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Abstract

Lignans, including neolignans and norlignans, anenylpropanoid-derived
secondary metabolites found in a wide range oft@pacies with varied content
and composition. It has been presumed that secpmaatiabolites such as these
are involved in defense against biotic and abistiesses and physiological
integrity of plant cells, but few roles and funct®ohave been clarified. Lignan
and neolignan have two C6-C3 units, the formerdahby an 8-8bond and the
latter linked by carbon-carbon bond(s) at otheritpos. Studies showing
advantageous effects of the natural compounds amahthealth have attracted
much attention to lignan biosynthesis processeasfasus of recent research.

Phenylcoumaran benzylic ether reductase (PCBER)meanber of the
isoflavone reductase family, is thought to be arzyere crucial in the
biosynthesis of 8/Hinked neolignans. It has been isolated and cheariaed in
several plant species, as the enzyme responsibte ctmversion of
dehydrodiconiferyl alcohol and dihydrodehydrodidenyl alcohol to
isodihydrodehydrodiconiferyl alcohol and tetrahyagbydrodiconiferyl alcohol,
respectively. PCBER has a close phylogenetic o#alip to
pinoresinol-lariciresinol reductase (PLR), whichtatgzes the two reduction
steps of typical lignans PR and LR. Overlap in gubstrate specificity of
PCBER and PLR should be derived from their closglquenetic relationship
and structural similarity of the substrates withylalihydrobenzofuran and
diaryl-furofuran rings.

Although genes that encode polypeptides with secpgesimilar to identified

PCBERs are found in the genome Afabidopsis thaliang no functional



characterization studies have been reported thrus this species. In this study,
we characterized a putative PCBERI4g39230 designatedAtPCBER] in A.
thaliana We cloned cDNA and the promoter region of &ieCBER1from A.
thaliana At the amino acid level, AtPCBER1 shows high ssme identity
(64-71 %) with PCBERSs identified from other plapesies. Expression analyses
of AtPCBER1 by reverse transcriptase-polymerase chain reactaod
histochemical analysis of transgenic plants hangpithe promoter region of
AtPCBER1linked with gus coding sequence indicate that expression is irdluce
by wounding and is expressed in most tissues, dnajuflower, stem, leaf, and
root. Catalytic analysis of recombinant AtPCBER1hwieolignan and lignans in
the presence of NADPH suggests that the protein redinice not only the
8-5-linked neolignan, dehydrodiconiferyl alcohol, kalso 8-8 linked lignans,
pinoresinol and lariciresinol with lower activitie3o investigate further, we
performed metabolomic analyses of transgenic plantshich the target gene
was up- or down- regulated. Our results indicate significant effects of
AtPCBERIgene regulation on plant growth and developmeaotweéver, levels of
some secondary metabolites, including lignans,oftaids, and glucosinolates,
differ between wild-type and transgenic plants. efakogether, our findings
indicate thatAtPCBER1encodes a polypeptide with PCBER activity and has a

particular role in the biosynthesis of secondaryainelites inA. thaliana



Chapter 1

Background of the study

1.1Plants secondary metabolites

It has been previously inferred that, plants predpcmary and secondary
metabolites. The primary metabolites including oagwrates, lipids, proteins
and nucleic acids are mostly derived from and iwedlin primary metabolic
processes such as photosynthesis and respirabdhatthe primary metabolites
are present in all plant species and essentialaiat peproduction, growth and
development. In contrast, the secondary metaboldes assumed to be
determined by metabolic pathways of primary metiéd®land do not involved
primarily in plant reproduction, growth and devetmgmt as primary metabolites
do. The secondary metabolites are contained langembar of phenolics,
terpenoids and nitrogen-containing alkaloids andsatered to be involved in
plant defense. But structures and biological rofethese natural compounds are
not well understood (Hartmann. 2007).

Phenolics are major group of secondary metabaddites mainly derived from
shikimic acid pathway. The shikimic acid pathwaybianched from primary
carbon metabolites (carbohydrates) of erythrose haebphate and
phosploenopyruvate and leads to accumulate the aromatic anaoils;
phenylalanine, tryptophan and tyrosine (Herrmand ®Weaver. 1999). These
aromatic amino acids are further synthesized teouarphenolic compounds.
Among them, the phenylpropanoid synthetic pathwagrived from

phenylalanine serve as the important branch ofirsiickacid pathway in plants
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(Gomeset al.2015; Tohgeet al 2013).

In phenylpropanoid synthetic pathway, the aromatnino acid, phenylalanine,
is carried out series of hydroxylation, methylataord dehydration steps after the
non-oxidative deamination reaction catalyzed byngledanine ammonia-lyase
(PAL). This pathway not only per se can create dargimber of phenolic
compounds, the intermediates produced in this pathave adducted with other
compounds derived from distinct metabolic pathwagsm produce various
secondary metabolites, such as lignans, isofladsnoflavonoids, lignins,
coumarins, numerous esters and amiéés (L-1).

In the natural environment, plants suffered varibistic and abiotic stresses
including pests and pathogen invasions, UV irraoiltand wounding stress.
Experimental studies indicate that, the compoundsl aorresponding
biosynthetic enzymes consist in phenylpropanoidistic pathway play some
crucial roles in plant defense. For instance, tignprovide mechanical support
(Whetten and Sederoff. 1995); Hydroxycinnamic aestiers and flavonoids are
complementary UV protective compounds (Burchardcal 2000); In bean cell
culture, transcription levels of genes for PAL acithlcone synthase (CHS)
markedly increased when treated with reduced fdrgiutathione (Wingatet al
1988), andPAL expression level significantly increased when itelietreated
(Edwardset al. 1985). Among others, Dixon and Paiva (1995) aatt€et al.
(2004) revealed that phenylpropanoid synthetic \wayh produces various
antioxidants, antipathogenic compounds, in additionthese, they observed
many biosynthetic enzymes in this pathway have aaduby UV irradiation,

mechanical wounding and pathogenic attack.



1.2Lignans and their biosynthetic enzymes

As mentioned before, aromatic amino acids phenyilaéa and tyrosine are
produced from shikimic acid pathway, and furthertabelized in a series of
cinnamic acid derivatives. The reduction of thesdsaforms three monolignols
(p-coumaryl alcohol, coniferyl alcohol and sinalpgicohol) that are the
precursors of lignans and lignin.

Monolignols are further oxidatively dimerized anehd to wide variety of
natural compounds designated as lignaffg).(1-1). It is well known that,
oxidative radical-radical coupling of monolignolause to accumulate the
phenylpropanoid polymer, lignin, which involvedstructural support and water
transportation in plants. Lignin shares same psmwvith lignans and presents
ubiquitously in plants kingdom, whereas, lignansluding neolignans and
norlignans are found in plants with various cordeartd compositions.

As shown inFig. 1-2, the typical lignans are synthesized from derivediof
monolignols (hydroxycinnamic acids or hydroxycinndralcohols) and possess
two Gs-C; units linked by the central carbon of the '8gsition. Oxidative
coupling of two monolignols are catalyzed with @tile enzymes (e.g.,
peroxidase) and the enantio-specific coupling efrthare controlled by dirigent
proteins. On the next step, the enantiomer compoumdich derived from
monolignol coupling were further synthesized to imas types of lignans
catalyzed by pinoresinol-lariciresinol reductaseRPand other enzymes.

Based on the incorporation position of oxygen & tiarbon skeleton and
cyclization pattern of two monolignol moleculargians are classified into eight
groups which are furofurans (e.g., pinoresinol)ahs (e.g., lariciresinol ),

dibenzylbutanes (e.g., secoisolariciresinol), di#y#sutyrolactones (e.g.,

5



matairesinol), aryltetralins (e.g., podophyllotoxinarylnaphthalenes (e.g.,
dehydropodophyllotoxin), dibenzocyclooctadienesg.(e.steganacin ), and
dibenzylbutyrolactols (e.g., dibenzylbutyrolactghian) (Umezawa. 2003a;
Umezawa. 2003b; Suzuki and Umezawa 2007). In audfditall lignans are
classified into three categories that lignans v@{R')-oxygen, lignans without
9(9-oxygen, and dicarboxylic acid lignans (Umeaa®003a).

Lignans with 9(9')-oxygen are the most well-knowgnéns until now. They
formed by dimerization of two coniferyl alcohol tsiwvhere the dirigent proteins
control enantioselectivity and give rise to pinanes (PR, furofuran). PR is then
reduced by pinoresinol/ lariciresinol reductase, Mriciresinol (LR, furan), to
secoisolariciresinol (SLR, dibenzylbutane), whishin turn oxidized to afford
matairesinol (dibenzylbutyrolactone) by secoisalagsinol dehydrogenase.

As mentioned above, dirigent proteins and PLRscaweial enzymes in the
lignans biosynthesis pathway. By 1997, Daginal. isolated a dirigent protein
which could control enantio-selectivity of coniférglcohols. Subsequently,
dirigent proteins were discovered in many plantcg® such as, two from
Frullania intermedia,Populus tremuloideandTsuga heterophyllarespectively,
and eight fromThuja plicata (Ganget al 1999a). Not only enantio-selective
catalytic activities, dirigent proteins are accuatetl by the abiotic or biotic
stresses. For instance, expression levels of gigedit proteins significantly
increased in the stem bark and xylem of spruce whamnded or treated with
weevils (Ralplet al. 2006).

Likewise, Dinkova-Kostovaet al. first isolated the NADPH dependent
oxidoreductase gene, named PLR. Polypeptide ofgdmie could reduce the PR)

to SLR via LR. In addition, PLR could regulate the other &gnhinokinin
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biosynthesis inLinum corymbulosun{Bayindir et al. 2008) and justicidin B
biosynthesis inLinum perenne(Hemmatia et al 2007). PLRs exhibited
tissue-specific expression patterns in these plapecries. Not only dirigent
proteins, but also PLRs showed the enantioselectiwatrol on lignan
biosynthetic pathways (von Heimendaét al 2005). Diversity of lignan
structures may be due to the stereo-selectiveysaaby dirigrnt proteins and
PLRs.

In addition to dirigent proteins and PLRs, seca@sdolresinol dehydrogenase
proteins which could catalyze the successive r@actif matairesinol synthesis
from SLR also have been purified from several plpdcies (Umezawat al
1991; Okunishet al 2004).

Lignans are found in almost all the parts of plamsluding stems, leaves,
roots, flowers, fruits, and seeds. Lignans not dmye important biochemical
roles in plants, but also they have advantageodigetefon human health. For
example, (+)-PR, (+)-syringaresinol and herpetotigate neuroprotective
activity and inhibitory activity towards nitric a&¢ (NO) production (Iret al
2015). SLR is present in high levels in flax andg®Esses a detrimental effect on
the aphiddvlyzus persica€Saguezet al 2013); Lignans of justicidins A, B, C
and D, diphyllin, diphyllin apioside and diphylliapioside 5-acetate exhibit
antiviral activities (Asanaet al 1996); Podophyllotoxin is an active anticancer
agent (Yousefzadet al. 2010) and possesses antitumor and antihypenhipae
activities (Farkyaet al 2004); Secoisolariciresinol diglucoside can daseein
serum cholesterol, prevent the lipid peroxidation aeserve the antioxidants
(Prasad. 1999). In addition to these examplesatignalso have prevention of

cancer activity (Huangt al 2010), hepatoprotective activity (Negi al 2008)
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and protective effects against breast cancer (Brebé&l 2008).

The neolignans share same precursors with lign&wnpared to the
biosynthesis pathway of lignans, the biosyntheatbyways of neolignans are not
well understood. As shown inFig. 1-3) the initial step of neolignans
biosynthesis similar to that of lignans is catatyzeith oxidase enzyme (e. g.,
peroxidase). The 8:&and 80O-4'-linked neolignans are most common in plant
species, but biosynthetic pathways of these neatigstill remain unclear.

Phenylcoumaran benzylic ether reductase (PCBER)ass$ to be a crucial
biosynthetic oxidoreductase enzyme of 8iiked neolignans, capable of
catalyzing the NADPH-dependent reduction of varipbhenylcoumaran lignans
to afford the corresponding diphenols, e.g. congar®f dehydrodiconiferyl
alcohol (DDC) and dihydrodehydrodiconiferyl alcoho(DDDC) to
isodihydrodehydrodiconiferyl alcohol (IDDDC) and
tetrahydrodehydrodiconiferyl alcohol (TDDC), resipeely. PCBER had been
characterized in several plant species (Gatrgl 1997; Ganget al 1999b; Shoji
et al 2002; Bayindiret al 2008; Chengt al 2013).

In addition, Kasaharaet al. (2006) first reported the phenylpropanoid
double-bond reductase that converted both dehycoderyl and coniferyl
aldehydes to dihydrodehydrodiconiferyl and dihydmaiteryl aldehydes using
NADPH as cofactor.

Similar to lignans, neolignans also play certailesan plant defense and are
expected to have positive impacts on human heatihinstance, a glucoside of
typical 8-5'-linked neolignan DDC possesses a metntal effect on the aphids
Myzus persica¢Saguezt al 2013). The DDC glucoside is known to affect cell

division in tobacco suspension cells (Biretsal 1987; Orret al 1991). 80-4
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neolignan showed cytotoxic activity against humamadr cells (Shet al. 2015).

In addition to these compounds, other neolignass ahowed the antitumoral
and anticancer effects (Apees al 2003; Lee and Xiao. 2003), anti-leishmania
activity (Barataet al 2000) and protective effects towards DNA damage
(Hanuscrlet al. 2015).

By way of contrast, norlignans are formed with @ye-Cs—Cg carbon skeleton
(Suzukiet al 2007; Imaiet al 2006) and assumed to be biosynthesized from the
phenylpropanoid pathway. Up to now, the biosynthgsithway of norlignans is
little known (ig. 1-4) It had been constructed that hinokiresinol, aicgip
norlignan, is formed fronp-coumaryl CoA ang-coumarateKig. 1-4 Suzukiet
al. 2001; Suzukiet al 2002), and that sequirin D and sequosemperi;in
which are also norlignans, share the same inteatediith lignans (Zhangt al
2004). In addition, in 2006, Imaat al. deduced the biosynthesis pathway of
agatharesinol from phenylalanine usifig labeled carbon. And, in 2009, Inei
al. demonstrated that the agatharesinol was furthé&buobézed to sequirin C and
metasequirin C, and this enzymatic step requireth BBAD(P)H and FAD as
cofactors.

As shown inFig. 1-4, norlignans possesse C7-C8', C8-C8' and C9-U&idia
types and are mainly discovered in conifers andaootyledons (Castret al
1996; Suzuket al 2007). Norlignans are assumed to have a crudilim
heartwood formation and coloration. Bebal (2011) using GC-MS analysis
demonstrated th&ryptomeria japonicdneartwood samples were contained
large amounts of norlignans, agatharesinol andisedL. Then, Takahashi and
Mori (2006) indicated that, heartwood coloratiotafixening phenomenon) and

discoloration were particularly associated withligoian, Sequirin C. The
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norlignans are also considered to have an inhipaactivity towards the eating
behavior ofAcusta despesi@henet al 2001) and an anticancer activity (Zhang
et al. 2005).

Studies of lignans and their biosynthetic enzymesild bring valuable
knowledge on the plant survive and human healtte @tmosphere, soil and
water environments have been polluted seriouslycandequently. These would
be the biggest threats to human health. Structamal functional studies of
lignans may lead the way to effective drug discgvir addition, pollution may
bring plants a series of oxidative stresses theluding increasing of ozone
concentration, disastrous weather, UV irradiatiord anechanical wounding.
These oxidative stresses may be promoting plantpréduce active oxygen
species (e.g., #,) that may lead to cell death. The lignans biosysith
pathways are initiated by catalyzing with the oxma enzyme, and many
NADPH dependent oxidoreductase enzymes are invatvéignan biosynthesis.
Niculaeset al. (2014) concluded that lignan biosynthesis enzypnetect against
oxidative damages in plants. Combined with thosexpkerimental investigations
described above, it is predicted that lignans am&lr tbiosynthesis enzymes
protect plant cells against oxidative stresses.

Plant cell or tissue cultures have a good prospegroduction of plant-based
beneficial metabolites. Additionally, stress indons applied in cell or tissue
cultures also have been effective manners for impgothe productivity of
useful compounds. Recently, some researches atsmessfully produced the
beneficial lignans using cell culture, such as DBED-glucoside (Attoumbret
al. 2005), justicidin B (Hemmatt al 2007), LR diglucoside, DDC glucoside

and guaicylglycerop-coniferyl ether glucoside (Beejmohenal 2007). On the
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other hand, several studies tried to increase tigna transformed plants with
genes from other plant species. Ayeadlaal. (2007) successfully increasing the
level of SLR diglucoside by over expressing PLReefF. intermediain wheat.
And in the same manner, the content of phyllantiintypical lignin, was
significantly increased when PLR gene dfinum usitatissimumwas
heterologously and strongly expressedBhyllanthus amarugBanerjee and
Chattopadhyay 2010). These exprimental studieshdurtreinforced the
importance of studies about lignans and their nasstic enzymes.

In recent years, numerous studies have focusetiebibsynthesis pathways
of the lignans. For examples, PLR and PCBER hatracé&d much attention.
Consequentially, PLRs and PCBERSg( 1-5 from many plant species were
purified and characterized.

Due to their high sequence and structure simiémitPLR and PCBER have a
close phylogenetic relationship between each ottt also to isoflavone
reductase (IFR), which was isolated firstly from legume species and
enzymatically catalyzed the NADPH-dependent reduacof isoflavonoids to
corresponding reduced form, such as redudey@roxyisoflavones to vestitone
(Fig. 1-5 Vassaeaet al 2007; Minet al. 2003).

On the other hand, both IFRs and PLRs indicatedspieeific enantioslective
reduction. Such as, PLRs from plicataandF. intermediacatalyzed oppositely
enantioslective conversions, respectively (Dink&westovaet al. 1996; Ganget
al. 1999b). Instead, PCBER froRinus taedacatalyzes the conversion of the
same amount of both enantiomers of substrate DDIDBDC. PLR functions
had been characterized in many aspects. Compar@d.Rs, the functions of

PCBER have not been well understood.
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Until now, histochemical localization of PCBER ppéptides and expression
of the corresponding gene(s) have been charaaleénzeome plant species.
taeda PCBER localized to the axial and radial parenchyoells of the
secondary xylem in the stems (Kwenal.2001). In poplar, PCBER is one of the
most abundant proteins in the woody tissue andif@samainly in the young
differentiating xylem, xylem parenchyma, and youdiferentiating phloem
fibers (Vander Mijnsbrugget al. 2000). High expressions of genes encoding for
PCBERs were also detected in the ster@iokgo biloba(Chenget al. 2013) and
in leaves ofCoffea arabica(Brandaliseet al. 2009). These expression patterns
were stimulated by the fungal infection, exposupecadmium, mechanical
damages, and phytohormone treatments (Setral 2006; Chenget al. 2013).
These results suggest that PCBER plays variouss roleplant growth and
development.

PCBERSs, including purified polypeptides from plaissues and recombinant
enzymes derived from pine, ginkgo, and tobacco cBNéould reduce both
DDC and DDDC to DDDDC and TDDC, respectively (Garical 1999b; Shoji
et al 2002; Bayindiret al 2008; Chenget al 2013; Niculae®t al 2014). The
purified PCBERs as well as PLR and pinoresinol otake (PrR) could also
reduce an 8-8inked lignan (PR), although the activities weedatively weaker
compared to that of DDC (Gamrg al 1999b; Bayindiet al 2008; Niculae®t al
2014).

Except the PCBER localization and catalytic prapsrtthe main roles of
PCBERs in plants remain unclear. Recently, Dilinal (2010) revealed that
single nucleotide polymorphisms (SNPs) in the PCBEBne exhibited

significant associations with wood densityPfradiata. Moreover, although the
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roles of PCBER in wood formation have not been welllerstood, it has been
previously reported that down-regulation of PCBEfRression caused reduction
of the lignin content in the transgenic poplar (Baeet al 2006). These results
indicate that lignan and neolignan, in additiongenes for their biosynthesis,
may play important roles in lignification and sedary cell wall formation.

In plants, especially in the xylem tissues, ligimfy and nonlignifying cells
live in a high concentration of hydrogen peroxidd,@,) environment.
Monolignols are exported to the apoplast and oridliby peroxidases and then
polymerized into lignin. Some monolignols are diired into lignans in the
cytosol. Niculas with his coworker demonstrated,timathe absence of PCBER,
H.O, is consumed by the oxidation of monolignols, prangthe formation of
cysteine adducts (Niculast al. 2014). In addition, Matsuda (2010) with his
coworkers demonstrated that reduced phenylpropaocoigling products are
generally better radical scavengers than nonredoces. Therefore, Niculas
with his coworker suggest that, PCBER might inceettee radical scavenging
efficiency of the cell, and also suggest that wtnenreduced dilignols are radical
scavengers, they must be oxidized back to the PCBHRtrate (Niculast al.
2014). It means, reduced neolignan catalyzed byERC&1zyme could be cycled
back to the original nonreduced neolignan undedatwe conditions. These
reactions forming an antioxidant cycle which consutertain amounts of J@,
to control oxidative balance of cells.

Although genes that encode polypeptides with secpgesimilar to identified
PCBERs are found in the genome/Aofthaliang no functional characterization
studies have been reported thus far in this speai@sder to reveal the main role

of PCBER in plants, we studied one of putative NAD&ependent
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oxidoreductase i\. thaliang whose amino acid sequence is similar to those of

identified PCBERSs from various plant species

1.3 Lignan biosynthetic enzymes i\. thaliana

In A. thaliang two PLR candidate genes have been characteaneldnamely
AtPrR1andAtPrR2 Polypeptides encoded by them could reduce théoRER.
AtPrR1 also could reduce the LR to SLR in the trag®unt, but the reductive
activity of AtPrR2 towards LR could not be detecteditro (Nakatsubcet al
2005). Functional characterizations have been pedd on PCBERS in various
plant species, no studies on putative PCBERA. ithalianahave been reported
so far.

Six genes whose polypeptides are similar to idiedtiPCBERs from other
plant species exist in the genomefofthaliana Among these genes, five genes
(AT1G75280 AT1G75290 AT1G75300 AT1G19540 and AT4G3454) are
documented to be homologs of isoflavone reductag®L& in The Arabidopsis
Information Resource database (https://www.aralsgoprg/). By contrast, the
gene studied in depth in this study4G39230is annotated as a putative gene
for PCBER in The Arabidopsis Information Resoure¢atlase. However, none
of the studies has characterized the biochemigcadtions of the polypeptides
encoded by these genes. In addition, the putatvieip fromAT4G3923Ghows
high amino acid sequence identities (64% to 71%h wihose of identified
PCBERS, including fronk.. corymbulosunandP. taeda In order to elucidate the
in-depth roles of PCBERSs in plant growth and depelent, we characterized the
putative PCBER gené\{4g39230designated\tPCBER) in A. thaliana

To review in more detail wherdtPCBER1expresses, in addition to RT-PCR,
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we fused the 2216 bp &tPCBER1promoter sequence to tiieglucuronidase
(GUS) reporter geneuidA, and observe the blue staining tissues with
5-bromo-4-chloro-3-indolyl-beta-glucuronic acid (X-gluc.) in transgenic plants
carrying this fusion construct.

To investigate the catalytic function of AtPCBERIiecombinant
His-AtPCBER1 was produced & coliand purified by affinity chromatography.
Catalytic properties of His-AtPCBER1 were charazts with three different
substrates, DDC, PR, and LR.

To gain insight into the metabolic mechanisms aiied by AtPCBER] we
analyzed methanol-soluble metabolites prepared filmentransgenic plants in
which AtPCBER1was up- and down- regulated. In addition, for aomhg the
role of AtPCBER1expression in lignification process, we compateel lignin
content profiles of our transgenic plants (with upnd down-regulated

AtPCBERJ to that of wild-typeA. thaliana
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Chapter 2

Expression analysis oAtPCBER1

2.1 Introduction

AtPCBER1exhibits the high similarity of its amino acid segce with those
of identified PCBERs. As mentioned in Chapter RCBER genes are
differentially expressed in various plant tissuespoplar, PCBER was localized
in the woody tissue and mainly in young differettig xylem, xylem
parenchyma, and young differentiating phloem filg&nder Mijnsbruggest al.
2000). Similarly, PCBER was localized in the axaad radial parenchyma cells
of secondary xylem of stems iR taeda (Kwon et al. 2001). High gene
expression was also detected in the stenGofiloba (Chenget al. 2013),
whereas, the high level dPCBER expression was detected in leavesQof
arabica (Brandaliseet al. 2009) and petals of tobacco plants (Drewval. 1992;
Shoji et al. 2002). In addition, expression levels of some PRBEwere
stimulated by fungal infection, exposure to cadmiumechanical damage, and
phytohormone treatment (Sareg al. 2006; Chenget al. 2013). These results
suggest that PCBER plays various roles in plant.

To aim at illustrating the possible roles AfPCBER1gene in Arabidopsis
plant, we performed phylogenetic analysis of amamd sequence of this
enzyme, and expression analysis of the gene irerdiit tissues. In order to
reveal expression profile of the gene planta semi-quantitative reverse

transcriptase-polymerase chain reaction (sqRT-P@it) total RNA prepared
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from different tissues and organs was performederA¢loning of the promoter
region of AtPCBER1and subsequent construction of a fused constritht the
promoter region andidA, coding forp-glucuronidase (GUS), we also performed
histochemical analysis of fused gene expressiotmaimsgenic plants harboring
this gene construct. The expressions have beeyzadhboth under stress and

non-stress conditions.

2.2 Materials and Methods

2.2. 1 Sequence analysis

Sequence information oAtPCBER1was obtained from The Arabidopsis
Information Resource (TAIR). A multiple alignment ®&CBER amino acid
sequences from various plant species was generatdg ClustalW
(EMBL-EBI), and a rooted phylogenetic tree was ¢arted using ClustalW

(http://www.genome.jp/tools/clustalw/). Sequencethad promoter region (2,216

bp) was analyzedn silico for cis regulatory sequences using PlantCare and

PLACE (Lescoet al.2002).

2.2.2 Isolation of genomic DNA and total RNA

To isolate total genomic DNA (gDNA), young rosdtaf tissue was placed in
a microcentrifuge tube containing 200 of freshly prepared extraction buffer
(200 mM Tris-HCI, 250 mM sodium chloride, 25 mM EBTand 0.1% sodium
dodecyl sulfate) and homogenized with a mortar@estle. The homogenized
material was centrifuged and the supernatant witescted in a microcentrifuge

tube. The total DNA remaining in the supernatans peecipitated with
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isopropanol at room temperature. The pellet wase@swice using 70%
ethanol and air dried before elution injd0of sterile distilled water.

Total RNA was extracted from various tissues asmlesd by Tamurat al.
(2014). Briefly, the plants sample was homogenizéd TRIzol® reagent and
then 0.2 mL of chloroform per 1 mL of TRIZOL Reageras added to the
sample. After centrifugation, supernatant was fexnsd to new tube and the
total RNA was precipitate by mixing with isopro@ttohol. Further purification

was performed using an RNeasy Plant Mini Kit (QIAGHOkyo, Japan).

2.2.3 Construction of the promoter-GUS fused constict for generation of
transgenic plants

To generate the vector withdA coding forp-glucuronidase (GUS) under the
control of the promoter oAtPCBER1 the promoter resion (2,216 nucleotides
upstream from the start codon) was PCR-amplifiadguthe two gene-specific
primers (5GCTGCAGAAGCTTGATCTTCCTGACAAGCG-3 and
5-CGGGATCCTTTTAGACTCGGATTTTG-3. Template gDNA was isolated
from rosette leaf of wild-type plants and used REZR amplification of the
promoter. After the partial digestion @tPCBER1promoter withHindlll and
BanH|l and subsequent purification, the CaMV35S promait pBl121was
replaced with theAtPCBER1promoter and fused transcriptionally to coding
region of uidA. The resultant recombinant plasmid was designated
pBl-pAtPCBERL1 Fig. 2-4) and then used for transformation Af thalianaas

described by Tamuret al. (2014).
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2.2.4 Plant materials and growth conditions

Wild-type and transgeni&. thalianaused in this study were all in Columbia-0
background. Growth conditions of plants were regubith previously (Tamurat
al., 2014). Briefly, wild-type and transgenic planeeds were surface-sterilized
with 5% sodium hypochlorite and 0.3% Tween-20, arashed with sterilized
water before sown on 0.8% (w/v) agar solidified Ekirige and Skoog (MS)
medium {Table 2-1) containing 30% (w/v) sucrose, 0.5 mg/L nicotiamd, 100
mg/L mycinositol, 2 mg/L glycine, 0.5 mg/L pyridoxine hyatthloride and 0.1
mg/L thiamine hydrochloride. After the sowing oéthterilized seeds, agar plates
were placed under a 16 h light/8 h dark regime tmmd at 23°C for
approximately 4 weeks. Then the germinated plardsewemoved from the

plates and transplanted into soil.

2.2.5 Expression analysis oAtPCBERL1 using sqRT-PCR

Levels ofAtPCBER1expression were quantified by sqRT-PCR analystalT
RNA was isolated from flowers, stem, rosette leabt, leaf, and silique of
48-day-old wild type plants. Equal quantities aatdRNA (2 ug) were used for
synthesis of first-strand cDNA. Full length CDS wasnplified with
sequence-specific primers (PCBER-F,
5-CGGGATCCGATGACGAGTAAAAGC-3 and PCBER-R,
5-TTGCGGCCGCTTCTGCAGTTAGACATATTGGTTG-3 Semi-quantitative
RT-PCR was performed with ExTaq DNA polymerase && cycles. PCR
products were separated by gel electrophoresis X% agarose gel stained with
ethidium bromide. Transcripts fromctin gene were used as internal standard.

The amplified DNA in the gel was quantified optigddy ImageJ program.
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2.2.6 Histochemical staining for GUS activity
TransgenicA. thaliana plants harboring the promoter-GUS construct were

analyzed by histochemical staining for GUS actiwuging X-gluc. as substrate.
Thirteen-day old seedlings, and flower, stem, aotlep of 48-day-old plants
were immersed in staining solution (50 mM X-glud, mM EDTA, 0.1% Triton
X-100, 50 mM K[Fe(CN)], 50 mM K4 Fe(CNgJ]3H,O, 50 mM phosphate
buffer pH 7.0) and incubation at 37 °C for 24—72Then the staining solution
was removed and the sample was washed with 70%athentil the tissue
cleared. Whole samples were observed under anabpmicroscope (Leica

Microsystems, Tokyo, Japan).

2.2.7 Abiotic stress treatment

Twenty eight day-old plants were used for mechdniwaunding and
ultraviolet (UV) radiation treatments. Mechanicantage was performed by
punching holes in the rosette leaves and theretldatives were incubated under
a 16 h light/8 h dark regime condition at 23°C for 1, 3 and 48 hours.
Ultraviolet light exposure of leaves was perfornea clean bench for 1, 3 and
48 hours. Total RNA was isolated from the treateavés and then used for
RT-PCR analysis. The intact leaves without anysstteeatments were used as

the negative control samples.

2.3Results

2.3.1 Sequence characterization ¢ftPCBER1 gene

AtPCBER1(At4g39230 gene was located on chromosome 4 of Arabidopsis,

25



and contained five exons and six introns. It corg&27 bp CDS and encodes a
polypeptide of 308 amino acid residues with a prtedi molecular mass of 34.7
kDa. The polypeptide contains a conserved NADPHdibop domain,
Gx(X)GxxG (positions 11 to 17), which is also commto other PCBERSHg.
2-1) and PLRs.

At the amino acid level, the sequence of AtPCBERAws high identities
(64% to 71%) with those of previous identified PGBEderived from other
species, including-. corymbulosumand P. taeda also shows high identities
(52%-74%) with those of identified IFRs, but relaly low identities (37% to
44%) with PLRs derived from other species and lolentities with AtPrR1
(38%) and AtPrR2 (37%). Furthermore, phylogenege tanalysis indicated that
AtPCBER1was clustered into the same clade with those eftiied PCBERS
from various speciesd={g. 2-1 and 2-2). Without a doubt, AtPrR1 and AtPrR2
were clustered into the same clade with those efitiied PLRs from various
plant species.

The cis-acting regulatory elements on the cloned promaotgyion were
analyzed by PlantCare (Lescet al. 2002) and PLACE (Higaet al. 1999)
programs. Some of the putative core sequence&$ponse to biotic and abiotic
stimuli such as phytohormones, wounding, and dedtiadr could be found in the
promoter regionKig. 2-3). Predictedcis elements for organ and tissue-specific
expression in pollen and xylem have also been gbdan the cloned sequence.
Although the roles of thesds elements were not fully elucidated in this study,

they likely function in part at least.

26



2.3.2 Expression analysis using semi-quantitativeTRPCR

To investigate expression 8tPCBER1in different tissues, semi-quantitative
RT-PCR analysis was performed using gene-spedaificgss and total RNA from
various tissues of 48-day-old plants. Amplified DIRAm transcripts of the gene
was detected in all of the tissues teste).(2-59. According to digital image
analysis of RT-PCR amplification, the highest espren was shown in whole
flower and then followed by rosette leaf, rootnstesilique and cauline leafFig.

2-5D).

2.3.3 Histochemical analysis oAtPCBER1 gene using promoter GUS fusion
system

In addition to RT-PCR, tissue-specific expressioh APCBER1 was
monitored by histochemical analysis of GUS activitythe transgenic plants
harboring theAtPCBER1promoter fused witluidA coding forp-glucuronidase
(GUS).

The results of the histochemical GUS analysis ofdag-old seedling and
48-day-old flower, stem, and root of the transgehidhalianacontaining the
construct indicated tha&atPCBER1expressed mainly in vascular tissues of the
leaf, root, petal and stem during different develeptal stagesHg. 2-6a, b c,
andd).

In young seedlingsHig. 2-6g, relatively strong expression was observed in
the tissues around the apical meristem in additarotyledon veinsKig. 2-63).

In the root, GUS staining was detected with higbeel in the root meristem and
elongation zone where active cell expansion andgalbon were occurring=(g.

2-6b). In developing flowers oA. thaliang high expression levels were also
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detected in buds, sepals, petals, stigmas and diltsnfig. 2-6¢ and d). In
addition, strong GUS activity was observed in puilelnterestingly, a brindled

staining pattern was observed in stem infloresce(g. 2-66.

2.2.4AtPCBER1 was induced by abiotic stresses

Interestingly, the level of GUS expression markedtreased in the wounding
stem and vascular tissue of leaves adjacent ton#whanical wound site§igQ.
2-7aandb). But no significant increase in fold-expressiauld be detected in
cells surrounding the wound sites. The increaseoression has been also
observed in leaves after UV irradiatidfig.2-7candd). Moreover, as shown in
Fig. 2-7, expression responsible to mechanical wounding @xdirradiation
increased with the treatment time when performiagisquantitative RT-PCR

analysis.

2.4 Discussion

Semi-quantitative RT-PCR analysis revealed that highest expression of
AtPCBER1was detected in flower and followed by rosetté & root. Pattern
of this expression is nearly identical to the digposited in the eFP Browser. In
the eFP Browser (http://bar.utoronto.ca/efp/cgiddip\WWeb.cgi), microarray data
indicate thatAtPCBERis in the highest levels expressed in pollenpfeéd by
flower, shoot apex, hypocotyl, the first node, rant seed.

Furthermore, our GUS staining results adequatelgaled thatAtPCBERL1
was expressed in higher level in shoot ageg.(2-69, hypocotyl Fig. 2-69
and nodeKig. 2-69, although the quantitative analysis for smalltpaf organs

was not performed. To the best of our knowledges th the first report to
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confirm the expression of an Arabidopsis homolog®@BERDby histochemical
analysis of transgenic plants with the promoteraedused tauidA. Results also
indicated thatAtPCBER1was expressed in stem, leaf, and root tissues of
different developmental stages, and tissues sudingrihe apical meristentig.
2-6), as well as in pollens. AndtPCBER1expressed in part of the elongation
area, such as, in hypocotyl as well as in root afféy. 2-6) Mengeset al.
(2002) revealed thaatPCBER1expression was involved in cell division-related
processes. All these results suggest thiirCBER1may have a particular role in
plant growth and development. ClearmPCBER1gene expression level and
ubiquitous locations are a little bit different finothose of other genes for
PCBERSs as mentioned above.

It is clear that, excepPCBER mainly expressed in leaves 6f arabica,
genes for PCBERs expressed in stems in all teskagkspincluding poplar
(Vander Mijnsbrugget al 2000),P. taeda(Kwon et al 2001),G. biloba(Cheng
et al 2013) and tobacco (Dreves al. 1992) as well as in Arabidopsis, although
the expression levels were different upon plantigse In additionPCBERIs the
most abundant gene in poplar woody tissues (Vallijesbruggeet al 2000). It
is predicted thaPCBERmMight be involved in active lignification.

Previously characterized PLR candidate gek&sR1andAtPrR2exhibited
strong expressions in the root and relatively loweapression in the stem
(Nakatsubcet al. 2008). These data were also in accordance withoariay data
in eFP Browser. That is to say, neither of thenresged in flowers as well as in
pollens, or expressed at the detective levdPCBER1 at the high level
expressed in flower organs as well as pollens. & tissue-specific expression

patterns o/AtPCBER1AtPrR1andAtPrR2may be related to their corresponding
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functions in plants.

Previous studies demonstrated thais-acting elements controlled by
transtranscriptional factors are involved in stressuicible gene expressions
(Boteret al.2004; Dubouzett al. 2003). However, except the one of MBS motif,
which considered to be a MYB binding site involvedirought response, we not
found those of potenti@is-acting motifs for ABRE, MYC, and DRE/CRT in the
2016 bp long 5'-upstream sequencAtRCBER1gene.Cis-acting elements for
pollen specific expression, found in the tomlait®2 gene (Bate and Twell 1998),
were identified in the promoter region SfPCBER1(Fig. 2-3). Correspondingly,
our GUS staining results indicate thatPCBER1was high level expressed in
pollen in Arabidopsis. Predicted AC elements folery-specific expression also
could be observed in the promoter regioMt?PCBER1(Fig. 2-3). In accordance
to this result AtPCBER1expression was highly concentrated in vasculaués
of root, petal, cauline and rosette leavem).(2-63 b, ¢, andf). Although this
expression pattern in the stem was not as clean #sese organsAtPCBER1
expression was also observed in the vascular teste stemKig. 2-69.

As mentioned before, PCBER polypeptides have bepaorted as allergenic
pollen proteins (Karamlo@t al. 2001; Jimenez-Lopeet al. 2013) and their
expressions were induced by fungal infection andchaeical injury and
oxidative stresses (Brandaliseal. 2009; Chenget al. 2013). Here AtPCBER1
expression was significantly induced by mechanicabunding and
ultraviolet-light treatment. Interestingly, coms-acting elements that regulate
expression of the gene in response to woundingonsgs were identified within
the promoter region oAtPCBER1 These results, including the analysis of

cis-acting regulatory elements on the cloned premaegion suggest that,
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AtPCBER1lexpression may be also induced by ethylene, seliadid and
pathogen infection and drought stress. Furthermarethyl jasmonate,
gibberellin and auxin may affect transcription leoeEAtPCBER1in Arabidopsis.
Taken together these results indicate #thHRCBER1contributes, at least in
part, toA. thalianabiotic and/or abiotic stress responses, partiularvascular

(xylem) tissue, as shown in other plant species.
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2.5 Tables and Figures

Table 2-1Composition of Murashige and Skoog medium

Major salts
Potassium phosphate (KPIOy) 170 mg/L
Magnesium sulphate (MgS0 7HO0) 370 mg/L
Calcium chloride (CaGl- 2H,0) 440 mg/L
Ammonium nitrate (NENO3) 1,650 mg/L
Potassium nitrate (KN 1,900 mg/L

Minor salts
Ferrous sulphate (FeQ©O7H0) 27.8 mg/L
NaEDTA - 2HO 37.2 mg/L
Boric acid (RBO3) 6.2 mg/L
Cobalt chloride (CoGl- 6H,0) 0.025 mg/L
Cupric sulphate (CuSO 5H0) 0.025 mg/L
Manganese sulphate (Mn$04H0) 22.3 mg/L
Potassium iodide (KI) 0.83 mg/L
Sodium molybdate (N&00QO, - 2H0) 0.25 mg/L
Zinc sulphate (ZnS©7H,0) 8.6 mg/L

Vitamins and amino acid

myaInositol 100 mg/L

Nicotinic acid 0.5 mg/L

Pyridoxine - HCI 0.5 mg/L

Thiamine - HCI 0.1 mg/L

Glycine 2 mg/L
Sucrose 30 g/L
pH 5.8
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Figure. 2-1 Alignment of amino acid sequences of AtPCBER1 (aoasnumber: AY150409) and
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other PCBERs from various species of plants. Cioldicates the structurally similar amino acid
residues as follows: red: A, V, F, P, M, |, L, Wué: D and E; magenta: R and K; green: S, T, YCH,
N, G and Q; grey: others unusual amino acid. Blagk indicates the putative NAD(P)H binding

motif.
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_:: A. thaliana At1g75280
A. thaliana At1g75290
A. thaliana At1g75300
P, trichocarpa PCBER
M. sativa IFR
E F intermedia PCBER1
F intermedia PCBER2
N. tabacum PCBER

[ L. corymbulosum PCBERI
Y L. corymbulosum PCBER2
A. thaliana At4g39230 (AtPCBER1)

{ P, taeda PCBER

— G. biloba PCBER

— A. thaliana At1g19540
[ P, sativum IFR

C. arietinum 1FR
A. thaliana At4g34540

_____,{: A. thaliana PrR1

A. thaliana PrR2

{ L. usitatissimum PLR1

L. perenne PLR
_.{ L. album PLR
L. usitatissimum PLR2
F intermedia PLR

________.l T. heterophylla PLR1

T. heterophylla PLR2
T plicata PLR2

T plicata PLR1

Figure. 2-2 Phylogenetic relationships of NADI-dependent reductases PCBERs (black), F
(blue), and IFRs (green) derived from various pkpecies. ClustalW (Japanese GenomeNet Se
http://www.genome.jp/tools/clustalw/) was used ftne multiple sequence aliment anc
phylogenetic tree construction. The protein segegerior PCBERs, PLRs, and IFRs wobtained
from the National Centre for Biotechnology Inforioat (NCBI) Gene bank. The sequence acces
numbers are as followA. thaliana (At4g39230), AY15049; A. thaliana(At1g75280), AY117175
A. thaliana(At1g75290), BT03310¢A. thalianz (At1g75300), BTO0834EA. thaliana(At1g19540),
BT024779 A. thalianz (At4g34540), NM_11961CA. thaliane (AtPrR1), AY096520 (Nakatsubket

al. 2008);A. thaliane (AtPrR2) BT004406 (Nakatsubet al. 2008);Populus trichocarp (PCBER),
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AJ005803 (Gangt al. 1999b);L. corymbulosunrfPCBER1), EU360968 (Bayindat al. 2008);L.
corymbulosunfPCBER?2), EU360969 (Bayindat al. 2008);P. taedaPCBER1, AF242490 (Gareg
al. 1999b); F. intermedia PCBER1, AF242491 (Gangt al. 1997); F. intermedia PCBER2,
AF242492 (Gangt al. 1997);Nicotiana tabacuniPCBER, AB445398 (Shogt al. 2002);G. biloba
PCBER, KC244282 (Chengt al. 2013); Linum album PLR, AJ849358 (Heimendahl von
Heimendahkt al. 2005);L. usitatissimunPLR1, AJ849359 (Banerjee and Chattopadhyay 2Q010);
corymbulosunPLR1, EU107358 (Bayindiet al. 2008);L. perennePL), EF050530 (Hemmatiet al.
2007); T. plicataPLR1, AF242503 (Fujitaet al. 1999);T. plicata PLR2, AF242504 (Fujitat al.
1999); T. heterophyllaPLR1, AF242501 (Gangt al. 1999b); T. heterophyllaPLR2, AF242502
(Ganget al. 1999b);F. intermediaPLR, U81158 (Dinkova-Kostowvet al. 1996);Pisum sativuniFR,
S72472 (Paivat al. 1994); Cicer arietinumIFR, X60755 (Tiemanret al. 1991); andMedicago

sativalFR, X58078 (Paivat al. 1991).
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GATCTTCCTGACAAGCGTGATGGCTCGAGAATGTCGAATCTCGGGGGAAATTTGCG
ATTATGTTTAACCTTGAGAAGGGTTCAACCAAAATCTGTTGCACGGAGATCAGATTG
GAAAGGAGGGAAGGAGGAAAGATTTGGGGGACGGICCTGTGGTCTAATATTGTCATT
ACCTTGAAAGAACCTTCCACCATTGTACGATGTCTAACTGTAACAGTTTGATAAAGGT
ATGCTCCCGACTCCAATGACATTGGCTTTGTGATGAATTCATAATATTAATTTTGGATT
GATACTTGTTCTGGTATGTCTTGTAACAATGGCATTCAGATATTATCCTGATAGATTA
AGTGTGATGGTATATTTTTGTTGAGATGGGCATTCATAAGTCATGTTCTTAATGTTGC
AGCTTCAAGCTTGAAAATCATATCTGTAAACGTGTACCGGAGCAGCTTGTICTGTTCA
AGATGAAACAAACAACATACGAGGCTTTATTGGATATTGGTATCCAGAACCTAATATA
GATATCTTTTGGAACTTTGGGCTAAGTTATGCAATATATTTCTCTTGTTTCITTGTTGTA
CGACTCTTATGTATGCAAGTATATTGTATGATTAATAGAAACTATGTTACCAGCTGTTT
GTTTAACAAAGATCAAACCAATAACATTTGAAATG TTTGAATTCAAATCTGGTCTCTA
GGTCGGAAAAGTTGATTTACAAAGAAACTTATATGTGATGTTAAACAAGAG A-
IATCAAACGCAGAAGGAAAGAAGCTAGTCTTTACTCCGAGACTGTCGTCTG\AGAG
GCAATTGACTCTCGACTCCCTTTGCCTCCACAGCTTGCTTCTCTGCGACTETTTGA
CAATCCAAACATCTGAAATCAACATACATAAGCTTAAGTTTAGGAGACAGA TGATCA
CCAAATGGAGCTGTAAAGAGCAAATTGAT-CCAGAAATCACAATTTGTAGCAA
GTGTATTCAACAATCTCCTATGAGTGAGTACATGGGGTCTGAAACATTGAAACCAGC
TAAGAGAGTTTATTCGAGGACTAAATCTAAAAAAAAAAAAAAAAAAAAAAA  AAAA
AAAAAAAAAAAAATCTAAGCTATAATAAGAGAGTTGAGAAAGAACCTTTTT GATGGT
CTTTTGGAAACAGGACTTGTGTTCATCCATTGAGGCATGTATAAAGTCATAATGTGA
TCTTTCACGTCCTCAAAGAAAGTGGCATCATCCTTTACCTTCTTCCTACAGAAGTCA
TGGCCGGTTTCGGACTTTGATTTGTCTGGGTCTCCATTTGTACCTGCAAARMATTGA
ACAAGAAATTCAACCCAAGTA-CTTAGCAACCAGAAAATTCATAA TCCCAA

AATGCACATTCAATATTATAAAAGAGTAGAGATAATTGTTTACAAACTAGA ACAAAAA
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CCGAAATGAATCGTCGGGTGTTGTTGTTCAGGTTCAGCAGCACATCCAAARAATAA

AGTACACAATCAAATTGTCAAAGTAGAACCCTAAACAAAAAAAACTCAACG ATTCC

AAACAAAATTCTTTCAAATCCTGAACTGAACATCACCATCCATTATCCGTATCCACCT

AACTACAAGCAAGGAAAGAGATCGAAGAACAAGAATAAGAGCTTCATGATT AATTTT

ACCTCTACGAGATCTTTCAATTCGTCTCCTTCTTCTTCTTCTTCTAAACGSAAGAGG

AGGTTCTAGACTTGTTTAGTTTTAGTAATCAGCTACAACGAGAAGACGCTGITAATCC

TTGCAGAACAAGTGGTGAAAAACGCATCGTTTTATTATAATAATGTTAACA ATATGGG

CCTTTCACGATGGCCCAATAAAAACATTATTACAACGTCTATTAGGATAACAGCCCAC

GTCTCAAAGAAAGTTGAGTCATAAAAAGCCGCCAATTTCACCAACCACGTCTCAACT

TTTGACTAAAAAGTAAACGTAAGTGTTGACTACAGAGGGTATTATTGTCAGATTCTCC

ATAAGCCTCTTCTCTCTCTCTCAGAGTGTGGTGGTTTCATACTATTTATGAAAAGGA
AGCAACGGGTGAGAAGAATTAAAAAGCCGCAATTTTGGGATCATAAGAGTTCTCTTC
TTCATCTGTGATTCATTCCGTTGTTACCCGCCAGGCAC-CGTAC]'ITTTCTC

TCTCCGGCAAAATCCGAGTCTAAAAATG

ATG: translational initiation codon

AC-I| element: restricted expression in xylem

AC-1l element: enhanced expression in xylem; enbarent of petal expression
GCC box: wounding and pathogen responses

TCA element: salicylic acid response element

-t: auxin response
-: response to methyl jasmonate

-: wounding and pathogen responses

lat52 element pollen specific activation

CCGTCC box: meristem specific activation
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ERE motif: ethylene-responsive element
GARE motif: gibberellin-responsive element

: MYB binding site for drought response

Figure 2-3 The cloned sequence of the promoter regioAtfCBER1(At4g39230) and predicted
cisregulatory elementsin silico analyses were performed using the online toolPlahtCare
(http://bioinformatics.psb.ugent.be/webtools/planézhtml/) and PLACE

(http://wvww.dna.affrc.go.jp/PLACE/).
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HindIII BamHI

NPT IT tNOS Promoter region of 474G39230(2216 bp) GUS tNOS

Figure 2-4 Representative structure promote-GUS fusion casset

NPTII: Kanamycin resistence ge

tNOS: Terminatersequence of nopaline synthase ¢ (from the Ti plasmid otAgrobacteriun
tumefacien)

GUS: B-glucuronidase gel, uidA

Hindlll: Restriction enzym, Hindlll, recognition sit

BamHI: Restriction enzyn, BarrHI, recognition sit

40



Flower Stem Rosette Root Cauline Silique

b
0.12

= 0.1 -

>

c

il 0.08 -+

0

0

(]

S 0.06 -~

x

&)

g 0.04 -

s

&) 0.02 | ' '

0 _ T T T T - T
1 2 3 4 5 6
Tissue:

Figure 2-5 Expression profiles 0AtPCBER. in 4&day-old A. thalianeé organ: measured b
semiquantitative R-PCR analysis. Equal quantities of total RNA pg) was isolated fror
48-day-old wild type plant's flowers (1), rosette leaf,(8jem (3), root (4), cauline leaf (5) a
silligue (6). And the genAtPCBER. was amplified with the full length CDS primer paiasd
RT-PCR products were analyzed by 1% ase gel electrophoresis and stained with ethic
bromide. Transcripts ¢ actin gent wereused aghe internal control. a. Sel-quantitative R-PCR
analysis. b. The density of DNA electrophoresisthamas quantified by ImageJ Program. Each v

is the mea of three independent replicates, and error baisaiel SD
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Figure 2-6 Histochemical localization uidA gene expressicdriven by thepromoterof AtPCBER.
a, Seedling with fully developed cotyledcb, root; ¢, flower bud;d, petal;e, stem; ancf, pollen.

Scale bars: 500m (a, b, ¢, and €); 50m (d); 1 mm (f).
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Figure 2-7 Histochemical staining of transgenic plants harmmpthe promoteruidA contruct aftel
mechanical wounding and exposure to ultraviolet tAdiation.a, wounded ster b, wounded leat

¢, ancd, UV-irradiated leaf. Scale bars: 1 mm. Arrows, wounsiégs in stem (a) and leaf (
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Wounding uv
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Figure 2-8 RT-PCR investigation cAtPCBER gene expression in wild type plaitreated witl the
streses Analysis was performewith total RNA prepared from lves of wild-type plants (28 day
old) after wounding or UV irradiation. Mechanicahrdage was performed by punching witl
thumbtack. The total RNA was extracted from leaves before and -, 3-, 1z-h after the stres
treatments.RT-PCR products were separated in 1% agarose gelhencesultant gel was stain

with ethidium bromide. Expression actin was also monitored as an internal stant
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Chapter 3

Catalytic analysis of recombinant AtPCBER1

3.1 Introduction

Both lignans and neolignans are synthesized froenadmonolignols,
coniferyl alcohol. Especially, PR and LRig. 1-2) as lignans and DDC as a
neolignan Fig. 1-3), are composed with similar aryl-dinydrobenzofuasal
diaryl-furofuran rings. PCBER is one of the keywanes for biosynthesis of
8-5-linked neolignans, capable of catalyzing the NAD&#bendent reduction
from various phenylcoumaran type neolignans tactireesponding diphenols.

In previous reports, purified PCBERs and recomtieazymes derived from
cDNAs of PCBER genes from pine, ginkgo, and tobacoald reduce both
DDC and DDDC to DDDDC and TDDC, respectively (Gat@l 1999b; Shoji
et al 2002; Bayindiret al 2008; Chengt al. 2013; Niculaegt al 2014). The
purified PCBERSs could also reduce an 8-8'-linkgddn (PR), as do PLR and
pinoresinol reductase (PrR), although the actwi@g relatively weak compared
to that of DDC (Gangt al 1999b; Bayindiet al. 2008; Niculaegt al 2014).

In Arabidopsis, AtPrR1 and AtPrR2 phylogeneticallgse to those of PLRs
which can reduce PR to SLR via LR from other pkEpdcies. Whereas, the
recombinant AtPrR1 and AtPrR2 tended to show satespreference toward PR
and show only weak or no activity toward LR (Nakdset al 2008). In
addition, it is interesting that the expressionpamy of AtPCBER1was a little
bit different from those of previously charactedagnan reductase genes, as

well asAtPrR1andAtPrR2 TheAtPCBERIhighly expressed in flowers as well
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as pollens.

For a better understanding of the AtPCBHiRdchemical properties, a fusion
protein His-AtPCBER1, including an N-terminal 6xtidine tag, was
overexpressed iB. coliand purified by affinity chromatography. Catalytic
properties of His-AtPCBERL1 were characterized u#imge different lignans
DDC, PR and LR as substrat&snetic analysis of His-AtPCBER1 was

characterized using DDC and PR as substrates.

3.2 Materials and Methods

3.2.1 Cloning of cDNA ofAtPCBER1

Total RNA was extracted from rosette leaves of wyioe Arabidopsis plants
using the method described in Chapte?2.2.Q).

To construct the expression vector for His-AtPCBHRAduction, the coding
sequence (CDS) ofAtPCBER1 was amplified with reverse transcription
polymerase chain reaction (RT-PCR) using total RNAm leaves and
sequence-specific primers (PCBER-F,
5-CGGGATCCGATGACGAGTAAAAGC-3 and PCBER-R,
5-TTGCGGCCGCTTCTGCAGTTAGACATATTGGTTG-3 After synthesis of
first-strand cDNA from isolated total RNA, the CiMas amplified in a reaction
mixture containing 0.2 mM of each dNTPul4 of each primer, and 0.125 units
of KOD FX Neo polymerase (Toyobo Co. Ltd., Tokydhe RT-PCR product
was then subcloned into the expression vector pEHDUwith the nucleotide
sequence for an N-terminal 6x histidine tag) atdite between thBanHI and

Pst sites Fig. 3-1). Accuracy of DNA sequence was confirmed by restm
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enzyme cutting and sequencing analysis. Transforihedoli with the empty

vector (no insert) was used as a nhegative control.

3.2.2 Heterologous expression i&. coli and purification of the recombinant
protein

The recombinant expression vector harboring the A CBER1 construct
was introduced intd. coli strain BL-21(DE3). The recombinant strain, which
was pre-cultured overnight, was inoculated intomD of fresh LB medium
(Table 3-1) at 37 °C. When the optical density (@F) reached 0.6,
isopropylb-thiogalactopyranoside (final concentration 100) was added to
induce expression of the recombinant protein. Aftether 4 h incubation, the
bacteria were harvested by centrifugation at 15,468 for 15 min at 4 °C.
Pellets were resuspended in 6QQ binding buffer Table 3-2, and the
suspensions were sonicated on ice to break the. ddle sonicated cell lysate
was centrifuged at 15,000 rpm for 30 min at 4 °Qd &lis-AtPCBERL1 in the
supernatant was purified by affinity chromatograHis Spin Trap Column, GE
Healthcare Japan, Tokyo). Buffer exchange to rensalts from the solution
containing the purified protein was performed ushmgicon Ultra-15 Centrifugal
Filter Units (Millipore - Merck, Germany). Then thmurified His-AtPCBER1
fusion protein was quantified by the Bradford methesing Bio-Rad Protein
Assay Kit (Bio-Rad Laboratories Inc., CA), with bog serum albumin as the
standard. Purification was confirmed by sodium aytlsulfate- polyacrylamide

gel electrophoresis (SDS-PAGEble 3-2) with a 12.5% polyacrylamide gel.
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3.2.3 Enzymatic assay

Catalytic properties of His-AtPCBER1 were charaetat with three different
substrates DDC, PR, and LR. Enzyme assays wergndgsaccording to Garej
al. (1999b). The reaction mixture (2@Q final volume) contained 20 mM PBS
buffer (pH 7.0), 1.5 mM3-NADPH, 5 mM dithiothreitol, 10Qug/mL of purified
His-AtPCBER1, and various concentrations of threbsgates: DDC, PR and
LR. Reactions were performed at 37°C for 1 h, &rid 12 h for DDC, PR, and
LR, respectively. Each reaction was stopped byragéthyl acetate (50(0L).
After shaking the mixture, the organic layer wasoxered. This extraction
procedure was repeated three times, and the cocthbbnganic phase was
evaporated to dryness. Identification of the remctproducts was performed
using a high performance liquid chromatograph gogip with a mass
spectrometer (LC-MS) as described previously (Tamet al 2014) by

comparison of their MS spectra with those of auticestandards.

3.2.4 Kinetic analysis of His-AtPCBER1

To analyze kinetics of His-AtPCBERL1 toward differenbstrates, we set up a
series of tubes with the same amount of His-AtPCBERd different substrate
concentrations. After a 1 h incubation, the reducproducts were quantified by
LC (LC-2000, JASCO Corporation, Tokyo, Japan) egagdwith a C18 column
(250 mm x 4.6 mm) and UV detector (UV-2075, JAS@@i1national CO., LTD,
Tokyo, Japan), using methanol-water (40:60) witfloa rate of 0.5 mL/min.
Standard curves for each compound were generatédegf@uthentic compounds.

Vmax andK,, were calculated using the Michaelis-Menten equatio
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3.3 Results

3.3.1 Amplification of cDNA of AtPCBER1 and purification of the
recombinant enzyme prepared with the cDNA

AtPCBER1was amplified with RT-PCR and sub-cloned into apression
plasmid pETDuet-1. Then, The fusion enzyme withNaterminal 6x histidine
tag (His-AtPCBER1) was purified by immobilized metgon affinity
chromatography. Distribution of the purified HisPEBER1 in SDS-PAGE
(12.5% polyacrylamide) showed that His-AtPCBER1 vedficiently purified
with the expected size of polypeptidéd. 3-2 lane 3). The crude extracts from
E. colistrain BL-21(DE3) harboring plasmid pETDuet-1 (ngertion) was used

as a negative contrdrig. 3-2,lane 1).

3.3.2 Catalytic analysis of the recombinant AtPCBER

As mentioned above, Catalytic properties of His@BER1 were
characterized with three different substrates, DPR, and LR KEig. 1-5. HPLC
analysis of reaction mixtures revealed that His@BER1 reduced DDCHg.
3-3). Relative weak activity could be also detectedas PR Fig. 3-4).
Although AtPCBERL1 did not reduce LR in the samectiea time as for DDC
and PR, a small amount of a reductive product, SkBs detected when the
reaction time was extended to 12Fig( 3-5. This is the first report to confirm
the catalytic function of a putative PCBERAxfthalianaand its ability to reduce
PR and LR, in addition to DDC.

Further quantitative analysis also confirmed th&-AAPCBER1 exhibited

significant differences of kinetic parameters tadgathese substrateBaple 3-5.
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Reduction activity towards DDC (12.1 nmol mimg") was 18 times higher
than towards PR (0.6@mol miri* mg?). Reduction activity towards LR could
not be determined because it was likely under #tedtability threshold. These
results indicate that AtPCBER1 shows activity agested for PCBERS

identified in the other plant species.

3.4 Discussion

The specific activity Vmay Of recombinant PCBERs toward DDC vary among
flax (0.78 pmol miit mg', PCBER-Lc1), poplar (0.88 nmol minmg?,
PCBER-Popl), pine (1.74 nmol rfirmg?, PCBER-Pt1) (Gang et al. 1999;
Bayindir et al. 2008) and Arabidopgi2.1 nmol mift mg*, AtPCBER1). This
might be due to different experimental conditions fheasurement of specific
activity and/or different original kinetic parameteBased on these results, we
propose thaAtPCBERI1encodes the PCBER Af thaliana

The enantiomer selectivity of AtPCBER1 was not stigated here, enzymatic
analysis indicated that His-AtPCBERL1 reduced ndy @DC (12.1 nmol mirit
mg?), but also PR (0.35 nmol mimmg") and LR with lower levels. It is
obvious that His-AtPCBER1 shows significantly lowefative activity towards
PR (0.35 nmol mim mg?) than those of AtPrR1 (35.5 nmol nilnmg?) and
AtPrR2 (5.9 nmol mirt mg?) (Nakatsubcet al 2008).

As His-AtPCBER1, recombinant PCBERs of flax and lpplso reduced
8-8-linked lignan, in addition to 848inked neolignan, although the substrate
preferences of the polypeptides toward the'-8aBed compounds were variable
between AtPCBER1 and poplar PCBER (Niculaesl 2014). Overlap in the

substrate specificities of PCBER and PLR shoulddsponsible for their close
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phylogenetic relationship and structural similastiof the substrates between

aryl-dihydrobenzofuran and diaryl-furofuran rings.
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3.5 Tables and Figures

Table 3-1Composition of Lysogeny broth (LB) medium

Tryptone 10 g/L
Yeast extract 5g/L
Sodium chloride 10 g/L
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Table 3-2Composition of buffers for histidine-tagged protpurification

Binding buffer (pH 7.4)

Sodium phosphate buffer 50 mM
Sodium chloride 500 mM
Washing buffer ( (pH 7.4))

Sodium phosphate buffer 50 mM
Sodium chloride 500 mM
Imidazole 25 mM
Elution buffer (pH 7.4)

Sodium phosphate buffer 20 mM
Sodium chloride 500 mM
Imidazole 200 mM
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Table 3-3 Compositions of SDS-PAGE gel and loadirguffer

Separating gel composition

30% (w/v) Acrylamide

1.5 M Tris-HCI, pH 8.8

10% (w/v) SDS

10% (w/v) Ammonium persulfate (APS)
N,N,N',N-Tetramethylethylene diamine (TEMED)

12.5% (w/v)

375 mM

0.1% (w/v)
0.1% (w/iv)
0.01% (v/v)

Staking gel composition

30% (w/v) Acrylamide

0.5 M Tris-HCI, pH 6.8

10% (w/v) SDS

10% (w/v) Ammonium persulfate (AP)
N,N,N',N:-Tetramethylethylene diamine (TEMED)

6% (Wiv)

125 mM

0.1% (w/v)
0.1% (w/iv)
0.01% (v/v)

2X Sample buffer

SDS
B-mercaptoethanol
Sucrose

Tris-HCI, pH 6.8

Bromophenol blue

4% (wiv)
10% (v/iv)
10% (w/v)
0.2 M
0.005% (w/v)
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Table 3-4 Compositions of 0.2 M sodium phosphate Eer (pH 5.8—-8.0) used in this study

0.2M NaH,PO, (mL) 0.2 M Na;HPO, (mL) Final pH
87.7 12.3 6.0
68.5 315 6.5
51.0 49.0 6.8
39.0 61.0 7.0
16.0 84.0 7.5
6.8 93.2 8.0
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Table 3-5Kinetic parameters of recombinant AtPCBER1 meaktoward two different substrates.

DDC PR
Km (M) 333 + 24 684 + 39

Vmax (nmol min mg™) 12.1+0.42 0.67 +0.04
Keat (Min™) 0.42 +0.01 0.01 +0.00
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BamHI Pstl

Amp pTI7 lac His-Tag CDS of AtPCBERI (927 bp) tT7

Figure 3-1Representative structt of expression vectdor production o His-AtPCBER1
Amp Ampicillin resistant ger

pT7lac. Hybrid promoter, combird with the T7 promoter (strong promoter from T7 bacterag#)
andlacG, the operatc of lac (lactose) operot

tT7: T7 Terminato

His-tag: The nucleotide sequence ‘N-terminal 6x histidine te
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Figure 3-2 Sodium dodecysulfate-polyacrylamide gel electrophore analysis of protein derive
from transgenicE. coli. Two pg of protein wasloaded it each lane and the gel was stained \
Coomassie Brilliant Blu

Lane 1. Crudprotein: from E. colitransformed with an empvector (pETDue

Lane 2. Crudprotein: from E. colitransformed with pETDuetAT4G3923I

Lane 3. Purified recombinant protein (polypeptigeived from the candidate gene for PCB
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Chapter 4

Analysis of transgenic plants with up- or down-reglated AtPCBER1 gene

4.1 Introduction

Monolignols are assumed to be the common precudgdignins and lignans,
whose biosynthesis pathways also connected withymather secondary
metabolites biosynthesis pathways, such as, fladsnoiosynthesisHig. 1-1).
The mechanisms how these natural compounds caexi&ints remain unknown.
The plausible relationship of them has been preshodiscussed in some studies.
In G. biloba contents of both lignins and flavonols are infloed by the
expression level of PCBER gene (Chemf al 2013). Single nucleotide
polymorphisms (SNPs) iRCBERrelated to wood density & radiata (Dillon
et al 2010). Moreover, down-regulation BEBERexpression induced reduction
of lignin content in transgenic poplar (Boerjahal 2006). Studies have also
shown that reduced expression of another lignasyhnibesis geneAtPrR1,
impacted thickness and distribution of the secondall wall in A. thaliana
(Ruprechtet al. 2011; Zhacet al 2014). These results indicate that lignans and
neolignans, in addition to genes for their biosgsth, may play important roles
in lignification and secondary metabolite accumalat

According to previous references and this studyombinant PCBER
polypeptides could reduce 8-ked neolignan, in addition to 8-8'-linked
lignan, although the substrate preference of thgppptides toward 8-8inked
compounds was variable between AtPCBER1 and otG®HBRs. In addition,

some of previous researches have investigated ahastubstrates of lignan
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biosynthesis enzymes in plants. For instance ax dell culture, content of DDC
4-B-D-glucoside (DCG) decreased and expression letdP@BER increased
simultaneously when elicited by fungal extractst@dtnbreet al 2005). In cell
culture, PLR fromL. albumcatalyzed only (+)-PR into (-)-SLR. In contrast,RP
in L. usitatissimumwhich was different a few amino acid residuesnfrihat of
PLR inL. aloumconverted only (-)-PR to (+)-SLR (von Heimendahal 2005).
Chromatography—mass spectrometry (GC-MS) analysis ttansgenic
Arabidopsis in which the expression of th#°rR1gene was perturbed indicated
that the concentration of the 8-8'-linked lignaiR, Rvas 4.8-fold higher in the
transgenic plants than in wild type plants (Zheioal 2014). In addition,
Nakatsuboet al. suggested that, AtPrR1 and AtPrR2 prefer to redti3é’R in
Arabidopsis plants when chiral HPLC analysis wemrfgemed with hot
methanol extract of transgenic Arabidopsis in whidRrR1 and AtPrR2 genes
were perturbed. Recently, a study revealed thatc&lhked compound coupled
between sinapyl alcohol and guaiacylglycerol (S§&%™°) is a possible
natural substrate of poplar PCBER. By the downagn of PCBER activity in

"ol\was increased more than four times

transgenic poplar, the level of S(8-8Y&
compared to the wild-type. In contrast, the reduciproduct of this compound
was more than seven times less abundant in the sansgenic line (Niculaest
al. 2014).

In our result above, the amino acid sequences BCBER1 phylogenetically
closely related to those of identified PCBERSs, IFRsl PLRs Kig. 2-2). The
highest expression level 8tPCBER1was shown in flower, and vascular parts

of petal, leaf, root and stem, and the expressias wduced by mechanical

wounding and UV irradiation. Furthermore, catalyinalysis indicated that
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His-AtPCBER1 reduced not only DDC (12.1 nmol rifirng?), but also PR
(0.35 nmol mint mg?) and LR with lower levelsTable 3-5. These results
indicated that expression properties AAPCBER1and catalytic properties of
His-AtPCBER1 are a little bit different from thoseother PCBERSs.

To gain further insights into contribution 8tPCBER1gene in plants, we
performed analyses for the metabolites and ligrantents in the transgenic

plants in whichAtPCBER1gene expression was up- and down- regulated.

4.2 Materials and Methods

4.2.1 Plant materials and transgenic selection

Wild and transgenicA. thaliana plants used in this study were all in
Columbia-0 background and the growth conditionsenssime as described in
Chapter 2.

Transgenic Arabidopsis line (stock number Salk-@B32 with a
T-DNA-insertion inAtPCBER1was purchased from the Arabidopsis Biological
Resource Center (OH, USA). We isolated the homozydme using primer
pairs: RB (corresponding to the right border of th&DNA,
5-TCATCTACGGCATTGATTGTG-3), LB (corresponding to the left border of
the T-DNA, B-GTCGACTCCACCATCGAGAATTTCAAG-3), and LBal
(corresponding to the left border of the T-DNA,
5-TGGTTCACGTAGTGGGCCATCG-3. Genomic PCR was performed with
ExTag DNA polymerase (TAKARA BIO INC., Otsu, Japafp identify the
exact position and orientation of the T-DNA in tienome, Sanger sequencing of

the PCR product amplified by LB and LBal was peried after subcloning.
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In order to generate tiiePCBERlover-expression construct, full-length CDS
of AtPCBER1was inserted into plant expression plasmid (pBFBg resultant
recombinant plasmid was named pBF-AtPCBERify.(4-1), andAgrobacterium
tumefaciensvas transformed by this plasmid, and then the TADBgion was
introduced into Arabidopsis as described by Tanetii@. [1]. Introduction of the
transgene constructs into genomes of the transgeaits were confirmed by
genomic PCR and RT-PCR. Wild-type Arabidopsis (geetColumbia-0) was

used as the negative control for all experiments.

4.2.2 Metabolomic analysis of wild-type and transgec plants

Plants sample preparation and subsequent analyses performed as
described previously (Tamued al 2014) and briefly as follows. Organ samples
(stems, roots, and flowers) from 48-day-old plamse freeze-dried and used for
extraction of metabolites. The samples (each froor fndividual plants) were
extracted with 50uL of 80% methanol containing 2.5M lidocaine and
10-camphorsulfonic acid per mg dry weight and aredyby LC-QTOF-MS (LC,
Waters Acquity UPLC system; MS, Waters Xevo G2 @-Tdalues ofm/zwere
set for precursor ions ([M+H]Jor [M-H]), and then, we searched for matching
value of references with tolerance 0.01 Da. Fordigstandards, we searched for

matches with retention time values with toleran&erin.

4.2.3 Quantification of lignin in stem
Lignin content was measured quantitatively using dlcetyl bromide method
according to Kajitaet al (1997) and Kim et al (2014). Briefly,

methanol-extracted cell residue (5 mg) was incubate70°C for 30 min after
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25% acetyl bromide (v/v in glacial acetic acid) eeadded. After complete
digestion, the sample was mixed with 0.9 mL of 2NdOH, 0.1 mL of 5 M
hydroxylamine-HCI, and a volume of glacial acetadasufficient for complete
solubilization of the lignin extract (total 50 mL)he absorbance of the resultant
mixture was measured at 280 nm and lignin conteete represented as g lignin

g ' cell wall ) value obtained as 23.35 g'lcm ( Kim et al 2014).

4.3 Results

4.3.1 Metabolomic analysis of wild-type plants antransgenic plants

The transgenic Arabidopsis line, in whislPCBERwas disrupted by T-DNA
insertion, was generated. The first step, PCR aimlwere performed using
primer pairs described in Materials and MethodswifA RP and LBal with RP).
Genomic DNAs of transgenic plants and wild typengdawere used as PCR
template. At this step, we could select the transgeomozygous knock-outed
lines successfully by using their genomic DNAsamsjilate to perform PCR. In
which there was no PCR product when using primésgde and RP, whereas
expected PCR products were obtained when usingeprpairs LBal and RP.
This result confirmed T-DNA insertion in#dtPCBER1of the genomeHowever,
when performing RT-PCR analysis with these tranggplants, trace amount of
AtPCBER1were detectedHig. 4-2). It is may be due to the fact that the T-DNA
insertion is into an intron, and a small percentaig@sertions in introns produce
a reduced level of wild type transcript, the rest spliced out with the intron
sequence. The same phenomena also occurred iropsesiudies (Xuet al

2012). The transgenic Arabidopsis lines, in wiWtRCBER1was up-regulated,
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were successfully selected by RT-PCR method. Ttrassgenic plants exhibited
no significant phenotypic and apparent differenagth wild-type plants Fig.
4-3).

With the aim to gain insight into metabolic meclsams controlled by
AtPCBER1gene, we analyzed methanol-soluble metabolitesapeepfrom the
48-day-old wild-type andAtPCBER1 up- and down-regulated plants. The
metabolomic profiling of these transgenic plants swperformed using
LC-Q-TOF-MS with negative and positive ion modes. dositive ion mode,
there were 1757, 1422 and 1097 unique compounds detected in flower, root
and stem samples, respectively. And there were ,104085, 657 unique
compounds were detected in flower, root and stempsss respectively when
using negative ion mode. Principal components amal{PCA) of all detected
components in stenF{g. 4-4a b, c, andd) and root Fig. 4-4¢ f, g, and h)
revealed significant variation in contents betwedd-type and transgenic plants,
however, no evident differences were observedowdts Fig. 4-4i, |, k, andl)..

Chemical assignment of the detected components pe$ormed by
comparing mass spectra with those of compoundsqugly documented in the
literature (Songet al 2005; Tohgeet al 2005; Boéttcheret al 2008;
Yonekura-Sakakibarat al 2008; Morreelet al 2014) and listed in databases
KNApSACcK (http://kanaya.naist.jp/KNApSAcK/)(Afendit al 2012).

We identified 36 independent components most ot thare secondary
metabolites at MSI level 2 (Sumnet al. 2007) with MS/MS analysisTéable
4-1). Among these components, levels of 9, 14, andcdmponents were
significantly altered in flower, stem, and rootupf- and/or down-regulated plants

compared to the wild-type plants.
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LR hexoside, a major lignan in Arabidopsis plantas detected in all samples,
and was markedly elevated in roots AfPCBER1 down-regulated plants.
Although a neolignan, guaiacylglycerol @4-feruloyl malate ether, tended to
be elevated in flower and reduced in stem andabtransgenic lines, only levels
in the root of down-regulated plants were signiiiceompared to the wild-type.

Unfortunately, DDC, PR, and related neolignan agdan components were
not identified in extracted metabolites at MSI le2eand were below detectable
levels as reported in our previous study (Tanairal 2014).

Interestingly, content of several flavonoids agllicosinolates were also
altered. Four cyanidin derivatives could be idemdifonly in the root and they
were reduced in transgenic roots. Some of kaemipder quercetin derivatives
were decreased in the root of down-regulated pmistended to be increased in
flower and stem of down-regulated plants. Some agumlates such as
8-methylsulfinyloctyl glucosinolate and glucoraphmanvere also tended to be
increased in stem and root of transgenic plants.

In addition to all the compounds mentioned abdkie, coumarin scopoletin,
hydrophobic amino acid, valine, and the common arymmetabolites, citric acid
(or isocitric acid), are also altered in contemtghe transgenic plants compared
to the wild type plants.

Nevertheless, these results indicate that AtPCBRIRys an important role in

the biosynthesis of secondary metabolitea.ithaliana

4.3.2 Measurement of lignin contents toward wild-tge plants and transgenic
plants

Stems of 56-day-old wild type plants and transggulents were used to
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quantifying lignin content, as shown kig. 4-8 lignin contents in cell wall
measured by acetyl bromide method using wild-tydants, AtPCBERL1
up-regulated plants anftPCBER1down- regulated plants, respectively. There
were no significant differences in lignin contebetween wild-type plants and

transgenic plants.

4.4 Discussion

PCBER is an NADPH-dependent oxidoreductase anduaiatrenzyme for
lignan biosynthesis in plants. In order to revéw potential role oAtPCBER1
gene expression in Arabidopsis, methanol extraots flower, stem and root of
transgenic and wild type plants were identifiedngsLC-QTOF-MS. In our
metabolomic analyses, structures of 36 componeetg wesolved by MS/MS
analysis (able 4-1).

Interestingly, almost one third of these componetsivatives of kaempferol,
guercetin, and cyanidin were flavonoids. Accordioghe data shown imable
4-1,these flavonoids decreased and increased in PGRERNd down-regulated
plants, respectively. In a previous study, Chezigal (2013) analyzed the
relationship between annual changes of flavonoittesds andGbIRL1 (a gene
for PCBER inG. bilobg expression in leaves. Their levels, while not ptately
synchronous, showed a close positive relationgrigviously, several researches
have indicated that the flavonoids were accumulatier UV-light irradiation
(Caldwell et al 1983; Krizek et al 1998). Interestingly, theAtPCBERL1
expression was also stimulated by UV light irradiat These results suggest that,
AtPCBERlexpression and/or lignan biosynthesis somehow hlence on the

flavonoids biosynthesis. As shown iRig. 4-5 flavonoids are initially
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biosynthesized frorp-coumaroyl CoA, which is synthesized from phenyiaie,
an aromatic amino acid, by phenylpropanoid synthedithway. In the results of
our metabolomic analyses, the flavonoids, espgckdempferol and quercetin
derivatives decreased and increased in PCBER up-dawn-regulated plants.
Thus, we made the presumption that LeveAt?CBER1expression may have
an impact on adjacent metabolic pathway. Kaempfdewid/or quercetin)
derivatives conversion may be directly catalyzedAtpCBER1. To reveal the
second possibility, catalytic properties of His-&BPER1 towards flavones were
measured using four different flavones derivatives substrates, including
kaempferol, quercetin, kaempferol OFf-D-glucoside and quercetin
3-p-D-glucoside. Results of LC-Q-TOF-MS analysis adagon mixture indicate
that, two new peaks were observed in reaction mextunly when quercetin was
used as substrate. The two compounds were botedeaitthe retention times
near the retention time of authentic quercefig.(4-6). We further analyzed the
compounds of both peaks by MS/MS analysigy( 4-7). Results indicate that
none of them are in accordance with the autheoticpounds that reduced forms
of quercetin. In addition, based on the comparisbfragmentation pattern of
these candidate reaction products with substratercgtin Fig. 4-7), both
candidate reactants 1 and 2 were considered toeberated by enzymatic
reaction catalyzed by AtPCBERL1. These results sighat quercetin could be
converted or modified in other ways by AtPCBER1yene.

As mentioned in Chapter 1, aromatic amino acidspaoeluced through the
shikimic acid pathway, and as shownHig. 1-1these aromatic amino acids are
partly involved in glucosinolate biosynthesis aedd to accumulate the aromatic

glucosinolates. In our metabolomic analysis, exdeptthe flavonoids, some
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glucosinolates, such as aromatic glucosinolateopassicin, were quantitatively
altered in transgenic plants. Similar results walgo reported in transgenic
Arabidopsis harboring a bacterial PLR gene (Tanetiral 2014). It is suggested
that the expression level of lignan biosyntheticege may have impact on
glucosinolates accumulation.

Except for several flavonoids, the changing trend ai characterized
compounds inTable 4-1 was varied in flower, root and stem. These results
suggest thatAtPCBERL1 expression level or lignan biosynthesis may have
different impact on different plant organs.

It has been investigated that 8Bked neolignans are abundantly present in
tracheophyte plants and woody tissues of varioeg species (Weng and
Chapple. 2010; Davin and Lewis. 2003; Holmbetral 2003; Kwonet al 2001;
Ribeiroet al. 2005), and that DDC and its derivative compou»RDC, appear
in many plants species, such as pine (Nas#E 1995) and tobacco (Binret al
1987), whereas, DDC accumulated in small amounisaves ofC. japonica(Su
et al 1995). In flax stem, IDDDC hexoside was detectedither inner or outer
stem tissues but IDDDC was not. In addition, Nakiatset al. suggested that
treating with glucosidase might increase the ektracefficiency of lignans. In
our metabolomic results, DDC and the derived comgswvere not detectable in
all samples. This may be due to the small levedterice of DDC in Arabidopsis.

It is also possible to think that DDC or derivedmpmunds may present in
complex-glucosylated form in Arabidopsis.

It is significantly that the lariciresinol hexosidend 80-4' type lignans
quantitatively increased iIAtPCBER1down-regulated plants, as well as some

flavonoids and glucosinolates. It suggests thatC&PR1 may have no catalytic
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functions towards 8-8'-linked lignans and thaPCBER1down-regulation may
facilitate the other oxidative reactions, such dsR{dependent oxidative
reactions. And it is from another standpoint tinatreasing of 8-4' type lignans
may imply the role of AtPCBER1 in lignin accumutati However, the lignin
contents in transgenic plants were not alteFeg. 4-9).

As mentioned above, it is had been confirmed thetels of PCBER
expression in plant tissues and an intronic SNigsimucleotide sequence could
influence the lignin biosynthesis and wood dengiBillon et al. 2010),
respectively. Cheng et al. (2013) indicate thatligr@n content exhibited a linear
correlation with the level of GbIRL1 transcript (R20.517) in various organs of
ginkgo. The investigation of relationships betwestem hypolignification and
phenolic accumulation in stem af. usitatissimumsuggested that PLR and
PCBER abundantly existed in flax inner stem tisstlesir data also suggested
that MYB transcription factors might be regulate malignol production and
lignin polymerization as well as neolignans dimetian (Huiset al 2012). In
addition, a gene encodes the pinoresinol reducdBeR1 in A. thalianaand
highly co-expressed with cell wall biosynthesis ggnLoss of function of
AtPrR1gene in Arabidopsis could influence content ofiligand shape of xylem
cell (Ruprechet al.2011; Zhacet al.2014). As shown ifrig. 4-8 no differences
could be detected in lignin content between wilpetyand the transgenic plants in
our result, suggesting th&tPCBER1has no significant role regulating lignin
levels inA. thaliana.Here, we constructed co-expression network&tBCBER1
by using gene co-expression database, ATTED-}.(4-9. AtPCBER1was
directly co-expressed with the cinnamoyl CoA redset gene, ARM repeat

superfamily protein gene (important in transducidMgNT signals during
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embryonic development) and with LYS/HIS transporfergene (amino acid
transmembrane transporter gene). In additigtPCBER1 was closely
co-expressed with genes involved in biosynthesiseabndary metabolite&i().
4-9, marked with red ball), phenylpropanoid metabolisig( 4-9 marked with
yellow ball), starch and sucrose metaboligfig( 4-9, marked with green ball),
and cyanoamino acid metabolisiFid. 4-9, marked with blue ball). This result
again emphasizes the importance APCBER1 gene in biosynthesis of
phenylpropanoids as well as other secondary metesol

Moreover, quantities of scopoletin (one of coumgyiandL-glutathione were
significantly influenced byAtPCBER1down-regulation Table 4-1), suggesting
that, AtPCBER1expression might influence the other enzymaticcgsses for
formation of secondary metabolites. This phenomealso was observed in
metabolomic analysis dPCBERdown-regulated transgenic poplar reported by
Niculaes et al. (2014) and metabolomic analysis of transgeAicthaliana
overexpressing bacterial pinoresinol reductase geperted by Tamurat al.
(2014).

Taken together, all results indicate that, AtPCBE®R& crucial enzyme iA.

thalianaand have a considerable role in formation of sdapnmetabolites.
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4.5 Table and Figures

Table 4-1 Untargeted metabolomic analysis of the wild-tgpe transgenic plants in whigtiPCBER1was up- or down-regulated.

Flower Stem Root
Fold change? Fold change Fold change
Detection 'z Assigned compound Up-regula | Down-reg | Up-regula | Down-reg | Up-regula | Down-reg | Reference
mode ted plant ulated ted plant ulated ted plant ulated S
plant plant plant
268.1048 | Adenosine 1.23 0.99 0.31 0.14 0.69 0.53 a
202.1267 | 9-(Methylsulfinyl)nonanenitrile 1.04 1.40 1.97 221 3.20 4.17 a
Positive | 188.1109 | 8-(Methylsulfinyl)octanenitrile 1.36 1.14 0.58 0.46 1.07 1.67 a
ion mode | 202.1266 | 9-(Methylsulfinyl)nonanenitrile 1.34 1.12 0.56 0.48 1.11 1.62 a
757.2192 | Quercetin 39-[6"-O-(rhamnosyl) glucoside] 0.84 1.24 0.62 1.65 0.65 0.57 b
7-O-rhamnoside
741.2241 | Kaempferol 30-[6"-O-(rhamnosyl) glucoside] 0.86 1.09 0.79 1.37 0.73 0.66 b
7-O-rhamnoside
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Positive

ion mode

611.1615 | Quercetin 39-glucoside 70-rhamnoside 0.80 1.16 0.74 2.88 0.91 0.88

595.1665 | Kaempferol 30-glucoside 70-rhamnoside and 0.85 1.19 0.79 1.88 0.73 0.61
Quercetin 3-O-rhamnoside 7-O-rhamnoside

625.1769 | Isorhamnetin 32-rhamnoside ©-glucoside 0.87 1.12 0.84 2.83 0.63 0.46

579.1716 | Kaempferol 30-rhamnoside ©-rhamnoside 0.88 1.13 0.76 1.41 0.54 0.57

743.2051 | Cyanidin 30-[2"-O-(xylosyl) glucoside] 59-glucoside ND ND ND ND 0.28 0.24

829.2047 | Cyanidin 30-[2"-O-(xylosyl) glucoside] ND ND ND ND 0.24 0.20
5-O-(6"-O-malonyl) glucoside

1137.2930| Cyanidin 30-[2"-O-(xylosyl) 6"-O-(p-O-(glucosyl) ND ND ND ND 0.23 0.41
p-coumaroyl) glucoside] ®-[6"'-O-(malonyl) glucoside]

975.2394 | Cyanidin 30-[2"-O-(xylosyl)-6"-O-(p-coumaroyl) ND ND ND ND 0.35 0.43
glucoside] 50-malonylglucoside

118.0867 | Valine 1.10 0.98 1.41 1.59 2.00 2.63

193.0502 | Scopoletin isomer 0.97 1.22 1.11 2.94 1.13 1.60

193.0500 | Scopoletin 1.19 0.92 0.26 0.33 0.73 0.72
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287.0557 | Kaempferol 0.76 0.89 ND ND 0.35 0.39
308.0920 | L-Glutathione ND ND 2.37 4.47 1.32 1.07
447.0529 | Glucobrassicin 0.93 1.31 1.76 2.45 1.45 2.09
477.0636 | 4-Methoxyglucobrassicin 0.59 0.98 0.80 0.63 1.20 101.
477.0637 | Neoglucobrassicin 0.98 151 2.87 1.76 1.19 1.45
338.0875 | 6-hydroxyindole 3-carboxylate hex 1.24 0.84 0.56 660. 0.83 0.78
755.2034 | Quercetin 39-[2"-O-(rhamnosyl) glucoside] 0.76 1.22 0.68 1.38 0.64 0.55

Negative 7-O-rhamnoside

ion mode | 577.1556 | Kaempherol 39-rhamnosyl 70-rhamnoside 0.86 1.09 0.79 1.30 0.54 0.58
385.1134 | cis-sinapoyl glcoside drans-sinapoyl glcoside 0.51 1.28 4.19 331 1.01 1.54
521.2026 | Lariciresinol hexoside 0.72 0.81 1.00 1.57 1.23 2.15
339.0715 | cissinapoyl malate drans-sinapoyl malate 0.92 1.15 1.24 1.38 1.09 1.42
505.1346 | Guaiacylglycerol 864 feruloyl malate ether 1.21 1.29 0.31 0.86 0.60 0.48
500.1406 | 6-hydroxyindole 3-carboxylate dihex ND ND ND ND 0.9 0.80
551.1770 | Guaiacylglycerol 864 ferulic acid ether hexoside ND ND ND ND 1.21 .4
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Negative

ion mode

450.0563 | 5-Methylsulfinylpentyl glucosinolate 0.79 1.33 1.85 3.05 1.06 1.83
191.0190 | Citric acid or Isocitric acid 1.14 1.01 1.02 1.52 3.77 2.35
191.0189 | Citric acid or Isocitric acid 1.09 0.98 171 3.26 1.70 1.29
436.0405 | Glucoraphanin 0.74 1.14 1.56 2.80 1.12 1.47
420.0456 | Glucoerucin 0.61 1.48 0.83 1.02 1.34 3.93
492.1029 | 8-Methylsulfinyloctyl glucosinolate 0.98 1.49 211 2.51 2.43 4.97
476.1079 | 8-Methylthio-octyl glucosinolate 0.75 3.49 2.37 0.9 2.52 2.24

Five or six biological replicates prepared fromteacgan (stem, root and flower) were analyzed.célinponents have been identified at MSI level 2

based on the descriptions developed under the Mietaiics Standards Initiative (Sumretral 2007).

% Mass and mass/mass spectra of each detected centyogre compared with data observed in the follgweferences: a, Bottcheral (2008); b, Tohge

et al. (2005); c, In house database; d, Moetedl (2014); e, Songt al (2005); f, MassBank Japan; g, RIKEN tandem mpsstsal database (ReSpect),

Riken, Japan.

® Fold changes of signal intensity were calculatét each transgenic line versus the wild-type. Ratagiven as the arithmetic average of five or six
independent experiments with five or six biologimglicates. Significant differences were assebgetukey’'s HSD testR < 0.05). Bold font indicates a

significant difference between the wild-type arahsgenic line. ND, not detected.
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BamHI Xhol

NPT IT tNOS p3sS CDS of AtPCBERI1 (927 bp) tNOS

Figure 4-1 Expressiorcassett of expression vector for over expressiotAtPCBER. gene in plan
tNOS: nosterminato

p35S cauliflower mosaic virus (CaMV) 35S promc

BamHiI: restriction enzyn, BanHI, recognition sit

Xhol: restriction enzyrr, Xhd, recognition sit
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Up-regulated Down-regulated
WT plants plants

Actin

Figure 4-2 Analysis of AtPCBER. transcripts in wil-type (WT) antAtPCBERup- and dow-
regulated plants by F-PCR. The same amois of RNA (2 ug) wereisolated from rosette leaves
48-day-old wild-type and the transgenic plants. The-length CDS ocAtPCBER1was amplified
and R71-PCR products were analyzed by gel electrophoresis/o agarose and stained w

ethidium bromide
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Figure 4-4 Principal component analysis (PCA) of metabolitetedted in untargeted metabolomic analysis of ftofrem wild-type andAtPCBER1up-
and down-regulated plants. e andi (score plots) and, g andk (loading plots) were detected with negative iorde® and, f andj (score plots) and, h
and| (loading plots) was detected with positive ion m®dThe annotated components indicate the signifidéferences between wild type plants and

transgenic plants. The analysis was performed fivighor six independent biological replicates fack organ.
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Chapter 5
Final conclusions

Several genes that encode polypeptides with seqaesimilar to previously
identified PCBERs are found in the genome Af thaliang no functional
characterization studies have been reported thus feénis species. In order to
reveal the main role of PCBER in plants, we studmoe of putative
NADPH-dependent oxidoreductase (At4g39230, name®CBER1) in A.
thaliana, whose amino acid sequence is similar to thoselafitified PCBERs
from various plant species.

The AtPCBER1 polypeptide contains a conserved NADfding domain,
Gx(x)GxxG (positions 11 to 17), which is also commto other PCBERS, PLRs
and IFRs. At the putative amino acid level, theuseges of AtPCBER1 shows
high identities (64% to 71%) with those of previodsentified PCBERs derived
from other species, also shows high identities (52%®) with those of identified
IFRs, but relatively low identities (37% to 44%)twiPLRs derived from other
species.

Expression analyses #itPCBER1by reverse transcriptase-polymerase chain
reaction and histochemical analysis of transgefd@atp harboring the promoter
region of AtPCBERllinked with uidA coding sequence indicated that expression
Is induced by wounding and UV irradiatiokig. 2-7 and 2-8) and AtPCBER1
was expressed in most organs, including flowemsteaf, and root.

Interestingly, In the putative promoter region AIPCBER] some of the
putative core sequences for response to biotiabmatic stimuli could be found,
including cis-acting motifs for auxin response, wounding andipgén responses,

drought response, and pollen and meristem speatiiovation. In addition,
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methyl jasmonate, ethylene and gibberellin respenglement also could be
found in the promoter region tPCBER1(Fig. 2-3). Correspondingly, our
GUS staining results indicate thatPCBER1was high level expressed in pollen
(Fig. 2-6d) and vascular tissues of root, petal, cauline arsette leavesHg.
2-6a b, c, andf). Although this expression pattern in the stem natsas clear as
in these organAtPCBER1expression was also observed in the vascularetissu
of the stemFig. 2-69. And AtPCBER1expressed in part of the elongation area,
such as, in hypocotyl as well as in root apeéig.(2-6). FurthermoreAtPCBER1
expression was significantly induced by mechanicabunding and
ultraviolet-light treatment. Although the roles ois elements were not fully
elucidated in this study, these results suggedt tihe cis-acting regulatory
elements on promoter region likely function in patrteast.

PCBERSs, including purified polypeptide from plargsties and recombinant
enzymes derived from other plant species indidad substrate preferences of
the PCBER toward the 8-~@and 8-8linked lignans are variable upon plant
species. In this article, we firstly isolated atahed AtPCBER1from A. thaliana
and successfully purified AtPCBER1 as a fusion girotvith an N-terminal 6x
histidine tag. According to previous research (Gangl 1999b; Bayindiret al
2008) and result of this study, the specific atggi (Vo) Of recombinant
PCBERs toward DDC vary among flax (0.78 pmol thimg®, PCBER-Lc1),
poplar (0.88 nmol mih mg*, PCBER-Popl), pine (1.74 nmol rilinmg",
PCBER-Pt1) and Arabidopsis (12.1 nmol thimg®, AtPCBERL). This might be
due to different experimental conditions for measuent of specific activity
and/or different original kinetic parameters. Basaul comparison of these

catalytic properties, we concluded thAtPCBERI1At49g39230 encodes the
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PCBER of A. thaliana In addition to tissue-specific expression pattem
PCBERs and comparison of these kinetic paramefePRC8ERs from various
plant species suggest that PCBER play various molglsinta.

The natural substrate of PCBERAnthalianaor in other plant species has not
been fully characterized. Put in another way, thacerole of PCBER in plant
still remain unclear. To investigate further, wefpamed metabolomic analyses
of transgenic plants in which the target gene wau down- regulated.

The transgenic plants in which the geAPCBER1was up- or down-
regulated show normal phenotype. In our metabol@nalyses, structures of 36
components were resolved by MS/MS analysiable 4-1). Levels of 31
components were significantly different between wikl-type andAtPCBER1
up- and/or down-regulated plant3able 4-1). Interestingly, 12 of the 31
components, derivatives of kaempferol, quercetnd, @/anidin were flavonoids.
Also, results indicate that significant changethim levels of glucosinolates were
detected iPAtPCBER1up- and/or down-regulated transgenic plants coeth&y
the wild-type Table 4-1).

It is significantly that the lariciresinol hexosidend 80-4' type lignans
guantitatively increased iAtPCBER1down-regulated plants. It suggests that
AtPCBER1 may have no catalytic functions toward$-8aked lignans and that
AtPCBER1down-regulation may facilitate the other oxidatreactions, such as
PLR-dependent oxidative reactions. And it is fromother standpoint that
increasing of 89-4' type lignans may imply the role of AtPCBERL1 lignin
accumulation. However, the lignin contents in tgersc plants were not altered
(Fig. 4-8). Unfortunately, DDC and the derived compoundsensot detectable

in all tested samples. This may be due to the sleadll existence of DDC in
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Arabidopsis. It is also possible to think that D€ derived compounds may
present in complex-glucosylated form in Arabidopsis

As mentioned in Chapter 1, biosynthesis of someaginolates is closely
related to aromatic amino acids metabolites. Inroatabolomic analysis, some
glucosinolates, such as aromatic glucosinolate c(iitassicin), were
guantitatively altered in transgenic plants. Itsisggested that thAtPCBER1
expression level may have impact on glucosinolatesimulation.

In addition, quantities of scopoletin (one of coums) and L-glutathione were
significantly influenced byAtPCBER1 down-regulation Table 4-1), it also
suggested thatAtPCBER1 expression might influence the other enzymatic
processes for formation of secondary metabolitdss phenomenon also was
observed in metabolomic analysis BEBERdown-regulated transgenic poplar
reported by Niculaest al. (2014) and metabolomic analysis transgeAic
thaliana overexpressing bacterial pinoresinol reductase geported by Tamura
et al.(2014).

Except for several flavonoids, the changing trenid ai characterized
compounds inTable 4-1 was varied in flower, root and stem. These results
suggest thatAtPCBERL1 expression level or lignan biosynthesis may have
different impact on different plant organs.

Among these components, derivatives of kaempfardl guercetin decreased
and increased in PCBER up- and down-regulated laespectively. It is well
known that, flavonoids are the stress responsibiepounds in plants, such as,
response to UV-irradiation. Interestingly, tA¢PCBER1expression was also
stimulated by UV light irradiation. These resultaggest that,AtPCBER1

expression and/or lignan biosynthesis somehow hdkeence on the flavonoids
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biosynthesis. In addition, based on linear con@tabf ATPCBER1expression
level and flavonoids contents, we made the presomphat conversion of
kaempferol (and/or quercetin) derivatives may beedlly catalyzed by
AtPCBER1. And this possibility was determined byings four different
flavonoid derivatives as substrates. As showRim 4-6 and4-7, the quercetin
could be converted or modified in other ways by @BER1 enzyme. These
results also suggest the possibility tRdPCBER1gene involved in flavones
biosynthesis.

Taken together, all results indicate that, AtPCBE®R& crucial enzyme iA.

thalianaand have a considerable role in formation of sdapnmetabolites.
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