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Pembinaan semula laluan metabolik Hevea brasiliensis

ABSTRAK

Hevea brasiliensis merupakan tumbuhan berkayu yang menghasilkan gkgglan
selama satu dekad telah dijalankan atas pokokNamun laluan metabolismanya
yang memuaskan masih belum dibina. Projek ini &dalangenai pembinaan laluan
metabolic dan kurasi manual kepada laluan yangaitark dengan penghasilan susu
getah. Laluan-laluan ini dibina dan disah berdamarkdata genomic dan
transkriptomik. Thesis ini akan membincangkan tegtpembinaan semula laluan
metabolik, laluan dan jaringan yang berkaitan danganghasilan susu getah ol¢h
brasiliensis yang dikurasi secara manu&aima puluh sela telah diisi secara manual
ke dalam 65 laluan metabolic. Thesis ini mengagddb laluan metabolik yang

dibina semula, 4 laluan dan 2 jaringan yang yakgrdsikan secara manual.



Metabolic pathway reconstruction of Hevea brasiliensis

ABSTRACT

Hevea brasiliensis is a latex-producing woody plant. This plant hasrbstudied for

more than one decade. However, its metabolic pathaee still not well established.
This project is about reconstruction of the metabgathways and manual
construction of pathways related to latex productioThe pathways were
reconstructed and validated based on genomic amddriptomic data. This thesis
will discuss about the metabolic pathways recoestdi as well as the manually
curated pathways and networkshbf brasiliensis related to latex production. Fifty
gaps were manually closed in 65 reconstructed robtapathways. This thesis
included 15 reconstructed metabolic pathways, 4ualy curated pathways, and 2

manually curated networks.
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CHAPTER 1

INTRODUCTION

Natural rubber is a biodegradable polymer syntleesiby at least 2,000
species of plants belonging to 300 genétabrasiliensis is one of the important
industrial crops for natural rubber production. dighout the years, most of the
research orH. brasiliensis had been focused on the latex production. Latetkas
cytoplasm of the specialized sieve tube calledifati. The latex is produced in the
laticifer as the plant grows up. With the advanoegenome sequencing technology,
theH. brasiliensis genome has been decoded.

The huge amount of genome and transcriptome datergted prompt for a
better visualization, validation and utilization tfe data. This project is about
metabolic pathway reconstruction, manual curatidnpathways, and network
analysis to understand the influence of differesiiiutar activities on latex production.
In silico studies are vital in our understanding of metabdalctivity, disease

resistance and to further improve the latex pradoadf H. brasiliensis.



CHAPTER 2

LITERATURE REVIEW

2.1 Rubber tree

Rubber tree is an important industrial crop forunalt rubber production. At
present, more than 9.5 million hectares (ha) inual® countries are devoted to
rubber tree cultivation with a production of abéusé million tons of dry rubber each
year (Venkatachalanat al., 2006). The world supply of natural rubber isdbar
keeping up with a global demand for 12 million toofsnatural rubber in 2020
(Venkatachalanet al., 2006). Due to the increasing global demand tbey, further
improvement of natural rubber production is necgsgéegleret al., 2009). Rubber
plantations are expanding rapidly throughout moatarmainland South East Asia.
More than 500,000 ha may have been converted #glrieathe uplands of China,
Laos, Thailand, Vietham, Cambodia, and Myanmar d(l2ieet al., 2009). It is
estimated that by year 2050, the area of land déstictco rubber and other diversified

farming systems could more than double or tripie@ieret al., 2009).

2.2 Natural Rubber

Natural rubber is synthesized by at least 2,00@ispeof plants belonging to
300 genera. The rubber polymerases from differdamitp produce natural rubber
with different quality. Some of the research donenonHevea plant species able to
produce natural rubber include Dandel{wan Beilen and Poirier, 2007)araxacum
(Wahleret al., 2009; Buranowt al., 2010), andeuphorbia lactiflua (Cornishet al.,
1999; Luigi Barbieriet al., 1983; Woockt al., 2000). However. brasiliensis is the

only economically viable source of natural rubbee do its good yield of rubber and



the excellent physical properties of the rubbedpobs.Parthenium argentatum is an
alternative taH. brasiliensis due to its low cost production of natural rubbemket

al., 2004; Raet al., 2011).

2.3 Properties and applications of natural rubber

Latex is a biodegradable polymer. Throughout thargienumerous isolates
able to degrade latex were identified (Yiknetsal., 2008). This special ability has
been proposed as the chemotaxonomy (Lieoal., 2002). The isolates able to
degrade natural rubber includeActinoplanes, Sreptomyces, Gordonia,
Mycobacterium, andNocardia (Warnekeet al., 2007)

Natural rubber is widely used worldwide becaus#soéxcellent properties in
terms of high elasticity and mechanical strengthbluding high resistance to impact
and tear as well as low heat build-up during detdrom (Intharapagt al., 2009). An
example of a natural rubber application is the potidn of composite. Composite of
natural rubber and other synthetic compounds amdymed to increase the
mechanical strength of the material (Ochigbal., 2009).

The application of concrete-polymer composites, eesly polymer-
modified cement mortar and concrete, is expandipglira because of their good
properties compared to conventional cement momar @ncrete. A study on the
characterization of SAE latex in mortar showed thia¢ SAE latex has air
entrainment effect, increasing the air content esdlicing the bulk density of the
fresh mortar. The SAE latex influences the develogméthe compressive strength
but slightly on the flexural strength, and improt#es toughness, shrinkage property,
waterproofing quality, and anti-penetration capaaify the mortar significantly

(Wang and Wang, 2010).



2.4 Morphology of laticifer

Throughout the years, most of the researchHorbrasiliensis has been
focused on the latex yield (Sandb al., 2009). Latex is the cytoplasm of the
specialized sieve tube called laticifer (Samtlal., 2009). When the bark is tapped,
the cytoplasmic contents of these laticifers aggeéigd in the form of latex (Sanab
al., 2009). Morphological study df. brasiliensis reveal the structure of articulated
and non-articulated laticifer (Sanda al., 2009). The histological study of the
laticifer using confocal microscopy shows the dsttion of morphologically
different laticifer cells at different layers ofetbark ofH. brasiliensis (Sandoet al.,
2009). This study confirmed the presence of comizelatyered articulated laticifers
in secondary phloem in the bark (Figure 2.1) (Saetd®., 2009). It also shows the
occurrence of non-articulated laticifers at theeommost laticifer layer in the bark

(Figure 2.2) (Sandet al., 2009).

Figure 2.1 Micrograph of articulated laticifer (purple), died articulated part of the
laticifer, scale bar 100 um (Figure from Samtlal., 2009; Figure 3(a); page 221)



Figure 2.2 Micrograph of non-articulated laticifer (purplsgale bar 100 um (Figure
from Sandaet al., 2009; Figure 3(d); page 221)

Laticifers at an early stage of development weréywdistinguished by the
presence of the nucleus and dense cytoplasm rialib@somes, small vacuoles,
mitochondria, endoplasmic reticulum, dictyosomes] asmiophilic bodies (Caat
al., 2009). The double layer plasma membrane wasva#ade under the microscope
(Cai et al., 2009). During the vacuolization stage, smallugdes containing rubber
particles were formed from the ER (Gaial., 2009). The resultant small vacuoles
enlarged and began to accumulate latex particlas diCal., 2009). At last, these
vacuoles became electron transparent and contatex particles of various sizes
which were later released into a central vacuolai €€ al., 2009). At maturity,
laticifer cells consist of a thin layer of cytoptascentral large vacuole filled with
rubber particles, very thick cell wall, and plasraschata are not observed between

laticifers and the neighbor cells (Gaial., 2009).

2.5 Latex biosynthesisunder ethylene stimulation
The most studied hormone related to latex prodoasicethylene. It had been
proposed that ethylene prolongs latex flow and lacates sucrose metabolism

(Tungngoenet al., 2009). Ethylene acted on membrane permeabikyding to



prolonged latex flow with the involvement of HbPIPRungngoeret al., 2009). It

has been shown that key enzymes involved in rublzeynthesis are not involved
during ethylene stimulation (Zhu and Zhang, 20@ly the enzymes involved in
sucrose metabolism, regulatory enzyme of coaguatamd lutoid stability were

involved (Zhu and Zhang, 2009).

2.6 Latex allergy

The healthcare of the employees with latex allesgy major concern for the
industry (Mergetet al., 2010). Powdered latex gloves or latex gloveswiigh
allergen content have been forbidden in Germangesi®998 (Mergett al., 2010).
An experiment done on 32 employees showed that 80%em had latex allergy
symptoms (Mergett al., 2010).

Daily contact latex products include gloves, rubbandled racquets,
balloons, latex-padded play pits, infant pacifieaad bottle nipples (Estelle and
Simons, 2010). Contact with these products willseaa hypersensitive response to
the user (Estelle and Simons, 2010). The proposechamism of how the latex
allergen triggers the anaphylaxis is the binding tbé latex allergen to the
immunoglobulin E of the patient (Estelle and Simo2810). The identification of
latex allergens allows the production of more pecicommercial test Kits
(Liebermaret al., 2010).

Natural latex has also been associated as a ki faf spina bifida (Ozkaya
et al., 2010). Screening patients for latex allergy ptsurgery is an important but
intensive procedure (Khamt al., 2010). The appropriate testing strategy for
diagnosing latex ofl. brasiliensis allergy involvedn vitro specific IgE or skin prick

testing (Kharet al., 2010). The sensitivity and specificity of bo#sts are influenced



by patient-specific factors or manufacturing preess that alter the clinically

relevant allergens in skin testing solutions (Kkegal., 2010).

2.7 Genome sequencing and transcriptome

DNA sequencing data allows a better understandinth® organism in a
more complete picture. The genome Hf brasiliensis provides scientists with
knowledge of the genes that are important for mekeaand development.
Transcriptome analysis &f. brasiliensis latex has also been performed (Harmal.,
2000). It showed that the highly expressed genee wibber elongation factor (REF)
and small rubber particle protein (SRPP) (Hanal., 2000). The second most
frequent transcripts, next to rubber biosynthesiated genes, were defense genes
and protein metabolism-related genes (12.6% eadut 27% of the transcripts
were with unknown function (Haret al., 2000). A previous experiment of
differential gene expression of the leaves andklate®wed that each have a distinct
gene expression profile. It was found that chitsagpathogenesis-related protein,
phenylalanine ammonia lyase, chalcone synthasdcate isomerase, cinnamyl
alcohol dehydrogenase, 5-enolpyruvylshikimate-3gphate synthase, hydrolytic
enzymes, cellulase, and polygalacturonase are yhighpressed in the laticifer.
Genes for the photosynthesis pathway and chloroplésrm enzymes such as
ribulose-bisphosphate carboxylase small subunitcaharophyll a/b-binding protein
are not detected in laticifers. Transcripts for thgoplasmic form of glutamine
synthase are preferentially expressed in latigifetereas those for the chloroplastic
form of the same enzyme are present mainly in lea@éher genes such as ATPase,

actin, and ubiquitin are equally expressed inif#is and leaves (Kus# al., 1990).



These data were further justified in 1993, whendbtils of the organelles
inside the laticifer cell was published (Jacskal., 1993). Organelles found inside
the laticifer cell include rubber particle, Frey ¥¢ling particles, lutoid, and
ribosomes. The nucleus and mitochondria was fouarttie laticifer but not in latex
collected from tapping. Rubber particle is the méotory for the synthesis of
natural rubber (cis 1,4-polyisoprene). The conddritrey Wyssling particles include
carotenoid and plastochromanol (Whitie al., 1965). Lutoid is the organelle
producing lectin-like protein (Gidroét al., 1994; Wititsuwannakuét al., 2008a).
This lectin-like protein binds to the rubber pddisurface protein (Wititsuwannakul
et al., 2008b), resulting in latex agglutination. Thediing of the transport system

by the agglutination stops the out flow of the Xate

2.8 Rubber database creation

The wide commercial applications of natural rubleerto the sequencing of
the rubber tree. The rubber tree species sequemrceithis project isHevea
brasiliensis. The huge amount of data provided from genome essxng and
transcriptomic data prompt for a better visual@atf the data.

There are some databases available for public acaesh as KEGG and
AraCyc providing different types of pathways foffeient organisms. However, a
varying number of false-positive predictions ocanrthese databases. The false
positive occurs due to the quality of manual vadlmtaand curation of the databases.
The lack of consistency in annotation standardsthedack of comparable quality in
validation and curation hinder researchers seekingneaningfully compare the

metabolic networks of individual species housedifferent databases.



An organism’s phenotype is closely dependent onmittabolic activity.
Metabolic pathway reconstruction Hf brasiliensis focuses on developing the basic
metabolic platform with validation from genomic amdnscriptome data. The aim is
to provide a better visualization of the huge amoah genes predicted from
automated gene prediction pipeline and allow mieraldle manipulation of the data.
With this data manipulation tool and huge amourdaif,, the underlying mechanism
of the cellular process is visualized.

Throughout the years, some small scale attempté&éaa done to predict and
explore the metabolic activity iAl. brasiliensis. The types of metabolic pathways
predicted in small scale vary according to resedrthrest. For example, the
occurrence of the cyanogenic glucosides pathwagspredicted in 1988, proposing
this secondary plant products serve in the metsitmobf developing plants as N-
storage compounds and do not exclusively exhilitgative functions (Selmat al.,
1988). In 2008, the mevalonate pathway synthesingenoids from acetyl-CoA
was validated by cloning the enzymes catalyzing fgathway (Sandet al., 2008a;
Sandoet al., 2008b). Provided all the information from ditet research interests, it

is hard to get a better view of the metabolic afgtivi H. brasiliensis.

The aims of this project include:

Specific aim 1: Reconstruction of. brasilienss metabolic pathways using
information from Hevea genomic and transcriptomic data. The reconstructed
metabolic pathways will provide a comprehensive anstinding of the metabolic

activity at the cellular level.



Specific aim 2: Manual construction and curationtled plant resistance pathways
based on published literature. The curated pathwdlprovide a better view for the

molecular interactions at the cellular level. Therging of the curated pathways to
the reconstructed metabolic pathways will providiimation about the regulation

of latex production by plant disease resistance.
Specific aim 3: Network analysis and curation basedhe available relations in the
rubber database. The network is used to predicshifein rubber production dfl.

brasiliensis due to application of artificial ethylene to rublbee.

All the reconstructed pathways, curated pathwaygsretworks were housed

in theH. brasiliensis single organism specific database.

10



CHAPTER 3

MATERIALSAND METHODS

3.1 Overview for rubber database creation

Rubber database was created from a set of patbeliggtions. The pathways
were further validated by the genomic and transomjic data. The genes of the
rubber can be found in the rubber database basegathway. The pathways
reconstructed were further used to predict funetiophysiological processes in

rubber. An overview of the rubber database creas@mown in Figure 3.1.

Pathway collection Genome Transcriptome

~ |

Rubber database

l

Gene occurrence (based on pathway)

l

Predicted functional physiological process

Figure 3.1 Overview of rubber database creation

11



3.2 Pathway studio implementation process

The metabolic reconstruction bif. brasiliensis can be generally divided into
three basic components: 1) annotated protein segqadrom the genome sequencing
pipeline, 2) reference metabolic pathway databasesl 3) mappings of the

annotated sequences to pathways in the referemaleasa.

3.2.1 Annotate protein sequences from genome sequencing pipeline

H. brasiliensis machine predicted genes were annotated to the iprote
sequences. The genes annotated in the rubber databalude genes from

Arabidopsis thaliana, Ricinus communis, Oryza sativa, andPopulus trichocar pa.

3.2.2 Reference pathways construction
The reference metabolic and hormonal signaling ways are Ariadne
ResNet plant pathways collection and some newlsttoated metabolic pathways
based on the publicly accessible database fromaRopt. The reference metabolic
pathways can be divided into 4 categories. Thegoaies were Biosynthesis,
degradation/utilization/assimilation, detoxificatio generation of precursor
metabolites, and energy and transport pathways.hdh@onal signaling pathway is
grouped in a separate folder. Figure 3.2 showstiyes involved for a new reference
pathway construction. Pathway Studio commands tsembnstruct new reference
pathway include:
1. Add> entity — to add a new entity into database
2. Add> New Relation between Selected Entities — b el relation between
selected entities in the database

3. Import> gene list — to import gene list into a vedly

12



Pathway from World Wide Web

l

Search the pathway component in rubber database | <

if found pathway component l If lack of pathway component

Create new component

v /
Construct new reference pathway

Figure 3.2 Workflow to construct new reference pathway

3.2.3 Mapping of the genesto thereference pathway

The annotated protein sequences from the genomeeseiqg pipeline is
mapped to different ID based on the version oftdgahome sequence. The mapping
process functions to label different propertieshi® entities in the rubber database.
The different type of properties identifier createased on different versions of the
draft genome include 011510 assembly ID, rubbénd@wg ID, rubber ID, assembly
161009 ID, Arabidopsis scaffold assembly ID, Solazaembly ID, newbler 091109
ID, and EVM 123109 ID. The functional gene setha teaves is represented as 454
isotig ID. Pathway studio command used to map Hia :
Import> relation from tabular format — to annot#te draft genome and functional

gene set

13



3.3 Manual gap closing of the metabolic pathway
The reference pathways are built based on the qilaet metabolic pathways.
After the mapping of the genes to the referencévpays, there are still a lot of
pathways missing the catalyst for a particular tieac Manual gap closing of the
pathways will ensure that the metabolic pathwayuoedn rubber. The gap in
metabolic pathway is highlighted in red after thapming for easy identification. The
steps involved in manual gap closing of the metalmithway are shown in Figure
3.3. Gene search will be done in the World Wide Welget the sequence of the
appropriate template. The template gene is blaainagthe rubber draft genome.
After the orthologous gene is found in rubber, tfag is closed. If there are other
gaps in the pathway, the process is repeatedalhtile gaps in a particular pathway
are closed. Some useful resources in World Wide Wfebincluded in section 3.4.
Pathway studio commands used during the pathwaynsgwiction process include:
1. Edit >copy — copy entities, relations into clipbadar
2. Edit public Object — command in web client to addtein members into a
particular functional class (only applicable aftebber database become a
server database instead of local database).
3. Edit>paste — paste entities, relations and prateémbers into a particular

functional class.

14



A

Pathways with gap

!

Template gene search in World Wide Web

l

Blast against Rubber draft genome

l

Gap closed

If pathway has other gap

Figure 3.3 Workflow to manually close the gap in a pathway

3.4 Resour ces
3.4.1 Gene ontology

The Gene Ontology (GO; http://www.geneontology)opgoject is a major

collaborative bioinformatics initiative that aims standardize the representation of
gene and gene product attributes across speciese @#ology provides a set of
structured, controlled vocabularies for the annotabf genes, gene products, and
sequences. The GO ontologies are expanding botboimient and in structure

throughout the years (Consortium, 2009).

3.4.2 KEGG pathway database

KEGG pathway database (http://www.genome.jp/kedbigay.htm) is a

publicly available collection of manually drawn patty maps. The pathways
available in this database can be divided into bwdism, genetic information

processing, environmental information processingjjuar processes, organismal

15



systems, human diseases, and drug developmentpdithevays in this database
range from unicellular prokaryotes to multicelluleukaryotes. The pathways

available are customizable according to organishnsterest (Okudat al., 2008).

3.4.3 National Center for Biotechnology Information (NCBI)

The National Center for Biotechnology InformatioNQBI) is one of the
world's premier Web sites for biomedical and bioinfatics research. Based within
the National Library of Medicine at the Nationasiitutes of Health, USA, the NCBI
hosts many databases used by biomedical and respafessionals. The services
include PubMed, the bibliographic database; GenBdh& nucleotide sequence
database; and the BLAST algorithm for sequence eoisyn, among many others.

One of the frequently accessed database is theZG#&ne.

3.4.3(a) NCBI Entrez Gene

Entrez Gene has been implemented at NCBI to organiormation about
genes. Each Entrez Gene record is assigned a uidiepifier, the Gene ID. Known
and predicted genes are established in Entrez Gmawed, which are defined by
nucleotide sequence or map position. At the En@ene web interface, users are

able to visualize detailed information of a par@cigene of interest.

3.4.3(b) NCBI PUBChem

PubChem (http://pubchem.ncbi.nlm.nih.govs a public repository for

biological properties of small molecules hostedtbg US National Institutes of
Health (NIH). PubChem BioAssay database currerdhtains biological test results

for more than 700,000 compounds. It presents afseeb servers to facilitate and
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optimize the utility of biological activity infornteon within PubChem. These web-
based services provide tools for rapid data redfjiemtegration, and comparison of
biological screening results, exploratory structawivity analysis, and target

selectivity examination (Wang al., 2009).

3.4.3(c) NCBI Biosystem

The NCBI BioSystems database (http://www.ncbi.nimgov/biosystem3/

centralizes and cross-links existing biologicaltegss databases, increasing their
utility and target audience by integrating theithpeays and systems into NCBI
resources. This integration allows users of NCHEstrez databases to quickly
categorize proteins, genes, and small moleculasdigbolic pathway, disease state,
or other BioSystem type, without requiring time-soming inference of biological

relationships from the literature or multiple expeental datasets (Geetral., 2010).

3.5 Signaling pathway construction (Plant defense mechanism)
The Plant defense mechanism is constructed bytdrature search in World
Wide Web. The relations in the pathways are mapualrated. The workflow is

shown in Figure 3.4.
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Create a new pathway

l

Paste the entities involved into the pathway

!

) Search for relation between 2 entities in the rubber

A

database (repeated until the pathway is complete)

If not found If found
Literature search to find the relation Add the found relation
Create a new relation and Check the availability of
added to the pathway reference for the added relation |

l v

I Add reference to the relation

Figure 3.4 Workflow to construct and manually curate a pathlwaged on
publication

Commands involved during the process include:
1. Add> entity — to add new entity that is not foundhe rubber database.

2. Add> New Relation Between Selected Entities — td adw relation that is

not found in the rubber database.

3. Edit > copy — to copy entity or relation into cligdrd.
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4. Edit> paste — to paste entity or relation fromletiprd into pathway.
5. Properties (of a particular entities/ relation)o-add relevance sentences to
support the occurance of a particular relation.

6. View> Relation Table View — To figure out the rédat without references.

3.6 Cross-talk between pathways (How necrotic pathogen infection may
influence latex production)
Approaches taken to find out possible regulatiorirenmetabolic pathway is
the construction of signaling pathways regulatifge treconstructed metabolic
pathways (Figure 3.5). The relations connectingethigies in the predicted pathway

are manually curated.
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Paste entities of signaling pathway and metabolic
pathway to a newly created pathway

l

Highlight the entities with different
color according to pathway

|

Selected entities of either pathway

Search for relations between 2 pathways by using command:
Add> Relation between Selected and Unselected

— ™~

Check the availability of No cross-talk between
reference for the added relation pathways providing the

current data.

l

Literature search to find the relation

|

Add reference to the relation

Figure 3.5 Workflow to construct and manually curate crosk-tstween 2
pathways
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Commands involved during the process include:
1. Add> Relation between Selected and Unselected getothe appropriate
relation applicable to the pathway from the databas
2. Edit> copy — to copy a new entity or relation tgpbbard
3. Edit> paste — to paste a new entity or relatioa particular pathway
4. Properties (of a particular entities/ relation)o-add relevance sentences to
support the occurance of a particular relation.

5. View> Relation Table View — To figure out the rédat without references.

3.7 Network analysis (Ethylene regulates sucrose metabolism and Predicted
ethylene regulation on water flow into the laticifer)

The other approach taken to more efficiently usertibber database is the
network analysis. In this project, the network gs@l is used to figure out other
possibility or gap missed out by recent researah @ovides a better view of the
possible paths taken by a single molecule inbideea cell. By doing so, it allows a
better prediction on the function, location, ancepditypic changes caused by the

molecule. The workflow is shown in Figure 3.6.
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Physiological process in physiological text book as reference

|

Paste chemical compound that alter the physiological shift in a new pathway

|

Add neighboring entity of the compound based on relation available in rubber database

|

Curate the references of the relations

l

Predict the function of the protein based on gene ontology of the protein

|

Predict the functional physiological process that might be shifted

Figure 3.6 Workflow to construct and manually curate a networredict shift in
physiological process
The commands used in this part include:

1. Add> neighbors from DB> All — to get the neighberstities of the selected
entities based on relations available in the datba

2. Add> Relation between Selected and Unselected getothe appropriate
relation applicable to a particular pathway frora tfatabase

3. Edit> copy — to copy a new entity or relation tgpbbard

4. Edit> paste — to paste a new entity or relatioa particular pathway
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CHAPTER 4

RESULTSAND DISCUSSION

4.1 Metabolic pathways
4.1.1 Photosynthesislight reaction
One of the pathways generated was the photosyathigsit reaction in

Figure 4.1. The photosynthesis light reaction (@Q9584) takes place in the
chloroplast thylakoid membrane (G0O:0042651). Onetha&f crucial steps in the
photosynthesis light reaction is light harvestiadnich involves the absorption and
transfer of the energy absorbed from light photbesveen photosystem reaction
centers (GO:0009765). During the photosynthesikt liggaction, light energy is
harvested and used to power the transfer of elesteomong a series of electron
donors and acceptors. The final electron accegt®dADP+, which is reduced to
NADPH. Light reactions also generate a proton neoferce across the thylakoid
membrane, and the proton gradient is used to sya#heATP. There are two
chemical reactions involved in the photosynthegjistIreaction: water oxidation in

photosystem II, and NADP reduction in photosystem |
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Figure 4.1 Reconstructed photosynthesis light reaction payhwél. brasiliensis

4.1.2 Photor espiration and hydrogen peroxide degradation

Figure 4.2 shows the photorespiration and hydrgogemoxide degradation.
Photorespiration (GO:0009853) is defined as a Jdgpgendent catabolic process
occurring concomitantly with photosynthesis in p&anespecially C3 plants)
whereby dioxygen (& is consumed and carbon dioxide Qs evolved.
Photosynthesis will occur when the surrounding ;Céncentration is high.
Photorespiration will occur when Oconcentration is higher. During the
photorespiration process, hydrogen peroxide ish&gited in the peroxisome. This
toxic molecule is converted into non-toxi¢ @olecule. This pathway is the results
of the merging of the photorespiration in Arabidspsnd superoxide radical
degradation of the PoplarCyc pathway. The recoatsdupathway foHevea is the

same as reference pathway.
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Figure 4.2 Reconstructed photorespiration and hydrogen peeoegradation
pathway inH. brasiliensis

4.1.3 Cholesterol biosynthesis

Figure 4.3 illustrates the conversion of farnesyiophosphate to cholesterol.
The cholesterol biosynthesis process (GO:0006695)dfined as the chemical
reactions and pathways resulting in the formatiboholesterol, cholest-5-en-3 beta-
ol, the principal sterol of vertebrates and thecprsor of many steroids, including
bile acids and steroid hormones. However, valisatiom H. brasiliensis shows that
cholesterol biosynthesis occurs in this plant dedpeing a pathway primarily found
in mammalian cells. The cholesterol biosynthesithyay validated to occur iHl.
brasiliensis is cholesterol biosynthetic process via lathosté@D:0033490) where
lathosterol is involved as intermediate. The retroieted pathway foHevea is the

same as reference pathway.
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