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Figure 5-2. Physicochemical properties of nanopatrticles et@chfrom English ivy adventitious roots. (A) Dynantight scattering
(DLS) analysis of ivy nanoparticles extracted inf@® Tris-HCI containing 10 mM dithiothreiol (DTTtaH 4, pH 7 and pH 10. (B)
Zeta Potential analysis of ivy nanopatrticles extdén 20 mM Tris-HCI containing 10 mM dithiothréi®@TT) at pH 4, pH 7 and pH

10. (C) UVvis spectra of ivy nanoparticles exteatin water or 20 mM Tris-HCI containing 10 mM ddthreiol (DTT) at pH 7.
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Figure 5-3. Average quality scores of the RNAseq raw readsdetntitious (A, B; average quality score 35.5) gralind root (C, D;

average quality score 35.6) samples from Engligh iv
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Figure 5-4. De novo transcriptome consensus assembly of English ivpgtle distributions of

de novo-assembled contigs. The majority of assembledg®miere >600 bp.
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Figure 5-5. Expression profiles of genes in adventitious rgétsroots) and ground roots (G.

roots). (A) Box plot shown the expression of geinesdventitious and ground roots. (B) Scatter

plot shows the expression profiles of individuahgg in both adventitious and ground roots.
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B Specific expressing in A. roots
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Figure 5-6. Pictograph representing the variation in geneesgon (exclusively expressed in
adventitious roots (genes found to be only expressadventitious roots; red), higher
expression in adventitious roots (orange), equitad&pression in adventitious and ground roots
(grey), higher expression in ground roots (gree)) @xclusively expressed in ground roots
(genes found to be only expressed in ground réig) in adventitious (A. roots) and ground

roots (G. roots) of English ivy.
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Figure 5-7.RT-PCR analysis on total RNAs extracted from adwens roots and leaves of
English ivy. Expression of tripeptidyl-peptidasenes 1 and 2), glycine dehydrogenase (lanes 3
and 4), aconitate hydratase (lanes 5 and 6), philodipase D alpha (lanes 7 and 8),
phenylalanine ammonia-lyase (lanes 9 and 10), chape(lanes 11 and 12),
adenosylhomocysteinase (lanes 13 and 14), betagitlase (lanes 15 and 16), glyceraldehyde-
3-phosphate dehydrogenase (lanes 17 and 18), atehpome subunit alpha type (lanes 19 and
20) in adventitious roots (odd lanes) and leavesr(éanes) of English ivy. M: high molecular

weight marker (Hi-Low DNA ladder, Minnesota Moleaul Minneapolis, Minnesota).
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Table 5-1. Primer sequences used for RT-PCR confirmation@®ettpression of proteins

identified from LC/MS/MS analysis in adventitiousots of English ivy.

Hit Description Primer | Sequence
name
Tripeptidyl-peptidase 10541F| TAGGCCTTTGCAACGGAGAG
10541R| AGGGCATTCTTGTGAGTCCG
Phospholipase D alpha 10691F| CTGCGCAGTGGAGGTGGT
10691R| CTCCATGCCGGGAAGCTC
Chaperonin CPN60-2 12229F | TCCCTCAACTCCAGCATTGG
12229R| GCGCAGGTTGGCACAATATC
Phenylalanine ammonia-lyase 13095F | AACGATTGGTCAGGTGGCAG
13095R| CCATATGCGGGCCTAGCCAT
Glycine dehydrogenase 545F GTGATACTTTTCCCCGCCGA
545R CTTGTAGCCTTGTCCCTCCG
Putative aconitate hydratase 45254F | ACCTCCGTATCAAACCGTGC
45254R| AGGAGCCCATTGGTACAGGA
Adenosylhomocysteinase 46923F CAAAGCTGGGGTGACCAG
46923R| CGGACCCGACCTGATTG
Beta-glucosidase 46181F| CGGAAGTGTGTCATCTCGCT
46181R| TTGCCAGCACTCCAAGA
Glyceraldehyde-3-phosphate dehydrogena§d414F| CCGGCTCCACTAATCCAT
13414R| GAGATCCCTTGGGCCAGC
Proteasome subunit alpha type 980Z2F TCCATAACTGGTBGGCAC
9802R | AGGCAATGATTCGGTCTGTGT
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Table 5-2. Proteins present in ivy nanopatrticles as idemtitising ivy transcriptome or UniProt database.

Ivy transcriptome UniProt database
Molecular weight Normalized total Molecular weight Normalized total
Hit Description Hit Description
spectra spectra

Tripeptidyl-peptidase 353 kDa 121 Clathrin heavginh 190 kDa 103
Putative aconitate hydratase 251 kDa 168 109 kDa

lAconitate hydratase 56
Glycine dehydrogenase 313 kDa 130
Phospholipase D alpha 225 kDa 102 Sucrose synisafeem 1 92 kDa 71
Phenylalanine ammonia-lyase 193 kDa 106 Luminadiibip protein 5 73 kDa 59
Chaperonin CPN60-2 145 kDa 188 Chaperonin CPN60-2 1 kD& 80
IAdenosylhomocysteinase 86 kDa 141 53 kDa

IAdenosylhomocysteinase 130
Catalase isozyme 2 143 kDa 120
Beta-glucosidase 12 191 kDa 131 6-phosphogluconate dehydrogenase 54 kDa 56
Glyceraldehyde-3-phosphate dehydrogenase 130 kDa 130 Glyceraldehyde-3-phosphate dehydrogenase 32 kDa 91
Proteasome subunit alpha type-6 92 kDa 86 Proteasabunit alpha type-6 32 kDa 42
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Table 5-3. Summary of RNAseq, assembly and annotation resunledventitious and ground

root samples in English ivy.

Sample ID Number of | Average | Total size | G/C content (%q)
sequences length

Adventitious roots 25,030,290 90 bp 2.10 Gk 44.0

Ground roots 25,141,182 90 bp 2.11 Gh 43.3

Adventitious root assembly 205,180 249 b 51.19 M#0.7

Ground root assembly 233,335 237 b 55.25Mb  40.2

Total consensus assembly 79,221 705hp  55.86|Mb.5 41

Annotated sequences 32,331 996 bp 3221 Mb 416

Unknown sequences 46,890 504 b 23.65Mb 41.2
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Table 5-4. Comparison of fold expression changes of genegifolehfrom our analysis in adventitious versusigrd roots in English

ivy transcriptome.

Hit , L Expression Expression Fold
Gene NameGene Length i Hit Description .

Accession (Adventitious)  (Ground) Change

10541 4153 Q64560 Tripeptidyl-peptidase 56.2390375467.07208984 1.194
45254 2969 Q6YZX6 Putative aconitate hydratase (RBY383 22.87008781 1.351

545 3736 P49362 Glycine dehydrogenase 165.3798894.20849158 4.444
10691 2732 004865 Phospholipase D alpha 317.420177134.9895868 -2.315
13095 2339 Q43052 Phenylalanine ammonia-lyase Q8Bx  20.53709187 13.95

12229 1690 Q05046 Chaperonin CPN60-2 97.3068862 63285626 3.795
46923 1027 Q01781 Adenosylhomocysteinase 657.03663387.4003711 3.506
12514 1706 P30567 Catalase isozyme 258.63792 688 -24.515
46181 2283 Q7XKV4 Beta-glucosidase 1756.648712 2920987 18.485
13414 1557 P26520  Glyceraldehyde-3-phosphate deggdase 218.4137693 64.29746706 3.396
9802 1073 048551 Proteasome subunit alpha type 4708384  34.32838307 3.451
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Chapter 6. Conclusions
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In these studies, we developed an enhanced systehefproduction of English ivy adventitious
roots and their nanoparticles by modifying GA7 Maigeboxes and identifying the optimal
concentration of IBA for adventitious root growtfithis system was the first such platform for
growing and harvesting organic nanoparticles fréams, and represents an important step in
the development of plant-based nanomanufacturing.al significant improvement on the
utilization of plant systems for the formation oétallic nanoparticles, and provides an easy
system for the generation of bulk ivy nanoparti¢@stranslation into biomedical and cosmetic

applications.

The development of this bulk extraction method wasessary for collecting enough
nanoparticles for use in subsequent analyses arahjobiomedical or cosmetic applications of
economic significance. Through experiments conalagng ICP-MS, we were able to prove
that the ivy nanoparticles were devoid of any nlietabmponents, thus confirming that the ivy
nanoparticles were indeed organic in compositidemental analysis revealed a high, ~10:1,
C:N ratio, and FTIR confirmed the presence of peakaed to C-N bonding. FTIR spectra of
ivy nanoparticles were compared with a polysacdesstandard, chitosan, and protein standard,
BSA, and it was found that the ivy nanoparticlesengmilar in structure to both samples,
indicating that these nanoparticles were mostyikelmposed of glycoproteins. Using gel
electrophoresis, the ivy nanoparticles formed glsihigh molecular weight band (>480 kDa),
which stained positive for both proteins and glyogins through silver and glycoprotein

specific stains.

157



Individual proteins were separated from a previpigntified high molecular weight band by
adjusting the reducing conditions prior to SDS-PAGEIng the denaturing conditions of 2 M
thiourea, 8 M urea and 3% SDS in conjunction wilhmiM DTT in the extraction buffer

provided the greatest denaturation and best reégo)utsolving nine additional bands and
maintaining nanoparticle size and stability. Usihig strategy, it was possible to separate the
ivy nanoparticles into nine distinct protein bamasging in molecular weight from 10-175 kDa.
After gel extraction, each band was sequenced wilyIS/MS, and blasted against the UniProt
database and the ivy transcriptome. In this stuewtilized a modified protein extraction
method for the production and identification of wgnoparticles. Briefly, denaturing conditions
of 2 M thiourea, 8 M urea and 3% SDS in conjunctitin 10 mM DTT used in the extraction
buffer provided the greatest denaturation and tesstiution, resolving nine bands from the
single >460 kDa original band, while maintaininghaparticle size and stability. The results of
the omics analysis identified 14 protein candidétesy the English ivy transcriptome and 9
from the UniProt database for a combined totalGiri@lividual putative proteins with 2
(chaperonin 60-1, chaperonin 60-2) previously shtaviorm nanoparticles in other systems.
Transcriptome analysis revealed that many of téepr candidates to be enzymes involved in
abiotic and biotic stress response and growth agrd. Interestingly the PAL enzyme was
identified as a top candidate, which is found ia tlavanoid pathway and has shown to confer
UV resistance in plants. Of the proteins identifitee chaperonins are the most probable
candidates for nanoparticle formation observedyroot hairs. Chaperonins have been shown
to be involved in protein folding and have the ityptio form nanopatrticle structures. While these
structures have been reported in the literaturawsh smaller than our observed nanopatrticles, it

is possible that upon their disassembly and refgltirger nanoparticle structures can be created,
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such as those observed in ivy. Further studies@cessary to confirm the fuctions of the
proteins listed here, such as through productidknotkouts to determine the true core of the
nanoparticle. Additional methods such as high perémce liquid chromoatography (HPLC) or
fast performance liquid chromatography (FPLC) caméed to separate and eliminate
nonessential proteins that may be bound to thepaatiole complex and providing no functional
component to its structure. Additionally, by ovgueessing the defined proteins in another
system, such as in yeast, bacteria or a model platém, we may be able to identify how
multiple proteins are interacting to form the 3Rusture of the ivy nanoparticles. Based on these
data, we have identified a pool of protein candiddhat may be contributing to nanoparticle
formation and secretion in ivy. Continued reseanth these proteins will likely assist in the
development of new high strength adhesives. Furiheill now be possible to scale-up the
procedure developed in this work to collect enoiwgmanoparticles for future applications in

drug delivery and cosmetics.
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