli or the condition of pease consistency during the
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conditioning was also required, since both featunese quantified by the Acql.
Honeybees started to respond to the CS+ stimytieively from the ¥ 39 and &'
CS+ conditioning trials irrespective of the consisty of further PERs during the'1
differential conditioning were selected for thisabssis. The results were given in
appendix-1 (Fig. 27 and 28), however, it was fothrat bees which start responding early
(fastest) to the CS+ showed higher odor generalizadnd effects of sucrose arousal
compared to the two types of delayed responderdifferences were found in the CS+
learning between these three categories of be¢sh®lCS- learning (sharp decrease in
conditioned responses along with the conditioniras) was found concomitant with the
CS+ only for the earliest (fastest) respondersvds concluded that bees which learned
the CS-US association early (and respond earlyyvsticthe initial high spontaneous
responses to the CS- in combination with the edfeftodor generalization and sugar
arousal however; only the fast learning bees wéte 0 learn the rewarded and the
unrewarded odors together. These learning featuess similar as found for the high
Acgl and cumulative scorers. The delayed respondtsr learned the CS- stimuli with
a slower rate, like the intermediate or the lowrec®in Acql. Additionally, ~ 50%, of
these fast learning bees were found to overlap tghpopulation of the best cumulative
performers. These fast learners showed an ovevall gerformance in the cumulative
conditioning assay (data not shown) and also fdonge an interesting class of bees by
another recent analysis performed by Evren Pamdr @illeagues (unpublished data).
They found that fast learners of the CS+ stimuh davelop the similarly strong CS+
memory while trained with smaller number of corwhing trials, with the bees

conditioned with higher number of trials.

Increase in conditioned responses between the diffégial conditioning and the short-

term memory retention test

Before proceeding to the next section analyzingoegréormance histories of the different
types of performers, one other interesting obsematgarding the short-term memory
was documented here. Short-term memory (STM) inhtihreeybee was reported to have
the early (in seconds) and the late (in minutegisph which last for about 15 min after
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the one-trial olfactory PER conditioning. Within idhtime period, experimental
procedures such as cooling the whole animal ors#lective brain neuropiles were
reported to interrupt the consolidation of the STste-STM) in honeybees (Menzel
1999; Erberet al., 1980). Like olfaction, free flying bees during tbelor learning also
showed the same 15 min time span of the STM difiersingle conditioning trial when
the memory was found susceptible to the impairneritno longer after the 15 min
(Erber 1975; Erber 1976). Honeybees trained witd tme-trial odor conditioning
protocol showed differences in odor generalizatidnle tested shortly after (30 sec) the
training compared to the group tested after lorigee delay (15 — 30 min). The author
concluded that change in the content of form of dtfactory memory (some form of
consolidation) within the shorter time scale (ie tange of minutes) led to the change in
responses of bees to the other untrained odors tostsbt the effect of generalization
(Smith 1991). The term ‘memory consolidation’ innegbee was used before in the
context of the short-term memory (Smith 1991) adl a® for the longer time (> 2 hr.)
processes (Mulleet al., 2003) which was reported to transform the memooynfthe
vulnerable state into the state with higher resistato the process of extinction or other
kinds of interferences (Menzel 1990, 1979; Meretedl., 1993). However, bees in these
protocols were trained in the absolute PER conditig paradigm either using the one or
multiple training trials unlike the protocol of theumulative conditioning assay
performed here, where the bees received multipleiGgrded or CS+ and 6 unrewarded
or CS-) training trials in the differential conditing paradigm and were tested after 20
min of the conditioning. Hence, the cumulative poatl probably created a different form
of late short-term memory (Menzet al, 1999) which was consolidated over the period
of 20 min before being tested. The stability of #emin memory after the extensive (for
96 min) differential conditioning was although rtested with any memory impairment
protocol however; compared to the previously reggb@TM, the STM of the cumulative
assay could also be different in this regard. Nénedess, unlike the definition of
‘memory consolidation’ as the process which charthesmemory from the vulnerable
into the stable state, consolidation of odor memwrythe cumulative conditioning
paradigm was defined as the process wihjstrated within the shorter time scdlain

range) and manifested through thereased CRs only to the rewarded od@$+) from
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the average CRs of the last two conditioning triate the £ memory retention test {1
of the 2 tests) while the bees were undisturbeoeimveen. Bees which did not show the
learned responses during conditioning need to ibwté to the population CRs of the
retention test for this increase. This particulaoup of bees along with the bees
responded constantly during the training and tesewogether considered to consolidate
the CS+ memory within the 20 min time span whiab#sized their responses during the
retention test. The definition of ‘memory consotida’ given here was not based on the
reports showed the dependence of the different meploases and the corresponding
consolidation processes on the processiefovoprotein synthesis (Wittstockt al,
1993; Wistenberegt al, 1998; Menzel 1999). This definition compared @Rs of the
conditioning trials only with the retention testiatr where the highest or training
concentrations of the CS+ odors were tested. Coneidl responses were found to
decrease during the last conditioning trial comgatee the trial before in the different
selected group of bees hence; the averaging dagtéwo trials was performed to avoid
any potential response-bias in the analysis. Howekie definition of ‘consolidation of
the short-term memory’ given here posed one linoitathat bees with high levels of
conditioned responses to the CS+ odors duringdhditioning could not be followed for
the further increase during the test due to thiinceeffect’. On the other hand bees with
the lower range of cumulative-performance scoresrés >= 30% and <= 45% of the
maximum cumulative score) showed the increase nmditioned responses (CRs) from
the ' differential conditioning to the S1retention test of the assay, although this
difference was not found significant. However, dgrithe 2% differential conditioning
these bees showed the significant increase (G @st4.57, p = 0.03) in the CRs from
the training (77% CR) to the retention test (96%) Gfbneybees selected with the other
criterion such as the moderate or intermediate ¢tatma scorers (score >= 50% and <=
60%) also showed the significant increase in CRght CS+ stimuli between the
conditioning and test during th8%phase of the cumulative assay (G test: G = 4.34, p
0.03). The intermediate scorers in Acql (score F=dhd <= 0.6) showed the similar
significant rise during the'3retention test compared to the mean CR of thetiast
conditioning trials of the™ DC (G test: G = 5.81, p = 0.01). The low Acql stsralso

showed the similar increase in the CRs but thesiifices during both phases of the
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assay were not found significant, probably dueh® smaller sample number found in
this category (only 9 bees). Honeybees selecteld thvé criterion of scoring high in the
feature of odor sensitivity also showed (Fig. 1@ significant rise in the CRs to the CS+
odors between both differential conditioning and tbllowing ' retention tests (G test
during the ¥ phase between conditioning and test: G = 12.8,000803, G test during
the 29 phase: G = 21.17, p = 4.2x30

One might find more number of such differences Witkes selected with the other criteria
however; for the present purpose only these grafigseoneybees were reported. These
results confirmed that consolidation of the shertyt olfactory memory in the time range
of 20 min, post-conditioning was visualized in thereased conditioned responses to the
CS+ during the retention tests. It was also impdrathis context to mention that during
the retention tests bees were exposed with inergasincentrations of the CS+ and CS-
odors, and the highest or training concentratioesevpresented only at the end in the
series of odor dilutions. However, multiple presg¢ions of the odor dilutions probably
did not incorporate any extinction component in #mmal’s responses to the training
concentrations of the CS+. Alternately, the possibttinction effect was suppressed by

the highest concentrations of the CS+ odors (dwsemee form of ‘concentration effect’).

Until now it was shown that performance historiédhe bees were able to predict or
drive the future performances such as the fashézaror the good discriminators scored
well in the different learning and memory relatedttires. Here at the end of the result
section, the relationships between the responserieis to the different CS stimuli during

the phases of conditioning and retention tests \@eedyzed with the bivariate histogram

analysis using the original binary data of the pdobopulation. This analysis revealed
many interesting aspects about the performancessponse probabilities between the

different pairs of behavioral features or the G®sk.

3.6.6 Bivariate histogram analysis revealed the rpaise relationships of the
features

Responses to the CS+ and CS- odors during thi& and the 2% differential
conditionings
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Bivariate histogram analysis showed that conditibnesponses to the two CSs were
more specific during the™differential conditioning (DC) (Fig. 27;%Iplot) compared to
the 2 however, more bees were found to show no respadaseither of the two CS
stimuli during the ¥ compared to the"2 conditioning. During the® DC bees became
hungry after being trained and tested for 3 hou robably also suffered with some
form of arousal effect due to the repeated sucieseging events of the®IDC. This was

one of the possible reasons which led to the moneber of incorrect responses between

the two CSs (more generalization) as found duttiegt® DC.

Discrimination between the CS+ and CS- during thest 1 and test 2

During the £ and 29 memory retention tests bees discriminated wellvbeh the two
dilutions and the training concentrations of thet@®d CS- however; more responses to

the CS- (Fig. 28) were found during thtcompared to the"2test.

Acquisitionl CS+ & CS- Acquisition2 CS+ & CS-
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Fig. 27: Bivariate histogram analysis between theER responses to the CS+ and CS- stimuli
during the two phases of differential conditioning:The x, y and z axes in both sub-plots of this
figure respectively represented the number of RESRanses shown to the CS-, CS+ (binary data)
and the number of honeybees. Each bar inside datle sub-plot represented a certain number
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of bees with the specified number of PER respotsése CS+ and CS- stimuli. During th& 1
differential conditioning (Acquisitionl; *1sub-plot) bees learned the discrimination taskl wel
between the two CS stimuli with minimum number e$ponses shown to the CS-. However,
during the 2 differential conditioning (Acquisition2; "2 sub-plot), bees showed more
generalization and less discrimination betweentihe CSs with more number of responses
shown to the CS- odors.

Discrimination between the CS+ and CS- stimuli dogi the test 3 and test 4

During the & retention test (Fig. 29) bees showed more gemetdlh in responses
between the different concentrations of the CS+@8d odors compared to the retention
test 1 and 2. During theé"4and the last retention test an overall reductiothe PER
responses to the CSs was associated with theddastiscrimination (evident form Fig.
3). The lack of responsiveness during tferdtention test probably indicated an overall
decline in the motivational state of the bees &poad to the odor stimuli after being
trained and tested for more than 6 hours. Duriegiéist 3 bees were able to discriminate
well between the training concentrations of the @8dé CS- odors but generalized more

while the dilutions were presented (Fig. 3). Herggh number of responses to the

Testl CS+ & CS- Test2 C8+ & CS-
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Fig. 28: Bivariate histogram analysis between theER responses to the CS+ and CS- stimuli
during the memory retention test 1 and test 2Bees showed good discrimination between the
dilutions of the CS+ and CS- odors during bothntta tests, but during the test £'@ub-plot)
they responded little more to the CS- comparethéaést 2 (2 sub-plot). The x, y and z axes in
both sub-plots of this figure respectively représdrthe number of PER responses shown to the
CS-, CS+ and the number of honeybees.

dilutions of the CSs probably did not reflect thesgible deficit in learning rather they
indicated the effects of hunger and arousal in b€egether these effects contributed to
the higher number of incorrect responses while dihgtions of the CS stimuli were
presented, but exposure to the highest concenimtiestored the specific higher
responses to the CS+ compared to the CS- stinutigform of ‘concentration effect’).

CS+ responses between the test 1 and test 2 andeleetthe test 3 and test 4

In the first pair (test 1 and 2) of the memory n¢iten test more number of bees was
found unresponsive to the respective CS+ stimulnmared to the test 3 and 4.
Honeybees which showed strong responses (3 resg)ahs@ng the test 1 and 3 also

Test3 CS+ & CS- Testd CS+ & CS-

=
=

= 2]
= =

# Honey bees
g
# Honey bees
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Fig. 29: Between the PER responses to the CS+ an®-Cduring the retention test 3 and test

4: Honeybees generalized more between the dilution@fCS+ and CS- odors during the
retention test 3. Bees which showed strong respgoasthe CS+ were also found to show more
responses to the CS-. During the test 4 majoritiedhe bees did not show responses to either of
the two CSs along with the response generalizdtiond between the dilutions of the CS+ and
CS- odors amongst the responding bees. The x, wanas represented the same variables as
mentioned in Fig. 28.

showed strong responses during the following regartest 2 and 4 (Fig. 30) although,
some of the strong responders of test 1 and 3 eeldileir number of CS+ responses (1
or 2 PER responses) during the test 2 and 4. Thak wesponders (in both pair of
retention tests) during the®Iof the two retention tests responded weakly dutimg
following test.

CS+ responses between the two differential conditigs and between the retention
test 1 and test 3

Honeybees which respond strongly to the CS+ odorimgl the ' round of differential
conditioning did not response consistently durihg £ conditioning (Fig. 31). The
population of strongly responding bees (5 respgnsethe £' DC was distributed into
the populations with 5, 4 or 3 responses during 2feDC. Hence, the response
consistency to the CS+ odors was not maintaineddset the two rounds of differential
conditioning. However, bees which showed highealtotumber of responses to the CS+

during the test 1, also responded strongly to tBe &timuli during the test 3 (Fig. 31).

CS+ responses between th® differential conditioning and test 1 and betweehnet 2

differential conditioning and test 3

During both rounds of the differential conditionibges with higher number of responses
(Fig. 32) to the CS+ odors were found to show moeguent responses to the CS+

presentations during the following tests (test d &st 3) compared to the bees with
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Fig. 30: Between the CS+ responses of the retentitest 1 and 2 and between the test 3 and

4: Bees with higher number of responses to the CSh doting the test 1 and 3 also showed
stronger responses to the CS+ stimuli respectigahing the test 2 and 4. However, bees with
weaker responses in test 1 or 3 continued reponvdiadkly during the test 2 and 4. The x, y and z
axes represented the same variables as describégl 28.
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Fig. 31: Bivariate histogram analysis between the &+ responses of the two differential
conditionings and between the responses during thiest 1 and 3: Bees that responded
strongly to the CS+ during thé' tlifferential conditioning (Acquisition1) did noéspond so well
during the 2 (Acquisition2). However, bees with higher numberesponses to the CS+ during
the test 1 also showed strong responses durinigsh8. The X, y and z axes represented the same
variables as mentioned in Fig. 28.

lower number of responses during the conditionmgst This effect was particularly
prominent for the % DC and test 3 due to the higher number of begsoreted to the

CS+ during the ¥ compared to the*differential conditioningHence, bees with strong
responses to the CS+ stimuli during tiédifferential conditioning although just failed
to maintain their strong responses during the sdcbBi€ (Fig. 31) however; they were
able to maintain their good-response levels to @@+ odors during the following

memory retention test.
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Fig. 32: Between the CS+ responses during thé' tonditioning and the test 1 and between
the 2™ conditioning and the test 3:Bees with more number of responses to the CS+ Btimu
during the two phases of differential conditionif#&cquisition 1 and 2) were also able to show
more number responses to the CS+ stimuli durinddh@&wing retention tests (test 1 and 3). The
X, Yy and z axes represented the same variablegmtiomed in Fig. 28.
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Between CS+ responses during the differential cdmiings and to the lowest CS+

dilution (odor sensitivity) during the following rention test

Bees with strong (higher number) responses to B €imuli during both rounds of the
differential conditioning were found to respondosigly to the lowest dilution (-3) of the
CS+ odors during the following retention test 1 @hdFig. 33) andvice versa This

meant that bees were able to transfer the leamidmation (knowledge) about the

meaning of the pure concentrations of the CS+ dtitouespond correctly to the same

stimuli in lower concentration.
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Fig. 33: Between the CS+ responses of the differéat conditionings and responses to the
lowest dilution (10% during the retention test 1 and 3:Bivariate histogram analysis showed
that bees with stronger responses to the CS+ dthimgcquisition phase-1 and 2 (conditioning 1
and 2) also responded more often to the lowestialiwf the CS+ stimuli during the following
memory retention tests compared to the bees wihwvitaker CS+ responses during the time of
differential conditioning. The X, y and z axes eg@nted the same variables as described in Fig.

28.
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Fig. 34: Between the CS+ responses during the difémtial conditionings and the CS-
responses during the test 1 and Bivariate histogram analysis showed that bees tiviead
lower number of CS- responses during the test lpeoed to the test 3. Honeybees with higher
number of CS+ responses during tH¥ @ifferential conditioning showed more number of
responses to the different concentrations of the &@®rs during the test 3compared to the bees
with the lower number of CS+ responses. Duringtés¢ 1 only the stronger CS+ responders of
the ' conditioning showed few responses to the CS-idiist The x, y and z axes represented
the same three variables as mentioned in Fig. 28.

Between CS+ responses during the two conditioniragel CS- responses during the

retention test 1 and test 3

Bees in general (lower or higher number of thelt@8+ responses during thé'1
differential conditioning) showed least respongethe dilutions as well as to the training
concentrations of the CS- stimuli while the shertst memory was retrieved during the
test 1 (Fig. 34). However, bees with strong respsn® the CS+ during the"®
differential conditioning showed higher number e$ponses to the CS- compared to the
weak responders during the same conditioning. ®ta humber of responses to the CS-
stimuli was found higher during the test 3 comparethe test 1, explaining the higher

odor generalization as found before during the3g$tig. 29).
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CS- Responses between the two conditionings andebts 1 and test 3

As mentioned before, that many bees did not respémsoth CSs during the' DC
which was found here again as bulk of the poputatbowed no responses to the CS-
odors during the conditioning as well as to theepeoncentrations during the test 1 (Fig.
35). However, due to the effects of odor generibma the number of conditioned
responses to the CS- was found to increase dune@t differential conditioning and
test 3. Similar scenarios were found while the nerslof responses were measured to the
lowest dilution of the CS- odors (£pduring the test 1 and 3 (Fig. 36). Bees with high
number of responses to the CS- during thednditioning showed nearly no response to
the lowest dilution of the CS- during the test h e other hand bees with stronger or
weaker responses to the CS- odors during tiedEferential conditioning showed
stronger responses to the lowest CS- dilution dutest 3 (Fig. 36). However, exposure
to thetraining concentrations of the CS- reduced the remolb responses during the test

3 (Fig. 35).
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Fig. 35: Between the CS- responses during the diffntial conditionings and to the pure
concentrations of the CS- stimuli during the test land 3: During the 1' differential

conditioning (Acquisitionl) bees showed least resgs to the CS- and only shown fewer
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responses to the pure concentrations (trainingesarations) of the CS- odors during the test 1.
However, during the " differential conditioning (Acquisition2) more numibof bees showed
stronger responses to the CS- as well as more nespowere found during the test 3 to the
training concentrations of the CS-. The x, y andxes represented the same variables as

mentioned in Fig. 28.

Acquisitionl CS- & Testl CS- (-3) Acquisition2 CS- & Test3 CS- (-3)

# Honey bee

Fig. 36: Bivariate histogram analysis between the & responses during the differential

conditionings and to the lowest concentration (1?) of the CS- stimuli during the test 1 and
3: Similar to the Fig. 35 bees showed fewer respotséise lowest dilution of the CS- stimuli

during the test 1, however, during the test 3 rmanaber of responses to the lowest CS- dilution
were found in the bees which showed either highdéower number of CS- responses during the

2" conditioning trials.

Between CS- responses during the two conditionirgsd the CS+ concentrations

during the test 1 and test 3

Honeybees with higher number of CS- responses gitehigeneralization between the
CS+ and CS- odors during th& found of DC were found to show strong responses to
the lowest CS+ dilution (1% during the test 1 (Fig. 37) although, the totamber of
bees found in this category was low. These bees siiswed strong responses to the
training concentrations (pure) of the CS+ stimulridg the test 1 (Fig. 38). Nearly half

146



Chapter-3: Cumulative conditioning

of the bees with no responses to the CS- durindl¥heC were found to show higher
sensitivity as they respond to the lowest CS+ idihg (Fig. 37). The number of bees in
this category was found little higher while the nmynretention test was conducted with
the training concentrations of the CS+ odors (Bi&). Results until now showed that
honeybees with no responses or higher number pbrses to the CS- odors during the
1% differential conditioning actually showed strongsponses to the CS+ concentrations
during the test 1; hence, they learned the meaafrige CS+ stimuli sometime during or
after the conditioningSimilar scenario found during the test 3 for teeponses to the
highest and lowest CS+ concentrations as honeydtess with higher or lower number
of CS- responses during the€"“2DC showed strong responses to the different
concentrations of the CS+, although the numbeespaonses to the pure concentrations

were higher than the lowest dilution.
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Fig. 37: Bivariate histogram analysis between the & responses during the differential
conditionings and responses to the lowest concentien (10°) of the CS+ during the test 1
and 3: Bees which showed stronger responses to the Cshgdire £' differential conditioning
responded to the lowest CS+ dilution €L@uring the test 1. Bees with lower number of CS-
responses and half of the bees which showed nor&ponses also responded to the CS+
dilution during the test 1. During the test 3 ($anito the scenario with the lowest CS- dilution)
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bees with either higher or lower number of CS- oases during the"2differential conditioning
showed strong responses to the lowest CS+ dilution.

Between responses to CS+ during conditionings ahd filter paper and paraffin oil

during test

The number of responses to the filter paper andffo@roil were found to decrease
during the 2° retention test compared to th®it the two pairs of tests conducted in each
of the two phases of the cumulative conditioningags(Fig. 3). However, it was found
that during both phases of differential conditianbrees with higher number of responses
to the CS+ odors also showed more frequent respdndée filter paper and paraffin oil
compared to the bees with lower number of CS+ mesg® (Fig.39)This meant that bees
which learned the CS+ faster and respond consisteshiring the conditioning also
showed higher responsiveness to the novel CS sf{ffitter paper and oil) compared to

the slow learners and / or inconsistent respondeithe CS+ odors.

Acquisition]l CS- & Testl CS+ Acquisition2 CS- & Test3 CS+

# Honey hees
# Honey bees

Fig. 38: Bivariate histogram analysis between the & responses during the differential
conditionings and to the training concentrations ofthe CS+ odors during the test 1 and 3:
Bees with no responses or weaker responses to $hed@ing the conditioning responded

148



Chapter-3: Cumulative conditioning

strongly to the pure concentrations of the CS+ wimuring the test 1. During the test 3 bees
also showed higher responses to the CS+ compathd towest dilution (Fig. 37).

Between responses to CS- during the conditioningsl do filter paper and oil during
the test

Majority of the honeybees showed no responseseadC®- during the *iconditioning;
amongst them the majority showed no responsesetdiltar paper (FP) and paraffin olil
during the following test (Fig. 40). Additionallyfewer bees which showed more
responses to the CS- during tHe[IC also did not extend their proboscis to the glim
like FP and oil. During the test, after th¥ 2onditioning more number of bees was found
to respond to the filter paper and oil; especidtigse which showed higher number of

CS- responses during th& @lifferential conditioning.
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Fig. 39: Between the responses to the CS+ duringettconditionings and to the filter paper
(FP) and paraffin oil: Bees with stronger responses to the CS+ stimuihduroth phases of the
differential conditioning also showed more frequesgponses to the filter paper and paraffin oil
than the bees which responded weakly during thditoning. However, the overall number of
responses to the filter paper and oil were foumdifoboth cases.
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3.7 Discussion

3.7.1 Heterogeneity in learning and memory perfornaes inside the population

of honeybee

Previously we showed (Pamat al., 2011) that honeybees trained identically in the
different olfactory PER conditioning paradigms (@lbse, differential conditioning and
extinction learning) varied from each other in thigarning probabilities during the
conditioning trials. There were bees which nevarred the association between the CS
and the US stimuli during conditioning and consedjye developed no long-term
memory with high probability. On the contrary, bedsch learned the association or no
association (CS- learning during the differentiahditioning and extinction learning)
between the CS and the US stimuli were found toanenstable in the learned state
throughout the training trials and later also depel the long-term memory with high
probability. These two groups of bees, found cdesity in the different experimental
data sets confirmed the existence of heterogenmeitndividual's learning inside the
population of the honeybee. Current results of dhmulative olfactory learning assay

also showed the heterogeneity in performances arttienigndividuals for the different
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Fig. 40: Bivariate histogram analysis between the esponses to the CS- during the
conditionings and to filter paper and paraffin oil: Very low number of responses to the filter
paper and paraffin oil showed by the bees witheeitbwer or higher number of CS- responses
during the ' differential conditioning. The total number of pesises to the filter paper and
paraffin oil was increased after th& onditioning, with more contributions came frone thees
with stronger CS- responses during the conditianing

learning related features such as the rate andbiy of the CS+ odor learning,
discriminability during the conditioning and thetaetion tests, odor sensitivity and the
overall or cumulative performance. This heteroggneias consistently found in the
individual backcrossed colonies both throughoutvthele experimental season (summer
and autumn) as well as from one to another daya(dat shown here). The high
variability between the individuals prohibited th®rmation of any detectable
performance cluster of bees in the score histograinthe quantified features. Hence,
variability in the performance level of the indiva bees was found as the strongest
(most salient) feature in the data set generatddtive cumulative olfactory conditioning
assay. Other results in honeybee also showed tieghilty in the learning performance
of the individual bees (Mota and Giurfa 2010). Bughors in this study conditioned the
bees in the multiple-olfactory-reversal learninggaigm and found the existence of at
least three different performer categories. Onethef three kinds with higher odor
discriminability was able to reverse the odor cogeincies most efficiently; the other
type showed the reversal capability, however, waasble to discriminate between the
alternate CS+ and CS- stimuli due to the lack eihekon of the first CS+ memory. The
third and last category of bees performed the uhsoation and reversal tasks poorly
throughout the whole assay. Two other recent ssudmrrelating behavior with the
neuronal responses also found differences in tlee edoked calcium responses in the
antennal lobe neuropil between the so called learared the non-learners, selected with
the heuristic behavioral criteria (Roussthl.,2010; Rattet al.,2011). Honeybees (Rath
et al., 2011) which were able to discriminate between @&+ and CS- odors also
showed the significant increase in the distanceistinctness of the glomerular response
patterns (measured through the Euclidean distarmg)een these two odors after the

learning compared to the bees which failed to I¢&aendiscrimination.

151



Chapter-3: Cumulative conditioning

These individual evidences illustrated the factt thariability in individual’s learning
behavior is a commonly encountered event in tharabpopulations of honeybee which
is not adequately described by the group averagsssunements, performed frequently
in the past. However, understanding of the indigldulearning behavior is important to
comprehend our knowledge about the learning relgikdticities (functional and
anatomical) in the neural networks as well as ertiolecular machineries of individual’s
brain. Hence, more rigorous research in this doacis required apart from the
population approaches to understand the phenomgriaaoning’. It is important to
remember in this context that honeybees do not hayegenetic component to perform
good or bad in the olfactory PER conditioning assagce it is an artificial method.
However, this procedure can test the effectivernédbhe genetic repertoire controlling
the natural learning abilities of olfactory infortitan in honeybees, under conditions of
less parametric variability. Hence, variability f@lin the individual's olfactory learning
and memory performances in the cumulative condiiprassay was probably reflecting
the variability in the natural population of thedger bees due to their differences in the
genetic background as well as in the history ofrddaing. The heterogeneity found in
the experimental population probably had the infees from components such as the
fluctuation of the day-to-day weather conditiongasonal change, changes in the
colony’s food reserve, age and motivational statuthe bees (Behrends and Scheiner
2010; Hadar and Menzel 2010). In the cumulativeayasstried to control for the
experimental age group by using only the foragexsheheir bowl content (through
overnight satiation) as well as kept monitoring tbe sufficient food reserve of the
colonies throughout the summer and autumn. Effe€tshe fluctuations in weather
condition on the olfactory learning although wa<amtrolled, but analysis showed no
significant effect of the seasonal change on thiactbry learning and memory
performances of the bees used in the assay (‘salasfiect’; appendix-1). Hence,
individual’s variability found in this assay was stolikely reflecting the natural
heterogeneity in the learning and memory perforrearaf the individual honeybees of

the three backcrossed colonies.
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3.7.2 Individual's analyses of learning and memompicked up the different

performer classes from the performance heterogeyeit

In the middle of heterogeneity in the learning amémory performances, different
performer classes were recognized. First, with Best and the poor cumulative
performers were selected from the pooled populadiothe backcrossed colonies using
the arbitrary criteria of higher and lower rangdstlte cumulative score. The best
cumulative showed superior learning and memoryogperénce throughout the assay,
with high performance scores in the different feagu This eventually led to the higher
correlation between the scores in the differentuies in these bees. On the other hand,
the worst or poor cumulative scorers nearly did leain the meaning of the stimuli
throughout the entire assay and scored low in tfierent features. This resulted in the
fewer high correlations found between some of datures for these beekhe opposite
type of cumulative performance of these two clagbbeges was not surprising since they
were selected with the criteria of extreme scokH®wvever, the prolong conditioning and
test protocol of the cumulative assay, absenceasanal effect on the olfactory learning
(no effect on the learning rate, discriminabilitydaodor sensitivity) and intact sucrose
responsiveness of the poor performers during teayastrongly indicated that arbitrary
selection shortlisted the true-opposite types afrieng performers from the randomly
caught foragers of the three backcrossed colonies.

Further analysis showed one commonality in thesedwoups of bees; high correlation
between the scores in Acql (the speed of CS+ legyraind Discl (odor discriminability)
during the I differential conditioning (DC). These two featuriesfact were found to
show the highest correlation in the pooled popoitats well as in other selected groups
of bees. It was evident from the bivariate histagranalysis that bees overall showed
lower number of responses to the CS+ and CS- stifoming the ¥ compared to the"?
DC. As a result, bees scored higher (data not shawthe feature of learning-speed
(Acq2) during the %' differential conditioning compared to th& (Acq1), albeit showed
decreased correlation between the Acg2 and odaerimigability (Disc2) due to the
higher number of CS- responses and lower scorgleirDisc2. Apart from their high
correlation Acql and Discl also showed the highretation with the cumulative

performance score of the bees. This indicated peaformance scores in these two
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features strongly influenced the cumulative perfamce of the bees. However,
performance heterogeneity of the different scoegegories including the best and the
poor cumulative scorers during the assay resuitétia scenario where the scores in the
single features or in combination with others wabée to select the different performer
classes with only lower probabilities, except foe feature of odor discrimination during
the ' DC (Discl). Discl was found to be the strongesoragst the learning related
features to predict the overall or cumulative perfance levels of the honeybees. Higher
and lower scores in this feature were able to selex best and the poor cumulative
performers respectively with the probabilities dd®and 0.65. Similar result was found
in the recent work of Theo Mota (Mota and Giurfd@Pwhere the best performing bees
amongst the three different performer classes stidiae highest olfactory discrimination
throughout the different phases of the multipleersal learning assay. Hence, fast and
consistent learning of the identity of the reward€®+) and the unrewarded (CS-) odor
stimuli was found to be the important or necessprglification for the bees to perform
superiorly throughout the cumulative conditioningsay. However, it is possible that
other olfactory learning assays in the honeybee atsyfind odor discriminability or any
other behavioral feature as the strongest predafttite individual’'s overall performance
levels.

Apart from the consistently good cumulative perfanmes the best cumulative scorers
and the high scorers in Acql showed the concomiéamhing of the CS+ and CS- odors
during the differential conditioning (DC) which wamt seen in the poor Acql and
cumulative scorers. The early but not the delagednlers and / or responders to the CS+
stimuli also showed the ‘together-learning’ dynasnaf the CS+ and CS- odor stimuli
during the DC. This revealed the fact that learrohghe rewarded and the unrewarded
odor stimulido not follow any common or general dynamics in bees, rather the
learning dynamics depend on the type of learninfppmers

However, the high scorers in cumulative performartbe fast and consistent CS+
learners and also the high scorers in Discl allwsldothe stronger effects of odor
generalization and the sucrose mediated arousapa@u the low Acql, Discl or
cumulative scorers during the ifferential conditioning. The initial high levebf

conditioned responses to the CS- during the DC kiewyavas suppressed by the fast
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learning of the CS- stimuli in the high scorers,ahhled to the concomitant learning of
the CS+ and CS- stimuli. The underlying reasontfe high odor generalization or
sucrose mediated arousal found in the high scdrées was not understood but previous
research (Brandest al., 1988) in honeybee found the stronger effects p§isieation in
the good olfactory learners compared to the bathéra while PER responses of the bees
to an odor were counted 30 sec after the sucraselation of the antennae. This non-
associative form of sensitization or arousal effectthe odor response was found to
disappear after 1 min of the sucrose stimulatioth i the good and the bad learners
(Brandeset al., 1988). However, unlike the finding of Brandes amileagues, the best
cumulative scorers in our experiments did not shiogv fast reduction in sensitization
within 1 min. Differences in the two experimentatofwcols probably led to the
differences in results. Bees in Brandes’s studgived only the antennal stimulation of
sucrose whereas; in the cumulative conditioningyassicrose was feed to the bees apart
from the antennal stimulation during the time ohdibioning with the odor-sucrose
paired protocol. Hence, the nature or form of deradion induced in these two groups of
bees was probably different due to the differenndbe way the sucrose was delivered.
Possible higher overall responsiveness to the tolfpand gustatory stimuli of the high
scoring bees than the corresponding low scorertoldéae initial high odor generalization
and arousal in these bees which later became sggutey the effects of stable CS-
learning.

However, irrespective of the arousal or odor gdigaiion effects, the high Acql scorers
or the fast and consistent learners of the rewaatst stimuli were found to be an
interesting class of bees as they showed supewneralb performance during the
cumulative assay (performance graphs not shown)annindependent recent study
conducted by Evren Pamir and colleagues (unpuldj)shewas also found that in the
absolute PER conditioning paradigm once the fastnlag bees started showing the
conditioned responses to the odor stimuli, theyndiirequire any additional training trial
to develop the odor memory similarly strong as stwvby the slow learning bees
conditioned with more number of trials. The reasbekind the superior performance of
the fast learners were unclear, but results of ¢bheulative assay suggested that

behavioral mechanisms regulating the rate of odaming was also regulating the odor
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discriminability and sensitivity which all-togetheontributed to the overall performance
of the bees in the cumulative olfactory learningl amnemory tasks. Further research in
this direction is required to understand the caflaind molecular basis of the behavioral
superiority of the fast learners as well as the rmom regulating mechanisms.

In addition to the learning speed and discriminghithe low scores in odor sensitivity
was also found to select the poor cumulative seowéth high probability (p = 0.72;
analysis not shown) but the high scores were ohlg o select the good cumulative
scorers with the low probability of 0.3. Hence girfraction of bees selected with the
criterion of scoring high in ‘odor sensitivity’ didot perform as good as the high Acql or
cumulative scorers in the different learning andhmory features such as the learning
speed and odor discriminability, although they sbdwhe switch-like learning of the
CS+ stimuli (see Fig. 17). On the contrary, thenhigmulative, Acql or Discl scorers
showed higher odor sensitivity, meaning that odemsgivity was aweaker feature
compared to the Acql and Distd predict the overall performance levels of tleed
trained in the cumulative conditioning paradigm iorother words theperformance
scores in the feature ‘sensitivity’ were better ttoled by the scores in the learning
speed and odor discriminability, but not vice verskow the learning speed and/or
discriminability control the odor sensitivity moedficiently than the other way round is
not known from the perspective of neuronal progggsivhich is an interesting endeavor
for future.

It was interesting to note that only 27% of theirenpopulation of honeybees used in the
assay was performed very well or very poorly. Thet 73% showed the cumulative
performances ranging from just better than the paodil just weaker than the best
performers. Meaning, that majority of the honeylbemgers participated in the assay
either performed ‘not so good’ or ‘moderately well’ the complex form of olfactory
learning and memory tasks. Only, the small fractbthe foragers performed either very
well or very poorly in the same set of olfactorgkalaska and colleagues previously
showed in their study that honeybees in the frgendl condition can discriminate
between an enormous number of chemical compoundls afferent carbon chain
lengths and functional groups (Las&t al., 1999). Hence, it was unclear whether the

proportions of the different types of olfactory fmemers found in the cumulative assay
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indeed reflect the scenario of the natural colopiethe result was specific to this assay.
However, one can speculate that bees during tregifuy on flowers do not learn the
odor information in the same way as they did in ¢benulative conditioning assay. So,
probably, this assay did not represent the olfgclearning ability of the average
individuals, however, contributed to the selectaomd characterization of the different
performer classes.

Bees were trained in multiple conditioning and tesils in the cumulative conditioning
assay and it was found from the performance histoglysis that bees in the pooled
population showed more response generalizationdagtwhe pure concentrations of the
CS+ and CS- stimuli and dilutions during tHE €ompared to the*lphase of the assay.
The high odor generalization was also manifestethénhigher number of responses to
the paraffin oil and filter paper during th&*2ompared to the®Iphase. The reasons for
the increased generalization although were noy fwhiderstood but prolong conditioning
and test protocol of the®'Iphase possibly incorporated some sensitizationpooents
(due to hunger and sucrose arousal) in the odponses of bees which contributed to
the higher number of incorrect responses to tHereifit CSs during the entiré®»hase

of the assay.

3.8 The next step

From behavior to gene expression

Correlating the learning behavior of bees with plad¢terns of gene expression is a long
standing interest in neuroscience. Amongst theewdifft model systems the fruit fly
Drosophila melanogastercontributed substantially to the understanding ehedic
regulation of the learning behavior. A whole setlpfmutants defective in the processes
of olfactory learning and memory consolidation swdradish rutabaga amnesiac,
dunce(Keene and Waddell 2007; Quien al., 1979; Dudaiet al., 1976; Livingstoneet
al., 1984; Heisenbergt al., 1985; Folkerset al., 1993) helped the neurobiologists to
comprehend the connections between the complextmetend gene function. However,
unlike the Drosophila and other popular genetic models, honeybee haavadable

mutant defective in the olfactory learning and mgmarocesses. The popular ways in
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the honeybee to correlate behavior with the genetion are either to intervene with the
function of the gene product with the pharmacolag&gents or to down-regulate the
gene-expression level using the RNA-interferencharigues. Additionally, the strategy
of studying the gross-expression patterns of theegen the individual neuropil or
globally in the whole brain with reference to theesific behavior was also employed to
study the genetic networks underlying the complekdvior (Whitfieldet al., 2002).
These approaches are benefitted from the genomeaesseigg of the honeybee
(Weinstocket al., 2006) which made the task of assigning genes la@dpen reading
frames easier. As the next and step forward alftercumulative olfactory conditioning
assay, the possible genetic signatures of theitep@nd memory performances were
investigated in the individual bees. The best dre goor cumulative performers were
selected (as described previously) for this purpasd their gross gene expression
patterns were studied in the mushroom body neutogihd out the putative correlations
between their behavioral performances with the esgion patterns of the learning
related genes. Possible conserved differences d@nletarning related gene expression
patterns between these two types of cumulativeessaran be used to understand the
underlying genetic or molecular basis of the défdgral learning behavior. The
expression study was focused on the mushroom bedsopil since this particular brain
region was previously reported both in honeybee Rrasophilato be involved in the
processes of olfactory learning and memory (How&&i1 Menzelet al., 1974; Erberet
al., 1980; Menzekt al., 1988; for reviews: Menzel 1983; Heisenberg 1988iseinberg
2003). Analysis of the gene expression data iseatiyr ongoing hence; findings from the
behavioral analysis were only discussed in thigptdra Apart from the possible genetic
differences between the best and the poor perfariier results of this study also have
the potential to indicate the possible interestagdidate genes generally involve with
the processes of learning and memory. The rolgbesfe candidate genes can also be
tested further.
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3.9 Outlook

Connecting behavior with the gene expression patiera difficult task due to the
multiple levels of information processing in betweélowever, more research in this
alley is required to understand the genetic nete/aikthe individual neuropiles as well
as the connectome regulating the olfactory leariegavior of the individual bees. A
previous study (Brandes and Menzel 1990) in theeljoee proposed the common
learning mechanisms for the olfactory and the Vistimuli when the authors found bees
from multiple colonies respectively good and bad timeir olfactory learning
performances, to perform similarly in the visuadri@ng task. Here, in this chapter |
reported a complex and time lapsing odor trainimgtqgrol which was designed to
investigate the individual’'s performances in plat¢ghe population. The same assay or
any other complex form of olfactory learning praibmerged with the certain form of
complex visual learning assay can be used to eywithe nature of the common
behavioral machinery regulating the learning ofsthéwo sensory modalities in the
individual honeybee. This will also enable us tadfiout the possible correlations
between the behavioral performances of the diftepenformer classes with their gene

expression patterns to get a hand over the gec@tiponents of the common machinery.
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Appendix-1

Principal Component 2

Principal Component 1

Fig. 10: Biplot showing the contributions of the diferent learning and memory related
features to the variability explained by the first 2 principal components: The biplot
represented theJprincipal component (PC) on the horizontal axid e 2°PC on the vertical
axis. Performance scores in the 8-quantified |legraind memory related features were used as
the input in the PCA which were then transformetb imultiple sets of 8 coefficients as
represented by the different principal componefiach of the 8 features or variables was
represented by the 8 different vectors with diedi and lengths determining their relative
contributions to the specific PC. Th& PC (Principal component 1) had positive coeffitien
(meaning that all features contributed positiveythe total variability explained by thé' PC)

for all of the 8 features (denoted with the bluees) with no apparent cluster of bees (each red
dot represented one animal) found in the prinaipahponent space, indicated the high variability
in performance of the individual bees. However,ikenlthe £ PC, the ¥ PC (Principal
component 2) had the negative coefficients forfé@dures such as the Acql, T 1, 2, sensitivity
and response to the FP and paraffin oil and pesitbefficient values for the rest. Th& PC
separated the honeybees with low scores in alhe$d four features and high scores for the
others such as the Acg2, Discl, Disc2 and T 3, divdce versa Importantly, nearly equal
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number of bees were separated with tH& BC, meaning that majority of the bees which
performed well during the first phase of the curtiutaassay performed poorly during th& 2
phase andice versaexplained the performance heterogeneity fourtthiénpooled population (as
showed previously in Fig. 9). These two PCs togetneplained nearly 70% of the total
variability of the data.

Seasonal Effect

Seasonal effects on the olfactory learning and nmmgmerformances of the honeybees
were reported previously (BlazyCereskieg and Skirkewius 2006; Hadar and Menzel
2010). Cereskieg and colleagues in their study reported that wotkemeybeesApis
mellifera) achieved the highest learning speed during tine ©f autumn (September -
November) and lowest during the spring (from MatohJuly) in an olfactory PER
paradigm with the odors extracted from the queerihé cumulative conditioning assay
all experiments were conducted between July (Jukugust: summer) and October
(September — October: spring) 2010. To investiglagepossible seasonal effect on the
olfactory learning, first a month-wise analysis wesformed where the data from all
three colonies were pooled and the differencesanes in the behavioral features (e.g.
the speed of odor learning, discriminability, s&xagy and the cumulative performance)
along the individual months were analyzed. In nufghe cases a significant decrease in
the mean scores in the features was found for Bdyete(data not shown: Kurskal Wallis
ANOVA and multiple comparisons of the mean) alonghvan increase found for the
month of October. However, due to the smaller sangites of July and October no
conclusions were drawn from this analysis. Colongewanalysis during the individual
months also suffered the same problem of weak sasipt, hence, | pooled the scores in
individual features and for the individual colongngrated during the time of summer
(data: July + August) and compared them with thelgm data of the autumn (data:
September + October). Mann-Whitney U test was peréal for the individual colony to
compare the total scores for the rate of CS+ legritadding the scores in Acgql and
Acg2), total scores for odor discriminability (addithe scores in the four features: Discl
+ Disc2 + T 1, 2 +T 3, 4), odor sensitivity and thenulative performances between the
time of summer and autumn. Mean scores in the rdiffefeatures did not show any

significant difference for the two time points bktseason except in one case; colony 73
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showed the significantly higher mean value of odigcriminability during the summer
time compared to the autumn (Mann-Whitney U Test, 202.5, Z = 2.263, p = 0.022, 2-
sided p value). No significant difference in theamescores in the same four features was
found between the summer and autumn while the saseze pooled for all bees from
the three backcrossed colonies (data not shownyeMer, an increase (not significant) in
the total number of PER responses to any type o$tl@&uli (overall responsiveness) was
observed for the individual colonies during theumut compared to the summer. It was
concluded that honeybees used in the cumulativeitoning assay did not show any

significant effect of seasonal variation on olfagttearning and memory.

0.9
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2 4 6 8 2 4 6 8 ' 2 4 6 8

Colony 73 Colony 98 Colony 299

Fig. 18: Color coded correlation plot between the 8eatures of the individual backcrossed
colonies: The three sub-plots in the figure represented ther coded correlation plots between
the 8 features for the three backcrossed colon@er{(y 73, 98 and 299). Correlation values were
found higher for the individual colonies comparedhe pooled population of the honeybee (Fig.
17), and for all colonies the highest correlatiasviound between the Acql and the Discl like in
Fig. 12, 15 and 16. Responses to the filter papdrparaffin oil showed the least correlations
with the other features. Name of the individualbogl was mentioned under each sub-plot.
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Fig. 25: Learning dynamics of the CS+ and CS- stiniuiof the early and delayed responders

of the CS+ stimuli: Learning dynamics of the rewarded (CS+; represebyectd lines) and the
unrewarded (CS-; represented by blue lines) odorutitwere found to vary among the bees
which started responding to the CS+ stimuli respelgt from the 2° 3 and 4' conditioning
trials during the 1 differential conditioning. The x and y axes resjpedy represented the
number of conditioning trials and the percent cbaded responses (CRs) to the CS stimuli. The
selection points (selection criteria) of these hgee the 100% conditioned responses to the CS+
stimuli respectively during the"® 3 and 4' conditioning trials. Bees which started to respond
(1% plot) from the 2" CS+ trial (N = 59 bees) showed significantly highwtial responses to the
CS- compared to the CS+ stimuli (significant diéiece was denoted with th& asterics on the
blue line) possibly due to the strong effects obrogeneralization and sucrose mediated arousal
apart from the spontaneous responses. Howeverfaiielearning of CS- stimuli led to the
significant reduction in the CRs during the suciessonditioning trials (denoted with the last 3
asterics on the blue line). Thé&"Dlot represented the learning dynamics of the lvefgish
started responding to the CS+ from tffet@al (N = 36 bees). The learning of CS- stimalithis
category was found slower compared to tfeCS+ trial responders (non-significant change in
the CRs form the*ito 2" and from the ?' to 3 CS- trial; denoted with the ‘NS’ on the blue
line). However, these bees like the former type alsowed significantly higher initial responses
to the CS- compared to the CS+ during tfidrial (denoted with the asterics on the blue line)
due to the possible effects of odor generalizasind sugar arousal. The CS- learning curves of
the 2%trial and the $-trial CS+ responders looked more similar respetfiwith the high and
intermediate cumulative scorers (Fig. 23). THep®t represented the learning dynamics of the
bees started responding to the CS+ stimuli from4theonditioning trial (N = 14 bees). The slow
rate and instability in the CS- learning of thesed reflected the scenario of the low Acql
scorers (Fig. 24). However these 3 types of CSpamders had overlapping bees with the three
cumulative or Acql scorer categories.
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Conditioned responses to the CS-
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Fig. 26: Comparison of the conditioned responses the CS- stimuli between the early and
delayed responders of the CS+ stimuliThis figure was an extension of Fig. 25, highlightee
differences between the conditioned responsesdcCt- stimuli of the three groups of bees
which started responding to the CS+ stimuli respelst from the 2%, 3% and 4' conditioning
trials during the 1 differential conditioning. The x and y axes resjpady represented the
number of conditioning trials and the percent ctaded responses (CRs) to the CS- stimuli. All
three classes of bees learned the CS- stimuli memvfrom their leaning curves (blue, dark
brown and the green lines respectively represeifiteees started responding from thg 2°
and 4" CS+ trial). However, the early CS+ respondef¥ {@al) showed significantly higher
responses to the CS- during tieahd 2° conditioning trials compared to th& and 4' CS+ trial
responders (significant differences were denotéeth ®iasterics on the blue line). Bees which
started responding from th& &S+ trial showed significantly higher responsespared to the
4" trial responders only during th&ZS- conditioning trial (denoted with the singléeaiss on
the green line). ‘N’ represented the number of lgbees found in the three selected categories.

Honeybees which started responding early (from2ffi¢rial; they were called as'®trial
responders) to the CS+ stimuli showed significahtgher responses (Fig. 25) to the CS-
compared to the CS+ during th& firesentations of these two stimuli (RM-ANOVA
found significant stimulus (F116= 248.84, p = 0.00), trial {Fsgo= 22.85, p = 0.00) and
stimulus x trial effects @sgo= 80.73, p = 0.0000); followed by the Fisher LS@sphoc
test between the 1 CS+ and CS- trial p = 0.000000). Strong effects oafor
generalization and sucrose mediated arousal (dtieetpreceding CS+ trial) along with

the component of spontaneous responses led tdghaésponses to theé' presentation
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of CS- stimuli in these bees. In fact, like thethggorers in Acgl and the best cumulative
scorers this group of bees showed significanthh@igCS- responses during th tiial
compared to the other two groups (Fig. 26) of deda S+ responders (RM-ANOVA
showed significant stimulus £Fs30= 9.16, p = 0.000000), groupy(kos= 4.47, p = 0.01)
and stimulus x group effectsi¢Fs30= 4.62, p = 0.000002); followed by Fisher LSD post
hoc test between the®1CS- trials of the ¥ and & trial responders p = 0.000001,
between the™® CS- trials of the ¥ and & trial responders p = 0.03, between tfeCB-
trials of the 2¢ and 4" trial responders p = 0.00005 and between €S- trials of the
2" and 4 trial responders p = 0.00007). Hence, the strangfiscts of generalization
and arousal were found in the early CS+ respondensngst the three selected
categories. However, these bees showed the fastingaof CS- stimuli as the
conditioned responses were found to decrease isigmily during the successive CS-
trials after the ¥ one, and overshadowed the effects of generalizatinl arousal (Fisher
LSD post hoc test: between th& dnd 2° CS- trial p = 0.007, between th& zand &
CS- trial p = 0.001, between th& and 4' CS- trial p = 0.007). Conditioned responses to
the CS+ stimuli however were not found differentween the three groups of bees.
These results showed that the early CS+ learnsosledrned the CS- stimuli early and
concomitantly with the CS+. Hence, it was concludkdt bees which fulfilled the
criterion of the early learning of rewarded stimallieady showed the similar dynamics of
CS- learning as the high cumulative and high Acoreys.

Amongst the delayed responders, bees which staytesspond to the CS+ stimuli from
the 3 conditioning trial (they were called as®3rial responders) also showed
significantly higher responses to the CS- during i trial (Fig. 25) compared to the
CS+ stimuli (RM-ANOVA showed significant stimulu&i( 70 =112.82, p = 0.000000),
trial (Fs, 350 = 29.11, p = 0.000000) and stimulus x trial effe(f, 350 = 53.53, p =
0.000000); followed by Fisher LDS post hoc testween the ¥ CS+ and CS- trial p =
0.02), which probably involved the initial effeafodor generalization and arousal apart
from the spontaneous responses. These bees hovimbayed like the intermediate
scorers in Acql or cumulative performances sin@y tlearned the CS- stimuli rather
gradually with no significant differences found Ween the conditioned responses along

the successive CS- conditioning trials (resultshef statistics were not shown). Hence,
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they learned the CS+ stimuli faster than the C3mil& faster CS+ learning was
observed for the bees started responding to thesB&li from the &' conditioning trial
(they were called astrial responders). These bees showed lower respdnsthe CS-
stimuli (Fig. 25) compared to the other two catégduring the ¥ Cs- conditioning
trial (RM-ANOVA followed by the Fisher LSD post hoest between the"2CS- trials of
the 3% and 4 trial responders p = 0.02) along with the ovetalv and irregular
responses to the CS- stimuli (Fig. 26). The leayrdgnamics of the CS- odors in these
bees mimicked the low Acql scorers.
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Chapter-4

Olfactory adaptation changes the glomerular respores
strengths and representations of odors in the honége
antennal lobe

4.1 Abstract

Odors are coded as the specific combinatorial igtpatterns of glomeruli in honeybee
antennal lobe (AL). Based on this knowledge | itngaged the possible changes in the
response strength and representation pattern of adthe AL glomeruli when they were
adapted with the background odor stimulus. Olfactadaptation either with the odor
mixture of unknown quantitative complexity suchtlas odor of honeybee colony or with
the synthetic mixture of known composition wererfduo increase the average response
strength of the AL glomeruli to the test odors dgriadaptation compared to the un-
adapted condition. Analysis of the individual glaolein most of the cases also showed
the adaptation induced increase in the strengtbdof responses although, we found
glomeruli which showed the adaptation induced deswan the odor response strength.
Amongst the different test odors, only three shotiredcommon pattern of change in the
glomerular response strength with both adaptationuéi; floral odor 1-hexanol and the
sting pheromone odor isoamyl acetate showed thease and 1-octanal showed the
decrease in glomerular response strength duringadagtation. However, for the test
odors common increase in distances between traimegular representation patterns was
found due to the introduction of background adambatstimuli compared to their
removal. Adaptation-induced changes in the glonaeruaksponse strength to the test
odors possibly enhanced the specific forms of adiecrimination in the glomerular
coding space which was manifested in the incre&sedidean distances. Additionally,
these changes were found to persist even aften®hmemoval of the adapting stimuli

Author’'s contribution: This is a manuscript whichillwbe submitted for publication in an
international peer reviewed journal. Please rafgrage number iii of this dissertation for details
about the author’s contribution.
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4.2 Introduction

Antennal lobe (AL) of the invertebrate brain is steuctural and functional analogue of
the vertebrate olfactory bulb (OB) and is the fipgsbcessing station of the olfactory
information in the central brain area (Boeckh al., 1990). Antennal lobe, like the
olfactory bulb has the genetically determined cogeece of receptor neuron afferents in
the olfactory glomeruli which are the anatomicall danctional units of this neuropil
(Mombaertset al., 1996; Mori et al., 1999; Gaoet al., 2000; Galiziaet al., 1999b;
Vosshallet al., 2000). In the European honeyb&pis melliferaabout 60,000 receptor
neurons of the antennal sensilla (Esslen and Kags4l976) convey the input olfactory
information through the four antennal nerve tradt$-T4: Suzuki 1975) into the AL.
This initial package of information is then proasdsvithin the 165 olfactory glomeruli
where the axon terminals of the receptor neuromsy fthe densely packed synaptic
connections (Gascuel and Masson 1991) with the 48X interneurons (LNs: Witthoft
1967) and the 800 projection neurons (PNs: Bicl&9). The typical construction of the
antennal lobe like the olfactory bulb permits thegessing of input information from the
higher number of receptor neurons, which then asgferred by the fewer number of
output projection neurons (PNs) to the higher orgerropiles such as mushroom body
and lateral horn for further processing. Recepturans expressing the same receptor
molecule in the insect AL and in the vertebrate €her have the broader response
specificity to odors (Honeybee: Sacheteal., 1999; Drosophila Vosshallet al., 1999;
Zebrafish: Friedrich and Korsching 1997; Salamandemelli et al., 1995; Rat:
Duchamp-Viretet al., 1999; Both AL and OB: Boecklet al., 1990) and / or they
innervate the distal glomeruli (except the olfagtbulb in rat: Uchidaet al.,2000) which
leads to the specific spatio-temporal activity @attin the glomeruli to the presentation
of odors as visualized in the optical measuremehtsalcium activities (Joergest al.,
1997; Sachse and Galizia 2002; Friedrich and Kamgcli998; Cinelliet al., 1995;
Meister and Bonhoeffer 2001). The specific combaregt of the glomerular ensemble
activated by the odors constitute the spatio-tealposmponent of the identity code of
odors in these neuropiles. Electrophysiological aptcal recordings in honeybee AL
until now enriched our understanding of the sptdimporal coding schemes of this

neuropil at the input and output processing ley@&chsest al.,1999; Sachse and Galizia
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2002; Galizia and Kimmerle 2004). Intracellularomting from the lateral-ACT and the
median-ACT (ACT: antennocerebral tract) tracts le# projection neurons in different
studies (Mulleret al.,2002; Krofcziket al.,2009) although showed differences in results
for parameters such as the response latency ambtehpattern of responses however,
confirmed the fact that odor identity in the popigia of PNs is coded by the specific
spatio-temporal patterns of firing and responsenkees. Additionally, it was reported
that networks of the local interneurons, inhibiting PN-circuits play the important role
to shape up the odor representation patterns bogpace and time (Sachse and Galizia
2002; Krofcziket al.,2009).

Subsequent recordings of the electrical and opsigalals in honeybee AL showed the
correlated increase and decrease in spiking fregeenand intracellular calcium
activities (concentrations) in the uniglomerulaojpction neurons (PNs) and some of the
heterogeneous local interneurons (Galizia and Kifen2004). However, calcium
responses were often found to outlast the elettrex@ordings. Resembling the spike
activities of neurons, these long lasting calci@sponses in the dendrites and especially
in the cell bodies of PNs indicated that intradallucalcium concentration of the
postsynaptic PNs is the function of local membrgaential. Additionally, this
suggested the possible important roles of calcioms ifor the induction and / or
maintenance of the long-term cellular plasticitiesthe AL network. In other words,
measurements of calcium responses can be usedderstend the different forms of
plasticity in the AL neurons.

In fact, early report by Till Faber and colleagaé®ady showed (Fabet al.,1999) the
changes in calcium responses of the AL glomerulaagsult of differential olfactory
conditioning when they recorded the calcium sigif@ais the entire neuronal network of
the AL. Response strength of the AL network shottedincrease to the presentation of
the rewarded or CS+ odor after the conditioning paraed to before. However; the
activity of the AL network remained same for theewarded or CS- odor between the
conditions of before and after conditionirlg. vivo calcium imaging of the projection
neuron of honeybee AL later on (Rath al., 2011) also reported the similar network

plasticities as a result of the differential olfagt conditioning. These results altogether
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contributed largely to the understanding of thengmeena of population odor coding and
olfactory learning in honeybee antennal lobe.

In contrast to the processes of olfactory learrmingd discrimination, little is known about
the adaptation-related physiological plasticities honeybee AL. Adaptation is an
important memory process or form of plasticity theduces the responses of the neural
system to the static and possibly irrelevant bamlgd stimuli (sensory) due to prolong
exposure. Adaptations of the visual (Honeybee: Kinthnn and Hertel 198&0rmica
polyctena Menzel and Knaut 1973; Arctiid moth: GrinewaldlaiWunderer 1996) and
olfactory stimuli Drosophila Stértkuhlet al., 1999; Silkworm moth: Kaisslingt al.,
1987; Housefly: Kellinget al., 2002) were studied before in the different insgecies.
Olfactory adaptation although reduced the behavi@sponses of the adulirosophila
flies to the adapting odor but increased the resp@mplitude of the olfactory receptor
neurons in the houseflies to the lower dilutions tbé test odors. Similar to the
Drosophilg reduction in the chemotaxis behavior to the pqgesed (adapting stimulus)
odor stimuli was also found in the model systenCaénorhabditis elegan&olbert and
Bargmann 1995). Apart from the behavioral evidenessits of the neurophysiological
studies implicated an important role of the calciunitux in the neurons to impart the
state of adaptation. In the vertebrate olfactocgptor neurons, a form of adaptation with
the time scale of minutes was identified which wasdiated by the cGMP messenger
(Zufall and Leinders-Zufall 1997). It was propostdt cGMP mediated activation and
opening of the cyclic nucleotide-gated channelslted in the influx of the calcium ions
which in turn nucleated the feedback regulatorguis to induce the adaptation process.
Single unit recordings of the rat olfactory bulbB)Oneurons showed that neurons differ
in their excitability when they were adapted witle brief (2 sec) pulses of the adaptation
odor (Mair 1982). Some OB-neurons were found toaenh and some suppressed their
responses (spikes per second) in the adaptatitsnvgtach were found to be independent
of the concentration and identity of the adaptatdor. The strict change in the patterns
of neuronal firing in the adaptation state was Hertmanifested when a second odor
stimulus was tested after adaptation with the tidar. It was found that neurons which
showed the facilitative self-adaptation (increaBedg rate to the adaptation odor) never

showed any decrease in responses to the secondirodbe adapted state (cross-
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adaptation) compared to the un-adapted state. ®nother hand, neurons with the
suppressive self-adaptation never showed any t&oie cross-adaptation responses to
the second test odor. The identities of the reabré®irons as well as the reasons behind
the excitatory and inhibitory adaptive responsethefbulb neurons were not investigated
in this study. However, modulations in spiking r@sgpes due to short-term olfactory
adaptation were believed to be mediated by théensitr properties of the bulb neurons.
The potential influences of the receptor neurongeveemitted since, olfactory receptor
neurons in the tiger salamander were found to shewesponse suppression during both
self and cross-adaptation (Baylin and Moulton 19H&)wever, receptor neurons in frog
were found to resist the process of adaptation sthplas the complete adaptation
recovery for the test odors was found to happehiwi25 sec even if the adaptation was
induced with the higher concentrations of the shirauVan Boxtel and Koster 1978).
Hence, olfactory adaptation did not decrease thpamreses of the receptor neurons or the
second order olfactory bulb neurons monotonically.

In the insect models, Kaissling and colleagues ntegothat olfactory adaptation of
receptor neurons of the antennal sensilla reduee@mplitudes of the receptor potential
to the different concentrations of the test stinf8likworm mothAntheraea polyphemus
Kaisslinget al., 1987). Effects of the self-adaptation however,eni@und stronger than
the cross-adaptation responses. In all these ewpets the common procedure of brief
(in seconds) and multiple-exposure of the neurpoglulations to the adapting stimulus
was used to achieve the olfactory adaptation. 8mputotocols were popularly used to
study the adaptive responses of neurons in shorner scale. A common feature of
excitatory spiking neurons of the different procegspathways namely the ‘spike
frequency adaptation’ also represents the adaptaiiocess within the time scale of
milliseconds and seconds (Beatr al., 2006; Benda and Herz 2003; Fuhrmaetnal.,
2002).

In comparison, studies employed constant and pgolgm the time scale of minute)
exposure protocols to achieve the neuronal adaptaind further investigation of their
odor response properties were limited in numbest Bad Wilson in the anesthetized rats
used the 50 sec constant exposure protocol to shedglfactory adaptation in pyramidal

cells of the piriform cortex. Fast synaptic depm@ssof the input signals of the
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mitral/tufted cells to the pyramidal cells (PRCssifound to mediate the quick (within
50 sec) response adaptation of the PRCs to the btatkground odor (Best and Wilson
2004). Longer exposure protocol (single unit resayd) employed by Chaput and
colleagues showed the gradual reduction in respgo(decreased rate of firing) of the
projection neurons in the awaked rabbit when thmals were exposed constantly for 1
hour to the background odor stimulus (Chaput andh&aer 1982). In the housefly
Musca domesticalfactory receptor neurons were adapted with tBenlin constant
exposure to the background stimuli (using the sstitfodors and the natural habitat-odor
of chicken manure) by Kelling and colleagues (Kajlet al., 2002). In this study the
long-term adaptation achieved with the higher bott with the lower concentrations of
the synthetic odor stimuli were found to influertbe odor sensitivity of the receptor
neurons. Adaptation increased the responses ofetteptors (measured in the electro-
antennogram recordings) to the lower concentratiohghe test odor stimuli and
decreased the EAG responses to the higher conttensraAmong the different cell types
of the antennae stronger effects of adaptationfa@sd in the receptor cells responded
with the tonic increase in firing frequency comghte the phasic responders. Hence, in
the housefly long-term adaptation was found tocaftee responses of the receptor cell
types differentially and non-monotonically for tddferent intensities of the test odor
stimuli.

In honeybee, anatomical traces of the adaptive gdwmamwere reported in the mushroom
body lip region by Krofczik and colleagues whenythievestigated the number and
volume of the microglomerular structures constidusg the connections between the pre-
synaptic boutons of the projection neurons andptbet-synaptic dendritic spines of the
Kenyon cells (Krofcziket al., 2008). They found that manipulations of social dabr
and sensory experience led to the decrease in muohlbee microglomerular structures
but increase in the volume of the boutons. Sucledygf anatomical change, signifying
the specific forms of plasticity probably are atgmerating in the other parts of the brain
in response to the process of sensory adaptatipart Arom the anatomical evidence,
behavioral experiments confirmed that honeybeese va#le to learn odor stimulus
(isoamyl acetate) in the PER conditioning paradighren they were adapted with the

continuous background of the colony odor (see ‘Rgsua chapter-2 of this dissertation).
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However, learning in the adapted state was foundpcomised compared to the un-
adapted state. The signal processing of the olfacteurons for both the conditioned and
adaptation stimuli in honeybee brain was not ingestd in this dissertation; neither
there was any previous report. However, understandhe phenomena of odor
perception and learning in the adapted state of alfi@ctory system is extremely

important since animals e.g. insects in generabgeize or learn the biologically

meaningful odor stimuli while encountering the dan$ odorous backgrounds which act
as the adaptation stimuli. Hence, filtering theomfation of the static background odor
from the incoming target odor cues is an essetdisk of the olfactory system. The
process of adaptation in this regard possibly péaysnportant role by reducing the bee’s
responses to the unchanging background and enlgati@ndiscrimination between the
target and the background (untested in insect)hdneybee, much information is
available on the glomerular odor coding (spatiogieral) in the antennal lobe but the

potential effects of olfactory adaptation on thengérular odor coding are least known.

4.3 Aim of the investigation

The goal was to investigate the possible changdblenodor response strength of the
antennal lobe glomeruli induced by the long-termapdtion with the constant
background of odor stimulus. Euclidean distancasiéen the glomerular responses to
the odors were quantified during the conditionsbefore, during and after adaptation.
These linear distances were used to measure tr@bgghanges in the glomerular
representation patterns of the odors due to olfgctmlaptation. We measured the
possible changes in odor response strengths anelsegiation patterns in the glomeruli
to confirm the change in odor coding of the antérobe neuropil due to olfactory
adaptation. To achieve the goal, we measured theexadked calcium responses of the I-
ACT subset of projection neurons innervating théase glomeruli of the AL. Responses
of the few surface glomeruli innervated by the m3ARN tract were also recorded due to
the common backfilling of the calcium sensor dyeoTdifferent odor-mixtures viz. the
odor of honeybee colony (mixture of odors with uokmn complexity) and the equal
volume mixture of four pure odors (odor mixturekabwn complexity) were used for the

adaptation of AL glomeruli. Honeybees were exposedstantly for ~ 20 min to the
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background adaptation stimulus to achieve the glolae adaptation. Responses to the
set of test odors were measured in absence (befarpyesence (during) and after the
withdrawal (after) of the background adaptatiormstus to understand the potential
effects of adaptation and its removal on the glafaerodor responses with respect to the

initial condition of no-adaptation (before).

4.4 Materials and methods

4.4.1 Preparation of honeybees for the backfilliod projection neurons

Honeybee Apis melliferd foragers were used for the calcium imaging expents. One
whole round of experiment consumed two days to detapon the first day the captured
foragers were anesthetized on ice and fixed irfPtBgiglas recording chambers using the
low temperature melting wax as described previo@dbergeset al., 1997; Sachse and
Galizia 2002; Szyszkat al.,2005; Hahnett al.,2009). Bees were fed with 2-3 drops of
the 30% (W/V) sucrose solution and kept insideyadibam box which was adequately
moistened with the water-soaked towels. Honeybese wrepared after 2-3 hours for the
intracellular backfilling of the projection neurofBNs) running through the lateral and
the median antenno-protocerebral tracts (I-ACT @mr8CT projection neurons). To start
with, a rectangular piece of cuticle of the heapscde between the eyes was cut-opened
and then the glands and trachea were removed faviteps) carefully from the right half
of the brain to make the antennal lobe (AL) and rineshroom body (MB) neuropiles
clearly visible. For backfilling (injection), a ga capillary was pulled with the
approximate tip diameter of 10 um. At the tip o gapillary tube, the dye mixture was
coated for injection, which consisted of the caitigensor dye Fura-2 dextran (10000
MW, Molecular Probes, Eugene, OR, USA) and the nkysifixable dye
tetramethylrhodamine-dextran (10000 MW, Moleculaioldes, Eugene, OR, USA)
dissolved in the distilled water. During experineenve only injected the calcium
sensitive dye in the right half of the brain andaged the right-AL. All injections of the
dye mixture were performed in the area betweerdteeal and medial calyces of the MB
as shown in Fig.1A. During the injection the enti@ly of the bee was pressed against

the Plexiglas walls with a small piece of spongsttp the brain movement and pumping
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of haemolymph inside the brain. This procedure \wefpful for performing better
injections of the sensor dye at the correct locatie well as allowed the dye to diffuse
inside the brain for longer time (rather pumped sadner). After the injection the piece
of the cuticle was placed back on top of the hemgasale and sealed with theesicosan
wax (Sigma). Bees were fed until satiation thepzaftith the 30% sucrose solution, and
kept inside the same Styrofoam box for overnighit7za(C. On the second day all bees
were fed again in the morning with 2-3 drops of 3086 sucrose solution, at least 45 min
to 1 hour before the imaging-experiment. Then #gs/ tip of abdomen, mandibles and
the proboscis of the bee were fixed with the sammerhelting wax against the Plexiglas
walls and the whole body was pressed like befoth thie piece of sponge and fixed it
with a sticky tape for complete immobilization. $hatep was crucial as it nearly stopped
the brain movement during the calcium recordingthie next step antennae were fixed
with the n-eicosan on top of the head capsule which maddééeeready for the final
manipulation. In the final phase, the piece of ¢bé&cle was opened again to expose the
antennal lobe, all gaps in the recording chambepsunding the bee were closed with the
Vaseline (local drugstore), the chamber was bativdth the bee ringer solution
(composition in mM: 130 NaCl, 7 Cagfle KCI, 2 MgC}, 160 sucrose, 25 glucose and
10 HEPES, pH 6.7, 500 mosmol; YamagatatMl., 2009) and the bee was taken to the
microscope for thén vivo calcium imaging. Only bees with the Fura-2 dextstaining
over all the surface glomeruli of the antennal |@Big. 1B) were used for the imaging.

MB = /} /

rostral

caudal

AL

ORN 200 pm

178



Chapter-4: Olfactory adaptation

Fig. 1A: olfactory system of the hoeny bee and theite of Fura-2 dye injection for
backfilling of the projection neurons: This figure depicted the frontal view of honeybee
olfactory system (modified from Szyszlket al., 08) with the three neuronal populations
processing the olfactory information viz. the rdcemeurons (ORNSs; blue arrow), projection
neurons (PNs; green tracts) and the mushroom Bd8y {ntrinsic Kenyon cells (KCs; magenta)
were shown. The black arrow indicated the area detvihe lateral and the median calyces of the
MB where the calcium sensor Fura-2 was injected ifitracellular backfilling of the PNs.
Calcium signals of the PNs to the odor stimuli weeeorded from their dendritic branches
arborizing in the antennal lobe (AL) neuropil. AlUogeruli innervated by the lateral-
antennocerebral tract (IFACT) of the PNs were mgjomaged in this study as this PN
subpopulation arborizes exclusively on the AL steféventro-rostral; oval shaped area with blue
boundary which was imaged). Additionally, few glamé innervated by the median
antennocerebral tract (m-ACT) of the PNs were alsaged. The reward sensing VUM neuron
(red) also shown here, connecting the sub-esophggaglion with the AL, MB and the lateral
horn of the brain.

Rostral

Fig. 1B: Fura-2 dextran fluorescence image of theentro-rostral glomeruli of the right
antennal lobe captured with the 380 nm wavelengthAntennal lobe (AL) imaging was
performed with bees of this kind where all the acef glomeruli (scale bar 100 um) were stained
with the calcium sensor dye Fura-2. Glomerular loauies in this picture were also visible in
some of the cases (blob-like structure). The beighteas (indicated by the white arrows) at the
periphery of the AL represented the cell bodiethefprojection neurons with the saturated pixel
intensities.

4.4.2 Experimental protocol

Two sets of experiments were performed with theesgnotocol but using the different
adaptation stimuli. In one group, bees were adapidd the odor mixture of honeybee
colony and in the other group the adaptation wasesaed with the mixture of four pure
odors. After the dye injection during the day-ledbeavere kept overnight and on the

second day AL imaging was performed. The sensorwhg allowed to diffuse for 17 —
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18 hours between the time of injection (in the ajand imaging of the AL glomeruli.
For both experiments, odor responses of the gldmerre measured during the three
different conditions (Fig. 1C) or phases. During ftirst condition calcium responses of
the un-adapted bees to the set of test odors weyasured with the laboratory
background. This was followed by the phase of ateypt, where bees were continuously
exposed to the background odor stimulus for ~ 20 tmiachieve the olfactory adaptation
of the AL glomeruli. Calcium responses of the gloatieevoked by the same set of test
odors were recorded again during this conditiopresence of the background adaptation
stimulus (second phase). In the third and lastestafgthe experiment, the adaptation
stimulus was switched off and bees exposed toaberatory background were allowed
to de-adapt or recover from the state of adaptafiton5 min. After this time of de-
adaptation, odor evoked responses of the AL glolinerre again measured. Hence, one
full experiment was comprised of the recorded cafcsignals from the AL glomeruli to
the set of test odors during the conditions of efduring and after adaptation (Fig.1C).
A set of eight pure odors viz. 1-hexanol (1-6ohndnanol (1-9ol), Isoamyl acetate
(IAA), geraniol (Ger), 1l-octanal (1-8al), 2-heptaeo (2-70n), linalool (Lina) (all
purchased from Sigma Aldrich) and 1-octanol (1-8Bipth Gmbh) used in the
experiments were always presented to the beestwglspecific sequence; 1-60l, 1-90l,
IAA, geraniol, 1-80l, 2-7on, linalool and 1-8al. @d were delivered through the 150
mm long Pasteur pipette connected with the odavelgl channels of the custom built
olfactometer controlled by the solenoid valves (@Galet al., 1997; Yamagatat al.,
2009) operating (switching on and off) through tgrams written in the image
acquisition software, Till Vision (Till photonic&ermany). An amount of 10 pl of pure
odor soaked on a piece of filter paper (°cmas used as the stimulus source when the
odor-evoked responses were measured. The constaitwva of the olfactometer was
kept at 1 liter with every time one of the odor hals were delivering 100 ml. of the
odor containing air into the system, without chaggihe total amount of air-delivered to
the bees.
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Adaptation with the colony odor

The odor of a functional honeybee colony (a 4-fracany; length, height and inner
width of 52, 32.5 and 28 cm) was used for adaptatioring this experiment. A round
shaped hole was made at the roof-top of the colamgh was covered with a piece of
nylon-net to restrain the bees from flying awayribg the experiment, the entrance of
the colony was enclosed with a piece of tape antetal exhaust pipe (length 110 cm)
fitted on top of the round hole and attached witheahaust fan was used for sucking the

air from the colony and delivered to the bees.

Adaptation with the mixture of four pure odors (sthetic odor mixture)

An equal volume mixture (1:1:1:1 V/V) of four puoglors viz. 1-hexanol, 1-nonanol, 2-
octanone (Aldrich) and limonene (FERAK-Berlin) wased as the adapting stimulus in
this experiment. Two out of the four odors (1-hestaand 1-nonanol) were common to
the original bouquet of eight test odors. An amaafr® ml of the odor mixture kept in a
glass petri dish and placed inside a Styrofoam(B6:5 cnf; height 23.5 cm) with a hole

made on top it was used during the experiment. Agasimilar arrangement of metal
pipe fitted (36 cm long) with an exhaust fan wasduto deliver the odor mixture to the

bees to achieve olfactory adaptation.

Experimental protocol

Olfactory adaptation
AL- starts
Imaging ¢

Dye injection

Odors
without

Odors +
adaptation
stimulus

adaptation
stimulus

Odor responses Odor responses
before adaptation after adaptation

Fig. 1C: Common experimental protocol of the adaptéon experiments: Honeybees were

injected with the sensor dye (indicated by the daxk arrow) on day-1 (light grey area of the
horizontal stripe) and were kept overnight (17 —ht8irs) before the AL imaging (the second
dark red arrow indicated the time point of imagim@s performed on the next day (Day-2; dark
grey area of the horizontal stripe). Imaging of tuer responses of the AL glomeruli had three

stimulus

Day-1 17

Stoppage of the adaptation

Odor responses
during adaptation
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different phases which were represented in thadiguith three different colors. During the first
condition or phase-l (‘before’ adaptation; blue arokone) odor responses of the bees were
measured under the background condition of therébry. This was followed by phase-ll,
where (‘during’ adaptation; red color area) beesewfrst exposed with the background odor
stimulus for ~ 20 min to achieve the adaptatiorthaf glomeruli. The start (switch on) of the
adaptation background was denoted with the darlarexlv at the boundary of the blue and red
colored zones. Glomerular responses to the san 8etiest odors were measured again during
the adaptation keeping the background odor ‘one End of this phase was followed by the
stoppage of the adaptation background as represegt¢he vertical white stripe, which lasted
for 5 min for the adaptation recovery of bees. Tst condition or phase-lll (‘after’ adaptation;
green color zone) was commenced then with the dewgprof the PN’s responses again to the
same set of test odors without the adaptation lvackgl.

Calcium imaging of the antennal lobe glomeruli

Calcium measurements of the PN dendrites innenydtie AL glomeruli were performed

with the constant temperature of°@5using the imaging set-up of Till photonics mouhte
on an upright fluorescence microscope (Zeiss Axapsksermany). Ratiometric imaging

of the Fura-2 was performed with the alternate measents taken with the excitation
wavelengths of 340 and 380 nm. Images during tloe stimulation were captured with

the frame rate of 5 Hz for 10 sec (total of 50 imdgames were captured: odor
measurement or odor movie) with the interstimuhterval of 1 min. Measurements of
the calcium signals started 2.8 sec before the odset, continued during the odor
stimulation for the next 3 sec and for the last de2 after the odor offset. However,
signal recording during the adaptation was perfarmwéh a 10 fold slower frame rate

(capturing rate of the CCD camera) of 0.5 Hz fonder period of time (100 sec).

Multiple movies (measurements) were taken durimgtiime of adaptation with the inter-

recording interval of 2 min for ~ 20 min. The fitlaptation-movie (for both adaptation
experiments) only had the images 20 sec beforerket of the adaptation stimulus, but
for the remaining movies the background adaptastimulus was never switched off.

Images were acquired with the 20x water-dip obyectf NA 0.95 (Olympus), the 410-

nm dichroic mirror, and the long pass 440 nm fikkeranged with the Till Imago CCD

camera (640 x 480 pixels; 4 x binning on chip t® ¥6120) which allowed to achieve

the spatial resolution of 4.58n.
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4.4.3 Confocal Microscopy to check for the stainiod the PNs and glomerular

anatomy

After the measurement of calcium activity, the teagre collected and immersed in the
4% paraformaldehyde solution for overnight & 4nd then the brains were taken out of
the head capsules for further processing. Braimre wWmwroughly rinsed in the PBS buffer

and dehydrated with the increasing concentratiéresh@nol (50%, 70%, 90%, 99% and
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100%). The dehydrated brains were then cleared tghmethyl salicylate treatment.
The cleared brains were placed on the glass slidesersed in the methyl salicylate
solution and taken to the confocal laser-scannimgascope (Leica TCS SP2; Leica,
Wetzlar, Germany) for capturing images (Fig. 1D)aiBs were excited with the
wavelength of 543 nm of the Green HeNe laser aadrsed through the 20x oil objective
with the NA of 0.70 (Olympus, Tokyo, Japan) to dhéar the staining of the projection

neurons and glomerular anatomy (Fig. 1E) on thiaesarof the AL.
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4.4.4 Data processing

Calcium-response data of the glomeruli were andlymsing the custom-written
programs in the IDL (RSI, boulder, CO, USA). Imagiof the Fura-2 was ratiometric as
the measurements were taken simultaneously fowtheelengths of 340 and 380 nm.
Hence, at first the ratio of €asignal (absolute values; F-340/ F-380) for eactelpbf

the individual frames of all recordings (movies) swaalculated. The ratiometric

measurements were corrected for dye-bleaching ghrthe subtraction of an exponential

D-2

Fig. 1D: Representative confocal images of the amteal lobe of two honeybees for the
fixable fluorescent dye rhodamine-dextran:The two sub-figures (D-1 and D-2) displayed the
arrangement of the surface glomeruli innervatethby-ACT and m-ACT tracts of the projection
neuron stained with the rhodamine-dextran dye ambed with the 543 nm wavelength of the
HeNe laser. These images along with the raw fluemese images and the odor response patterns
of the glomeruli were used to assign the surfacengtuli in bees. The white arrows in both
subfigures indicated the cell bodies of PNs whipheared as bright (blue color) spots with the
saturated pixel intensities (also found in Fig..1B)

decay function of the mean brightness over all theage frames. Background
fluorescence was calculated through averaging efpikel intensities over 10 frames
(frame number 4 until 13) of each of the moviesalhihen was subtracted from each of

184



Chapter-4: Olfactory adaptation

the ratiometric measurements to calculate the -dfe(i@F). Next, the percent changes of
the delta-F values were calculated to produce tag gcale delta-F images. These images
then were transformed into the false-colored imdgesisualization of the odor evoked
spatial activity patterns across the AL-glomer@&f* activity patterns were overlaid on
top of the raw fluorescence images for direct Vigation of the glomerular anatomy and
their calcium response patterns to the test odbrg. (1E). Movement (within one
measurement) and shift corrections (between sugeesseasurements) were performed
manually on the morphological images using the [pagrams. The final data set only
incorporated bees which showed clear staining efdiwface glomeruli and consistent
responses to the test odors throughout the threesegh (before, during and after
adaptation) of experiment. Glomerular assignmeng warformed by comparing the
relative positions and sizes of the glomeruli foundthe confocal and in the raw
fluorescent images with the digital atlas of thendybee antennal lobe (Galiz# al.,
1999a) as well as through the comparison of glolaemesponses (for odors e.g., 1-

nonanol, 1-hexanol, Isoamyl acetate, and 1-octamitth)the physiological atlas of AL

Raw Correlation Isoamyl
image 1-Hexanol 1-Nonanol acetate Geraniol

1-0cnol 2-Heptnone Linalool 1-Octanal

Raw Correlation Isoamyl
image 1-Hexanol  1-Nonanol acetate Geraniol

Linalool  1-Octanal

1)
1-Octanol 2-Heptanone
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Raw Correlation Isoamyl
image image 1-Hexanol 1-Nonanol acetate Geraniol

W

L} L3 /
1-Octanol 2-Heptanone Linalool 1-Octanal

Fig. 1E: Odor evoked spatial activity patterns of he antennal lobe glomeruli during the
conditions of before, during and after adaptation vith the synthetic odor mixture: The set of
three subfigures (E-1 to E-3) represented the resppatterns of the AL glomeruli to the test
odors (1-hexanol, 1-nonanol, isoamyl acetate, geltab-octanol, 2-heptanone, linalool and 1-
octanal) respectively during the three experimentaiditions of ‘before’, ‘during’ and after
adaptation. These images were made from one repatise bee, adapted with the background
of the synthetic odor mixture (equal volume mixtofel pure odors). For each of the sub-figures,
the first two images of the first row respectivaelgpresented the raw fluorescence image
(captured at 380 nm) and the correlation imagewshkothe assigned glomerular assignment;
made in IDL) of the AL. The following 8 images inding the ' row showed the spatial
patterns of calcium signals of the AL glomerulitte 8 test odors (scale bar 100 um) overlaid
with the raw fluorescence images of the AL. Theepintensity values of the glomeruli during
the odor evoked responses were represented witfalde colors (color scale was given on the
right side of the % sub-figure) setting the gray scale values belosvsitale minimum ‘0’. It was
apparent in these images that odor evoked spatiaitg patterns of the AL glomeruli changed
between the three experimental conditions.

(Galiziaet al.,1999b; Sachset al., 1999; Sachse and Galizia 2002). Temporal traces of
calcium responses of the individual glomeruli weldained through the integration of
fluorescence signals inside a square area of 3x&@spiselected in the middle of the
identified glomeruli using the IDL program. For Bawneybee the percent delta-F (from
the background) values of the odor-measurements m@malized with the highest odor
response of that bee (set as the 100%) to disharddriability in highest responses and
background fluorescence (due to the differencesstaining) between the different
honeybees. Hence, all quantifications were perfdrogng the normalized percent delta-
F values of the individual bees. Quantitative asialystatistical tests and figure-making
were performed using the Excel (Microsoft), Matli@fersion 2007a, The Mathworks,
Natick, MA, USA), Adobe illustrator (CS5) and Imageersion 1.45. For analyses,
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pooled data sets (from all bees) of the two adeptagxperiments performed with the

colony odor (N = 12 bees) and the synthetic odottune (N = 5 bees) were used.

4.4.5 Statistical analysis

Two sets of statistical tests were employed toyaeathe data. In one of the two, data of
the three experimental conditions (‘before’, ‘dgfimnd after the adaptation) were first
compared together using the Friedman ANOVA testcihwas followed by the
Wilcoxon matched pairs test (with Bonferroni cotr@g) to compare between the pairs
of conditions. The same data was analyzed agaim tvé second set of tests employed
the repeated measurement ANOVA (RM-ANOVA) and tlenfrroni post hoc test to
find out the possible differences between the mdah<ertain variable) of the three
experimental conditions. The results of these dta#il tests were either reported in this
chapter or in appendix-2; however, the figures gitere only showed the significant
differences found in the Wilcoxon matched pairs.tes

Adaptation with the background odor stimuli

Multiple measurements were taken in each bee duhegdaptation process of the AL
glomeruli to the background odor stimuli. Duringethnalysis, calcium response data
(time traces of the 50-frame recording) of the Abngeruli were pooled from all bees
(for both experiments; adaptation with the colordoroand with the mixture of pure
odors) for the two time points; during the onsethaf adaptation stimulus and at the point
of adaptation. Statistical tests (Wilcoxon matchpadrs test and RM-ANOVA) were

performed to compare between the mean responskssa two time series of responses.

Gross analysis of the glomerular response strentgilihe test odors

The response time traces of all glomeruli (for eadhptation experiment) to the set of
test odors were pooled from all bees and for theetlexperimental conditions (‘before’,
‘during’ and after the adaptation). These threéesenf values were compared using the
two sets of statistical tests to find out the dd#feces in average glomerular response
strengths between the three conditions. In additomparisons between the glomerular

response strengths of the three conditions, segparfar the time of odor stimulation (for
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3 sec) and after the offset of odor stimulatiorr 42 sec) were performed. For these
analyses the integrated response intensities asaneder the curves (summation of the

normalized % delta-F values of the temporal travese calculated and compared.

Response strength of the individual glomeruli

Response time traces of the 14 selected glomevuthé test odors during the three
conditions were pooled at first from all bees. Batcnormalized delta-F values only
during the time of odor stimulation were used tokenghree response matrices for the
analysis with RM ANOVA or these matrices were catee into three column vectors
for the pair-wise comparisons (between the conasl@f the WMP test.

Mean response strengths (only during the odor &itiom) of glomerulus 17, 28 and 33
to the individual test odors between the three itmm$ were compared next in the
result-section. In this case no statistics wasgoeréd on the response data if the mean
values of glomerular response strength were fowoMb10% of the normalized delta-F.
Hence, no conclusions were drawn for these oddre.dlomerular response time traces

in all of these cases showed weak responses (tnatsfiown).

Individual odors were categorized

The time series data of all glomeruli (from all §eéo the individual test odors were
pooled separately for the three experimental condtto form the three response
matrices. Only the values during the time of odbmslation (3 sec) were used to
calculate the integrated intensities or areas urtdertime traces which then were

compared (between the three conditions) usingdaheegwo sets of statistical tests.

Calculation of the Euclidean distance

For individual odors time traces of glomerular @sges during the three experimental
conditions were pooled at first from all bees. Tharclidean distances (EDs) between
the pairs of conditions were calculated using tegponse data. Hence, for individual
odors three distance matrices were generated tisengesponses between the pairs of
experimental conditions: ‘before’ and ‘during’, tveten ‘during’ and ‘after’ and lastly

between ‘after’ and ‘before’. These matrices wenmeally used to perform the RM-
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ANOVA test or they were converted into three coluwectors for the Friedman ANOVA

test and the following Wilcoxon matched pairs test.

45 Results

4.5.1 Olfactory adaptation of the AL glomeruli wittihe background odor stimuli

To adapt the receptor neurons with the long-dunatidor pulse protocol Kelling and
colleagues exposed the houseflies to the backgrodod stimuli constantly for 15 min
(Kelling et al.,2002). In our experimental protocol, similar tollkey’s study honeybee
subjects were exposed to the background odor stifeither the colony odor or the
synthetic mixture of four pure odors) continuous 020 min to achieve the olfactory
adaptation of the AL glomeruli. Adaptation was defi as the process that decreased the
strength of calcium signals of the glomeruli witmé to the adaptation stimulus (AS)
from the onset of the stimulus until the point af detectable responses; considered as
the point of adaptation. Changes in calcium come#ioph were recorded 20 sec before
the onset of the adaptation stimulus (AS) to captiive adaptation related events.
However, individual bees (data not shown for indibals) were neither found to show the
evoked responses during the onset of the AS navesthdhe subsequent decrease in the
strength of calcium responses over time to the tatiap stimulus (found both for the
colony odor and synthetic mixture).

For analysis of the pooled data from all bees (s#ply for the two adaptation
experiments), the mean glomerular response strergith during the onset of the AS
and at the point of adaptation (blue and red cdldraces respectively in the Fig. 2A and
2B) were calculated and compared using the two ektstatistical tests. Friedman
ANOVA showed no significant difference’(= 0.002, df = 1, p = 0.9) between the mean
response strengths of the glomerular ensembleeatinth time points (Fig. 2A) when the
odor from the honeybee colony was used for adaptaRepeated measurement ANOVA
(RM-ANOVA) also showed the non-significant diffen between the two means (F
(1,530) = 0.14, p = 0.7). The mean response stepfitthe glomerular ensemble
although was found to increase during the onsehefcolony odor (indicated by the

black arrow in Fig. 2A), but this small change ilnorescence intensity probably
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represented some noise in signal recording. Backgr@daptation with the mixture of
four pure odors also showed the similar resultats the Friedman ANOVAyf = 1.05,

df =1, p = 0.3) and RM-ANOVA (F (1,224) = 0.0170.88) showed the non-significant
difference between the mean glomerular responsagttis measured during the same
two time points (Fig. 2B).

These results showed that our experimental proteedl failed to capture the calcium
events during the process of olfactory adaptatioth@ glomeruli. The reasons were not
understood since the same set of AL glomeruli sldowkar calcium responses
throughout the 3 sec of exposure with the testodouring adaptation we recorded the
calcium signals with the frame rate of 0.5 Hz (rateapturing) which was slower than
the rate at which odor responses were measured)(3Hdwever, with the slower rate we
recorded the calcium signal for longer period ahei (100 sec) than the odor
measurements (10 sec). It was rather unusual thatliv not detect any early (during
onset of AS) or late calcium signals throughout # min exposure with the two
adaptation stimuli. In addition, to the absencexdfitatory calcium signals glomeruli also
did not show any inhibitory responses during thmget Hence, constant exposure for ~ 20

min most likely adapted the glomerular responsdkédackground adaptation stimuli.

4.5.2 Olfactory adaptation changed the odor respemssrength of the glomerular

ensemble

Adaptation associated calcium events although wee detected in the analysis,
however, significant changes were found in the odksponse strength of the AL
glomeruli between the three conditions; absencesgmce and the removal of the
background adaptation stimulus. Data sets of the adaptation experiments were

analyzed identically and the results were discubsdaiv.

Adaptation with the colony odor
Response time traces of the all glomeruli or glaf@rensemble (all glomeruli in the
pooled data from all bees were called glomerulaeeble here) to the test odors were

compared between the (Fig. 3A) conditions of befdtging and after adaptation using
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Fig. 2A and 2B: Comparison between the glomerularesponse strengths during the onset of
adaptation stimulus and at the point of adaptation;colony odor and synthetic odor mixture:

The blue line in figure 2A represented the meapanase time trace of the pooled population of
glomeruli from all bees (12 bees) during the onsepresented as ‘First response’) of the
adaptation stimulus; the colony odor. Onset ofdtimulus was indicated with a black arrow, 20
sec after the beginning of image acquisition. Tée line represented the mean response time
trace at the point of adaptation (represented ampfation-point response’). The blue and red
lines in figure 2B were respectively representesl thme mean response time traces calculated
from the pooled data set (5 bees) as describedrifpr2A when bees were adapted with the
mixture of four pure odors (onset was denoted Withblack arrow). The horizontal black lines
with NS (non-significant) written on top inside seetwo figures represented the non-significant
differences (p > 0.05) between the mean resporfsg® dwo time points. The abscissa in both
figures showed the total time (100 sec) of sigralording and the ordinates represented the
normalized percent change in fluorescence of thengtular ensemble. Vertical bars of the data
points represented the 95% confidence intervaleefmeans.

the Friedman ANOVA which showed significant intdran between the glomerular
response and conditiog?(= 20.48, df = 2, p = 0.00004). Pairwise comparisof the
conditions using the Bonferroni corrected Wilcoxoratched pairs test (WMP test)
revealed the significant decrease in mean respet@mgth during the adaptation
compared to ‘before’ (Z = 2.68, p = 0.007) andrafe= 6.2, p = 0.000000) adaptation.
However, the difference found between ‘before’ aftér adaptation was not significant
(Z = 1.48, p = 0.13). These results showed thaptatian with the colony odor had an
inhibitory effect on the average odor responsengtte of the AL glomeruli which was
reversible as the response strength was gone uthetoun-adapted level (before
adaptation) after the removal of background adeptgfFig. 3A). Repeated measurement
ANOVA also found the significant response x coraditeffect (F (98, 312669) = 15.61, p
= 0.000000) however, the differences between meaponses of the three conditions
were not found significant (F (2, 6381) = 1.35, 0.25). The discrepancy found between
the results of the Wilcoxon matched pairs test #med RM-ANOVA indicated that the
inhibitory effect of colony odor adaptation was strbng.

The gross analysis of glomerular responses thrattgtite 10 sec time of signal
measurement was followed by the analysis to testhen the response strength of the
glomerular ensemble showed any change during the bdf odor stimulation (3 sec
window) and after the offset of odor stimulation4ec window).

Comparison of the integrated responses intenditgn(gth) or the area under the response

time series during the time of odor stimulationr(f® sec) revealed the significant
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difference in mean responses (Friedman ANOVYA= 52.80, df = 2, p = 0.00000)
between the three conditions (Fig. 3B) which wather tested with the Bonferroni
corrected WMP test to compare between the condgérs. Significant increase in the
mean integrated intensity was found both ‘duringd after the adaptation compared to
‘before’ (between ‘before’ and ‘during: Z = 2.64, = 0.008; between ‘before’ and
‘after’: Z = 6.91, p = 0.000000) as well as aftee tadaptation compared to ‘during’ (Z =
5.28, p = 0. 000000). RM-ANOVA performed with thermalized percent delta-F values
(in place of the integrated intensity values) dgrihe time window of odor stimulation
also revealed the significant response x condifo(28, 89334) = 45.09, p = 0.000000)
and the significant condition (F (2, 6381) = 6.9/= 0.0009) effects, which in turn
confirmed the results of the Friedman ANOVA that thean integrated intensity values
differed between the three experimental conditi@mnferroni post hoc test showed the
significantly higher mean value after the adaptatiompared to the other two conditions
(between ‘before’ and ‘after’: p = 0.0007; betweééuaring’ and ‘after’: p = 0.03), but no
significant difference was found between ‘before@daduring adaptation. While we
compared the integrated response intensity afterotdor offset (Fig. 3C) significant
difference (Friedman ANOVAy?= 11.65, df = 2, p = 0.002) was found in the glontear
responses between the three conditions. Pair weseparisons with the Bonferroni
corrected WMP test revealed the significant deee@aghe mean integrated intensities
both ‘during’ (between ‘before’ and ‘during’: Z =35, p = 0.0008) and after (Z = 2.81, p
= 0.004) the adaptation compared to ‘before’ withh significant difference found
between ‘during’ and after adaptation (Z = 0.42=p0.7). Repeated measurement
ANOVA with the normalized percent delta-F values jflace of the integrated intensity
values) also showed the significant response x itond(F (40, 127620) = 2.45, p =
0.000001) as well as the significant condition & §381) = 3.86, p = 0.02) effects,
which confirmed the results of the Friedman ANO\Banferroni post hoc test however,
revealed that only the difference between ‘befarsd during adaptation (p = 0.01) was
significant but not between ‘before’ and ‘after’*during’ and after the adaptation.
Results showed that colony odor adaptation sigmitiy increased the response strength
of the AL glomeruli during the time of odor stimtitan (weak effect: significance found

in WMP test but not in RM-ANOVA, Fig. 3B). Howevemean glomerular response

193



Chapter-4: Olfactory adaptation

strength after the odor offset was found to de&esgnificantly during the adaptation
compared to the condition ‘before’ (strong effesignificant difference found in both
tests, Fig. 3C). This probably explained the ovedalcrease (Fig. 3A) in the mean
response strength during the adaptation comparétetore’. It was concluded that
adaptation withthe odor mixture of honeybee colony influenced dder response

strength of the AL glomeruli differentialturing the time of odor presentation and after
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Fig. 3A: Comparisons between the mean response stigths of the AL glomeruli to the test
odors of the three conditions; before, during and fier adaptation with the colony odor. In
this plot the mean response time series of the gfolar ensemble (266 glomeruli pooled from
the 12 bees) of the three conditions were repredenith the three colors; blue, red and green,
respectively represented the conditions of ‘befddhiring’ and after adaptation with the colony
odor. The x and y axes respectively representedatia¢ recording time of 10 sec for the test
odors and the normalized percent fluorescence ehahthe glomerular ensemble. Odors were
delivered 2.8 sec after the recordings started lastkéd for 3 sec as indicated by the black
horizontal bar under the line graphs. Vertical barsthe line graphs represented the 95%
confidence intervals of the means. Friedman ANOWAavged significant interaction (p < 0.05)
between the glomerular response and the experimeatalition. This was followed by the
Wilcoxon matched pairs test (with the Bonferrontreotion) which revealed the significant
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decrease in mean response strength during theatidaptompared to both ‘before’ and after
adaptation. Mean response strength after the a@apthowed no significant difference with the
condition ‘before’. Results of the Wilcoxon matcheairs test were shown in inset at the top right
corner of the figure. Mean response strengths wa@ilated from the same three line graphs and
represented with the box and whisker plots (y axisan * standard error) and with the same
color code. Significant differences in the insattphere denoted by asterics. The x-axis of the
inset-plot represented the abbreviations of theetlexperimental conditions; BA stood for before
adaptation, DA for during adaptation and AA foreafadaptation.

230
*
g | i
=
L O
gc_'_g 210 [
>
i x 1
7]
8 = 200} I
L T
= O
£2
g2 9
c ‘=
S5 5
G'D
o -
£ 180
170 - :

BA DA AA

Conditions

Fig. 3B: Comparisons between the mean integrated sponse intensities during the odor
stimulation of the three experimental conditions (daptation with colony odor): Colony odor
adaptation changed the mean strength of glomeredgqonses (between the 3 conditions) during
the time of odor stimulation (3 sec) as measuredhieyintegrated intensity or area under the
response time traces (represented on the y-axig)niean values were represented here with the
box and whisker plot (mean + standard error) ardkdaowith the same three colors as in Fig. 3A
to represent the three experimental conditions. Xrhgis showed the abbreviations of the three
conditions viz. BA, DA and AA, which were same ascribed in Fig. 3A. Significant gradual
increase in the integrated response intensityrngthg was found between the three conditions
(significant differences were denoted by asterics).

the odor offset. Overalhdaptation seemed to exert some form of inhibitiorthe odor
responses of the glomeruli which was overshadoweadngl the odor stimulation

(although weak effectjut appeared strongly in the post-offset respofsiesng effect).
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Interestingly removal of the adaptation stimulus for 5 min did rescue the odor evoked
responses of the glomeruli back to the initial leok no-adaptation The glomerular
ensemble showed significantly higher responsesh& ddors after the removal of
adaptation stimulus compared to the conditionsefbie and during adaptation (strong
effect: significant difference found in both tedtsy. 3B). Responses after the odor offset
although were gone down after the adaptation coengar before, however, this
difference was not found significant in the RM-AN@V\est (but significance found in
WMP test). These effects which were not visibletie gross analysis (Fig. 3A)

confirmed the long lasting effects of the colonyoddaptation.
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Fig. 3C: Comparisons between the mean integrated sponse intensities after the odor offset

of the three experimental conditions (adaptation wth colony odor): Background adaptation
with the colony odor changed the mean strength lomgrular responses (between the 3
conditions) after the odor offset as measured byrttegrated intensity or area under the response
time traces (represented on the y-axis). Mean (mestandard error) values ‘during’ and after
the adaptation was found to decrease significatigpared to ‘before’. No significant difference
was found between ‘during’ and after adaptatiomgnlicant differences were denoted by
asterics.
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Adaptation with the mixture of four odors

Background adaptation with the synthetic mixture folir odors also changed the
response intensity of the glomerular ensemble @gmbdhta of all glomeruli of 5 bees) to
the test odors like the colony odor (Fig. 3D). Amdion led to significant change in
glomerular responses between the three conditiofisumd in the Friedman ANOVA{
=183.91, df = 2, p = 0.00000) which was furthested with the Wilcoxon matched pairs
test (with Bonferroni correction) to compare betweéhe conditions. Pairwise
comparisons revealed that mean response strengtisigmificantly increased during the
adaptation compared to the other two conditionsw@en ‘before’ and ‘during: Z =
10.48, p = 0.000000, between ‘during’ and ‘aftér= 16.29, p = 0.00). Additionally, the
mean response strength after the adaptation wasl foudecrease significantly compared
to the condition ‘before’ (Z = 4.55, p = 0.00000Repeated measurement ANOVA also
showed the significant response x condition (F @5629) = 5.62, p = 0.000000) and
the significant condition effects (F (2, 5421) B.p = 0.0001). Bonferroni post hoc test
confirmed the significantly higher mean responseengith during the adaptation
compared to both ‘before’ (p = 0.03) and after (©.6001) adaptation. However, no
significant difference was found between ‘befonet after adaptation. The results of the
gross analysis showed that adaptation with the dgracikd of synthetic odor mixture
(mixture of known composition) unlike the colony avd (mixture of unknown
composition) exerted an excitatory effect (strofffgat: significant difference found in
both WMP test and RM-ANOVA, Fig. 3D) on the odospenses of the AL glomeruli.
Comparison of the integrated intensity (or areaeunthe response time series of
glomeruli) during the odor stimulation showed thgngicant (Fig. 3E) change in
responses between the conditions (Friedman ANOYA= 7.46, df= 2, p = 0.02).
Pairwise comparisons disclosed the significantlghkr value of mean integrated
intensity during the adaptation compared to ‘béf¢de= 3.17, p = 0.0014), although, no
significant differences were found between ‘befard ‘after’ (Z = 2.03, p = 0.04) and
between ‘during’ and after the adaptation (Z = 16 0.24). RM-ANOVA also showed
the significant response x condition (F (28, 758948.29, p = 0.000000) and the
condition effects (F (2, 5421) = 3.17, p = 0.04)ickhwas followed by the Bonferroni
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post hoc test which confirmed the results of the WViMst (significantly higher mean
value ‘during’ compared to before the adaptatior:(203).

Integrated response strength after the offset efdtior stimuli (Fig. 3F) showed the
significant interaction between the condition aadponse strength (Friedman ANOVA:
v* = 54.06, df= 2, p = 0.00000); however, no sigaifit difference was found between
‘before’ and during adaptation (WMP test with Baméai correction: Z = 1.63, p = 0.10)
unlike the last experiment (Fig. 3C). Additionallyre responses after the odor offset
were found to decrease significantly after the &atagn compared to both ‘before’ (Z =
5.37, p = 0.000000) and during adaptation (Z = &, 00000). RM-ANOVA showed
the significant response x condition (F (40, 1084202.29, p = 0.000006) and the
significant condition effects (F (2, 5421) = 18.49 0.000000). Bonferroni post hoc test
confirmed the results of the WMP test as the sigaift decrease in mean responses were
found after the adaptation compared to both ‘bef@we= 0.000007) and during (p =
0.000000) adaptation.
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Fig. 3D: Comparisons between the mean response sigths of the AL glomeruli to the test
odors of the three conditions; before, during and fier adaptation with the mixture of 4
odors: In this plot the mean response time series of tbengrular ensemble (113 glomeruli
pooled from the 5 bees) of the three conditionsewepresented with the three colors; blue, red
and green, respectively represented the conditbfizefore’, ‘during’ and after adaptation with
the synthetic odor mixture. The x and y axes represl the same variables as mentioned in Fig.
3A. Measurements of odor responses were performttasame time (the black bar under line
graphs) as described in Fig. 3A. Vertical barshim line graphs represented the 95% confidence
intervals of the meansStatistically significant interaction was (p < 0)0found between the
glomerular response and the experimental conditging the Friedman ANOVA test. This was
followed by the Wilcoxon matched pairs test (withhe tBonferroni correction) to compare
between the pairs of conditions. Comparisons rexedhe significant increase in response
strength during the adaptation compared to therdthe conditions as well as the significant
decrease after the adaptation compared to ‘bef®e3ults of the Wilcoxon matched pairs test
were shown in inset at the top right corner offtgare. Mean response strengths were calculated
from the same three line graphs and representédtiagt box and whisker plots (shown on the y
axis; mean * standard error) and with the samercobtme (denoting the 3 experimental
conditions). Significant differences in the insédtpnvere denoted by asterics. The x-axis of the
inset-plot showed the abbreviations of the thregedrmental conditions; BA stood for before
adaptation, DA for during adaptation and AA foreafhdaptation.
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Fig. 3E: Comparisons between the mean integrated sponse intensities during the odor
stimulation of the three experimental conditions (daptation with the synthetic mixture):
Adaptation with the synthetic odor mixture changieel mean strength of glomerular responses
(between the 3 conditions) during the time of odtmulation (3 sec) as measured by the
integrated intensity or area under the response tiactes (represented on the y-axis). The mean
values were represented with the box and whiskar (phean + standard error) and coded with
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the same three colors as in Fig. 3A to representhihee experimental conditions. The x-axis
showed the abbreviations of the three conditiorzs BiA, DA and AA, which were same as

described in Fig. 3A. Significant increase in theam integrated intensity was found during the
adaptation compared to before. However, differehetaeen ‘after’ and before the adaptation or
‘during’ and after the adaptation were not fourghgficant. Significant differences were denoted
by asterics.

The results of the gross analysis showed that @nlik colony odor experimemifactory
adaptation with the background of synthetic odoxtare enhanced the strength of the
odor evoked calcium responses of AL glomeruli coagpdo the un-adapted condition
However, removal of the adaptation stimulus unlike the cgloodor experiment
recovered the odor response strength of the glolneack to the un-adapted levdlsig.
3E). Glomerular responses after the odor offsendiddecrease during the adaptation but
only after the adaptation compared to the other ¢anditions (Fig. 3F). The overall
response strength of the AL glomeruli although vdeereased after the adaptation
compared to before (Fig. 3D) however; this was aattrong effect (WMP test only

showed significant difference). Hence, the stoppEdghe adaptation stimulus only
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Fig. 3F: Comparisons between the mean integrated sponse intensities after the odor offset
of the three experimental conditions (adaptation vth the synthetic mixture): Adaptation
with the background of synthetic odor mixture chethghe mean strength of glomerular
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responses (between the 3 conditions) after the offieet as measured by the integrated intensity
or area under the response time traces (representite y-axis). Mean values (mean + standard
error) both ‘before’ and during the adaptation wienend significantly higher compared to after-
adaptation (significant differences were denotedabterics). However, the difference between
‘before’ and during the adaptation was not fourghiicant.

affected the post offset responses of the AL glaineinlike the results of the previous
experiment (Fig. 3B and 3C). Additionally, more riuen of common significant effects
(significant differences) were found between the tsets of statistical tests when the
mixture of four odors was used for the adaptatiomgared to the colony odor. However,
both adaptation stimuli showed the common incré@aselor evoked response strength of
the AL glomeruli during the adaptation comparedh® un-adapted condition as well as
showed the lack of adaptation recovery (eitherrduodor stimulation or in the post-

offset responses) in glomerular responses.

4.5.3 Individual glomeruli showed the similar or sBimilar types of change in

odor responses due to adaptation

After the gross analysis performed on the glomeretesemble here we investigated the
possible changes in odor response strength ofitfeeesht individual glomeruli due to the
olfactory adaptation. A total of 14 glomeruli weselected based on the criterion that
these glomeruli were identified in at least 80%tlaf honeybees in the data sets of the
two adaptation experiments. Thirteen of these glaihavere innervated by the I-ACT
and one (T3-45) by the m-ACT tract of the projecticeurons. The response strengths of
these glomeruli only during the time of odor stiatidn were compared between the
conditions of before, during and after adaptatidhanges found in the overall response
strength were categorized into six different tyfusscribed below) when the colony odor
was used for adaptation.

Type-1 The mean strength of the odor evoked calcium $8gdecreased significantly
(Fig. 4A) both ‘during’ and after the adaptationngmared to the condition ‘before’.
However, this decrease in response was not progeess the difference between
‘during’ and after adaptation was not found sigrdfit. Glomerulus 38 was (results of the
statistical tests were given in table-1; see appeddFriedman ANOVA followed by the

Wilcoxon matched pairs test) the only member foumitis category.
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Type-2 The mean response strength of these glomeruli @Ag showed significant
decrease during the adaptation compared to the ttoeconditions. Glomeruli 42 (Fig.
4A) and 52 (see Fig. 4B; appendix-2) were founddlmng to this type.

Type-3 Mean response strength in type-3 glomeruli inedasignificantly (Fig. 4A)
during the adaptation compared to the conditions'before’ and after adaptation.
However, no significant difference was found betweéleefore’ and after adaptation.
Two members were found in this category viz. glarhes 28 (Fig. 4A), 29 (Fig. 4B;
appendix-2).

Type-4 Significant increase in the mean strength of thdercevoked responses was
found in these glomeruli (Fig. 4A) after the remloefibackground adaptation compared
to both ‘before’ and during adaptation. Three glamewnere clustered in this category
viz. 47 (Fig. 4A), 49 and 33 (Fig. 4B; appendix-2).

Type-5 Type-5 glomeruli showed significant increase (H4\) in the mean response
strength both ‘during’ and after the adaptation pared to ‘before’ with no significant
difference in response strength found between thaditons of ‘during’ and after
adaptation. The m-ACT glomerulus T3-45 was an etkaes this one also showed the
significant increase after the adaptation comp#&weduring’ (Fig. 4B; appendix-2). This
category had the maximum number of four glomeridi glomerulus 35 (Fig. 4A), 36,
60 and T3-45 (Fig. 4B; appendix-2).

Type-8 No change in the response strength (Fig. 4A) veasmd between the three
conditions in this type. Glomerulus 48 (Fig. 4Adatv (Fig. 4B; appendix-2) were found
in this category.

Repeated measurement ANOVA found the significaspease x condition effect (data
not shown) for 13 out of the 14 glomeruli (except §lomerulus 29) however; for only
glomerulus 28, 42 and T3-45 (3 glomeruli out of #ta not shown for the other 11
glomeruli) significant condition effect was foun@lomerulus 28: F (2,285) = 7.14, p =
0.0009; Glomerulus 42: F (2,285) = 3.45, p = 0GRmerulus T3-45: F (2,237) = 3.35,
p = 0.03). These results showed that odor evokggbrese strength of the AL glomeruli
although changed significantly between the differeonditions but only for three

glomeruli the differences in mean response stremgite found significant between the
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three experimental conditions. Results from the $&ts of statistical test confirmed the
fact that at least glomerulus T3-45 (type-5) did stoow the adaptation recovery in odor
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Fig. 4A: Glomerular types differed with respect totheir patterns of change in odor response
strength (adaptation with the colony odor): Six different glomerular types (mentioned at the
top right corner of each sub-plot) were found ie #uaptation experiment with the colony odor.
These categories were represented in this figuh wie six sub-plots. These categories
incorporated the 14 glomeruli which were innervaigdoth the I-ACT (13 of them) and m-ACT
(1 glomerulus) tracts of the projection neuron. \Otlile response patterns of the six glomeruli
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were shown here as the representatives of each(tgges were shown in Fig. 4B; appendix-2).
The y-axis showed the mean response strength (linethi&o delta-F) of the single glomeruli to
all test odors only during the time of odor stintida and the colored bars represented the mean
standard error. The three experimental conditioesewepresented with the three colors (blue,
red and green were respectively denoted the conditf before, during and after adaptation; the
abbreviations BA, DA and AA were same as describefbre in Fig. 3A). Friedman ANOVA
and the Bonferroni corrected Wilcoxon matched ptass were performed to test the differences
in mean response strength between the three comslitThe results of the statistical tests were
shown in table-1 (see appendix-2); the signifiadifferences were denoted in the figure by the
asterics.

responses (appendix-2: significantly higher meatuevaof response strength ‘after’
compared to before adaptation; Bonferroni posttestp = 0.03). While considering the
results of the Wilcoxon matched pairs test, typglemeruli along with the type-5 were
also found to show the similar enhancement in a@sponses after the adaptation
compared to ‘before’. These results supported trevipus result where the post-
adaptation enhancement in odor response strengtiiedPN glomerular ensemble was
found (Fig. 3B). On the contrary, glomerulus 3&éyl) showed the significant decrease
in response strength after the adaptation compgartee condition ‘before’. Additionally,
the odor evoked responses of the type-2 and tyffeégs 4A) glomeruli were found to
show the adaptation recovery after the withdrawahe adaptation background. These
results showed that olfactory adaptation with tblmry odor changed the odor response
strength of the individual glomeruli. These changese not monotonic as we found both
enhancement and decrease in glomerular respoesgttr Individual glomeruli not only
showed the dissimilar pattern of change in theoragsponse strength but also showed
the different temporal dynamics of adaptation recam odor responses. The reasons for
the differences in adaptive responses of the glolinerere not understood from these
results however; such differences possibly enhaineeantennal lobe processing of the

new odor information (identity and intensity) iretpre-existing olfactory background.
In the other adaptation experiment with the symthetior mixture, the same set of 14

glomeruli showed six different types of changeheit odor response strength between

the three experimental conditions which were descdrbelow.
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Type-1 Glomerulus 17 found in this category showed thegpessive decrease in odor
response strength (Fig. 4C) along the three expati@h conditions (results of the
statistical tests were given in table-2; appendikyiedman ANOVA followed by the
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Fig. 4C: Glomerular types differed with respect totheir patterns of change in odor response
strength (adaptation with the synthetic odor mixture): Six different glomerular types
(mentioned at the top right corner of each sub}pletre found in the adaptation experiment with
the synthetic odor mixture. These categories wepessented in this figure with the six sub-plots.
These categories incorporated the 14 glomeruli kvhiere innervated by both the I-ACT (13 of
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them) and m-ACT (1 glomerulus) tracts of the prtf@tneuron. Only the response patterns of
the six glomeruli were shown here as the repretieasaof each type (rests were shown in Fig.
4D; appendix-2). The y-axis showed the mean respstrength (normalized % delta-F) of the
single glomeruli to all test odors only during e of odor stimulation and the colored bars
represented the meanstandard error. The three experimental conditiwese represented with
the three colors (blue, red and green were resdetilenoted the conditions of before, during
and after adaptation; the abbreviations BA, DA a#dwere same as described before in Fig.
3A). Friedman ANOVA and the Bonferroni corrected I8dkon matched pairs test were
performed to test the differences in mean respstremgth between the three conditions. The
results of the statistical tests were shown ingdblsee appendix-2); the significant differences
were denoted in the figure by the asterics.

Wilcoxon matched pairs test). This type was similath the type-1 in colony odor
experiment, except for the feature of progresse@ehse in response strength.

Type2: This category was found to incorporate the maximumber (5) of glomeruli
viz. glomerulus 38 (Fig. 4C), 42, 47, 48 and T3{#%g. 4D; appendix-2). Type-2
glomeruli showed the significant increase in measponse strength during the
adaptation compared to both ‘before’ and after tatagm (results of the statistical tests
were given in table-2; appendix-2). They also shibsignificantly higher responses after
the adaptation (except T3-45; contrasting resuth whe previous experiment) compared
to before adaptation. This particular type resenhibthe type-3 glomeruli in the colony
odor adaptation experiment; however, no significdifterences in response strength
were found between the conditions of ‘before’ aftdraadaptation.

Type-3 This type resembled the type-4 glomeruli of thiwep odor experiment. Type-3
glomeruli showed significant increase in mean raspostrength (Fig. 5B) after the
adaptation compared to both ‘before’ and duringogataon. Glomerulus 29 was found in
this category (Fig. 4C).

Type-4 Four glomeruli viz. 36 (Fig. 4C), 28, 49 and 5pfandix-2; Fig. 4D) were
found in this category which showed increased nese® to the odors both ‘during’ and
after the adaptation compared to ‘before’. Simgermerular type was found (type-5) in
the colony odor experiment (Fig. 4A), which alsoowkd the high number of
representatives.

Type-5 The mean response intensity of these glomeruliedsed after the adaptation
compared to both ‘before’ and ‘during’; glomerub &ig. 4C) and 33 (appendix-2; Fig.
4D) were found in this type.
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Type-68 Glomerulus 60 (Fig. 4C) was found in this categweith no differences found in
the mean strength between the three conditions 41y

RM-ANOVA test performed on the response data ofséhglomeruli showed the
significant response x condition effect (data raiven) for nearly half of the glomeruli
(6 out of 14) and significant condition effect forout of these 6 glomeruli (Glomerulus
17: F (2,237) = 4.73, p = 0.009; Glomerulus 36: £287) = 9.30, p = 0.0001;
Glomerulus 38: F (2,237) = 5.04, p = 0.007; Glorhesul2: F (2,237) = 3.54, p = 0.03;
Glomerulus 47: F (2,237) = 6.10, p = 0.002).

Unlike the colony odor experiment, less number loingeruli changed their response
strengths along the experimental conditions whersgmthetic odor mixture was used for
adaptation. However, in this case little more numdfeglomeruli was found to show the
significant change in their mean response streigtiveen the conditions of before,
during and after adaptation. More number of sigaifit differences found in the WMP
test compared to the RM-ANOVA indicated the diffezes in strength between these
two types of tests. Considering the results of éhego statistical tests, we found that
majority of the AL glomeruli showed the enhancemienbdor response strength during
the time of adaptation compared to the un-adaptedliton (before adaptation). Six
glomeruli out of 14 in the colony odor experiment&® out of 14 in the synthetic odor
mixture experiment showed this effect.

More number of glomeruli in the synthetic odor mape experiment (13 out of 14) did
not show the adaptation recover in their odor rasps than in the colony odor
experiment (8 out of 14). The same glomerulus alsawed different patterns of change
in the responses strength between these two amapttperiments. The differential
effects of the two background adaptation stimuh ba explained if indicated that these
two odor mixtures possibly activated tlifferent forms or pathways of olfactory

adaptationin the honeybee antennal lobe which were unknown.

4.5.4 Adaptation induced changes in glomerular resyges were found to vary

with the odor identity

Adaptation with the colony odor or synthetic odaxture either enhanced or suppressed

the overall response strength of the AL glomerdbwever, the gross changes found in
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responses of the individual glomeruli were notytragflecting their responses to the
individual test odors. To understand that hereprhpgared the responses of the three

representative glomeruli found in all bees; 17,8l 33 to the individual test odors
between the three experimental conditions.

Glomerulus 17

This particular glomerulus did not show any sigrafit change in the mean response
strength between the three experimental conditidmen the colony odor was used as the
adaptation stimulus (Fig. 4B). However, odor-wisealgsis showed (Fig. 5A) the
response enhancement during adaptation compatbd tmwndition before for some of
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Fig. 5A: Mean response strengths of glomerulus 1btthe test odors (adaptation with the
colony odor): The mean response strengths of glomerulus 17 tanthieidual test odors (1-
hexanol (1-60l), 1-nonanol (1-9ol), isoamyl acet@dfer), geraniol (Ger), 1-octanol (1-8ol), 2-
heptanone (2-70n), linalool (Lina), 1-octanal (1}Bduring the odor stimulation represented here
using the colored bars. Each set of three barstivitte different colors represented the responses
to the individual odors (abbreviations of the odames were given on top of the bars) during the
three recording conditions (blue, red and greepeetively represented before, during and after
adaptation; as in Fig. 4A). The y-axis representedmean response strength (meastandard
error). The significant differences were denotethvthe asterics (results of the statistical tests
were given in table-3; appendix-2).

the odors namely, 1-hexanol (1-60l), 1-nonanol ¢)-8nd 2-heptanone (2-7on). Mean
responses to the Nasonov pheromone component,igleshowed an adaptation induced
decrease in the mean response strength compariéu tother two conditions and 1-
octanol (1-8ol) and linalool showed the significaigicrease ‘after’ compared to during
adaptation. A trend of progressive decrease (F). B responses was found for 1-
octanal(1-8al) form the un-adapted state untilgbst-adaptation condition although, the

difference between ‘during’ and after adaptatiors wat found significant (results of the
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Fig. 5B: Mean response time traces of glomerulus 1li the test odors (colony odor

adaptation): Mean response time traces of glomerulus 17 toasteddors were represented here
with the eight sub-plots (abbreviations of the odames were mentioned on the top left corner of
the sub-plots). Each sub-plots showed the three tiaces coded with the same three colors
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(blue, red and green) to represent the three rempabnditions as described in Fig. 5A. The x
and y axes were respectively represented the riegpotidne (10 sec) and the odor response
strength (in percent normalized delta-F) in eadh@ot. Odor stimulation was denoted with the
black bar below the response traces and the dateedepresented the ‘0’ of the y axis.

statistical analysis were shown in table-3; appeidiFriedman ANOVA and Wilcoxon
matched pairs test). These effects were visiblthérodor stimulation windows of the
mean response time traces of this glomerulus tinttieidual test odors (black color bars
under the traces represented the odor stimulatindow; Fig. 5B).

RM-ANOVA found the significant response x conditieffect (F (28,462) = 1.92, p =
0.003) only for the odor 1-nonanol (data not shofwn other odors) however, no
significant difference was found between the mempaonses of the three conditions (data
not shown). RM-ANOVA performed on this glomeruluseyiously showed the similar
(although the data not shown) results as found &edealso supported the results of the
gross analysis (Fig. 4B; see appendix-2) that gtatue 17 did not show any change in
response strength for the test odors between the #xperimental conditions.

60 =
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50 1 1-60l
o 40 d | =
el
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- 30 ¢«
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N
g 20 |
o
Z2 . 1-9ol IAA Ger
B
0 + 1 *P-I-! '}F
-10 +

Adaptation of glomerulus 17 with the mixture of faadors (Fig. 4C) reduced the mean
response strength progressively along the thredittoms, which was found to be true for
most of the individual test odors such as 1-nonai®A, geraniol, 1-octanol, 2-

heptanone and linalool (Fig. 5C). However, thespoases were very weak and (nearly
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at ‘0’ value of the % delta-F/F as shown in the messponse time traces; Fig. 5D),

hence, no conclusions were drawn for these odaraeder, for the floral odor 1-60l an

50 Glomerulus # 17

50 +
40 +

30 o

1-8al
d 2-70n

1-8ol Lina

e h Ls

Normalized % dF

Fig. 5C: Mean responses of glomerulus 17 to the tezdors (adaptation with the mixture of

four odors): The mean response strengths of glomerulus 17 tintheidual test odors during
the odor stimulation were represented in this figusing the colored bars. Each set of three bars
with three different colors represented the respsrte the individual odors during the three
recording conditions as mentioned in Fig. 5A. Then® y-axes represented the same variables as
described in Fig. 5A. The significant differencesre/ denoted with the asterics (results of the
statistical tests were given in table-4; appendix-2
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Fig. 5D: Mean response time traces of glomerulus 1@ the test odors (adaptation with the
mixture of four odors): Mean response time traces of glomerulus 17 to e¢ke ddors were
represented here with eight the sub-plots (abhtiens of the odor names were mentioned on the
top left corner of the sub-plots). Each of the pldis showed the three time traces coded with the
same three colors (blue, red and green) to représethree recording conditions (as in Fig. 5B).
The x and y axes represented the same variablemisomed in Fig. 5B.

enhancement in responses (found also in the tiavedr Fig. 5D) was found during the
adaptation compared to the other two conditionsufte of the statistics shown in table-4;
appendix-2). In addition, the mean response sthefgt 1-60l was found to decrease
after the adaptation compared to ‘before’ (Fig. 5RM-ANOVA showed the non-
significant response x condition effect (F (28, B¥8L.4, p = 0.056) as well as the non-
significant change in mean response strength bettrexexperimental conditions (F (2,
27) =1.8, p = 0.17) for 1-60l (data not showndtrer odors).

Glomerulus 28

The mean response strength of glomerulus 28 wasdftw increase significantly during
the colony odor adaptation compared to both ‘befand after adaptation (Fig. 4A). This
hold true in the odor-wise analysis as majorityhe odors (results of the statistical tests

are shown in table-5; appendix-2) showed the respenhancement during adaptation

60

Glomerulus # 28

1-60l IAA

A
. v 1-9ol Ger

Normalized % dF

compared to the other two conditions (Fig. 5E). g®@ses to 1-octanal decreased both

‘during’ and after adaptation compared to ‘befofidiese differences were also visible in
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the odor stimulation windows of the mean respomse traces of the individual test
odors (Fig. 5F).
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Fig. 5E: Mean responses of glomerulus 28 to the tesdors (adaptation with the colony
odor): The mean response strengths of glomerulus 28 tmétididual test odors (1-hexanol (1-
60l), 1-nonanol (1-90l), isoamyl acetate (IAA), geiol (Ger), 1-octanol (1-8ol), 2-heptanone (2-
7on), linalool (Lina), 1-octanal (1-8al)) duringetlodor stimulation were shown here using the
colored bars. Each set of three bars with threfergift colors represented the responses to the
individual odors for the three recording conditiofidue, red and green were denoted before,
during and after adaptation). The y-axis showedntiean response strengths of glomerulus 28
(mean= standard error). The significant differences wagaoted with the asterics (results of the
statistical tests were given in table-5; appendix-2

Repeated measurement ANOVA found the significagpoase x condition effect for 5
out of the 8 test odors (1-60l: F (28, 462) = 184, 0.005; IAA: F (28, 462) = 2.44,p =
0.00007; 2-7on: F (28, 462) = 1.56, p = 0.03; 1-80{28, 462) = 1.54, p = 0.03; Ger: F
(28, 462) = 2.55, p = 0.0003) which indicated tharge in response strengths along the
three conditions (data not shown for other odomswever, only for isoamyl acetate
(IAA) significant difference in mean response sgtn between the experimental
conditions was found (F (2, 33) = 3.73, p = 0.03)ese results were similar with the
previous results of the RM-ANOVA for this glomeral(see page 33).

Adaptation with the synthetic odor mixture elevatibgd mean response strength of
glomerulus 28 both ‘during’ and after the adaptattmmpared to ‘before’ (results of

WMP test; Fig. 4D in appendix-2). Odor-wise anays$iowever, found that responses to

213



Chapter-4: Olfactory adaptation

majority of the odors were very weak (Fig. 5G) aand for glomerulus 17 (Fig. 5C),
hence, no statistical analysis was performed ogetliata (see the mean response time
traces; Fig. 5H). Only 1-hexanol showed the sigaift response enhancement ‘during’
compared to after adaptation (statistical analysitable-6; appendix-2). RM-ANOVA
found no (data not shown for individual odors) gigant difference between the mean
response strength of the pairs of experimental itond for the test odors (including for
1-60l: between during and after adaptation p =)0.07
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Fig. 5F: Mean response time traces of glomerulus 28 the test odors (adaptation with the
colony odor): Mean response time traces of glomerulus 28 togkeddors were shown in this
figure with the eight sub-plots. The time traceshvthree different colors and the two axes in
each sub-plots represented the same recordingtmmedand variables as mentioned in Fig. 5B.

Glomerulus 33

Glomerulus 33 showed the after-adaptation incr@aske response strength during the
colony odor experiment compared to the conditiohsefore’ and during adaptation
(results of WMP test; Fig. 4B, appendix-2). Resgsn® 1-nonaol and 1-octanol showed
the adaptation induced decrease (Fig. 51) as welha post-adaptation recovery (results
of the statistical tests were given in table-7;aqppx-2) whereas the floral odorl-hexanol

showed the after-adaptation enhancement in resparmapared to ‘during’ (Fig. 5I).
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Glomerulus 33 showed no change in responses fatdiral; however, IAA, geraniol and

linalool showed very weak responses during all ¢amts (no statistics done for these
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Fig. 5G: Mean responses of glomerulus 28 to the tesdors (adaptation with the synthetic
odor mixture): The mean response strengths of glomerulus 28 tindiddual test odors during
the odor stimulation were shown here using theredldars. Each set of three bars with three
different colors represented the responses to migiévidual odors for the three recording
conditions as described in Fig. 5A. The x and ysaepresented the same variables as mentioned

in Fig. 5B. The significant differences were dewowth the asterics (results of the statistical
tests were given in table-6; appendix-2).

odors). These effects were visible in the odor @l@ton windows of the mean response

time traces of this glomerulus (Fig. 5J). Repeateeghsurement ANOVA found no
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significant difference in mean response strengtlwden the three experimental

conditions for 1-hexanol, 1-nonaol and 1-octanes@its not shown).
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Fig. 5H: Mean response time traces of glomerulus 2® the test odors (adaptation with the
synthetic odor mixture): Mean response time traces of glomerulus 28 to ekt ddors were
shown here with the eight sub-plots (odor hamesweentioned on the top left corner of the
sub-plots). Each of the sub-plots showed the ttreems coded with the same three colors (blue,
red and green) to represent the three recordinditimms (same as in Fig. 5B). The x and y axes
represented the same variables as described iBFig.

Adaptation with the synthetic odor mixture redu¢éty. 4D) the mean odor response
strength of glomerulus 33 after the removal of &aapn compared to ‘during’. The same
effect was found for 1-60l as the mean responsmgtin after the adaptation decreased
compared to ‘during’ (Fig. 5K). However, the measponses during the adaptation were
found to decrease for 2-heaptanone compared to'betbre’ and after adaptation (Fig.
5K). 1-octanal showed the gradual decrease (sé=8dbr statistical analysis; appendix-
2) in response strength along the three experirheotalitions (confirmed also by the
mean response time traces; Fig. 5L) as found bd@orglomerulus 17 (Fig. 5C). RM-
ANOVA like the colony odor experiment also found significant difference between
the mean odor response strengths of the three tamslfor this glomerulus (results not

shown).
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Fig. 5I: Mean responses of glomerulus 33 to the tesdors (adaptation with the colony
odor): The mean response strengths of glomerulus 33 tmétiddual test odors (1-hexanol (1-
60l), 1-nonanol (1-90l), isoamyl acetate (IAA), geiol (Ger), 1-octanol (1-8ol), 2-heptanone (2-
7on), linalool (Lina), 1-octanal (1-8al)) duringettodor stimulation were represented in this
figure. Each set of three bars with three differentors represented the responses to the
individual test odors during the three recordingditions (same color code as described in Fig.
5A). The y-axis represented the mean responsegsitref glomerulus 33 (meanstandard error).
The significant differences were denoted with tiseedcs (results of the statistical tests were
given in table-7; appendix-2).
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Fig. 5J: Mean response time traces of glomerulus 38 the test odors (adaptation with the
colony odor): Mean response time traces of glomerulus 33 to ékk ddors were shown here
with eight sub-plots. Each sub-plot showed theethime traces coded with the same three colors
(blue, red and green) to represent the three rexprbnditions as described in Fig. 5B. The x
and y axes represented the same variables as meshiio Fig. 5B.

Apart from the similarities found between the résof the gross and odor-wise analyses,
many odor specific changes in glomerular resporisength were disclosed in this
analysis, which were not visible in the gross-resgoanalysis. It was concluded from
these results that olfactory adaptation either whidn odor mixture of know (synthetic
mixture) or unknown complexity (odor of the honegbeolony) did not increase or
decrease the response strength of the antennal dloimeeruli monotonically to the
different odors. The same set of dendritic branabiethe PNs innervating a certain
glomerulus showed the odor specific change in respdincrease or decrease) strength
due to the long-term olfactory adaptation.

Weak responses of these three glomeruli to theeesst of test odors found in the
synthetic mixture adaptation experimeind not reflect the response scenario of the other
glomeruli such as 36, 38, 42, 47 or.5this later group of glomeruli and others showed
strong responses to the test odors throughoutitfezeht recording conditions when the

synthetic odor mixture was used for adaptation.
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Fig. 5K: Mean responses of glomerulus 33 to the teedors (adaptation with the synthetic
odor mixture): The mean response strengths of glomerulus 33 timdiddual test odors during
the odor stimulation were represented in this iguEach set of three bars with three different
colors represented the responses to the indiviggabdors during the three recording conditions
(same color code as described in Fig. 5A). Theig-eepresented the mean response strength of
glomerulus 33 (mean standard error). The significant differences wagaoted with the asterics
(results of the statistical tests were given ing}) appendix-2).
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Fig. 5L: Mean response time traces of glomerulus 3® the test odors (adaptation with the
synthetic odor mixture): Mean response time traces of glomerulus 33 to ekt ddors were
shown here with the eight sub-plots. Each sub-giatwed the three time traces coded with the
same three colors (blue, red and green) to représethree recording conditions as described in
Fig. 5B. The x and y axes represented the samablasi as mentioned in Fig. 5B.

4.5.5 Categories of test odors

We found that response strength of the individlatngruli varied for the individual test
odors between two adaptation experiments. Howageponse strength of the glomeruli
in most of the cases was found to increase ancdsemrespectively for 1-hexanol and 1-
octanal during adaptation with the two backgroumidrostimuli compared to the un-
adapted conditions. Here, it was analyzed whetherAl glomeruli in the pooled data
(separately for the two adaptation experimentsyvgaoany average pattern in responses
to the individual test odors for the three experitak conditions or there were no
patterns. We quantified the integrated responsngtihs (or areas under the response
time traces during the odor stimulation) of thengéoular ensemble to the individual
odors for the conditions of before, during and radigaptation and compared these values
using the Wilcoxon matched pairs test. The resuéiee also analyzed with the repeated
measurement ANOVA using the intensity values (diyetom the time traces) during

the time of odor stimulation in place of the intgd intensities. The set of test odors
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showed three types of change (described below)ameyular response strength when
the colony odor was used as the adaptation stimulus

Type-1 The antennal lobe glomeruli showed (Fig. 6A) twmikr types of change for
the type-1 odors; either a progressive increagb@anntegrated intensity of the calcium
signals along the three conditions or an incrediss the adaptation compared to both
‘before’ and ‘during’. The floral odor, 1-hexanahéthe sting alarm pheromone (SAP)
odor isoamyl acetate showed the first and the r@aspheromone component, geraniol
showed the second type of change in glomerularoress. Glomerular ensemble also
showed the increase in response strength for ther aidor 1-nonanol but only the
difference between ‘after’ and before adaptatiors i@und significant (results of the
Friedman ANOVA and the Wilcoxon matched pairs testsre given in table-9;
appendix-2). Hence, the post-adaptation responkate@ by the type-1 odors never
showed the adaptation recovery.

Type-2 Only 1-octanal was found in this category (Fig.)&th the adaptation recovery
found in the response strength of the glomerulaeeible. However, the mean value of
the integrated intensity decreased significantlyirduadaptation compared to the other
two conditions.

Type-3 The other two sting alarm pheromone odors vizegtinone and 1-octanol
along with the floral odor linalool were incorpagdtin this category. For the type-3
odors no significant change in glomerular resp@tsength was found between the three
conditions (Fig. 6A). However, common with the atlileral odors (1-6ol and 1-90l),
linalool also showed the increase in glomerulapoese intensity both ‘during’ and after
the adaptation compared to before, but these differs were not significant.

RM-ANOVA (performed with the normalized % delta-Blues in place of the integrated
intensities) found the significant response x ctodieffect for all of the test odors (data
not shown), although the AL glomeruli showed trgn#icantly different mean responses
only for 1-hexanol (F (2, 795) = 3.4, p = 0.03) asuhmyl acetate (F (2, 795) = 7.32, p =
0.0007). Bonferroni post hoc test confirmed thensigant increase in mean
responses(for both odors) after the adaptation eoedpto ‘before’ (1-hexanol: p = 0.02,
Isoamyl acetate: p = 0.0004), without any significaifference found between the

‘during’ and before adaptation. Current resultshef WMP test (Fig. 6A) were in line
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Fig. 6A: Odor categories in the adaptation experimet with the colony odor: Three different
odor types (mentioned at the top right corner ehesub-plot) emerged when the glomeruli were
adapted with the colony odor. The categorizatios ased on the type of changes found in the
glomerular response strength to the test odorsgutie three recording conditions. Integrated
response intensities or areas under the time tiafct®e glomerular responses to the odors were
calculated and represented on the y-axis (meatandard error). Each of the eight sub-plots
showed the three colored bars (blue, red and geesh@bbreviations (BA, DA and AA) which
respectively reprsented the same color codes amewhtions of three experimental conditions
as described in Fig. 4A. Type-1 had the maximum lmemof members (4) with the gradual
enhancement found in the glomerular response strealgng the different conditions. Type-3
odors with 3 members showed no significant changesponse strength between the conditions.
Friedman ANOVA and Wilcoxon matched pairs test KwiBonferroni correction) were
performed to compare between the mean responsgttref the three conditions. The results of
the statistical tests were given in table-9 (appeB) the significant differences were only
denoted in the sub-plots by the asterics.

with the previous results (Fig. 5A — 5L) for 1-hewh as the antennal lobe glomeruli
showed increase in response strength for this daiong the adaptation with colony odor
compared to the condition ‘before’. Although, ltasal unlike before (Fig. 5A — 5L) did
not show the progressive decrease (Fig. 6A) ingmnated response strength of the
glomeruli, however showed the significant decredigeng the adaptation compared to
the other two conditions. Differences in resulténm®n the two sets of statistical tests
were found again like before, with the higher numbiesignificant differences showed
by the WMP test compared to the RM-ANOVA.

When the mixture of four pure odors or synthetiorodnixture was used for the
background adaptation five different odor types e, which were described below.
Type-1 Floral odor 1-hexanol and sting alarm pheromon®P)Sodor isoamyl acetate
(IAA) were found (Fig. 6B) in this category. Thesdeption of this type was similar with
the type-1 odor of the colony odor experiment (Féd\); significant increase in the
integrated response intensity of the glomeruli balbring’ and after the adaptation
compared to the condition ‘before’. Both 1-hexaaold isoamyl acetate (IAA) again
(statistics shown in table-10; appendix-2) werenfibto enhance the glomerular response
strength like before (Fig. 6A) however; unlike thelony odor experiment the post
adaptation responses of IAA were recovered batkdain-adapted levels (no significant

difference found between ‘before’ and after adagitét
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Fig. 6B: Test odor categories during the adaptationwith synthetic odor mixture: Five
different odor types (mentioned at the top rightnen of each sub-plot) emerged when the
glomeruli were adapted with the mixture of four @adors. More number of odor categories was
found in the odor mixture experiment compared ® ¢blony odor experiment. Odors like 1-
hexanol and isoamyl acetate showed similar chaimggwmerular responses for both adaptation
stimuli but 1-octanol and 2-heptanone which did staiw any change in the previous experiment
showed the response enhancement after the adaptatinis experiment. Friedman ANOVA and
the Bonferroni corrected Wilcoxon matched pairs tesre performed to compare between the
mean response strengths of the three conditiores.rdsults of the statistical tests were given in
table-10 (appendix-2); the significant differenee=re only denoted in the figure by the asterics.

Type-2 For the type-2 odors significant increase (Fig) @Bthe integrated response
intensity of the glomerular ensemble was foundratte adaptation compared to the
other conditions. The two other sting alarm phemenocompound, 2-heptanone and 1-
octanol were found in this category. These odomgdwer, did not show any change in
responses during the colony odor experiment (FAg. 6

Type-3 Progressive decrease in the integrated resportsasity was found from
‘before’ until the post adaptation conditions (F&B) in this category. 1-Octanal like in
the previous experiment (Fig. 6A) was found to shbe/ response decrease both during
and after the adaptation compared to before. lmmnaunlike the colony odor
experiment (Fig. 6A) also showed the progressiveradese in glomerular response
strength along the three conditions.

Type-4 Type-4 odorant, geraniol showed the adaptatiorovexy in glomerular
responses (Fig. 6B) along with the decrease inmkan response intensity during the
adaptation compared to the other two conditions.

Type-5 The type-5 odor (Fig. 6B), linalool like the coloador experiment (Fig. 6A) did
not show any change in the response intensitieseleet the conditions of ‘before’ and
during adaptation however, the after-adaptatiopaeses did not recovered back to the
to the un-adapted levels (‘after’ was significaritigher than ‘before’).

Repeated measurement ANOVA (performed with the atmad % delta-F values in
place of the integrated intensities) like previgugbund the significant response x
condition effect for all odors (data not shown)wewer, showed the significant condition
effect (significant differences in mean responsengjth between the three conditions)
only for 1-hexanol (F (2, 675) = 16.02, p = 0.0000Bonferroni post hoc test supported
the results of the WMP test: between ‘before’ addring’ p = 0.000000, ‘before’ vs.
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‘after’ p = 0.04 and ‘during’ vs. ‘after’ p =0.004}1-nonanol (F (2, 675) = 5.48, p =
0.004; Bonferroni post hoc test showed signifiadifference between ‘before’ and ‘after’
p = 0.003 but no significant difference found betwébefore’ and ‘during’) and isoamyl
acetate (F (2, 675) = 5.69, p = 0.003; Bonferrastoc test found significant difference
between ‘before’ and ‘during’ p = 0.004 and betw&kning’ and ‘after’ p = 0.03).

The categorization of the test odors in these tdaptation experiments showed the
differential effects of the two adaptation stimol the odor evoked responses of the
glomeruli. These effects potentially indicated Hwivation of the different pathways of
adaptation machineries in the honeybee AL which wagnown. However, the
potentially different effects of the two adaptatstimuli showed some similar outcomes;
similarities in the glomerular response patternsntbfor the odors 1-hexanol, isoamyl
acetate (increase in response strength during atitaptthan before adaptation) and 1-

octanal (decrease in response strength during aitapthan before adaptation).

4.5.6 Adaptation changed the odor representatiortean in glomeruli

Euclidean distance measurement has been populadg in the behavioral and
physiological experiments to calculate the simijabetween the response patterns of the
odors both in the insect (Ditzest al., 2003; Rathet al., 2011) and vertebrate (Olsson
1994; Bathellieret al., 2008) models. Experiments reported here alreadyvest that
responses strengths of the AL glomeruli to the sdegre changed during the adaptation
and even persisted after the removal of the adaptatimuli. Hence, Euclidean distances
between the different conditions (before, durind after adaptation) were calcultaed for
the inidividual odors and compared to investigakeether olfactory adaptation influenced

the odor representation patterns in the odor cosirage of the AL glomeruli.

1-Hexanol

Floral odor 1-hexanol showed (Friedman ANOVA andiddfion matched pairs test:
results of the statistical tests were given indahl; appendix-2) significant differences in
the Euclidean distances (ED) calculated for thespafiexperimnetal conditions (thee sets
of ED values were calculated between the conditite$ween before-during, during-

after and before-after adaptation). Introductionadfaptation stmulus (condition), the
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colony odor induced more dissimilarity in the ovkeghomerular response pattern of 1-
hexanol (significantly higher mean ED value of tiefore-during comparison than the
during-after) than the removal of the adaptatiomsius (condition). However, removal
of the background adaptation stimulus was foune@rtbance this dissimilarity further
compared to the initial condition of no-adaptat{significantly higher mean ED value of
the after-before comparison compared to the bedfararg). In fact, the highest mean
value of ED was found in the comparison betweeffiollee and ‘after’ adaptation (Fig.
7A). Repeated measurement ANOVA supported thesdtseas the mean ED values
qguantified with the condition pairs were found how significant differences (significant
condition effect: F (2,42) = 5.03, p = 0.01). Bandmi post hoc test showed the
significant difference (p = 0.01) between the maxim(comparison between ‘after’ and
‘before’) and minimum (comparison between duringggf mean ED values of the
condition pairs. These results confirmed the loasgtihg effects of the colony odor
adaptation since the glomerular respresentatioienoat of 1-hexanol showed significant
difference between the post-adaptation and thedaptad conditions (before adaptation)
after the interval of 5 min for adaptation recovéiyhen the synthetic odor mixture was
used for adaptation, significant differences wenenfl (results of the statistical tests were
given in table-12; appendix-2) between the thrde eEED values quantified from the
pairs of recording conditions (Fig. 7A). Like befofcolony odor experiment) minimum
mean ED value was found when the response pattezns compared between during
and after adaptation. However, (unlike the previmslt) adaptation with the synthetic
odor mixture led to the highest separation in glar@ reresesntation pattern (highest
mean ED value) and the removal of adaptation stimdecreased the Euclidean distance
significantly comapred to the introduction of thaaptation condition (significantly lower
mean ED value of the after-before pair comparedh® before-during pair). RM-
ANOVA showed the significant condition effect (F42) = 8.58, p = 0.0007) as well as
the significantly different mean ED values for thefore-during and during-after (p =
0.0004) comparisons.
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1-Nonanol

1-nonanol, like 1-hexanol showed significant diéieces in Euclidean distances (table-
11; appendix-2) calculated for the pairs of expental conditions (ED values were
calculated between the three pairs of conditiofioreeduring, during-after and before-
after adaptation with the colony odor). Adaptatwith the colony odor led to the highest
separation in gloemrular response pattern (highesan ED value) of 1-nonanol.
Minimim mean value of ED was found in the companmidgmetween ‘during’ and after
adaptation (Fig. 7B). This showed that adaptatrmiuced changes in the glomerular
representation pattern of 1-nonanol did not show riacovery after the removal of
adaptation stimulus. However, unlike 1-hexanol reah@f adaptation reduced the ED
values significantly compared to the introductidrire adaptation stimulus (significantly
lower mean ED value of the after-before comparisompared to the before-during
comparison). Repeated measurement ANOVA showediginéficant condition effect (F
(2,42) = 5.40, p = 0.008), along with the signifidg different mean ED values between
the before-during and during-after comparisons (Bwoni post hoc test: p = 0.008).
When the synthetic odor mixture (Fig. 7B) was ussdadaptation stimulus Friedman
ANOVA and Wilcoxon matched pairs test (table-12;papdix-2) found significant
differences between the three sets of ED valuespfadion condition induced more
dissimilarity in the glomerular respresentationt@at of 1-nonanol compared to the
removal of the adaptation stimulus. This was vesibl the significantly higher mean ED

value for the before-during comparison then therdpafter pair. This again showed that
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Chapter-4: Olfactory adaptation

Fig. 7A: Comparison between the Euclidean distancesalculated for 1-hexanol between the
pairs of experimental conditions in the two adaptabn experiments: The first sub-plot
represented the mean (blue-filled circles) Eudideistances (EDs) quantified for 1-hexanol
between the three pairs of conditions (betweenrbedaring, during-after and between after-
before adptation) in the adaptation experiment with colony odor. Introduction of adaptation
stimulus induced more separation in glomerularaasp pattern of 1-hexanol compared to the
removal of adaptation stimulus. Removal of the nglodor stimulus led to further increase in the
glomerular representation patters compared to thadapted condition (significantly higher
mean value of the after-before pair compared to ktbfore-during comparison). Significant
differences between the mean ED values were demdtedhe asterics.

The second sub-plot showed the mean (blue-fillecles) Euclidean distances (EDs) quantified
for 1-hexanol between the pairs of conditions (leetwbefore-during, during-after and between
after-before adptation) in the adaptation experimméth the synthetic odor mixture. Introduction
of adaptation stimulus led to the highest separdtiqglomerular representation pattern (GRP) of
1-hexanol however, unlike the previous experimemiaval of the adaptation stimulus did not
show any further increase in the GRP compared @¢outiradapted condition, rather significant
decrease in mean ED value was found for the afiforb compared to the before-during
comparison. Significant differences between thenmtea values were denoted with the asterics.
The x and y axes in both sub-plots respectivelyseted the pair of conditions and the mean ED
values (mean + 95% confidence interval).
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Fig. 7B: Comparison between the Euclidean distancesalculated for 1-nonanol between the
pairs of experimental conditions in the two adaptabn experiments: The first sub-plot
represented the mean (red-filled triangle) Euclidééstances (EDs) quantified for 1-nonanol
between the pairs of conditions (between beforéndurduring-after and between after-before
adptation) in the adaptation experiment with thiemp odor. Introduction of adaptation stimulus
led to the highest seperation in glomerular repriegimn pattern (GRP) of 1-nonanol however,
removal of the adaptation stimulus showed the @gmit decrease in mean ED value (mean ED
value in after-before comparison was less than hbfore-during comparison). Significant
differences between the mean ED values were demdtedhe asterics.

The second sub-plot represented the mean (red-filfangle) Euclidean distances (EDs)
guantified for 1-nonanol between the pairs of cbads (between before-during, during-after and
between after-before adptation) in the adaptatiqueement with the synthetic odor mixture.
Introduction of adaptation stimulus induced mongasation in glomerular response pattern of 1-
nonanol compared to the removal of adaptation $tismRemoval of the colony odor stimulus
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led to further increase in the glomerular represtiot patters compared to the un-adapted
condition (significantly higher mean value of tHeeebefore pair compared to the before-during
comparison). Significant differences between thameD values were denoted with the asterics.
The x and y axes in both sub-plots respectivelyseted the pair of conditions and the mean ED
values (mean + 95% confidence interval).

adaptation induced changes in glommerular repragentpattern (GRP) of 1-nonanol
did not show the recovery when the adaptation ¢mmdivas withdrawned, rather more
separation in response pattern was found afterd¢hwval of the adaptation stimulus
(significantly higher mean value of the after-befqrair compared to the before-during
comparison). However, RM-ANOVA unlike before showed significant difference

(meaning no change in GRP of 1-nonanol betweethtiee conditions) between the sets
of ED values (condition effect: F (2,42) = 3, p ®. This discrepancy in results
between the two sets of statistical tests indicéibad adaptation effect of the syntheric

odor mixture was weaker than the colony odor.

Isoamyl acetate

The sting pheromone component isoamyl acetate (Bhdwed significant differences in
the Euclidean distances between the three recombngitions (table-11; appendix-2)
(with the highest mean ED value found between thre-after comparison and the
lowest between the during-after comparison) whendlomeruli were adapted with the
colony odor (Fig. 7C). Adaptation condition sigo#ntly increased the distance in the
glomerular response pattern of IAA compared to rimoval of adaptation condition
(significantly lower mean ED value found for theridig-after pair compared to the
before-during pair). Glomerular respresentatiorigpatof IAA remained dissimilar after
the adaptation (without further change in the EDn-significant difference between
after-before and the before-during pairs) compaodtie un-adapted condition due to the
long lasting effects of adaptation. RM-ANOVA showtte non-significant condition
effect (F (2,42) = 2.13, p = 0.13), meaning thar¢hwas no significant difference found
between the mean ED values of the different pafrsanparisons. Contradictions
bewteen these two sets of statistical tests prghabicated the fact that RM- ANOVA
only highlighted the stronger differences (or eff¢ccompared to the results of the
Friedman ANOVA or WMP test which also picked up theaker effects while
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Chapter-4: Olfactory adaptation

comapring the columns of values of the variablegmti®tic odor-mixture adaptation
showed the identical (Fig. 7C) change in mean EDegs(Friedman ANOVA and the
WMP test) of the three pairs of comparisons (sbiid2; appendix-2). Contrary to the
results (significant differences found between thean ED values) of the WMP test,
RM-ANOVA again showed no significant change (Coioditeffect: F (2,42) = 0.88, p =

0.4) between the three sets of ED values.
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Fig. 7C. Comparison between the Euclidean distancesalculated for isoamyl acetate
between the pairs of experimental conditions in thewo adaptation experiments:The first
sub-plot represented the mean (squares filled gvigen color) Euclidean distances calculated for
isoamyl acetate (IAA) between the pairs of condiidn the adaptation experiment with the
colony odor. Adaptation induced significantly m@eparation in glomerular response pattern of
IAA compared to the removal of the adaptation stimu(significantly lower mean ED value
found for the during-after pair compared to theobefduring pair). Glomerular response patter of
IAA after the adaptation remained different (withdurther change in the EDs; non-significant
difference between after-before and the beforendunpairs) compared to the un-adapted
condition due to the long lasting effects of adtpta

The second sub-plot showed the mean (squares filldd green color) Euclidean distances
calculated for IAA during the adaptation experimaiith the synthetic odor mixture. Identical
changes in Euclidean distances along the experahennditions were found with the colony
odor adaptation experiment. The x and y axes refgdethe same parameters as mentioned in
Fig. 7A. Significant differences between the me&nvalues were denoted with the asterics. The
x and y axes in both sub-plots respectively repgegkithe pair of conditions and the mean ED
values (mean + 95% confidence interval).

Geraniol
The floral as well as the nasonov pheromone comghogeraniol showed significant

differences in the ED values calculated betweenphies of experimental conditions
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(results shown in table-11; appendix-2) with thexmmaum mean ED value found in the
comparison of response patterns between ‘befoedaning adaptation. Adaptation with
the colony odor (Fig. 7D) significantly increasée dissimilarity in the GRP of geraniol
compared to the removal of adaptation stimulusn{Baantly higher mean ED value of
before-during comparison compared to both duringradnd after-before comparisons).
However, unlike other odors, mean Euclidean digabetween ‘after’ and before
adaptation also decreased (not significantly) caeghdo the mean ED value found
between ‘before’ and during adaptation. RM-ANOVAwaver, did not find any
significant change in (F (2,42) = 0.83, p = 0.4 tlomerular response patterns along the
different conditions. However, during the synthedaor mixture adaptation experiment
(Fig. 7D) the mean ED values of the different ctinds were found to differ
significantly in the WMP test (see table-12; apprfit). The process of adaptation led to
the highest separation in gloemrular responserpatitéghest mean ED value) of geraniol
and minimim ED value was found in the comparisonween ‘during’ and after
adaptation. This showed that adaptation-inducedgd®in the glomerular representation
pattern of geraniol did not show the post-adaptatezovery back to the un-adapted state
when the adaptation stimulus was removed (sigmfigdower mean ED value of the
after-before comparison compared to the beforeaducomparison). RM-ANOVA also
showed the significant condition effect: F (2,42)542, p = 0.01) along with the
significant difference between the mean ED valueh® before-during and during-after

pairs (Bonferroni post hoc test: p = 0.008).
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Fig. 7D: Comparison between the Euclidean distancesalculated for geraniol between the
pairs of experimental conditions in the two adaptabn experiments: The first sub-plot
represented the mean (diamonds filled with greelordzuclidean distances calculated for
geraniol in the adaptation experiment with the ngl@dor. Adaptation induced significantly
more separation in the glomerular response pati@nmpared to the removal of the background
adaptation (significantly higher mean ED value bé tbefore-during pair compared to both
during-after and after-before comparisons). Howgualike other odors, mean ED of the after-
before comparison decreased (not significantly) garad to the comparison between during and
after.

The second sub-plot represented the mean (dianfibledswith green color) Euclidean distances
(EDs) quantified for geraniol between the paircofditions in the adaptation experiment with
the synthetic odor mixture. Introduction of adajstatstimulus led to the highest seperation in
glomerular representation pattern (GRP) of geramiolever, removal of the adaptation stimulus
showed the significant decrease in mean ED valiea@nED value in after-before comparison
was less than the before-during comparison). Megattiat adaptation-induced changes in GRP
did not recover back to the un-adapted state whenbtckground adaptation stimulus was
removed. Significant differences between the meBnvBlues were denoted with the asterics.
The x and y axes in both sub-plots respectivelyseted the pair of conditions and the mean ED
values (mean + 95% confidence interval).

1-Octanol

1-octanol showed minimum number of significant eliéinces (table-11; appendix-2) in
the pair-wise comparisons (WMP test) of ED valuethe colony odor experiment (Fig.
7E). No significant difference was found betweer thefore-during and during-after
pairs however, removal of the adaptation stimuksrelased the mean ED value as found
in the significantly lower mean value of the afbefore comparison compared to the
mean value of the before-during comparison. Thiswsd that post-adaptation
glomerular response pattern of 1-octanol althougiwed the adaptation recovery but it
was not fully recovered. RM-ANOVA also found no mificant difference in the mean
ED values (non-significant condition effect: F )4 0.35, p = 0.7). Hence, the effect of
colony odor adaptation was not found strong like tther odors for 1-octanol.
Adaptation condition with the synthetic odor midufFig. 7E) induced significantly
more separation in the response pattern of l-octaompared to the removal of
adaptation stimulus (significantly lower mean EDueafound for the during-after pair
compared to the before-during pair; table-12 in thppendix-2). Glomerular
representation patter of 1-octanol after the adptaremained dissimilar (without
further change in the ED; non-significant differerzetween after-before and the before-

during pairs) compared to the un-adapted conditioa to the long lasting effects of
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adaptation. RM-ANOVA although did not find any sifigant difference between the
mean ED values of the three pairs of comparisor{®,é2) = 1.8, p = 0.16).
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Fig. 7E: Comparison between the Euclidean distancesalculated for 1-octanol between the
pairs of experimental conditions in the two adaptdbn experiments: The first sub-plot
showed the mean (squares with green boarder) Eaclidlistances calculated for 1-octanol
between the pairs of conditions in the adaptatigpeement with the colony odor. No significant
difference was found between the before-during dadng-after pairs however, removal of
adaptation stimulus decreased the EDs as fourtttinreduced mean ED value of the after-before
comparison compared to the mean value of the belfiatieg pair. This meant that unlike other
odors (1-60l, 1-90l, IAA, geraniol) glomerular resige pattern of 1-octanol although did show
more adaptation recovery however, did not recovackbfully to the un-adapted pattern.
Significant difference between the two mean ED &slwas denoted with the asterics.

The second sub-plot represented the mean (squatiesgmeen boarder) Euclidean distances
calculated for 1-octanol in the adaptation expenitwath the synthetic odor mixture. Adaptation
induced significantly more separation in the gloafer response pattern compared to the removal
of the adaptation stimulus (significantly lower melaD value found for the during-after pair
compared to the before-during pair). Glomerulapoese patter of 1-octanol after the adaptation
remained different (non-significant difference beém after-before and the before-during pairs)
compared to the un-adapted condition due to thiopgoafter-effects of adaptation. Significant
differences between the mean ED values were demdgtedhe asterics. The x and y axes in both
sub-plots respectively reprsented the pair of damti and the mean ED values (mean + 95%
confidence interval).

2-Heptanone

This sting alarm pheromone odor 2-heptanone shaigrdficant differences in mean
ED values quantified for the three pairs of expenial conditions in the adaptation (Fig.
7F) experiment with the colony odor (table-11; appe-2). Adaptation condition
induced significantly more separation in the glonter response pattern of 2-heptanone

compared to the removal of adaptation stimulusn{Baantly lower mean ED value
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found for the during-after pair compared to theobefduring pair). Glomerular response
patter of 2-heptanone after the adaptation remadisimilar (non-significant difference
between the after-before and the before-duringspatompared to the un-adapted
condition due to the prolong post-effects of adimia RM-ANOVA however, showed
no significant difference between the mean ED waleé the three experimental
conditions (non-significant condition effect: F 42) = 0.41, p = 0.6). Adaptation
experiment with the synthetic odor mixture (Fig) 8Rowed more number of significant
differences (table-12; appendix-2). The minimum mé&D value was found in the
comparison between ‘during’ and after adaptatiatroduction of adaptation stimulus or
condition induced more dissimialrities or separaiio the glomerular response pattern of
2-heptanone compared to the removal of the adaptatimulus (condition). This was
visible in the significantly higher mean ED valusuhd between ‘before’ and during
adaptation compred to the during-after compari3tms showed that adaptation induced
changes in the glomerular representation patterrthef sting pheromone odor 2-
heptanone did not show the adaptation recovery wthenadaptation stimulus was
removed, rather more dissimilarity in responseguativas found after the removal of
adaptation stimulus compared to the un-adapted iwomdsignificantly higher mean
value of the after-before pair compared to the teetluring pair). The difference
between during-after with the after-before was &smd significant. RM-ANOVA like
the colony odor experiment showed no significaffedence (F (2, 42) = 1.9, p = 0.16) in

the ED values calculated between the pairs of éxjerttal conditions.
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Fig. 7F: Comparison between the Euclidean distancesalculated for 2-heptanone between
the pairs of experimental conditions in the two adptation experiments: The first sub-plot
represented the mean (circles with blue boardecjidiean distances calculated for 2-heptanone
between the pairs of conditions in the adaptatiggeement with the colony odor. Introduction of
the adaptation stimulus significantly increasedEBes compared to the removal of the adaptation
stimulus (significantly lower mean ED value fourmt the during-after pair compared to the
before-during pair). Glomerular response patteR#feptanone after the adaptation remained
different (non-significant difference between afbefore and the before-during pairs) compared
to the un-adapted condition.

The second sub-plot represented the mean (circids mue boarder) Euclidean distances
calculated for 2-heptanone during the adaptatigpeement with the synthetic odor mixture.
Adaptation condition induced more separation imwaular response pattern compared to the
removal of the adaptation condition. This was Ve&siln the significantly higher mean ED value
of the before-during compred to the during-aftemparison. This showed that adaptation
induced changes in glomerular representation ofé@dnone did not recover back to the un-
adapted pattern when the adaptation stimulus wakdrwned, rather more separation in
response pattern was found after the adaptationpamed to the un-adapted condition
(significantly higher mean value of the after-befpair compared to the before-during pair). The
difference between during-after with the after-befavas also found significant. Significant
differences between the mean ED values were demdgtedhe asterics. The x and y axes in both
sub-plots respectively reprsented the pair of diorts and the mean ED values (mean + 95%
confidence interval).

Linalool

Linalool showed no significant difference (Fig. 7@) Euclidean distances in the
Friedman ANOVA (table-11) as well as in the RM-AN@Vests (F (2,42) = 0.03, p =
0.9) in the colony odor adaptation experiment. Haave adaptation with the synthetic
odor mixture (Fig. 7G) induced significantly momparation (Fig. 7G) in the glomerular
response pattern (Table-12; appendix-2) of linaloompared to the removal of the
adaptation stimulus (significantly lower mean EDueafound for the during-after pair
compared to the before-during pair). Glomerulapoese pattern to linalool after the
adaptation remained dissimilar (non-significantetgénce found between the after-before
and the before-during pairs) compared to the umpigdacondition due to the long lasting
after ffects of adaptation. RM-ANOVA contradictdust result with the non-significant
condition effect (F (2,42) =2.28, p =0.1).

1-Octanal

1-Octanal showed significant differences in ED ealguantified between the different
experimental conditions (colony odor adaptatiow;,. FH) both in the Friedman ANOVA
(table-11) and in the RM-ANOVA tests (F (2,42) 55p = 0.007). Like other odors
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minimum change in response patterns was found leetwiring’ and after adaptation
and the maximum change was manifested between réefaind after adaptation
(Bonferroni post hoc test showed the significarifedence between the two mean ED
values; p = 0.005). Hence, the post-adaptation gtalar response patterns of 1-octanal
did not recover back to the un-adapted levels. Wten mixture of synthetic pure
odorants was used for the adaptation, significafferdnce between the Euclidean
distances were found in both (Table-12; appendis@istical tests (RM-ANOVA
showed the significant condition effect: F (2,428.2, p = 0.004). Significant difference
between the maximum (calculated between ‘beforel daoring adaptation) and the
minimum (calculated between ‘during’ and after &dépn) mean ED values was found

in the Bonferroni post hoc test (p = 0.003).
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Fig. 7G: Comparison between the Euclidean distancesalculated for linalool between the
pairs of conditions in the two adaptation experimets: The first sub-plot represented the mean
(triangles with red boarder) Euclidean distance@d)ecalculated for linalool between the three
pairs of conditions in the adaptation experimerhlie colony odor. No significant difference in
the mean ED values was found in this case. Howexaptation with the synthetic odor mixture
(the second sub-plot) significantly increased tistadces in the glomerular response patterns of
linalool compared to the removal of the adaptastmulus (significantly lower mean ED value
found for the during-after pair compared to theobefduring pair). Glomerular response patter to
linalool after the adaptation remained differendr{rsignificant difference between after-before
and the before-during pairs) compared to the umptadacondition due to the prolong after-effects
of adaptation. Significant differences between thean ED values were denoted with the
asterics. The x and y axes in both sub-plots reésede reprsented the pair of conditions and the
mean ED values (mean + 95% confidence interval).
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Fig. 7H: Comparison between the Euclidean distancesalculated for 1-octanal between the
pairs of experimental conditions in the two adaptabn experiments: The first sub-plot
showed the mean (diamonds with green boarder) daai distances calculated for 1-octanal
between the three pairs of conditions in the ad@ptaexperiment with the colony odor.
Adaptation condition induced more separation imgaular response pattern compared to the
removal of the adaptation background. Additionalthe adaptation induced changes in
glomerular representation of 1-octanal did not vecdack to the un-adapted state when the
adaptation condition was withdrawned, rather mepagation in response pattern was found after
removal of adaptation stimulus compared to the dapted condition (significantly higher mean
value of the after-before pair compared to the teefturing pair).

The second sub-plot represented the mean (squatlesgreen boarder) Euclidean distances
calculated between the same three pairs of conditio the adaptation experiment with the
synthetic odor mixture. The process of adaptatamh tb the highest separation in gloemrular
response pattern (highest mean ED value) howewamnoval of the adaptation stimulus
signifcantly reduced the mean value of Euclideastatice (ED value of the after-before
comparison was less than the value found betwezbdfore-during pair). No further change in
ED value was found after the removal of adaptasiimulus (non-significant difference between
the mean values of after-before and before-durorgparisons). Significant differences between
the mean ED values were denoted with the astefibg. x and y axes in both sub-plots
respectively reprsented the pair of conditions tiedmean ED values (mean + 95% confidence
interval).

4.6 Discussion

4.6.1 Methodological considerations

Honeybees, in our experiments were exposed to dhstant flow of background odor
stimulus for ~ 20 min for the physiological adapatof the antennal lobe glomeruli. For
both background odor stimuli viz. the colony ododdhe mixture of four pure odors or
the synthetic mixture no significant change in ihteacellular calcium concentration of

projection neurons was detected during this 20 tmae. According to our definition of
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adaptation (given previously) this did not confithe adaptation of the glomeruli. Single
odor stimuli used in these experiments (test od@ithfully elicited calcium responses
throughout the 3 sec time of odor delivery in tHengeruli. During the process of
adaptation we recorded the glomerular calcium s$sgfwat 100 sec (10 times longer than
odor measurements). It was rather surprising thett ong recordings did not detect any
calcium signals evoked by the background adaptationuli both during the onset of the
stimuli as well as during the later time pointsehBvioral adaptation in the adult fruit fly,
Drosophila melanogasteStortkuhlet al., 1999) was reported to arise within 15 sec of
the odor exposure and from 30 min onwards in@aenorhabditis elegan&olbertand
Bargmann 1995). Fast synaptic depression mechanigmrating between the
mitral/tufted cells of the lateral olfactory traahd the pyramidal cells (PRCs) of the
piriform cortex was known to adapt the olfactorgpenses of the PRCs within 50 sec of
odor exposure (Best and Wilson 2004; Betsél., 2005). If similar type of fast synaptic
depression mechanism (within the time scale of @€ operates at the receptor
neuron’s input to the projection neuron in the hdree antennal lobe in response to the
continuous background of adapting stimuli, thenweild be able to record the calcium
signals after the stimulus onset. It was not urtdecswhy the signal acquisition protocol
did not detect any responses however, electroplogsoal recordings (with higher
temporal resolution) in these experiments probatntyilld have disclosed the response

adaptation process of the antennal lobe neurotigetbackground odor stimuli.

4.6.2 Colony odor and synthetic odor mixture diféetially influenced the odor

response strength of the glomeruli

Background adaptation with the odor extracted fitwn honeybee colony reduced the
mean response strength of the glomerular ensersbieuad in the gross analysis. This
overall inhibitory effect of the adaptation stimsiltnhowever, did not affect the odor
evoked responses of the glomeruli as they showedstgnificant enhancement in
responses during the time of odor stimulation. Bathe responses after the odor offset
were found to contribute more to the overall intuby effect of the colony odor
adaptation. Contrasting result was found when hoeey were adapted with the synthetic

odor mixture. Gross analysis of the ensemble respstrength as well as during the time
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of odor stimulation revealed the significant in@ean glomerular response strength
during the adaptation compared to the initial stdteo-adaptation. Common increase in
glomerular response strength during the odor sttian (3 sec) was found both when
the odor mixture of unknown (colony odor) and kno{@gnthetic mixture) complexities
were used for background adaptation. However, Heeatl opposite effects of these two
stimuli on the glomerular response strength in@idahat these two background odor
stimuli probably activated the different forms @tlpways of adaptation in the network of
the antennal lobe. In honeybee, physiological dtarzation of the adaptation
mechanisms in the first or in the second orderctdfy neurons was not reported.
However, results found in our study showed thatptateon did not monotonically
decreased the odor responses of the second ordeynse(projection neurons), rather
exhibited the dual effects of increase and decreasize gross response strength of the
AL glomeruli, depending on the identity of the atddjn stimulus. Similar adaptation
induced enhancement or suppression in odor respavese found in the olfactory bulb
neurons of rat (Mair 1982). In addition, mathematimodeling supported the possibility
of enhancement in the sensitivity of mitral cetisthe newly emerging odor in the pre-

existing background of another odor stimulus (L9Qp

4.6.3 Odor responses of the Glomeruli did not shibv adaptation recovery

Adaptation-recovery of odor responses was expedtedhese experiments when
honeybees were kept undisturbed for 5 min afterréimoval of the background odor
stimuli. However, results of the Wilcoxon matchedirp test (WMP test) and the
repeated measurement ANOVA revealed the furthereas® in glomerular response
strength (on top of the adaptation induced incredseng the odor stimulation after the
removal of the colony odor background. Resultdhese statistical tests however, showed
the significant decrease in the post-odor offsepoeses after the removal of adaptation
compared to the other two conditions when the bakyl of synthetic odor mixture was
used. In addition to these gross response analysey individual glomeruli in both
adaptation experiments did not show the odor respoecovery after the stoppage of the
adaptation stimuli. In the colony odor experimartuction of glomerular responses in

addition to the increase was also found when tha das analyzed with the WMP test.
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This was the othermethodological consideratiorthat our protocol did not show the
adaptation-rescue of odor responses of the glomeagk to the un-adapted levels. In
Drosophila behavioral recovery from the state of olfactory @dton was reported to
take place within 1.5 min (Stortkukét al., 1999) and in the receptor neurons of
salamander, the process of olfactory de-adaptates reported to occur within 6.5 min
(Zufall et al., 2000). These were the important information basedvhich the 5 min
time of the adaptation recovery was selected in mnatocol, which clearly found
inadequate to rescue the odor responses of glonadtelt the constant exposure of the
antennal lobe neuropil for ~ 40 min to the backgwadaptation stimuli (20 min +
recording time for odor responses). However, thenpmena of prolong adaptation
recovery was reported in other model systems sgchn dhe Caenorhabditis elegans
(over 3 hours of adaptation recovery in behaviassay: Colbert and Bargmann 1995)
and in the silkworm motintheraea polyfemugeceptor neurons were reported to take
over 1 hour to recover; Kaisslirgg al., 1987). In the houseflilusca domesticaeffects

of background adaptation with higher concentratiohpure odorant on the receptor’s
responses to the test odors did not recover fulthimthe 15 min time, used for the
adaptation recovery (Kellingt al.,2002). Mitral cells of the rat olfactory bulb weatso
reported to consume 30 — 50 min time for the respaacovery when they were adapted
for 1 hour with the constant background odor (Chama Panhuber 1982). It is possible
that like the mitral cells of rat or the recept@urnons ofMusca domesticar Antheraea
polyfemushoneybee projection neurons innervating the Adrrgdruli also require longer
period of time than 5 min for the adaptation reegyerhich explains the limitation in our
protocol. Additionally, we could not discard thesgibility that prolong exposure to the
background odor stimuli imparted some form of npeesfic sensitization in the odor

responses of glomeruli.

4.6.4 Glomeruli showed similar or dissimilar type$ change in odor response
strength

AL glomeruli were categorized into different typascording to their types of change in
the odor response strength along the conditionsetdre, during and after adaptation.

Results of the WMP test showed that apart fromdifferential response patterns of the
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same glomerulus with the two background adaptagtonuli, majority of the glomeruli
showed the enhancement in odor response strengthgdadaptation compared to
‘before’. Results of the RM-ANOVA test although led the number of significant
differences in both adaptation experiments, howevereserved the significant
differences for the different patterns of changeesponse strength (e.g. gradual decrease
in responses from the un-adapted through adaptedhe post-adaptation conditions or
adaptation induced increase in responses whichispsiseven after the removal of
background adaptation stimuli). In both rat and ssumodels cortical olfactory
adaptation of the pyramidal cells (PRCs) due tosyreaptic depression in input signals
of the mitral/tufted cells not only ceased the meses of the PRCs to the unchanging
background odor but also preserved its responsabetancoming new odor stimuli
(Wilson 1998; Kadohisa and Wilson 2006). Mitral Isebn the other were found to
respond continuously to the trivial, static backgrd both in absence and presence of the
new odor stimulus. This specific pattern of celtutasponses was considered as the
possible mechanism contributes to the behavios ¢ odor-background segmentation
(Linster et al., 2007). In our adaptation experiments projectionroes of the honeybee
antennal lobe behaved like the rodent cortical pydal cells rather than the mitral cells
(its vertebrate analogue). This although soundsmatmus; however, similar type of
mechanism operating between the olfactory recepturons (ORNs) and projection
neurons (PNs) might account for the response atiaptaf the PNs to the constant
background odor stimuli along with the enhancenremesponse strength of the PNs to
the newly arriving test odors. This type of meckanican preserve the selectivity in
responses of the AL glomeruli to the odors underddmn of olfactory adaptation. In
addition, this also indicated that ORNSs in honeyimght act like the receptor neurons in
vertebrate and responded continuously to the backgr odor without any adaptation
induced exhaustion (Lancet 1986; Prgoral., 1970). Alternately, prolong adaptation (~
20 min) in these experiments probably reduced Kitdal) the strength of some of the
ORN-LN (local inhibitory interneurons) connectionghich led to the reduced inhibition
of the sub-set of PNs and further increase in tbeior responses compared to the
background-less un-adapted condition. This padicutend in the PN’s or their

innervated glomeruli was also associated with tbengruli which showed the adaptation
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induced decrease in their odor response strendta.shme model might explain this
behavior by considering that some of the ORN-LNnzmtions were activated (increase
in strength) during the time of adaptation whiclemwually reduced the PN’s responses to
the test odors due to elevation in the LN mediatddbition. This proposed mechanism
was based on the idea that olfactory receptor msut@d strong influences on the
adaptive odor response strengths of the antenih& ¢domeruli however; this model
needs to be tested.

Heterogeneity in the functional classes of recepeurons was possibly also reflected in
the results when we analyzed the individual glor@eriesponses to the individual test
odors. The three glomeruli selected in this analygiomerulus 17, 28 and 33) showed
the excitation as well as inhibition to the differéest odors with both adaptation stimuli.
One possible explanation of this type of dual bé&vamight be that different sub-set of
synapses between the ORNs and PNs (with recemiothd different odors) within the
same glomerulus behaved differentially due to tifferéntial effects of adaptation on the
receptor neuron’s activity. This possibly contrigitto the plasticity mechanism of the
single glomeruli responded either in an excitatoryin an inhibitory manner to the
different test odors and along the three conditmfisackground adaptation.

Reports on the number of neurons showed the estihiahervation of about 5 projection
neurons (PNs) inside a single honeybee glomer@aizia CG 2008). Hence, it also
possible that those projection neurons of the sglmmerulus are functionally different
which finally leads to the simultaneous enhancenoertecrease in the glomerular odor
response strength. Although, this possibility hasuapporting evidence in honeybee until
now; however, in rat Padmanabhan and Urban fouadrttrinsic heterogeneity in the
spiking rate of the mitral cells innervating themeaglomerulus of the olfactory bulb
(Padmanabhan and Urban 2010). Additionally, thesipts involvements of the feed-
back signals from the higher brain centers to r@guihe adaptive odor responses of the

AL glomeruli also need to be investigated.

4.6.5 Odor categories

Floral odor 1-hexanol (1-60l) and the sting alafmeq@mone odor isoamyl acetate (IAA)

showed the common increase in glomerular respotreagsh during the adaptation

243



Chapter-4: Olfactory adaptation

compared to ‘before’ with both adaptation stim@n the other hand for 1-octanal, AL
glomeruli showed the significant decrease in respatrength during the adaptation with
both background odor stimuli compared to the urpsath condition. In addition to the
similar types of change found between the two adegpt experiments, glomerular
response strength showed opposite changes fordanbrAdaptation induced changes in
the glomerular response strength to the differest bdors were similar or dissimilar
from each other like we found for the individuabgleruli. However, the reason for the
specific increase in response strength to the Iflanal sting pheromone odor was not
understood and requires further investigation. @teresting aspect in the data was that
AL glomeruli showed the adaptation induced enhamc#nin response strength to 1-
hexanol which persisted even after the withdrai@he adaptation stimulus, whereas the
glomerular responses were found to decrease pgigeds from the un-adapted state
until the post-adaptation condition for 1-9ol. Théwo odors were not only used as test
odors in these experiments but they were alsogdhe synthetic odor mixture that was
used for adaptation. Hence, PNs probably did nmigeize these odor components of the
synthetic odor mixture individually as they did reftow any self-adaptation type effect
in responses. The word ‘self-adaptation effect' cpmlly means the phenomena of
decrease in neuronal responses to an odor whesathe odor is used in the background
for olfactory adaptation. In our result PNs seentetteat the mixture of four pure odors
as separate odor than its components and incrélasaesponse strength for 1-hexanol.
The reduction in response strength found for 1-nohalthough might argue against the
idea that PNs did not show any self-adaptation sfbect however; it was known that
PNs in the honeybee AL can represent (or prochsshformation of the quaternary odor
mixture differently (like a separate odor) than thdividual components (Deisigt al,
2006).

4.6.6 Dissimilarities in the odor representationfperns due to adaptation

Prolong adaptation with the constant odor backgilouot only changed the strength of
odor evoked responses of the AL glomeruli but aldmanged the glomerular
representation patterns of the test odors. Distanoe dissimilarities in odor

representation patterns in the glomerular codiragspetween the conditions of before,
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during and after adaptation were measured by tieati Euclidean distances. With both
adaptation stimuli, it was found for nearly alltbé test odors that background adaptation
brought about significant separation in repres@mapatterns in comparison with the
pattern of the un-adapted state. In comparisonovatrof the adaptation stimuli changed
the odor representation patterns much less. Thiéseteresulted in the significantly
higher Euclidean distances between the glomeruthor aepresentation patterns of
‘before’ and ‘during’ as well as between ‘beforeidaafter adaptation compared to the
comparison between ‘during’ and after adaptationis Tagain showed the long lasting
effects of olfactory adaptation on the odor repnéstgon patterns of the antennal lobe
glomeruli. Significant changes in Euclidean disesaenight be associated with many
factors such as the changes in response strengfie erumber of activated glomeruli or
their response latencies which are complicatetiustiate. However, significant increase
in the measured Euclidean distances due to olfaetdaptation and its persistence even
after the removal of the adaptation stimuli cleahowed that prolong exposure of the
AL glomeruli to the habitat odor of honeybee colamythe mixture of pure odorants
enhanced the specific and stable forms of odoridigtation which probably signified
the more reliable or elaborated representatiomefdifferent molecular features of odor
moieties in the glomerular coding space.

4.7 Comments and outlook

Olfactory adaptation enhanced as well as inhibitlee response intensities of the
projection neurons innervating the antennal lobemgruli of the honeybed\pis

mellifera This particular result in association with the sifigant changes found in the
odor representation patterns confirmed that olfagtadaptation in this protocol

changed the odor coding scheme of the antennal ¢ddmmeruli In vertebrate models
(rat, mouse) the process of olfactory adaptation oy was found to preserve the
neuronal responses to the novel odor but also eelarthe odor-background
discrimination task behaviorally. Adaptation maylvee the physiological mechanism
through which animals reduce the overall respom&ge to the static and often
meaningless odor background and preserve the istleeind sensitivity of responses to

the new odor stimuli. In other words olfactory at@jon probably helps to filter and
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enhance the responses to the dynamic environment the unchanging background
content of information. We did not detect the aatcisignals during the 20 min expose of
honeybees with the background odor stimuli. Oneecguose bees to single or mixture of
odors for progressively higher period of time aadard the calcium signals from the AL
glomeruli. This will be an easier way to estimdte adaptation time of the AL glomeruli
with the criterion of showing no calcium respontethe further exposure of odors.
Extension of our adaptation experiments can inaatgothe signal recording from the
antennal lobe with higher temporal resolution tdenstand the dynamics of the neuronal
processes when achieving the state of adaptatipartArom the projection neurons,
recordings from the AL interneurons and the antere@eptor neurons can reveal their
responsibilities in adaptive changes of odor respsnNeuronal populations of the higher
brain areas such as the Kenyon cells of the mushroody can also be targeted for
calcium imaging studies to understand their rofeghie regulation of odor responses
during the process of olfactory adaptation. Behalianechanisms and physiological
correlates of olfactory learning under conditiorfsadaptation with background odor
stimuli are least known and is undoubtedly an é@xgitavenue of future research to
understand the computation of the olfactory systiiving the discrimination between

the target and the background in different contexts
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Fig. 4B: Glomerular types differed with respect totheir patterns of change in response
strength to the test odors between the conditiond before, during and after adaptation with

the colony odor: The 6 different glomerular types (mentioned atttheright corner of each sub-
plots) found in the adaptation experiment with ¢bny odor were already described in chapter-
3 (fig. 4A). The 6 representative glomeruli wer@wh in Fig. 4A; the response patterns of the
rests were shown here. Each sub-plot containeds3viith different colors (colors represented
the same three conditions as explained in Fig.wirh showed the mean response strengths of
the individual glomeruli to the test odors durihg three recording conditions (the abbreviations
for conditions were also same as described in4Ay. The y-axis was showed the mean values
of responses (normalized percent change in deltméan+ standard error). Results of the
statistical tests were given in table-1 (FriedmaxOVA followed by the Bonferroni corrected
Wilcoxon matched pairs test); the significant diffieces between means were denoted with the
asterics in the figure.
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Table-1: Results of the statistical tests for the 14 selectegloemruli in the adaptation
experiment with colony odor; refernce to Fig. 4A (Gapter-3) and 4B (appendix-2):The first
three columns respectively represented the glometype and name? values and degrees of
freedom and the probability values (results fronediman ANOVA test). The second three
columns showed the probability (p) values foundhie Wilcoxon matched pairs test (WMP test
with Bonferroni correction) when the odor respostenghths between the pairs of conditions
were compared (between before and durifig;dulum, between during and aftef 2oulum and
between before and after 8oulum). Type-6 glomerulus 17 showed non-signifiqa value in
the Friedman ANOVA, hence, no WMP test was perfatrme

Glomerular Friedman ANOVA Wilcoxon toled pairs test
type with Bonferroni correction
2
& number ¥, and p value p value
degree of freedom (df) (before vsridg) (during vs. after) (before vs.

after)

(type-1) 38 Xz =851 df=2 0.014 0.02 0.053 0. 000083

(type-2) 42 ¥*=91.73 df=2 0.00000 0.000000 0.000000 0.48

(type-2) 52 x*=81.85 df=2 0.00000 0.000004 0.000000 0.000000

(type-3) 28 Xz =161.41df=2 0.00000 0.000000 0.00 0.16

(type-3) 29 Xz =7.38 df=2 0.00000 0.010 0.14 0.049

(type-4) 47 x*=30.08 df=2 0.00000 0.15 0.00038 0.000002

(type-4) 33 x*=65.51 df=2 0.00000 0.059 0.000000 0.000000

(type-4) 49 x*=28.87 df=2 0.00000 0.20 0.0019 0.000001

(type-5) 35 Xz =66.08 df=2 0.00000 0.000000 0.05 0.000000

(type-5) 60 Xz =39.69 df=2 0.00000 0.000000 0.62 0.000000

(type-5) 36 x*=34.07 df=2 0.00000 0.000000 0.16 0.000000

(ty-5) T3-45y*=34.07 df=2 0.00000 0.000000 0.16 0.000000

(type-6) 48 x*=11.22 df=2 0.0036 0.78 0.054 0.17

(type-6) 17 ¥*=4.17 df=2 0.124 - - -
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pe-5

strengths to the test odors between the conditionsf before, during and after adaptation
with the synthetic odor mixture: The 6 different glomerular types (mentioned at tibye right

corner of each sub-plots) found in the adaptatiggeement with the synthetic odor mixture were
already described in chapter-3 (fig. 4C). The @esentative glomeruli were shown in Fig. 4C;
the response patterns of the rests were shown Bach. sub-plot contained 3 bars with different
colors (colors represented the same three conditisnexplained in Fig. 4A) which showed the
mean response strengths of the individual gloméouthe test odors during the three recording
conditions (the abbreviations for conditions welsbagame as described in Fig. 4A). The y-axis

was showed the mean values of responses (nhormgkzednt change in delta-F: meastandard

error). Results of the statistical tests were giiretable-2 (Friedman ANOVA followed by the
Bonferroni corrected Wilcoxon matched pairs tetg significant differences between means

were denoted with the asterics in the figure.
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Table-2: Results of the statistical tests for the 14 seledtegloemruli in the adaptation
experiment with synthetic odor mixture; refernce toFig. 4C (Chapter-3) and 4D (appendix-
2): The first three columns respectively representedgtbmerular type and namg,values and
degrees of freedom and the probability values [feétom Friedman ANOVA test). The second
three columns showed the probability (p) valuesitbin the Wilcoxon matched pairs test (WMP
test with Bonferroni correction) when the odor s strenghths between the pairs of
conditions were compared (between before and dutfigoulum, between during and aftef? 2
coulum and between before and aftédr;cﬁulum).

Glomerular Friedman ANOVA Wilcoxon mhaéd pairs test
type with Bonferroni correction
& number XZ and p value p value
degree of freedom (df) (before vs. dgjin  (during vs. after) (before vs.
after)
(type-1) 17 XZ =182.07 df =2 0.00000 0.000000 0.000000 0.00
(type-2) 38 x2 =118.27 df=2 0.00000 0.000 0.000000 0.000000
(type-2) 42 XZ =146.30 df =2 0.00000 0.000 0.000000 0.000000
(type-2) 47 x2 =162.97 df=2 0.00000 0.000 0.037 0.000000
type- =53. = . . . .
(type-2) 48 XZ 53.37 df=2 0.00000 0.000000 0.000038 0.011
(ty-2) T3-45 Xz =29.64 df=2 0.00000 0.000002 0.000000 0.57
type- =44, = . . . .
(type-3) 29 X2 4483 df=2 0.00001 0.10 0.000000 0.000000
(type-4) 36 X2 =126.63 df =2 0.00000 0.000000 0.48 0.000000
type- =23. = . . . .
(type-4) 28 XZ 23.18 df=2 0.00001 0.000009 0.414 0.000000
(type-4) 49 X2 =50.54 df=2 0.00000 0.000000 0.78 0.000000
(type-4) 52 XZ =15.32 df=2 0.00047 0.00014 0.88 0.018
(type-5) 35 X2 =1852 df=2 0.00010 0.312 0.00043 0.00010
(type-5) 33 X2 =734 df=2 0.025 0.30 0.0015 0.24
(type-6) 60 XZ =12.48 df=2 0.0019 0.41 0.030 0.063
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Table-3: Results of the statistical tests for gloeralus 17 (response strengths to the test
odors in the adaptation experiment with colony odarreference to Fig. 5A Chapter-3):The

first three columns respectively represented toengtular type and namg’ values and degrees
of freedom and the probability values (results freniedman ANOVA test). The second three
columns showed the probability (p) values foundhie Wilcoxon matched pairs test (WMP test
with Bonferroni correction) when the odor respostenghths between the pairs of conditions
were compared (between before and durifig;dulum, between during and aftef 2oulum and
between before and after 2oulum). No statistical analysis was performedresponses to
isoamyl acetate both before and during adaptasoweall as with responses to 2-heptanone after
the adaptation (due to weak responses).

Odor Friedman ANOVA Wilam matched pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vsridg) (during vs. after) (before vs.
after)

1-Hexanol Xz =12.77 df=2 0.0016 0.000000 0. 055 0.03
1-Nonanol Xz =15.411df=2 0.0004 0.000002 0. 032 0.20
Geraniol x> =19.033df =2 0.00007 0.00030 0.000000 0.62
1-Octanol ¥'=9.78 df=2 0.0075 0.99 0.0116 0.046
2-Heptanone *=8.22 df=2 0.016 0.0029 - -
Linalool Xz =11.33 df=2 0.0034 0.27 0.000001 0.028
1-Octanal Xz =14.74 df=2 0.00063 0.000051 0.049 00mOo50

Table-4: Results of the statistical tests for gloeralus 17 (responses to the test odors in the
adaptation experiment with synthetic odor mixture; reference to Fig. 5C Chapter-3):The
columns of this table represented the same parasnatedescribed in Table-1 with the same
sequence of statistical tests. Analysis was onlydooted for 1-hexanol since glomerulus 17
responded weaky to the other odors.

Odor Friedman ANOVA Wilcoxoratohed pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vs. idg) (during vs. after) (before vs.
after)
1-Hexanol XZ =59.05 df=2 0.00000 0.0013 0.000000 .00D21
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Table-5: Results of the statistical tests on the sponse strengths of gloemrulus 28 to the test
odors in the colony odor adaptation experiment; redrence to Fig. 5E (Chapter-3):The
columns of this table represented the same parasnatedescribed in Table-1 with the same
sequence of statistical tests. No statistical aimlwas performed with responses to geraniol

before the adaptation.

Odor Friedman ANOVA Wilcoxamatched pairs test
name with Bonferroni correction
xz and p value p value
degree of freedom (df) (before vsridg) (during vs. after) (before vs.
after)
1-Hexanol 2=48.21 df=2 0.0000¢ 0.000000 0.000000 0.04
1-Nonanol 2=11.07 df=2 0.003% 0.0086 0.004 0.50
Isoamyl acetate x*= 68.76 df=2 0.0000( 0.000000 0.000015 0.@mo
Geraniol 2=14.07 df=2 0.0008% - 0.0024 -
1-Octanol Xz =24.348df =2 0.0001 0.000082 0.000000 0.026
2-Heptanone Xz =51.95 df=2 0.0034 0.0029 0.0004 0.16
Linalool Xz =2267 df=2 0.00001 0.27 0.000001 0.028
1-Octanal Xz =50.80 df=2 0.0000 0.000000 0.589 0amo0o0

Table-6: Results of the statistical tests on the sponse strengths of gloemrulus 28 to the
individual test odors in the synthetic odor mixtureadaptation experiment; reference to Fig.

5G (Chapter-3): The columns of this table represented the samenmadeas as described in
Table-1 with the same sequence of statistical .t&distical analysis was performed only with
the response data of 1-hexanol (only between dunmbafter adaptation since responses before

adaptation was weak)

Odor Friedman ANOVA Wilcoxamatched pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vs. idg) (during vs. after) (before vs.
after)
1-Hexanol XZ =29.64 df=2 0.0000T - 0.033 -
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Table-7: Results of the statistical tests on the sponse strengths of gloemrulus 33 to the
individual test odors in the colony odor adaptation experiment; reference to Fig. 5I
(Chapter-3): Responses to 5 odors were shown here (the resdr8 sHowed weak responses),
but 1-hexanol showed weak responses before théadigeyp(no statistics performed on that data).

Odor Friedman ANOVA Wilomx matched pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vsridg) (during vs. after) (before vs.
after)

1-Hexanol ¥’ =53.34 df =2 0.00000 - 0.000011 -
1-Nonanol XZ =954 df=2 0.0084 0.00016 0.0034 0.398
1-Octanol Xz =2341 df=2 0.0001 0.000000 0.000001 0.16
2-Heptanone =073 df=2 0.692 0.21 0.86 0.29
1-Octanal ¥=0.87 df=2 0.64 0.44 0.62 0.67

Table-8: Results of the statistical tests on the sponse strengths of gloemrulus 33 to the test
odors in the adaptation experiment with synthetic dor mixture; reference to Fig. 5K
(Chapter-3): The columns of this table represented the samerdeas as described in Table-1
with the same sequence of statistical tests. Reggaie 4 out of 8 odors were found stronger and
analyzed with the statistical tests.

Odor Friedman ANOVA Wilcaxonatched pairs test
name with Bonferroni correction
Xz and p value p value
degree of freedom (df) (before vs. idg) (during vs. after) (before vs.
after)
1-Hexanol XZ =575 df=2 0.056 0.017 0.0094 0.24
1-Octanol Xz =1.24, df=2 0.537 0.73 0.54 0.76
2-Heptanone Xz =7.09, df=2 0.02 0.004 0.0082 0.92
1-Octanal XZ =15.57 df=2 0.00042 0.12 0.007 0.00005
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Table-9: Results of the statistical tests for thedor-categorization (colony odor adaptation);
reference to Fig. 6A (Chapter-3):The columns of this table represented the sananpters as
described in Table-1 with the same sequence dbtital tests. AL glomeruli did not show any
significant change in response strength to 2-hepatetween the three conditions of adaptation
with the colony odor.

Odor Friedman ANOVA Wilemx matched pairs test
type with Bonferroni correction
& name XZ and p value p value
degree of freed@) (before vs. dgln  (during vs. after) (before vs.
after)
1-Hexanol (type-1) XZ =9.75 df=2 0.0076 (€:13]0] 0. 0160 (mao
1-Nonanol (type-1) XZ =11.10df=2 0.0034 300 0.11 .0@045
Isoamyl acetate (type-1)°= 36.81 df=2 0.00000 0.0032 0.000003 0.000000
Geraniol (type-1) XZ =1597df=2 0.00034 90. 0. 002 0.0048
1-Octanol (type-3)y*=4.26 df=2 0.11 0.29 0.13 0.87
2-Heptanone (type-3)° = 1.50 df = 2 0.47 - - -
Linalool (type-3) Xz =596 df=2 0.050 0.025 0.033 0. 80
1-Octanal (type-2) Xz =15.34 df =2 0.00047 0.509 0.55 0.0064

Table-10: Results of the statistical tests for theodor-categorization (odor mixture
adaptation experiment); reference to Fig. 6B (Chapr-3): The columns of this table
represented the same parameters as described lier Talith the same sequence of statistical
tests.

Odor Friedman ANOVA Wilcoxamatched pairs test
type with Bonferroni correction
& name XZ and p value p value
degree of freed(df) (before vs. dig) (during vs. after) (before vs.
after)
1-Hexanol (type-1) XZ =5593 df=2 0.00000 0.000000 0. 000000 0.00047
1-Nonanol (type-3) x> = 18.48 df=2 0.00019 @00 0.0010 0.000002
Isoamyl acetate (type-l;)2 =21.74df=2  0.00007 0.000000 0.000018 0.35
Geraniol (type-4) XZ =11.30 df=2 0.003% 0@»0 0. 00053 0.73
1-Octanol (type-2)y*=8.39 df=2 0.01% 0.0040 0.13 0.011
2-Heptanone (type-3f = 10.33 df = 2 0.0057% 0.14 0.010 0.002
Linalool (type-5) XZ =470 df=2 0.0¢4 0.13 0.22 0.014
1-Octanal (type-3) XZ =11.53 df=2 0.003%1 (€12]0] 0.96 0.005
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Table-11: Results of the statistical tests (for th&uclidean distance measurements in the
colony odor adaptation experiment) Results of the individual odors were shown heretlie
colony odor adaptation experiment; refenrence ¢diily. 7A, B, C, D, E, F, G and H (chapter-3).
The columns of this table represented the samerdieas as described in Table-1 with the same
sequence of statistical tests.

Odor Friedman ANOVA Wikamn matched pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vs. duping (during vs. after) (before vs.
after)
1-Hexanol °=109.98 df=2 0.0000p 0.000000 0.000000 0.000037
1-Nonanol ¥*=85.60 df=2 0.0000p 0.000000 0.000000 0.000041
IAA ¥’'=76.38 df=2 0.00009 0.000000 0.000000 0.28
Geraniol =1896 df=2 0.0000B 0.001 0.054 0.000016
1-Octanol y*=6.78 df =2 0.03B 0.02 0.7 0.007
2-Heptanong® = 20.16  df =2 0.00004 0.000013 0.000000 0.87
Linalool  ¥*=3.2 df =2 0.21 - - -
1-Octanal Xz =1259 df=2 0.0000¢  0.000000 0.00 0.000000

Table-12: Results of the statistical tests (for thé&uclidean distance measurements in the
synthetic odor mixture): Results of the individual odors were shown heretlie synthetic odor
mixture adaptation experiment; refenrence to tlog FA, B, C, D, E, F, G and H (chapter-3). The
orders The columns of this table represented thie gmrameters as described in Table-1 with the
same sequence of statistical tests.

Odor Friedman ANOVA Wilcoxamatched pairs test
name with Bonferroni correction
XZ and p value p value
degree of freedom (df) (before vs. dg)in  (during vs. after) (before vs.
after)
1-Hexanol Xz =75.66 df=2 0.000Q0 0.000000 0.000000 0.000000
1-Nonanol X2 =4491 df=2 0.000Q0 0.000001 0.000000 0.001
IAA XZ =23.70 df=2 0.000q1 0.01 0.000027 0.5
Geraniol 2=46.74 df=2 0.000Q0 0.000000 0.0002 0.000000
1-Octanol %*=29.98 df=2 0.000q0 0.000001 0.000018 0.02
2-Heptan0ne¢2 =20251df=2 0.000d0 0.000000 0.000000 0.000000
Linalool 2=43.63 df=2 0.000 0.000000 0.000000 0.051
1-Octanal XZ =71.26 df=2 0.000J0 0.000000 0.000000 0.000000
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Chapter -5

Discussion

In the ‘Introduction’ (chapter-1) of this dissertat | tried to explain the connections
between the three chapters with respect to thegareh goals or interests and methods.
One of the important motivations of these chapterthis thesis was to understand the
olfactory perception and learning in honeybee irspnce of the complex odor

environment.

Discussion of results; chapter-2

In chapter-2 we investigated whether the hygiemesowere better in learning the odors
associated with th¥arroa infection than the non-hygienic bees. In the fesperiment
honeybees from both genetic lines were found taddiearn the discrimination between
the odors of the healthy and infected wax capshBgpbes of wax caps used in this
experiment emanated the mixture of odors which Heamed without learning the
difference between the two types of mixtures. Rresef the common wax compounds
in higher concentrations over the lower concerdrati of the disease associated
chemicals in the volatile odor profiles of the ttypes of wax pieces might be one of the
possible reasons for the complete generalizationn(o discrimination) in responses
between these wax stimuli. Alternately, the isolatprocedure possibly affected the
chemical composition of the wax pieces. However, digt not check the alternative
possibility as whether bees can recognize andidiswte between these two types of
wax stimuli inside the colony or in other words whadapted with the background of
colony odor. This can be an interesting experintenperform in future to answer the
original question in the context of honeybee coldRgsults of the following experiment
showed that only the hygienic but not the non-hygidoees were able to differentiate
between the volatile odor-bouquets of the healthg \arroa parasitized pupae. This

result was important as better discriminability the hygienic bees over the non-
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hygienics between the volatile odors of the healting infected pupae indicated the
possibleimportant roles of the olfactory processes to tlficient recognition of the
Varroa infected brood by the hygienic beghich possibly contribute to their higher
resistance against this ectoparasitic mite. Sintdathe previous experiment with wax
odors, conditioning with pupal odors was also epeated with the background adapting
stimulus of the colony odor. Hence, possible effeat olfactory adaptation with the
background of colony odor on the discriminatiorwestn the volatile odors of the pupae
or the wax caps in these two genetic lines werestet in this study. Interestingly,
hygienic bees showed the higher discriminabilitylmwer generalization between the
pupal odors only when th€arroa parasitized pupae but not the un-parasitized pupae
were used as the rewarded stimulus or CS+. In pipeote combination of the two CS
stimuli both hygienic and non-hygienic bees weranfib to fail to learn the task of
discrimination. This type of asymmetric learningsaadso found previously in the study
conducted by Masterman and colleagues. They fobatkees form their hygienic line
learned the olfactory discrimination task (in PE&guligm) better when the chalkbrood
infected pupae were used as the CS+ and the hegalffge as the CS- but note versa
(Mastermaret al., 2000). The possible reason of the asymmetric resdidoetween the
volatile odors of the healthy and the diseased dwwas unclear but found commonly
between their and our studies independent of theifsgity of infection.

The better olfactory discriminability of the hygies than the non-hygienic bees towards
the odor stimuli represented the health statud@brood did not confirm whether these
two lines differed generally in their olfactory teang abilities. To test that, bees were
conditioned with the sting alarm pheromone odaaisyl acetate (IAA) but were tested
during the memaory retention tests with the novalmirained odor (a new CS), 1-hexanal
along with the CS+ odor IAA. This protocol testée effect of olfactory generalization
between the trained and the novel odors. Bees li@tim genetic lines were found to learn
the CS+ (IAA) similarly during the absolute conditing but non-hygienic bees
compared to the hygienics showed significantly arghdor generalization during both
the short-term and the long-term memory retentestst Additionally, the non-hygienic
bees showed consistently strong responses to ltbe fiaper during the two retention

tests. Honeybees from both lines showed higher gdoeralization when conditioned
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with the same odor IAA in presence of the colongrddackground used for adaptation.
However, this effect was related with the lowerrtéag during the conditioning
compared to the previous experiment when bees didreceive any background
adaptation. This reduction in olfactory learningswaund stronger in non-hygienics than
in the hygienic bees. When bees from these twes hmere conditioned differentially with
the high concentrations of the floral odors suclyesniol and 1-hexanol, non-hygienic
bees were again failed to learn the discriminabioth during the conditioning as well as
the retention tests. Hygienic bees learned theridigwtion task between these two
odors, like the bees in our institute’s gardenegorted previously (Maluet al., 2002).
The overallhigher odor generalizatiorshowed by the non-hygienic bees between the
geraniol and 1-hexanol, between the trained oddk Bkhd the novel odor 1-hexanal
along with the unusually high response levels te #timulus like filter paper
demonstrated that either this honeybee line hackrgérdeficit in learning the odor
stimuli or some form of specific deficit to learhet odors in the PER conditioning
paradigm. Alternately, the non-hygienic bees pdgsbffered some form of long-term
arousal or sensitization effect which suppressed dffiects of olfactory learning and
elevated the average responses to all kinds ofti@tils (including the filter paper) for
the entire experimental season. Irrespective odehmossibilities it was concluded that
hygienic bees performed significantly better thia@ hon-hygienic bees in the entire set
of conditioning experiments conducted during thensier and autumn (2009). It was
also concluded that olfactory adaptation with tloéooy odor background reduced the
learning of isoamyl acetate significantly during onditioning in both genetic lines but
for the non-hygienic bees the effects were stranfjawvas unclear from these results
whether this was a specific effect of the colongrodr specific reduction found in the
conditioned responses to IAA. These possibilitiee af general interest to be
investigated in future to understand the behavitgatning mechanisms in honeybees
under conditions of olfactory adaptation. Howevdre better performance of the
hygienic bees in our study closely resembled tlmnlag behavior of honeybees in
general, so the differences between these the miggd non-hygienic lines most likely
were raised due to the consistent poor performaht® non-hygienic bees rather due to

the true superior performance of the hygienic lime.absence of any third group of
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honeybees conditioned and tested in parallel igise two lines, the possible superiority
of the hygienic bees in their olfactory learninglitibs over the non-hygienic bees could
not be confirmed. However, successful discrimimati@tween the volatile odor profiles
of the Varroa parasitized and the un-parasitized brood showedhbyhygienic bees
strongly indicated the possibility of th@factory recognition of diseased brood as the

mechanism of behavioral resistance of the hygilmés against the Varroa mite.

Future perspective

Uncapping experiments performed previously towattts Varroa parasitized brood
(Bienefeld & Zautke 2006) as well as the recentorepy Schoning and colleagues
confirmed that brood-removal or hygienic behavi®mbpt triggered by the identity of
pathogen but by the extent of damage inflicted lenlirood in course of the infection
(Schéninget al., 2011). This idea was supported by the previousrtgpat honeybees
use the same defense mechanism, the hygienic lmehawviesist both the chalkbrood and
the American foulbrood diseases (Spivak and GilllE#88a, 1998b). Colonies breed for
the resistance against the chalkbrood and the Aarefoulbrood also showed resistance
against thevarroa mite (Ibrahim and Spivak 2006). In comparisonhe thalkbrood or
foulbrood infection,Varroa causes relatively subtle damage on the brood simaey
infected broods were found to develop normally (Bhg et al.,, 2011). Hence,
understanding the mechanisms of hygienic behawainat theVarroa destructoris
important to develop the honeybee lines with bimalgresistance against théarroa
pathogenesis and other brood diseases (chalkb/roédrican and European forms of
foulbrood). In addition, it will also stop the usé toxic chemicals in the bee-keeping
industry for controlling infestations. The resuits chapter-2 although showed the
significantly better olfactory learning abilitiesf ahe hygienic bees than the non-
hygienics, however, did not confirm the true supdty of the hygienic bees due to the
consistently poor learning and memory performardd¢se non-hygienic bees. However,
if one can confirm the fact that hygienic bees haigler discriminability and sensitivity
to the brood odors (healthy aNérroa parasitized) than the non-hygienic bees, then the
next step will be to investigate the possible défeces in expression patterns of genes

associated with the olfactory pathways in the branropiles of the hygienic and non-
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hygienic bees. Knowledge of the differential expres patterns or levels of genes (using
the microarray analysis) in various tissues ofrtee/ous system (antennae, antennal lobe
and mushroom body) of the hygiems. non-hygienic bees can be used to understand the
molecular basis of the disease resistance. Thisfsgenomic information can also be
used to develop the diagnostic tools such as thetigekits with the markers of disease-
resistance which will enable us to recognize the-resistant honeybee lines for efficient

breeding for the higher resistance againsMaeoa pathogenesis.

Common aspect; chapter-2 and chapter-3

Results in chapter-2 showed that only hygienic beee able to discriminate between
the volatile odor profiles of the healthy and tharroa infested pupae. These odor
profiles represented the mixture of odors emanét@u the body of the two types of
pupae. However, in place of the odor mixture, lgbe same hygienic lines in chapter-
3 were conditioned differentially (in the cumulaizonditioning assay) with the pure
odors namely, ocimen and phenethyl acetate respéctiepresented the odors of the
healthy and the chalkbrood infected larvae. Theakeonditioned responses (CRs) and
discriminability of the hygienic bees to the pupalatiles although were low (relatively
complex task) but conditioning with pure odors eased the CRs and the odor
discriminability during the cumulative conditioningssay (relatively simpler task).
However, these two conditioning experiments commanimicked the task of odor

driven differentiation between the healthy anddis®ased brood inside the colony.

Discussion of results; chapter-3

The motivation of chapter-3 was to characterize difeerent learning and memory
performance classes of the honeybee population thighapproach of analyzing the
performance of individual bees. We found high Jailigy in the performance scores of
the individuals (within the population) in the difent learning related features e.g. the
rate of CS+ learning for which high heterogeneity population was also found
previously (Pamiet al., 2011). This high variability most likely reflectede variability

in olfactory learning performance of the forageedb@resent in the natural population.
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This variability probably indicates the differendasgenetic background and the history
of odor learning of the forager bees. Under thisdion the best and the worst
cumulative performers were selected with the aabytrcriteria (not based on any
statistical criteria) of the higher and lower ramgef cumulative scores. Although
arbitrary, but the selection procedure had the sagpom the other data that showed the
presence of the extreme scorer categories in tbee duistograms of the individual
guantified features related with olfactory learniagd memory. The best cumulative
performers showed good performances throughoutatsay. They learned the CS+
stimuli fast and reliably during the differentiabrdditionings, discriminated strongly
between the CS+ and CS- odors both during the tiondhig trials and the memory
retention tests as well as showed high sensitigitgsponses to the different dilutions of
the CS stimuli during the tests. The high scoresha different learning and memory
related features of the best cumulative scorerdddatie high correlations between these
features. The only exception was the feature whisdntified the responses to the filter
paper and paraffin oil. This group of high scometually showed strong responses to the
filter paper and paraffin oil initially during th&™ test. However, the responses were
reduced during the successiV¥ st in each of the two phases of the cumulatbsay
which eventually lowered the correlation of thisati@e with the others. The poor
cumulative performers on the other hand performedsistently bad throughout the
different phases of the cumulative assay. Condlgteweak CS+ learning, odor
discriminability during the conditionings and thetention tests with the overall weak
responses to any type of CS stimuli of these bessassociated with the low correlations
between the scores of the same set of learningrardory related features. However,
sucrose responses of the low scorers did not shmwcampromise during the entire
assay. Hence, it was concluded that deficit inobdfiey learning and memory processes
rather not the compromised PER responses resultdueioverall poor performance of
the low cumulative scorers throughout the assay. fdlend that bees used in the
cumulative assay did not show any significant \tamain olfactory learning and memory
performances along the different time points of gkason (summer and autumn 2010),
although the seasonal effects on olfactory learnmgre reported previously for
honeybees (BlazgtCereskieg and Skirkewtius 2006; Hadar and Menzel 2010). The
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possible reasons for the differences in resultsvéet these two studies with the
cumulative conditioning assay were unclear but edgihces in genotypes of the
honeybees (backcrossed hygienic beesolonies breed for no selection trait), olfactory
learning protocols (cumulative conditioning. absolute and reversal conditioning) as
well as the experimental time points during thessma(ereSkieg and colleagues
conducted their experiments in Lithuania wherergpextends from March to July and
autumn from September until November, unlike inliBewhere July is the middle of
summer and November is the beginning of wintergtogr probably contributed to this
differences. Honeybees does not have any genatip@oent to perform good or bad in
the olfactory PER conditioning paradigm since itais artificial method (laboratory
assay). However, this paradigm can test the elWeo#ss of the natural genetic
components of odor learning. This particular infatimn along with the contributions of
the individual backcrossed colonies to the popotetiof both the best and the poor
cumulative scorers, and the absence of seasonattefin the learning related
performances of bees suggested that cumulativeitaonidg assay and the selection
criteria most likely sorted out the truly superand inferior olfactory performers of the
natural population.

Although these two types of cumulative scorers sftbwubstantial variability in their
learning and memory performances, but they hactdnemon high correlation in scores
between the CS+ learning speed (Acql) and the didoriminability (Discl) during the
1% differential conditioning. In fact, the high colation between these two features was
found in the other types of performer classes sslewith the different criteria and for
the entire experimental population of honeybeedoReaance scores of Acql contributed
directly to the scores of Discl due to the way thesre quantified but the scoring
procedure did not dictate the high correlation eetwthe Acql and Discl as the same
two features (Acq2 and Disc2) during th& phase of the assay showed the lower
correlation values. This inconsistency was expliibg the fact that honeybees learned
and discriminated better between the odors duhiedff phase compared to th& phase

of the assay. Higher generalization between the &@8+CS- stimuli during the'?phase

of the assay reduced the scores and correlatidmseée the features such as Acq2 and

Disc2. During the § memory retention test of the cumulative assdyBase) bees were
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able to discriminate well between the training @ntcations of the CS+ and CS- odors
but showed more generalization in responses whemithtions of the CS stimuli were
presented. Hence, the high number of incorrectoresgs to the dilutions of the CSs did
not reflect the possible deficit in learning duritiee 2° phase, rather most likely
indicated the hunger responses in bees due torttheng odor training and test protocol
(for 3 hrs) of the ¥ phase of the assay. The possible effects of hureg@onses might
have contributed to the higher number of incorresponses when the dilutions of the CS
stimuli were presented however; exposure to théndsg concentrations of the CSs
restored the specific higher responses of beekedCS+ compared to the CS- stimuli
(due to concentration effect).

We also found that scores of Discl (odor discriiima during the 1 differential
conditioning) among the other features was singlg @ predict the final performance
scores of the best and the poor cumulative scdasses with highest probabilities. In
other words, ability to learn concomitantly the miegs of the rewarded (CS+) and the
unrewarded (CS-) odor stimuli was the most impdrtaature found in this assay which
strongly influenced the final performance levelstlué two types of extreme cumulative
scorers. However, these two classes of cumulativeess were selected by the scores of
the Discl only with the probability values nearly Orather not high as 0.9 or more to be
adequately sure about the usefulness of the feddisel for the selection of the
cumulative performers. This clearly indicated #agiability in the learning and memory
performances of these bees during the cumulatimdittoning assaysuch that the lower
performance score in one or more features was cosaped by the higher performance
score in one or others. This eventually resultethenfailure of selecting these bees with
high probabilities using the scores of the singlatdires. This was rather obvious, since
the overall high variability of the whole experint@npopulation (as discussed before)

was also found in the learning and memory perfocearof these two types of scorers

Acg 1 and Discl showed high linear correlation lestw their scores, but the higher
scores of Acql were only able to select the 54%s lvel@ich were high Discl scorers,
whereas, all high Discl scorers were found to sbagh in Acql. The % finding was

trivial but the £ was not, as it demonstrated that fast and comsisteponses (learning)

to the rewarded odors (CS+) were insufficient fug fast and consistent learning of the
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CS- odors during the differential conditioning.dther words)earning speed of the CS-

stimuli was found independent of learning spedti®CS+ stimuli

Learning dynamics of the CS+ and the CS- odors wWeoad to vary in different
performer classes. The best cumulative scorerdrantigh scorers of Acgl showed the
concomitant learning of the CS+ and CS- odor siimtiich was not found in the poor
cumulative or the low Acqgl scorers. The feature JAcgpresented both the speed and
consistency of CS+ learning in this assay. Analgeigarated these two aspects of Acq
showed that the early but not the delayed learaeds/ or responders to the CS+ stimuli
during the ' DC exhibited the ‘together-learning’ of the CS+ldBS- odor stimuli. This
revealed the fact that learning of the rewarded thierdunrewarded odor stimuo not
follow any common or general dynamics in bees rathe learning dynamics of these
two stimuli depend on the type of learning perfasnélowever, the high cumulative
scorers and the fast and consistent CS+ learnemweshthe stronger effects of odor
generalization (between the CS+ and CS- odors) tardsucrose mediated arousal
compared the low Acql and cumulative scorers dutfiregf" differential conditioning.
These effects, found in the high scorers were sgged by the fast learning of the CS-
stimuli which led to the concomitant learning o t8S+ and CS- stimuli. The underlying
reasons for the initial higher number of responseshe CS- stimuli (due to high
generalization and effects of sucrose arousalhénhigh cumulative and Acq 1 scorers
were unknown; however, possible higher sensitiatythe olfactory and/or gustatory
receptors of these bees might have controlled &y digher responsiveness to both
types of odor stimuli which was suppressed soonthgy strong effects of learning.
Overall we found that bees learning speed of the &8nuli and odor discriminability
were the two most important features that domindte overall or cumulative
performance levels of bees in the cumulative asdayvever, it is possible that other
olfactory learning assays in honeybee may pick betwthese two features or any other

behavioral feature to be the strongest predictéh@findividual’s overall performance.

267



Chapter-5: Discussion

Future perspective

Fast learners of the CS+ odors and bees with sabiligy to discriminate between odors
performed consistently well in the cumulative caiotiing assay.In vivo calcium
imaging or electrophysiological recordings from gpecific neuronal population (e.g.,
Kenyon cells in the mushroom body) of these beeas loa highly interesting to
understand the neurophysiological basis of fastcamd¢omitant learning of multiple odor
information. Consecutive olfactory and visual leagnh assays in honeybee can be
developed to investigate the possible correlatlmgtsveen the learning performances in
these two sensory modalities. This approach camsb@ul to understand the nature of the
common behavioral machinery regulating the learrohghese two important sensory
stimuli. Although the results of the gene expresssbudy were not reported in this
dissertation, however, any robust and conservedtgesignature for the different types
of olfactory learning and memory performers canubed to understand the underlying
genetic / molecular networks regulating the olfagtlearning-related performances in

honeybee.

Contradictory aspect; chapter-2 and chapter-4

In chapter-2 honeybees of the hygienic and nonémnygilines were trained with the sting
alarm pheromone compound, isoamyl acetate (IAAh liotpresence and absence of the
background odor of honeybee colony. The constackdraund odor was used to adapt
the bees behaviorally while they were conditionéith whe IAA and latter tested with the
novel odor, 1-hexanal apart from the conditionedrpdAA to test the effects of odor
generalization. Bees of the hygienic and non-hyigidimes were found to learn the
conditioned stimulus isoamyl acetate significaégs in the adapted state compared to
the un-adapted state (when conditioned in the backg of laboratory). They also
showed higher odor generalization when the colodgrowvas applied for olfactory
adaptation. Hence, we concluded that backgroungtatian with the odor of honeybee
colony inhibited the olfactory learning as well @&bevated the effects of odor
generalization in bees. In chapter-4 we perfornredvivo calcium imaging in the

honeybee antennal lobe (AL) to understand the piategffects of olfactory adaptation
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on the glomerular odor coding. Similar to chaptecéhstant background of colony odor
was also used in chapter-4 for adaptation of theghkdmeruli which was followed the
recording of glomerular calcium responses to thfemint test odors under the adapted
condition. Isoamyl acetate was used as one of @bt ddors and it was found that
adaptation with the colony odor increased the gloilae response strength significantly
to this odor compared to the un-adapted conditioaddition, adaptation with the colony
odor was also found to increase the linear disthet@een the glomerular representation
patterns (Euclidean distances) of IAA compared&dther two conditions (details given
in ‘Discussion; chapter-4’).

Significant increase in the strength of glomerwdalcium signals along with the change
in the representation patter apparently did notlampthe result of chapter-2, that
adaptation with the colony odor declined the obfagtlearning in bees for isoamyl
acetate. However, olfactory learning experimentsopmed in chapter-2 were different
than the odor coding (perception) experiments peréal in chapter-4. The latter set of
experiments did not incorporate any sucrose orrditfg&component. Hence, classically
no learning component was involved in our calciumaging study. However, adaptive
response of glomeruli to the isoamyl acetate mistcthe increased calcium signals of
the AL glomeruli for the learned rewarded odor Haitgh IAA was not used as
conditioned odor) after the olfactory PER condiimgn(Faberet al., 1999, Rathet al.,
2011). The sugar US of these studies seemed tegb&ced by the adapting background
odor of honeybee colony in our imaging study ay theth enhanced the odor response
strength of the AL glomeruli. But, on the other Hacolony odor adaptation decreased
the olfactory learning in both hygienic and nondleyic bees (chapter-2). The
contradiction between the behavioral and physiclgdata was not understood, but
probably indicated the fact that behavioral outcenie animals in kind type of
experiment may not be correlated with the physicllgoutcomes of the few neurons in

another type of experiment.

Discussion of results; chapter-4

Honeybees were exposed for 20 min either with thek@round odor of unknown

complexity such as the odor of the honeybee coltmy habitat odor) or with the odor
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mixture of known complexity (equal v/v mixture abur odors) for adaptation of the
antennal lobe glomeruli. Under the adaptation domdiboth background stimuli were
found to increase the average response strengtreajlomeruli only during the time of
odor stimulation to the set of test odors comparethe initial un-adapted condition.
However, when glomerular responses before, dunmadter the odor stimulation were
considered these two adaptation stimuli showed sigpaype of change in the average
odor responses strength of the glomeruli. Adaptaiwth the colony odor reduced and
with the synthetic odor mixture increased the agerglomerular response strength to the
odors. The overall inhibitory effect of the coloaglor adaptation however did not affect
the odor evoked responses of the glomeruli as #iewed the adaptation induced
enhancement in responses during the time of odowulsttion (mentioned before). The
dissimilar effects of the two background adaptatsiimuli on the overall response
strength of the glomeruli probably indicated th#edent effects of these odor mixtures
on the glomerular network of the AL in terms of iaating the different forms or
pathways of olfactory adaptation. However, neithfethese possibilities was investigated
further in this study. Further research in thisedilon can reveal the possible
physiological mechanisms of the glomerular subsumit the honeybee antennal lobe.
Glomerular responses to the test odors, afteréheoval of the background adaptation
conditions, did not recover back to the initial asapted levels. Removal of the colony
odor led to the further increase in odor respormegop of the adaptation induced
increase. For the synthetic odor mixture, post-aftset responses of the AL glomeruli
were decreased after the removal of the backgraaagbtation condition. Adaptation-
recovery of odor responses was expected in theperiexents as bees were kept
undisturbed for 5 min after the stoppage of thekbgeaund odor stimuli. However, 5 min
time period used in the protocol proved to be ifisieit for the responses recovery of
the projection neurons innervating the honeybeeghdmeruli. Mitral cells in the rat
olfactory bulb were reported to consume 30 — 50 fointhe response recovery after
being adapted for 1 hour with the constant backgdaador (Chaput and Panhuber 1982)
stimulus. Olfactory receptor neurons in the silkmomoth, Antheraea polyfemusere
reported to take more than 1 hour for the compeaptation recovery (Kaisslirgg al.,

1987). In the housefliusca domesticat was also reported that odor responses of the
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olfactory receptor neurons (ORN) did not recovesnirthe effects of background
adaptation with the higher concentrations of theepodorants within 15 min of time
(Kelling et al.,2002). It is possible that like the rat mitrallsedr the receptor neurons of
the housefly and the silkworm moth, honeybee ptmrcneurons (PNs) also require
time longer than 5 min for adaptation recovery. Timaitation of our experimental
protocol that we did not find the adaptation reecgugowever was interesting in itself to
indicate the possible slow adaptation recoveryhefgrojection neurons in the honeybee
AL.

Apart from the gross or average analyses of themgialar response intensities,
individual glomeruli were also analyzed for the §ibke adaptation induced changes in
their odor response strengths. In this analysidoued that majority of glomeruli with
both adaptation stimuli showed the enhancemenhéir response strength to the test
odors during the time of adaptation compared t@feefHowever, the same glomerulus
showed different types of changes during the adaptavith the two background odor
stimuli. This again demonstrated the differentiites of these two adapting stimuli
(colony odor and synthetic odor mixture) on the Wdtwork to induce either the different
kinds or activate the different pathways of adaptatThe reasons for the increase in
odor response strength of the glomeruli during ddeptation with background odor
stimuli in these experiments were not further inigeged. However, one possible
explanation of this behavior might be that prol@xgosure (for 20 min) of the antennal
lobe neuropil to the background odor stimuli redu@ghibited) the strength of the ORN-
LN (local inhibitory interneurons) connections, whiled to reduced inhibition at the PN-
LN connections and subsequent increase in the oslkponse strength of the PNs
compared to the background-less un-adapted condi@pposite type of changes in the
strength of these synaptic connections inducedhbybiackground adaptation probably
resulted in the increased inhibition in some of B¢-LN connections and subsequent
decrease in the odor response strength of sombeofjlomeruli innervated by these
specific sub-sets of PNs (e.g. Glomerulus 17 anckdgectively for the synthetic and the
colony odor adaptation experiments). This model based on the basic assumption that
olfactory receptor neurons have strong influenaeshe adaptive odor responses of the
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antennal lobe neuropil which needs to be testeddtiition, individualistic nature of the
glomeruli in terms of processing odor informatidsoacontributed to this model.

Prolong adaptation with the constant odor backgilouot only changed the strength of
odor evoked responses of the AL glomeruli but aldmanged the glomerular
representation patterns of the test odors. Distanoe dissimilarities in odor
representation patterns in the glomerular codiragspetween the conditions of before,
during and after adaptation were measured by tteati Euclidean distances. With both
adaptation stimuli, it was found for nearly alltb& test odors that background adaptation
brought about significant separation in represénigbatterns compared to the pattern of
the un-adapted state. In comparison, removal ofttaptation stimuli changed the odor
representation patterns much less. These effestdted in the significantly higher
Euclidean distances between the glomerular odoeseptation patterns of ‘before’ and
‘during’ as well as between ‘before’ and after adéipn compared to the comparison
between ‘during’ and after adaptation. This agawveed the long lasting effects of
olfactory adaptation on the odor representatiomepad of the antennal lobe glomeruli.
Significant changes in Euclidean distances mighadsmciated with many factors such as
the changes in response strength or the numbestiohed glomeruli or their response
latencies which are complicated to illustrate. Heare significant increase in the
measured Euclidean distances due to olfactory atlaptand its persistence even after
the removal of the adaptation stimuli clearly shdwileat prolong exposure of the AL
glomeruli to the habitat odor of honeybee colonytloe mixture of pure odorants
enhanced the specific and stable forms of odoridigzation which probably signified
the more reliable or elaborated representatiomefdifferent molecular features of odor
moieties in the glomerular coding space.

This study contributed to the understanding of #uaptive transformations of odor
representations in the primary olfactory neuropilh@ honeybee central nervous system;
the strategy that bees probably employ in the ahttamditions when they perceive odors
in the background of other odor stimuli.
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Future perspective

In vivo calcium imaging assays merging the phenomena fattory adaptation and

learning in honeybees can be used to understanddidugtive processing of the learned
odor information in the different brain neuropilesth during and after learning. Not only
the antennal lobe neurons but also cells of thédrigrocessing station such as the
Kenyon cells are of great interest in this regardhvestigate the roles of the mushroom

body neuropil in the processing of the learned adtimrmation under adapted condition.
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