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ABSTRACT

Plastids are a group of organelles present inelie of higher and lower plants
and algae. Along with photosynthesis, they proadeariety of biochemical capabilities
and are one of the defining features of plant céllsese organelles are developmentally
flexible and can convert from one type to anotberdcommodate for the physiological
needs of a plant tissue. The presence and/oiticarssfrom one plastid type to another
are not well documented for all cases and the geaet physiological basis of these
transitions are not well understood. The goal liig study was to explore the plastids and
their transitions in a single plant to better ustiend the underlying mechanisms of these
changes and their overall effects on plant cells.a consequence of this goal, | adapted
a type of electron microscopy that had not beerelyidsed on plant tissues, catalogued
the organelles in each organArfbidopsisthaliana, and linked the chloroplasts

leucoplast transition in petal cells to an amorghaggregate seen in vacuoles.

Electron microscopy (EM) was the primary approasédiin this dissertation.
Transmission Electron Microscopy (TEM) was useddm better knowledge of plastids.
In addition, Focused lon Beam Scanning Electronrd&icopy (FIB-SEM) tomography
was used, which offers the ability to produce $atiaes of the materials (tissues) along
with simultaneous SEM micrographs. The micrograpbee used to create three

dimensional (3D) renderings of the tissues withrondevel resolution.

The successful application of FIB-SEM enabled tteelpction of three
dimensional renderings of five different tissuesiA. thaliana: seed endosperm, leaf

mesophyll, stem cortex, root cortex and petal lanimhe first part of this study

iv



demonstrates the efficacy of this technique intaliasue/cellular studies and its

usefulness in studying organelle architecture asidiloution.

The second part of this dissertation focuses oal petls, specifically a structure
present inside the petal vacuoles which has beerlamked or ignored in previous EM
studies. This structure was found and named Petalrphous Aggregate (PAA) in the
first part of this study. By utilizing TEM and HBEM to explore the petal cell vacuoles
of A. thaliana, Brassica junceae andCardamine bulbosa, a link to the transition of
chloroplasts to leucoplasts is made to PAA develmmrlhe micrographs obtained from
TEM demonstrate the development of the PAA in &waatuole which | have defined in
six stages. Micrographs also indicate the inteadietween PAA and plastids during
their transition from chloroplast to leucoplast dhdt these transitions are only present in

white petal where these transitions occur.
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CHAPTER ONE

INTRODUCTION

PLASTIDS

Plastids are organelles essential for plant anal &fg. They are double
membrane-bound organelles that perform photosyisthes a variety of metabolic
reactions, including synthesis of fatty acids aecbsidary metabolites (Pyke, 2009).
They proliferate via division of pre-existing orgdles and are faithfully transmitted to
daughter cells upon cell division, withalé novo synthesis. Plastids are derived from
proplastids (undifferentiated plastids) in the rstn of plant tissue and are categorized
into a dozen distinct differentiated forms, sucltlleroplasts (photosynthetic),

chromoplasts (pigment-storing), etioplasts (pregesenescing tissues), amyloplasts

(starch-storing), leucoplasts (lacking plastidgy alaioplasts (lipid-storing), etc

corresponding to their cells or tissues type speniktabolic roles and appearance (Pyke,
2007; Pyke 2009). An interesting feature of ptists that their development is
controlled both by environmental signals and byimsic programs of cell differentiation.
Most of these plastid forms are capable of beinveded to chloroplasts upon light

exposure (Pyke, 2009).

The ancestors of plastids were free-living prokécycells related to
cyanobacteria that were incorporated into a eukergell about 1.5 billion years ago
(Hoffmeister and Matrtin, 2003). The conversion @yanobacterium to a plastid required

several steps. There are several lines of evidehaeh indicate that chloroplasts in all



green plants and their non-photosynthetic relat{pésstids) are directly or indirectly
derived from a single endosymbiotic event (Archih@009). This original
endosymbiosis of the cyanobacterium gave risedstiols (primary plastids) in
Archaeplastida, which are made up of GlaucophyadRphyta (red algae), and
Viridiplantae (green algae and land plants). Fduhe six eukaryotic subgroups possess
plastids. This created a plant cell with threéedént sets of DNA, nuclear,

mitochondrial and plastid (Sager and Ishida, 1963).

Over time, most of the genes that were once iretitwsymbiont genome were
either lost or transferred into host nuclear gendne to this, the size of the plastid
genome has been reduced to one tenth that of@bdifing cyanobacterial genome
(Archibald, 2009). This integration of prokaryogjenome into the nucleus of the
eukaryotic cell is so extensive that the genetitena of plastids are now encoded by
both nuclear and plastid genes, requiring coordindietween the nucleus and the
organelle for gene expression within the plastigk@ 2009; Xin and Bhattacharya,

2010; Archibald, 2009).

The bulk of the plastid proteome consists of thelews encoded proteins that are
translated on cytoplasmic ribosomes (Xin and Blohtiaya, 2010). A protein import
apparatus was developed at the envelope membraaeger to translocate proteins from
cytoplasm to chloroplasts. There is no simple vaagxplain the gain and loss of plastids
in all eukaryotes (Miyagishma, 2011). The origirpamary plastids via endosymbiosis
involving a cyanobacterium is well-established, thét origin of secondary plastids is

still controversial. In addition, subsequent tegtiandosymbioses involving other free-



living eukaryotes explain plastid origins in otleerkaryote lineages (Xin and

Bhattacharya, 2010; Miyagishma, 2011; Archibald@20

All plastid types develop from embryonic and/or ismatic proplastids.
Proplastids are undifferentiated double membragarwlles and are found at the tip of
the shoots or roots, and also present in cultulea gells and callus tissue. These are
small about 1-2im in length, and contain little or no pigments (ByR009). They vary
in number per cell at approximately 10-20 proptsper cell. Proplastids divide by
constriction in the centre of the plastid, and ecrdivision of a proplastid is very
crucial; failure to do so quickly leads to meristdit cells with no proplastids. This
could lead to aplastidic cells, which would likddg lethal and meristem and organs
derived from these cells will die quickly (Pyke,9B). During cell division, proplastids
are segregated relatively equally into the two diéergeells as a result of their even
distribution in cell’'s cytoplasm, ensuring thatentral plane of cell division will always
result in proplastids in both daughter cells (Py&@)9). It may be that a more directed
positioning of proplastids close to the nucleus sindounding it, as directed by the cell’s
cytoskeleton is also possible, thereby also engwaquality of segregation into the two

newly formed cells (Pyke, 2009).

Another important aspect of proplastid biologyhisir role in plastid inheritance
between generations. For most species plastidnaternally inherited but for others
they are paternally or biparentally inherited (Pyk898). In many species of
angiosperms, proplastids are excluded from or diegiauring pollen development, such

that at fertilization, and the formation of a zygobnly proplastids from the maternal line



are present. Thus for the majority of angiospeptestids are maternally inherited but in
about one-third of angiosperm species, some dejigiparental inheritance of plastids
occur. In contrast, in the gymnosperms, the comigdiow predominantly paternal plastid

inheritance, whereas other gymnosperm groups ®aui&asito angiosperms.

Chloroplasts are primarily chlorophyll containiniggtids which are present in all
green parts of the plant. Chloroplasts carry oetfocess of photosynthesis, and are by
far the best understood plastid type in terms eirthiochemistry and molecular biology
(Lopez and Pyke, 2005). Leaves are the major &teshloroplast development and

accumulation, but they are also found in some diksues, such as stems, petioles, pods,

immature petals, sepals, tendrils.etd heir size varies between 54l in length and 2-

5um in width (Pyke, 2009; Wise, 2006). In leavesnafst plants the mesophyll cells
contain approximately 50-200 chloroplasts (depemdim the size of the cell and the
chloroplast). Chloroplasts consist of an internahmbrane system called thylakoid
membranes, which form stacked arrangements caldethgA distinct compartment
called the thylakoid lumen plays an important ial@hotosynthesis, especially in
production of ATP (Pyke, 2009; Wise, 2006). In matgnts, chloroplasts accumulate
grains of starch as a product of photosynthesimduhe day, which are broken down
into sugars (maltose, maltodextrin, or hexose dndéd phosphates), and exported to
cytosol during the night, as the sugar concentméatiacytosol is low due to inhibited
cytosolic fructose synthesis. Chloroplasts caredfitiate into different type of plastids,

such as chromoplasts, amyloplasts, etioplastsagy@asts, mainly by virtue of changing



the type and extent of primary storage materiakéP?2009; Pyke, 1998; Lopez and

Pyke, 2005).

Chromoplasts, are a specialized type of plastilabeumulates carotenoids,
which are synthesized from the phytoene whichdgegetically valuable anti-oxidant
found in many fruits and vegetables (Pyke, 200%5a)/2006). There are many different
types and colors of carotenoids, e.g. carotenesrargye, lycopene is red and zeaxanthin
and violoxanthin are yellow. These are respongdnidéinal coloration in pigmented
tissues, and are found in complexes on the thytelk@mbrane of the chloroplasts,
where they act as accessory pigments in light ca@nd energy dissipation by
chlorophyll antenna complexes. Several of thesalaefound in thylakoid membrane
and act as accessory pigments in light captureeaedyy dissipation by chlorophyll
(Pyke, 2009; Wise, 2006). Carotenoids have beesidered as valuable phytonutrients
in food and have medical importance. Lycopene leas lassociated with prevention of
cancer and cardiovascular diseases. Chromoplagtsble®n further categorized into five
different categories, such as those which: a) ianpls in structure, and contain globules
of pigment accumulated in the stroma; b) contastimltt crystals, usually of lycopene or
beta-carotene; c) contain extensive fibrillar drular structures; d) contain a complex
network of twisted fibrils throughout the strom@have extended concentric membranes

(Pyke, 2009; Wise, 2006).

Elaioplasts are the specialized lipid-storing pttsstLipids can be stored in
special bodies within stroma named plastoglobulesse are relatively scarce in most

plastids but in some circumstances, a significammer of plastoglobules accumulates in



elaioplasts. Elaioplasts are present in varietyssties types such as, tapetal cells of the
anthers in flowers, where lipid storage is requiffegke, 2009; Lopez and Pyke, 2005).
Some plants tissues require lipid for storage stanch for more efficient energy storage
(e.g. seed endosperm), more accumulation of plabogltakes place. Elaioplasts also
contain several proteins including fibrillin, whiébrms a coat around the exterior of the
postoglobule, preventing them- from coalescing i@mdaining as a distinct entity.
Plastoglobules are intimately connected with thgildkmembranes, so they should also
be considered as stores of all molecules which @lapje in the functionality of thylakoid
membrane and which are exchangeable between tladadind plastoglobule

compartments (Pyke, 2009; Lopez and Pyke, 2005).

Leucoplasts are colorless or non-pigmented plastidsidered to be present in
non-photosynthetic tissues and are observed iy diffferentiated cells of petals, seed
endosperm, stems and roots (Carde, 1984; Pyke).2Q@8coplasts are different from
all other proplastids and every other plastid matre and function. In comparison to
chromoplasts, leucoplasts are much smaller inaizecontain very little thylakoid
membrane and some plastoglobuli. Although they fagknents or storage materials,
they play major and significant metabolic roleshase cells. They are the primary site
of fatty acid, amino acid, and secondary metabgsltghesis, especially in roots (Pyke,

2009).

FIB-SEM

Over the past decades, several light and electiorostopy techniques have

helped scientists study biological architecturthattissue and cellular level in great



detail. For studies of plant structure, electraoroscopy has been an important tool.
Instead of using visible light the electron micrgges utilize focused electron beams and
are capable of resolving much more defined deitad®mparison to the light microscope
(Fowke, 1995). In the past, two types of electroarascopy have been used to study
plant cells and tissues, transmission electronaosgmpy (TEM) that permits the study of
internal features of cells and organelles in gdedails and the scanning electron
microscopy (SEM) that can provide details aboutekternal (surface) characteristics
and morphology of intact cells and tissues (Fovi}85; Stokes et al., 2006). However,
the need for true three dimensional imaging an@relés understand the 3D relationships
of meso-scale hierarchies has led to the developaiather advanced microscopy
techniques. Several methods have been developedasaddor 3D reconstruction of
objects using series of images or 2D micrographs. most intricate method among the
methods used in past for 3D reconstruction is TEMdgraphy (Midgley and Weyland,

2003; Villinger et al., 2012)

TEM tomography requires a thin or semi-thin sectiwat is projected in the
electron beam to produce an image series whidiers ised for the virtual reconstruction
of that section. With this method thin sectionsaia thickness of 1um can be
successfully processed and reconstructed withandstg resolution. However, to
process samples thicker than 1pum requires seagabeeg of the samples. The
procedure to obtain serial sections from a sangpledhnically challenging and

complicated (Midgley and Wetland, 2003; Villingdrad., 2012).



An approach to overcome the demanding and cumbergootess of serial
sectioning is FIB-SEM tomography. FIB-SEM is a tygeslectron microscopy that
combines both slicing and imaging. This instrumesds a focused ion beam (FIB) that
works at a hano scale and helps to reveal intenmabstructure in a site specific manner.
FIB-SEM is an instrument where SEM and FIB techg@e have been brought together
representing a powerful tool. FIB-SEM has been dsedecades to study and verify
three dimensional structures or architecture irematsciences (Sugiyama and Sigesato,
2004 ; Giannuzzi, 2005 ; Giannuzzi et al., 200Bhjs technique has recently been
gaining wider use on the biological tissues ( Marcfrérez et al., 2009 ; Bushby et al.,
2011 ; Wei et al., 2012). A more detailed dggwn of FIB-SEM and a survey of FIB-

SEM literature can be found in the introductiorChfapter 2.

DISSERTATION STRUCTURE

The overall focus of this study is plastid preseaied transitions in plant tissues

and the use of FIB SEM to study these structures.

The first part of this study demonstrates the steypalved in the development of
a FIB-SEM protocol for plant tissues. In order tottis, existing FIB-SEM protocols for
animal tissues were modified and adjusted to pre®I renderings of five tissues far
thaliana (L.) Heynh. (root cortex, shoot cortex, seed aaar leaf mesophyll, and flower
petal lamina). The results revealed good qualitii$&icrographs, with easily
identifiable sub-cellular architecture and orgaeeih all five tissue types, using FIB
SEM, which proved that to obtain good quality mgnaphs modifications to the protocol

were necessary. The 3D visualization of tissueg ganew insight of ultrastructural



organelles. Specifically, petal mesophyll cell thatmonstrated an aggregate which had a
regular crystalline-like structure and appeareddgresent in the vacuoles of every cell

in the visualized region (Bhawana et al., 2014).

The second part of this study focuses on the anomiphggregate found in the
petal mesophyll and epidermal cells. Previous stidfA. thaliana petals have noted
electron dense vacuolar aggregate in petal mesominylepidermal cells but not
considered it as any relevant structure (WestonPyke, 1999). 3D reconstructions and
TEM micrographs of petal mesophyll and epidermésdeom three different specids
thaliana, C. bulbosa andB. junceae were used to test the hypothesis that these
amorphous aggregates are the waste products pobdinen the plastids transition from
the densely membranous chloroplast to the cololgplasts in the flower petals.
Results from this study describe the formation degradation of the petal amorphous

aggregates iA. thaliana and compares them to two other species.

Together, the results from these two studies pesidovel insight into
organelles and possible mechanisms that have pugyibeen ignored or were hard to be
observed. The use of FIB-SEM for plant tissuestAeBD reconstructions proved to be

useful in gaining new knowledge and better undadstey of ultrastructural organelles.

The final chapter is a manuscript developed frasida-project that studied the
efficacy of chlorine dioxide for tissue culturetiation. My work demonstrated that
ClO, gas could be used in the preparation of planaéis$or micropropagation. The use
of CIO; gas in that system decontaminated cauliflower surthces at rates equal to

bleach treatment but the Gl@eated tissues grew more quickly and were hesalthan
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the bleach treated samples. €ias potentially represents an easy means to surfac
decontaminate plant tissues intended for microgyapan that when properly used does

not pose a risk to human health.



11

CHAPTER TWO

3D PLANT CELL ARCHITECTURE OF ARABIDOPSISTHALIANA
(BRASSICACEAE) USING FOCUSED ION BEAM-SCANNING

ELECTRON MICROSCOPY

Bhawana, J. L. Miller and A. Bruce Cahoon
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ABSTRACT

Premise of the study: Focused ion beam—scanning electron microscopy GHB})
combines the ability to sequentially mill the saeplrface and obtain SEM images that
can be used to create 3D renderings with microatimsolution. We have applied FIB-
SEM to studyArabidopsis cell architecture. The goal was to determine tlieaafy of

this technique in plant tissue and cellular studied to demonstrate its usefulness in
studying cell and organelle architecture and distron.

Methods: Seed aleurone, leaf mesophyll, stem cortex, rotéxpand petal lamina from
Arabidopsis were fixed and embedded for electron microscopygiprotocols developed
for animal tissues and modified for use with plesits. Each sample was sectioned using
the FIB and imaged with SEM. These serial image®wssembled to produce 3D
renderings of each cell type.

Results: Organelles such as nuclei and chloroplasts welily édesntifiable and other
structures such as endoplasmic reticula, lipid &mdand starch grains were
distinguishable in each tissue.

Discussion: The application of FIB-SEM produced 3D renderingfive plant cell types
and offered unigue views of their shapes and iatezontent. These results demonstrate

the usefulness of FIB-SEM for organelle distribatend cell architecture studies.
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INTRODUCTION

There are several microscopy methods availablétaimintra- or subcellular structural
information (Micheva and Smith, 2007; Helmstaedteal., 2008; Lehrer, 2009 ; Wei et
al., 2012). One of these techniques, focused iambscanning electron microscopy
(FIB-SEM), uses two beams: (1) a focused galliumbeam and (2) an electron beam
with secondary electron detector. The gallium beambe used for imaging, can mill an
area of interest to serially expose surfaces teaktissue and cell features, or can be
used to produce high-quality sections of a samgi¢rdnsmission electron microscopy
(TEM) studies. The SEM beam can visualize an af@aterest similar to conventional
SEM. When combined, they enable a microscopiséttian and visualize a sample with
the same apparatus (Tanaka and Mitsushima, 198An&ten et al., 2006 ; Marko et al.,
2007 ; Drobne et al., 2008 ; Knott et al., 2008;\Winter et al., 2009 ; Merchan-Pérez et
al., 2009 ; Schneider et al., 2010 ; Bushby etall,1 ; Wei et al., 2012). This technique
has been used in material science for decadesy@ugiand Sigesato, 2004 ; Giannuzzi,
2005 ; Giannuzzi et al., 2005) but has recentlynlzgening wider use on biological
tissues and is proving to be a powerful technollegyreating 3D reconstructions of
whole cells (Merchan-Pérez et al., 2009 ; Bushkgl.e011 ; Wei et al., 2012). In terms
of cost, FIB-SEM requires a dedicated apparatuswbald require an investment
comparable to a transmission electron microsco@eEaess to a facility with an existing
apparatus. The advantages of FIB-SEM over TEM toaply are (1) the ease of
sectioning and image acquisition and (2) the chahegror during image realignment is
minimized because serial images are acquired fretateonary block face. FIB-SEM has

been used on biological tissues in two ways: (daraple may be embedded, sectioned,
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and imaged using the FIB-SEM apparatus (Heymaah,e2006); or (2) in some cases,
the FIB capability is used to produce high-quatiggtions for TEM imaging (Wei et al.,
2012). FIB-SEM has, to date, been used to produeeidimensional renderings of
animal cells (Bushby et al., 2011), microorganighisymann et al., 2006; Wei et al.,
2012), starch granules in plant cells (Crumptonidiagt al., 2012), and pollen cells
(House and Balkwill, 2013).

Our objective for this study was to modify and gpgisting FIB-SEM protocols
developed for animal tissues to produce three-dsmoeal renderings of five tissues from
Arabidopsisthaliana (L.) Heynh. (root cortex, shoot cortex, seed alaardeaf

mesophyll, and flower petal lamina). We found tbeteral modifications were necessary
to achieve images of plant cells with FIB-SEM ahattcells with dense cytoplasm (i.e.,
seed aleurone and root cortex cells) yielded tls¢ fesults. We were able to easily

identify subcellular architecture and organellealirtissue types.

MATERIALSAND METHODS

Plant tissue and growth conditions

Arabidopsis thaliana was chosen for this study due to its small sizg@idrgrowth cycle,
and importance as a model plant system. Tissues et®rsen in an attempt to survey a
range of cellular content.

Root cortex tissues were obtained from 7—10-d-e&tiBngs grown on filter paper
saturated with 1/2 ¥urashige and Skoog medium (Murashige and SkoogR 1 ®ry

seeds were used as a source of aleurone tissanksaphyll, stem cortex, and petal
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lamina were obtained from 4—6-wk-old plants growmpotting soil at room temperature
under fluorescent lights set on a 16 h light/8 tkagcle.

Tissuefixation and preparation for FIB-SEM

A FIB-SEM protocol developed for animal tissues ¢Bly et al., 2011) was the primary
source for our methodology, with modifications lthee Mikuta et al. (2004). FIB-SEM
protocols for animal tissues have several modificatto the conventional fixation used
in SEM or TEM methods, including en bloc stainirging uranyl acetate (Heymann et
al., 2006 ; Merchan-Pérez et al., 2009 ; Wei e8l12), prefixation in
paraformaldehyde, and use of potassium ferricyaamdior tannic acid to enhance the
contrast (Knott et al., 2008 , 2011 ; Armer et 2009 ; De Winter et al., 2009 ; Hekking
et al., 2009 ; Bushby et al., 2011 ; Wei et al120

Fresh tissue was cut into ~1-mm square or blockg and initially fixed in 2—-3 mL of
2.5% glutaraldehyde (v/v) and 2.0% paraformaldehyde) in pH 7.3 0.1 M sodium
cacodylate buffer for 2 h on a rotator. The primiasgtive was removed, and the tissue
samples were washed 218 min in 0.1 M sodium cacodylate buffer. Tissueseav
immersed in 2-3 mL of secondary fixative (1% osmietnoxide [v/v], 1.5% potassium
ferricyanide [w/v], in 0.1 M sodium cacodylate berff at room temperature for 2 h. The
secondary fixative was removed, and tissues weshi@h3 XLO min with 0.1 M sodium
cacodylate buffer. Buffer was replaced with 1% taracid (w/v) for 1 h and then
removed by immersion in distilled water 38 min. Tissues were dehydrated by
immersion in 30, 50, 70, 95, and 380% ethanol, for 10 min each, followed by 20«

min in 100% propylene oxide (PO) (v/v). Subsequertkie tissues were immersed in 3 :
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1 PO : Epon+Spurr for 1 h, 1 : 1 PO : Epon+Spurifb, 1 : 3 PO : Epon+Spurr
overnight at room temperature, then 100% Epon+Spu24 h (Mikuta et al., 2004).
Fixed specimens were transferred into BEEM capdiled Pella Inc., Redding,
California, USA), oriented at the tip of the cagsylcovered with 100% Epon+Spurr, and
cured at 60 € for 24 h. The pyramidal ends of the plastic b&walere trimmed with a
glass knife until tissue was reached. The areanarthe tissue was trimmed to form a
trapezoid-shape measuring 0.5 mrh mm (length »width). Each plastic block was
immobilized with a vise, and a 4-mm portion coniranthe fixed tissue was removed
using a fine hacksaw, forming a pyramid. The 4-nymamid was glued to a 12.5-mm
aluminum SEM stub, using PELCO carbon tabs (TethPat.), such that the imaging
surface (the trapezoid) was horizontal to the stuttace. Each pyramid was coated with
carbon glue excluding the trapezoidal surface.|Kinte pyramid was coated with a
200-nm layer of gold palladium using a Hummer 6pat&ring Apparatus (Ladd
Research Industries, Williston, Vermont, USA).

Focused 1on Beam-Scanning Electron Microscopy

The gold palladium—coated sample was placed ospbeimen stage of the FIB-SEM
apparatus and secured with the sample facing tothiarduter edge of the vacuum
chamber and the chamber pumped to high vacuum. \tifeeBEM electron beam was
engaged, the area of interest was identified usiagecondary electron detector in a
wide field. Next, the FIB high voltage and emisscamrent were turned on and the FIB
window opened. Sample working distance was setorfand the stage tilted to 55 °.
FIB and SEM pictures were aligned using the FIB-Siatdrsection (setting the eucentric

position of the stage), and the magnification wetsbetween 2500 and 3000 x A
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platinum layer (2Qu m x20pu m x0.25p m [length xwidth x height]) was deposited on
the area of interest. For milling, the ion beanrent was initially set to 1000 pA but
optimal beam current varied and was manually aggusample to sample. The regular
cross-section feature and ion beam were used t@nmgénch (FIB coarse trench milling)
20um x20um x 10 um to expose the targeted area. Fine milling anghthishing
feature were used to remove debris or imperfectimm the front face of the platinum-
coated area (targeted area). The block face wasnatitally or manually sliced using
the FIB slicing + SEM image acquisition featurethna thickness of 100 nm for each
slice and 10 ns/slice dwell time.

I mage processing

Images were processed using ImageJ (Schneider 204R). Briefly, the area of interest
was selected within the image frame and croppedhBress and/or contrast were
adjusted and the processed images saved in TIRtatormageJ 3D viewer was used to
compile the stack into a three-dimensional rendgmmake orthogonal slices or 3D

rotations, or save images in .avi format to be eéws a movie.

RESULTS

Five different tissues were explored using FIB-SE¥kas of interest included seed
aleurone (Figure 2.1a), stem cortex (Figure 2.4mbt cortex (Figure 2.19), leaf
mesophyll (Figure2.1j ), and petal mesophyll (Fegrim). A 20 20 x0.25-um
platinum layer was placed

on each area of interest (Figure 2.1b, e, h, ko pyotect it from burning (or destruction)

by the FIB beam as well as to provide a leveleéaserfor even slicing. A trench was
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milled around each platinum layer to expose thgetiead area (block face) for sectioning
and imaging (Figure 2.1c, f, i, I, 0). Automatediaksectioning and imaging of seed
aleurone cells provided 90 micrographs by seri@iyioving 100-nm sections from the
block face. Some manual images were also colld€iguire 2.2a—c) . Automated images
were assembled to obtain a three-dimensional récmtisn, 360 “orthogonal rotation
(Figs. 2.3a, 2.4a ; Videos 2.1a, 2.2a), and a ireensional false-colored volume
rendering of the tissue (Figure 2.5a) . Stem coctdls adjacent to the epidermis and
extending toward the vascular bundle were autométisectioned and imaged to
produce 141 micrographs. Several high-resolutionuabimages were also collected
(Figure 2.2d—f). Micrographs from serial sectionmgre used to produce a three-
dimensional reconstruction, 36@rthogonal rotation, and three-dimensional false-
colored volume rendering for the stem tissue (Fégsr2.3b, 2.4b, 2.5b ; Videos 2.1b,
2.2b).

Automated serial sectioning and imaging of rootcetetmis and cortex tissue yielded 88
micrographs. Manual images were also collecteduf€i@.2g—i). Sections were
assembled to produce a three-dimensional recotistnuUé&igure 2.3c, Video 2.1c), 360 °
orthogonal rotation (Figure 2.4c, Appendix A), dhcee-dimensional false-colored
volume rendering of the tissue (Figure 2.5c).

Leaf mesophyll cells were automatically sectioned enaged to yield 141 micrographs.
Manual images were also collected (Figure 2.2B4¢xial sections were used to produce a
three-dimensional reconstruction, 360rthogonal rotation, and three-dimensional false
colored volume renderings of the tissue (Figurel 2234d, 2.5d; video 2.1d, 2.2d). Petal

mesophyll cells were automatically sectioned anaged to yield 142 micrographs.
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Manual images were also collected (Figure 2.2 mSe{tions were used to produce a
three-dimensional reconstruction, 360rthogonal rotation, and three-dimensional false-

colored volume rendering of the tissue (Figureg 2234e, 2.5e; Appendix B)
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Figure 2.1: Five Arabidopsistissues prepared for FIB-SEM sectioning and imaging
Stages of the FIB-SEM process are demonstrateldding choosing an area of interest,
depositing a platinum layer (PL), and milling teate a block for serial sectioning. Dry
seeds were fixed, sliced, and imaged for aleurdguglization (a—c): (a) the endosperm
cells (E)* of the aleurone area of interest vievaed 55 ‘angle; (b) a 250-nm platinum
layer (PL) applied to the area of interest; (c)-aHaped trench (T) was milled with the
gallium ion beam around the area of interest tmegm block face (B) for sectioning and
imaging. Stem tissue (d-f): (d) whole stem transeesection showing parenchymal (P)*
cells; (e) a 250-nm platinum layer (PL) was placadan area of interest across the cortex
spanning from the first layer of parenchymal ceiterior to the epidermis to the
endodermis; (f) a milled trench (T) at the areitdrest, the first parenchymal layer is
visible on the block face (B). Root tissue (g—g) ¢ortex cells (C)* of a whole root
transverse section from the elongation zone shawrOgangle; (h) a 250-nm platinum
layer (PL) was placed on the cortex extending ftbenendodermis toward the epidermis,
and a trench was partially milled, shown at a 8adle; (i) the completed trench (T)
showing an exposed block surface. Leaf tissue: ([pimesophyll cells (M)* were

chosen as the area of interest, shown here atam@lé of a transverse section; (k) a 250-
nm platinum layer (PL) on the area of interest (Opéyll cells); (I) a trench (T) was
milled exposing the block face (B). White petalsnfrfully opened flowers (m-o0): (m)

the faint outline of a petal transverse sectioshiswn at a 55 &ngle (mesophyll cells

[M]* were chosen for imaging); (n) a 250-nm platmuayer (PL) was placed on the area

of interest; (0) a trench (T) was milled, expostihg block surface. Abbreviations: B =
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block face; C = cortex cells; E = endosperm célls; mesophyll cells; P = parenchymal
cells; PL = platinum layer; T = trench. *Squaresird, g, j, and m represent the areas of

interest for each tissue.
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Figure 2.2: High-resolution SEM micrographs from manual inmagiAt least 40 images
were collected from each cell type in this studlyt€e representative images from each
cell type are shown and subcellular bodies labeletbmonstrate the resolution
achieved. (a—c): Seed aleurone cells showing praiailies (PB), lipid bodies (LB), and
cell walls (CW). (d—f): Stem cortex cells showingaroplasts (Cp), amyloplast (Ap),
starch grains (arrows), cell wall (CW), and vacsdM). (g—i): Root cortex cells showing
vacuole (V), nucleus (N), nucleolus (Nu), lipid lesi(LB), cell wall (CW), and
endoplasmic reticulum (ER). (j—I): Leaf mesophwlls showing chloroplasts (Cp) and
internal membranous endoplasmic reticulum connest{&R). (m—o): Petal mesophyll
cell showing nucleus (N), vacuoles (V) and amorghaggregate (Aa), cell wall (CW),
and some organelles (*) with details below the Ioliveit of the resolution of this
technique. Abbreviations: Aa = amorphous aggregrgie= amyloplast; Cp =
chloroplast; CW = cell wall; ER = endoplasmic ratian; LB = lipid body; N = nucleus;

Nu = nucleolus; PB = protein body; V = vacuole.
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Figure 2.3: 3D renderings of the imaged areas of interesh filwe five tissues. Serial
images were assembled to create 3D renderingsbfcedl type. Approximate blocks of
dimensions 20 20 x10u m were imaged and visualized using FIB-SEM, and the
images were used to create a 3D rendering with éha@) Seed aleurone cells, (b) stem
cortex, (c) root cortex, (d) leaf mesophyll, (e)gpenesophyll. Abbreviations: Aa =
amorphous aggregrate; Ap = amyloplast; Cp = chlasipCW = cell wall; ER =

endoplasmic reticulum; LB = lipid body; PB = pratdiody; V = vacuole.
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DISCUSSION

Plant cell and tissue tomography has been podsibometime (Pellegrini, 1980), but
recent improvements and accessibility in computationethodologies and image
manipulation have greatly decreased the labor sacg$o produce images and have
increased the range of applications. For examplgyXomography allows imaging of
whole plant organs (Mairhoferet al., 2012), and T#®khography allows the detailed
visualization of subcellular structures (Austin é&tdehelin, 2011). FIB-SEM enables
imaging of structures between the resolution cdiaisiof TEM and X-ray
tomographies. It has proven useful in plant stutbeshe visualization and distribution
of starch grains (Crumpton-Taylor et al., 2012) aotlen anatomy (House and Balkwill,
2013).

The goal of this study was to modify FIB-SEM praitscdeveloped for animal tissues,
determine the efficacy of FIB- SEM in plant tisarel/or cellular studies, and
demonstrate its usefulness in studying organetlei@cture and distribution. A
successful survey of five plant tissues was coredlesing the modified protocol, and
3D reconstructions were produced that providedalization of plant cells at a unique
resolution.

In the seed aleurone layer, 2D micrographs and ee8dnstruction of the aleurone cells
revealed irregularly shaped cells with densely pdakytoplasm. There were numerous
protein bodies and lipid bodies, and well-definetl walls were easily identifiable and
comparable to organelle images in micrographs ff&i studies on endosperm and
embryo cells oDaucus carota L. seed (Dawidowicz-Grzegorzewska, 1997) and

perisperm and endospermPiielipanche aegyptiaca (Pers.) Pomel seed (Joel et al.,
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2012). Stem 2D micrographs and 3D renderings efdfigtem tissue revealed highly
vacuolated elongated collenchyma cells with fulbyeloped chloroplasts and starch
grains very similar to those seen in micrographieaf blades oArabidopsis (Musgrave
et al., 1998 ). Amyloplasts and the cell walls walsoidentifiable and comparable to
those in micrographs of meristesalls inD. carota embryo (Dawidowicz
Grzegorzewskal 997) and endosperm cellsAfundo formosana Hack. (Janel999).
Root micrographs and 3D reconstruction of rootscediealed columns of regular block-
shaped cells with dense cytoplasm, a prominenengg¢chucleolus, cell wall, and
vacuoles. Subcellular structures were identifiald comparable to those in published
micrographs foGlycine max (L.) Merr. root cells (Yu et al., 2011) and corticells of
Cucumis sativus L. root (Lee et al., 2002). Lipid bodies and stagcains were
identifiable and comparable to those seen in mrequlgs forA. formosana endosperm
cells (Jane, 1999) ardl carota (Dawidowicz- Grzegorzewska, 1997). Membranes
adjacent to the nucleus and throughout the celie sienilar to endoplasmic reticulum
found in root meristematic cells aflium sativum L. (Jiang and Liu, 2010) and cortical
cells of C. sativusroot (Lee et al., 2002).

Leaf 2D images and 3D renderings of fixed leaf gt cells produced by FIB-SEM
allowed the visualization of cellular and subcelhdeatures and provided a view of
chloroplast distribution that was unique, but aleasistent with previously published 2D
electron micrographs (Musgrave et al., 1998). €edipe was generally oblate and
circular, with relatively thin cell walls. Chlorogdts with low-resolution thylakoid stacks
were also clearly identifiable as were nuclei,@dtagrains, and internal cytoplasmic

membranes.
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Figure 2.4: 360°ortho-rotation for the five tissues. 36@tho-rotations were created to
demonstrate the ability to visualize interior plasactions from the 3D reconstructions.
(a) Seed aleurone cells, (b) stem cortex, (c) coaex, (d) leaf mesophyll, (e) petal
mesophyll. Abbreviations: Aa = amorphous aggregi@pe= chloroplast; CW = cell

wall; LB = lipid body; PB = protein body; V = vacl&o
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Figure 2.5: 3D false-colored volume rendering for the fivdl tgpes. False-coloring was
manually added to 3D reconstructions to add greatetrast to some of the prominent
structures. (a) Seed aleurone cells, (b) stemxctotparenchymal cells, (c) root
endodermis to cortex cells, (d) leaf mesophyllg;€k) petal mesophyll cells. Axes are
color coded: x = red, y = green, z = blue. Abbreeigs: Aa = amorphous aggregrate; Ap
= amyloplast; Cp = chloroplast; CW = cell wall; [=Blipid body; N = nucleus; Nu =

nucleolus; PB = protein body; V = vacuole.
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Petal mesophyll 2D images and 3D renderings rededtengated, irregularly shaped
cells arranged into aerenchymous tissue as prdyioggorted forArabidopsis (Pyke and
Page, 1998) and numerous other species (Kay d98l1). Cells were highly vacuolated
similar to those of another member of the Brassiaagrysimum cheiri (L.) Crantz
(Weston and Pyke, 1999). Published transmissiatrele micrographs ofrabidopsis
white petal mesophyll have shown electron-denseolglasts in the thin strip of
cytoplasm typical for these cells (Pyke and Pa§88)L There were several structures
that may have been mitochondria, leucoplasts,rgelaesicles, but the SEM images
obtained in this study lacked the resolution tard@fely identify them. Inside the petal
mesophyll cell vacuoles, an amorphous aggregateclgagy visible in 3D
reconstructions. This feature has been mention@®iMEM studies as an electron
opaque material in the mesophyll and epidermalvaaloles oErysimum petals

(Weston and Pyke, 1999), but its presence in thhoages was relatively unremarkable.
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Appendix A. Video of 3D reconstruction and rotation of (a) seadosperm cells from
the aleurone layer, (b) stem parenchymal cells;d@f) cortex cells, (d) leaf mesophyll
cells, and (e) petal mesophyll cells. Micrograplesencollected by milling fixed tissue
accompanied by SEM imaging using FIB-SEM.

This video is Windows Media (.wmv) file and canwewed here with QuickTime or
Windows Media Player, or can be viewed from theaBatal Society of America’s
YouTube channel.

http://www.youtube.com/watch?v=0nngMBJILAO
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Appendix B. Video of 3D ortho-rotation of (a) seed endospeegths from the aleurone
layer, (b) stem parenchymal cells, (c) root codels, (d) leaf mesophyll cells, and (e)
petal mesophyll cells. Micrographs were collectgarhlling fixed tissue accompanied
by SEM imaging using FIB-SEM. This video is Windotedia (.wmv) file and can be
viewed here with Quick- Time or Windows Media Plgy& can be viewed from the
Botanical Society of America’s YouTube channel

http://www.youtube.com/watch?v=B3tEY8X85f4
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ABSTRACT

Flower petal mesophyll and epidermal cell vacuolie&rabidopsis thaliana have an
undefined amorphous aggregate. These crystabioiérg structures have not been seen
in other tissues of this species or other spechlgshwraises the question of its origin
and/or function in petal developmerfrabidopsis petal cells begin their development as
green tissues that transition to white upon flometuration. The petals undergo
programmed cell death after pollination and nutseare recycled. We hypothesized that
the amorphous aggregates are an intermediary $teuicirmed from the waste materials
generated during the transition of chloroplastetcoplasts during petal cell
development. From our data we show that petal anoupaggregates (PAA) appear in
the vacuoles ofirabidopsis petals during/after the transition from green tehdte tissue
and were able to define six stages of petal cellRAA development. We also show that
PAAs are present in two white-flowered self-polting members of the Brassicaceae
family, A. thaliana andCardamine bulbosa but are absent in the yellow flowered

Brassica junceae.
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INTRODUCTION

Arabidopsis petals are distinctive simple laminar organs;whée petal blades are
relatively large and spoon shaped and lack chlofbphhese petals possess a
morphology similar to other broad and flat plargans but with unusual conical
epidermal cells on their adaxial surface at matyMara et al., 2010; Irish, 2010).
Unlike similarly shaped organs, such as leagesbidopsis petals have a well defined
very short life span which has very likely beeriuehced by the predominance of self-

pollination (Droon, 1997).

All petals are considered to be modified leavesgrogrammed to senesce after its
reproductive role is complete. Some petals, inolgiérabidopsis, begin development as
green organs containing chloroplasts. As the gegadnds and matures these
chloroplasts lose both chlorophyll, and thylakoidmbranes to become leucoplasts in
white, pink or blue flowers or chromoplasts in g&ll orange or red colored flowers
(Whatley, 1984; Thomas et al., 2003). These chareggaeain stable to maintain petal
colors until pollination occurs or the flower iscated. Post-pollination, whole petals
senesce, cellular constituents are degraded, anémtg are remobilized. This
remobilization of mineral nutrients is primarilytrigen and phosphorous from the petals
and is believed to contribute either to the devalept of the ovary or to that of new

flowers (Kenichi et al., 2013; Thomas et al., 200&)es, 2013).

The cellular mechanism of petal senescence isusiillear. Biochemical studies of leaf
senescence have shown that the thylakoid pigmetgiprcomplex is disassembled and

chlorophyll is broken down into phytol, magnesiundavater soluble cleavage products,
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which are removed and stored in vacuoles (Martiebi@., 2000). Autophagy is
considered to play a role in nutrient relocalizatguring leaf senescence. Several
electron microscopy studies demonstrate autophegyrs during petal senescence and
show vesicles budding into the vacuoles presumednigying cytoplasmic components.
However, it is unknown if this is the cause of ahth or a mechanism of efficient
remobilization of nutrients (Jones, 2013; Avila-@spet al., 2014; Matile and

Winkenbach, 1971).

Once petal senescence is complete, dramatic agiopdetivities of the large central
vacuole can be observed in all cells. Decayinguigmic organelles (mitochondria,
ribosomes etc) appear to be transported into tbeola by invaginations of the tonoplast
where the cytoplasmic material becomes exposdtkettysosomal enzymes. In some
cells autophagic activities last until only a vénin layer of cytoplasm is left behind

(Matile and Winkenbach, 1971).

One study oArabidopsis has noted an electron dense vacuolar aggregptgah
mesophyll and epidermal cells (Weston and Pyke9)1L98 recent 3-D visualization of
petal mesophyll cells demonstrated that this aggeclgad a regular crystalline-looking
structure and appeared to be present in the vaxobkevery cell in the visualized region
(Bhawana et al., 2014). This structure was comedtal amorphous aggregate (PAA) as
it was not seen in any other tissues inAhabidopsis plant. In this study we test the
hypothesis that these amorphous aggregates arelgdatgeted waste products
produced when densely membranous chloroplaststican® colorless leucoplasts in the

flower petals. We use transmission electron nsicopy (TEM) and focused ion beam
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scanning electron microscopy (FIB-SEM) to desctiimeformation of the PAA in
Arabidopsis cells and compare them to petals from two othenbess of the

Brassicaceae family Brassica junceae andCardamine bulbosa.

MATERIALSAND METHODS

Tissue collection

Arabidopsis thaliana andBrassica junceae (var. Southern Giant Mustard) were grown in
an incubator at 28°C with a 16 hr light/8 hr daykle. Cardamine bulbosa flowers were
field collected on the MTSU campus in April 201A4. thaliana flower petals were
collected between developmental stages 13 andr$tfSet al., 1990)B. junceae petals
were collected from fresh, fully opened flowers@8 week old plantsC. bulbosa

petals were collected from fresh fully opened flosve

Tissue preparation for TEM and FIB-SEM

Individual petals from each species were colleftenh fully open flowers and initially
fixed in 2-3 ml of 2.5% glutaraldehyde (v/v) an@% paraformaldehyde (w/v) in pH 7.3
0.1 M sodium cacodylate buffer for 2 hr on a rataldhe primary fixative was removed
and the tissue samples were washed 2 x 10 miriM Sodium cacodylate buffer.
Tissues were immersed in 2-3 ml of secondary fieatl% osmium tetroxide (v/v), 1.5
% potassium ferricyanide (w/v), in 0.1M sodium odylate buffer) at room temperature
for 2hr. The secondary fixative was removed argligs were washed 3 x 10 min with

0.1M sodium cacodylate buffer. Buffer was replaagtth 1% tannic acid (w/v) for 1 hr
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and then removed by immersion in distilled wated8 min. Tissues were dehydrated by
immersion in 30, 50, 70, 95 and 3 x100% ethanollf®min each, followed by 2 x 10
min in 100% propylene oxide (PO) (v/v). Subsequettite tissues were immersed in 3:1
PO:Epon+Spurr resin for 1 hr, 1:1 PO and Epon+Sjpurl hr,1:3 PO:Epon+Spurr
overnight at room temperature, then 100% Epon+Spu24 hr (Mikula et al., 2004).
Fixed specimens were transferred into flat embegldinlds, oriented at the tip, and
covered with 100% Epon+Spurr, and cured at 60°Q4oinr.

For TEM, fixed specimens (flat capsules) were triednand thin sectioning was done
using glass knives (prepared using Leica EM KMRZdémaker) for each tissue to
obtain multiple sections of approximately 60-100msing a Leica Ultracut UCT
Microtome. These sections were collected on a aogpe and stained using uranyl
acetate and Sato’s lead. Sections were observennaged with a Hitachi H-7650-I1

Transmission Electron Microscope at 10kv.

For FIB-SEM, the ends of the fixed specimens @iisules) were trimmed to 1x1mm
trapezoids and reduced in height to about 4mm.&kBpscimens were carbon taped on
SEM specimen mounts and coated with carbon glu@00xm layer of gold-paladium
was placed on these samples using Hummer 6.2 Spgtéspparatus. Once coated these
samples were further processed (milled, polishectjaned and imaged) using a Tescan

Lyra 3 Focused lon Beam Field Emission ScanningtEla Microscope.

A diagrammatic representation of the FIB-SEM predegresented in Figure 3.1 and

instrument settings are shown in Figure 3.2.
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Pyramidal end of
BEEM capsule

[

e e e e .
ﬂ 23 :I Top view of
pyramidalend
BEEM capsule
containing plastic
embedded fixedtissue

Platinum Layer

(Filledarea signifies
tissue)

Drawing oftrench

Trenchis madeto
| remove extratissue
nearthe platinum
Wolayer

Completetrenchto
start sectioning

Platinum coated blockedis
sectionedusing FIB

Figure 3.1: FIB-SEM sample preparation schematic, showingtioeess of block

preparation, platinum layer deposition and ablatuith FIB.

tay FIBPresets |yolume definition | Process ) [ Fig presets | Volume definition | process
Choose FIB presets and materials for the following )
operations Show region v
P SEM region @ Automatic Manual
4. Deposition, imaging
40.7 pA 250.0
1. Rough milling Depth um
2.65 nA Pixel size 500 |y 588x368
2. Fine milling, polishing - .
- = Slice thickness 10048 | nm  Slices 209
732 pA
Cube size: 21.00x21.00x10.00 pm
Platinum (30.0 keV)
SE
Default material (30.0 k
100 psipix | =

Figure 3.2: FIB SEM settings for a) Platinum deposition, tlemilling and slicing, b)

Volume definition.
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RESULTS

PAA Development in A. thaliana

The presence of PAAs #rabidopsis petals was determined using TEM and FIB-SEM
methodologies to visualize the internal anatomgedis. Individual petals from
Arabidopsis were divided into three regions - the P1 petal ltiasees were green and
represented the least developed petal cells, thi@2egion represents a transition
between the green base and the white tip, and3tpetal tip represents the oldest cells in

the petal (Figure 3.3).

Mesophyll, abaxial or adaxial epidermal petal celse chosen as areas of interest
within each region. TEM micrographs revealed thasophyll cells in the green P1 base
of the petal had a disorganized array of electemsd material inside the vacuoles, no
obvious tonoplast invaginations, and intact chltasis (Figure 3.4 a-d) Mesophyll cells
in the P2 middle portion of the petal had organiéd\s in some of the cells, obvious
invaginations in the tonoplasts indicative of vdandransport, reduced chloroplasts, and
leucoplasts (Figure 3.4 e-h). Mesophyll and adapalermal cells in the P3 tip portion
of the petal had well-organized PAAs, tonoplastaginations (detailed image in Figure
3.5), leucoplasts, and no intact chloroplasts (g4 i-l). Cells in the P3 region were
also found where the tonoplast had ruptured ande¢hevas dead (Figure 3.4j). PAAs

were often located directly across the tonoplasnfa transitioning plastid (Figure 3.5).
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P3-TIP P2-MID PI-BASE

Figure 3.3: Three regions oA. thaliana petal
a) Whole fixed petal in resin, b) Petal dissected thtee regions, P1- Base of petal,

P2 — Middle of petal and P3 — Tip of petal c) Bleakith each petal portion mounted on

stubs and d) TEM micrographs from P1, P2 and Pidmeg
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P1-BASE

P2-MID

P3-TIP

Figure 3.4: TEM micrographs from three regions of Arthaliana petal.

(a — d): Four micrographs from the P1 region (ldg@etal), showing various cells with

intact chloroplast (C), vacuoles (V), and disorgadi PAAs.

(e — h): Four micrographs from P2 region (mid-secof the petal), showing cells
undergoing chloroplast to leucoplast (L) transitioells with large amounts of

cytoplasmic content with visible nuclei (N), andrfa@tion of well defined PAAs.

(i—I): Four micrographs of cells in the P3 reg{petal tip), where the majority of the
cells are mature and/or dying, have minimal cytsypli@ content due to ruptured
tonoplasts (T) ,have completed chloroplast to Iplasi transition, and less defined

PAAs.
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Figure 3.5: TEM micrographs of plastid-PAA interaction

(a — b) Cells showing plastids and PAA locateddiyeacross the tonoplast from each

other. The interaction is highlighted in a circle.
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In each section cells were seen in varying stagds\welopment indicating that
transitions were not progressing at uniform ratesafijacent cells. For example in the
base region, most cells had obvious chloropladtsdme had begun the process of
degradation while others had not. In the mid-sectPAA size and development varied
significantly. In the tip region some cells weiable while some had a ruptured

tonoplast membrane.

FIB-SEM was used to section through entire cellsawfirm that TEM results were
accurate, that no features were missed due tomsaag, and that the observed
phenomena were not artifacts of staining. An aveiEdl00 SEM micrographs were
collected for each tissue. 3-D reconstructionttierthree regions drabidopsis petal
confirmed trafficking of cytoplasmic content andrfation of AAs in the central
vacuoles of P3 and P2 regions and the absence @mArafficking in the P1 region

(Figures 3.6 a-f and Video 1).

Overall, these three regions differ in the sizeaxfuole, number of chloroplasts and
leucoplasts present and also in the developmetaiges of individual cells. The P1
region had more chloroplasts in comparison to dtlerregions and AAs were absent in

this region.

PAA in other members of the Brassicaceae

Petals fromA. thaliana, B. junceae, andC. bulbosa were compared to explore the

structure and formation of PAAs in the central v@eu
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P1-BASE P2-MID P3-TIP

Figure 3.6: Orthographic projections of 3D reconstructiomfrthree regions oA.

thaliana petal tissue using FIB-SEM.

(a-c): Front of the reconstructed block showingPiémesophyll cells), P2(abaxial

epidermal cells) and P3(adaxial epidermal cellgjores.

(d-f): Back of the reconstructed block showing Bigadaxial epidermal cells),

P2(adaxial epidermal cells) and P3(mesophyll cedigjons.

Videos of each are available as P1P2P3- 3D recanisn and rotation. Video 1:

https://www.youtube.com/watch?v=sxFOMUystrI&list=UU 1|0 _RaWmJEwens0yBaQ
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These three plants were chosen because they heldimg Brassicacea family and could
be used to challenge the hypothesis that the vacB#A is formed as a by-product
during the transition of chloroplasts to leucopdstwhite petal cellsC. bulbosa has
white petals with a green base and is primarilfsgellinated similar toA. thaliana. B.

junceae has yellow flowers with chromoplasts that do na¢dra green base.

TEM images of yellow petal cells froB: junceae revealed disorganized electron dense
particles in the vacuoles of mesophyll and epidéoekls (Figures 3.7 e-h) but no PAAs.
The disorganized particles seen throughout thdspet®. junceae are also visible in
some portions oA\ thaliana andC. bulbosa petals (Figure 3.7 a, e and I) TEM images
from whiteC. bulbosa petals revealed PAA-like structures in the vacsiolemesophyll
and epidermal cells (Figures 3.7 i-I) somewhat lsintd those seen in the P2 and P3
portions ofA. thaliana. Ruptured tonoplasts were also visible in@éulbosa cells

(Figure 3.7k).

FIB-SEM was used to make 3D reconstructions oftlesophyll and epidermal cells
from C. bulbosa, andB. junceae. An average of 100 SEM images or micrographs were
used for each reconstruction. The structures edtiz absent i€. bulbosa, andB.

junceae were confirmed with the 3D renderings (Figuresa3ddVideos 2 a-b).
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A. thaliana

B.junceae

C. bulbosa

Figure3.7: TEM images from petal tips (P3 region)Afthaliana, B. juncea andC.

bulbosa flowers.

(a — d): Four groups of cells from Anthaliana petal showing intact well defined PAASs,

poorly defined PAA’s, and cells with broken toncgika

(e — h): Cells fronB. juncea petal showing amyloplast, mitochondria, intactaplast

and vacuoles with no PAA’s.

(i—1): Cells fromC. bulbosa showing, leucoplasts, vacuolar trafficking of gytsmic

content and some PAA-like formations.
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DISCUSSION

Vacuoles are present in all plant cells but dififeform and function (Swanson et al.,
1998). Historically, vacuoles are considered a w@namy storage site for waste or protein
and other nutrients which may play important rol@liant growth and development. In
recent years vacuoles have been recognized agpumlbise organelles that carry out

numerous metabolic functions (Echeverria, 2000n8hay et al., 1972).

Vacuoles have a large number of different hydraasel hence are known to have
lysosomal character (Hortensteiner and Feller, pO0&ey play an important role in cell
development and senescence by providing defensesag#tic and abiotic damage,
accumulation of metabolites and autolysis. Thessetkey roles are important for cell
viability, pollination and cell death (Thomas et &003). The sequestration of pigments
and catabolites in the vacuoles is considered aptation for protection against

photodamage (Thomas et al., 2003; Matile and Hetéémer, 1999).

The color of reproductive structures like petald &mits is considered to be a result of
carotenoid accumulation or accumulation of vacuatahocyanins, especially in flowers.
These accumulations are typically observed to obefore senescence or in some cases
are associated with the reproductive phase ofveefls life (Thomas et al., 2003). In this
study we followed the development of colorless PARwhite flowers ofA. thaliana. It

is known thatA. thaliana petals are green as immature buds, but they beadmte as

they expand and mature.
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Figure 3.8: Orthographic projection of 3D reconstructed bkok petal tissue frorB.

junceae andC. bulbosa using FIB-SEM.

(a — b) Front face of the tissue block fr@rjunceae showing abaxial epidermal cells
with a few organelles, and large vacuoles with elispd vacuolar content a@dbulbosa

showing adaxial epidermal cells with a few orgaesetind PAA-like structures,

(c - d) Back face of the tissue block frdnjunceae showing mesophyll cells with big
vacuoles containing speckles of cytoplasmic coraedC. bulbosa, showing mesophyll

minimal cytoplasmic content and some vacuolar itrkiffig.
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Serial sectioning and reconstruction videosdhaliana, B. junceae andC. bulbosa are

available at:

Video 2a:

https://www.youtube.com/watch?v=d84IwnMVy-

g&list=UU1lu_lj0_RaWmJEwens0yBaQ

Video2b:

https://www.youtube.com/watch?v=ngrgpfGGGRQ&Ilist=UU lj0 RawmJEwens0QyBa

Q
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This developmental gradient is maintained in tHly fexpanded petal where the base is
light green but the fully expanded portion of tleggh is white. The observed PAAs from
different sections of fully mature metals were mmstminently observed in the petal
lamina that mostly lack intact chloroplasts or pieg¢al cells which have completed the

chloroplast to leucoplast transition. Cells in gneen base lacked PAAs.

Arabidopsis petals are white, which rules out the possibtligt the observed PAAs
contain carotenoid or anthocyanin pigmentatiorhak been shown in other studies that
during leaf senescence thylakoid pigment proteateigraded and stored in vacuoles
(Martinoia et al., 2000) and during petal seneseaytoplasmic components are
observed in the vacuole and relocalization of pats takes place (Thomas et al., 2003;
Avila-Ospina et al., 2014; Matile and Winkenbac@71). The coincidence of PAA
accumulation with the green to white transitiongesg they result from chloroplast
degradation and the accumulation of the broken doembrane and pigments into

vacuoles (relocalization of nutrients), which cobk&lused later if needed.

In comparison t@. thaliana, B. junceae TEM micrographs and 3D reconstruction from
FIB-SEM revealed random disorganized electron deasgcles in the vacuole that never
aggregate to form a PAA. But remain randomly distied throughout the life of the cell
(Figures 3.7 and 3.8)C. bulbosa petals showed some resemblance witthaliana in
terms of having high vacuolar trafficking and stiues resembling PAAs but they were
not as well defined as those seerithaliana petals. Micrographs and 3D
reconstruction from all three species revealedwhditdefined PAA’s were seen i

thaliana petals, less defined PAAs were also visible intlagowhite-flowered species of
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the same family, and no PAAs were seen in a yellowered species of the same
family. This indicated a phenomenon or mechanisah dlecurs in petals which leads to

PAA formation while the petal undergoes chloroptadeucoplast transition.

The exploration of PAA developmentAnthaliana allowed the recognition of six
defined stages; 1 — densely cytoplasmic cell irbidme of the petal with well defined
chloroplasts, 2 — an early transitional stage witeeecytoplasm ring is diminishing and
electron dense patrticles are beginning to fornmémacuole, 3 — a late transitional stage
where the electron dense patrticles are aggregating fully formed PAA in a cell with

a thin ring of cytoplasm, 5 — transition stage veherganelles are beginning to lose their
integrity, and 6 — a dead petal cell. These stagesepresented in a diagrammatic

format in Figure 3.9 and as seen in electron mraplgs in Figure 3.10a-f.

CONCLUSION

We hypothesized that the formation of PAAs is ailtesf the transition of chloroplasts to
leucoplasts and that these structures are madembnane and pigment remnants. TEM
and FIB-SEM micrograph data Af thaliana petals revealed that green cells at the base
do not have PAAs but that fully developed whitdscdb have PAAs. The PAAs are
maintained in these cells until apoptosis is cotepdmd the tonoplast has ruptured. In
addition, PAAs are absent in yelldvjunceae petals containing chromoplasts instead of
leucoplasts. These data show that the formatid®?&’s in the central vacuole is not
only an indication of cell maturation and senesedndat closely coincides with the
transition of chloroplasts to leucoplasts in wigigals of two species of the Brassicaceae.

This fails to reject the initial hypothesis but aarly suggest the content of the PAA.



Figure 3.9: Diagrammatic representation of six stages oftalell’s life and PAA

formation observed iA. thaliana petal.
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Figure 3.10: TEM micrographs of six stages of PAA development

a) Cell from the green base of Arebidopsis petal showing thick cytoplasm with a big
central vacuole and beginning of trafficking of @ytasmic content to the vacuole via
tonoplast, b) Cell showing reduced cytoplast amdeased trafficking, c) Cell showing
beginning of formation of amorphous aggregate, @astid transition from chloroplasts
to leucoplasts, d) Cell with highly reduced cytgoaand prominent amorphous
aggregate, e) Cell showing tonoplast and amorphggeegate degradation, f) cell

showing complete degradation of tonoplast and ahwarp aggregate.
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ABSTRACT

The surfaces of plant tissues readily harbor begtemgi, and spores making their
preparation and growth by aseptic micropropagaifficult. Recent innovations in
chlorine dioxide (CIQ) gas production now allow for the production ofadinamounts of
the gas to meet specific needs. This report demaiestthe efficacy of Cl{gas in the
preparation of plant tissues for micropropagat@auliflower curd was surface
decontaminated with 1500, 600, 300, and 150 ppgasffor 30, 60, 180, and 360
minutes and the presence of surface microbioateagssyed. The use of Gl@as in this
system decontaminated cauliflower curd surfaceatas equal to bleach treatment but
the CIQ treated tissues grew more quickly and were healthan the bleach treated
samples. Cl@gas potentially represents an easy means to suliiszbntaminate plant
tissues intended for micropropagation that whempeny used does not pose a risk to

human health.
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INTRODUCTION

One of the challenging aspects of plant micropragiag is the eradication of viable
microorganisms from the surfaces of explants indelnfdr aseptic culture. Vegetative
bacterial cells, dormant spores, and fungal hypatibeere to the irregular plant tissue
surface. This microbioata is difficult to removeioactivate, and can quickly cause
significant losses to commercial plant propagatiparations or studies requiring plant
tissue culture (Adams and Hartley 1898; Liao ange®s 2000). In addition, widely
used disinfectants often do not kill or removedalimant spores which may germinate in

days or months after a seemingly aseptic cultuseblean initiated.

Numerous compounds such as ethanol, mercuric delocalcium hypochlorite, sodium
hypochlorite, hydrogen peroxide, bromine watekesihitrate, silver chloride,
benzylkonium chloride, and antibiotics have beesdu® remove or inactivate biological
contaminants associated with plant tissues (Sa#drggtana and Varghese 2007; Beyl
2000; Yeoman and Street 1977). All of these compstare toxic to the plant tissues
and balancing the eradication of viable contammngathicrobioata versus explant
viability can be difficult. In addition, some dfése compounds present safety risks and
produce hazardous waste that requires specialihgrufocedures for use and disposal.
Sodium hypochlorite (household bleach) is the nsostmonly used reagent due to its

relative effectiveness versus low cost and acciisgib

Chlorine dioxide (CIQ) gas and solutions have been used to meet ayafiet
disinfection needs for decades. Widespread ugeecjas has been limited because it is

too unstable for shipment and must be prepardueatpplication site. Historically, this
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has required the use of dedicated equipment amegtrgpersonnel for Clgogas
generation. More recent advances in £4@s generation technology, however, have
made possible the cost-efficient generation forlnapplications. Previous studies
from this laboratory have demonstrated the antdyadtproperties of Cl@gas generated
by an easily used portable Gl@as generation system (ICA Tri Nova, Newnan, Ga.,
USA) consisting of two granular precursors (sodehtorite plus an activator). When
placed together Cl{gas can be generated to meet a specific applicaged (Newsome

et al., 2009; Salehzadeh, 2008; Newsome and Stigit|€2011).

The purpose of this investigation was to documieatefficacy of an inexpensive and
easily applied Cl@gas system to inactivate surface bacteria and asgpciated with

plant surfaces for subsequent introduction int@@seulture. For this, cauliflower
(Brassica oleracea) curd explants were treated with Gl@as and compared to the more
traditional bleach treatment. Results suggestatdGHO, gas could inactivate plant
surface microorganisms at a rate comparable teblEaatments but with greater tissue
viability. This system offers an effective altetima gas based procedure to support plant
micropropagation that does not produce hazarddigs\saste and has negligible human
health risks. Results also suggest £i@s treatments may have wide application for use
in promoting the propagation of plants from cuting many different plant tissue

culture settings.
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MATERIALSAND METHODS
Plant Tissue

Cauliflower curd was chosen to test the efficacthefantimicrobial CIQ gas generation
system. The large surface area of the densely beaintermini that make up cauliflower
tissue, and its relatively quick response timehioat culture make it an appropriate
candidate for the gas studies. Cauliflower heagl®wurchased from a commercial

market and the curd cut into small explants (10vt8) using a sterile blade.
I nactivation of plant surface associated microbiota

For bleach treatment, tissues were washed for 20tes in 1% sodium hypochlorite
with 0.1% Tween 20. Explants were washed threedimith sterile water before

introducing them to culture media.

Explants were treated with Cl@as generated by the dry powder system produced by
ICA Tri Nova (Newnan, Ga., USA, catalog #SF-GKF-0D2 With this system, Clgpas

is generated when equal portions of proprietarygewA’ (sodium chlorite) is mixed

with activator powder ‘B’. Explants were placedan liter glass dish with a plastic lid
purchased at a kitchen supply store. Equal patidreach of the dry CKgeneration
system components were mixed and placed in the diah taking care to prevent the
powders from touching any of the tissue. Chlodiaxide gas was generated according
to the manufacturer’s instructions to produce tilwing estimated peak concentrations
- 1,500 ppm (1.3 g of each powder), 600 ppm (0.52¢) ppm (0..26 g), or 150 ppm

(0.13 g). Explants and powders were left in tleset containers for 30, 60, 180, or 360
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minutes. There were likely small variations in ttmacentration of gas during the
treatment time due to yield escalation during ttigal minutes of treatment followed by
consumption due to oxidant demand from caulifloexgulants. The amount of C}@as

in the treatment containers was estimated basgdemously established yield curves
that were generated during treatment of organi@nzs such as fruits and plant cuttings
which have a similar oxidant demand (personal comoation, ICA Tri-Nova). After
incubation the containers were opened in a lanfloarhood and explants were placed

into culture medium.

Culture Media and Conditions

Plant surface decontamination was assessed byatioglireated explants in trypticase
soy broth (TSB) for 14 days at 25°C. TSB (Bectoitkinson and Company, Sparks
MD, USA). TSB is a general purpose medium thapsug the multiplication of a wide
variety of bacteria. Explant viability was testaglplacing treated tissues on shoot
induction medium (MS-S) containing 1X Murashige &taog salts and vitamins
(Murashige and Skoog 1962), 3% sucrose, 200 mg/imogitol, 0.5 mg/L BAP, 1 mg/L
NAA, 1mg/L IAA, 1 mg/L 2,4-D, and 0.8% plant tissaalture agar, pH 5.7, for 21 days

at 25°C.

Experimental Design

A TSB based assay was used to determine the peesébacteria remaining on the
surface of treated and untreated cauliflower explaihis assay was replicated twice

with two different cauliflower heads purchased iffiedent times. For each replicate ten
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curd explants were exposed to each treatment —3080,600, and 1500 ppm CGléx 30,

60, 180, and 360 minutes. Equal numbers of explaats also bleach treated,
autoclaved (negative control), or left untreateas(pve control). Treated tissues and
controls were submerged in TSB medium and incubatt@®°C for 14 days to encourage
growth of microorganisms. Cultures were scorefdasstive for bacteria if the culture

became turbid during the 14 day incubation period.

Tissue viability and culture efficacy were assa@ggglacing ten curd explants treated
with 600 or 300 ppm Cl&for 360 minutes, 1500 or 600 ppm Glfor 180 minutes, 1500
ppm CIG for 60 minutes, onto MS-S medium (described ahoB#¢ach treated and
untreated samples were also cultured as contiidigs assay was performed with two

replicates with two cauliflower curds purchasedifferent times.

Data collected from replicates were averaged, thedsard error calculated, and graphed

for each experiment.

RESULTS

Cauliflower curd explants were treated with a raofj€10, concentrations (150, 330,
600, and 1500 ppm) for four different lengths ofei(30, 60, 180, and 360 minutes) to
determine if the gas would inactivate plant surfanierobioata without compromising
explant viability for tissue culture. Microbiotaability was determined by submerging
treated portions of curd into TSB to encourage gnoet viable microorganisms.
Turbidity in the TSB medium was scored as recowénjable microbiota. Absence of

turbidity was scored as a lack of microbial vidlgilind growth. For comparative



70

purposes, duplicate explant tissues were treatddbdeach, autoclaved (positive

control), or left untreated (negative control).séparate set of duplicate tissues were
incubated on MS-S medium to determine explant litgbThis was measured as the
ability of the white curd to turn green and prodsbeots. Tissues treated with 1500 ppm
chlorine dioxide for 60 or 180 minutes, 600 ppm 180 or 360 minutes, and 300 ppm

for 360 minutes resulted in tissues that were resiFee of recoverable surface
microbioata at a rate comparable to or greater Iheerch treatments (Figure 4.1). Most
of the CIQ treatments gave rise to viable explant tissue asuored in small scale (n=6,

one replicate) MS-S assays (Figure 4.1).

Tissues treated with 1500 ppm for 360 minutes ltadatectable growth of microbioata
but also did not respond in MS-S medium suggeshiegipper limit of tissue viability to
ClO,gas had been exceeded. The Qi€atments which produced the most promising
results were identified and subsequent replicate®pned. Further replicates yielded

results analogous to the initial TSB and MS-S as¢Bigure 4.2).

ClO.-treated tissues had a brown oxidized appearangeré~4.3A). A qualitative
assessment of tissue viability suggested thatrinerbng may have only affected the
outermost layers of cells since the explants welteable to initiate shoot production
(Figures 4.3C-G). . Visual inspection of tissuesited with Cl@gas also suggested this
strategy had a less detrimental effect on thedisisan the more conventionally used

bleach treatment to eliminate plant surface miotb(Figure 4.4).
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Figure4.1: Results of TSB assay showing inactivation of iflawer curd surface
microbioata using Cl@gas generated with Fast Release powder. Laneatoelaved
tissues; un — untreated; bl — surface decontamdnatimg bleach; 150, 300, 600, or 1500
— estimated peak ppm CGI(B0, 60, 180, or 360 minutes — time of treatm&he y-axis
represents the average number + standard errd8Bfcliltures that remained clear
suggesting no bacterial growth. Tissues treatel@iuoconditions within the dashed line
box were viable and produced shoots on MS-S medidsterisks denote the most

promising conditions chosen for further testing.
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Figure 4.2: Impact of the most promising Ci@as treatments on elimination of viable
microbioata and subsequent cauliflower curd explatiility. un — untreated; bl —
surface decontaminated using bleach; 150, 300,000 — estimated peak ppm
ClO,; 30, 60, 180, or 360 minutes — time of treatmght.The average number +
standard error of viable cauliflower explants fromo replicates is shown. All non-
contaminated cultures were productive and were teauas viable. (B) The average

number * standard error of non-turbid cultures fifonr replicates with standard error

bars is shown.
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Figure 4.3: Tissue discoloration and viability after chloridiexide treatments.

A — An untreated explant (left) and chlorine dioximleated (right) immediately after
exposure. Explants cultured in MS-S medium twoksesdter treatment with bleach (B),
300 estimated peak ppm Gl@r 360 mins. (C), 600 ppm 180 mins. (D), 600 fg60

mins. (E), 1500 ppm 60 mins. (F) and 1500 ppm 18&n{G).
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Figure 4.4: Shoot culture viability of cauliflower curd treat with CIQ gas. Ten
portions of cauliflower curd were cleaned with lalea(A), 60 minutes in 1500 estimated
peak ppm Cl@gas (B), 180 minutes in 600 ppm (C), 180 minute$500 ppm (D), 360
minutes in 300 ppm (E), or 360 minutes in 600 ppin (Treated tissues were placed on
MS-S medium and incubated for 21 days at 25°C.o6tssues produced in this culture
system often grow in a negatively geotropic mamagardless of the surface

decontamination method.
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DISCUSSION

Chlorine dioxide is a strong oxidizing agent anldas approximately 2.5 times the
oxidation ability of chlorine (Benarde et al., 1965t is also reported to be effective in
disruption of biofilms and bacteria (Gagnon et 2005: Simpson et al., 1993). Because
of its broad biocidal properties, in 1967 Gli@ solution was registered as a disinfectant
and sanitizer by the United States Environmentaldetion Agency (United States
Environmental Protection Agency). Chlorine dioxlties been widely used for potable
water preparation, wastewater treatment and foonidegeon (Aieta and Berg, 1986;
Gomez-Lopez et al., 2009; Simpson et al., 1993%. 0ge of ClQ gas and solutions for
use in intimate human activities or products thaye consumed by humans is
additionally supported by the reported absenceaiofutative adverse health effects when
properly used (United States Department of Healthtduman Services). Chlorine
dioxide is also not considered carcinogenic ord@lveproductive hazard (United States
Department of Health and Human Services). Morenestudies have suggested that
ClIO; gas can be more effective than glfisinfecting solutions in eliminating bacteria
on irregular surfaces such as animal skin and $t pvaposed the gas was more effective
in penetrating the irregular skin surface that ddwdrbor bacteria (Newsome and

Stubblefield, 2011).

The excellent biocidal properties of Gl@as along with its favorable toxicity properties
have suggested its use against human pathogercothidtreside on plant produce. Here
its use has been viewed and used in terms of promot human health by inactivating

pathogens that may be associated with plants caegstiynhumans. This activity is
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supported also by demonstrating gifas treatment of plant produce results in minimal
to no detectable chemical residues and poses @mifisant risk for subsequent human
consumption (Trinetta et al., 2011). A major comaerhuman consumption of plants or
plant products igscherichia coli O157:H7. On apple surfaces Gl@as was effective in
the elimination of this pathogen (Du et al., 2008pmparative studies have suggested
that gaseous ClQareatments are more effective in the eliminatibewface bacteria on
plant tissue than washing or use of disinfectidntgans (Singh et al., 2002). The
bacterial burden dt. coli O157:H7 on basil and lettuce leaves could alsadrefeantly
reduced with Cl@gas (Ortega et al., 2008). Tdées also demonstrated good efficacy on
plant produce against other human pathogens susfirasnella andListeria. Here it

was demonstrated these gas treatments were agsbiwtfagainst yeasts and molds

associated with plant produce (Sy et al., 2005&t%}., 2005b: Wu and Kim, 2007).

A logical extension of these studies is a detertionaof the suitability of ClQgas
treatments to reduce or eradicate microbes thatlicaimish outgrowth in aseptic culture
of plant explants. Here the desired outcome ighmteduction or elimination of specific
human microbial pathogens, but rather the elimamatif bacteria, yeast, and molds that
can cause loss in subsequent plant propagationtfreraxplants. For this determination
ClO, gas treatments were compared to the often usedmnsdg/pochlorite (bleach)
treatment. Using a cauliflower curd model systet@J@as could be used to eliminate
viable microbioata at a level equivalent to sodiwypochlorite. The elimination of
microbioata by Cl@gas was achieved without severely compromisingiNaalor

micropropagation. The favorable results observetiencurrent study are likely at least in
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part a reflection of two Cl@gas properties. First, results could be attribtoeits strong
oxidizing properties. Secondly, it is likely thaetgas phase of C}@ more proficient
than liquid disinfectants in penetrating porouseig on plant tissues that can harbor

microbioata that are detrimental to the outgrowtplant explants.

Micropropagation of plants has been in place sthedate 1950s and early 1960s. It
allows for the creation of large numbers of pldrms small fragments (explants) of a
stock plant. Clean stock material and explants éfeplant microbial pathogens are key
factors in the creation of healthy plants. Sinaeittteption of micropropagation, the
reduction or elimination of the plant microbial pagens has been an enduring problem
which still frequently causes significant plantdosinfortunately, there have not been
recent developments for improving the sanitatioplaht explants for micropropigation.
Sodium hypochlorite has been widely used and seagseimainstay in the disinfection of
plant explants for subsequent propagation. Itaslitg available and inexpensive.
However, bleach can be highly damaging to plasugshus diminishing explant
viability. In addition, its ability to eliminate pht associated microbioata is often not
ideal. When compared to bleach, certain concentratof CIQ gas were more effective
in eliminating damaging microbioata and in promgtihe outgrowth of healthy plant

explants.

The development of inexpensive, highly portablel easily used Cl@gas generating
technologies have made this gas available for midespread use and novel
applications as outlined in this study. This teabgy likely would be of interest and has

the potential to serve individuals with a persantdrest (hobbyists) in the outgrowth of
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plant explants and those engaged in a larger gettith commercial interests in the

outgrowth of plant explants.

CONCLUSION

Results of the current study suggest a novel agipdic for the use of Clgas that has
potential benefit to individuals and industrial gps engaged in micropropagation of

plant explants.
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CONCLUSION
In this dissertation | describe the use of FocusadBeam-Scanning Electron
Microscopy (FIB-SEM) to study plant sub-cellulasémmy and explore one overlooked

sub-cellular anatomical feature, the petal amorplamgregate.

A new methodology was developed as part of thiskworadapt FIB-SEM for use
on plant tissues. Chapter 2 of this dissertatigpiagns the necessary modifications in the
protocol and the benefits of using FIB SEM for plassue by successfully processing
and reconstructing five different tissues frémabidopsis thaliana in three dimensions.
There are very few anatomical studies that také sugroad view and provide images of
multiple tissues from a single species. The aniditif the third dimension also provided
intricate information about these tissues by reamgahinute details about overall cell
structure in each tissue, the type and numberg#ralles present in each cell, and their

localization.

The three dimensional reconstruction of the plestue created an opportunity to
explore some phenomenon which have previously lggemwed either as artifacts or were
considered irrelevant due to lack knowledge abloeitaictual occurrence inside the cells.
The second study (Chapter 3) describes one suattwste | call the ‘Petal Amorphous
Aggregate” inside the petal cells Afthaliana. A comparison of TEM micrographs and
3D reconstructions of petal cells and their vacuotatents from three members of
Brasicaceae family was used to test the hypotheBiBAs form from the waste products
produced during the transition from membrane deh&aoplasts to colorless

leucoplasts. This study revealed the formationdisthtegration of PAA’s as the petals
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of A. thaliana turn white from green undergoing the chloropladeticoplast transition.

A similar transition was observed in another whibe&vered member of the Brassicaceae
family, C. bulbosa but PAAs were missing in the yellow flowerBdjunceae. This
suggested that the PAA formation coincides withglastid transition and the PAA’s are
possible remnants of broken down chlorophyll andetkoid membrane from chloroplast

turning into leucoplast.
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