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ABSTRACT

Taking fruit expanding period and oil synthetic peak period of Oiltea camellia (Camellia oleifera Abel.) seeds as
materials to build transcriptome and expression profile database, it is indicated that there are totally 104
non-redundant gene sequences involved in fatty acid biosynthesis of Oiltea camellia and 14 main enzyme genes
involved after a comprehensive analysis on transcriptome and expression profile database. Taking KEGG database
as a reference, we analyzed the biosynthetic routes of fatty acid of Oiltea camellia and drawn its route graph, which
revealed the regulation of key enzyme genes and the basic catalytic rule of fatty acid biosynthesisin Oiltea camellia,
providing certain scientific basis for oil content increasing and fatty acid components by ways of genetic
engineering.
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INTRODUCTION

As the world woody edible oil plants, Oiltea cariz{Camellia oleifera Abel.), which is equivalent to Elaeis
quineensis Jacg., Olea europaea L. and Cocos rautifeis one of the most important and peculidtrele species
in China[1]. Camellia oil, extracted from oilteaneellia seeds, containing rich unsaturated fattyl &cimore than
90%, 10% higher than that of olive, is the moshkigiality edible oil in the world. Since fat is thasic source for
human life activity and the fatty acid can't be thgsized by human life activity, so fatty acid ianeellia oil
becomes an important source for human ingestiasséntial fatty acid. With the national economived@pment,
the demand of camellia oil rises day by day andatiality of it will be higher and higher. In additi, there is a
great demand for special fatty acid in chemical ahdrmaceutical industry [2, 3-5]. Thus, camellia cutput
enhancement and quality improvement are the maah afiltea camellia breeding. It is hard to dstihe modern
breeding requirements by conventional breeding wBysmeans of molecular breeding to regulate tlosypithetic
routes of fatty acid of oiltea camellia over exgien of key genes of fatty acid biosynthesis shd@gpromoted not
only to enhance the quality of oil and improve tlenposition of fatty acid, but also regulate thpression of some
key gene to satisfy the demand for special fattgt acchemical and pharmaceutical industry, so thatincreased
demand of camellia oil is satisfied and the valeniutrition and industry is achieved. Thus, thiscée is based on
the transcriptome and expression profile databaseuit expanding period and oil synthetic peakigayr using
correlation theory of molecular biology to systeivety analyze the synthetic pathway of fatty acifl oiltea
camellia and investigate the concrete functionkef enzyme genes in the process of fatty acid bibegis,
providing theoretic foundation and scientific bafsis synthetic pathway regulation of fatty acidoamellia oil and
components improvement of fatty acid by means demdar breeding
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EXPERIMENTAL SECTION

2.1 Materials Selection

Select the oiltea camellia breed branded ‘Huashuthe last ten days of June, 2009 (fruit expangiagod) and
middle ten days of October of the same year (ailttsstic peak period) in oiltea camellia germplassmource
garden in Central South University of Forestry a@thnology; remove the seeds after plucking thé& fnd
preserve them in liquid nitrogen; then go backhe kab to preserve the seeds in the refrigerattr ulira low

temperature under -80.

2.2 The Total RNA Extraction, RNA Concentration and Quality I nspection of Oiltea Camellia Kernel

Take oiltea camellia breed branded ‘Huashuo’ int fexpanding period and synthetic peak period retpaly;
extract the total RNA of the kernel specimen ofsthéwo periods respectively with Invigrogen’s toRINA
extraction kit; Extract and inspect the RNA intégnvith electrophoresis; Determine the RNA concatibin with
nuclein/protein quantitative spectrophotometer.

2.3 Database Building for Transcriptome and Expression Profile of Qiltea Camellia Seeds

Preserve the above-mentioned two periods of RNAismn with dry ice and send them to BGI for digital
transcriptome and expression profile sequence;allngoftware to complete transcriptome data assgmbl
combination and de-redundancy to gain non-redundimgene sequence, which structures transcriptonte a
expression profile database of oiltea camellia séethe process of oil biosynthesis and regulation

2.4 Analysis on Transcriptome and Expression Profile Database of Oiltea Camellia Seeds

Download the transcriptome and expression proBlguencing database from BGI and categorize theddeig in
the database per metabolic pathway; analyze coreps@lrely the regulatory sites and functions ofgalhes in the
process of oil formation of the oiltea camelliadseselect sequences above 300bp among the Unigegasnces
whose information is inconsistent in Nr, SwissPKEGG, COG and other database and re-compare thém w
Blastx in GenBank. Meanwhile, compare the diffei@réxpression of all genes between fruit expangiagod and
maturity period; analyze and identify all geneshdtions and their expression status in the proodsseeds
development to discover the basic rules of all inalta pathways of oiltea camellia.

RESULTSAND DISCUSSION

3.1Functional Genes Involved in Synthetic Pathway of Fatty Acid of oiltea camellia Seeds

Annotate the genes of transcriptome sequence tfaodamellia seeds, 18714 Unigene being annotatdng
KEGG database as a reference, it is merged into h@tabolic pathways, of which there are 104 Unigene
sequences involved in fatty acid biosynthesis, hénzyme genes involved in fatty acid anabolishlé 1).

Tablel. Functional Enzyme Genes Regulating Fatty Acid biosynthesisin the Transcriptome of Oiltea Camellia Seeds

No. Names of Functional genes Plants Comparison with Value Value o_f Similarity
Blastx Expectation
1 acetyl-CoA carboxylase carboxyl transferase afphmnit (ACCase-CT) | Glycine max 208 le-58 90%
2 acetyl-CoA carboxylase carboxyl transferase bebanit (ACCas@-CT) | Camelliaoleifera 469 le-161 94%
3 acetyl-CoA Carboxylase biotin carboxylase (ACEBE) Camellia sinensis 531 2e-174 84%
4 acetyl-CoA carboxylase biotin carboxyl carrieotein (ACCase-BCCP) | Camellia chekiangoleosa 131 3e-35 100%
5 beta-ketoacyl-acyl-carrier-protein synthase IR&III) Camellia chekiangoleosa 211 le-64 98%
6 beta-ketoacyl-acyl-carrier-protein synthase 1IKH8) Camellia chekiangoleosa 692 0.0 99%
7 beta-ketoacyl-acyl-carrier protein reductase (KAR Arabidopsisthaliana 197 9e-60 72%
8 beta-hydroxyacyl- acyl-carrier protein dehydragbH) Camellia chekiangoleosa 207 8e-65 99%
9 Enoyl-acyl-carrier-protein reductase | (ENR 1) Camellia chekiangoleosa 457 5e-159 98%
10 | Enoyl-acyl-carrier-protein reductasell (ENR 11) Ricinus communis 197 le-59 86%
11 | malonyl coenzyme A-acyl carrier protein transasy (MCAT) Capsicum annuum 415 2e-140 93%
12 | fatty acyl-ACP thioesterase B (Fat B) Camellia oleifra 403 2e-135 100%
13 | stearoyl -acyl-carrier protein desaturase (SAD) Camellia chekiangoleosa 824 0.0 99%
14 | fatty acyl-ACP thioesterase A (Fat A) Jatropha curcas 296 4e-97 91%

After comparing the homology with BlastX in GenBaitks shown in Table 1 that there are 9 enzymbeasg gene
order has a extremely high similarity (up to 90%hveamellia plants’Camellia oleifera, Camellia chekiangoleosa,
Camellia sinensis), and there are other 5 enzymes whose gene omtemhhigh similarity with Glycine max,
Arabidopsis thaliana, Ricinus communis, Capsicumuam and Jatropha curcas. Thus, it is confirmetittiese 14
enzymes are : Acetyl-CoA carboxylase carboxyl tiemasea subunit (ACCase-CT), Acetyl-CoA carboxylase
carboxyl transferasg subunit (ACCas@-CT), Acetyl-CoA Carboxylase biotin carboxylase (@&se-BC),
Acetyl-CoA carboxylase biotin carboxyl carrier it ACCase-BCCP); ketoacyl acyl carrier protein synthase IlI
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(KAS 111), B- ketoacyl acyl carrier protein synthase II(KASIB),ketoacyl acyl carrier protein reductase(KAR),
hydroxyacyl acyl carrier protein dehydrase (DH)ofnacyl carrier protein reductasel (ENRI), Enogllcarrier
protein reductase II(ENRII), Malonyl coenzyme A-bmarrier protein transacylase (MCAT), Fatty acyGR
thioesterase B (FatB), Stearoyl —acyl carrier pnotiesaturase (SAD), Fatty acyl-ACP thioesterag€aA). They
showed obvious difference of expression abundaméatty acid biosynthesis of oiltea camellia segktaong these
genes, ACCase-CT, ACCase-BC, ACCase-BCCP and KAR refer to highralance expression with 13-15 copy
numbers, while ACCasp-CT, KAS lll, KAS II, ENRI, FatB and SAD refer to @dium abundance expression with
5-10 copy numbers, and DH, ENR Il, MCAT and Fatfergo low abundance expression with 2-3 copy nusibe

3.2Functional Gene Expression and Functional Features of Key Enzyme in Fatty Acid biosynthesis of Oiltea

Camellia Seedsin Different Periods

Based on the analysis and annotation of relevamttifonal genes on expression profile data, it isntb that
expression of key functional genes show obvioufedifice in the pathway of fatty acid biosynthedisoittea

camellia fruit. It is divided into two types accorg to different genes expression abundance ardift periods: (1)
up-regulation refers to expression of oil synthgtéak period compared with that of fruit expandpegiod; (2)

down-regulation refers to expression of oil syrithpeak period compared with that of fruit expamgdperiod.

3.2.1 Expression Analysis on Relevant Functional Gene Expressing as Up-regulation in Oil Synthetic Peak
Period

In the synthetic pathway of fatty acid of oiltearadlia, about 78% key enzyme functional genes apmessed
up-regulation in oil synthetic peak period. There @vo types of Acetyl-CoA carboxylase (ACCasepaiure, one
of which is heterogeneity of ACCase and the otHewloich is homogeneity of ACCase. The ACCase iteail
camellia refers to the former type. 4 subunitscangtained in heterogeneity of ACCase, i.e. biotirboxylase (BC),
biotin carboxyl carrier protein (BCCP) and 2 sultsirof a-CT andp-CT of carboxyltransferase. The two former
subunits formed BC and BCCP domains, while thestattvo formed CT catalytic domains. Heterogeneity o
ACCase mainly catalyzes Malonyl-CoA, which is thretfstep of fatty acid biosynthesis. It is dividetb two steps
for the catalytic process of heterogeneity of AGEasrstly, biotin carboxylation is generated untter catalysis of
BC domain and the involvement of adenosine triphasp (ATP), which is a protein-combined biotin agon
carboxylation. Then, under the catalysis of CT dimmearboxyl is transferred from biotin to Acetyb&(AcCoA),
forming Malonyl-CoA[6,7]. It is revealed from Tab&that ACCase-CT, ACCaseB-CT and ACCase-BCCP show
high expression abundance in the development psafesiltea camellia seeds, and up-regulation pgessed in the
oil synthetic peak period compared with fruit exg@g period. Since ACCase is a rate-limiting enzyme
biosynthesized with fatty acid, overexpression &fGase gene is favorable to enhance the seed d¢édrtarf the oil
crops.

MCAT catalyzes the transacylation of ACCase’s paidualonyl-CoA to combine malonyl-CoA with the aetied
ACP to generate malonyl-ACP, i.e. the donor of oarbhain in the synthetic process of fatty 48id Since MCAT
is mainly expressed in seeds, it is found in Tdblhat MCAT genes show a high expression in frupaading
period and oil synthetic peak period.

KASII is a key enzyme for the conversion processathlyzing palmitic acid to stearic acid (from Q-&CP to
18:0-ACP), determining the ratio of 16-carbon fattgid and 18-carbon fatty acid. In addition, itsisown that
KASII has a close relationship with plant’s low-teenature adaptability and plant’s growth and dewedent [9, 10].
Combing with the research on peanut’s KASII geiteis, guessed that KASII plays an important rolghia whole
growth and development process of oiltea camedi@ls.

Table2. Difference Analysis of Up-regulation on Key Genes of Fatty Acid Biosynthesis of Oiltea Camellia Seedsin Oil Synthetic Peak

Period
No Names of Key Expression in Fruit Expression in Oil Synthetic Times of Differential Value Value
) Genes Expanding period Peak Period Expression P FRD

1 | ACCases-CT 140 370 1.3718 0 0

2 | ACCase3-CT 20 32 0.6477 0.114) 0.252
3 | ACCase-BCCP 52 138 1.3774 0 0
4 MCAT 119 316 1.3788 0 0

5 KAS I 11 42 1.9028 0 0

6 KAR 274 1003 1.8418 0 0

7 DH 56 132 1.2065 0 0

8 ENR | 17 19 0.1298 0.791 0.851
9 ENR II 3 22 2.8435 0
10 | SAD 57 75 0.3655 0.149 0.280]
11 | FatA 34 76 1.1298 0 0
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KAR is the first reduction reaction when catalyzisgnthetic pathway of fatty acid. NADPH is usedregucing

agent for this reaction with its product of hydrbagetyl-ACP. KAS genes are initially found in et camellia,
while in the later research it is regarded that Kgdtes only have their auxiliary functions in tlyathetic process
of fatty acid [11]. Thus, the mechanism is not dgepsearched. It is found in this data analysiegpression
profile (Table 2) that KAR shows high expressionitance in the whole seed development processsiiggested
that KAR should be deeply researched in the foltmnstudy.

DH is used to dehydrate and catalyzandp carton atoms of-hydroxy-butyl to generate traf2-ene-butyryl. It
connects two reduction reactions in these two fatigl biosynthesis [12]. It is found from data gsé in Table 2
that DH genes show high expression abundance isgbé development process and up-regulation issesed in
oil synthetic peak period.

ENR catalyzed the second reduction reaction oy fatid biosynthesis, also taking NADPH as redueggnt with
the connecting ACP of fatty acid as products. Oagain, it could get into the circle of carbon chaktension
reaction of the fatty acid. Each circle extends tadbon atom units until it is hydrolyzed from AGR thioesterase.
It is indicated from a research on ENR genes ofsapds by Kater’s team that ENR genes are maiplsessed in
the process of seed development and this expregsittnenhanced in the process of seed fat accuamlai3],
which conforms to the analytic result shown in EaPl

Existing in plastid matrix, SAD, as one kind of @ol enzyme, is the key enzyme for unsaturateq fadid
synthetic metabolism. It catalyzes desaturatiostedroyl-ACP and introduces an oleoyl-ACP reactivmed with
double bonds between C9 and C10 of fatty acid chidie main purpose is to dehydrogenate stearybrim Dleic
acid. It determines the ratio of plant saturatetlyfacid and unsaturated fatty acid. Meanwhilegl#o has close
relationship with plant temperature shift respogdamd low-temperature adaptability enhancement [14$ seen
from Table 2 that SAD gene in oiltea camellia hdsgh expression. Thus, saturated fatty acid caniteripe fruit is
relatively low. In future breeding, expression @gene could be enhanced to optimize fatty acimpasition.

FAT is a kind of plastid globulin with nucleus gecading [15, 16]. It determines the chain lengtld &pes of free
fat generated in plant cells. According to diffdrepecific of fatty acid length, FAT is divided inFatA and FatB.
As FatA encodes C18 fatty acid specific enzymis, iegarded as an important “housekeeping” enzymes plant

cells owing to the reason that C18:1 fatty acid #meir derivatives generally represent the genematf new
biosynthesis of fatty acid carbon chain. FatA higth lactivity of 18:1-ACP, which determines the expa ability

of 18:1 inside plant to outside plastid [17]. Itfeaind from the difference analysis on expressimfile (Table 2)
that FatA is expressed up-regulation in oil syrithpeak period due to the mass biosynthesis ofturetad fatty
acid.

3.2.2Expression Analysis on Relevant Functional Gene Expressing as Down-regulation in Qil Synthetic Peak

Period

Acetyl-CoA Carboxylase biotin carboxylase (ACCagg}Rjenes, beta ketoacyl acyl carrier protein sysghtl

(KAS I1lI) genes and fatty acyl-ACP thioesteraseFatB) genes are all expressed down-regulation ynekeyme
functional genes of regulating fatty acid biosysikeof oiltea camellia seeds. ACCase-BC is an itambrpart of
ACCase. With the existence of ATP, biotin carbogglaubunits (BC) partially catalyze biotins anchsfar them to
BCCP [18]. It is revealed in the data analysis ({@&3) that ACCase-BC shows medium abundance express
fruit expanding period and down-regulation is esgesl in oil synthetic peak period, which might tefom the
constant transfer of partial biotins to BCCP.

Table3. Difference Analysis of Down-regulation on Key Genes of Fatty Acid Biosynthesis of Oiltea Camellia Seedsin Oil Synthetic Peak

Period
No Names of Key Expression in Fruit Expression in Oil Synthetic Times of Differential Value Value
) Genes Expanding period Peak Period Expression P FRD
1 | ACCase-BC 9 6 -0.6174 0.429 0.534
2 KAS Il 77 37 -1.0869 0 0
3 FatB 111 73 -0.6348 0.003 0.014

KAS Il is one kind of KAS genes among the thraetHe process of carbon chain extension, carbdmsodbond is
formed by generating p-ketoacyl-ACP. These polymerizations are catalyagdhree different kinds of KAS for
completion. KAS Il is the first step of catalysige. catalyze malonyl-CoA and acetyl-CoA to symsthe
3-ketobutyryl-ACP. It is found in the KAS genesearch on tobacco that overexpression on KAS lllegemould
reduce the synthetic speed of fatty acid. The ailtent of oiltea camellia of transgenosis (KAS If)lower than
that of wild type, and the oil synthetic speed érds is obviously slower than wild type’s [19].idtfound from
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Table 3 that the expression of KAS Il tends to denegulate in oil synthetic peak period, which asdrable to
fatty acid biosynthesis.

FatB is a decisive composition for the synthesisattirated fatty acid. In the process of plant gngwand seed
development, FatB could regulate oil content anchpasition. Palmitic acid level is regulated by ogiagy the

expression of palmitic acid acyl-ACP FatB genes BAS Il genes. That is to say overexpression ofnitid acid

acyl-ACP FatB genes would restrict KAS 1l so thatrpitic acid content in soybean oil would get rdis€herefore,
in future molecular biotech breeding, we could cointhe oil content by regulating FatB expressibris shown in

Table 3 that the down-regulation of FatB expres&mail synthetic peak period results from the msgsthesis of
unsaturated fatty acid in Oiltea Camellia.

3.2.3 The Regulation Process of Fatty Acid Biosynthesis of Oiltea Camellia Seeds

According to the above transcriptome data analgsisfatty acid biosynthesis of oiltea camellia seadd the
difference analysis on functional genes expressiofatty acid biosynthesis of oiltea camellia se@auglifferent
periods, regulating route of fatty acid biosyntkesi oiltea camellia seeds is drawn (Fig.1).

Carboxybiotin-carboxyl-

carrierprotein
Acetyl-CoA <— Acetyl-CoA carboxylase
» Biotin-carboxyl-
ACP. \ carrierprotein
malony-CoA
MCAT
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| Malonyl-
lacp]
- KAST KAST KAST KAST KAST KAST KAST
KAS. Y Y \ \
KASIL | 3.0xohexanoyl- | 3-Oxooctanyl- | 3-Oxod yl- | 3-Oxododecanoyl- [3-Oxotetradecanoyl- | 3-Oxoheadecanoyl-| 3-Oxostearoyl-
[acp] [acp] [acp] lacp] lacp] Jacp] Jacp]
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KAR KAR KAR KAR KAR t KAR KAR
KAR

(R)-3-Hydroxy- | (R)-3-Hydroxy- | (R)-3-Hydroxy- | (R)-3-Hydroxy- | (R)-3-Hydroxy- | (R)-3-Hydroxy- (R)-3-Hydroxy-
(R)-3-Hydroxy- | hexanoyl-facp] octanoyl-[acp] d yl-lacp] | dodecanoyl-[acp] |tetradecanoyl-lacp] | palmitoyl-[acp] | octadecanoyl-[acp]

butanoyl-[acp]
DH DH DH DH DH DH DH
DH trans-Hex-2 - trans-Oct-2 - trans-Dec-2 - trans-Dodec-2 trans-Tetradec-2 trans-Hexadec-2 | trans-Octadec-2
But-2-enoyl-[acp] enoyl-[acp] enoyl-[acp] enoyl-[acp] -enoyl-[acp] - enoyl-Jacp] - enoyl-acp] -enoyl-[acp]
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[acp] lacp] [acp] [acp] acp] lacp] oyl-[acp]
Butyryl- FatB FatB FatB FatB FatB FatB SAD
ACP
Octanoic Decanoic Dodecanoic Tetradecanoic Hexadecanoic  Octadecanoic  Octadecenoyl- FatB Octade.cenoic
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Fig. 1 The pathway of fatty acid biosynthesisin oiltea camellia seeds
CONCLUSION

Originated from China, oiltea camellia is a spewiabdy edible oil plants whose product is acquiaftér squeeze
is mainly camellia oil, which is a polymeric compmliwith a main composition of glyceride of highatty acid
oleic acid. The unsaturated fatty acid contentaimellia oil is very high, up to 90%, 10% higherrthhat in olive. It
is mainly composed with oleic acid and linoleiccagiith content of 75%-83% and 7.4%-13% respectively. A
small amount of linolenic acid and other high vakerunsaturated fatty acids are also contained nmetiia oil.
Long-time eating camellia oil is obviously helptolimprove diseases like hypertension, coronargatis, obesity,
etc. The content and composition of fatty acid amellia oil have a direct influence on its qualéyd health
protection function. Therefore, high-quality cariaelbil breeding and composition improvement areofaible to
ensure the quality of edible oil and enhance itdtheprotection value as well as satisfy the denfandpecial fatty
acid [20]. From the above analysis on functionalegexpression of key enzyme in the biosynthesigerotifatty
acid of oiltea camellia and the regulating proaafsfatty acid biosynthesis, it is found that thé aintent increases
with the gradual maturity of oiltea camellia seed&is mainly owes to the reason that the high abood
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expression of heterogeneity of ACCase accelerdiesbiosynthesis of fatty acid. It is obviously icalied that
ACCase is the key target for gene regulation focontent in oiltea camellia. Meanwhile, MCAT, KARAR, DH
and ENR compose fatty acid synthase FAS and suntincous polymerization as start, loading, condéosa
reduction, dehydration and second reduction reacie completed based on malonyl-ACP as the stibstkl of
these genes have their expression in the wholdstiatroute of fatty acid of oiltea camellia, indiing that they are
the essential key enzyme genes for fatty acid bitb&gis. In this process, MCAT accelerates the rgéioa of
malonyl-ACP so that donor of carbon chain in thatkgtic process of fatty acid is provided. TherefdiCAT is
the essential key enzyme gene for fatty acid bittegis. KAS II, which determines the ratio of 16bwm fatty acid
and 18-carbon fatty acid, is a key enzyme to cagafpalmitic acid to stearic acid. Enhancing theresgion of KAS
Il could restrain the activity of palmitoyl thioesase and raise the content of stearoyl ACP sotlleatontent of
unsaturated fatty acid could be raised. This caictuis proved by Bleibaum’s team’s KAS Il reseaoshoiltea
camellia seeds. In the process of fatty acid bit®agis, palmitic acid and stearic acid are gendrafter 7 cyclic
polymerizations and then stearoyl is dehydrogendtedorm oleic acid through SAD. Thus, SAD directly
determines the ratio of saturated fatty acid amnshturated fatty acid. The enhancement of SAD egmescould
accelerate the transformation of saturated fafity 'cunsaturated fatty acid. In this syntheticqass of fatty acid of
oiltea camellia, fatty acid is released finallyrfrdACP to form oleic acid under the catalysis of KK&tA and FatB).
FatA has a high activity of 18:1-ACP, which detemas the exporting ability of 18:1 inside plant taside plastid.
The overexpression of FatB in oil synthetic peakiqueis favorable to the mass biosynthesis of wrs#d fatty
acid. Though partial genes relating to fatty acidspnthesis of oiltea camellia have managed to Ibred and
developed, their functions still need further viedfion on transgenic plant. What's more, fattydacomposition
needs to be regulated through genetic engineeenpnblogy. This article provides theoretic founoiatiand
scientific basis for oiltea camellia breeding wihtiygh content of oil and improvement of fatty acohtposition by
means of molecular breeding.
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