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Zusammenfassung

Die Erdbeere Kragaria x ananassa)zahlt zu den weltweit am haufigsten konsumierten
Obstarten. Die Friuchte sind jedoch sehr leicht verderblich und kénnen nur kurze Zeit
gelagert werden. Wenn die Frucht vollstédndig entwickelt und reif ist, tritt infolge der
Verflussigung und Depolymerisatiater Zellwandkomponenten ein Verlust der Festigkeit
ein. Lignin, ein phenolisches Polymer, ist mit Cellulose und Hemicellulose in der Zellwand
assoziiert. Zimtsaur€oA Reduktase (CCR), Zimtalkohol Dehydrogenase (CAD) und
Peroxidase (POD) sind Enzyme desrMlignolBiosyntheseweges und damit an der Lignin
Bildung beteiligt. Der Ligningehalt und die Zusammensetzung der Zellwandpolymere
konnen die Festigkeit der Frucht beeinflussen. Kenntnisse der Eigenschaften der
korrespondierenden Gene konnten das Versidndler Lignin Synthese in Friichten
verbessern, zu einer verbesserten Erdbeerqualitat fihren und die Haltbarkeit von frischen
Frichten auf dem Markt verlangern.

In der vorliegenden Arbeit wurden die vollstandigen kodierenden Sequenzbereiche von
FaCCR FaCAD, FaPOD und FaPOD27aus der reifen Frucht kloniert. CCR (EC 1.2.1.44)
ist das erste Enzym des Monolignol Biosyntheseweges. Durch die Reduktion von
Kaffeesaure, p-Cumarsaure und Ferulasaur€oA mittels CCR entstehen die
korrespondierenden Hydroxyzieltlehyde. Phylogenetische Analysen zeigten, dass FaCCR
ein Mitglied der CCRFamilie ist. In der Proteinsequenz von FaCCR liegen das konservierte
NWYCY Motiv und die NAD/NADP(H) Bindestelle vor. Der vollstandige kodierende
Sequenzbereich voraCCR wurde heg¢rolog in Escherichia coliexprimiert, um die
biochemische Funktion zu untersuchen. Das rekombinante FusionsproteiraGER
weist eine maximale Aktivitat bei pH 6 in einem Natriumphosphat Puffer bei 25°C auf und
setzt bevorzugt das Substrat Ferulas&oé@ um. Die Umsetzung eines Substratgemisches
(Kaffeesdure, p-Cumarsaure und Ferulasaur€oA) durch GSTFaCCR zeigte, dass die
Effizienz der Umsetzung von Ferulas&@eA (100%) deutlich hoher ist als die der beiden
anderen Substrate Kaffeesa@eA (3,2”6) undp-CumarsaureCoA (3,17%). Die LGUV-
ESFMS" Analyse der GSFaCCRAnNséatze zeigte groRe Mengen des Reaktionsproduktes
Coniferylaldehyd und geringe Produktmengen m@€umaraldehyd und Kaffeealdehyd.
Diese Ergebnisse spiegeln vermutlich die bevorzBgtung von GEinheiten des Lignins
in Fruchten wider. CAD (EC 1.1.1.195) katalysiert die Umsetzung von
Hydroxyzimtaldehyden zu deren korrespondierende Alkohole, welche die Endprodukte des
Monolignol Biosyntheseweges darstellen. Ein phylogenetischer BaurG@ADs belegt die
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hohe Homologie von FaCAD zu Fxacadrl X ananassav. Chandler) und PtSADPopulus
tremuloide$. FaCAD verfugt sowohl Uber die konservierte NAD/NADP(H) Doméne als
auch die Znl1 und Zn2 Bindungsstellen. Der vollstandige kodierende Ségueich von
FaCAD wurde in Hefe $accharomyces cerevisifidVSc.1) exprimiert. Die LEUV-ESF

MS" Analyse zeigte, dass die CAD Aktivitat in Hefezellen geringfiigig durch die Expression
von FaCAD ansteigt und das Produkt Coniferylalkohol gebildet wird. [Eblgkitnnte
FaCAD an der Regulation der Lignin Biosynthese beteiligt sein und bei der Produktion von
G-Einheiten in den Frichten mitwirkeBei pflanzlichen Peroxidasen (EC 1.11.1.7) handelt
es sich um Ham haltige Oxidoreduktasen. Lignin entsteht durch alie Reroxidasen
vermittelte oxidative Polymerisation von Monolignolen unter Verbrauch voe®,H
APrositefi Analysen zeigten, dass FaPOD wund
Peroxidasemezahlt werden, welche eine putative?CBindedoméne aufweisen. Die beide
Enzyme weisen nur eine geringe Aminosau®&amuenz U bereinstimmung (31.9%) auf. Die
vollstandigen kodierenden Sequenzbereiche FaROD oder FaPOD27wurden heterolog

in Escherichia coli exprimiert. Mittels des Guajakol Oxidase Assays konnte die
enzymatishe Aktivitat von FaPOD27 bewiesen werden, wobei FaPOD jedoch inaktiv war.
Die LC-UV-ESFMS" Analyse zeigte, dass daktive FaPOD27 Enzym die Bildung von
Dehydrodimeren von Ferulasédure und einem Decarboxylierungsprodukt des Dehydrodimer
Vorlaufers katalyeert. Diese Ergebnisse deuten darauf hin, dass FaPOD27 eine wichtige
Rolle bei der Polymerisation der Lignin Vorlaufer spielt.

Durch quantitative PCR Analysen konnten unterschiedliche Expressionsmuster der
FaCCR, FaCAD, FaPODund FaPOD27 Gene wéhrend & Erdbeerfruchtentwicklung
nachgewiesen werden. Die hdchste ExpressionFa®CR, FaCADund FaPOD27wurde
in roten reifen Frichten gemessé&aPOD wird in grinen unreifen Frichten exprimiert.
Dieses entwicklungsabhangige Expressionsmuster kombiniertemifltivitatsergebnissen
der Enzyme weist daraufhin, dass die Expression von Genen der Lignin Biosynthese
wahrend der Fruchtreife der Erdbeere induziert wird, waéta#?OD keine Rolle bei der
Lignin Bildung in der Frucht spielt.

Zudem wurden unterschikthe Expressionsmuster in verwundeten Friichten und
Frichten nachgewiesen, welche migrobacterium tumefaciensfiltriert wurden. Der
Transkriptgehalt von Genen des Phenylpropanoid BiosynthesewEg@Al(, FaCCR,
FaCAD, FaPOD und FaPOD27 zeigte keine Veinderung in verwundeten Frichten
verglichen mit unbehandelten Frichten. Die Transkriptmengea®AL wurde allerdings
24 Stunden nach der Agroinfiltration transient induziert. Auch der Transkriptgehalt von
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FaPOD27wurde stark und konstitutiv in Frichtemach der Infiltration mitAgrobakterium
tumefaciengvon sechs Stunden bis zehn Tagen) induziert. Dies deutet daraufhin, dass beide
Gene an der Abwehrreaktion der Pflanze beteiligt sind. Zudem konnte gezeigt werden, dass
eine erhohte Festigkeit der Fructmit einer zunehmenden Lignin Produktion in
agroinfiltrierten Frichten einhergeht. Agroinfiltrierte Frichte zeigen zudem eine erhdhte
Festigkeit, wenn sie Konstrukte zur RNyérmittelten GerStilllegung oder U berexpression

von Genen der Monolignol Biosyrgke exprimierten, die in Zusammenhang RaCCR,
FaCADundFaPODstehen. Die erhdhte Festigkeit der Friichte geht jeweils einher mit einer
zunehmenden Lignin Produktion in behandelten Frichten verglichen mit unbehandelten
Wildtypfrichten. Bei der pflanzlign Lignifizierung werden Ligninpolymere in die
Zell wand eingebaut. Mittels AWi esnerfi F2rbu
Lignin Ablagerung und Lignifizierung um die Leitbindel in Frichten, die mit
Agrobakterium tumefaciensfiltriert worden warererfolgt. Diese Ergebnisse weisen darauf

hin, dass die Akkumulation von Lignin in Fruchten, die mit verschiedenen Konstrukten
infiltriert wurden, moglicherweise die Invasion von Agrobakterien einschréanken soll. Lignin
spielt somit eine wichtige Rolle in destrukturellen Verstarkung von Frichten, die mit
Agrobakteriumnfiziert wurden.

Gene des Monolignol Biosyntheseweges wurden in Erdbeerfrichten gnanassayv.
Elsanta) hoch und herabreguliert. Die Genexpression und Aktivitat veaCCR und
FaCAD konnte durch RNAI inFaCCRi und FaCADi stillgelegten Erdbeeren effizient
unterdriickt werden. Die U berexpression derfdPOD Konstrukte fiihrte in Friichten zu
signifikant erhéhterFaPOD Transkriptgehalten. Im Allgemeinen zeigte die vergleichende
Analyse deMetabolite, dass der Gehalt prCumarsaureslukoseEster abnimmt, aber der
an Kaffeesaure und Ferulasaur&lucoseEster in behandelten Frichten zunimmt.

U berraschenderweise bleibt die Hocimd Herabregulation von Genen des Monolignol
Biosyntheseweges iFriichten ohne Effekt auf die Fruchtentwicklung und den Ligningehalt,
verglichen mit Frichten, die mit einem Kontrollkonstrukt infiltriert wurden. Dies lasst sich
vermutlich auf ein erh6htdsaPOD27Expressionsniveau in allen agroinfiltrierten Friichten
zurlckfuhren. Gleichzeitig durfte eine groRere Menge an Hydroxyzimtg2emgaten in

das Lignin Polymer durckaPOD27eingebaut worden sein. Dies wiederum fuhrt zu einem
erhohten Ligninanteil in agroinfiltrierten Friichten, die mit U berexpressioder
Stilllegungskonstrukten der Gene des Monolignol Biosyntheseweges infiltriert wurden. Die
Herabregulation vonFaCCR und FaCAD in Frichten fuhrt zu einem reduzierten
Monolignolangebot. Demzufolge sind dieNBbnomere inFaCCR stillgelegten Friichten
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sowie die G und SMonomere inFaCAD stillgelegten Frichten signifikant erniedrigt.
Zudem hat das Verhéltnis von-@nd S Monomeren inFaPOD stillgelegten Fruchten
signifikant abgenommen.

Hoch oder herabregulierende Konstrukte der Gene des Monolignol Biosynégsew
wurden einzeln oder in verschiedenen Kombinationen migiobakteriumin stabile
transgene Antisense CHSF. x ananassa Calypso (CHS infiltriert. Die
Transkriptionsprofile zeigten, dass sowohl dEaCCR Transkriptgehalt in FaCCR
stillgelegten Frdhten als auch didaPAL und FaCAD Transkriptmenge inFaCAD
stillgelegten Fruchten simultan abnahmen. Der FaPOD Transkriptgehalt nahm signifikant in
pBI-FaPOD und pBO3 (pBFFaPOD, -FaCAD, -CCR) Frichten zu. Ein erhohter
Ligningehalt und somit eine verlseste Festigkeit der Frucht wurde bei CHRuchten
beobachtet, welche hocloder herabregulierende Konstrukte veaCCR, FaCADund
FaPOD Genen als auch eine Kombination aller drei Gene exprimieren, verglichen mit CHS
/pBl-Intron Kontrollfriichten. Die belmlelten Fruchte, welche einen CHS defizienten
Hintergrund aufwiesen, zeigten ein unterschiedliches Muster von Phenolséaurederivaten.
Diese Ergebnisse deuten darauf hin, dass ein komplexes Netzwerk von transkriptioneller
Regulation die MonoligneSynthese ilCHS Friichten bestimmit.

Somit liegen ein vielschichtiger Biosyntheseweg und regulatorische Mechanismen in

Pflanzen vor, die die Lignin Ablagerung und Anordnung in der Zellwand kontrollieren.
Unsere Vorgehensweise die Ligninbiosynthese zu urdken liefert weitere Einblicke in
die genetische Kontrolle der Ligninsynthese in Erdbeeren. Die Forschungsergebnisse lassen
vermuten, das§aPOD27ein Schlisselgen zur Verbesserung der Erdbeerfiestigkeit
darstellt.
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Summary

The strawberry Rragaria x ananassa is one of the most consumed fruits worldwide.
Unfortunately, most fruits are highly perishable, with a short shelf life. The reduction in
firmness that occurs as fruit mature and ripens is due to solubilization and depolymerization
of cel wall components. Lignin is a phenolic polymer associated with cellulose and
hemicellulose in plant cell walls. Cinname@bA reductase (CCR), cinnamyl alcohol
dehydrogenase (CAD), and peroxidase (POD) are involved in the formation of lignin in the
monolignol biosynthetic pathway. Lignin content and composition of cell wall polymers
could affect fruit firmness. Hence, the study of these three genes could increase
understanding of lignin synthesis in fruits and lead to improved strawberry quality and
prolorg the sheHife of fresh fruits in markets.

In this study, fullength coding region sequences IFACCR FaCAD, FaPOD, and
FaPOD27 were cloned from ripe fruit. CCR (EC 1.2.1.44) is the first committed enzyme in
the monolignol biosynthetic pathway and uweds caffeoyl p-coumaroy, and feruloy
CoA to yield corresponding cinnamaldehydes. Phylogenetic analysis showed that FaCCR
belonged to CCRs. The conserved NWYCY motif and NAD/NADP(H) binding site are
present in FaCCR. The fultngth coding region sequce ofFaCCRwas heterologously
expressed ifEscherichia colito determine its biochemical function. The recombinant GST
FaCCR protein exhibited maximum activity at pH 6 in a sodium phosphate buffer at 25°C,
and had the higls¢ affinity for feruloyl-CoA. In addition, a GSIFaCCR reaction with
mixed substrates (caffeayp-coumaroy, and feruloydCoA) indicated that the efficiency of
feruloyl-CoA (100%) was more than that of both caffeGgA (3.27%) andg-coumaroy
CoA (3.17%). At the same time, EQV-ESFMS" analysis showed that reaction products
yield high amounts of coniferaldehyde, and low amounts-adumaraldehyde anchffeic
aldehyde These results probably reflected the preferential biosynthesis of G units in fruits.
CAD (EC 1.11.195) catalyzes the conversion of cinnamaldehydes to their corresponding
alcohols, which are end products of the monolignol biosynthetic pathAvalhylogenetic
tree of CADs revealedhat FaCAD is closely réated to FxacadiF. x ananassacv.
Chandler) andPtSAD (Populus tremuloidgs The conserved NAD/NADP(H) domain, as
well as the Znl1 and Zn2 binding site, were present in FaCAD. Moreover, tHenfyih
coding region ofFaCAD was expressed in yeaSacchaomyces cerevisalNVSc.1). LG
UV-ESFMS" analysis indicated that FaCAD activity slightly increased in yeast cells and
showed that coniferyl alcohol was generated. Thus, FaCAD may be involved in the
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regulation of lignin biosynthesis and contribute to peiun of G units in fruits. Plant
peroxidases (EC1.11.1.7) are heowmmtaining oxidoreductases. Lignin is derived from
oxidative polymerization through peroxidases which utiliz©4 Prosite analysis revealed
that FaPOD and FaPOD27 belonged to a planteheenoxidase containing a putative Ca2
binding domain. They had a low level (31.9 %) of identified amino acids. Théhgth
coding region sequence dfaPOD or FaPOD27 was heterologously expressed in
Escherichia coli Using guaiacol oxidase activity ssg/s, FaPOD27 was active whereas
FaPOD activity was not detected. {L@®/-ESFMS" analysis showed that dehydrodimers of
ferulic acid and a decarboxylation product of a dehydrodimer precursor were formed by
FaPOD27. The results pointed out that FaPOD27 m@ayisnportant role in polymerization
in the lignin biosynthesis.

Quantitative PCR analyses revealed different expression patteiraGER FaCAD,
FaPOD, and FaPOD27 genes during strawberry developmefaCCR FaCAD, and
FaPOD27were strongly expressed irhé ripe red fruit, buFaPOD was expressed in the
unripe green fruit. These developmental expression patterns along with the activity data
demonstrated that expression of lignin biosynthesis genes is induced during strawberry
ripening whereaBaPODis notinvolved in lignin formation in the fruit.

Besides, different expression patterns were found in wounded and agroinfiltrated fruits.
Transcript levels ophenylpropanoidiosynthesiggenegFaPAL FaCCR FaCAD, FaPOD,
andFaPOD27) were unchanged in the waded fruits when compared with untreated fruits
However, FaPAL transcripts were transiently induced at 24 h upon agroinfiltrafMso,
FaPOD27 transcripts were strongly and constitutively induced (6 h to 10 days) in fruits
exposed to infection byAgrobacterium suggesting that these two genes participate in
defense signalinght the same time, enhanced firmness was associated with increased lignin
production inagroinfiltratedfruits. Additionally, enhanced firmness groinfiltrated fruits,
expressindRNAi-mediated gene silenciray overexpression constructs of monolignol genes
that correspond toFaCCR FaCAD, and FaPOD, was associated with increased lignin
production in treated fruits, as compared to viyide (untreated) fruits. Plant lignification
generated lignin polymer within the cell walWiesner staining confirmed that lignin
deposition and lignification around the vascular bundles were observed in fruits exposed to
Agrobacterium.These results suggested that the accumulation of lignin its finjected
with different constructs might restrickgrobacteriuminvasion. Thus, lignin plays an

important role in structural reinforcement of fruits following infectiordgyobacterium
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Monolignol genes were dowror upregulated in strawberry fruité=. x ananassacv.
Elsanta) Gene expressions and activities FACCR and FaCAD could be efficiently
suppressed through RNAiI iRaCCRt and FaCADtsilenced strawberrie©verexpressing
pBI-FaPOD constructs infruits significantly elevatedFaPOD transcrips. In general,
metabolic profiling indicated decreased levels ptoumaroyl glucoside/glucose, but
increased levels of caffeoyl glucose and feruloyl glucose in treated fruits. Surprisingly,
down and upregulation of monolignol genes in fruits resulted rno effect on fruit
development and lignin contenvhen compared with fruits agroinfiltrated with a control
construct, presumabttributed toenhancedxpression levels dfaPOD27in agroinjected
fruits. At the same time, elevategnounts ohydroxycinramate may have bearcorporated
into lignin polymers byFaPOD27and, thus, led tenhanced levels of lignin in agroinjected
fruits carrying down and upregulation constructs of the monolignol genewever,
downregulation of FaCCR or FaCAD in fruits led to a reduced monolignaupply.
Therefore, levels of @énonomers wersignificantly reduced inFaCCRsilenced fruits, and
those of Gand Smonomers wersignificantlyreduced ifFaCAD-silenced fruits. Moreover,
the proportion oboth G and Smonomerssignificantlydecreased in pBFaPODfruits.

Individual or combineddown or upregulation constructs of monolignol genes were
infiltrated in stable transgenic antisense CHS x ananassaCalypso (CHS by
Agrobacterium Transcriptional profiles showed ah FaCCR transcripts decreased in
FaCCRsilencedfruits as well ag~aPAL and FaCAD transcriptssimultaneouslydecreased
in FaCAD-silencedfruits. FaPOD transcripts significantly increased pBIl-FaPOD and
pBI-O3 (pBI-FaPOD,-FaCAD,-FaCCR) fruits Moreover, enhanced firmnessscompanied
with increased lignin levels, was revealadCHS fruits expressing dowsnegulation or up
regulation constructs of individusFaCCR FaCAD, and FaPOD genes as well as a
combinationof the three genes, when comparechv@HS/pBl-intron control fruits. In the
CHS-deficient backgrounds, these treated fruits showed different patterneoblc acid
derivatives.The results suggested that a complex array of transcriptional regulation may be
attributedto monolignol synthes in the CHSfruits.

Therefore, a complex biosynthetic pathway and regulatory mechanisms exist in plants to
control lignin deposition and assembly in the cell wall. These approaches to study the lignin
biosynthesis provide further insights into the genetontrol of lignin synthesis in
strawberries. The research results suggest RR®OD27is a key gene to improve the

firmness of strawberries.
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l. Introduction

1.  Strawberry
1.1Background

Strawberry Fragaria x ananassais the most economically important prplantbelonging

to the Rosaceae family (Potter et, &007). Many crop plantsof this family (i.e.,
strawberries, applepeachesetc) arepolyploid species. Polyploydis common in plantas
30% to 80% angiospermisarborone or more polyploidizatiosvents in their evolutionary
history (Bennett2004). The cultivated octoploid strawbefyx ananassaoriginatedfrom

an accidental hybridization between the two New World spe€iewirginiana and F.
chiloensisin European gardens (Darrp®966) and itgenomeis one ofthe mostcomplex

of any crop species. Despite the results of phylogenetic analyses, the relationship between
the 11 diploidFragaria species and the parental genomes of the polyploid speciesngem
uncertain (Potter et al.2000). Thus, knowledgeof the germplasm base of strawberries is
still limited

Strawberiesarean excellent crop tbeuseal in genetic and physiological studies because
theyrequire only asmall space to grow artthvea short generation timascompared with
other Rosaceae familiesuch as apples or peach&ecently an international team of
scientists led by theUniversity of North Texas and Floridavas the first to publishthe
completeDNA sequences (http://www.strawberrygenome.orgfhefwoodland strasberry
(Fragaria vesca Most notably, the cultivated octoplokl x ananassg2n=8x=56) harbors
eight sets of chromosomederived from four different diploid relative@ne ofthem s
Fragaria vesca. The wild diploid F. vesca(2n =2x=14) has a very smagjenomethat is
estimated to be 240 MBrom the genetipoint of view theF. vescais similar to cultivated
strawberry varietiesAt the same timethe wild diploid F. vescadoesprovide substantial
sequence identitwith cultivated strawberry varietiemnd other important rosaceous crops
Also, the strawberry genomics detase serves as a communicatimenter providing
genomics and genetics data and analytical toldisils F. vescahas been developed as a
genomic reference for the genus ahds provided useful genomics information for
cultivatedstrawberriegShulaewet al., 2011)

Becausemany rosaceous plank&ve complex genomes, it is difficult to identify genes
with valuable traits and useful allelic variantslowever, reverse genetgtrategies (e,
RNAI techniques) have been appltedcultivated strawberrig. x ananassato study gene
functiors (Hoffmann et al., 2006 Moreover a pyrosequencing method has been appioed
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cultivated strawberrieso discriminate allelspecific gene expressio For example,
FaPGIPla and 1b exhibited frugpecific expression based oesults ofpyrosequencing
(Schaart et al., 2005Based on results from these studigse strawberryshould be

considerech model plant fothe functional studpf Rosaceae polypids.
1.2 Fruit growth and firmness

Cultivated strawberriegF. x ananassa are one of the most consumed fauivorldwide

Theseattractive andleshyfruits are rich sources of vitami@, dietary fibes (i.e, plant cell
wall polysaccades),antioxidant substancése., anthocyaniding and otherphytonutrients
(Hancock, 1999 Chapple and Carpitg 1998 Aaby et al., 2005) that make vital
contributions to human health and digantosBuelga and Scalber2000)

Fruit texture plays amportant role as a quality marker for consumers and especially for
many industrial processeimcludingfood processing (Manning, 1998; Lefever et al., 2004).
Botanically, the strawberry fruitis not an actual berpypbut anaggregate accessory fruit,
consisting of a number of small dry achenes embedded on theewfa large fleshy
receptaclgHancock, 1999 For growth of the receptacle, cell division occir the first 10
d, and a combination of cell division and cell expansion acbetween 10rd 15 d after
anthesis (Zhang et al., 2011). Also, accumulaiohwater ancgugarsandthe synthesis of
cell walls were observed between 21 and 28 d (Knee et al.,, 1977). Subseqhently
receptacls arebecomingred and sof25to 30 d after anthesidRpsli et al., 2004; Zhang et
al., 2011) wherthe chlorophyllsarelost and anthocyanins begto accumulate in the fruit.
Anthocyaninssuch as pelargonidir3-glucoside and cyaniding 3jlucoside which are
responsible forthe red color of the receptacleare found abundantlyin strawberries
(Hancock, 1999Aaby et al., 2005Between30to 40 dafter anthesighe fruits are fully ripe
depending onthe temperatureand the genotype (Figure 1) (Zhang et al., 201The
strawbery is considered to ba non-climacteric fruit because ethylehaslittle or no effect
on thedevelopment of the receptaclBesides,ripening of the fruit does not respond to
ethyleng(PerkinsVeazie, 1995).

The cell wals of fleshy fruits change strucees and compositios during ripening
(Lefever et al., 2004)These modifications are assumed to be related with fruit softening
The plant cell wall contains polysaccharides, phenobesl structural proteinand is a
major textural componenof fruits (Chappleand Carpitg 1998) The reduction infirmness
observedn matue fruit andduringripeningis due to solubilization and depolymerization of

cell wall components.
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Figure 1. Fruit developmental stages of strawberry (Troyondkan FL (flower) to over
ripenedfruit are shown. Fiits were grownin a glass greenhous®evelopng fruits are
divided into thregphases: cell division, cell expansia@nd fruit ripening. DPA=Days after
anthesigZhanget al., 201).

In theearly stages ahaturity, fruits quicklysoftenbetweerthe lage greemipening stage
andthe ripening stage witB5%redfruits (Table 2; Rosli et al., 2004kventually, the fuly
ripe fruit (100% red)s the sofestof all of thematurefruit stages

Table 2 Changs in fruit firmness during ripeningf strawbery cultivars cv. Camarosa
Pajarq andToyonaka (Rosli et al., 2004)

Stage Firmness (N)
Camarosa Pajaro Toyonaka

Large Green 20.34% 14.89° 13.39¢
White 11.31° 3.79° 2.93¢
25% red 3.62° 1.62° 1.16°
50% red 277 1.42° 0.95¢
75% red 2.00? 1.24° 0.89¢
100% red 1.39° 0.87° 0.74°

Values with different superscript indicate significant differences when the
cultivars are compared at the same stage (P = 0.05).

1.3 Application of genetic biotechnologie$or improving fruit texture

Marketing of fresh fruit isusually limited by its short shelf life.Strawberryis a highly
perishable fruit, wh a short shelf life. Fruit softeningads to reducefituit quality because
achangan fruit softeningcauses redudion in fruit firmness, facilitate pathogen infection
and increasefruit postharvest decay. In contrast, firm fruits display biggtorage stability
and reduce pathogen invasia Thus, fruit firmness is an important target for genetic
biotechnologies to improvine quality of strawberriesandto prolong the shelfife of fresh
fruit in markets(Manning 1998).
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Many studies have beaonductedo improvethe texture of strawberrieth recent years,
multiple genes encoding enzymes involved in the modification of the cell wabf
strawberriehavebeen studied~or exampleparticular enzymesuch as polygalacturonase
(PG) and pectatbase have been fountb &fect on the petin fraction ofstrawberrycell
walls. The PG enzyme is considererbethe primary cell wall hydrolase involved aell
wall softening However this enzymeexhibits a low levebf activity in strawberriegNogaa
et al., 1993)Besidespectate lyasenzymes, which may bavolved in cell wall softening,
havea high expressin level in strawberry(MedinaEscobar et al1997) Transgenic plants
that harborantisenseectate lyasgenesshowedreduced pectate lyasctivity, as well as
increased fruit firmnessas compared to control frugt(JiménezBermudezet al, 2002).
Microarray analyses haw#emonstratedhat strawlerry cDNA samplessolated from fruits
of different ripening stagedisplay differential gene xpression. Some dhe differentially
expressed genese homologous to cell wall related genAmongthese candidate genes,
cinnamoytCoA reductas€¢CCR andcinnamyl alcohol dehydrogena§@AD) are involved
in the lignin biosynthesis pathway. Interegty) thesetwo genes displayed different
expression levels among three varieti@®ducing fruits with firm (Holiday), intermediate
firm (Elsanta), and soft (Gorella) structaré&or instancesCCR showed higher expression
levels invarieties that produdeuits with soft tissuewhile CAD showed highelevelsin the
varieties withfirm fruit tissue(Figure 2) (Salentijn et al., 2003Thus, the impact o€CR

andCAD onthedegradatiorand/orrigidity of cell wall polymersshouldalsobe considered

y CCR . CAD
Tmn - "TmH
1 @ E 1 mE
124 O G 124 OG

Transcnpt ratio

BW T O R

Figure 2. Gene expression levels GBCRandCAD in fruit developmental SG (small green),
GW (green white), BW (white), T (turning), O (orangaid R (ripe) stages of strawberry
cultivars cv. Holiday (H; firm), Elsanta (E; intermediate firm), and Gorella (@&t) s
(Salentijn et al., 2003).

Lignification of plant cell walls is associated with the coordinated expression of lignin
genes and enzymes. In the 'Luoyangqging’ LYQ loquat firitobotrya japonicalindl.),
lignification of plant tissue is associatedthwan increase in fruit firmness and with activities

of CAD and peroxidase (POD) enzymes that are involved in lignin biosynthesis (Cai et al.,
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2006; Boerjan et al., 2003). Moreover, in mangosteen fr(@arcinia mangostanalL.),
impact damages were found be related to enhanced lignin biosynthesis (Bunsiri et al.,
2003). Until now, the basis for lignification of strawberry fruit has not been fully understood.

2. Biosynthesis pathways and core genes

2.1 Biosynthesis pathways

The phenylpropanoid branch patays generate a wide range of phenolic compounds,
including lignins, flavonoids (anthocyanins and chalcones), and hydroxycinnamates that are
involved in the development of the plant and its interaction with the environment. For
example, flavonoids serves &V protection, and lignins make the wall rigid and cause plant
tissue to be hydrophobic, as well as protect plants against pathogen inféedozisa et al.,
2009;Petersen et al., 1999).

Lignin biosynthesis involves three specific steps: the shilemaathway, general
phenylpropanoid pathway, and monolignol biosynthetic pathiVayholme et al., 2010)
The shikimate pathway is the primary entry to the biosynthesis of phenylpropanoids (Vogt,
2010). In the general phenylpropanoid pathwpycoumaroylCoA is situated at the
branching point of the metabolic routes leading to either flavoraidmonolignol
biosynthetic pathways (Besseau et al., 2@derjanet al., 2003). Likewisep-coumarow
CoA is the common substrate of the following three enzymes:
1) Chalcone synthase (CHS) catalyzes the reaction op-@ogmaroydCoA molecule with
three malonylCoA molecules to produce naringenin chalcones (Figure 3). Naringenin
chalcone is precursor ffa large variety bflavonoids (i.e., flavonols and anthocyas).
Two major pigments found in strawberry, pelargonidiglicoside and pelargonidin- 3
glucosidemalonate, are derived fromcoumaroyiCoA and malonyiCoA (Hoffmann et al.,
2006).
2) Hydroxycinnamoyl transferase (HCT) leads to the formation of guai@)l and
syringyl (S}ignin building units (Figure 3). When thHdCT gene was silenced in tobacco
(Nicotiana benthamiana the HCTsilenced plants had a higher level of Hb- (
hydroxyphenyl)-lignins, as well as a lower level of-lgnins in the lignin polyer, as
compared to the control plant$idffmann et al.,, 2004 Besides, the flavonols and
anthocyanins abounded in H&llencedArabidopsisare accompanied with a high amount
of H-lignins (Besseau et al., 2007).
3) CinnamoyCoA reductase (CCR) leads tbet biosynthesis of H G-, and Slignin
building units (Figure 3).
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Lignin represents a carbon sink in the higher plants. When the carbon flow down the
flavonoid pathway becomes limitegs;coumaroydfCoA would flow toward the monolignol
pathway (Besseau at., 2007;Boerjanet al., 2003). Therefore, silencing of t6&iS gene
could make morg-coumaroylCoA available for the synthesis of Hz-, and Slignins.

The coordinated expression of several enzymes is involved in the synthesis of monolignol
preairsorsvia the general phenylpropanoid metabolism. Most of these enzymes required for
the synthesis of lignin precursors have been extensively investigated and reviewed. In the
following sections, their specific functions are briefly descrif@dapple andCarpitg 1998;
Boerjan et al., 2003; Whetten et al., 1988xon and Reddy2003; Weng and Chapple,
2010)

(1) PAL (L-phenylalanineammonia lyase

PAL, the first enzyme ophenylpropanoid biosynthesisatalyzesthe deaminationof L-
phenylalanine toform trans-cinnamic acid at theentry point of the phenylpropanoid
metabolism(Figure 4) The producttrans-cinnamic acidis furtherchanneledo lignins and
related polyphenols. PAIls found in a variety of plantand plays a importantrole in
primary and secatary metabolismMoreover,PAL has beendentified as one of the first
plant defense genes argdrivolved in pathogen infectiomand stresses.

(2) C4H (cinnamate 4hydroxylase)

C4H is the cytochromeP450dependentmonooxygenasgP450) enzyme involved in
monolignol biosynthesisC4H hydroxylatesat the 4position of the aromatic ring of
cinnamicacid to yieldp-coumaric acid (Figure 4XC4H isprobablyexpressed in all tissues
and upon exposure to wounding and fungal infection.

(3) 4CL (4-cinnamoyl-CoA ligase

4ACL catalyzes theonversion ohydroxycinnamic acidsuch agp-coumaric,caffeic, ferulic,
and sinapic acido their corresponding produgtscoumaroyCoA, caffeoylCoA, feruloyt
CoA and sinapoyCoA (Figure 4) Phenylpropanoic acids aectivated g 4CL through
conjugationwith coenzyme A (CoA) to fornthioesterswhich can be further channeléeal
the various branches of monolignol @avonoid biosynthesisMany 4CL iscenzymes
present in differenplant species utiliz@-coumaric,caffeic, and ferlic acid as substrates
Recombinant Higagged tobaccdCL enzymeshowed 76100% activiy with p-coumaric,
caffeic, andferulic acid, but exhibited 0%activity toward snapic acidin in vitro analyss
(Beuerle and PicherskK3002. However, sme is@nzymesf particular plantsvereable to
convert sinapate into sinape@bA. ArabidopsisAt4CL5 isoform hasa high affinity for

sinapic acidin vitro (Rautengarten et al., 20110
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Figure 3. The phenylpropanoid pathway leading to the flavonoid and nwalbiosynthetic pathway.

Enzymes and their abbreviations are as follows: Q8kElQumaroyl shikimate -Bydroxylase; C4H, cinnamatehydroxylase; F5H, ferulate-5
hydroxylase; HCT, hydroxycinnamoyl transferase; CAD, cinnamyl alcohol dehydrogenase; CCoaaff¢dylCoA O-methyltransferase; CCR,
cinnamoylCoA reductase; CHI, chalcone isomerase; 4GcpdmaroylCoA ligase; COMT I, caffeic acid @nethyltransferase of class I; F3H

flavanone 3hydroxylase; F3H, flavonoid 3hydroxylase; FLS, flavonol syntheis PAL, phenylalanine ammonia lyase; UGTS, UDP sudar
glycosyltransferases (Besseau et al., 2007).
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(4) HCT (Hydroxycinnamoyl transferase

HCT is an acyltransferaghat catalyzeshe conversion ofp-coumaroydCoA and caffeoy
CoA to their corresponding #timate and quinate esterShese esters are intermediates in
the phenylpropanoid pathway and they carshbsequentlghanneledo the biosynthesis of
methoxylated phenylpropanoids.

(5) C3H (p-coumaroyl shikimate 3’-hydroxylase)

C3H is a cytochrome P450 hat catalyze aromatic hydroxylation reactions in the
monolignol biosynthetipathway. C3H hydroxylatesit the 3-position of the aromatic ring
of p-coumaroyl shikint (or quinic) acid yields caffeoyl shikimc (or quinic) acid. C3Hs
associated with BT, and is involved in the production a@bniferyl and sinapyl alcohol
(Figure 4)

(6) CCoAOMT (caffeoyl-CoA O-methyltransferase

CCoAOMT is a bifunctional enzyme thatatalyze the methylation of caffeoyCoA to
feruloyl-CoA asthe first methyiransferasen the pathwayseading to the biosynthesis of
coniferyl alcohol At the same time, it also catalyz#he methylatiorof 5-hydroxyferuloyt
CoA to sinapoylCoA as the second metlngnsferasein the pathwayleading to the
biosynthesis of sinapyl alcoh@@CoAOMT is associated wit€ROMT (Figure 4)

(7) COMT (caffeic acid Omethyltransferase

COMT performs bifunctional methylation in the ligninspecific branch of the
phenylpropanoid pathwdgading to the formation d& and S lignin. COMT catalyzdmth
the nethylation of caffeic acid to ferulic acid and-fydroxyferulic acid to sinapic acid
(Figure 4).

(8) F5H (ferulic acid 5-hydroxylase)

F5H is a cytochrome P4&fependent monooxygenadet catalyzesthe hydroxylation of
ferulic acid, coniferaldehyde andrateryl alcohol The products of F5H amulstrates for
COMT in the pathwajeading to the biosynthesis of S lignin (Figure 4).

(9) CCR (cinnamoyl-CoA reductasg

CCR the first enzyme othe monolignol biosynthetic pathwaig situated at the branching
point of the metabolic routes leadingttee formation of H, G-, and Slignin. CCRreduces
the CoA-thioesters ofp-coumarate, ferulate, and sinapdte yield the corresponding
aldehydesn the monolignol biosynthetic pathwayigure 4).Detailed descriptionof CCR
can befoundin 2.2.

(10) CAD/ SAD (cinnamyl/sinapyl alcohol dehydrogenase

CAD and/or SAD catalyze the reduction of hydroxycinnamyl aldehydesto their
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correspondingalcohol the last stepin the monolignol biosynthetic pathwagFigure 4)
Detailed descriptioaof CAD can befoundin 2.2.

(11) Peroxidase/laccase
Peroxidases andaccases are hernwm®ntaining and coppearontaining oxidoreductases,
respectively. Both types of enzymes oxidize phenolic substvateseelectron oxidabns

to create rdicals(Figure 4).Detailed descriptianiof POD can befoundin 2.2.

HO__O
Q,
NHz OH OH
Ho OH HO
OH OH
phenylalanine 0.0
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Figure 4. An outline of the general phenylpropanoid and monolignol biosynthetic pashway
(Boerjanet al., 2003). The grey route is favored in angiosperms. ? = conversion has been
demongsrated but the enzyme neexl to be identified further. Enzymes and their
abbreviationgreas described above (FigB).
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2.2 Regulatory core genes for wnolignol biosynthesis

CCR, CAD and PODare considered to e key enzymeghat controlthe quanty and
quality of lignins in the plant¢Boerjanet al., 2003 Li and Chapple, 2010)Thesecore
geneshave beenextensively investigated in some plani&hey have been clone@nd
characterized This study mainly focused on a detailed analysis of thesgene in

strawberries

(1) CCR (Cinnamoyl CoA reductase EC 1.2.1.44)

CCR isthe first committed enzyme of thignin branchbiosynthéic pathway, wherec€CCR
catalges the conversion ohydroxycinnamoylCoA thioesters totheir corresponding
aldehydes in the presemof NADPH as cofactor (Figure Sarni et al., 1984)CCR has
been shown to be a control point iegulatingcarbon fluxto monolignol biosynthesis
(Lacombe et al., 1997

CCR enzymesvith broadsubstratespecificiies exist in various speciesich as tmatces
wheat, Arabidopsis and switchgras LeCCR2 from tomato (van der Reset al., 2006)
showeda high affinity only towardsferuloyl-CoA, but P*CCR2from switchgrasgreferred
caffeoyl andp-coumaroyCoA (EscamillaTrevino et al., 2010)The predominat role of
TaCCR1from wheat(Ma and Tian,2005) and LeCCR1(van der Reset al., 2006) was
shown to behe formation otoniferaldehyde. In contragi;coumaroyCoA, caffeoytCoA,
and sinapoytCoA were poor substratefor other CCRs. Most importantly,the substrate
specificity of CCRswasthe determining factoin the formationof H-, G-, and Slignin in
plants. CCRs that showa high affinity towardsp-coumaroyCoA yielded higher levels of
H-lignin in the plants.

SCoA (o) H

°§c/ ¢~

/i 72
) NADPH
| .. o ALLISORE
P
R, R, R R,

Figure 5. Enzymatic reaction catalyzéxy hydroxycinamoyl CoA reductase (Sarni et al.,
1984). R=R,=H: p-coumaroydCoAv p-coumaraldehyde, RH, R,=OH: caffeoyt{CoA Vv

caffeylaldehyde, R=H, R,=OCHg: feruloyl-CoAv coniferaldehydeR;=R,=OCH:
sinapoytCoAV sinapaldehyde
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CCRgeneshave been cloned and characterigedeveralplant species. To date, cloning
of a CCRgene fromstrawberryhas not been reporte@CRsaccumulate tdigh levels in
tissues undergoing activiggnifications. It has been shown th&8CR enzymes havea
diversity of functions depending on thailistinct isoforms.ZmCCR1from maize was
prefeentially expressed in all lignifying tissues, a@dhCCR2was expressed in roots and
induced by drough{Pichon et al., 1998)in Arabidopsis thalianaAtCCR1and AtCCR2
have been compared during developmentirdection with Xanthomonas campestris
AtCCR1 was mainly expressed in growingissues, wherea?AtCCR2 showed lower
expressiorlevels However AtCCR2was primarily involved in pathogen defense because

MRNA was strongly induced following infection By campestrigLauvergeatet al., 2001)

(2) CAD (Cinnamyl alcohol dehydrogenasgEC 1.1.1.195)

CAD catalyzes the NADP+dependent conversion blydroxycinnamyl aldehydes to their
correspondinghydroxycinnamyl alcohols (Figure 6that are lignin precursors folignin

polymerization in cell walls of gymnospes and angiosperngSarniet al., 1984)

o H
e CH,OH
7 72
/@\NADPH
—_—
Rl R, R
OH Ry o 2

Figure 6. Enzymatic reaction catalyzed by cinnamyl alcohol dehydrogenase (Sarni et al.,
1984). R=R,=H: p-coumaraldehyder p-coumaryl alcohol, R=H, R,=0OCH;:

coniferaldehyde coniferyl alcohol, R=R,=OCHs: sinapatiehyd& sinapyl alcohol

Gymnosperm CAD is encoded by a single gdte activity is highly specific for the
reduction of coniferyl al dehyde, and | ow
Galliano et al., 1993)n contrast, angiosper@AD is encodd by a multigene familyhat
has affinity for both coniferyl and sinapyl aldehyd@rill et al., 1999).Angiosperm aspen
(Populus tremuloidgsSAD preferentially reduces sinapaldehyde asgpen CAD reduces
sinapaldehyde andconiferaldehyde tosinapyl and oniferyl alcoho] respectively.
Remarkably, SAD may beesponsible for théaststep in the biosynthesis of syringyl lignin
in angiosperm (Li et al, 2001). In addition, angiosperm CAitilize diversearomatic
substratesincluding benzylaldehydesThe recombinant FxaCAD1H. x ananassacv.
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Chandler) enzyme expressedRithia pastoriscells exhibited high activity with cinnamyl
(100% activity = Vhax of 0.62 umol miffmg* protein), coniferyl (51.2%)and sinapyl
(64.3%) aldehydesand alsolow activity with other benzylaldehydes (less than 10%
(BlancoPortales et al., 2002).

A number of CAD genes havéeen isolated and characterized in many plant species
including Arabidopsis(Kim et al., 2004, sorghum (Saballos et al., 2009), aspen (Li et al.,
2001), and strawberry (BlaneBortales et al., 2002). Othe nine identified CAD
homologues proteins in thgrabidopsisCAD family, AtCAD4 and AtCAD5 werédentified
as themain enzymes involved in lignification of the vasculessue (Kim et al., 2004
Besides Sorghum CAD2s consideredo bethe predominan€AD involved in lignification
(Saballoset al., 2009) Taken together, angiosperms are capable of forming guaiacyl
syringyl lignins ina plant bodyHowever it is not fully understood whetharsingleenzyme
or several enzymeareresponsible for the formation tiie threehhydroxycinnamyl alcohol
intermediatesAlso, individual CAD genesre notassigred a unique functiorbecause they
undergothe complementation capacity of the CAD multienzynedwork (Whetten et al.,
1998.

In addition, CADs havebeen shown to be expressed in different stages of plant
developmenbr in response to elicitors, woundingnd plant defese reactions. flansgenic
plantsharboringCAD promoterGUS constructddisplayedhigh GUS ativity in roots stems
and leaves (Feuillet et al., 1®9WValter et al., 1994)Northern experiments shad a high
CAD gene expressionin the stems and tisssi@indergoing activdignifications (Grima
Pettenati et al., 1993Moreover high expression l@ls of Fxacadgene(F. x ananassav.
Chandle)y were observed in differerituit ripening staggBlancoPortales et al., 2002)n
contrast someof CAD genes are involved in defensesponss or metabolic processes not
related to the lignification athe vascular tissu€Brill et al., 1999).These datandicatethat
different members of the CAD gene family are differentially regulated or controlled in
response to signals from either developmental growth or environnséntali.

(3) POD ( plant peroxidases EC 1.11.1.7)

Peroxidases (EC 1.11.1.X) belong to a superfamily that mainly falls into three different
classes: (1) Class | intracellular peroxidases include cytochcopsoxidases, catalase
peroxidases, and ascorbate peroxidases (EC 1.11.1.5/.6/.1Q)a%8)ll peroxidases include
manganese, lignin, and versatile peroxidases (Rugias et al., 2001) (EC

1.11.1.13/.14/.16); and (3) Class lll secretory peroxidases are from higher plants (EC
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1.11.1.7) (Welinder, 1992). A variety of biological functionspiants are associated with

these peroxidases. Class | ascorbate peroxidases show a very high affinity for ascorbate and
are found in photosynthetic organisms (Teixeira et al., 2004). Class Il peroxidases are
capable of degrading lignin extensively (Maetinet al., 2005). Class Il peroxidases
catalyze the reduction of B, by taking ¢éectrons from amumber of electron donors, such as
phenolic compounds, lignin precursors, or secondary metabolites. In particular, class Il
peroxidases are plaspecific oxdoreductase and are located in cell walls and vacuoles
(Welinder, 1992; Cosio and Dunand, 2009gnce, the role of class Igeroxidases in the
strawberry was analyzed in this study.

Class Il peroxidases are ha@wontaining enzymes (also called plantrgadase;
hydrogen donor: hydroggmeroxide oxidoreductase) that form large multigenic families
(e.g., 73 genes iArabidopsisand 138 genes i@ryzasativg in all higher plants (Welinder,

1992; Welinder, 2002; Passardi et al., 2004a). Different abbi@waPOD, POX, POD, Px,

and PER) are used for class Il plant peroxidases in various research papers. Usually, PODs
contain two structural Gaions, protohaemin IX (haem b) as the prosthetic group and they
have a molecular mass in the-89 kDa range (Ahagro et al., 2009). In higher plants,
PODs exist as isoenzymes, whose expressions are differentially regulated. They occur in the
plant life cycle, from the germination to senescence, and also exist in one organ or tissue
within several isoforms that aexpressed at the same time. PODs activity can be detected in
most tissues of the plant (Passardi et al., 2005). Remarkably, PODs have the highest activity
in the roots and the largest number of isoenzymes. Typically, plant species may contain 10
to 20 peraidase isoenzymes. Some of these isoenzymes are from divergent genes, which
show less than 50% identical amino acids in their peptide sequences (Welinder, 1992). Other
isoenzymes may be from the same gene and they differ only in the carbohydrate moiety
(Lagrimini et al., 1990).

Several studies have revealed that PODs are involved in a broad range of normal and
stressrelated physiological processes, such as regulation of cell elongation, phenol oxidation,
production of lignins, lignification, crodsking of cell wall components, and defense
against pathogens (Figure 7A) (Almagro et al., 2009). However, the biological functions of
most peroxidases remain elusive or have not been conclusively determined. Microarray data
have shown that 44 out of A3abidopss class Il peroxidases genes are putatively involved
in specific mechanisms, such as monolignol polymerization and lignification of vascular
bundles (Cosio and Dunand, 2009).
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(A)
Ccatwan Lignification
Especific Cell Wall . | <€ Sberization™
s C_oi nstructionlL — Diferulic bonds
Isodityrosine bridges
- Polymerization of Cell 7
Regular Wall Compounds
Cellular Growth Defense mechanisms
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Figure 7. (A) Plant peroxdase plays specific roles in defense reactions (Almagro..et al
2009) (B) Peroxidases in the cell wall crelgsking mechanism(Passardiet al., 2004h)
Coupling may occur at 55-, 85- (also called b-5)- or 80-4- ( {D-4)-coupled
dehydroferulate esteopitions. One example: (i), Peroxidase; R, bound polysaccharide; XH,
ferulate ester; X ferulate ester radical intermediateXX8-8 -b Jooupled dehydroferulate
ester.

Generally,PODs utilize HO; for crosslinking of cell wall componentselatedto lignin
formation and crosdinking of feruloylated polysaccharides?ODs oxidize various
substrates such as monolignols, ferulic aciohal ferulate ester, which can be incorporated
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in the branched lignin (FiguréB; Passardiet al, 20040). They produce Ipenoxy radicals
leading to the formation o$pecific linkages (diphenolig between cell wall polymers
causingcrosslink formation andstiffening of the cell wall (Passardet al, 20045). However,
different PO have variousabilities to oxidize a wide \ariety of substrate Most of the
PODs are able tooxidize coniferylalcohol Also, some of thé®ODs (i.e.,tomato, poplar
can oxidize sinapyl alcoh@ia an unmediated way. Howeveinapylalcohol seems to be a
poor substrate fosome of PODs, suggestig that sinapyl alcohol dehydrogenation is
mediated by other phenoliadicals during lignin synthesfMarjamaaet al., 2009).

In addition, one of the most studied functionsR®Ds is their role inlignifications
(Almagro et al, 2009) In particular, seweral POD isoforms hae been found in lignifying
secondary xylemRT-PCR analysidas shown thaPabPODO02, PablPODO3, PabPODOS,
PabPOD13, andPabPOD14 genes fronNorway sprucéPicea abieyareexpressdin all of
the lignin forming materials, such @ lignifying tissueculture line,andmature and young
vertical xylens (Koutaniemi et al., 2007)0verexpression of the gerencoding POD has
been found to cause ectopitignification in transgenic tomato plantd.ycopersicon
esculentum(El Mansouri et al.1999).

Besides lignin production and lignificationof plants have beenaccompaniedoy an
increase in the activity ofclass Il peroxidaseswhen plants were responding to
environmental stimuli, such as wounding and pathogen at{&alssardiet al, 2006). The
induction of POD genes in plant resistance agairestbacterial pathogen has been
demonstrated in interactions between rice Aadthomonas oryzaav. oryzae(Chittoor et
al., 1997) Lignins havebeen proposed tact as barriers to obstruct the passafehe
pathogen in plant®assardet al., 200%

3. Lignin and lignification
3.1Lignin

Lignin, the second most abundant natural compound after cellulose, is a phenolic polymer
associated with cellulose and hemicellulose in plant cell walls. Ligramgjor component
of some secondary walls where aromatic compounds (e.g., monolignols) are linked together
(Boerjan et al., 2003

Lignin is derived from oxidative polymerization of three different hydroxycinnamyl
alcohols (monolignolsp-coumaryl alcohb coniferyl alcohol, and sinapyl alcohol) referred
to asp-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin, respectively. In general,
monolignols are end products of the phenylpropanoid pathwdier monolignol
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biosynthesis, these monolignolsush be transported from the cytoplasm to the cell wall
followed by free radicainediated polymerization. However, the transport mechanisms of
monolignols from the cytoplasm to the cell wall are still unclear (Marjamaa et al., 2009; Li
and Chapple, 2010).HE phenolic polymer lignin is polymerized by random phenol radical
radical coupling reactions of monomers in the cell wall. The precursors (monolignols) of
lignin can couple radically and cressuple at several sites with each other and with the
growing ignin to produce a complex and crdsgked lignin polymer (Figure 8) (Weng and
Chapple, 2010). Also, nefmaditional phenolics (e.g., ferulic acid), hydroxycinnamyl
aldehydes, acylated monolignols can be incorporated into growing lignins (Ralph et al.,
2008; Hayashi, 2006).

jDH
OH
p-coumaryl alcohol

OH

J

Oxidative coupling

~o

OH
Coniferyl alcohol

)/OH
\D/ :E "\D/
OH

Sinapyl alcohol

Figure 8. The phenolic polymer lignin is randomly polymerized frprsoumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol (Weng and Chapple, 2010).

Lignins arefound in vascular plants such as gymnosperms and angiosperms i(fepwer
plants). They are deposited in tracheary elements, sclerencipmaem fibres, and

periderm, especially in secondarily thickened walls of these (@&ik®n, 2001) Moreover,
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lignin content and composition vary amodifferent classes gblants Thereare two major
classes (1) gymnosperm lignia primarily containG-lignin (also called G units) derived
from coniferyl alcoholand a low contenof H-lignin (H units) derived fronp-coumaryl
alcohol (2) angiosperm lignins contain both syringyl units (Sts)nderived from sinapyl
alcoholandG units, anda low contenbf H units.Hardwood angiospermproduce primarily
G- and Slignin and a small proportion of -Hgnin, whereas softwood gymnosperm lignin
producegnostly Glignin with low contentof H-lignin (Boerjanet al., 2003Whetten et al.,
1998. Softwoodshavehigherlignin contentthan hardwoodsRemarkablychangesn lignin
content and compositiatio existin differentcell types and stagef tissue developmenrLi
and Chapple, 2010)he lignin n the tracheary elements Afabidopsisvascular bundles
mainly containsG units, whereas the adjacent highly lignified sclerenchgomains large
numbersof S units (Chapple et al., 1992%5uch a difference in lignin composition is
reflected in the substte specificity of enzymes theregulatel differential carbon flow into
the synthesis of various lignin precursors in lignin biosyntheEiss resuls in the
incorporaion of these subunits into lignins with variable proportiokogether lignin isa
complex threadimensional polymer of hydroxylated and methoxylated phenylpropane units,
and it functions as mechanical supportor plant organs in defense against pathogen

attacks, anth water transporin vascular plants (Boerjan et al., 20@38xon, 2001)).

3.2 Lignification

Lignification is the process by which monomeric units are assemiidedadicatradical
coupling reactions (Boerjan et al., 2003). The monolignols are coupled at various sites,
i ncl u-@-#4, ramgd idarbon of coniferyl andisapyl alcohol, and &arbon of coniferyl

al cohol . They mpadsiiohsywithcphaengi¢ ends torh & grawingbpolymer
(Hayashi, 2006). The monomeric units in lignin are linked together through at least six
di fferent t ypes 004, 5 pbkfae5y#G5, and diehzadbxocing b
(Figure 9;Weng and Chapple, 2010). TheO-4 (b-aryl ether) group is the most frequent
linkage, with lignin comprising more than 50% of this linkage group. In addition,
lignification frequently producesavious units, which may be from monolignol dimerization

or bulk polymerization (Boerjan et al., 2003). Polymerization procesmdree radical
reactions, initiated by peroxidases, which utiliz€klas a substrate, or by laccases, which
use Q. Both typesof enzymes are candidates for the oxidation of monolignols. Peroxidases
build a dense extension network to make the cell wall rigidnfiolme et al., 2010)

Recently, a thioacidolysis method has been employed to determine the relative lignin
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structures ath proportions of monolignols. Thioacidolysis provides information on the ratio
of syringyl to guaiacyl units (S/G ratio) and on the frequency of interunitary linkages in a
lignin polymer (Ralph et al., 2008). However, peroxidases oxidize a wide rangestriadess.

For example, ferulic acid, caffeic acid, coniferyl alcohol, hydroxycinnamaldehydes, and
dihydroconiferyl alcohol are precursors of the lignin formatidfhétten et al.1998. Also,
monolignols may form bonds to link other cell wall polymers sashcellulose.Thus,
various linkages probably link lignin precursors together in the lignin polymer that leads to
complexity in the threglimensional network. Moreover, some types of bonds are hard to
breaki n t he | igni n po-O-% imkage isneastlywcteavéd. chemitalty, b
whereas t he o8,hfp-5 %and dR-% qre snord fesistant to chemical
degradation (Boerjan et al., 2003). Until now, the mechanisms that determine the relative
proportion of the linkage types in the lignin pwigr and the precise structure of the lignin

polymer have generally remained unknofMayashi, 2006).
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Figure 9. Major linkages present in the lignin polymer (Weng and Chapple, 2010).

Lignification change the characteristics ofcall wall. Lignification usually occurs during
plant growth, when cell growth is completed or cells undergo secondary diPagbardi et

al., 2004b).In addition, lignification is a weltlknown mechanism of disease resistance in
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plants because it is a response to various environmental stresses such as pathogenic attacks
(Dixon, 2001). Lignification of plant cells around theesdf pathogen infections has been
suggested as limiting the spread of pathogen. Besides, deposition of phenylpropanoid
compounds is a part of cell wall reinforcement and is characteristic of infection (Nicholson
and Hammerschmidt, 1992). During defensepoeses, lignin and ligniiike phenolic
compound accumulation have been shown to occur in a number ofppthogenic
bacterial or fungal interactions. Ferulic actdat accumulates in wheat exposed to
Agrobacteriumis a precursor of monolignol biosyntiigssuggesting that the existence of a

defense response may reduce bacterial infection (Parrott et al., 2002).

4. Changes in theignin content and composition

4.1. Stresses

Lignin biosynthesis is a complex genetic network, where several enzanbsinducedby
variousabiotic (plant injuries mineral deficiency, drought, low temperatures,)aicbiotic
(fungi, bacterif infection, etc) stressegMoura et al., 2010 In order to resist various
stresses, plants may modify lignin content and/or ligmamposition in the plant bodyn
this study strawberry fruits were agroinfiltrated. Thus, they wea&pmosed to wounding.e.,
perforation of the fruits by using a syringe and infected with a pathogen (i.e.,
Agrobacteriun). In this regard,the study focused on the plant injuries and pathogen
infectiors that alteed the quantity and composition of lignin ithe plants. Further
understandingf the expression of ligninelatedgeneswill possiby allow researcherso
elucidate genetic control of lignin syresis anaontrollignin deposition in the cell wall.

(2). Plant injuries (wounding)

Plants havedevelopedseveral strategies to avoid pathogen infectiand water lossn
response to injury or woundinguggestingthat thesestrategiesinclude productia of
phytoalexins ophysical barriers such as lignin accumulation and lignificatiMoura et al.,
2010) Microscopy and histochemical analyses showed the formation of a barrienzbee
woundaed tissue Eucalyptus gunnjj indicaing that the cell wals were associatedwith
intensification of lignin depositioffHawkins and Boudet2003). Chamaecyparis obtusa
exposed to injuryled to the accumulation of lignin and ferulic acid in the phloem, and
induction of lignification in the necrotic phloem after 7Tthe concentration of ferulic acid

was higher 7 d after injurysuggesting that ferulic actiad accumulated in the cell before
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formation of lignin (Kusumoto, 2005Woundinduced deposition of polygmolic acid is
considered to play a role in resistanesponses.

Based orthis information it is importantto gan a betterunderstandingf whetherthe
spatial and temporal expression l@hin-related geness responsiblefor promoting the
formation of ligninto resiststress Several studies have demumasedthatthe induction of
genesis related to lignin biosynthesias a plans responseo wounding. In he case of
wounding, peroxidasexpression is probably triggered to repair daenaged tissyas well
asto providea defese responseagainst patbgen infectios (El Mansouri et al., 1999)n
anotherexperimentthe expression oAt4CL genesfrom Arabidopsis thalianavasinduced
in awounced leaf. After wounding At4CL1and At4CL2exhibiteddifferentinduction times
until they reached their maximumxpression levelat 2.5 h and 482 h respectively
(Soltani et al., 2006 Also, gene expression diCL, CAD andCCRincreasedn theinjured
leavesof Arabidopsig(Delessert et al., 2004).

The removal of the stem apex caused an increase in theiestioit CAD and SAD
leading to G and S lignin assemblyEncalyptus gunnifHawkins and Boude2003). Also,
the expression ofaF5H1 from Camptotheca acuminai@creased in detached leaf discs
resulting inpromoton of the biosynthesis d&-lignin (Kim et al., 2006). These observations
suggestdthat various expressn levels of ligninrrelated genes causgariousincorporation
rates of coniferyl and sinapyl precursors into the lignin polymer.

(2). Pathogen infectiois

Plantshave develogd complicated diense strategiedfor responding to pathogen attacks,
referred to as plant innate immunity. Plant innate immunity is coordinately regulated by a
complex signaling network. Cell walignification, pathogen related (PR) gene induction
and hypersensitive regpse (HR) alsamccurin plant immune system&ohn et al., 2001)

For examplewheat exhibiteda hypersensitive reaction following infectidoy Puccinia
graminis(Moerschbacher et al., 199@n increase in lignificatiomvasusually observed in
response tpathogen infection, suggesting that a dsféesignalwasgenerated.

The CCRgeneis strongly induced by pathogensAnabidopsisand rice, indicating that
this gene may participate in the hypersensitive response to the pathaegeargeat et al.,
2001, Kawasaki et al., 2006).ikewise, gene expressionf PAL, CAOMT, F5H, CCoAMT,
and CAD are elevated in theepidermis of wheatT{iticum monococcujninfected with
Blumeria graminigBhuiyan et al., 2009)Thus, plants trigger a series of defense responses
acompamed by induction of particulatignin-related genes in the lignin biosynthesis
pathway.
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Lignin contentincreasedn plantsfollowing pathogeninfections (Bonello and Blodgett
2003. Lignin inductionoccursin the infected plants, in which a mechahibarriermay
diminish the probability of pathogen invasi@phaeropsis sapineaxhibitedan increase in
the deposition of lignin after infectioby Pinus nigra(Bonello and Blodgett2003) and
Chinese cabbage increasedOq accumulation and peroxidasetiaity after exposure to
Erwinia carotovora (Zhang et al., 2007)Induced H,O, production may stimulate
polymerization of monolignols in the infected regio@slimagro et al 2009). Taken
together, theproduction of lignin-building monolignol units are mingly activated in

infected plants as the result of exposura pathogen or other elicitors.

4.2. Transgenicand mutagenicapproaches

Most of the genes involved in monolignol synthesis have been cloned and characterized
from plant model species such Arabidopsis tobacco, and poplar. Transgenic plants and
mutants have provided first clues of the functions of ligelated genes. Several studies
have reported on the impact©CR CAD, andPOD downregulation and overexpression in
transgenic plantsna mutant lines on the reduction or increase of lignin content and
modification of lignin compositionWhetten et al.1998.
(1) CCR
CCR is the first enzyme in the lignspecific branch of the monolignol biosynthetic
pathway. Manipulation o€ECR gene expession has been reported in dicots and monocots.
Tobacco plants carrying an antisel@®€Rgene had a 75% decrease in lignin content and a
25% decrease in activity, as well as an increase in the S/G ratio (TalMee®en et al.,
1998. However, the ligm content in tobacco plants carrying a seG&R gene construct
was not affected. A slight change occurred in levels of CCR activity, as well as a decrease in
the S/G ratio (Table 3Vhetten et al.1998. In contrastZmccrl (maize)mutantsexhibited
only a slight decrease in lignin content and significant changes in the lignin structure. An
increase in the S/G ratio was revealed, as well as a decrease in H units, as compared to wild
type plants (Tamasloukht et al., 2011). Altogether, dosgulation of CR in plants
exhibited a decrease in total lignin content, along with a higher S/G ratio in the lignin
polymer. The S/G ratio of lignin increased in dewegulated CCR transgenic plants or
mutants probably due to a decrease in G units. The result colddt riéfe preferential
reduction of feruloyCoA.

In addition, the xylem ofCCRdownregulated transgenic tobacco lines shoveed
orangebrown coloration, which may be caused by elevated levels of-lggted ferulic
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acid in the xylem cell walls (Piquemat al., 1998). Manystudies of CCRleficient
angiosperms (poplar, tobacco, aadbidopsi3 have shown increased incorporation of free
ferulic acid into the lignin polymer blyis-b-O-4 crosscoupling. Evidence was provided by
NMR and thioacidolysis analys€Ralph et al., 2008/anholme et al., 2030

(2) CAD

CAD is thelastenzyme in the monolignol biosynthetic pathway. Transgenic plants with up
or downregulatedCAD gene showed a different lignin composition when compared to the
wild type plants. The sft in the aldehydéo-alcohol ratio was greater for S than G lignin in
CAD deficient transgenic tobacco planksalpin et al., 1994). In addition, alteration in the
synthesis of S lignin was observed in antiseds® tobacco, with higher levels of G ligni
leading to a reduction in the S/G ratio of ligniRalph et al., 1998). Thus, these
compositional shifts may impact the structure of the polymer or alter cell wall properties
(Vanholme et al., 2010).

However, transgenic plants with reduced levels ofDCéctivity accumulated the same
content of lignin as the wild type plants (TableV8hetten et al., 1998 These transgenic
plants increased the incorporation of hydroxycinnamyl aldehydes into the lignin polymer.
One of the most prominent effects of CAldwn-regulation in plants is that it leads to lignin
with increased hydroxycinnamaldehyde content. @idwnregulated poplars did not
change the pr o@bbortds cv & unibsf butlsignfigamtly incfeased amounts
of syringaldehyde and vanillirdérived from coniferaldehyde) in the lignibapierreet al.,
1999). Some reports have shown an increased incorporation of certain
hydroxycinnamaldehydes into the ligninolpmer associated with a decrease in the
corresponding alcohalerived subunit Whetten et al.,1998. These hydroxycinnamyl
aldehydes ar®-O-4-crosscoupled with a phenolic end of the polymer in GABficient
plants (Hayashi, 2006).

(3) CCR and CAD
Combined dowsregulation of CCRand CAD in transgenic tobacco displayed normal xylem

cell wall morphology. They exhibited a strong decreasegnii content, as well as an
increase in the S/G rati@Chabannes et al., 2001hlowever, dowsregulation of CCR in
tobacco led to reduced growth with dramatic structural abnormalities in xylem vessel cell
walls (Piguemal et al., 1998Interestingly, CADdownregulated tobacco exhibited normal
growth. (Ralph et al., 1998Therefore, these unexpected results demonstrate the need for

additional studies.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapierre%20C%22%5BAuthor%5D
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4) POD

I(Dezroxidases have been associated with the production of monolignol phenoxy radicals that
form lignin polymers (Passardi et al., 2004b). Genetic studies in several plants showed that
up- or downregulation of certain class Il peroxidases had an impact on either lignin content
or composition. Upand downregulation of thePOD gene in tobacco led tacreased and
reduced levels of POD activity in the transgenic plants. Transgenic tobacco with increased
POD activity accumulated large amounts of lignin, but the lignin content in plants with
reduced POD activity was not affected (TableABetten et al.1998. Downregulation of
NtPODG60(TP60) gene in tobacco with an antiseR€2D gene (Nicotiana spp.) resulted in a
50% reduction in the amount of lignin and vascular tissue modification (Blee et al., 2003).
However, upregulation of theNtPOD60gene in tbacco showed no impact on the lignin
content of roots, leaves, and stems (Lagrimini et al., 1997). Transgenic aspen plants with
downregulated PkPODO3 (PODA3a) gene (antisense suppression) had up to a 20%
reduction in lignin content and a decreased pramorof G units, as well as an increased
proportion of S units (Li et al., 2003). These transgenic plants have contributed to our

understanding of the vivorole of various peroxidase isoenzymes.

Table 3.Modification of lignin in transgenic plant¥\{heten et al.,1998

Transgenic Enzyme Lignin Lignin
method Species effect! content’ composition®
Antisense ccr Tobacco CCR 25% Decreased to Increased
75% S:G
Sense suppression Tobacco CCR 2% n.d. Decreased
cer S:G
Antisense cad Tobacco CAD 7% No effect Increased
aldehyde
Antisense cad Tobacco CAD 50% No effect Increased
aldehyde
Antisense cad Poplar CAD 30-50%  No effect Increased
aldehyde
Antisense pod Tobacco POD decreased No effect
Overexpression pod  Tobacco POD increased Increased n.d. slower

to ~130%  growth

'Enzyme effect: level of enzyme activity relative to wild type (%)
“Effect on lignin content, % of wild type content, n.d., not determined
3Effect on lignin composition relative to wild type
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Other peroxidasesuchas ZPOD01 (Sato eal., 2006) and BOD15 (Gabalddn et al.,
2005) fromZinnia, have also been shown to be involved in the lignification process.
peroxidase genwas overexpresseauith its own promotem a transgenic plant. Its transcript
levels increasedn the epidermis trichomes, and parenchymal tissues associated with
vasculaturgbut not invascular tissu¢Lagrimini et al, 1997) Altogether,the precise roles
of individual class Il peroxidasesoforms are still largely unclear due to functibna
redundancy of thegeeroxidass in plants. Individual gene family members have been more
difficult to tackle due to the high number of genes and diversity in their structure. In addition,
substrate specificity is difficult to obtain because peroxidases also exhibit lowaseibst
specificity in vitro (Chittoor et al., 1997Pedreira et al., 2011Thus understanding othe
precise functionand specific rolgof plant peroxidasearestill achallenge.

5. RNA silencing in plants

RNA silencing has been achieved in transg@tants with homologous sense and antisense
RNAs, doublestranded RNA and virus induced gene silencing (VIGS) (Figure/dfc¢e
andVaucheret2001;Vaucheret et al., 2001The underlying mechanism of these techniques

is called RNA interferenece (RNAIi). BN was discovered accidentally in transgenic
petunias in the early 1990s. Plant biologists attempted to enhance color in pigmented petunia
petals. A petunia sen§&gHSgene was introduced into plants to enhance pigmentation in the
flowers but, instead, theplants produced pure white or patterned flowers. This co
suppression phenomenon of homologous genes has been linked withapsstiptional
inhibition of gene expression and leads to homologous mMRNA degradation in plants (Napoli
et al., 1990).

RNAi-mediated silencing occurs in animals, fungrosophila ard plants(Hannon, 2002;
Ronald, 2002; Schwab et al., 2011). All of these organisms utilize the mechanism that
recognizes dsRNA as a signal to suppress the expression of homologous genes (Figure 10;
Waterhouse et al., 2001b). Long dsRN#&® cleaved by the endonuclease Dicer int@39
nt fragments with 5&éntphoworspdiorgd adred empisosamh
(Bernstein et al., 2001). The fragments are called mall interfering RNAs (SiIRNAS)A-
induced silencing complex (RISCassociatedvith siRNAs acts as the guide strand to
recognize complementary mRNA andttmger sequencespecific degradation of the target
MRNA. In plants, siRNAs are not only guides to target the homedeggndentiegradation
of RNA, but also the mobile silencing signal for systemic spread of post transcriptional gene
silencing (PTGS; Waterhouse et al., 2001a).
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Figure 10. Different types of RNA silencing in plants.

The initid RNA silencing is linking dsRNA derad from sense RNA, antisense RNA,
doublestranded RNA and VIGS. Transgenes expressing sense RNA produces aberrant
(ab)RNAs and transgenes expressing antisense RNA could producesiRNeY or abRNA.
These abRNAs could be used as templates by an RARP2YS(SSociated with SGS3
(coiled-coil), AGO1 (PAZ/Piwi) and RNA helicase (SDE3) to synthesize dsRNAs. The
siRNAs derived from dsRNA combine with RISClike silencing complex to mediate
sequencespecific mMRNA degradation. PTGS needs SGS3 and MET1 (whicbdega
DNA-methyltransferase) in plant¥§gnceandVaucheret2001;Vaucherett al., 2001

RNA silencing as a powerful tool for gene function studieas been applietb many
plant species. Several recent studies have showitrdinggenic plants witdoublestranded
or selfcomplementary hairpin RN&A(IhpRNA) induced PTGS tosuppress target gene
expressior(Abbott et al., 2000; Smith et al., 2000; Wesley et al., 2001¢. expression of
homologous genes in strawberiruits were inhibitedusing RNAI technology to target
FaCHS FaOMT, FaGTl, FaDFR FaANS and Fra genes (Schwab et al., 2011)
Agroinfiltratedfruits containingFaCHSiIhpRNA constructs that encode double stran@is)
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or self-complementary hairpirfhp) RNA cause the loss of pigmentatiomithe fruits
resultingin the silencing of the homologousCHS gene (Hoffmann et al2006). RNAI-
mediated $encinghasbecone an important method for analyzing gene functiongivo.

6. Intention of the study

Lignin is the second most abundant polynfimund in nature after cellulose. Among the
many roles lignin plays in plant growth and development are those providing structural
support for land plants. Until recently, only carbohydrate polymers such as pectin and
cellulose and to a lesser extent pnogeisuch as thexpansns have been regarded as
structure forming and dbdizing components in fruitdMicroarray analyses, however, have
recently provided evidence that the expression of specific genes involved in lignin formation
affect strawbey fruit firmness(Salentijn et al., 2003 As a consequencg,is the intention

of the study to clon€CR CAD, andPOD genes fronfragaria x ananassato functionally
characterize the corresponding enzymes and to determine their gene expeasigim
different tissuesdlt is also proposetb transiently dowsregulate and upegulateCCR CAD,

and POD genesin fruits and to quantify the effects on fruit firmness, lignin content, and
composition.

Functional studies o€CR CAD, andPOD have beercarried out byevaluaing stalle
transgenic plants (Table 3YVhetten et al.1998. Down and upregulation ofFaCCR
FaCAD, and FaPOD gene expression in strawberry fruit bRNAI and overexpressn
strateges, respectivelyhavenot been reportedet In this study it is proposed tonfiltrate
fruits with Agrobacterium harboring intron-hairpin or overexpressn constructs
corresponding toFaCCR FaCAD, and FaPOD. Eventually the ultimate goal is to
manipulae useful geneso alter cell wallstructuresand progrtiesin order to improve the
firmness of strawberriesThe results can be usetb develop strawberry varieties with

improved firmness, storage stability and thus fruit quality.
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[I. Materials and Methods

1. Materials

1.1 Plant materials

The octaploid strawdary plants(Fragaria x ananassecv. Elsanta) were obtained from
producer (Kraege Beerenpflanzen, Telgte, Germany), drahsgenicstrawbery lines

carrying theantisenseCHS gene(Fragaria x ananassav. Calypso) were providelly the

research grougPlants of both strawberrgenotypegv. Elsanta andv. Calypso were grown

under greenhouse conditions (18H, lightdark period)

1.2 Chemicals

All chemicals, solvents, and reference compounds were purchased from-Adyna
(Munich, Germany), Fluka (Much, Germany), Merck (DarmstgdGermany), Roth
(Karlsruhe, Germany), Sigma (Steinheim, Germaasy, T. Baker (Austin, TX, USA). The
following chemicals were used in different studies.

A. Chemicals and reference compounds for assaying enzyme activigyoliginedfrom
the following suppliers

SigmaAldrich : p-coumaric acid, caffeic acid, traegnnamaldehyde, coniferyl aldehyde,
syringaldehyde, cinnamyl alcohol, coniferyl alcotadsinapyl alcohol

Fluka: ferulic acid

Roth: ATP, NADPH, guaiacol, and,0,

B. Chemicals and solvents for lignin composition analysis were obt&ioedthe following
suppliers

Roth: 1,4dioxare, diethyl etherandsodium sulfate anhydrous

Aldrich: boron trifluoride diethyl etherate and ethanethiol methylene chloride

J.T. Baker: dichloromethane

Fluka: docosane and sodium bicarbonate

SupeLco (USA):N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) kit

SigmaAldrich : pyridine

C. Solventsfor LC-UV-ESFMS" and GGMS were obtainefrom the following suppliers
J. T. Baker: methanol and water

Roth: formic acid
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1.3 Bacterial and yeast strairs
- E. coliJM 109 (Promega, Mannheim, Germany)
- E. coliTOP10 (Invitrogen, Darmstadt, Germany)
- E. coliBL21 (DES3) pLysS (Noagen, Darmstadt, Germany)
- E. coliRosetta (DE3) pLys@\Novagen)
- Agrobacterium tumefacie®SGLO (Lazo et al., 1991)

- Saccharomyces cerevisiddVSc-1(Invitrogen

1.4Enzymes, markess, and other

DNA polymerase:
- TagDNA PolymeraseX U/ delw England Biolabs, FrankfuiGermany
- PfuDNA Polymeras€3 U /, Brébmega)

- Phusior?vI (2 U/ Eirnnzymes, Espoo, Finland)
Reverse transcriptase:-MLV RNase HMinusPoint Mutant(Promega
Restriction enzyme -BanH|, Ecl136l1l, EcoRI, Nhd, Notl, Smd, Spé, Xba, andXhd
(Fermentas, St. LeeRot, Germany
Other enzymg-DNase | andRNasefree Fermentas
-RNaseA (New England Biolabs)

-T4 DNA Ligase Fermenta

™
-RNaseOUT Recombinant Ribonuclease Inhibi{@OUEkI, Invitrogen

DNA markes: -GeneRule!™ 1kb DNA Ladder Fermentak
-GeneRule™ DNA Ladder Mix Fermentak
Protein markes: Protein Marker Broad Range (66 kDa) SigmaAldrich Chemie GmbH,
Taukirchen, Germany)
Other: -dNTPs (10 mM, Fermentas)
- dATP (100 mM, Fermentas)
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1.5Vectors
- pSKAscI35SIntTER (Hoffmann, 2001)

flori

Anpicillin

Ecl136ll
Spel

Nhel
Xbal

NOSTer

pSKASCI35SINtTER 10
4231 bp

ColEL ori

Ascl Ascl

- pBl-intron (Hoffmann et al., 2006)

Ne CaMv 358

intron

SnaB |

Npt i pBlAscl

- pBlAscl (Hoffmann, 2001)

ori V ColE1 ori

2 Nos Pro

11747 bp

A _ NosPro

Npt Il
Npt Il P

7 Nos Ter

pBI-CHSi
13693 bp

Sense

Nos Ter. Antisense
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1.6 Vectors containing antibiotics for bacterial selection and primers for

sequencing(Table 4)

Table 4. Vectors with appropriate antibiotics and sequencing primers
Primer name Antibiotics Sequencing primers
pGEM-T (Promega) Ampicillin T7, SP6
pET-29a(+) (Novagen) Kanamycin T7, T7_Term
pPpGEX-4T-1(GE Healthcare) Ampicillin PGEX-F, pGEXR
pSKAscl (Hoffmann2001) Ampicillin T3, T7
pBIlAscl (Hoffmann,2001) Kanamycin Specific primers
PYES2 (Invitrogen) Ampicillin PYES2F, pYES2R

1.7 Antibiotics (Table 5)

Table 5. Stock solution and solubility of antibiotics

Antibiotics Stock solution Solubility  *Final concentration
Ampicillin (Sigma) 100 mg/ml MQ water 100eg/ml
Chloramphenicol (Sigma) 34 mg/mi Ethanol 34eg/ml
Carbenicillin (Roth) 50 mg/ml MQ water 50eg/ml
Kanamycin (Sigma) 25 mg/ml MQ water 25eg/ml
Rifampicin (Fluka) 25 mg/ml Methanol 25eg/ml

( Final concentratiorusedfor selection and propagation of bacteria gells

1.8 Primers

All oligonucleotide primers were synthesized by the Microsynth Company (Balgach,

Switzerland) and used as the following:

A. The oligonucleotide primemsereused for sequencin@able6)
Table 6.Primes of sequencing

Primer name Sequence (506 to 36)
T3 AATTAACCCTCACTAAAGGG

SP6 CATTTAGGTGACACTATAG

T7 AATACGACTCACTATAGGG

T7_Term CTAGTTATTGCTCAGCGGT

pGEX-F ATAGCATGGCCTTTGCAGG

pGEX-R GAGCTGCATGTGTCAGAGG

PYES2 F TACCTCTATACTTTAACGTC

PYES2 R TCTAACTCCTTCCTTTTCGG

B. cDNA synthese primers: Randedexamer (5&mo | / sNNNNNNSE
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C. The primersvereused for cloning of cDNAs and genomic DNA(gDN@jable7)
Table 7.Primers ofFaCCR FaCAD, andFaPOD

Primername Sequence (56 to Tm Targetgene

CCR-FD ATGCCTGYYGATVHYWSMTC  50°C  FaCCR
CCR-RD TTATTGRATYTTSAHRGASTC
CAD-FD ATGKCTATCGAGCAAGAACAC  50°C  FaCAD
CAD-RD TTAAGASCTARCCTTCAGTGT
gPOD F ATGGGTTCCAGAGCTCTCTTC  50°c  FaPOD
gPOD R CTAGTGGAGCTTGTTGGCCAC

(FD: degenerate forward primer; RD: degenerate reverse pranemderlineindicates H=
AITIC; K= GIT; M=A/C; R= G/A; S=G/C; V=G/AIC; W= AIT; Y=TI/C; F: forward primer;
R: reverse primer)

D. The primerswvereused for construction in intremairpin vectorgTable8)
Table 8.Primers offFaCCR FaCAD, andFaPOD

Primer Sequence (506 to 36 Tm  Target gene
name

CCR-Nhel F  CTAGCTAGCGTCGTCTTCACGTCTTC  55C FaCCR
CCR-SpelR  GCGACTAGTAGAATTGGCATAAGTCTT

CAD-Nhel F CGOGCTAGCTTCTACAGAAGGGAAAC  55°C  FaCAD
CAD-Spel R GCAACTAGTGTAGTACTTGGCACCGTA

POD-Nhel F CATGCTAGCCTCTACAAGCGCCACAAG  55°C  FaPOD
POD-Spel R GCGACTAGTATCTCTCCTTCCAGTT

(F: forward primer; R: reverse primeme@ineered restriction sites are underlined)

E. Theprimerswereused fo construction in overexpressi vectors(Table9)
Table 9.Primers offFaCCR FaCAD, andFaPOD

Primer name Sequence (56 to 306)Tm Targetgene

CCRF_BamHI CAGGGATCCATGCCTGTTGATAACTG 55:C FaCCR
CCRR_Smal  CTGCCCGGGETATTGGATTTTGAAG
CAD F_BamHI  CGTGGATCCATGTCTATCGAGCAAG  55:C FaCAD
CADR_Smal  TATCCCGGGETAAGAGCTAGCCTTC
POD F_BamHI TCTGGATCCATGGGTTCCAGAGCTC  55¢¢ FaPOD
PODR_Smal  TATCCCGGGTAGTGGAGCTTGTTG

(F: forward primer; R: reverse primemg@ineered restriction sites are underlined
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F. The primersnvereused ingRT-PCR(Table 10

Table 10.Primers ofFaCCR FaCAD, FaPOD, FaPOD27 FaPAL FaCHS andIS
Primer
name
Genespecificprimers

Sequence (50 to 30) Reference

CCR-F GAGAGGCTATAATGTGAGAGGAACCGTCAG this study (refer to
CCR-R GCGATGCAGTGTGGAAAACGCCATCACAGC appendix B.1)
CAD-F CATGGTCAAGAATGAATGGGGCTTCTCTAC this study ( refer to
CAD-R GCACCGTAAGTGAGTATCTGTTTGGGGCAG appendix B.2)
POD-F GCTGAGATCCTTGAGGAGTACCTTCCTGAC this study (refer to
POD-R TGTGAGGGACATGGTCTGGGTTCAGAGCTG appendix B.3)
POD27 F ATTTCCATGATTGCTTTGTCA this study (refer to
POD27 R CAACGGCTAAGATGTCAGAAC appendix B.4)
PAL F TTGAAGCTCATGTCTTCCAC _

PAL R CAAGTTCTCCTCCAAATG Almeida et al., 2007
CHS R GAGCAAACAACGAGAACACG

Interspacer primers

IS F ACCGTTGATTCGCACAATTGGTCATCG 16S23S interspace
ISR TACTGCGGGTCGGCAATCGGACG region

(F: forward primer; R: reverse primer)

G. The primersvereused for onstructionof protein expressing vectof$able 1)
Table 11.Primers ofFaCCR FaCAD, andFaPOD

. E i

Primername Sequence (506 to 3606) Xpressing
vector

CCR F_BamHI CAGGGATCCATGCCTGTTGATAACTG PGEX-4T-1
CCR R_Smal CTGCCCGGATATTGGATTTTGAAG
CAD F BamHI CGTGGATCCATGTCTATCGAGCAAG PGEX-4T-1
CAD R_Smal TATCCCGGAETAAGAGCTAGCCTTC
POD F BamHI TCTGGATCCATGGGTTCCAGAGCTC PGEX-4T-1
POD R_Smal TATCCCGGQACTAGTGGAGCTTGTTG
CADR Xhol  GGACTCGAGAGAGCTAGCCTTCAG PET-29a(+)
CAD_YF GCTGGATCCAACACAATGTCTATCGAGCAAG DYES2
Xbal YR GCATCTAGAGTTAGCAGCCGGATCTCA

For pET-29a(+),CAD R_Xhol and CAD F_BamHI were used as a pair of primers in a PCR
reaction.(Tm = 55°% F/R: forwardreverseprimer; engineered restriction sites are underlined)
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1.9 Media, buffers, and solutions
A. media

LB medium/plates
10 g/l Tryptone
54/ Yeast Extract
10 g/l NaCl
15 g/l Agar 1.5% (for plates)
Adjust pH to 7.0 with NaOH

LB plates /Ampicillin /IPTG/X-gal

500 mL LB medium containing 1.5% agar

0.5mL  Ampicillin (200 mg/ml)

0.4mL  X-Gal 60 mg/mL stock in NN'-dimethyl formamide)
25mL  IPTG (0.1mM stock in MQ water)

MMA medium

4.3 g/l MS-salt (Sigma)
1.952 g/l MES (10 mM)
20 g/l Sucrose

Adjust pH to 5.6 with KOH

SOC medium

20 g/l Tryptone

5 g/l Yeast Exdict
0.584 g/l NaCl

0.186 g/l KCI

2.03 g/l MgClzh 6H,0
1.204 g/l MgSO,

3.603 g/l Glucose
Adjust pH to 7 with NaOH

SCU medium/plates (synthetic minimal defined medium for yeast)

0.67% yeast nitrogen base (without amino acids)

2% carbon source (glucose or galactose)

amino acids:

0.01% (adenine arginine, cysteine, leucine, lysine, threonine, tryptophan)

0.005% (aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine,
tyrosine, valine)

2% agar (for plates)

Up to 900 ml distilled water

Add 100 ml offilter-sterilized 20% glucose or galactose after autoclaving
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20% glucose or galactose
100 g of glucose or galactose in 400 ml distilled water
Add distilled water to 500 ml and steriliz

B. DNA buffer and solution

DNA Extraction buffer

2.0% CTAB (w/v)

14 M NacCl

20mM  EDTA (pH 8.0)

100 mM  Tris-HCI (pH 8.0)

Add 0.2 % Bmercaptoethandb the buffer befog use and then heat to 60°C forpvarmed
buffer

TE buffer
1 mM EDTA (pH 8.0)
10 mM  Tris-HCI (pH 8.0)

C. RNA buffer and solution
RNA extraction buffer

3% CTAB (W/v)

3% PVP, K30 (Roth)
25mM  EDTA (pH 8.0)

2 M NaCl

100 mM  Tris-HCI (pH 8.0)
Add 4 0 Rmelcdptmodthando the buffer before use and then heat to 655€C pre
warmed buffer

D. Protein buffer and solution
His-tag wash/bind buffer

20 mM Sodium phosphate (pH 7.4)
0.5 M NacCl

20 mM Imidazole

His-tag elution buffer

20 mM Sodium phephate (pH 7.4)
0.5M NaCl

400 mM Imidazole

GST wash/bind buffer (pH 7.3)
4.3 mM  NagHPO,

1.47 mM KH;PO,

0.137 M NacCl

2.7mM KCI
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GST elution buffer (prepare fresh buffer)
10 mM l-Glutathione reduced (Roth)
50 mM  Tris-HCI (pH 8.0)

Peroxdase extraction buffer

100 mM  Potassium phosphate (pH 6.6)
2 mM EDTA
0.5%  Triton X-100

Add 20 mM PMSF to 1 ml buffer before use

Bradford solution

100 mg/l.  Coomassie Brilliant Blue G250 (Roth)
50 ml/l  Ethanol (96%)

100 mi/l.  Phogshoric acid (85 %)

SDSPAGE
12% Trisglycine SDSPAGE gel (Anamed, GroBieberau, Germany)

4x  Roff Protein Loading buffer (Roth)

1x Electrode (Running) buffer

25 mM Tris
192 mM Glycine
0.1% SDS

Staining solution
0.33g Coomassi@rilliant Blue G250
120 ml Methanol
24 mi Acetic acid
120 ml H,O

Destaining solution

20% Ethanol
10% Acetic acid
E. Other buffer and solution

10x DNA loading dye
0.21% Orange G
0.1M EDTA (pH 8.0)
50% Glycerol

50x TAE buffer

242 g/l Tris

57.1 ml/l Acetic acid

100 mi/l  0.5M EDTA (pH 8.0)
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Glycerol for cell stocks
65 % Glycerol (v/v)
0.1 M MgSQ,
25mM  Tris

pH 80 with HCI

Chemically competent cells

Trituration buffer (prepared fresh and fiksterilized buffer):
100mM CaChh 2H,0

70 mM  MgChh 6H,0

40 mM NaOAc

Adjust pH to 5.5 with HCI

1.10Commercial kits
-Purification of DNA fragments from gel:
QIAEX Il Gel Extraction Kit (QIAGEN, Hilden, Germany)
NucleoSpirf Extract Il (MachereyNegel, Diiren, Germany)
- Purified plasmid DNA for sequencing or other molecular biologic experiments:
Wizard® Plus SV Minipreps DNA Purificationy8tem (Promega

- S c¢. EasyComp. Transformation Kit (Invitrogen)

®
- Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CISA)
- SensiMiXMSYBRKit (Bioline GmbH)

2. Apparatus
2.1 FPLC (Fast protein liquid chromatography)

A KTApurifier System (GE Healthcare, Biosciences AB, Uppsala, Sweden) with the
following equipment:

Pump P-900 (with four pump heads in two pump modules)

Monitor UPG-900 (including the combined measurement of UV
absorption, pH and conductivity)

Monitor UV-900 (with variable wavelength in the range 4@ nm)

Valve INV-907 (with rotary 7port valve)

Mixer M-925 (single chamber mixer)

Fraction collector Frac950

Software UNICORN (version 5.2

Program for purification of His -tag protein
Column 5 ml HisTrap FF Column (GE Healthcare)
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Solution

Column equilibration
Flow rate

Gradient
Runningsolution

Monitor at 280 nm

Column loading
Flow rate
Gradient
Loadingprotein
Runningsolution

Column washing
Flow rate
Gradient
Runningsolution

Protein elution
Flow rate
Gradient
Runningsolution
Collected fractions
Column washing
Flow rate
Gradient
Runningsolution

Storage

2.2 Liquid

chromatography

B1: Elution buffer {1.1.9.D); B2: MQ water
Al: Wash/bind bufferl{.1.9.D} A2: 20%ethanol

2.00 ml /min

100%

5 column volumes of MQ water (B2)

5 column volumes of binding buffeAl)
Basline should be stable after washing.

0.5 ml /min

100%

10 ml protein extracts
Along with MQ water (B2)

2.00 ml /min

100%

5-10 column volumes of binding buffeAl) until Azgois
stable (to reach the baseline).

1.00 ml /min

100%

10 column volumes of elution buffer (B1)

Collect fractions (%) for SDSPAGE and enzymes analysis

5.00 ml /min

100%

5 column volumes of MQ wat€B2)

5 column volumes a20%ethanol(A2)
Store the HisTrap columat 4 °C after washing with 20%
ethanol
ultraviolet ionization

electro -spray mass

spectrometry (LC-UV-ESI-MS")

System |
HPLC

Pump
Autosampler

Agilent 1100 Series

(Agilent Technologies Inc., Santa Clara, California, USA)
Agilent 1100 Quaternary Pump

Agilent Autosampler
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Injection volume

Separatiorcolumn

Precolumn
Columntemperature

Solvents

Flow Rate

Gradient

UV-Detector
Wavelength

SpuL

Luna 3 um C18 (2) 100 A 150 x 2.0 mm (Phenomenex
Aschaffenburg, GermanyPart Number: 00E251B0)

Security Guard Cartridge318 4 x 2 mnm(PenomeneX)

25 °C

A: Water plus 0.1 % formic acid

B: Methanol plus 0.1 % formic acid

0.2 ml/min

0-30 min: 650 % B, 3035 min: 50100% B, 3550 min: 100%

B, 50-55 min: 1000% B, 5565 min: 0% B

Agilent 1100 variable wavelength detector

According to different analyses, the wavelength should be

changed as follows:

Analysis Wavelength (nm)
Metabolites 280

CCR enzyme 340

POD enzyme 320 (DAD detector)

Mass Spectrometer Bruker Daltonics esquire 3080° (Bruker, Bremen, Germany)

Spray gas

Dry gas

Scan range
Polarity

ICC target
Target masg§SPS)
Capillaryvoltage
End pateoffset
MS/MS
Collisiongas
Collision voltage
Data analysis

Nitrogen (30.0 psi)

Nitrogen (330 °C, 9 I/min)

m/z100 to 800

postive/negative

20, 000 or 200 ms

m/z400

- 4000 V

-500 Vv

Auto-tandem M$

Helium 5.0 (3.56 x1®mbar)

10V

Bruker Daltonics Esquire 5.1 with Data Analysis 3.1 and
Quant Analysis 1.5 package (Bruker Daltonics, Bremen,
Germany)

Agilent 6300 series ion trap LC/MS system software (version

6.2) with Data Analysiand Quant Analysis


http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=separation&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=column&trestr=0x8001
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System Il
HPLC

Pump
Autosampler
Injection volume

Separatiorcolumn

Precolumn
Column temperature

Solvents

Flow Rate
Gradient
UV-Detector
Wavelength

Agilent 1100 Series

(Agilent Technologies Inc., Santa Clara, California, USA)
Agilent 1100 Capillary Pump

Agilent 1100 Micro Wellplate Autosamgi

SpuL

Luna 3 pm C18 (2) 100 A a5 2.0 mm (Phenomen®x
Aschaffenburg, GermanyPart Number: 00E251B0)
Security Guard Cartridge318 4 x 2 mn{PenomeneX)

28 °C

A: Water plus 0.1 % formic acid

B: Methanol plus 0.1 % formic acid

0.1 ml/min

60% A, 40% B(isocratic)

Agilent 1100 series DAD

260 nm for products; 340 nm for substraif€sD enzymeg

Mass Spectrometer Agilent Technologies 6340 ion Trap LC/MS

Spray gas:

Dry gas:

Scan range:
Polarity.

ICC target:
Target mas§SPS):
Capillaryvoltage:
End pateoffset
MS/MS:
Collisiongas:
Collision voltage

Data analysis:

Nitrogen (30.0 psi)

Nitrogen (330 °C, 9 I/min)

m/z100 to 800

positive

500,0000r 200 ms

m/z200

- 4000 V

-500 V

Auto-tandem M$

Helium 5.0 (3.56 x1®mbar)

10V

Agilent 6300 series ion trap LC/M8/stem software (version
6.2) with Data Analysis and Quant Analysis


http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=separation&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=column&trestr=0x8001
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2.3 Gaschromatography-massspectrophotometer (GGMS)

GC

Autosampler
Injector
Separatiorcolumn
Mass spectrometer
lonization
Temperature
Photomutiplier
Scan rate
Injection

Carrier gas

Mass range

Temperature program

Data analysis

2.4 Other equipment

Thermo Finnigan Trace GC 2000 Ultra
(Thermo Finnigan, Egelsbach, Germany)
Thermo Finnigan Al 3000 (Thero Finnigan)
Split injector (1:10)

Rx®5ms (15 m x 0.25

Thermo Finnigan Trace DSQ (Thermo Finnigan)

mm, df

Electron impact ionization (EI), 70 eV, (Positive ions)
ion source: 250°C, transfer line: 280°C

1340V

500 amu/s
Temperature: 220AC,
Helium with flow rate at 1.1 ml mih
m/z40 to 600

Initial step: 90C; hold time: 3 min

Spl it

Ramp step: from 9C to 260C; 5IC min™ (ramp rate)
Static step: 26€C; hold time: 15 min

Total run time: 52 min
Xcalibur software (version 1.4) in Windows XP (Thermo
Electron, San Jose, USA)

Agarose gel electrophoresis Syngene, Cambridge, UK

bio-imaging system G:BoX

Autoclave (Systec V95)

Centrifuge

Electrophoresis
Freeze Dryer
Mixer Mill MM 400
NanoDrop ND-1000
pH meter

Power supply

Systec, Wettenberg, Germany

Sigma 4K15C (Sigma, Osterodgermany

Eppendorf 5415R (Eppendorf, Hamburg, Germany)
Roth, Karlsruhe, Germany

Thermo Scientific, Munich, Germany

Retsclf, Haan, Germany

peQLab Biotechnologie GmbH, Erlangen, Germany
CG 820 (Ingold, Hofheim)

Consort E 835 (Consort, Turnhout, Belgien)

0. 25 ¢

i nject


http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=separation&trestr=0x8001
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Scales

Shaking incubator
StepOnePILFs
Realtime PCR system
Spectrophotometer
FeedVac

Texture Analyzer

Thermocycler

Thermomixer

Ultra Turrax

Ultrasonic bath
Ultrasonic Homogenizer
Vortexer

Water bath

-80°C freezer

-20°C freezer

4°C refrigerator

Scaltec SPB61 (Scaltec Instruments GmbH, Goéttingen)
SartoriusX634 Sartorius AG, Gottingen, Germany

GFL, Burgwedel, Germany

Applied Biosystems, Californien, USA

Nicolet evolution 100 (Thermo, Cambridge, England)
Christ RVC 218 (Christ, Osterode)

TA-XT2i (Stable Micro Systems, Godalming, Surrey, UK)
Primus 96 advanced (Peglab Biotechnologie, Erlangen,
Germany)

Eppendorf, Hamburg, Gmany

T18 basic (IKA’ Works Inc. Wilmington, NC, USA)
RK103H (Bandelin Electronic, Berlin, Germany)
Bandelin Sonopls UW2200 (Bandelin Electronic)

VWR, Darmstadt, Germany

Julabo, Seelbach, Germany

Skadi Europe, WREDE, Netherlands

Quelle, Furth, Germany

SEG, Rehlingetbiersburg, Germany

2.5 Software and internet sources

- ACD/ChemSketch Version 12.0
(Advanced Chemistry Development, Toronto, Canada)

- BioEdit
- BLAST

http://www.ncbi.nlm.nih.gov/BLAST/Vector NTI (InvitrogeiGarlsbad, USA

- GeneDoc

- MegAlign Version 4.0 (DNA STAR)
- SigmaPlot 10.0 (Systat Software)
-The R project for statistical computing:

http://www.r-project.org/

-Vector NTI


http://en.wikipedia.org/wiki/Carlsbad,_California
http://www.r-project.org/
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3. Methods

3.1 Molecular biologic experiments

3.1.1 Extraction of genomic DNA

GenomicDNA was isolated from young leaves according to the method described by Lodhi
et al. (1994) and modified by Ma et al. (2008). One gram of fresh or frozen leaves was
ground into a fine powder in liquid nitrogemsing a mortar and pestlend then 10 ml of
prewarmed DNA extractiorbuffer (1.1.9.B) was added Afterwards, the mixture was
transferred into a 50 ml polypropylene centrifuge tube with 100 mg PVP (100 mg PVP/g
tissue) anplaced at60°C for 25 min. Subsequently, the mixture vgagpplementedby 10

ml of chloroform/isoamyl alcohol (24:1, v/v) and mixed gently by inverting the tube 20 to
25 times. Following centrifugation at 6,000 rpm for 15 min at room temperature, the top
agueous phase was transferred to a new 50 ml tube. A second chloroformni/islcaimyl
extraction was performedn the samemanner as described above. The collected
supernatast from two extractiors were mixed with 0.5 volume of 5M NaCl, and two
volumes of cold{0°C) 95% ethanol and theéhe tubes werelaced at 4°C for one howr
overnight. After centrifugation at 5,000 rpm for 5 min at 4°C, the supernatant was discarded.
The pellet was washed with cold (4°C) 76% ethaawadl airdried Finally, the pellet was
dissolved in 300 plof TE (11.1.9.B) with 3 pl of RNase A (10 mg/ml)ra incubated at

37°C for 30 min to remove RNAThe concentration and quality of DNA were detieed

using a spectrophotomet&NA waskept at-20°C until used.

3.1.2 Extraction of total RNA

Total RNA was prepared as described by Liao et al. (2002)g bf frozenplant materia
wasgroundor milled to a fine powdein liquid nitrogen using either a mortar and pestle

a mixer mill. Then the fine powder was addetb 20 ml of prewarmedRNA extraction
buffer (1.1.9.C) and incubated at 65°C for 10 mirhe ube withthe mixture was inverted
manually every 3 mimluring the incubationAfterwards,the mixture was supplementég

an equal volume ofhloroform/isoamyl alcohol (CI; 24:1, vivand mixed manually for 10

min. Cl extractions were performed twice befoprecipitating the RNA. Following
centrifugation at 12,000 rpm for 10 min at 10°C, the supernatant was transferred to a new
falcon tube The collected supernataritom two extractions veremixedwith 1/3 volume of

8 M LiCl (Roth) by vortexing and placedt 4°C overnight for precipitating RNA.
Subsequently, the RNA pellet was collected by centrifugation at 12,000 rpm for 30 min at
4°C. After removal of the supernatant, the pellet was mixgl 500¢l of 0.5 % SDS and
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an equal volume of CI (24:1) by voxiag for 30 s. The mixture was centrifuged at 12,000
rom for 10 min at 4°C, and the supatant was transferred to a newpendorf tube
containinga 2-fold volume of 100% ethanol. The tube was placee2@tC for 2 h. Then,
the RNA pellet was collected bgentrifugation at 13,200 rpm for 30 min at 4°Bfter
removal of the supernatanhet RNA pellet wasuccessivelyashed with 70% ethanol and
100% ethanofollowed by centrifugationat maximum speed for 5 min at 4°C. Afterwards,
the supernatant was discadd and the RNA pellet was airied for 5 min at room
temperature and then dissolved in3De lof DEPGtreated water. The concentration of
total RNA was determined using either tdanoDropor spectrophotometeB-5 £g of total
RNA was checked for integty by 1% agarose gel electrophoresis. The total RNA was

stored at80°C until used.

3.1.3 PCR reaction

Based on different objectives (colony PCR screen, amplification, and isolation of coding
region sequences and genes),-3B0e | PCR reactioncontaining appropiate DNA
polymerasereaction reagents, amtimerswere usedwith PCR conditiongTable 12)and

the followingprograms.

Table12.PCR conditions

Colony PCR Screen Amplification Isolation
™

Taq Phusion Pfu
2 ¢l 101 The6 el 51 HF t3 el 101 Rxn
1 ¢l of 2.5 1.5 ¢l of 2.1.5 ¢l of 2.t
1 ¢l of 10 €1.5 ¢l of 1C1.5 €l of 10
1 ¢l of 10 €1.5 ¢l of 1C1.5 ¢l of 10
Bacterial cds astemplate 1. 5 ¢ | templ1l.5 ¢l templ ¢
0.3 ¢l DNA p 0.5 ¢l DNA 0.5 ¢l DNA pc
Up to @20 ¢l Up to B0 ¢l Up to B0 ¢l b

(F: forward primer; R: reverse primer)

PCR programs:

Initial denaturation 94°C  for 2 min
_{ 94C  for30sec (Denaturation) 35-45
cycling| (Tm) 50-60°C for 30 sec (Annealing)
' 72°C  for1min (Extension)for1kb/min -
Final extension 72°C  for 10 min
hold at 4°C

cycles
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3.1.4 Agarose gel electrophoresis

Appropriate weight ohgarose (2 % gel, w/v) and 80 ml of 4 TAE buffer (11.1.9.E) wee
placed in a 250 mL flask and then swirled to mix. The flask with tixéune was put into a
microwave oven for about-2 min to dissolve the agarose and then cooled in a water bath
for 1-2 min (about 60°C). The cooling agarose was poured into a gel tray and 4 pl of
ethidium bromide (10 mg/ml) was added to the tray, and $ingrled to mix. After 2630

min, the gel was transferred to a gel tank and TIAE buffer was poured inside.
Subsequently, 20 ul of the sample or the DNA marker was mixed wiB fil of 10x

DNA loading dye (l1.1.9.E) and these mixtures were loaded iath &ell. Then, the power
supply was set at 16020 V, and electrophoresis was performed for about 30 min. After
electrophoresis, DNA or RNA fragments were separated and visualized bybaxJ®io

imaging system G: BoX)

3.1.5 Purification of DNA fragments from agarose gels

The DNA fragments were excised from the gel and purifiagsing either QIAEX 1l Gel
Extraction Kitor NucleoSpir® Extract Il Finally, the DNA was eluted witan appropriate
amount ofwater and stokat-20°C until used.

3.1.6 Restriction endonuckase reaction
For complete digestion, the following proper amounts of plasmid DNA, reaction paiffeér
enzymewereaddedto 20-50 plreaction volumgTable 13)and incubated atnappropriate

temperaturdor 1 hour, or overnight.

Table 13.Restriction edonuclease reaction mixture

Component Amount
Plasmid DNA (15 pg) X ul
10x Reaction buffer 2-5 ul
Restriction enzyme (20 U/ul) 0.52 Hl*
Reaction volume 20-50 pl

"One unit of restriction enzyme completely digestgdlof plasmid DNA in1 hour.
Usually, 1 eg of plasmid DNA is addetb 5-10 units of restriction enzyme for digestion.

3.1.7 Ligation reaction

A. Method |

Insert DNA fragmentgplasmid DNA or PCR producteut with appropriate restriction

enzyme) andvector DNA cut with the sameaestrictionenzymewere mixed togethewith

the following reagents a total volume of 10 py(Table 14) This ligation reaction mixture

was incubated at’€, overnight.


http://www.methodbook.net/dna/agarogel.html#tbe
http://www.methodbook.net/dna/agarogel.html#tbe
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Tablel4.Ligation reaction mixture of method |

Component Amount
T4 DNA ligase 10x buffer 1l
T4 DNA ligase (1 weiss, 1U/ul) 1l
Cut vector (20 ng /ul) 2 ul

Cut insert DNA fragments (50 ng /ul) 6 ul

B. Method Il

PCR products were added with-tAa i | i n g -endds by trdatenentSwitifag DNA
polymerase and dATRRccor di ng to t he mnséonthefp&GEMTIEasg r 6 s
vector system (Promega). Afterwards, PCR fragments withillg and a liner pGEM
Easyvector contaimg 3'-terminal deoxythymidine were mixedith the following reagents

in a total volume of 10 y(Table 15) This ligation reactbn mixture was incubated atGl

overnight.

Table 15.Ligation reaction mixturef method Il

Component Amount
T4 DNA ligase 10x buffer 1l
T4 DNA ligase (3U/ul)) 1l
pPGEM-T Easy vector (50 ng /ul) 2 ul

Insert fragments with Aailing (50 ng /ul) 6

3.1.8 Preparation of chemically competent cells

A single colony ofE. coli strain was inoculated in-50 ml of LB containingappropriate
antibioticsat 37 °C, with shaking at 150 rpnovernigh. 1 ml of overnight culture was
diluted in 100 mlof fresh LB medim, plus appropriate antibioticsand incubated
additionally at 37 “Cwith shaking at 150 rprfor 2-3 h. When the Ol of growing cells
reached 0.8.6, the bacterial culture wasibmergedn anice-water bath for 30 min. Cells
were harvested by centrgation at 5,000 rpm for 10 min at 4°C. After removal of the
supernatant, the pellet was washed with 90 ml ofcald triturationbuffer (1.1.9.E) and
placed on ice for 10 min. Followingnothercentrifugation at 5000 rpm for 10 min at 4°C,
the pellet wasresuspended in 10 rof ice-cold trituration buffer. Then, 200 pl aliquots were
used directly for transformation @ompetentcells with 7% DMSO (v/v)were frozen in

liquid nitrogen and stored &80°C.

3.1.9 Transformation
Owing to competent cells fromrarious types of cells E. coli, or A. tumefaciensandtheir

strains, different conditions of transformatirreusedthatare listedn Tablel6.
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Table 16.Competent cells and conditions of transformation

Competent cells E. coli E. coli A. tumefaciens
with different strains  (JM2109 or TOP 10) *[BL21 (DE3) pLysS or (AGLO)
Rosetta(DE3) pLysS]

A. Heat shock 42°C for 45 sec 37°C for 3 min 37°C for 5 min
B. Incubation 37°Cforlh 37°Cforlh 28°C for2 h
C. Incubated plates 37°C for 1216 h 37°C for 1216h 28°C for2d

"For BL21 (DE3) pLysS an&Rosetta (DE3) pLysS3.4 plof 0.18%R-mercaptoethandb
addedo 200 pl competergellsand then incubated on ice for 10 min.
A brief description ofthe standard procedurer transformations: 200 pl of compeint
cells was mixed with the appropriate ligation DNA or 015ug of plasmid DNA. The

mixture was incubated successively on ice for 30 min, heat sti¢aiferred to A inTable

16), andthen puton ice for 35 min. (for A. tumefacienghe mixture was incbated on ice
for 20 min,placedin liquid nitrogen for 5 min, anthenheat shoc&d at 37°C for 5 min.)

Afterwards, the mixture was addéall ml of LB or SOCmedium (I.1.9.A) and incubated
(referred to B inTable 1§ with shaking at 150 rpm. Then, thansformed bacterial cells

were plated on the LB plate containing appropriate antibiotics and incubated plates at

appropriate temperatureeferred to C imrable 16.

3.1.101Isolation of plasmid DNA and glycerol stocks

Different colonieswere picked from theedective LB medium and inoculatedth 5-10 mL
LB plusappropriate antibiotic@l.1.7) at37 °C or 28°C, with shaking at 150 rpravernight
Bacterial cells wereollected for 1 minby centrifugation at 13,200 rpnThe isolation of
plasmid DNA was condued using theWizard® Plus SV Minipreps kit. After restriction
analysis [1.3.1.6), bacterial culture of the positive clone was kept as foll@®ws ml of
bacterial liquid culture was mixed with 0.7 ml of sterile glycerol solutiba.0.E) (11, v/v)

by vortexing,andthenimmediatelyfrozen in liquid nitrogen.

3.1.11 Removal of genomic DNA from total RNA

Reaction mixturavasas follows:

305 0 oftgtal RNA

1 0 okl0xReaction buffer with MgGl

5 a@afDNasel,RNasé r ee (1U/ ¢l
Up t oof BEPGteehtal water

After incubation at 37°C for 30 min, the mixture was added to an equal volume of

phenol/chloroform to terminate the reaction. Subsequently, the mixture was vortexed for 30
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sec and then centrifuged at top speed at 4°C for 3 min. The top supemasaimansferred

to a new tube, and then added withel®f 3 M sodium acetate (pH5.2) (1/10 volume) and
275 ¢l of ethanol (2.5 volumes). The mixture was kept2ft°’C overnight. After ethanol
precipitation, the solution was centrifuged at 13,200 rpm for 20 min at 4°C. The pellet, after
being washed with 70%thanol and then 100% ethanol, was centrifuged at 13,200 rpm for 5
min at 4°C. After removal of the supernatant, the RNA pellet wadraad for 5 min and

then resuspended in -BD | of DEPGtreated water. The concentration and quality of total

RNA weredetermined using a NanoDrop.

3.1.12 First-strand synthesis of cDNAs
Firststrand cDNA was synthesized froineg of DNase itreated total RNA using the M

MLV RT H(-) (Promega)accor di ng to the manufacturero6s i

Random He x
dNTPs (10
p to QA2 ¢l H

¢ g Dtidaes] eotallRA
e |
e |

L N N

12 ¢l of thereaction mixturevasincubated at 65°C for 5 min artdencooled on ice for 2

min, andthe following reagents were added

4 ¢ | -MRVY RTMeaction buffer
2 ¢l O.1M DTT

1el R N d"% eRedshbinani
Ri bonucl ease I nt

19 ¢l of thereaction mixturevasincubated at 37°C for 2 min. Then, the mixture was added
tolel of M-MLV RT H (-) andincubatedn three successive stages: 25°C for 10 min, 55°C
for 50 min, ad 70°C for 15 minAfterwards, theifst-strandcDNA was used aatemplate

for guantitativereattime PCRanalysis

3.1.13 Quantitative real-time PCR (QRT-PCR) analysis

For gRT-PCR analysistotal RNA was extracted from plant matesjahccording to the
CTAB method (1.3.1.2) and firststrand cDNA was synthesized as described in methods
(I1.3.1.12). To achievemore preci® results a SYBR GreenqPCR Kit with ROX dye
Passive Referencgas used in this workROX is an inert dye whose fluorescence does not

change duringa PCR reaction, allowing normalization of fluorescent fluctuati@ng.,well-
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to-well variationy. These variations may occur from pipetting errors imstrument
limitations.

Realtime polymerase chain reactions were performed in-aélbreaction plate (ABI)
with aStepOnePILFs reattime PCR system (Applied Biosystems), us®gBR Green to
monitor dscDNA synthesis. g&nespecific primers were used famplification ofthe target
geneand interspacer (IS) primers were useddoplification of the interspacegene. All
primers fo the target andnterspacergenes are listed in TablelO. The reaction was

performed ashown inTablel17.
Table 17. gRT-PCR condition

Component Target gene Interspacer gene

2 X Power SYBR GreenMix 10 ¢ | 10 ¢l

Primer (F) 0.6 €l of 10.60fecll10 &M
Primer (R) 0.6 ¢l of 10.6 ¢l of 1C¢C
cDNA 2 ¢ | -olfl dilation5 2 ¢ | o-fold dilutidnC
MiniQH-0 6.8 ¢l 6.8 ¢l

Total volume 20 ¢l 20 ¢l

PCR reactions were performed three technical replicatesf each samle under the
following standard thermal conditien

Holdingstage  g5°c  for 10min
Cyclingstage  95°C  for 15 sec
60°C  for1min
Melt curve stage 95°C  for 15 sec
60°C  for1min
95°C  for 15 sec
A standard ramp speed was selected
(about 2 h to complete a run)

40 cycles

(Use ofthe cycling stagén the SensiMiXSYBR kit required changeat 95°C for 15 sec,
60°C for 15 sec, and 72°C for 15 sec

™
Data were analyzedsingthe StepOne Software V. 2.0.1TheqRT-PCR, G (threshold
cycle) valueis the numberof cyclesrequiredto reacha definedfluorescence intensity

threshold In this study, the € values of both target and internal control geneere

™
calculatedusing StepOne Software. For data analysis of alkamples relative gene

-
expression was quantified using the 2" method (Livak and Schmittgen, 20Qw)indicate
fold changes of each sample related to the selected reference .shmatidition, the
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interspacer gene was used as an interpatral for normalized expressin values.The

. _ PP
following formulas wereusedfor calculatingthe2 .

gCr = Gt (target)i Cq (internal control gene)1)

P @t = qCr (target)i gt (reference) (2)

Relative gene expression -:mgi T (3)
The qCr value is the difference between ther@alue of the target gene andhe
interspacer gene (internal control gekeuationl). From the difference between tg€r
target and another samphkich as untreated control (setcgSr referencg, the gp @t value

is calculated usindgequation 2. Then the relative gene expressios determired using

PP
Equation3. The numerical values obtained from 27 were transformed into graphics by
using either the R software or SigmaPlot safte.

3.1.14 Bradford assay

Protein concentration was determined according to the Bradford (1976) method and each
sample was measured as follow8-50 €l of protein extractvasmixedwith anappropriate
amount ofwater(a total volume ofLl00 p), and 100 pl ofvaterwas usedis a blankl ml of
Bradford solutionl{.1.9.D)was addedeparatelyo eachsample andheblank After 5 min,

the protein content was determinsgdectrophotometricallgt 595 nmagainstthe blank. The
amount of protein was calculated fraamlinear calibration curvergnge:0-20 ug) with a

standard BA, asseen inEquation(1), and concentration was calculatiesingEquation(2).

Protein [pg]= (Aes+ 0.0091) /00338 (1)
Protein [pug/jli= Protein [pg] /measured sample (ul) (2)

3.1.15SDSPAGE

The 12% Trisglycine SDSPAGE gel was set in a gel tank and 1x running buffet.9.D)
waspouredin. Subsequently, 20 pl of each sampléh 5 pl of 4x protein loading dyavas
heated at 95 °Cadr 5 min. After heating, the protein mixtufer protein markerwas loaded
into each well. Then, the power supply was set at1Z V, and electrophoresis was
performed until the protein dye reached the bottom of the gel (abot# )5 After
migration,the proteins were stained widtstaining solutionl(.1.9.D) at room temperature
with shaking at 20 rpnfior 30 min The staining solution was discarded, and the gel was
destained twice witla destaining solutionl.1.9.D) at room temperatumth shakng at 20

rpmfor 1530 min
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3.2 Primer design, cloning, and sequence analysis
In order to amplify alleles of thEaCCRor FaCAD, degenerated primers were designed
based on deduced amino acid sequences ofC@R or CAD in the GenBank database

(www.ncbi.nim.nih.goy (Appendix A) Besides, a partial sequence RDD (Fragaria x

ananassgoeroxidasg was obtained from the GenBank (accession number AY679597). To
search further, a fulength coding sequence of POBrggaria vesca contig64026, based
on a partiaPOD sequence (accession number AY679597), was obtained froRrdgaria

VescaGenome Browser databa@stps://strawberry.plantandfood.co.nz/index.Btr8ince a

diversity of N or C-terminal ends of deduced amino acid sequences is present in PODs from
different species (Welinder, 1992; Welinder, 2002; Passardi et al., 2004a), speciics
(11.1.8.C) of FaPOD were designedased on the fulength coihg sequenceof POD
(Fragaria vesca.

The isolation of fullength coding region sequences@CCR FaCAD, andFaPODwas
performed by PCR (I1.3.1.3) using a higtelity Pfu DNA polymerase and degenerated
primers or specific primers (11.1.8.C). The egfm amplification products were added with
A-tailing by treatment witiTag DNA polymerase (11.3.1.7). Subsequentiye amplification
products plus Aailing were ligated into a pGEM-Easy vector and then transformed into
E.coli IM109. After transformatn, the cells were plated on a LB/Ampicillin/IPTGgéal
plate (I1.1.9.A) and subjected to-dalactosidase blue/white screening. Several white
colonies were picked for cell propagation in 5 ml of LB with 100 pg arhpicillin
(1.3.1.10). After restrictionanalysis (11.3.1.6), plasmid DNA of positive clones was
sequenced. Sequence analygs performed using software Vector NTI and MegAlign.

Additionally, the FaPOD27 sequence was obtained from the FraGenomics project, and
gene cloning was done by Dr. S. d¢higrig (BiNa, TUM 2011). A fulength coding
sequence oFaPOD27 was cloned into a pGEX1 vector to produce FaPOD27 in tke
coli.

3.3 Construction of ihpRNA and overexpresson of individual FaCCR FaCAD,

and FaPOD
3.3.1 ihpRNA constructs
The following procedie was performed to assemble individk&CCR, FaCAD-, and
FaPOD-ihpRNA constructs that comprised partial fragments (300 bp coding sequence) of
target genes in sense and antisense orientations, flanked by an intron to produce-a double
stranded (ds) RNA Hgin.


http://www.ncbi.nlm.nih.gov/
https://strawberry.plantandfood.co.nz/index.html
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A pSKAscI35SIntTER vectorl 1.5) was used as a base vector that contained the second
intron of theF. x ananassaquinone oxidoreductase gene (AY158836, nucleotides-4886
4993), a CaMV (cauliflower mosaic virus) 35S promoter, and a NOS termiff@onsert
fragments, PCR products BACCR FaCAD, or FaPOD were amplified by PCRII(3.1.3)
using its primersl{.1.8.D) based on a 3éfp coding sequence (Appendix C), and a high
fidelity Phusion DNA polymerase to introdud¢hd and Spé sites with bluntend RCR
fragments.Then, PCR fragments were digested wihe¢ and cloned into the compatible
site of aSpé-Ecl13611 pSKAscI35SIntTER vector to produce an intermediate pSKASCIA.

— Ampidllin

pSKAscBSSIntTER ;.

4231 bp Nhel CSpeD 4533 bp spel

| @D GpeD A p
Ascl Asc]

ligation

Ampicilin

pSKAsclAS
4832 bp niron

ColE1 o1 / Sense am

Sensq intron Antisense

EES)

Figure 11. The construction of thplasmid pBIl-FaCCRj pBIl-FaCADi, ard pBI-FaPOD..
The modification and restriction sites are circled.
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Afterwards, the same PCR products were additionally digestedNhighand Spe and
cloned into a compatiblEba site of the pSKAscIA vector to produce a pSKASCIAS vector.
The orientation bsense and antisensenediated fragmeastin the vector was ctdirmed by
using restriction enzymanalysis. Finallythe senseand antisensenediated fragmestwvere
cut Asd from the pSKAsCcIAS vector and then cloned into the same sites of a binary
pBlAscl vector (I.1.5) to produce the resulting plasmid individBdCCR, FaCAD.,
FaPOD-, or FaPOD27-ihpRNA. The name are pBl-FaCCRj pBI-FaCADi, and pB#
FaPODi (Figure 11), respectively.

3.3.20verexpressionconstructs

A full-length coding sequence of indivial FAaCCR FaCAD, or FaPOD was amplified by
PCR (I.3.1.3) using the Phusion DNA polymerase and its primérd.8.E) based on the
sequencing resul@ppendix B.13). PCRfragments cuby BanHI and Smd were cloned
into the same sites of the binary vacpBI121 containing &aMV 35S promoter and NOS
terminator to produce the resulting plasmid #BICCR pBI-FaCAD, and pBI-FaPOD
(Figurel2).

oriV ColEL ori
—_—

Netll Not Il § )

) Nos Ter 8
pBl-overexpressing

cassette

EcoRl .
Sacl full-length coding sequence

Figure 12.PlasmidpBI-FaCCR pBI-FaCAD, andpBI-FaPOD. Thefull-length coding
sequence is frorhRaCCR FaCAD, andFaPOD.

3.4Recombinant protein expression and purification

3.4.1 Construction of expresson plasmid
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In order to heterologously express FaCCR, FaCamiFaPOD protein irk. coli, the fult
length coding regiowassulrloned into a expressing vector of pG&4T-1 or pEF29a(+).
To sulxlone target geneito the pGEX4T-1 vector, primersll.1.8.G) based on thill -
length coding region (Appendix B3) were designedvith the restriction sitesof BanHl
and Smad. After PCR reactionsli3.1.3), PCRfragments 6 FaCCR FaCAD, and FaPOD
cut with BanmHI and Smd were sulrloned into aBanmHI-Smd cut pGEX4T-1 vector,in
frame withthe coding regionof an Niterminal GST (glutathione-Bansferase) ta¢fFigure
13A). To subclondarget genesito the pEF29a(+) vectorprimers (I.1.8.G) were designed
to remove the native stop codon aadd restriction sitesof BanH| and Xhd. After PCR
reaction(ll.3.1.3), PCR fragments &faCAD cut with BanH| and Xhd weresulcloned into
aBanHI-Xhd cut pET29a (+) vectorin frame wth the coding regiorof the Gterminal 6X
histidine regionFigure13B).

(A) (B)

His-Tag
T7 terminator

Ptac
I -
Bam HI kanamycin

pGEX-4T-1 containing
target genes full-length coding sequence

Xhol

full-length coding sequence

BamHI
Ncol
S-Tag
Xbal
T7 promoter

pET-29a(+) containing
target genes

Sma |
Sal |
Xho |

~

N

Ampicilin

Figure 13. Expressionplasmid GSFFaCCR, GST-FaCAD, GSTFFaPOD (A), and His-
FaCAD (B). Thefull-length coding region is froffaCCR, FaCADandFaPOD.

After sequencingthe plasmid DNA with different target gendfaCCR FaCAD, and
FaPOD) in the pGEX4T-1 and pET-29a (+) vector was transformed inko coli BL21
(DE3) pLysS (11.3.1.9) The resulting expression plasmmias GST-FaCCR,GST-FaCAD,
GST-FaPOD andHis-FaCAD (Figure13), respectively.

3.4.2 Expression and purification of GSFfused proteins inE. coli BL21 (DE3) pLysS

A. GST-FaCCR and GST-FaCAD fusion proteins were purified as follows:

A single colony was inoculated into 20 ml of LB plus 100 p ashpicillin and 34 pg ml
chloramphenicol at 37°C, and grown withaking at150 rpm overnight. The overnight
bacterial cells were diluted 1:50 in LB plus 100 pg*rampicilin and 34 pg il
chloramphenicol and grown at 37°C, wisihhaking atL50 rpm (GSTFaCAD was added with
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an additional 1 mM of ZnGlin the medium as well). When Q§ reached 0.8.6, IPTG
was added to a final concentration of 0.2 mMaibacterial culture to induce the exwies
of the GSTtag fusion protein at 16°C, witshaking at150 rpm for 1618 h. Cells were
harvested by centrifugation at 5,000 rpm for 20 min at 4°C. After removal of the supernatant,
the pellet was suspended in 10 ml of wash/bindfer (1.1.9.D). Following another
centrifugation at 5,000 rpm for 10 min at 4°C, the pellet was froze80&€ until used.

To disrupt cells, a pellet with 10 ml of wash/bind buffer was sonicated three taes.
time, it was sonicated for 30 sec, followed by 1 min on $gbsequentlyl0 pl of resin
GlutathioneSepharose 4B beads (Amersham Pharmacia Biotech) was adithednixture
and then it wasncubated at 4°C, with shaking at 20 rpm for 30 min. After incubation, the
mixture wascentrifuged at 12,000 rpm for 20 min&C. The supernatant was removed and
beads containing GStagged fusion proteins were washed twice with 5 ml of wash/bind
buffer. Following centrifugation at 5,000 rpm for 5 min at 4°C, the supernatant was
discarded. Finally, the beads were added with 200 u| ofelution buffer {I.1.9.D). After5
min incubation at room temperature, the mixture was centrifuged at 5,000 rpm for 5 min at
4°C. The GSTtagged fusion proteins were transferred into a new tube. The purity of protein
was monitored by SDBAGE. Afterwards, the proteins were prepared for measurement of

enzyme activities.

B. Peroxidase was expressed . coli Rosetta (DE3) pLysSand extracted as follows:
The overnight bacterial cells were diluted 1:100 in LB with 50 pgaatbenicillin and 34
g mi™ chloramphenicolnd grownat 30°C withshaking atL50 rpm. When OBy reached
0.30.4, IPTG was added ta final concentration of 0.5 mMn a bacterial culture and
incubated at 16°C with shaking at150 rpm for 1618 h Cells were harvestedy
centrifugationat 5000 rpm for 20 min at 4°CAfter removal of the supernatant, the pellet
was frozen at80°C until used.

To disrupt cellsthe pellet with 10 ml of peroxidase extraction buffet.{.9 D) was
sonicated three time&ach time it was sonicatedor 30 se¢ followed by 1 min on ice
Subsequently, the mixture was passkbugh a sterile 10 ml syringe with27G needle.
Then, the mixture was centrifuged at 5,000 rpm for 20 min at 4°C and the supemasa

prepared for measuremesftenzyme actiwies.

3.4.3 Expression and purification of Hisfused proteins inE. coli BL21 (DE3) pLysS

His-FaCAD andHis-4CL fusion proteinsverepurified as follows:
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For HisFaCAD, the overnight bacterial cells were diluted 1:50 incoBtaining25 pg mt*
kanamycin and 341g mI* chloramphenicolnd grownat 37°C, with shaking atl50 rpm.
His-FaCAD protein was induced by 012mM of IPTG in a bacterial cultur§ODgoi= 0.5-
0.6) at 16°C, with shaking atL50 rpmfor 16-18 h For His-4CL, LB containedl00 pig mi*
ampcilline and 34 pug mi* chloramphenicglproteinwasinduced by0.8 mMof IPTG in the
bacterial culture at room temperature wghaking atl50 rpmfor 20-24 h Cells were
harvested by centrifugation af080 rpm for 20 min at 4°CThe pellet was frozen a80°C
untl used.

To disrupt cellsthe pellet with 10 ml of wash/bind buffetl(1.9.D) was sonicated three
times. Each time it was sonicated for 30 sefollowed by 1 min on ice Following
centrifugation at 12,000 rprfor 20 minat 4°C, FPLC was performed on eéhsupernatant
with a Histrap column (].2.1). Briefly, the column was successively washed with MQ
waterand binding buffeffirst, then crude proteins were loadedto it. After loading, the
column was successively washwith wash/bind buffer and elutiobuffer (1.1.9.D).
Fractions (Fraction -8) were collected in the tube and protein was quantified using the
Bradford method (].3.1.14). The purity of protein was monitored by SBSGE.

Afterwards,theproteirs were prepared for measuremehénzyme actiiies.

3.4.4 Construction and expression of the recombinant protein in yeast
(Saccharomyces cerevisfidVSc.1)

Plasmid DNAs of pEIFaCAD containing his-tag were used for PCRtemplate DNAs
Primers withrestriction enzyme sitedl(1.8.G) were usedto amplify a till-length coéhg
sequence bythe PCR methodll.3.1.3). The amplified PCR produot FaCAD cut BanHl
andXba were subcloned into BanHI-Xba pYES2 vector containing a galacteselucible
promoter [I.1.5). The resulting plasmid pYES2ACAD contained 6XHis-tag at a €
terminal end of the fullength coding region.

After sequencing of pYESEaCAD, yeast cells ofhe S. cerevisaelNVSc.1 strain were
transformed using th& c. EasyComp.TransformationKit (Invitrogen) andthey were
grown in a SGU selectie medium K.1.9.A), plus 2% glucosefor 2-3 days at 30°C.
Positive clones were confirmed by PCR scrdef.(.3), and inoculateith a SCG-U selective
medium plus 2% galactoseto express pYESEaCAD in the yeast cells.Cells were
harvested at differetiimes. The culture cells were centrifuged at 150§ for 5 min at 4°C
andthepellet was frozen aB0°C until used.

To disrupt cellsthe pellet with an appropriate volume of breaking buffer (50 noi
sodium phosphate, pH 7.4, 1 mdi EDTA, 5% glycerol,1 mM of PMSF) and an equal
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volume of glass beads (Rothyas disrupted by vortexing, which was performed ten times.
Each time cells were als®onicated for 45 sefollowed by 45 sec on icéfterwards, the
mixture was centrifuged at 13,200 rpm for 10nmt 4°C. The supernatant was used for

enzymatic assays.

3.5 FaCCR activity assay

3.5.1Preparation of hydroxycinnamoyl-CoA as FaCCR substrates

Enzymatc synthesis of hydroxycinname@oA (cinnamoyCoA, p-coumaroyCoA,

caffeoytCoA, and feruloyl-CoA) was caried out with purified 4CL according to the

method ofBeuerle and Pichersk002). In this study, the Himg 4CL wasindly provided

by Dr. Till Beuerle, Technical University Braunschweldis-tag 4CL recombinant protein

was expressed ia.coli, as desgbed in method(ll.3.4.3) and purified using FPLQAI(2.1).
To obtain sufficient amountsof hydroxycinnamoylCoA products 20 ml of reaction

mixture waspreparedas shown inTable 18 and incubated at room temperatuidter 6 h

incubation,anadditiona 13.8 mgof ATP, 4 mgof coenzyme A, and 0.5 mg of purified 4CL

wereaddeal to the reaction mixturdt was thenncubated for 1216 h.

Table 18. HydroxycinnamoyCoA reaction mixture

Component Amount
Substrates 6.6 mg
(cinnamic acidp-coumaric acid, caffeiacid,andferulic acid)

Coenzyme A 4 mg
ATP 13.8 mg
Tris-HCI (pH7.5) 50 mM
MgCl, 2.5 mM
Purified 4CL 0.5 mg
Total volume 20 mL

To purify hydroxycinnamoyCoA, 0.8 g of ammonium acetateas addedo the reaction
mixture Before the reaain mixture was loaded onto a 50 t8OLUTE C8(EC) SPE
column (Biotage, UK), the column was washed successively with 50 ml of methanol,
distilled water, and 4% ammonium acetate solution. Then, the reaction mixture was loaded
onto the SPE column. After loadj, the column was washed with 4% ammonium acetate
solutionuntil free CoAwasdetectablewhich was determinespectrophotometricallwhen
absorbancavas measued at 259 nm. The CoA esters were obtained by elution with MQ
water Fractions & ml, 2-6) werecollected andyophilized. After freezalrying, reaction

products were dissolved in MQ water and puwis checkedby thin layer chromatography
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(TLC, Polygram SIL G/UV\s4, MachereyNegel)with 1-butanol/wateacetic acid (60:35:25)

Concentration ofthe reaction products was determined spectrophotometridayly
measuringhe absorbancat the absorption maximaf the reaction products (caffec?oA
at 346 nmp-coumaroydCoA at 333 nm and feruloy\CoA at 346 nm) Concentration was
calculated by usingthe reported extinction coefficient®f hydroxycinnamoyCoAs,
(wavelengthdependent absorptivity coefficignt caffeoytCoA (=18 mM'cm'!, p-
coumaroyCoA (s=21 mM *cml! and feruloy}CoA (4=19 mM ‘em'* (Liideritz et al.,
1982; Stockigt and Zenk, 19)5

_ A xVi
€= exE€xVs

A = Absorbance of the sample

¢ = wavelength-dependent absorptivity coefficient (mM™! cm'!)
¢ = light path (cm)

¢ = concentration of the sample

Vi = total volume (pl)

Vs = sample volume (pl)

3.5.2 Determination of pH and temperature optima
GSTFaCCRrecombinant protein was expressedEiroli and purified using the resimas
described in methodsll(3.4.2). The purified GSFaCCR was usk for the following
experimentsll.3.5.2,11.3.5.3, and1.3.5.5

FaCCR activity was determined spectrophotometrically by measuring the decrease in
absorbance at6® nm due to transformation oferuloyl-CoA to coniferaldehyde and
oxidation of NADPH (Wengenmayer et al1976) In order todeterminethe pH optimum
reaction mixture were preparedcontainingthe following buffers: 100 mM of different
buffers with pHat varied ranges (sodium phosphatél 6-7; citrate pH 4-6; Tris-HCI, pH
8-9), 0.1 mMMof NADPH, ofGeruloyiWC o0 A, and 2 ¢gg-F&ERimpaur i fi ec
total volume of 150 plThe reaction was started by the addition of GBTCR at room
temperature in a spectrophotometeachtreatment was performed triplicate Based on
the linear decrease ingés, FACCR activity was calculated by thi@rmula shovn in11.3.5.4

To determire temperature optimum, th&aCCR activity was incubated at various
temperatures (185°C). The reaction mixturewas composed ofil00 mM of sodium
phosphate (pH)$ 0.1 mMof NADP H 7 d feraloyl-C o A, and 0.5 &g of p
FaCCR in a total volume of 100 ulEach treatment was performenh triplicate and

incubated at different temperatures 4%C) for 10 min This wasstopped by the addition
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of 2 5 otdcetic acid. Afer centrifugation at top speed for 10 min, the clear supernatant
was analyzedy LC-UV-ESFMS". The amount of coniferaldehyde was calculated from a
linear calibration curve (@00 ¢ M of the standard coniferaldehydéhe specific activity
value was calcutad taking into accounthe proteinlevel, andwase x pr es s e d! a's
min'™.

3.5.3 Determination of kinetics

Kinetic parameters of the purified recombinant G@LCCR were determined
spectrophotometricall(Wengenmayer et all976).Reaction mixtureslc0 (), containing
differentconcentratioa of substrates withinr@nge of 81 4 0 o€ shbstratdp-coumaroy
CoA, feruloyt CoA, andcaffeoytCoA), 1 0 6f NADKMH, 100 mMof sodium phosphate
(pH 6),and0.52 of B>ST-FaCCR weremonitoredby following theabsorbance decrease
at 366 nm at room temperatuteachtreatment was performed triplicate Activity was
calculatedbased on the linear decreameA 356 due to theconversion of hydroxycinnamaoyl
CoA to its corresponding aldehydes and to the oxidatioNADPH. Equation shown in
I1.3.5.4 was used.Both K, and Vjhax values were calculated for each substrate using
Microsoft® Excel® with the Solver form. The turnover number.{Kwas calculated on the
basis of the GSFaCCR molecular mass (37.3 KDa).

3.5.4 FaCCR eactivity calculation

FaCCR activity and specific activity were calculategingthe following equations

(AA /minute x Vt )/Factor

Enapen X £

Unit
mg protein

Enzyme activity (Unit) =

Specific activity (U/mg) =

Abs= Absorbance
AA= Abs starting — Abs ending
Vi= total volume (pl)

Factor= E(substrate+NADPH-product)/ ENADPH

& = extinction coefficient (mM-! cm!)

£ = light path (cm)
Extinction coefficients #k):
NADPH=3 m M'cm'*
p-Coumaroy}CoA=7.5 m M'cm'!, p-coumaraldehyde=3.5 m'Nem'*
Feruloy-CoA=13 m M'cm'?, coniferaléhyde=10 m M'cm' *
CaffeoylCoA=13 m M'cm'?, caffeicaldehyde =10 m Mcm'*

3.5.5 lIdentification of reaction products by LC-UV-ESI-MS"

e M

To verify the i dent it yofardactionimeture mrsestgof & pr odu
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mM of sodium phosphate (pH ,6).1 mMof NADP H, Bf hydroxycinnamoyCoA
(cinnamoytCoA, p-coumaroylCoA, caffeoytCoA, andferuloyl-Co A) , and 2 g of
GST-FaCCRwasincubatedat 25 °C for 20 min.The reaction was stopped by the addition of

2 5 otatetic acid, and therentrifuged at top speed for 10 min. The clear supernatant was
analyzed by C-UV-ESFMS" undertheconditions described imethods if.2.2_system 1).

All data were acquired arahalyzedusing DataAnalysis 3.4oftware(Bruker Daltonics).
Because of lack ofauthentic p-coumaraldehydeand caffec aldehyde (3,4-dihydroxy
cinnamaldehydejeferenceshromatographic properties and mass fragmentation patterns of
GSTCCR products formed fromp-coumaroytCoA and caffeoytCoA could not
unambiguously assigned the &pected productbut [M-H] ionswere in accordance to the
anticipated data Retention time mass spectrumand product ion spectrumof
coniferaldehydeformed by GSTCCR were confirmed by comparison with tho®f
authentic coniferaldehyde referencehe MSand MS spectral data of theroducts and
authentic chemicals were acquirechegativeion mode targeting thigM-H] ions. Retention
times and mass fragmentation pattesh&STFCCR reaction productsrelisted inTable19.

Table 19. Retention timesand dominant ion masses in ESI(-)-MS spectra of
hydroxycinnamoyl aldehyde products formed by GSCCR

R: [M-H] -MS*?

(min) (m/2 (m/2
Products
p-Coumaraldehyde 31.4 147 147, 119
Coniferaldehyde 32 177 177,175, 162, 147
Caffeic aldehyde 27.5 163 163 161, 143,135

3.6 FaCAD activity assays andanalysis ofstandard chemicalsvia LC-UV-ESI-
Ms"
GSTtag FaCAD or Higag FaCAD recombinant protein was expressed.rcoli and
purified as descrilzk in methods I(.3.4.2 orll.3.4.3). ThepYES2FaCAD plasmid was
expressed inyeast (I.3.44). Purified GSTFFaCAD, HisFaCAD, and crude protein of
pYES2FaCAD wereused for the following experiments.
FaCAD activity was determined spectrophotometrically by measuring the decrease in

absorbance at 340 nm due to the pobidumn of hydroxycinnamyl alcohts. The reaction

mixture was peparedasshown inTable20.
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Table 20.FaCAD reaction mixture faspectrophotometer and EQV-ESFMS"

Spectrophotometer LC-UV-ESFMS" Final concentration

Protein 5-20 10-100 (e9g)
Sodium phosphate (pH 6.5) 100 100 (mM)

NADPH 200 200 (e M)
Aldehyde substrates 34 100 (e M)
Total volume 100 100500 (el)

The reaction wastared by the addition of purified protein or crude proteFaCAD
activity was calculated usinte extinction coefficientsof the substrate§NADPH: (40 =
6.3mM'‘cm'?; coniferaldehydg,o= 18.5 nM''cm'*; sinapaldehydé&iso= 15.8 nM''cm'?,
Somssiclet al., 1996).

In addition, reaction products were identified by {@O/-ESFMS". Enzyme reactios

were preparedusing the parametedescribé in Table 20at 30°C for 30 min Then, the

reaction mixture were extracted twice witran equal volume of ethyl acetalbg vortexing

for 30 sec After centrifugation at top speed fomdin, the supernatant was dribg Speed

VacThe pell et was add e @o Wh)iard th8nnalyzdd byolf2UV5 0 % me t
ESFMS" under the condions described in methodH. 2.2 system I1).

All data were acquired and analyzed using the Agilent 6300 series ion trap LC/MS system
software Retentimn times, mass spectrand ion spectra of the FaCAD reaction products
(coniferyl alcohol and sinapyl alcohol) were confirmed by comparison with the
chromatographic properties and mass fragmentation patterns of autlobetinicals.
Authentic conifealdehyde sinapaldehyde, coniferyl alcohohnd sinapyl alcoholwere
subjected to LAJV-ESFMS". The MS and MSspectral data of these authentic chemicals
were acquired in positive ion mode targeting file-Na]* ions. Retention times and mass

fragmentation pattemof these authentic chemical® listedn Table21.

Table 21. Retention times andominant ion masses BSI(+)-MS spectra of substrates and
products formed by using authentic chemicals

R [M+Na]” +MS*
(min) (m/2 (m/2
Substrates
Coniferaldehyle 146 201 201, 198, 186, 179
Sinapaldehyde 138 231 231, 228
Products
Coniferyl alcohol 10 203 203, 201, 199, 187, 185, 171

Sinapyl alcohol 9.6 233 233, 231, 214, 201, 193
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3.7 FaPOD activity assays
FaPODandFaPOD27 wreexpresed inE. coli. Crude proteinvasextractedas described
in methods|(.3.4.2.B). Afterwards, protein extracts of FaPOD and FaPOD27 were used for
guaiacol oxidase activity assaybhis method is widely used for qu#ging activity of
various pergidases FaPOD activitywas determined spectrophotometrically by measuring
the increase in absorbance at 470 nm dukedormation obxidation products of guaiacol.
The 3d@&beatcti on mixture contained 230 ¢l of
7.0), 25 <ceuaioafc 018 mM@N L0, (30% Jolutidn, Bo hmM akhd 20 ¢ |
crude proteinThe reactiorwasstarted by the adiion of crude protein at room temperature.
Each treatment was performéd triplicate Enzymatic activity was calculatedsing the
extinction coefficient 0£6.6 mMcm™ at 470 nm (Vitali et al., 1998).
To verify the identity of the reaction product3) O of the reaction mixture that
included50 mM of sodium tartrate buffefpH 3.5 and50¢ | of cr@e8mg)was ot ei n
incubatedat room temperaturd 35 ¢ Mof H,O, (a 30% solutionwvas addedo themixture
at I-min intervals oneat atime for a total of 4 mM of H,O, (Ward et al., 2001)After 30
min, the reaction mixture was extracted with an equal volume of ethyl abgtatetexing
for 30 sec Supernatant was transferred into a new tube after centrifugation at top speed for
1 min. The extraction process was repeatexs described aboveFinally, ethyl acetate
extracts were driedby Speeevac After drying, the pellet was adddad 3 0 ¢ | o f 50 %
methanol (v/v) and used directlyfor LC-UV-ESFMS" analysis under the conditions
described in method#l.(2.2_system I).

3.8  Strawberry fruit

3.8.1 Gene expression studies

The differential expression of lignin biosynthetic gelgaCCR FaCAD, and FaPOD) in

the flower, fruit and vegetativetissue ofthe strawberry cv. Elsaatwas investigated.
Developed fruitsat small green (SG), green white (GW), white (W), turning (T), red (R)
stages andvegetative tissues (leaves, roots, stems, and rshaer well asflowers, were
collected from strawberrplants All samples were immediately frozen in liquid nitrogen
and stored a30°C until used.

3.8.2 Wounding treatment
To simulate woundindi.e., fruits perforaed by a syringe, the fruit of F. x ananassacv.

Elsanta at the turning stagevas infiltratedthroughout the entire fruivith MMA medium
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(11.1.9.A) by using a sterile 1 ml hypodermic syringdfter infiltration, wounded fruits
remainedattached to the plant until harvedtNon-infiltrated fruit was used asontrol fruit.
Wounded and controtdits wereharvested tedifferenttimes (0, 0.2, 6, 12, 24and48 h)and
immediately frozen in liquid nitrogemefore beingstored at80 C.

3.8.3 Pathogen treatment
To simulatepathogeninfection in a fruit, F. X ananassayv. Elsantafruit in the turning
ripening stagevasinfiltrated throughout the entire fruwith a suspension ofAgrobacterium
tumefaciensAGLO, or half of the fruit with Agrobacteriumsuspensiorcontaining a pBl
CHS construct(ll.1.5) by using a sterile Inl hypodermic syringeThe preparation of the
Agrobacteriunmsuspensiofor the fruit infiltrationis described inl.3.8.4.1

All pathogerinfected fruits treatedwith Agrobacteriumremainedattached to the plant
until harvest For entirefruit infiltration, samples were collectet differenttimes (1 h-10 d).
For halffruit infiltration, samples were harvested at 14 days. In additionsinfdmated
fruits were used as control8ll samples were immediately frozen in liquidtrogen and

stored at80 C until RNA extraction.

3.8.4 Down-regulation and up-regulation of lignin biosynthetic genes FaCCR
FaCAD, and FaPOD) in fruit
To assess the effects of independemwmtregulation and up-regulation of lignin
biosynthetic gereonF. x ananassav. Elsantaandcv. Calypso (CHS, fruits of the white
developmental stagevere injected with Agrobacterium suspensions Agrobacerium
carrying a pBIFaCCRj pBI-FaCADi, and pBI-FaPODi construct(ll.3.3.1) were used to
downregulatelignin genes wherea8grobacteriumsuspensions carrying pBrFaCCR
pBI-FaCAD, andpBI-FaPODconstruct [I.3.3.2)were applied tap-regulate lignin genes
In additionto downregulationand up-regulationof individual lignin biosynthetic genes
in F. x ananasacv. Calypso (CHS, a mixture of Agrobacteriumsuspensionsvith three
different constructswas usedand injected into fruits. Preparation of theAgrobacterium
suspasion and infiltration ofthe fruit are describedin methods §.3.8.4.). Fruit of the
white developmental stageas injected withan Agrobacteriummixture containing pBi{
FaCCRj pBI-FaCADi, and pBI-FaPODi constructsto co-downregulate lignin genes
(named pBI-Si3) and with Agrobacteriumcontaining pBiIFaCCR pBI-FaCAD, and pBI-
FaPOD constuctsto co-up-regulatdignin genegnamel pBI-O3).
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3.8.41 Preparation of the Agrobacteriumsuspension and infiltration of fruits

Infiltration of strawbery fruit was carried out according to the method of Hoffmann et al.
(2006). A single colony of AGLGstrain carrying the vector witlthe target gene was
inoculated in 20 ml of LB with appropriate antibiotics at 28 With shaking at 150 rpm
overnight Then, 2 miof culture was diluted in 200 nolf fresh LB mediunplusappropriate
antibiotics and incubatl at 28 °C with shaking at 150 rpmvernight When an Olgy of
growing cells reached 0B the cellswere harvestedt 4£C by centrifugation at 00 rpm

for 10 min. After removal of the supernatattig pellet was washed with 200 ml of the cold
MMA medium (II.1.9.A). Followinganothercentrifugation at ®00 rpm for 10 min at 4°C,
the pellet was resuspended in 20 ghicold MMA medium to afinal ODgpp0f 2.22.4. A
suspensiorcontainingAgrobacteriumcarryingdifferent constructs was injected throughout
the enire fruit by using a sterile-inl hypodermic syringenjected fruitsremainedattated

to the plant until harves(l4 days). Harvested fruits were analyzed for texture, gene
expression levels, enzymatic activities, metabolite analysis, ligninemnand lignin

composition

3.8.42 Fruit firmness

Fruit firmness was determinday a TA-XT2i texture analyze(Bourne 2002 Singh and
Reddy, 2006) The measuring force was made with a prahed.5 mm in diameter to
penetratahe surface ofthe fruit. Each fruit was penetrated atspeed rate of 1 to 10 mm/s
Based on the bigield point,the maximum of force developed during the measuremast
recorded and expressed iewWons (N). Each fruit was measured twicethe twoopposite
sides of the fruit. ie penetrated fruit was frozen in liquid nitrogen immediately, and stored
at-80°C until used.

3.8.43 Gene expression level assay

Achenes weremanually removed fromthe frozen fruits. Afterwards, total RNA was
prepared aslescribedin 11.3.1.2. Then, 1ug of the total RNA wasused forsyntheszing
cDNA, asdescribedin 1I.3.1.12 after removal ofthe genomic DNA fromthe total RNA
(11.3.1.1). The cDNA was ready fax gene expression level asdayusingreattime PCR
asdescribedn 11.3.1.13

3.8.44 Enzyme extraction and assays
Enzymeextractionwasperformed according t€habannesgt al. (2001). Briefly, 200 mgf
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frozenpowder from the deacheh fruit was addedvith 1 ml of extraction buffer consisting

of 0.1 Mof Tris-HCI (pH 7.5, 2% PEG 6000 (W), 5 mMof DTT, and2% PVP K30 (w/v)

Crude protein was extracted by vortexing for 30 sec and incubated on ice for 5 min. After
centrifugation at 13,200 rpm for 10 min at 4°C, the supernateed used for the
measuremendf enzymeactivity. Protein concatration was determined using the Bradford
method [1.3.1.14). ForFaCCR or FaCAD assays, theeactionmixture was peparedas
shown in Table 22

Table 22.FaCCR andFaCAD reaction mixture foenzyme assays

FaCCR FaCAD
Crude protein 30 ¢€g 30 ¢€g
Sodium phosphate 100 mM (pH 6) 100 mM (pH 6.5)
NADPH 100 M 200 &M
Substrates 70 ¢M fCOA U100 &M coni
Total volume 500 ¢l 500 ¢l
Incubated time and temperature  25°C for 30 min 30°C for 30 min

After 30 minof incubation the reaction mixture was extracted with an equal volume of
ethyl acetatdy vortexing for 30 secTop supernatant was transferred into a new tube after
centrifugation at top speed for 1 min. An equal volumetblyl acetatevas addedo the
original tubefor extracting as described abov€&he sipernatargfrom bothextractionsvere
collected in the tubeFinally, ethyl acetate extracts were driegdSpeeevac After drying,
the pellet was added 3 0 ¢ | o f anob(@\Weandused Hirectlyfor LC-UV-ESFMS"
analysis under the conditiomsentioned previously(1l.2.2 system | for FaCCR aritl 2.2
system |l for FaCAD)FaCCR activity wasleterminedoy LC-UV-ESFMS" basedon the
formation ofthe prodict coniferaldehydeSimilarly, FaCAD activity wasdeterminedy the
formation of the product coniferyl alcohol Both products were quantifiedising
DataAnalysis 3.1 (Bruker Daltonicsjhe amourgtof coniferaldehydendconiferyl alcohol
were calculatedrém linear calibration curv&0-1 5 0 aad@-1 0 0 O, respdctivelyThe
specific enzymatic activities dfaCCR and FaCADverecalculatedand expr essed

mg* min™.

3.8.45 Extraction and metabolite analysisvia LC -UV-ESI-MS"
250 mgof frozen powderfrom the deachesd fruit was dssolved in 500 pbf methanol
containing 50 mgof biochanin A as an internal standard. The mixture was extracted by

vortexing for 1 min, sonicatig for 5 min, and centrifugg at 13,200 rpm for 10 min. Eh

a
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supernatant was transferreda fresh tub@nd500 pl of methanol was addéd the original
tubeto extract the residud.he sipernatargfrom bothextractionswverecollected in the tube
and placedn SpeeeVac to evaporat the methanal The extract wereaddedwith 35 pl of
water (LGMS quality), followed by vortexng for 1 min and sonicatig for 3 min. After
centrifugation at 13,200 rpm for 10 min, the supernatant was used for metabolite analysis.

Metabolite analysis was performbgl LC-UV-ESFMS" under the conditiondescribedn
methods(ll.2.2 systeml). All mass spectra were acquired in the negative and positive ion
mode. Autetandem mass spectrometry was used to break down the most ab{iMer&]t'(
[M-H]", or [M] ") ions of the different compounds the extracts Identity of metabolites @as
confirmed by comparing thestention times, mass specteand ion spectra ahe different
compoundsin the extracts with those of the reference compounds (T2BJe Reference
compounds wereisolated, synthesizedand from Roth. Enzymatic synthesis of
phenylpropanoyl glucose esterss carried out with theaGT2 (Lunkenbein et al., 2086
Pelargonidin 3glucoside, quercetin glucoside, kaempferol glucoside, cateepioatechin,
andbiochanin Awere obtained from Roth. Proanthocyanidins and pelargo8idincosde-
malonate were isolated frostrawberry and identified as described by Fossen et al. (2004)
and Gu et al. (2003).

In addition toqualitative identificationbased on fragmentation patterns and retention
times each compound as quantified by usingQuantAnalysis 1.5. All results were

normalizedagainst the internal standaadd expressed as regju. kg'.

3.8.46 Lignin histochemical staining

Lignified tissues were visualized using Wiesner stairf@igfford, 1974, according to the
method of Blano-Portales et al. (2002). Slices of fruits were immersed in 1% (w/v)
phloroglucinol solution in 70% ethanol until tissues were cleareti days).After removal

of the phloroglucinol solutiogra few drops of 37% concentrated H@re addedhe slices
Subsequently, lignified tissues appeared pnekl and the the color faded within30 min of
staining. Thereforegll photographsvere taken immediately.
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Table 23. LC-UV-ESFMS" retention times and fragmentation patteofsk. x ananassa
metabolites

Compounds Rt MS MS*

[min] [m/Z [m/Z
Phenolic acid derivatives
Cinnamoyl glucose 31.7 333 [M+H]" 185
p-Coumaroylglucosde 23.3 325 [M-H] 163[aglycon], 119, 325
Caffeoylglucose 20.2 341 [M-H] 179[aglycon], 161, 203
Feruloylglucose 246 355 [M-H] 193[aglycon], 217, 175
p-Hydroxybenzoyllucose 17.3 299 [M-H] 137[aglycon], 179, 239
Flavonols
Kaempferol glucoside 35.4 447[M-H] 285[aglycon], 255, 447,

327

Quercetin glucoside 30.6  465[M+H]"  303[aglycon]
Catechin 22.1 289[M-H] 245
Anthocyanins
Pelargonidir8-glucoside 24.6 433[M]* 271[aglycon]
Pelargonidir8-glucoside 30.4 519 [M] 271[aglycon], 475, 433
malonate
Pelargonidirrutinoside 20 579 [M]" 271[aglycon], 433
Proanthocyanidins
(Epi)catechin(epi)catech 19.4 577[M-H] 289, 425, 451, 560
(isomer 1)
(Epi)catechin(epi)catechin 19.8 577[M-H] 289, 425, 451, 560
(isomer 2)
(Epi)afzelechir(epi)catechin 22.3 561[M-H] 289
(isomer 1)
(Epi)afzelechir(epi)catechin 22.6 561[M-H] 289
(isomer 2)
Internal standard
Biochanin A 40.8 283[M-H] 283[M-H] ", 268

3.8.47 Lignin content

3.8.47.1Cell wall preparation

The e@ll wall was preparedccording tdahe methodf Meyer et al. (1998250 mg of frozen
strawberrypowder was extracted with 1Bl of 0.1 M phosphate buffer (pH 7.2), followed
by sonication for 3 min and incubatidor 30 minat 40°C. After centrifugation at 13,200
rpm for 10 min, the pellet was resuspended in 1.5 ml of 80% ethtaeal sonicated for 3
min and incubated at 80°C fd0 min The mixture was centrifuged at 13,200 rpm for 10
min. After removal ofthe supernatantthe pelletwas resuspended in 1.5 ml of 80% ethanol
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asdescribed abovd-inally, the pellet was addetd 1.5 ml of acetone and then sonicated for
3 min. Folbwing centrifugation at 13,200 rpm for 10 min, the pellet was subjected to
hydrolysis treatment.

3.8.47.2Hydrolysis

Hydrolysis was preparedccording tothe method of Franke et al. (2002he pellet was
dissolved in 950 pl of MM NaOH and placed at roo temperaturefor about 16 h.
Subsequently, 950 pl of M HCI| was addedo the tube and mixed well. The mixture was
centrifuged at 13,200 rpm for 10 min. After removaltbé supernatant, the pellet was
washed twice with 1 ml of distilled water then sotechfor 3 min. Following centrifugation
at 13,200 rpm for 5 min, the pellet was collected for thioglyeadicl assay.

3.8.47.3Thioglycolic-acid assay

The hioglycolic-acid assay was performég the method of Campbell and Ellis (199Zhe
pelletobtaned after hydrolysisvas mixed with 750 ul of distilled water, 250 ul of 37% HCI,
and 100 ubf thioglycolic acid (Aldrich) and incubated at 80°C for 3Aifter centrifugation

at 13,200 rpm for 10 min, the pellet was washed with 1 ml of distilled watkwwém by
sonication for 3 min and centrifugation at 13,200 rpm for 5 min. After removal of the
supernatant, the pellet was resuspended in 1 ml & NaOH and placed at room
temperaturavith gentke shakingfor about 16 h. Subsequently, the mixture wasrdfeged

at 13,200 rpm for 5 mirgndthe supernatant was transferred to a fresh tube. Then 200 pl
concentrated HCI (37%) was added to each ,tibieowed by vortexng for 5 se¢ and
incubation at 4°C for 4 h. After lignin precipitation, the mixture wastrifuged at 13,200
rpm for 10 min at 4°C. The supernatant was discarded and the insoluble lignin was dissolved
in 1 m of 1 M NaOH. The absorbance of the lignin sample was determined
spectrophotometricalllgy measuringit 280 nm The amount of lignin as calculated from a
linear calibration curve (@0 pg) with hydrolytidignin (Sigma).

3.8.48. Lignin composition

3.8.4.8.1Preparation of plant material

120+20 g of deachened strawberry fruit was cut into small pieces and homogenized using an
Ultra Turrax (power set at 10,000/min). After homogenizing, 45 ml of distilled water was
added into each FalcBhtube and centrifuged at 5,100 rpm for 15 min. After removal of the
supernatant, 45 ml of distilled water was added to each Fdictollowed by vorteing for
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3 min and centrifuging at 5,100 rpm for 15 min. The pellets were washed until the
supernatant was determined to be neutral using pH indicator paper. Finally, 10 ml of ethanol
(99%) was added to each Falt8nAfter centrifugation at 5,100 rpm fd5 min, the pellets

were placed at 37°C for drying, overnight.

3.8.4.8.2solation of lignin

Isolation of lignin was performed by the method of Evtuguin et al. (2001). Dried pellets
were transferred in a threecked flask with 22.5 ndf distilled dioxanand 2.5 ml of 0.2M
HCL (9:1, v/v). The reaction mixture in the threecked flask connected with a reflux
condenser and nitrogen bubbleras heated at 995°C under nitrogen for 40 min. After
extraction# 1, the liquid was transferredo a roundbottom flask where theliquid was
allowed to cooldown toabout 50°C.For extraction# 2, 18 mlof distilled dioxan and 2 ml
of 0.2M HCL wereaddedto the same threeecked flaskas describedbove and heated at
90-95°C for 30 min This processvasrepeded forextraction # 3. For extraction# 4, 18 ml

of distilled dioxan and 2 ml water were addedhe threeneckedflask, as describedbove
and heated at 995°C for 30min. Liquid collected from the processessconcentrated to
16 ml, andlignin wasprecipitded by adthg 160 mlof ice-cold water. Lignin was filtered
on the glass fiber papeB€hleicher and Schuell GF6 Glasfaser Rundfilter @ 55amah 10
ml of diethyl ether and watevere addedsuccessivelyto the glass fiber paper. Thetie
isolated lignin @ the glass fiber paper was dried abom temperature, overnight.
Subsequentlydistilled dioxan was addetb the glass fiber papeto extractthe lignin
mixture. The ignin mixture was transferretd a glass Wheaton vial, foll@d byheating at
40 °C unde nitrogen. After evaporation of distilledloxan the lignin sample was subjected

to thioacidolysis assays.

3.8.4.8.3Thioacidolysis

Thioacidolysiswas performedyy themethod ofRobinsonand Mansfield (2009). Brieflyo
each vial containing lignin sanple 1 ml of freshlymacde reaction mixture consisting of
2.5% boron trifluoride diethyl etherate and 10% etliaio€ in distilled dioxan (v/v)was
added The vials weresealed with Teflodined screwcaps andwerekeptat 100 °C for 4 h
arnd manuallyagitaed each hourThe reaction was stopped by placthg vialsat-20 °C for

5 min or overnight. Subsequently, @3 ml of 0.4 M sodium bicarbonateas addedo
each vialto bring the solution to pH-8. Additionally, 0.2 ml of 1 mgnl™ internal standard
docosane, 2 ml of distilled wajand 1 ml of methylene chloride were added to each vial.
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The mixture was vortexed atide phases welalowed to separate.

Before loading the mixture into a prepared Pasteur pipette (150 mm, Roth) with small
glass wool (Rth) plus50 mg ofanhydroussodium sulfate, 1 ml ahethylene chloride was
addedto this Pasteur pipette for washing. Subsequently, 1.6f fiquid mixture was taken
from the lower phasegontaining organic and lignin breakdown produtisthe prepared
Pasteur pipette. Aftethe solution pas&d through the Pasteur pipettthe prodwcts were
collected into a new-nl tube and evaporated I8peeevacat 45 °C for 1.52 h. Then, 0.1
ml of methylene chloride was addedthe dried lignin productsand sonicted for 2 min.
Afterwards20 pl of resuspended lignproductswas transferred into a new viahd mixed
with 20 pl of pyridine and 100 pl of BSTFA by vortexing. Following incubation at room
temperature for at least 2 h, 2 pl of the reaction products s&s directly for GEMS
analysis undethe conditions described in methodk 2.3).

Lignin breakdownunits of each lignin sample were quantified uskaplibur software
(version 1.4) Based on fragmentation patterns and retention times of different ligris)

the following formula was used for tlggantificationof each lignin sample

C(S)  C(sample)
A(S) A (sample)

0.2mg xA (sample)
A (IS)
Cref (sample)= X pmol

Cref (sample) % X pmol x 100
W mg

—> C (sample) =

C (IS)= concentration of the internal standard (0.2 mg)
A (IS)= peak area of the internal standard

C (sample)= concentration of the sample (unknown)
A (sample)= peak area of the sample

W= lignin content (mg)

3.8.4.9Box plots and statistical analysis
The numerical values from different treatments were transformedbimtewhisker plot

graphicsusing the software package @ww.r-project.org. In boxwhisker plots, the

horizontal line in the middle of the box indicated the median, which is also the 50
percentile. The lower and upper boundary of the box representedtae@%" percentiles,
respectively. Open dots were used to visualize the maximum or minimum values inthe box
whiskerplot.

Wilcoxon-MannWhitney U-test was used for statistical analysis (Hart, 2001; Hoffmann
et al., 2006) due to biological variatiof each groupThe statistical valuePfvalue), based
on dataof two groups, was calculated by performing the WilcoktemnWhitney U-test
with a nonparametricstatisticalanalysisusing the software package Rvalue was used to

deternine whether or not significant differences existed between treatments.


http://www.r-project.org/
http://www.experiment-resources.com/calculate-median.html
http://en.wikipedia.org/wiki/Non-parametric_statistics
http://en.wikipedia.org/wiki/Statistical_hypothesis_test
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1. Results

1. Sequence analysis
1.1Cloning and characterization of FaCCR, FaCAD, and FaPOD

Total RNAs were isolated from rigfeuit and transcribed to cDNA$enomic DNAs were
isolatedfrom young leaves. To amplifthe full-length coding regions oFaCCR FaCAD,
andFaPODgenescDNAs were used aBCRtemplatesin addition to amplifythe genomic
sequenceof these three genegenomic DNAs were used #&CR templates.The PCR
productsthatcorresponddto FaCCR FaCAD, andFaPOD were amplified using templates
(cDNAs or genomic DNAs)with degenerate primers @CRandCAD, as well asspecific
primers ofPOD (ll.3.2). AfteraPCR reactionthe expecte®® CRbandsthatcorresponddto
FaCCR FaCAD, andFaPOD were cloned in a pGEM vector(ll.3.2). In order to identify
allelic variatiors in these three gene0 random clonesf each geneavere selected for
sequencing

After sequenceanalysis,full-length coding regionsequence of CCR CAD, and POD,
that correspondd to the expected sigeof 102Q 108Q and 99 bpin length were nante
FaCCR FaCAD, andFaPOD, respectively. Theesuls showed thal8, 12, and 16 clones of
FaCCR FaCAD, andFaPODwere unique. Anultiple comparison ofoding regionamong
the uniqgue FaCCR FaCAD, and FaPOD sequencesevealed95.5%, 94.%, and 97.86
identity at the nucleotide level, respectively (TaBi.

Sequence analysis of three genes (without&3and % nontranslated sequendes
revealed that th€CRgene wasl361 bp in length and its structure contained three exons
and two introns (intbn 1= 220 bp; intron 2= 121 bp). he CAD gene range from 1449 to
1497 bp in length and its structure contained five exons and fours introns (intrdA2lbp
or 98 bp; inton 2= 87 bp; intron 3= 95 bp; intrord = 106 or 90 bp). fie POD gene was
1370 bp in length and its structure contained four exons and three introns (isti@m dp;
intron 2 = 112 bp; intron 3 = 169 bp. Exorrintron junctions othese three genesnfamed
to theGT-AG rule. Furthermorethe intron lengths veed amongthe uniqueclones All CCR
CAD, andPOD genes were nandggCCR gCAD, andgPOD, respectively(Table24).

Additionally, partial sequences were analyzasing 20 clones of each gene. Thesuls
revealed that 9, 16, and 14 clonegGICR gCAD, andgPOD were uniquerespectively A
multiple comparison of partial sequene@@song thauniquegCCR(480 bp),gCAD (600 bp),
andgPOD (500 bp) revealedhat identity at the nucleotide levelas94.9%, 90.7 %, and
96.2 %, respectively (Tabl@4).
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Table 24.Profiles of nucleotide sequences of the coding regioRaGICR FaCAD, and
FaPODand their geneggCCR gCAD, andgPOD) from F. x ananassav. Elsanta

Name FaCCR gCCR FaCAD gCAD FaPOD gPOD
Sequencegbp) 1020 1361 1080 14491497 993 1370
Introns and exons ~ ----- 2and3  ----- 4and5  ----- 3and 4
%identity, 955 949 949 90.7 978 96.2
(amounts of unique

clones) (18) (9) (12) (16) (16) (14)

1.2 A possibleCCR, CAD, and POD gene family from Fragaria vesca

In order to build a possibl€ECR CAD, and POD relationship between octoploifl x

ananassa cv. Elsanta and diploidF. vesca (http://www.strawberrygenome.org/)a

phylogeretic analysis was performed. The analysis showedRRGCRIis most similar to
genel584%f F. vesca(probable dihydroflavonef-reductaseDFR), and gene3233DER,

probable bifunctional dihydroflavonol-eductasdlavanone 4reductasg with 98.2% and

37.3% identity respectively(Figure 14) It has already been shown tHa€CRs andDFRs

sharesequence identities (Lacombe et al., 1999CAD is most similar togene20700
(probable mannitol dehydrogenasgene09243 probable mannitol dehydrogenasand
gene24970 grobable mannitol dehydrogenaseith 98.3% 96.7% and 83.8% identity

respectively(Figure 15).WhereasFaPOD and gene0964Similar to POD21, precursor)
show only 44.3% identifyfraPOD2Z and gnel9544 (similar to POD 27, precursdigplay
97.9% identity(Figure 16)
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Figure 14.A possibleCCRgene family fromFragaria vesca
The tree was constructed using the MEGA4 package with 500 bootsfpépations,
Poisson correction, ar@complete deletion optiomwith the NeighborJoining method. All
branches are drawn to scale and the scale bar indicates the number of substitutions per site.
FaCCRwas obtainedn this study E. x ananasseacv. Elsama). Genesequences have been
retrieved from thd-ragaria VescaGenome Browsedatabase and their accession numbers
with probable functionsare as follows.Gene03747genel5845 gene29275gene29479
gene29483 gene31465 (DFR, probable dydroflavonot4-reductase) geneld712
genel5174 genel7126 gene29344 gene29478 gene28208 gene31464 and gene32333
(DFR, probable HBunctionaldihydroflavonol 4reductaseflavanone 4reductasg
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Figure 15. A possibleCAD gene family fromFragaria vesca

The tree was constructed using the MEGA4 package with 500 bootstrap replications,
Poisson correction, and a complete deletion option, thighNeighbotJoining method. All
branches are drawn to scale and the scale bar indicates the number of substitutions per site.
FaCAD was obtained in this study(x ananassav. Elsanta) Genesequences have been
retrieved from thd-ragaria VescaGenome Browsedatabase and their accession numbers

with probable functions are as follow&ene01573,gene09243 gene20696 gene20697
gene20698gene20700gene20702gene24967gene24968 gene2497(probable mannitol
dehydrogenagge gene00496 gene01839 gene08569 genel7840 genel7846 gene24025
gene2630landgene26304probable cinnamyl alcohol dgdrogenase
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Figure 16.A possiblePOD gene family fronFragaria vesca
The tree was constructed using the MEGA4 package with 500 bootstrap replications,
Poisson correction, and a complete deletion option, with the Neigloming method. All
brancles are drawn to scale and the scale bar indicates the number of substitutions per site.
FaPOD and FaPOD27 were obtained in this studyr( x ananassacv. Elsanta).Gene
sequences have been retrieved fromAllagaria Vescasenome Browsedatabase ahtheir
accession numbers with probable functions are as follGesne01331 (putative POD55,
precursor), gene05105 (probable POD29, precursor),gene06699 (similar to POD24,
precursor), gene06973 (probable PODS5), gend9482 (putative PODA41, precursor),
gene09483(similar to POD41, precursor)gene09649(similar to POIR21, precursor),
genelll44 (similar to PODS3, precurspr genel3352 (putative POD66, precursor),
genel4551 (putative PODG64, precursor),genel9544 (similar to POD27, precursor),
gene21309putative POD4, precursorgene22934similar to POD5)gene23913putative
POD3, precursor)gene26378putative POD44, prearsor),gene27591(similar toPOD12,
precursor)gene2835(putative PODG63, precursogene29953putative PODA48, precursor),
gene29954putative POD48, precursognd gne31897dutativePOD10, precursor).
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1.3 Plylogenetic tree of partial genome and gene sequences

In order tobuild a possible genomic relationship betweesctoploid F. x ananassacv.
Elsantaand diploid F. x vesca a phylogenetic analysis ahe genes was performed with
partial genore sequencesorntaining one intron(480 bpgCCRwith intron 2; 600 bpgCAD
with intron 2; 500 bgPODwith intron 1).

The analysis showed thg€CCR gCAD, andgPOD were classified into two major groups
(A and B), with subgroups (Figure -IB). The two major groups @fCCR, gCAD, and
gPOD with subgroups were designated as follog@CR(Figure 17) group A (gCCR1, 8,

21, vescagCCR, and genel5845) and group B (gCCR 2, 5, 11, 13, 15, 17, and FaCCR);
gCAD (Figure 18) group A (gCAD 1, 2, 11, 12, 13, 14, 16, 20, aedcagCAD) and group

B (gCAD 3, 4, 8, 18, anBixacad?2);gPOD (Figure 19) group A (gD 3, 5, 7, 12, 17, 21,
vescagPOD, and FaPOD), and group B (gPOD 1, 2, 4, andTI8) resultssuggest that
genel5845 and genel9544 represkatf. vescaorthologpus genesf FaCCRallelesand
FaPOD27 respectively (Figre I7 and19). The identification of the orthologues B&ECAD
andFaPODin theF. vescagenomds less obviousGene09243 and gene20700 are probable
candidatesfor FaCAD (Figure 18) whereasgene05105 and gene09649 are assumed
orthologues ofFaPOD (Figure19).
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Figure 17.Phylogenetic tree of partial genomic sequencds gfananassgCCRandof F.

x vescaThe tree wagieneratedising the MEGA4 package thi1000 bootstrap replications,
pairwise deletionand ap-distanceoption, with the NeighborJoining method. All branches
are drawn to scale and the scale bar indicates the number of substitutions Begsiéaces
of gCCR(F. x ananassacv. Elsanta)with identificationclone numberge.g., gCCR1and
FaCCR (F. x ananassacv. Elsanta)were obtainedn this study.Sequence®f F. x vesca
[vesca gCCRcontig002402, gene03747genel5845gene29275gene29479gene29483,
gene31465 geneld712 genel5174,genel7126, gene29344, gene29478, gene28208,
gene31464,and gene3233B were obtainedfrom the Fragaria VescaGenome Browser

database



Results 77

83 |gCAD1 )
30| -vescagCAD
gCAD11
56] — gCAD2 A

—gCAD16 =
gCAD13

13 {QCAD14

48 | 'gCAD20

100  gCAD12 —

%{gCAD18 )

gCAD3
96 saF gCAD8 —

12{—ancad2
43-gCAD4 —

gene09243

ad 4‘, m l FaCAD

92 - gene20700
100 ——— gene20697
99 L gene20698
76 gene24970
294 gene20696
34

gene24967
gene24968

69

gene17840
gene08569
gene24025
a9 | gene26301
100 gene26302
| gene00496
1001 gene01839

54|

Figure 18. Phylogenetic tree of partial genomic sequencds afananassgCAD and ofF.

X vesca

The tree wasgeneratedusing the MEGA4 package with000 bootstrap replications,
pairwise deletionand ap-distanceoption with the NeighborJoining method. All branches
are drawn to scale and the scale bar indicates the number of substitutions Begsiéaces
of gCAD (F. x ananassecv. Elsantajwith identificationclone numberge.g., gCAD1)and
FaCAD (F. x ananassacv. Elsanta)were obtainedn this study.Sequence®f F. x vesca
[vesca g@D (contigl0811% gene01573gene09243gene20696gene20697gene20698,
gene20700 gene20702 gene24967, gene24968 gene24970 gene00496, gene01839,
0gene08569 genel7840 gene24025gene26301.and gene2630P were obtainedfrom the
Fragaria VescaGenome Browsedatabaseand F. x ananassacv. Chandler Exacad?2
AF320110)from the GenBanklatabase
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Figure 19.Phylogenetic tree of partial genomic sequencds gfananassgPOD and ofF.

X vesca

The tree wasgeneratedusing the MEGA4 package with000 bootstrap replications,
pairwise deletionand ap-distanceoption, with the Neighba-Joining method. All branches
are drawn to scale and the scale bar indicates the number of substitutions Begsiéaces
of gPOD (F. x ananassacv. Elsanta)with identification clone numberqe.g., gPOD1)
FaPOD, andFaPOD27 (F. x ananassayv. Elsantawere obtainedn this study.Sequences
of F. x vesca[vesca @OD (contig6402§, gene01331gene05105gene06699gene06973,
gene09482 gene09483, gene09649, genelll44, genel3352, geneld551, genel9544,
gene21309, gene22932, gene23913, gene26378, gene27591 gene28350, gene29953,
gene29954 and @ne3189F were obtainedfrom the Fragaria VescaGenome Browser
database
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1.4 Phylogeretic analysisof proteins

To understand possibfenctionalrolesandfunctional divergence of FaCCR, FaCA&nd
FaPOD, a phylogegiic analysis was performed usidgducecamino acid sequences. In this
study, one sequence dfaCCR, FaCAD,and FaPODwas randomly selectedrom their
unique clones(Table 24) and theFaPOD27sequence was obtained fraamotherproject

(strawberry functioal genomicy (Appendix B.

100 r EQCCR
95 L EsCCR
W[Faccm

AICCR1
AtCCR2

100
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99 AtCCR-likeb
AtCCR-like1

—— AtCCR-like3
100 L—— AtCCR-like4

100
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Figure 20. Phylogenetic tree of CCR proteins from various plants.

The tree was constructed using the MEGA4 package with 500 bootstrap replications,
Poisson correction, arelcompletedeletion optionwith the NeighborJoining method. The
bootstrap values greater than 50% are shown in each branch. All branches are drawn to scale
and the scale bar indicates the number of substitutions per site. FaCCR in this study
(Fragaria x ananassayv. Elsanta) has been boxed. Protein sequences from other plants have
been retrievedrom the GenBank database and their accession numbers are as follows.
AtCCR1 (Arabidopsis thaliana AF320624), AtCCR2 (AF3208), AtCCR-likel-5
(AAF16654 AACT78522 AAN15374, AAM13142, andAAO2257]), EQCCR Eucalyptus

gunnii; X79566), ESCCRHucalyptussaligng AF297877), FaCCR1Ffagaria x ananassa

cv. Elsanta, CCH. allele; AY285922), ZmCCR1Zga maysX98083),ZmCCR2 (Y15069).

CCR(EC 1.2.1.44enzymes catalyzkthe conersion of different cinnamoyCoA esters
to their corresponding cinnamaldehydes in the monoligatiway In this study, ie open
reading frame (ORF) of FaCCR was 1017 bp, encodir®yaBdno acids with a&alculated

molecular mass of 733 kDa and an isdectric point (pl) value 0f6.12 CCR geneshave
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beencloned and partiallgharacterizedn someplants Thus a phylogeretic treeof CCRs

was built from deducedmino acid sequencé&om selectedspeciesPhylogenetic analysis
showed that FaCCR is most abg related to FaCCR1 (98.2% identity), EQCCR (84.1%
identity), and ESCCR (82.9% identity) proteins (Figure ZACOR1 (AY285922)hasalso

been isolated frork. x ananassav. Elsantaand shows some amino acid exchanggflCR

was shown to be highly exgssed in the differentiating xylem zofileacombe et al., 1997

In addition, ZmMCCR1was mainly expressed in all lignifying tissues, afrdCCR2was
expressed in roots and induced by drought (Pichon et al., 1998). AtCCR1 and AtCCR2
showed a high affinity toards feruloylCoA, but a low affinity towards caffeoyfoA and
sinapoylCoA (Lauvergeat et al., 2001

20 * 40 *
: 2 VIR A] EGQTVCVTGAGGFMASWHVKLLLERGYMVRGTVRNPIE DPKN{ Ria EERISIIMKIE DN DME STREA TRGCDGVEY :
: Py DRy S GOTVCVTGAGGFMASWEVKLLLERGY@VRGTVRNPIEDPKNEHL RIE EERTSMISKIED IS DME STRIEA IINGCDG VY :
: PRy D IS I GOQTVCVTGAGGF§ASWEVKLLLERGYWVRGTVRNPRDPK REY IMERIS LK DI DI STREA INGCDG :
: 2 Dis! FGQTVCVTGAGGFMASWIVKLLLERGYNVRGTVRNPRDPK Ri2 RERLELIRKRADLRDINa S IMEA INGCDG :

60
MP D G GQTVCVTGAGGF ASW VKLLLERGY VRGTVRNP DPKN HLR LEGA ERL L K DL D SL EAI GCDGV HT

*

* 80 *

s 00 00

W W o o

100 * 120 * 140 * 160 * 180

HEASPVTDDPECMVEFAVEGTKNVIVAARAEAKVE SAVEMDPRRGPDVVVDESCWSDLEFCKETKNWYCY GKAVAES ARYEFE AKE RSN
HASPVTDDPECMVEFAVEGTKNVIVAARAEAKVERVVEFTSSIGAVEMDPRRGPDVVVDESCWSDLEFCKETKNWYCY SKAVAES AR E AKE RIEH
HEASPVTDDPECMVEFAVINGTKNVIVAAAEAKVRRVVFTSSIGAVEMDHRRGPDVVVDESCWSDLEFCKNTKNWYCY GKAVAES AN E AKE RIE
HEASPVTDDPECMVEFAVNGTKNVIVAARAEAKVERRVVFTSSIGAVEMDHERGPDVVVDESCWSDLEFCKNTKNWY! A E AKE R

ASPVTDDPECMVEEAV GTKNVIVAARAEAKV RVVFTSSICAV MDP RGPDVVVDESCWSDLEFCK TKNW SKAVAE A EAKER

~

NN WO

T O VR Ve

* 200 * 220 *

) 240 * 260 &
HEGVDLVVENPVLVLGPLLOETINASIIHILKYLTGSAKTYANSVCAYVHVKDVALAHNLVMETPSASGRYLCEESVLHRGDVVEILAKFFPESN
HEGVDLVVENPVLVLGPLLOETINASITHILKYLTGSAKTYANSVCAYVHVKDVALAHWLVEETPSASGRY LOQRESVLHRGDVVEILAKFFPEMN
HEGVDLVVENPVLVLGPLLOITINASIITHILKYLTGSAKTYANSVCAYVHVKDVALAHMLVMET PSASGRYLOBESVLHRGDVVEILAKFFPESN

I GVDLVVENPVLVLGPLLOETINASITHILKYLTGSAKTYANSVCAYVHVKDVALAHMLVMETPSASGRY LQRESVLHRGDVVEILAKF FPESE

GVDLVV NPVLVLGPLLQ TINASIIHILKYLTGSAKTYANSVCAYVHVKDVALAH LV ETPSASGRYLC ESVLHRGDVVEILAKFFPE

NN
~N
wwoo

280 320

* 300
I Y)NAY PRKISSS DERUIN PRIS PYKF SNQK IS DLGLEF Tjs BTVKSLQEKGHILIZV PEiSs
I Y)SRY PR K(es DERUN PRIS PYKF SNQK L DLGLEF Tig B TVKSLQEKGHLIZV PEsas
s i P KIS DIy PRESIPYKF SNQK {8 DLGLEF T IBETVKSLOEKGHLEV P

5 =i P Kiis S PRESMIPYKFSNQK@DLGLEF T B TVKSLOEKGH LV P

¥ P K D PR PYKFSNQKL DLGLEFT VKQ LY TVKSLQEKGHL VP

*
o
o
o
3

wwww
wwww
O o

W

() Ei ég

Figure 21. Alignmentof amino acid sequenseof CCR proteins frometectedplants.

All sequences were aligned usiting AlignX program of Vector NTlrad GeneDoc software
A consensus sequendeund ina majority of the sequenceds shown below the sequence.
Identical amino acids in the sequences are shaded in llaclerlines indicatgutative
amino acid involved in cofactorbinding. Protein sequeas from other plants have been
retrievedin the GenBank database and their accession numbers are as followstdilve
signatureof all CCRsis boxed.EQCCR Eucalyptus gunnjiX79566), EsSCCREucalyptus
saligng AF297877),FaCCR in thisstudy (Fragaria x ananassacv. Elsanta) FaCCR1
(Fragaria x ananassav. ElsantaCCR-1 allele,accessioiY285922).

Moreover, conserved motifs of other plant CCRs are present in FaCCR protein. A
conserved motif, NWYCY, is present in all sequences and is putaiiveolved in the
catalytic site of CCRs (Pichon et al., 1998). The NWYCY motif of FaCCR protein was
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identified in amino acid residues 1886 (Figure 21). A second conserved motif is the
NAD/NADP(H) binding site in the Nerminal portion of CCRs (Lacomiz al., 1997). The
NAD/NADP(H) binding site of FaCCR protein is represented by amino acid residues VTG
(18-20), G (23), L (33), and S (130) (Figure 21).

CAD (EC 1.1.1.195) enzyme catalyzes the reduction of cinnamyl aldehydes to their
corresponding alcohel CADs have been partially characterized in sevangliosperrs.
FaCAD has a 10#Bp open reading frame encoding a protein of 359 amino acid residues
with a relative molecular mass 0 8Da and a pl value of 5.96.

CAD amino acid sequences of different species were obtained from the NCBI database
and a phylogenetic tree was built. The tree revealed two groups of CADs (Figure 22).
FaCAD belongs to group Il and is close to Fxacadl (98d&¥itity). Members of group Il
show diverse substrate preferences (Li et al., 2001; BlBoc@les et al., 2002; Raes et al.,
2003). A sinapyl alcohol dehydrogenase (SAD) was suggested to be involved in the
reduction of sinapaldehyde to correspondingyhalcohol inPopulus tremuloidePtSAD
has been characterized and shown to use sinapaldehyde as the most preferred substrate (Li et
al., 2001). In additionArabidopsisAtCAD?2, 3, 6, 7, 8, and 9 belong to group Il (Figure 22).
AtCAD7 and AtCADS8 are exmssed in lignifying tissues (Kim et al.,, 2007) and are
pathogernducible defense genes (Somssich et al., 1996)AD2 and 6 are considered the
predominant candidates for the monolignol pathwayArabidopsis(Raes et al., 2003)
whereas group | CADs have been consideredas the predominant CAB in lignin
biosynthesisand lignifications in wheat (TaCAD1) and sorghum (SbCAD2Va, 201Q
Saballos et al., 2009). BesidéegaCAD1 (Ma, 2010 and PtCAD (Li et al., 2001) have
showna strong preference for coniferaldehyde. Kinetic analysis of putatiabidopsis
CAD proteins has shown that activity against phenylpropanoid aldehydes in group |
(AtCAD4 and AtCADS) is higher than in group Il (Saballos et al., 2009; Kiral.e 2004).
AtCADY7 displayed avide substrate affinity for aromatic aldehydes (Somssich et al., 1996).

Conserved domains are present in the FaCAD protein (Li et al., 2001; Blanzdes et
al.,, 2002). Amino acid residues 1894 GLGG(L)G wereidentified as cofactor
NAD/NADP(H) binding site. The FaCAD contains also the conserved Znl and Zn2 binding
motif represented by amino acid residues889and 89115. On the basis of these maotifs,

FaCAD proteins appear to be a zohependent alcohol dehyalyenase (Figure 23).


http://en.wikipedia.org/wiki/Angiosperm
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Figure 22 Phylogenetic tree of CAD proteins from various plants.

The tree was constructed using the MEGA4 package with 500 bootstrap replications,
Poisson correction, aralcomplete deletion optigrwith the NeighborJoining method. The
bootstrap values greater than 50% are shown in each branch. All branches are drawn to scale
and the scale bar indicates the number of substitutions per site. FaCAD in this study
(Fragaria x ananassayv. Elsanta) habeen boxed. Protein sequences from other plants have
been retrievedrom the GenBank database and their accession numbers asefalfows
AtCAD1 (Arabidopsis thalianaAY288079), AtCAD2(AY302077), AtCAD3 (AY302078),
AtCAD4 (AY302081), AtCAD5(AY302082) AtCADG6 (AY302075), AtCAD7 (AY302079),
AtCADS8 (AY302080), AtCAD9 (AY302076)Fxacadl fragaria x ananassav. Chandler,
U63534), NtCAD1 (Nicotiana tabacum X62343), NtCAD2 (X62344), OsCAD2Qryza

sativg DQ234272), PtCAD Ropulus tremuloides AF217957), BSAD (AF273256),
SbCAD2 Gorghum bicolar ACL80889, TaCAD1 (Triticum aestivum GU563724),
ZmCAD1 (Zea maysAJ005702), ZmCAD?2 (Y13733)

Plant peroxidaseEC1.11.1.7)are a large superfamily in a variety of specgsgh as the
Arabidopsis peroxidase faily which has73 isoenzymes involved in diverse functions
(Welinder 2002; Cosio and Dunand009).FaPOD and FaPODZ27 that wexetained from
strawberry fruit belong to the class |Ill peroxidase family. Prosite analysis
(http://prosite.expasy.orgfevealed thatboth of themareplant heme peroxidaseontaining
a putative C& binding domainThe open reading fraraeof FAPOD and F&OD27 of 990
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and 987 nucleotidegncodeproteirs of 330 or 329 amino acids with molecular massf
37.6and35.1kDa andpl vaues of 7.7 and8.65 respectively
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Figure 23. Alignmentof amino acid sequenseof SAD and CAD proteins fromekected
plants.

All sequences were aligned usiting AlignX program of Vector NTI and GeneDoc software

A consensus sequendeund ina majority of the sequenceds shown below the sequence.
Identical amino acids in the sequences are shaded in Blaekinderline indicats putative
amino acid involved irZnl, Zn2 and NADP binding motifsProtein sequences from other
plants have beeretrieved from the GenBank database and their accession numbers are as
follows: Fxacadl Fragaria x ananassacv. Chandler, U63534), FaCAD in thstudy
(Fragaria x ananassav. Elsanty PtSAD Populus tremuloideAF273256).

To understandhe relationshipof the two stravberry peroxidaseEaPOD and F&#0D27
andselectecplantperoxidases phylogenetic tree &s constructe@Figure24). Phylogemtic
analysis revealed th&&POD and F&OD27 hada low level of identity (31.9 % primary
structure The two isoformsdo not belong tothe samecluster. FaPOD was found to be
closely related toFvPODO02 (100% identily), NtPOD60 (82.7% idently), and APOD42
79.1% identy). Downregulationof NtPOD60 in tobaccoled to a 50% reduction irtotal
lignin (Blee et al., 2003)AtPOD42 has been identified by microarrapalyss andwas
found to beinvolved in xylem secondary dewall formation (Yokoyama and Nishitani,
2006).FaPOD27 wasshown to bemostcloselyrelatedto AtPOD30 (50.6% identty), which
is associated with monolignol polymerization (Ehlting et al., 2005PG¥71 (43.2%
identity) is involved in xylem secondarelt wall formation (Yokoyama and Nishitani, 2006)
and also responds environmental stress (Cosio and Duna?@09).In addition,PtPOD3
(Li et al., 2003), ZePODO1 (Sato et al., 2006), AtPOD66 and AtPOD664 (Tokunaga et al.,
2009) have been associated wiltpnifications. IbPOD4 Kim et al., 2003 has been

associated with hydrogen peroxide production.
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Figure 24. Phylogenetic tree of POD proteins from various plants.

The tree was constructed using the MEGA4 package with 500 bootstrap replications,
Poisson correction, aralcomplete deletion optionwith the NeighborJoining method. The
bootstrap valueshat were greater than 50% are shown in each branch. All branches are
drawn to scale and the scale bar indicates the number of substitutions perPXnB. &ral
FaPOD27 in this study Kragaria x ananassacv. Elsanta) have been boxed. Protein
sequences from othegrlants have beeretrieved from the GenBank database and their
accession numbers are as followsP@D17 (Arabidopsis thalianaNM_127806), APOD30
(NM_113072), APODB4 (NM_114771)AtPOD42 (NM_118317), APOD53 (NM_120755),
AtPOD64 (NM_123583), APOD66 (NM_124568), APOD71 (NM_125808), IPOD4
(lpomoea batatgs AY206409), NPOD60 (Nicotiana tabacum AF149251), PODA3a
(Populus sieboldiix Populus grandidentataD38050), PPOD03 (Populus trichocarpa
X97350), Z&€0OD01 Zinnia violacea AB023959).FvPODO2 (Fragaria x vesca 3306) has
beenretrievedfrom the PeroxiBise database with its ID number

2. Biochemical characteristicsof the recombinant FaCCR

2.1 Heterologous expressiomf FaCCRin E. coli

In order to characterize tlzymaticactivity of FaCCRthefull-lengthcodingsequencef
FaCCR was subcloned intoa pGEX4T1 vecta containng the nucleotide sequence of
glutathioneStransferas€GST) GST-FaCCR was not present in uninduced cells (lane 1)
but successfully expressed i coli BL21(DE3) pLysSafter induction of protein with 0.2
mM IPTG at 16°C (lane 2 Figure %). SDSPAGE showeda band at63.3 kDa after



Results 85

purification (lane 3) confirming the relative mass of GSACCRwhich consists of the
molecular mass of 33 kD (FaCCR) and 26 KIGST). One mg of prified GSTFaCCR
was obtained from 300 maf cultured cells. The enzyme was stored a bufferwith 10%

glycerolat-80°C andremainedstable for one year.

66
— <4— GST-FaCCR

45
36
29
24 s
20

Figure 25. Expression oFaCCR protein irkE. colistrain BL21(DE3)pLysS.

Lane (M) molecular masmakers; total protein extract &. coli harboringFaCCRwithout
IPTG(20e g protein, | ane 1) and after induction
recombinant GSFaCCR (5 €g protein, | ane 3).

2.2 Determination of optimal pH and temperature for GST-FaCCR activity

To examine the effect adither pH or temperature on thactivity of purified GST-FaCCR,
GST-FaCCRwas incubated in different bufe(100 mM citric acid, sodium phosphate, and
Tris-HCL buffer) at various pHvaluesandtemperatureg¢Figure B). GST-FaCCR exhibited
optimd activity at pH 6 andwas active apH values, ranging fronb.5to 85. Besides GST-
FaCCR activity wagwo times higherin sodium phosphate bufféhan inthe citric acid
buffer at pH6 (Figure BA). Moreover FaCCR activity gradually increased from I5to
25°C, and then decreasd#igure BB). Thus, this enzyme shad a pH optimumat 6 in
sodium phosphateuffer andatemperatur@ptimumat 25°C.
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Figure 26. Effects of pH (A) and temperature (B) on recombinant G&ICR activity.

The reaction mixture wgzreparedas described in methodis.3.5.2. (A) FaCCR activity at
various pH values and bufferswas measuredpectrophotometricallyat 36 nm. (B) All
reaction mixtures were incubated different temperature®r 10 min and activity was
determined by C-UV-ESFMS". Each value is the meani three independent samples and
vertical bars represent standard errors.
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2.3 Substrate specificityof GST-FaCCR

Purified recombinanFaCCR proteinwas used to determin&, values The reaction mixture
was preparedas described in methodH.3.5.3. GSTCCR proteins exhibited Michaelis
Menten kinetics with apparent}aluesfor different substrates. Kvalues of 16.11, 25.48,
and 24.75 puM were obtained for druloylCoA, caffeoytCoA, and p-coumaroylCoA,
respectively(Table25). TheK ./Kn, ratios evealedhat GSTFFaCCRhad ahigh affinity for
feruloyFCoA, but a lower affinity for both affeoyFCoA and p-coumaroytCoA as the
catalytic efficiency KcafKm) of feruloyl-CoA was 100times higher than that of both
caffeoyCoA and p-coumaroytCoA. In addition to LC-UV-ESFMS" analysisof individual
enzymatic assayst GSTFaCCR reactionwith a mixture of equal molaamounts ofthree
substrategcaffeoyl, p-coumaroyt, and eruloylCoA), yielded threemajor peaksthatwere
identified as caffdc aldehyde (3,4-dihydroxycinnamaldehydge)p-coumaraldehyde, and
coniferaldehydeyespectively(Figure 2, 1-3). The rtention ime for eachof the three
metabolitesvasidentical tothat of the single productsformed by GSTFFaCCR reactiorof
the individual substrate@able 19). At the same timehte activityof GSFFaCCR towards
the different CoA esters was calculated fritmapeak aresandindicatedthatferuloy-CoA
(100%) wasthe preferred substrate compared witbth @ffeoyFCoA (3%) and p-
coumaroytCoA (3%; Figure Z).

Table 25. Kinetic properties of the recombinant GE&CR protein

Km Vmax Kcat Kcalle

Substrate
-1 -1 -1 -1
(M) (nkat mg protein) (S) (S uM )
FeruloytCoA 16.11+1.39 272.45+15.88 2.34x10°+1.43x10 1.45x10"
Caffeoy+CoA 25.48+0.82 3.75+0.24 2.93x10°+2.06 x 10 1.15x10°
p-CoumaroylCoA 24.75+1.23  3.12+0.03 2.65 x10+7.51 x 10 1.07x10¢°

Values arehemeantSE for three indegndent assays.
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Figure 27. LC-UV-ESFMS" analysis ofthe GST-FaCCR reactiorncontaininga mixture of
equal molarconcentration of theubstrate caffeoytCoA, p-coumaroyCoA, and feruloy
CoA. Three products were monitoretd3#0 nmand were identifieés(1) caffeicaldehyde,

(2) p-coumaraldehyde, and3) coniferaldehyde, respectivelySince nolar extinction
coefficiens ((B40) of the products are almost identical (18.5 X M0* cm™ and 23.5 x 19

M™ cm* for coniferaldehyde ang-coumaraldehyde, respectively) they were not taken into
accounfor the calculation of the relative enzyme activiti@smssich et al., 1996)

2.4 ldentification of the GST-FaCCR reaction products

Productsformed by GSTFaCCR from hydroxycinnamoyCoAs were identified by LEUV-
ESFMS". When p-coumaroyiCoA, caffeoytCoA, and feruloyl-CoA was added toGST
FaCCR, a single metabolitewas detectedby LC-UV-ESFMS". The productscorresponded
to p-coumaraldehyde (Figure &), caffeic aldehyde (Figure 8B), and coniferaldehyde
(Figure BC). In contrast, when GSWas incubatedvith these substrates, no peaks were
found (Figures 28 A-C).

The molecular veights of the three productsvere 148,164, and 178corresponding tq-
coumaraldehyde (FigureB2), caffec aldehyde (Figure 8B), and coniferaldehyde (Figure
28C), respectivelyMS spectral datdéor the three products ere acquired in negative ion
mode The [M-H] ions were targetedwhich were observed an/z147 (Figure 8A), 163
(Figure BB), and 177 (Figure 8C), respectivly. At the same timepegativeion MS?
specta of p-coumaraldehyde (FigureB& botton), caffac aldehyde (Figure & _bottomn),
and coniferaldehyde (Figure8Z bottom) were recordedFurthemore retention timeand
massfragmentation pattern afoniferaldehyddormed byGSTFFaCCR(Figure BC) were

identical tothoseof the authenticconiferaldehydeeferencgFigure B8D).
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3. Heterologous expressiomf FaCAD in E. coliand yeast cells

In order to characterize tlezymaticactivity of F&CAD, thefull-lengthcodingsequencef
FaCAD was subcloned intahe pGEX4T1 vecto. GSTFaCAD (or GSTFFaCAD with 1
mM ZnCl) was expressed in th&. coli Rosetta (DE3) pLysSas described in methods
[1.3.4.2 The enzymatic activity of purified GSHaCAD was determinedin sodium
phosphatduffer (pH 6.5) with NADPHandconiferaldehydeThe decreasim absorbance at
340 nm resulting from the oxidatiai NADPH of eitherGSTFaCAD or GSTFaCAD with
ZnCl, was more rapid thathat of GST (Figure 29A). The ecific activity of GST, GST
FaCAD, and GSTFaCAD with ZnC}was0.0007, 0.04, and 0.11/kdg, respectivelyThe
reaction mixture was analyzed bg-UV-ESI-MS". Although thesubstratéconiferaldehydg
concentrationn GSTFFaCAD reactions decreasad comparison with GST reactionso
product(coniferyl alcoho) wasdetectedFigure 2B). There wasa fivefold decrease ithe
level of coniferaldehyde iGSTFaCAD, as compared witlkeST (Figure 2C).

To detect the assumed produdhe full-length coding sequenceof FaCAD was
alternatively subcloned inta pYES2 vector(pYES2FaCAD) andwas expressed iryeast
cells. The activityof pYES2FaCAD was measurely LC-UV-ESFMS" (Figure30A). CAD
activity increasedn pYES2FaCAD after 8 h with thehighestactivity occurringat 48 h
(Figure30B). The activity wagwo timeshigherin pYES2FaCAD thanin pYES2(control)
at 24-48 h
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Figure 28. Identification of products formed by recombinant GEACCR.

The reaction mixture of either purified GST or recombinant G&TCR was prepared as described in metHb@sH.5).Reaction products and
authentic coniferaldehyde (reference) were analyzed®W\-ESFMS" and recorded at 340 nm {B._top). The M$(-) spectra are showed {A
C_bottom). M.W. = molecular weight)/z= massto-charge ratio.
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Figure 29. FaCAD activity expressed . coli.

The reaction mixturef either wrified GST or recomimant GSTFaCAD waspreparedas
described in methoddl.3.6). (A) Activity was measuredt 340 nmby spectrophotometer
(B) Reaction products were identifiddy LC-UV-ESFMS" and recordedat 260 nm.(C)
Coniferaldehydedqubstratyof the reactiorwasquantfied based orthe peak aresishown in
(B) (substrate=coniferaldehyde, product=coniferyl alcohol)
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Figure 30. FaCAD activity expressed B. cerevisiae

Crude protein of pYESZ&nd pYES2FaCAD was used for enzyme activity assays. All
reaction mixture were prepareds described inmethod (I.3.6). (A) Reaction products
were identifiedoy LC-UV-ESFMS" (S=coniferaldehyde, P=coniferyl alcohdl)V detection
was doneat 260 nm.(B) Coniferyl alcohol produc) formed in thepYES2 and pYES2
FaCADreactionsvasquantifiedbased ornthepeak ares of the UV traces
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4. Heterologous expressionf FaPOD and FaPOD27: two peroxidase
iIsoforms

To characterizethe activities of two F. x ananassgeroxidasesthe full-length coding

sequenceof FaPOD and FaPOD27 was subcloned into the pGEX#1 vecta. pGEX-

FaPOD andpGEX-FaPOD27 vasexpressed ife. coli Rosetta (DE3) pLys&fter induction

of the protein with 05 mM IPTG. The pGEX4T1 vecta, withoutaninsered DNA sequence

servedas a control.

In general, peroxidass utilize HO; in the oxidation of various substrates such as
monolignols, and ferulic acids #Bsardiet al, 2004). To test strawberry peroxidase activity,
crude proteia of pGEX4T1, FaPOD and FaPOD27 wereaddedto guaiacol (model
substrate)n the pesence oH,0,. The reaction mixture witlFaPOD27 quickly changed
color to purple,but the solutions containingcaPOD and contro{(pGEX4T1) remained
colofess(Figure 31A). The activity of FaPOD27166x10* umol min' mg* total protein
was elevatedo 48-fold and that of FaPOD7.2x10* umol min* mg* total protein) to 1.8
fold as compared witthe control pGEX4T1 vector (4.2x 10 pmol mir* mg* total protein;
Figure31B).

The products formed by FaPOD27 frderulic acid (M.W. = 193 g/moljvere analsed
by LC-UV-ESFMS" (Figure 32A, Ward et al., 2001 LC-UV-ESFMS" analysisindicated
dimeric products (dehydrodimer adriilic acid; M.W. = 386 g/molFigure32B1), products
formed bydecarboxylation of a dehydrodimprecursor (M.W. = 342 g/moFigure32B2),
and unknown products (Figu@2B3) that were formed by FaPOD27. Unlike FaPOD27,
thesecompoundswere not producedn the mixture reaction oFaPOD or control GST
(Figure 32A). The results indicatethat FaPOD27 is presumably associated with
polymeriation of ferulic acid in lignin biosynthesis.
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Figure 31.Expression of FaPOD and F@D27protein inE. colistrain Rosetta (DE3)
pLysS.

The reaction mixtures werpreparedas described in method#.8.7). (A and B) The
reaction mixture contaimetotal protein extract froncells harboring the control vector
(pPGEX-4X-1), F&POD, and FROD27after induction with IPTGValuesare mean + SE of
triplicate
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Figure 32. LC-UV-ESFMS"analysis ofstrawberryperoxidase reaction products.

(A) The reactiormixture containedhe substrate ferulic acidnd HO, with crude protein
FaPOD27 FaPOD, control GSTpGEX-4X-1 vectors),or without enzymesSubstrate and
products were monitored at 320 nmherl threeproducts (A1-3) formed by FaPOD27
correspondd to the dehydrodimer of ferulic acid (Bl decarboxylationproductof the
dehydrodimer precursor (B2), and unknown products,(B3pectivelyWard et al., 2001)
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5. Lignin biosynthetic genes in strawberry fruit
5.1Expression of Ignin biosynthetic genesin vegetatiwe tissues, flowersand

fruit developmental stages
To study the expression profiles oFaCCR FaCAD, FaPOD, and FaPOD27 in F. X
ananassav. Elsanta, expression levelstbi four genesn vegetative tissuedeaves, stems,
runners and roots) flowers and fruits at differentdevelopmental stages (small gregreen
white, white, turning, and redigure 33A) were determinedoy gRT-PCR Total RNA was
isolated fromthe samplesand transcribed to cDNA®rimersof FaCCR FaCAD, and
FaPODwere designed lsad on conserved regions frammdingsequenes of alleles (Table
24) to allow thedetection of multiple gene cigs or allele transcripts of each gene. Primers
of FaPOD27wereobtained froma strawberry functional genomigeojects FraGenomics;
11.1.8F).

Low expression levels of boFaCCRandFaCAD were determineth unripe fruit from
the SG (small green) to W (white) stagdmit high expression levels of both genes were
detected in the mature fruit (T and Rgure 33B). Moreover varied expression levs of
both FaCCR and FaCAD were detected irvegetativetissuesand flowers. FaCAD was
highly expressd in the rootsas well Interestingly, the highest expression legélFaPOD
was detected in the SG stage axgression levelslecreased after the SG stagaPOD
was undetectable at red stages, (Rif varied expression levelgeredetected invegetative
tissuesandflowers In addition FaPOD27 transcripts werelearly detected irthe ripe fruit
(R) and roots but lower expressiolevelswerefoundin other fruit stages (SGzW, W, and
T), vegetativetissuesand flowers The expressionlevel of FaPOD27 showeda 20Gfold
increase in the ripe stagR) ascompared with other developmensshgef fruit (SG,GW,
W, and T) andtherewas a 15old increase irthe rootas compared with othevegetative
tissuesand flowers Therefore FaCCR FaCAD, and FaPOD27 geneswere strongly
expressed in the ripe red fruitxceptfor FaPOD, whichwasexpressea the SG fruit
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Figure 33. Relative expressioprofiles ofmonolignol biosynthesis genesvagetative

tissues, flowersand fruit developmental stagesFoix ananassav. Elsanta.

Total RNA was isolated from (A) fruit developmental stages at small green (SG), green
white (GW), white (W), turning (T)and ed (R) after pollination. (BExpression levels of
vegetative tissuedeaves, stems, runneemnd rooty, flowers andfruit developmental stages
(SG, GW, W, T, and Rwere monitored bgRT-PCR usingspecificprimers for target gese
(FaCCR FaCAD, FaPOD, andFaPOD27 andtheinterspacer gend he latterwasusedas

an internal control for normalizato Thewhite fruit was used athe referencevith one for

each graphValuesare mean + SBf 5-6 replicates from two sets of cDNAs aackshown

as relativechanges.

5.2  Strawberry fruit in response to stresstolerance

5.2.1 Effect of wounding and pathogen on genexpresson levels in fruit

Lignin biosynthesis is a complex genetic network, where several genes and enayines
inducedby variousabiotic (plant injuies) or biotic (bacterid infection) stressegMoura et

al., 2010) Agroinfiltratedfruits areexposed to woundinfperforation of thdruit epidermis
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by asyringg and pathogemfections Agrobacteriumumefaciens To investigate the effect
of wounding and Agrobacterium infection on the expression of phenylpropanoid
biosynthesiggenes(FaPAL, FaCHS FaCCR FaCAD, FaPOD, or FaPOD27) in the fruit,
total RNAs were isolated frosingle fruis exposedo wounding(fruits injected with MMA
medium)and Agrobaderiuntinfection (fruits injected withAgrobacteriumsuspensios) at
different time points and transcribed to cDNA<£EXxpression level of the genesin the
untreated and treated fruiteremonitored by &T-PCR.

No significant induction oFaPAL, FaCCR FaCAD, FaPOD, andFaPOD27 genes were
detected in the wounded fruitas comparedo control (untreated) fruitsluring 2 days
(Figure 34). In addition, no significant induction &faCHS FaCCR FaCAD, andFaPOD
genes wredetected in the fruits injected witkgrobacteriumascompared to contrdiruits
during 4 daygFigure 35). However, the expression level BAPAL wastwo timeshigher in
fruits injected withAgrobacteriunthanthatin the control fruits at 24 lkaPODR27 transcript
level in the fruits injectedwvith Agrobacteriumgraduallystarted to increase at 6 h and the
highest levelvasreachedat 96 h afteagroinfiltration(Figure35). Besidesexpressn level
of FaPOD27 in the fruits injected withAgrobacteriumwas inducedwithin 1 to 10 dys
with the highest levelbeing detected10 days after injection. The expression level of
FaPOD27in the fruits injected withAgrobacteriumwas 30 times higher thanthatin the
control fruits at 10 dys(Figure 36). These resultslearly demonstratedhat the epression
of FaPOD27 is stronglyinducedby Agrobacterium Othergenes(FaPAL FaCHS FaCCR
FaCAD, FaPOD, and FaPOD27) were not affected by wounding or Agrobacterium
FaPOD27 transcripts are upegulated in fruitsas a response to infectiorwith
Agrobacteium, suggestinghatthis geneplays an important role ipathogen defese.
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Figure 34. Relative expressioprofiles ofmonolignol biosynthesis genesffx ananassa

cv. Elsanta in response to wounding.

The turning fruit was infiltrateé with MMA medium for all treatments. After infiltration,
fruits were harvested at 0(22 min) 6, 12, 24and 48 hWild-type (untreated fruits were
used as controls and harvested at the sameepoint. Expressiorievels inthe control (grey
column) and wounded fruifblack column)were monitored bygRT-PCR usingspecific
primers for the target gesdFaPAL FaCCR FaCAD, FaPOD, and FaPOD27) andthe
interspacer gendhe latterwasusedas an internal control for normalizatioThe control
fruit (O h) was used aseferencewith one for each graplrorFaCCR FaCAD, andFaPOD,
valuesare mean + SE of 9 triplicatdsom three independent fruits. FéraPAL and
FaPOD27, valuesare mean iSE of 46 replicates from two independent fruisll values
are shown as relative anges.
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Figure 35. Relative expressiomprofiles of phenylpropanoid biosynthesis genes Fofx
ananassav. Elsanta in response fggrobacterium

The turning fruit was infiltrateé with Agrobacteriuncells for all treatments. Aftanfiltration,
fruits were harvested atlifferent time points(1, 3, 6, 12, 24, 48, and 96 HVild-type
(untreategl fruits were used as controls and harvested at the samagoints. Expression
levels in control (grey column) araroinfiltrated fruit (black columnyvere monitoed by
gRT-PCR usingspecificprimers for target ges€FaPAL FaCHS FaCCR FaCAD, FaPOD,
and FaPOD27) andthe interspacer geneThe latterwas usedas an internal control for
normalizatio.. Thecontrol fruit L h) was used aghe referencavith one foreach graph.
Valuesare mean + SE of2 replicates from one fruit aradeshown as relative changes.
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Figure 36. Relative expression 6aPOD27in response tégrobacterium

The turning fruit was infiltrate with Agrobacteriuncells for all treatments. Adr infiltration,
fruits were harvested at 1, 4,d@hd 10 dWild-type (untreatedl fruits were used as controls
and harvested at the sartime points Expressionlevels in control (grey column) and
agranfiltrated fruit (black columnwere monitored by RT-PCR usingspecific primersfor
FaPOD27 and the interspacer geneThe latter was used as an internal control for
normalization. Thecontrol fruit (L d) was used athe referencésetto one) Valuesare mean
+ SE of 6 replicates from twiadependentruits andareshown as relative changes.

5.2.2 Effect of wounding and pathogen infection onriit firmness
To test whethea fruit respondto stress withincreasedirmness,the fruits were infiltrated
with MMA mediumasa woundingtreatment andfruits wereinfiltratedwith Agrobacterium
asa pathogerinfection treatment Fruit firmnesswasmeasuredt 14 days after infiltratian
Its firmness based on bioyield pointvas determinedy using aTA-XT2i texture analyzer
The Wilcoxon-MannWhitney U-test was used fo nonparametriccomparison ofWT
(untreatedl and either wounded or pathogeimfected fruits (Figures 37A-B). A P-value
<1.00E02 was considered as significantly differerfEruit firmnesswas significanty
increasd (P=4.33-05) in fruits infiltrated with Agrobacterium but not in wounded fruits
(P=9.7Z&-01) as comparedo WT fruits. Both woundedand wildtype fruits were soft
whereas fruits infiltrated witAgrobacteriuntended to be hard. The ressitggestshatfruit

firmnesssignificantlyincreased following infiltration witAgrobacterium
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Figure 37. Effect of wounthg and pathogemfectionon fruit firmness of. x ananassav.
Elsanta.

Fruit firmness wasneasuredl4 days after infiltration. (A) The Box plot shows data from
three group. WT (Wild type;n=10); fruits infiltrated with MMA medium (wounded)=12)
andAgrobacteriunmtumefacien®\GLO (pathogenn=10). (B) TheWilcoxon-MannWhitney
U-test was used faa non-parametric comparison of two groups frakT and wounded or
pathogernfectedfruits. Values shaing statistically significanincreased leveld(<1.00E

02) are marked by a yellow background.

5.2.3 Effect of Agrobacteriuminfection on fruit firmness and lignin content

To testwhetherfruit firmnessis affectedin responseéo Agrobacterium a half side of a fruit
was injectedwith Agrobacteriumcarryingthe ihpRNA-FaCHS constructg(ll. 1.5) whereas
the other side was not injectélthe wildtype (untreatedjruit was used as a control.

Fruits wereanalyzedat 14 daysfter infiltration. The side othefruit that did not receive
aninjection (Figure38A, a) exhibitedared colorthatwas similar towild-type fruits (Figure
38A, c). The otheralf of the fruit exhibited thewhite colorof a FaCHSsilencedfruit due
to silencingof the CHSgene Figure38A, b; Hoffmann et al., 2006 Interesingly, firmness
also significantly increasedP<1.00E-02) in the white area which wasnjected with
Agrobacteriumcarrying ihpRNA-FaCHS constructs, butlid not increasdn the red part
(Figures 38B-C). Thus, he ihpRNA-FaCHS construct function asan indicator since
impairedcolor formationcorrelates witHruit firmnessdueto Agrobacteriuminfecton.

To investigatefurther, whetherfruit firmnesscorrelates with lignin content lignin from
the treaed fruits was assayedignin contentsignificantly increasd (P <1.00E02) in the
white colored regioninjected with Agrobacterium but did not increasein the redpart
withoutinjection of Agrobacterium(Figures 38 B-C). The color firmnessand lignincontent
in the redareawerethe samesthosein wild-type fruits. Interestingly increagd firmness
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and lignin contentin the white part injected with Agrobacteriumdid not affect either
firmness or lignincontent inthe otherareawithout Agrobacterium(Figure 38). Theincrease
in firmness waglearly associatedvith anincreased formation of lignin in the fruithieto
Agrobacteriuminfection. The injection of Agrobacteriumcells in one half one the fruit
camot cause response in the entifilit.

These data, aken togethey indicate that high expression levels BAPOD27 are
associated with enhanced firmness well as increased production of lignin in fruits

exposed tA\grobacterium

(A) a b c__ (B (C)
Firmness (N)
< Two groups P-value
g . Red vs. White ~ 2.20E-03
e . WT vs. White 2.00E-04
E : WT vs. Red  2.70E-01
L - i
= —
Red White wWT ' ‘ '
©
= S BE Lignin content
<
22 g — Two groups P-value
23 - o Red vs. White  4.30E-03
8% o[ RE WT vs. White  4.30E-03
S = WT vs. Red 3.29E-01
52| L—
-5
23

\ T T
Red White WT

a b c

Figure 38. Effect of pathogeimfectionon fruit firmness ad lignin content of. x ananassa
cv. Elsanta.

Fruit firmness and lignin content wemeeasured 4 days after infiltration. (A) Phenotypet
afruit whose left side was not infiltrated with tumefacienga; red part), whereas the right
side was injectedvith A. tumefaciengontainingFaCHSihpRNA constructgb; white part)
andof awild type fruit (WT; c) are comparedB) The Box plos showdata from different
groups with the following biological replicatesrmness of redr=8), white (=8), andwWT
(n=10) and lignin content of each group=@). (C) TheWilcoxon-Mann-WhitneyU-test was
used fora nonrparametric comparison of two groups as describdte tableabove. Values
showing stastically significantincreased levelsP(<1.00E02) are marked bya yellow
background.

5.3 Down- and up-regulation of lignin biosynthetic genesn F. x ananassecv.
Elsanta fruit
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5.3.1 ihpRNA and overexpressiorconstructsused forsilencing and oveexpresson of
lignin biosynthetic genesn fruit

In order tomaniplate quantity and quality ofignin in strawberryfruit, we utilized an
iIhpRNA- or overexpressiorassette with individuaFaCCR FaCAD, and FaPOD to
silence or overexpre$saCCR FaCAD, andFaPODin the fruit

The control construct (pBhtron) containd a GUS geneinterrupted by an intromnder
the control of a CaMV 35S promotefFigure 3A). To silencethe monolignol biosynthesis
genesin the fruit, the ihpRNA-cassetteconstructcontainedan intron flanked by partial
coding sequense(300 bp) of targegenes FaCCR FaCAD, or FaPOD) in senseand
antisense orientationgnder thecontrol of the CaMV 35S promotefll.3.3.1) (resulting
plasmid pBiFaCCRj pBI-FaCADi, and pBiFaPODi) (Figure 3B). In addition to
overexpressnonolignol biosynthesigeresin the fruit the construct comprised the full
length coding sequenad target geng(FaCCR FaCAD, or FaPOD) under thecontrol of
the CaMV 35S promotefil. 3.3.2) (resulting plasmid pBFaCCR pBI-FaCAD, and pB#
FaPOD) (Figure 3C). All constructswere used foagroinfiltration offruits.

intron

(A) control CaMV 35S @.m: NOS
Intron
B) inpRNAcassere —IRCINECIp. 4% (E—

Sense amm Antisense arm

(C) overexpressing-

cassette full-length coding sequences

Figure 39. Schematic diagram of construcisedin this study

All constructs(A-C) are in the binary vector pBI121. CaMV 35S, the 3&8moter of
cauliflower mosaic virusintron, the second intron of straary FaQR gene(Raab et al.,

2006) NOS, terminator of the nopaline synthase gene; a partial coding sequence of target
genes FaCCR FaCAD, or FaPOD) in the sensend antisense armfull-length coding
sequencesf target geng(FaCCR FaCAD, or FaPQOD).

5.3.2 Phenotype andlignin staining

An agroinfiltration methodhas already lem successfullyappied for gene functional studies
of strawberryfruit (Hoffmann et al., 2006)in order to controthe quantity and quality of
lignin in . x aranass fruit, individual pBl-intron, pBFFaCCRi pBI-FaCADi, pBI-
FaPODi, pBI-FaCCR pBI-FaCAD, and pBI-FaPOD (Figures 39A-C) construct were

infiltrated into fruits for gene transfeby Agrobacterium Comparison of th&V/T phenotype
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(untreated fruit) Figures 40A, a and c) with frits injected withdifferent constructs g§BI-
intron, pBFFaCCRj pBI-FaCAD;i, pBI-FaPODi, pBI-FaCCR pBI-FaCAD, or pBFFaPOD
fruits) (Figures 40A b andd) showedthat the injectedfruits retained theired colorandwere
similar in appearance to tWT fruit after 14 days(Figure40A). In contrastthe texture of
the fruits injected with different constructsasmore solidthan ttat of the untreatedtruits
(WT). The textureof the untreatedruits wassoft (Figure40A, c) whereaghe texture of all
theinjected fruits wasfirm (Figure40A, d).

Additionally, WT (Figures 40B, a andc) and fruits injected withdifferent constructs
(Figures 40B, b and d were comparethefore and aftewiesnerstaining All treated fruits
(pBl-intron, FaCCR, FaCAD-, FaPODsilenced FaCCR, FaCAD, or FaPOD
overexpressin fruits) showedthe formation ofpink-red colos aroundvascular bundles
within 1 min (Figure40B, d), and therdisappeareavithin 30 minafter stainingIn contrast
slight pinkred colorswereobserved in theontrolfruit within 30 minafter stainingFigure
40B, c). This result suggeststhat lignification around vascular bundles is induced by
Agrobacteriuminfiltration. The accumulation of lignin in fruitanfiltrated with different

constructsmight enable tese fruitdo resistAgrobacteriuninvasion.

(B)

A wr Infiltration WT Infiltration

a

.

Figure 40. Phenotype and lignin staining of witgpe and infiltrated fruits.

All photographsvere taken 14 days after infiltratiod/T (Wild type; a, c) was used as a
nortinfiltrated fruit. Infiltrated fruits (, d) are those injected with Agrobacterium
suspensions harboringndependent pBintron, FaCCR, FaCAD-, FaPODihpRNA,
FaCCR, FaCAD, andFaPOD-overexpression constreci{A) Phenotypes of WT (a, ¢) and
infiltrated fruits (b, d).(B) Crosssections 6WT (a, ¢; n=2) and infiltrated fruits If, d; n=2)
before and aftewiesnerstaining.The arrow indicates lignified vascular bundles with pink
red colos after staining with phloroglucinol. Lignified tissuegere observed in thdruit
infiltrated with Agrobacteriumsuspensions harboring constryeis described above
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5.3.3 Fruit texture and lignin content

To investigateand determinghe effect oimonolignol biosynthesigenes orfruit texture and
lignin content single fruits were injected with Agrobacterium suspensioncontaining
different constructsHigures 39, B and G for down andup-regulationof individualFaCCR

FaCAD, andFaPOD in the fruit Fruits injected with pBiintron suspensionsvere usedas
control(Figure DA).

Comparison ofuntreatedfruits (WT) and treatedfruits (pBl-intron, pBFFaCCR| pBI-
FaCADi, pBI-FaPODi, pBI-FaCCR pBI-FaCAD, or pBFFaPOD fruits) showed that both
firmness and lignincontent weresignificanty increasd (P <1.00E02;, Figure 41). In
addition, comparison of pBintron corirol fruits and treatedfruits (FaCCR, FaCAD,
FaPOD-downregulated,FaCCR, FaCAD-, or FaPOD-upregula¢d fruits) showed that
firmness and lignincontent were not affeced significanty. Thus firmness and lignin
content weresignificantly increasd due toinfiltration with Agrobacterium Hence,when
individual FaCCR FaCAD, andFaPOD weredown-regulatedandup-regulaedin the fruits
by agroinfiltration up-regulation of defense genes suctFaBOD27 affected fruit firmness

and lignin to a much larger extiethan the transgenes

5.3.4 Gene expression levels
To assesgshe expression of phenylpropanoldosynthesisgenesin FaCCR, FaCAD-,
FaPOD-downregulatel, FACCR, FaCAD-, andFaPOD-up-regulatel fruits, total RNA was
isolated from singldruits and transcribedo cDNAs Expression levels dfaPAL FaCHS
FaCCR FaCAD, andFaPODgenedn thetreated fruits were monitordny qRT-PCR

Expression levelsf both FaPALandFaCHSwere notsignificanty changedn WT, pBI-
FaCCR, pBI-FaCAD, andpBI-FaPOD fruits, whencompared to pBintron controlfruits.
However, incomparisonto pBl-intron control fruits,FaCCR and FaCAD transcriptswere
significantlydecrease (P <0.05) in pBtFaCCRiandpBI-FaCAD:i fruits, respectively. They
were not significanty changed in other treated fruits. Thus, the ihpRNA-FaCCR
and-FaCAD constructshowedsequencepecific interference with homologo&aCCRand
FaCAD expressionn the fruits Additionally, FaPOD transcriptsemainedat the same level
in all groups.FaPOD transcripts wes probablynot significanty affeced in pBIl-FaPODi
fruits (Figure 42) due tothe already lowexpressionevel of FaPOD in the ripe red fruit
(Figure33B).

In the case ofip-regulaton of monolignol genem the fruits expression levelsf FaPAL,
FaCHS FaCCR and FaCAD were notsignificanty affected in WT, pBIl-FaCCR pBI-
FaCAD, and pBI-FaPOD fruits as compared to pBhtron control fruits. FaCCR and
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FaCAD transcripts werabundantn the ripe red stagef WT (Figure33B) butdid notshow
a significant ircrease inpBI-FaCCR and pBI-FaCAD fruits (Figure 43). Interestingly
FaPOD transcriptswhich are rarely expresseal the ripe red stagé~igure 33B) increased
significantly (P <0.05) when FaPOD was overexpresseth pBI-FaPOD fruits. Expression

level of FaPOD wasnot significanty changed in othefruits (WT, pBFintron, pBl-FaCCR
andpBI-FaCAD; Figure43).
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Figure 41. Fruit firmness(A, B) and lignin conten{C, D) of individual FaCCR, FaCAD,
FaPOD-downregulationA, C) and-upregulationB, D) in F. x ananassav. Elsanta

Fruit firmness and lignin content wengeasuredl4 days after infiltration. The box plotd
firmness and lignin content show data from different groups thigfollowing biological
replicates (A) Firmnessof WT (wild type n=26), fruits infiltrated with Agrobacterium
suspensions containing a RMPRNA construct (pBintron, n=41) or an individual
ihpRNA-mediatedgene silencing construct (pBaCCRi n=32, pBl-FaCADi; n=30, pBI-
FaPODi; n=35); (B) Firmnessof WT (n=30), pBl-intron (=41) and an individual
overexpression constru@@BI-FaCCR n =39, pBI-FaCAD, n =35, pBI-FaPOD; n=43); (C)
Lignin content of WT(n=14), pBl-intron (=19), pBFFaCCRi(n=19), pBI-FaCADi (n=19),
andpBI-FaPODi (n=19); (D) Lignin content of each groum=10). The statistical analysis
methodlogy usedwasthe WilcoxorMannWhitney U-testfor nonparametric comparison
of two groupsOne asterisk (*) marketh the boxindicatesstatistically significantncreased
levels P<1.00E02) in comparisorwith WT andanother group (Appendix E.1.1).



Results 106

FaPALT © FaCHS ©
87 ! o)
—_ © — 8}
o — ! o
N ‘
q-_
o _| o
= : I
c O—E_‘_ o 4 B/ R p——— =} R
ie, \ \ | \ | T T | T
B 5 5
$ w - FaCCR < 7] FaCAD — Bl
a
3 Y- ©
e 4 T -
g ‘ — 2
0.0318 ! A
N — - ' 0.0079
2 T == | T . |
© ‘—,: - “ o . E .
& e —
I I

2 FaPOD © WT pBl-intron pBI-FaCCRi pBI-FaCADi PBI-FaPODi
O —T

oo |

e T e

- — —

o0 | — = o

g

-

I \ I I C\;
WT pBl-intron pBI-FaCCRi pBI-FaCADi pBI-FaPODi

Figure 42. Relative expression profiles of doweagulated monolignol biosynthesis genes in
F. x ananassav. Elsanta.

Total RNA was isolated frommingle WT (wild type)fruits, agroinfiltrated fruis with a non
ihpRNA construct (pBintron) or with individual ihpRNAmediated gene silencing
construcs (pBIl-FaCCRj} pBI-FaCADi, and pBiFaPODi) and transcribed to cDNAs.
Expression levels of all samplegere monitored bygRT-PCR with specific primers for
target genesHaPAL, FaCHS FaCCR FaCAD, andFaPOD) andthe interspacer gendhe
latterwasusedas an internal control for normalizatid-or eachbox-plot graph, oneof the
WT group was used as the refereifset to oneand ech group containedfive biological
replicates The Wilcoxon-MannWhitney U-test was used for ngparametric comparisoof
two groups from pBintron and fruits infiltrated with different construcdaluesindicate
statistically decreased levelB® €0.05) and are shown in the boxAll statistical data are
shown in Appendix E.2.1)
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Figure 43. Relative expression profiles of wpgulated monolignol biosynthesis genes-.in
X ananassa&v. Elsanta.

Total RNA was isolated from sing&T (wild type)fruits, agroirfiltrated fruits with a non
ihpRNA construct (pBintron) or with individual overexpressiorconstrucs (pBI-FaCCR
pBI-FaCAD, and pBiFaPOD) and transcribed to cDNAs. Expression levels of all samples
were monitored bgRT-PCR withspecificprimers for targt geneskaPAL, FaCHS FaCCR
FaCAD, andFaPOD) andtheinterspacer gend he latterwasusedas an internal control for
normalizatio. For eachbox-plot graph, oneof the WTgroup was used as the referefset
to one)and ech groupcontainedfive biological replicatesThe Wilcoxon-MannWhitney
U-test was used fanonparametric comparison of two groups from pBtron and fruits
infiltrated with different constructsvalue indicates statistically increased leveP(<0.05)
andis shown in the box(All statistical data are shown in Appendix E)2.

5.3.5 Activity assay
To assesshe enzyne activity in FACCR andFaCAD-downregulatd and upregulatéfruits,
crude protein was extractedfrom the fruits. The measurement oFaCCR andFaCAD
activity was carried ouisingLC-UV-ESFMS".

To determind=aCCRactivity, coniferaldehyddormed fromferuloyl-CoA was quantified
by LC-UV-ESFMS" (Figure 4A). FaCCRactivity wassignificanty decreasedP<0.02)in
the pBI-FaCCRi fruits comparedio WT (untreatedfruits. However FaCCRactivity also
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decreasedh pBI-intron controlfruits as compared to WWhenFaCCRwasup- or down
regulatedn the fruits FaCCRactivity was not significaty differentin the pBl-FaCCRand
pBI-FaCCRIifruits ascompared to pBintron controlfruits (Figures 44, B and .

To determine FaCAD activityconiferyl alcoholproduced fromconiferaldehyde was
quantifiedby LC-UV-ESFMS" (Figure 6A). When FaCAD was up- or downregulated in
the fruits FaCAD activity was notreducedin the pBI-FaCAD fruits, but significanty
decreasedP<0.02) in the pBI-FaCAD fruits as comparedto either WT or pBI-intron
controlfruits (Figures 45, B and Q.

FaCCRand FaCAD activity was also reduceth pBI-FaCCR and pBI-FaCAD fruits
(Figures 44-45, B and @, respectively Co-suppressiomf homologouggenescan, at least in
parts, explainthis observation As expected FaCCR and FaCAD activity significanty
decreasedP<0.02) in the pBI-FaCCR and pBI-FaCAD fruits (Figures 44-45, B and Q,
respectively. We assume thdsRNA produced bypBI-FaCCR and pBIl-FaCAD can
trigger PTGS to interfere with homologo&#®CCR and FaCAD expression Finally, the
degradation of mMRNA results in inhibition BACCRandFaCAD synthesis
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pBl-intron vs. pBI-FaCCRi  0.5350

Figure 44. CCR specific activity in wildype and agpinfiltrated fruits.

Enzymeactivity was measuretid days after infiltration. (AConiferaldehyde R; product$
formed in the reactiowasquantifiedat 340 nm(B) The Box plots showdata from different
treatmentswith biological replicates(n=7). Wild type WT), fruits infiltrated with an
Agrobacteriumsuspension containing a ndpRNA (pBl-intron), FaCCRoverexpression
(pBI-FaCCR and FaCCRihpRNA construct(pBIl-FaCCR). (C) The Wilcoxon-Mann
Whitney U-test was used for ngmarametric comparison of twgroups. Values shang
statistically significantlecreased level$€0.02) are marked with a yellow background.
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Figure 45. CAD specific activity in wildtype and agroinfiltrated fruits.

Enzymeactivity was measuretd days after infiltration. (Afoniferyl alcoholformed in the
reactions(P=coniferyl alcohol; S=coniferaldehydes quantifiedat 260 nm(B) The Box
plots showdata from differentreatmentswith biological replicategn=6). Wild type (VT),
fruits infiltrated with Agrobacteriumsuspensins containing a nehpRNA (pBl-intron),
FaCAD-overexpressior{pBI-FaCAD), and FaCAD-ihpRNA (pBI-FaCAD) construct. (C)
The Wilcoxon-MannWhitneyU-test was usetbr nonparametric comparison of twgroups.
Values shwing statistically significantlecreased levelsH<0.02) are marked with a yellow
background.

5.3.6 Metabolite levels
To study metabolite levelsin the FaCCR, FaCAD-, FaPOD-downregulatel, FaCCR,
FaCAD andFaPOD-up-regulatd fruits, lyophilized samplesvere extracted with methanol
and analyzedy LC-UV-ESFMS". Major compoundgphenolic acid derivativeglavonols,
anthocyanins, anpgroanthocyanidinsyere quantified

In general, levels oflavonoids {lavonols, anthocyanins, and proanthocyaniginsre
not significantly changed in all treatebBl-FaCCR, pBIl-FaCAD, pBI-FaPOD, pBI-
FaCCR pBI-FaCAD, andpBI-FaPOD) fruits compared with eithaNT (untreatedl fruits or
pBl-intron control fruits, except for pBFaCCR and pBI-FaPOD fruits. Levels of
(epi)catechin(epi)catechin (isomerlgnd (epi)afzelechin(epi)catechin (isomer 1) increased
in pBI-FaCCRfruits ascompared with WT (untreated) fruit. In addition to compariaath
the pBl-intron control fruit,levels of kaempferolglucosideincreasedn both pBtFaCCR
and pBI-FaPOD fruits, as well asthe level of pelargonidin3-glucoside increased in pBI

FaCCR fruits. Besides the most significant changes were observed phenolic acid
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derivatives p-coumaroylglucoside/glucosecaffeoyl glucose and feruloylglucose) in all
treated fruit{AppendixE.3.13.4).

Although p-hydroxybenzoylglucoseand cinnamoylglucosedisplayedthe same level in
all fruits asignificanty reducedevel of p-coumaroylglucoside/glucoses well asncreasd
levels of caffeoyl glucoseand feruloylglucose(P<1.00E-02) were observedn all FaCCR,
FaCAD, FaPOD-downregulatel (Figure 6A), and FaCCR FaCAD-, and FaPOD-up-
regulate fruits (Figure 46B) as compared with WT (untreated) fruitdn addition to
comparisonto the pBl-intron control fruits a significanly redued level of p-coumaroyl
glucoside/glucosas well asanincreasd level of feruloyl glucosewasdetectedn the pBI-
FaCCRifruits (P<1.00E02), shown asplus sign in Figure 6A. These resultsuggesthat
increagd levels of caffeic acid and ferulic aciédre brmedin all treated fruitsdue to
agroinfiltration. These metabolites migtgrve as lignin precursor&hich are polymerized

by FaPOD27to form lignin in theAgrobacteriurminfection fruits.
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Figure 46. Metabolite levelsn FaCCR, FaCAD-, FaPOD-downregulatd and-upregulagd
F. x ananassav. Elsantdruits.

Metabolite levels wereneasuredoy LC-UV-ESFMS". Each boxplot shows data from
different groups withthe following biological replicates(A) WT (wild type n=13), fruits
agroinfiltrated with a nonrihpRNA construct (pBintron; n=20), and ihpRNAmediated
gene silencing constructs (pBRCCRI n=22, pBI-FaCADi, n=23, pBI-FaPOD:i; n=20). (B)
WT (n=10), pBl-intron (0=10) andoverexpression constrect(pBFFaCCR n=10, pBI-
FaCAD, n=10, pBI-FaPOD; n=9). Identities of the compounds were confirmeestiescribed
in methods (Table 23). WilcoxonrMannWhitney U-test was used fornonparametric
comparison of two group$One asterisk (*)or a plus (+) in the boxmarks statistically
significantdecreasedrancreasedevels P<1.00E02) in comparisorwith WT and another
group(indicated by *) or in comparisomwith pBl-intron andanother grougindicated by+)
(Appendix E.3.13.4).



Results 112

5.3.7 Thioacidolysis reaction andlignin composition

To determine lignin @mposition and estimate proportions of lignin monomers, lignin was
extracted from pooled fruits of each treatmemtd was subjected to thioacidolysis
Thioacidolysiswasperformedas described bRRobinsonand Mansfield (2009). Etherifigot
hydroxyphenyl €), guaiacyl (), syringyl ) monomes and other lignirderived
components were detectbyd GC-MS under the conditions describedmethod (11.2.3).

GC-MS analysis of trimethylsilylated extracts frameated fruitshowedcompounds with
major ions at/z 239, 266, 299, and Shat eluted atretentiontimesof 27.5, 29, 30.4and
23.3min. They correspond tH-, G-, S- monomerghat were liberated by thioacidolyssd
to theinternal standardlocosangl.S.) (Figure 4A). The MS spectrashowed the typicad
fragmentation pattern of theonomeric productéormed fromH-, G-, and S-lignin, and I.S
(Figure47B). Identity was confirmetty comparison with published daf@glph et al., 2008;
Palmer et al., 2@&). Quantitative evaluation oétherified H, G-, and S- monomerswas
performed on major iochromatogramsor the different treatments. Etherified ,H>, and
S- monomers were calculated based on the peak area of prominerglaied tathatof the
internal standards docosane f@rmalization.

H-, G-, ard Smonomersverenot detectedn extracts fromWT (untreated)ruits due to
the low yield of lignin produced irthesefruits. In contrastH-, G-, and Smonomerswere
detected in altreakd fruits, because highdevels of lignin were accumulated in tHeuits
exposed teAgrobacterium Low amountsof H-monomers wredetected in all treat fruits
(Table 26). In comparisonto the pBtintron control treatment FaCAD-silenced fruits
showed a significant reduction of 58% in H-monomers Levels of G-monomerswere
significanty reducedby 35%, 33%, and 32 %n the pBI-FaCCRj pBI-FaCADi, and pBI-
FaPOD fruits, respectivelyLevels ofS-monomerswere significanty reducedby 22% and
13% n pBI-FaCADi andpBI-FaPODfruits, respectively. Howevegmountof S-monomers
wassignificanty elevatedby 18 % in the pBI-FaCCRfruits. Remarkablylevelsof both G-
and Smonomersveresignificanty reduced irthepBI-FaCAD andpBI-FaPODfruits.

In addition FaCCRdownregulatel, FaCAD- and FaPOD-up-regulatel fruits showeda
significant increase in the /& ratio of lignin as compared to the pBhtron treatment
FaCCRsilenced fruits had thaighestincreasein the S/G ratio(1.36:0.12 of lignin, as
compared to all treatment$able26).

5.3.8 Detection offerulic acid in treated fruits following thioacidolysis
To synthesize a ferulic acikerived marker (Ralph et al., 2008), 4 mM of ferulic acid and 4
mM of H,O, were incubated with 3960 unit of horseradish peroxidase (HRP, tyge VI
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1,280 unitmg, Sigma). The procedure is descdbm method 11.3.7. After 30 min, the
reaction mixture was lyophilized. The powder was dissolved in distilled dioxan and
subjected to thioacidolysigl.(3.8.4.8.3). As a result, compound A1G (ferulic acid+EtSH)

and AG (ferulic acid) Figures 4&-B) were detected by G@AS analysis under the
conditions as described in metlsodl.2.3). HoweverA1G (ferulic acid+EtSH) and AG
(ferulic acid)were not detected by GMS in extracts from treated fruits. A new, unknown

compound was detected in pBaCCRifruits (Figure 48A).
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Figure 47. Trimethylsilylatedthioacidolysis products from strawberry fruits infiltrated with
different constructs detected by @S analysis(A) Theion chromatogranshows major
monomeric productéormed fromH-, G-, and S-lignin, andthe internal standard.§.). (B)
Fragmentation pattern of the monomeric products andéhteenal standardn/z= massto-
charge ratio
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Figure 48. Thioacidolysis product$ormed from O-4-linked ferulic acid anddifferently
treatedstrawberry fruits. (A) Thaon chromatograms at/z 269 show the ferulic acid
markersA1'G (ferulic acid+EtSH) and AG (ferulic acidit retention times 22.56 and 27.47
min, respectivelyandcompounds obtained fropBl-intron, pBFFaCCRj| and pBtFaCADiI
treated fruit (B) The identity of A1'G (ferulic acid+EtSH) and AG (ferulic acidyvas
confirmedby comparisorof their mass spectraith published dataRalph et al., 2008 The
arrow indicates newcompoundrom pBIl-FaCCRitreatmentm/z= massto-charge ratio.
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Table 26. Impact ofdifferent constructsn ligninmonomercomposition

Relative concentratior?4, ML)
Proportion of thioacidolysis monomers

H G S S/G ratio
WT ND ND ND ND
pBl-intron 0.19+0.04 3.83+005 3.65+0.11 0.95+0.04
pBl-FaCCRi  0.14+009 2.50+0.37* 3.3840.21 1.36+£0.12
pBl-FaCADi  0.08+002* 2.55+0.08* 2.8540.17* 1.12+0.10
pBl-FaPODi  0.13+0.02 3.93+001 4.09+0.27 1.04+0.07
pBI-FaCCR  0.17+003 4.0240.22 4.29+003 1.07+£0.05
pBI-FaCAD  0.16+0.02 3.4140.23 4,17+0.44 1.22+0.05
pBl-FaPOD  0.10+0.04 2.62+001* 3.19+003* 1.22+0.02

For each treatmentruits (120+20 ¢ werepooled to extract ligninThe lignin composition
was determineds describeth Figure 4. Values arghe meanstSEM of duplicate®f two

independent analyses from the pooled lignin. Mionomeric lignin. ND: not detectedne
asterisk (*)indicates significant differencedy Student-test (P<0.01) in comparisorwith

pBl-intron and anothetreatmen{Appendix E.4.).

5.4 Down- and up-regulation of lignin biosynthetic genesn transgenic
antisenseCHS Calypso lines

5.4.1 Phenotype

The metabolitgp-coumaroylCoA is situated at the branching point of the metabolic routes
leading to either flavonoidr monolignolbiosynthetic pathwayst is the common substrate
for CHS, HCT, andCCRenzymes in the phenylpropanoid metaboliSitencing ofthe CHS
gene in fruits coulgbrovidemore precursorgfcoumaroylCoA) for the synthesis of H G-,

and Slignin.

In this study strawberry Calypso (CHBfruits harboring an antisensgHS gene were
used for infiltrationby Agrobacterium Calypso (CHS fruits were agroinfiltrated with
individual constructs(pBl-intron, pBtFaCCRj pBI-FaCADi, pBI-FaPODi, pBI-FaCCR
pBI-FaCAD, andpBI-FaPOD, Figures 39A-C). In addition,an Agrobacteriummixture was
generatedrom Agrobacteriunsuspensiosawith three different construc{gigures 39B or C)
for downregulation §BI-Si3) andupregulation §BI-O3) of lignin biosynthetic genes ithe
CHS fruits. The preparation idescribed in method$l (3.84).

Calypsowild type fruits (CHS") turned red during ripeningecausef the abundancef
anthocyanis that accumulatedduring the ripe staggFigures 49, ab). Not surprisingly,
Calyp® (CHS) formedpink colored fruitsduringthe ripe stage due the silencing ofthe
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CHS gene in the fruit leadingo a lower amountof anthocyania (Figures 49, c-d). To
observe changem textures and colorsf the fruits CHS fruits (Figures 49, c-d) were
compared with CHSruits injected with different constructgigures 39A-C) (Figures 49, e-

h). As shown inFigure 49, fruits injected with different constructs remained wtute
slightly red in color and were different in appearanf®m the CHS (untreated) fruit.
Comparisonof the crosssectiors of nortinfiltrated fruits (Figure 49b) with injected fruits
confirmedthe lack of anthocyaniaccumulation in theipe fruits (Figures 49, f and I). The
results indicate thawhite or slighly red fruitscortain the antisens€HS genethatleads to

lower levelsof anthocyanis in treated fruis. In general, textures of thiiits injected with
different constructsRigures 49 e-h) werefirmer than those of nemfiltrated Calypso (CHS$
fruits (Figures 49 c-d).

Non-infiltration Infiltration

wild-type ~ Calypso  Calypso(CHS") injected
(CHS™) (CHS") with various constructs
'Y

Figure 49. Comparison of noinfiltrated and infiltrated Calypso (CHBfruits.

All pictures were taken 14 days after infiltration. Phenotypeaasfinfiltrated (a-d) and
infiltrated fruits (e-h) are compared. Neinfiltrated fruits of Calypso withCHS genes
(CHS'; a, b) and Calypso with impairéeHS genes (CHSc, d)are shownlnfiltrated fruits
(e-h) representCalypso fruit (CHS injected with Agrobacteriumsuspensions harboring
pBl-intron, FaCCR, FaCAD, FaPODihpRNA, FaCCR, FaCAD, FaPOD
overexpression construgtor combired pBI-Si3 andpBI-O3 constructs

5.4.2 Lignin texture and lignin content

To investigate the effect ahonolignol biosynthesigenes ortexture and lignin content
CHS fruits, CHS fruits were agroinfiltrated with upand davnregulation constructs of
lignin genes Figures39A-C). Comparison ofCHS (untreatedruit) and treatedCHS fruits
(injected withpBl-intron, pBFFaCCR| pBI-FaCADi, pBI-FaPODi, pBI-Si3, pBI-FaCCR
pBl-FaCAD, pBI-FaPOD, and pBI-O3) displayel a significant increasein firmness (P
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<5.00E02) in all agroinfiltrated fruis, as shown by one asteriskin Figures 50A and B In
addition comparison ofCHS/pBI-intron controlfruits and treate€HS fruits (injected with
pBl-FaCCRj pBI-FaCADi, pBI-FaPODi, pBI-Si3, pBI-FaCCR pBI-FaCAD, pBI-FaPOD,
or pBI-O3) showeda significantincreasen firmness(P<5.00E-02) in downregulated and
up-regulatedfruits, as shown with a plus sign in Figures 50A and B The increase in
firmness was associatedith incressed lignin content inthe downregulated and up
regulatedfruits (Figures 50C and D. The comparison of eitheCHS (untreatedfruit) or
CHS/pBI-intron control fruits with other treated fruits CHS fruits agroinfiltrated with
individual or combired downregulation andup-regulationconstructy showed thaffruit
firmness and lignincontentincreaseddue to thesdreatments(CHS/pBI-FaCCRj CHS
/pBI-FaCADi, CHS/pBI-FaPODi, CHS/pBI-Si3, CHS/pBI-FaCCR CHS/pBI-FaCAD,
CHS/pBI-FaPOD, or CHS/pBI-O3fruits).

5.4.3 Gene expression levels
To assesshe expression of phenylpropandimsynthesiggenesn CHS fruits with FaCCR,
FaCAD, FaPOD-downregulatel, FaCCR, FaCAD-, FaPOD-up-regulatel, pBI-Si3, and
pBI-O3 constructs,total RNA was isolated from single fta of each treatmentnd
transcribed to cDNAsExpression levels dfaPAL FaCHS FaCCR FaCAD, andFaPOD
were monitored bgRT-PCR

WhenFaCCR FaCAD, FaPOD, and allthree gene¢pBI-Si3), were downrregulaed in
the CHS fruits, expression levelef both FaPALandFaCHSwere notsignificanty different
in the treatedfruits, as compared t€HS/pBI-intron control fruits, except forCHS/pBI-
FaCADi. FaPAL transcripts decreasedignificanty in the CHSpBI-FaCADi fruits.
However, in comparisonwith CHS/pBI-intron control fruits, FaCCR transcript levels
significantly decreasg (P<0.02) in CHS/pBI-FaCCRIi fruits, but werenot significanty
changedn other treatedruits. FaCAD transcriptlevelssignificantly decrease (P<0.02) in
CHS/pBI-FaCADi: fruits, but werenot significanty changedn other treatedruits (Figure
51). FaPOD transcriptsexhibitedthe saméow levelin all treated fruitsFaPOD transcripts
showed already very low levels mature fruit(Figure33B) which probably hampers further
downregulation

WhenFaCCR FaCAD, FaPOD, and allthree gene§BI-O3) wereup-regulaed inCHS
fruits, expression level®f FaPAL FaCHS FaCCR and FaCAD were notsignificanty
changedn treatedfruits (CHS, CHS/pBI-FaCCR CHS/pBI-FaCAD, CHS/pBI-FaPOD,
and CHS/pBI-O3) as compared toCHS/pBI-intron control fruits. Interestingly FaPOD
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transcriptssignificantly increasd (P<0.02) in CHS/pBI-FaPOD and CHS/pBI-O3 fruits.
Expressionlevels of FaPOD were not significanty changed in othetreatedfruits (CHS
/pBl-intron, CHS/pBI-FaCCR andCHS/pBI-FaCADfruits) (Figure52).
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Figure 50. Fruit firmness(A, B) and lignin conten{C, D) of FaCCR, FaCAD-, FaPOD-
downregulationand -upregulationas well ascombinatios in F. x ananassacv. Calypso
(CHS).

Fruit firmness and lignin content wereeasuredl4 days after infiltrationBox plots of
texture and lignin contenhclude data from different groups with the following biological
replicates (A) Firmnessof Calypso (CHS n=15), Calypso(CHS) with a norihpRNA
construct (pBlintron; n=17), individual ihpRNAmediatedgene silencing constric{pBI-
FaCCRj n =14, pBI-FaCAD:i, n=14, pBI-FaPODi, n=17),andcombinaion of pBI-FaCCR|
pBI-FaCADi, and pBiFaPODi (pBI-Si3; n=15). (B) Firmnessof Calypso (CHS n=15),
pBl-intron (0=17), individualoverexpression constrec{pBl-FaCCR n=14, pBI-FaCAD,
n=17, pBI-FaPOD, n=15), and combination ofpBI-FaCCR pBI-FaCAD, and pBiFaPOD
(pBI-03; n=18). (C, D) Lignin contentof each grougn=5). The Wilcoxon-MannWhitney
U-testwas used fononparametricanalysis of two group£ne asterisk (*pr a plus (+)in
the boxmarks statistically significantincreased levelsP&5.00E02) in comparisonwith
CHS and another groufindicated bgy) or in comparisorwith CHS/pBI-intron andanother
group {ndicated by) (Appendix E.1.2).
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Figure 51. Relative expression profiles of individu#FfaCCR, FaCAD, FaPOD-
downregulation, andombinationsn F. x ananassav. Calypso (CHS.

Total RNA was isolad from single Calypso (CHSfruits, Calypso (CH$ with a non
ihpRNA construct (pBintron), individual ihpRNAmediatedgene silencing constructs
(pBI-FaCCRj pBI-FaCADi, and pBiFaPODi), andcombinedpBI-FaCCRj pBI-FaCADi,
and pBIFaPODi constructs (pBSi3). Expression levels of all samplesre monitored by
gRT-PCR with specific primers for target gendsalPAL, FaCHS FaCCR FaCAD, and
FaPOD) and the interspacer gene. The latter was used as an internal control for
normalization For eachbox-plot gragh, oneof the CHS groups was used as the reference
(set to onepnd @ch group hadive biological replicates. The WilcoxedannWhitney U-
test was used for ngmarametric comparison of two groups fra@HS/pBI-intron and
another groupValues indicate stistically significant reduced leveld (<0.02) and are
shown in the box. (All statistical data are shown in Appendix E.2.3)
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Figure 52. Relative expression profiles of individu#FfaCCR, FaCAD, FaPOD-
upregulationandcombinatios in F. x ananassav. Calypso (CHS.

Total RNA was isolated from singl€alypso (CHS fruits, Calypso (CHS with a non
ihpRNA construct (pBintron), individual overexpressiorconstrucs (pBl-FaCCR pBI-
FaCAD, and pBiFaPOD), and combined pBI-FaCCR pBI-FaCAD, and pBiFaPOD
constructs(pBI-O3). Expression levels of all samplegre monitored byyRT-PCR with
specific primers for target gene$4PAL FaCHS FaCCR FaCAD, and FaPOD) andthe
interspacer gene (ISThe latterwasusedas an internal control for normalizatid-or each
box-plot graph, oneof the CHS groups was used as the referenset to oneland ach
grouphadfive biological replicatesThe Wilcoxon-MannWhitney U-test was used for nen
paraméric analysis comparison of twgroups from CHS/pBI-intron andanother group
Valuesindicate statistically significaribcreasedevels P <0.02) and are shown in the box.
(All statistical data are shown in Appendix B)2.
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5.4.4 Metabolite levels

To study metabolite levelsin FaCCR, FaCAD-, FaPOD-downregulatel, FaCCR,
FaCAD, FaPOD-up-regulatel, pBI-Si3, and pBIlO3 fruits, lyophilized sampleswere
extracted with methanol and analyzed by-UZ-ESFMS". In general, levels dflavonoids
(flavonols, anthocyanins, and proanthocyanigdingre not significantly different in the
treatedfruits (CHS/pBI-FaCCR, CHS/pBI-FaCAD, CHS/pBI-FaPOD, CHS/pBI-Si3,
CHS/pBI-FaCCR CHS/pBI-FaCAD, CHS/pBI-FaPOD, or CHS/pBI-O3) as compared
with either CHS (untreatedl fruits or CHS/pBI-intron (contro)) fruits. Except forquercein
glucoside, kaempferol glucoside, pelargoniddglucoside pelargonidin3-glucoside
malonate and pelargonidmitinoside these compoundsignificantly decreased in CHS
/pBl-FaPODi, CHS/pBI-FaCCR CHS/pBI-FaCAD, CHS/pBI-FaPOD, and CHSpBI-O3
fruits (Appendix E.51-5.4). However, the most significantly changed metabotitevere
phenolic acid derivativesA comparisonof either CHS (untreated) orCHS/pBI-intron
(control) fruitswith other treated fruitshowedmajor differencesin the levels ofphendic
acid derivatives(Figures 53A and B). The ¢vel of p-hydroxybenzoylglucose significantly
decreasedR<1.00E02) in CHS /pBI-FaCAD, CHS/pBI-FaPOD, andCHS/pBI-O3 fruits
whereasthe amountf cinnamoylglucose significantly decreaseB<(1.00E-02) in CHS
/pBl-FaCADi, CHS/pBI-FaCAD, and CHS/pBI-O3 fruits The level of p-coumaroyl
glucosideglucose was not significantly affectéBl<1.00E02) by these treatments, except
for CHS/pBI-FaCAD. The amount otaffeoyl glucose significantly increaseB<1.00E-02)
in all treated fruits, expect foEHS/pBI-FaCAD whereas theelvel of feruloyl glucose
(P<1.00E02) significantly increased R<1.00E02) in CHS/pBI-FaCCRj CHS/pBI-
FaCADi, CHS/pBI-FaPODi, CHS/pBI-Si3, andCHS/pBI-FaPODfruits.
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Figure 53. Metabolite level®f individual FaRCCR, FaCAD-, FaPOD-dowrregulationand
upregulatioras well axombinatiorsin F. x ananassacv. Calypso (CHS.

Metabolite levels wereeasuredy LC-UV-ESFMS". Each boxplot graph showdatafrom
different groups wh biological replicatesn=5). All analseswere performed induplicate
(A) Calypso (CHS, Calypso (CHS with a nonihpRNA construct (pBintron), individual
ihpRNA-mediatedgene silencing constrieefpBl-FaCCR| pBI-FaCADi, and pBiFaPODi),
and combired pBI-FaCCRj pBI-FaCADi, and pBiFaPODi constructs(pBI-Si3). (B)
Calypso (CHS, Calypso (CHS with pBl-intron, individual overexpression constrigct
(pBI-FaCCR pBI-FaCAD, and pBiFaPOD), andcombinedpBI-FaCCR pBI-FaCAD, and
pBI-FaPOD constructgpBI-03). Identities of the compounds were confirmestescribed
in methods (Table 23). WilcoxonrMannWhitney U-test was used fornonparametric
comparison of two groupne asterisk (*)or a plus (+) in the boxmarks statistically
significant decreased or areased levelsP<1.00E02) in comparisonwith CHS and
another group(indicated by*) or in comparison ofCHS/pBI-intron and other group
(indicated by+) (Appendix E5.1-5.4).
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IV. Discussion

1. Nucleotidesequences

The wiltivated strawberry Eragaria x ananassacv. Elsant is an octoploid hybrid that
harbos eight sets of chromosomé2n=8x=56). As genes often exisin multiple copies
more than &lifferent allelesof FACCR FaCCADandFaPOD were foundn the Fragaria x
ananassagenome Allelic differences in gene expression are a comnpbenomenorin
plants.It was reportedthat amongl5 genes froma hybrid maize seedlin@l genes show
differential allelic expressiofGuo et al. 2004) Pyrosequencingechnologyis a useful tool
for quantificationof allele-specific gene expression. For examplgrosequencingnalysis
showedthat a strawberryFaPGIP allele was expressedn leaf tissuewhereastwo other
alleles displayed a fruit-specific expres®n. The distribution ofallele frequency was
estimated fromRT-PCR products or genomic DNA samples foyrosequencingnalysis
which indicatedthat each tissueand treatmentwas highly contextspecific (Schaart et al.,
2005) However,FaCCR FaCAD, and FaPOD allelesshow high identity (90.7-97.8%) at
thetranscriptlevel as determined bRT-PCRand atgenomic DNAlevel (Table24). Almost
identical regiors were observed inpartial genomesequences of these three ger@sly a
few nucleotides were different (Appendix F) These results indicate thdtis difficult to
designprimersfor allelic differentiationof each gendy pyrosequencingnalysis Thus,the

high similarityat the nucleotide levdimits allelic discrimination of these three genes.

2.Amino acid sequencesnd biochemical characterization
2.1FaCCR

A full-length coding sequence GICRwas cloned frona strawberry fruit E. x ananassg
belonging toCCRs (Figure 20). Among the CCR amino acid sequences, they possess
identical motifs forthe NAD/NADP(H) binding site and the conserved motif (NWYCY)
(Figure 21), except forAtCCR-likel-5 (CCRlike genes). Thusall CCR enzymes are
proposed to have similar catalyzing rhanisms for converting hydroxycinnameybA
esters to their corresponding hydroxycinnamaldehydes in the presence of NADPH.

CCRs have been demonstrated to have an important role in lignin biosynthesis (Sarni et
al., 1984;Whetten et al.1998; Tamasloukht €al., 2011). In this study, enzymatic syntheses
of hydroxycinnamoylCoAs, the potential substrates for purified recombinant-GSR,
were carried out with purified recombinant Hégged 4CL from tobaccq-Coumaroy
CoA, caffeoy!CoA, and feruloyiCoA were synthesized by tobacco 4CL. However, the
tobacco 4CL enzyme did not produce sinagdgh in vitro. The substrate specificity of the
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recombinant Higagged 4CL is consistent with that of tobacco Nb4(Rautengarten et al.,
2010), as well agrabidopsisAt4CL1, A4CL2, andAt4CL3 enzymegEhlting et al., 1999).
These enzymes did not use sinapic acid as substratéro. UnexpectedlyArabidopsis
At4CL5 had a good affinity for sinapic acid vitro (Rautengarten et al., 2010). Some
authors still questiothat sinapic acid is activated by 4CL to form sinapOglA in plants
(Boerjan et al., 2003 It seems that plants possess various 4CL isoenzymes, which are
responsible for producing different sets of hydroxycinnar@yhs in vivo. The
hydroxycinnamoylCoA can be subsequently channeled into the lignin branch pathway to
serve as substrates for CCRs.

Ourin vitro resultsindicate thaFaCCRactivity is optimal afpH 6.0in a 100 mMsodium
phosphatéuffer at25°C. As reportedfor several specieCCR activity was observed a
broadpH range Soybean CCR activityexhibitedan optimum pH rangeat pH 6.06.2 in
100-200 mM citrate buffer at 3¢, andwas stableat around pH 7.QWengenmayer et al.
1976) EucalyptusCCR activity was optimal apH 5.36.5in a potassiumgodium phosphate
buffer (Goffneret al, 1994) Besidesits activity was higher inthe sodiunipotassiunbuffer,
ascompared ta citrate buffe with variouspH values teste®imilarly, FaCCR activity was
two timeshigher in the sodium phosphateffien than inthe citrate buffer at the same pié
(Figure26A). CCRs exhibiteda loweractivity at pH 7.5Wengenmayer et al. 1976,0ffner
et al. 1994, Li et al.,, 200} whereas FaCCRuvas still active at pH 7.5 in the sodium
phosphate buffeHHowever,FaCR wasnot activity at pH 5n the citrate buffe or atpH 9
in the TrisHCI buffer (Figure 26A). Interestingly, enzymedelonging to a common
biosynthetic pathway mayave different pH requirementsAspen CCoAOMT catalysiwas
optimal atpH 7.5in vitro (Li et al. 1999). However, the activity of CGRpH 7.5waslower
or negligible.Li et al. (2005)suggestd that compartmentalizatiowas probablypresentto
accommodate independent pH environments for priogjpetionng of CCR and CCoAOMT
Thus, CCR catabisin abroadpH rangemay play a role in regulating lignisiosynthesis

Based orour datafrom kinetic analysisthe purified FaCCR protein preferred feruleyl
CoA overcinnamoylCoA, p-coumaroyCoA, andcaffeoylCoA. Also, FaCCRlid nothave
affinity to cinnanoyl-CoA. Aspen PtCCRalso displayed the higist affinity with feruloyt
CoA in mixed substrates (Li et al., 2005). TiMasquite consistent witanotherangiosperm
CCR protein, which can conveféruloyl-CoA with greaterefficiency (Lauvergeatet 4d.,
200% Li et al., 200%. The poor conversion gi-coumaroydCoA by CCRs may explainthe
low content of H units in angiospesntLi et al., 200%. Surprisingly,Arabidopsis ACCR1
has high affinity forboth feruloyl-CoA and sinapoyCoA (Baltas et al., 205). Indeedthere
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arestill many questions concerning functional redundancy in the presence of maliiRle
in vivo. Lignin biosynthesis is a complex genetic network, in which differemtesoperate
to form G and Slignin. In angiosperms, feruloyffoA and sinapoyCoA would be
converted intdG andS monomersrespectivelyvia an independent aross routéDixon et

al., 2001) Eventually, heterologous-S lignin is formedin angiosperms.

2.2FaCAD

The phylogenetic analysis indicated th&CAD (F. x ananassacv. Elsanta)belongs to
group Il CADs (Figure 22)The multiple sequence alignment showed #aCAD exhibits
characteristics of the zirmontaining SAD/CAD enzymes (Figure 23). As reported for
different species, the PtSAD and Fxacadl enzymes usegysialdehydes as the most
preferred substrate, and coniferyl aldehydes as the second preferred s(lbsttaie, 2001;
BlancoPortales et al., 2002)The FaCAD and Fxacadl(F. x ananassacv. Chandler)
proteinsshare 98.1%mino acid identityThis canparison provideé useful information on
the biochemical properties of the FaCAD in this work.

A full-length coding sequence GAD was cloned from a strawberry frukt (x ananassa
and was expressed . coli. Some studies have shown that overexgesgcombinant
proteins accumulated in form of insoluble aggregates.igoli (Waugh, 2005) Thus, the
bacterial cells were cooled to 5 before IPTGwas addedto reduce the accumulation of
target proteinn inclusion bodies (Somssich et al.,, 1996; B@aRortales et al., 2002)n
this study,even though the IPTG concentration (@.InM) for the induction of bacterial
cells was varied and expression was perforeth°’C for 16-18 h enzymatic activity of
FaCAD crude protein in comparison with GST comtn@s not observed. However, purified
GST-FaCAD exhibited enzymatic activity, as compared to the GST coriiiglie 29A.
LC-UV-ESIFMS" did not detect a product probably because of the low ambigiré 298.
Generally, a large protein affinity tag (GSag, 26kDa) devours more metabolic energy
during overproduction than a small tag (His t@gjaugh, 2005)Hence, GSIFaCAD (65
kDa) (Appendix G1A) was changed in a small tag and called-FaCAD (43.6 kDa)
(Appendix G1B). Consequently, Hi&aCAD was show to form no products that could be
detected by L&JV-ESFMS". Even though several parameters were varied for induction of
either GST- and HisFaCAD (induction time and IPTG concentratio)C-UV-ESFMS"
data showed that no products (coniferyborapyl dcohol) were formed in any of the tested

samples.
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Similarly, the strawberrfFxacadlcDNA (F. x ananassacv. Chandley was expressed in
E.coli and its protein was accumulated in inclusion bodies. After breaking the mells,
activity was monitored in theell extracts of Fxacadl by a spectrophotometer (Blkanco
Portales et al., 2002However,enzymatic activity for either purified G8HaCAD or GST
FaCAD with ZnC}as compared to GST was determined by spectrophotometer (Figure 29A).
Thus, it seems that prans in a crude cell extract may inhil#aCAD activity (Appendix
G1A). Moreover, FaCAD was fused to either the GS@r Histag for production of
recombinant proteind.arge (GST) and small (His) tags have the potential to interfere with
the biological agvity of proteins(Waugh, 20058) Thus,FaCAD associated with affinity tags
could beinterfere with the structure or function of native protein.

Eukaryotic hosts, such as yeast, become a general strategy for solving solubility problems
in the prokaryotes \(Vaugh, 2005) Fxacadlwas expressed iRichia pastoriscells and
exhibited high activity with cinnamyl, coniferyl, and sinapyl aldehydes (Bld&tmales et
al., 2002). FaCAD was successfully expressedSirterevisiaeand producedconiferyl
alcohol (Figures 30A and B. Thus, the native protein was functionally expressed in the
heterologous yeast hoSthereforepYES2CAD, expressed ir8. cerevisiae would exhibit
characteristics of angiosperm CAD enzymes, suggesting that it is a putative NADPH
dependenCAD.

2.3FaPOD
Two strawberry peroxidases, FaPOD and FaPOD27, which belong to the group of plant
heme peroxidase, have been analyzed in this study. FaPOD and FaPOD27, share only 31.9
% amino acid similarity at the protein level (Figure 24%. reported forseveral species,
considerable variations ideduced amino acid sequences are present in PODs (Welinder,
1992; Welinder, 2002; Passardi et al., 2004a).

A full-length coding sequence BAPOD and FaPOD27was cloned from a strawberry
fruit (F. x ananasspg and expressed iB. coli. In the E. coli expressing system, a general
problem is that prokaryotes ey employ tRNAs for AGA and AGG arginine codons. Two
AGA and AGA codons were found 28 times and eight times infulelength coding
sequence oFaPOD and FaPOD?27 respectively. Genes containing these codons cannot be
expressed in regul&. colistrains(Hushpulian et al., 2003)n order to solve the problem of
rare codons in prokaryotes, tle coli strain Rosetta (DE3) pLys®as used to improve
protein expressiorlhis strain of Rosetta (DE3) pLys&ntained additional tRNAs, which
recognized the AGAAGG, AUA, CUA, CCC, and GGA codons (Novagen)
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In this work, the supernatant of IPTi@duced bacterial cultures was collected. Several
parameters were varied for induction oD (induction temperature and time, and IPTG
concentration), resulting in nBaPOD protein being present in SDBAGE gels and no
activity occurringafter induction(Appendix G2A). However, FaPOD protei(63.6 kDa)
that wasextracted from bacterial inclusion bodies by treatment with a high concentration of
urea (solubilisation) wagpresent in SDFAGE gels Appendix G2B). Like F&POD,
FaPOD27 formed noesoluble productsn E. coli, but soluble protein was present in SDS
PAGE gels after solubilisatiofPurified FaPOD and FaPOD27 were not observed in-SDS
PAGE gels because peroxidasesostly precipitated as inclusion bodieskn coli. It is a
common phenomenon that peroxidases yield-saunble products in the form of inclusion
bodiesin theE. coliexpressing systelftHushpulian et al., 2003)

Nevertheless FaPOD2Was active in the E. coli expressing system (Figure 31).
Enzymatic activity could be detected in crude protein extracts obtained Erowoli
expressing FaPOD27. -OV-ESFMS" analysis (Figure 32) showed that dimeric products
(dehydrodimer of ferulic acid) and a decarbaign product of a dehydrodimer precursor
were formed by FaPOD27, which is consistent witlblished dataWard et al., 2001).
These results suggested that FaPOD27 plays a role in monolignol polymerization. On the
contrary, FaPOD was inactive the E. col expressing system (Figure 31) probably due to
the production of large amounts of nmsoluble inclusion bodiesTo solve solubility
problems, baculovirugisect cells have been used as eukaryotic h@tsugh, 2005)
Active AtPOD33 AtPOD34 and AtPOD37 proteins have been expressed in such hosts
(Carpin et al., 2001 Peroxidases can be expressed in eukaryotic cells, where the native
proteins fold correctly and act as functional proteins. Whether FaPOD is a functional protein
in strawberries remains to keudied. It is possible that FaPOD accepts alternative substrates

to monolignols.

3. Expresson levels of monolignol genes in different parts of a

strawberry plant
Expression patters of four genésaCCR FaCAD, FaPOD, andFaPOD2% were analyzed
in different parts of the strawberry plant. Three of the four genes were highly expressed in
mature fruit, whereas one of them showed high transcript levels in immature fruit (Figure
33). Expression levels of bothaCCRandFaCAD in the mature fruit were csistent with
data ofother strawberry cultivars (Salentijn et al., 2003). &kpression patterns point to an

active lignification process in the late stages of ripeniimigrestingly, several motifs of the
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CAD promoter region, such as transcription dadbinding sites appear also in the CCR
promoter regionPlant MYB proteins belong to one of the largest familiesrafscription
factors.The coordinated developmental regulationEgfCCRand EQCAD2in Eucalyptus
gunnii is mediated through MYB transcriph factors (Rahantamalala et al., 2010). Thus,
FaCCRandFaCADare putatively coordinated by regulation during late fruit development.

The growth and development of aggregate fruits is following the steps of cell division,
cell expansion, and ripening@lfang et aJ.2011) Cell growth and expansion are associated
with cell extensibility, which is linked to a loosening of the crlisking of the cell wall
compounds (Passardi et al., 2005¢lI@xpansion is dependent on the loosening of cell wall
during bmato fruit development (Andrews et al., 2000). Besi@sslignin restricts the
expansion of the cell wall, lignification has to occur after cell division and expansion growth
(Patzlaff et al., 2003)in this study,FaPOD was mainly expressed in small greto white
stages that were associated with cell divisiorall expansionAt the same timefFaPOD
was not expressed in the ripening stage wheFed®0D27was mainly expressed in the
ripening stage of the full ripe fruit. ThukaPOD27 is putatively inwlved in fruit
lignification. The two peroxidases maputatively coordinate thbalance between cell wall
loosening and crodmking during fruit developmentThe results suggest theaPOD and
FaPOD27genes are divergently regulated during early andiaitedevelopment.

CCRs, CADs, and PODs are multigene families, as reported in several species (Rase et al.,
2003; Lauvergeat et al., 20Q0Saballos et al., 200Fognolli et al., 2002)The different
members of CCRs, CADs, and PODs exhibit differentresgion patterns during plant
growth and developmentaCCR1(Triticum aestivurjiis mainly expressed in the stems (Ma,
2007), andrfaCCR2(Ma and Tian, 2005) is in the rool®CAD1(Triticum aestivurpis also
mainly expressed in the stems (N2810). Besids, different expression patterns have been
observed for riceperoxidases POXgX9 is expressed only in the roots. POX22.3 is
expressed in both leaves and roots whereas POX8.1 and POX5.1 have not been detected in
roots (Chittoor et al., 1997)In this work, FaPOD and FaPOD27 genes show different
expression patterns in strawberry plafsPOD27was mainly expressed in ripe fruits and
roots, whereaBaPODdisplayed its highest expression level in small green fruit. These data
demonstrated that gene expressobriignin biosynthesis gends divergentlyregulated in

plant growth and development.

4. Fruit sin response to wounding andAgrobacteriumattack

Some geneare inducedvhen plants respond to environmental stimuli including biotic and
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abiotic stresse@Moura et al., 2010; Rushton and somssich, 1998). At the same time, induced
genes that are involved in the phenylpropanoid and monolignol patrasayordinately
controlled (Kawaoka et al., 2000 the present studglifferent responses were observed i
fruits due to wounding andgrobacteriuntreatments. Expression BBaPOD27was clearly
induced in fruits by infection wittgrobacteriumFaPOD27 shows a low basal expression
in different tissues but its transcript levels constantly increased duringay® after
agroinfiltration. Importantly, FaPOD did not show transient expression after induction. In
plants, a basal level of peroxidase functions probably as housekeeping activity in either
elongation or lignification (Passardi et al., 2005). Howevenjgtidn of POD activity in
response to pathogen attack could lead to increased lignification. This would reinforce plant
cells and prevent the entry of pathogens. We assume that induced accumulation of
FaPOD27 transcripts were required to prevent the spngadf Agrobacteriumin infected
fruits. In addition, PAL catalyzes the first step in the phenylpropaoid biosynthetic pathway
and its activity affects the synthesis of a wide range of phenolic compounds, including lignin.
In the study, FaPAL showed a trasient increase at 24 h following infection by
AgrobacteriumIn barley epidermisheincrease in PAL enzyme activity was associated with
enhanced mRNA transcription after infectibyp a powdery mildew4jierold et al., 200p
Rapid induction oPAL and4CL mRNAs was revealed in potato leaves updrytophthora
infestansinfection (Fritzmeier et al., 1987PAL, COMT, 4CL, CAD and POD had
increased transient activity following treatment with an elicitor derived from an
ectomycorrhizal fungugCampbell and EI§ 1992) However, no induction oFaCHS
FaCCR FaCAD, andFaPOD was detected if. x ananassdruits following infiltration by
Agrobacterium Also, wounding had no impact on transcript levels of monolignol genes in
the strawberries. Elevated levelsFaPOD27transcripts were detected in aljroinfiltrated
fruits (Figure36) undergoing active lignin synthesisigure 40B, 0l

It has been reported that the expression of various isoenzymes is induced by different
stress signalfRkice POX8.1 and POX5.1 wetiaduced in wounded leaves at different times.
POX8.1 and POX22.3 werkargely induced during resistant interactions. Unlike other
isoenzymes, POXgX9 was not induced by either wounding or path@jattoor et al.,
1997) As another exampleArabidopsis ACCR1 was not induced, buAtCCR2 was
predominantly expressellowed by Xanthomonas campestritauvergeat et al., 2001)
Different expression patterns suggtsit the promoter of each gene might contain multiple
cis-acting elements for the binding ofn@ustrans-acting factors (transcription factors). For
example, pathogemducible promoters if\rabidopsisharbor differentcis-acting elements
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(boxes W1, W2, GCC, JERE, S, Gstl, and D) digplay different expression patterns
following pathogen attackr wounding treatmentRushton et al., 2002)The presence of
cis-acting elements and/drans-acting factors could determirtemporal and spatiajene
expression as the plants respond to variemgironmental cueg¢Rushton and Somssich,
1998; Chittoor etal., 1997. The results indicate that different members of tignin
biosynthesigiene family are distinctly regulated in response to vastiosuli.

The inducible defenses included biochemical and morphological changes, such as
oxidative burst, expregm of defenseelated genes, and programmed cell death (van Loon
et al., 2006). Inducing the expression of defam$ated genes and coordinating complex
interactions between defensignaling pathways are major factors in activating a defense
response bylants against pathogen atta@kushton and Somssich, 1998esides, plants
utilize physical and chemical barriers to hinder pathogen infecfMicholson and
Hammerschmidt, 1992For example, thexpression of peroxidase genes was induced in
both the pidermis and mesophyll tissues in wheat after Bgt attack (Liu et al., 2005).
addition,monolignol units were oxidized by peroxidase to produce lignin polyBeer{(an
et al., 2003 PODs have been involved in a broad range of stedated physiologida
processes, such as production of lignins, induction of lignification, and defense against
pathogens (Almagro et al., 200%). this work, Agrobacteriuminfected fruits concomitant
with inducing FaPOD27 expressionclearly showed an increase in firmneasd lignin
content, as well as induction of lignification (Figure 40B, d). LikewiS&D and POD
activities increased in LYQ fruit, concomitant with the increase in lignin co(@aitet al.,
2006) Moreover, the overexpression of TRX1 in transgenic torp&nts was linked to an
increase in lignin content (Mansouri et al., 1999).

The abundance oFaCCR and FaCAD transcripts in the mature fruit may produce
sufficient monolignol supplies that are oxidized by FaPOD27 to form lignin in
Agrobacteriuminfected fruit. These results indicated that increased expression levels of
FaPOD27provoke the enhanced production of ligninAigrobacteriurminfected fruits. Thus,
FaPOD27 is presumably involved in the lignin synthesis associated with the defense

response.

5. Individual down- and up-regulation of monolignol genes in fruits

(F. x ananassecv. Elsanta)
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Fruit firmness and lignin content

To demonstrate the direct role of monolignol genes in regulating lignin content in plants,
monolignol genes were traiently downregulated by RNAi and overexpressed in
strawberry fruits.Enhanced fruit firmness imagroinfiltrated fruits was associated with
increased lignin production in treated fruits, as compared to-typlel (untreated) fruits
(Figure 41).This compaative result demonstrated a clear correlation between fruit firmness
and lignin content. It has been demonstrated ligaification and lignin formation is
induced by pathogen infection (Dixon, 2001; Reimers and Leach, 1991). These reactions are
commonina pl ant és defense against penetration b
showed that lignin accumulated in treated fruits exposéytobacterium(Figure 40B, 0l

The important role of monolignol biosynthetic genes in the formation of CWA \icll
apposition) in wheat against pathogen penetration has been demon®&taigar( et al.,

2009) Induced lignin formation is essential for resistance to pathogen penetfdtios) it

is possible that deposition of lignin in agroinfiltrated fruits tedreinforced cell walls,

resulting in enhanced firmness in treated fruits.

Phenotype

Phenotyps can changeponsilencingandoverexpressn of gene products plants When
monolignol genesre introduced into plantstransgenicplants show normal or abormal
phenotyps, dependingn the impact of lignin conterftor examplean abnormal phenotype
was exhibitedvhentotal lignin content decreased in C@&iBwnregulaed plants(Piquemal
et al., 1998 On the contrarythe Zmccrl mutant exhibited normal gwth with little effect
on lignin content(Tamasloukhtet al., 2011) Down-regulation of CADin plantsdid not
significantly affecttotal lignin andplantsexhibiteda normal phenotypéRalph et al., 1998)
It was assumedhat lignification was sufficiently plastic toenable CAD-downregulated
plants to form lignin fromhydroxycinnamylaldehydegHumphreys and Chappl€002.
However,reduction in the level o€CR transcriptsled to insufficient lignin formationto
support normal developmentesulting inamormal phenotype(Piquemal et al., 1998In
addition,overexpressin of POD in tobacco was associated watmelevated level of lignin
content,andtransgenic plants exhibited slower grovj¥hetten et al.1998. In this study
thelignin content of groinfiltrated fruits expressing downand up-regulaton constructsof
monolignol genes was the sameimshe pBl-intron control fruitsbut significantly higher
than the lignin level in untreated fruits (Figuté). At the same timeall fruits exhibited

normal growth and developme(iigures 40A, b and d.
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Metabolite

LC-UV-ESFMS" analyses indicated thathe level of p-coumaroyl glucoside/glucose
decreased in all treated fruits, whereas the levels of caffeoyl glucose and feruloyl glucose
increased (Figur®4). It has already been reported tls@me glucosylated derivatives of
phenylpropanoids accumulated in C@Bwnregulated plants andFaCHSsilenced
strawberry fruits (Tu et al., 2010; van der Rest et al., 2006; Dauwe et al., 2007; Hoffmann et
al., 2006; Lunkenbein et al., 2006h Moreover, hydroxycinnamic acids accumulate
exclusively in strawberries as conjugates but levels of the glucose ester may reflect the
levels of their corresponding acid precursdvkidttaRiihinen et al., 2004). Therefore, the
levds of caffeoyl glucose and feruloyl glucopeobably correspond to the levels affeic
andferulic acid in strawberry fruits, respectivellyigure 54) Caffeic acid is the precursor of
ferulic acid coniferyl alcoho] andsinapyl alcohaql leading to the fomation of G and S
lignin. The methylation of caffeic acid to ferulic aci catalyzed by caffeic aci@-
methyltransferase (COMTBpeerjan et al., 2003An increased level of ferulic acid in plants,
exposed to bacterial infection, suggested the existeh@e defense response to prevent
bacterialinfection in these plants (Parrott et al, 2002).

In particular, the level of coumaric acid decreased in @OWnregulated lines of
perennial ryegrass, whereas levels of caffeoylquinic acid, caffeoyl shikimdicfalic acid,
and sinapic acithcreased in these transgenic plgiis et al., 2010). The result is consistent
with the data that showedecreased levels gi-coumaroyl glucoside/glucose FaCCR
silenced fruits(Figure 46A) suggesting thatoumaricacid is converted to caffeic acid to
fuel the lignin pathwaylt has been reported thiatv levels of CCRdivert p-coumaroyCoA
esters into the synthesis of flavonoids, resulting in the accumulation of flavonol conjugates
in CCR-deficient plams (Tu et al., 2010yan der Rest et al., 2008n this study,FaCCR
silenced fruits with a lack of functional CC&cumulated lesp-coumaroyCoA esters.

However,the levels of flavonol conjugates were not affected.


http://en.wikipedia.org/wiki/Ferulic_acid
http://en.wikipedia.org/wiki/Coniferyl_alcohol
http://en.wikipedia.org/wiki/Sinapyl_alcohol

Discussion 133

Phenylalanine
‘l, PAL

Cinnamic acid<—> Cinnamoyl glucose
p-Coumaroyl :

A A
quioside/qucose\i' Caffeo$yl glucose : Feruloyl glucose :
p-Coumaricacid —> Caffeicacid —> Ferulicacid -> —> Sinapic acid
$ acl s $ acL $ acL $ acL??
p-Coumaroyl-CoA | _5 _5_ Caffeoyl-CoA —> Feruloyl-CoA —>—> Sinapoyl-CoA

3 Malonyl-COT7gHS \CCR Jf CCR J/ CCR \L CCR

Naringenin chalcone p-Coumaraldehyde—>Caffealdehyde—> Coniferaldehyde —>—> Sinapaldehyde

Jcap } cro | cro | cap
Naringenin flavanone ] .
p-Coumaryl alcohol = Caffeyl alcohol—>Coniferyl alcohol— — Sinapyl alcohol
/ N J Poo J, PoD J, PoD
Flavonols Anthocyanidins o G-lignin S-lignin
Proanthocyanidins H-lignin "9
| |
Flavonoid pathway Monolignol pathway

Figure 54. Flavonoid and monolignobiosynthetic pathwag/ in the fruit following
infiltration by Agrobacterium

Enzymes and their abbreviatioase as follows: PAL, phenylalanine ammonia lyase; 4CL,
4-coumaroylCoA ligase; CHS, chalcone syntha$¢CT, hydroxycinnamoyltransferase;
CCR, cimamoytCoA reductase; CAD, cinnamyl alcohol dehydrogenase; POD, peroxidase.

Arrow with dashed lines indicate compourttatare up (?) or downregulated (r) when
fruits were agroinfiltrated withpBl-intron (control constructs), dowrand up-regulation
corstructs ofindividual gens (FaCCR FaCAD, or FaPOD). Thegreen shade indidag p-
coumaroyCoA is the common precursor for bate flavonoid and monolignol pathway.
RedCCR CAD, andPOD indicatedown and upregulated genes

Increasein lignin content

Lignin content and composition play an important role in evaluating the resujEnefic
biotechnologiesReduced flux from coumaro¥ oA, caffeoytCoA, and feruloyiCoA to H,

G, and S units, respectively, leads to enhanced accumulation of coumdyidratamic acid,
and ferulic acidTu et al., 201Q)It has been demonstrated that ferulic acid is incorporated in
the lignin polymeiin CCR-deficient plant speciefk@lph et al., 2008v/anholme et al., 2030
Upon Botrytis allii attack, sluble and cellwall bound conjugates of ferulic acid (feruloyl
tyramine and feruloyB -methoxytyramine) accumulated in onion epidermis to reinforce the
cell wall by crosdinking (McLusky et al., 1999). In contrasty CAD-deficient plant species,

it has been demonsteat thatcinnamyl aldehydes incorporated into the lignin polymer
(Lapierreet al., 1999 Whetten et al.1998 Dauwe et al., 2007)n recent yearsyaluable

markers forthe incorporation of ferulic acid and hydroxycinnamyl aldehyute lignin
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polymers have been establish@alph et al., 2008Palmer et al., 2008)in this work,
agroinfiltrated fruits, expressing RN#Amnediated gene silencingind overexpression
construcs of monolignol genes, caused changes in the leveldwydfoxycinnamate
derivatives However, the ferulic acidwas not detected in the treated fruits after
thioacidolysis byGC-MS. Ferulic acid linked in lignin may yield too low amounts after
thioaadolysis. Similarly,ferulic acid was also not detected in Eraccrl mutant due to the
low amount of ferulic acid which is released by thioacidoly$a(asloukht et al., 2011).
Remarkably, a novel compound was detectedFaCCRsilenced fruits but remaed
unknown (Figure 48). Besides, incorporation of hydroxycinnamyl aldehyde into lignin has
not been observed ipBl-FaCADi after thioacidolysis. aw levels of monomers derived
from aldehydes were obtained by thioacidolysis in studies npeefd by Stewart et al.
(1997) NMR studies showefl-O-4 coupled hydroxycinnamyl aldehyde structuresignin

of CAD-downregulated tobacco (Ralph et al., 2001).

Caffeic acid and ferulic acid are major precursors in lignin biosynthesis (Boer@n et
2003 Ralph et al., 2008 Independent of the consttuused for agroinfiltration, all treated
fruits accumulated glucose esters derivatives of these phenylpropanoic dsedElevels
of these precursors indicate an increased flux towards lignin as they niagobgorated
into lignin and may lead to @anced lignin content in treated fruits. CGit CAD-down-
regulation in angiosperms led to increased incorporation of ferulic acid and
hydroxycinnamaldehydes into the lignin polymBalph et al., 2008vanholme et al., 2010;
Lapierreet al., 1999. The incorporation ofydroxycinnamaldehydeand ferulic acid into
the lignin polymers oFaCAD- or FaCCRsilenced fruits could not be observed but cannot
be excluded due to tHew amount of lignin produced by strawberry fruits and the low
incorporation rate detected by others. In addition, the lignin conteRaBOD-silenced
fruits is the same as that of the gBftron control fruits. Overall, the similar increase in
lignin cortent in all treated fruits is mainly attributed to the pathogen response of the fruit,
namely the induction oFaPOD27 which probably overrules other effects that may be

related with the silencing and overexpression of monolignol genes.

Modification of pr oportions of monolignols

Gene apression ofFaCCR and FaCAD, and their related enzymatiactivities could be

efficiently suppressd by RNAI in pBI-FaCCR and pBtFaCAD strawbertes. It has been
reported thaCCR-deficientplants such asbacce Arabidopss, and maizehad decreased
flux from feruloyFCoA to G and S units Ghabannest al., 2001;Ralph et al., 2008;
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Tamasloukhet al., 201). In CCR- and CAD-downregulated tobaccdhe reduced enzyme
activities alsoaffecied the proportiof monolignolsin the lignin polymerChabannest al.,
2001). Theincrease in the S/G ratio of lignin FRCCRsilenced fruitsvasconsistent with
CCR-deficient maize(Tamasloukhtet al., 2011) Besides,GC-MS resultsshowedthat G
units significanty decreaseth FaCCRsilencedfruits, as well asG and Sunits significanty
decreaseth FaCAD-silencedfruits, ascompared t@BI-intron controlfruits (Table26). In
an in vitro study, GSTCCR was highly specific to feruloylCoA. This resultwasreflecied
in FaCCRsilenced fuits, whichshoweda decreased flux from ferul®yCoA to G units.The
recombinant FxaCAD1H x ananassacv. Chandler) enzymavas highly specific for
coniferyl and sinapyl aldehydes vitro (Blanco-Portales et al.2002) This result maybe
reflecied in FaCAD-silenced fruits, whichdisplayeddecreased fluss from coniferyl and
sinapyl aldehydego G and S unitsMoreover, the ligninmonomeric compositiof WT
(untreatedl fruits could not be determinday GGMS becaus¢helignin content was$oo low
in the untreated fruit@s also demonstrated by phloroglucinol staining (FigutéB, c).
FaPOD transcripts were nasignificanty affectedin pBI-FaPODi fruits (Figure 42) and
monomeric composition of lignin was not changed as compared with lignin froimp8h
fruits (Table26).

Expressionlevels of FaCCRand FaCAD genes wre not significanty affectedin pBI-
FaCCR and pBI-FaCAD fruits, respectively (Figurd3). When comparedwith pBl-intron
control fruits pBI-FaCCR fruits exhibited no effect onG units because similaFaCCR
activity was measured ipBIl-FaCCR and pBtintron control fruits (Figure 4). However
pBI-FaCAD fruits exhibiteda slight decrease in G unithie toa slightly decrease level of
FaCAD activity that wasmeasured inFaCAD fruits (Figure 45). In addition, enhaned
FaPODtranscriptanay nothavea direct effect ortotal lignin contentbutlevels of G and S
units decreasesignificantlyin pBl-FaPOD fruits (Table26). Hence FaPOD isproposeds
regulatorof lignin composition Possibleexplanatios arethat FaPOD catalzes a reaction
that limits monolignol supply for lignin formation or inhibits the activity of other POD
isoenzyms to modulateoverall POD activity, andregulate thgroportionof G and S units
in lignin. The resuks show that FaPOD activity is related with lignin composition

Angiosperm ligninis mainly composed d& and S ung, andfew H units (Boerjanet al.,
2003 Whetten et al.1998 Tu et al., 201 A reduction inH unitswas observed in the early
lignification stage whelCCRwas downrregulated inrmaize(Tamasloukhet al., 2011)We
observed that theamounts ofH units significantly decreasedn FaCAD-silenced fruits
(Table26).
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Altogethervariatiors in the Sto G unit ratios of lignin may beattributed to the fact that
different monolignol genes were introduced silenced inthe fruits whereas he constant
lignin content in all treated fruits may be attriédto elevated transcript levels BAPOD27

FaPOD27is putatively responsible for the incorporatmirhydroxycinnamatginto lignin.

6. Down- and up-regulation of monolignol genesin CHS' fruits
In CHS fruits theincrease in firmnesgpon agroinfiltration of different constructgasalso
associatedwith an increase in lignin content A comparison revded that fruits
agroinfiltrated with silencing and overexpression constructs produced firmer fruits than
CHS/pBI-intron control fruits (Figure 50) In contrast, firmnessand lignin contentof
Elsanta fruitsexpressing constructe down and upregulaed monolignol genesverethe
same asn the pBI-intron control fruits. We assumehat the silencing othe CHS genein
CHS fruits provides additionalprecursors g-coumaroyiCoA) available formonolignol
biosynthesis resulting in increasedlignin content in CHS fruits. Another possible
explanationis the relation between flavonoid content and ausamsport It was showrthat
the accumulation of flavonosdn HCT plants led to the inhibition of auxin transport and
reduction of plant growthBesseau et al.2007) Remarkably,auxin transportcan be
restored iNTHCT/CHS plants due to lower levelsf flavonoidsin the plants.Restoration of
auxin transportalso ledto increasd yields of lignin. In accordance witlthis mode] CHS
fruits contained lower leve of flavonoids as compared t€alypsofruits (Appendix E5.5.),
resulting inhigherlignin content in CHSfruit (Figure 50) It has been shown thaiuxin
affectedgrowth of strawbery fruits and early fruit developmemindactedto delgy ripening
(Given et al., 1988) whereasuit ripening isassociated witmapid softeningZhanget al.,
2010. Thus, we assumehat increasedauxin transport irCHS fruits expressinglifferent
constructs(Figure ®) corresponding toFaCCR FaCAD, and FaPOD led to delayed
ripening,whichimpacs onfruit firmness

In addition the expressin of phenylpropanoid biosynthesgenesin FaCCR, FaCAD-,
FaPOD-downregulatel, FaCCR, FaCAD-, andFaPOD-up-regulatel fruits (Figures 51-52)
is quite consistent with the resufter Elsantafruits (Figures 42-43). In particular FaPAL
and FaCAD transcripts simultaneouslydecreasedn CHS/pBI-FaCADi fruits. FaPOD
transcriptssignificantly increasd in CHS/pBI-O3 fruits, but FaPAL, FaCCR andFaCAD
transcripts decreasdad the CHSpBI-O3 fruits. In contrast one of two differentialPAL
genes was upegulated inCCR, CAD-, and combined CCIRCAD-downregulated tobacco
plants Besides transcript profiling exhibited differentialene expressionpatternsin the

three trasgenic linesincludinginduction of transcription factor gend3guwe et al., 2007
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Therefore,CHS fruits expressingdifferent individualand combired gene construct§BI-
Si3 and pBiO3) might alter the transcript levels of othemnknown phenylpropanial
biosynthesis genessuggestingregulaton of the flux through primary and secondary
metabolism in response to changes in the monolignol biosynthesis.

Hydroxycinnamic acids are intermediateshich are produced andonverted to their
corresponding aldelglgs and alcoholsy combined action of PAL, 4CL, CCRnd CAD in
thegeneral phenylpropanoid pathwgBoerjanet al., 2003WengandChapple 2010) Low
levels of FaPAL transcriptsin CHS/pBI-FaCADi and CHS/pBI-FaCAD fruits, as well as
CHS/pBI-FaPOD fruits, were reflected at the metabolite legelbecause these fruits
accumulated lower leels of cinnamoyiglucoseester(Figure 53) In addition,low levels of
FaPAL and FaCCRtranscripts in CH%pBI-FaCAD and CHS/pBI-O3 fruits affected the
accumulation ofp-hydroxybenzoyl glucoseand cinnamoyl glucose.However, FaPAL
transcripts were not changed in CH8I-FaPOD fruit, but p-hydroxybenzoyl glucose
significantly decrease(Figure 538). It is suggested that a complement of enzymes exists
that may be respoilde for monolignol synthesis in plants without invoking
hydroxycinnamic acids, other than cinnamate psredumarate as intermediates (Humphreys
and Chapple, 2002). In the CHfuit background, the treated fruits showed the existence of

a complex regulaty network within the phenylpropanoid metabolism.

V. Conclusion

Significant induction of FaPOD27 expression wasobserved in fruits exposed to
Agrobacteriumharboring different construct3he hgh FaPOD27 expression levels were
associated withncreasedruit firmness, as well as the formation of lignExpression of
FaCCRand FaCAD was successfully dowregulated through RNAiI where&aPOD was
overexpresseduring fruit ripening.The results significantly improve owrnderstanding of
the genetic controlof lignin biosynthesis in strawbeyr fruits. FaPOD27 should be

consideredisa key gendor improving thefirmness of strawberry fruit



References 138

References

Aaby, K., Skrede G. Wrolstad, R.E. (2005) Phenolic composition and antioxidant
activities in flesh and &enes of strawberriefagaria x ananassp J. Agric. Food Chem

53: 40324040

Abbott, D., Wang, M.B., Waterhouse, P(2000) A single copy of a viruderived transgene
encoding hairpin RNA gives immunity to barley yellow dwarf virus. Mol. Plant Pathol.
347-356.

Almagro, L., Gomez RosL.V., Belchi-Navarro, S.,Bru, R., Ros Barcelg A., Pedrefiqg

M.A. (2009) Class lll peroxidases in plant defereactions. J. Exp. Bo80:377-390.

Almeida, J.R.M., D'Amico, E., Preuss, A, Carbone, F, de Vos, C.HR., Deiml, B.,
Mourgues, FE, Perrotta, G., Fischer, T.C.,, Bovy, A.G, Martens, S, Rosati, C. (2007)
Characterization of major enzymes and genes involved in flavaradproanthocyanidin
biosynthesis during fruit development in strawbeFfsafaria x ananassa Arch. Biochem.
Biophys.46561-71.

Andrews, J., Malone, M., Thompson, D.S., Ho, L.C., Burton, K.S(2000) Peroxidase
iIsozyme patterns in the skin of maturiogniato fruit.Plant Cell Environ23: 415422.

Baltas, M., Lapeyre, C., Bedo$Belval, F., Maturano, M., SaintAguet, P., Roussel, L.,
Duran, H., Grima-Pettenati, J. (2005) Kinetic and inhibibn studies of cinnamoyCoA
reductase 1 fromArabidopsis thalianaPlant Physiol. Biochem3: 746-753.

Bennett, M. D. (2004) Perspectives on polyploidy in plants: ancient and neo. Biol. J. Linn.
S0c.82:411-423.

Bernstein, E., Caudy, A.A., Hammond, S.M., Hannon, G.J(2001) Role for a bidentate
ribonuclease in the initiation step of RNA interference. Nad0@& 363-366.

Besseau, S., Hoffmann, L., Geoffroy, P., Lapierre, C., Pollet, B., Legrandl). (2007
Flavonoid accumulation iArabidopsisrepressed in lignin synthesis affects Auxin transport
and plant Growth. Plant CelP:148162.

Beuerle, T. Pichersky, E.(2002) Enzymatic synthesis and purification of aromatic
coenzyme A esters. Anal. Bioahe302305-312.

Bhuiyan, N.H., Selvaraj, G., Wei, Y., King, J. (2009) Gene expression profiling and
silencing reveal that monolignol biosynthesis plays a critical role in penetrdi@nce in
wheat against powdery mildew invasidn Exp. Bot60:509-521.

Blanco-Portales, R., MedinaEscobar, N., LopezRaez, J.A., GonzaleReyes, J.A.,
Villalba, J.M., Moyano, E., Caballero, J.L., MufozBlanco, J. (2002) Cloning,
expression and immunolocalization pattern of a cinnamyl alcohol dehydrogenase gene from
strawberry Fragaria x ananassayv. Chandler). J. Exp. Bok3: 17231734.

Bl ee, K. A., Choi , J. W. O6Connel IGP.(2803P . , Sct
A lignin specific peroxidase in tobacco whose antisense suppression leads to vascular tissue
modification. Phytochemistrg4: 163176.


http://jxb.oxfordjournals.org/search?author1=L.+Almagro&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=L.+V.+G%C3%B3mez+Ros&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=S.+Belchi-Navarro&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=R.+Bru&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=A.+Ros+Barcel%C3%B3&sortspec=date&submit=Submit
http://jxb.oxfordjournals.org/search?author1=M.+A.+Pedre%C3%B1o&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Almeida%20JR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22D%27Amico%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Preuss%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carbone%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Vos%20CH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Deiml%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mourgues%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Perrotta%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fischer%20TC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bovy%20AG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martens%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rosati%20C%22%5BAuthor%5D
http://www.blacksci.co.uk/products/journals/pce.htm
http://www.elsevier.com/locate/issn/09819428
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bhuiyan%20NH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Selvaraj%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wei%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22King%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Gene%20expression%20profiling%20and%20silencing%20reveal%20that%20monolignol%20biosynthesis%20plays%20a%20critical%20role%20in%20penetration%20defence%20in%20wheat%20against%20powdery%20mildew%20invasion

References 139

Boerjan, W., Ralph, J., Baucher, M.(2003) Lignin biosynthesis. Annu. Rev. Plant Biol.
54:519-546.

Bonello, P., Blodgett, J.T. (2003) Pinus nigra Sphaeropsis sapineas a model
pathosystem to investigate local and systemic effects of fungal infection of pines. Physiol.
Mol. Plant Pathol63: 249-261.

Bourne, M. (2002) Food Texture and Viscosity: Concept and sieement. Geneva, New
York, London, Academic Press.

Bradford, M.M. (1976) A rapid and sensitive method for the quantification of microgram
guantities of protein utilizing the principle of protadge binding.Anal. Biochem72:248

254.

Brill, E.M., Abrahams, S., Hayes, C.M., Jenkins, C.L.D., Watson, J.M.(1999)
Molecular characterization and expression of a weuaddcible cDNA encoding a novel
cinnamytalcohol déydrogenase enzyme in lucerne. Plant Mol. Bl@l279-291.

Bunsiri, A., Ketsa, S., Paull, R. E.(2003) Phenolic metabolism and lignin synthesis in
damaged pericarp of mangosteen fruit after impact. Postharvest Biol. TE€h671.

Cai, C., Xu, C.J., L, X., Ferguson, I.B., Chen, K.S(2006) Accumulation of lignin in
relation to change in activities of lignification enzymes in loquat fruit flesh after harvest.
Postharvest Biol. Technat0:163-169.

Campbell, M.M., Ellis, B.E. (1992) Fungal elicitemediated responses in pine cell cultures.
l. Induction of phenylpropanoid metabolism. Plab&® 409417.

Carpin, S., Crevecoeur, M., de Meyer, M., Simon, P., Greppin, H., Penel, @2001)
Identification of a C&-pectate binding site on an apoplastic peras@ Plant Cell3:511-

520.

Chabannes, M., Barakate, A., Lapierre, C., Marita, J.M., Ralph, J., Pean, M., Danoun,
S., Halpin, C., Grima-Pettenati, J., Boudet, A.M (2001) Strong decrease in lignin content
without significant alteration of plant developmeist induced by simultaneous down
regulation of cinnamoyCoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD)
in tobacco plants. Plant28:257-270.

Chapple, C.C.S., Vogt, T., Ellis, B.E., Somerville, C.R(1992) An Arabidopsis mutant
defective inthe general phenylpropanoid pathway. Plant @el4131424.

Chapple, C., Carpita, N.(1998) Plant cell walls as targets for biotechnology. Curr. Opin.
Plant Biol 1:179 85.

Chittoor, M., Leach, J.E., White, F.F.(1997) Differential induction of a pexidase gene
family during infection of rice byXanthomonas oryzapv. oryzae Mol. Plant Microbe
Interact.10: 861-871.

Clifford, M. N. (1974) Specificity of acidic phloroglucinol reagents. J. Chroma@&t821-

324.

Cohn, J., Sessa, G., Martin, G. B(2001) Innate immunity in plants. Curr. Opin. Immunol.
135562.


http://www.idealibrary.com/servlet/useragent?func=showAllIssues&curIssueID=abio

References 140

Cosio, C., Dunand, C(2009) Specific functions of individual class Il peroxidase genes. J.
Exp. Bot.60:391-408.

Darrow, G. (1966) The Strawberry: History, Breeding and Physiology. Holt Rirte
Winston, New York.

Dauwe, R, Morreel, K., Goeminne, G, Gielen, B,, Rohde, A, Van Beeumen, J, Ralph,

J., Boudet, A.M., Kopka, J., Rochange, S.F, Halpin, C., Messens, E Boerjan, W. (2007)
Molecular phenotyping of lignimodified tobacco reveals associated changes inedil
metabolism, primary metabolism, stress metabolism and photorespifalaon.J.52:263

285.

Delessert, C., Wilson, 1., Van Der Straeten, D., Dennis, E., Dolferus, RR004) Spatial
and temporal analysis of the local response tongdog. Plant Mol. Biol55: 165181.

Dixon, R.A. (2001) Natural products and disease resistance. N&idr&43847.

Dixon, R.A, Chen, F., Guo, D., Parvathi, K.(2001) The biosynthesis of monolignols: a
Amet abolic grido, or i Inaddespriagyldid@ts?tPhymehéntisttya y st «
57:10691084.

Dixon, R. A., Reddy, M.S.S.(2003 Biosynthesis of monolignols. Genomic and reverse
genetic approaches. Phytochemistry Revi2\289-306.

Ehlting, J., Buttner, D., Wang, Q., Douglas, C.J, Somssich, |.E, Kombrink, E . (1999)
Three 4coumarate: coenzyme A ligases iArabidopsis thaliana represent two
evolutionarily divergent classes in angiosperRiant J.19:9-20.

Ehlting, J., Mattheus, N., Aeschliman, D.S, Li, E., Hamberger, B., Cullis, I.F., Zhuang,

J., Kaneda, M., Mansfield, S.D,, Samuels, L, Ritland, K., Ellis, B.E., Bohlmann, J.,
Douglas, C.J (2005) Global transcript profiling of primary stems froArabidopsis
thaliana identifies candidate genes for missing links in lignin biosynthemsnsl
transcriptional regulators of fiber differentiatid?lant J42:618-640.

El Mansouri, 1., Mercado, J.A., SantiageDé menech, N., Pliegd\lfaro, F., Valpuestra,

V., Quesada, M.A.(1999) Biochemical and phenotypical characterization of transgenic
tomato plants overexpression a basic peroxidaisgsiol. Plant106.355-362.
Escamilla-Trevino, L.L., Shen, H., Uppalapati, S.R., Ray, T., Tang, Y., Hernandez, T.,
Yin, Y., Xu, Y., Dixon, R.A. (2010) Switchgras€P@nicum virgatumpossesses a drgent
family of cinnamoyl CoA reductases with distinct biochemical properies: Phytol 185
143155.

Evtuguin, D.V., Neto, C.P., Silva, A.M.S., Domingues, P.M., Amado, F.M.L., Robert, D.,
Faix, O. (2001) Comprehensive study on the chemical structure of dioxane lignin from
plantation Eucalyjus globulus wood. J. Agric. Food Chef9:42524261.

Feuillet, C., Lauvergeat, V., Deswarte, C., Pilate, G., Boudet, A., GrimBettenati, J.
(1995) Tissueand celispecific expression of a cinnarmglcohol dehydrogenase promoter
in transgenic poplar phs. Plant Mol. Biol27:651-667.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dauwe%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morreel%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goeminne%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gielen%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rohde%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Beeumen%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boudet%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kopka%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rochange%20SF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Halpin%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Messens%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boerjan%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=molecular%20phenotyping%20of%20lignin-modified%20tobacco%20reveals%20
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ehlting%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22B%C3%BCttner%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Douglas%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Somssich%20IE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kombrink%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ehlting%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mattheus%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aeschliman%20DS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hamberger%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cullis%20IF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhuang%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhuang%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhuang%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kaneda%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mansfield%20SD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Samuels%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ritland%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ellis%20BE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bohlmann%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Douglas%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://www.munksgaard-service.dk/munksgaard/tidsskrifter.nsf/bc60b2fb96a45473412565b60031388f/58a9d7f733a770144125666300353222?OpenDocument
http://www.cup.org/journals/jnlscat/anp/anp.html

References 141

Fossen, T., Rayyan, S., Andersen, O.M2004) Dimeric anthocyanins from strawberry
(Fragaria x ananasgaconsisting of pelargonidin-8lucoside covalently linked to four
flavan-3-ols. Phytochemistrg5:1421-1428.

Franke, R., Hemm, M.R., Denault, J.W., Ruegger, M.O., Humphreys, J.M., Chapple, C.
(2002) Changes in secondary metabolism and deposition of an unusual ligninr@i8the
mutant ofArabidopsis Plant J.30:47-59.

Gabaldodn, C., LopezSerrano, M., Pedrefio, M.A., Ros Barceld, A(2005) Cloning and
molecular characterization of the basic peroxidase isoenzyme Zioma elegans an
enzyme involved in lignimiosynthesis. Plant Physidl3911381154.

Galliano, H., Cabane, M., Eckerskorn, C., Lottspeich, F., Sandermann, H., Ernst, D.
(1993) Molecular cloning, sequence analysis and eliitponeinduced accumulation of
cinnamyl alcohol dehydrogenase from Way spruce Ricea abies Plant Mol. Biol.23:
145156.

Given, N.K., Venis, M.A., Grierson, D.(1988) Hormonal regulation of ripening in the
strawberry, a nowlimacteric fruit. Plantd 74402-406.

Goffner, D., Campbell, M.M., Campargue, C., Clastre, M., Brderies, G., Boudet, A.,
Boudet, A.M. (1994) Purification and characterization of cinnamGgA:NADP
oxidoreductase ikucalyptus gunniPlant Physioll06. 625632.

Grima-Pettenati, J., Feuillet, C., Goffner, D., Borderies, G., Boudet, A.M(1993)
Molecular cloning and expression of a Eucalyptus gunnii cDNA clone encoding cinnamyl
alcohol dehydrogenase. Plant Mol. Bi#1:10851095.

Gu, L., Kelm, M.A., Hammerstone, J.F., Beecher, G., Holden, J., Haytowitz, D., Prior,
R.L. (2003) Screening of food contang proanthocyanidins and their structural
characterization using L®S/MS and thiolytic degradation. J. Agric. Food Ché&h7513
7521.

Guo, M., Rupe, M.A., Zinselmeier, C., Habben, J., Bowen, B.A., Smith, O.8004)
Allelic variation of gene expression maize hybrids. Plant Cel6:1707%1716.

Halpin, C., Knight, M.E., Foxon, G.A., Campbell, M.M., Boudet, A.M., Boon, J.J.,
Chabbert, B., Tollier, M.-T., Schuch, W. (1994) Manipulation of lignin quality by
downregulation of cinnamyl alcohol dehydrogenddant J6:339-350.

Hancock, J.F.(1999) Strawberries. New York: CABI Publishing.

Hannon, G.J.(2002) RNA interference. Natur8244-251.

Hart, A. (2001) ManaWhitney test is not just a test of medians: differences in spread can
be importantBr. Med. J323391-393.

Hawkins, S., Boudet, A. ( 200 3) oDef ence ' i gnind and
dehydrogenase acities in wounded Eucalyptus gunnii. Eur. J. For. PatB&l91-104.

Hayashi, T. (2006) The science and lore of the plant cell wall. Brown Walker Press. Boca
Ration, Florida USA. pp 28393.


http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://www.bmj.com/

References 142

Hoffmann, L., Besseau, S., Geoffroy, P., Ritzenthaler, C., Mey, D., Lapierre, C.,
Pollet, B., Legrand, M. (2004) Silencing of hydroxycinnamoegbenzyme A
shikimate/quinate hydroxycinnamoyltransferase affects phenylpropanoid biosyntasts.

Cell 16:14461465.

Hoffmann, T. (2001) Signaltransduktion von Abscisinsé in Arabidopsis thaliana
Transiente Expression in Protoplasten als Modellsystem. Dissertation, Technischen
Universitat Munchen.

Hoffmann, T., Kalinowski, G., Schwab, W. (2006) RNAtinduced silencing of gene
expression in strawberry fruiEfagaria x ananassa)py agroinfiltration. A rapid assay for
gene function analysi®lant J48: 818826.

Humphreys, J.M., Chapple, C.(2002 Rewriting he lignin roadmap. Curr. Opin. Plant
Biol. 5: 224229.

Hushpulian, D.M., Savitski, P.A., Rojkova, A.M., Chubar, T.A., Fechina,V.A,,
Sakharov, 1.Yu., Lagrimini, L.M., Tishkov, V.l., Gazaryan, I.G. (2003) Expression and
refolding of tobacco anionic peroxidasirom E. coli inclusion bodies. Biochemistry
(Moscow)68: 11891194.

JiménezBermudez, S., RedonddNevado, J., MufiozBlanco, J., Caballero, J.L., Lopez
Aranda, J.M., Valpuesta, V., PliegeAlfaro, F., Quesada, M.A., Mercado, J.A.(2002)
Manipulation of stawberry fruit softening by antisense expression of a pectate lyase gene.
Plant Physiol128 751-759.

Kawaoka, A., Kaothien, P., Yoshida, K., Endo, S., Yamada, K., Ebinuma, H2000)
Functional analysis of tobacco LIM protein Ntlim1 involved in lignindyiathesis. Plant J.

22: 289301.

Kawasaki, T., Koita, H., Nakatsubo, T., Hasegawa, K, Wakabayashi, K., Takahashi,

H., Umemura, K., Umezawa, T, Shimamoto, K (2006) CinnamoylCoA reductase, a key
enzyme in lignin biosynthesis, is an effector of small GTHR&e in defense signaling in
rice.Proc. Natl. Acad. Sci. USA.03230-235.

Kim, S.J., Kim, K.W., Cho, M.H., Franceschi, V.R., Davin, L.B.,Lewis, N.G. (2007)
Expression of cinnamyl albel dehydrogenases and their putative homologues during
Arabidopsis thaliana growth and development. Lessons for database annotations?
Phytochemistry8: 19571974.

Kim, S.J., Kim, M.R., Bedgar, D.L., Moinuddin, S.G., Cardenas, C.L.,Davin, L.B.,

Kang, C., Lewis, N.G. (2004) Functional reclassification of the putative cinnamyl alcohol
dehydrogenase multigene family Arabidopsis Proc. Natl. Acad. Sci. USALOL 1455

1460.

Kim, Y.H., Kim, C.Y., Son, W.K., Park, D.S., Kwon, S.Y., LeeH.S., Bang, J.W., Kwak,
S.S.(2008) Overexpression of sweetpotato swpad peroxidase results in increased hydrogen
peroxide production and enhances stress tolerance in tobacco. 22ar867-881.


http://www.ncbi.nlm.nih.gov/pubmed/10417722
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kawasaki%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koita%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakatsubo%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hasegawa%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wakabayashi%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takahashi%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takahashi%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takahashi%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Umemura%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Umezawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shimamoto%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=a%20key%20enzyme%20in%20lignin%20biosyntesis%20%20is%20an%20effector%20of%20small%20GTPase%20in%20rice
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewis%20NG%22%5BAuthor%5D
http://www.pnas.org/search?author1=Laurence+B.+Davin&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=ChulHee+Kang&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Norman+G.+Lewis&sortspec=date&submit=Submit

References 143

Kim, Y.J., Kim, D.G., Lee, S.H., Lee, 1.(2006) Woundinduced expression of the ferulate
5-hydroxylase gene i@amptotheca acuminat®&iochim. Biophys. Actd76Q 182190.

Knee, M., Sargent, J.A., Osborne, D.J(1977) Cell wall metabolism in developing
strawberry fruit. J. Exp. BoR8: 377-396.

Koutaniemi, S., Warinowski, T ., Karkdnen, A., Alatalo, E., Fossdal, C.G, Saranpaa, P,
Laakso, T., Fagerstedt, K.V.,, Simola, L.K., Paulin, L., Rudd, S, Teeri, T.H. (2007)
Expression profiling of the lignin biosynthetic pathway in Norway spruce using EST
sequening and reatime RT-PCR. Plant Mol. Biol65:311-328.

Kusumoto, D. (2005) Concentrations of lignin and walbund ferulic acid after wounding

in the phloem ofChamaecyparis obtusdreesStruct. Funct19: 451-456.

Lacombe, E, Hawkins, S, Van Doaosselaere, J, Piquemal, J, Goffner, D.,
Poeydomenge, Q Boudet, A.M., Grima-Pettenati, J (1997) Cinnamoyl CoA reductase,

the first committed enzyme of the lignin branch biosynthetic pathway: cloning, expression
and phylogenetic relationshifBlant J.11:429-441.

Lagrimini, L.M., Bradford, S., Rothstein, S. (1990) Peroxidase induced wilting in
transgenic tobacco plants. Plant C&H-18.

Lagrimini, L.M., Joly, R.J., Dunlap, J.R., Liu, T.T. (1997) The consequence of
peroxidase overexpression in transgenic plants on root growth and development. Plant Mol.
Biol. 33:887-895.

Lapierre, C., Pollet, B., Petit-Conil, M., Toval, G., Romero, J, Pilate, G., Leple, J.C,
Boerjan, W., Ferret, V., De Nadai, V., Jouanin, L. (1999) Structural alterations of lignins

in transgenic poplars with depressed cinnamyl alcohol debgdese or caffeic aci@®-
methyltransferase activity have an opposite impact on the efficiency of industrial kraft
pulping.Plant Physiol119153-163.

Lauvergeat, V., Lacomme, C., Lacombe, E., Lasserre, E., Roby, D., Grirr@ettenati, J.
(2001) Two cinnamoyCoA reductase (CCR) genes frodrabidopsis thalianaare
ifferentially expressed during development and in response to infection with pathogenic
bacteria. Phytocheistry 57: 11871195.

Lazo, G.R., Pascal, A.S., Ludwig, R.A.(1991) A DNA transformatiortompetent
Arabidopsisgenomic library inAgrobacterium Biotechnologyd: 963-967.

Lefever, G., Vieuille, M., Delage, N., D'Harlingue, A., de Monteclerc, J., Bompeix, G.
(2004) Characterization of cell wall enzyme activities, pectin composition, and technological
criteria of strawberry cultivarg-(agaria x ananassduch).J. food Sci69:221-226.

Li, L., Cheng, X.F., Leshkevich, J., Umezawa, T., Harding, S.A., Chiang, V. (2001)

The last step of syringyl monolignol biosynthesis in angiosperms is regulated by a novel
gene encoding sinapyl alcohol dehydrogenase. Planil8elb671585.

Li, L., Cheng, X, Lu, S., Nakatsubo, T., Umezawa, T, Chiang, V.L. (2005) Clarification

of cinnamoyl ceenzyme A reductase catalysis in monolignol biosynthesis of Astlant

Cell Physid. 46:10731082.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koutaniemi%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Warinowski%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22K%C3%A4rk%C3%B6nen%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alatalo%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fossdal%20CG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saranp%C3%A4%C3%A4%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Laakso%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fagerstedt%20KV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simola%20LK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Paulin%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rudd%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Teeri%20TH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lacombe%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hawkins%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Doorsselaere%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piquemal%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goffner%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poeydomenge%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boudet%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grima-Pettenati%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/9107033
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapierre%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pollet%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petit-Conil%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Toval%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Romero%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pilate%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leple%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boerjan%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ferret%20V%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22De%20Nadai%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jouanin%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Structural%20Alterations%20of%20Lignins%20in%20Transgenic%20Poplars%20with%20Depressed%20Cinnamyl%20Alcohol%20Dehydrogenase%20or%20Caffeic%20AcidO-Methyltransferase%20Activity%20Have%20an%20Opposite%20Impact%20on%20the%20Efficiency%20of%20Industrial%20Kraft%20Pulping1
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cheng%20X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lu%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakatsubo%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Umezawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chiang%20VL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Clarification%20of%20Cinnamoyl%20Co-enzyme%20A%20Reductase%20Catalysis%20in%20Monolignol
http://www.ncbi.nlm.nih.gov/pubmed?term=Clarification%20of%20Cinnamoyl%20Co-enzyme%20A%20Reductase%20Catalysis%20in%20Monolignol
http://www.ncbi.nlm.nih.gov/pubmed?term=Clarification%20of%20Cinnamoyl%20Co-enzyme%20A%20Reductase%20Catalysis%20in%20Monolignol

References 144

Li, L., Osakabe, Y., Joshi, C.P., Chiang, V.L.(1999) Secondary xylerspecific
expression of caffeoydoenzyme A 30-methyltransferase plays an important role in the
methylation pathway associated with lignin biosynthesis in loblolly. ghtent Mol. Biol.40:
555-565.

Li, X., Chapple, C. (2010) Understanding lignifications: Challenges beyond monolignol
biosynthesis. Plant Physidl54:449-452.

Li, Y., Kajita, S., Kawai, S., Katayama, Y., Morohoshi, N.(2003) Downregulation of an
anionicperoxidase in transgenic aspen and its effect on lignin characteristics. J. Plant Res.
116 175182.

Liao, Z., Chen, M., Guo, L., Gong, Y., Tang, F., Sun, X., Tang, K2004) Rapid isolation

of high-quality total RNA fromTaxusandGinkga Prep. Biochem. Btech.34: 209214.

Liu, G., Sheng X., GreenshieldsD.L ., Ogieglg A., Kaminskyj, S., Selvaraj, G., Wei, Y.
(2005 Profiling of wheat class Il peroxidase gerksived from powdery mildevattacked
epidermis reveals distincdequencassociated expressi patterns.Mol. Plant Microbe
Interact.18; 730-741.

Livak, K.J., Schmittgen, T.D. (2001) Analysis of relative gene expression data using real
time quantitative PCR and thé&*®“hethod. Method&5: 402408.

Lodhi, M.A., Ye, G.N., Weeden, N.F., Reisch, B.(1994) A simple and efficient method
for DNA extraction from grapevine cultivax4tis species. Plant Mol. Bio. Ref2: 6-13.
Lunkenbein, S., Bellido, M., Aharoni, A., S#entijn, E.M.J., Kaldenhoff, R., Coiner,
H.A., Mufoz-Blanco, J., Schwab, W.(2006a) Cinnamate metabolism in ripening fruit.
Characterization of a UDBlucose: cinnamate glucosyltransferase from strawberry. Plant
Physiol.14010471058.

Lunkenbein, S., Coirer, H.A., Ric de Vos, C.H., Schaart, J.G., Boone, M.J., Krens, F.A.,
Schwab, W., Salentijn, E.M.J.(2006b) Molecular characterization of a stable antisense
chalcone synthase phenotype in strawbefnadaria x ananassa J. Agric. Food Chem.
54:21452153.

Luderitz, T., Schatz, G., Grisebach, H.(1982) Enzymic synthesis of lignin precursors.
Purification and properties ofé@umarate: CoA ligase from cambial sap of sprukieea
abiesL.). Eur. J. Biochem123 583586.

Maatta-Riihinen, K.R, Kamal-Eldin, A., Torronen, A.R. (2004) Identification and
quantification of phenolic compounds in berries of Fragaria and Rubus species (family
Rosaceae). J. Agric. Food Chesg: 61786187.

Ma, Q.H. (2007) Characterization of a cinnamd&ybA reductase that is associated with
stem development in whedt. Exp. Bot58:2011-2021.

Ma, Q.H. (2010) Functional analysis of a cinnamyl alcohol dehydrogenase involved in
lignin biosynthesis in wheat. J. Exp. B61: 27352744.

Ma, Q.H., Tian, B. (2005) Biochemical characterization of a cinnam@glA reductase
from wheat. Biol. Chen386 553560.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%A4%C3%A4tt%C3%A4-Riihinen%20KR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kamal-Eldin%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22T%C3%B6rr%C3%B6nen%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ma%20QH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=characterization%20of%20cinnamoyl-CoA%20reductase%20that%20is%20associated%20with%20stem%20development%20in%20wheat%20

References 145

Ma, Y., Sun, H., Zhao, G., Dai, H., Gao, X., Li, H., Zhang, Z(2008) Isolation and
characterization of genomic retrahsposon sequences from octoploid strawbéfrggaria

x ananassduch.). Plant Cell Re27: 499-507.

Manning, K. (1998) Genes for fruit quality in strawberry. CAB International, Wallingford,
UK, pp 5161, ISBN 685199281-1.

Mansouri, I.E., Mercado, J.A., SantiageDoménech, N., PliegeAlfaro, F., Valpuesta, V.,
Quesada, M.A.(1999) Biochemical and phenotypical characterization of transgenic tomato
plants overexpression a basic peroxidase. Physiol. Bl&n855-362.

Marjamaa, K., Kukkola, E.M., Fagerstedt, K.V. (2009) The role of xylem class Il
peroxidases in lignifications. J. Exp. B6€:367-376.

Martinez, A.T., Speranza, M., RuizDuenas, F.J., Ferreira, P., Camarero, S., Guillen,

F., Martinez, M.J., Gutierrez, A., del Rio, J.C.(2005) Biodegradationf lignocellulosics:
microbial, chemical, and enzymatic aspects of the fungal attack of lignin. Int. Micr8biol.
195204.

McLusky, S.R., Bennett, M.H., Beale, M.H., Lewis, M.J., Gaskin, P., Mansfield, J.W.
(1999) Cell wall alterations and localized acoulation of feruloy3 -@nethaxytyramine in
onion epidermis at sites of attempted penetratioBdiyytis allii are associated with actin
polarization, peroxidases activity and suppression of flavonoid biosyntiidaigt J.17:
523534.

Medina-Escobar, N., Cérdenas, J., Moyano, E., Caballero, J.L., MufieRlanco, J.
(1997) Clonng, molecular characterization and expression pattern of a strawberry ripening
specific cDNA with sequence homology to pectate lyase from higher plants. Plant Mol. Biol.
34: 867-877.

Meyer, K., Shirley, A.M., Cusumano, J.C., BellLelong, D.A., Chapple, C (1998) Lignin
monomer composition is determined by the expression of a cytochromedPgé&0dent
monooxygenase iArabidopsis Proc. Natl. Acad. Sci. USA5: 66196623.

Moerschbacher, B.M., Noll, U., Gorrichon, L., Reisener, K. (1990) Specific inhibibn

of lignification breaks hypersensitive resistance of wheat to stem rust. Plant PBgsiol.
465-470.

Moura, J.C.M.S,, Boning C.A.V,, Viana, J.O.F,, Dornelas M.C., Mazzafera P. (2010)
Abiotic andbiotic stresses andhanges in theéignin content andcomposition inplants J.
Integr Plant Biol 52: 360-376.

Napoli, C., Lemieux, C., Jorgensen, R (1990) Introduction of a chimeric chalcone
synthase gene into petunia results in reversiblsuppression of homologous gemesrans
Plant Cell2:279-289.

Nicholson, R.L, Hammerschmidt, R.(1992) Phenolic compounds and their role in disease
resistance. Annu. Rev. PhytopatH):369-389.

Nogata, Y., Ohta, H., Voragen, A.G.J.(1993) Polygalacturonase in strawberry fruit.
Phytochemistry4:617-620.


http://www.ncbi.nlm.nih.gov/pubmed?term=molecular%20phenotyping%20of%20lignin-modified%20tobacco%20reveals%20
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Napoli%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lemieux%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jorgensen%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=lntroduction%20of%20a%20Chimeric%20Chalcone%20Synthase%20Gene%20into%20Petunia%20Results%20in%20Reversible%20Co-Suppression%20of%20Homologous%20Genes%20%C3%8Dn%20trans

References 146

O6Mal l ey, D S.MSederoff iRRt(1®92) Purification, characterization, and
cloning of cinnamyl alcohol dehydrogenase in loblolly piReé(s taedd.). Plant Physiol.
98:13641371.

Palmer, N.A., Sattler, S.E., Saathoff, A.J., Funnell, D., Pedersen, J.F., Sarath, (@008)
Genetic background impacts soluble and cellWwalind aromatics in brown midrib mutants
of sorghum. Planta29115127.

Parrott, D.L., Anderson, A.J., Carman, J.G. (2002) Agrobacteriuminduces plant cell
death in wheatT(riticum aestivuni.). Physiol.Mol. Plant Pathol60: 59-69.

Passardi, F., Cosio, C., Penel, C., Dunand, C2005) Peroxidases have more functions
than a Swiss army knife. Plant Cell Reg. 255-265.

Passardi, F., Longet, D., Penel, C., Dunand, Q2004a) The class Ill peroxidase
multigenic family in rice and its evolution in land plants. Phytochemryi8731893.
Passardi, F., Penel, C., Dunand, C(2004b) Performing the paradoxical: how plant
peroxidases modify the cell wall. Trends Plant Scb34540.

Passardi, F., Tognolli,M., de Meyer, M., Penel, C., Dunand, C(2006) Two cell wall
associated peroxidases from Arabidopsis influence root elongation. P23065974.

Patzlaff, A., Mclnnis, S., Courtenay, A., Surman, C., Newman, L.J,, Smith, C., Bevan,
M.W., Mansfield, S, Whetten, R.W., Sederoff, R.R, Campbell, M.M. (2003)
Characterisation of a pine MYB that regels lignification.Plant J.36:743-754.

Pedreira, J., Herrera, M.T., Zarra, |., Revilla, G. (2011) The overexpression AfPOD37,

an apoplastic peroxidase, reduces growthAratbidopsis Physiol. Plant141:177-187.

Pereira, D.M., Valentdo, P., Pereira, J.A., Andrade, P.B(2009) Phenolics: From
Chemistry to Biology. Molecule$4:22022211.

Perkins-Veazie, P.(1995) Growth and ripening of strawberry fruit. Horticultural Rexge
17:267-297.

Petersen, M., Strack, D., Matern, U(1999) Biosynthesis of Phenylpropanoids and Related
Compounds. (Sheffield, UK: Sheffield Academic Press).

Pichon, M., Courbou, I., Beckert, M., Boudet, A.M., Grima-Pettenati, J (1998) Cloning
and characterization of two maize cDNAs encoding cinnaf@ol reductase (CCR) and
differentialexpression of the corresponding geriant Mol. Biol.38:671-676.
Piquemal , J., Lapierre, c. ., My t oRettenak, J., O6Cor
Boudet, A.M. (1998) Downregulation of cinnamoyCoA reductase induces significant
changs of lignin profiles in transgenic tobacco plants. PlaaB8J71-83.

Potter, D., Eriksson, T., Evans, R.C., Oh, S., Smedmark, J.E.E., Morgan, D.R., Kerr,
M., Robertson, K.R., Arsenault, M., Dickinson, T.A., Campbell C.S(2007) Phylogeny
and classificabn of Rosaceae. Plant Syst. E266. 5-43.

Potter, D., Luby, J.J., Harrison, R.E.(2000) Phylogenetic relationships among species of
Fragaria (Rosaceae) inferred from smoding nuclear and chloroplast DNA sequences. Syst.
Bot. 25: 337-348.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Patzlaff%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McInnis%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Courtenay%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Surman%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Newman%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bevan%20MW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bevan%20MW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bevan%20MW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mansfield%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Whetten%20RW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sederoff%20RR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20MM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Characterisation%20of%20a%20pine%20MYB%20that%20regulates%20lignification
http://www.munksgaard-service.dk/munksgaard/tidsskrifter.nsf/bc60b2fb96a45473412565b60031388f/58a9d7f733a770144125666300353222?OpenDocument
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pichon%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Courbou%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beckert%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boudet%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grima-Pettenati%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cloning%20and%20characterization%20of%20two%20maize%20cDNAs%20encoding%20Cinnamoyl-CoA%20Reductase%20%28CCR%29%20and%20differential%20expression%20of%20the%20corresponding%20genes%20

References 147

Raab, T., LopezRaez, J.A., Klein, D., Caballero, J.L., Moyano, E., Schwab, W.
Mufoz-Blanco, J. (2006) FaQR, required for the biosynthesis of the strawberry flavor
compound 4ydroxy-2,5-dimethyt3(2H)-furanone, encodes an enone oxidoreductase. Plant
Cell 18: 10231037.

Raes, J., Rohde, A., Christensen, J.H., Van de Peer, Y., Boerjan, {#003) Genomavide
characterization of the lignification toolbox Arabidopsis Plant Physiol133 10511071.
Rahantamalala, A, Rech, P, Martinez, Y., ChaubetGigot, N., Grima-Pettenati, J,
Pacquit, V. (2010) Coordinated transcriptional regulation of two key genes in the lignin
branch pathwa(CAD and CCRis mediated through MYBbinding sitesBMC Plant Biol.
10:130-142.

Ralph, J., Hatfield, R.D., Piquemal, J., Yahiaoui, N., Pean, M., Lapierre, C., Boudet,
A.M. (1998) NMR claracterization of altered lignins extracted from tobacco plants -down
regulated for lignification enzymes cinnamyl alcohol dehydrogenase and cinr@aéyl
reductase. Proc. Natl. Acad. Sci. UD&: 1280312808.

Ralph, J., Kim, H., Lu, F., Grabber, J.H., Lepe, J.C., Berrio-Sierra, J., Derikvand,
M.M., Jouanin, L., Boerjan, W., Lapierre, C. (2008) Identification of the structure and
origin of a thioacidolysis marker compound for ferulic acid incorporation into angiosperm
lignins (and an indicator for cinnamad@oA reductase deficiency). PlantaB 368-379.

Ralph, J., Lapierre, C., Marita, J.M ., Kim, H., Lu, F., Hatfield, R.D., Ralph, S,
Chapple, C, Franke, R., Hemm, M.R., Van Doorsselaere, J Sederoff, R.R, O'Malley,
D.M., Scott, J.T., MacKay, J.J., Yahiaoui, N., Boudet, A, Pean, M., Pilate, G., Jouanin,

L., Boerjan, W. (2001) Elucidation of new structures in lignins of GABnd COMTF
deficient plants by NMRPhytochemistry7:993-1003.

Rautengarten, C., Baidoo, E., Keasling, J.D., Scheller, H.\(2010) A simple method for
enzymaticsynthesis of unlabeled and radiolabeled hydroxycinna@eatfe Bioenerg. Res.
3:115122.

Reimers, P.J., Leach, J.E(1991) Racespecific resistance t&Xanthomonas oryzapv.
oryzaeconferred by bacterial blight resistance genelRan rice Qryza sativa involves
accumulation of a lignilike substance in host tissues. Physiol. Mol. Plant PaB8@39-55.
Robinson, A.R Mansfield, S.D. (2009) Rapid analysis of poplar tiopp monomer
composition by a streamlined thioacidolysis procedure andiniared reflectancéased
prediction modelingPlant J58:706-714.

Ronald, HAP.( 2002) RNA silencing: t h29619681265me 0 s
Rosli, H.G., Civello, P.M., Marthez, G.A . (2004) Changes in cell wall composition of
three Fragaria x ananassacultivars with different softening rate during ripenirfgjant
Physiol. Biochem42.823-831.

Ruiz-Duefias, F.J., Camarero, S., PeréBoada, M., Martinez, M.J., Martinez, A.T.
(2001) A new versatile peroxida from PleurotudBiochem. Soc. Tran29: 116122.

Rushton, P.J, Reinstadler, A., Lipka, V., Lippok, B., Somssich, I.E (2002). Synthetic
plant promoters containing defined regulatory elements provide novel insights into
pathogenand wounedinduced signalingPlant Cell14:749-762.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rahantamalala%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rech%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinez%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chaubet-Gigot%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grima-Pettenati%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pacquit%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%20transcriptional%20regulation%20of%20two%20key%20genes%20in%20the%20lignin%20branch%20pathway%20-%20CAD%20and%20CCR%20-
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapierre%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marita%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kim%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lu%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hatfield%20RD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chapple%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Franke%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hemm%20MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Doorsselaere%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sederoff%20RR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O%27Malley%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O%27Malley%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22O%27Malley%20DM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scott%20JT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22MacKay%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yahiaoui%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boudet%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pean%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pilate%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jouanin%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jouanin%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jouanin%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boerjan%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=molecular%20phenotyping%20of%20lignin-modified%20tobacco%20reveals%20
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rosli%20HG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Civello%20PM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mart%C3%ADnez%20GA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Changes%20in%20cell%20wall%20composition%20of%20three%20Fragaria%20x%20ananassa%20cultivars%20with%20different%20softening%20rate%20during%20ripening
http://www.ncbi.nlm.nih.gov/pubmed?term=Changes%20in%20cell%20wall%20composition%20of%20three%20Fragaria%20x%20ananassa%20cultivars%20with%20different%20softening%20rate%20during%20ripening
http://www.ncbi.nlm.nih.gov/pubmed?term=Changes%20in%20cell%20wall%20composition%20of%20three%20Fragaria%20x%20ananassa%20cultivars%20with%20different%20softening%20rate%20during%20ripening
http://www.portlandpress.co.uk/bst/
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rushton%20PJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reinst%C3%A4dler%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lipka%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lippok%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Somssich%20IE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Synthetic%20Plant%20Promoters%20Containing%20Defined%20Regulatory%20Elements%20Provide%20Novel%20Insights%20into%20Pathogen-%20and

References 148

Rushton, P.J Somssich, |.E (1998) Transcriptional control of plant genes responsive to
pathogensCurr. Opin. Plant Biol1:311-315.

Saballos, A, Ejeta, G., Sanchez,E., Kang, C., Vermerris, W. (2009) A ggnomewide
analysis of thecinnamyl acohol dehydrogenaséamily in Sorghum $orghum bicar (L.)
Moench]identifiesSbCAD?2asthe Brown midrib6gene Geneticsl81: 783795

Salentijn, E.M.J., Aharoni, A., Schaart, J.G., Boone, M.J., Krens, F.A.(2003)
Differential gene expression analysis of strawberry cultivars that differ infimihess.
Physiol. Plant118 571-578.

SantosBuelga, C., Scalbert, A.(2000) Proanthocyanidins and tanninlikempounds:
nature, occurrence, dietary intake, and effects on nutrition and health. J. Sci. Foo8®\gric.
10941117.

Sarni, F., Grand, C., Boudet A.M. (1984 Purification and properties of cinnamegbA
reductase and cinnamyl alcohalehydrogenase fme poplar stems (Populus x
eurarnericand. Eur. J. Biochem 139 259-265.

Sato, Y., Demura, T., Yamawaki, K., Inoue, Y., Sato, S., Sugiyama, M., Kukuda, H.
(2006) Isolation and characterization of a novel peroxidase geneCZRfbse expression
and function are closely associated with lignification during tracheary element
differentiation. Plant Cell Physiof7: 493503.

Schaart, J.G., Mehli, L., Schouten, H.J(2005) Quantification of allelspecific expression
of a gene encoding strawberry polygalacturenakibiting protein (PGIP) using
Pyrosequencing'. Plant J41: 493-500.

Schwab, W., Hoffmann, T., Kalinowski, G., Preul3, A.(2011) Functional genomics in
strawberry fruit through RNAmediated silencing. Genes, Genon@snomicss:91-101.

Shulaev, V., @rgent, D.J., Crowhurst, R.N., Mockler, T.C., Folkerts, O., Delcher, A.L.,
Jaiswal., P., Mockaitis, K., Liston, A., Mane, S.P., Burns, P., Davis, T.M., Slovin, J.P.,
Bassil, N., Hellens, R.P., Evans, C., Harkins, T., Kodira, C., Desany, B., Crasta, O.R.,
Jensen, R.V., Allan, A.C., Michael, T.P., Setubal, J.C., Celton, J.M., Rees, D.J.G,,
Williams, K.P., Holt, S.H., Ruiz Rojas, J.J., Chatterjee, M., Liu, B., Silva, H., Meisel, L.,
Adato, A., Filichkin, S.A., Troggio, M., Viola, R., Lynn Ashman, T., Wang, H.,
Dharmawardhana, P., Elser, J., Raja, R., Priest, H.D., Bryant, D.W., Fox, S.E., Givan,
S.A., Wilhelm, L.J., Naithani, S., Christoffels, A., Salama, D.Y., Carter, J., Lopez
Girona, E., Zdepski, A., Wang, W., Kerstetter, R.A., Schwab, W., Korban, S.S., Dayi
J., Monfort, A., DenoyesRothan, B., Arus, P., Mittler, R., Flinn, B., Aharoni, A.,
Bennetzen, J.L., Salzberg, S.L., Dickerman, A.W., Velasco, R., Borodovsky, M.,
Veilleux, R.E., Folta, K.M. (2011) The genome of woodland strawbeiffyagaria vesca
Nature Genet43:109-118.

Singh, K.K., Reddy, B.S.(2006) Posharvest physicanechanical properties of orange peel

and fruit. J. food Engr3: 112-120.

Smith, N.A., Singh, S.P., Wang, MB., Stoutjesdijk, P., Green, A., Waterhouse, P.M.,
(2000) Total sileneig by intronsilencing by introrspliced hairpin RNAsNature407:319
320.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rushton%20PJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Somssich%20IE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/10066598
http://www.munksgaard-service.dk/munksgaard/tidsskrifter.nsf/bc60b2fb96a45473412565b60031388f/58a9d7f733a770144125666300353222?OpenDocument

References 149

Soltani, B.M., Ehlting, J., Hamberger, B., Douglas, C.J(2006) Multiple cisregulatory
elements regulate distinct and complex patterns of developmental and -indundd
expressia of Arabidopsis thalianaCL gene family members. Plar#a4 12261238.
Somssich, I.E., Wernert, P., Kiedrowski, S., Hahlbrock, K(1996)Arabidopsis thaliana
defenserelated protein ELI3 is an aromatic alcohol: NAD&idoreductase. Proc. Natl.
Acad. S¢ USA.93: 1419914203.

Stewart, D., Yahiaoui, N., McDougall, G.J., Myton, K., Marque, C., Boudet, A.M.,
Haigh, J. (1997) Fouriettransform infrared and Raman spectroscopic evidence for the
incorporation of cinnamaldehydes into the lignin of transgerbadoo Nicotiana tabacum
L.) plants with reduced expression of cinnamyl alcohol dehydrogenase. 20dangi 1-318.
Stockigt, J., Zenk, M.H. (1975) Chemical syntheses and properties of hydroxycinnamoyl
coenzyme A derivatives. Z. Naturfors@@: 352358.

Tamasloukht, B., Wong Quai Lam, M.S,, Martinez, Y ., Tozo, K., Barbier, O., Jourda,
C., Jauneau, A, Borderies, G, Balzergue, S, Renou, J.R, Huguet, S, Martinant, J.P .,
Tatout, C., Lapierre, C., Barriére, Y ., Goffner, D., Pichon, M. (2011) Characterization of
a cinnamoyCoA reductase 1 (CCR1) mutant in maize: effects on lignificatidore fi
development, and global gene expressiofExp. Bot62:3837-3848.

Teixeira, F.K., MenezesBenavente, L., Margis, R., Margis-Pinheiro, M. (2004)
Analysis of the molecular evolutionary history of the ascorbate peroxidase gene family:
inferences from the rice genome. J.Mol. E&&. 761-770.

Tognolli, M., Penel, C., Greppin, H., Simon, P(2002) Analysis and>gression of the
class lll peroxidase large gene familyArabidopsis thalianaGene288 129138.

Tokunaga, N., Kaneta, T., Sato, S., Sato, Y2009) Analysis of expression profiles of
three peroxidase genes associated with lignificationAiabidopsis haliana Physiol.
Plantarum136 237-249.

Tu, Y., Rochfort, S., Liu, Z., Ran, Y., Griffith, M ., Badenhorst, P, Louie, G.V.,
Bowman, M.E., Smith, K.F., Noel, J.P, Mouradov, A., Spangenberg, G (2010)
Functional analyses of caffeic acid-Methyltransferase and Cinname@bA-reductase
genes from perennial ryegrag®lium perenng Plant Cell22:3357%3373.

Vance, V., Vaucheret, H.(2001) RNA silencing in plartdefense and counterdefenSei.
2922277-2280.

van der Rest, B, Danoun, S, Boudet, A.M., Rochange, S.F(2006) Downregulation of
cinnamoytCoA reductase in tomat&¢lanum lycopersicuin) induces dramatic changes in
soluble phenolic poold. Exp. Bot57:13991411.

Vanholme, R, Demedts, B, Morreel, K., Ralph, J., Boerjan, W. (2010) Lignin
biosynthesis and structurelant Physiol153895-905.

van Loon, L.C., Rep, M., Pieterse, C.M(2006) Significance of inducible defenrssated
proteins in infected plants. Annu. Rev. Phytopati4l135162.

Vaucheret, H., Béclin, C., Fagard, M.(2001) Postranscriptional gene silencing in plants.
J. Cell Sci. 1143083 3091.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tamasloukht%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wong%20Quai%20Lam%20MS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinez%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tozo%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barbier%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jourda%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jourda%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jourda%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jauneau%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Borderies%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Balzergue%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Renou%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huguet%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Martinant%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tatout%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapierre%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barri%C3%A8re%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goffner%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pichon%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=characterization%20of%20a%20CCR1%20mutant%20in%20maize
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tu%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rochfort%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ran%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Griffith%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Badenhorst%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Louie%20GV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bowman%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Smith%20KF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Noel%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mouradov%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Spangenberg%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Functional%20Analyses%20of%20Caffeic%20Acid%20O-Methyltransferase%20and%20Cinnamoyl-CoA-Reductase%20Genes%20from%20Perennial%20Ryegrass%20%28Lolium%20perenne%29
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20der%20Rest%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Danoun%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boudet%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rochange%20SF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=down-regulation%20of%20cinnamoyl-coa%20reductase%20in%20tomato
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vanholme%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Demedts%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Morreel%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ralph%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boerjan%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20472751

References 150

Vitali, A., Botta, B., Delle Monache, G., Zappitelli, S., Ricciardi, P., Melino, S.,
Petruzelli, R., Giardina, B. (1998) Purification and partial characterization of a peroxidase
from plant cell cultures o€assia didymobotryand biotransformation stlies. Biochem. J.
3315135109.

Vogt, T. (2010) Phenylpropanoid biosynthesis. Mol. Pl&&t20.

Walter, M.H., Schaf, J., Hess, D., Geibel, M., Treutter, D., Feucht, W{1994) Gene
activation in lignin biosynthesis: pattern of promoter activity of a tobaoenamytalcohol
dehydrogenase gene. Acta Hor881:162-168.

Ward, G., Hadar, Y., Bilkis, I., Konstantinovsky, L., Dosoretz, C.G,(2001) Initial steps of
ferulic acid polymerization by lignin peroxidase. J. Biol. Ch2i#6.1873418741.
Waterhouse, P.M, Wang, M.-B., Finnegan, E.J.(2001a) Role of short RNAs in gene
silencing. Trends Plant S@&: 297-301.

Waterhouse, P.M., Wang, M-B., Lough, T.(2001b) Gene silencing as adaptivedefence
against viruseNature411:834-842.

Waugh, D.S.(2005) Makingthe most of affinity tags. Trend&otechnol 23:316-320.
Welinder, K.G. (1992) Superfamily of plant, fungal and bacterial peroxidases. Opin.
Struct. Biol.2: 388-393.

Welinder, K.G., Justesen, A.F.,Kjaersgard, 1.V., Jensen, R.B., Rasmussen, S.K.,
Jespersen, H.M., Duroux, L.(2002) Structural diversity and transcription of class Il
peroxidases fromrabidopsis thalianaEur. J. Biochen269 60636081.

Wengenmayer, H., Ebel, J., Grisebach, H(1976) Enzymic synthesis of lignin precursors:
purification and properties of a cinnamdaybA: NADPH reductase from cell suspension
cultures of soybean (Glycine max). Eur. J. Biochei529536.

Weng, J-K., Chapple, C. (2010) The origin and evolution of lignin biosynthediew
Phytol 187 273285.

Wesley, S.V., Helliwell, C.A., Smith, N.A., Wang, M., Rouse, D.T., Liu, Q., Gooding,
P.S.,Singn, S.P., Abbat, S., Stoutjesdijk, P.A., Robinson, S.P., Gleave, A.P., Green,
A.G., Waterhouse, P.M. (2001) Construct design for efficient, effective and high
throughput gene silencing in planBant27:581-590.

Whetten, R.W., MacKay, J.J., Sederoff R.R. (1998) Recen advances in understanding
lignin biosynthesisAnnu. Rev. Plant Physiol. Plant Mol. Bid9:585-609.

Yokoyama, R., Nishitani, K. (2006) Identification and characterization Afabidopsis
thalianagenes involved in xylem secondary cell walls. J. PlastlRE 189194.

Zhang, J., Wang, X., Yu, O., Tang, J., Gu, X., Wan, X., Fang, Q2011) Metabolic
profiling of strawberry Fragaria x ananassaDuch.) during fruit development and
maturation.J. Exp. Bot62:11031118.

Zhang, S.H., Yang, Q., Ma, R.C.(2007) Erwinia carotovora ssp. Carotovora infection
induced Adefense | ignindo accumulation and |
cabbageBRrassica rapd.. ssp. pekinensis). J. Integr. Plant Bi#®: 993-1002.

Zierold, U., Scholz, U., Schweizer, P(2005) Transcriptome analysis aflo-mediated
resistance in the epidermis of barley. Mol. Plant Pagdl39-151.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kjaersg%C3%A5rd%20IV%22%5BAuthor%5D
http://www.cup.org/journals/jnlscat/anp/anp.html
http://www.cup.org/journals/jnlscat/anp/anp.html
http://www.cup.org/journals/jnlscat/anp/anp.html

Appendix 151

VII. Appendix

A. Degenerate primers designed

A.1l.CCR

The cegeneate CCRFD primer, based orthe translation ofleduced amino acsqGenBank
databaskto their corresponding nucleotidegasdesigned as follows:

Name Sequences (@o 3 Accession humbers

CCR-FD: atgcctgYY gat VHY WSM tcW (in this study)

CCR atg cct @t gat gct tca tca (Populus trichocarpaAJ224986

CCR AJ atgcctdt gat gct tca tca (Populus balsamiferadJ295838%
CCR_AY atg cct gt gat cac agc tct (F. ananassa€CCR-1 allele, AY28592)
CCR1 atg cct ¢c gat att tca tca (P. trichocarpg XM_002332042
CCR2 atg cct gtc gat act tca tca (P. trichocarpa XM_002332044%
CCR3 atg cct gtc gat act tca tca (P. trichocarpa XM_00233204y
CCR4 atg cct gtc gat act tca tca (P. trichocarpg XM_002332043
CCR5 atg cct gtc gat act tca tca (P. trichocarpa XM_002299223)
CCR6 atg cct gtc gat act tca tca (P. trichocarpa XM_00229922)
CCR7 atg cctgtt gat gct tca tca (P. trichocarpa XM _00230380%

(A double underlinendicatesH= A/T/C; M=A/C; S=G/C V=G/AI/C; W= A/T; Y=T/C)

The cegenerat€CR-RD primer, based orthe translation ofleduced amino acqGenBank
databaskto their corresponding nucleotidegasdesigned as follows:

Name Seqiences (6to 3 Accession numbers

CCR-RD TTATTG RATYTTSAHRGASTC (in this study)

CCR TTATTGAATTTTCAAAGACTC (P. trichocarpg AJ224986

CCR.AJ TTATTGAATTTTCAAAGACTC (Populus balsamiferaAJ29583§
CCRAY TTATTGGATCTTGATGGACTC (F. ananassaCCR-1 allele, AY28592
CCR2 TTATTGAATTTTCACAGAGTC (P. trichocarpa XM_002332044
CCR7 TTATTGAATTTTCAAAGACTC (P. trichocarpg XM_002303809

(A double underlinendicatesH= A/T/C; R= G/A; S=G/C Y=T/C)


http://www.ncbi.nlm.nih.gov/nuccore/XM_002303809
http://www.ncbi.nlm.nih.gov/nuccore/XM_002303809
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A.2. CAD

The degenerateCAD-FD and CAD-RD primer, based orthe translation ofleduced amino

acids (GenBank databaskto their corresponding nucleotidegere degined as follows:

Name Sequences (o 3 Accession numbers
CAD-FD ATGKCTATCGAGCAAGAACAC (in this study)

CAD_U ATGGCTATCGAGCAAGAACAC (F. ananassau63539
CAD_A ATGTCTATCGAGCAAGAACAC (F. ananassaAF320110
CAD-RD  TTAAGA SCTARCCTTCAGT GT (in this study)

CAD_U TTAAGACCTAACCTTCAGTGT (F. ananassau63539
CAD_A TTAAGAGCTAGCCTTCAGTGT (F. ananassaAF320110

(A double underlinendicatesK= G/T; R= G/A; S=G/Q
B. The main coding sequencesgd for constructs

B.1. The full-length coding sequence dfaCCR (accession numbe X290510

atgcctgttgataactgctcttcactttccggccatggcecaaactgtgtgtgtcaccggagecggaggcttcttegcttettggttggtga
agctcctgctggagagaggctataatgtgagaggaaccgtcagaaacccagaggacopaeagaghgggagetgga
aggagccaaagagaggctgagcttgcggaaagcecgatcttctggatttcgagagectgaaagaagccattaacggetgtgatggeg
ttttccacactgcatcgcctgtaactgatgatccggaacaaatggtggaaccggcagtgaatggaacaaagaatgtgatcgttgecge
tgctgaagccaaggttaaacgcegtcgtcttcacgtcttcaatcggtgecgtctacatagenogaggtcccgatgtegttgteg
acgagtcttgttggagtgacctcgagttttgcaagaacaccaagaactggtactgctacggcaaagctgtggcggagcaageagegt
gggaagaggccaaagagagaggagtggacttggtggtggtgaacccagttctggtgettggaccactgctccaaccaaccatcaa
cgccagcatcatccacattctcaagtacttgactggctcggccaagacttatgimtamggcctatgtgcatgtcaaggatgt
ggcattagcacacatactggtgtacgaaactccctcggeatctggecgttatctctgcgecgagagegtecttcaccgtggagatgtg
gtcgaaatcctcgccaagttcttccctgaataccccatacccagcaagttgaaagacgatgggaaacccagagcaataccctacaag
ttttcaaaccagaagctacaagacttgggtttggagttcactemgttpgagcectatatgacactgtcaagagcttgcaggagaa
gggtcaccttaaggttcctacaaagcaagaagaagactccttcaaaatccaataa
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B.2. The full-length coding sequence dFaCAD (accession humberd X290511)

atgtctatcgagcaagaacaccccaagaaggcatctggatgggctgcaagagattcatctgmiittatattttctacaga
agggaaaccggagagaaagacgtgacgttcaaagtgttgtactgtgggatttgccattcggaccttcacatggtcaagaatgaatgg
ggcttctctacctattctctggttccagggceatgagattgttggtgaagttacggaagtagggagcaaagtacaaaaatttaaagttgga
gacagagtcggtgttggatgcattgtgggatcttgccgatcttgtgaaaattgtaacgitgagaactactgccccaaacagat
actcacttacggtgccaagtactacgacggaagcaccacctatggcggttactctgacattatggtggccgatgaacacttcatagtac
gcatcccagacaacttgectcttgatggtgctgegecgctectatgtgccgggattacaacctacagecccctgagatatttcggactt
gacaagcccggcatgcatgtaggtgtggtcggectaggeggtttaggtagccgtgaagtttgccaaggcetatgggagtgaa
ggttacagtgatcagtacgtcccctaagaaagaggaggaagctcttaaacacctaggagctgactcgtttttggttagccgegaccaa
gatcaaatgcaggctgccattggtaccatggatgggatcattgacacagtttctgcacaacatcctctcctgectttgattggtttgttgaa
ctctcatggagagcttgttatggttggtgcaccagagatcttgaactgccagtttttccttitactcatgggaagaaagatggtagcet
ggtagcggcattgggggtatgaaggagacacaagagatgatagattttgcagccaagcacaacattacagcagacatcgaagtcat
accaatcgactacttgaacactgctatggagcgtctagtcaaagcagatgtcagataccgttttgtcatcgacattggaaacacactga
aggctagctcttaa

B.3. The full-length coding sequence of FaPODa¢cession numberdX290512

atgggttccagagctctcttcttcttctttgecttgctatctctctcagcagtgctttgetitgctgagagcaatgaagaagaccctggtctt
gttatgaacttctatagtgactcatgtcctcaggctgaggagatcgtcagagagcaggtcaagcttctctacaagcgccacaagaaca
ctgctttctttggctcaggaacatcttccatgactgtgcetgtccagtcatgtgatgcttcactacttttggactcaacaaggaggtctttgt
ctgagaaggaaatggacagaagctttgggatgagaaacttcaggtacattgaggagatcaaagaagcattagagagggagtgccct
ggagttgtttcttgctcagatattcttgtcttgtcagccagagaaggagttgttaggctaggaggtccattcatccdigifaagac
gagagatggtagaaggagcagagctgagatccttgaggagtaccttcctgaccacaatgagagcatgtcaactgttcttgagaaattc
tctgccatgggcattgacacccctggagttgttgcccttcttggagctcacagtgttggaagaacacactgtgtgaagetggtgcaccy
tttgtacccagaagtagacccagctctgaacccagaccatgtccctcacatgcttaagaagtgcattgatgaccccaag
gcagtccagtacgtgaggaatgaccgtggtacccccatgatcttcgacaacaactactacaggaacatcttggacaacaagggtitg
atgatggtggaccaccagcttgccacagacaagaggaccaagccctatgtcaagaagatggccaaaagccaggactatttcttcaa
ggagttcacaagagccttcaccattctctccgagaacaaccctcttaccggagacaaggogaeamtagtgcaatgtgg
ccaacaagctccactag

B.4. The full-length coding sequencef FaPOD27 (accession numberdX290513)

atggctgctacttcaaagctcatcttcctcctgatccaagggategttctgctttetgttcttgactgtgcaaatgcacagggactgaaagt
agggttctatgcgaagtcgtgcccggaagcetgaggecatagtgaagaaggttatcgctcaaaccttgtcggtarjtzgictt
ggtcctttgctgagaatgcatttccatgattgcetttgtcaggggttgcgacggttcagtgctactgaattcttcatcaaaccaagcecgaga
aggatgcaattccaaacctaagtcttcgagggtatggagtcattgacagagtcaagtctgctttggagaaagcatgccctggagtggtt
tcatgttctgacatcttagccgttgtagctagagatgtcgtcgtcgcggacatgggagtacaftigggactggacgaagaga
tggtaatgtatcaaacatgatagatgccttgcgaaatctcccagcacctagttcaaacatctcttcattaaaatcaagctttgcatcaaag
ggtctaagcgcetaaagatcttgtagtactatcagggagtcacaccatcgggacatctcactgctcttccttcaccaaccgtctttataact
tcaccggaaagaacgtaaacgataccgatcccaccttggatagcagcaaagttgaagatgaaatgcaageccaacgac
caaactactctcgttgagatggatcctgggagtttcaagacatttgacggttcttactatactcttgtggccaagagaaggggtctctttc
agtcagatgcagctcttcttgatgacagtgaaaccaaagcttacgtgacaagccatgccgtaccaaagggagaagctagtttcttgaa

ggattttggtgtttcaatggtgaacatgggaaggatcggmgitggggaatgcaggagagatcaggaaagtgtgcagcaagat
caattag
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C. The partial coding sequencevasusedfor ihpRNA constructs

C.1. Thebackbone

Sense. intron Antisense

 Cavsss R (N oS

C.2. The following coding sequencg300 bp wasused in sensand antisense
orientations:

C.21.FaCCR

gtcgtcttcacgtcttcaatcggtgecgtctacatggacccageccgaggteccgatgtegttgtcgacgagtettgttggagtgaccte
gagttttgcaagaacaccaagaactggtactgctacagcaaagctgtggcggagcaagcagegtgggaagaggccaaagagaga
ggagtggacttggtggtggtgaacccagttctggtgcttggaccactgctccaaccaaccatcaacgcecagcedittaacacat
agtacttgactggctcggccaagacttatgccaattct

C.22.FaCAD.

ttctacagaagggaaaccggagagaaagacgtgacgttcaaagtgttgtactgtgggatttgccattcggaccttcacatggtcaaga
atgaatggggcttctctacctattctctggttccagggceatgagattgttggtgaagttacggaagtagggagcaaagtacaaaaattta
aagttggagacagagtagitggatgcattgtgggatcttgccgatcttgtgaaaattgtaccgaccaccttgagaactactgecce
aaacagatactcacttacggtgccaagtactac

C.2.3.FaPOD

ctctacaagcgccacaagaacactgctttctcctggctcaggaacatcttccatgactgtgetgtccagtcatgtgatgcettcactactttt
ggactcaacaaggaggtctttgtctgagaaagaaatggacdtigggatgagaaacttcaggtacattgaggagatcaagga
agcattagagagggagtgccctggagttgtttcttgctcagatattcttgtcctgtcagccagagaaggagttgttaggctaggaggte
cattcatccctcttaaaactggaaggagagat

C.2.4.FaPOD27

atggctgctacttcaaagctcatcttcctcctgatccaagggatcgttctgctttetgttcttgactgtgeaagggactgaaagt
agggttctatgcgaagtcgtgecccggaagcetgaggecatagtgaagaaggttatcgctcaaaccttgtcggtagcaccttcacttggt
ggtcctttgctgagaatgcatttccatgattgcetttgtcaggggttgcgacggttcagtgctactgaattcttcatcaaaccaagecgaga
aggatgcaattccaaacctaagtcttcga
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D. Standard curves
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E. Statistical analysis
E.1 Firmness and lignin content

E.1.1 pBl-intron vs.down and upregulation of individuaFaCCR FaCAD, andFaPOD

in Elsanta
A. Fruit firmness (down-regulation) B. Fruit firmness (up-regulation)
Two groups P-value Two groups P-value
WT vs. pBl-intron 5.2E-16% WT vs. pBl-intron 2.2E-16*
WT vs. pBI-FaCCRi 2.4E-15* WT vs. pBI-FaCCR 2. 2E-16*
WT vs. pBI-FaCADi 1.9E-14% WT vs. pBI-FaCAD 2.2E-16%
WT vs. pBI-FaPODi 2.2E-16* WT vs. pBI-FaPOD 2.2E-16*
pBI-intron vs. pBI-FaCCRi  1.2E-01 pBl-intron vs. pBI-FaCCR 1.3E-01
pBl-intron vs. pBl-FaC4Di  9.9E-01 pBl-intron vs. pBI-FaC4D 6.6E-01
pBl-intron vs. pBI-FaPODi  1.4E-01 pBl-intron vs. pBI-FaPOD  2.0E-01
C. Lignin content (down-regulation) D. Lignin content (down-regulation)
Two groups P-value Two groups P-value
WT vs. pBl-intron 24E-07* WT vs. pBl-intron 4.3E-05%
WT vs. pBI-FaCCRi 2.9E-06* WT vs. pBI-FaCCR 4.3E-05*
WT vs. pBI-FaCAD:i 5.1E-06*  WT vs. pBI-FaCAD 2 2E-05*
WT vs. pBI-FaPODi 22EB-06*  WT vs. pBI-FaPOD 22E-05%
pBl-intron vs. pBI-FaCCRi  4.9E-01 pBl-intron vs. pBI-FaCCR ~ 2.8E-01
pBl-intron vs. pBI-FaC4ADi  1.4E-02 pBl-intron vs. pBI-FaC4D  3.6E-02
pBl-intron vs. pBI-FaPODi  1.7E-02 pBl-intron vs. pBI-FaPOD 3 9E-01

Oneasterisk (*) indicates significantly increased leveld <1.00E02).

E.1.2 CHS/pBI-intron vs.down and upregulation of individuaFaCCR FaCAD, and
FaPODin Calypso (CHS

A. Fruit firmness (down-regulation) B. Fruit firmness (up-regulation)
treatments P-value treatments P-value
CHS vs. pBl-intron 3.5E-09* CHS vs. pBl-intron 3.5E-09%
CHS vs. pBI-FaCCRi 2.6E-08%* CHS vs. pBI-FaCCR 2.6E-08%*
CHS vs. pBI-FaCADi 4 6E-06* CHS vs. pBI-FaCAD 3.5E-09*
CHS" vs. pBI-FaPODi 3.5E-09% CHS vs. pBI-FaPOD 1.3E-08*
CHS vs. pBI-Si3 1.3E-08* CHS vs. pBI-03 1.9E-09*
pBl-intronvs. pBI-FaCCRi 1.5E-02* pBl-intron vs. pBI-FaCCR 3.6E-02%
pBl-intron vs. pBI-FaCADi 9.1E-06* pBl-intron vs. pBI-FaCAD 7.6E-03*
pBl-intronvs. pBI-FaPODi 3.5E-04* pBl-intron vs. pBI-FaPOD 6.1E-03*
pBl-intron vs. pBI-Si3 1.7E-04* pBl-intron vs. pBI-03 1.3E-08*

Oneasterisk (*)indicates significantly increased leveld <5.00E02).
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E.2. RNA levels
E.2.1 pBl-intron vs.downregulation of individuaFaCCR FaCAD, andFaPOD
in Elsanta
P-value
Two groups FaP4AL. FaCHS FaCCR FaCAD  FaPOD
WT vs. pBl-intron 0.3095  0.4206 0.0952 0.8413 0.2222
pBl-intron vs. pBI-FaCCRi  0.5476  0.6905 0.0318*% 0.5476 0.0952
pBl-intron vs. pBI-FaCADi  0.5476  0.8413 1 0.0079*  0.8413
pBl-intron vs. pBI-FaPODi  0.6905  0.8413 1 1 0.5476

One asterisk (*)ndicates significantly decreasetevels(P <0.05)

E.2.2 pBl-intron vs. upregulation of individuaFaCCR FaCAD, andFaPODin Elsanta

P-value
Two groups FaP4lL  FaCHS FaCCR FaCAD  FaPOD
WT vs. pBl-intron 0.3095 0.1508 0.8413 0.5476 0.1508
pBl-intron vs. pBI-FaCCR  0.0952 0.6905 0.4206 0.1508
pBl-intron vs. pBI-FaCAD  0.3095 0.1508 0.1508 0.4206 0.3095
pBl-intron vs. pBI-FaPOD  0.1508 0.3095 0.6905 0.4206 0.0079*

One asterisk (*)ndicates significantly increased leveld <0.05)

E.2.3 CHS/pBI-intron vs.downregulation of individuaFaCCR FaCAD, andFaPOD

in Calypso (CHS

P-value
Two groups FaP4L  FaCHS FaCCR FaCAD FaPOD
CHS- vs. CHS/pBI-intron 0.8413 1 0.5476 0.1508 0.42006
CHS"/pBl-intron vs. CHS"/pBI-FaCCRi  0.8413 0.4206 0.0159%* 0.0318 1
CHS/pBl-intron vs. CHS/pBI-FaCADi  0.0159%  0.5476 0.4206 0.0159* 0.4206
CHS/pBl-intron vs. CHS/pBI-FaPODi 02222 0.6905 1 0.4206 1
CHS /pBl-intron vs. CHS/pBI-Si3 0.3095 0.5476 0.1508 0.5476 0.3095

One asterisk (*)ndicates significantly decreasetevels(P <0.02)

E.2.4 CHS/pBI-intron vs.up-regulation of individuaFaCCR FaCAD, andFaPOD

in Calypso (CHS

P-value
Two groups FaPAL FaCHS FaCCR FaCAD FaPOD
CHS" vs. CHS/pBl-intron 1 0.6905 0.3095 0.3095 0.4206
CHS /pBl-intron vs. CHS/pBI-FaCCR 0.2222 0.5476 0.4206 0.5476 0.8413
CHS /pBI-intron vs. CHS/pBI-FaCAD 0.0952 0.8413 0.0556 0.2222 0.0952
CHS /pBl-intron vs. CHS/pBI-FaPOD 0.1508 1 0.6905 0.5476 0.0079*
CHS/pBl-intron vs. CHS/pBI-03 0.0318 0.4206 0.0318 0.0318 0.0079*

One asterisk (*)ndicates significantly increased level@ <0.02)
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E.3. Metabolite levels

E.3.1 WT vs.downregulation of individuaFaCCR FaCAD, andFaPODin Elsanta

Phenolic acid derivatives WT vs. pBl-intron WT vs. pBIFaCCRi WT vs. pBlI+FaCADi WT vs. pBlFaPODi
p -Hydroxybenzoyl glucose 3,92E-01 5,78E-01 2,67E-01 3,72E-01
Cinnamoyl glucose 4,34E-01 5,33E-01 4,35E-01 1,69E-01
p -Coumaroyl glucoside/glucose 4,86E-03* 5,85E-06* 4,75E-05* 1,62E-03*
Caffeoyl glucose 3,49E-09* 1,36E-09* 8,66E-10* 3,49E-09*
Feruloyl glucose 2,38E-06* 2,71E-09* 9,38E-06* 4,19E-08*
Flavonols

Kaempferol glucoside 4,35E-02 9,13E-02 9,33E-02 5,49E-01
Quercetin glucoside 3,16E-01 6,25E-01 2,02E-01 1,58E-01
Catechin 8,42E-01 9,60E-01 6,26E-01 6,24E-01
Anthocyanins

Pelargonidin 3-glucoside 1,69E-01 2,04E-01 1,96E-02 7,58E-01
Pelargonidin 3-glucoside-malonate 1,10E-01 2,16E-01 8,69E-02 9,86E-01
Pelargonidin 3-rutinoside 4,13E-01 2,87E-01 6,03E-01 5,49E-01
Proanthocyanidins

(Epi)catechin-(epi)catechin (isomer 1) 8,13E-01 2,87E-01 9,48E-01 4,34E-01
(Epi)catechin-(epi)catechin (isomer 2) 1,28E-01 9,60E-01 2,81E-01 8,70E-01
(Epi)afzelechin-(epi)catechin (isomer 1) 8,13E-01 8,01E-01 5,80E-01 8,70E-01
(Epi)afzelechin- (epi)catechin (isomer 2) 5,73E-01 7,75E-01 3,79E-01 5,98E-01

One asterisk (*)ndicates significantly decreasedr increased level@ <1.00E02).

E. 3.2 pBl-intron vs.downregulation of individuaFaCCR, FaCAD, andFaPOD

in Elsanta
Phenolic acid derivatives WT vs. pBl-intron pBl-intron vs. pBIFaCCRi pBl-intron vs. pBIFaCADi | pBl-intron vs. pBlFaPODi
p -Hydroxybenzoyl glucose 3,92E-01 6,63E-01 8,19E-01 9,04E-01
Cinnamoyl glucose 4,34E-01 8,91E-01 9,71E-01 6,40E-01
p -Coumaroyl glucoside/glucose 4,86E-03* 4,97E-04* 1,15E-02 1,83E-01
Caffeoyl glucose 3,49E-09* 9,94E-02 5,22E-02 7,18E-01
Feruloyl glucose 2,38E-06* 3,51E-03* 3,40E-01 7,99E-01
Flavonols
Kaempferol glucoside 4,35E-02 8,32E-01 8,76E-01 2,01E-01
Quercetin glucoside 3,16E-01 1,56E-01 9,71E-01 2,01E-01
Catechin 8,42E-01 7,37E-01 9,71E-01 4,45E-01
Anthocyanins
Pelargonidin 3-glucoside 1,69E-01 9,11E-01 7,74E-02 4,29E-01
Pelargonidin 3-glucoside-malonate 1,10E-01 8,91E-01 5,07E-01 1,83E-01
Pelargonidin 3-rutinoside 4,13E-01 8,13E-01 7,09E-01 1,14E-01
Proanthocyanidins
(Epi)catechin-(epi)catechin (isomer 1) 8,13E-01 1,72E-01 7,45E-01 1,27E-01
(Epi)catechin-(epi)catechin (isomer 2) 1,28E-01 2,15E-02 5,87E-01 1,95E-02
(Epi)afzelechin-(epi)catechin (isomer 1) 8,13E-01 9,31E-01 8,57E-01 5,47E-01
(Epi)afzelechin-(epi)catechin (isomer 2) 5,73E-01 9,31E-01 6,91E-01 9,68E-01

One asterisk (*)ndicates significantly decreasedr increased level@ <1.00E02).






