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ABSTRACT
ARABIDOPSIS THALIANA CLASS III PEROXIDASE, AT5G51890, TARGETED
TO CELL WALL OF PROTOXYLEM CELLS MAY BE INVOLVED WITH CELL
ELONGATION AND XYLEM FORMATION
by
Sheng-Hao Lin 2019
Master of Science in Biological Science
California State University, Chico
Summer 2019
Secretory class III peroxidases are hypothesized to be involved with lignification
and auxin catabolism. Lignification is polymerization that can strengthen the water
conducting tissues and support the plant system. Auxin is growth hormone that promotes
plant root growth. There are 73 peroxidases in the Arabidopsis thaliana. Determining
where the protein traffics to the final location within the cell can help identify the
function of each peroxidase. In this study, peroxidase AT5G51890 contains signal
peptide, which directs for trafficking into endoplasmic reticulum (ER). Moreover, there is
absence of hydrophobic tail in carboxyl terminal of peroxidase, which suggested that
peroxidase AT5G51890 will target at cell wall. In 2009, Tokunage et al showed staining
pattern of AT5G51890 promoter fused b-glucuronidase (GUS) gene expressed in vessel
vii
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elements, which is one of cell types from xylem tissues coated with lignin in cell wall.
Therefore, peroxidase AT5G51890 is hypothesized to be secreted out into cell wall. To
determine function and cellular location of peroxidases, three genes constructs were
developed by two rounds of PCR and transferred into Arabidopsis plant nuclear genomes.
Endogenous SP:51890:YFP:RFVN construct contained DNA sequence of yellow
fluorescent protein (YFP). Construct SP:51890:mCherry:AFVY contained mCherry
DNA sequence and vacuolar sorting sequence. Construct DSP:51890:mCherry:RFVN
had removal of signal peptide sequence and mCherry DNA sequence. Microscopic
images showed that all peroxidase targeted variants were all found in protoxylem tissues
of apical root region. Targeted variants of peroxidase 51890 designed to exploit lack of
cytoplasm in dead protoxylem cells at maturity, required longer term experiments to
confirm the subcellular location of peroxidase targeted variants. Initial experiment using
plants containing peroxidase targeted variants to the cell wall, vacuole and cytoplasm
respectively showed no significant change on cell elongation and protoxylem formation.
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CHAPTER I
INTRODUCTION
Significance of Study on Secretory Pathway of Plant Protein
Every plant relies on cells to store energy, process photosynthesis, and transport
nutrients or water in order to survive. To efficiently complete metabolisms, plant cells
use internal transporting system to export essential proteins to specific location.
Therefore, protein’s function can be revealed based on the cellular location.
To elucidate proteins’ function, scientists utilize biochemical and genetic approaches
to determine the final location within the cell. The location of the protein could determine
whether the protein might participate in any biochemical pathway and then allow
scientists to predict protein’s function. For example, co-localization of glycoproteinfibrillin and starch synthase 4 in the thylakoid membrane implies potential role in the
synthesis of glycogen in the plant cells (Gámez‐Arjona et al. 2014). In this study, I will
investigate the subcellular location of class III peroxidase-AT5G51890. Determining
subcellular location of peroxidase AT5G51890 could help me elucidate the potential
roles of the peroxidase.
Peptide Structure of Class III Peroxidases
There are mainly three classes of peroxidases based on the protein structure and
function. The class I peroxidases include ascorbate peroxidases (APxs), cytochrome c
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peroxidases (Ccps) and catalase-peroxidases (CPs), which do not contain signal peptide
and disulfide bridge (Moural et al. 2017). APxs can be found in photosynthetic
organisms, and APxs are mostly located in chloroplasts (Teixeira et al. 2004). Ccps are
located in intermembrane space of mitochondria and utilize cytochrome c as electron
donor (Cosio and Dunand 2009). Class II peroxidases include manganese peroxidase,
which has major role in soil debris degradation and can be mostly found in fungi
(Martinez et al. 2005). Class III peroxidases are plant secretory enzymes, which are
hypothesized to participate in lignification, auxin catabolism and plant senescence. Most
class III peroxidases contain endoplasmic reticulum signal peptide (Welinder 1992).
Some peroxidases like horse radish peroxidase (HRPC) and barley peroxidase (BP1)
possess also C-terminal extension responsible for vacuolar targeting (Neuhaus 1996). All
the class III peroxidases share a very common amino acids content in secondary fold
structure. Most of them contain conserved eight cysteine residues, distal/proximal
histidine residues, signal peptide sequence at N-terminal and variable C-terminal
extension (Smulevich et al. 2006; Edwards et al.1993).
Roles of Class III Peroxidases
The primary known function of peroxidase is to reduce reactive oxygen species
(Veljović et al. 2018). Peroxidases contain ferric group and protoporphyrin IX, which
can exchange electron and protons by binding to different substrates including
monolignols and auxin (Passrdo et al. 2004). In reduction of H2O2, H2O2 is reduced to
water, and the ferric center is oxidized from Fe3+ to [Fe4+=O]P+ known as Compound I
(Goodin1986). The protoporphyrin pi-cation radical (P+) in Compound I oxidizes
subtracts like monolignol to give rise radical monolignol and intermediate [Fe4+=O]P
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known as Compound II (Li and Poulos. 1994). The Compound II intermediate will react
with electron donor to form H2O and return to ferric enzyme (O’Brien et al. 2012). The
radical monolignol couples with another radical monolignol to form lignin polymer
(Gang et al. 1999). In transgenic tomato leaves that overexpresses cell wall targeting
peroxidase- TPX1, an increased 40%~200% of lignin contents were reported in
transgenic tomato leaves (Mansouri et al. 1999). This suggested functional roles of class
III peroxidases in lignification. The class III peroxidases are also reported to be
associated with plant senescence. For instance, increased peroxidase levels have been
found as the A.thaliana rosette young leaves developed within 5 weeks (Abarca et al.
2001).
Peroxidases also appear to change level of indol-3-acetic acid (IAA), which is a
common plant growth hormone of auxin class. When level of IAA is decreased, this
might slow the elongation of hypocotyls (Cosio and Dunand 2008). For instance,
localization of CpPrx01 in cell wall led to significant reduction of endogenous IAA level
and inhibit hypocotyl elongation (Cosio et al.2008).
Apoplastic H2O2 and O2- are served as substrates to stimulate peroxidase to oxidize
monolignol or auxin (Schopfer 2002). IAA is a plant hormone that promoted cell
elongation and plant growth. Cell elongation and plant growth occurred with relaxation
of cell wall. IAA can diffuse through lipophilic cell membrane by passive diffusion
(Zažímalová et al. 2010). The non-ionized form of IAA (IAAH) will dissociate to
become anionic IAA- when IAAH molecules expose to basic pH in cytoplasm
(Zažímalová et al. 2010). IAA- activates on SMALL AUXIN UP-REGULATED RNA19
(SAUR19) protein on cell membrane, which blocks phosphatase 2C-D to promote
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phosphorylation between C terminal penultimate Thr of proton ATPase and 14-3-3
protein (Farquharson and Kathleen 2014; Camoni et al. 2018; Zažímalová et al. 2010).
The phosphorylation of H+ -ATPase allows H+ ions secreted to cell wall compartment
(Haher A et al. 2003). Presence of H+ ions lower the pH in cell wall, and proton motive
force activates expansins which result in loose of bonding among celluloses (Rayle et al.
1970; Cosgrove DJ 2000). Loose bonding of celluloses and turgor pressure cause the cell
wall to expand and lead to cell elongation (Cosgrove 2000).
Plant Protein Secretory Pathway
All of class III peroxidase are secretory protein. The mRNA of class III peroxidase
contains signal peptide sequence and follows protein secretory pathway. Signal
peptidases are the ER luminal enzymes, which cleave off the signal peptide sequence
(Von Heijne 1990). The trimmed signal peptide sequence will get digested by protease
(Izard and Kendall 1994). Once the secretory protein enters the ER, an enzyme called
oligosaccharyltransferase (OST) transfers oligosaccharide protein complex precursors
from a membrane-anchored dolichol pyrophosphate (Dollop) carrier to Asn residue at Nterminal of the secretory protein (Mohorko et al. 2011). The following removal of Glu
residues by glycosidases on the secretory protein lead to formation of a
monoglycosylated N-glycan, which will be recognized by ER chaperon lectins—
membrane-anchored calnexin (CNX) and ER luminal homolog calnexin (CRT)
(Caramelo and Paraodi 2008). The high affinity of CNX and CRT is essential to recruit
protein disulfide isomerases to build inter/intra-molecular disulfide bonds on secretory
protein (Caramelo and Paraodi 2008).
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If the protein fails to maintain its conformation or misfolded, it will be detected
by UPP-glucose-glycoprotein- glucosyltransferase by adding a single Glu back to
incompletely-folded protein (Hammond et al. 1994). The addition of Glu residue is
served as signal to permit interaction with CNX/CRT for another round of assisting
folding until the protein reaches its native conformation (Hong et al. 2012).
The study has also shown that ER-localized HSP70 proteins-BiPs will bind to
exposed hydrophobic patches of incompletely misfolded proteins. The BiP will recruit
ERAD substrate-OS9/Yos9, which will ubiquitinate the misfolded protein and deliver it
to cytosolic proteasome for proteolysis (Liu et al. 2014).
ER Retention Signals
The KDEL receptors on cis-Golgi compartment are reported to recognize the
protein containing KDEL sequence at C-termini and direct the proteins back to the ER
(Lewis and Pelham 1992). KDEL receptors can bind to KDEL sequence at lower pH in
cis-Golgi compartment (Capitani and Sallese 2009). When the vesicle with KDEL
receptors complex reaches ER at higher pH, the binding becomes weaken and release
KDEL-containing protein back to ER (Capitani and Sallese 2009). Some integral
membrane proteins carry dibasic amino acids such as KKFF at C-termini, which have
been found as ER retrieval signals (Schutze et al. 1994). If the proteins are folded
correctly and lack ER retention or retrieval signals, the cytosolic component Sec24 will
be recruited on ER export sites, which forms coat protein complex II (Bi et al. 2002). The
coat protein complex II (COPII) is responsible for transporting the proteins to the Golgi
apparatus (Barlowe et al. 1994).
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Trafficking of Secretory
Proteins to Plasma Membrane
The secretory protein is delivered via COPI vesicles to cis-Golgi cisternae. In cisGolgi cisternae, the Golgi-glycosidases remove mannose residues from precursor of Nglycans on the secretory protein (Ito and Nakano 2014; Nakano and Luini 2010). When
the secretory protein moves to trans-Golgi cisternae, the addition of galactose or sugar
chains might occur. For example, by using high-throughout glycoblotting mass
spectrometric analysis, the analysis showed paucimannosidic type glycans on the Nglycosylated enzyme-nucleotide pyrophosphate I (NPP I) when the trans-Golgi marker
co-localizes with NPP I (Kaneko et al. 2016). In plants, a COPI-interacting signalKXD/E motif is found to be responsible for Golgi retention of transmembrane proteins in
Arabidopsis thaliana (Gao et al. 2014). Trafficking from Golgi to plasma membrane in
plant cells still is not well understood. However, the study found that secretory vesicle
clusters (SVCs) were generated from the trans-Golgi network and fused with plasma
membrane in Oryza sativa rice cells (Toyooka et al. 2009).
Vacuolar Sorting/Vacuolar Targeting Proteins
Some vacuolar sorting signals/vacuolar sorting determinants (VSS/VSD) have been
found in the peptide sequence of plant protein (Pereira et al. 2014). There are mainly
three types of vacuolar sorting signals based on function. The lytic vacuole targeting of
BP-80 ortholog type protein contains a conserved sequence of Asn-Pro-Ile-Arg (NPIR) at
N-terminus (Matsuoka 2000). The storage vacuole targeting protein such as soybean 11 S
globulin had 10 hydrophobic amino acids at C-terminal of its peptide sequence
(Maruyama et al. 2006). The structural vacuole targeting protein like cadosin A included
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plant specific insert domain (PSI) interacted with its C-terminal peptide (Pereira et al.
2013).
In Arabidopsis plants, the storage protein phaseolin showed tetrapeptide sequence
Ala-Phe-Val-Tyr (AFVY) at C-terminal leading to formation of a disulfide bond between
Cys residue inserting proximal to the AFVY sequence within the polypeptide sequence
(Pompa et al. 2010). The fusion of tonoplast intrinsic proteins (TIP) with C-terminal
vacuolar sorting signals-AFVY, were found within the central vacuole of root tips cells
(Hunter et al. 2007).
Questions and Hypothesis of This Study
The main question addressing my project is where the peroxidase AT5G51890
resides within Arabidopsis cells and how peroxidase AT5G51890 affect plant growth and
cell elongation. According to Naohito Tokunaga in 2009, peroxidases AT5G51890
promoter fused with β-gluronidase (GUS) were found mainly expressing within the
vessel elements. The vessel elements are one of cell types in xylem tissues. The cell wall
of vessel elements will become lignified to develop strong structure. If peroxidases
AT5G51890 are associated with lignification, I can hypothesize the peroxidase
AT5G51890 would reside in the cell wall. Von Heijne’s method predicts the signal
peptidase cleave sites at N-terminus of polypeptide sequence by comparing amino acid
positions between the sequence of interest and known sequences (Von Heijne1986). At
C-terminus, the ER retention sequence (KDEL/HDEL), Golgi retention signals (KXD/E)
and ER retrieval signals –the di-lysine motif and di-arginine motif are absent in
AT5G51890 peptide sequence (Teasdale et al. 1996; Gao et al. 2012). Overall, according
to Von Heijne’s rule, the peroxidase AT5G51890 contains potential cleavage sites
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between 23th and 24th amino acids at N-terminus. The absence of ER retention signals
(KDEL/HDEL) and Golgi retention motif (KXD) suggest the peroxidase AT5G51890
will not retain in the ER or Golgi. Therefore, I hypothesize that the peroxidase
AT5G51890 will be secreted to the cell wall.
Approach to Test the Hypothesis
To test my hypothesis, I will tag the peroxidase AT5G51890 with yellow fluorescent
protein, so I can observe the cellular location of peroxidase under fluorescent
microscopy. To support the residence of wildtype peroxidase AT5G51890, red
fluorescent (mCherry) tagged peroxidase AT5G51890 will also be modified with
different motif at C-terminus- vacuole targeting signals (AFVY). A third red fluorescent
tagged (mCherry) peroxidase AT5G51890 will be built without signal peptides at N
terminal.
Effect of peroxidase targeted variants on plant growth and cell elongation will be
assessed in this study. The distance between root tips and specific regions and root
growth rate will be measured by stage micrometer. Auxin is dominated mostly in
cytoplasm. If the AT5G51890 peroxidase is located in cell wall or vacuole, the distance is
hypothesized to be same as the wild type. There might be no effect on oxidative
degradation of auxin. If the AT5G51890 peroxidase is located in cytoplasm, the distance
is hypothesized to be shorter than the wild type because oxidative degradation of auxin
by peroxidase might occur in cytoplasm.
Finally, distance between root tip to receded fluorescence will be measured to
determine subcellular location of AT5G51890 peroxidase. When cells reach maturity at
xylem tissue, the cells lose cytoplasm. The cell walls still remain in mature cells. If
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peroxidase AT5G51890 is located in cell wall, the distance between root tip to receded
fluorescence will be expected to be longer than vacuole and cytoplasm targeted
peroxidases due to lack of cytoplasm.
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CHAPTER II
METHODS
Transcripts Abundance in Arabidopsis thaliana
The gene ID and DNA sequence of class III peroxidase were obtained from The
Arabidopsis Information Resource (TAIR). Genevestigator was used to show the
transcripts abundance of Class III peroxidase in A.thaliana (Hertz and Storm 1999). The
transcripts abundance applied ATH1:22k array to compute the expression level by
normalization of Affymetrix MAS5 in logarithm 2.
AT5G51890 Gene Construction by PCR
Plant Genomic DNA Isolation Kit (Sigma, USA) was used to isolate genomic
Arabidopsis thaliana DNA. 0.1 gram of A. thaliana leaf were ground in liquid nitrogen
along with 500 µL of Lysis Buffer (100mM Tris-HCl, 1.4M NaCl, 20mM
ethylenediaminetetraacetic acid, 2% polyvinylpyrrolidone). After incubating at 65 °C for
10 minutes, 100 µL of 24:1 chloroform:isoamyl alcohol was added into the lysate. The
lysate was then transferred into assembled filtered column and span at 14,000 times
gravity (xg). Same amount of 70% ethanol was added with the obtained supernatant. 650
µL of supernatant was transferred to a newly assembled spin column and centrifuged for
1 min at 10,000 rpm. After centrifugation, all of flow-through supernatant was discarded.
The lysate was washed twice with 500 µL wash solution (76% ethanol, 10mM
ammonium acetate). The supernatant was discarded. Finally, after the column was airdried, the DNA was resuspended in 50 µL of nanopure water and stored at -20°C.
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GenElute Bacterial Genomic DNA kits (Sigma Life Science, MO, USA) were
used to isolate the genomic DNA from AT5G42180: mCherry A.thaliana (Yi Chou et al.
2018). Around 0.2 g of leaf tissues were harvested and ground in 500 µL of bacterial
lysis solution T (5% sodium dodecyl sulphate) along with 500 µL of lysis C (1% sodium
dodecyl sulphate containing chaotropic salt). The extracted lysate was incubated at 55°C
for 10 minutes. After centrifugation for 5 minutes at 17,000 rpm, the supernatant was
collected and transferred into an assembled GeneElute column. All of flow-through
supernatant was discard after centrifugation for 1 minute at 17,000 rpm. The column was
washed once with 500 µL of wash buffer (30% guanidinium chloride, 20% 2-propanol).
Finally, the isolated genomic DNA was resuspended in 200 µL sterile nanopure water
and stored at -20°C.
The oligonucleotide primers were purchased from Integrated DNA Technology
(Coralville, IA, USA). The oligonucleotide oF1 and oR2 (see Table 1.) supported PCR of
Arabidopsis thaliana genomic DNA to generate 1768 bp 51890 oF1+ oR2, which
contained promoter region, coding region for wild type signal peptide and N terminal 318
amino acids. The oF1and oR1.5 (see Table 1.) were used to construct 51890 oF1+oR1.5
(679 bp), which contained promoter region and coding sequence for the first three amino
acids including methione. The oF3 and oR4 (see Table 1.) were used to generate 51890
oF3+oR4 (325bp) fragment, which had non-transcribed region and wild type coding
sequence for the last four amino acids (RFVN) near C terminal. Finally, the oF3 AFVY
and oR4 (see Table 1.) were used to produce 51890 oF3 AFVY+ oR4 fragment (325bp),
which included the non-transcribed region and coding sequence for vacuolar targeting
peptides (AFVY) near C terminal. The oligonucleotide YFP For and Rev primers (see
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Table 1.) supported PCR of pRSET-Citrine YFP plasmid (Griesbeck et al. 2001) to build
YFP DNA fragment (774bp). The mCherry For and Rev primers (see Table 1.)
supported PCR of AT5G42180: mCherry A.thaliana genomic DNA (Yi Chou et al.
2018) to construct mCherry DNA fragment (765bp). Each PCR reaction contained 1X
PCR buffer, 1.5mM MgSO4, 200µM dNTP and1.5U of Thermococcus kodakaraensis
(KOD) DNA polymerase (Part# 71316), 0.2µM of each primer and 0.5µg of template
DNA. The cycling program was one cycle of 94°C for 7 minutes , followed by three
cycles of 94°C for 1 minute, 58°C for 30 seconds, and 68°C for 2 minutes; 10 cycles of
94°C for 1minute, 58°C for 30 seconds, 68°C for 2 minutes; 35 cycles of 94°C for 1
minute, 62°C for 30 seconds, 68 °C for 2 minute; and final extension of 72°C for 5
minutes.
The attb1 and attb2 primers (See Table 1) were used to assemble the DNA
fragments. The DNA fragments 51890 oF1+oR2, YFP and 51890 oF3+oR4 were
assembled into the gene construct-SP:51890:YFP:NTRFVN ( 2867 bp) after PCR
reaction. The DNA fragments 51890 oF1+oR2, mCherry and 51890 oF3 AFVY+ oR4
were utilized to form the gene construct- SP:AT5G51890:mCherry:NTAFVY(2858 bp).
The DNA fragments 51890 oF1+oR1.5, mCherry and 51890 oF3+oR4 were used to build
the gene construct- DSP: 51890:Cherry :NTRFVN (1769 bp). Each PCR reaction
contained 1X PCR buffer, 1.5mM MgSO4, 200µM dNTP and1.5U of Thermococcus
kodakaraensis (KOD) DNA polymerase (Part# 71316), 0.2µM of each primer and 0.5µg
of template DNA.
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Table 1. Oligonucleotide sequences for PCR fusion of peroxidase gene AT5G51890 with
the yellow fluorescent protein/mCherry protein coding sequence.
The 5’ extension sequences were indicated as lower-case letters. The upper-case letters
represented oligonucleotides from gene of interests (o: oligonucleotides, F/R:
forward/reverse, numbers indicated identity of oligonucleotide sequence).

Primer

Sequence

oF1

5’gctcgatccacctaggct CTTTTCATGTGGTTTATTTGGCACCATCCG 3’

oR1.5

5’cacagctccacctccacctccaggccggccGAATGCCATTTTATGGTAATGTGTTTTGGG3’

oR2

5’ cacgctccacctccacctccaggccggccAGTGTTAACTCTAACTTGTCCAGTCTCTTT3’

oF3

5’tgctggtgctgctgcggccgctggggccCGCTTCGTCAACTAAAAGCATATTCCTAAC3’

oF3 AFVY

5’tgctggtgctgctgcggccgctggggccGCTTTTGTTTATTAAAAGCATATTCCTAAC3’

oR4

5’cgtagcgagaccacaggaGGTTCAGCATTTATAACAAGCCATGAGTCC3’

YFP For

5’ggccggcctGGAGGTGGAGGTGGAGCTGTGAGCA3’

YFP Rev

5’ggccccagcggccGCAGCAGCACCAGCAGGATC3’

mCherry For

5’ggccggcctggaggtggaggtggagctGTGAGCAAGGGCGAGGAGGATAACATGGCCATC3’

mCherry Rev

5’ggccccagcggccgcagcagcaccagcaggatcCTTGTACAGCTCGTCCATGCCGCCGGT3’

attb1

5’ggggacaagtttgtacaaaaaagcaggctgctcgatccacctaggct 3’

attb2

5’ggggaccactttgtacaagaaagctgggtcgtagcgagaccacagga3’
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Cloned AT5G51890 Gene Constructs into Plasmid Vectors
SP:51890:YFP:RFVN, SP:51890:mCherry:AFVY, and
DSP:51890:mCherry:RFVN were respectively cloned into the pDONR221 based on the
manufacture’s protocol (Invitrogen Gateway cloning kit# 12535-037, MA, USA). Each
10 µL of recombination reaction contained 75ng of pDONR 221 vector (Invitrogen, CA,
Part#35-1687), 75ng of reporter constructs and 2 µL of BP clonase II enzyme
(Invitrogen, CA, Part# 56484). The recombination mixtures were incubated at room
temperature overnight. By following day, 1 µL of 2 µg/ µL proteinase K (Invitrogen, CA,
Part# 59895) was added to the recombination mixtures and then incubated at 37°C for 10
minutes. Then 50 µL of OmniMax 2-T1R chemically competent E.coli cells (MA, USA)
was added to the recombination mixtures and incubated on ice for 30 minutes. The cells
were heat shocked for 30 seconds at 42 °C and placed on ice for 2 minutes. Then the cells
were grown in 250 µL of liquid broth medium at 37°C for 1 hour. The cells were
centrifuged at 17,000 rpm for 30 seconds, and 100 µL supernatant was resuspended with
the pellet. The resuspension was spread on the agar plate containing 50 µg/mL
kanamycin and grew overnight at 37°C.
To verify the presence of gene constructs in plasmids, PCR was performed to
amplify YFP and mCherry DNA fragment from pDONR221 plasmids. Each PCR
reaction contained 1X PCR buffer, 1.5mM MgSO4, 200µM dNTP and1.5U of
Thermococcus kodakaraensis (KOD) DNA polymerase (Part# 71316), 0.2µM of primers.
The cycling program was one cycle of 94°C for 7 minutes , followed by three cycles of
94°C for 1 minute, 58°C for 30 seconds, and 68°C for 1 minutes; 10 cycles of 94°C for
1minute, 58°C for 30 seconds, 68°C for 1 minutes; 35 cycles of 94°C for 1 minute, 62°C
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for 30 seconds, 68 °C for 1 minute; and final extension of 72°C for 5 minutes. PCR
products were electrophoresed and examined on the agarose gel.
The plasmids were isolated based on the manufacture’s protocol from Fermentas
GeneJET Plasmid Miniprep Kit (MA, USA). The E.coli cells were first transferred into
250µL lysis solution (5% sodium dodecyl sulfate, 1% sodium hydroxide) and mixed
thoroughly. Then 350µL of neutralization solution (60% guanidine hydrochloride) was
added to the mixture. After the lysate was centrifuged for 5 minutes, the supernatant was
transferred into GeneJet spin column and then centrifuged for 1 minute. The spin column
was washed twice with wash buffer (20% 2-propanol), and the DNA was resuspended in
50µL sterile nanopure water.
AT5G51890 gene constructs were subcloned from pDONR221 plasmids into
pMN20GW through homologous recombination. Each recombination reaction contained
75ng of pMN20GW vector (Arabidopsis Biological Resource Center, CD3-680), 75ng of
isolated pDONR221 plasmids and 2 µL of LR clonase II enzyme (Invitrogen, CA,
Part#56481 The recombination mixtures were incubated at room temperature overnight.
By following day, 1 µL of 2 µg/ µL Proteinase K (Invitrogen, CA, Part#59895) was
added to the recombination mixtures and then incubated at 37°C for 10 minutes. Then 50
µL of OmniMax 2-T1R chemically competent E.coli cells (MA, USA) were added to the
recombination mixtures and incubated on ice for 30 minutes. Cells were heat shocked for
30 seconds at 42 °C followed by incubation in ice for 2 minutes. Then the cells were
grown in 250 µL of Luria liquid broth medium (0.1 % (w/v) tryptone, 0.05% (w/v) yeast
extract, 0.05% (w/v) NaCl) at 37°C for 1 hour. The cells were centrifuged at 17,000 rpm
for 30 seconds. The pellet was resuspended in 100 µL supernatant and then spread on
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agar plates containing 100 µg/mL spectinomycin. The agar plates were then incubated
overnight at 37°C.
Transformation of Agrobacterium,
Arabidopsis Inoculation and Seedling Selection
The pMN51890 plasmids isolated from E.coli were introduced into
Agrobacterium tumefacien. The Agrobacterium tumefacien (Deak et al. 1986) were first
mixed with 1µg of pMN51890 plasmids. Then the cells were frozen in liquid nitrogen
and thawed at 37°C water bath. Cells were added into 1mL of low salt Luria LB 0.1 %
(w/v) tryptone, 0.05% (w/v) yeast extract, 0.05% (w/v) NaCl, 50 µg/mL gentamycin) and
incubated at 28°C for 4 hours. Cells were spread on the Luria LB agar plates containing
100 µg/mL spectinomycin and 50 µg/mL gentamycin. Luria LB gar plates were
incubated at 28 °C for 48 hours.
PCR was performed to check presence of report constructs in Agrobacterium
colonies (See Table 1. for YFP and mCherry primers). The PCR products were
electrophoresed and examined on agarose gel. After identifying colonies that contained
reporter constructs, 50mL of Luria liquid broth medium that contained 0.1 % (w/v)
tryptone, 0.05% (w/v) yeast extract, 0.05% (w/v) NaCl, 50 µg/mL gentamycin, 100
µg/mL spectinomycin) were inoculated with Agrobacterium cells and then incubated at
28 °C for 48 hours. The cells were suspended in 50mL of nanopure water containing 5%
(w/v) sucrose and 0.025% (w/v) Silwett-77. Arabidopsis flowers were inoculated with
Agrobacterium cells by using micropipettes (Zhang et al. 2006). Arabidopsis plants were
covered with plastic wraps under 24 hour dark cycle. By the following day, plastic wraps
were removed, and the plants grew under 24 hour light cycle until seeds matured.
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Each 1.5mL microcentrifuge tube contained approximately 40 mg of seeds. Seeds
were suspended in 1mL 20% (v/v) Clorox (CA, USA) and 2µL of Dawn Ultra
dishwashing liquid (OH, USA). The tubes containing seeds were shaken on a platform
shaker for 15 minutes. After centrifugation for 2 seconds, the supernatant was removed,
and 1mL of sterile nanopure water was added to the tube. The tubes were inverted six
times. After seeds fell to bottom of tubes, the supernatant was discarded. The sterile wash
was repeated six times to cleanse the seeds’ surface. For the final wash, seeds were
suspended in 500 µL of sterile nanopure water and incubated at 8°C for 24 hours. By the
following day, sterile seeds were placed on each water agar plate that contained 0.5 %
(w/v) Murashige and Skoog (Part# M5519), 50 µg/mL kanamycin and 0.8% (w/v) agar.
Plates that contained seeds were incubated at room temperature under 16h/8h (light/dark)
cycle until the seeds germinated.
YFP and mCherry
Observation in Arabidopsis
Olympus CKX41 reflected fluorescence microscope equipped with Lambda LED
transmitted light source was used to examine the fluorescence under YFP filter set
(excitation: 460~490 nm, emission: 520 nm) and mCherry filter set (excitation: 480~550
nm, emission: 590 nm) respectively at LucPlanFln 40x objective lens. The images were
captured by Canon EOS 6D and edited by GIMP software. ImageJ and stage micrometer
were used to estimate the length of root tip.
Plant Growth
Arabidopsis thaliana ecotype Columbia were grown in soil under 16h/8h
(light/dark) cycle at room temperature. All transgenic seedlings were selected on water
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agar plates that contained 0.5 % (w/v) Murashige and Skoog (Part# M5519), 50 µg/mL
kanamycin and 0.8% (w/v) agar. Then the transgenic seedlings were transferred to soil
and grew under 16h/8h (light/dark) cycle at room temperature.
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CHAPTER III
RESULTS
Construction of DNA
fragments by PCR
Oligonucleotides oF1 and oR1.5 (See Figure 1 for oligonucleotide locations) were
used in PCR to produce a 679 base pairs (bp) fragment 51890 oF1+oR1.5 (Figure 2).
Fragment 51890 oF1+oR1.5 fragment contained potential a transcriptional and a
translational start site lacking signal peptide coding region. Oligonucleotides oF1 and
oR2 (See Figure 1) were used in PCR to yield a 1768 bp fragment 51890 oF1+oR2
(Figure 2). Fragment 51890 oF1+oR2 codes for all amino acids except last four Cterminal amino acids. Oligonucleotides oF3 and oR4 (See Figure 1) were used in PCR to
generate a 325 bp fragment 51890 oF3+oR4 (Figure 2). Fragment 51890 oF3+oR4 coded
for last four amino acids and 100 nucleotides downstream of the translational stop site.
Oligonucleotides oF3 AFVY (not shown on Figure 1) and oR4 (Figure 1) produced a 325
bp fragment 51890 oF3 AFVY +oR4 (Figure 2). Fragment 51890 oF3 AFVY +oR4
codes for vacuolar targeting sequence (Ala-Phe-Val-Tyr) and translational stop site. YFP
For/Rev and mCherry For/Rev were utilized to yield 774 bp and 765 bp DNA fragments,
respectively (Figure 2).
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21093100
21092900
21092700

21092500

21092300

21092100

21091900

21091700

21091500

21091300

21091100

cccttttttgaccatcttctcgtttaattctcttctttattcattttcaatcttactctatccacacacacacgaacacatcaaaatgc
oF1
caccattttacatctgatttttagtcttcattactcatatttaagcttaagttaataaccacaacaaccaccttttcatgtggtttatt
caccattttacatctgatttttagtcttcattactcatatttaagcttaagttaataaccacaacaaccaccttttcatgtggtttatt
tggcaccatccgtattctaaaccgttcgtgttctttccttatttggcaccatcaagattctatttacaatattttttttcaagtggcaa
tggcaccatccgtattctaaaccgttcgtgttctttccttatttggcaccatcaagattctatttacaatattttttttcaagtggcaa
aacaaaaacaaattacaatttttataaattaattgagttaaagaaaattacttccaggttccattaatgtatctaaaaatatttaagta
aaattttaattacaataacatccatttattttatataaaaattttaaaaaacgttttaatagattcttttaatagttaccaaaaacaga
ttctgtccagctcttctgcaccaaagtacatgcttagactcaaagtacgattttagggagaaaagaatttgaatactggaatagataca
tgtttgttccaaataatttgagtaactttaaagcatatgttatacacatacacattttctagaatattagcctctcatttctctcctta
tgtttgttccaaataatttgagtaactttaaagcatatgttatacacatacacattttctagaatattagcctctcatttctctcctta
oR1.5
tataagccaaatagtccccgcttcttctcattcatcaaatcctcaaacaacttcaagaacaaagagtgcttttcgaggcccaaaacaca
tataagccaaatagtccccgcttcttctcattcatcaaatcctcaaacaacttcaagaacaaagagtgcttttcgaggcccaaaacaca
ttaccataaaATGGCATTCTCGAAGGGACTCATTTTTGCGATGATATTTGCGGTTTTAGCGATAGTTAAGCCCTCAGAAGCTGCTCTTG
M A F S K G L I F A M I F A V L A I V K P S E A A L

ATGCTCATTACTATGATCAATCGTGCCCTGCTGCTGAAAAAATCATACTTGAAACTGTTAGGAATGCTACTTTGTATGATCCCAAAGTG
D A H Y Y D Q S C P A E K I I L E T V R N A T L Y D P K V P
CCTGCTCGTCTCCTAAGAATGTTCTTCCACGATTGCTTCATCAGGgtatgcatcttgatcttctttatttgatagttgattgttgatcc
A R L L R M F F H D C F I R G
agttatatatgaagttgagttttgagtaaggttggattgttgtagGGATGTGATGCGTCCATTCTACTAGATTCGACACGGTCAAACCA
C D A S I L L D S T R S N Q A
AGCTGAGAAGGATGGTCCTCCAAACATCTCAGTACGGTCATTTTACGTGATCGAAGATGCTAAGAGAAAGCTCGAAAAGGCTTGTCCTC
E K D G P P N I S V R S F Y V I E D A K R K L E K A C P R
GTACCGTGTCTTGTGCCGATGTAATCGCCATTGCCGCCAGAGATGTGGTCACCCTGgtgagtcttcgtaaaagagttgtccctttatga
T V S C A D V I A I A A R D V V T L S
tcatattagtgtaatataattcttttacggttgaaatttggttctgtttgatttaccttgtgtaatgttttacatttattagTCCGGTG
G G
GTCCTTATTGGAGCGTACTGAAAGGGCGAAAAGACGGGACAATTTCACGAGCCAACGAGACTAGAAATCTCCCACCACCAACGTTCAAT
P Y W S V L K G R K D G T I S R A N E T R N L P P P F F N V
GTTTCTCAACTGATACAAAGCTTTGCAGCAAGAGGCTTGTCGGTGAAAGACATGGTTACGCTCTCAGGTGGCCACACCATAGGGTTCTC
S Q L I Q S F A A R G L S V K D M V T L S G G H T I G F S H
TCACTGTTCTTCTTTCGAGTCCCGTCTTCAAAACTTCAGCAAATTCCATGACATAGATCCTTCGATGAACTATGCGTTCGCGCAAACCT
C S S F E S R L Q N F S K F H D I D P S M N Y A F A Q T L
TGAAAAAGAAATGCCCGAGAACATCTAACCGAGGCAAGAACGCAGGGACAGTCTTGGACTCTACTTCCTCGGTTTTCGACAATGTTTAC
K K K K C P R T S N R G K N A G T V L D S T S S V F D N V Y
TACAAGCAAATTTTGTCCGGGAAAGGAGTGTTTGGGTCTGATCAGGCACTTCTAGGCGATTCCCGGACTAAGTGGATCGTTGAGACGTT
Y K Q I L G S K G V F G S D Q A L L G D S R T K W I V E T F
oR2
TGCTCAAGACCAAAAAGCTTTCTTCAGAGAGTTTGCAGCTTCCATGGTAAAACTTGGAAACTTTGGAGTCAAAGAGACTGGACAAGTTA
A Q D Q K A F F R E F A A S M V K L G N F G V K E T G Q V
oF3
GAGTTAACACTCGCTTCGTCAACTAAaagcatattcctaacaagcaaccaaatgagagttttcttttcttcaaatttgatttcatttat
R V N T R F V N
acttgatattataataatgtagaccggccaatatatggatcggttttaaaacctcctaattctccatgagttgcagagtatgctttaaa
oR4
agtaaatttgttctgcttcattgaactgatctataaattcatcagcattttcacttactggtcactaaatatgaatgagccatggactc
agtaaatttgttctgcttcattgaactgatctataaattcatcagcattttcacttactggtcactaaatatgaatgagccatggactc

21090900 atggcttgttataaatgctgaaccagcgggaacatgggcttgattcaggtaaatagtgatctacacaagcttaatcgatggttcttaat

Figure 1. DNA sequence and primer locations of peroxidase AT5G51890.
The sequence was downloaded from The Arabidopsis Information Resource (Huala et al.
2001). The sequence showed the nucleotides from 21093200 to 21090900 base pairs (bp)
on the fifth chromosome of A. thaliana genome. The lowercase sequence from upstream
of the start codon (21093200 bp ~ 21092590 bp) and the sequence downstream of the
stop codon (21091275 bp~21090900 bp) represented untranslated regions of mRNA. The
darkest shaded region represented introns. The grey shaded region represented exons,
which coded for AT5G51890 protein. The capital letters shown underneath the exons
represented the amino acid. The boxes (the sequences surrounded by dark outline)
highlighted primers designed for building gene fragments (o: oligonucleotide, F: forward,
R: reverse; numbers indicated the identity of each primer).
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oligo’s used in PCR of Arabidopsis thaliana DNA

DNA
Marker

oF1+oR2

oF1+oR1.5
oF3+oR4
(△SP)

oF3 AFVY+oR4

pRSET-B
Citrine
YFP

Oligo’s used in
AT5G42180::mcherry
A.thaliana
DNA

YFP
For/Rev

mCherry
For/Rev

10000 bp
8000 bp
6000 bp
5000 bp
4000 bp
3000 bp
2500 bp
2000 bp
1500 bp
1000 bp
900 bp
800 bp
700 bp
600 bp
500 bp
400 bp

Figure 2. DNA fragments generated by polymerase chain reaction (PCR).
Each DNA fragment from class III peroxidase AT5G51890 was amplified by using
isolated Arabidopsis thaliana genomic DNA as template. The headers showed the
template DNA used in PCR, and the labels underneath the headers were the primers that
were used to build DNA fragments (o: oligonucleotide, F: forward, R: reverse, numbers
indicated identity of primers, DSP: absence of signal peptide in the N terminus, AFVY:
tetrapeptides in the C terminus coded for vacuolar targeting sequence). The DNA marker
showed the size of gene fragment in base pair (bp). The last two lanes were the gene
fragments of YFP (yellow fluorescent protein) and mCherry red fluorescent protein,
respectively (Griesbeck et al 2001; Yi Chou et al 2018).
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Construction of Reporter
Constructs by PCR
PCR was performed to assemble DNA fragments into reporter constructs. Gene
construct SP:51890:YFP:RFVN was assembled by fragments 51890 oF1+OR2, YFP and
51890 oF3+OR4 (See Figure 3A for DNA fragment locations). The expected size of
SP:51890:YFP:RFVN (2867 bp) was consistent with actual size of construct ( shown in
Figure 3B). Gene construct SP:51890:mCherry:AFVY was combined with fragments
51890 oF1+OR2, mCherry and 51890 oF3 AFVY+OR4 (Figure 3A.) The expected size
of SP:51890:mCherry:AFVY (2858 bp) was consistent with actual size of construct
(Figure 3B). The white arrow indicated the DNA construct generated by 51890 oF1+OR2
and mCherry (2533 bp) during discrepancy of PCR (Figure 3B). Gene construct
DSP:51890:mCherry:RFVN was assembled by fragments 51890 oF1+OR1.5, mCherry
and 51890 oF3+OR4 (Figure 3A.) The expected size of DSP:51890:mCherry:RFVN
(1769 bp) was consistent with actual size of construct (Figure 3B). The black arrow
indicated the DNA construct generated by 51890 oF1+OR1.5 and mCherry (1444 bp)
during discrepancy of PCR (Figure 3B).
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Figure 3. Assembling DNA fragments into report constructs
(A) The figure showed the schematic representation of assembling DNA fragments into
full reporter constructs by using PCR. The DNA size and identity of DNA fragments
were listed above. (B) The header indicated the identity of report constructs. Template
DNA (DNA fragments) used in PCR were shown underneath the headers. The DNA
marker indicated the size of gene fragment in base pair (bp). Two arrows indicated the
constructs generated by two assembled DNA fragments during discrepancy of PCR.
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Agrobacterium Colony PCR
PCR was performed to verify presence of reporter constructs in Agrobacterium
colonies. YFP For/Rev primers were used in PCR to confirm whether selected
Agrobacterium colonies contained SP:pM51890:YFP: RFVN. The 774 bp YFP
fragments were expected to be generated in PCR. The size of DNA fragments on the
agarose gel were consistent with size of YFP fragments (Figure 4B Agrobacterium
colonies #1~#4). The mCherry For/Rev primers were used in PCR to confirm whether
selected Agrobacterium colonies contained SP:pM51890:mCherry: AFVY. The 765 bp
mCherry fragments were expected to be generated in PCR. The size of DNA fragments
on the agarose gel were consistent with size of mCherry fragments (Figure 4B
Agrobacterium colonies #5~#8). The mCherry For/Rev primers were used in PCR to
confirm whether selected Agrobacterium colonies contained
DSP:pM51890:mCherry:RFVN. The 765 bp mCherry fragments were expected to be
generated in PCR. The size of DNA fragments on the agarose gel were consistent with
size of mCherry fragments (Figure 4B Agrobacterium colonies #9~#12). Reporter
constructs were transferred from pMN20 to plant nuclear chromosomes during
transformation of A. thaliana (Figure 4A).
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Figure 4. Presence of reporter constructs within Agrobacterium tumefaciens.
(A) The diagram represented transformation of Arabidopsis thaliana. AT5G51890
reporter constructs containing kanamycin resistance gene (kanR) were cloning to
pMN20GW plasmids (pM) in Agrobacterium (Agro). Fluorescent protein forward (FP
For) and reverse (FP Rev) primers were used to amplify DNA fragment of fluorescent
protein in colony PCR. As shown in (B), the colony PCR was performed to test the
presence of reporter constructs in pMN20GW plasmids. The headers indicated the PCR
products amplified from pM51890 plasmids. The labels beneath each header represented
the primer sets used in PCR. During transformation of Arabidopsis, AT5G51890 reporter
constructs was transferred from the plasmid into plant nuclear genomes of egg cell. When
the seeds matured, potential transgenic seeds were plated on kanamycin containing plates
(Anami et al. 2013; Sundaresan 2005).
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Distribution Pattern of
Peroxidase Targeted Variants
When seeds germinated on plates, the transgenic A.thaliana seedlings were
screened based on presence of fluorescence by fluorescent microscopy. Under
fluorescent filter, the wild type seedling showed absence of fluorescence. The bright field
image was taken to compare the location of fluorescence in root tissue. The transgenic
seeding SP:51890:YFP:RFVN YFP showed YFP was seen in protoxylem tissue based on
the fluorescent and bright field image (See Figure 5 ). Similarity, fluorescent images
SP:51890:mCherry:AFVY and DSP:51890:mCherry:RFVN showed red fluorescence
which corresponded to protoxylem tissue according to bright field images (Figure 5).
Overall, the images of transgenic seedlings indicated that the fluorescent tagged
peroxidase all appeared in protoxylem tissue, which was shown as two straight lines in
the center of root tissue.
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Figure 5. Distance from the Arabidopsis root tips and distribution pattern of peroxidase
targeted variants.
Bright field, fluorescent images and merged images between bright field & fluorescent
images from wild type (WT) and transgenic seedlings that carried fluorescent reporter
proteins were shown on the figure. The brackets highlighted three developmental stage
zones from meristem zone to maturation zone (n=1). The scale meter on the left side of
figure showed the length of root (mm). D: Days after seeds were planted.
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Effect of Peroxidase Targeted Variants
on Plant Growth and Xylem Formation
Distance between root tips and first annular ring of protoxylem was measured to
determine effect of peroxidase targeted variants on xylem formation and cell elongation
(Table 2). Distance of root tips to annular ring of protoxylem from seedling wild type was
longer than SP:51890:mCherry:AFVY by 1.5 fold (Table 2A). Distance of root tips to
first visible protoxylem cell from seedling wild type was longer than
ΔSP:51890:mCherry:RFVN by 1.25 fold (Table 2A). Distance of root tips to first
annular ring of protoxylem from seedling wild type was longer than
SP:51890:YFP:RFVN by 1.2 fold (Table 2A).. There was no statistical significance.
When cells reached maturity at xylem tissue, the cells lost cytoplasm. The cell walls
still remained in mature cells. If peroxidase AT5G51890 was located in cell wall, the
fluorescence of cell wall targeted variant still remained. If peroxidase AT5G51890 was
located in vacuole or cytoplasm, the fluorescence of vacuole/cytoplasm targeted variant
would disappear. Therefore, distance between root tip to receded fluorescence was
measured to track how far back fluorescence of peroxidase targeted variants no longer
stayed in mature xylem cells. Among three types of transgenic seedlings, seedling
SP:51890:YFP:RFVN was longer than DSP:51890:mCherry:RFVN by 1.3 folds (Table
2B)..
Root growth rate and distance between root tip to 1st root hair were measured to
observe effect of peroxidase targeted variants on cell elongation. The average distance of
root tip to 1st root hair from seeding SP:51890:YFP:RFVN YFP was longer than wild
type by 1.3 fold (Table 2A). Yet, distance of root tip to 1st root hair from seeding wild

32

type was longer than ΔSP:51890:mCherry:RFVN by 1.1 folds (Table 2A). Distance of
root tip to 1st root hair from seeding wild type was longer than SP:51890:mCherry:AFVY
by 1.25 fold (Table 2A).. There was no statistical significance. Seeding
SP:51890:YFP:RFVN had the longest distance among four types of seedlings(Table 2A).
In terms of total root growth rate, wildtype was faster than DSP:51890:mCherry:RFVN
by 58 fold (Table 2B). Root growth rate from SP:51890:YFP:RFVN was faster than wild
type by 1.4 folds (Table 2B). Root growth rate from wildtype was faster than
SP:51890:mCherry:AFVY by 12 fold (Table 2B).
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Table 2. Effect of peroxidase targeted variants on plant growth and xylem formation
based on the distance between root tip to specific region.
The bold texts on far left showed types of seedlings. The bold texts on the top showed
distance measured between root tip to specific region. The length of distance for each
region was measured by stage micrometer and estimated by using ImageJ. (Avg: average,
SE: Standard error, n: sample size, p value: T-test between wild type Columbia ecotype
and transgenic seedlings, Rep: Replicates, DP: Days after planted, Pri rot/Lat rot: Primary
root or lateral root, UN: unknown).
(A)

(B)
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CHAPTER IV

DISCUSSION

The questions in this study were where the peroxidase AT5G51890 was located in
A.thaliana cell and whether peroxidase targeted variants affected cell elongation. To
determine subcellular and tissue location of peroxidase AT5G51890, three reporter
constructs were made. The first reporter protein called SP:51890:YFP:RFVN was built to
maintain endogenous AT5G51890 structure. It was tagged with YFP at C terminal of
peptide sequence to avoid disruption of disulfide bonds in protein. Construct
SP:51890:YFP:RFVN (2867 bp) was built and assembled by PCR (Figure 3B), which
included transcriptional start site, translational start site, nucleotides coded for signal
peptide, nucleotides coded for last amino acids at C-terminal (Figure 3A). According to
Von Heijne’s rule, the peroxidase AT5G51890 contains potential cleavage sites between
23th and 24th amino acids at N-terminus. Presence of signal peptide cleavage sites
indicated secretion of AT5G51890 mRNA to ER. At C-terminus of AT5G51890 peptide
sequence, the ER retention sequence (KDEL/HDEL), Golgi retention signals (KXD/E)
and ER retrieval signals –the di-lysine motif and di-arginine motif were absent (Teasdale
et al. 1996; Gao et al. 2012). The absence of ER retention signals (KDEL/HDEL) and
Golgi retention motif (KXD) implied the secretion of AT5G51890 from ER to Golgi,
then transported to the cell wall. Therefore, construct SP:51890:YFP:RFVN was
hypothesized to be located in the cell wall.
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The second reporter protein called SP:51890:mCherry:AFVY was fused with a
monomeric red fluorescent protein called mCherry. Based on the study from Hunter et al.
2007, the fusion of tonoplast intrinsic proteins (TIP) with C-terminal vacuolar sorting
signals-AFVY, were found within the central vacuole of root tips cells. The four amino
acids (Arg-Phe-Val-Asn) at C terminal of AT5G51890 peptide sequence was replaced
with vacuolar sorting sequence (Ala-Phe-Val-Tyr). Construct SP:51890:mCherry:AFVY
(2858 bp) was built and assembled by PCR (Figure 3B), which included transcriptional
start site, translational start site, nucleotides coded for signal peptide, nucleotides coded
vacuolar sorting sequence at C-terminal (Figure 3A). Construct
SP:51890:mCherry:AFVY was expected to be localized in the central vacuole.
The last reporter construct called DSP:51890:mCherry:RFVN was built without N
terminal signal peptide sequences. Construct DSP:51890:mCherry:RFVN (1769 bp) was
built and assembled by PCR (Figure 3B), which included transcriptional start site,
translational start site, nucleotides coded for last amino acids at C-terminal (Figure 3A).
Without N terminal signal peptide sequence, the mRNA of construct might not be
recognized by signal peptidase. The mRNA may not be docked on ER, so
DSP:51890:mCherry:RFVN was hypothesized to be located in cytoplasm.
Before transformation of Arabidopsis plants, Agrobacterium colony PCR was
performed to amplify YFP fragments and mCherry fragments from plasmids (Figure 4B).
The sizes of fragments on Figure 4B were consistent with size of YFP fragments and
mCherry fragments on Figure 2, which verified presence of AT5G51890 constructs in
plasmids. Constructs SP:51890:YFP:RFVN, SP:51890:mCherry:AFVY and
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DSP:51890:mCherry:RFVN were presumably transferred from plasmids into plant
nuclear genome (Figure 4A).
The images of root tip from SP:51890:YFP:RFVN seedling was taken at day 7.
YFP tagged 51890 peroxidases appeared from elongation to maturation zone (where first
root hair appeared) of apical root region specifically in protoxylem tissue (Figure 5). This
suggested that endogenous AT5G51890 peroxidases tagged with YFP was distributed at
protoxylem tissue from elongation to maturation zone. The distributing pattern of
AT5G51890 was supported by the evidence that AT5G51890 promoter tagged with GUS
gene was found in xylem vessel of apical root region (Tokunaga et al. 2009).
The images of root tip from SP:51890:mCherry:AFVY seedling was taken at day
14. The mCherry tagged AT5G51890 peroxidases were presented only in maturation
zone of apical root region specifically in protoxylem tissue (Figure 5). In contrast to
SP:51890:YFP:RFVN, AT5G51890 peroxidases tagged with mCherry and vacuolar
sorting signal was distributed at protoxylem tissue only in maturation zone. The
maturation zone was defined as the region of apical root where root hair started to
become apparent (Schnall and Quatrano 1992), which indicated that localization of
peroxidase in vacuole might appear in mature protoxylem cells. Localization of
Arabidopsis Tonoplast Intrinsic Protein (AtTIP1;1) in vacuole was also found only in
maturation zone of xylem parenchyma cell, which might support the finding that vacuolar
targeting protein was found mostly in maturation zone of apical root (Beebo et al. 2009).
This might indicate that localization of peroxidase in vacuole might affect root
developmental stage, supported by that vacuolar horse radish peroxide C (HPR-C) stalled
the root developmental stages (Heggie et al. 2005).
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The images of root tip from DSP:51890:mCherry:RFVN seedling was taken at
day 10. The mCherry tagged AT5G51890 peroxidases were found from meristematic
zone (section where new cells were divided) to maturation zone of apical root region
specifically in protoxylem tissue (Figure 5). In contrast to SP:51890:YFP:RFVN,
AT5G51890 peroxidases with removal of signal peptide sequence was distributed at
protoxylem tissue from meristematic zone to maturation zone of apical root region. The
meristematic zone was defined as the section of apical root where new cells were divided
and differentiated into different root tissues (Malamy and Benfey 1997). Appearance of
DSP:51890:mCherry:RFVN in meristematic zone indicated that localization of
peroxidase in cytoplasm might appear in early cell of quiescent center. The new root cells
were developed in a region called quiescent center and started to divide more rapidly
when cells were moved from the apex (Jiang et al. 2003). This may indicate that
localization of peroxidase in cytoplasm was correlated with transportation through
plasmodesmata in quiescent center (Ehlers and Van Bel 2010).
Table 2 summarized the average distance from root tip to specific region in
different peroxidase targeted variants. The distance between root tip to first annular ring
of protoxylem was measured in each type of seedlings to determine if AT5G51890
peroxidases had impacts on xylem formation (Passardi et al. 2005). Localization of
AT5G51890 peroxidase in cell wall was hypothesized to promote lignification in xylem
cells. If SP:51890:YFP:RFVN was localized in the cell wall of protoxylem cell, seedling
SP:51890:YFP:RFVN was expected to have shortest distance among four types of
seedlings. Seedlings SP:51890:mCherry:AFVY and DSP:51890:mCherry:RFVN would
be expected to have the same distance as the wild type. Among four types of seedlings,
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SP:51890:mCherry:AFVY had the shortest distance (Table 2A). Distance of root tip to
first annular ring of protoxylem from seedling wild type was longer than
SP:51890:mCherry:AFVY by 1.5 fold (Table 2A). Storage of peroxidases in vacuole
might be released during the cell maturation for lignification in xylem cells (Christensen
et al. 2001). Vacuole targeted peroxidase may promote lignification in xylem cells after
releasing from vacuole, which may promote early development of annular ring.
Distance between root tip to receded fluorescence could also answer where
subcellular location endogenous AT5G51890 peroxidase was (Table 2B). If the
AT5G51890 peroxidase was located in cell wall, the fluorescent tagged peroxidase would
still be expected to be seen in mature xylem cells. If AT5G51890 peroxidase was located
in vacuole or cytoplasm, the fluorescence of vacuole & cytoplasm targeted variants
would recede in mature dead xylem cells due to lack of cytoplasm. Table 2B indicated
SP:51890:YFP:RFVN had the longest distance, and DSP:51890:mCherry:RFVN had the
shortest distance. The result might be supported by evidence that red fluorescence of
laccase 4 fused with mCherry still retained in secondary cell wall during metaxylem
development (Schuetz et al. 2014). Interestingly, the YFP fused with cellulose synthase A
catalytic subunit 7 (CesA7) driven by the promoter of cellulose synthase subunit IRX3
showed loss of YFP fluorescence during xylem development (Young et al. 2002).
However, mCherryER located in ER still retained fluorescence during xylem
development (Young et al. 2002).
The distance between root tip to first root hair illustrated effect of peroxidase
targeted variants on cell elongation (Table 2A). Root hair was controlled by auxin
(Mangano et al. 2017). If auxin was degraded by peroxidase AT5G51890 in cell wall or
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cytoplasm, the distance between root tip to 1st root hair would be shorter in
SP:51890:YFP:RFVN and DSP:51890:mCherry:RFVN by comparing with wild type.
Average distance of root tip to 1st root hair from SP:51890:mCherry:AFVY would be
expected to be same as wild type. The average distance of root tip to 1st root hair from
seeding SP:51890:YFP:RFVN was longer than wild type by 1.3 folds (Table 2A). This
might suggest that cell wall targeted variant of peroxidase AT5G51890 might promote
cell elongation. In contrast, by comparison with wild type, the distance between root tip
to 1st root hair from DSP:51890:mCherry:RFVN was decreased by approximately 1.2 fold
(Table 2A). This suggested cytoplasm targeted variant of peroxidase AT5G51890 might
repress cell elongation. The distance between root tip and first root hair from transgenic
seedlings demonstrated targeted variants of peroxidase AT5G51890 may have impacts on
auxin catabolism.
Root growth rates of transgenic seedlings suggested the roles of peroxidase on
cell elongation (Table 2B). Seedling DSP:51890:mCherry:RFVN was hypothesized to
have slowest growth rate compared with wild type (Table 2B). Seedling
DSP:51890:mCherry:RFVN had the slowest growth rates among four types of seedlings,
and seedling SP:51890:YFP:RFVN had faster growth rates than the wild type by 1.4 fold
(Table 2). Overexpression of AT3G49110 and AT3G49120 resulted in increased root hair
length (Passardi et al. 2006). Both of AT3G49110 and AT3G49120 were all located in
cell wall and all contained Ca2+-pectate domain (Passardi et al. 2006). During the cell
wall elongation, the newly stretched pectate without Ca2+ chelated Ca2+ out of the old
loaded pectate complex on the oriented cellulose microfibrils, which led to relaxation of
cell wall (Höfte et al. 2012). The faster growth rate in SP:51890:YFP:RFVN might
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suggest that AT5G51890 peroxidase contain Ca2+-pectate domain, which resulted in
relaxation of cell wall. Moreover, Arabidopsis peroxidases containing Ca2+-pectate
domain have shown affinity binding to pectin, which was distributed in cell wall (Dunand
et al. 2002). Distributing pattern of pectin and lignin were also shown to be similar
location of peroxidases, which might suggest the roles of peroxidases containing Ca2+pectate domain in lignification (Wi et al. 2005).
The results provided information about tissue pattern, subcellular location and
function of cell elongation. Based on mRNA accumulation, peroxidase 51890 should be
located in cells of protoxylem (Mustroph et al. 2009). Fluorescent tagged peroxidase
variants were all consistent with location in protoxylem. Based on the peptide sequence,
peroxidase 51890 should be moved through endomembrane system to the cell wall.
Targeted variants of peroxidase 51890 designed to exploit the lack of cytoplasm in dead
cell of protoxylem at maturity, required longer term experiments. Initial experiments
using plants containing peroxidase variants targeted to the cell wall, vacuole, cytoplasm
respectively produced no significant change on root elongation. Potential questions could
be addressed in the future experiment including how auxin levels would change under
targeted variants of peroxidase AT5G51890. The β-glucuronidase (GUS) fused
peroxidase could be applied to examine presence of peroxidase AT5G51890 in other
plant tissues.
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