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ABSTRACT

Anther and pollen developmeateimportantto plant reproductioprocesssleading toseed
production The floral bud othemodel plant organispArabidopsisthaliana, consiss of 6
anthers which encasepious amountsf pollen. Within the anther locules variety of nutrients
are provided to pollen in ord&r support its development his study aimso offer a deeper
understanding of thmle of anther caleossin the Brassicacedsy investigaing the expression,
localization,andputativefunctionof the antherspecific caleosin (AT1G23240) hrough the
use ofvariousmolecular and microscoggchniquege.g.,quantitative reverse transcriptase
polymerase chain reactioestern bloainalysis laserconfocalmicroscopy, and transmission
electronmicroscopy, it wasdeterminedhat AT1G2240was expressedt late stagesof anther
development mainly within the endoplasmic reticulum and tapetosoafdapetal celf, andthe
proteinwas also detectenh the pollen coabf mature pollen.This elucidation of anther caleosin
expression will help in bettemderstanithg its roleand significance in theverall plant
reproduction procesgossiblyin pollenstigma interactionsas well as itpotential in
biotechnological applicatioria regards to fertilitywithin key crop kindsof the Brassicaceae

family.
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PREFACE

Within this thesis, techniques suchthe qualitative polymerase chain reaction, Westdot
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DESCRIPTION OF ARABIDOPSIS THALIANA GENES

AT1G23240: TheArabidopsis thaliandocus encoding thantherspecific caleosicharacterized
in this thesis.

Short form for AT1G23240caleosin

Translational fusion (AT1G23240:YFRJaleosinYFP

Arabidopsis thalianalyceraldehyde3-phosphate dehydrogenase C sub(®APCJ). NCBI

GenBankAK226804 https://www.ncbi.nlm.nih.gov/nuccore/AK226804

Arabidopsis thalianaJbiquitin 11(UBQ11) gene- NCBI GenBankJ84968

https://www.ncbi.nlm.nih.gov/nuccore/U84968

Arabidopsis thalianaalecsin-related family protein mMRNANCBI GenBankNM102173

https://www.ncbi.nlm.nih.gov/nucleotide/NM 102173?report=genbank&log$=luckblast r

ank=1&RID=BRTX195V014



https://www.ncbi.nlm.nih.gov/nuccore/AK226804
https://www.ncbi.nlm.nih.gov/nuccore/U84968
https://www.ncbi.nlm.nih.gov/nucleotide/NM_102173?report=genbank&log$=nuclalign&blast_rank=1&RID=BRTX195V014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_102173?report=genbank&log$=nuclalign&blast_rank=1&RID=BRTX195V014

ABBREVIATIONS

BCP1 Bicellular Pollen

CL 71 Coatless Pollen

CLSMi Confocal Laser Scanning Microscopy

GAPCI Glyceraldehyde3-phosphate dehydrogenaSesubunit
EIF417 Eukaryotic translation initiation factor 4A1

ERT Endoplasmiaeticulum

RNAI i RNA interference

PCi Pollen Coat

RT-gPCRi Reverse transcription quargitve polymerase chain reaction
TAG T Triacylglycerides

TCP1 Tricellular Pollen

TEM 1 Transmission Electron Microscopy

TET- Tetrad

TUB21 Tubulinb-2

UBQ117 Ubiquitin 11

UNM 1 Uninucleate Microspores

YFP1 Yellow Fluorescent Protein
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1.INTRODUCTION

1.1. Arabidopsisthaliana

The model planfrabidopsis thaliangArabidopsis) also referred to as thale cress or mouse ear
cress, isaherbaceous dicot plant belonging to the Brassicaceae faifigte are several
characteristics that make Arabidopsis a useful plant model sy#tesra selfcompatible, self
fertilizing, smalldiploid plant thatproducesa copious amount of flowers drseed at maturity.
Abundant within the northern hemisphere, Arabidopsis possesses a rapid life cycle, has a short
generative time, ang relatively easy to groKramer, 2015).1t has been found to be closely
related tadicot plants used in crop deepiment and commercial purposes sucBrassica crops
(e.g.canola and broccoli)Thecomplete sequence tife relatively small genome (114.5 Mb/125
Mb total) of Arabidopsiscomprisedf 5 chromosomekas beemeported(Arabidopsis Genome
Initiative,2000) Arabidopsiscan beeasily transforrad usingAgrobacterium tumefacienshich
enables theseof various genetic manipulation techniques sucRMA interferenc€RNAI), T-
DNA tagging sitedirected mutagenesis, etDue to thesattributes Arabidopsis has been the
subject of a vast amouaf research that also resulted in extensive molecular and genetic
resources that can be found for examplh@Arabidopsis Research Center (ABRC,

http://abrc.osu.eduthe Arabidopsis Information Resource (TARtp://www.arabidopsis.og

and Araport fittps://www.araport.ord/ As such, Arabidopsis a very usefuiodel organisno

perform plant reproduction research.


http://abrc.osu.edu/
http://www.arabidopsis.org/
https://www.araport.org/

1.2 Arabidopsisthaliana reproduction

Plant reproduction is crucial for the production of seeds and offspfingArabidopsis thaliana
pistil and stamesare central floral organs involved in the overall process of plant reproduction.
The pistil is the female organ of a flower and comprises the ovary, style, and stigma; while the
stamen is the male organ and comprises the anther and fiJdheset organplay an important

role in the flower development and plant reproduction of angiosperires anther is the site

where pollen grains are produced and mature (AlvBregla et al., 2010).The pollen grains
developwithin 4 antherocules lined by a celblyer called the tapetumhich is comprisedf
individual cells holding subcellular organelles such as endoplasmic reti¢g@Rin Golgi

bodies, tapetosoméproteinaceous organelle mainly comprisedriaicylglycerides(TAG)),

and elaoplasts (lipiddropletd (Figure 1) The tapetum provides nutrierdad structural
components the form of lipids, flavonoidsalkanes, angroteinsessential for pollen
developmentmaturationand function(HsiehandHuang, 2007) Mature wllen grains are
surrounded by a cellall consisting of the intinandexine(Figure 2) The intine is an inner

layer comprised of pectin and cellulose, while the exine is composed of a biopolymer gomplex
called sporopollenirconsisting of fatty acids, carotenoids, and phenylpropamomasded by

the tapetunfHeslopHarrison,1971;, Quilichini et al., 2014 Sporopollenin provides the pollen
grain with a tough outer layer and assists in adhesion to stigmatic sudaciiste pollen

stigma interaction and plant reproducti@tejonet al.,2016; Zinkl et al., 1999)Later in anther
development, the tapetudegenerasvia programmed cell degttapetaldebrisfills the anther
locule and some material (e.g. protein, lipiaisd pigmentsis delivered to the pollen grain and
fills cavities within the exin€Figure 2) This extra layer is called the tryphirdsocommonly

referredto as thepollen coat (PG)and provides protection agaimsillen dehydratiomndUV

10



Tapetum
(Intact)

Figure 1. Whole antherArabidopsis thalianausing differential interference contrast

microscopy

Differential interference contrasticroscopy overlapped withoofocal laser scanning
microscopyof a wholeArabidopsis thaliananther showing the loculpaces containing the
pollen grains and surrounded by an intact tapetum. The epidermis is distinguished with a laser

exciting and emitting autluorescent chlorophyll in red.
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Pollen coat

Exine

Intine

Figure 2. Transmission electron microscopy ofrabidopsis thaliangpollen grain

Transmission electron microscopy tigaction of amArabidopsis thaliananature pollen grain
showing the pollen coatryphing, exine, and intine layers. Scale bar representpr.Ficture

was taken by Ms. Denise Chabot.

12



light, andhelpsduring pollinationand pollerstigmainteractiongRejon et al., 2016)At anther
maturity, itdehisces anctkleaseshe pollen Once the pollen grain lands on the stigma, the

pollen coat flows to create a contact zone with the papillar cell where exchange of information
occurs. In a compatible reaction, water flows from the stigma to hydrate the pollen grain which
then germinas and forms a pollen tube that will grow through the stigma papillar cell wall,
down the style towards the ovary. Once the pollen tube reaches the embrydebaeri two

sperm cells for double fertilization to generate a new embryo (seed) (LorduardlR2002;

Wilhemi and Preuss, 1999).

1.3 Seed and anther caleosins and oleosins

Caleosin is a member of a family of lipassociated proteins which are foumithin the seeds
and anthersf several higher order plant systems includingbidopsis thaliana. Caleosirs

resembldipid-binding oleosinsvhich are seednd antheoil body surface proteins

Oleosins were first characterized in seeds within the oil body monolayer (TAG matrix
surrounded by phospholipid monolayer) suggesting the organization of this organelle possesses
more complexity (Chen et al., 1998). Amabidopsis thalianaseed oleosingere shown to be
the most abundant protein in oil bodies (Wu et al., 1999). They were found on the ER near oll
bodies and later in development specifically associated with seed storage oil reserves suggesting
a key functional purpose in dessicatioferant seeds (Murphy et al., 2001). Seed oleosins
mainly contain three structural areas: an amphipatkieridinus, a central hydrophobic region,
and an amphipathic-@rminus (Abell et al., 1997). Within the hydrophobic domain, there is a

proline knot motifwhich isa highly conserved region in related gene families such as caleosins.

13



The role of the proline knot is thought to target oleosins to the bilayer of oil bodies (Abell et al.,
1997; Murphy et al., 2004). Oleosins play a crucial role irstability of oil bodiesduringseed
dehydration/rehydratigrasthe formation and integrity of oil bodies were lost when oleosin
levels were reduced hgypsin treatmenimpacing TAG accumulation as well agesiccation

and seed dormang¢yzen and Huang, 1992 and Leprince et al., 1998)

Caleosin shares a similar role to that of oleosirgabilizing oil bodies ankhter
facilitating the degradation of stored TA@pon seed germinatid€hen et al., 2004; Murphy et
al., 2004). It hasalso been found to be present in the membrane layer lmbdies and
associated with calcium pools in the lumen ofEfe(Frandsen et al., 1998lurphy, 200).
However caleosin differs from oleosin in thiathas beershown to als@xhibit peroxygenase
activity andmetal ionrbinding activitiegFrandseret al., 2001 Partridge and Murphy, 2009
Seed aleosirs further play an important roie plant defenssince theperoxygenase activity is
involved in the production of oxylipinghich initiate plant stress respongesy., jasmonic acid
production)in the presences of abiotic and biotic stres@ckardt, 2008) Furthermore, it was
postulated that seed caleosamtributein oil body transporfrom the ER to storage and
transport vesicle@Frandsen et al., 20D1Caleosinalso varies fronoleosin in that it containg
calciumbinding EF-handdomainlocated at the Merminus The EFhand promotes calcium
ion-binding ands thought to be assatiedwith the abscisic acidignalling pathway and osmotic

stress responsé¢Sandes et al., 1999; Knight, 2000).

Caleosin and oleosirelated proteins have also bdenndin theantherspollen and the
tapetum(Murphy and Ross, 1998; Kim et al., 20@enkiewicz et al.201Q. In the pollen,
caleosin and oleosin are fouassociated with oil bodies the interior of the pollegrainand

functionin stabilizing lipid droplets (TAG droplets)Kim et al., 2002Zienkiewicz et al.2010)

14



Thetapetumcontains oil dropletenade up of an oil matrix surrounded by layers of

phospholipids and oleosinshich arefirst generatedh the rough endoplasmic reticuluand

mature intaapetosome(Hsieh and Huang, 2007 hese oil droplets are degraded (still

containing full length oleosins proteinace the tapetum undergoes programmed cell death

tapetosome debrisavekto thepollen coat. Tapetal ¢eosins are thought to act as a lipid

emulsifying agent coating thmollen and protecting it from desiccation and/oiiregdn the
uptake of watef(duetool eosi nds amphi pat higemimptoogesrorné es) du
stigma (Hsieh and Huang007). In Arabidopsis thalianathere are nine known anthspecific

oleosingHuanget al., 2013).

With regards to caleosim Arabidopsis thalianathere are two caleosgenes
AT1G23240 and AT1G2325€hown to be expressed inthe anttén i ver si ty of Toro

Arabidopsis eFP Browséittp://bar.utoronto.ca/efp/cdiiin/efpWeb.cdi. However there is no

datato support pollemxpression fothesegenegbased orthe microarrayanalysisof Honys and
Twell, 2004and eFP Browsgr Caleosin AT1G23240 washosen for furtheexamirationdueto

its muchhigherlevel of expressionn the anther The eFP Brower datadicates thataleosin
AT1G23240shows a 159old higher absolute transcript expression in stamens in comparison to
AT1G23250. A shown in Figure 3AT1G23240is a 210amino acidaa)sequence&vith no

predicted signal peptidevhich compriseswo key domains: a calciudbinding EF-handdomain

anda hydrophobic domai(Purkrtova et al., 2015; Chen and Tz2801). Thecalciumbinding
EF-handis a 35aa domain positioned near thet&minal of the caleosin proteirt functions as

a calciumbinding motif whichis thought to aidn signal transduction (Bhattacharya et al.,

2004).

15
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Proline knot motif
1 Ca2+ EF-hand domain  Hydrophobic domain 210

Figure 3. Caleosin proteinsequence schematic

Schematic representation of the caleosin (AT1G23240) protein sequence showing key domains

calcium binding EFhanddomain,hydrophobicdomain with theproline knot motif.
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The hydrophobic domain is 38 aa resisluglength ands adjacent to th&Fhanddomain it is
theconserved domaifound in allcaleosins Thoughthe caleosin hydrophobic domain is
comparably smaller than the 70faalrophobiaegion found irtapetaloleosirs, it is important
to the overall protein structure atallipid interactiondChapman et 312012; Murphy, 2001).
Lastly, a relatively smalB aaproline knotmotif is embeddedvithin the hydrophobic domain
andit is important to lipiddropletand membrangargetingasin oleosingMurphy, 2001).

Anther and seedaleosinvariants differ in domain positioning and sias well as protein length

1.4 Thesis rationale

One ofthe key goak of this researclis to investigatgollengenes and protesnn order to gain a
better understanding of pollestigma interactionsPollen co&aproteins are known to be
important to these interactioasd previous work in the lab hiused primarily on tapetum
producedollen coatlocated Foleosins Foster et al., 2002; Lévesguemay et al 2016). To
investigate whether anther caleosins might be simitarlyetedo the pollenapreliminary
analysis oimicroarraydata was performeah caleosirrelated geneslt revealedhat although
neither theAT1G23240 noAT1G23250 transcripts were detected in the polléonys and
Twell, 2004, the caleosinencoded bYAT1G23240washighly expressed in the anther

(http://bar.utoronto.ca/pP/Arabidopsis/Arabidopsis eFPBrowser2.0tmt was therefore

chosen for further analysis.

The central goal of thihesidresearclstudyis toinvestigatehe antherexpressedaleosin
AT1G23240 in order to better understandeikpressionlocalization and role usingVestern

blot analyss, quantitative reverse transcriptase polymerase clkaiction confocal laser

17
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scanning ncroscopy,and transmission electron microscopy/immunocytochemistrgain
insight into itsfunction RNAI lines dereloped to knoctown expression of caleosivere

characterized.

Thus,thisthesiswork was conducted to meet the following objectives:

1. Determine the caleosin gene and protein expression and localization throughout anther
development and during the matpalen stageand

2. Initiate the elucidation of caleosin function.

2. MATERIALS AND METHODS

2.1 Plant material and transformation

Arabidopsis thaliangL.) Heynh Columbia was grown in a growth cabinet witthlight/8 h
dark at 20C and 70% humidityPlants were wateredhily and fertilized biweekly with 2020

20 (NitrogenPhosphorud?otassium

Agrobacteriuramediated transformatices described b€loughandBent (1998)was
used to introduce two different constructs iArabidopsis thaliana Thefirst construct
CaleosinYFP, represerga translational fusion betwe#éme coding regions AAT1G23240and
the yellow fluorescent protein (YFEdnstructed as described Byan et al (2004) It comprised
of a 619 bp region upstreamtbie caleosirstart ATG,the caleosin coding sequence fused in
frame to the citrine YFP, aral996 bp fragment downstream of the stop codde caleosin
promoter/aleosinYFP fragmentvas inserted intthe pRD420 binary vectofDatla et al., 1992)

replacing the GU$§eneand used foplanttransformation.After initial screening of 12

18



transformants for anther YFP activity, two lines (CCAL 2B4 and CCAL 2B6) were chosen for

further analysis. All experimental results were validated using bibésdines.

Thesecondconstruct CCAERNAI was a caleosiRNAI construct generateaihd initially
screenedby Dr. John Chara former postdoc ithelab. The RNAI fragment targets the

following sequence in the first exon of the caleosin gene:

5 OCGGCTTCTTCGATCATTTATA

2.2 DAPI staining

Arabidopsis thaliandlower budsof sizes ranging from 0.2 mm to 2.5 mmere collected with
thehelpof a Leica EZ4 dissecting microscofieoncord, ON Canada This was done to
determinghe staging opollendevelopmenattetrad (TET)uninucleate microspor@NM),
bicellular pollen (BCP)and tricellular pollen (TCR)n order toharvest anthers at appropriate
stages Fine-tipped forceps were used to isolate anthers ttoseflower budsand the anthers
were placed on a glass slideli@0 ul of DAPFPollen Isolation Buffer (2 pg/ml 4'8iamidinc
2-phenylindole 100 mM NaPQpH 7.5, 1 mM EDTA, 0.1% (v/v) Triton X.00®) for 1 min at
room temperature (RT)After placing a coverslip, slight pressure was applied to free the pollen
encasedh the loculs of the anthersProcessed slides were imaged using the fluorescence
setting equipped with an ultraviolet filter set of a Zeiss LSM 510 DUO, using a FLUAR x
20/0.75 objective and the Zen 2009 software packaegiss, Toronto, ONCanada In order to
visualizethe DAPI staining, samples were excited at 405 nm and emitted at a band pass filter of

450 nm

19



2.3 RT-gPCR

Total RNA was extracted from wild typ&rabidopsis thaliananthers of each developmental
stagefrom at leasthreedifferent pants (corresponding to thgological replicatesyising the
RNeasyPlant RNA minikit (Qiagen Toronto, ON Canada The RNA extracts wereerified to
have a concentratior280 ng/ul anchigh purity (RNA integrity number > 8.0) with the useanf
Agilent 2100 BioanalyzefAgilent, Mississauga, ONCanada Subsequently, RNAvas
converted to cDNA using th&dvance cDNA synthesis k{iWisent BioProductsSaintJean
Baptiste, QCCanada FortheArabidopsis thaliananthemreverse transcriptioguantitative
polymerase chain reactioRT-qPCR), constitutivehousekeeping gerglyceraldehydes-
phosphate dehydrogenas6GAPC1- AT3G04120, ubiquitin 11 UBQ11- AT4G05050),
eukaryotic traslation initiation factor 4A1KIF4A1- AT3G1392(, andtubulinb-2 (TUB2-
AT5G6269() were tested to evaluate whether their expression remained stable throughout anther
development. GAPC1(GenBank: AK226804andUBQ11(GenBank: U8496Bwere found to
meet this criterion and were chodencomparative analysie thetarget caleosingne
(GenBank: NM102173AT1G23240) Primers were devised with the use of the PrimerQuest

Tool (Integrated DNA technologidgtps://www.idtdna.com/PrimerQuest/Home/Injiard

obtained fromMil lipore-Sigma(Oakville, ON Canada The primer setfor the constitutive

controls and target consisted of the following:

GAPCZLFwd: 5 JCAGACTCGAGAAAGCTGCTA

GAPCZIRev: 5 GATCAAGTCGACCACACGG

Ubiquitinll-Fwd: 5 -®AATGTGAAGGCGAAGATCCAA

20
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Ubiquitinl1-Rev: 5 -AACGGAGACGGAGGACGACGAGAT

CaleosinFwd: 5 dGGCGGCTTTTGTTGCTATA

Caleosin-Rev: 5 &€GGCGAGAATCCCTTTCC

Amplification reactions for each developmental stage were run in triplicReactions were
carried ouin MicroAmp 96 wel plates (Thermdrisher Scientifit and containe&00 ugcDNA,
1 pl of 100 nMforward and reverse pringrand 10 ul of Wisent Biosystem H#iox Advanced
MasterMix (SYBR green) in a final volume of 20 {rhe gPCR amplifications weperformed
using a StepOne Plus gPCRhermoFisheBcientific) system and the PCR conditions were:
95°C for 2 min, 40 cycles of 95°C for 5 s and 62.5°C for 2B slissociation phase was
performed to observe melt curves of amplicons of the reactitimee separaténdependent

biological replicates of eachrabidopsis thaliananther developmental stagereanalyzed

Deltadelta CT comparative analysis was performed to quathtifgata output obtained
from the Step One Plus qPCRstsm. The averagewere calculated foeach technical replicate
of eachbiological replicate atheindividual developmental stagéor the caleosingene ad the
two constitutive controlSGAPClandUBQ11 Once the averages were determined, a ratio was
obtainedby adjustingeach of the developmental stages to the TET avertigeas, the TET
devel opmental stage was set t o aadwsingthe of
expression levels of the other staddblM, BCP, and TCP) afinther developmeiriPfaff, 2001,
Livak and Schmittgen, 2001)he relative quantitpf eachhousekeeping geneasseparately
compared to caleosin and then averagBukereafter, thetandard deviation was calculated by

capturing theelative quantityratios of each housekeepigene andaleosinfor each
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developmental stagel'he standard deviation of the relative quantity rabetsveen controls and

the target geneereused to iéntify statistical significance

2.4. Caleosin Westernblot analysis

2.4.1 Arabidopsis thalianaanthers

Wild type Arabidopsis thaliananther protein extractihswhere performed using at least three
different plants foeach deelopmental stageia macerationn 1x SDSpolyacrylamide gel
electrophoresis (PAGHYading buffef60 mM Tris Stacking gel bffer pH 6.8, 10%{Vv/v)

glycerol, 2% SDS, 1% Bromophenol Bl#e3 . 3 % {mercaptdethéndplLévesqueLemay et
al., 2016)Protein extracts were ran 190 V in a 12% (w/v) acrylamide SEFAGE gel and

then trasferred toa PVDF membrane (BioRadMississauga, ONCanadausing 1x transfer

buffer comprised of 25 mM Tris, 192 mM glycine, 20% (v/v) methanol for 60 min at 100 V at a
temperature of ~ 4°CTwo identical gels were run simultaneously, one gel was stained with
Coomassie Blliant Blue G (BioRad, Mississauga, ON, Canada) to ascertain equal protein
sample loading and the second gel wassferred ot the PVDF membraneSubsequent to
transfer, the PVDiembranavas submerged iRoche HoffmanLa Roche Ltd, Mississauga
ON, Canadablocking reagent (1% wi/v) + TBST (20 mM Tris, 150 mM NaCl pH 7.6 with
0.05% (v/v) Twee® 20) for 1 hwith constant rotationFresh 1% Roche blockirmgagent+

TBST containing the primary antibody at a dilution of 1:1000 was then added and @ttubat
overnightin a cold room (~ 4°C) with constant rotationhe membrane was washed twice with
TBST solutionfor 10 min and then incubated in 1% Roche blocking reagent for 10 min before

applying the secondary antibody ((HRBnjugated goat antabbit seondary antibody
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(1:20,000)BioRad Mississauga, ON. The PVDF membrane was ungatedwith the
secondary antibodgt RT for 1 h with constant rotationThe blot was then washed four times
for 10 min, and the chemiluminescence reaction was performedhsitise of the ECL Plus
Western Blotting Detection Syste{@E HealthcareMississauga, ONCanada Precision Plus
Prot ei nE Athifted pbotein stangamd éBioRad, Mississauga) @is used as the
molecular weight ladderThe rabbit primaryantibodywasraised against th&pecificcaleosin
peptide sequend@DKNGLLSEKSVRAIC (Millipore Sigma)found within the Gterminal
region of At1@3240andwasproducel by the National Research Counaf CanadgMontréal,

QC, Canada
2.4.2 Arabidopsis thaliangpollen

Arabidopsis mature pollergrainswerecollectedonto a filter usinga vacuum suctiodevice
described by JohnseBrousseau anlficCormick, 2004.The pollen grains were containedlirb
ml micro centrifuggubesandwashede-suspended with cyclohexgrend then transferred into
aCorning® Costar®pin-X column Millipore Sigma)to separate the flow throughdllen coat
(PO proteins) from the residual tissue (coatless pqi&n)) (LévesquelLemay et al., 2016)
After centrifugation at5000 RPM thePC-cyclohexane extract was evaporated using a
SVC100HSpeedVacThermoFisher Scientific)The pelleted dry?C protein,as well as the
coatless pollenemaining on the membrane of the colymvassuspended in 1x SDS loading

buffer. Western blot analysis wgerformed as described above.
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2.5.Confocal laserscanning microscopy

2.5.1.Arabidopsis thalianaanthers

Anthersat theTET, UNM, BCP and TCP stages were place&liuoromountG (Electron
Microscopy Sciences, Hatfield, PA, USA), atwhfocal laser scanning microsco@yLSM) was
carried out using a Zeiss LSM 510 DUO with a Plan APOCHROMAT x40/1.4 objective and the
Zen 2009 software packadgeiss, Toronto, ON, CanadaTwo laser settings were used to
distinguish chlorophyll and tapetal cell conteffib visualize YFP and chlorophyll of fresh

anthers, samples were excited at 488 nm and emitted at a band pass filteb3d Bd&or a

long pass filter of 650 nmespectivelyDifferential interference contrast images were taken in

order to overlap with the confocal images.

2.5.2 Arabidopsis thaliangpollen

CLSM of mature pollen was carried out using a Zeiss LSM 800 AiryScan using a Plan
APOCHROMAT x63/1.46bjective and the Zen 2012 software pack@ggss, Toronto, ON,
Canada).To distinguishthe YFP signal of theCaleosinYFP translation fusiorirom theautc
fluorescenexine of fresh mature pollesamples were excited at 488 nm and detected in

emissionwavelength bands of 53383 and 58& 00 respectively.

2.6.Immunogold labeling andtransmissionelectron microscopy

Transmission electron microscopy (TEM) was performed with the use a TEM HitatdOM™
equipped with an ORIUS SC200 digital camera using Digital Micrograph software version 1.8.3
(Gatan Inc., Pleasanton, CA, USAjnthers ofwild type or transgenidArabidopsis thaliana

plants expressing ti@aleosirYFP translational fusiowere collected in 8.5 mi

24



microcentrifuge tube and fixed in 4.0% (w/v) paraformaldeh@d&o (v/v) glutaraldehyde for 1

h at RT. Subsequently, the anthers were washed withmBIONaPQ pH 7.2, under vacuum for

1 h at RT and microwavagsing a Pelco Biowave ® 34700 microwave (Ted Pella, Redding, CA,
USA) at 250 W at 37°C for 1 min at Opewer, 40 s at 100%&and 3 min at 0% Samples were
subjectedwice to serial dehydration thugh an ethanol series of 30%, 50%, 70%, 80%, 90%,
95%, and 10%. Each dehydration step was microwaved at 250 W at 37°C for 45 s at 100%
power. Infiltration was performed three times using LR White resin (Electron Microscopy
Sciences, Hatfield, PA, USA} 450 W at 43°C, 100% power for 2.5 miSamples were then
placed in a conventional oven for 24 h to polymerize the ré3wese steps were performed

under vacuum apart from the serial dehydration stage and polymerization.

Embedded anther samples were prepared into 1 um thick sections with the use of a
Diatome 45 MA1898iamond knife Katfield, PA USA) andReichertJung Ultracut Riltra-
microtome [eica, Concord, ON, CanafdaSliced sections were placed onto carbon coatieis g
and incubated in 1% (w/v) glyciféhosphate Buffered Saline (PBS) (10 mM NaBB 7.4, 149
mM NaCl) for 1 hat RT. The sections were then washed three times for five min with PBS and
blocked with 2.5% (w/v) bovine serum albumin (BSA), 1.0% (weer® 20, and 0.1% (v/v)
fish gelatin in PBS for 15 miat RT. Sections were then incubated overnight at 4°C in a PBS
mix compriedof the caleosin primary antibody at a dilution of 1:400 (v/v), 2.5% (w/v) BSA,
and 1.0% (v/iv)iTweer® 20in PBS. The sections ere washed three times for five min with PBS
at RTprior to introduction of the 15 nm colloidal gold labeled goat-gatibit secondary
antibody (Abcam, Toronto, ON, Canada) at 1:20 (v/v) in 2.5% (w/v) BSA, 1.0% (v/v) TRveen

20 in PBS.The grids werg¢henincubated for 1 landwashed with PBS twice for 5 min and
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once with distilled wateat RT. Lastly, the grids were treated for 12 min with 5% (w/v) uranyl

acetate and given a final water wash.

3.RESULTS and DISCUSSION

3.1.Arabidopsis thalianaanther development

DAPI staining was performed dkrabidopsis thaliananthers isolated from floral buds of
increasing maturity to identify the bud length correspondirtgedifferent pollen
developmental stageBifure4). Theexamined range consistefltudlengths of 0.2 mm to 2.5
mm (largest bud sizgist before petals appearkarly in developmenthe process of meiosis
results in a tetrad dbur separate microspores bound in a callose Walinandez Gémez et al.,
2015. TET microsporesvereobserved in floral buds with lengths ranging from0.8mm.
This correspondso stage ©f Arabidopsis thaliandlower development indicated in research
performed bySander et al., 1999s development progresses, the callose wall is degraded
releasingsingleUNMs consising of a large centralized single nucleus\Ms were observed in
floral buds with lengths ranging from 1114 mmrelating to stag 9of flower development
(Sander et al1999) Following pollen mitosis I, two nuclei (generative and vegetative) are
formed within BCP Fernandez Gémez et al., 2019 he generative nucleus stains strongly,
while the vegetative nuals stains more diffuselyBCP pollen vasseen in floral buds with
lengths ranging from 1-3.0 mmrelating to stage Q1 of flower developmentSander et al.,
1999) Lastly, within the latest stage of development, pollen mitosis Il splits the generative
nucleus into two bright spermucleianda condensedegetative nuclesforming the mée

gametophytic unit of the TCFernandez Gémez et al., 201%loral buds ranging from
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Early Late

TET UNM BCP TCP

Figure 4. DAPI staining of Arabidopsis thaliangpollen

DAPI staining ofArabidopsis thaliangollenthroughout development. TET corresponds with
stage 7 flower development, UNM corresponds with stage 9 flower development, BCP
corresponds with stage - flower development, and TCP corresponds with stage 12 flower
development. TET tetrad, UNMi uninuckate microspore, BCPbicellular pollen, TCH

tricellular pollen.
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2.0-2.5mm were shown teontainTCP pollen relating to stage 12 of flower development

(Sander et al., 1999).

3.2.Anther caleosingeneexpression during anther development

RT-gPCRwas performed to examine the RNAnscriptievels ofcaleosin(AT1G2324( in

wild type Arabidopsis thaliananther tissues at the differedgvelopmental stages

corresponding to the pollen staging described in Figurim4rder to comparealeosinRNA
expression throughout anther development, two constitutively expressed housekeeping genes
were used as controls (Plaff, 2001; Livak and Schmittgen, 2001). Based on an analysis
performed by Czechowskt al 2005,GAPClandUBQ11were found tqpossessonsstent
constitutive expression throughqulantdevelopment.GAPCLlis an essential enzyme in the

process of glycolysis and convertsglyceraldehyde -phosphate (G3P) into@hospheD-

glyceroylphosphatéRius et al 2008) Ubiquitin isinvolved inavariety of cellular processes

such as protein modification, proteasomal degradation, and cell signalling/regulation (8harma
al., 2016). Thesehousekeeping gersaverealsofound to showconsistenexpression throughout
antherdevelopment in Arabidopsand wereghuschoserto serve in comparisons with taather
caleosin geneTheresuls of a typical RFqQPCR reactiomreshown in Figuré. Unlike boththe
GAPClandUBQ1l1controlgenes, caleosinexhibited variionsin expression profile throughout
anther developmentn comparisorto the low level otaleosinexpression observed within the
TET and UNM sages (here was no statistidglsignificant differencen expression between

TET and UNM), BCP and TCP anthers showedl1&5 +/ 1.99 andl0.35 +£1.35 fold change

respectivelyFigure6).
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GAPC1 UBQ11 Caleosin
Figure 5. Quantitative polymerase chain reaction amplification plot

Quantitative polymerase chain reaction amplification plot of constitutteenal reference
controk (GAPC1andUBQ11) and targeAT1G23240(caleosinthroughout Arabidopsis

thalianaanther development

29



25.00

2000

15.00

Fold Changes

10.00

5.00

N B

TET UNM BCP TCP

Figure 6. Relative quantitative polymerase chain reaction amplification histogram

Relative quantitative polymerashain reaction amplification of constitutive cong((6APC1
andUBQ11J) and targegeneAT1G23240(caleosir. Error bars represent standard deviatbn
relative quarnities between normalized controls and targée yaxis represestthe fold change
in expression, whil¢éhe xaxis represents the different stages of anther developrmEfti

tetrad, UNMi uninucledae microspore, BCP bicellularpollen, TCPi tricellular pollen
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3.3.Anther caleosin protein expression dring anther development

To furthercharacterize caleosin protein expression in wild #pbidopsis thaliananthers, a
Western blotinalysis was performed gmotein extracts from ea@nther developmental stage,
using a primary antibody raisegecificallyagainsthe caleosin ATG23240 protein As shown

in Figure 7 the caleosin protein (predicted size 8831 D3 was detected in BCP and TCP

anthers, but not at thEET and UNM stagesThe immunereactive caleosin band was found to

be at a slightly higher molecular mass thaedmted and this phenomenon has been observed
previously with oleosins, and postulated to be the result of their high basic isoelectric point (pl)
(caleosinds pl: 10.27) (Wang et-Lemdyetal, 20969 7; Mu
Thecaleosin protein levels were higheBRP tharnthe TCP stage consistent with the gene
expression levels revealed in Figure 7. These results are similar to those obtained with an olive
anther caleosin that was found to be expressed in the microsporieahdar pollen stages, as

well as in the mature pollen grain (Zienkiewicz et al., 20HQwever, the results presented in
Figure7 do not identify where the Arabidopsis caleosin is found within the anther and additional

experiments were performed tosestigate its subcellular localization.

3.4.Subcellular localization of the caleosinprotein

3.4.1 Confocal laser scanning microscopy

The Caleosi¥YFP translational fusion is comprised of the caleosin native promoter -traare
coding regions of AT1G23240 and the YFP citrine reporter, as well as the nopaline synthase
polyadenylation signal (Figure 8). YFP is attached ageri@inaltranslational fusion to the full

length caleosin proteinCitrine is a derivative ofnhanced YFP whicis the result of an
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M TET UNM BCP TCP

25 kDa

Figure 7. Developmental Western Blot of wild typeArabidopsis thalianaanthers

Developmental Western blot analysiswifd type Arabidopsis thaliananthers using the
caleosinspecificantibody.6 M6 i ndPcatési bhePl us ®RBtared ei nE Al |
protein standardTETT tetrad, UNMi uninucleate microspore, BGFbicellular pollen, TCH

tricellular pollen.
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Proline knot motif

1 Ca2+ EF-hand domain  Hydrophobic domain 210

Figure 8. CaleosinYFP translational fusion sequence schematic

Schematic representation of the CaleogkP translational fusion showing the aaden native
promotor regioncaleosin coding region (expanded to depict full length protein with key
domains), YFP citrine reporter region, and nopaline synthase termination (Ng®it).

Diagram is not to scale.
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additional mutation at location Q69M (Shaner et al., 2005)s fidporter was selected due to the
fact that it has been reported to have a greater insensitivity and stability in environments with
high salinity and acidity in comparison to the conventional fluorescent proteinasGétr and

YFP (Heikal et al., 200GGriesbeck et al., 2001; Shaner et al., 200®)tthermore, citrine has

been found to be an appropriate marker to show expression in crucial subcellular compartments

such as the ER (Griesbeck et al., 2001).

CLSM was performed on transgericabidopsis thhana linesexpressing the &eosin
YFP translational fusiomo determinats subcellular location within the anthéroughout
development (Figure 9). As shown in Figurét@ top row of panels depicts the staging of
anther development via DAPI staining of polfen each stageyhile thetwo subsequenbws
show a closaip view of a section of thenther highlighting théapetum surrounding the anther
locule space and tlentherwall for both awild type plantanda CaleosirYFP transgnic line
A whole anther with dramatized colouring of the antherfiulalnent(red) and CaleostYFP
expression (yellowis shown at the top diigure9. During earlyanther development)é
CaleosinYFP fusionwas notdetected ireitherthe TET or UNM stages.However, YFP activity
was present within the tapetal lagtarting athe BCP stageAs the tapetum degenerates during
the late bicellular and tricellular stages, CaleoghP activity wasobserved moving into the

locule spae among the pollen grains.

To investigate whether caleosin becomes part of the mRA@rELSM was also
performed on matre pollengrainsfrom transgenic @leosirYFP Arabidopsis thalianglants
As shownin Figure 10, mature pollen grains frahreselines consistently showed fluorescence
associated witlthe PC and possibly the exine layérhis is in contrast to the mature wild type

Arabidopsis pollen which shows only the autofluorescence of the exierertgyresented as a
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Figure 9. Confocal laser scanning and differential interference contrast microscopy afild

type and CaleosinYFP Arabidopsis thalianaanthers with correlative DAPI stained pollen

35



Confocal laser scannirand differential interference contrast microscopgpnthershowing
pollen and tapetal celfsom wild type and Caleosif¥ FP transgenidArabidopsis thalianglants
duringdevelopment. The top row shows DAPI staining of wild type pollen at different
developmental stageshile the middle and bottom row depicts twresponding wild typand
transgenic CaleosiMFP anther stages, respectivelyET i tetrad, UNMiI uninucleate

microspore, BCPR bicellularpollen, TCP7 tricellular pollen Scale bars @esent 2Qum.
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Figure 10.Confocal laser scanning microscopy oivild type and CaleosinYFP Arabidopsis

thaliana pollen

Confocal laser scanning microscopynaditure pollen gramfromwild type (top row)and
CaleosinYFP transgenigdbottom row)Arabidopsis thalianglants. Autefluorescent exine is

shown in deep orange and the Caleodh is shown in yellow.Scale bars represent fufn.

deep orange colour. It also suggekts once the tapetum undergpesgrammed cell deatlthe
caleosinprotein is shuttled to the outer layer of polléese results are very similar to
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observations reported by Léveseuemay et al., 2016 where felkngth T-oleosins

(AT5G07530 and AT5G07550) fused to GFP were also shown to first be expressed in the
tapetim, then to be released in the antlbeule to finally become part of the pollen codtis
transfer of proteins to the pollen coat following tapetum degeneration was also demonstrated
using GFP fusiontor AT5G62080 and AT5G0723@wo type Il lipid transfersecretory

proteins(Huanget al., 2013).

3.4.2 Western blot analysis

Western bloainalyses werperformedo confirm the results obtained by CLSM. Firstly, a
developmental analysis was perfornoedransgenic plants expressing thal€bsinYFP
translational fusiomsing anther tissue frothe differentdevelopmental stagesConsistent with
the CLSM analysis (Figure 1Gje caleosirspecific antibody detected both thedogenous
caleosin proteiri24 kDa)andthe YFPtranslational fusioripredided molecular weight of 51
kDa)in BCP and TCP antheds the transgenic linegigure 11) Occasionally, the antibody
recognized additional proteins showing up as a band above and below caleosin, and these are
unlikely to berelated to caleosin since thalso occur in TET and UNM where no caleosin
MRNA was detectedThe fusion protein was not observed in untransformed Arabidopsis BCP
anthers.Secondly, to determine whether the Caleo&h® fusion was primarily associated with
the pollen coat (PC), Western blot analysiwasperformed usingnature pollen P@xtractsand

the resulting coatless pollen (CL)othuntransformed anda&leosinYFP transgenic

Arabidopsis The caleosirspecific antibody did indeed detebe endogenous caleosin protein
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M Caleosin-YFP Caleosin-YFP Caleosin-YFP Caleosin-YFP ~ WT BCP

RS RS T e e
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Figure 11. Developmental Western Blot of CaleosikYFP Arabidopsis thalianaanthers

Developmental Western blot analyssingthe caleosinspecific antibodyf Arabidopsis
thalianaanthersexpressing the &eosinYFP translational fusion.The red standicatesthe
endogenous caleosin protein and the bluedgsignateshe translational fusion proteirdV 6
indicatsPr eci si on Pl us Rtained poteim BandalfET i kefrad, NN r e
uninucleate microspore, BaFvicellularpollen, TCPi tricellular pollen WT BCPT BCP

anthers from untransformed plants.
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Figure 12 Western Blot of wild type and CaleosinYFP Arabidopsis thaliangpollen coat

and coatless pollen

Western blot analysis using the caleesjpecific primary antibodgf maturepollencoat(PC)

and coatless pollen (CL) @éfrabidopsis thaliananthers from wild type (WT) andaleosirYFP

pl ants. O M erceipsrieosne nPtlsu s Btaireed proteim Btandatdihereédl ue pr e
star indicates the endogenous caleosin prated the blue star designates the translational

fusion protein.
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(24 kDa) in the untransformed Arabidopsis PC extract (Figure 12). As expected, the antibody
detected the endogenous caleosin protein in the transgenic litealsatrevealedhe presence

of thetranslationalCaleosirYFP fusion (50 kDajn the PC extractThe endogenous caleosin
protein could also be observed in the untransformed plant CL sample and this is likely due to an
incomplete extraction of the pollen coat leaving sowiep grains in the CL fraction with

remaining pollen coat, combined to the fact that there was more proteins in thatidike.

caleosin, the extrprotein bands observed in Figureviére not observed with pollextracts

and maycorrespond to crog®acting proteirioundelsewhere ithe anther.

In summary, the Western blot analyses of the CaledBid plants confirmed the results
obtained by CLSM (Figure 10) amudicate that the caleosin protegnot likelyfound within
the mature pollen grajtout is primarily located in the pollen coat. This also supports the data
presented by University of Torontods Arabidop

found in the mature pollen grain and only in developing anthers.

3.4.3 Immunocytochemistry

Immunocytochemistry using the awtileosin antibodyas performed withvild type

Arabidopsis thalian®CPandTCP stage antheras well as late stage pollea furtherconfirm

the subcellular localization of caleosiAs show in Fgure 13 secondarymmunogoldcolloidal

particles were@bserved within the tapetum and on mature pollen grains. In the tapetal cells of

the BCP anther stage, it appears that caleosin is associated with structures resembling the ER and

possibly regions ahe tapetosomes. ER accumulatioBmssicaand Arabidopsis tapetal cells
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Figure 13 Transmission electron microscopy immunogold labeling of wild typ@érabidopsis

thaliana late stage tapetum and pollen tissue

Transmission electron microscopy immunogold labelirsgng the antcaleosin antibodyof
tapetal cells and pollen grarirom untransformed Arabidopsis plani&e control is
untransformed Arabidopsis tissireubatedwith only secondary immunogold labeling antibody.
OB - oil body; IN - intine, EX- exine, PG pollen coat MT - mitochondria, TA- tapetosome,

EL - elaioplast, ER- endoplasmic reticulunBcale barepreserg1 um.
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