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ABSTRACT

MOLECULAR MAPPING AND CHARACTERIZATION OF
PHENYLPROPANOID PATHWAY GENES IN COMMON BEAN
(PHASEOLUS VULGARIS L))

Zeinab Yadegari Advisor:
University of Guelph, 2013 ProfessoK. P. Pauls

Common bean is a nutritionally and economically important food crop and a major source

of dietary protein in many developing countries throughout the world. Seedotoatand

size in this crop are the main fagdetermining its markebility in different parts of the

world. Flavonoid compounds that are responsible for seedcolmairin beans have been

shown to have antixidant, antiproliferative, antitumor, antii n pa mmat of y, and pr o
apoptotic activities. They alsnayenhance the resistance of bet pest and diseasa.

better understanding of the relationsijetween seed coablour andlavonoid

metabolism in the seed caatyhelp breedexto select for more nutritionaHlipeneficial

bean varieties. The objective of this research wasstahe hypothesis thtite genes

determining colour in bearase structural and regulatory genes of the phenylpropanoid

pathway.

The map positiosof phenylpropanoid genes were determinetiia recombinant
inbred populations. Segregation patterns®phenylpropanoid pathway genes in the
BAT93 x Jalo EEP 558 RIL population and five phenylpropanoid pathway genes in OAC

Rex x SVM Taylor were used to place them on the linkagesoaphese populations. Five



out of 18 genes were mapped with#ti2 cM ofcolour gene loci in the BAT93 x Jalo EEP

558 RIL population.

Thesequenceof centralgenes of the phenylpropanoid pathwegre determined by
sequencing BAC clonesselected with probes fiwo PAL genesfwo CHSgenes, DFR,
and Myb.The functional annationsof theBAC clones were determined atite
similarities between bean phenylpropanoid genes and their corr@sponitiologs in other

plant species were investigated.

A recently developedpproach of whole genome sequence comparison was utilized
to comparehe microsynteny of the sequenced BAC clonéh regions of thesoybean
genomeThe physical locations of BAC clones were verified thie bean genome and their
counterpart locations adhesoybean genome were confirmdthe resultsagreed with
previous studies that indicated that bean genome segments have two homologous segments
in soybean and confirmete hgh degree of microsynteriiiatis shared betvwen bean and

soybean.
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|. Introduction

The bean crop in the world and Ontario

Common beanRhaseolus vulgarit.) is a nutritionally and economically important food crop
grown around the world. It is a major source of dietary pmateLatin Americaand a source of
income for specialty crop farmers in Canada and other countries. Brazil, India, Myanmar, China
and USA are the top producers of dry beans in the world (FAOSTAT, 2011).

Canada produced 2@housandonesof dry beans in 20312 (AAFC, 20B) with
average price of 970000 $fone. Eighteerktons of this production asused domestically,
whereas144 ktons were exported. Ontario, Manitoba and Alberta are the major dry bean
producing regions (AAFC, 2011). Gamto produces approximate®p% of Canada's dry beans.
In 2010, beans provided $2&tllion from exports with $13nillion from Ontario production

(AAFC, 2011).

Centres of origin for P. vulgaris

P. vulgaris(common bean) is the most important member oPth@seolugenus. Common

beans were domesticated in two distinct geographical,aviéddle America and the southern
Andes which resulted in two gergools. The Middle American region encompasses southern
Mexico andnorthernCentral America, and the Andean region includes southern Peru, Bolivia
and Argentina (Geptd988). Several lines of evidence including anthropological, molecular,
proteomics, metabolomics and transcriptomics support the existendteodrdigene pools

(Gepts 1988; Mensack et al. 2010). Evidence from DNA sequence analysis of different genes
presents clear evidence of a Mesoamerican origih glilgaris which was most likely located

in Mexico. From there different migration eventsemded the distribution &?. vulgarisinto

1



South America (Bitocchi et al. 2012)ifferences in molecular markers, morphology,
reproductive isolation, and geographical and ecological adaptations support the idea that
divergence of the wild ancestors oagedr before domestication of the Middle American and

Andean landraces (Singh991).

The first gene pool, known as the Mesoamerican gene @gmahins small and medium
seeded beans, whereas the Andean genecpotdinsmainly largeseededeangGepts, 188).
The Middle American landrace can be further subdivided into three Messamerica,
GuatemalaDurango, and Jalisdavith the latter two grouped togethgand the Andean landrace
can be subdivided into three races: Chile, Nueva Granada and ReylugiSal. 1991; Beebe et
al. 2000,200Z; Blair et al. 2009.

Among the North American market classes of dry beans, the small seededmallyed
and black beans belong to race Mesoamerica, while the medium seeded pinto, great northern,
pink, and redMexicanbeans belong to the Durango race of the Mesoamerican gene pool.
Moreover, the large seeded kidney and cranberry beans belong to the race Nueva Granada and
the cranberry beans belong to the race Chile of the Andean gen&pabl, 1991) These
ecogeographical races can be distinguished from one another using molecular markers, as well as

morphological and physical characteristics (Sirkfi91).



Il. L iterature review

Nutritional importance of dry bean

Common bean is a major source of caloaed protein in many developing countries throughout
the world. In South and Central America as well as Eastern and Central Africa dry bean is the
main source of dietary protein (Reye®reno and Pareddsopez, 1993). Common beans are
also good sources gitamins (thiamine, riboflavin, niacinjtamin B6) and mineralsuch as:

Ca, Fe, Cu, Zn, P, K, and Mg. They are excellent sources of complex carbohydrates and
polyunsaturated free fatty acids (linoleic, linolenic) (Reyegeno and Pareddsopez, 1993).
Legumes and cereals are nutritionally complementary since legumes are a rich source of S
containing amino acids argsine, whereas, cereals contain more methionine (Gepts and Bliss,

1985).

Apart from being an important source of protein, beans have haeayta peut i ¢ bene
Flavonoids that are present in beans have been shown to haeridatit, anticell
proliferation, antitumor, antii n p a mma t o rapoptoti@acteritiep (Wiliams et al. 2004;
Taylor and Grotewold 2005; Singh et al. 2008). Thesepounds interact with key enzymes, as
well as signaling cascades involving cytokines and transcription factors, or antioxidant systems
with healthpromoting effects (Polya, 2003). On the other hand, some flavonoids may cause
beans to darken icolouruponagingand alsanaking them hard to cook and digest (Aw and

Swanson, 1985).

Alternatively, beans have antinutritional factors that interfere with the biological
utilization of nutrientsThesefactors inclideoligosaccharides (raffinose, stachyose and

verbascose)tannins,sapponins, phytic acid and lectins. Oligosaccharides in bean have limited



digestibility and are responsible for gastrointestinal discomfort in some individuals €Pailce
1988). Saponins, which are primarily aptedation compounds piants, cause the lysis of
erythrocytes and make the intestinal mucus membrane permeable (Khalitadavil, 1994).
Phytic acid also binds to proteases and amylases in the digestiyertviabtcan interfere with
protein and carbohydrate digestion. $&e&ompounds also can block the absorption of macro
nutrients like zinc, calcium and iron (Tabekhia and Luh, 1980). Lectins are made of sugar
binding proteins and have the strongest antinutritional effect. They can cause bloating, nausea
and diarrhea (Liegr, 1982). Hernandelnfante et al. (1979) found that the digestibility of bean
protein were lowest for black seeded bean followed by red beans, while they were highest for

white beans.

The genetis of seed coatolour in bean

Considerable variability egts in common bear( vulgarisL.) for seed characteristics, and
consumers have specific preferences for various combinations of size, shagg#oanaf the
dry bean seeds. Seed coalourand seed size are the two main characteristics that iddmeify t

numerous market classes recognized throughout the world (Beninger et a). 1998

Genetic analyses have identified specific genes that control seed coat Jafetn J,
Bip, andAna) andcolour(P, C, R, J, D, G, B, V, andRK); (Prakken, 1970, 1972). Phaseolus
C, D, andJ are thecolourgenes wherea§, B, V andRkare modifying genes that have
intensifying or darkening effects upon patdours (Prakken, 1970). Many of these genes exhibit
epistatic interactions with other genes, which define the many seed coat patterokasd
observed within the species (Beninger et al. 829Bable 1 shows the phenotype causeedh

colourgene andts position onthebean chromosome.



Table 1.Seedcoatcolourand pattern genes and their effects on the seed coat of common bean
based on the core map linkage group designation. (Adapted from Bassett, 2007)

Colourand pattern genes of common bean seed coat Map linkage group

Trait name Symbol

(none found) Bl
Brown seed coat B B2
Red kidneycolours (recessive red) Rk B2
Hilum ring colouror partlycoloured seed coat Z B3
Yellow seed coat G B4
(none found) B5
Violet (to blue or black) seed coat \ B6
Seed coatolourground factor P B7
Greenish yellow seed coat Gy B8
Oxblood red seed coat (dominant red) R B8
Seed coat pattern (vs. cartridge buff) C B8
Podcolours (purple to red) and patterns Prp B8
Partlycoloured seed coat (ground factor) T B9
Partlycoloured seed coat (bipunctata) Bip B10
Immature seed coablours (and J B10
afterdarkening) or partlgoloured seed coats

(none found) B11

TheP locus is known as the ground factor for all seed coklmiurgenotypes. Thp allele
causes white seed coat and flower (almost) regardless of the gefuotgpg other gene in the
complex genetic system controlling seed @mour. In the presence oP allele, flower and seed
coat color are determined by plant genotype for atbtar genesThere are several alleles at the
P locus.Thep® alleleis for grayish whiteolour. This geneausegwith V) grayish white seed
coat and a distinctive pattern of violet and white floa@pur. The p** (stippled)allele causes
fine dotting on the seed coat. Another allele at this locp®ghalf banner whiteyvhich
mic

controls a distinctive seed coat and flower pattern.presence of thallele,p™ (micropyle

stripe)results ina unique phenotype in the seed codtrimihing on the flower. On the basis of



allelism test results (Bassett, 2007), the dominance order of the six known alleles at P locus is as

follows:
P> pmic> phbw> pstp> pgri> p

Association betweercolour genes andhe phenylpropanoid pathway in commnon bean

In common bean a number of flavonolisse beemsolated and identifiedHeenstra, 1990
Researchers accept the fact that the pigments responsible for sesnl@oan P. vulgarisare
flavonoidsand related chemical substan¢Beninger et al. 199§. In particular, several
glycosidic forms of quercetin and kaempferol have been identified in seBdyubaris
(Beninger et al. 1998 Beninger et al. 199%lifford, 1996 Hertog et al. 1993ertog et al.
1992 Romani et al. 20Q45calbert and Williamson, 200Uinson et al. 1998 The seed coat
colourof dry beans is determined by theesence and amounts of flavonol glycosides,
anthocyanins, and condensed tannins (proanthocyanideeigfa1960). Beninger et al.
(1998, 1999) obtained a variety of seed coalburgenotypes and identified the istae

phenolic compounds that were responsiblectiour.

There has been a desire to investigate the relationship betaleengenes and pigment
synthesis in common bean. Feenstra (1960) famassociation between C, J and V genes and
flavonoid compouds but was unable to determine the biochemical effects of single genes. The
anal ysis of flavonoids present in OPcolomé, a m
was the beginning of the renewed efforts to establish the relationship betw&antihadian
genes controlling seed caailourin P. vulgarisand the pigments present in the seed coat
(Beninger et al.1998. Two flavonol glycosides and no proanthocyanidins (condensed tannins)

were found in the met han gWworkehowed that bnty flawdnol 6 Pr i mo
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monomers were produced when the dominant alleéleasdG were present and the remaining
loci were recessive but did not determine the biochemical actions of any of the genes responsible

for seed coatolour (Beninger et al.99&).

Feenstra (1960) concluded from his studies @jatomotes the formation of
anthocyanins and flavonol glycosides and Leakey (1988) showed that theSgam#8 control
the production of a &- diglycoside on the quinoid ring of the flavonol and the hydroxylation of
the Bring of the flavonoid nucleus, respectively. Beninger et al. (1999, 2000) showed that
anthocyanin production is dependent\ymand that thé3 gene may act to regulate a common
precursor to all anthocyanins (Fig 1). The precursor is then converted to anthocyanins (Beninger
et al. 2000). Substitution of allebefor B, caused a decline in the amount of the main flavonoid
monomer, astragalin (kaempferelBglucoside) (Fig 1). Dingrokaempferol is needed for
synthesis of both anthocyanins and flavonol glycosides,Bmay act to promote synthesis of a
common precursor, either at or before conversion of the flavanone, naringenin, to
dihydrokaempferol (chalcone synthase or chalésomerase steps) in the flavonoid biosynthetic
pathway (Beninger et al. 1999) (Fig 1). Beninger et al. (1999, 2000) provide experimental
evidence supporting Feenst JimRBwlgdridgp@roleythehy pot he
production of proanthocyadins (condensed tannins) and showed that only genotypes with a
dominant allele at thélocus had proanthocyanidins (Fig 1). They also found three flavonol
gl ycosides and proanthocyani di nredkidneyyandt o ant ho
concludedhatwith P andcu, three flavonol monomers are produced, but the alles)drkd
interact withcu to restrict the production of the flavonol glycosides to one kaempferol

(astragalin) compound, the other two flavonols being quercetins (Berngke1999).



4-coumaroyl-CoA Malonyl-CoA
~ /7

-~ #~_~0OH
+. OH . 2 = |
| T B ! HO 05
HO. . O e A %
HO. o\ -OH # I/\\ \L\/l[
oY - T e TG
o .

0OH

OH OH
rpl Flavanone Flavan-4-ol “
Chalcone ““H_HH / T
T~ ~ Phlobaphenes
sl “‘MHH
P / HO \Q,o :L
_OH e —
il
" . o D OH 0 ~"op

Isoflavonoid

G

=\ v
Kaempferol Leuco-anthocyanidin

Glucosylation l

V'
/ ~
(,\%T,OH T, -OH
| | j
HO -0 Proanthocyanidins HO- oy -0 ~F
| | (condensed tannins) \E 3 i
R N o S \.O
0H 0 et os A
Astragalin

Anthocyanidin glucoside

"Yellow and Yellow-Brown'" Genotypes "Black" Genotypes
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To date, our knowledge of the flavonoids resulting from the action of the seemblmat
determining genes has bden the most parinferred from other plant systems such as maize
(Zea may4..), petunia Petunia hybridaHort. Vilm-Andr.) and snapdragg@ntirrhinum majus
L.) (Koes et al. 1994But, the identities of the seed caatlourgenes irP. vulgaris the
pathways they function in and the products resulting from their action have not been elucidated

and ardargelyspeculative.



Phenylpropanoid pathway andcolour

Phenylpropanoids are a diverse group of plant secondary metabolites, including: anthocyanins,
flavonols, proanthocyanidins (PAghd lignins (Fig 2). These compounds accumulate in a wide
variety of plantissues Delucet al. 2006).
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Figure 2. Scheme of branch pathways of phenylpropanoid metabolism in plants leading to the
synthesis of anthocyanins, flavonols, PAs, and ligaimzymes that function in multiple or

specific pathways are indicated. Abbreviations are as follows: ANRoeydnidin reductase;
ANS/LDOX, anthocyanidin synthase; CAD, cinnamyl alcohol dehydrogenase; C4H, cinnamate
4-hydroxylase; CCR, cinnamil0A reductase; C3H-doumarate dhydroxylase; 4CL, 4
coumarateCoA ligase; CHS, chalcone synthase; CHI, chalcone ismsae COMT, caffeic acid
O-methyltransferase; DFR, dihydroflavonetdductase; F3H, flavanoneh¥droxylase; F3'H,
flavonoid 3*hydroxylase; F5H, ferulate-bydroxylase; FLS, flavonol synthase; 3GT (UFGT),
UDPG-flavonoid-3-O-glucosyltransferase; LAR, leucoanthocyanidin reductase; LDOX,
leucoanthocyanidin dioxygenase; PAL, Phe ammdyaae; 3RT, anthocyanidi®-glucoside
rhamnosyl transferas@zromDelucet al. 2006)
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Flavonoids are low molecular weight secondary metabdhgsare not essential for
plant survival. These bioactive compounds are widely distributed throughout the plant kingdom.
Over 9000 structural variants are known (Williams and Grayer 2004) and their biosynthetic
pathways have been characterized in detaiumerous plant species (Springob et al. 2003).
Flavonoids have different roles in plants, including effects on: auxin transport (Peer and Murphy,
2007), plant defense (Treutter, 2005), allelopathy (Bais et al. 2006), and the levels of reactive
oxygen speies (ROS) (Taylor and Grotewold 2005; Bais et al. 2006). Flavonoids attract
poll inators booloup(Ma etald998) gnd im mang species they are required
for pollen viability (Mo et al. 199@lenin Howeve
Arabidopsis thaliangBurbulis et al. 1996), which suggests that other molecules can compensate
for their absence in these plants. Flavonoids protect plants against UV radiation {Bhile),
2002) anedepyaavi emai dnut aentd WV irradiatgon Qitetsac I O@3). i b |
Favonoids have also have evolved particular roles in legume to signal symbiotic bacteria in
establishing the legurAghizobium symbiosis (Wasson et al. 2006). They have important direct
roles in root nodule developme@hang et al. 2008). Flavonoids also accumulate in the
di fferent | egume or gans inviraroot forrpation (incireetal. he deve
2007). Moreover, PAs subsequently lead to condensed td@iiasandhese in turn can

protect plants agast microbial anfungal growth (Dixon et al.2005).

The first step in the general phenylpropanoid pathway is catalyzed by phenylalanine
ammonia lyase (PAL), and produces cinnamic acid from phenylalanine. Subsequent steps in the
phenylpropanoid pathway chael compounds into diverse branches, such as the flavonoid and

isoflavonoid branch, leading to the synthesis of a wide variety of metabolites.
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Chalcone synthase (CHS) is the first enzyme leading to the flavonoid/anthocyanin
biosynthetic pathway. It belosdo the type Il polyketide synthase (PKS) family of enzymes
and catalyzes the stepwise condensation of esmmaroylcoenzyme A (CoA) with three
malonytCoAs to produce naringenin chalcone and isoliquiritigenin that have the C15 flavonoid
skeleton. Thee central intermediates go through isomerization and further substitution to
produce a set of flavonoid phytoalexins, anthocyanin pigments, and isoflavonoids (Fig 3). In the
isoflavonoid biosynthesis branch, CHS supplies the chalcone to downstream etigimes

synthesize a diverse set of isoflavonoids (Du et al. 2010).

Chal cone isomerase (CHI) catalyzes the cyc
yrst step for isopavonoid biosynthesis is a re¢€
Theimmediate product of the IFS reaction is (@yanone (Tian and Dixon, 2006).

Dehydration of (2Spavanone results in the production of isoflavone, whereas its oxidation,
which is accomplished by flavone synthase | or Il (FNS | and 1), yields flavones.
Dihydroflavonols arise from2§-flavanones by the action of flavanon&8ydroxylase

(F3H/FHT). F3H has a key position in flavonoid metabolism and competes with FNS | or Il and
to control the flux of flavanones into branch pathways for end products trettstinct

physiological functions such as signals for pollinators and other organisms, participating in plant
hormone signaling, facilitating pollembe growth and plants protection from tB/radiation

(Owens et al. 2008). Colourless or yellowish flawisrmay be formed from dihydroflavonols by

the action of flavonol synthase (FLS). Jointly acting dihydroflavor@ductase (DFR) and
leucoanthocyanidin dioxygenase (LDOX; synonym anthocyanidin synthase, ANS) compete with
FLS in utilizing dihydroflavonoldor the formation of anthocyanidins or proanthocyanidins

(Davies et al. 2003). Flavonoids and particularly anthocyanidins may be glucosylated by UDP
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glucoseflavonoid O-glucosyltransferases (UFGT) for stable storage ahpigts (Davies and

Schwinn, 200Y.
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Phenylalanine ammonia lyase (PAL)

Phenylalanine ammonigase (PAL; EC 4.3.1.5) is the first enzyme from the primary

metabolism into the important secondary phenylpropanoid metabolism in plants (Hahlbrock and
Scheel, 1989). PAL catalyzes the nonoxidative elimination of ammonialfRima b givetrans
cinnamate (Fig 4) which is the precursor of numerous phenylpropanoid compounds (Dixon and
Paiva, 1995). In monocots, PAL can utilizeyirosine (L-Tyr) as substrate producimpg

coumaric acid and an ammonium ion (Rosler et al. 1997).
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Figure4. PAL and TAL conversions, showing substrates and proaken fromCochrane et
al. 2004)

PAL is also a key enzyme in plant stress response. Pathogenic attack, tissue wounding,
UV irradiation, low temperature, or low levels of nitrogen, phosphategmican stimulate its
biosynthesis (Dixon and Paiva, 1995; Sarma and Sharma, 1999). Furthermore, PAL is involved
in the biosynthesis of the signaling molecule salicylic acid, which is required for plant systemic
resistance (Nugroho et al. 2002; Chamaal.€2003). PAL activity is regulated by different
mechanisms, such as allosteric effects, inactivation by specific proteases gunddera
inhibition (Tena et al. 1984). Studies have shown that the prodacs@CA) also plays a major
role in the dowrregulation of the phenylpropanoid pathway by inhibiting PAL mRNA

transcription (Edwards et al. 1990).

Because PAL is ubiquitously distributed in plants and absent in animals, it is a promising
target for herbicides (Appert et al. 2003). This enzyme laatafactor and because of its
unusual nonoxidative deamination reaction, it requires an electrophilic group, which is not
available among the 20 standard amino acid residtesson and Havir, 1970J herefore it was
suggested that the electrophile is proed by a posttranslational dehydration eéi#ne to form
a dehydroalaninfHanson and Havir, 1970). Thersie was later identified as Ser203 (Schuster
and Retey, 1994).
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PAL also has a medical application for a human genetic disease, phenylketaaturia th
leads to severe mental retardation (Levy, 1999). It has been shown in mice that PAL can be used
to convert poisonous excess Phe in the blood into the harmless compansdsnamate and

ammonia. Therefore, PAL may become a useful cure for phenylk&qiSafos, 1995).

Purified PAL from various sources has a molecular mass 6f3300kDa (Watanabe et
al. 1992). The enzyme is tetrameric with identical subunits and pairs of monomers form a
protomer with a single active site (Camm and Towers, 1973)PRheenzyme is widely
distributed in higher plants (Koukand Conn, 1961), fungi (Sikora and Marzluff, 1982), yeasts
(Orndorff et al. 1988), and in a single prokaryote, Streptomyces (Bezanson et albli970)s
absent in true bacteria and animastiss. The enzyme is soluble and cytoplasmic in origin in the
majority of the cases (MacDonald and D6 Cunha,
potato tubers it may be present as a reriyme complex with two other enzymes of the

phenylpropanoighathway.

The isolation of PAL anthe characterization @ reaction it catalyzederefirst reported
by Koukol and Conn (1961) fétordeum vulgareandthe enzymavas given the name
phenylalanine deaminase. Other major breakthroughs include the idéotificia carbonyl
group in the active site of PAL (Hodgins 1968) and the enhancement of PAL activity in plants

upon exposure to gamma radiation (Riov et al. 1968; Oufedjikh et al. 2000)

PAL is usually encoded by a small multigene family (Cramer et al;128%ell et
al.1985). Arabidopsis has four putative isoenzyn@sctirane et al. 2004In raspberry and bean

it is encoded by a muigene family with few members (Kumar and Ellis, 20Ctamer et al.

15



1989. Potato appears to be an exception with mone 4i@acopies reported (Joos and Hahlbrock,

1992).

PAL genomicsequencewere isolated from bea( vulgarisL.) genomic libraries
(Bolwell et al. 1985)Three divergent classesBAL genes were found in the bean genome and
polymorphic forms were observed within each cl@&smer et al. 1989 he nucleotide
sequences of twBAL genes showethatPAL2 contains an open reading frame encoding a
polypeptide of 712 amino acids, interrughtey a 1720 bp intron in the codon for amino acid 130
(Cramer et al. 1989Dn the other handPAL3containes a 447 bp intron at the same location and
encodes a polypeptide of 710 amino acids with 72% similaritytwéprotein encoded by AL2
(Cramer etl. 1989) At the nucleotide leveRAL2andPAL3showed 59% sequenaientity in
exon |, 74%dentityin exon Il, and extensive sequence divergence in the intron, 5" and 3'
flanking regiongCramer et al. 1989)ranscription start sites &AL2andPAL3are located 99
bp and 35 bp upstream of the initiation codon ATG, respectively. Bat?2 andPAL3were
activated by woundg of hypocotyls whereas onBAL2was activated by elicitqiCramer et al.
1989) The 5' flanking region of both genes contain TATA and CAAT boxedai® contains
a 40 bp palindromic sequence and a 22 bp motif that are also found at similar positions in other
elicitor-induced bean genes (Cramer et al. 19B8).1from Bambusa oldhainwas t he yr st

intronlessPAL gene found in angiosperm plaijHsieh et al. 2011).

From a physiological perspectiieAL is expressed constitutively and can also be
induced upon exposure to various stresQzekKi et al. 19900Isen et al. 2008). Thexpression
pattern is also different in different plant orgakad et al. 2002)Studies in Arabidopsis have
shown thattpallandAtpal2 are preferentially induced by stimuli such as light, wounding,

heavy metals (e.g. mercuric chloride) and pathogeawclkafOhl et al. 1990)hereasAtpal3is
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expressed mainly in roots and leaves (Wanner et al. B9@bAtpaldis more abundant in

developing seed tissue (Costa et al. 2003).

In tomato there are at least five different classd®Adf genes withPAL5as the most
strongly expressed fornige et al. 199 Studies have shown that in at least one member of this
group, transcription is initiated from two sites that appear to be differentially regulated in

response to changes in light or wounding or tectibn by a plant pathogen (Chang et al. 2008).

Expression analysis of be®AL2has shown that this gene is expressed iy
stages of vascular development at the inception of xgl#farentiation and is associated with
the synthesis of lignin pracsors Studies oPAL2 promoter[beta}glucuronidase gerfasions in
transgenic tobacco plants showed thae@ments located between nucleotie2®9 and-74
relative to théranscription start site were essential for xylem expregsieyva et al. 199). The
-135 to-119 region implicated in xyleexpression contains a negative element that suppresses
the activity of ais element for phloem expression located betw488 and-289.Interaction
between these elements of L2 promoter provides a fleéble mechanism for modifying

tissue specific expression (Leyva et al. 1992).

To provide a basis for detailed struciidtenction studies, the PAL enzyme from parsley
(Petroselinum crispujnwas crystallized (Ritter and Schulz, 2004). The structure of PAlsh
that this key plant enzyme contains a shielding domain which restricts the access to the active
center so that the risk of inactivation by nucleophiles in conjunction with dioxygen is minimized
(Ritter and Schulz, 2004This may help PAL to functiomistressed plant tissue. It also has been

shown that PAL forms its electrophilic prosthetic group autocatalytically from its own
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polypeptide which makes it independent of any cofactor and facilitates its upregulation (Ritter

and Schulz, 2004).

Chalcone syrhase (CHS)

CHS is a welstudied enzyme that catalyzes sequential decarboxylative condensation of p
coumaroyCoA with three molecules of maloRr@oA to produce a new aromatic ring system,
naringenin chalcone, the Kk aynodan(Figd) (Aeedndat e i n
Morita, 2010; Martin, 1993). Isomerization is accomplishedivo by the enzyme chalcone

i somerase (CHI) to produce chalcone. The prod
of subsequent biochemical steps to yield manfigdifit end products (Fig 3) (Durbin et al.

2000).

4’;M~‘DH
| .-'
Y Coas._~__OH  CHS H’“ o dj(“r
CoAS I + 3x b — ,u
g 0
0 DH G
p-coumaroyl-Cad (1) malonyl-CoA, (2) naringenin chalcone {3)

Figure 5. Typical enzyne reactions catalyzed by plamatcone synthagg@\be and Morita,
2010).

Chalcone synthase functions as a homodimer (Martin, 1993) and can use other substrate besides
4-coumaroyCoA (lbrahim and Varin, 1993). One of the end products is anthocyanin, which is a
pi gment r es p ocoleurinplards. GHS& was fhought te la cytosolic enzyme
(Beerhuesand Wiermann1988) although there is now evidence that it is associated with the

cytoplasmic side of the endoplasmic reticulum (Hrazdina et al. 1987).
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A cysteine at amino acid 169 was thought to be part of the site tlistdooumarow
CoA and is required for enzyme activity (Martin, 1993). However studies of the three
dimensional structure of alfalfa CHS2 have provided a view of the active site that catalyzes
chalcone formation (Ferrer et al. 1999). Four residues (Cy$li§303, Asn336, and Phe215)
form the catalytic center of CHS and are strictly conserved in all CHS sequences (Ferrer et al.
1999). The high sequence similarity and conserved gene structure suggest that CHS genes may

originate from a common ancestor (Yagd Gu, 2006).

Chalcone synthase is thought to have arisen from an enzyme involved in fatty acid
synthesis (Stafford, 1991). AIHSgenes studied so far i n powerin
a conserved site, with the exception of @¢Sin Antirrhinum majuswhich has a second intron
(Sommer and Saedler, 1986). Generally, loss of CHS function results in a lack of anthocyanin
and an a lcblourplenop/me\viDainbin et al. 2000). However, it is now known @tas
is encoded by a small multigenerfdy in many species (Martin, 1993) including in those
species containing mutations that result in loss of CHS activity. As many aSei§lgenes are
found in bean (Ryder et al. 1987) and eight or more are found in petunia (Koes et al. 1989).
Studies orthe expression pattern of different memberthefCHSgene family showed that
different duplicate copies @HShave acquired specialized functional roles over the course of

evolution which comes from differentiation in gene expression (Durbin et al).2000

In bean P. vulgaris), CHScomprises a gene family of at least seven members with
different transcription level in response to external stimuli and internal cues (Ryder et al. 1987).
Each member of the gene family is differentially transcribed in agissd development
specific manner, and the overall patterrCéfSexpression reflects the sum of differential
transcriptional activation of the individu@HSgenes (Schmid et al. 199@HS1 CHS4
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CHS14andCHS17s har e 96 % 98 % i d e nateiexprngssad diffecertly Ryelar c e s
et al. (1987) determined that the CHS1 transcript was markedly induced by illumination but the
CHS4 CHS14andCHS17transcripts did not accumulate in response to illumination. The same
study showed that thHeHS1, CHS4andCHS14transcripts were strongly induced by fungal

elicitor, while theCHSL7 transcript was only slightly induced (Ryder et al. 1987). Studies of the
promoter regions of two members of the b&€kiSgene familyCHS8andCHSL5, in transgenic
tobacco, havel®wn that a 1.4 kHS8promoter fragment is activated in the inner epidermal

cells of petals, and in root and lateral root meristems (Schmid et al. 199@HB&promoter is
inducible in leaves by both abiotic and biotic elicitors; including UV ligldumding, mercuric
chloride, fungal elicitor, or infection witRseudomonas syring&Boerner et al. 1990; Schmid et

al. 1990; Stermer et al. 1990; Sun et al. 2011). In contrast, a 498 8® promoter fragment

was activated by UV light and mercuric chloride, but noPbgyringagStermer et al. 1990).

Most functional studies of theHS®H promoter have shown that it is responsive to fungal elicitor
or glutathione (Choudhary et al. 1990; Detral. 1988; Harrison et al. 1991; Lawton et al.

1991). Studies of the promoter regions of bE&tEshave defined several functional regulatory
elements that serve as the binding sites for transcription factors (Harrison et al. 1991; Lawton et
al. 1991; Yuet al. 1993; Liu et al. 2011). These elements includeb@ax5(CACGTG) and three
H-boxes (CCTACC(N)7CT) (Yu et al. 1993), which are necessary and sufficient for stimulation
of transcription by tranp-coumaric acid (a phenylpropanoid pathway intermed{&ake et al.
1991;Loake et al. 199Pand are also implicated in activation of the promoter in response to

fungal elicitor and glutathione.

Distal to the Hand Gboxes are three sequence elements, designated box |, I, and llI,

which are involved in the quantitative inductionGiSL5 transcription by light (Dron et al.
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1988; Harrison et al. 1991). These three boxes each contain one opte® aicthe consensus

motif GGTTAA(A/T)(A/T)(A/T) (Lawton et al. 1991) (Figure 6) in which the first six bases are
identical to the GT1 recognition motif GGTTAA (Green et al. 1988). A bean nuclear factor,
designated SBE (Silencer Box Factdl) due to tte silencing effect of the box I, Il, lll region

(Dron et al. 1988), has been identified that bimdgtro to each of box I, Il, and Ill, with highest
affinity for box Il (Lawton et al. 1991). Phosphorylation of SBRs required for binding

activity, ard may also be required to maintain stable binding in a preformedlSBYA

complex (Harrison et al. 1991). Activation of expression in initiating tobacco lateral roots and in
developing seeds demonstrate that specific deletions within the box I, Igidhrenodulate

expression (Hotter et al. 1995). Figure 7 showsharsatic view of promoter of CHS1in bean.
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LE LR N R BEBREN

ACTCAAATTAAAAGTTAAAAACACACAAAAAGTTGGACGCACTGTGATTAAATATTTTCATAGGGTAGAGATGCAT

l Box | | | Box Il l | I
-326 -307 -301 -281 -265 -257

AAATATCACCAATTATTGGTTACTAAATTITAACAGTGAATGAATGAATGAATGAGTTATATGTGGATGGAGATGGT

Box 111 | | |
-233 -229 -217

CTTCAAAAATATGCCACCAAACTCCTACCTCACGAACTAGGAAGCAGACATGGTAGGCAGTGCAAAAAATATATGT
| H Box | H Box

-173
Mael

TTTCAACGTAAGAAGGCTTTGGTGTTGCACGTGATACTCACCTACCCTACTTCCTATCCACCCTTGCATACATATAAA
G Box H Box TATA

+1

—

ATGCTAACTCCTCCTCCAACATCTTCAAACACACACAACTTCAGCAACCAAACCAACAACCCTCTCTACCACTCAAGT

+103
|
GCAGTGAACTTGGTCACTTCTTTCATCTTTTAACCAAATCGCAGTGCTTGA

Figure 6. Sequence and related features of the #4811 5promoter.DNase ootprinted

regions using bean suspension cell nuclear extr@8s-{) are underlined and labelled Box I,

Box II, and Box Ill. The positions of the 6 bp sequences (large dots) with consensus homology to
the GTF1 core binding site GGTTAA, and 3 bp extended regions of consensus homology
(A/TAITA/T, small dots) are indidad above the sequence. Also indicated with small dots is a
sequence with lesser homology to these core and extended sequences. The three H boxes and the
G box are underlined and labelled H Box and G Box. Also underlined are two sequence elements
with theconsensus GPUTPUGAGATG and the TATA box. Additional regions with sequence
similarity to regionsof the bedPAL2promoter are indicated with a dashed overline. Two of

these regions show sequence similarity totA&2 promoter element CCACCAACCCC (Leyva

etal. 1992), while the third region overlaps SBBox IIl. The deletion endpoints of tHS15
promoterdeletion constructs examined in this study are also shown (Hotter et al. 1995).
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CHSH1 CHS2 CHS3 CHS8 CHS9 CHS15

Figure 7. BeanCHS15promoter and regulatarSBFsilencer binding factol H-Box
(CCTACC),G G-Box (CACGTG), a/a2 regulation loci (Dao et al, 2011)

In soybean, thé (Inhibitor) locus has two dominant formisandi’) that inhibit the
pigmentation of the seed coat. Tihalele resultsn acolouldessor light yellow seed on the
entire seed coat, whereas thallele produces a yellow seed coat with a pigmented hilum (where
theseed coat attaches to the pod). Black or brown anthogygmrents have undesirable effects
on protein and oil extractiong soybean, therefore, most cultivated soybean varieties have been
selected foa yellow, nonpigmented seed coat (homozydaurs' alleles) [Tuteja et al. 2009
The CHSgene family in soybean genome contains nine mem@#iS§ CHS9 with 80 to 99%
sequene identity within the coding regions and a duplicate copyté$1(Tuteja and Vodkin
2008). Five CHS1 CHS3 CHS4 CHS5 andCHS9 of the nine noadentical CHSgenefamily
members are clustered in a 209 300kb region (Clougket al. 2004; Tuteja andodkin, 2008)
on Gn08. Three of these five gen€$1S1 CHS3 andCHS4are grouped as two 10.%b
perfect, invertedepeat separated by 5.87 kb of intervening sequeactéefine thé locus

(Todd and Vodkin1996). This structure silences the expressabmll CHSgenes, including
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CHS7andCHSS§ located on other chromosom@siteja et al. 2000 In plants with the recessive

i allele, deletion oCHSpromoter sequences fro@HS4or CHS1results in increased
CHS7CHSS8transcriptsaccumulatiorand pigmentedoybearseed coats (Todd and Vodkin,
1996; Tuteja et al. 2004¢HS2 CHSG CHS7 andCHS§ are mapped on Gbb, GnD9, Gn01,

and Gm11, respectively (Matsumura et al. 2005). Matsumura et al. (2005) studied the coding
sequences of the eight genes in thisifiaand showed that gen€HS1 CHS6were closely

related and formda close cluster in a phylogenetic tree, whe@dS7andCHS8genes

groupedinto a separate clade.

Expression studies @HSgenes in soybean indicated a tissue specific pattern (Tuteja et
al. 2004). The expression of bdiiHS7andCHS8genes was highest in roots (Tuteja et al. 2004)
and these genes have a role in seed isopavono
structural diversity withinCHS7andCHS8promoters may lead to differential activation of these
genes by different inducers as well as to developmental stage anestipseec i yc di f f er en

gene expression (Yi et al. 2010).

Dihydroflavonol 4-reductase DFR)

Dihydroflavonol 4reductase (DFR) is a main enzyme of the flavonoid biosynthesis pathway
which catalyses the NADRHependent reduction of 2R, dRinsdihydroflavonols to
leucoanthocyanidins (Trabelsi et al. 2008). There are three different classdsoof/anidins
responsible for the primary shade of the flower colour: pelargonidin (orange to brick red),
cyanidin (red to pink) and delphinidin (purple to blu€artakaet al.1998. DFR catalyzes an
essential reaction in each of the three primary branafhasthocyanin synthesis, reducing colour
less dihydrokaempferol (DHK), dihydroquercitin (DHQ), and dihydromyricetin (DHM) to

produe pelargonidin, cyanidin, and delphinidbased anthocyanins, respectively (Holton and
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Cornish 1995)Kigure §. DFRs from nany species can utilize all three substrates since the three
substrates of DFR are very similar in structure, differing only in the number of hydroxyl groups

on the B phenyl ring, which isonthe site of enzymatic acti¢hlelariuttaet al. 1993 Heller et

al. 1985 Tanakaet al.1995. Therefore, the synthesis of the three different anthocyanidins is
mainly determined by the enzyme -hgdeokylasei t i es of
(F3NH) and -hyydwvorpl ds 8Nj( F3Nj5NpH)DHQ 3a\pjHd cFoNj5eNjH
converts DHK to DHM or DHQ to DHMRruglieraet al.1999 (Fig 8). DFR competes with

flavonol synthase and the hydroxylases for the dihydroflavonols to synthesize corresponding
leucoanthocyanidins, which are precursors of anthocyanidiitkél-Shirley, 1999.

Subsequent modifications occur to the anthocyanin structure such as acylation, glycosylation and
methylation which, in combination with the relative abundance of these anthocyanidins,

determine flower colour. Vacuolar pH and copignagioh are other important factotddlton

and Tanaka, 1994DFRs from some species, suchPasuniaandCymbidium cannot reduce

DHK efficiently and these species cannot produce pelargehabed orange flower colour even

ifbot h F3NjH an at(FerRnmgbnNyitl Rehnael, 1981 e entroduction of maize

DFR however successfully overcame the inabilityPetuniaDFR to reduce DHK and orange

flowers were producedeyeret al.1987).
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p-Coumarnoyl-Coh + Malony?-Go (x3)

CHS
CHI

F3H
'ﬂ.— -
F!]'SH
[DHD:I [DHH} {DeHMY
|
DFR
SET 331' 3GT
Y
Cyanidin-3-glucosida Pelargonidin-3-glusosice Dalphinidin-3-glucoside

Figure 8. A schematic diagram showing the chemical reaction catalyzed by dihydrofavonol 4
reductas€DFR).Other dbreviations used are; CHS: chalcone synthase, CHI: chalcone
isomerase, F3H: flavanonelBy dr oxyl ase, -RgdHoxyybhaenpi E3860H:
3 B-hydroxylase, ANS: anthocyanin synthase, 3GT: flavonegtu8osyltransferase (Johnson et
al. 2001).

DFR activity was reported for the first time in the case of a synthesized enzym&daom
mays(O'Reilly et al. 1985). Afterwards, the activities ofieais DFRs were deduced from plant
protein extracts or phytochemical analyses of mutants and/or transgenic plants, until the
successful expression of a functional DFR sequence from Gerbera in eukaryotic cells (Martens et
al. 2002). The purified DFR protewas described as very unstable (Forkmann and Ruhnau,

1987) which may explain why there is little information about the crystal structure of the enzyme
and the only structural information concerning DFRs has been deduced from sequence analysis.

The DFR segence contains most of the motifs for the slobidin dehydrogenase/reductase
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(SDR) superfamily (Kallberg et al. 2002). Therefore DFR, like any other member of the
superfamily should have a |l arge U/ b single co
Howe\er, sequence analyses cannot determine why most DFRs prefer to accept dihydroflavonols
with different hydroxylation patterns as substrates. De Jong et al. (2003) and Zhang et al. (2009)
showed that the o6red all el ed \whileofherpotato®FRDFR i s
alleles cannot. Studies of chimeBé&Rs of PetuniaandGerberashowed that there is a region

(amino acids at position 1357) in the protein that determines the substrate specificity of DFR.
Furthermore, by changing a single amauad in this region, the DFR enzyme of Petunia

preferentially reduces dihydrokaempferol (Johnson et al. 2001). Recent investigations indicated

that DFR sequences presenting an asparagine residue at position 134 (Gerbera numbering)

reduce DHK more readilthan DHQ, whereas, those presenting an aspartic acid show a marked
preference for DHQ (Shimada et al. 2005; Johnson et al. 2001). The assumption about the amino
acid region determining the substrate binding site was only deduced from an analysis of

sequene alignment and no 3D detailed description of the interactions between the substrate and

the enzyme is available to dafetitet al. 2007).

Expression oDFR gene can be affected by many physiological and environmental
factors. A study of the promoter thfis gene in grape showed that a specific sequence located
bet ween 1T725 to 1233 might DBERgenemvrwots (@adlapeti n t he
al. 2002). Environmental stimuli such as light, calcium and sucrose can induce or sDpjitess
gene epression (Gollop et al. 2002)FR expression can affect the metabolites of the whole
plant (Takahashet al. 2006)andis correlated with the anthocyanin accumulation pattern in

florets: it is basipetally induced, epidermally specific and restrictecetbghlar part of corolla
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(Helariutta et al. 1993). The activity of the DFR enzyme can also be affected by other factors.

Trabelsi et al. (2008) showed that the activity of the enzyme is inhibited by its substrate.

DFR genes have been isolated from maize (Reddy et al. 1987), snapdragon (Matrtin et al.

1985) and petunia (Beld et al., 1989) and it has been shown that mutation in this gene leads to
colourless aleurone layer in maize and uncoloured or partially colouredrfianvsnapdragon.
Five DFR genes were found in a cluster within 38 kb region irLibtels japonicugenome.

From the same plant a transversion at a splicing acceptor site DFshgene resulted in six

cDNAs including two splicing variants (Shimada et al. 2005). The expression of each member of

the family however is regulated independently (Yoshida et al. 2010). Lo Piero et al (2006)
showed that irCitrus fruit mutation in a regulary gene controlling the expressionFfR

might play a role in the phenotypic change from blood to blond orange. In another study
variegation in the flower colour dfinaria was attributed to an unstable mutant allele oDR&
gene. This allele carriem insertion of a transposon belonging to the CACTA family which

bl ocks its expression and results in ivory
occasionally excised in dividing epidermal cells to produce clonal patches of red tissue on the
ivory badkground, and in cells giving rise to gametes to generate reversion alleles conferring a
fully coloured phenotypeGalegoand Almeida, 2007). In soybean & locus encodes DFR2
thatgoverns flower colour. Mutations in this locus, which are the resuh afsertion of a
CACTA-like transposable element, have been charactdrizedriegated and pale flowepsy

et al. 2010). In yellow oniorm(lium cepal.) cultivars two novel inactive alleles @FR were

reportedjin one al |l el e t hrgseguencesavastdeleded and the othérenec o d i

contaireda premature stop codon (Kim et al. 2009).
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In common beanR. vulgarisL.), variation in the first intron of thBFR gene was
investigated by sequencingnt92 genotypes that represent both landracdsahivars. The
allele-specific primers that were developed in this study were used to map this gene on linkage

group B8 (McClean et al. 2004).

Myb Transcription factor

In plants, the structural genes of the flavonoid biosynthetic pathway are largdgtedaqt the
transcription level (Sainz et al. 1997). In all species studied to date, the expression of
anthocyanin biosynthetic genes are regulated by complexes of MYB transcription factors (TF),
basic helixloop-helix (bHLH) TFs and WErepeat proteins e MYB-bHLH-WD40 "MBW"
complex) (Baudry et al. 2004). In a proposed model for the activation of structural pigmentation
genes, regulators interact with each other to form transcriptional complexes in conjunction with
the promoters of structural genes (Keésl. 2005). In maize, ZmC1MYB and ZmBbHLH bind

to the promoter of dihydroflavonol#eductaseFR) gene, which is a flavonoid structural gene
(Goff et al. 1992). In petunia PhAN2 and PhJAF13 bind to the promoters of spiR&cand
ANS(Schwinn et al2006). The WDBrepeat protein is also involved in this complex. The petunia
WD-repeat protein AN11 acts upstream of AMAich is a MYB transcription factor (De Vetten

et al. 1997).

Myb TFs are characterized by a conserved Bidding domain of 52 amino &fs,
called the MYB domain, consisting of single or multiple imperfect repeats that binds to DNA in
a sequence specific mannartotal of 126 R2R3 MYB TFencoding geneserestudied in
Arabidopsis (Stracke et al. 2007) and based on the number of higisigreed imperfect repeats
in the DNA-binding domaintheMYB TFs were classified into three subfamilies including R3

MYB (MYB1R) with one repeat, R2R3 MYB with two repeats, and R1IR2R3 MYB (MYB3R)
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with three repeats (Rosinski and Atchley, 1998; Jin andiMdr®99). Those associated with the

anthocyanin pathway are of the tnepeat (R2R3) clag#\llan et al. 2008)

Anthocyaninregulating MYBs have been isolated from many species, including
ArabidopsiAtMYB90or PAP2 AtMYB113and AMYB114 Gonzalez et al. 2008p0lanum
lycopersicum(ANTZ, Mathews et al. 2003Retunia hybridgd AN2, Quattrocchio et al. 1999),
Capsicum annuurfA; Borovsky et al. 2004 )itis vinifera(VvMYB1a Kobayashi et al. 2004),
Zea maygP; Grotewold et al. 19910ryza saliva(C1; Saitoh et al. 2004)pomoea batatas
(IbMYB;1 Mano et al. 2007)Anitirrhinum maju§ROSEAL, ROSEANdVENOSA Schwinn et
al. 2006),Gerbera hybridGhMYB1Q Elomaa et al. 2003Ricea mariang MBF1; Xue et al.
2003),Garcinia mangostanéGmMYB1Q Palapol et al. 2009), ar@entian(GtMYB3

Nakatsuka et al. 2008).

In another studyhegene foPRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1,
or AtMYB75) was aMYB transcription factoof Arabidopsisvhoseprotein sequence
demonstrateé a high degree of amino acid conservation with other known MYB regulators of
anthocyanin productiofAllan et al. 2008) Overexpression of PAP1 caddbe upregulation of
several genes in the anthocyanin biosynthesis pathway and piiquupée plants (Bavitz et

al. 2000; Tohge et al. 2005).

PyMYB10Q isolated from Asian peaPyrus pyrifolig cv. ‘Aoguan’ wa an ortholog othe
MdMYB10gene, which regulates anthocyanin biosynthesis in red fleshed Madies (x
domesticacv. 'Red Field'. This gene hatrée exons anih its upstream sequence contin
core sequences of exting regulatory elements involved in light responsiveness (Feng et al.

2010). InV. viniferafour MYB genes have been identifieglith VVMYBAland/orVvMYBA2
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regulatingcolouration (Walker et al. 2007). In apples, thrigk¥ Bgenes that belong to the R2R3
class have been identified and are responsible for anthocyanin accumulation (Takos et al. 2006;

Espley et al. 2007).

Chinese bayberryMyrica rubra) is a fruit crop with cultivars paucing fruit ranging
from white (Shuijing, SJ) to red (Dongkui, DK) and dark-peaple (Bigi, BQ). The transcript
level of MrMYB1and anthocyanin biosynthetic genes were strongly associated with the
anthocyanin content in the ripe fruit of the three galts andvere induced by light. The
MrMYB1d allele in this fruit hd a 1 bp deletion at nucleotide 30 of the coding sequence. This
nonsense mutation of the MYB1 protein whigas present in the SJ and DK fruit may be
responsible for no or low expressionM¥B1 protein affecting multiple biosynthetic genes

involved in anthocyanin accumulation in the white and red fruit (Niu et al. 2010).

An interesting and uniguurple (Pr) gene mutation in caulifloweBfassica oleracea
var botrytis) givesthe phenotypef intense purpleolourin theflower heads (a.k.@urd9 and a
few other tissued.he Pr gene encodes a R2R3 MYB transcriptiactor and ugregulation of
this gene activatka basic helixoop-helixtranscription factor and a subset of anthocyanin
structuralgenes in the purple cauliflower. Studies showed that a D&sposon insertion in the
upstream regulatory region of this gene is responsible for thegypation of thd’r gene and
induction of the phenotypic changes in the plant (Chiu €0dl0).Myb transcription factors not
only have an important role in transcription induction but also can repress the expression of
flavonoid pathway genes. FaMYBL1 is an R2R3 MYB from ripening strawheasyfound to act

asrepressr totranscription of aftocyaninrelated genes (Aharoni et al. 2001).
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Phenylpropanoid compounds and disease resistance in common bean

Tannins are produced vile phenylpropanoid pathway and have the capacity to bind and
coagulate nutrients such as protein, starches, andBedg $mith, 1973). These compounds

have negative impacts on protein and organic matter digestibility and also decrease digestibility
of forage (Makkar et al. 1997). Makkar et al. (1997) showedliealimination of tamins from

the seeds o¥icia fababeans improved their nutritional value. Tannins are located in the testa of
coloured common beaseedavhile thetesta of white seeded beagenerally has been shown to
contain no or littldannins (Ma and Bliss, 197Biaz et al. 201 Tannins are a subsgit
polyphenolics which are involved in seealourexpression and are often associated with plant
resistance to pathogens or insects. 8t4tl970) reported that common beans with more total
phenols hd greater resistance to reait disease. Harris argurns (1973) reported that tannins

wer e beneycial in the yeld since they provided

Tannins have also been known for their negative effects on protein digestibility and Fe
availability, therefore one possible way to moye the nutritional value of bean is to reduce
tannins. However, reducing tannins might have adverse effects on bean disease resistance. These

effects depend on the gene pool, the disease or pest, and tikelseedass (Islam et al. 2003).

Studies ora variety of common beans with different seed coédurshowed that black
and red bean classes had a higher amouanofrs in their seed coats and these compounds
were greater in beans from the Middle American gene pool compared to the Andepoaene
(Islam et al. 2002)Different seed classes had different reactions to disease and pest infestations
which were correlated time tannin content dheir coat extrac The black seeded beans in both
gene pools showed significant higher levels of disgasistancédowever, overalllie

relationship between seed coat extractable tdengls and disease resistanceswwamplexn
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that study suggesting thsglection for resistangaight affect coat extract levels in the breeding

program.

Linkage mapping in common bean

Lamprecht (1961) published the first genetic linkage map for common bean which contained
previous linkage reports. There were 26 naturally occurring traits on this linkage map, including
genes controlling theolourof flowers, seeds or pods. Further work was done to extend this map
(Awuma and Bassett, 1988; Gepts 1988; Koenig and Gepts 1989; Vallejos and Chas€hnk991)
revised map published by Bassett (1991) consisted of 13 linkagesgmodid 7 marker genes.
Theavailability of DNA-based markers in the mi®80s facilitatedurtherdevelopment ofhe
common bean linkage map. Molecular linkage mapping of common bean was initiated by
Vallejos et al (1992) and Nodari et al. (1993) which subsequently evolved intodyeo bean
mapping populations. The parental lines for both populations were widely divergent to maximize
polymorphisms, phenotypic diversity and variability to disease resistance and other traits. The
Florida map, which was developed by Vallejos et abP)9was based on a backcross {BC
population.Later, a common bacterial blight resistance QTL was mapped using this mapping
population (Yu et al. 1998T.his map consists of 294 markers, including the pigmentation gene

P, and covers 900 cM (Vallejosat 2001).

The Davis map is amfpopulation derived from the cross between BAT 93 of the Middle
American gene pool and Jalo EEP558 of the Andean gene pool (Nodari et al. 1993). The Paris
BC1 map was the next significant molecular map and it was putllishé&damBlondon et al.
in 1994. This population used in this study was developed primarily to localize specific

anthracnose resistance genes.
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A CIAT map was developed from another Andean x Mesoamerican cross (DOR364 x
G19833) which has been used for piayg microsatellite and single nucleotide polymorphism
(SNP) markers and for QTL analysis of tannin concentration (Caldas and?Bl@r,Galeano et

al. 2012).

Many recombinant inbred (RI) populations have been developed and Kelly et al (2003)
provideda list of 14 common bean populations. Eventualbstmapsintegrate with theCIAT,

Davis (BJ) or Florida map.

Physical map in common bean

A large inserBAC library based on the Andean genotype G198@3 utilized to construct a
common bean physical m@Bchlueter et al. 20087 his library contaiad over 44 thousand
BAC clones and lh~12x genome coverag®/; Blair, pers. Communicatign A total of 41,717
BAC clones were fingerprinted from this library to createghgsical mapwhichassembled
into 708 scaffoldgSchlueter et al. 2008 In total540 markers derived from RFLPs, genes,
ESTs and other sequences have been physically puisanahp. Out of 540,84 are genetically
mapped and provide linkage between the physical and genetic maps. Ticalphgp is
publicly available at http://phaseolus.genomics.purdue.edu/. Initial analysis of BAC end
sequences showed that ~49% of the geneaserepetitive and 29% gen{Bchlueter et al.
2008) Newly generated information is deposited in the Legumernimdton System

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

Genomics and bioinformatics in Legumes

Model plants are a sourcetbe accumulated knowledge to transfer to crop plants by roéans

common gene sequences and DNA markers and in leggamesof the iformation of model
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plants has been utilized in cro&ato et al. 2007)rhis information can be used either to
identify the synteny among legumes followed by the development of selpziders or direct

gene transfdrom a model plant to a crop (Deavswand Dixon, 2005).

The legume family (Leguminosae) is the third largest faofilyigher plants and includes
>19,000 specied ewiset al. 200%. The legume family is divided into three subfamilies:
CaesalpinioideadJimosoideae, and Papilionoideae. Mo§the economically important
legumes are members of the subfamily PapilionoideateisjaponicusandMedicagotruncatula
are the two bestharacterized legume genomes which share a remarkably high level of
conserved macrosyntenglioi et al. 2004)Both ofthe model legumes are herbaceous plants of
limited agriculturalse with relatively small genomes. The estimated size of the genome of
Medicagois between 471 ariB3 Mb (Medicago Genome Sequence Consortium, 2007) and for
theLotusgenomat is 472 Mb (Sato et aR007). Lotus and Medicago are equallysely related
to bean Doyle and Luckow, 2003with a largegenome size of 588 Mbp (MercatRuaro and
Kenton, 1993}o 650 Mbp (Arugumuthanan and Earle, 199acrosynteny between bean and
Lotus was described bghu et al. (2005)n a circle diagram which includes 8 of 11 bean linkage
groups and theelations to Lotus were inferred through positions shared betvotes and
Medicago.Meanwhile Galeano et al. (2010) showed the more direct syntényuath model

species through marker homology.

In another studyhe extent ofmacrosyntenypetween Lotus and beamas evaluated by
positioningnodulationrelatedLeg markersiflougaard et al. 200&n the genetic linkageaps
of lotusand bean. A total of 99 unique positions were shared between beantasdith an
average of 9 common markers per linkggaup. The positions of shared markerlatusand

bean chromosomésdicate that only a limited number of largealerearrangemes occurred
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during the evolution of legume chromosomes. There are blocks of syntenic loci which are only
partlycollinear and smaller internal chromosome rearrangerhaxesoccurred in addition to the

large scale rearrangemenitfo(igaard et al. 2008A comparison of the positions of 75 shared

Leg markers between bean and Medicago showed substantial synteny between these two species.
Two of the bean linkaggroups have markers mapping to a single Medicagomosome,

whereas, six of the 11 bean linkageugrshave markers that map to >2 different Medicago

linkage groups. In both situations, blocks of syntenic loci show pesliatearity indicating that

small internal chromosome rearrangements have occuitedyfard et al. 2008

On the other hand, soyde has been a model for studies of seed develofgWediin et
al. 2008), root hair developmearid early nodulation responses, mineral uptake and pestéin
oil biosynthesisCannon et al. 2009T.he estimated size of the soybean genome is 1,115 Mb.
Thecurrentassemblyor the soybean genomeensists of 950 Mb in 20 chromosome

pseudomolecule sequencasd 23 Mb in additional smaller, unanchored scaffold sequence

assemblies (Soybean Genome Sequencing Consohitpri/www.phytozome.net/soybean.php

The soybean genome underwent polyploidy approximately 13 Mya (Shoemaker et al. 2006) and
some evidence indicates that soybean and someleguenes underwent another duplication

which is estimated to have@ared aapproximately 59 Mya (Schlueter et 2007). The
consequence of new duplication event in soybean is that anyggwemic region in bean,
Medicagoor Lotusis likely to correspond well with twgenomic regions iGlycine(Schmutz et

al. 2010). To test this assumption in bean, McClean et al. 2010 compared 300 mapped gene
based loci from bean against all of the scaffold sequences from the initial build of soybean
genome. Their results showed that not only are nearly #ikedt. vulgarisgenes duplicated in

soybean but also a sindke vulgarislinkage group is syntenic with multiple soybean
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chromosomes (Fig 9%aleano et al (2010) found the same aspect of macrosyteny comparisons
between common bean and soybean genoifies. indicates that the soybean genome was
fractionated and the fragments rearranged following the duplication event, to construct the

modern soybean genome with 20 chromosomes.
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Figure 9. Syntentic relationships of soybean relative to the common beatigerap A

common bean genetic map anchors corresponding syntenic regions of the soybean 1.01 genome
build. The location (in megabase pairs) of each soybean fragment on both sides of the common
bean linkage is noted at the beginning and end of the hogn(lxClean et al. 2010).
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Genomic features of common bean

P. vulgarisL. is a diploid species with 11 chromosomes and its genome size is estimated to be

588 Mbp (Mercaddruaro and Kenton, 1993).

Available Common Bean Genomic Resources

Ten BAC libraries are available i vulgaris(Gepts et al. 2008). Most libraries have coverage
of 5i 12x genomes, whereas BAT93 library has coverage of 20x. This library has been
designated as the standard genotyp&faseolugenomics (Broughton et al. 2008ut was not
selected for immediate sequencing by DOHE. G19833which was selected for genomic
sequencings an Andean landrace from Pewhich has a BAC library made at Clemson Univ
(Blair and Mufioz, pers. Communidjo date, the full sequences of onlyd BAC clones hee
been publishedne around the Cé locus for resistance to anthracnose (Melotto et al. 2004),

and the other around the APA locus (Kami et al. 2006).

Preview release of the initial version of genomeusege of the common bean is
available on Phytozom@vww.phytozome.net)The main genome assembly is approximately
486.9 Mb arranged in 10,132 scaffolds. 1,601 scaffolds are bigger than 50kb in size, representing
approximately 87.4% of the genome. There2@74 total loci containing protecoding

transcripts and 4,347 total alternatively spliced transcripts.

Thesis hypothesis and objectives

This research was aimed to test the hypothesis that seed coat color genes are structural or

regulatory genes in thghenylpropanoid pathway.
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The dojectives of this studwere to

1) map phenylpropanoid pathway genes in two common bean RIL population of BAT93 x
Jalo EEP 558 and OAC Rex x SVM Taylor Horticulture in order to find possible
associations between colour geaesd phenylpropanoid geneshiaan,

2) fully characterize few main genes from the phenylpropanoid patm@ymmon bean,
and

3) uncoverco- linearity of phenylpropanoid genes between bean and soybean genome with

the help of new approadf whole genome congison
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[ll. MAPPING OF PHENYLPROPANOID PATHWAY GENES IN COMMON
BEAN (Phaseolus vulgarik.)

Abstract

Seed coat colour is one of the main characteristics that define market classes in beans. Previous
genetic analyses identified 15 genes that costretl coat pattern and colour in common bean

and some of them have been positioned on the common bean linkage map. It has been
hypothesized that genes involved in the phenylpropanoid pathway correspond to some of the
classical seed coat colour genes in béama previous study we cloned and sequenced fragments

of thirty-five phenylpropanoid pathway genes from common b€ae purpose of this study was

to position the phenylpropanoid genes on the common bean linkage map and determine whether

their positionscorrespond to those determined for any of the classical seed coat colour genes.

Polymerase chain reaction (PCR) aasitriction fragment length polymorphisms (RFLP)
were used to map the phenylpropanoid pathway genes iRltpopulations derived from
BATO93 x Jalo EEP 558 and OAC Rex x SVM Taylor Horticulture. The segregation patterns of
18 phenylpropanoid pathway genes (IFR, FBP4, CHR, LAC, IFS, 4CL, AS, CAD, F5H, Myb
transcription factor, RT, Il OMT, VT, CCER, F36H
558 recombinant inbrdthe population were analysed and their locations in the bean linkage
map were determined using JoinMap analysis. Five out of 18 genes were mapped-dithin 2
cM of colour gene loci. In particular, associations were found betRééd (13.2 cM), PAL2
(17.1 cM) and Myb transcription factor (7.8 cM)RdSeed coat colowground factor) CHR (7
cM) to G (Yellow seed coatand CAD (2.1) tdB (Brown seed coatPolymorphisms for five
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phenylpropanoid pathway genes in OAC Rex x SVM Tiawlere used to place them on the
linkage map of this population. DERvas mapped3.9cM from a flower colour locus and the
marker for this gene was significantly associated with this trait. Further studies are needed to

confirm the roles of the phenylgranoid genes as potential colour genes.

Ten SSR markers and 89 SNP markers were also scored for the 89 inbred line derived
from cross between O6OAC Rexd and 6SVM Tayl or 6

genetic map of this population.
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Intr oduction

Considerable variability exists in common beRhdseolus vulgarit.) for seed characteristics,

and consumers have specific preferences for various combinations of size, shape, and colour of
the dry bean seeds. Seed coat colour and seed sihe &n® main characteristics that identify

the numerous market classes recognized throughout the (Berithgeret al.1998). Genetic
analyses have identified specific genes that control seed coat pattern (T, Z, L, J, Bip, and Ana)
and colour (P, C, R, J, D, G, B, V, and RiBrakken, 1972; Prakken, 1970) Phasetus C, D,

and J are the colour genes, whereas, G, B, V and Rk are modifying genes that have intensifying
or darkening effects upon pale colo(fPsakken, 1970)The distinction between these two

groups is based onélr interaction with the ground factBr In addition, many of the seed coat
colour genes exhibit epistatic interactions with other genes for partly coloured patterns (e.g., T,

Z, Bip, Fib) that define the many seed coat patterns observed within thesgpasisett, 2007)

The seed coat colours of dry beans are determined by the presence and amounts of
flavonol glycosides, anthocyanins, and condensed tannins (proanthocyafidarsgtral960;
(Beninger and Clifford 1998)o date, our knowledge of the flavonoids resulting from the action
of the seed coat colour determining genes has been inferred from other plant syskeass s
maize Zea mayd..), petunia Petunia hybrideHort. Vilm-Andr.), and snapdrago@ftirrhinum
majusL.) (Koes et al. 1994 However, the pathways and products resulting from the seed coat

colour genes i vulgais have not been elucidated and are speculative.

Many of the flavonoid pigments that give rise to seed coat colour in beans may also
impart positive health benefits as antioxidaktagerman et al. 1998eningerand Hosfield

2003;Romani et al. 2004Takeoka et al. 1997Pn the other hand, some flavonoids may cause
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beans to darken in colour upaging and making them hard to cook and dig&¥¢ and
Swanson1985) It also has been shown that flavonoid compounds make the plant and seeds

resistant to some diseagédam et d. 2003)and pestgOnyilagha et al. 2004)

Resolution of the genes responsible for flavonoids and tannin formation, along with the
antioxidant activity of these compounds may dadioeeders to select for varieties that have a
range of antioxidant activities and also, perhaps, balance antioxidant activity with antinutritional
effects. Tlis relationship is complex armbtter understandingf it will help breeders to select
germplasnwith improved nutritional quality without adversely affecting disease or pest

resistance.
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Materials and methods

Plant materials

A recombinant inbred population of 75 individuals was obtained from the University of

California and used for mapping the phenylpropanoid genes in this study. This population was
devel oped by single seed descent 8 @odawiea cr oss
al. 1992) The BJ RI population is considered to be the common bean core mapping population
(Freyre et al. 1998)nd has been used to map more than two thousaledurer markers
(http://phaseolusgenes.bioinformatics.ucdavis.edu/). BAT93 is a multiple disease resistant

breeding line belonging to the Mesoamerican gene pool from the Centro Internacional de

Agricultura (CIAT), Cali, Colombia, Jalo EEP558 is a Brazilgggmotype released by the

Estacdo Experimental de Patos de MifiNadari et al. 1993from the Andean gene pofitfreyre

et al. 1998) The parents have different morphologies agnomic traits such as seed size,

flower colour and the presence or absence of seed c(iforae et al. 1998)

The second population used in this study is are€ombinant inbred line (RI) derived
from cross beteen OAC Rex and SVM TayloEighty nineindividuals of this population were
used to map the phenylpropanoid genes and SSR and SNP markers. OAC Rex is a CBB
(Common Bacterial Blight)esistant cultivar that has been developed by the bean breeding
program &the University of Guelph (Michaels et al. 2006). It is a small white seeded cultivar
from theMesoamerican gene pool and laasndeterminate growth habit. SVM Taylor
Horticulture (AAFC, 2000) is a large seeded cranberry beanttielindean gene pool.he
seed coat of this cultivdmasred mottled flecks in a white to beige background. It has a

determinate growth habit and is susceptible to CBB.
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DNA extraction, digestion, and electrophoresis

Total genomic DNA from frozen leaf tissue-823) that had beeharvested prior to flowering

was extracted using the Cetyl Trimethyl Ammonium Bromide (CTAB) method as described by
Doyle and Doyle(1987) The target fragments in parental lines (BAT93, JaloEEP558, OAC Rex
and SVMTaylor) were amplified using polymerase chain reaction (PCR) with Tag DNA
polymerase (New England, Biolabs, Ipswich, MA). PCR reaction mixtures contained
approximately 25 ng of total DNA, 0.2 mM of dNTP, 0.2 uM of forward and reverse primers,
standard Taguffer with 1.5 mM MgCJ, and 1 unit of Tag polymerase in a total volume of 20 pl
reaction. The PCR cycle consisted of 2 min at 94 °C and 35 cycles of 30 s at 94 °C, 45 s at 55 °C

and 1 min at 72 °C followed by a 7 min extension at 72 °C. The amplicouwas 1% agarose

gel.

Table2 shows the list of gengpecific primers that were used to amplify
phenylpropanoid genes. They were designeskd onexjuences for the genes in OAC Rex

determined byr. Yarmilla Reinprecht (unpublished).

45



Table2. Primers for genes that were mapped as PCR maakerthe GeneBank accession
number from which the primers were designed. E value is an indicator of similarity between the
bean sequences cloned and sequenced by Yarmilla Reinprecht and the gene saqueence so

Gene  primer Gene Bean E
sequence accession value
source number

IFR F: CAGTGCCATCTCTGGTGTTC P. coccineus CV670750 e'*

R: AGAGAGGCTGCCAGCAAA

FBP4 F: TGACGGTTCTGTTCTCATTTCC P. vulgaris CW652095 0.0

(caps) R: TGCCCATCTTCACCATAGCATTT CW652096 0.0

CHR  F: TGCCTTTGAGGTTGGCTACAGA G.max CW652099 66>

R:ACAGCAGGAGGGATGGTTGC CW652100 2e’®

LAC F: CCACTCCCTGCTTACAACGACA G. max CV670743 e

R: CCCGAAACCCTCTGCAACAA
IFS F: GGCGAGGCTGAGGAGATCAGA G. max CV670762 6%

R: CTGGGAGTGGTGGGTGCATT

For FBP4, that was mapped as a CAPS marker in the core population, 10 pl of PCR

product was digested with 3 unit ol restriction endonuclease for one hour at 37 °C.

To select the restriction endonuclease that showed polymorphisms with most of the

genes, thenobes were hybridized to blots containing genomic DNA sampié$ (&g) from

parents that were digested wiEcoR| EeoRYV Haelll, Hindlll, Dral andPstl restriction

endonucleases. Restriction digestions (5 U enzyme/ug of genomic DNA) were performed

accordng to the manufacturers' recommendations (Invitrogen) fek21B at 37. The digested

DNA was electrophoresed in 0.8% agarose gels (prepared with TAE: 40 mMac&tse pH

7.4, 1 mM EDTA) for 1620 h (1 V/cm of gel) in TAE running buffer.

The same preedure was used with individuals in the population.
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Southern blotting, hybridization and autoradiography

Hybridization was performed according to standard protddddsiatis et al. 1989)Partial

sequence of phenylpropanoid pathway genes were labelled for Southern hybridization using the

PCR DIG Probe Synthesis kit (Roche). Approximately32Qug of digested genomic DNA was
separated analysed on a 0.8% agarose gel and transferred to positively chargedmdoames

by capillary transfer. Hybridization and detection were performed using the DIG Easy

Hybridization, DIG Wash and Block Buffer Set, and DIG Luminescent Detection kit (Roche)
according to manufacturer ds i gneehtftengtht i ons. Pro
polymorphisms (RFLPs) were then hybridized to Southern blots of RIL DNAs digested with the

appropriate enzyme.

SSR and SNP genotyping in the OAC population

Ten SSR markers were genotyped in the RIL population of OAC Rex x SVM Taylor. PCR
reaction mixtures contained approximately 25 ng of total DNA, 0.2 mM of dNTP, 0.2 uM of
forward and reverse primers, standard Taq buffer with 1.5 mM Mg@d 1 unit of Taq
polymerase in a total volume of 20 pl reaction. The PCR cycle consisted of 2 9dif@ and

35 cycles of 30 sat 94 °C, 45 sat®°C and 1 min at 72 °C followed by a 7 min extension at 72
°C. Annealing temperaturand product sizfractionation on agarose gel for SSR markers can be

found in appendix 3. The amplicon was run on 3%aplebr® gel.

SNP genotyping of this population was facilitated by Genome Quebec using the
Sequenom Massarray iPLEX Platform. In this assay a{spasific primer which anneals
immediately upstream of the polymorphic site of interest is usa®P@R reactn. Extension of

theprimer is carried out by massodified dideoxynucleotide terminators and through the use of
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MALDI -TOF mass spectrometry, the mass of the extended primer is determined. This mass

indicates the sequence and, therefore, the alleles pedggbe polymorphic site of interest.

A list of primers and single nucleotide polymorphisindéach marker can be found in

Appendices 1 and 2.

Statistical and linkage analysis

Segregation data were collected for each gene either as a PCR markeylaidigdtions with
multiple probes. Linkage analysis was performed using a total of 680 and 172 markers in the
core and OAC population respectively. For the former, data for maslkeeeobtained from Paul
Geps. The linkage relationships of the segregatimarkers were analyzed with the multipoint
linkage analysis software JoinMap §%tamand Van Ooijeri995) Markers were sorted into
distinct groups using a LOD of 4.0, a distance of 30 cM and Kosambi mapping fusmetion

default linkage criteria.

Analysis of variance (ANOVA) and correlation were performed to determine the
association between flower colour and OFgene. PROC GLM and PROC CORR Spearman

protocols(SAS Institute Inc, 1999) were used respectively.
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Resuls

The PCR amplifications using degenerate primers designed in a previous study (Reinprecht et al,
unpublished) were successful in identifying homologous sequences potentially coding for
phenylpropanoid pathway genes in common bean. BLAST searches ofrikeeBealed that

the sequences obtained in the previous study are very similar to respective genes in other
legumes. From 35 genes that were previously identified for the phenylpropanoid pathway in bean
this study placed 18 genes on the core (BAT93 x JHRI58) map and 5 on the OAC Rex x

SVM Taylor genetic map.

Marker polymorphism and segregation

Core population

When genespecific primers were used to amplify fragments from the phenylpropanoid pathway
genes in 6BAT936 and 0 J8,ICBR daaELRAG)gad/épolynomphic genes
bands (Fig @, Table3). The individuals in the RI population were scored for the polymorphisms
observed in the band sizes amplified with the primers for the 4 gene marker8)(&igl their

distribution did not diffefrom the expected 1:1 drghution (Table4).
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Table3. Polymorphisms of the phenylpropanoid genes in the Core popul&gmnes and
corresponihg restriction enzymes are specified with polymorphic band sizes in the right two
columns.

Gene Enzyme Band size (bp)
Mapped by PCR Jalo Bat
IFR Isoflavanone reductase 1000 1200
IFS Isoflavanone synthase 1100 -
CHR Chalcone reductase 600 600, 700
LAC Laccase 1100 1200
FBP4 (caps) Lignin proxidase 1100 850
RFLP (EcoRl)

4CL1 4-coumarate CoA ligase 8000 15000
AS1 Glutathione Sransferase 20000 23000
CAD Cinamylalcohol dehydrogenas - 4800
F5H Ferulate Bhydroxylase 4500 -
Myb Myb transcription factor 5000 6500
RT Rhamnosyl transferase 6000 -
IOMT 7-O-methyltransferase 6500 5500
VT Vacuolartransporter - 4300
RFLP (HindIll)

CCR Cinnamoyl CoA reductase 6200, 6400 6200, 7000
F30H FIl avonoid 386 | 7000 4000
LAR Anthocyanidin reductase 4000 4300
PAL1 Phenylalanine ammonia lyase 2500 2900
PAL2 Phenylalanine ammonia lyase =~ 2700 3000

50



IFR IFS CHR

Jalo Bat RIL Jalo Bat RIL Jalo Bat RIL

1200 bg
-+

TG N |

[—
)
)
jE—
-
o
e
-
-

LAC FBP4
Jalo Bat RIL Jalo Bat RIL
f—/% f—/%

Figure 10. Five phenylpropanoid genes (IFR, IFS, CHR, LAC and FBP4) were mapped by PCR
in the core RIL populatiarGel electrophoresis of amplicons from parental lines and RI

individuals from this population d?. vulgarisis shown. FBP4 was mapped as CAPS marker and
the image shows the migration pattern of digested PCR product. Migration positions of a linear
DNA marker ladder are shown at left. Arrow shows the polymorphic band which was scored and

used in JoinMap analysis
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FBP4wasscored as a CAPS (Cleaved Amplified Polymorphic Sequence) marker since
the PCR products that were amplified with the FBP4 primers were the same size (1100 bp) with
both parental DNA samples. However, after treakBg4 amplicorwith Mbol redriction
endonuclease an 850 bp band was observed in the Bat sample, whereas, the Jalo fragment
remained at 1100 bp (Fi@®1Table3). Distribution of alleles in the RIL population was not

significantly different from 1:1 (Tabl4).

To map genes as RFLP rkars, Southern blotting was carriedt using cloned and
partially sequenced phenylpropanoid pathway genes as probes. Six different restriction
endonuclease&€oR| EeoRV Haelll, Hindlll, Dral andPstl) were used to digest genomic
DNA to test their ability to generate polymorphic markers between the parents and to determine
which endonuclease resulted in polymorphisms for most of the genes. On the basis of these
preliminary testdélindlll andEcoRIwereselected to screen the individuals in the RI population.
The resulting RFLP markers based on the phenylpropanoid pathway genes were sized between
300- 1000 bp (FigL1; Table3). Eight of these genedCL, AS CAD, F5H, Myb, RT, IOMT, V1)
showed polymorplsims using EcoRI and fiv€CR F 3 §UAR PALL PAL2 showed

polymorphisms whehlindlll was used as restriction endonuclease {Ejgable4).
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Figure 11. 13 phenylpropanoid genes (4CL1, AS1, CAD, F5H, Myb, RT, IOMT, VT, CCR,
F36H, LAR, PAIré mappedas RAP thagrkerain the core RIL population
Southern blot of genomic DNA of parental lines and RI individuals from the core population of
P. vulgarisis shown. Migration positions of a linear DNA marker ladder are shown at left.
Arrow shows theolymorphic band which was scored and used in JoinMap analysis.
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The allele frequencies for 13 of the 14 markers mapped as RFLPs fisegtehation
ratioin the core mapping population (Talle Only the allele frequency for the Myb TF marker
deviatedsignificantly (P < 0.05) from the expected 1:1 ratio. Segregation of this marker was

1:2.3, biased toward the BAT93 allele.

Table4. Chisquare test of segregation ratios for phenylpropanoid gene and linkage map position
in the BJ population

Common beandmolog Segregation ratio observed ¢ (1:1) Map location
(linkage group)

Bat 93 allele  Jalo EEP558 allele

LAR 36 28 1.00 P\02
4CL1 36 29 0.75 P\03
IFR 33 40 0.67 P\03
IFS 33 38 0.35 P\05
F36H 34 24 1.72 P\09
IOMT 27 33 0.60 P\06
LAC 40 34 0.49 P\O1
PAL1 29 24 0.47 P\O7
PAL2 35 30 0.38 P\O7
CAD1 36 31 0.37 P\02
VT 27 23 0.32 P\08
CHR 39 31 0.91 P\O4
AS1 35 32 0.13 P\08
RT1 35 33 0.06 PvO3
CCR 30 29 0.02 PV10
Myb 47 20 10.88* P\O7
F5H 32 34 0.06 P\03
FBP4 29 31 0.07 P\06

* Significantly different from segregation ratio of 1:1 at P= 0.05.

OAC Rex x SVM Taylor RI population

Five phenyl propanoid pathway genes were polym
O0SVM Taylordo was ampli fied 1@sPCRsgvithtiHReDFB e ne spe
CHR, CAD and PAL3 primers gave polymorphic amplicons between 300 to 1200 bp with

parental DNA (Tablé®) and the individuals in the RI population. The distributions of the alleles
54



were not significantly different from 1:1 except foHR, which was biased 2:1 in favour of the

SVM Taylor allele (Tablé).

Table5. Polymorphisms for genotyping phenylpropanoid genéisa®AC populatiorand the
amplicon sizdor parental lines of the population.

Gene Enzyme Band size (bp)

Rex Taylor
IFR Isoflavanone reductase 1200 1000
DFR1 Dehydroflavonol 4reductase 300 500
CHR Chalcone reductase 600, 700 600
CAD Cinamylalcohol dehydrogenase 1900 1400
PAL3 Phenylalanine ammonia lya8e 650 750
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PAL3 CHR DFRB

OAC SVM OAC SVM OAC SVM RIL

700 bp
>
300 bp

IFR CAD
OAC SVM OAC SVM

1400 bp
1200 bp

Figure 12. Five phenylpropanoid genes (PAL3, CHR, OFR-R and CAD) were mapped by
PCR in OAC Rex x SVM Taylor RIL populatiofsel electrophoresis of amplicons from
parental lines and RI individuals from this populatiorPof/ulgarisis shown. Migration
positionsof a linear DNA marker ladder are shown at left. Arrow shows the polymorphic band
which was scored and used in JoinMap analysis.
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Table6. Chisquare test of segregation ratios for phenylpropanoid gehénkage map position
in the OAC population.

Common bean homolo Segregation ratio observed ¢’ (1:1) Map location
(linkage group)

OAC Rex allele  SVM Taylor allele

IFR 40 27 2.52 Pv(3
DFR1 40 28 2.12 PvQl
CHR 25 48 7.25* Pvo4
CAD 21 32 2.28 Pw2
PAL3 33 31 0.06 Pv(8

*Significantly different from segregation ratio of 1:1 at P= 0.05.

Construction of the linkage map

Core population

The locations of the phenylpropanoid pathway genes in the common bean linkage map based on
the segregation of the markers developed above are shown18. Hilge original linkage map

that was used to build the current map was obtained from Paid @wejhtad 680 markers.

However, for clarity the linkage map in FI@ only shows 282 markers. The locations of the

colour genes are indicated by boxes. The data to place these genes was obtained from (Bassett,

2007;McCleanet al.2002; and http://bic.css.msuwgdpdf/Bean_Core_map_2009.pdf)

The 18 phenylpropanoid genes (in boldface text on the current map) are distributed
throughout the bean genonte3 GartdLAC are on linkage group 1 (LGI)ARandCADon
LG2,F5H, IFR andRT1on LG3,CHRon LG4,IFSon LG5,FBP4andIOMT on LG6,PAL1,
PAL2andMyb TF on LG7,VTand AS1 on LG8 an@CRon LG11 (Tablé). Five out of 18
genes were mapped withirlZ cM of colour gene loci. In particuld?ALL PAL2andMyb
transcription factor mapped 13.2 cM, 17.1 cM and 7.8rcvh the basic colour gene P

(Lamprecht 1939; Smith 1939) on linkag®gp 7.CHRmapped 7 cM from G, the yellew
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brown factor of Prakken (1970), &v04. CAD mapped 2.1 cM from B, the greenish brown
factor of Prakken (197@n PW2 based on linkage withé¢ldominant | gene for bean common

mosaic virus BCMV resistang¢®allejos et al. 2006)

OAC Rex x SVM Taylor RI population

The LOD 3.0 linkage map obtained from the OAC Rex x SVM Taylor RI populatioridfig

covered 750 chind wa based olan original linkage map (Larsen RJ, 2D08th 68 markers,

and 129 markers thatere added in the current stu@henylpropanoid genes are in boldface

text. SSR SNPand peviously mapped markers are in regular fontyurently contains five
phenylpropanoid gene markeB3KR1, PAL3 CAD, IFR andCHR), ten SSR markers and 114

SNP markers that were scored for the 89 inbredtiner i ved from cross bet we
and 6SVM Tayloré. Of the 18&9%478%)NvErepolgmokpleicr s t hat
between OAC Rex and Taylor (Appendix 1). The orientation of the map is consistent with the

recently established standard (Pedrdsaand et al, 2008).

DFR1mapped 13.9 cM from a flower colour gene on linkage group one that was
previously mapped by Larsen et al (BQO0Four flower colours were observed in the OAC Rex x
SVM Taylor RI population, namely: w purple, violet, pink and white flowers. Thisvirast
predicted to beletermined by colour genébased on the chromosomal ldoat Cosegregation
analysis of this trait anDFR1gene is shown in table 7. The segregation ratio of coloured flower
versus white flowewas 1:1 in accordncewith the ratio of gene segregation in Rl population.

DFR1gene segregation ratwasalso not gnificantly different from 1:1 (Table 7).
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Table7. Cosegreg#on of flower colour with DFRih population OAC Rex x Taylor

Coloured flower vs white flower DFR1
Segregation ratios

Phenotype Coloured  White flower A H B
flower

Observed 43 45 40 19 29

Expected 44:44 44:44

ratio 11 1.1

& 0.05 2.12

¢’ : not significant (P = 0.05).

Single marker analysis (ANOVA) showed significant linkages betweenl@jERe and

flower colour Table8).

Table8. Single marker analysis of DRRand flower colour in OAC Rex x SVM Taylor
population.

Source of

Variation SS df MS F P-value F crit
Between Groups  3.970819 1 3.970819 20.34568 2.77E05 3.98856
Within Groups 12.6859 65 0.195168
Total 16.65672 66

Rank correlation analysisas performed between flower colour and DFRne. The
result identified a positive correlation between the two (r=0.41442, <.088I¢nteen percent

of variation in flower colour can be explained by OFR
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Figure 13 Core Linkage map of the conon bean recombinant inbred populati8ymbols for
colour gene are boxed and boldface and those for phenylpropanoid pathway gene are in boldface
text. Centimorgan (cM) distances between markers ordered at a LOD score 4.0 are shown to the

left of each linlage group.
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