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ABSTRACT

Phenols, a vast class of plant secondary metabolites, are derived
from the shikimate and phenylpropanoid pathway. Among
them are tannins, which can be classified in condensed tan-
nins and hydrolyzable tannins. Amongst the latter are ellagi-
tannins/ellagic acid (ETs/EA), considered as a group of par-
ticularly bio-active polyphenols. In planta they act in defense
against bacteria, fungi, and viruses, but are also of utmost im-
portance for the public health. They have been found to scav-
enge free radicals, exhibit antioxidant properties, and guard off
diseases such as hormonal cancers or cardiovascular disorders.
Despite their universally acknowledged significance for human
health, surprisingly their biosynthesis in plants remains elusive.
Therefore, this doctorate thesis concentrates on the identifica-
tion and characterization of genes and encoding enzymes par-
ticipating in the formation of pentagalloylglucose (PGG), the
first known precursor of ETs/EA. Strawberry, utilized here as
the plant model organism, is known to contain high amounts
of ETs/EA.

The first intermediate compound of the ETs/EA biosynthetic
pathway, is B-glucogallin which arises from an ester bond for-
mation between gallic acid and glucose. This reaction is en-
abled by UDP-glucose dependent glucosyltransferases (UGTs).
Here, five UGTs from strawberry and raspberry were identi-
tied that catalyze the formation of (3-glucogallin. Subsequent
elucidation of the substrate specificity revealed promiscuous
functions, and determination of the kinetic constants confirmed
their role as gallic acid UGTs. By site-directed mutagenesis,
three amino acids with notable effect on the substrate prefer-
ence, but positioned outside of the activity center of the pro-
tein, were identified. The secondary metabolites were analyzed
in strawberry fruits of different developmental stages to deter-
mine the distribution of the ET precursors. Green fruits were
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found to be the main source. Finally, injection of deuterium-
labeled gallic acid into green fruits of stable transgenic plants,
confirmed the UGT function in vivo.

In subsequent steps, additional gallic acid residues are at-
tached to the free hydroxy-groups of the glucose core of f3-
glucogallin to yield pentagalloylglucose (PGG). These acyl-
transfers are probably mediated by serine carboxypeptidase-
like (SCPL) acyltransferases (ATs). Following phylogenetic
comparison of the strawberry genome to known ATs from
other plants, several candidate genes were found and consid-
ered. The expression pattern of putative ATs is supposedly
concomitant to the metabolic profile of -glucogallin, as the
reaction can only proceed upon the availability of the substrate
in the fruit tissue. Therefore, it was attempted to narrow down
the list of genes by performing RNA-sequencing (RNA-seq)
and metabolic profiling of strawberry fruits in progressive
ripening stages. One red-fruited and two natural white-fruited
strawberry genotypes were selected. Global analysis of the tran-
scriptomes showed that variance in gene expression is highest
within the intermediate ripening stages. Meanwhile, metabo-
lite profiling revealed that already green tissues of the red- and
white-fruited varieties feature a particular polyphenol profile.
Key polyphenol genes, such as anthocyanidin glucosyltrans-
ferase were found to be down-regulated in the white genotypes
compared to the red genotype. Likewise, a transcription factor
of the bHLH class, and a putative glutathione S-transferase
were among the most highly differentially expressed genes.
Furthermore, genes associated with flavor formation and fruit
softening seemed to interact with the biosynthetic pathway of
the polyphenols, as they exhibited coordinate expression.

Consequently, three putative AT genes were selected for
subsequent in vitro and in vivo characterization. Two candi-
dates were successfully cloned in an appropriate expression
vector and recombinant protein expression was attempted in
Saccharomyces cerevisiae. However, no recombinant protein and
no in vitro activity could be detected. Alternatively, the two

genes were over-expressed in ripening strawberry fruits, and
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elevated EA concentrations in the transgenics substantiated
their in planta function as putative galloyltransferases.

The results provide the foundation for the breeding of straw-
berry with improved health benefits and the biotechnological

production of bio-active plant metabolites.



ZUSAMMENFASSUNG

Die grofse und heterogene Klasse der phenolischen Naturstof-
fe wird im Shikimisdure- und Phenylpropanoid-Stoffwechsel-
weg gebildet und z&dhlt zur Gruppe der pflanzlichen Sekun-
ddrmetabolite. Dazu gehoren auch die Tannine, die wiederum
in kondensierte und hydrolysierbare Tannine unterteilt werden.
Ellagitannine/Ellagsaure (ETs/EA) zdhlen zu den hydrolysier-
baren Tanninen. Thnen werden diverse gesundheitsférdernde
Wirkungen zugeschrieben. So konnen sie zum Beispiel freie
Radikale abfangen, antioxidative Wirkungen entfalten und vor
Krankheiten wie Krebs und kardiovaskuldren Storungen schiit-
zen. Die biologische Bedeutung dieser Verbindungen ist seit
langerem bekannt und wurde bereits mehrfach bestétigt. Der
genetische Hintergrund ihrer Biosynthese in der Pflanze ist je-
doch wenig erforscht. Ziel dieser Arbeit war es daher die Gene
und kodierenden Enzyme zu identifizieren, die an der Bildung
des ersten bekannten ET-Vorldufermolekiils Pentagalloylgluco-
se (PGG) beteiligt sind. Da Erdbeerfriichte reich an bioaktiven
Polyphenolen sind, wurde die Pflanze als Modellorganismus
gewdhlt.

Durch Veresterung von Gallussdure und Glucose wird f3-
Glucogallin gebildet, das erste Intermediat der ET-Biosynthese.
Diese Reaktion wird durch UDP-Glucose abhéngige Glucosyl-
transferasen (UGTs) vermittelt. Im Rahmen dieser Doktorarbeit
wurden fiinf UGTs aus Erdbeere und Himbeere identifiziert,
welche die Bildung von 3-Glucogallin katalysieren. Die rekom-
binanten Enzyme zeigten Promiskuitdt gegentiiber einer Reihe
von Substraten und die Bestimmung der kinetischen Konstan-
ten bestdtigte ihre Funktionen als Gallussdure-UGTs. Durch
positionsgerichtete Mutagenese konnten drei Aminosduren
identifiziert werden, die zwar aufserhalb des aktiven Zentrums
der Proteine lagen, sich aber dennoch deutlich auf die Substrat-

préaferenz auswirkten. Zusatzlich wurde die Konzentration der
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ET-Vorlaufermolekiile in Erdbeeren verschiedener Reifestadien
quantifiziert. Griine, unreife Friichte konnten als Hauptquelle
ermittelt werden. Abschlieflend bestitigte die Injektion stabil-
isotopenmarkierter Gallussdure in griine Friichte transgener
Pflanzen die in vivo Funktion der UGTs.

Im Biosyntheseweg von PGG werden nachfolgend weitere
Gallussduremolekiile mit freien Hydroxylgruppen des Gluco-
serestes von B-Glucogallin verestert. Die Ubertragung dieser
Acylgruppen wird vermutlich von Serine Carboxypeptidase-
dhnlichen (SCPL) Acyltransferasen (ATs) katalysiert. Um Kan-
didatengene zu identifizieren wurde ein phylogenetischer Ver-
gleich zwischen bekannten ATs anderer Pflanzen und dem
F. vesca Genom durchgefiihrt, wodurch einige Gene fiir eine
weiterfiihrende funktionelle Charakterisierung in Betracht ge-
zogen werden konnten. Das Expressionsmuster putativer ATs
korreliert wahrscheinlich mit der zeitlichen und rdumlichen
Verfligbarkeit ihres vermuteten Substrates, dem B-Glucogallin.
Durch einen kombinierten Ansatz aus einer RNA-Sequenzie-
rung (RNA-seq) und einer Quantifizierung der Sekundéarmeta-
bolite wurde die Expression der putativen ATs mit der Konzen-
tration an Substrat in Erdbeeren verschiedener Reifestadien in
Verbindung gebracht. So konnte die Liste der moglichen Kan-
didatengene verkleinert werden. Drei Walderdbeervarietdten
wurden hierfiir ausgewdhlt: Eine, die rot-reife Friichte bildet
und zwei, die weif3-reife Friichte tragen. Nach Analyse der Tran-
skriptome zeigte sich, dass die differentielle Genexpression in
intermedidren Friichten am hochsten ist. Die Quantifizierung
der Metabolite dagegen offenbarte signifikante Unterschiede
zwischen den weifien und roten Fruchtsorten bereits im grii-
nen Entwicklungsstadium. Das Expressionsprofil bekannter
Gene des Anthocyanin/Flavonoid-Biosynthesewegs, wie zum
Beispiel der Anthocyanidin Glucosyltransferase, war in den
weiflen Genotypen im Vergleich zum roten Genotyp signifikant
herunterreguliert. Ebenso zeigte ein Transkriptionsfaktor und
eine putative Glutathion S-Transferase differentielle Expression.
Des Weiteren konnte festgestellt werden, dass assoziierte Gene
der Aromaproduktion und des Weichwerdens der iiberreifen
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Frucht mit dem Biosyntheseweg der Polyphenole interagieren,
da ihre Expressionsprofile aufeinander abgestimmt waren.

Im Folgenden wurden drei putative ATs fiir die in vitro und in
vivo Charakterisierung ausgewdhlt. Zwei der Kandidaten konn-
ten erfolgreich in einen geeigneten Expressionsvektor kloniert
und in Saccharomyces cerevisiae transformiert werden. Jedoch
konnte keine heterologe Expression der Proteine nachgewiesen
werden. Alternativ dazu wurden beide Gene in reifenden Erd-
beerfriichten tiberexprimiert. In den transgenen Friichten konn-
te eine erhohte Konzentration an EA ermittelt werden. Dieses
Ergebnis bekriftigt die Annahme, dass die Kandidatengene in
vivo als Galloyltransferasen agieren konnten.

Die Forschungsergebnisse schaffen die Grundlage fiir die
Ziichtung von Erdbeersorten mit verbessertem gesundheitli-
chen Nutzen und die biotechnologische Produktion bioaktiver
Pflanzenmetabolite.
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INTRODUCTION

1.1 THE STRAWBERRY PLANT
1.1.1  Origin

There is evidence for cultivation of native strawberries, even in
the ancient roman empire (Darrow, 1966). The Romans may
have valued these fruits for their sweet flavor and their appeal-
ing, red-colored fruits. Today, a large number of species exist,
with diploid (2n=2x=14) woodland strawberry Fragaria vesca be-
ing considered as the most widespread one (Hancock, 1999).
However, its fruits are considerably small when compared
to the progeny of the garden strawberry F. x ananassa. Ap-
proximately 300 years ago, the domestication of F. x ananassa
started in Brittany with an accidental hybridization event be-
tween F. chiloensis and F. virginiana, two species that originated
from the American continent. Its origin was first described in
1766 by the French botanist Antoine Nicholas Duchesne, who
named the plant after the pineapple (ananas) to acknowledge
the distinctive shape and flavor of the fruits. The hybridization
resulted in an octoploid (2n=8x=56) plant that grew consider-
ably larger fruits, although yields and quality were still poor.
The first propagation initiative was started in 1817 by Thomas
A. Knight. He used clones of both ancestral varieties in his
crossings and produced large, hard fruits (Darrow, 1966; Han-
cock, 1999; Pearl, 1928; Wilhelm and Sagen, 1974). Since then
breeding has been promoted further, and today numerous vari-
eties of garden strawberry exist (Horvath et al., 2011). In fact,
with an average production of 7,739,622 t in 2013 it has become
one of the most cultivated berries worldwide (FAOSTAT, 2013).
Along with other famous edible fruit bearing genera like

Malus (apple), Prunus (e.g. plum, cherry), Pyrus (pear) and

Even early Romans
collected
strawberries from
the mountain side.



Plant hormones
requlate the fruit
development.

INTRODUCTION

Rubus (e.g. raspberry, blackberry), the genus Fragaria belongs
to the family of Rosaceae in the order of Rosales. Fruits and seeds
of this family can occur in different forms, for example drupes
(Prunus) and in the case of strawberries accessory fruits, which
consist of achenes (seeds) and receptacle (pulp) (Folta and Gar-
diner, 2009).

1.1.2  Fruit ripening

Strawberry is categorized as a non-climacteric fruit, as the
ripening process is independent of an increased ethylene respi-
ration and biosynthesis as such (Giovannoni, 2004). In contrast,
a recent study reported a potential relationship between ethy-
lene production and strawberry fruit ripening (Ilannetta et al.,
2006). Further clarification is necessary:.

The ripening of garden strawberry fruits can be subdivided

into five to seven stages: small green, big green, green-white,

white, turning, ripe and over-ripe (Zhang et al., 2011). At the

beginning, cells begin to divide and expand which leads to
a progressive enlargement of the receptacle, accompanied by
seed and embryo formation (Aharoni, 2002). This is mainly
regulated by the plant hormone auxin whose level increases
concomitant with cell division (Manning, 1998; Perkins-Veazie,
1995). Meanwhile, water and sugars accumulate. During the
process of enlargement the level of chlorophylls decreases, and
the fruits turn from green to white (Zhang et al., 2011). Subse-
quently, the level of auxin decreases and the level of abscisic
acid increases, while accumulating anthocyanins change the
color from white to red (Jia et al., 2011; Symons et al., 2012).
Additionally, cellulases and pectin-methylesterases reduce the
firmness of the fruit through de-esterification and decomposi-
tion of cell wall components (Civello, 1999; Rosli et al., 2004).
Thus, fruit development accompanies the changing composi-
tions of secondary metabolites.
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1.1.3 Plant secondary metabolism

The study of secondary plant products was perhaps started by
Friedrich Wilhelm Serttirner in 1806 (Hartmann, 2007). He was
able to isolate an organic acid from the poppy plant. After pre-
cipitation, the newly formed white crystals had an anesthetiz-
ing effect much like opium. He called the substance “princip-
ium somniferum”. His results were published in several jour-
nals, including Trommsdorff’s Journal der Pharmazie (Sertiirner,
1805, 1806) and Amnnalen der Physik (Sertiirner, 1817). A few
years later however, he called the substance morphine. In do-
ing so, he started a new field of research called Natural Product
Chemistry. Nowadays, as corresponding enzymes and genes are
known (Kutchan et al., 1988; Zenk, 1991), and scientists begin
to understand that biosynthetic pathways can interact (Burbulis
and Winkel-Shirley, 1999), the term Plant Secondary Metabolism
is also commonly used.

Unlike primary metabolism, secondary metabolism is less
essential for plant growth and development. Nevertheless, it is
important for the survival of a single or a group of individual
plants. Because the products of secondary metabolism can be
modified and adapted, plants can actively react to changing en-
vironmental conditions or even compensate for calamities and
stress-factors (Hartmann, 2007). Strawberries (F. x ananassa),
for example, accumulate anthocyanins and phenolics under
long-term salt stress conditions. It was shown that plants with
higher contents of these metabolites were less susceptible to salt
stress (Keutgen and Pawelzik, 2008). However, the boundary
between primary and secondary metabolism is not so easily
determined as recent studies suggest. Junctions via specific
metabolites exist (Fits and Memelink, 2000; Glawischnig et al.,
2004).

Secondary products
enable plants to
adapt to their
environment.
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1.2 METABOLITE BIOSYNTHESIS DOWNSTREAM OF THE

SHIKIMATE PATHWAY

Several secondary metabolites from strawberry (F. vesca and
F. x ananassa) were analyzed within the scope of this thesis,
all of which derive from the shikimate pathway (Figure 1).
Starting from 3-dehydroshikimic acid, the major downstream
metabolic pathways are the phenylpropanoid, the lignin, the
flavonoid /anthocyanin and the biosynthetic pathway of con-

densed and hydrolyzable tannins.

1.2.1  The phenylpropanoid pathway

The junction between primary and secondary metabolism in
this case is phenylalanine, where the carbon flow is directed
towards the production of the activated 4-coumaroyl-CoA thio-
ester (Ferrer et al., 2008). This process consists of three steps:
First, cinnamic acid is produced by deamination of phenylala-
nine via phenylalanine ammonia-lyase (PAL) (Liao et al., 1996).
Then, a hydroxyl group is introduced in the para-position of
the phenyl ring by cinnamic acid 4-hydroxylase (CA4H), where-
upon 4-coumaric acid is formed (Guerra et al., 2013). Finally,
4-coumaroyl-CoA ligase (4CL) catalyzes the formation of a
thioester bond between the carboxyl group of 4-coumaric acid
and the thiol group of coenzyme A (CoA), thus producing the
above-mentioned 4-coumaroyl-CoA (Ehlting et al., 1999). From
these reaction steps, simple (e.g. hydroxycinnamic acids) and
more complex phenylpropanoids such as lignins are derived
(Dixon et al., 2002).

1.2.2  The lignin pathway

In planta lignin stabilizes the cell wall during secondary growth.
It does so, by cross-linking cellulose, hemicellulose and pectin
(Weng and Chapple, 2010). Lignin is formed by polymeriza-
tion of g4-coumaryl alcohol, coniferyl alcohol and sinapyl al-
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Figure 1: Schematic illustration of the shikimate, ellagic acid, phenyl-
propanoid, flavonoid and anthocyanin pathway (modified
from Medina-Puche et al., 2014). Red dots indicate con-
firmed enzymatic mechanisms: ANS, anthocyanidin syn-
thase; ANR, anthocyanidin reductase; CA4H, cinnamic acid
4-hydroxylase; CCR, cinnamoyl-CoA reductase; CAD, cin-
namyl alcohol dehydrogenase; CHI, chalcone isomerase;
CHS, chalcone synthase; 4CL, 4-coumaroyl-CoA ligase;
DFR, dihydroflavonol reductase; FGT, flavonoid glucosyl-
transferase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid
3’-hydroxylase; FLS, flavonol synthase; GT1, anthocyanidin
glucosyltransferase; GT2, (hydroxy)cinnamic acid and (hy-
droxy)benzoic acid glucosyltransferase; LAR, leucoantho-
cyanidin reductase; SDH, shikimate dehydrogenase; MT,
malonyl transferase; PAL, phenylalanine ammonia lyase.
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cohol, which branch out from the phenylpropanoid pathway
via reduction of g4-coumaroyl-CoA to coumaryl aldehyde, cat-
alyzed by cinnamoyl CoA reductase (CCR). A subsequent sec-
ond reduction step, catalyzed by cinnamyl alcohol dehydroge-
nase (CAD), leads to the formation of coumaryl alcohol (Brill

et al., 1999; Larsen, 2004).

1.2.3 The flavonoid/anthocyanin pathway

4-Coumaroyl-CoA is the branching point of the shikimate de-
rived pathways, which outlines its key position in the metabolic
pathways presented here. From there, two enzymes are respon-
sible for the formation of the basic C-15 flavonoid structure:
chalcone synthase (CHS) and chalcone isomerase (CHI). In the
strawberry, silencing of CHS leads to reduced levels of antho-
cyanins and a subsequent increase of simple phenylpropanoids
such as hydroxycinnamic acids (Hoffmann et al., 2006).

The basic C-15 structure produced by CHS and CHI consists
of three aromatic rings (A, B and C, Koes et al., 2005). The
central B ring is oxidized by flavonoid 3-hydroxylase (F3H)
and the resulting dihydrokaempferol, belonging to the class
of flavanonols, is further processed. It is hydroxylated by fla-
vanone 3’-hydroxylase (F3'H) to form dihydroquercetin, which
is oxidized by flavonol synthase (FLS) to produce flavonols,
such as kaempferol and quercetin (Forkmann, 1991). Simulta-
neously, dihydroquercetin is reduced by dihydroflavonol reduc-
tase (DFR) to leucoanthocyanidins, whereupon colored antho-
cyanins are produced by the action of anthocyanidin synthase
(ANS) (e.g. pelargonidin, cyanidin and delphinidin, Abrahams
et al.,, 2003; Wang et al., 2013). Pelargonidin-3-O-glucoside is
the major anthocyanin in the strawberry, and is thereby con-
tributing to the appealing red color of ripe fruits (Almeida et
al., 2007). In being part of the human diet, anthocyanins are
believed to possess a large number of health-promoting, physi-
ological effects (Kong et al., 2003). They can, for example, scav-
enge free radicals and suppress the proliferation of cancer cells
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(Hui et al., 2010); properties that they have in common with

tannins.

1.2.4 Biosynthesis of tannins

"The term polyphe-
The name "tannin" refers to the profession of "tanning". In for-  nol._define(s) plant
mer times extracts of oak barks and galls, a rich natural source  secondary

metabolites

of tannins, were used to turn raw animal hides into leather or to
derived... from the

produce ink (Niemetz and Gross, 2005). Tannins belong to the o ,
shikimate derived

class of polyphenols. According to Quideau et al., 2011, there phenylpropanoid

are three classes of "true" plant polyphenols: phlorotannins (I),  and/or the
proanthocyanidins (II) and gallo-/ellagitannins (III) (Figure 2). polyketide
pathway(s),
oH on featuring more than
one phenolic ring

HO OH oh
\@ and being devoid of
OH 0 OH HO o . , based
Ho OH o OH any nitrogen-base
O OH functional group...”
© or (Quideau et al.,
OH HO OH
O 2011; p. 594)

OH
(a) Fucotriphlorethol H: a phloro- (b) Procyanidin B3: a condensed
tannin tannin/proanthocyanidin
0. R
HO o}
OH__- OH

OH
OH

o7 7

(c) meta-depsidic digalloyl unit: basic  (d) 3,4,5,3",4’,5 -hexahydroxydi-
element of gallotannins phenic acid: basic element of

ellagitannins

Figure 2: Representative examples and subunits of "true" plant
polyphenols. (modified from Quideau et al., 2011 and
Niemetz and Gross, 2005)
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(I) PHLOROTANNINS derive from polymers of phloroglu-
cinol and are mainly found in brown algae, where they are in-
volved in defense mechanisms against bacteria and herbivores
(Arnold and Targett, 1998). In contrast to proanthocyanidins,
gallotannins and ellagitannins, they don’t have tanning prop-
erties, but still can be counted as "true" polyphenols because
of their structure and origin (fucotriphlorethol H, Figure 2a).
A recent study suggests that acyl derivatives of phlorogluci-
nols are also natural metabolites of strawberry fruit (Song et
al., 2015b). The authors hypothesize that CHS (Section 1.2.3),
mainly responsible for the conversion of naringenin chalcone to
naringenin, exhibits dual functionality in acting also as valero-
phenone synthase.

(I1) PROANTHOCYANIDINS are also called condensed tan-
nins. They are mostly polymers of flavan-3-ol units such as (+)-
catechin (2,3-trans) and (-)-epicatechin (2,3-cis) (Xie and Dixon,
2005). Catechin and epicatechin are formed by the action of
leucoanthocyanidin reductase (LAR) and anthocyanidin reduc-
tase (ANR), respectively (Xie et al., 2003; Zhao et al., 2010). In
strawberry, procyanidin dimer B3 appears to be the most abun-
dant condensed tannin (Figure 2b, Pascual-Teresa et al., 2000).

(III) GALLO-/ELLAGITANNINS , the so called hydrolyzable
tannins, are composed of esters of simple sugar molecules (3-
D-glucose, mostly) and gallic acid (GA) (Haslam and Cai, 1994).
However, the biosynthesis of GA has been a subject of debate
since decades. In total, there are three proposed routes (Fig-
ure 3). The first hypothesis presupposes (-oxidation of 3,4,5-
trihydroxycinnamic acid (Figure 3a, Zenk, 1964). Albeit, 3,4,5-
trihydroxycinnamic acid has never been identified in Nature
in contrast to its O-methyl ether sinapic acid, which is an in-
termediate of lignin biosynthesis (Section 1.2.2, Haslam, 1989).
The second route assumes that instead of "the missing cinnamic
acid" (Quideau, 2009; p. 99), caffeic acid is degraded to pro-
tocatechuic acid, and subsequently hydroxylated to GA (Fig-

ure 3b, El-Basyouni et al., 1964). But evidence for involvement
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of caffeic acid was never found. Therefore, the third approach is
the most convincing one. It was also put forward in the 1960s
(Conn and Swain, 1961; Cornthwaite and Haslam, 1965), and
supports oxidation of the enol-form of 3-dehydroshikimic acid
(Figure 3c). More recent publications, including enzyme stud-
ies of Betula pubescencs (downy birch), contributed evidence to
support this concept (Ossipov et al., 2003; Werner et al., 1997;
Werner et al., 2004). Final in vitro and in vivo evidence was
brought in grapevine (Vitis vinifera) that gallic acid can be pro-
duced from 3-dehydroshikimic acid by the action of shikimate
dehydrogenase (SDH) (Bontpart et al., 2016).

The biosynthesis of gallo-/ellagitannins continues by forma-
tion of B-glucogallin (galloyl glucose, 1-O-galloyl-p-D-gluco-
pyranose) through esterification of GA and uridine-5’-diphos-
phate glucose (UDP-glucose) (Niemetz and Gross, 2001). This
reaction is catalyzed by inverting UDP-glucose dependent glu-
cosyltransferases (UGTs) as enzyme studies from Quercus robur
(pedunculate oak) demonstrated (Gross, 1982; Weisemann et
al., 1988). Inverting UGTs facilitate a direct displacement Sy2-
like reaction, in which the stereochemistry of the anomeric
reaction center of the donor substrate is inverted, as exem-
plarily shown for the formation of B-glucogallin (Figure 4).
Today, genes coding for 1-O-acylglucose glucosyltransferases
have been identified in V. vinifera (Khater et al., 2012), Q. robur
(Mittasch et al., 2014), F. x ananassa, F. vesca and Rubus idaeus -
raspberry (Schulenburg et al., 2016a). Clearly, this emphasizes
the general importance of this mechanism in the plant kingdom.
B-Glucogallin gives rise to 1,2,3,4,6-pentagalloylglucose (PGG)
by position-specific consecutive trans-esterification reactions
presumably catalyzed by 1-O-acylglucose dependent acyltrans-
ferases (ATs) (Figure 5, Cammann et al.,, 1989; Hagenah and
Gross, 1993). It thereby assumes a pivotal role in acting as an
acyl-donor and an acyl-acceptor, simultaneously.

PGG is the precursor of gallotannins and ellagitannins,
respectively. It is here, where the biosynthetic pathways
split. Gallotannins are formed by continuing additions of
galloyl units forming meta-depside groups (Figure 2c). For

Downstream of
penta-
galloylglucose, the
biosynthetic
pathways split.
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Figure 3: Possible biosynthesis pathways of gallic acid. (modified
from Quideau, 2009)
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the biosynthesis of ellagitannins (ETs), oxidation reactions are
suggested that presumably yield 3,4,5,3",4’,5-hexahydroxydi-
phenoyl (HHDP) moieties (Niemetz and Gross, 2005). HHDP
units consist of linked galloyl residues (Figure 2d).

Ellagic acid (EA), the dilactone of HHDP, is released from

ETs by hydrolysis (Niehaus and Gross, 1997).

HO
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Figure 4: UGT conveyed direct displacement Sy2-like reaction of the
acceptor substrate GA (1) and the donor substrate UDP-
glucose (2) to yield the product -glucogallin (3) and the
leaving group UDP (4).

11
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is released.
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Often, a plant can be characterized according to its ET compo-
sition (Quideau, 2009). Usually, one ET stands out as the main
component, a feature that seems to have evolved through evolu-
tion (Okuda et al., 2000). Geraniin, for example, is the principal
ET in Geranium thunbergii (10 % of the dry weight; Okuda et al.,
1980). It was among the first to be studied by X-ray crystallog-
raphy, thus allowing a detailed structural analysis (Luger et al.,
1998). The discovery of Geraniin paved the way for elucidation
of numerous other plant ETs. In the woodland as well as in the
garden strawberry agrimoniin was identified as the major ET,
although it was at first confused with its structural relative san-
guiin H-6, caused by matching LC-MS fragmentation patterns
(Vrhovsek et al., 2012). It may therefore be assumed that in the

genus Fragaria EA could well be derived from agrimoniin.

1.3.1 Biosynthesis of Ellagic Acid

In Tellima grandiflora (fringe cups), PGG is oxidized to the mono-
meric ET tellimagrandin II by a laccase-type phenol oxidase
(Niemetz and Gross, 2001) that introduces a C-C bond between
two aromatic rings of the galloyl residues (biaryl bond). In a
second step, tellimagrandin II is oxidized further to cornusiin
E, a dimeric ET (Niemetz and Gross, 2003). Agrimoniin is
also a dimeric ET. Its biosynthesis could therefore follow the
same mechanism (Figure 6). It is believed that HHDP is then
formed by complete hydrolysis of the ester bonds, whereupon
EA would arise by subsequent lactonization (Quideau, 2009).

1.3.2 Physicochemical Properties

The more galloyl groups are added to the glucose core of hy-
drolyzable tannins, the higher the hydrophobicity. Of all the
precursor molecules, PGG showed the lowest ability to dissolve
in water (Tanaka et al., 1997b). Interestingly, the solubility rises

Plants show a
specific ellagitannin
composition.

Formation of C-C
bonds between
galloyl groups
increases water
solubility.
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Figure 6: Possible pathway of EA biosynthesis in strawberry. By
hydrolysis of ester bonds, agrimoniin (1) is converted to
HHDP (2). Upon lactonization, EA (3) is formed. (modi-
fied from Quideau, 2009 and Niemetz and Gross, 2005)
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again after coupling of galloyl units via biaryl bonds (Nonaka
et al., 1980). Thus, sanguiin H-6, the structural relative of agri-
moniin (Section 1.3), was found to be much more hydrophilic
than PGG (Tanaka, 1985). In aqueous media, monomeric and
dimeric ETs, as well as PGG can associate with themselves
or with co-existing compounds (Tanaka et al., 1997a,b). The
molecules are thought to connect via hydrophobic and hydro-
gen bonding (Cai et al., 1990).

Due to both, hydrophobic association and formation of biaryl
bonds, the water solubility increases. It might be for this reason
that plants like strawberry can accumulate ETs in higher con-
centrations. They are enriched for defense against herbivores,
because their associative ability allows to precipitate proteins
from saliva (Charlton et al., 2002a,b). This denaturation effect
creates an unpleasant astringent taste, and can also cause di-
gestive problems (Edelmann and Lendl, 2002; Mehansho et al.,
1987). Not only plant predators are put off by the physicochem-

ical properties of ETs, but also microorganisms.

1.3.3 Antimicrobial activities

Various combinations of monomeric and dimeric hydrolyzable
tannins have been tested on bacteria, fungi and parasites. It
seems that whether or not the ETs show an effect depends
on the kind of microorganism they are applied to. For exam-
ple, against Pseudomonas aeruginosa, Escherichia coli and Bacil-
lus subtilis only few antibacterial properties could be observed
(Kolodziej et al., 2000).

On the contrary, when exposed to tellimagrandin I the propa-
gation of Helicobacter pylori was suppressed (Funatogawa et al.,
2004). H. pylori can cause gastritis and ulcers in the human in-
testinal tract (Ernst and Gold, 2000). If its spreading were to be
inhibited without affecting ordinary enterobacteria like E. coli,
ETs could be an effective and mild remedy. Some ETs showed
a distinct effect against methicillin-resistant Staphylococcus au-
reus (MRSA) strains (Shiota et al., 2004). They not only lowered

15



16

Ellagitannins
possess
anticarcinogenic,
antimicrobial and
antioxidative
properties.

INTRODUCTION

the production rate, but also inhibited the bacterial penicillin-
binding protein 2a, which is suggested to be responsible for
the resistance of MRSA to antibiotics. It was also shown that
hydrolyzable tannins deplete the parasite Leishmania donovani
(Kolodziej et al., 2001).

1.3.4 Health benefits

When we talk about the possible health benefits of ETs/EA,
we have to take into account how relevant for the human diet
they really are. In fact, there are a number of foods available
that show a remarkably high concentration. Pomegranate juice,
for instance, can contain up to 1900 mg L™ ( 300 mg per serv-
ing) of ETs, which makes up for an antioxidant activity that
is twice as high as in red wine (Gil et al., 2000). Walnuts are
also a rich source, providing 802 mg of ETs per 50 g of tis-
sue (Anderson et al., 2001). Of the ET-rich berries, raspberry,
cloudberry and strawberry show the highest concentrations de-
creasing in aforementioned order (Koponen et al., 2007). But
regarding food popularity, strawberries outdistance them all
(Section 1.1.1), and are therefore a most important source of
ETs/EA.

Numerous studies report on the health-promoting effects of
ETs/EA upon oral application of ET-rich food to test subjects.
In animal models (rats and mice, mostly), they showed inhibit-
ing effects on breast, prostate and colon cancer (Giampieri et
al., 2012; Harris et al., 2001; Malik et al., 2005). In human pa-
tients, administration of pomegranate juice led to a reduced
effect of risk factors linked to cardiovascular and neurodegen-
erative disorders, and ETs are thought to be of significance for
long-term health protection (Fuhrmann and Aviram, 2006; Lan-
dete, 2011). Furthermore, like most polyphenols, they possess
a strong antioxidant activity. This enables them to scavenge
free radicals and to prevent oxidation processes (Quideau et al.,
2011). All these authors attribute the health-promoting effects
to the ETs/EA present in the administered food. Albeit, specific
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compounds that could be responsible for the positive impacts
are never mentioned.

This raises, of course, the question about the bioavailability
of ETs/EA in vivo or rather if, to what extent, and where they
are metabolized. Generally, they are hydrophobic compounds
that dissolve poorly in aqueous media (Section 1.3.2). In the
gut, ETs release free EA, of which only a small rate is absorbed
in the stomach and the small intestine (Espin et al., 2007). There,
it is further disintegrated to urolithins (dibenzopyranones), by
bacteria native to the gut (Selma et al., 2014). From the small
intestine they are probably passed on to the liver, and subse-
quently, excreted via bile and urine (Ito et al., 2008). An accu-
mulation in organ tissues is not reported. However, the amount
of EA absorbed from food depends strongly on the constitution
of single individuals and differs greatly from one patient to an-
other (Quideau, 2009). But the connection between an ET-rich
diet and promoted health has been confirmed repeatedly. Thus,
more research is necessary to improve the knowledge about di-
gestion and metabolization of ETs/EA.

1.4 AIMS OF THE THESIS

While the importance of ETs and EA is widely recognized, lit-
tle is known about the biosynthetic pathway. Therefore, the
primary goal was the identification of genes and enzymes par-
ticipating in the biosynthesis of PGG, the proposed precursor
of ETs. Strawberry, which contains high amounts of bio-active
polyphenols, in particular ETs/EA, was employed as a plant
system. In particular, this thesis concentrates on cloning, ex-
pression and characterization of putative UGTs catalyzing the
formation of B-glucogallin. Furthermore, transcriptome and
metabolite profiling was performed, in order to select AT genes
presumably conveying the formation of PGG. The candidate
ATs were then cloned, and their activity was analyzed in vitro,

and in vivo.
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MATERIAL

2.1 PLANT MATERIAL

For this study, F. vesca cv. Reine des Vallees (RdV), Yellow Won-
der (YW) and Hawaii 4 (HW4), F. x ananassa cv. Calypso and
Elsanta, and stable transgenic FaGT2-silenced (Calypso back-
ground) strawberry plants were grown at the Call Unit for plant
research of TUM School of Life Sciences in Freising, Germany.
Since their generation by Lunkenbein et al., 2006a in our labora-
tory, the transgenic lines were rejuvenated regularly by collect-
ing clones from stolons. Fruits were collected from April until
August 2013, 2014 and 2015, freeze-dried directly after harvest
and stored at -20°C until further processed. R. idaeus cv. Tu-
lameen and F. vesca (unknown accession) were grown on the
Campus of Fondazione Edmund Mach (FEM) in Vigalzano di
Pergine, Italy. Fruits were collected by Antje Feller® in summer
2013 (F. vesca) and 2014 (R. idaeus), freeze-dried directly after
harvest and stored at -80°C until further processed. Moreover,
blueberries (presumably Vaccinium myrtillus) were bought at a
local supermarket and employed under equal conditions.

2.2 CHEMICALS

All chemicals were obtained either from Roth (Karlsruhe, Ger-
many), Sigma-Aldrich (Steinheim, Germany) or Fluka (Stein-
heim, Germany) except when otherwise stated.

Department of Food Quality and Nutrition, IASMA Research and Innova-
tion Center, FEM, Via E. Mach 1, 38010 San Michele all’Adige, TN, Italy
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MATERIAL

2.3

PROKARYOTIC AND EUKARYOTIC MICROORGANISMS

The following organisms were used for cloning and expression

of candidate genes:

R
4

Y
*o*

2.4

Escherichia coli XLi-Blue (Agilent Technologies, Wald-
bronn, Germany)

Genotype recA1 endA1 gyrAg6 thi-1 hsdR17 supEqq relA1
lac [F” proAB laclZAMz15 Tn1o (Tet")]

E. coli NEB 10-beta (New England Biolabs, Frankfurt, Ger-
many)

Genotype Alara-leu) 7697 araD139 fhuA AlacX74 galK16
galE1s5 e14- $8odlacZAM1s recA1 relA1 endA1 nupG rpsL
(StrR) rph spoT1 A(mrr-hsdRMS-mcrBC)

E. coli JM109 (Promega, Mannheim, Germany)
Genotype endA1 recA1 gyrA96 thi hsdRiy (rk= mk*) relA1
supEqq A(lac-proAB) [F” traD36 proAB lagl1ZAM15]

E. coli BL21 (DE3) pLysS (Promega, Mannheim, Germany)
Genotype fhuA2 [lon] ompT gal [dem] AhsdS

Saccharomyces cerevisine INVSc1 (Invitrogen, Karlsruhe,
Germany)

Genotype MATa his3D1 leuz trp1-289 ura3-52 MAT his3D1
leuz trp1-289 uraz-52

Agrobacterium tumefaciens AGLo (Lazo et al., 1991)
Genotype EHA101 pTiBo542AT-region Mop*

PRIMERS

All primers were ordered from Eurofins MWG Synthesis

GmbH (Ebersberg, Germany). Table 1 contains the primers

for cloning and mutagenesis of the gallate-UGTs and Table 2

the primers for cloning of the ATs. Table 3 holds all real-time
PCR (RT-PCR) primers.



Table 1: Primers used for cloning and mutagenesis of gallate-UGTs in the pGEX4T-1 vector system

GENE DESCRIPTION SEQUENCE
FaGT2* BamHI fw CGCGGATCCATGGGTTCCGAATCATTGGTT
Notl rev ATAGTTTAGCGGCCGCTTACGACTCGACTAGTTCAAC
R230S fw GAACTCGAGAGCGAGATCATCGAGTACATGGCTCGTTTG
R230S rev GATGATCTCGCTCTCGAGTTCTTGGAAAGTGTCCATCAA
E420D 1422V fw  ATCCCTAGGGATGAGGTAGAGAAGTGCTTGCTGGAGGCG
E420D_I422V rev GCACTTCTCTACCTCATCCCTAGGGATCACCCTGTCTTC
FuGT2  BamHI fw TAAGCAGGATCCATGGGTTCCGAATCATTGGTT
NotlI rev CTTAGCGGCCGCTTACGATTCGACTAGTTCAACC
RiGT2  BamHI fw TAAGCAGGATCCATGGGTTCCGAATCATTGGTC
EcoRI rev TGCTTAGAATTCTCAAATAACCAGTTCAACCTTTCC
FaGTs5  EcoRI fw AAAGAATTCATGGGTTCTGTGGGATCTG
Xhol rev AAACTCGAGAGCAATAGAAGTCCTAGCAATCTC

SYAWINI VT
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Table 2: Primers used for cloning of ATs
GENE VECTOR DESCRIPTION SEQUENCE
FvAT1  pGEM-T fw ATGGGTTCGGAAGCAAGCTCAGTATGC
pGEM-T rev TCACCCTGCGACTTGACCATCAACG
pYES2 BamHI fw CGGGATCCAACACAATGTCTTCGGAAGCAAGCTCA
pYES2 Xhol rev CCGCTCGAGTCACCCTGCGACTTGACCATC
pYES2 Xhol His-Tag rev CCGCTCGAGTCAATGATGATGATGATGATGCCCTGCGACTTG
pBl1213552x BamHI fw CGCGGATCCATGGGTTCGGAAGCAAGCTCA
pBl1213552x  Ecl136ll rev TTCGAGCTCTCACCCTGCGACTTGACCATC
FvAT3 pGEM-T UTR fw GCCGTACCAGATTGATTTCATTAG
pGEM-T UTR rev AGGTGCCAACTTTTTCCCTCATAA
pYES2 BamHI fw AAAGAATTCATGGGTTCTGTGGGATCTG
pYES2 Xhol rev CCGCTCGAGTCACAGAGGATAATAAGCCAA
pYES2 Xhol His-Tag rev.  CCGCTCGAGTCAATGATGATGATGATGATGCAGAGGATAATA
pBl1213552x BamHI fw CGCGGATCCATGGCGGGGTCTGTGTTA
pBl1213552x  Ecl136ll rev TTCGAGCTCTCACAGAGGATAATAAGCCAACCA

cc¢
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2.5 EQUIPMENT

Table 3: Primers used for RT-PCR of candidate genes

GENE ORIENTATION SEQUENCE
FuvAT1 fw CCGGTGATTTGCCCTTCAAC
rev CITCAACGGGCCTATTTGGT
FuAT3 fw CCCATGAAGCTCCAGGGATA
rev GCAACAAGTCCAATGTCGTCC
18-265 fw ACCGTTGATTCGCACAATTGGTCATCG
Spacer rev TACTGCGGGTCGGCAATCGGACG

2.5 EQUIPMENT

2.5.1 Liquid chromatography ultraviolet electro-spray ionization
mass spectrometry (LC-UV-ESI-MSn, LC-MS)

Relevant secondary metabolites were analyzed and quantified
by LC-MS. System details are provided in Table 4 and Table 5.

2.5.2  General Equipment

General laboratory equipment is alphabetically listed in Table 6.
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Table 4: HPLC system used for analysis and quantification of sec-

ondary metabolites

COMPONENT DETAILS
HPLC Agilent 1100 Series
(Agilent Technologies Inc., Santa Clara, US-CA)
Pump Quaternary Pump G1311A (Agilent)
Injector Sample Injector G1313A (Agilent)
Column 1 Security Guard Cartridges C18 4 x 2 mm
(Phenomenex, Aschaffenburg, Germany)
Column 2 Luna 3 pm C18 (2) 100 A150 X 2.0 mm
(Phenomenex)
Column 25 °C
temperature
Mobile phase A: water + 0.1 % formic acid
B: methanol + 0.1 % formic acid
Flow rate 0.2 mL min™
Gradient 0-50 % B in 30 min, 50-100 % B in 5 min,
100 % B for 15 min, 100-0 % B in 5 min,
0 % B for 10 min
DAD Wavelength Detector G1314A (Agilent)

set to 280 nm




2.5 EQUIPMENT

Table 5: MS system used for analysis and quantification of secondary

metabolites
COMPONENT DETAILS
MS Bruker Daltonics Esquire 3000P'" Ton Trap
(Bruker, Bremen, Germany)
Spraygas 30 p.s.i. nitrogen
Drygas 330 °C, 9 L min™ nitrogen
Resolution 13,000 M1/Z per sec
Scan range 100-800 m/z
Polarity alternating positive/negative

Ton accumulation

until ICC target achieved 20,000 (positive),
or 10,000 (negative),

or the max. time of 200 msec was reached

Capillary voltage + 4,000 V

End plate voltage + 500 V
Skimmer 40V

Capillary exit 121 V

MS/MS auto-tandem MS?

Collision gas

4 x 10" mbar helium

Collision voltage

1V




Table 6: General laboratory equipment

UNIT

DEVICE

Agarose gel electrophoresis

Autoclave

Balances

Blotting chamber

Centrifuges

Clean bench
Freeze dryer
Incubator

PCR

pH-Meter
Photometer
RT-PCR System

Scintillation counter

MIDI (Carl Roth GmbH & Co. KG, Karsruhe, Germany)

MAXI (neoLab, Heidelberg, Germany)

Systec V 95 (Systec, Wettenberg, Germany)

SCALTEC SPB61 (SCALTEC Instruments GmbH, Heiligenstadt, Germany)
TP 214 (Denver Instrument, Bohemia, US-NY)

Scout Pro SPU4001 (Ophaus, Pine Brook, US-NJ)

Semy Dry Blotter (Biostep GmbH, Jahnsdorf, Germany)

Sigma K415, Sigma 1-14, Sigma 2K15 (Sigma, Osterode am Harz, Germany)
Eppendorf 5415R, MiniSpin (Eppendorf AG, Hamburg, Germany)

Hera Safe (Heraeus Holding GmbH, Hanau, Germany)

Savant ModulyoD (Thermo Fisher Scientific Inc., Waltham, US-MA)

Forma Steri-Cycle CO2 (Thermo Fisher Scientific Inc., Waltham, US-MA)
Primus 96 advanced (Peqlab Biotechnologie, Erlangen, Germany)
SensoQuest labcycler (SensoQuest GmbH, Gottingen, Germany)

Step One Plus incl. Step One 2.1 Software (Applied Biosystems, Foster City, US-CA)
CG 820 (Schott Gerdte GmbH, Mainz, Germany)

Nicolet evolution 100 (Thermo Fisher Scientific Inc., Waltham, US-MA)
StepOnePlus™ (Applied Biosystems®, Foster City, US-CA)
Tri-Carb2800TR (PerkinElmer Life and Analytical Sciences, Shelton, US-CT)

9T
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Table 6: Equipment (continued).

UNIT DEVICE
SDS-PAGE MINI-Vertical Electrophoresis Unit (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)
Shakers Orbital Shaker Polymax 1040 (Heidolph Instrument GmbH, Schwabach, Germany)
Shaker DOS-10L (neoLab, Heidelberg, Germany)
Labinco Rotary Mixer (Labinco BV, Breda, Netherlands)
Spectrophotometer Nanodrop 1000 (Peqlab Biotechnologie, Erlangen, Germany)
Thermoblock Thermomixer comfort (Eppendorf AG, Hamburg, Germany)

Ultrasonic probe
UV-Transilluminator
Vacuum concentrator

Voltage generators

Vortex mixer

Water bath

Water polisher

Bandelin UW2070 / HD2o70 (Bandelin Electronic GmbH & Co. KG, Berlin, Germany)
G:BoX incl. GeneSnap 6.07.04 Software (Syngene, Cambridge, England)

Christ RVC 2-18 (Christ, Osterode am Harz, Germany)

Consort E835, CV245 (Consort nv, Turnhout, Belgium)

BioRad PowerPac 200 (BioRad; Hercules, US-CA)

Vortex-Genie® 2 (Scientific Industries Inc., Bohemia, US-NY)

Julabo HC5 / 7 JULABO GmbH, Seelbach, Germany)

Sonorex RK103H (Bandelin Electronic GmbH Co. KG, Berlin, Germany)

Purelab® Classic UVF MK2 (Elga Labwater, Celle, Germany)
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2.6 SOFTWARE AND INTERNET RESOURCES

The following software was used:

0,
*o*

Accelrys Draw 4.1 free version (http://accelrys.com/)

7
*o*

Citavi 4 (http://www.citavi.de/de/index.html/)

7
**

DataAnalysis 6.2, QuantAnalysis 6.2 (Bruker, Bremen,
Germany)

% GENEIOUS Pro 5.5.6 (http://www.geneious.com/)
% MiKTgX 2.9 (http://www.miktex.org/)

% R 3.2.2 (R Core Team, 2015)

% R Studio (http://www.rstudio.com/)

% StepOne™ Software 2.1 (Applied Biosystems, Foster City,
US-CA)

% TpXnicCenter (http://www.texniccenter.org/)
The following internet resources were used:

% Genome Database for Rosaceae (GDR)

(http://www.rosaceae.org/)

% OligoAnalyzer 3.1
(http://www.eu.idtdna.com/calc/analyzer/)

% Phenol-Explorer (http://phenol-explorer.eu/)

< Primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/)

% Strawberry Genomic Resources (SGR)
(http://www.bioinformatics.townson.edu/strawberry/)

% Sequence Manipulation Suite (SMS)

(http://www.bioinformatics.org/sms2/rev_comp.html/)

% National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/)


http://accelrys.com/
http://www.citavi.de/de/index.html/
http://www.geneious.com/
http://www.miktex.org/
http://www.rstudio.com/
http://www.texniccenter.org/
http://www.rosaceae.org/
http://www.eu.idtdna.com/calc/analyzer/
http://phenol-explorer.eu/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.bioinformatics.townson.edu/strawberry/
http://www.bioinformatics.org/sms2/rev_comp.html/
http://www.ncbi.nlm.nih.gov/

METHODS

Some methods used in this thesis are part of articles that have
been already published in peer-reviewed journals. In such
cases as these, descriptions are held short, and due references

are made in the text.

3.1 BASIC TECHNIQUES

3.1.1 Extraction of secondary metabolites from strawberry and blue-
berry tissues and quantification by LC-MS

Sample extraction and LC-MS analysis were carried out accord-
ing to Ring et al., 2013. In short, fruits were frozen separately
in liquid nitrogen and lyophilized to complete dryness before,
in the case of strawberry, the achenes were separated from the
pulp, and each sample was ground individually to fine pow-
der by mortar and pestle. Blueberries were processed as whole
fruits. Secondary metabolites were extracted from 3-5 replicates
of 50 mg fruit powder each by addition of methanol supple-
mented with 0.2 mg mL™ of internal standard (Biochanin A
and 4-Methylumbelliferyl-3-D-glucuronide). After extraction,
the methanol was removed in a vacuum concentrator and the
residue re-dissolved in water. Samples were run on a methanol-
water gradient (Table 4), and the metabolites were identified
according to their mass spectra and retention time, quantified
and expressed as per mil equivalents of the dry weight (%o equ.
dw).
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3.1.2 RNA-Isolation from strawberry fruits

The fruits were frozen in liquid nitrogen and grinded individ-
ually by mortar and pestle. Total RNA was isolated from the
fine powder according to the CTAB protocol (Liao et al., 2004).
DNA was removed by digestion with DNAse I (Thermo Fisher
Scientific Inc., Waltham, US-MA) according to the manufactur-
ers instructions. Yields and integrity was determined by spec-
trophotometry, agarose gel electrophoresis or chip-based cap-
illary electrophoresis (Bioanalyzer 2100, Agilent Technologies
Inc., Santa Clara, US-CA). Chip-based capillary electrophoresis
was performed under the direction of Dr. Melanie Spornraft at

the Department of Animal Physiology and Immunology®.

3.1.3 cDNA synthesis

A total of one pg of RNA was used as input per cDNA syn-
thesis reaction. Either Oligo(dT),, primers (50 tM) or random
hexamers (50 ng/pL) or an equimolar mixture of both were
used for annealing. Reverse transcription was carried out with
the SuperScript® III First-Strand Synthesis System for RT-PCR
(Invitrogen™, Thermo Fisher Scientific Inc., Waltham, US-MA),
while following the producers specifications.

3.1.4 Polymerase chain reaction (PCR)

The generally applied reaction mixture is depicted in Table 7.
Two polymerase chain reaction (PCR) programs were used and
employed for different purposes. Table 8 illustrates the general
method used for gene amplification, which was also utilized to
determine the presence of insert DNA in plasmid clones. For
colony PCR, individual transformants were directly added to
the reaction mixtures and used as DNA templates. If genes
of interest were difficult to amplify, a touchdown cycling pro-
gram would be applied, to increase specificity and sensitivity

1 Technical University of Munich, Weihenstephaner Berg 3, 85354 Freising
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according to Korbie and Mattick, 2008. This was achieved by
a gradual reduction of the annealing temperature from 65.0 to
60.5 °C in 0.5 °C steps and additional 25 cycles at 58 °C an-
nealing temperature (Table 9). Gene-specific primers (Table 1
and Table 2) and Phusion® DNA polymerase were used in all
reactions except when testing plasmid clones, where Tag poly-
merase was employed (both New England Biolabs Inc., Ipswich
US-MA).

Table 7: Generally employed PCR reaction mixture

COMPONENT FINAL CONC. FINAL VOL.
DNA template 50 ng variable
Primer fw (10 pmol pL™) 0.5 uM 1 pL

Primer rev (10 pmol pL™) 0.5 uM 1 puL
dNTPs (10 mM) 500 tM 1 pL

5x Phusion® GC buffer 1X 4 pL

DNA polymerase 1 unit 0.5 pL

mQ to 20 pL

Table 8: Standard PCR protocol for gene amplification

STEP TEMP. TIME CYCLES
Initial denaturation 95 °C 5 min 1
Denaturation 95 °C 30 sec 35
Annealing 55-65 °C 30 sec

Elongation 72 °C 30 sec per kb

Final elongation 72 °C 10 min 1

Hold 4 °C 00 1
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Table 9: Touchdown PCR protocol for improvement of gene ampli-

fication
STEP TEMP. TIME CYCLES
Initial denaturation 96 °C 2 min 1
Denaturation 96 °C 30 sec 1
Annealing 65.0-60.5 °C 30 sec
Elongation 72 °C 30 sec per kb
Denaturation 96 °C 30 sec 25
Annealing 58 °C 30 sec
Elongation 72 °C 30 sec per kb
Final elongation 72 °C 5 min 1
Hold 4 °C 00 1

3.1.5 Isolation of plasmid DNA from E. coli

Plasmid DNA was isolated with the Wizard® Plus SV Minipreps
DNA Purification System (Promega, Madison, US-WI). No al-
terations were made to the manufacturers protocol. Yields were

quantified by spectrophotometry.

3.1.6  Digestion of DNA by restriction endonucleases

Restriction endonucleases are enzymes that cut DNA at spe-
cific recognition sites. Their digestive ability was used to pre-
pare DNA inserts and vectors for subsequent ligation, or to test
plasmid DNA regarding cloning success. Respective enzymes
were used in FastDigest™ quality (Thermo Fischer Scientific
Inc., Waltham, US-MA) and applied in standard reaction mix-
tures (Table 10) that were incubated at 37 °C for one hour or
overnight. Reaction products were evaluated by separation of
the DNA fragments on agarose gels.



3.1 BASIC TECHNIQUES

Table 10: Composition of restriction enzyme reaction mixture

COMPONENT VOLUME
DNA variable (up to 1 ng)
10x FastDigest™ buffer 2 uL

Restriction enzyme 1 pL

mQ to 20 puL

3.1.7 Agarose gel electrophoresis

Separation and visualization of DNA or RNA was carried out
by agarose gel electrophoresis. By boiling, 1 % of agarose was
dissolved in 1x TAE Buffer (Table 11) and slightly cooled be-
fore Roti®-GelStain (5 uL / 100 mL agarose) was added to
the solution. Gels were run at 120 V for an appropriate du-
ration (30 min for 1.5 kb DNA fragment). GeneRuler™ 1 kb
DNA Ladder (Thermo Fischer Scientific Inc., Waltham, US-MA)
was used as a marker. When necessary, loading dye (Table 12)
was added to the samples prior to pocket filling. Extraction
of DNA from gels was performed with the QIAquick® Gel Ex-
traction Kit (Qiagen N.V., Venlo, Netherlands) according to the
distributed protocol.

Table 11: Composition of 50x TAE buffer (pH 8)

COMPONENT VOLUME
TRIS 242 ¢
Acetic acid 51.1 mL
EDTA (0.5 M) 100 mL

mQ to1L
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Table 12: Composition of 10x Orange dye (pH 8)

COMPONENT VOLUME
Orange G 0.21 % (W/V)
EDTA 100 mM
Glycerol 50 % (V/V)

3.1.8 Ligation of DNA fragments

All genes were sub-cloned in the pGEM®-T Easy vector system
(Promega, Madison, US-WI) first to increase the efficiency of
subsequent cloning experiments. The pGEM®-T Easy vector
is linearized and features a 3’-terminal thymidine overhang at
both ends. Therefore, DNA inserts were prepared by incuba-
tion with dATP (0.5 mM) and Tag DNA polymerase (5 units)
in 1x ThermoPol® reaction buffer (all Thermo Fischer Scien-
tific Inc., Waltham, US-MA) for 30 min at 72 °C before ligation
was performed according to the manufacturers instructions. Af-
ter thus prepared, inserts were cut from the sub-cloning vector
by appropriate restriction enzymes and ligated in expression
vectors by T4-DNA ligase (Promega, Madison, US-WI). Insert-
vector ratios were calculated, and ligation reactions were per-
formed as specified by the manufacturer.

3.1.9 Transformation of plasmid DNA in microorganisms

E. coLr cells were mixed with ligation reactions and set
on ice for 30 min before they were heat-shocked for 45 sec at
42 °C in a water bath. Afterwards, they were cooled on ice
for 5 min, supplemented with SOC medium (Hanahan, 1983)
and incubated at 37 °C and 150 rpm for 1.5 h. Transformants
were plated on LB-agar (Bertani, 1951) containing appropriate
antibiotics and incubated at 37 °C overnight.
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Ss. CEREVISIAE INVsc1 cells were transformed with the S.
C. EasyCompTM Transformation Kit (InvitrogenTM, Thermo Fis-
cher Scientific Inc.,, Waltham, US-MA), plated on SC-U min-
imal agar (prepared according to the pYES2 vector manual;
InvitrogenTM, Thermo Fischer Scientific Inc., Waltham, US-MA)
and incubated for 48 h at 30 °C.

A. TUMEFACIENS cells were gently mixed with 1 pg of plas-
mid DNA and set on ice for 5 min before they were frozen in
liquid nitrogen for 5 min, followed by a 5 min heat-shock step
at 37 °C. Then 1 mL of Luria-Bertani (LB) medium was added
and the cells were shaken at 150 rpm for 2-4 h at 28 °C and
tinally plated on selective LB agar (48 h, 28 °C).

Media compositions are shown in Table 13.

3.1.10 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

As described by Laemmli, 1970, proteins were separated by
discontinuous SDS-PAGE according to their molecular weight.
A maximum of 10 pg protein per sample was mixed with 1x
Roti®-Load 1 and denatured at 95 °C for 5 min, before the gels
were loaded. Protein concentrations were determined by Brad-
ford assay (Bradford, 1976), and samples were run in 1x run-
ning buffer on 5 % stacking gels and 10 % running gels at 120 V
and 400 mA for approximately 1.5 h. 5 uL of PageRuler™
Plus Prestained Protein Ladder (Thermo Fischer Scientific Inc.,
Waltham, US-MA) was used as a marker.

After electrophoresis, the gel was removed from the tray and
the proteins were stained overnight at room temperature with a
colloidal coomassie solution (Kang et al., 2002). If necessary, ex-
cess color was removed with a destaining solution (20 % EtOH
and 10 % acetic acid in ddH,0). Buffers and solutions were
prepared in mQ water and are listed in Table 14.
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Table 13: Media for the cultivation of microorganisms

MEDIUM COMPONENT COMPOSITION

LB medium/agar NaCl 10gL™*
Yeast extract 5gL™
Peptone/Tryptone 10g L™
Agar (optional) 15gL?
pH 7

SOC medium NaCl o5gL™”
Yeast extract 5gL™
Peptone/Tryptone  20g L™
KCl1 2.5 mM
MgCl, 10 mM
MgSO, x 4 H,O 10 mM
Glucose 20 mM
pH 7

SC-U medium/agar

Yeast nitrogen base
Amino acid mix A"
Amino acid mix B*
Glucose/Galactose

Agar (optional)

0.67 % (wW/Vv)
0.01 % (W/Vv)
0.005 % (W/V)
2% (w/v)
2% (W/V)

* Adenine, Arg, Cys, Leu, Lys, Thr, Trp
* Asp, His, Ile, Met, Phe, Pro, Ser, Tyr, Val

Table 14: Buffers and solutions used for SDS-PAGE

BUFFER

COMPONENT

COMPOSITION

10x Running buffer

30g L™

144 g L™
10g L™

Colloidal coomassie

Aly(SO,); x 16 H,O

Phosphoric acid

Coomassie G250

50¢g L™

100 mL L™?

25 mL L™
o2glL™
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3.1.11  Western Blot

Via Western Blot, proteins can be detected by antibodies that
bind specifically to a target protein. After SDS-PAGE, the pro-
teins are pulled from the gel by an electric current and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane (15 V,
0.8 mA/cm? membrane, 1 h). Before the blotting was started,
the membrane was activated in 8o % EtOH. To ensure electri-
cal conductivity the whole transfer was carried out in semi-dry
blotting buffer (Table 15). Subsequently, the membrane was in-
cubated in blocking buffer (1 h, RT), before a specific antibody
was added (1 h, RT). The gallate-UGTs were expressed with an
N-terminal GST-Tag. Therefore, they were detected by a combi-
nation of a primary anti-GST-antibody and an alkaline phos-
phatase (AP) coupled secondary anti-mouse-IgG. The puta-
tive acyltransferases were expressed with a C-terminal His-Tag
and detected by an anti-6x His-Tag®-antibody (Abcam, Cam-
bridge, UK), which was already coupled to an AP. After incu-
bation with antibodies, the membrane was washed three times
in washing buffer and the blotted proteins were detected by
the colorimetric conversion of 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) and nitroblue tetrazolium (NBT) catalyzed by the
AP.
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Table 15: Buffers used for Western Blot

BUFFER COMPONENT COMPOSITION
Semi-dry blotting  TRIS 3gL™?
buffer Glycin 15gL™*

MeOH 200 mL L™
Washing buffer TRIS 242g L™

NaCl 8.18 g L™

Tween 20 1mL L™
Detection buffer TRIS 100 mM

NaCl 100 mM

MgCl, 3 mM

BCIP 5 % (w/v) in mQ

NBT 5 % (w/v) in 70 % DMF

3.2 CHARACTERIZATION OF GALLATE-UDP-GLUCOSE DE-
PENDENT GLUCOSYLTRANSFERASES (UGTS)

3.2.1  Construction of UGT plasmids

As described in Schulenburg et al, 2016a, FaGT2* FaGTz,
FaGTy5, and the mutants FaGT2*_R230S and FaGT2*_E420D_1422V
were cloned into the pGEX4T-1 vector for expression in E. coli.
FoGT2 and RiGT2 were cloned into the pGEX4T-1 vector by
Antje Feller, who provided both constructs within the scope of
our cooperation and helped with the processing of the respec-
tive enzyme assays. Site-directed mutagenesis of the FaGT2*
sequence was performed according to the QuikChange™ pro-
tocol (Agilent Technologies Inc., Santa Clara, US-CA). VogGT1
was obtained according to Khater et al., 2012, also cloned into
the pGEX4T-1 vector and used as a positive control. All trans-
formants were checked by sequencing of the complete insert
(Eurofins Genomics). A construct of pGEX4T-1 containing



3.2 CHARACTERIZATION OF GALLATE UGTS

UGT71K3 was kindly provided by Dr. Chuankui Song?® and
employed under identical conditions.

3.2.2  Heterologous expression and purification of recombinant
gallate-UGTs in E. coli

All UGT candidate genes were expressed in E. coli BL21
(DE3) pLysS, tailed with an N-terminal GST-Tag, and puri-
tied as specified in Schulenburg et al., 2016a. In short, the
cells were disrupted by sonication, and the crude protein so-
lution was supplemented with 10 ptM of protease inhibitor
phenylmethylsulfonyl fluoride (PMSF). Subsequently, the re-
combinant fusion proteins were purified by affinity chromatog-
raphy. Yields were quantified (Bradford, 1976), and the pres-
ence of the heterologously expressed enzymes was proved by
SDS-PAGE and Western Blot.

3.2.3 Radio-labeled enzyme assays and kinetics

The UGTs analyzed here produce acyl esters of (hydroxy)ben-
zoic and (hydroxy)cinnamic acids and UDP-glucose. Before
substrate screens and kinetic measurements were conducted,
optimal reaction conditions were determined (100 mM TRIS-
HCl, 30 °C, 2 pg of recombinant enzyme, pH 7). Then,
the formation of 1-O-acyl esters was carried out using a
mixture of labeled UDP-[U-"4C]-D-glucose (specific activity:
300 mCi mmol™; Biotrend Chemikalien GmbH, Koln, Ger-
many) and unlabeled UDP-D-glucose as co-substrates. The
reaction products were separated by extraction with 1-butanol
and their radioactivity was determined by liquid scintillation
counting. The kinetic data were determined with increasing
substrate and fixed co-substrate concentrations. An empty
vector protein extract was used as negative control. To min-

imize inconsistencies in the data, kinetic constants were cal-

Associate Professorship of Biotechnology of Natural Products, Technical
University of Munich, Liesel-Beckmann-StrafSe 1, 85354 Freising
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culated from Hanes-Woolf plots and non-linear regression of
the hyperbolic Michaelis-Menten equation. Only values that
matched both calculations were included in the Results section.
Hanes-Woolf plots alone might exaggerate incorrect measures
of substrate concentration (e.g. pipetting errors) because the
substrate concentration is used on both axes. A more detailed
description can be found in the publication of Schulenburg

et al., 2016a.

3.2.4 Injection of deuterium-labeled gallic acid into strawberry
fruits

In vivo activity of the GT2 enzymes was determined by in-
jection of 10 mM deuterium(d,)-labeled gallic acid (3,4,5-
trihydroxybenzoic-2,6-d, acid) into small green fruits of stable
transgenic FaGT2-silenced strawberry plants and F. x ananassa
cv. Calypso control plants. Fruits were collected after 24 h of

incubation time, freeze-dried and stored at -20 °C.

3.2.5 Identification and quantification of metabolites by LC-MS
analysis

The levels of gallic acid, d,-gallic acid, B-glucogallin, d,-B-
glucogallin, gallic acid glucoside, d,-gallic acid glucoside,
digalloyl-glucose, d,-digalloyl-glucose, ellagic acid and d.-
ellagic acid were quantified as described in Section 3.1.1 and
Schulenburg et al., 2016a.

3.3 TRANSCRIPTOME AND METABOLOME ANALYSIS OF f
vesca

The following section describes the methods applied according
to Hartl et al., 2017a.



3.3 TRANSCRIPTOME AND METABOLOME ANALYSIS OF f vesca

3.3.1 Fruit sample preparation

Fruits of two white-fruited F. vesca varieties YW and HWy,
and one red-fruited variety RdV were collected in three ripen-
ing stages (green: ~10 dpa, intermediate: ~25 dpa, and ripe:
~35 dpa). Before the achenes were removed from the fruity
pulp, the fruits were frozen in liquid nitrogen. Three straw-
berry varieties (RAV, YW and HW3,), three ripening stages
(green, intermediate and ripe) and two tissues (achenes and
receptacle) equal 18 samples subjected to metabolite quantifi-
cation and transcriptome analysis. For RNA isolation material
of 10 fruits per sample was pooled to ensure high reliability
regarding the ripening stage. Total RNA was prepared as de-
scribed in Section 3.1.2. Metabolite extraction and LC-MS mea-
surements were performed as specified in Section 3.1.1, and

three to five biological replicates per sample were processed.

3.3.2 Analysis of F. vesca metabolites

Untargeted metabolite profiling was done in R according to
literature to reveal metabolites accumulating differently (Ben-
ton et al., 2010; Smith et al., 2006; Tautenhahn et al., 2008). A
p-value<o.01 was considered significant. Hierarchical cluster-
ing was achieved employing the complete linkage method and
Spearman distance metric. Visualization of the data variance
in principle component analysis (PCA) plots was performed ac-
cording to Ritchie et al., 2015. Targeted metabolite profiling
was conducted via the internal standard method as described
in Section 3.1.1, and the compounds were identified using au-

thentic reference chemicals and the in-house database.

3.3.3 Bioinformatic analysis and evaluation of the sequencing data

Total, DNA-free RNA was sent to Eurofins Genomics (Ebers-
berg, Germany) where RNA-seq was carried out on an Illu-
mina HiSeqzoo0 platform (Illumina Inc., San Diego, US-CA),

41



42

METHODS

and the cDNA library was generated from isolated poly(A)-
tailed 3"-RNA-fragments. RNA-seq data were handled on a lo-
cally installed Galaxy server (Blankenberg et al., 2010; Giardine
et al., 2005; Goecks et al., 2010) employing the Application Pro-
gramming Interface (API; Sloggett et al., 2013), the Galaxy Data
Manager (Sloggett et al., 2013), the Galaxy ToolShed (Blanken-
berg et al., 2014b), and built-in reference data (Blankenberg et
al., 2014a). Quality trimming of the single end reads was per-
formed using the Trimmomatic tool applying default settings
(Bolger et al., 2014). Via TopHat (Kim et al., 2013) in default
settings the trimmed reads were mapped to the F. vesca ref-
erence genome (Tennessen et al., 2014). Mapped reads were
counted with HTSeq-count (Anders et al., 2015) supplemented
with gene prediction information (Tennessen et al., 2014). Thus
created raw counts were normalized for library size (Anders
and Huber, 2010), and a cutoff of 20 reads summed across all
samples was set. Genes showing a lower transcript number
were considered as not expressed and excluded from further
analyses. Finally, the remaining normalized read counts were
scaled to per million scale to yield reads per million (RPM).

Hierarchical clustering and subsequent PCA plot generation
was performed as described in Section 3.3.2, except in advance
variance stabilization was used to transform the data set (Hu-
ber et al., 2002). Gene annotations were assigned by MapMan
BINs (Lohse et al., 2014) and F. vesca gene ontologies (Darwish
et al., 2015; Shulaev et al., 2011). Finally, differential gene ex-
pression was determined in edgeR employing the general linear
models (Robinson et al., 2010), and after calculation of the false
discovery rate (FDR; Benjamini and Hochberg, 1995) a cutoff of
FDR<o0.05 was set to determine significant genes.

The normalization of the raw read counts and the differen-
tial expression analysis was performed by Alisandra Denton3
within the scope of our cooperation. Furthermore, Alisandra
computed Figure 16 based on Figure 1 and provided an R-script
for the creation of Figure 17, Figure 18 and Figure 19.

3 Institute for Biology I, RWTH Aachen University, Worringer Weg 3, 52074

Aachen, Germany
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3.3.4 Validation of candidate gene expression by real-time (RT)-
PCR

The transcript profiles of GT1 and MYB1o were validated by
RT-PCR. cDNA was synthesized as described in Section 3.1.3.
To observe dsDNA synthesis, the reaction mixtures (Table 16)
were prepared with the SensiMix™ SYBR HI-ROX Kit (Bio-
line Ltd, London, UK) containing SYBR Green. UBCg was
employed as reference gene. Primer sequences were adopted
from Griesser et al., 2008 and Lin-Wang et al., 2014. In advance,
cDNA concentration, primer concentration and annealing tem-
perature were optimized (GT1 genei2591: 1x cDNA, 61 °C;
MYB10 gene31413: 0.1x cDNA, 57 °C; UBC9 gene12591: 0.1x
cDNA, 55 °C; 400 nM primers). Double-strand DNA amplifi-
cation was generated in 40 cycles, followed by a melting curve
analysis to determine the PCR specificity (Table 17). All anal-
yses were performed in triplicates and relative expression was

determined according to known protocols (Pfaffl, 2001).

Table 16: RT-PCR reaction mixture

COMPONENT FINAL CONC. FINAL VOL.
cDNA template variable 2L

Primer fw (10 pmol uL™) 0.4 1M 0.8 uL
Primer rev (10 pmol nL™) 0.4 M 0.8 uL
Master mix 2X 10 pL

mQ to 20 pL
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Table 17: Thermal cycling conditions for determination of relative
gene expression

STEP TEMP. TIME CYCLES
Initial denaturation 95 °C 2min 1
Denaturation 95 °C 5seC 40
Annealing 55/57/61 °C 10 sec
Elongation 72 °C 20 sec

Melting curve step 1 95 °C 15sec 1

Step 2 60 °C 60 sec

Step 3 95 °C 15 sec

3.4 CHARACTERIZATION OF PUTATIVE ACYLTRANSFERASES
(ATS)

3.4.1  Construction of AT plasmids

Putative ATs were amplified from cDNA of green achenes of
F. vesca cv. YW with primers introducing BamHI and Xhol re-
striction sites (Table 2). For in vitro enzyme characterization,
the genes were cloned into the pYES2 yeast expression vec-
tor (InvitrogenTM, Thermo Fischer Scientific Inc., Waltham, US-
MA) and transformed into the S. cerevisiae strain INVSc1 as
described in Section 3.1.9. Additionally, the sequences were
amplified with primers introducing a C-terminal His-Tag.

For in vivo characterization, the putative ATs were amplified
with primers introducing BamHI and Ecl136II restriction sites,
cloned into the pBl1213552x vector (Hoffmann et al.,, 2006),
and transformed in the A. tumefaciens strain AGLo (Lazo et al.,

1991).



3.4 CHARACTERIZATION OF PUTATIVE ACYLTRANSFERASES (ATS)

3.4.2 Heterologous expression and purification of recombinant ATs

in S. cerevisiae

The putative ATs were expressed in SC-U medium containing
2 % galactose as described by Huang et al., 2010. After harvest-
ing, the cells were resuspended in breaking buffer containing 1
mM PMSF (Table 18, prepared according to Huang and Schwab,
2011), and the crude protein was extracted by vortexing with
glass beads as described by Huang and Schwab, 2011. Yields
were quantified (Bradford, 1976) and the protein was kept on
ice or frozen at -20 °C supplemented with 50 % glycerol (v/v)
until further processed. The presence of recombinant proteins
was confirmed by SDS-PAGE and Western Blot (Section 3.1.10,
Section 3.1.11).

If needed, the His-Tag flagged heterologously expressed pro-
teins were enriched via affinity chromatography using the Pro-
finityTM IMAC Ni-Charged Resin (Bio-Rad Laboratories Inc.,
Hercules, US-CA) while following the producers manual.

Table 18: Breaking buffer recipe for purification of recombinant ATs

COMPONENT COMPOSITION
Sodium phosphate buffer 50 mM

EDTA 1 mM

Glycerol 5% (v/v)
PMSF 1 mM

pH 7:5

3.4.3 Enzyme assays and product detection via LC-MS

To determine the in vitro AT activity, enzyme assays were per-
formed. Reaction mixtures of 200 pL in total contained 100 mM
buffer (TRIS-HCI, sodium phosphate or citric acid), crude pro-
tein extract and 1 mM of substrate. Incubation took place at
RT or 30 °C overnight and the products were extracted by ad-
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dition of one volume of ethyl acetate, 1 min of vortexing and
2 min of centrifugation (full speed). The supernatant was trans-
ferred to a new tube, the residue was extracted a second time
and the supernatants combined. Subsequently, the ethyl ac-
etate was removed in a vacuum concentrator and the reaction
products were resolved in 50 pL of mQ water (1 min vortexing,
5 min sonication, 2 min centrifugation at full speed). Product
detection in clear supernatants was carried out via LC-MS as
described in Section 3.1.1 and in the publication of Ring et al.,

2013.

3.4.4 Qver-expression of candidate ATs in strawberry fruits

As published by Hoffmann et al., 2006, AGLo cells containing
the pBI1213552x-AT vectors were grown in LB at 28 °C with
appropriate antibiotics (100 pg mL™ Kanamycin, 100 pg mL™
Rifampicin) until ODg,, reached 0.8. Then, the cells were har-
vested and resuspended in a modified MacConkey agar (MMA)
medium (Table 19, prepared according to Spolaore et al,
2001). The resulting Agrobacterium suspension was injected
into green-white fruits (approximately 14 days post pollina-
tion) of F. x ananassa cv. Elsanta. A pBl1213552x construct
containing a B-glucuronidase (GUS)-intron gene (Hoffmann
et al., 2006) was processed under identical conditions and used
as a control. In A. tumefaciens the intron from the F. x ananassa
quinone oxidoreductase (QR) suppresses gene expression. But
in plant cells the intron is spliced out, and a functional mRNA
is produced.

Fruits injected with transformants were kept for 14 days at-
tached to the plant, harvested subsequently and cut in half.
One half was frozen in liquid nitrogen and stored at -8o °C until
RNA was extracted for reverse transcription and RT-PCR mea-
surements. The other half was lyophilized for 2 days, ground to
fine powder by mortar and pestle and subjected to metabolite
extraction and LC-MS analysis (Section 3.1.1).



3.4 CHARACTERIZATION OF PUTATIVE ACYLTRANSFERASES (ATS)

Table 19: MMA medium recipe for A. tumefaciens infiltration

COMPONENT COMPOSITION

Murashige and Skoog salts 43gL™
Morpholine ethanesulphonic acid (pH 5.6) 10 mM

Sucrose 20g L™

3.4.5 Validation of AT over-expression by RT-PCR

After the candidate ATs and the GUS-intron control gene were
over-expressed in ripening strawberry fruits by A. tumefaciens
mediated gene transfer, the relative gene expression was deter-
mined by RT-PCR. Total RNA was isolated and cDNA was syn-
thesized according to Section 3.1.2 and Section 3.1.3. RT-PCR
was carried out as described in Section 3.3.4 employing spe-
cific primers listed in Table 3. All reactions were run in three
technical replicates on 15 to 20 biological replicates, and rela-
tive expression was normalized against a 18-26S interspacer as
described in Griesser et al., 2008.
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RESULTS

4.1 FORMATION OF GALLOYL GLUCOSE

Here, the identification and characterization of five UGTs from
woodland strawberry, garden strawberry, and raspberry are re-
ported that catalyze the formation of 3-glucogallin. Metabolite
analyses of fruits in different ripening stages were performed,
which enabled the identification of the main source tissue of
gallic acid, B-glucogallin and ellagic acid. Finally, an in vivo
experiment confirmed the in planta function.

The results of this section have already been published in a

peer-reviewed journal (Schulenburg et al., 2016a).

4.1.1 Identification of putative gallic acid UGTs from E. vesca,
E. x ananassa and R. idaeus

Recently, the first gallic acid UGT genes have been identified
in V. vinifera (Khater et al., 2012). The closest homologous se-
quences in the garden strawberry are FaGT2 and FaGTs. Al-
though, FaGT2 encodes a cinnamoyl and 4-coumaroyl glucose
ester forming UGT (Landmann et al., 2007; Lunkenbein et al.,
2006a) it was considered a candidate gene. Through amplifica-
tion of the FaGT2 open reading frame (ORF) from F. x ananassa
cv. Elsanta cDNA an allelic sequence FaGT2* to the original
FaGTz2 version was obtained. It comprised 18 single nucleotide
polymorphisms (SNPs) translating to eight amino acid substi-
tutions (Figure 7). In addition to the FaGT5 gene both FaGT2
versions were characterized, as well as two mutants of FaGT2*
generated by site-directed mutagenesis. Furthermore, the GT2-
orthologs F. vesca FvGT2 and R. idaeus RiGT2 were drawn on for
functional verification across the Rosaceae plant family. VogGT1
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(Khater et al., 2012) was employed as a positive control. All
GT2 proteins share a sequence homology of >80 % with VvGT1
(Figure 7).

4.1.2  Enzymatic UGT activity

The substrate specificity of the UGT enzymes was determined
in vitro with a set of 18 (hydroxy)benzoic and (hydroxy)cinnamic
acid derivatives, whereas a mixture of labeled UDP-[U-*4C]-D-
glucose and unlabeled UDP-D-glucose served as donor sub-
strates (Table 20). The acceptor substrates were chosen be-
cause they are known precursors of ETs/EA (e.g. gallic acid,
4-hydroxybenzoic acid, and protocatechuic acid), or because of
their structural similarity to these precursors (e.g. salicylic acid
and gentisic acid), while others have been reported in fruits of
the Rosaceae plant family (e.g. cinnamic acid and p-coumaric
acid, Lunkenbein et al., 2006a). All GT2-homologous proteins
converted GA to 3-glucogallin. FaGT2 and FaGT2* preferred
benzoic acid derivatives, while FvGT2 and RiGT2 showed a
higher affinity towards cinnamic acid derivatives. Sinapic acid
was the best substrate for FaGT5 (100 % relative activity), al-
though, it also converted veratric acid efficiently. However,
FaGT5 showed only little activity towards GA. VvgGT1 pre-
ferred m-coumaric acid, but also exhibited high activity to-

wards veratric and sinapic acid.
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The ClustalX function

integrated in the GENEIOUS Pro 5.5.6 software (Biomatters; http:/ /www.geneious.com/, accessed August 2015) was employed
in default parameters, to generate this alignment. The PSPG box is boxed (Figure adopted from Schulenburg et al., 2016a)

Figure 7: Protein sequence alignment of gallate-UGTs FaGT2*, FaGT2, FvGT2, RiGT2, FaGT5 and VvgGT1.
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Table 20: Relative activity of the UGT enzymes towards 18 acceptor substrates (adopted from Schulenburg et al., 2016a).

SUBSTRATES FaGT2* FaGT2 FvGTz2 RiGT2 FaGTs VvgGT1
sorbic acid 32 66 45 81 13 93
salicylic acid o 88 1 4 1 6
3-Hydroxbenzoic acid 99 95 8o 77 3 39
4-Hydroxybenzoic acid 100 89 77 89 15 69
Protocatechuic acid 92 95 71 68 6 61
Gentisic acid o 81 5 15 1 13
Gallic acid 34 89 51 43 5 42
Vanillic acid 99 98 83 78 21 69
Veratric acid 76 100 82 64 92 94
Syringic acid 87 94 75 59 13 86
Cinnamic acid 38 80 57 93 14 31
o0-Coumaric acid 76 87 82 99 11 82
m-Coumaric acid 95 63 100 90 21 100
p-Coumaric acid 53 75 95 100 48 90
Caffeic acid 65 81 92 91 17 8o
Ferulic acid 50 5 61 65 36 61
3,4-Dimethoxycinnamic acid 85 55 88 75 34 75
Sinapic acid 89 17 93 78 100 99

The relative activities (%) were determined by radio-chemical analysis with UDP-[U-'4C]-D-glucose, and
refer to the highest level of radioactivity extracted for every enzyme. FaGT2* 100 % = 1.0 nkat mg™; FaGT2
100 % = 1.4 nkat mg™; FvGT2 100 % = 1.3 nkat mg™; RiGT2 100 % = 1.9 nkat mg™; FaGT5 100 % =

2.5 nkat mg™; VvgGT1 100 % = 1.4 nkat mg™. Empty vector control (<1 %) was subtracted from the
relative concentrations.
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4.1 FORMATION OF GALLOYL GLUCOSE

4.1.3 Determination of the kinetic values

Enzyme kinetics were determined for the six UGTs with se-
lected acceptor substrates (Table 21). The obtained kinetic val-
ues confirmed a high affinity of all UGTs towards GA except
FaGTs5, with RiGT2 showing the highest enzyme efficiency in
producing p-glucogallin (kcat/Kyv = 20,000 s M™). FaGT5
clearly preferred sinapic acid (kcat/Kwm = 15,555 s M™) above
the other substrates tested.

4.1.4 Site-directed mutagenesis of FaGT2*

To determine the effect of the amino acid substitutions in FaGT2
and FaGT2*, three positions were reversed in the FaGT2* se-
quence by site-directed mutagenesis. Two positions were se-
lected because of their vicinity to the PSPG box (Glug20 and
Ileg22). The third position was chosen for its closeness to
the proposed active site of the protein (Arg230, Bonisch et al.,
2014a). In mutant FaGT2*-Glug20Asp-Ile422Val glutamate and
isoleucine were exchanged by aspartate and valine, respec-
tively. In mutant FaGT2*-Arg230Ser arginine was mutated to
serine at position 230. The substrate specificity of both mu-
tants was determined for the set of 18 substrates (Section 4.1.2).
The relative activity of the two mutants was calculated and
the activity of FaGT2* subtracted (Figure 8). Both mutants
showed an increased activity towards GA (35 % and 38 % for
FaGT2*-Arg230Ser and FaGT2*-Glug20Asp-Ile422Val, respec-
tively), o-coumaric (24 % and 39 %) and caffeic acid (25 % and
31 %). On the other hand, the activity towards sorbic acid
decreased (35 % and 24 %).

4.1.5 Metabolite Analysis in F. x ananassa and F. vesca

Pulp and achenes of F. x ananassa cv. Calypso, and F. vesca cv.
YW were analyzed by LC-MS in the small green, big green,
white, turning, and ripe developmental stage to determine the
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Table 21: Kinetic values of the GT2-homologous enzymes determined
for the substrates gallic acid, 4-hydroxybenzoic acid, vanillic
acid, syringic acid, cinnamic acid, sinapic acid and UDP-
glucose (adopted from Schulenburg et al., 2016a).

ENZYME SUBSTRATE Km kcat kcat/Km
(nM) (s™) (s M™)
FaGT2*  Gallic acid 96 + 3.6 0.8 + 0.04 8,333
4-Hydroxybenzoic acid 315+84 2.0 +0.06 6,349
Vanillic acid 364 £ 12.8 2.1 +0.04 5,769
Syringic acid 262+7.0 1.8 +0.07 6,870
Sinapic acid 35 % 3.0 1.2 + 0.04 34,285
UDP-glucose 378 £2.3 3.8 +0.07 10,052
FaGT2 Gallic acid 264+9.9 1.8+0.01 6,818
4-Hydroxybenzoic acid 899 + 12.3 2.2+ 0.1y 2,447
Vanillic acid 621 £ 12.5 2.1 +0.04 3,381
Syringic acid 874 £ 6.2 2.6 £0.1 2,974
Sinapic acid 83 £ 4.8 2.5 +£0.17 30,120
UDP-glucose 492 £ 5.0 4.9 %0.15 9,959
FvGT2 Gallic acid 232+83 1.1+0.05 4,741
UDP-glucose 318 £ 11.9 2.2 £0.18 6,918
RiGT2 Gallic acid 80 + 8.1 1.6 + 0.05 20,000
UDP-glucose 417 £16.7 6.6 £ 0.07 15,827

FaGTs 4-Hydroxybenzoic acid 515+ 6.5 0.5+ 0.04 9,708

Vanillic acid 94 % 1.5 0.9 + 0.02 9,574
Syringic acid 518 £ 10.0 0.5 = 0.07 9,652
Sinapic acid 45 + 1.1 0.7 £ 0.02 15,555
UDP-glucose 529 £3.0 4.5 % 0.23 8,506
VvgGT1  Gallic acid 72 + 3.5 1.1 + 0.03 15,277
4-Hydroxybenzoic acid 73 + 2.0 2.0 £ 0.07 27,397
Vanillic acid 60 * 4.7 1.8 £ 0.10 30,000
Syringic acid 155 £ 2.0 2.0 £ 0.01 12,903
Sinapic acid 52 % 2.5 1.9 £ 0.12 36,538

UDP-glucose 439 £ 16.9 10.1 £0.23 22,779
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Figure 8: The difference (A) between the relative activities of the
mutants FaGT2*-Arg230Ser (A) and FaGT2*-Glug20Asp-
Ile422Val (B) was calculated against the activities of FaGT2*
(Figure adopted from Schulenburg et al., 2016a).
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RESULTS

main source tissue of GA, f3-glucogallin and EA across fruit
ripening (Figure 9). All three metabolites were strongly en-
riched in green achenes of garden and woodland strawberry,
and concomitant with the fruit ripening the levels decreased.
The same trend was observed in the receptacle tissues. How-
ever, the overall level of analyzed metabolites was higher in the

achenes than in the receptacle.

4.1.6 In vivo confirmation of FaGT2* and FaGT2 activity

The in vivo activity of FaGT2/FaGT2* as gallic acid UGTs was
confirmed by injection of aqueous solutions of 2,6-d,-gallic acid
into F. x ananassa cv. Calypso control fruits, and fruits of stable
transgenic FaGT2-silenced Calypso plants. Levels of FaGTz
transcripts in the fruits of the transgenic line corresponded to
only 34 % of the levels in control plants (Lunkenbein et al.,
2006b). After one day, the levels (%o equ. dw) of d,-gallic acid,
d,-B-glucogallin, d,-gallic acid 4-O-glucoside, d,-di-galloyl glu-
cose and d,-ellagic acid were quantified by LC-MS (Figure 10).
A higher level of d,-gallic acid, and d,-gallic acid 4-O-glucoside
was found in the FaGTz-silenced fruits in comparison to control
fruits. In contrast, the level of d,-ellagic acid was reduced in
the transgenic fruits. The enhanced level of labeled d,-gallic
acid 4-O-glucoside in FaGT2-silenced fruit suggested the exis-
tence of an additional UGT forming a glucoside of gallic acid
rather than a glucose ester. Thus, we screened our strawberry
fruit UGT library and found UGT71K3, which has been shown
to glucosylate pyrogallol a structural homologue of gallic acid
(Song et al., 2016b). When UGT71K3 was incubated in vitro
with UDP-glucose and gallic acid, it readily formed gallic acid
4-O-glucoside. Subsequently, the product was unambiguously
identified by LC-MS in comparison with blueberry extract uti-
lized as authentic reference material according to literature
(Schuster and Herrmann, 1985, Figure 11). Interestingly, the
concentration of d,-B-glucogallin and d,-di-galloyl glucose

remained constant.
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Figure 10: Schematic view of the suggested ellagic acid biosynthe-
sis pathway including molecular structures of quantified
metabolites. The box plots show the relative concentration
(%o equ. dw) of deuterium-labeled compounds in control
fruits (ctrl), and in FaGT2-silenced fruits (GT2down). Cir-
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lenburg et al., 2016a).
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Figure 11: Identification of gallic acid 4-O-glucoside in comparison
with authentic reference material. LC-MS extracted ion
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an extract of blueberry containing authentic gallic acid 4-
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formed by recombinant UGT71K3 from UDP-glucose and
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4.2 TRANSCRIPTOME AND METABOLOME ANALYSIS OF F.
VESCA

To gain a deeper understanding of the biosynthesis of sec-
ondary metabolites, we performed a combined comparative
approach of metabolite profiling by LC-MS and transcriptome
profiling by RNA-seq in two naturally white-fruited F. vesca
genotypes (YW and HW4) and one red-fruited variety (RdV).
The natural color mutants provide the opportunity to deter-
mine how altering transcript levels affect the production of
anthocyanins/flavonoids. Of every strawberry variety three
ripening stages (green, intermediate, and ripe) were sampled,
and the achenes (seeds) were separated from the receptacle
(fruity pulp) and analyzed separately (Figure 12).

The results of this section have been published in a peer-

reviewed journal (Hartl et al., 2017a).

Receptacle

Figure 12: Fruits of F. vesca varieties RdV (A), YW (B) and HW4 (C) in
the three ripening stages ripe (left), intermediate (middle)
and green (right). Cross-section of a green F. vesca cv. HW4
fruit (D) with arrows indicating the tissues (receptacle and
achenes) separated before RNA and metabolite extraction.
Scale bars = 5 mm. (adopted from Hartl et al., 2017a)



4.2 TRANSCRIPTOME AND METABOLOME ANALYSIS OF F. VESCA

4.2.1  Metabolite profiling

Metabolite analyses of phenols, phenylpropanoids, flavonoids,
proanthocyanidins, and anthocyanins were performed by LC-MS
in receptacles and achenes of green, intermediate, and ripe
fruits of F. vesca cv. RAV, YW and HW4. Untargeted metabolite
analysis revealed that 271 metabolites accumulated signifi-
cantly different in the fruits of RdV, YW and HW4. When
hierarchical clustering was performed, the receptacle samples
of the three genotypes clustered according to their ripening
stage (Figure 13). All achene samples formed one cluster. Con-
sequently, the secondary metabolites conveying the color to the
receptacle of the red genotype is not the primary variance in
the data.

On the other hand, the targeted quantification of phenols,
phenylpropanoids, flavonoids, proanthocyanidins, and antho-
cyanins revealed that every ripening stage and tissue is char-
acterized by a particular group of secondary metabolites (Fig-
ure 14). Ripe achenes and receptacle of RdV showed high
concentrations of the anthocyanins pelargonidin glucoside,
pelargonidin glucoside malonate, and cyanidin glucoside con-
veying the red color (Figure 12), whereas in tissues of YW and
HW4 those compounds were missing completely. Green ach-
enes of RAV were dominated by gallic acid, gallic acid glucose
ester, and ellagic acid, and intermediate achenes contained
high amounts of flavonoids. The levels of secondary metabo-
lites in tissues of YW and HW4 mostly deviated strongly from
the respective tissues of the red genotype suggesting spatiotem-
poral specificities. For example, the concentration of flavonoids
was significantly reduced in green achenes of YW and HW4
compared to green of RdV, while phenols accumulated to com-
parable levels. Furthermore, differences between the two white
genotypes were detected as flavonoids and proanthocyanidins
were strongly enriched almost exclusively in green receptacle

of YW except kaempferol glucoside and catechin.
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Specific groups of
metabolites
characterized the
ripening stages.
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Figure 13: Untargeted analysis of secondary metabolites in receptacle
and achenes of strawberry varieties RdV, YW and HWy of
three developmental stages (green, intermediate and ripe).
Three to five biological replicates per data point. The vari-
ance in the data is depicted by PCA. (adopted from Hartl
et al., 2017a)
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Figure 14: Quantification of secondary metabolites by LC-MS in ach-

enes and receptacle of the strawberry varieties RAV, YW
and HW4 of three developmental stages (green, interme-
diate and ripe). Heat maps show levels expressed as per
mil equivalents of the dry weight (relative concentration),
with lowest levels shown in blue, and highest levels in red.
Individual min. and max. values are given in parentheses.
(A) Color code presentation of metabolite levels in achene
(Ac) tissues of different ripening stages (green, intermedi-
ate and ripe), and F. vesca varieties (RdV, YW and HWy).
(B) Metabolite levels in receptacle (Rc) tissues. n.d. not
detected. Three to five replicates were analyzed. (adopted
from Haértl et al., 2017a)
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4.2.2  Transcriptome profiling - global data analysis

Global mRNA sequencing of the receptacle and achenes of red-
fruited F. vesca cv. RAV and both white-fruited F. vesca vari-
eties YW and HWj4 was performed to investigate the differ-
ential accumulation of transcripts. RNA-seq yielded 19208 ex-
pressed genes out of 33673 annotated F. vesca sequences. The
500 genes showing highest expression were employed for hi-
erarchical clustering and subsequent PCA to visualize the pri-
mary variances in the data. According to the PCA, the identity
of the tissue (achenes or receptacle) was the strongest factor
(Figure 15a). Additionally, the green and ripe developmental
stages grouped together, respectively, forming clusters clearly
set apart from each other. Interestingly, the intermediate tissues
of RdV were more closely related to the ripe tissues of all three
genotypes, as against intermediate tissues of YW and HWy that
clustered with the green tissues.

In order to assess the conservation of expressed genes be-
tween genotypes a Venn graph was generated. Therefore, three
groups were created by summing up the RPM values of each
gene across the samples originating from the same genotype,
which equaled six samples per group (RAV, YW and HW;y,
respectively). The majority of genes was commonly expressed
among the genotypes. In contrast, only few genes were unique
(Figure 15b). Consequently, differential expression is more
likely to cause the lack-of-color phenotype in the white vari-

eties than presence/absence of expression.

4.2.3 Transcriptome profiling - differentially expressed genes

Differential gene expression between the red and the white
genotype was determined to find candidates possibly respon-
sible for the loss-of-function phenotype. Overall, 33 genes
were significantly down-regulated in the white genotypes (YW
and HW4) compared to the red genotype, among them early
(gene26826: chalcone synthase CHS, gene21346: chalcone iso-
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Figure 15: Global gene expression analysis among samples. (adopted
from Hartl et al., 2017a)
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merase CHI, and gene14611: flavanone 3-hydroxylase FHT) and
late (geneis176: dihydroflavonol reductase DFR, gene32347:
anthocyanin synthase ANS, and genei2591: anthocyanin 3-O-
glucosyltransferase GT1) functionally confirmed anthocyanin
biosynthesis genes (Table 22). Furthermore, gene31672 a pre-
dicted GST was among the down-regulated transcripts, as well
as two oxophytodienoate reductase-like transcripts (genei2477y
and gene25083).

On the other hand, 31 genes were significantly up-regulated
in the white genotypes (Table 23). Currently, most candidates
lack a functional annotation but are nonetheless featuring
a high fold change and overall transcript number, such as
gene30960 (logFC=4.6; 109.65 RPM in RdV, 743.31 RPM in YW
and 4,114.10 RPM in HWy). Interestingly, candidate gene27422,
functionally annotated as basic helix-loop-helix (bHLH) class
ORGa2-like transcription factor (TF), is exclusively expressed
in the white genotypes and showed the second most highest
fold change (logFC=10.3). Moreover, a predicted ATP-binding
cassette (ABC) transporter (gene32014) was among the signifi-

cantly up-regulated genes.



Table 22: Fold change (logFC) and overall sum of normalized RPM of genes significantly down-regulated in the white genotypes F. vesca
cv. YW and HW4 compared to the red genotype RdV. (adopted from Hartl et al., 2017a)

GENE ID LOGFC SUM RDV SUM YW SUM HW4 PREDICTION CONFIRMED FUNCTION
geneoo3gs  -1.9 731.88 315.17 150.83 protein ZINC INDUCED FACILITATOR-LIKE 1-like (LOC101299619)
geneo1839  -1.9 10,330.44 3,810.76 2,474.66 probable cinnamyl alcohol dehydrogenase 1 (LOC101292655)
geneo49o5  -3.7 97.83 50.39 1.57 receptor-like protein 12 (LOC101309371)
geneos464  -7.8 44.47 1.54 0.00 uncharacterized sequence
geneo66o2  -1.7 2,566.42 922.01 709.59 crocetin glucosyltransferase, chloroplastic-like (LOC101309923)
geneoy846  -4.2 34.46 46.60 0.00 pentatricopeptide repeat-containing protein Atigi2300,
mitochondrial-like (LOC101315323)
geneo8163  -5.0 58.15 30.00 0.00 uncharacterized sequence
geneioi42  -5.0 1,112.15 113.26 156.68 2-alkenal reductase NADP(+)-dependent-like (LOC101302097)
gene12477  -6.1 19.72 0.00 0.24 12-oxophytodienoate reductase 3-like (LOC101293338)
genei2s565  -4.2 1,995.58 591.07 186.81 S-norcoclaurine synthase-like (LOC101292845)
genei2s591r  -9.2 2,341.19 9.70 5.62 anthocyanidin 3-O-glucosyltransferase 2 (LOC101300000) GT1 (Griesser et al., 2008)
geneizys59  -3.4 309.99 369.76 3.36 putative F-box/LRR-repeat protein 23 (LOC101304436)
gene12884  -4.0 393.87 4.14 94.47 dirigent protein 1-like (LOC101292468)
genei3009  -4.3 75.94 12.35 2.78 F-box protein CPR30-like (LOC101302499)
geneiq611r  -2.4 2,516.77 664.53 763.09 naringenin, 2-oxoglutarate 3-dioxygenase (LOC101300182) FHT (Almeida et al., 2007)
geneisi76  -3.6 715.23 307.29 133.18 bifunctional dihydroflavonol 4-reductase /

flavanone 4-reductase (DFR) (LOC101293459) DFR (Miosic et al., 2014)
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Table 22: Down-regulated candidate genes (continued).

GENE ID LOGFC SUM RDV ~ SUM YW SUM HW4 PREDICTION CONFIRMED FUNCTION
gene16103  -1.4 771.39 317.72 267.59 pyridoxal kinase (LOC101304704)
genei6y95  -4.7 57.72 53.17 0.00 uncharacterized sequence
gene17181  -5.7 7.74 0.09 0.00 lysine histidine transporter-like 8 (LOC101292649)
gene20261  -8.0 45.42 2.53 0.00 TMYV resistance protein N-like (LOC101312392)
gene21346  -2.2 1,208.57 728.57 318.92 probable chalcone—flavonone isomerase 3 (LOC101305307) CHI (Forkmann, 1991)
gene23269  -2.7 220.80 276.56 3.82 uncharacterized sequence
gene24010  -4.6 54.15 7.10 9.93 uncharacterized sequence
gene24179  -1.7 647.85 201.67 160.11 aspartic proteinase Asp1 (LOC101314219)
gene25083  -4.9 32.68 0.48 7.99 12-oxophytodienoate reductase 2-like (LOC101297812)
gene26826  -3.2 1,308.73 407.09 245.52 polyketide synthase 1 (LOC101298456) CHS (Song et al., 2015b)
gene27955  -4.9 69.19 5.79 0.49 receptor-like serine/threonine-protein kinase SD1-8 (LOC101306554)
gene3o678  -4.1 187.53 178.71 0.63 transmembrane protein 184 homolog
DDB-Go279555-like (LOC105350765)
gene31672  -7.2 677.95 17.03 0.49 glutathione S-transferase F11-like (LOC101294111)
gene32347  -3.3 1,160.82 253.07 205.30 leucoanthocyanidin dioxygenase (LOC101308284) ANS (Almeida et al., 2007)
gene32421  -3.0 642.27 91.66 87.91 protein P21-like (LOC101300343)
gene32435  -2.5 551.19 197.64 91.74 short-chain dehydrogenase/reductase 2b-like (LOC101296098)
gene33838 -14 290.82 187.98 56.97 AMP deaminase-like (LOC101301583)
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Table 23: Fold change (logFC) and overall sum of normalized RPM of genes significantly up-regulated in the white genotypes F. vesca cv.

YW and HW4 compared to the red genotype RdV. (adopted from Hartl et al., 2017a)

GENE ID LOGFC SUM RDV ~ SUM YW SUM HW4 PREDICTION

geneo1275 6.7 0.00 6.97 8.01 uncharacterized sequence

geneo3y760 5.3 3.68 66.58 87.32 ceramide-1-phosphate transfer protein (LOC101298698)

geneo4372 4.4 0.88 1.06 150.22 mitochondrial saccharopine dehydrogenase-like oxidoreductase Atsg3g410 (LOC101312472)
geneoyg9o1 2.4 126.31 632.81 441.40 18.1 kDa class I heat shock protein-like (LOC101300322)

geneo8062 7.1 0.00 9.46 9.99 CDT1-like protein b (LOC101298288)

geneo8537 2.5 81.78 338.72 403.12 uncharacterized LOC101304935 (LOC101304935)

geneog2s54 4.5 2.60 7.46 441.69 uncharacterized LOC101298543 (LOC101298543)

genei2602 6.4 0.00 0.47 98.59 uncharacterized LOC101291726 (LOC101291726)

gene12786 3.8 3.87 7.82 138.37 B3 domain-containing transcription factor VRN1-like (LOC101297387)
genei3igr 1.5 1,126.99 2,88538  3,653.64 heat shock protein 83 (LOC101307345)

genei332o 2.1 62.67 207.20 336.93 BCL2-associated athanogene 3 (BAG3)

genei6235 2.5 69.40 231.74 471.49 homeobox-leucine zipper protein ATHB-6-like (LOC101309384)
genei6479 5.0 0.42 15.96 18.85 cysteine synthase-like (LOC101302477)

genei6510 4.4 2.11 26.95 40.82 uncharacterized LOC101294957 (LOC101294957)

geneigs33 7.2 0.00 3.52 34.73 putative receptor-like protein kinase At4goog6o (LOC105350176)
gene20844 9.1 0.00 14.51 99.44 uncharacterized LOC105353058 (LOC105353058)

gene20847  10.7 5.77 1,038.42  5,629.92 calmodulin-interacting protein 111-like (LOC101311429)

gene24034 5.2 4.63 67.52 141.62 uncharacterized LOC101294593 (LOC101294593)
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Table 23: Up-regulated candidate genes (continued).

GENE ID LOGFC SUM RDV  SUM YW SUM HW4 PREDICTION

gene24512  11.3 0.00 158.67 224.58 uncharacterized LOC101301427 (LOC101301427)

genez24545 2.8 56.32 334.93 225.68 uncharacterized LOC101302298 (LOC101302298)

gene24775 5.8 0.00 3.06 10.38 uncharacterized LOC101301427 (LOC101301427)

gene24779 7.1 0.00 7.66 18.03 uncharacterized LOC101302918 (LOC101302918)

gene26609 2.9 15.71 74.02 140.03 dolichyl-phosphate beta-glucosyltransferase (LOC101312675)

gene27422  10.3 0.00 24.45 425.64 transcription factor ORG2-like (LOC101309207)

gene27944 6.0 0.00 0.31 67.35 uncharacterized LOC101309177 (LOC101309177)

gene27945 4.9 0.25 0.28 208.49 uncharacterized LOC101305101 (LOC101305101)

gene28620 8.7 0.00 20.26 42.71 trifunctional UDP-glucose 4,6-dehydratase/ UDP-4-keto-6-deoxy-D-glucose 3,5-epimerase /
UDP-4-keto-L-thamnose-reductase RHM1-like (LOC101302674)

gene29781 7.2 0.00 15.39 11.14 anthocyanidin 3-O-glucoside 2”-O-glucosyltransferase-like (LOC101310006)

gene3o676 7.2 0.00 0.09 521.85 uncharacterized sequence

gene30960 4.6 109.65 743.31 4,114.10 uncharacterized sequence

gene32014 5.9 0.00 5.63 3.06 ABC transporter C family member 10-like (LOC101302270)
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4.2 TRANSCRIPTOME AND METABOLOME ANALYSIS OF F. VESCA

4.2.4 Transcriptome profiling - flavonoid/anthocyanin pathway

Building upon the fact that five biochemically confirmed an-
thocyanin biosynthesis genes were among the differentially ex-
pressed candidates, the whole flavonoid /anthocyanin pathway
was examined starting from phenylalanine (Figure 16). Accord-
ing to their expression profiles the genes could be assigned to
four coordinately regulated groups. (I) The first group consist-
ing of PAL, CA4H, 4CL, FLS, and FGT showed high transcript
number in green achenes of all genotypes and intermediate
achenes of the two white varieties YW and HW4. (II) Tran-
script abundance of the second group (CHS, CHI, F3H, DFR,
and ANS) was elevated in all samples of RdAV but reduced
in tissues of YW and HW4 except green achenes, and green
and intermediate receptacle. (III) The third group showed the
most significant differences in expression between the red- and
white-fruited varieties. GT1 and a GST were almost exclusively
expressed in intermediate and ripe tissues of RdV. (IV) F3'H,
ANR, and LAR formed the fourth group, which is character-
ized by high transcript abundance in green tissues of all three
genotypes and intermediate receptacle of HW4. The expres-
sion profile of GT2 did not fit into one of the four groups, as
its transcripts were primarily abundant in green achenes of all
genotypes and ripe receptacle of RdV.

4.2.5 Transcriptome profiling - flavor formation and fruit softening

The hindered anthocyanin pathway may affect other fruit ripen-
ing related biosynthetic pathways. Therefore, transcript abun-
dance of genes acting in fruit flavor formation and softening
was analyzed (Figure 17). Pinene synthase and hydroxylase
(Aharoni et al., 2004) are associated with volatile terpene for-
mation, whereas acyltransferases FCAAT1 and SAAT (Aharoni
et al., 2000; Cumplido-Laso et al., 2012) take part in ester pro-
duction. QR (Raab et al., 2006) and eugenol synthase (Aragiiez

et al., 2013) facilitate furaneol and eugenol formation, respec-
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Figure 16: Scheme of the flavonoid/anthocyanin pathway in straw-
berry fruit. Red dots indicate biochemically characterized
enzymes in strawberry fruit: ANS, anthocyanidin syn-
thase; ANR, anthocyanidin reductase; CA4H, cinnamic
acid 4-hydroxylase; CHI, chalcone isomerase; CHS, chal-
cone synthase; 4CL, 4-coumaroyl-CoA ligase; DFR, di-
hydroflavonol reductase; FGT, flavonoid glucosyltrans-
ferase; F3H, flavanone 3-hydroxylase; F3'H, flavonoid 3’-
hydroxylase; FLS, flavonol synthase; GT1, anthocyanidin
glucosyltransferase; GT2, (hydroxy)cinnamic acid and (hy-
droxy)benzoic acid glucosyltransferase; LAR, leucoantho-
cyanidin reductase; PAL, phenylalanine ammonia lyase.
Blue dots indicate putative GST, glutathione S-transferase.
Identical genes are connected by a dotted red line when ad-
jacent. Enzymes shown in the same color are co-regulated.
Heatmaps show relative transcript levels (% Max) of genes
in receptacle (Rc) and achenes (Ac) of F. vesca cv. RdV, YW
and HWy at the green, intermediate and ripe developmen-
tal stage. (adopted from Hartl et al., 2017a)
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tively, and pectin esterase (Castillejo et al., 2004), pectate lyase
(Benitez—Burraco et al., 2003), polygalacturonase (Redondo-
Nevado et al., 2001) and beta-galactosidase (Paniagua et al.,
2016) control fruit softening.

The corresponding genes showed coordinate expression,
which correlated to the fruit ripening in receptacles of all three
F. vesca varieties. Their expression almost always peaked in
ripe receptacles. However, in intermediate receptacle of the red
genotype RdV transcripts were already abundant, in contrast
to the respective tissue of the white genotypes. Here, tran-
scripts only increased in ripe receptacles and for some genes
the values even exceeded those reached in RdV. Apparently,
the ripening process in the white varieties is slowed down, as
expression of genes related to flavor and cell wall degradation
is delayed.

4.2.6  Expression of FvGT2 and FvGTs in F. vesca

By means of the transcriptome analysis mRINA-expression of
the functionally characterized UGTs FoGT2 (gene26265) and
FoGTs (gene26249, Section 4.1) was evaluated. Transcript lev-
els corresponding to FuGT2 were highest in green achenes of
all three woodland strawberry genotypes, decreased towards
the intermediate stage and increased again slightly in ripe ach-
enes (Figure 18). The same pattern was found in the recepta-
cle samples of the red-fruited variety RdV. On the contrary,
FuGT2-expression in receptacles of YW and HW4 did not reach
a second peak in the ripe developmental stage.

The transcript levels of FoGT5 exhibited considerable differ-
ences in the achenes of the red- compared to the two white-
fruited varieties. In achenes of RAV the expression pattern
was alike the one observed for FvGT2 showing a two-phase pat-
tern with increased levels in the green and ripe developmental
stages, whereas in achenes of HW4 a ripening correlated trend
was observed. In YW increased FoGT5-expression was only de-

73

Gene expression
was delayed in the
white varieties.

In RdV FuGT2
expression exhibited

a biphasic pattern.



74  RESULTS

A gene15663 pinene synthase gene22676 pinene hydroxylase gene28406 FaQR = FaEOQ

B RdV
| Yw
HwW4

£%, L = Z | ek 4

gene33976 SAAT-like gene34008 FcAAT1-like gene34011 SAAT-like

e Z

0 500 1000 1500
L 1 1
ﬂ“‘“‘%&%ﬁ
- L]
0 50 100 150
1 L 1
N
L]
0 10000 25000

0 500 1500
1 1 1 1 1
&E“%%
0 1000 3000

1 1 1
0 2000 6000
L L L L
.\

.Z.X: / 2%

T

T T T T T T
Q o QO o o
gene25258 eugenol synthaselike gene25260 eugenol synthase like < < DC] r-'l:I rII
: = N § E &8 5 € 3
% T o = o =
4 i = o
o o
81 g7
B . 7 »
I 8
g . & . /
o] o= 1 X
. L
o] <K /L ol L5 L)
T T T T T T T T T T T T
Q [&] (4] [5) [+ (=] Q (5] (4] [5) [+ [+]
L E L E
s E4 5 E 8 ¢ E S 5 E 8§
E = E = E = E =
o o (=] [=2]

B gene05463 pectin esterase gene17555 pectate lyase gene24370 pectate lyase
o ] 8 4 . b -
S 1 W Rdv e . 3

1 = yw ° 8
g | @ Hw4 . S o Y,
o~ — . w
. L]
T [ o |
=3 3 . -
— 3] o -
4 . o~ ., o
tl . P
o 4 w=:‘£. ° o 4 .—e‘l o - Bé-‘-
T T T T T T T T T T T T T T T T T
. 0 O g o o o
gene21638 polygalacturonase gene11229 beta-galactosidase <9 L E
o S E @ c § o'
- (=3 Q = QO 0o = o
4 s 8 o T e =
8 i =] o
g1 i s g ’
4 T
- 4
g = y
- [ ] N_
e .sss
o 4 .é- t o= = sy S
T T T T T T T T T T T T
<< < E] EI EI << < E] EI EI
§E L5 EQ §ELFEZ
9 = 9 = E = 9 =
o o (=] [=]

Figure 17: Transcript levels (normalized RPM) of genes encoding en-
zymes involved in (A) flavor formation and (B) fruit soften-
ing in receptacle (Rc) and achenes (Ac) of F. vesca cv. RdV,
YW and HWj at the green, intermediate (int) and ripe de-
velopmental stage. (adopted from Hartl et al., 2017a)
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tected in intermediate achenes. The overall levels in receptacles

did not show remarkable changes among the three genotypes.
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Figure 18: Transcript levels of FoGT2 and 5 (normalized RPM) in re-
ceptacle (Rc) and achenes (Ac) of woodland strawberry va-
rieties RAV, YW, and HWy at the green, intermediate (int)
and ripe fruit stage.

4.3 FORMATION OF 1,2,3,4,6-PENTAGALLOYLGLUCOSE
4.3.1 Identification of AT gene candidates

It has been shown in wild tomato (Lycopersicon penellii), thale
cress (Arabidopsis thaliana) and rape (Brassica napus) that hy-
drolases of the serine carboxypeptidase type can catalyze the
formation of ester bonds (Lehfeldt et al., 2000; Li and Stef-
fens, 2000; Li et al., 1999; Milkowski et al., 2004; Shirley et
al., 2001). These serine carboxypeptidase-like (SCPL) acyltrans-
ferases are able to facilitate acyl transfer between two molecules
of 1-O-B-glucose esters, without involvement of CoA-thioesters
(Milkowski and Strack, 2004). PGG, the precursor of EA is
supposedly formed from multiple molecules of -glucogallin
by trans-esterification reactions, which could well be mediated
by SCPL acyltransferases. Metabolite analyses in garden and
woodland strawberry (Section 4.1.5, Section 4.2) revealed green
unripe fruit tissue as main source of EA, GA, and 3-glucogallin.
To search for candidates with high sequence homology, the se-

quences of known acyltransferases were blasted against the F.
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vesca genome. Additionally, by analysis of the RNA-seq data
set the list of candidate genes could be further narrowed down.
Finally, the genes FvAT1 (gene25429), FvAT2 (gene25430), and
FvAT3 (gene25433) were selected, because according to the tran-
scriptome data their expression is highest in green, unripe tis-
sue and decreases during fruit ripening in at least one of the

three strawberry varieties (Figure 19).
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Figure 19: Transcript levels of FvAT1, 2 and 3 (normalized RPM) in
receptacle (Rc) and achenes (Ac) of woodland strawberry
varieties RdV, YW and HW4 at the green, intermediate
(int) and ripe developmental stage.

4.3.2 In vitro characterization of acyltransferase candidates

Subsequently, the candidate ATs were cloned from cDNA of
green achenes. Different sets of primers were tested, as well
as various polymerases, cDNA templates and PCR cycling
conditions. The FvAT1 and FvAT3 genes were successfully
amplified, while FoAT2 resisted cloning. Meanwhile, the F.

vesca gene models were updated on the NCBI database ac-
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cording to the new strawberry annotation release 101. During
the process, the 5,661 bp long FvAT2 sequence was split into
four individual genes FvAT2.1 (XM 004289722, gi 101305898),
FuAT2.2 (XM 004289723, gi 101306187), FvAT2.3 (XM 011459530,
gi 105349275) and FvAT2.4 (XM 011459533, gi 101307458) com-
prising a length of 1,404 to 1,419 bp (Figure 20). The protein
sequences of FvAT2.1-2.4 share a pairwise identity of more
than 61 %, while FvAT2.1-2.3 even share more than 77 % ho-
mology. Consequently, new primers were designed to match
the newly set coding regions. However, still no sequences
could be obtained.

On the other hand, the FvAT1 and 3 genes were success-
fully cloned into the pYES2 expression vector and transformed
into the S. cerevisiae strain INVSc1 (Section 3.4.1). The pro-
tein expression was induced by adding galactose, but the re-
combinant FvAT1 and 3 proteins could neither be detected by
SDS-PAGE nor by Western blot. Thereupon, different incuba-
tion temperatures, expression times and galactose concentra-
tions were tested to improve the production of the recombinant
proteins. When these attempts did not lead to increased expres-
sion, the ATs were re-cloned without His-tag to ensure correct
protein folding. This approach failed either.

4.3.3 Up-regulation of FvAT1 and 3 in strawberry fruits

In parallel to the attempts to characterize FvAT1 and 3 in
vitro, both sequences were cloned into the pBl1213552x vec-
tor and transformed into the A. tumefaciens strain AGLo (Sec-
tion 3.4.1). The transformed Agrobacteria were injected into
ripening F. x ananassa cv. Elsanta fruits to induce gene-transfer
mediated over-expression of the candidates. Agrobacteria trans-
formed with a pBli21 vector containing a GUS intron gene
served as a control (Hoffmann et al., 2006). After two weeks,
the fully ripened fruits were harvested, frozen and ground to
fine powder. Aliquots of the fruit powder were used to isolate
the RNNA, to reverse transcribe it, and to validate the FvAT1
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Figure 20: Protein sequence alignment of SCPL ATs FvAT2.1, FvAT2.2, FvAT2.3, FvAT2.4. The ClustalX function integrated in the

GENEIOUS Pro 5.5.6 software (Biomatters; http://www.geneious.com/, accessed August 2016) was employed in default
parameters, to generate this alignment.
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and 3 over-expression by RT-PCR. On the other hand, the same
fruit powder was subjected to extraction and quantification of
B-glucogallin, di-galloyl glucose and EA.

Via RT-PCR the over-expression of both ATs was confirmed,
albeit an effect on the phenotype was not observed (Figure 21).
Untargeted metabolite analysis revealed 89 compounds that
accumulated significantly different in the FvAT1 and 3 over-
expressing fruits compared to the GUS intron control fruits.
Out of these compounds, only EA and di-galloyl glucose could
be identified according to their retention time, mass spectra and
corresponding MS? spectra. Subsequent targeted analysis of
B-glucogallin, di-galloyl glucose and EA yielded low and con-
stant levels of 3-glucogallin in the FvAT1 and 3 over-expressed,
as well as in the control fruits (Figure 22). Di-galloyl glucose
was found at an equal level in the FuAT1- and GUS-treated
fruits but was clearly reduced in the FvAT3-transfected tissues.
The relative EA concentration was in both, FvAT1 and 3, signif-

icantly increased compared to the control.
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Fold change (244%Y) of FuAT1 and 3 expression in the
transgenic fruits is corrected by the AT transcript level in
the control fruits.
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DISCUSSION

5.1 CATALYSIS OF GALLOYL GLUCOSE BY UGTS
5.1.1  Gallic acid UGTs in F. vesca, F. x ananassa, and R. idaeus

UGTs that transfer sugar units from activated donor sub-
strates to specific acceptor compounds form a vast class of
carbohydrate-active enzymes (CAZymes) (André et al., 2014).
They can be classified according to their structural fold, and
according to their mechanism of stereo-chemical bond forma-
tion at the anomeric carbon atom of the product (Lairson et al.,
2008). FaGT2, FaGT2*, FvGT2, RiGT2, FaGTs5 and VvgGT1 be-
long to the family 1 UGTs, as they glycosylate small lipophilic
molecules (http://www.cazy.org/, accessed July 2016; Bowles
et al., 2005; Sawada et al., 2005). They are inverting enzymes,
which means that they permute the stereo-chemistry at the
anomeric center of the donor substrates. Furthermore, they
adopt the GT-B protein fold forming the horseshoe-like ac-
tive cleft with two so-called Rossmann folds facing each other
(Moréra et al., 2001; Vrielink et al., 1994). Within the active cleft
the B-glucogallin producing UGTs comprise the PSPG box, a
conserved C-terminal motif that is associated to plant family 1
UGTs and interacts with the sugar donor (Bowles et al., 2006).
It has been shown that UGTs that cluster into phylogenetic
groups often exhibit similar functionality (Gachon et al., 2005;
Ross et al., 2001). The candidate enzymes analyzed yield 1-O-
acyl-esters of (hydroxy)benzoic and (hydroxy)cinnamic acids,
while showing a high degree of structural relatedness. Thus,
the phylogenetic classification scheme can be applied. How-
ever, the GT2-homologous enzymes from strawberry and rasp-
berry possess a C-terminal extension of ~8o amino acids (Fig-

ure 7); a feature they have in common with a hydroxybenzoic
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acid UGT from Q. robur (UGT84A13, Mittasch et al., 2014) that
also catalyzes -glucogallin. The significance of the additional
sequence remains elusive.

5.1.2  Enzymatic activity and biochemical characterization

The GT2-enzymes showed a clear bias for tri-functionalized ac-
ceptor substrates, as they developed high affinity (low Ky) for
gallic acid, sinapic acid and syringic acid (Table 21). RiGT2
and VvgGT1 produced (3-glucogallin with the highest enzyme
efficiency (kcat/Kwm) of 20,000 s* M™ and 15,277 s M, respec-
tively. These values clearly do not meet the specificity constant
of UGT84A13 from Q. robur, which converts gallic acid with
an efficiency of 25,952 s* M (Mittasch et al., 2014). However,
they exceed the published values of VvgGT1-VvgGT3 from V.
vinifera of 4,231, 3,194 and 3,873 s* M, respectively (Khater
et al., 2012). In contrast to the GT2-enzymes, FaGT5 preferred
sinapic acid as acceptor substrate. Sinapic acid can be found in
strawberry fruits in high amounts (450 pg g™ dw; Russell et al.,
2009), as well as its glucose derivatives (Fait et al., 2008). The
sinapic acid glucose derivatives were found to accumulate in
receptacle tissues along fruit ripening, and are thought to con-
tribute to the development of nutrient transport vessels (Fait
et al., 2008; Humphreys and Chapple, 2002). Albeit, the au-
thors did not distinguish between glucosides and glucose es-
ters. In contrast, Lunkenbein et al., 2006a quantified sinapoyl-
D-glucose ester exclusively in white and turning strawberry
fruits. However, the authors did not seperately analyze recep-
tacle and achenes. Despite the accumulation of sinapic acid
glucose derivatives being a matter of discussion, one of the pu-
tative in vivo FaGT5 functions might be the formation of precur-
sors for the biosynthesis of complex phenylpropanoids such as
lignins.

Site-directed mutagenesis of FaGT2* demonstrated that
amino acids can also have a notable effect on the substrate

specificity of an enzyme, even if they are not directly part
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of the active cleft (Figure 8). Similar observations have been
noted by Bonisch et al., 2014b for a monoterpenol UGT from V.
vinifera. Both FaGT2* mutants exhibited enhanced activity to-
wards a number of substrates including gallic acid, o-coumaric
and caffeic acid (Figure 8). Interestingly, the double mutant
FaGT2*-Glug20Asp-lle422Val showed improved turnover rates
compared to the single mutant FaGT2*-Arg230Ser. It seems
that the gradual amino acid exchanges procured a step-wise
adjustment of the FaGT2* enzyme specificity to the FaGT2
activity (Table 20).

5.1.3 Correlation of UGT expression pattern and metabolite levels

Green achenes have been identified as the main source tissue
of GA, B-glucogallin and EA. Accordingly, in the red-fruited
strawberry variety RAV FoGT2-mRNA (gene26265) was most
abundant in green achene tissue, decreased towards the white
stage, and reached a second peak in ripe receptacle tissue (Fig-
ure 18). In addition, the garden strawberry FaGT2 has a ripen-
ing correlated expression, as well as a preference for the accep-
tor substrate cinnamic acid (Lunkenbein et al., 2006a). There-
fore, the GT2-enzymes seem to have two functions: in green
fruits they glycosylate gallic acid to produce the precursor of
ellagic acid and, as the level of ETs/EA decreases in ripe fruits,
they glycosylate cinnamic acid. On the contrary, in the re-
ceptacle samples of the white-fruited F. vesca genotypes a two-
phase pattern of FoGT2-expression was not detected, which is
reflected in the metabolite data as a lower level of cinnamic
acid glucose ester was detected in ripe receptacles of the white-
fruited varieties compared to the corresponding RdV tissue
(Figure 14). Several UGTs are known that show promiscuity
regarding their substrate specificity (Hall and Luca, 2007), and
it is believed that this ability is a result of constant adaption to
the ever changing environment (Ulusu, 2015). Evolution seems
to also have broadened the putative in vivo function of FvGT5
that could even diverge among genotypes. Especially in ach-
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enes of YW transcript levels were high, as opposed to low levels
of sinapic acid glucose derivatives in strawberry achenes (Fait
et al., 2008). Consequently, in achenes of YW the FvGT5 en-
zyme could catalyze the esterification of other metabolites such
as veratric acid, which was also esterified in vitro with a high
relative activity (92 %, Table 20). While veratric acid has been
detected in blueberry (Zadernowski et al., 2005), its presence
in strawberry has not been verified until now. However, the
structurally related methoxyeugenol exhibits a similar methy-
lation pattern and has been identified in ripe strawberry fruit

(Hoffmann et al., 2011).

5.1.4 FaGT2/FaGT2* in vivo activity

After injection of d,-labeled gallic acid (Section 4.1.6) into green
fruits of F. x ananassa cv. Calypso control plants and fruits of
stable transgenic FaGT2-silenced plants, the levels of EA pre-
cursors were quantified. Levels of d,-GA were elevated in the
transgenic fruits, most likely due to a diminished FaGT2 activ-
ity. On the other hand, d,-EA formation was reduced albeit not
completely. Lunkenbein et al., 2006a, who propagated the trans-
genic strawberry plants, recorded 34 % residual expression for
FaGT2, which may explain the reduced formation of EA. FaGT5
showed only base activity towards GA but probably also con-
tributed to the production of 3-glucogallin (Table 20). Interest-
ingly, the levels of d,-f3-glucogallin and d,-di-galloyl glucose
remained unchanged in the transgenic fruits compared to con-
trol fruits. The remaining FaGT2 activity seems to perpetuate
the flux towards EA but with severely reduced efficiency. This
led to reduced levels of EA and the formation of a new com-
pound not reported in strawberry fruit until now. The novel
metabolite was identified as gallic acid 4-O-glucoside (Schuster
and Herrmann, 1985). In vitro assays showed that this com-
pound is synthesized by UGT71K3 (Figure 11), an enzyme that
has been shown to also glucosylate the structurally related com-
pound pyrogallol (Song et al., 2016b). Consequently, the excess
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d,-GA was directed towards glucoside production as a result
of the ester formation being inhibited.

52 WOODLAND STRAWBERRY METABOLOME AND TRAN-
SCRIPTOME

The diploid woodland strawberry F. vesca is an ideal system
to study the genetic basis of important traits such as color in
the Rosaceae family, because in addition to a number of red-
fruited strawberry varieties also natural white-fruited varieties
are commercially available (Kaiser et al., 2016). In order to re-
veal metabolic and genetic differences in receptacle and ach-
enes of the red-fruited F. vesca genotype RdV and two white-
varieties HW4 and YW comparative metabolite profiling and

transcriptome analyses were performed.

5.2.1 Metabolite Analysis

Untargeted and targeted metabolite profiling (Section 4.2.1)
of RdV tissues showed significant spatial and temporal dif-
ferences in secondary metabolite concentration already at an
early ripening stage. Polyphenol accumulation in RdV recep-
tacle samples exhibited two peaks, as proanthocyanidins were
most abundant at the intermediate stage and anthocyanins,
quercetin glucuronide, phenylpropanoids and EA at the ripe
developmental stage. In achene tissues the metabolite accu-
mulation followed a tri-phasic profile. Phenols were increased
at the green stage, flavonoids (except quercetin glucuronide)
and proanthocyanidins at the intermediate stage, and antho-
cyanins at the ripe stage. In contrast, the polyphenol levels in
tissues of the white varieties showed a mixed pattern, and also
differences between YW and HW4 could be observed.

Four anthocyanins convey the color in red strawberries:
pelargonidin 3-glucoside, pelargonidin 3-glucoside 6’-malonate,
pelargonidin 3-rutinoside and cyanidin 3-glucoside (Kosar et

al.,, 2004, Mufioz et al, 2011; Simirgiotis et al., 2009; Tuli-
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pani et al.,, 2008). Consistent with the results of the targeted
metabolite profiling (Figure 14), those compounds were signif-
icantly reduced in the naturally white-fruited varieties (Cheel
et al., 2005; Salvatierra et al., 2013; Simirgiotis and Schmeda-
Hirschmann, 2010). However, this difference does not account
for the primary variance in metabolite accumulation between
RdV and the two white-fruited genotypes YW and HWj4, as
PCA grouped the tissues according to the developmental stage
rather than the variety (Figure 13).

5.2.2  Global transcriptome data analysis and evaluation of differen-

tial gene expression

In accordance with the metabolite profiles, global RNA-seq
data analysis also indicated early disturbances in the ripening
process of YW and HW3, as variance in gene expression of
these white-fruited genotypes compared to red-fruited RdV is
highest within the intermediate ripening stages (Figure 15).
Major anthocyanin/flavonoid biosynthesis genes were found
differentially expressed (Table 22). Among the down-regulated
genes were CHS and CHI, known to encode enzymes that
catalyze the formation of naringenin, the first product fea-
turing the characteristic flavonoid C-15 ring structure (Koes
et al., 2005). CHS assumes a key position in the pathway,
as its transient and stable down-regulation led to color mu-
tants in fruits and flowers of various plant species (Deroles
et al.,, 1998; Que et al., 1998), including the strawberry (Hoff-
mann et al., 2006; Lunkenbein et al., 2006b; Song et al., 2015b).
Furthermore, F3H and DFR expression was reduced, whose
encoded proteins are responsible for the oxidation of narin-
genin to dihydrokaempferol (F3H, Forkmann, 1991) and sub-
sequent reduction to leucoanthocyanidins (DFR, Wang et al.,
2013). Likewise, transcripts of ANS and GT1 were significantly
down-regulated, thereby impairing the production of colored
anthocyanidins (Abrahams et al., 2003) and their glucosylation
(Griesser et al., 2008). The resulting glucosylated anthocyanins,
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which are responsible for the color of flowers and fruits, are
accumulated in the plant vacuoles (Grotewold, 2006). More-
over, transcript abundance of a putative GST (gene31672) was
significantly reduced in the white genotypes (Table 22). It
has been shown in several plants, including Arabidopsis (Ki-
tamura et al,, 2004), maize (Marrs et al., 1995) and petunia
(Mueller et al., 2000) that GSTs can presumably act as carriers
for the transport of anthocyanins to the vacuole. Also, GST
Solyco2go81340 from tomato (Solanum lycopersicum), ortholo-
gous to gene31672, was associated with anthocyanin synthe-
sis (Qiu et al., 2016; Tohge et al.,, 2015, Zhang et al., 2016).
Therefore, the GST candidate gene31672 might act in pigment
transport. Along with the many characteristics of the candi-
date gene, its expression profile showed striking co-regulation
to GT1 (Figure 16) and thus validates its putative function.
Furthermore, the two putative 12-oxophytodienoic acid reduc-
tases (OPRs) gene12477 and gene25083 were among the down-
regulated transcripts. OPR3 from A. thaliana catalyzes the
peroxisome located conversion of (95, 135)-12-oxophytodienoic
acid to 3-2(2'(Z)-pentyl)cyclopentane-1-octanoic acid, a crucial
step in the biosynthetic pathway of the phytohormone jas-
monic acid and its derivatives (Sanders et al., 2000; Stintzi and
Browse, 2000). Jasmonates derive from cyclopentanone and
are synthesized in the octadecanoid pathway (Delker et al.,
2006). They are known to function in plant development and
growth (Cheong and Choi, 2003) but also in defense mecha-
nisms against insects and fungal pathogens (McConn et al.,
1997; Vijayan et al., 1998). Recently, the jasmonic acid deriva-
tive methyl jasmonate has been associated to fruit ripening and
coloration in grapevine (V. vinifera, Jia et al., 2016). Methyl
jasmonate-treated developing fruits exhibited increased lev-
els of anthocyanin pigments as well as elevated transcripts of
ripening-related genes, such as PAL, DFR, CHS, CHI, F3H, FGT,
and GST. Interestingly, in addition to softening- and aroma-
related genes also the jasmonic acid biosynthesis gene OPR3
was among the up-regulated transcripts. Likewise, our results

suggest a relationship between fruit coloration and expression
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of the putative OPRs genei2477 and gene25083. However,
the expression of a functional jasmonic acid carboxyl methyl-
transferase is negatively correlated with the strawberry fruit
development (Preufs et al., 2014).

Differential expression analysis also revealed a number of
genes significantly up-regulated in the white genotypes (Ta-
ble 23) such as gene27422, an annotated bHLH TF. It is
known that the expression of anthocyanin biosynthesis genes
in plants is regulated by a protein complex consisting of
myeloblastosis (MYB) family, bHLH and WDgo-repeat TFs
(Allan et al., 2008; Jaakola, 2013). Limited knowledge is avail-
able about plant bHLH class TFs. They function in anthocyanin
biosynthesis, as well as in phytochrome signaling, fruit dehis-
cence and carpel/epidermal development (Schaart et al., 2013;
Vallarino et al., 2015). Therefore, the TF presumably encoded
by candidate gene27422 could regulate pigment formation in
strawberry. MYB proteins have been studied more intensively.
In strawberry, MYB1 (geneog407) was characterized as tran-
scriptional repressor of the anthocyanin biosynthesis (Aharoni
et al., 2001, Kadomura-Ishikawa et al., 2015; Salvatierra et al.,
2013). According to our data the respective gene did not exhibit
differential expression. Therefore, MYB1 might not account for
the lack-of-color phenotype in the white-fruited strawberry
varieties analyzed here. As activator of pigment formation in
strawberry, MYB10 (gene31413) was recently introduced (Lin-
Wang et al., 2014; Medina-Puche et al., 2014). Moreover, it was
suggested that a single amino acid substitution in the MYB10
protein could be responsible for the lack-of-color phenotype in
YW and HW4 (Hawkins et al., 2016). However, the transcript
and metabolome profiling (Section 4.2.1 and Section 4.2.2) re-
vealed variations in the ripening process of these genotypes
already at the green stage, where MYB1o0 transcripts are very
rare. Consequently, it can be concluded that additional MYB
TFs might govern the biosynthesis pathway of anthocyanins in
strawberry. In addition, a predicted ABC transporter C family
member (gene32014) was found significantly up-regulated. Re-
cently, it has been shown that ABC transporters, in particular
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from the subfamily C, are able to mediate the transport of an-
thocyanins into the vacuole (Buer et al., 2007; Francisco et al.,
2013; Goodman et al., 2004). The reason for the up-regulation
of this candidate ABC transporter in strawberry genotypes lack-
ing anthocyanins remains elusive. However, the minor overall
transcript levels of gene32014 detected in RdV, YW and HW4
(0.00 RPM, 5.63 RPM and 3.06 RPM, respectively; Table 23)
suggest other ABC transporter genes to be involved in the
transport of strawberry pigments. Amongst the up-regulated
genes were candidates equally high expressed in both white
genotypes, such as gene3og6o and gene13191 but also candi-
dates exclusively expressed in either one or the other, such as
gene30676 and geneo4372. This indicates not only transcription-
related differences among the red- and white-fruited varieties

but also among the two white genotypes.

5.2.3 Transcript levels of functionally confirmed anthocyanin/fla-
vonoid biosynthesis genes

The anthocyanin/flavonoid biosynthesis genes could be classi-
tied in coordinately regulated groups according to the expres-
sion profiles. Early pathway genes (PAL, CA4H and 4CL), piv-
otal for overall polyphenol precursor formation, were mainly
expressed in immature seeds of the red and white fruit va-
rieties, respectively (Figure 16). Co-regulation of these genes
has also been reported in parsley leaves and cell cultures when
exposed to stress conditions (Logemann et al., 1995). Down-
stream genes CHS, CHI, F3H, DFR and ANS, involved in the
provision of precursors for proanthocyanidin, flavonoid and
anthocyanin formation, were co-expressed amongst each other.
This has been also shown in apple fruits for CHS, F3H, DFR
and ANS during ripening-related peel coloration (Honda et al.,
2002). The transcripts of these flavonoid genes accumulated
mostly in green pulp of YW, where they contribute to the high
levels of flavonoids and proanthocyanidins (Figure 14). The
co-regulated transcript profiles of GT1 and GST were striking.
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Anthocyanidin UGTs are most critical for fruit coloration in var-
ious plants, including strawberry (Griesser et al., 2008), grape
(Kobayashi et al., 2001), apple (Honda et al., 2002) and litchi
(Wei et al., 2011). Low expression of these genes result in
absence or extremely low pigment concentrations. GT2 was
mainly expressed in green tissues of all genotypes and red re-
ceptacle of RdV. It might assume a dual function as GA UGT
in early fruit development (Schulenburg et al., 2016a) and (hy-
droxyl)cinnamic acid UGT in late stages (Lunkenbein et al.,
2006a).

5.2.4 Interaction of polyphenol metabolism, fruit flavor formation
and softening

A connection between fruit flavor and polyphenol metabolism
has been observed frequently, as phenolic compounds can
serve as precursor molecules in flavor biosynthesis (Koeduka
et al., 2006). Consequently, the expression levels of the con-
tirmed flavor biosynthesis genes pinene synthase and hy-
droxylase (genei5663 and gene22676; Aharoni et al., 2004),
alcohol acyltransferases (AATs) (gene33976, gene34o11 and
gene34008; Aharoni et al.,, 2000; Cumplido-Laso et al., 2012),
QR (gene28406; Raab et al.,, 2006) and eugenol synthases
(gene25258 and gene25260; Aragiiez et al.,, 2013) were ana-
lyzed in the red and the two white fruit varieties (Figure 17).
It appears that expression of these flavor genes is delayed in
the white genotypes, as transcripts were only abundant in ripe
receptacles of YW and HWy, in contrast to RdV, where ex-
pression already increased in intermediate receptacles. This
finding is consistent with the PCA analysis (Figure 15a), as
intermediate tissues of the white varieties clustered with green
tissues and intermediate tissues of RdV with ripe tissues. More-
over, the expression profiles of the functionally characterized
fruit softening genes pectin esterase (geneos463; Castillejo et
al., 2004), pectate lyases (gene17555 and gene24370; Benitez-
Burraco et al., 2003), polygalacturonase (gene21638; Redondo-
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Nevado et al., 2001) and (3-galactosidase (gene11229; Paniagua
et al,, 2016) corresponded with this assumption. Above all,
the genes related to fruit flavor formation and softening are
co-regulated.

5.3 IDENTIFICATION AND CHARACTERIZATION OF PUTA-
TIVE ATS

5.3.1 Trans-esterification mediated by serine carboxypeptidase-like
(SCPL) acyltransferases

The formation of B-glucogallin from GA and UDP-glucose
was first shown in enzyme assays containing protein extracts
from oak leaves (Gross, 1983a). Interestingly, within the same
preparations the authors observed the accumulation of di- and
tri-galloyl glucose molecules - a reaction that would normally
require energy-rich co-factors. Consequently, it was assumed
that in this reaction (-glucogallin serves as "activated" com-
pound, thereby acting as acyl-donor and -acceptor likewise
(Gross, 1983b). Furthermore, it was revealed that this co-
factor-free mechanism applies to every acyl-transfer step from
B-glucogallin towards the formation of PGG (Cammann et
al., 1989; Gross and Denzel, 1991, Hagenah and Gross, 1993;
Schmidt et al., 1987).

Most acyl-transfers in plants are conveyed by BAHD family
acyltransferases. They acylate a wide range of natural com-
pounds and use CoA-activated thioesters as donors (D’Auria,
2006). As PGG formation does not require additional co-factors,
other enzymes must have acyl-transfer activity, too. Recently, it
was reported that proteins of the serine carboxypeptidase type
can act as acyltransferases (Milkowski et al., 2004; Mugford et
al., 2009; Shirley et al., 2001). Despite their close relatedness
to proteases they do not exhibit peptidase activity but medi-
ate acylation instead (Mugford and Osbourn, 2010). Appar-
ently, constant adaption to changing environmental conditions

has enabled plants to diversify protein functions. Similarly,
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FaGT2 holds a dual function (Section 5.1.3). As an example, A.
thaliana acyltransferase SMT catalyzes the formation of 1,2-di-
O-sinapoyl-fB-D-glucose from two molecules of 1-O-sinapoyl-{3-
D-glucose, while releasing free D-glucose (Stehle et al., 2008a,b).
The chemical structures of sinapic acid and gallic acid resemble
each other (Figure 23). Therefore, the production of di-, tri-,
tetra-, and pentagalloylglucose could follow the same mech-
anism. Like serine carboxypeptidases, SCPL acyltransferases
feature a o/ hydrolase fold and a conserved protein sequence
motif (serine, histidine, and aspartate), which is referred to as
"catalytic triad" (Stehle et al., 2009). However, SCPL acyltrans-
ferases have developed a slight alteration to the catalytic mech-
anism along evolution that distinguishes them from ordinary
proteases. In order to incorporate the complex acyl glucose sub-
strates, the network of hydrogen bonds in the active cleft was
modified (Mugford and Milkowski, 2012). In contrast to the
proteases, which possess the "GESYA" (glycine, glutamate, ser-
ine, tyrosine and alanine) penta-peptide motif, acyltransferases
seem to have adapted a conserved "GDSYS" (glycine, aspar-
tate, serine, tyrosine and serine) sequence (Fraser et al., 2005;
Mugford and Osbourn, 2010; Mugford et al., 2009; Stehle et
al., 2009). Of the acyltransferases analyzed here, FvAT2.4 and
FvAT3 contain the "GDSYS" motif, whereas FvAT1 shows the
sequence "SDSYA". Site-directed mutagenesis of the FvAT1 mo-
tif could provide information about functionality and substrate
specificity.

5.3.2  Production of recombinant FvAT1 and 3

Expression of recombinant FvAT1 and 3 was not detected. It
has been suggested that SCPL acyltransferases are secreted
to other cell compartments (e.g. vacuole), and that therefore,
a complex mechanism of post-translational modifications is
necessary for correct protein folding (Mugford and Milkowski,
2012). For this reason, the eukaryotic host organism yeast was
employed albeit without success. One possibility to improve
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Figure 23: Comparison of the chemical structures of sinapic acid (A)
and gallic acid (B).

the recombinant protein expression would be to tailor the se-
quences to the requirements of the host. The production of
recombinant AtSMT in S. cerevisiae, for example, a sinapoyl-
transferase from A. thaliana was improved after optimization
of the codon usage and after removal of sequence motifs that
disturbed the protein expression in yeast (Stehle et al., 2008b).
Furthermore, other eukaryotic hosts such as Nicotiana benthami-
ana should be tested to allow correct folding.

5.3.3 Transient over-expression of candidate ATs in strawberry
fruits

Via LC-MS measurements, the levels of (-glucogallin, di-
galloyl glucose, and EA were determined in fruits carrying
over-expression constructs of FvAT1, FvAT3 and a GUS intron
control. The overall concentration of -glucogallin was low
in all tested tissues (Figure 22). As precursor molecule, it is
subjected to transformation into EA, which causes constant
consumption of the intermediate (Section 5.1.4). The amount
of di-galloyl glucose was decreased in FvAT3 over-expressing
fruits, but unchanged in FvAT1 over-expressing fruits com-
pared to the control. On the other hand, EA clearly accumu-
lated in both transient transgenics. Until now, it is not known

how many enzymes are involved in the formation of PGG. In
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theory, every trans-esterification step could be mediated by
an individual acyltransferase. Our results suggest that FvAT3
might be involved in the production of a higher intermediate,
e.g. tri- or tetra-galloyl glucose, thereby reducing the di-galloyl
glucose concentration. FvAT1 might catalyze other steps of the
trans-glucosylation cascade. These results provide a first indica-
tion of the in planta function of FvAT1 and 3. However, further
characterization is necessary, and special emphasis should be
laid on the detection of in vitro activity.



CONCLUSIONS AND OUTLOOK

Over the past decade, natural plant products have become of
major interest for the pharmaceutical, food and cosmetic in-
dustry. Polyphenols such as EA/ETs along with their precur-
sors are of special importance to the public health. Moreover,
they contribute to an effective protection against human dis-
eases, exhibit antioxidative, antimicrobial and antifungal prop-
erties and are believed to delay skin aging. Indeed, recent
findings strongly support the commonly held theory that these
compounds have significant pharmacological and physiological
properties. Ultimately, the goal would be to breed species nat-
urally containing a high amount of applicable bio-active plant
polyphenols, and make it available within a consumers reach.
However, too high concentrations of EA/ETs would lead to
unpalatable fruits due to their ability to precipitate proteins.
Therefore, a balanced aroma and polyphenol profile would be
crucial.

Considering the limited availability of sources containing
EA and ETs, strawberry is an optimal choice. Firstly, it is a
particularly rich source of these health-promoting polyphenols.
Secondly, it is easily propagated as it possesses a comparatively
short life cycle in comparison to other source plants, such as
pomegranate and walnut. Lastly, its appealing deep-red color
and sweet flavor is much valued by consumers all over the
world. But before modification of the content of these polyphe-
nols in plants can be enabled, the biosynthetic pathway of
EA/ETs needs to be elucidated completely. This thesis con-
tributes to its clarification: Firstly, the enzymes catalyzing the
first known precursor of hydrolyzable tannins B-glucogallin
were identified and characterized in garden and woodland
strawberry, and raspberry. Secondly, extensive metabolome
and transcriptome analysis enabled a deeper insight into the
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biosynthetic pathway of secondary metabolites and allowed
the selection of candidate genes presumably involved in the
formation of PGG, the subsequent precursor of EA/ET biosyn-
thesis. Thirdly, in vivo characterization of these candidate genes
substantiated their putative function. However, further studies
are necessary to complete the story. Special emphasis should
be laid on the characterization of the enzymes facilitating the
formation of di-, tri-, tetra- and pentagalloylglucose, as re-
combinant protein expression of FvAT1 and 3 could not be

achieved.
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