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ABSTRACT

AN ARABIDOPSIS CLASS III PEROXIDASE, AT2G34060, IS
EXPRESSED IN PROTOXYLEM OF ONE TO EIGHT DAY
OLD SEEDLINGS AND INVOLVED IN RESTRICTION
OF ROOT LENGTH
by
Mandeep Grewal
Master of Science in Biological Sciences
California State University, Chico
Summer 2012

Hydrophobic polymer lignin provides water proofing and structural integrity
to cell wall which help plants adapt to terrestrial environment. Secretory peroxidases
are thought to generate monolignol radicals that polymerize to form lignin. In Arabidopsis thaliana there are 73 secretory peroxidases .Identification of tissue, cellular, and
subcellular location for individual peroxidases can help assigning their function. All
secretory peroxidases contain signal peptide for entry into endomembrane system.
Some peroxidases have hydrophobic carboxy-termini targeting to them to vacuole. Peroxidases lacking hydrophobic carboxy-terminal are targeted to wall. We tagged A.
thaliana secretory peroxidase, AT2G34060, with yellow fluorescent protein. Plants
transformed with this construct expressed AT2G34060 in the protoxylem cells of the
vii

roots of one to eight day old seedlings. AT2G34060 has a hydrophobic Carboxyterminal and aminotransferase domain. This peroxidase is located in vesicles arranged
in a helical fluorescent pattern similar to microtubule pattern. Overexpression of
AT2G34060 reduced the root length. A vesicular location and reduction in growth by
overexpression suggests that AT2G43060 supports lignification by producing monolignol precursors through its putative aminotransferase ability. AT2G34060 may also be
involved in deglycosylation of monolignols during their vesicular transport to the wall.
The availability of monolignols may be a limiting factor in the lignification process.
Therefore, a higher number of available monolignols may lead to shorter roots through
higher lignification. Our work identifies a peroxidase that appears in cells undergoing
lignifications and its subcellular location in vesicles is consistent with formation of lignin. Also, root shorting through overexpression is consistent with role in lignification.
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CHAPTER I
INTRODUCTION
Organisms in Which Peroxidases Are Found
Peroxidases appeared in land plants during the divergence of land plants from
green algae. Peroxidases helped plants adapting to land by lignifying the cell wall of their
root vascular system and defending the plants against soil pathogens (Duroux and
Welinder 2003). Lignification occurs in the secondary cell wall of the root’s vascular
xylem cells. This makes these cells mechanically strong and impermeable to water. The
mechanical strength prevents the collapse of the xylem cells as well as the plants when
they grow out of water. The water impermeability makes water transport through these
cells possible. Class III peroxidases are haem-containing secretory genes which are only
found in plants (Welinder 1992; Vianello et al. 1997; Mika and Luthje 2003). This class
has multiple isozymes in a single plant. Multiple class III isozymes of Arabidopsis
resulted from gene duplication. For example, Arabidopsis thaliana, a member of the
mustard family, has 73 different class III secretory peroxidase genes (Tognolli et al.
2002).
The class III peroxidases have three conserved domains. Two histidine
containing domains interact with the haem group of peroxidases. The function of third
domain is unknown. Most class III peroxidases have four disulfide bridges that use eight
conserved cycteine residues. There is also a salt bridge motif which may help in proper
1
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protein folding. The Horseradish class III peroxidase, HRPC (horseradish peroxidase
isoenzyme C) salt bridge motif uses Ser 96 and Asp 99 to connect with Gly122-Arg123
via hydrogen bonding. When Class III peroxidase amino acid sequences of A. thaliana
were aligned with the amino acid sequence of HRPC, the salt bridge sequences were
found to be conserved among all Arabidopsis peroxidases (Welinder et al. 2002). The Nterminals of class III peroxidases contain a hydrophobic signal peptide that targets these
proteins to endoplasmic reticulum (ER) and ultimately to the secretory pathway. They
may also have N-glycosylation sites involved in peroxidase stability (Lige et al. 2001;
Duarte-Vazquez et al. 2003).
Secretory Pathway
The N-terminal hydrophobic sequence of secretory proteins is responsible for
entering to the ER (Schnell et al. 2010). All class III peroxidases have this hydrobhoic
sequence which is removed just before transition of peroxidase into the ER. If a secretory
protein also has the C-terminal KDEL and HDEL sequence, it is retained in the ER. The
C-terminal sequence is responsible for bringing ER resident protein back from Golgi
bodies (reviewed in Pagny et al. 1999; Schnell et al. 2010). All Class III peroxidases lack
an ER retention sequence. Secretory proteins lacking a sequence for ER retention are
transported to the Golgi bodies in Coat Protein Complex II (COPII) coated vesicles. Coat
proteins are responsible for vesicle budding.
When a protein is targeted to the Golgi bodies, the proteins’ glycosylations are
modified. Some Class III peroxidases have N-glycosylation sites. From trans-Golgi
bodies the secretory proteins are transferred to post-Golgi compartments in clathrin and
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adaptor protein complex-coated vesicles (Paris and Neuhaus, 2002; Richter et al. 2009).
Secretory proteins are secreted either to the cell membrane or to the cell vacuole from
Golgi bodies (Törmäkangas et al. 2001; Jürgens, 2004) in vesicles. The vesicles travel on
microtubules. When this transport was disrupted by application of N-lauroylethanolamine
(NAE 12:0), a molecule naturally occurring in desiccated seeds and prevents cell
division and elongation by inhibiting intracellular trafficking, the vesicles aggregated in
the ER (Blancaflor et al. 2003). Some secretory proteins bypass Golgi and secreted
straight to the cell membrane or the vacuole from the ER (Törmäkangas et al. 2001).
Class III peroxidases have been found in the vacuole (Carter et al. 2004) as well as the
cell wall (Passardi et al. 2006) of A. thaliana cells. Although the mechanisms of protein
secretion from the trans-Golgi network to the plasma membrane are not fully understood
yet (Richter et al. 2009), much is known about the transfer to the vacuole.
Vacuolar Sorting Determinants (VSDs)
of Secretory Proteins
The proteins destined to the vacuole may contain one, two, or all of three
vacuolar sorting determinants (VSDs): physical structure VSDs (psVSDs), sequencespecific VSDs (ssVSDs), and, C-terminal VSDs (ctVSDs) (Matsuoka and Nakamura,
1999) are related to internally folded domains. A 100-amino acid plant-specific sequence
(PSS; not a consensus sequence) in the middle of a secretory protein is responsible for the
secretion of protein from ER to the central vacuole by bypassing the Golgi bodies. The
deletion of this sequence does not affect the enzymatic ability of the protein; rather, it
secretes the protein outside the plasma membrane (Törmäkangas et al. 2001). The
ssVSDs can be located anywhere in the secretory protein and include a conserved motif
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[N/L]-[P/I/L]-[I/P]-[R/N/S] (Matsuoka and Nakamur, 1999; Frigerio et al. 2001; Paris
and Neuhaus, 2002; Carter et al. 2004). NPIR and LLIRP, versions of ssVSD, sequences
have been detected as being targeted by BP-80, a vacuolar sorting receptor of pea, to
transfer the protein to the lytic vacuole (Paris and Neuhaus, 2002). The existence of
psVSDs and ssVSD in Arabidopsis class III peroxidases has not been reported yet.
However, there are some indications of presence of ctVSDs in Arabidopsis class III
peroxidases.
The ctVSDs are related to C-terminal hydrophobic-enriched amino acid
sequences with no consensus (Matsuoka and Neuhaus, 1999). A bean storage protein,
phaseolin, is sorted to the vacuole due to its AFVY ctVSD. The deletion of AFVY
resulted in the secretion of the protein (Craddock et al. 2008). Meanwhile, CrPrx1, a class
III peroxidase of Catharanthus roseus, is targeted to vacuole due to its C-terminal
hydrophobic sequence, SLRNAAAMGRSSSSLLGSVVEEAAEIGLSMF (Costa et al.
2008). Sometimes, the ctVSDs act as C-terminal propeptide which is removed either just
before or just after entering the vacuole (Neuhaus and Rogers, 1998; Richter et al. 2009).
Vacuolar Sorting Receptors of A. thaliana
Two types of vacuoles exist in a plant cell: lytic and storage; however, seed
and fruit reserve tissues contain only storage vacuoles (reviewed in Marty, 1999). In
mature vegetative tissues, these two vacuoles merge to make one central vacuole (Surpin
and Raikhel, 2004). These various vacuoles fulfill numerous functions, such as turgor
maintenance, protoplasmic homeostasis, storage of metabolic products, sequestration of
xenobiotics, storage of defense signal compounds, and digestion of cytoplasmic
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constituents in the lytic vacuoles. Because of this complexity, many types of vacuole
sorting receptors exist. Two sorting receptor gene families exist in A. thaliana. First are
the receptor homology-transmembrane-RING H2 domain proteins (RMRs), which has six
members (Masclaux et al. 2005; Zouhar et al. 2010). AtRMR1 domain has been
experimentally shown to be targeted to the storage and central vacuoles in A. thaliana
leaf cells (Scabone et al. 2011). The second receptor family is vacuolar sorting receptors
(VSRs), which include seven members (AtVSR1 through AtVSR7) that are known to
target lytic and storage vacuole proteins (Ahmed et al. 1997; Happel et al. 2004;
Masclaux et al. 2005; daSilva et al. 2006; Richter et al. 2009; Foresti et al. 2010; Zouhar
et al. 2010).
All transmembrane VSRs are type I proteins (cross the cell membrane once)
and have three structural domains. The first domain is the cysteine rich luminal domain,
which recognizes the peoxidases’ VSDs. The second domain is highly hydrophobic
transmembrane region near C-terminal. The third domain is cytosolic tail which
recognizes coated protein of vesicles. A tyrosine motif, YMPL, of the cytosolic tail of A.
thaliana VSRs was shown to be essential for the recruitment of clathrin adaptors of the
trans-Golgi network in vitro and vivo (Ahmed et al. 1997; Happel et al. 2004; daSilva et
al. 2006; Richter et al. 2009) and sufficient for a VSR to be targeted to the vacuole
(Scabone et al. 2011).
The seven VSRs of A. thaliana are functionally grouped by amino acid
identity of their cytosolic domain. Group 1 includes AtVSR1 and AtVSR2 receptors
known to transfer proteins to the storage vacuole of the cell. Group 2 includes AtVSR3
and AtVSR4 which share the amino acid identity with the pea receptors (e.g., BP-80),
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which are known to transfer proteins to the lytic vacuole. The function of group 3,
AtVSR5, AtVSR6, and AtVSR7, receptors is not understood (Masclaux et al. 2005).
When Y of YMPL was mutated to A in the motif of AtVSR2, the anterograde transport
of the vesicles was stopped and receptor accumulated in the trans-Golgi network;
however, when L of YMPL was mutated to A, the retrograde transfer was stopped and
receptors accumulated in prevacuolar compartment. This suggests that the YMPL
sequence is also required for the recycling of the receptor (Foresti et al. 2010). Zouhar et
al. (2010) found that only AtVSR1, AtVSR3, and AtVSR4 participated in the transfer of
cargo to the vacuole in vegetative tissue and seeds. As such, the members evolved to
perform different functions in A. thaliana (Zouhar et al. 2010). Although the VSRs are
recycled, the drug wortmannin inhibits the retrograde movement of receptors from
vacuole to the trans-Golgi network. In this case, the ligand is secreted out of the plasma
membrane.
Roles of Class III Peroxidases
Peroxidases are haem containing enzymes (Vianello et al. 1997). The ferric
group of haem can be found in five oxidation states, the native oxidation state,
compounds I, II, and, III, and the ferrous enzyme. These five states go through two major
catalytic cycles, peroxidative and hydroxylic. In the peroxidative cycle, apoplastic
peroxidases give rise to monolignol radicals by reducing Hydrogen peroxide (H2O2),
which is produced using NADPH/NADH (Bolwell, 1999). These monolignol radicals
spontaneously polymerize to generate lignin (Gösta, 1998). Along with the production of

7
monolignol radicals, peroxidases oxidize many compounds, including ferulic acid,
coumaric acid, and auxin (Hiraga et al. 2001; Kärkönen et al. 2002; Passardi et al. 2005).
In the hydroxylic cycle, apoplastic peroxidases produce reactive oxygen
species (ROS, O2 HOO) through the detoxification of superoxide, hydrogen peroxide,
and hydroxide radicals, produced by plants due to the presence of oxygen, and biotic and
abiotic stresses (Welinder, 1992; Berglund et al. 2002, reviewed in Marjamaa et al.
2009). These ROSs have two functions. In their first function they can be a major
signaling molecule in plants’ defense mechanism (Bach et al. 1993; Bolwell, 1999;
Davies et al. 2006; Bindschedler et al. 2006; reviewed in Bolwell and Daudi, 2009). For
example, during potassium deprivation, increased ROS production by a class III
peroxidase RCI3 (ATPRX 3, AT1G05260) upregulated transcription of a K+ transporter,
ATHAK5 (Kim et al. 2010). In their second function ROS production by peroxidases
breaks the cellulose cross-link and increase cell elongation when the substrates of
peroxidase, such as monolignols, are not avaiable, but NADH and H2O2 are available
(Liszkay et al., 2004).
Class III peroxidases that are targeted to the cell wall modify plants’
secondary cell wall in the presence of substrate and H2O2 through its peroxidative cycle.
The main components of the secondary cell wall are cellulose, hemicelluloses, lignin
(Zhong and Ye, 2009), and pectin which is a polymer of negatively charged
polygalacturonic acid (PGA). Some peroxidases create a complex with PGA via their
positively charged argnine or lysine (called Ca 2+pectate domain) amino acids in the
presence of Ca2+. This complex secures the peroxidase in the cell wall, where it performs
its catalytic function of polymerizing lignin or performing other catalytic functions. The
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mutation of the peroxidase Ca2+ pectate domain reduces its affinity for PGA in the
presence of Ca2+. Three mutants of an apoplastic peroxidase, APRX, from zucchini
showed reduced affinity for PGA. In mutant 1 Arg117 was replaced with Ser117, in
mutant 2 Arg262 and Arg268 were replaced with Gln262, and Ser268, respectively, and
in mutant 3 Arg262, Arg268, and Arg271 were replaced with Gln262, Ser268, and
Ser271, respectively (Carpin et al. 2001). Peroxidases stiffen the cell wall by crosslinking extensins, incorporating suberin into the cell wall, cross-linking diferulic acid
between polycaccharide-bound lignins (Jackson et al. 2001; Arrieta-Baez and Stark,
2006; Fry, 2004, in Fagerstedt et al. 2010) and catabolising auxin. Auxin increases cell
length through two mechanisms. First, auxin induces proton pump which result in efflux
of protons into the cell wall. The decrease in cell wall pH breaks hydrogen bonds
between cellulose microfibrils and hemicelluloses. These bonds are also broken by
expanins, the cell wall enzymes, which are activated by low pH. Activation of proton
pumps by auxin further activates potassium inward channels of plasma membrane. This
influx of potassium ions contribute to water uptake by the cells and ultimately expansion
of cell due to larger turgor pressure. Secondly, auxin plays a major role in increasing cell
division which increases collective elongation of plant organs (reviewed in PerrotRechenmann, 2010). Catabolism of auxin may produce dwarf phenotype. In this way,
peroxidases reduce the plant’s growth while increasing its defenses (Liszkay et al. 2004;
Passardi et al. 2005).
Plant vacuoles have many functions, including the storage of biomolecules
and soluble proteins, the digestion of cytoplasmic content, environmental and biotic
attack responses, the maintenance of turgor pressure (Bassham and Raikhel, 2000) and
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storage and modification of glycosylated monolignols (Miao and Liu, 2010; Weng and
Chapple, 2010) and other phenolic compounds . Amino acid sequence of CrPrx1, a class III

peroxidase found in C. roseus, is closely related to other class III peroxidases found in
other plants, such as NTPER9-6 of tobacco (75% identity), LEPRX16 of tomato (71%
identity), VAPRX01 of adzuki bean (66% identity), OSPRX23 of rice (53% identity),
BP1 of barley (54% identity), and ATPRX12 of A. thaliana’s (58% identity). CrPrx1 is
found in vacuole where it catalyzes the reaction of the coupling of the monomeric
precursors vindoline and catheranthine to make α-3′,4′-anhydrovinblastine, a precursor of
anticancer drugs (Costa et al. 2008). Vacuolar peroxidases are also involved in
deglycosylation of monolignols for their transport into the apoplastic region (Miao and
Liu, 2010) where monolignols are oxidized and polymerized into lignin.

Issuing Roles to Class III Peroxidases
of A. thaliana
Before establishing roles of class III peroxidases of A. thaliana in vacuole or
cell wall, their respective location has to be established. Many peroxidases are expressed
only in the lignifying vascular tissue of the roots. On cellular level, all class III
peroxidases are secretory and their default fate is cell wall unless they have additional
VSDs that target them to the cell vacuole. Class III peroxidases as a group lack consensus
in presence or absence of their VSDs and lack consensus in the sequences of their
ctVSDs, if they are present. Additionally, the functions of all of the VSRs that recognize
VSDs of peroxidases and target them to the cell vacuole have not been fully understood.
Therefore, the individual tissue, cellular, and sub-cellular location of class III peroxidases
has to be determined through experiments to logically assign a function to a peroxidase.
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Only 10 out of 73 class III peroxidases of A. thaliana have been assigned
functions through the use of reporters and overexpression. The promoter of AT5G06720
was fused with GUS, and the expression of GUS was observed in the vascular tissue of
hypocotyls and roots. AT5G06720 was proposed to be involved in the lignification of
sclerenchyma cells located adjacent to the root phloem cell (Østergaard et al. 2000).
Overexpression of AT5G06720 led to shorter plants (Jin et al. 2011). GUS-tagged
AT1G05260 was observed in the roots supporting a role in salt and dehydration tolerance
(Llorente et al. 2002). YFP-tagged AT5G51890 was observed to have expression in root
xylem and was proposed to be involved in lignification (Sato et al. 2006). Overexpression
of AT2G37130, AT5G64120, and AT5G39580 was observed to be involved in fungus,
Botrytic cinerea, resistance (Chassot et al. 2007). AT3G49110 and AT3G49120 were
silenced through antisense orientation and also tagged with a fluorescent tag. They were
observed in the cell walls of leaves and root cells. In leaves, they produced an oxidative
burst and increased the plants’ defense against pathogens. In the roots, they were
involved in cell elongation (Bindschedler et al. 2006; Passardi et al. 2006; Dauid et al.
2012). AT1G05240 was overexpressed through activation tagging and involved in ROS
production and K+ transporter transcription (Kim et al. 2010). Finally, AT4G08770 was
overexpressed under the CaMV35s promoter, and it reduced plant growth by increasing
esterified phenolic material associated with the walls of stem and root cells (Pedreir et al,
2011). This information indicates that different members of the gene family have
diverged in function. We are interested in investigating the functions of peroxidase that
are predominantly expressed in the roots. We have begun tagging members of the A.
thaliana class III peroxidase genes found predominantly in the roots with yellow
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fluorescent protein (YFP). The endogenous promoters of all of the genes are also
included for their natural spatial and temporal expression in the transformed plants. Here
we tag AT2G34060 with YFP to identify the protein’s tissue and subcellular location to
logically assign function to AT2G34060.

CHAPTER II
METHODS
Transcriptional Profiling of Class III
Peroxidase Family in Arabidopsis
thaliana
Names and sequences of the class III peroxidase family genes were extracted
from The Arabidopsis Information Resource (TAIR). The relative spatial and temporal
mRNA abundance was analyzed with Genevestigator (Hruz et al. 2008 and 2011)
Anatomy and Development tools, respectively, using ATH1: 22k arrays in public
domain.
Construction of AT2G34060::YFP::HGEIRTDCRVFL Reporter
Genomic DNA from Arabidopsis thaliana Columbia ecotype plants was
isolated according to Doyle and Dicson (1987). One gram of fresh leaf tissue was ground
with liquid nitrogen and the powder was mixed with 4.9 mL CTAB buffer (100mM TrisSl, pH 8.0, 1.4 M NaCl, 20mM EDTA, 2% CTAB, 4% PVP) at 55º C. Immediately, 100
uL of 2-β mercaptoethanol was added, mixed, and incubated for 25 minutes at 55º C.
Next, 5mL of chloroform:isoamyl alcohol (24:1, v/v) was added and incubated for 20
minutes at room temperature with occasional mixing, followed by centrifugation in a
clinical centrifuge on maximum for 10 minutes. The supernatant was collected. An equal
volume of cold isopropanol was added to the supernatant, mixed by inversion, and
12
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incubated overnight at - 20º C. After incubation, content was centrifuged for 15 minutes
on maximum speed in clinical centrifuge. Supernatant was discarded and pellet was
recovered. Pellet was washed 3 times with 1 mL iso-propanol. Washed pellet was air
dried and resuspended in 50µl of autoclaved Nano-pure water from Milli-Q synthesis
(EMD Millipore, MA, USA).
Full-length reporter was constructed using two rounds of PCR (Tian et al.
2004). For the first round PCR, three pairs of primers (IDT DNA, USA) were designed.
Primers P1 (5’gctcgatccacctaggctCTATGAAGATATGCACAGTTCTCTGG3’) and P2
(5’cacagctccacctccacctccaggccggccTCTCTTCCCTCTCTTTACACCAATGG3’) were
used to amplify the putative promoter and the coding sequence of AT2G34060 amino
acid through R334. This generated a 2307 base pair (bp) fragment called P1+P2. Primers
P3 (5’tgctggtgctgctgcggccgctggggccCATGGGGAAATACGTACGGATTG3’) and P4
(5’tgctggtgctgctgcggccgctggggccCATGGGGAAATACGTACGGATTG3’) were used to
amplify the coding sequence of last 12 (HGEIRTDCRVFL) amino acids on the Cterminus of AT2G34060 and downstream non-transcribed region. This generated a 1161
bp fragment called P3+P4. Primers YFP F
(5’ggccggcctggaggtggaggtggagctGTGAGCA3’) and YFP R
(5’ggccccagcggccgcagcagcaccagcAGGATC3’) were designed to generate 774 bp coding
sequence of Citrine variant of Yellow Fluorescent Protein (Griesbeck et al. 2001) called
YFP. The lower case sequence on the 5’ of P2 (above) primer is complementary to the 5’
lower case sequence on the YFP F (above) primer. This lower case sequence is called
Linker 1 (Figure 7 in Chapter III). The lower case sequence on the 5’ of P3 (above)
primer is complementary to the lower case sequence on the YFP R (above) primer. This
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lower case sequence is called Linker 2 (Figure 7 in Chapter III). The upper case
sequences are gene-specific. The fragments P1+P2, P3+P4 and YFP were generated
using 200ng to 1µg A. thaliana genomic DNA, 1.5 U of KOD hot start DNA polymerase
(Novagen, USA # 71086-5), 1X buffer, 1.5mM MgSO4, 200µM dNTP’s, and 0.2µM of
each primers under the following PCR times: one cycle of 98ºC initial denaturation for 7
minutes, Forty cycles of 94º C for 1 min, 56º C for 1 min, and 68º C for 7 minutes, and
one cycle of 72º C final extension for 7 minutes. The products were Gel-purified using
GFX PCR gel purification kit (GE healthcare, state, USA). An aliquot of each fragment
was run on an Ethidium Bromide (EtBr) stained 0.8% agarose gel along with a DNA
ladder (Fisher Scientific, USA # BP2579100). The concentrations of the recovered DNA
fragments were estimated by comparing the intensity of bands with the intensity of the
bands of ladder.
A second round of PCR allowed the assembly of YFP between fragments
P1+P2 and P3+P4 with the help of Linker1 and Linker 2 sequences. During the initial
cycling of the PCR the P1+P2 and P3+P4, and YFP fragments assembled and the
resultant fragment was amplified by Gateway primers (IDT DNA, USA), attb1
(5’ggggacaagtttgtacaaaaaagcaggctgctcgatccacctaggct3’) and attb2
(5’ggggaccactttgtacaagaaagctgggtcgtagcgagaccacagga3’), included in the second round
PCR reaction (Tian et al. 2004). The attb1and attb2 primers were complementary to the
5’ lower case sequence of P1 (above) primer and 5’ lower case sequence of P4 (above),
respectively. The second round PCR contained the primer attb1 (0.2µM), the primer attb2
(0.2µM), 1.5 U of KOD hot start DNA polymerase (Novagen, USA kit # 71086-5), 1X
buffer, 1.5mM MgSO4, 200µM dNTP’s along with P1+P2 (50ng), P3+P4 (22ng), and
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YFP (15ng), producing a 4182 bp (4138bp gene specific +150bp lower case extension)
PCR product, called AT2G34060::YFP::HGEIRTDCRVFL. PCR cycling conditions
were of one cycle 98ºC initial denaturation for 7 minutes ,three cycles of 94º C for 1min,
58º C for 30s (dropping 2º C each cycle), and 68º C for 7 minutes; five cycles of 94º C
for 1 min, 58º C for 30 s and 68º C for 7 minutes, twenty cycles of 94º C for 1 min, 63º
C for 30 s, and 68º C for 7 minutes, and one cycle of 72º C final extension for 7
minutes. The product was Gel-purified using GFX PCR gel purification kit (GE
healthcare PA, USA). The concentration of DNA was quantified by absorbance at 260nm
using spectrophotometer.
AT2G34060::YFP::HGEIRTDCRVFL
Cloning
AT2G34060::YFP::HGEIRTDCRVFL was cloned into pDONR221
according to the manufacturer’s instructions (Invitrogen # 12535-037). A 10 µL
recombination reaction was prepared using 150ng of
AT2G34060::YFP::HGEIRTDCRVFL, 150 ng of pDONR221, and 2µL of BP Clonase
II. The reaction was incubated overnight at 25º C. After incubation, 1 µL Proteinase K (2
µg uL-1,) was added to the reaction and incubated for 10 minutes at 37 ºC. Then, 2 µl
reaction mixture was transformed into 100µL competent E. coli (One Shot Omni Max2,
USA) according to the instructions of Invitrogen Gateway cloning kit (#12535-037)
manufacturer. Recombinants with correct insert were selected on kanamycin (50µg mL-1)
containing low salt Luria agar (NaCl 5g L-1, Tryptome 10g L-1, Yeast extract 5g L-1, and
Agar 15g L-1), followed by colony PCR with YFP F and YFP R primers. The colony PCR
contained primer YFP F (0.2µM), the YFP R (0.2µM), 1.5 U of KOD hot start DNA
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polymerase (Novagen, USA kit # 71086-5), 1X buffer , 1.5mM MgSO4, 200µM dNTP’s
along with bacteria cells from the potentially transformed E. coli colonies transferred
with sterile toothpicks. PCR cycling conditions were of one cycle of 94º C initial
denaturation for 7 minutes, 30 cycles of 94º C for 1 min, 55º C for 1 min, and 68º C for 2
min, and one cycle of 68º C final extension for 7 minutes. The products were run on
EtBr stained 0.8% agarose gel. The colonies that produced 774 bp products were grown
to stationary phase in low salt Luria broth (NaCl 5g L-1, Tryptome 10g L-1, and Yeast
extract 5g L-1) with 50µg mL-1 kanamycin. pDONR221 containing
AT2G34060::YFP::HGEIRTDCRVFL, now called
pDAT2G34060::YFP::HGEIRTDCRVFL was isolated from E. coli according
to Giannino et al. 1988. 6 mL of E. coli stationary growth containing
pDAT2G34060::YFP::HGEIRTDCRVFL was centrifuged for 30 s at10,000 x g.
Supernatant was discarded and 400 mL STET buffer (8% sucrose, 0.1% triton, 50mM
EDTA, 50mM, Tris-CT at pH8) was added to resuspend the cells. Then, 20µL of
Lysozyme (50 mg mL-1, Invitrogen, USA) was mixed into the cell suspension and
incubated at 37º C for 5 minutes. After incubation, the cells were boiled for 90 seconds,
and centrifuged for 10 minutes at 10,000 x g. Supernatant was recovered and 40 µL of
5% CTAB was added to the supernatant followed by incubation at room temperature for
3 minutes. The content was centrifuged for 5 minutes at at10,000 x g. The pellet was
recovered and resuspended in 300µL of 1.2M NaCl. Immediately, 750µL of 100%
ethanol was added and incubated overnight at -20º C. After incubation, the content was
centrifuged for 10 minutes at10,000 x g. The pellet was rinsed 3 times with 70% ethanol
and centrifuge for 3 minutes at10,000 x g after each wash. The pellet was air dried and
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resuspended in 50µL autoclaved Nano-pure water. The DNA concentration was
quantified by absorbance at 260nm with spectrophotometer.
AT2G34060::YFP::HGEIRTDCRVFL was subcloned into the destination Tivector pMN20GW (Invitrogen) according to the manufacturer’s instructions (Invitrogen
# 12535-037). Recombinants with correct insert were selected on spectinomycin (100µg
mL-1) containing low salt Luria agar followed by colony PCR with YFP F and YFP R
primers as stated above. Recombinant pMn20GW plasmid, now called
pMAT2G34060::YFP::HGEIRTDCRVFL, was isolated from colonies that produced
774bp YFP product. The isolated pMAT2G34060::YFP::HGEIRTDCRVFL was sent to
University of Washington High Throughput Genomic, Seattle, USA for sequencing using
Sequencing Reverse (Seq R) (5’GCCGTTTACGTCGCCGTCCAGCTCG3’) and
Sequencing Forward (Seq F) (5’GCCGGGATCACTCTCGGCATGGACG3’ ) primers
(IDT DNA, USA) (Figure 7 in Chapter III).
Arabidopsis Transformation and
Homozygous Insertion Selection
pMAT2G34060::YFP::HGEIRTDCRVFL was transformed into
Agrobacterium tumefaciens C58C1 (Konez and Schell, 1986) according to the freeze
thaw protocol of Weigel and Glazebrook, 2006. The transformants with correct insertion
were selected on riffampin (50µg mL-1), gentamycin (25µg mL-1), and spectinomycin
(100µg mL-1) containing low salt Luria agar and followed by colony PCR with YFP F
and YFP R primers. The positive colonies were grown for several generations in low salt
Luria broth containing riffampin (50µg mL-1), gentamycin (25µg mL-1), and
spectinomycin (100µg mL-1). The A. tumefaciens at OD 2.0 in 5% sucrose, 0.005%
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Silwet L-77 (Fisher, USA) was used to transform A. thaliana ecotype Columbia plants.
Seventy-two plants were inoculated according to floral innoculation procedure by
Martinez-Trujillo et al. (2004).
One out of 2,000 seeds from transformed plants survived on kanamycin (50
µg mL-1) selective low salt LB media. The surviving plant was named T0#1. The seeds
from this plant were named T1 seeds. To find homozygous insertion of
AT2G34060::YFP::HGEIRTDCRVFL in the T1 plants, nine T1 seeds (T1#1 through
T1#9) were plated on kanamycin media to eliminate seeds without kanamycin resistance.
Seeds (T2 seeds) from T1 plants were also plated on kanamycin section media. The T1
plant with 100% surviving progeny (T2 seeds) was selected for further investigation.
Genomic DNA was isolated from T1# 4 and T1#8 of T0#1 for YFP PCR to confirm the
presence of AT2G34060::YFP::HGEIRTDCRVFL in the transformed plants.
Seed Disinfection, Plant Growth, and
Microscopy
Seeds were disinfected with 1.0 % Sodium hypochlorite (Clorox, USA) and
0.01% Tween (Fisher, USA) for 20 minutes. This was followed by 5 washes with
autoclaved Nano-pure water. Seeds were incubated at 4º C for 5 days in the last wash.
Seeds were sowed in soil for transformation and half strength Murashige and Shoog
medium (0.55 g L-1 Murashige and Shoog medium, 2% sucrose, and 0.8% agar with
50µg mL-1 kanamycin for selection analysis. After sterilization, wild type and
transformed seeds were plated on 0.8% water agar on horizontally oriented plates for the
microscopic analysis. Seedlings at required days were removed from plates and mounted
on slides in water. The seedlings were covered with coverslip and sealed with rubber
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cement. Fluorescence microscopy was performed using 500 nm excitation, 535 nm
emission, and 515 nm dichroic mirror. Digital images were captured and manipulated
using Metamorph (Molecular Devices, CA, USA). For root length comparison, sterile
seeds were plated on vertically oriented 0.8% water agar plates. Mean root length of wild
type plants, plants overexpressing peroxidases T2#6 of T1# 1 of
AT2G34060::YFP::HGEIRTDCRVFL, T2-1b of T1-1b of T0#1 AT3G21770, T2-2e of
T1-2e of T0#2 AT3G21770, T2-2f of T1-2f of T0#2 AT3G21770, and T2-2d of T1-2d,
and of T0#2 AT3G21770, T-DNA insertion mutant plants AT2T34060 knock out,
AT1G05260 knock out, AT2G43480 knock out, and AT3G21770 knock out was
compared statistically with each other using Student’s one tailed t-test. All the plants
were grown at 16-hour photoperiod (intensity) at 20–22º C.

CHAPTER III

RESULTS

Identification of Prominent Class III
Secretory Peroxidase
To identify class III peroxidase genes strongly expressed in Arabidopsis
thaliana roots, we used Genevestigator (Hruz et al. 2008) to reveal respective mRNA
abundance. The Genevestigator hierarchical clustering tool (Figure 1) in log2 was used to
cluster class III peroxidase genes family according to their transcriptional pattern in A.
thaliana tissues. Percent abundance of mRNA relative to the highest intensity from all the
probes of that gene is represented by the shade of red. Therefore, abundance of mRNA
from one gene represented by a red box is incomparable to the abundance of mRNA from
another gene. The genes AT3G49120, AT5G58390, AT5G40150, AT1G71695,
AT5G51890, AT3G28200, AT4G21960, and AT2G34060 have similar tissue specific
mRNA accumulation (Figure 1, box). These genes have transcripts in all tissue types.
AT2G34060 was selected as a model gene for further analysis due to its moderate mRNA
abundance in most plant tissues and high mRNA abundance in xylem protoplast, and
cotyledon (Figure 1, arrowed). Comparison of AT2G34060 mRNA abundance within A.
thaliana tissue types, log2 scatterplot was generated using Anatomy tool of
Genevestigator (Figure 2). Low to moderate level (InterQuartile Range, IQR low and
medium) of AT2G34060 mRNA is present in all tissue types. Root xylem protoplast and
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Fig. 1 Tissue/Organ mRNA accumulation pattern clustering of class III peroxidase gene family of Arabidopsis thaliana.
The mRNA levels were measured using an ATH1: 22k array. Data was analyzed using Anatomy Hierarchical Pearson
Correlation Clustering tool of Genevestigator software (Hruz et al. 2008) in a log2 form. The genomic location IDs for genes
are on the top horizontal axis. The cluster of genes with similar tissue specific transcription pattern as AT2G34060 (arrowed
at top) is boxed in red. Right vertical axis represents the number of gene chips used for the analysis. Left vertical axis
represents the plant anatomy annotation as listed by the Plant Ontology Consortium (http;//www.plantontology.org). The
shade of red corresponds to the percent of average of top 1% values of corresponding probe set across all samples. Darker red
represents higher mRNA abundance.
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Fig. 2 Tissue specific mRNA abundance for AT2G34060 a class III peroxidase gene of Arabidopsis thaliana.
The mRNA levels were measured using an ATH1: 22k array. Data was analyzed using Anatomy tool of Genevestigator
software (Hruz et al. 2008) to generate Scatterplot in a log2 form. Right vertical axis represents the numbers of gene chips
used for the analysis. The shade of red corresponds to the percent of average of top 1% intensity of AT2G34060 probe across
all samples. Darker red represents higher mRNA abundance. Left vertical axis represents the plant anatomy annotation as
listed by the Plant Ontology Consortium (http;//www.plantontology.org). The tissues with high interquartile range (high IQR)
of AT2G34060 mRNA are arrowed on left.
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cotyledon have high (IQR high) AT2G34060 mRNAs. Finally, Genevestigator
Development tool was used to get information about temporal AT2G34060 mRNA
abundance in A. thaliana (Figure 3). A High number of AT2G34060 mRNAs is produced
up to the 4-leaf stage of the plant (14 days old; Boyes et al. 2001). After that the mean
level of mRNA abundance decreases. Then, the mRNA abundance increases again when
the plant starts to flower (26 to 32 days old; Boyes et al. 2001).

Construction and Cloning of AT2G34060::YFP::HGEIRTDCRVFL
Expression of AT2G34060 protein was monitored in planta by tagging the
protein with yellow fluorescent protein near its C- terminus. The yellow fluorescent
coding sequence was inserted upstream to the coding sequence of last 12 amino acids
(Figure 4, box labeled HGEIRTDCRVFL). To accomplish that, four primer pairs with
non gene specific linker sequences were used in two rounds of PCR. Two AT2G34060
specific primer pairs, Primer 1 (P1) and Primer 2 (P2) and Primer 3 (P3) and Primer 4
(P4) (Figure 5), and one YFP (Citrine variant of yellow fluorescent protein) specific
primer pair, YFP Forward (YFP F) and YFP Reverse (YFP R), generated three
respective fragments, P1+P2, P3+P4, and YFP in the first round of PCR. After PCR,
fragments were gel purified and aliquots were run on ethidium bromide (EtBr) stained
agarose gel (Figure 6). YFP, P1+P2, and P3+P4 lanes on the gel produced bands in
agreement with expected fragment sizes of 774 base pairs (bp), 2307 bp, and 1161 bp,
respectively (Figure 6, first 3 lanes). These fragments were used as templates in a second
round of PCR along with Gateway primer pair attb1 and attb2. During the initial cycles of
the second round of PCR, YFP assembled in between P1+P2 and P3+P4 fragments with
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Fig. 3 AT2G34060 mRNA transcript abundance in Arabidopsis thaliana
developmental stages.
The mRNA transcript abundance levels were measured by using an ATH1: 22k
array gene chip. The micro array data was analyzed using Development tool of
Genevestigator software (Hruz et al. 2008) to generate the log2 abundance curve.
The graph represents average level of AT2G34060 mRNA abundance with error
bars at nine stages of development for the Arabidopsis thaliana plant. The bottom
horizontal axis represents plant’s growth stages from seed germination to
senescence. The row at the bottom of the graph shows the number of arrays from
the ATH1: 22k gene chip used in each stage.
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Fig. 4 Schematic representation of AT2G34060::YFP::HGEIRTDCRVFL reporter gene.
The box labeled Promoter represents the sequence of endogenous promoter for
AT2G34060. The box labeled SP represents coding sequence for N-terminal endoplasmic
reticulum entry signal peptide amino acid 1 to 31. The empty box represents the coding
sequence for majority of AT2G34060 protein. The box labeled YFP represents coding
sequence for yellow florescent protein and the box labeled HGEIRTDCRVFL (single
letter corresponding amino acid abbreviation) represents the coding sequence of
AT2G34060 C-terminal amino acids numbers 335 to 346. The box labeled 3’Untrans
represents the sequence of downstream un-translated region.

the help of complementary linker sequences. During the later cycles of second round of
PCR Gateway primers attb1 and attb2 amplified intact fragment by base pairing with the
complementary sequences of P1 and P4 5’ extensions, respectively. Following the second
round of PCR, the product was gel purified and an aliquot was run on the EtBr gel which
produced band in agreement with expected fragment size of 4182 bp (Figure 6, lane TT).
The full-length construct was named AT2G34060::YFP::HGEIRTDCRVFL as it was a
product of fusion of three fragments generated by P1 and P2, YFP F and YFP R, and P3
and P, respectively. AT2G34060 in the name of the construct represents the expected
promoter and the majority of AT2G34060 generated by P1 and P2 primers, YFP in the
name represents coding sequence for yellow fluorescent protein (YFP) generated by YFP
F and YFP R primers, and HGEIRTDCRVFL in the name represents single letter
abbreviation of last 12 amino acids of AT2G34060 generated by P3 and P4 primers
(Figure 4).
AT2G34060::YFP::HGEIRTDCRVFL was cloned into pDONR221 and
subcloned into Ti-plasmid pMN20 GW. The pMN20 GW carrying

Fig. 5 Primer design for the construction of AT2G34060::YFP::HGEIRTDCRVFL.
Arabidopsis thaliana peroxidase family gene AT2G34060 and flanking regions sequence was downloaded from TAIR. The
sequence of the sense strand (5’to 3’) from 14384199 to 14387630 base pairs on the second chromosome is displayed.
Primers were designed in pairs of forward and reverse to amplify the gene as two fragments. P1 forward and P2 reverse
amplified the promoter and most of the AT2G34060 sequence. P3 forward and P4 reverse amplified the sequence for the Cterminus of the corresponding protein. Start and stop codons on the corresponding mRNA were labeled on the boxed
sequences. The lower case sequence upstream the start codon and downstream the stop codon represent upstream and
downstream untranslated regions of corresponding mRNA, respectively. The lowercase sequences between the start and stop
codons represent the introns and the uppercase sequences represent the exons that give rise to the corresponding mRNA
region which codes for the functional AT2G34060 protein.
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Fig. 6 Construction of AT2G34060::YFP::HGEIRTDCRVFL.
Full length AT2G34060 reporter construct was generated with two rounds of
PCR. Three primer pairs supported the first round PCR. First primer pair, YFP
forward and reverse, was used to amplify YFP coding sequence. Second
primer pair, forward primer 1 (P1) and reverse primer 2 (P2), was used to
amplify wild type promoter and majority of AT2G34060 protein coding
sequence. Third primer pair, Forward primer 3 (P3) and reverse primer 4 (P4),
was used to amplify the coding sequence of AT2G34060 C-terminus. The P2
reverse primer contained a 5’ extension complementary to a 5’ extension of
YFP forward primer. The YFP reverse primer contained a 5’ extension
complementary to a 5’extension of P3 reverse primer. These primer
extensions supported assembly of the first round fragments, YFP (774bp),
P1+P2 (2307 bp), and P3+P4 (1161bp), in the second round PCR (lane TT).
In the second PCR (lane TT) also contained attb1 and attb2 primers that were
complementary to P1 5’ extensions of P1 and P4, respectively. This could
amplify the 4138bp long intact reporter called
AT2G34060::YFP::HGEIRTDCRVFL. Ten µL of DNA was loaded into each
lane. The lanes are labeled on the horizontal axis while the markers in kilo
base pair (kbp) are labeled on the vertical axis.
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AT2G34060::YFP::HGEIRTDCRVFL was called
pMAT2G34060::YFP::HGEIRTDCRVFL and sequenced. Sequencing primer Revere
(Seq R) was designed to target Linker 1 and Sequencing Forward (Seq F) was designed
to target Linker 2 (Figure 7). The amino acid sequence deduced from the sequencing
results illustrates successful fusion of YFP between P1+P2 and P3+P4 fragments.
pMAT2G34060::YFP::HGEIRTDCRVFL was transformed into
Agrobacterium tumefaciens. Bacteria from transformant colonies were test with YFP
colony PCR using primers that targeted 774 bp long YFP in
pMAT2G34060::YFP::HGEIRTDCRVFL. Along with YFP colony PCR, a positive
control YFP PCR was performed. The positive control YFP PCR contained YFP Forward
and Reverse primers and coding sequence of citrine variant of YFP. When the aliquots of
the PCR products were run on EtBr gel, the positive control generated band at 774 bp
(Figure 8, positive control lane) and colony PCR products from two colonies out of 9
colonies tested also generated bands at 774 bp on the gel (Figure 8, first 9 lanes). This
demonstrates that colonies 3 and 4 contained pMAT2G34060::YFP::HGEIRTDCRVFL.

Transformation of Arabidopsis
A. tumefaciens from transformed colony number 4 were used to transform A.
thaliana ecotype Columbia plants. The seeds from transformed plants were plated on
kanamycin selection to detect kanamycin resistance adjacent to
AT2G34060::YFP::HGEIRTDCRVFL on T-DNA. One plant survived which was named
T0#1, transferred to soil, and grown to seeds (Figure 9, top panel). Progeny of T0#1 was
named T1. To verify the number of insertions in T0#1, genetic analysis was performed
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Fig. 7 Sequence analysis of DNA fusion junction after TT-PCR assembly.
Two primers labeled Seq R and Seq F were designed for sequence analysis of AT2G34060::YFP::HGEIRTDCRVFL full length construct. Top panel has the diagram of the sequence analysis. Bottom panel has the
DNA sequencing data with deduced one letter abbreviation of amino acid sequence. The boxes labeled A, B, C, and D correspond to the AT2G34060 N-terminus region, YFP region near linker 1, YFP region near
linker 2, and AT2G34060 C-terminus region, respectively, of AT2G34060::YFP::HGEIRTDCRVFL. The linker regions 1 and 2 are underlined.
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Fig. 8 Confirmation of recombinant gene in tumor inducing plasmid
pMAT2G34060::YFP::HGEIRTDCRVFL in Agrobacterium tumefaciens.
Cells from potentially transformed A. tumefaciens colonies were directly added to PCR
containing a primer set targeting YFP for 774 bp products. Lanes 1 through 9 contained
10 µl PCR products. DNA size markers are labeled at left in base pair (bp).

(Figure 9). Nine T1 seeds (T1#1 through 9) were plated on kanamycin media (Figure 9,
middle panel). We observed 100% survival. This suggested that T0#1 contained more
than one copies of kanamycin resistance or of AT2G34060::YFP::HGEIRTDCRVFL.
Based on this result 100% survival of progeny of all T1 plants was expected. However,

Fig. 9 Selection of homozygous transgenic plant.
Hundred plants of ecotype Columbia Arabidopsis thaliana were inoculated with
Agrobacterium tumefaciens carrying Ti plasmid
pMAT2G34060::YFP::HGEIRTDCRVFL. Seeds were collected from those plants,
surface sterilized, and plated on kanamycin selection identifying one kanamycin
resistant plant, T0#1 (Top panel). T0#1 was transferred to soil and grown to seeds. Nine
seeds of T0#1 were plated on kanamycin selection and 100% survival was observed
(T1# 1 through 9, middle panel). T1#4, T1#7, T1#8, and T1#9 were moved to soil and
grown to seeds. The seeds (referred as T2) of T1 were collected and plated on
kanamycin selection. Twenty seeds of T1=4, 29 seeds of T1=7, 32 seeds of T1=8, and
16 seeds of T1=9 were plated and 100%, 14%, 3%, and 13% survival, respectively, was
observed (bottom panel).
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when T2 seeds (progeny of T1 plants) from T1#1, 7, 8, and 9 were plated on kanamycin
selection media (Figure 9, bottom panel) only T1#4 showed 100% survival of its
progeny. T1#7, T1#8, and T1#9 showed 14% (4 survived out of 29), 3% (1 survived out
of 32), and 13% (2 survived out of 16) survival, respectively, of their progeny. This
suggested that T0#1 may have one or multiple insertions of
AT2G34060::YFP::HGEIRTDCRVFL.
For re-verification of the insertion of AT2G34060::YFP::HGEIRTDCRVFL
genomic DNA was isolated from the T2 kanamycin surviving plants and used in YFP
PCR. Suitability of the DNA for PCR was tested with P3 and P4 primers which targeted
1161 bp long coding sequence for the C-terminus of the resultant AT2G34060 protein.
PCR product from plants P1#4 and P1#8 of T0#1 generated bands at correct position on
the gel, indicating all DNA samples were adequate for PCR (Figure 10, first two lanes).
The successful insertion of AT2G34060::YFP::HGEIRTDCRVFL was tested with the
YFP primers that targeted 774 bp long YFP fragment in
AT2G34060::YFP::HGEIRTDCRVFL. Products from the DNA samples of plants T1#4
of T0#1 and T1#8 of T0#1 generated 774 bp bands (Figure 10, last two lanes). This
suggested that both plants’ DNAs contained at least one copy of
AT2G34060::YFP::HGEIRTDCRVFL.

Developmental Expression of AT2G34060::YFP::HGEIRTDCRVFL
To visualize expression pattern of AT2G34060::YFP::HGEIRTDCRVFL,
microscopic analysis was performed on T2#6 and T1#4 seedlings of T0#1 transformed
plant. During the development of wild type plants (Figure 11), beginning at day 1,
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Fig. 10 Identification of AT2G34060::YFP::HGEIRTDCRVFL in Arabidopsis
thaliana T1 plants.
The genomic DNA from T1#4 and T1#8 was isolated and used in two separate
PCRs. The first PCR was performed with AT2G34060 P3 and P4 primers that
generated 1105bp long DNA fragment (first two lanes). This detected the suitability
of DNA for YFP PCR. Second, PCR was performed with YFP Forward and Reverse
primers. This primer set generated 774bp long fragment (last two lanes) and detected
the presence of AT2G34060::YFP::HGEIRTDCRVFL. DNA ladder in base pair (bp)
is labeled on the vertical axis and primer sets are labeled on the horizontal axis. The
individual lanes are labeled with the names of the T1 plants whose genomic DNA
was used as a template for respective PCR.

Fig. 11 Fluorescence microscopy of Arabidopsis thaliana wild ecotype Columbia root during
development.
Left column contains bright field images (a, d, g, j, m, and p). Middle column contains fluorescence
images (b, e, h, k, n, and q) taken using 500 nm excitation, 535 nm emission, and 515 nm dichroic
mirror. Right column contains the overlay images (c, f, i, l, o, and r) of corresponding bright field
and fluorescence images.
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uniform autofluorescence was observed in cell outline and columella of the hexagonal
cell wall of the seed coat. Later in the development, at day 2, 5, 7, 8 and 9, uniform
autofluorescence was detected in the cells of the cotyledon tips (Figure 11, day 7).
Towards the base of the cotyledons of the wild type plants comparatively lower uniform
fluorescence was detected in the cell wall of epidermal cells (Figure 11, day 2). Cell wall
of epidermal cells fluoresced in the shoot meristem and transition area of the shoot and
root of the wild type plants. Low level of autofluorescence in the cell walls of the
epidermal cells of radicle was identified in the wild type plants (data not shown). The
periclinal cell wall of the epidermal cells of the radicle generated defined
autofluorescence. The first set of leaves emerged around day 10 in the wild type plants.
The tips and the bases of the leaves of the wild type plants fluoresced similar to the tips
and bases of the cotyledon (data not shown). The epidermal cell of the roots showed
fluorescence in their anticlinal cell wall similar to the radicle. The vascular region of the
roots and lateral roots of the wild type plants did not generate autofluorescence at day1 to
day 36 of their developmental stages.
During the development of transformed seedlings, starting at day 1 after
imbibition, autofluorescence was observed in the seed coat (Figure 12). The pattern of the
fluorescence of the seed coat cells was similar to the wild type seeds; however, the
intensity was higher near the hilum, gradually decreasing toward the other end of the
seed. At day 2, 5, 7, 8 and 9, high level of autofluorescence was detected in the cotyledon
tips and low level of autofluorescence was detected toward the base of the cotyledon of
the transformed plants which was consistent with the fluorescence pattern of the wild
type plants (Figure 12, day 5, data for day 2, 7, 8 and 9 not shown). Similar to the wild

Fig. 12 Expression of AT2G34060::YFP::HGEIRTDCRVFL in Arabidopsis root during development.
Left column contains bright field images (a, d, g, j, m, and p). Middle column contain fluorescence
images (b, e, h, k, n, and q) taken using 500 nm excitation, 535 nm emission, and 515 nm dichroic
mirror. Right column contains the overlay images (c, f, i, l, o, and r) of corresponding bright field and
fluorescence images.
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type plants the tips of the leaves of the transformed plants autofluoresced at all examined
developmental stages. Expression of AT2G34060::YFP::HGEIRTDCRVFL was detected
in the vascular regions of 1, 2, 5, 7, and 8 day old seedlings of the transformed plants
(Figure 12). Initially the fluorescence was close to the vascular initials and extended back
throughout the vascular region of root and shoot to shoot meristem. As seedlings aged,
fluorescence receded from shoot meristem to the vascular initial region of the root tip.
Finally, at day 9, there was no expression (data not shown). After day 9, the expression
was observed in young lateral roots (Figure 12, lateral root). Contrary to wild type plants,
the cells at the base of the lateral root in transformed plants fluoresced uniformly. While
the wild type plants did not produce any fluorescence in their lateral roots, two parallel
rows of fluorescence were seen at the emergence of lateral root of transformed plants.
The rows of fluorescence extended up to the vascular initials of the tip of the lateral root
of the transformed plants.

Tissue and Sub-Cellular Protein Localization
To refine the tissue level localization, digital cross sections were generated
from z stack images. First, multiple longitudinal images of the lateral root of wild type
and transformed plants were obtained from one surface through the other surface of root.
Then, a three dimensional image was constructed from the stacks of images using
Metamorph. The reconstructed image was cross-sectioned at four places indicated with
four horizontal red lines (XZ plane) in the top left column of Figure 13. The vertical red
line in the same column represents the YZ plane of the three dimensional image. The
software orients the XZ planes of the cross sections at 90 degrees so that they are facing

Fig. 13 (Top) AT2G34060::YFP::HGEIRTDCRVFL expression in Arabidopsis thaliana lateral
root tip.
Seeds of T2#6 of T1#4 of T0#1 were surface sterilized and plated on water agar for
microscopic analysis. One hundred and thirty one z stack images (at 0.5µm distance) were
taken. Top left panel contains overlay image (# 68 of 131) of brightfield and fluorescence
image. Fluorescence image (#68 of 131) for overlay was taken using 500 nm excitation, 535
nm emission, and 515 nm dichroic mirror. Horizontal lines represent locations at which crosssections a, b, c, and d were generated from z-stack images. Top right panel contains the
fluorescent cross section images. The images in right panel contain horizontal and vertical
reference lines corresponding to vertical and horizontal reference lines, respectively, in the left
panel. (bottom) Outline of tissue types in the A. thaliana meristemic root tip where QC is
quiescent center. The scale bars are 10µm.
38

39
the screen (Figure 13, top right). The red lines crossing each other in the cross section
images represent the location of a point in the space in relation to XZ and YZ planes of
the three dimensional image. Wild type cross-sections did not reveal any fluorescence
(data not shown; for longitudinal image refer to Figure 11 lateral root). However, the
cross-sections a, b, and c of transformed roots illustrate fluorescence in two separate
regions in the form of circular dots (Figure 13 top right panel). The section d, most
proximal section to the root tip, illustrates fluorescence in the center of the root in a form
of single circular dot. To observe fluorescence in the protoxylem, the root with developed
protoxylem cells was observed (Figure 14). Wild type plant roots did not produce any
fluorescence in the protoxylem cells containing characteristic annular ring like wall
thinking (Figure 14b). The protoxylem cells develop asymmetrically in the A. thaliana
root tip (Figure 14 c, white arrows). The corresponding areas of interest are squared in
the second and third rows of Figure 14. Banded fluorescence patterns in Figure 14d and
14f (open arrow heads) colocalize with the annular rings like pattern of protoxylem cell
wall thickenings visible in the bright field images (Figure 14 c and e; open arrow heads).
The subcellular location of AT2G34060::YFP::HGEIRTDCRVFL is evident
in Figure 15a and 15b . Wild type plants did not produce any fluorescence in the vascular
region of their two-day-old roots (Figure 11 two day old). The 600X image overlay of
two days old root tip of transformed plants illustrates that the fluorescence is contained in
the vascular initials located just above the quiescent center cells (Figure 13, bottom
panel) of the root tip. Closer examination of the middle panel of Figure 15a displays the
subcellular location of the fluorescence (Figure 15b). The fluorescence is not observed in
the nucleus (Figure 15b, solid arrow heads) and cell wall (Figure 15b, open arrow heads).

Fig. 14 Expression of AT2G34060::YFP::HGEIRTDCRVFL in Arabidopsis root protoxylem.
Left column contains bright field images (a, c, and e). Right column contains fluorescence images (b, d, and
f) taken using 500 nm excitation, 535 nm emission, and 515 nm dichroic mirror. First row contains images
of wild type plant root (a and b). Second row contains image of transformed plant root tip. Asymmetrical
development of protoxylem is marked with white arrows on bright field image (c). Third row contains
images of same transformed root above the root tip and near fully developed protoxylem cells. In second
and third rows the corresponding areas are squared in bright field and fluorescent images. Band like pattern
of annular wall thickening of protoxylem are marked with open arrow heads. Scale bars are 10µm.
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Fig. 15 (a) AT2G34060::YFP::HGEIRTDCRVFL expression in root tip of Arabidopsis
thaliana two day old seedling. Seeds of T2#6 of T1#4 of T0#1 were surface sterilized and
plated on water agar for microscopic analysis. Top panel contains brightfield image.
Middle panel contains fluorescence image taken using 500 nm excitation, 535 nm
emission, and 515 nm dichroic mirror. Bottom panel contains brightfield and
fluorescence overlay image. Scale bars are 10µm. (b) The magnification of the middle
panel of 15a. Cell wall is marked with solid arrow heads. Nuclei are marked with empty
arrow heads. The helix fluorescence pattern is marked by arrows. Net like fluorescence
connecting nuclei to cell periphery are marked with asterisk.

Whereas, the fluorescence is visible around the nucleus as a solid ring. There is a helical
fluorescent pattern diagonal to the long axis of the root which is marked with arrows in
Figure 15b. The net like fluorescence in the middle of the nuclei of two cells proximal to
the root tip in the top panel of Figure 15b is marked with asterisk. This net like
fluorescence appears to connect nuclei to the periphery of the cells.
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AT2G34060::YFP::HGEIRTDCRVFL
Inhibits Root Elongation
Because AT2G34060::YFP::HGEIRTDCRVFL is expressed in the roots
during the first eight days of growth of the transformed plants, root length was compared
between wild type and transformed plants. The mean root length of plants transformed
with AT2G34060::YFP::HGEIRTDCRVFL was found to be significantly shorter than the
wild-type plants. In one of the trials, the p value at days 4, 5, 10, 11, 12, and 17 were 3.82
E-6, 2.80 E-3, 1.60 E-4, 2.00 E-7, 1.22 E-3, and 2.50 E-4, respectively (Figure 16). This
suggests that a reduction in root length is due to insertion location of reporter construct or
the overexpression of AT2G34060.
Mean root lengths of four independently generated lines of plants transformed
with AT3G21770 class III peroxidase (T2-2e of T1-2e of T0#2 AT3G21770, T2-1b of
T1-1b of T0#1 AT3G21770, T2-2d of T1-2d of T0#2 AT3G21770, and T2-2f of T1-2f of
T0#2 AT3G21770; Obaidi and Blee manuscript in progress) were compared with wildtype plants. Three AT3G21770 transformed seedlings (T2-1b of T1-1b of T0#1
AT3G21770, T2-2d of T1-2d of T0#2 AT3G21770, and T2-2f of T1-2f of T0#2
AT3G21770) out of four had a significantly shorter mean root length from day 3 to day
14 when compared with wild-type plants (p < 0.05; Figure 17). When the mean root
lengths of four AT3G21770 transformed plant lines were compared with each other,
mixed results were observed (Figure 17). T2-2f of T1-2f of T0#2 AT3G21770 had a
significantly shorter mean root length than T2-2e of T1-2e of T0#2 AT3G21770, T2-1b
of T1-1b of T0#1 AT3G21770, and T2-2d of T1-2d of T0#2 AT3G21770 at all three days
(p < 0.05). T2-2e of T1-2e of T0#2 AT3G21770 consistently possessed the largest mean
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Fig. 16 Effect of transformation on root length of Arabidopsis thaliana transformed with
AT2G34060::YFP::HGEIRTDCRVFL.
Second generation seeds (T2#6 of T1#4 of T0#1; right panel) and wild Columbia
ecotype seeds ( left panel) were surface sterilized and plated on vertically oriented water
agar plates. AT2G34060::YFP::HGEIRTDCRVFL and wild Columbia ecotype mean
root lengths were compared at day 4 (p = 3.82 E-6), 5 (p = 2.80 E-3), 10 (p = 1.60 E-4), 11
(p = 2.00 E-7), 12 (p=1.22 E-3), and 17(p = 2.50 E-4). This experiment was repeated 4
times. Above figure represents 17 days old seedlings from a trial. Make sure that this is
correlated to the result section.

root length, T2-1b of T1-1b of T0#1 AT3G21770 was second, T2-2d of T1-2d of T0#2
AT3G21770 was third, and T2-2f of T1-2f of T0#2 AT3G21770 was consistently the
shortest among the AT3G21770 transformed plants.
Because overexpression gave shorter roots, mean root length of AT2G34060
T-DNA insertional knock out mutants was compared with that of wild-type plants. The
mean root length of AT2G34060 knock out plant was not significantly different from the
wild type. When the mean root length of wild-type plants was compared with the plants
containing T-DNA insertions in their AT3G21770, AT2G43480, AT1G05260, and
AT2G38380 class III peroxidase genes, no significant difference was observed in the
mean root lengths at day 14 (Figure 17).

Fig. 17 Mean root length comparison of Arabidopsis class III peroxidase
overexpressing plants, Arabidopsis class III knock out plants, and wild
type plants.
Wild type and second generation (T2) seeds of transformed plant lines
were surface sterilized and plated on vertically oriented water agar
plates. Mean root lengths ± standard errors of seedlings were compared
at day 3, 7, and 14 using Student’s one tailed t-test. The data above
represents one of four trials.
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CHAPTER IV

DISCUSSION

Genevestigator anatomy and development tools were used to gather
information about spatial and temporal mRNA accumulation of class III peroxidases of
A. thaliana thaliana. The Hierarchical Pearson Correlation Anatomy tool clustered
AT3G49120, AT5G58390, AT5G40150, AT1G71695, AT5G51890, AT3G28200,
AT4G21960, and AT2G34060 due to the presence of their transcripts in all tissue types.
The tissue-specific mRNA abundance profiling experiment performed by Valerio et al.
(2004) presented some results in contrast to and some in agreement with our results. They
found mRNA for AT1G71695 only in the roots and not in the stems, flower, and leaves;
our data show that AT1G71695 is expressed strongly in all tissue types. They did not find
any transcript of AT3G49120 in the flowers and a high number in the stems; however, we
found a higher number of mRNA in flowers and a very low number of AT3G49120
mRNAs in the stems. They found a similar pattern of tissue-specific mRNA abundance
for AT5G58390, AT5G40150, AT5G51890, AT3G28200, AT4G21960, and AT2G34060
as in our results. The peroxidase AT2G34060 has a relatively higher mRNA abundance
in xylem protoplast of roots (Figure 2). This precise mRNA abundance in a single tissue
is suggestive of its role in the xylem. As a result, we chose AT2G34060 (Figure 1,
arrowed on top of red box) as a model gene for further analysis.
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The Genevestigator development tool was used to access information about
temporal AT2G34060’s mRNA abundance in A. thaliana (Figure 3). The data suggested
that mRNA abundance is higher in the early developmental stage, decreases later in
development, and then increases again in the whole tissue when the plants start to flower.
In one study, Welinder et al. (2002) performed RT-PCR on the transcripts found at
different developmental stages in the roots and concluded that AT5G40150, AT4G21960,
AT1G71695, and AT3G49120 existed in A. thaliana roots from day 5 to day 35.
However, only AT5G40150 was found after day 34. Given that AT2G34060 clustered
with these genes (Figure 1), the same temporal transcription profiling is expected for
AT2G34060. Over time, the microarray techniques have been improved. The probes have
been constructed in such a way that they can distinguish between different peroxidases
carrying more than 70% homology in their primary sequence. For example, AT3G28200
has 68% homology with AT5G40150, AT3G49120 has 75% homology with At3G49110,
and AT4G08770 has 96% homology with AT4G08780 (Valerio et al. 2004). When
Passardi et al. (2006) tagged AT3G49110 and AT3G49120 with GFP, they found these
proteins in the cell wall of roots. AT2G34060 clusters with AT2G49120; thus, they have
similar spatial transcriptional profiles, while they may have very different sub-cellular
localizations. To propose a function to a peroxidase correctly, we must determine their
tissue, cellular, and sub-cellular location on a protein level.
To determine the tissue, cellular, and, sub-cellular location of AT2G34060, a
reporter construct was made. During the construction of the reporter construct, we made
sure to keep the endogenous regulatory aspects of AT2G34060 intact (Figure 4). 634
(14384279 to 14384913) nucleotides upstream the translational start codon of
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AT2G34060 were included. The coding sequence for N-terminal signal pepetide for ER
targeting was also included. The signal peptide cleavage site was predicted between
amino acid 31 and 32 using method developed by Petersen et al. 2011. The yellow
fluorescent protein was inserted on the C-terminal upstream to the coding sequence for
the last 12 amino acids. Seventy five percent of last 4 amino acids (HGEIRTDCRVFL)
on the c-terminal of AT2G34060 and last 4 amino acids of soybean peroxidase
(PZESQKRAVA) are hydrophobic. Soybean peroxidase is known to be secreted to cell
vacuole (Carter et al. 2004; Maruyama et al. 2006), and the last 4 amino acids enable
soybean peroxidase to be secreted to the vacuole (Schnell et al. 2010). AT2G34060 does
not have ssVSDs (NPIR, LLIRP or NPIRL) and ER retention sequence, KDEL or HDEL.
This means that this protein is not resident of ER and is secreted to post-ER organelles,
perhaps to the vacuole, due to its hydrophobic C-terminal sequence.
In our study, we have transformed A. thaliana with YFP-tagged AT2G34060,
which has never been done before. The observation of 1- to 36-day-old transformed
seedlings illustrated the temporal expression of AT2G34060 (Figure 12). At day 1, the
expression was high, near the hilum of the seed. At day 2, the expression was observed in
the vascular region of the hypcotyl and shoot meristem. The expression gradually receded
from the shoot meritstem to the root tip. At day 8, the expression was only seen in the
root tip. The expression disappeared at day 9, after day nine the expression appeared in
new lateral roots. This suggests that expression is only in young vascular tissue. In
general, young tissue has less activity of class III peroxidases, and their activity increases
with the age of the plant (Cosio and Dunand, 2010). Our data is contrary to this data;
however, is in agreement with our Genevestigator Development data, in which mRNA
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abundance of At2G34060 was higher in younger tissue (Figure 3). This suggests that high
mRNA level is indicative of higher translation of mRNAs into protein.
The precise location of AT2G34060 in the vascular tissue will help to assign a
logical function to this peroxidase. To achieve this, higher magnification images and
digital cross section images were generated. In the longitudinal section of Figure 15, the
expression of AT2G34060 is seen in the center of the root tip. At the hypocotyls/root
junction, in the collar area, the expression splits into two rows separated by
nonfluorescing rows of cells. The cross section data (Figure 13) are in agreement with the
high magnification longitudinal section data (Figure 15). The overlay image of medial
longitudinal section in the top right panel of Figure 13 suggests that there are two
fluorescing rows sandwiching one or two rows of non-fluorescing cells. Additionally,
Cross sections a, b, and c generated two circular fluorescent areas. This is consistent with
the findings of Brembu et al. (2005). When they tagged promoter of AtRAC2/ROP7, a
member of RAC/ROP family of small GTPases of A. thaliana, with GFP, they found two
fluorescent dots in their digital cross-section of A. thaliana root generated through zstacks. They proposed based on findings of Kobayashi et al. (2002) that those
fluorescence dots are due to presence of GFP fluorescence in the two files of single celled
vessels of Arabidopsis protoxylem. The section “d” of our crossection Figure 13
generated only one circular fluorescent area which was not seen in Brembu et al. (2005)
study as they only saw fluorescence in the secondary cell of the developed protoxylem
cells. Additionally, the red reference lines of Figure 13 suggest that the fluorescence
regions are in the vascular area of the root tip. The protoxylem and metaxylem initials are
located in the center of the stele of the A. thaliana root tip. Xylem develops in the centre
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of stele and forms two arcs laterally. The xylem precursor cells in the middle differentiate
into metaxylem and the lateral cells near the pericycle differentiate into protoxylem
(Pryer et al. 2004; Boyce et al. 2005; Carlsbecker et al. 2010; Heidi et al. 2012). Figure
13 and Figure 15 illustrate that AT2G34060 developmental expression begins in cells just
above the quiescent cells. As the cells differentiate, AT2G34060 expression divides into
two separated arcs. The developed protoxylem contains characteristic annular or spiral
rings of secondary cell wall thickening (Kobayashi et al. 2002). In older regions of the
root, YFP tagged AT2G34060 colocalized with annular/spiral wall thickening of
protoxylem (Figure 14) which is consistent with the findings of Brembu et al. (2005).
They found GFP tagged promoter of AtRAC2/ROP7 colocalizing the annular rings of
secondary wall thickening of protoxylem. Consequently, the AT2G34060 expression may
be in the protoxylem tissue. Our results also suggest that two strands of protoxylem do
not develop characteristic annular/spiral thickening of their cell wall symmetrically.
Figure 15 illustrates that AT2G34060 is expressed in the endo-membranous
system and not in the cell wall and nucleus. This is in agreement with the hydrophobic
identity of the C-terminal amino acids of AT2G34060 that this peroxidase will be
secreted to the cell vacuole. AT2G34060 was also not found in the vacuoles of the A.
thaliana rosette leaves among six class-III peroxidases identified (AT1G71695,
AT3G32980, AT3G49110, AT3G49120, AT4G08770, and AT4G08780; Carter et al.
2004). Our findings did not reveal the expression of AT2G34060 in the leaves. A
proteomics study on an 11-day-old hypocotyl cell wall conducted by Irshad et al. in 2008
demonstrated that AT2G34060 was not present among the 11 secreted peroxidases
identified (i.e., AT1G71695, AT3G21770, AT3G32980, AT3G49110, AT3G49120,
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AT3G50990, AT4G25980, AT4G30170, AT5G17820, AT5G64100, and AT5G66390).
These data are also in agreement with our findings, as we did not detect the expression of
AT2G34060 in the cell wall at day 11 in the hypocotyls. However, the interesting finding
among these two studies is that AT1G71695, AT3G32980, and AT3G49120 are found at
two different sub-cellular locations in two different tissues. Interestingly, when Passardi
et al. (2006) tagged AT3G49110 and AT3G49120 with GFP, they found these proteins in
the cell wall of the roots and determined that these proteins have a Ca 2+ pectate motif.
Thus, Passardi et al. (2006) proposed that the function of these two peroxidases is cell
elongation. They also proposed that these proteins go into cell wall via vacuoles, as these
proteins were previously found in the vacuole of the rosette leaves of A. thaliana (Carter
et al. 2004). AT2G34060 was not observed in the cell wall and it lacks Ca2+ pectate
motif; therefore, it is active and have a function in the endo-membranous system of
secretory pathway.
The plants transformed with AT2G34060 expressed stunted growth of the
roots as compared to those of wild plants (Figure 16). This could be due to the
overexpression of AT2G34060. If this is true, then the AT2G34060 T-DNA insertional
knock out mutant plants might be expected to have longer root lengths than the wild
plants; however, this was not observed in our experiment (Figure 17). The location of the
insertion of AT2G34060::YFP::HGEIRTDCRVFL in the transformed plant’s genome
could also be responsible for the shorter root lengths in the transformed plants. Therefore,
the root length of the four independently generated plant lines transformed with YFP
tagged AT3G21770 was compared with the root length of wild-type plants (Figure 17).
Three out of four T2 plants showed significantly shorter roots than those of the wild
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plants. They have variable mean root length when compared among each other. The
variability in the root lengths of different plant lines transformed with AT3G21770 could
be due to a difference in the location of insertions of constructs in the genome of A.
thaliana. This could also be due to the different combination of multiple insertions. The
genetic analysis reveals that AT2G34060 transformed plants have one or multiple
insertions (Figure 9). Therefore, the overexpression option seems more reasonable.
AT2G34060 expressed the shortest mean root length of all of the plants that
were compared (Figure 17). Promoter assays show that AT5G06720 is expressed in the
root, hypocotyls, and base of the pistil in non-infected plants. Overexpression of
AT5G06720 exhibits aberrant flower development, reduced susceptibilities to pathogen
infection, and short hypocotyls (Jin et al. 2011). AT4G08770 is also expressed in the
vascular tissue and reduces root elongation. The transgenic plants that overexpressed
AT4G08770 had a dwarf phenotype. The mechanism of stiffening the cell wall by
AT4G08770 is the formation of phenolic esters in the cell wall and diphenyl bridges
among cell wall polymers due to the presence of the Ca2+ pectate domain in
AT4G08770. Therefore, AT4G08770 is involved in the lignin formation and stiffening of
the cell wall (Pedreira et al. 2011). Sub-cellular localization was not performed in the
study by Pedreira et al. (2011). Passardi et al. (2006) found that AT3G49110 and
AT3G49120, overexpression increases the root length. They found these peroxidases in
the cell wall. Both of these peroxidases have Ca2+ pectate binding domain. The proposed
mechanism of these peroxidases is loosening of cell wall through ROS production.
AT2G34060 lacked the Ca2+ pectate binding domain for the middle lamella localization
and was not present in the cell wall. Because AT2G34060 lacks Ca2+ pectate binding
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domain, it may not be involved in the stiffening of the cell wall by creating monolignol
radicals. Because cell or root elongation was not observed in our study of AT2G34060
overexpression, it may not be involved in the Reactive Oxygen Species.
The collective information about sub-cellular location and phenotype
alteration due to overexpression can be helpful in accurately assigning function to a
peroxidase. Overexpression of AT2G34060 reduces the growth of root. AT2G34060 is
located in the endo-memberanous system and not in the cell wall. Additionally, this
peroxidase does not have a Ca2+ pectate domain, and therefore is not involved in the
lignification process and auxin catabolism through its peroxidative mechanism. Hence, it
may be involved in the lignification through a supportive role. Douglas and Ehlting
(2005) found that AT2G34060 was among 8 class III peroxidases that are upregulated
with the upregulation of genes involved in the shikimate process of monolignol
biosynthesis. Later, Ehlting et al. (2005) investigated the primary structure of
AT2G34060 and found that AT2G34060 contains 11 nucleotide (5’(A/T)TTTA(T/C)(A/G)TTT(A/T)-3’; Iraqui et al. 1998) amino transferase domain. This
finding was critical in solving the missing link in the biosynthesis of monolignol
precursors, tyrosine, and phenylalanine, in A. thaliana. Most of the genes involved in
various reactions of shikimate pathway are known; however, the enzymes involved in the
conversion of prephenate into L-arogenate are not known. AT2G34060 may be involved
in this particular reaction through its putative aminotransferase ability (Ehlting et al.
2005). Most enzymes involved in the shikimate pathway are located in the plastid
(Rippert et al. 2009; Tzin and Galili, 2010) and cytoplasm (Kaneda et al. 2008). After
sysnthesis, monolignols are transported to the apoplastic region in unknown vesicles

53
(Kaneda et al. 2008). Monolignols are also stored in vacuoles for future use. The
polymerization of lignin takes place in the cell wall via apoplastic enzymes (Whetten and
Sederoff 1995). Our observations are consistent with the presence of AT2G34060 in
vesicles. The braided helix fluorescent pattern and a net like fluorescent pattern
connecting the nuclei to the cell periphery in Figure 15b are similar to the microtubule
pattern demonstrated by Blancaflor et al. (2003). This is supportive of vesicles carrying
AT2G34060 travelling on the microtubules. Alternatively, vesicular AT2G34060 may be
involved in the modification of monolignols by deglycosylating them which is also one
of the functions of vacuolar peroxidases (Miao and Liu, 2010). Monolignol availability
may be the limiting factors in lignin biosynthesis. When more monolignols are available,
more lignin polymerization may occur, which may lead to the cross linking of cellulose
microfibrils and root length shortening.
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