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1. Yo, Luz Clemencia DE PAEZ, en mi condicion de apoderada de la sociedad

solicitante de la patente de la referencia, me refiero al oficio No. 4525 notificado por

fijacién en lista el 12 de Marzo de 2013.

2. Mediante oficio No. 4525 se puso en conocimiento del solicitante el informe que
contiene las observaciones hechas por su Despacho sobre la presente solicitud de
patente. Las observaciones realizadas en el oficio se refieren la presencia de materia no
considerada una invencion, a excepciones de patentabilidad, a la presencia de usos o
segundos usos, al titulo de la solicitud, y al nivel inventivo de las reivindicaciones 1 a 5 en
vista de los documentos D1: Fukui Y. et Al, Tetrahedron 62, 9663-9670 y D2: CA2537065.

3. Respuesta a las objeciones

De este modo y con el objeto de atender las objeciones arriba mencionadas, se

desea presentar las siguientes modificaciones, aclaraciones y argumentos:

“EXCELENCIA LEGAL EN UN MUNDO SIN FR(INTERAS" B
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31 Modificacion de una solicitud en tramite

De acuerdo con el articulo 34 de la Decisiéon 486 de la Comisién de la Comunidad
Andina, donde se establece que la modificacion de una solicitud es posible en cualquier
momento del tramite mientras no impligue una ampliacién de la solicitud inicial, me
permito presentar un nuevo pliego reivindicatorio conformado por 6 reivindicaciones, junto

con un nuevo capitulo descriptivo.

El soporte de las modificaciones realizadas puede ser encontrado en el capitulo

descriptivo como fue originalmente presentado, de la siguiente manera:

(1) Se han incluido dos nuevas reivindicaciones 5 y 6 (antiguas 5-15), dicho soporte
a dicha modificacion se puede encontrar en los parrafos [0030] a [0054] de la

descripcion del inglés (ejemplos 1-4).

Las reivindicaciones 1 a 4 permanecen de manera similar, sin embargo las formula

se han sustituido por unas mas claras.

3.2 No es una invencion

El examinador menciona que el objeto de las reivindicaciones 9 a 10 no se
considera una invencion, de acuerdo con el Art citado, puesto que es una parte de la

planta tal como se encuentra en la naturaleza.

Con el fin de superar las objeciones planteadas, las reivindicaciones en mencion

han sido eliminadas.

3.3  Excepcion a la Patentabilidad

E! Examinador menciona que el objeto de las reivindicaciones 5 — 8 y 11 no es
patentable de acuerdo con el Art citado, porque se trata de plantas.



Con el fin de superar esta objecion, las reivindicaciones en mencion han sido

eliminadas del presente capitulo reivindicatorio.

3.4 Reivindicaciones relativas a un uso

El Examinador describe que el método de las reivindicaciones 12 — 15,
corresponde al uso del compuesto de féormula (I), mencionado en la reivindicacion 1 que
es un pigmento de la rosa. Es evidente que la llamada etapa de “utilizar el compuesto
para alterar el color de la planta” corresponde a la forma de usar los compuestos de
formula (1), aungque en su preambulo se reclame como método. Se le aclara al solicitante
qgue un método cuya Unica etapa corresponde a utilizar o aplicar, dicha aplicacién es un

uso. Por lo tanto dicho método no es patentable de acuerdo con el articulo 14.

Con el fin de superar esta objecién realizada por el Examinador, la reivindicaciones

12 a 15 han sido eliminadas.

3.5 Modificacion al Titulo de la Solicitud

El Examinador ha objetado el titulo de la solicitud mencionando que no
corresponde con el objeto de la solicitud porque se deberia mencionar el nlcleo central de
la estructura, que puede haber muchos compuestos contenidos en la rosa, por lo cual se

sugiere al Solicitante hacer la correccién necesaria.

En cuanto a la objecién realizada el titulo se ha modificado como ha sugerido el
Examinador a “COMPUESTO DERIVADO DE DELFINIDINA”.

3.6 Analisis de nivel inventivo

El Examinador refiere que los documentos D1 y D2, se consideran el estado del

arte cercano a la invencion definida en la reivindicacion 1 a 4.



Con el fin de superar las objeciones a nivel inventivo, nos permitimos aclarar:

(1) Debe reconocerse la actividad inventiva de las invenciones de las

reivindicaciones 1 a 4.

(2) Con respecto a las nuevas reivindicaciones 5 y 6 (es decir, un método para la
preparacién de los compuestos de las reivindicaciones 1-4), solicitamos muy
respetuosamente el reconocimiento de la patentabilidad de dichas reivindicaciones,

puesto que los compuestos de las reivindicaciones 1-4, son inventivos.

(3) En cuanto a la actividad inventiva de las invenciones de reivindicaciones 1-4,
es reconocido generalmente en el arte que un flavonoide 35'-hidroxilasa (F3'5'H)
pertenece a la familia del citocromo P450, se presume que el ancestro de este gen fue
derivado antes de la derivatizaciéon en plantas superiores, y por eso P450 se localiza en el
reticulo endoplasmatico. También generalmente se reconoce en el arte que un F3'6'H
puede catalizar la hidroxilacion en la posiciéon 3" o en las posiciones 3' y &' del flavanona,

dihidroflavonol, flavonol y flavona.

También generalmente se reconoce en el arte que P450s se derivado de un
eucariote, tales como animales, plantas, levaduras, etc. son - una proteina de membrana

presente en reticulo endoplasmatico o en la mitocondria de las células.

(i) Sustrato de F3'5'H

En "Kaltenbach et al,, The Plant Journal (1999) 19(2), 183-193" (Apéndice 2)
describe que los F3'5 'Hs revelan mayores actividades con naringenina y apigenina, pero
también se obtuvieron significantes actividades con kaempferol y dihidrokaempferol (ver
pagina 186, columna derecha, lineas 21-23, tabla 1, pagina 184, figura 1). En el Apéndice
2, se afirma "la dihidroquercetina es un intermediario en la sintesis de la antocianina y el

co-pigmento, pero la hidroxilacion -3' en la via de la antocianina ocurre con



dihidrokaempferol, mientras que la hidroxilacion -3' en la biosintesis de co-pigmento

ocurre con naringenina (ver pag. 187, columna derecha, lineas 12-18).

Ademas, Oslen et al., BMC Plant Biology 201, 10-21 (Apéndice 1) describe al
Kaempferol como un sustrato de F3 '5' H ademas de Dihidrokaempferol vy
Dihidroquercetina (ver pag. 3, figura 1). Como puede verse en la figura 1, el sustrato
principal de F3 '5' H es el Dihidrokaempferol (DHK) y Dihidroguercetina (DHQ) y el

Dihidrokaempferol (el nimero de grupos hidroxilo del grupo fenilo unido al sistema de

anillo de la cumarina es uno) es metabolizado a pelargonidina por la acciéon de la
dihidroflavonol 4-reductasa (DFR) y la antocianidina sintasa (ANS), la Dihidroquercetina
(el nimero de grupos hidroxilo del grupo fenilo unido al sistema de anillo de cumarina es
dos) es metabolizado a cianidina por la accién de la DFR y la ANS y la Dihidromiricetina
(DHM) (el namero de grupos hidroxilo del grupo fenilo unido al sistema de anillo de
cumarina es tres) es metabolizado a delfinidina por la accién de la DFR y la ANS.

(ii) Transporte de flavonoides en células

Zhao et al., 16 de diciembre de 2009, Trends in Plant Science, Vol. 15, N°® 2
(Apéndice 3) describe ese complejo de la enzima biosintético del flavonoide que contiene
F3'5'H que esta unido a la ‘membrana del reticulo endoplasmatico, los flavonoides son
sometidos a modificaciones, tales como la glicosilacién en el citoplasma y transferidos via
vacuola, mediante una variedad de transportadores unidos a la membrana vacuolar (ver la

pagina 76, Figura 2).
(i) La rosacianina esta presente en la vacuola

Como los pétalos de una planta de rosa se observan con un microscopio 6ptico,
los pigmentos se pueden encontrar dentro de las vacuolas de la epidermis. Asi, se
reconoce que la rosacianina esta presente en las vacuolas. También se considera que ya
que la rosacianina es glicosilada, fue sintetizada fuera de las vacuolas y luego ser

transferida a las vacuolas.



(iv) Ruta prevista de la sintesis de rosacianina

El documento D1 (Fukui et al., Tetraedron, Vol. 26, no. 41, 2006, p. 9661-9670)
describe "las rosacianinas Al (1) y A2 (2) tuvieron un croméforo comun, que contenia
cianidina con un grupo de galoil unido entre las posiciones 4 y 5 del grupo hidroxilo del
nucleo flavilium y telimagrandina 1 y 2, respectivamente, en el C-3 del nucleo de
cianidina" (ver pagina 9668, columna izquierda, lineas 15-19, pagina 9667, figura 6). D8
también describe "las rosacianinas se cree que son biosintetizadas por una cicloadicion
enzimatica o por una adicion nucleofilica y electrofilica de cianidina con una gran cantidad
de telimagrandina 1 y 2, distribuidos en los pétalos de rosa" (ver pagina 9668, columna

izquierda, lineas 40-44).

Como se describe en Katsumoto et al., Plant Cell Physiol. 48(11): 1589-1600
(2007) (Anexo 4), en la rosa recombinante, ademas del gen FS 'S’ H, un iris DFR (que
puede producir selectivamente la delfinidina de DHM) se introduce también al suprimir la
expresion de un rosa DFR inherente en orden a sintetizar selectivamente la delfinidina de
dihidroflavonol (ver la pagina 1590, Fig. 1, pagina 1593, Fig. 2, secuencia del gen de
pSPB919, pagina 1592, columna derecha, lineas 13-27). Como resultado, no fue
producida cianidina y asi la rosa producida contiene delfinidina 100, y ademas tampoco
rosacianina se produjo. De hecho, la rosacianina no esta presente en la rosa
recombinante y sélo rosadelfina es detectada. Partiendo de este hecho, puede decirse

que la rosadelfina no puede ser producida de rosacianina como sustrato.

En el paragrafo [0005] de la especificacion de esta aplicacion se describe como
sigue:

“Puesto que las rosacianinas tienen una cadena principal cianidina en

una porcion de su estructura, existe la posibilidad de que se sinteticen

basandose en cianidina, un precursor _comun con cianidina o _un

analogo de cianidina. Sin embargo, debido a que esto es solo

especulacion, los tipos de sustratos realmente se utilizan como
precursores y los tipos de vias, que se utilizan en la sintesis atun no

han sido claramente determinadas”



Es decir, si bien fue encontrado antes de la fecha de prioridad de esta aplicacién

que rosacianina esta presente en una rosa, su ruta de biosintesis habia estado totalmente

incierta.

Por lo tanto a la luz de la experiencia técnica como se explicd anteriormente, la
actividad inventiva de la invencion de los compuestos reivindicadas, queda sustentada de

la siguiente manera:

Como se mencioné anteriormente, el sustrato principal de F3 '5' H es el
dihidrokaempferol (DHK) y la dihidroquercetina (DHQ) y el F3 '5' H esta presente en la
membrana de la vacuola. Por otra parte, la rosacianina esta presente en la vacuola. Del
hecho que las ubicaciones son diferentes entre si, resulta claro que el F3 '5' H no puede
actuar en rosacianina per se para agregar grupo hidroxilo adicional a los dos grupos

hidroxilo en el grupo fenilo unido al sistema de anillo de cumarina de la rosacianina.

También como se indicé anteriormente, puesto que las rosacianinas tienen una
cadena principal de cianidina como parte de su estructura, existe la posibilidad que se
sinteticen partiendo de cianidina, un precursor comuln con cianidina o un analogo de la
cianidina. Sin embargo, esto es solo especulacién. En la presente invencién, primero se
encontré que la expresiéon de F3 '5' H dio lugar a la sintesis de rosadelfina. Es decir,
primero se aclaré que la rosacianina se sintetiza a partir de la cianidina, la cual es
sintetizada por la ruta biosintética [DHK-(F3'H) DHQ-(DFR, ANS)-cianidina]. También
podria presumirse que la rosadelfina no es sintetizada basada en rosacianina u otros
analogos de la delfinidina, pero se sintetiza partiendo de delfinidina, que se ha reducido
(via leucodelfinidina) por un lris DFR con alta especificidad de sustrato y producido por
ANS sin especificidad, via [DHK-(FS'S’ HIDHM (DFR especifico, ANS) delfinidina]. Este
es el primer hallazgo de que el novedoso pigmento (rosadelfina) de la presente invenciéon

esta presente.

Puede decirse que la estructura quimica de rosadelfina se distingue de la
rosacianina en el nimero de grupos hidroxilo en el grupo fenilo unido a los sistemas de

anillo de cumarina. Sin embargo, en el proceso para producir un producto final de



rosadelfina, un gran nimero de enzimas esta implicado. Por lo tanto, teniendo en cuenta
la especificidad del sustrato a un numero de enzimas implicadas, una persona experta en
la materia no podria haber presumido con una expectativa razonable de éxito que toda la
cantidad de enzimas actuarian en el proceso para la producciéon de rosacianina, y que

también podrian actuar en el proceso para la produccién de rosadelfina.

Por estas razones, en cuanto al punto de vista del examinador "el experto
obviamente derivaria los compuestos de la presente reivindicacion 1 incluyendo las
ensefianzas del documento D1 en la divulgaciéon de D2, con respecto a la cantidad de
grupos hidroxilo hacia un color mas azulado y por lo tanto la reivindicaciéon 1 se considera
obvia" muy respetuosamente se encuentra por fuera de los argumentos aqui
presentados, que demuestran la altura inventiva de los compuesto de la presente

solicitud.

En consecuencia, un técnico con conocimientos medios en la materia no estaba en
condiciones de plantearse el problema, tampoco de resolverlo en la forma en que se
reivindica y tampoco de prever el resultado, por lo que la presente solicitud posee la altura
inventiva para que se le conceda el privilegio solicitado, a los compuestos de las

reivindicaciones 1 a 4.

4, Modificacion de la solicitud en tramite

Con el objeto de subsanar las objeciones presentadas por su Despacho y de
acuerdo con el articulo 34 de la Decisiéon 486 de la Comisiéon de la Comunidad Andina,
donde se establece que la modificacién de una solicitud es posible en cualquier momento
del tramite mientras no implique una ampliacién de la solicitud inicial, me permito

presentar nuevo capitulo reivindicatorio modificado.

Sin embargo, la solicitante desearia sefialar que cualquier materia divulgada
borrada o no contenida en la presente serie de reivindicaciones no debe ser considerada
como abandonada. Asi mismo, la solicitante se reserva su derecho a incluir tal materia en

futuras series de reivindicaciones.



5. De acuerdo con los argumentos y modificaciones presentados con este escrito, la
presente solicitud cumple a cabalidad con los requerimientos exigidos en la Decision 486

y las objeciones formuladas por el Examinador se ven superadas.

Puesto que se ha dado respuesta a todas las objeciones formuladas por el
Examinador, se solicita atentamente proceder al otorgamiento de la solicitud de patente.
En este sentido, respetuosamente recordamos al Examinador que la patente no podra ser
negada con base en objeciones diferentes a las expuestas en la accion oficial No. 4525
toda vez que al no haber sido trasladadas a mi representada, dicha decisién violaria tanto
el tenor literal del articulo 45 de la Decision 486 como el derecho constitucional al debido
proceso. En este evento, y con base en el inciso 2 del articulo 45, respetuosamente
solicitamos al Examinador expedir una nueva accién oficial que permita a mi representada
contra argumentar las mismas o modificar la solicitud con el fin de cumplir los requisitos

de patentabilidad.
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6. ANEXOS

¢ Nuevo pliego reivindicatorio conformado por 6 reivindicaciones

e Formulario de modificaciones en solicitud pendiente

¢ |dentification and characterization of CYP75A31, a new fiiavonoid 3’5'-hydroxylase,
isolated from solanum lycopersicum

¢ Flavonoid hydroxylase from Catharanthus roseus: cDNA, heterologous expression,
enzyme properties and cell-type specific expression in plants

¢ The “ins” and “outs” of flavonoid transport

¢ Engineering of the Rose Flavonoid Biosynthetic Pathways Successfully Generated
Blue-Hued Flowers Accumulating Delphinidin

. Sefior Director, -

o AersnanSeblis
LUZ CLEMENCIA DE PAEZ
C.C. 35.456.344 de Usaquén

T.P.A. No. 23.555

COLO-17511-0841-004-2
. SML\SML\ID-244345\WPC17511
No. M-2013-244345\SML
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SUPERINTENDENCIA

Espacio reservado para el adhesivo de radicacion

DIRECCION DE NUEVAS CREACIONES
MODIFICACIONES Y/O CORRECCIONES

1. Identificacion del Tramite
EI Error material @ Modificacion a una Solicitud en tramite
[’:‘] Patente de Invencion
D Patente de Modelo de Utilidad
D Registro de Disefio Industrial

D Esquema de Trazado de Circuitos Integrados |

2. Datos del solicitante

Persona Natural D Persona Juridica

SUNTORY HOLDINGS LIMITED

Nombre ¢ denominacién / Nombre o razén social completa

Nombre representante legal

Tipo de empresa Micré D Pequefia EI Mediana D Otra D
Documento de identificacion: DC.C. D C.E. D NIT D Otro Numero
Nacionalidad/Pais de constitucion | Direccion y domicilio del titular Ciudad
Japén 1;40, Dojimahama 2-chome, Kita-ku, Osaka-shi, Osaka
Osaka 530-8203, Japon
Direccién electrénica ’ No. Fax Numero telefonico
clientes@cavelier.com 211 86 50 3473611

D Autorizo expresamente a la Superintendencia de Industria y Comercio para que todas las comunicaciones sean enviadas a

través de la direccién de correo electrénico

3. Datos del apoderado:

Apellidos y Nombre Documento de identificacion Tarjeta profesional

De Paez Luz Clemencia . C.C. 35.456.344 T.P.A. 23.555
Direccion y domicilio Ciudad
Carrera 42 No. 72 -35 Bogota
Direccion electrénica No. Fax ’ ‘| Namero telefénico
cavelier@cavelier.com 2118650 347 36 11
En caso de haber presentado poder general para asuntos que se adelanten ante la Delegatura de Propiedad Industrial, sirvase
indicar el nimero de su radicacion o protocolo de poder general

PI02-F17 vr1 (2012-04-19)
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4. Datos del tramite
Correccion:

Expediente No 11.126.046

Aparece
Debe ser

Modificacion:

EI Modificacion al capitulo reivindicatorio.
Presento nuevo capitulo reivindicatorio compuesto por 6 reivindicaciones con el fin de superar las
objeciones hechas por Su Despacho a la presente solicitud de patente y pido respetuosamente que el
examen de patentabilidad sea realizado sobre estas nuevas reivindicaciones presentadas.
Respetuosamente manifiesto que a pesar de eliminar materia del pliego reivindicatorio originalmente
presentado, mi representada no renuncia a la proteccién que pueda obtener sobre dicha materia y
ademas se reserva el derecho de presentar una solicitud divisional que la contenga durante el tramite
de la presente solicitud, beneficidndose de la fecha de prioridad inicialmente reivindicada.

Modificacién al capitulo descriptivo.
Modificacion al resumen.

Modificacién a los dibujos.

K O O O

Modificacion al Titulo.
Solicito respetuosamente a su despacho tener en cuenta que el nuevo titulo de esta solicitud
de patente ha quedado como sigue: “COMPUESTO DERIVADO DE DELFINIDINA".

5. Anexos

D Poder, si fuere el caso.
IE Documento que contiene las modificaciones o correcciones.

D Copia de la solicitud y sus anexos en formato magnético.

PI02-F17 vrl (2012-04-19)
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6. Firma

Nombre y apellidos

LUZ CLEMENCIA DE PAEZ

C.C. 35456344 DE Usaquén

nal 23555

PI02-F17 vrl (2012-04-19)




REIVINDICACIONES

1. Compuesto representado por la siguiente férmula general (1):

[Férmula Quimica 1]

en donde, R, representa el siguiente grupo:

[Formula Quimica 2]

HO
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y R, representa -OH o R; y R, forman conjuntamente -O-, o R, representa el siguiente

grupo:
[Formula Quimica 3]
HO
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y R, representa -OH, siempre y cuando la coordinacién (linea ondulada) del grupo
hidroxilo en la posicién 1 de glucosa en R, exhiba tautomerismo entre la forma a y la

forma B.

2, Un compuesto representado por la siguiente formula:

14



[Férmula Quimica 4]

3. Un compuesto representado por la siguiente formula:

[Férmula Quimica 5]

4. Un compuesto representado por la siguiente férmula:

[Férmula Quimica 6]

5. Un método para la preparaciéon de un compuesto de acuerdo con cualquiera de las
reivindicaciones 1 a 4, comprendiendo el método las etapas de:

introducir de un gen flavonoide 3'5'-hidroxilasa derivado de un
pensamiento a una planta que pertenece a la familia Rosaceae, género Rosa,

Rosa hybrida a través de un Agrobacterium por el método de ingenieria genética, y

expresar el gen en los pétalos de la planta para producir el compuesto.



6. El método de acuerdo con la reivindicacién 5, donde la Rosa hybrida es una
variedad Lavande o WKS 82.

SML\SML\ID-244346\WPC17511
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Appendix 1
. Olsen et al., BMC Plant Biology 2010, 10:21

Olsen et al. BMC Plant Biology 2010, 10:21

http://www.biomedcentral.com/1471-2229/10/21
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Plant Biology

RESEARCH ARTICLE Open Access

Identification and characterisation of CYP75A31,
a new flavonoid 3'5"-hydroxylase, isolated from
Solanum lycopersicum

Kristine M Olsen'", Alain Hehn?, Héléne Jugdé?, Rune Slimestad®, Romain Larbat?, Frédéric Bourgaud?,
Cathrine Lillo’

Abstract

Background: Understanding the regulation of the flavonoid pathway is important for maximising the nutritional
value of crop plants and possibly enhancing their resistance towards pathogens. The flavonoid 3'5-hydroxylase
(F3'5'H) enzyme functions at an important branch point between flavonol and anthocyanin synthesis, as is evident
from studies in petunia (Petunia hybrida), and potato (Sofanum tuberosum). The present work involves the
identification and characterisation of a £3'5’H gene from tomato (Solanum lycopersicum), and the examination of its
putative role in flavonoid metabolism.

Resuits: The cloned and sequenced tomato F3'5'H gene was named CYP75A31. The gene was inserted into the
pYeDP60 expression vector and the corresponding protein produced in yeast for functional characterisation. Several
putative substrates for F3'5'H were tested in vitro using enzyme assays on microsome preparations. The results
showed that two hydroxylation steps occurred. Expression of the CYP75A31 gene was also tested in vivo, in various
parts of the vegetative tomato plant, along with other key genes of the flavonoid pathway using real-time PCR. A
clear response to nitrogen depletion was shown for CYP75A31 and all other genes tested. The content of rutin and
kaempferol-3-rutinoside was found to increase as a response to nitrogen depletion in most parts of the plant,
however the growth conditions used in this study did not lead to accumulation of anthocyanins.

Condlusions: CYP75A31 (NCB! accession number GQ904194), encodes a flavonoid 3'S-hydroxylase, which accepts
flavones, flavanones, dihydroflavonols and flavonols as substrates. The expression of the CYP75A31 gene was found
to increase in response to nitrogen deprivation, in accordance with other genes in the phenylpropanoid pathway,
as expected for a gene involved in flavonoid metabolism.

\

Background

Flavonoids are plant secondary metabolites. They have
a wide range of functions such as (a) providing pig-
mentation to flowers, fruits, and seeds in order to
attract pollinators and seed dispersers, (b) protecting
against ultraviolet light, (c) providing defence against
phytopathogens (pathogenic microorganisms, insects,
animals), (d) playing a role in plant fertility and germi-
nation of pollen and (e) acting as signal molecules in
plant-microbe interactions {1,2). Flavonoids receive a
lot of attention due to their possible effects on human
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"University of Stavanger, Centre for Organelle Research, Faculty of Science
and Technology. N-4036 Stavanger, Norway

(_) BlioMed Central

health. Many flavonoids display antioxidant activity
that confers beneficial effects on coronary heart dis-
ease, cancer, and allergies [3,4]. Reports also suggest
that some of the biological effects of anthocyanins and
flavonols may be related to their ability to modulate
mammalian cell signalling pathways [5,6]. Enhancing
the production of flavonoids in crop plants can there-
fore give an important boost to their nutritional value,
which makes knowledge of expression and regulation
of the flavonoid pathway important. Flavonoids consti-
tute a relatively diverse family of aromatic molecules
that are derived from phenylalanine and malonyl-coen-
zyme A. Most of the bright red and blue colours found
in higher plants are due to anthocyanins. Anthocyanin
biosynthesis has been studied extensively in several

© 2010 Olsen et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribuuon License (http//creativecommans.arg/licenses/by/2.0}, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original wark is properly cited.
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plant species and detailed information on the pathway
is available [7-9]. Information on substrate flow and
regulation through the branch point between flavonol
and anthocyanin synthesis is however not fully eluci-
dated, and for tomato the enzymes acting in the
branch point have not been extensively characterised.
Experiments with expression of the snapdragon tran-
scription factor genes Delila, a basic-helix-loop-helix
(bHLH) transcription factor, and Roseal, a R2R3 MYB-
type transcription factor, showed that F3’5’H expres-
sion is necessary for activation of anthocyanin synth-
esis in tomatoes [10]. Introduction of these
transcription factors under control of the fruit-specific
E8 promoter increased the expression of most of the
structural genes in the biosynthetic pathway in the
tomato fruit, including phenylalanine ammonia-lyase
(PAL), chalcone isomerase (CHI) and F3’5’H. PAL
insures high flux into the phenylpropanoid pathway,
whereas CHI and F3’5’H are essential for addressing
the flux towards flavonoids in general and anthocyanin
production specifically. The activity of CHI is normally
low in the tomato skin, leading to accumulation of
naringenin-chalcone in the skin of wild type tomatoes
[11]. The cytochrome P450 dependent flavonoid
hydroxylases introduce either one (flavonoid 3'-hydro-
xylase, F3'H) or two (F3'5'H) of the hydroxyl groups
on the B ring of the flavonoid skeleton [7,12]. The
F3'5'H belongs to the CYP75 superfamily of P450
enzymes [13,14]. These enzymes are anchored to the
surface of the endoplasmic reticulum via their hydro-
phobic N- terminal end. Only plants that express the
F3'5’H gene are capable of producing blue flowers, as
these are dependent on 5’-hydroxylated anthocyanins.
F3'5’-hydroxylases are previously known from other
plants, such as Petunia hybrida (petunia), Cathar-
anthus roseus (Madagascar periwinkle), Vitis vinifera
(grape), Campanula medium (Canterbury bells), Sola-
num tuberosum (potato) and Solanum melongena (egg-
plant), among others. To be active P450 enzymes need
to be coupled to an electron donor. This can either be
a cytochrome P450 reductase or cytochrome bs. The
reductase will also be anchored to the surface of the
endoplasmic reticulum via its N- or C-terminus [13].
Kaltenbach et al. [15] isolated the F3'5’H gene from C.
roseus using heterologous screening with the CYP75
Hf1 ¢cDNA from P. hybrida [16]. Both the C. roseus
gene, named CYP75A8, and the petunia Hfl were
expressed in E. coli and found to accept flavones, flava-
nones, dihydroflavonols and flavonols as substrates,
and both performed 3'- and 3'5'-hydroxylation. The
genes encoding F3’5’H in grape have been shown to be
expressed in different parts of the grape plant that
accumulate flavonoids, especially in the skin of
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ripening berries where the highest levels of anthocya-
nins are synthesized {17].

Several genes in the flavonoid pathway display differ-
ences in substrate specificity or preference in various
plant species. Petunia dihydroflavonol 4-reductase
(DFR), for instance, does not utilize dihydrokaempferol
[18]. Arabidopsis DFR converts dihydroquercetin into
leuco-cyanidin, but will use dihydrokaempferol when
dihydroquercetin is not available, e.g. in plants lacing
functional F3'H enzyme [19]. This is because the plants
lacking F3'H activity cannot produce dihydroquercetin
{fig 1). So far there is not much information on F3'5’H
substrate specificity. Available data [15,20] generaily
confirm the same substrates, without reporting negative
results for other substrates tested. However, Tanaka et
al. [20] reported that the petunia Hf2 cDNA expressed
in a yeast system did not accept apigenin as substrate.
Kaltenbach et al. did, however, show that the petunia
HfI can accept apigenin as substrate, when expressed in
an E. coli system [15].

F3'5'H competes with flavonol synthase (FLS) for the
substrates dihydrokaempferol and dihydroquercetin (Fig-
ure 1). The preferred substrate for DFR in the tomato
plant is dihydromyricetin [21], which can be produced
from dihydrokaempferol and dihydroquercetin by
F3'5'H. This is the first step in the branch leading to
anthocyanins (delphinidin type), which are normally
only found in the vegetative tissues of tomato. Accord-
ing to Bovy et al. [21] tomato FLS prefers dihydroquer-
cetin and dihydrokaempferol as substrates, and does not
use dihydromyricetin, hence DFR and FLS do not com-
pete for the same substrate. Nevertheless FLS can still
deplete the flow of substrate towards DFR by using
dihydrokaempferol and dihydroquercetin as they pre-
cede dihydromyricetin in the synthesis pathway. F3'H
might also compete with FLS and F3'5’H for dihydro-
kaempferol, although it is unclear, as the enzyme has
not been characterised from tomato so far. The activities
of FLS, F3'5’'H, DFR, and possibly F3'H, hence regulate
the distribution between flavonols and anthocyanins in
tomato plants. As a consequence, F3'’5’H can be a bot-
tleneck in this system as DFR relies on its activity to
proceed the synthesis towards anthocyanins. Bovy et al.
[11] has shown that silencing of the FLS gene leads to
more anthocyanins in vegetative tomato tissue. Intro-
duction of an FLS RNAI construct into tomato plants
led to decreased levels of quercetin-3-rutinoside (rutin)
in tomato peel, and to accumulation of anthocyanins in
leaves, stems and flower buds. This indicates that less
competition from flavonol synthesis will enhance the
flux towards anthocyanins by allowing more substrate
for DFR. In this study we cloned, sequenced and charac-
terised the F3'5’"H enzyme, which produces substrate for
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Figure 1 Simplified scheme of the phenylpropanoid pathway in tomato. The first committed enzyme in the flavonoid pathway is CHS. The
reaction indicated in blue has been proven in vitro in this study, however it is unclear if it occurs in planta. Enzymes are given in bold italics.
PAL: phenylalanine ammonia-lyase. C4H: cinnamate 4-hydroxylase. 4CL: 4-coumarate: CoA ligase. CHS: chalcone synthase. CHI: chalcone isomerase.
F3H: flavanone 3-hydroxylase. FLS: flavonol synthase. F3'H: flavonoid 3-hydroxylase. F3'5'H: flavonoid 3'5*-hydroxylases. DFR: dihydroflavonol 4-reductase.
L ANS: anthocyanidin synthase. UFGT: UDP glucose flavonoid 3-O-glucosy! transferase.

DFR in tomato. Accumulation of flavonoids, and distri-
bution of products through the different branches of the
flavonoid pathway, has previously been shown to be
influenced by nitrogen supply {22,23]. An agricultural
plant like tomato is typically given nitrogen through fer-
_tilization; hence the level of nitrogen available to the
plant can be monitored. It is, therefore, important to
elucidate the effects nitrogen has on expression of genes
and accumulation of compounds, such as flavonoids.
Extensive knowledge on the branch-point enzyme

F3'5'H is crucial for understanding the distribution of
flow through the flavonoid pathway, potentially enabling
manipulation of desired end-product accumulation in
fruits and vegetables in response to growth conditions.

Results

Sequence analysis

The CYP75A31 gene was isolated using sequence
homology with a potato F3’S’H and 3’ RACE to identify
the 3' end of the gene. A tomato EST sequence found in
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the TIGR database was assumed to be the 5’ end of the
gene (accession number DB723744), and primers based
on these sequences led to isolation of the cDNA and
DNA sequences for CYP75A31. The 3133 bp gene
sequence (Figure 2) consists of three exons (gray), which
is consistent with what is previously reported for potato,
petunia and soybean [24,25]. A Blast search (NCBI) per-
formed with the coding sequence revealed 94% identity
to a S. tuberosum, 88% identity to a S. melongena and
84% identity to a P. hybrida F3'S’H sequence.
Phylogenetic analysis

The phylogenetic tree (Figure 3) was made using protein
sequences from several plant F3'5’"H enzymes retrieved
from the NCBI web page. The tree clearly visualises that
CYP75A31 is most closely related to the F3'5'H enzymes
of the Solanum species potato and eggplant.

CYP75A31 Substrate Specificity

The coding sequence of the CYP75A31 gene was trans-
formed into yeast for heterologous expression. Enzyme
assays were run on isolated microsome fractions, sub-
strates and products were analysed by HPLC and MS.
The substrates found to be metabolized by CYP75A31
are listed in table 1. Luteolin (5,7,3',4’-tetrahydroxyfla-
vone) gave tricetin (5,7,3',4’,5"-pentahydroxyflavone) as
. the only product. Naringenin (5,7,4'-trihydroxyflava-
none) gave rice to two peaks in the HPLC-spectrum
identified as eriodictyol (5,7,3',4 -tetrahydroxyflavanone),
and 5,7,3,4’,5’-pentahydroxyflavanone. As expected,
eriodictyol as substrate gave only one product,
5,7.3',4',5"-pentahydroxyflavanone. Dihydrokaempferol
(3,5,7,4'-tetrahydroxyflavanone) gave two peaks, dihydro-
quercetin (3,5,7,3',4"-pentahydroxyflavanone), and dihy-
dromyricetin  (3,5,7,3',4",5'-hexahydroxyflavanone).
Dihydroquercetin as substrate gave one product, as
expected, identified as dihydromyricetin. Kaempferol
(3,5,7,4'-tetrahydroxyflavone) resulted in two peaks,
identified as quercetin (3,5,7,3',4"-pentahydroxyflavone)
and myricetin (3,5,7,3",4',5"-hexahydroxyflavone). Quer-
cetin as substrate gave myricetin as the only product,
and liquiritigenin (7,4-dihydroxyflavanone) gave two
products: butin (7,3’,4'-trihydroxyflavanone) and
7.3',4',5'-tetrahydroxyflavanone. Neither the control reac-
tions without NADPH, nor assays with microsomes iso-
lated from yeast transformed with pYeDP60 vector
lacking an insertion, showed any product formation.
Gene expression

Tomato plants were grown on rock-wool with complete
nutrient supply under continuous light. The rock-wool
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was rinsed with water to remove previous nutrient solu-
tion, and plants were randomly divided in two batches.
One batch continued with complete nutrient solution,
whereas the second batch received nutrient solution
with no nitrogen. Samples were harvested before change
of nutrients (day 0) and again after three days. Gene
expression was measured by real-time PCR, using the
shoot top (young tissue, e.g. shoot apex with primordia
and developing leaves, including first unfolded still small
leaf) on day O as calibrator. Relative expression of all
genes is hence given as a fold change related to the
shoot top sample taken on day 0. Expression of the
F3'S’H gene, six other structural genes of the phenylpro-
panoid pathway and transcription factors anthocyanin I
(ANTI!) and SIJAF13 (which is a putative homolog to
the petunia JAF13 gene [26]) was tested by real-time
PCR. All nine genes showed a general increase in
response to nitrogen deprivation (Figure 4a-i). Averaged
over all parts of the plant the expression of chalcone
synthase 2 (CHS2), F3'H, PALS, FLS, F3'5’H, DFR,
SIJAF13 and ANTI on day 3 was 22.0, 19.6, 16.2, 15.7,
13.3, 8.9, 8.9 and 8.0 fold higher, respectively, in nitro-
gen deprived plants as compared to plants given full
nutrient solution. At day 3, flavanone 3-hydroxylase
(F3H) (Figure 4c) showed detectable expression only for
nitrogen deprived plants, which overall was 20 fold
higher than on day 0. F3H is the only gene with no
detectable transcripts in plants receiving nitrogen on
day 3; the reason for this is unknown. All of the genes,
with the exception of F3'H (Figure 4d), showed highest
expression in nitrogen depleted leaflets (from 5 leaf
from the hypocotyl) on day 3. For F3'H the highest
expression was found in nitrogen depleted petioles
(from 5™ leaf from the hypocotyl). The nitrogen effect
in leaflets was especially high for F3'S’H (Figure 4e).
PALS (Figure 4a) showed a clear increase in response to
nitcogen deprivation, also in roots. SIJAFF13 (Figure 4i)
showed a clear nitrogen effect in all plant parts tested,
as did ANT! (Figure 4h). Expression of CHS2 (Figure
4b) displayed a convincing nitrogen effect in shoot top,
petiole, leaflets and stalk (of the whole plant). DFR (Fig-
ure 4g) was expressed in much the same way as CHS2
but showed a slightly higher increase in relative expres-
sion in the leaflets, and lower in the shoot top of nitro-
gen deprived plants. Expression of FLS (Figure 4f) was
clearly elevated in all parts of nitrogen deprived plants
while the level remained relatively stable in plants
receiving nitrogen. .

684 bp

913 bp

Figure 2 Gene model of CYP75A31. The CYP75A31 gene isolated form the tomato cultivar Suzanne F1 consists of 3 exons (gray} and 2 introns.

GenBank accession number: GQ904194.
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Figure 3 Phylogenetic tree for a selection of F3'5'H enzymes. The phylogenetic tree was made using protein sequences from several plant
F3'5'H enzymes retrieved from the NCBI web page. Accession numbers are displayed in the figure.
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Phenolic content

Measurements of phenolic content were conducted on
the same samples as the expression analysis. Rutin was
detected in all samples, except roots at day 0. In all
parts of the plant the content had increased from day 0
to day 3 and was clearly higher in nitrogen deprived
plants (Figure 5a). The overall content of rutin in nitro-
gen deprived plants on day 3 was 1.9 times higher than
in nitrogen replete plants. Kaempferol-3-rutinoside was
not detected in samples from stalk or root, and only in
nitrogen deprived leaflets. In the shoot top and petiole
there was a clear increase from day 0 to day 3, especially
in nitrogen depleted plants (fig 5b). The overall content
of kaempferol-3-rutinoside in nitrogen deprived plants

on day 3 was 2.3 times higher than in nitrogen replete
plants. Anthocyanins were not detectable in any samples
under the growth conditions used.

Discussion

When starting the in vitro enzyme assays, substrates
were chosen based on previous findings on accepted
substrates for F3’5’H enzymes from other plants. Sub-
strates were also chosen based on structural similarity
to these compounds. With the exception of liquiriti-
genin, substrates found to be metabolized by CYP75A31
were also found to be metabolized by CYP75A8, which
was previously isolated from C. roseus {15]. The Kalten-
bach group also tested a petunia F3'5'H in the E. coli
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Table 1 List of accepted substrates for CYP75A31

Substrate Product of 3-hydroxylation Product of 5"-hydroxylation Class

Luteolin - Tricetin Flavone

(20.3) [286] (18.2) (302)

Naringenin Eriodictyol 5,2,3'4"5"pentahydroxyflavanone Flavanone

(21.2) 2721 (19.1) [288] (163)

Eriodictyol - 5,7,3'4'5" -pentahydroxyflavanone (16.2) [304] Flavanone

(189) [288]

Dihydrokaempferol (17.0) {288] Dihydroquercetin Dihydromyricetin Dihydroflavonol
(15.0) (304] (124) (320

Dihydroquercetin (15.0) [302] - Dihydromyricetin Dihydroflavonol

(124) (318]

Kaempferol Quercetin Myricetin Flavonol

(224) (286} (20.1) (302] (17.1) [318)

Quercetin - Myricetin Flavonol

(20.0) [302] (17.0) [318)

Liquiritigenin Butin 7.3 4 S"-tetrahydroxyflavanone Flavanone

(19.0) [256} (17.03) (2721 (14.4)

Enzyme assays were run on microsome preparations of yeast transformed with the CYP75431 gene. Product formation was analysed by HPLC and MS. HPLC
retention times in minutes are given in parenthesis. Masses in g/mol, as determined by MS, are given in brackets.

expression system used for CYP75A8, and found that
the petunia F3'5'H accepted the same substrates.
Whereas the C. roseus F3'5'H had highest activity with
apigenin, the petunia F3'5'H had highest activity with
naringenin [15]. For the CYP75A31 enzyme there was a
clear preference for naringenin and liquiritigenin, as
these substrates were metabolised also in dilute micro-
some preparations. In the present study, CYP75A8 was
also expressed in the same yeast (expression) system as
CYP75A31. K,, for naringenin was measured to 1.20
M for CYP75A31, and 0.83 pM for CYP75A8. Kalten-
bach et al. [15] reported an apparent K., of 7 yM for
naringenin when expressing CYP75A8 in the E. coli
expression system. The rate of hydroxylation performed
by a F3'5’H enzyme is dependent on the reductase used
in the expression system. De Vetten et al. [27] has
shown that a cytochrome bs is required for full activity
of F3'5’H in petunia. The gene encoding a cytochrome
bs was inactivated by targeted transposon mutagenesis,
which resulted in reduced F3'5'H activity and reduced
accumulation of 5’-substituted anthocyanins, leading to
an alteration in flower colour. Qur expression studies
utilized the Arabidopsis ATR1 reductase, whereas in the
expression studies performed by Kaltenbach et al. [15], a
C. roseus P450 reductase was used in the E. coli expres-
sion system. The use of different expression systems,
and reductases, may explain the difference in K, values
obtained for the C. roseus CYP75A8 enzyme in the two
studies [28].

Liquiritigenin has to our knowledge not been shown
to be metabolized by a F3'5’'H enzyme previously.
Liquiritigenin in plants is mostly associated with the
legumes, which have a CHI capable of isomerising 6'-
hydroxy- and €’-deoxychalcones to 5-hydroxy- and 5-

deoxyflavanones respectively. Joung et al. {29] reported
that the tobacco CHI is able to isomerise the 6'-deoxy-
chalcone isoliquiritigenin to the 5-deoxyflavanone,
liquiritigenin, in transgenic tobacco over-expressing a
Pueraria montana chalcone reductase gene. Tanaka et
al. [20] showed that the F3'5'H from Gentiana triflora
catalysed the hydroxylation of naringenin to eriodictyol,
eriodictyol to 5, 7, 3, 4, 5'-pentahydroxyflavanone, dihy-
drokaempferol to dihydroquercetin, dihydroquercetin to
dihydromyricetin and apigenin to luteolin when
expressed in S. cerevisiae under the control of a glyceral-
dehyde-3-phosphate dehydrogenase promoter. The reac-
tion rates and substrate preferences recorded in bacteria
or yeast expression systems do not necessarily represent
the actual rate or preference in planta. As demonstrated
in this study, the tomato F3'5'H is capable of metaboliz-
ing liquiritigenin, although to our knowledge liquiriti-
genin has never been found in tomato plants.
Expression analysis showed that all the major genes of
the flavonoid pathway tested, including F3’5’H, had a
clear increase in expression as a result of three days of
nitrogen deprivation (Figure 4). Despite what seemed to
be a general up-regulation of the flavonoid pathway in
this study, the growth conditions applied had not
resulted in accumulation of anthocyanins at the time of
sampling. At the time of sampling, the increase in gene
expression was more prominent than the increase in
level of rutin and kaempferol-3-rutinoside. As gene
expression increases prior to accumulation of product
this implies that accumulation of rutin and kaempferol-
3-rutinoside had not yet reached the maximum. Similar
studies (unpublished results) conducted on nitrogen
deprived tomato plants have shown that also anthocya-
nins will appear over time. Possibly the concentrations
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Figure 4 Expression analysis by real-time PCR. Relative expression of genes in the flavonoid pathway in various parts of the tomato plant.
Tomato plants were grown for 25 days on rock-wool with complete nutrient supply under continuous light. The rock-wool was rinsed with
water to remove previous nutrient solution, and plants were randomly divided in two batches. Half the plants continued with complete nutrient
solution, whereas the other half received nutrient solution with no nitrogen. Samples were taken before change of nutrients (day 0) and again
after three days. One biological sample was pooled from 3 different plants. Relative expression is given as a fold change related to the sample
shoot top, day 0. Three analytical replicates were performed, SE is given (n = 3). Ubiqutin and elongation factor 1 & have been used as

of dihydrokaempferol and/or dihydroquercetin have to
exceed a threshold level for F3'5’'H to metabolise what
FLS does not have capacity for. Similar studies {30]
showed far higher levels of flavonol-derivatives than in
the present study at the time of anthocyanin accumula-
tion, which might indicate that FLS does not have the
capacity to metabolise all the dihydrokaempferol/dihy-
droquercetin as the flow through the pathway escalates.
The increase in transcripts of F3’H in all parts of the

nitrogen deprived plants, indicates increased production
of the F3'H enzyme, which hydroxylates dihydrokaemp-
ferol to dihydroquercetin. The action of this enzyme,
(together with F3'5'H), might explain why the content of
rutin is much higher than kaempferol-3-rutinoside,
since they have dihydroquercetin and dihydrokaempferol
as precursors respectively. It should be mentioned that
although the F3'H tested here was a clear orthologue to
the petunia F3'H, the tomato F3'H has not yet been
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Figure 5 Accumulation of flavonoids. Accumulation of flavonoids in vegetative parts of tomato plants was determined by HPLC using
standards. Tomato plants were grown for 25 days on rock-wool with complete nutrient supply under continuous light. The rock-wool was
rinsed with water to remove previous nutrient sofution, and plants were randomly divided in twa batches. Haif the plants continued with
complete nutrient solution, whereas the other half received nutrient solution with no nitrogen. Samples were taken before change of nutrients
(day 0) and again after three days. One biological sample was pooled from 3 different plants. Three analytical replicates were run for each
sample; standard error was less than 1%. Accumulation of a) rutin and b) kaempferol-3-rutinoside is given as pg/g fresh weight (FW).
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cloned and characterised, hence its function still needs
to be established. This is especially relevant considering
that the F3'5'H present in tomato is also capable of cata-
lysing the 3'-hydroxylation.

A similar study [30] showed accumulation of antho-
cyanins in leaves of nitrogen deprived tomato plants. In
this study the nitrogen deprivation lasted a minimum of
four days, and flavonoid content continued to increase
from the fourth to the eighth day of nitrogen
deprivation.

Consistent with the increase in rutin and kaempferol-
3-rutinoside, the enzyme responsible for increasing flux
into the phenylpropanoid pathway, PALS increased in
expression as a response to nitrogen deprivation. The
MYB-type transcription factor ANTI, and the putative
bHLH transcription factor SIJAF13, also increased in all
parts of nitrogen deprived plants. This is consistent with
the general increase in all the flavonoid structural genes
tested, and the increase in flavonoid content.

Conclusions

The sequenced gene, CYP75A31, encodes a flavonoid
3'5’-hydroxylase which accepts luteolin, naringenin, erio-
dictyol, dihydrokaempferol, dihydroquercetin, kaemp-
ferol, quercetin and liquiritigenin as substrates. The
ability to do 3'- and especially 5'-hydroxylation of inter-
mediates in the flavonoid pathway places CYP75A31 at

an important branch point in the regulation between
flavonol and anthocyanin synthesis. Expression of the
CYP75A31 gene increased in response to nitrogen depri-
vation, in accordance with other genes in the phenylpro-
panoid pathway, which is an expected response to
abiotic stress in plants.

Methods

Plant Material

Suzanne F1 seeds were sown on rock wool and given
Hoagland nutrient solution containing 15 mM NOj’
[31]. RNA and DNA used to identify coding sequence
and introns of the F3’5’H gene was isolated from plants
grown in a 12 h light/dark regimen. Expression and
metabolite analysis were performed on plants grown in
continuous light, and given complete Hoagland solution
before shifted to a nitrogen deprived regimen where
KNO; was replaced by KCI and Ca(NO3;),:4H,0 was
replaced by CaCl,.

Identifying the F3'5’H gene

RNA was isolated from leaves of the cherry tomato
Suzanne F1 using the RNeasy Plant Mini Kit (Qiagen,
USA). To identify the 3’end of the F3’5’H gene the Gen-
eRacer™ Kit (Invitrogen, USA) was used. The gene speci-
fic left primer used for the 3’ end had the sequence
ACAAGGATGGGAATAGTGATGGT and was based
on a F3’5°H sequence for Solanum tuberosum (accession
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number: AY675558). The cDNA amplified was
sequenced, and a nucleotide BLAST against the Gene-
Bank (NCBI) showed close similarity to other F3'S’H
sequences. An EST sequence was found in the TIGR
database (accession number DB723744) which was
assumed to be the 5’ end of the gene. Based on the
obtained sequences for 3’ and 5’ ends, new primers cov-
ering the entire gene were made. The 3’ sequence was
used to make the primer 75ALerevECO (GGAATTCT-
CAGCAACGATAAACGTCCAAAGATAG) with an
additional EcoRlI site for the 3’ end of the gene. The 5’
-end primer, 75ALedirBAM (GGGATCCATGGCGT-
TACGTATTAATGAGTTATTT), includes an additional
BamHI site.

cDNA for cloning was made using the SuperScript™ III
First-Strand Synthesis SuperMix for qRT-PCR (Invitro-
gen). The ORF of CYP75A31 was amplified by PCR
introducing BamHI/EcoRI rectriction sites upstream of
the start ATG and downstream to the stop codon TGA
using Platinum® Tag DNA Polymerase High Fidelity
(Invitrogen). PCR program was as follows: 95°C for 5
min, followed by 5 cycles of 95°C for 1 min, 40°C for 1
min and 72°C for 1.5 min. Then 35 cycles of 95°C for
30 sec, 55°C for 30 sec and 72°C for 1.5 min. At the end
there was an extra 5 min elongation at 72°C before cool-
ing to 4°C. The product was ligated into a TOPO vector
using the pCR® 8/GW/TOPO* TA Cloning® Kit (Invitro-
gen) as recommended. The ligated vector was trans-
formed into OneShot* Chemically-Competent E. coli
(Invitrogen) and grown on LB-media containing specti-
nomycin. Several individual colonies were picked and
grown to amplify and isolate the plasmids for sequen-
cing. The obtained sequences were subjected to a
BLAST search, and were shown to display significant
similarities to F3’5’H genes isolated from other species.
Expression Constructs
CYP75A31 was cut from the TOPO vector using Bam-
Hland EcoRl, then ligated into the pYeDP60 vector [32]
for expression in yeast.
Yeast Expression and microsome preparation
The yeast strain Saccharomyces cerevisiae WAT11, engi-
neered to over-express the P450 reductase isoform
ATRI1 from Arabidopsis thaliana when induced with
galactose [32], was used for the expression, Transforma-
tion with the pYeDP60 expression construct was per-
formed as previously described by Gietz et al. [33].
Propagation of yeast cells and preparation of micro-
somes was done as described by Pompon et al. {32] with
some modifications. Liquid SGlu, 50 ml, was inoculated
by a single colony from a SGlu plate and grown at 30°C
for 48 h. The culture was then transferred to 200 ml
YPGlu medium, containing 20 g/l glucose, and grown at
30°C for 24 h. The yeast cells were spun down (2000 x
g, 3 min) and re-suspended in YPGal medium
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containing 20 g/l galactose for induction of microsomes
at 16°C for 24 h. Microsomes were isolated in the fol-
lowing way: The yeast culture was centrifuged (2 000 x
g, 10 min) and the pellet re-suspended in 50 ml TEK
(100 mM KCl in 50 mM Tris-HCl with 1 mM EDTA),
centrifuged at 6 100 x g for 3 min and the pellet re-sus-
pended in 2 ml extraction buffer (20 mM f-mercap-
tethanol, 1% BSA and 0.6 M sorbitol in 50 mM Tris-
HCI with 1 mM EDTA). Glass beads were added, and
the suspension was shaken in an automatic shaker
(Retsch MM200 Mixer Mill, Krackeler Scientific, USA)
4 x 2 min at a vibration frequency of 30. Between two
shaking cycles the suspension was placed on ice for 3
min. Portions of 10 ml extraction buffer was added to
the beads 4 times, shaken and decanted to retrieve the
microsomes. Extraction buffer was centrifuged for 15
min at 6 100 x g, the supernatant was filtered, and
MgCl, added to a final concentration of 50 mM in
order to precipitate the microsomes [34]. The suspen-
sion was placed on ice for approximately 1 h before cen-
trifugation at 12 500 x g for 20 min. The pellet was
dissolved in 1.0 to 1.5 ml TEG (30% glycerol in 50 mM
Tris-HCl with 1 mM EDTA) and homogenized using a
Teflon pestle. Work was carried out on ice, all buffers/
solutions and centrifuge were pre-cooled to 4°C.
CYP75A31 Enzyme assays

Several compounds were tested as potential substrates
for CYP75A31. Microsomes isolated from yeast
CYP75A31 transformants were incubated in 0.1 M
sodium phosphate buffer, pH 7.0 containing 1.0 mM
NADPH, or without NADPH (as a negative control).
The assay mixture was equilibrated for 2 min at 27°C
prior to starting the reaction by addition of microsomes.
Concentration of substrate in the assays ranged between
20 to 100 puM. Total volume of assay was 200 pl. After
10 to 30 min the reaction was stopped by adding 75 ul
of acetonitrile/concentrated HCl (99:1). Precipitated pro-
teins were removed by a 10 min centrifugation (9300 x
g); the supernatant was used directly for HPLC and MS
analysis to assess product formation and substrate con-
sumption. To validate that hydroxylations occurred due
to CYP75A31 activity, assays were run with a micro-
some preparation made from WATI11 transformed with
the pYeDP60 vector without any insertions.

Real-Time PCR

Plants were sown on rock-wool and grown at 22°C for
25 days with full Hoagland nutrient solution, in con-
tinuous light (approximately 200 pmolm™?s™' PAR).
The rock-wool was rinsed thoroughly with tap water
to remove nutrients, before adding nutrient solution
deprived of nitrogen (referred to as day 0). The follow-
ing samples were taken from three plants and pooled
to one sample (for each part of the plant): shoot top
(young tissue, e.g. shoot apex with primordia and
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developing leaves, including first unfolded still small
leaf), petiole (from the 5® leaf from the hypocotyl),
leaflets (from the 5" leaf from the hypocotyl), stem
(the whole stem of the plant) and roots (efforts were
made to retrieve as much of the root as possible, but
some finer parts were lost in the rock wool). The tis-
sues were snap frozen in liquid nitrogen and stored at
-80°C before ground into powder in liquid nitrogen
(samples for RNA and phenolic analysis were taken
from the same powder). Samples were pooled from
three plants receiving nitrogen and three plants
deprived of nitrogen at day three. Total RNA was iso-
lated using RNeasy® Plant Mini Kit (Qiagen). RNA was
quantified by spectrophotometer and ¢cDNA synthe-
sised using the High Capacity cDNA Archive Kit
(Applied Biosystems, USA) (concentration of RNA in
the reaction tube was 10 g mL!). Real-time PCR
reactions were assayed using an ABI 7300 Fast Real-
Time PCR System (Applied Biosystems) with Sybr-
Green for detection. The reaction volume was 20 pL
containing 10 pl QPCR Master Mix (PrimerDesign,
UK), 0.3 uM primer (forward and reverse) and 1 pl
c¢DNA. Standard cycling conditions (2 min at 50°C, 10
min at 95°C and 40 cycles altering between 15 s at 95°
C and 1 min at 60°C) were used for product formation.
Forward and reverse primers were as follows (with
RTPrimerDB http://www.rtprimerdb.org identification
number given in brackets when available); PAL5-F, 5'-
TITCTCCATTACAAATCAAACCA-3' and PAL5-R,
5-TTCACTTCATCCAAATGACTCC-3, CHS2
LOC778295 (7794); DFR LOC544150 (7795); FLS-F, 5'-
TAAGATTTGGCCTCCTCCTG-3" and FLS-R, 5’-
ACCAAGCCCAAGTGATAAGC-3'; F3H-F, 5'-
AGTGGTGAATTCGAATAGCAGTAG-3' and F3H-R,
5-TTTCCTCCTGTACATTTCTGCAA-3"; F3'H-F, 5'-
GAGGAGTTCAAGTTAATGGTGGT-3’ and F3'H-R,
5-ACTCGCTTTTCCTTGTGTTCTT-3’; ANT1 (7793);
JAF13-F, 5'-AGGAGAGTTCAGGAGCTGGAG-3’;
JAF13-R, 5-GCCTTCCTTTTGTTCGGTAG-3’ [30]
and; F3'5'H-F, 5-TCCCTCAACGCCACTAAATC-3
and F3'5’H-R, 5-TTTTCCCGCTAAGGAACC-3'. Gene
expression for each sample was calculated on three
analytical replicates normalized using the geometric
average of the reference genes ubiqutin and elongation
factor 1la [35] in the gBaseplus software [36], using the
shoot top harvested at day 0 as calibrator. Thus, rela-
tive quantity of any gene is given as fold change rela-
tive to day 0.

Flavonoid standards

Naringenin, dihydroquercetin, kaempferol and quercetin
were obtained from Sigma-Aldrich (USA). Liquiritigenin
was obtained from Extrasynthése (France). Luteolin,
eriodictyol and dihydrokaempferol were obtained from
TransMIT (Germany).
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HPLC and MS analysis

Analysis of enzyme substrates and products

The flavonoids were analysed on a HPLC system (LC
20AD, Shimadzu Corporation, Japan) equipped with a
C18 LichroCART 125-4 column (Merck, Germany) con-
nected to a diode array detector (SPD M20A, Shimadzu
Corporation). Substrates and products separations were
done using a solvent system of (A) 0.1% (v/v) acetic acid
in water and (B) methanol:acetonitril (1:1). The column
was equilibrated in solvent A at a flow rate of 0.9 ml/
min for 5 min, and the elution was performed using a
linear gradient of solvent B from 0 to 67% for 25 min,
followed by 100% B for an additional 5 min. Detection
was made on a wavelength range of 220-400 nm. Injec-
tion volume was 50 pl.

Mass spectrometric analyses

The HPLC-MS system comprised the binary solvent
delivery pump (Surveyor MS, ThermoFinnigan, USA)
connected to a diode array detector (Surveyor PDA
plus, ThermoFinningan) and a linear ion trap mass
spectrometer (LTQ-MS, ThermoFinnigan). Products
separation was done as described in the above para-
graph. LTQ equipped with an atmospheric pressure
ionization interface operating in ESI mode. Data were
processed using LCQuan software (version 2.0). Compu-
ter was controlled by Xcalibur 1.4 software. The opera-
tional parameters of the mass spectrometer were as
shown below. The spray voltage was 5 kV and the tem-
perature of the heated capillary was set at 200°C. The
flow rates of sheath gas, auxiliary gas, and sweep gas
were set (in arbitrary units min-1) to 50, 10, and 10,
respectively. Capillary voltage was +20/-20V (positive/
negative polarity), tube lens was +65/-65V (positive/
negative polarity) and the front lens was +5/-5V (posi-
tive/negative polarity).

Characterisation of product formation

The products eriodictyol, dihydroquercetin and querce-
tin were identified using HPLC-standards, and MS
(table 1). Triecetin, 5,7,3',4’,5’-pentahydroxyflavanone,
dihydromyricetin and myricetin were identified by MS
(table 1). Absorbance maximum for substrates and pro-
ducts are given in Additional file 1. Structure for sub-
strates and products are given in Additional file 2.
Analysis of flavonoids in vegetative parts of the tomato
plant

Samples of approximately 100 mg were extracted in 1
ml of 1% (v/v) trifluoroacetic acid (TFA) in methanol,
and analyzed by use of a liquid chromatograph (Agilent
1100-system, Agilent Technologies, Norway) supplied
with a photodiode array detector. Separation was
achieved on an Eclipse XDB-C8 (4.6 x 150 mm, 5 ym)
column (Agilent Technologies) by use of a binary sol-
vent system consisting of (A) 0.05% TFA in water and
(B) 0.05% TFA in acetonitrile. The gradient (%B in A)
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was linear from 5 to 10 in 5 min, from 10 to 25 for the
next 5 min, from 25 to 85 in 6 min, from 85 to 5 in 2
min, and finally recondition of the column by 5% in 2
min. The flow rate was 0.8 ml/min, 10 ul samples were
injected on the column, and separation took place at 30°
C. Detection was made over the interval 230-600 nm in
steps of 2 nm in order to obtain full absorbance spec-
trum of the compounds of interest. Peak characteriza-
tion was done in accordance to previous results [37,38)].
Quantitative levels of the rutinosides of kaempferol and
quercetin, the major flavonoids in tomato seedlings,
were calculated as peak areas obtained at 370 nm com-
pared to the responses of authentic samples (rutin and
kaempferol-3-rutinoside, provided by PlantChem, Nor-
way). All results were corrected against the exact weight
of the sample. One biological sample, pooled from three
individual plants, was analyzed. Three analytical repli-
cates were done for each sample; standard error was
less than 1%.

Phylogenetic analysis

Protein sequences of previously published F3'5’H
enzymes were obtained from the NCBI home page
{accession numbers are given in the phylogenetic tree,
figure 3). The phylogenetic analysis was done using the
default settings of ClustalX (1.83).

List of abbreviations

4CL: 4-coumarate: CoA ligase; ANS: anthocyanidin
synthase; ANT1: anthocyanin 1; bHLH: basic-helix-loop-
helix; C4H: cinnamate 4-hydroxylase; CHI: chalcone iso-
merase; CHS2: chalcone synthase 2; DFR: dihydroflavo-
nol 4-reductase; F3H: flavanone 3-hydroxylase; F3'H:
flavonoid 3'-hydroxylase; F3'5'H: flavonoid 3'5'-hydroxy-
lase; FLS: flavonol synthase; PAL5: phenylalanine ammo-
nia-lyase 5; TFA: trifluoroacetic acid; UFGT: UDP
glucose flavonoid 3-O-glucosyl transferase.
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Flavonoid hydroxylase from Catharanthus roseus: cDNA,
heterologous expression, enzyme properties and cell-type

specific expression in plants
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Summary

We investigated the P450 dependent flavonoid
hydroxylase from the omamental plant Catharanthus
roseus. cDNAs were obtained by heterologous screening
with the CYP75 Hf? ¢cDNA from Petunia hybrida. The C.
roseus protein shared 68-78% identity with other
CYP75s, and genomic blots suggested one or two genes.
The protein was expressed in Escherichia coli as
transistional fusion with the P450 reductase from C.
roseus. Enzyme assays showed that it was a flavonoid
3,5"-hydroxylase, but 3"-hydroxylated products were also
detected. The substrate specificity was investigated with
the C. roseus enzyme and a fusion protein of the Petunia
hybrida CYP75 with the C. roseus P450 reductase. Both
enzymes accepted flavanones as well as flavones,
dihydroflavonols and flavonols, and both performed 3-
as well as 35-hydroxylation. Kinetics with C. roseus
cultures on the level of enzyme activity, protein and
RNA showed that the F3'5’H was present in dark-grown
cells and was induced by irradiation. The same results
were obtained for cinnamic acid 4hydroxylase and
flavanone 3f-hydroxylase. In contrast, CHS expression
was strictly dependent on light, although CHS is
necessary in the synthesis of the F35'H substrates.
Immunohistochemical localization of F35'H had not
heen performed before. A comparison of CHS and F35°'H
in cotyledons and flower buds from C. roseus identified
CHS expression preferentially in the epidermis, while
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F35'H was only detected in the phloem. The cell-type
specific expression suggests that intercellular transport
may play an important role in the compartmentation of
the pathways to the different flavonoids.

Introduction

Flavonoids have been of interest for many years and
their roles and the biosynthetic enzymes have been the
subject of many investigations. Of particular interest is
their contribution to flower colour {Biolley etal, 1394;
Holton and Comish, 1995; Mol etal, 1998). A major
factor is the cytochrome P450 dependent flavenoid
hydroxylases (EC 1.14.13.21) which introduce either
one (F3'H} (Forkmann etal., 1980} or two {F3'5’'H) (Storz
and Forkmann, 1982) of the hydroxyl groups which
strongly influence flower colours. Plants containing
F3'5'H may also contain F3'H, as shown in some cases
by genetics, e.g. with Petunia hybrida {(Wiering and De
Viaming, 1984), and it is difficult to exclude the
presence of F3'H by in vitro experiments. it is not
understood whether the sequential hydroxylations per-
formed by F35'H involve release and re-binding of the
3-hydroxylated first product, or whether they are
coupled without release of the intermediate. Although
most enzymes were tested with only a few substrates,
the overall picture suggested that both F3'H and F3'5'H
hydroxylated several classes of flavonoid aglycones
{Figure 1). This was one of the main reasons for the
proposal that intermediates in flavonoid biosynthesis
can be synthesized by muitiple paths (gridtype path-
way) (Stafford, 1990).

Sequences for F3'H are not yet available but, as
shown by heterologous expression, cDNAs from Petunia
hybrida (Holton etal, 1993; Toguri etal, 1993) and

Gentiana triffora {Tanaka etal, 1996) code for F3'5'H. -

The proteins belong to the CYP75 family in the super-
family of P450 enzymes {Nelson etal., 1996). The other
CYP75 family members have not been functionally
confirmed after heterologous expression, i.e. from
Solanumm melongena (Toguri etal, 1993), Eustoma
grandifiorum  and  russellisnum  (Nielsen  and
Podivinsky, 1997), and Campanula medium (GenBank
accession number D14590).

Many of the enzymes invo!ved in flavonoid biosynthesis
have been studied in great detail. The P450 dependent
flavonoid hydroxylases are one of the few exceptions, and
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this led us to investigate the enzyme in C. roseus. We
describe cDNAs for F35'H, the functional identification,
and a detailed enzymatic characterization of the F3'5'Hs
from C. roseus and P. hybrida after heterologous expres-
sion. We also investigated the regulation in cell cultures in
comparison with several other enzymes involved in
flavonoid biosynthesis. These studies revealed that chal-
cone synthase {CHS) expression was strictly dependent on
light, while F3'5’H expression was not, although CHS is
necessary for the synthesis of the F3'5’H substrates. One of
the possible explanations was a different cell-type specific
expression. Immunohistochemical localization experi-
ments with plant tissues indeed showed that the pre-
dominant expression of F3'5’H and CHS was not in the
same cells.

OH

Apigenin Luteolin (R1=0H, R2=H)
(Flavone) Tricetin (R1=R2=0OH)
FNS! T
FNSII

Naringenin Eriodictyol (R1=0H, R2=H)
(Flavanone) Pentahydroxyfiavanone (R1=R2=0H)

FHT l

OH
Dihydrokaempferol  Dihydroquercetin (R1=0OH, R2=H})
(Dihydroflavonol)  Dihydromyricetin (R1=R2=0H)

FLS l

Kaempferol Quercetin (R1=OH, R2=H)
{Flavonol) Myricetin (R1=R2=0H)

Figure 1. Overview of substrates and products of cytochrome P450-
dependent flavonoid hydroxylase reactions (bold arrows).

Other enzymes: FHT, flavanone 38-hydroxylase; FLS, flavonol synthase;
FNSI and FNSH, flavone synthases.
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Results and Discussion

CYP75 cDNA and genomic blot

The CYP75 from C. roseus was obtained by heterologous
screening with the P. hybrida cDNA. The first three cDNAs
were from the same gene but were of different length (1.4,
0.9, 0.6 kbp). All contained the 5-end of the coding region
for a putative flavonoid hydroxylase but lacked various
lengths from the 3-end of the mRNA. Rescreening of the
libraries with a homologous probe resulted in the
identification of 17 additional cDNAs of various sizes.
The overlapping sequences indicated that the cuitures
expressed a single CYP75 gene under the conditions
tested. None of the clones contained the entire protein
coding region, and the complete cDNA was constructed
from two clones. The predicted polypeptide (named
CYP75A8) contained 512 amino acids, had a calculated
mass of 57.805kDa, and shared 68-78% identity with the
other proteins of the CYP75 family. Figure2 shows the
comparison between C. roseus and P. hybrida. The latter
was chosen because its enzyme properties were also
investigated in this work. The genomic blot with the
complete cDNA (Figure 3) revealed a simple pattern of
strongly hybridizing fragments, suggesting that C. roseus

[ hor 1
a) C. roseus MALEKLVLFDFLAAISILILVQKFIQIVFLRSSS
b) P. hybrida ----- MMLLTELGAATSIFLIAHITIISTLISKTT

a) RIRLPPGPKGWPIIGALPYLGTMPHSILANMAKKYGPIMYLKLGTNG
b) GRH..... R...V..... L..A...V8..K......A.....V..C.

a) MVVASTPDAVKAFLRTLDMNFSNRPIDAGATHLAYNAQDMVFAHYGP
B) .A....... A.... K. L. 22 T

a) KWKLLRKLSNLHMLGGKALENWSNVRATELGYMLQAMYESSRKGETV
-3 T - A....N...H..KS.SDM. .E.QR.

a) VVPEMLTYAMANMIGQVILSRRVFVTKSLESNEFKDMVVELMTTAGY
b} ..A....F... .. M. .K....D.GV......ooennnn I...

a) FNIGDFIPSIAWMDLQGIERGMKRLHKKFDALLTKMLEEHKSSSHKR
b} ........ CL...ooveus KR......ovaiiennn FD...ATTYE.

a) KEKPDFLDYVLANRODNSEGERLTTTINIKALLLNLFTAGTDTSSSVIE
b) .G......V.ME.G........ [ R A..

a) WAISEMLKNPTILKRAQEEMDQVIGRNRRLMESDIPKLPYLQAICKE
b} ..LA..M...A...K..A.....oivvin L..... N....R.....

a2) TFRKHPSTPLNLPRIAQKDCQVNGYYIPKGTRLSVNIWAIGRDPNVW
< SNEP.I.D...... Nooooooiiianenn Q..

a) ENPLEFNPDRFLSGKMAKIEPRGNDFELIPFGAGRRI EAGTRMGIVL
) B E..... R.S..Diiiiirenmiiirnrttnocacens M

a) VEYILGTLVHSFDWKLPFDDINELNMDESFGLALQKAVPLVAMVSPR
- ) I S-EVI....E.A......ccv.n E...T..

a) LPINAYSP
b) .QLDV.V.

Figure2. Comparison of the flavonoid hydroxylases from C. roseus (a)
and P. hybrida HfA (b).
Only the first is printed fully; dots in {b) indicate sequence identity.
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contained either two closely related genes or one gene
with additional restriction sites in introns.

Hasterologous expression in E. coli: the CYP75 from C.
roseus is a F35H %

The function was investigated after heterologous expres-
sion, applying a previously established strategy which
uses translational fusions of the P450s with the P450
reductase (P450Red) from C. roseus {Hotze etal, 1995).
Figure4, an immunoblot of the membrane fraction with
antiserum against the P450Red, shows that the bacteria
synthesized a protein of the predicted size (lane Cr,
129 kDa). The smaller protein {115kDa) could be explained
by incomplete synthesis or partial degradation. The fusion
protein was tested with [**Clnaringenin as substrate, and
Figure 5a shows a representative example of the analysis
after TLC separation of substrate and products, The
enzyme converted naringenin into both eriodictyol and

Sites in the cDNA (1595 bp):

60 586 1591
Xbal Asp718 Hindll
Figure 3, Genomic Southem blot of C. roseus with the complete cONA.
Restriction digests: 1, Xbal; 2, EcoRl; 3, BamHl; 4, Asp718; 5, Hindlli; 6,
Hindlll plus Xbal, Each lane contained 30pg DNA. The numbers at the

left indicate the DNA size markers (kbp). Bottom: scheme of the cDNA
with the restriction sites used in the genomic blot,

©® Blackwell Science Ltd, The Plant Journal, (1998}, 19, 183-193
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pentahydroxyflavanone {3’ and 35™-hydroxylation, Figure
1). The control {microsomes from the same cells, but not
induced for protein expression) showed that the activity
was dependent on the presence of the fusion protein
{Figure 5b). More detailed experiments indicated that the
ratio of 3,4'5'-{pentahydroxyflavanone) and 3',4-hydro-
xylated products (eriodictyol) was dependent on the assay
conditions. The lowest ratios were obtained with short
incubations and low protein concentrations. The highest
ratios (abaut 2: 1) were detected after long incubations and
with high protein concentrations, i.e. when all of the
naringenin was converted into products, as in the example
shown in Figure 5a.

The fusion protein had an apparent K, of 7pm for
naringenin, and the variation of substrate concentrations
had no drastic effect on the product ratio. It is nat excluded
that the K., was influenced by the translational fusion to
the P450Red. Data for other F3'5'H are not available. The
F3Hs in microsomes from Petroselinum crispum
{Hagmann etal., 1983}, Zea mays (Larson and Bussard,
1986) and Citrus sinensis (Doostdar etal, 1995) had
apparent Kns in a similar range {(0.5-24 pum).

The results indicated that the CYP75 cloned from C.
roseus is a F3'5'H. Although the flavonoids in this plant
have not been investigated in detail, the conclusion is
consistent with reports that C. roseus contains 3’4’
5"-hydroxylated anthocyanins as the major pigments in
cell cultures exposed to light (Carew and Krueger, 1976;
Knobloch stal., 1982) and in the flowers [Milo etal., 1985},
The release of 3',4-hydroxylated products was unlikely to
be the result of heterologous expression because the same
was observed with microsomes isolated from plants
containing F3'5'H, but not F3'H {(Menting etal., 1994).

C Cr
Figure 4. Immunablots of fusion proteins expressed in E. cofi,
The protoins were displayed with the antiserum against the P450Red
from C. roseus which is common to both proteins. C, contro!l {plasmid
for the C. roseus protein, but no induction for protein expression); Cr and
Ph, C. roseus and P. hybrida fusion proteins (induction of proteln
expression for 8h). Protein per lane {membrane fractions): C and Cr,
75ug; Ph, 120pg. The size of the fusion proteins is indicated {128kDa).
The large cross-reacting proteins are from E. coli (Hotze etal, 1995).
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Pentahydroxyflavanone

& Eriodictyol
0.9 &

0
Lo (b) Naringenin
~Sa
0.9-
0 - ¥ 1 ' 1 [ 1 1 ] i 1

0 W3 i igileokiralliqs
Migration (cm)

Figura5, TLC analysis of the products synthesized from [*Clnaringenin
by the C. roseus fusion protein expressed in E. coll

Substrate and products were separated by TLC, and the radioactive spots
were quantified with a TLC scanner. {a) induction of protein expression
for Bh; (b} no induction, The i d 0.2mg proteln fram
the membrane fractions. The numbers at the ordinate represent
dpmx 1073,

Two other cloned CYP75 have been functionally identi-
fied before, and yeast expression of the hydroxylases was
used in both cases. The specific activity of the Gantiana
triflora enzyme (Tanaka etal, 1936) was about 500-fold
lower than that of the C. roseus fusion protein. That
enzyme accepted the 3" 4-hydroxylated substrates erio-
dictyol and dihydroquercetin (see overview in Figure 1),
and it performed only one hydroxylation with naringenin
or dihydrokaempferol. Our observations with the C. roseus
enzyme suggest that 3,5° hydroxylation was not detect-
able with the G. triflora protein bacause of its low activity.
The P. hybrida enzyme synthesized pentahydroxyflava-
none from naringenin, and it converted dihydroguercetin
into dihydromyricetin (5-hydroxylation) (Holton etal,
1893).

Haterologous expression of plant P450s: E. coli as an
alternative to yeast

A previous study with cinnamic acid 4-hydroxylase {C4H)
{Hotze et al., 1995) and the present work suggest that E. coli
can be used as a host for the functional expression of plant
P450. We extended these experiments to the F3'5'H of P.
hybrida in order to test further the usefulness of the
strategy and to obtain the possibility to compare the
properties of the two F3'5'Hs. The expression of the P.
hybrida F3'5'H fusion protein (Figure 4, lane Ph) was about
twofold lower than that of the C. roseus CYP75 fusion, as
judged from immunoblots with antiserum against the
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Table 1. Substrate specificities of the F3'5'Hs from C. roseus
and P, hybrida

Activity (%]
Substrate C. roseus P. hybrida
4"-Hydroxylated
Naringenin 94 100
Apigenin 100 B8
Kaempfarol 63 7
Dihydrokaempferol 27 35
3'4"-Hydroxylated
Eriodictyol 31 50
Luteolin 40 50
Quarcatin 23 41
Dihydroguercatin 13 8

Assay conditions: 50pg C. roseus or 20019 P. hybrida F3'5'H
fusion protein, 16 M substrate, incubation far 40 min at 20°C;
analysis of substrate and products by HPLC, The highest
activities {100%) were: C. roseus, 4.67 pkat mg™"; P. hybrida,
1.32 pkat mg™". The activities with the 4*-hydroxylated
substrates were calculated as the sum of the 3',4%and 3,4’
§"-hydroxylated products.

P450Red which is common to both proteins. The amount
of bands smaller than the expected protein size was lower
than with the C. roseus fusion protein. Assays with
["*Clnaringenin showed that the enzyme was active and
that it also produced both eriodictyol and pentahydroxy-
flavanone, but the specific activity was only about 50%
when compared with the C. roseus fusion protein. One of
the reasons may be that the coupling between the P.
hybrida CYP75 and the C. roseus P450Red was not as
efficient as with the two proteins from the same plant. The
data showed that the expression of translational fusions of
P450 and P450/Red in E. coli is a useful alternative to yeast
expression for the functional characterization of P450
activities.

The F35Hs from C. roseus and P. hybrida: substrate
acceptance and competition

We analyzed all four substance classes reported for
enzymes from different plants {Biolley atal, 1994;
Forkmann and Heller, 1939; Holton etal, 1993; Menting
atal., 1994; Stotz and Forkmann, 1982; Tanaka etal., 1996),
Both proteins revealed highest activities with naringenin
and apigenin, but significant activities were also obtained
with kaempferol and dihydrokaempferol (Table1}). The
products were in all cases both the 3,4- and 3’4
5'-hydroxylated forms, and the ratios were comparable to
those observed with ["*Clnaringenin. The 3,4"-hydroxy-
lated products were also investigated as substrates
because previous studies with eriodictyol and dihydro-
quercetin had shown that they were accepted {Holton
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Table2. Inhibition of
substrates

naringenin  hydroxylation by other

Inhibition of ["*Clnaringenin use (%)

Substrate added C. roseus P, hybrida

#-Hydroxylated
Kaempferol 100 72
Apigenin 51 40
Dihydrokaempferol 35 12

3,4 -Hydroxylated
Quercetin n 26
Luteolin n 4
Dihydroquercetin 5 0
Eriodictyol 0 2

The unlabelled flavonoids were added at 4pum final
concentration. Assay conditions: 50pg C. rossus or 100 g P.
hybrida fusion protein, 1.6pM [*“Clnaringenin, incubation at
30°C for 5 min (C. roseus) or 10min {P. hybrida). The assay
conditions were chosen so less than 50% of the [**Clnaringenin
was used during the incubations. The products from naringenin
were guantified after TLC analysis. Specific activities without
added flavonoid: C. roseus, 2.5 pkat mg™'; £. hybrida, 0.6 pkat

~1

mg™ .

etal., 1993; Menting etal., 1994; Stotz and Forkmann, 1982;
Tanaka etal, 1996). All served as substrates for the
5-hydroxylation, although with lower efficiency (Table 1),
and the activities roughly reflected those of the corre-
sponding 4-hydroxylated substrates.

The data suggested competition if more than one
substrate is present. We therefore investigated the effect
of other substrates on the use of ["*Clnaringenin. Table 2
shows that kaempferol reduced the use of ["*Clnaringenin
very efficiently, while apigenin as well as dihydrokaemp-
ferol had less drastic effects. Among the 3",4"-hydroxylated
substrates, only quercetin revealed a significant inhibition,
with a significant difference between the C. roseus and the
P. hybrida enzyme.

The addition of eriodictyol was of particular interest
because it is not only a substrate {Table 1) but also the
intermediate in the reaction seguence from naringenin
to the 3',4°,5-hydroxylated product. Table2 shows that
a 2.5fold excess had no significant effect on the use
of [™Clnaringenin, and additional experiments revealed
that a 10-fold excess was necessary to reduce the reac-
tion with [“Clnaringenin by 50%. The ratio of
["Clpentahydroxyflavanone and released ['*Cleriodictyol
{about 1:2} was not changed significantly by the addition
of unlabelled eriodictyol. Taking into account that these
assays were terminated before 50% of the [**C]naringenin
were converted into products, this indicated that released
or added eriodictyol was only accepted for a 5-hydroxla-
tion after most of the naringenin was used up. Such use of
released eriodictyol is a likely explanation for the finding

@ Blackwell Science Ltd, The Plant Journal, (1998), 19, 183-193
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that the ratio of 3,4°5- and 3',4-hydroxylated products
was increased in extended incubations. It is not known
whether the F3'H function and the use of eriodictyol are
significant in vivo.

The substrates used in wivo are usually not precisely
identified (Biolley etal., 1994). The broad substrate accep-
tance is therefore consistent with the possibility that
multiple paths lead to the same intermediates and that
competition could occur if the substrates are in the same
cell. However, precursor feeding studies with petals from
Rhododendron simsii suggested that pathway compart-
mentation may serve to avoid competition. Dihydro-
quercetin is an intermediate in both anthocyanin and
copigment synthesis, but the 3-hydroxylation in the
anthocyanin pathway occurs with dihydrokaempferol,
while 3-hydroxylation in the co-pigment biosynthesis
takes place with naringenin (De Cooman etaf, 1993).
However, the mechanisms were not investigated.

Regulation in cultured cells

The regulation of F3'5'H was investigated on three levels
(enzyme activity, protein amount and RNA), and other
enzymes (C4H, CHS and FHT) were included in the analysis
to obtain a mare comprehensive picture. Phenylalanine
ammonia-lyase (PAL) and P450Red were investigated only
on the protein and the BNA levels, respectively. We used
cultures grown for 7days after dilution .into fresh MX
medium. The dark-grown cells contained F3'5'H, C4H, and
EHT activities (1.4, 26 and 7 pkatmg™, respectively), but
CHS was not detectable. No significant changes were
observed with any of the enzymes in the subsequent 36h if
the cultures remained in the dark. Irradiation induced all
four enzyme activities, and the increases corresponded to
increases in immunodetectable protein and in transient
increases in the mRNA (Figure 6). PAL protein showed a
slight increase, and the mRNA for P450Red revealed a
transient increase which followed the C4H induction, but
not the F3'5'H kinetics.

Similar kinetics were observed after irradiation accom-
panied by a nutritional down-shift (transfer of the cells into
a 8% sucrose solution), but the increases were lower than
in MX medium (CHS, F3'5'H and FHT, about 20% lower;
C4H about 40% lower). The nutritional down-shift itself led
to increases in the activities of C4H (threefold) and F3'5'H
{twofold), and these were accompanied by transient
increases of the transcripts. No significant change was
observed with FHT under these conditions. CHS activity,
protein or transcripts were never detected without irradia-
tion of the cultures,

It was unexpected that F3'5’H was present in cultures
maintained in the dark, while the expression of CHS, the
enzyme essential for the formation of the F3'5'H sub-
strates, was strictly dependent on light. Interestingly, a
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(a) Enzyme activities

0 -] 12 18 24 30 36
time (h)
~-8—-C4H ~=~CHS -@-F35'H -8—-FHT

tme(h) 0 2 4

(c) RNA

i

CHS

F3'5'H

8 12 16 22 28 36

time(h) 0 2 4

Figure6. Light induction of enzymes in suspension-cultured cells in MX
medium,

(a) Enryme activitics, The data were normalized to the maximal values
(pkat mg™'): C4H, 105; CHS, 1.4; FHT, 227; F3'5'H, 8.3 (sum of 3’4" and
34,5 hydroxylated products obtained with I"CInaringeninL

(b} Protein immunoblets. Application per lane: C4H, 75pg; PAL and CHS
lassayed in the same blot), 50pg; F3'5'H, 120pg; FHT, 75pg.

{c) RNA. All blots were performed with 16pg total RNA per lane,

closer inspection revealed that the suspension culture was
not homogeneous in response to irradiation. It consisted
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mostly of clumps of 10-30 cells, and cells kept in the dark
were light yellow. After about 30h of continuous irradia-
tion the culture revealed the red colour characteristic of the
anthoceyanins in C. roseus (Knobloch et al.,, 1982). However,
a microscopic inspection showed that only about 30-50%
of the cells were coloured, and often two neighbours
joined by large areas of common cell wall were strikingly
different: one contained anthocyanins, while the other
retained the colour of dark-grown cells. The simplest
explanation was that only the anthocyanin-accumulating
cells expressed the biosynthetic enzymes. However,
several studies suggested that the sites of accumulation
are not necessarily the sites of biosynthesis and that
transport of non-coloured intermediates between cells
may be involved (Claudot et al., 1997; Hrazdina etal., 1982;
Knogge and Weissenbdck, 1986; Reinold and Hahlbrock,
1997). It is therefore possible that the different regulation
of CHS and F3'5'H reflected the expression in different cells
and a heterogeneity in the differentiation state of the cells
in culture.

Predominant expression of F35 H and CHS is in different
cell-types

We used immunohistochermical staining of plant tissues to
investigate whether the two enzymes are expressed in the
same cells. For these experiments, parallel sections were
incubated with the specific antisera as well as with the
respective pre-immune sera as controls, Figure 7(a) shows
representative examples with cross-sections of cotyle-
dons. CHS was detected exclusively in the upper (adaxial)
epidermis. However, with the F3'5’H antiserum only back-
ground signals were obtained in these cells. Remarkably,
very intense staining was observed in a different tissue
adaxial to the xylem representing the internal phloem.
Both enzymes were present at the same locations in
cotyledons of dark grown seedlings; irradiation led to an
increase of CHS, but not to a significant change of F3'5'H
{not shown).

A similar cell-type specific expression of the two
enzymes was found with longitudinal sections of flower
buds (Figure 7b). CHS was most abundant in the adaxial
epidermal cell layer which later forms the upper epidermis
of petals, whereas F3'5°H was present in the internal
phloem, Other experiments showed that CHS and F3'5'H
were no longer detectable in fully opened flowers.
Differential expression was also observed in leaves, where
F3'5'H was again clearly visible in the internal phloem
while signals for CHS were only at background level (not
shown). Due to the limitations in the sensitivity of the
technique, very low expression of the enzymes would not
he detected. It is therefore not excluded that the epidermal
cells contained very low levels of F3'5'H, and the same
applied for the presence of CHS in other cell-types.
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(a) Cotyledons
Antiserum
CHS

preimmune

Antiserum

F3'5'H preimmune

(b) Flower buds

Antiserum
CHS

preimmune

n,

L

Antiserum

preimmune

Figure 7. Immunohistochemical analysls of plant tlssues with CHS and
F3'5'H antisera (left side) and with pre-immune antisera {right side).

la} Cotyledons, CHS, seediings grown for 6 days in the dark and
irradiated for the last 30h; F3'5'H, seedlings kept for 6 days in the dark.
{b) Leongitudinal section through a flower bud. The bars represent
0.4mm,

The localization of F3'6°H to the phloem was unexpected,
and therefore we rechecked the specificity of the antiserum
in immunoblots with microsomes from the tissue culture
and from cotyledons. Both revealed no significant reaction
with the F3'5'H pre-immune serum {not shown). Figure8
summarizes the results with the F3'5'H antiserum. It

®Blackwell Science Lid, The Plant Journal, (1999}, 19, 183-193
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1. 2 3 4

kDa

Figure8. Total proteins and immunoreaction with F3'5'H antiserum in
microsomes from cotyledons and the cell culture.

The proteins were separated by SDS PAGE. Lanes: 1, cotyledons, stain
with Ponceau S; 2, cotyledons, reaction with F3'5'H antiserum; 3, cell
culture, reaction with F3'5'H antiserum; 4, cell culture, stain with Panceau
S. Each lane conlained 75 g protein. The microsomes were isolated afier
irradiation for 10h (cotyledons) and 22h [cell culture).

recognized a single protein band in microsomes from
irradiated cell cultures (lane 3). Its size (52kDa) was smaller
than predicted from the sequence (57.8kDa), but that is
typical for these hydrophobic proteins (Nebert and
Gonzalez, 1987). As expected, F3'5'H was present in
microsomes from irradiated cotyledons, but a broad band
of a larger polypeptide was also stained {lane 2). A general
protein stain with Ponceau S prior to the immunoreaction
showed that it was precisely at the position of a protein
which represented more than 50% of the total protein (lane
1). The same result was obtained with microsomes from
etiolated seedlings (not shown). The abundance of the
protein suggested that it represented the large subunit of
Rubisco, and this is in agreement with its absence in the
cultured cells (lane 4) which do not form functional
chloroplasts. Attempts to remove the protein by repeated
washings of the microsomes {resuspension and centrifu-
gation) failed, even under such drastic conditions as with
0.1Mm sodium carbonate at pH 11 {Fujiki atal, 1982).

A likely explanation for the reaction of the F3'5'H
antiserum at the position of Rubisco is that the large
amount of protein concentrated on one small area of the
blotting membrane led to unspecific adsorption of the
antibodies. The immunohistochemical experiments re-
vealed no indication for a similar artefact because a strong
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reaction with the antiserum was observed only in the
phloem (Figure 7) which contains few if any functional
chloroplasts, but not in the mesophyll cells which are the
dominant sites of photosynthesis. It is not rigorously
excluded, however, that the unspecific adsorption to
Rubisco in the immunoblots masked a cross-reaction of
the F35'H antibodies with an unknown P450 which
migrated precisely to that position. This possibility cannot
be discounted although no other known plant P450 shares
such high identity with F¥5'H that a strong cross-reaction
would be expected, even with a polyclonal antiserum. The
antiserum did not detect such protein in the cell cultures
{Figure 8, lane 3}, but it could be argued that it is not
expressed in these calls. It is therefore not only excluded
that the immunohistochemical staining identified F3'5'H,
but also a weak cross-reaction with another P450.
However, this would not invalidate the conclusion that
the expression of CHS is in different cell types because the
immunostaining with the F35'H antiserum revealed no
significant reaction in the epidermis, the predominant site
of CHS expression {Figure 7).

The predominant expression of CHS and F3'5'H in
different cell types is consistent with the proposal that
intercellular transport may play an important role in the
compartmentation of the pathways to the different flavo-
noids. The localization of CHS in the epidermis has been
described for several other plants {Beerhues etal., 1988;
Haussihl etal, 1996; Hrazdina etal, 1982; Jéhne otal,
1993; Kobayashi etal., 1998; Schmelzer etal., 1988; Zobel
and Hrazdina, 1995), and our data are consistent with those
results. To our knowledge there are no previous investiga-
tions with F35'H. It is of particular interest that we
localized this enzyme in the internal phloem, a tissue that
is characteristic for several dicotyledonous families includ-
ing the Apocynaceae (C. roseus). It is believed that the
intemal phloem serves distinct transport functions, e.g. in
potato for transport of carbohydrates from the leaves into
developing tubers (Burton, 1989). Other enzymes have
been found to be specifically expressed in this tissue as,
for example, glutamine synthetase (Pereira etal., 1996) or
tyrosine/dihydroxyphenylalanine decarboxylase {Facchini
etal., 1998).

Conclusion

It was proposed that phenylpropanoid metabolism and
possibly the entire pathway from phenylalanine to the
various flavonoids is channeled in a multi-enzyme com-
plex {Hrazdina and Jensen, 1992). The proposal for the
later reactions is difficult to reconcile with the finding that
CHS and F3'5'H are expressed in different cell types. It was
also recently suggested that CHS, chalcone isomerase
{CHI) and dihydroflavonol reductase (DFR) are involved in
protein-protein interactions (cited in Graham, 1998). The
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association of CHS and CHI is plausible because CHI is
necessary to obtain the correct flavanone isomer for the
later reactions. It is thought, however, that the hydroxyla-
tions performed by F3'5'H (or F3'H) precede the DFR
reaction (see for example Biolley etal, 1994; Holton and
Cornish, 1995; Shirley, 1996), and it would be interesting to
see whether F2'5'H {or F3'H) are part of such a complex.
Woe have no information at present on the nature of the
transported substance(s), but the broad activities of F3'5'H
{and F3'H) with various substrate classes, the versatility of
the metabolic grid, and the paossibility of glycosylated
forms (see Forkmann and Heller, 1999; for a recent review)
suggest several alternatives. The cell type specific expres-
sion may be relevant to the efforts to modify flower
colours by the introduction of the flavonoid hydroxylases.

Experimental procedures

Cell culture and induction

The cell suspension culture of Madagascar periwinkle
(Catharanthus roseus L.G. Don, line CP3a), its maintenance on
MX growth medium in continuous dark with subcultures every
week, and the nutritional down-shift by transfer into 8% aqueous
sucrase have been described praviously (Vetter etal,, 1992). The
induction by light was performed with a light field from six white
light lamps (Philips 40W/f18} and four UV-A fluorescent lights
{Osram, 40 W/73). It was positioned 45cm above the culture flasks
{8 W m™2). The induction experiments were carried out 7 days after
dilution into fresh medium,

Plant material and irradiation

Seeds from C. roseus (var. Little Linda, Samenhandlung G. Vath,
Freiburg, Germany} were germinated for 6 days at 26°C in the
dark. The irradiation was performed with fluorescent lamps
{Philips, 20W, F20 T12CW and Osram 20W/73) positionad 20cm
ahove the seedlings (6Wm™).

F35H and CHS cDNAs from C. roseus

Poly{Al)-rich RNA was isolated from cell cultures induced by a
nutritional down-shift (transfer into 8% aqueous sucrose} and
irradiation for 1.5 or 3h. The construction of the ¢cDNA libraries in
phage NM1149 and the screening technigues have been
described previously (Vetter etal, 1992). The screening for
CYP75 cDNAs was performed with the F3'5'H (Hf7) cDNA from
Petunia hybrida (Holton etal, 1993). Tha first CHS sequences
wera obtained by polymerase chain reaction with oligonucleo-
tides from conserved regions, and clones representing the
complete ¢cDNA waere obtained from the cDNA library.

Blots with RNA and genomic DNA

The isolation of RNA and DNA and the hybridizations with the
¢DNAs wara carried out as described by Sambrook etal. (1989).
The C. rossus cDNAs for C4H and P450Red have been published
previously (Hotze etal, 1995). The CHS probe was a fragment of
645 bp which covered the reglon from the active site cysteine to
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F3'5'H/P450 reductase fuslon proteins

Ncol 5all N?I:I
L 1

|--=F3'S'Hewwm | === Reductase---->
«..S5erThr...
C. roseus

a) M-terminus
Original: ATGGCTCTAGARARACTGGICCTITIIGATITCC
MetAlaLeuGluLysLeuValLeuPheAspFhe
i b
Modified: 5' GCTCTAGCCATGGCGGTCCTTTTTGATTTCC 3¢
Mabhla,. il
-NcoIl-

b) C-terminus
ATCARTGCTTATTCTCCTTGAGAGCGECCGCG
Qriginal: TAGTTACGAATAAGAGGAACTCTCGCCGGCGC
IleAsnAlaTyrSerPro-p-
A X )
Mcodified: 3' GAATAAGAGGACCCAGCTGCGGCGC 5'

P. hybrida

al N-terminus
Original: ATGATECTACTTACTGAGCTTGGETGCAGCA
MetMetLeuLeuThrGluLeuGlyAlanAla
okt 4
Modified: 5' GCTACCCATGGCGCTTGGTGC 3!
MetAla. . viasinnsns
-Ncol-

b} C-terminus
CAATTGGATGTTTATGTACCATAGCTATAS
Original: GTTAACCTACARATACATGGTATCGATATC
GlnLeuAspValTyrValPro-a-
oo
Modified: 3' CCTACAARTACATGGCAGCTGTATC 5'
canstaareere PYOBEXThr
-Sall-

:', 9 :--, T of tr
reductase In E. coli.
Principle of the fusion proteins and details of the cDNA meodilications
performed to create a suvitable N-terminal membrane anchor and a Safl-
linker betwaon the F3'5'Hs and the P450 reductase.

| fusions between P450 and P450

the conserved FGFG-motif close to the end of the protein in the
cDNA from C. rossus.

Heterologous expression of F35 Hs

We employed a previously described strategy which uses
translational fusions between P450 and P450 reductase (Hotze
gtal, 1995) to express the CYP75 proteins from C. rossus and P.
hybrida (Hf1) in E. coli. The P450 cDNAs were modified in two
steps: (i} introduction of an Ncol site at the N-terminal and
simultaneous creation of a membrana anchor suitable for
expression of the protein in the bacteria (Barnes etal, 1391);
and {ii) introduction of a Safl site which eliminates the stop codon
and providas a Ser-Thr linker to the P450 reductase (details shown
in Figure 9). The maodifications were confirmed by sequence
analysis. The engineered cDNAs were then used to replace the
C4H Ncol/Sah fragment in the previous C4H/P450Red construct
{Hotze etal, 1995} by the F3'5'H cDNAs. The fusion proteins

® Blackwell Science Ltd, The Plant Journal, {1999), 19, 183-193
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{129kDa) were expressed in the E. coli strain RM82 containing
plasmid pUBS520 (Schenk etal, 1995). The protein induction, the
preparation of the membrane fraction, and the identification of
the fusion proteins by immunoblots with antiserum against C:
rossus P450Red have been described previously (Hotze etal,
1995).

Immunoblots

Immunoblots ware performed with the proteins separated by SDS
PAGE and transferred to nitrocellulose sheets (Vetter otal, 1992),
The antisera against PAL (Schréder etal, 1976) and C4H
{Koopmann and Hahlbrock, 1997) from P. crispum, FHT from P.
hybrida (Britsch, 1990), and P450Red from C. roseus (Hotze etal,
1995) have been described. CHS was detected with a mono-
specific antiserum (S. Raiber and J. Schrider, unpublished
results) raised in rabbits against the Pinus sylvestris CHS which
is 82% identical to the C. roseus protein. The antiserum showed
no cross-reaction with other proteins in immunoblots with C.
rossus extracts. The staining reactions were performed with a
secondary antibody coupled to alkaline phosphatase (Sigma
Biochemicals), The stain for total proteins was performed with
Ponceau S {Serva, Germanyl.

Antiserum against the CYF75 from C. roseus

A cDNA fragment encoding the complete F3'5°H |except for the
two N-terminal amino acids) was fused in frame with the
sequence encoding the 42 kDa maltose-binding-protein in vector
pMal-C2 (Maina stal, 1988). The fusion protein {100kDa} was
purified by affinity chromatography on an amylose resin column
{protacol from New England Biolabs) followed by preparative
SDS PAGE. The use of a protein expressed in E. coli excluded
contamination of the antigen with other plant proteins. The
antisera wers raised in rabbits {Eurogentec, 4102 Seraing,
Balgium). They reacted with a single protein of the F3'6'H size in
immunoblots. The simultaneously produced antibodies against
the maltose-binding-protein reveal no cross-reaction with pro-
teins in C. roseus (Schulze-Muth etal., 1996).

Extracts from cell cultures and plants

The frozen cells or tissues were homogenized in buffer A {0.1M
Trs-HC!, pH7.5, 10mM KCI, 10mm MgCla, 10mM EDTA, 5mM
DTT, 20mm sodium ascorbate, 0.5M sucrose) and centrifuged far
10min at 15000 g and 4°C to remove insoluble material. The pellst
was discarded, and the supernatant was centrifuged again for
15min at 350000 g. The suparnatant was used for assaying CHS
and FHT. The pellet was resuspended in buffer B (50 mM
potassium phosphate, pH7.5, 3mm DTT, 20% glycerol) and used
for measuring the C4H and F3'5'H activities, Protein concentra-
tions were determined with published procedures (Shakir etal,
1994),

Enzyme assays

The F35'H incubations (50pl} contained 1.6um [**Clnaringenin
{11 10* dpm) (TLC analysis) or 16uM unlabelled flavonoids
{HPLC analysis), 50mm sodium phosphate {pH7.5), a NADPH-
regenerating system (10mm glucose-6-phosphate, 17.5mU glu-
cose-6-phosphate dehydrogenase), 5 mM sodium ascorbate, 2mm
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DTT, and protein. The reactions were started by the addition of
NADPH to a final concentration of 0.5mM. The incubations were
at 30°C and were stopped by extraction of the substrates and
products with ethyl acetate {details are given in the text or in the
figure legends). The quantitative evaluation of radioactive sub-
strates and products by TLC in the solvent chloroform/glacial
acetic acid/water {§0:45:5, v/v/v) has been described previously
{Vatter et al., 1982). Non-radioactive substrates and products were
quantified by HPLC (Shimadzu CBM-10AV, LC-10AD, with an UV
detector SPD-10AY, and a 125 X 3 mm Cromasil 100 Cyg column).
The separation was achieved with a gradient increasing from 20%
to 99% methanol in Smin and maintaining the final methanol
concentration for a further 4min. All solvents contained 1%
glacial acetic acid, and the flow rate was 0.5ml min'. Retention
times and the quantification were calibrated with reference
substances (Roth, Karsruhe, Germany), and the detection
wavslength was chosen according to the optima of the sub-
stances (flavanones 289nm, flavonols 370 nm, dihydroflavonals
295 nm, flavones 340nm).

The assays for C4H {Hotze etal., 1995}, CHS (Tropf etal,, 1995)
and FHT (Britsch, 1290) have been described previously.

Immunohistochemistry

The praparation of the tissues and the staining reactions were
performed with published techniques (Reincld and Hahlbrock,
1997: Schmelzer stal, 1988). Briefly, tissue samples were fixed
with 1% glutaraldehyde and embedded in paraffin. Semi-thin
soctions were prepared and stained by Indirect immunohisto-
chemistry using specific antisera and alkaline phosphatase-linkad
secondary antibodies.
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The ‘ins’” and ‘outs’ of flavonoid

transport
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The sites of plant flavonoid biosynthesis, storage and
final function often differ at the subcellular, call, and
even tissue and organ levels, Efficient transport systems
for flavencids across endemembranes and ths plasma
membrane are therefore required. However, a clear pic-
ture of the dynamic trafficking of flavonoids is only now
beginning to emerge and appears to have many players.
Here, we raview current hypotheses for flavonoid trans-
port, discuss whether these are mutually exclusive, high-
light the importance of flavonoid efflux from vacuoles to
the cytosol and consider future efforts to catch flavo-
noids 'in the act’ of moving within and between cells. An
improved understanding of transport mechanisms will
facilitate the successful metabolic ongineering of flavo-
naids for plant protection and human health,

The pisces of the flavonoid transpart puzzle
Flavonoids represent one of the largest classes of plant
secondary metabolites, and are involved in a multitude of
physiological functions, including UV protection, insect
attraction, pathogen defense, symbiosis and variation of
flower color [1]. Flavonoids have been associated with
many faverable agronomic traits and health benefits to
humans, and their metabolic engineering is therefore an
important target for plant biotechnology [2,3]. Pathways,
enzymes and regulatory mechanisms of flavonoid biosyn-
thesis have been well studied [4], yet flavonoid location and
trafficking in vivo are still not clearly established.

There appear to be tight links between the biosynthesis,
transport and cellular deposition of flavonoid compounds.
Successful metabolic engineering of lavonoid production,
therefore, requires a full consideration of regulatory mech-
anisma not only for biosynthesis, but also for transport and
storage of the end products in cells and tissues. In this
respect, conclusions from earlier microscopy observations
of flavoncid-containing vesicles have yet to gain molecular
genetic support and membrane transporter-mediated fla-
vonoid transport has been confirmed in only a few cases [5).
Furthermore, transport across the vacuolar membrane is
not unidirectional for flavoneid storage, as plant cells have
mechanisms for re-mobilization of vacuolar stores of fla-
vonoid compounds under certain physiological conditions.
Parallel pathways appear to exist for the transport and
storage of flavonoids at the tissue, cellular, subcellular and
molecular levels, with their relative importance and modes
of regulation still poorly understoad. The field is however,
attracting increasing attention and is set to see major
advances with the application of increasingly sophisticated

Corrvaponding anthor: Dizon, RA. fradixen@noble.arg).

genetic, biochemical and cell biological approaches. Here,
we summarize recent efforts made to identify flavonoid
transport mechanisms, and outline future research targets
aimed at piecing together the complex puzzle linking

Glossary

ABC transporier: 3 largs superfamily of ATP-binding cassatie [ABC) protsins.

They usually contsin » nucleotide-binding domain and & Tansmembrans

damaln for ing MgATP. gited port andlor
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transporters. They use H/Na® gradients across membranas as a force to drive
waite or toxic compounds out of the cytoplasm, MATE transportars perform
conzerved and basle iransport functions in most prokaryolss and suksryoles.
Pre-vacuolar compartmant [PVC]: an endocytic multivesitls compartmant
involved in ER-Golghvacuols veticle trafflekng. It carrias protsing and othwr
metabolites 1o fusa to the Ierge cantrsl vacucle. The PVC has SNAREs or
vacuclarsoring receptors 1o accepl pracursor vesicles and than fuse to the
wacuole, A specific typa of PYC (n lisianthus epid leelly ins anth

and wis proposed 1o transpord enthocyening inlo the central vacuole {15
Proteln rlorags vacucle (PSVY: » type of vacuols snd compound organells
farmud during plent 1aed davelopment and maturstion and conlaining large
amounts of storege proleine, PSYs contain vmn!u -gorting ucnptau ta

recognize carge moleculas. A PSY marker co-l with
laading 1o the ian thet anthocyaning mre dl'rocl.hr viz EH-
darived vesicla tralficking in a Galgnnd-p-nduM mannar (22,
SMNAREs: soluble N-athy itive faclar h protein recep-

tors. Thase are small but Integeat b 1 that mediste
vesicle fusion snd reside on the surface of the Iransport vesicle (v-SNAREs)
and targal mambrang {t-SNAREs). They have s cylosalic domain called a
SNARE matll, which sssembles with anathar SNARE motif into paralle! four-
helix bundizs within SNARE complexss and brings the transmembrana
anchors and the two membrane vesicles into clone proximity,
Tapetoromex sbundant organelles in the tapstum cells of snthery du.-ina the
sctiva stage of pallen ion{n Brass 3pecian. Ti
from massve ER cisternae, which relessa lipld draplate that are fused Iruo large
vesiclen, Thase lipid vasicles further fuss with ER-derlved veslcles contalning
[ds. Upon tap cell duath, tap ralsase alkanes and oleosing
in lipid dropiety, along with flavonolds, 1o the pollen surface.
transGolgl network |[TGNI: 0 dynsmi¢ series of membrane companimants 3t
tho trang face of the Golgi stacks. The TGN mainly processes and sortsvarious
proteing and glycalipids at the interface of the blosy i¢ and end I
pathweys. The generation snd maintensnce ol apical and basolsteral
mymbranag relles on sorting avents that oceur in the TGN
Vacuolarsoriing receptors (VSRs): integral proteing reap for
the proper targeting of cargo proteing to their Inati P 1enis. VSR
era Incallzed to ER, PVC, TGN snd Golgi spparatus.
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flavonoid biosynthesis, transport and storage pracesses in
plant cells,

Subcellular sites of flavenoid biosynthesis

The enzymes of flavonoid biosynthesis are believed to be
localized on the cytosolic side of the endoplasmic reticulum
(ER), organized into a multi-enzyme complex centered
around the ER-associated cytochrome P450 enzymes cin-
namate 4-hydroxylase, flavonoid 3-hydroxylase and flavo-
noid 3’,5-hydroxylase [6,7]. The enzyme complexes might
be brought together by protein-protein interactions on the
surface of the ER [6]. :

Some of the enzymes of the pathway have also been
shown to co-localize to the tonoplast and nucleus [6-8],
consistent with the idea that flavonoid biosynthetic
enzyme complexes might be dynamic to facilitate channel-
ing or shifting of end-product biosynthesis to meet phys-
iological requirements under different conditions [6,7].
Such enzyme complexes associated with the ER could also
facilitate the transport of flavonoid products through mem-
brane trafficking.

Subecellular distribution of flavonoids

Consistent with their diverse physiological functions, in-
cluding UV protectants and modifiers of auxin transport
[1,4,9], flavonoids are found in most plant cell compart-
ments, including the cytosol, vacuole, ER, chloroplast,
nucleus and small vesicles, as well as the extracellular
space. Most conjugated flavonoids, such as anthecyanins
and flavonol and flavone glycosides, are found primarily in
the vacuole (1,4,10], where vacuolar pH and the presence of
co-pigments determine anthocyanin-mediated flower
coloration. The vacuole is also believed to be the site for
the biosynthesis of some flavonoid derivatives. For
example, catechin-and epicatechin monomer units are
glycosylated and then transported into the vacucle for
polymerization into proanthocyanidins (PAs) in the endo-
thelial layer of the seed coat in many species, and are
finally exported to the apoplast [10). Mutation of genes
involved in PA biosynthesis or transport leads to a trans-
parent testa (t¢) phenotype. In common snapdragon (Anti-
rrhinum majus) flowers, yellow aurone pigments are
produced from chalcones by aureusidin synthase, a
vacuolar polypheno! oxidase [11l. Increasing evidence
suggests that the vacuole also acts as an important source
and/or sink, regulating the homeostasis of cytosolic metal
iong, metabolite precursor pools and secondary metab-
olites. This role requires mechanisms for both vacuolar
influx and efflux.

Quercetin and kaempferol glycosides have been
detected in chloroplasts, which are capable of flavonoid
biosynthesis [12]. Some flavonoids and their biosynthetic
enzymes are also present in the nucleus [8], UV protection
is probably a major function of flavonoids in both these
compartments. In the model legume barrel medic (Med:-
cago truncatula), the isoflavonoids coumestrol and 4',7-
dihydroxyflavone accumulate to higher levels in the
nucleus than in the cytoplasm [13], and 4',7-dihydroxyfla-
vone might act as a signal for jasmonate-induced mobiliz-
ation of vacuolar isoflavonoid glucosides for phytoalexin
biosynthesis [14]. However, it is still unclear whether
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flavonoids are transported into the nucleus or if the
nucleus is a site for their synthesis.

Some flavonoid conjugates and aglycones are secreted
into the apoplastic space [15]. Flavone and flavonol agly-
cones have been detected in root exudates from numerous
species, and flavones and isoflavones are secreted by
legume roots into the rhizosphere, either to attract mutua-
listie microorganisms, such as nitrogen-fixing bacteria, or
to provide defense against pathogens [16]. Flavonoids are
also present on pollen surfaces [17].

Flavonoid transport

The wide distribution of flavonoids in plant cells and their
probable biosynthetic sites on the cytosolic face of the ER
imply that plants have efficient flavonoid transpert sys-
tems with which to deliver these metabolites across var-
ious membrane-limited compartments. However, the
transport mechanisms involved in trafficking of most
primary and secondary metabolites are still poorly under-
stood [5], Two major hypotheses have been proposed for
flavonoid transport: membrane vesicle-mediated transport
(Figure 1) and membrane transporter-mediated transport
(Figure 2). These might not be mutually exclusive.

Vesicle trafficking-mediated flavonoid transport

The concept of vesicle-mediated flavonoeid transport origi-
nated from microscopy observations. Anthocyanoplasts (see
Glossary; Figure 1) were first assumed to be transport
vesicles or sites of anthocyanin biosynthesis [5,18-20].
These cytoplasmic anthocyanin bodies are covered by a
membrane and originate from a large number of smaller
vesicle-like structures that gradually fuse together. Similar
cellular structures, anthocyanic vacuolar inclusions (AVIs),
are present in the vacuoles of many species and also show
dynamic movement [18,19,21] (Figure 1). Although associ-
ated with specific proteins and membranous substances,
AVTs are not surrounded by a membrane [18,19], and are
more likely to be storage complexes than to be involved in
anthocyanin transport. However, cytoplasmic vesicle-like
structures containing anthocyanins (similar to anthocyano-
plasts) have been observed to associate with AVIs after they
have fused into the vacuole [19). These might be transported
into the central vacuole through fusion of prevacuclar com-
partments (PVCs) and thenthe central vacuole (Figure 1). In
addition, anthoeyanin-containing vesicle-like structures
can co-localize with protein storage vacuoles (PSVs) and
transport anthecyanins in a trans-Golgl network (TGN)-
independent ER-to-PVC vesicle trafficking pathway [22]
{Figure 1).

The tapetosomes in tapetal cells of Arabidopsis (Arabi.
dopsis thaliana) anthers are specialized bodies that are
structurally distinct from anthocyanoplasts. They contain
ER-derived flavonoids, which are released to the pollen
surface upon tapetum cell death, supporting the idea that
flavonoids can be transported from the ER via cytoplasmic
vesicles [17]. The ER-associated biosynthetic enzyme com-
plex might facilitate the loading of flavonoids into the ER-
derived membrane vesicles.

Early studies suggested that prevacuocle-like vesicle
structures containing PAs can fuse with the central
vacuole and might represent a PA transport pathway
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{reviewed in Ref. [23]). More recently, it has been shown
that Arebidopsis mutants with reduced PA production (¢
mutants) also exhibit morphological defects in the central
vacuole of the seed coat endothelium cells. PAs had a
patchy, filamentous distribution pattern in seed of the
tds4 (leucoanthocyanidin dioxygenase) mutant, and PA
storage was confined to prevacuole-like small vesicles, with
no central vacuole prasent (24]. Similar phenotypes are
observed following mutation of the Arabidopsis TT19
glutathione S-transferase (GST) [25] and the AHAIO P-
type H*-ATPase and TTI2 proton/flavonoid antiporter
[28]. Therefore, either PA accumulation and vacuole bio-
genesis appear to be closely related, or PA precursors are
transported through ER-derived vesicles to the vacuole.
However, mutation of the tonoplast-localized H-ATPase
ph5 did not lead to abnormal vacuoles in petunia (Pefunia
hybrida), even though PH5 is an‘ortholog of AHAI0 and is
also involved in vacuolar PA accumulation in the seed coat
[271.

In sorghum (Sorghum bicolor), colored 3-deoxyantho-
cyanidin phytoalexins are formed in response to fungal
infection. Vesicle-like red-pigmented inclusion bodies
rapidly appear in leaf epidermal cells and move to chal-
lenge sites, where they release the antimicrobial flavenoids
into the cytoplasm [28]. Similar to anthocyanoplasts, these
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vesicles mediate a directional transport of flavonoids. Such
vesicles have not yet been observed in dicots, however,

Despite the above observations, direct genetic, mol-
ecular, or biochemical evidence supporting vesicle-
mediated flavonoid transport is still lacking. Many fun-
damental questions concerning the origin, structure,
composition and behavior of anthocyanin-containing
vesicles remain. If vesicle-like anthocyanin bodies are
destined for the central vacuole or other membranes,
they should contain ccat or cargoe proteins on their
membranes to direct them and to be recognized by
vacuolar sorting receptors (VSRs) or other protein com-
panents for wvesicle trafficking (Figure 1), Currently
known proteins include small GTPases, VSRs and
soluble N-ethylmaleimide sensitive factor attachment
protein receptors (SNAREs), which are required for bud-
ding, targeting, docking, fusion and recycling of vesicles
or trafficking proteins [29-31] (Figure 1). However, such
proteins have yet to be associated with either Aavonoid
transport or accumulation.

The elusive role of glutathione S-transferases in
flavonoid transport

Several studies point to the involvement of GSTs in
anthocyanin accumulation [26,32-34]. Initially, it was
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proposed that GST is required for GS-X pump type ABC
transporter-mediated vacuolar sequestration of gluta-
thione-conjugated anthocyanins, based on the obser-
vation that a multidrug resistance-associated protein
(MRP)-type ABC transporter can transport glutathione-
conjugates into the vacuole (32], A similar mechanism
was proposed for transport of the isoflavonoid-derived
phytoalexin medicarpin [35]. However, biochemical and
genetic cross-complementation studies show that the
GST protein itself, rather than GST activity, is required
for anthocyanin sequestration '[33,36], There are, to the
best of our knowledge, no reports of naturally oceurring
anthocyanin-glutathione conjugates from plants, but
GST can bind to anthocyanin or flavonol to form a
GST-anthocyanin or GST-flavonol complex, suggesting
that GSTs protect flavonoids from oxidation and/or guide
them to the central vacuole [37]. It is likely that GST is
one of the proteins in the flavonoid-protein complexes
related to flavonoid transport. This is further supported
by the observation that the Arabidopsis t 19 GST mutant
is defective in ER-tapetosome-pollen surface transport of
flavonoids, in addition to exhibiting reduced PA accumu-
lation [17,25). Association of a GST-flavonol complex with
membranes has also been demnonstrated [38], providing a
further piece to be fitted into the GST-mediated flavonoid
transport puzzle.

Because of their close biosynthetic relatedness, antho-
cyanins and PAs could share similar transport mechan-
isms. The maize (Zea mays) BZ2 GST complements the
petunia ANY-depleted anthocyanin phenotype [33],
whereas petunia ANS complements the anthocyanin-
deficient phenotype of Arabidopsis ¢£19 mutants, but not
the seed coat PA-deficient phenotype [25). It has therefore
been proposed that ANS is only involved in anthocyanin
binding and transport, whereas TT19 is involved in both
anthocyanin and PA transport [25].

ATP binding cassette (ABC) transporters

An increasing body of genetic, biochemical and molecular
biological evidence implicates ABC and multidrug and
toxic compound extrusion (MATE) transporters in the
transport of plant secondary metabolites, including flavo-
noids [39-41]. However, a full understanding of the mol-
ecular mechanisms of flavoneid transport by membrane
transporters is only just beginning to emerge.

The ABC transporter family is both large and ubiqui-
tous. The unique molecular structures of these proteins
enable them to transport a range of substrates across
membranes using the energy from ATP hydrolysis {42]
(Figure 2). The Arabidopsis, rice (Oryza sativa), and M.
truncatula genomes each have >120 putative ABC trans-
porters, but only a few have been characterized. These
show diverse transport activities toward metal ions, auxin,
malate, defensive secondary metabolites, or xenobiotics
[41]; specific examples include AtWBC12 (cutin and wax
secretion) [43], AtPDRS (pleiotropic drug resistance,
exporting toxic materials to inhibit pathogen penetration)
[44], AtMRP1 and 2 (glutathione conjugated and non-con-
Jugated chlorophyll metabolites) [45,46], tobacco plasma
membrane PDR-type ABC transporter (secretion of the
antifungal terpenoid sclareol) [47] and Japanese gold-
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thread (Coptis japonica) CJMDR1 (berberine alkaloid
import) [48].

To date, only MRP-type ABC transporters have been
implicated in flavonoid transport. Suppression of the maize
tonoplast-localized ABC-type transporter ZmMRP3
results in reduced anthocyanin accumulation [39],
although anthocyanin transport activity of ZmMRP3 has
yet to be shown. It will be interesting to know if it can
transport GST-anthocyanin conjugates. Plasma mem-
brane ABC transporter-mediated secretion of the isofla-
vone genistein has been reported in soybean roots, but the
gene and protein responsible are yet to be identified [49].
On the basis of inhibitor studies, MRP-type ABC trans-
porters have also been implicated in the long-distance
transport of flavonoids such as naringenin, dihydrokaemp-
ferol and dihydroquercetin via unidirectional cell-cell
movement between root and shoot. This work requires
additional experimental validation, but provides a first
indication that ABC transporters participate in flavonoid
distribution at the cell-type, tissue and organ levels [50].

MATE transporters

MATE transporters comprise a large family of trans porters
that are widely distributed in all living organisms, from
prokaryotes to eukaryotes [51]. As secondary transporters,
MATE transporters use electrochemical gradients of pro-
tons or sodium ions that are created by proton pumps, such
as plasma membrane P-type ATPases, vacuolar V-type
ATPases, or V-pyrophosphatase [52]. Plant MATE trans-
porters are involved in the detoxification of xenobiotics and
in the transport of a wide range of metabolites, such as
cations, organic acids and secondary metabolites [53] :
plant genomes therefore encode large MATE transporter
families with ~80 members [53,54].

Several Arabidopsis MATE transporters have been
characterized. These include AtALF5 (exports toxic cations
such as tetramethylammonium) [55) and AtDTX1 (confers
norfloxacin, berberine and cadmium tolerance when
expressed in Escherichia coli) [56). The plasma membrane
MATE transporter SbDMATE from sorghum [57] exports
citrate and confers aluminum tolerance. A berberine/pro-
ton antiporter located on the vacuolar membrane has been
characterized from Japanese goldthread [58], and JAT1 is
a jasmonate-inducible alkaloid transporter that can trans-
port nicotine inte the vacuole in the aerial parts of tobacen
[59,60].

PA deficiency in seeds of the Arabidopsis t£12 mutant is
caused by loss of function of a MATE transporter, TT12
{61], which mediates vacuolar sequestration of cyanidin 3-
O-glucoside and is localized to the tonoplast [40]. Tt is now
known that TT12 and its ortholog MATE1 from M. frun-
catula expressed in yeast preferentially transport epica-
techin 3'-O-glucoside, which is proposed to be a precursor
for the biosynthesie of PAs [54] (Figure 2). This explains
the ¢12 seed phenotype, and similar PA transport mech-
anisms could be applicable in other species. Recently, two
MATE-type transporters from grapevine (Vitis vinifera),
AMIland AMS3, were characterized as vacuolar transpor-
ters of acylated anthocyanins [62], and the tomato (Sola-
num lycopersicon) MATE transporter LaMTP77 might
have a similar function [63].
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Role of H*-ATPase in flavonoid transport

Given that MATE transporters are secondary transpor-
ters that use an electrochemical gradient (usually H* in
plants) as the driving force to transport other substrates
across membranes, their function and activity largely
depend on various types of H'-ATPases. P-type H*-
ATPase can provide and maintain the H* gradient across
the plasma membrane, whereas V-type H*-ATPase or
vacuolar pyrophosphatase (V-PPase) proton pumps pro-
vide and maintain H*-gradients across the vacuolar mem-
brane [27,52] (Figure 2). Mutation of these essential
enzymes should result in ¢ phenotypes or flower color
changes (because anthocyanin content/composition and
vacuolar pH largely determine flower color). Indeed,
knockout of the P-type H*-ATPase AHA10 from Arabidop-
sig results in a ¢f seed phenotype and reduces PA content
[26). Mutation of the vacuolar membrane-localized H*-
ATPase PHS from petunia alters the pH of the vacuolar
lumen and thereby changes flower color and reduces seed
PA content [27]. Mutations in the petunia ANI and PH4
genes also affect the pH of petal homogenates, altor flower
color and reduce anthocyanin or PA production [64],
further confirming that destroying the proton gradient
across the tonoplast can affect MATE transporter activity
for vacuolar sequestration of anthocyanins and PAs [27].
Seed coat endothelial cells in the Arabidopsis aha10 and
t12 mutants contain many small vacuocles instead of one
large central vacuole [26,40]. Although PH5 is localized to
the tonoplast [27], the exact localization of AHA1LQ is
unclear; it was originally predicted to be a plasma mem-
brane protein [26], but this appears inconsistent with its
knock-out phenotype.

Induction of anthocyanin biosynthesis in Medicago spp.
expressing the LAP1 MYB transcription factor is associ-
ated with the coordinated up-regulation of anthocyanin
modification enzymes (glycosyltransferases and acyl trans-
ferases), a MATE-like antiporter, a Na*/H* antiporter, and
two putative ABC transporters [34]. Some or all of these
molecules might be associated with vacuolar sequestration
of anthocyanins.

Chemical requirements for directional flavonoid
transport

Flavonoids are often subjected to multiple modifications
upon biesynthesis, such as glycosylation, hydroxylation,
acylation (including aromatic acylation and acylation of
the attached sugar residue) and methylation. These modi-
fications are important for increasing their solubility or
stability and reducing toxicity; downregulation of cyani-
din 3-O-glucosyltransferases, such as maize BZ1, Arabi-
dopsis ANL1 or Medicago UGT78G1 strongly decreases
anthocyanin accumulation [22,34]. Acylation of anthocya-
nin or apigenin 7-0-(6-0-malonylglucoside) is a prerequi-
site for their uptake [62], but glycosylation alone is
sufficient to enable the vacuolar uptake of many flavonoids
[40,64,65-69].
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Some MATE transporters exhibit relatively strict sub-
strate specificity, For example, both TT12 and MATE1
transport epicatechin 3-O-glucoside with higher affinity
than cyanidin 3-O-glucoside in yeast, and neither trans-
ports catechin 3-O-glucoside, flavonol glucosides such as
quercetin-3-O-glucoside, or flavonoid aglycones [40,54].
Cyanidin 3-O-glucoside requires acylation before it can
be transported into the vacucle by grapevine AM1 and
AMS [62]. Although flavonoid aglycones might not be
suitable substrates for MATE transporters, a MATE trans-
porter from tobacco (Nicotiana tebacum) can transport
non-modified nicotine directly into the vacuole [59,60];
other MATE transporters, such as AtDTX1, and ABC
transporters such as CjMDRI, show a relatively broad
substrate spectrum [48,56].

It is not understood how plants choose between ATP-
hydrolysis-dependent or H'/ Na*-gradient dependent
mechanisms for transport of native metabolites or xeno-
biotics. The conjugation ligands, glucose or glutathione,
appear to determine the transport mechanism for vacuolar
uptake of herbicides [68]. The same herbicide, if conjugated
with plucose, can be taken up by a proton-gradient de-
pendent antiporter, whereas its glutathione conjugate is
taken up by an ATP-encrgized ABC transporter. The
native flavonoids saponarin (apigenin 6-C-glucosyl-7-0-
glucoside) and isovitexin (apigenin 6-C-glucoside) are
transported into the vacuole by a secondary energized
proton antiporter in barley (Hordeum vulgare) [65,67].
However, Arabidopsis takes up saponarin, a foreign com-
pound, into the vacuole using an ABC transporter [65,67].
In Japanese goldthread and meadow rue (Thalictrum
minus) ccll cultures, both ABC transporters and proton
antiporters mediate the transport of berberine into the cell
or vacuole, as well as out of the cell [48,58,70].

Efflux of vacuolar flavonoids

Import and export of natural products across the tonoplast
or plasma membrane can be carried out by different mech-
anisms, For example, the import of natural products or
xenobiotics into the vacuole usually occurs with conjugated
forms, whereas export of the same compound does not seem
to require conjugation.

How vacuolar uptake and efflux of the same flavonoid
compound are controlled is a particularly interesting ques-
tion, and is well exemplified by the case of the isoflavone
conjugates in legume cell cultures. Chickpea (Cicer arieti-
num) cell suspension cultures constitutively accumulate
isoflavone malonyl glucosides in the central vacuoles
[71,72). It is assumed that glycosylation is essential for
vacuolar uptake, and that malonylation of the sugar group
somehow acts to maintain the conjugate in the vacuole.
Treatment of the cultures with a fungal elicitor prep-
aration resulted in accumulation of pterocarpan phytoa-
lexins derived from the isoflavonoid pathway; these were
synthesized de novo, and did not utilize vacuolar stores of
isoflavonoid pathway intermediates [71). However, if the

the soybean apoplest by sncther ABC-typo transporter, Inset pictures show [a) PA (blug
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cells were treated with a fungal elicitor plus an inhibitor of
phenylalanine ammonia-lyase, the first enzyme of the
phenylpropanoid/(iso}lavonoid pathway, pterocarpan phy-
toalexin was still formed, but was derived from the mabil-
jzation of wvacuclar isoflavone intermediates. The
conversion of isoflavone aglycones to pterocarpans is
believed to occur in the cytoplasm. Thus, when cells sense
a requirement for isoflavone precursors that cannot be
provided through de novo synthesis, vacuolar efflux is
activated. This is associated with expression of glucosyl
hydrolase genes [13]. The localization of these enzymes is
yet to be definitively determined, so it is unclear whether a
conjugate or free aglycone is the substrate for the vacuolar
efflux transporter. Neither is the nature of the efflux
transporter known, although isoflavone efflux across the
plasma membrane occurs via an ABC-type transporter in
soybean [49] (Figure 2), and methyl jasmonate-induced
accumulation of medicarpin in cell suspensions of M, trun-
catula in the absence of de novo synthesis is accompanied
by parallel depletion of vacuolar isoflavone glycoside pools
and upregulation of several ABC transporter genes [13]. It
also remains to be determined how the cell senses flux
through the isoflavonoid pathway to determine whether to
activate influx or efflux systems. Similar sensing mechan-
isms are likely to operate to determine the directionality of
transport of other flavonoid compounds.

Vesicle-mediated efflux of vacuolar metabolites, in-
cluding flavonoids, has also been proposed [5]. It has also
been suggested that SNARE protein-mediated exocytosis
pathways, or nondirectional secretion of carge containing
antimicrobials, are involved in the efflux of antimicrobial
flavonoids into the apoplastic space, but there is as yet no
direct evidence in support of this hypothesis [73].

Co-migration of flavonoids and their transporters with

trafficking vesiclas?

There are many pieces to the puzzle of flavonoid transport.
As described above, credible evidence exists for at least
three mechanisms (GST-linked, vesicle trafficking and
MATE transporters, with the least equivocal evidence
being available for the latter) for vacuolar uptake of fla-
venoids. Knockout of proteins involved in transport of PAs,
such as MATE1, TT12, TT19, AHA10, or PHS, still results
in a detectable level of PAs in the seed coat [25-27,40,54],
suggesting that redundant mechanisms are involved in PA
sequestration into the vacuole.

Can these three apparently independent mechanisms
occur in parallel in a single cell type, or can the data be
viewed in a more reductionist manner? Some cormmenta-
tors have questioned the tonoplastic localization of the
MATE transporters and P-type H'-ATPase involved in
anthocyanin/PA trafficking, citing technical difficulties
with cell-type specific localization of GFP-labeled trans-
porters [74] and the possibility for dynamic movement
(cycling) and/or multiple localizations of these transporters
[75,76). In the case of PAs, no enzyme has yet been impli-
cated in their oligomerization, and chemical studies
suggest non-enzymatic oligomerization at low pH. Could
this low pH be provided by a vesicle-localized ATPase, such
that the PAs are already undergoing oligomerization in
vesicles before delivery to the vacuole? Do MATE trans-

78

30

Trends In Plant Science Vol.15 No.2

porters function to load flavonoid conjugates into vesicles
rather than directly into the vacuole? Furthermore, do
these flavonoid transporters or transport-related mem-
brane proteins co-migrate with flavonoids in trafficking
vesicles?

The defective tapetosome-mediated flavonoid transport
to the pollen surface in Arabidopsis tt12 and tt19 mutants
suggests that TT12 and/or TT19 are involved in the loading
of flavonoids intec ER-derived tapetosomes [17). Membrane
transporters, including tonoplast targeted transporters,
are themselves believed to be targeted to their destination
membranes via vesicle trafficking after their synthesis on
the rough ER [29,30,75,77]. The vacuolar membrane trans-
porters contain vacuolar-sorting determinants in their
sequences. Therefore, they could also carry out their trans-
port functions on ER-derived vesicles during vesicle traf-
ficking, if ATPase provided a proton gradient to these
vesicles. Therefore, H*-ATPases such as AHAIOQ/PHS5
and MATE transporters such as TT12/MATE1 might be
functionally coupled during vesicle trafficking to the
vacuole, together with flavoncids. However, this interest-
ing hypothesis requires experimental support.

Completing the puzzle

Most of our current knowledge of flavonoid transport is
related to vacuolar sequestration. Mechanisms for efflux of
flavonoids from the vacuole and plant cell, uptake into the
plant cell, or transport into the nucleus, chloroplast, or
subcellular vesicle compartments are poorly understood,
although such transport might have essential roles in plant
development, growth, reproduction and defense. The ques-
tion of how cells determine whether a compound is des-
tined for influx (to the vacuole) or efflux cannot be
conclusively answered until more is known about efflux
transporters for secondary metabolites. In one probable
model, metabolite levels in specific cell compartments are
first sensed, and this activates a signal transduction path-
way to regulate target transporter gene expression, Many
transporter genes, such as those encoding ABC transpor-
ters, are highly regulated by various stress signals
[13,44,47].

Although many questions still remain, recently devel-
oped genomics tools promise more rapid progress than seen
to date. New informatics methods are facilitating predic-
tion of transporter functions from genome scquence and
microarray co-expression data [78], the discovery of the
transeription factors that activate whole pathways of fla-
vonoid bicsynthesis and transport [79,80] provides an
additional tool for candidate gene discovery, mutant
resources are becoming available in multiple genetically
tractable model systems (e.g. Ref. [81)), and combined
biochemical, cell biological and genetic analysis of plant
transporters is becoming routine and provides more sig-
nificant insights into their functions [36,60]. However, the
major challenges are likely to be in the area of cell biology,
where real-time whole-cell imaging techniques will be
needed to catch flavonoids ‘in the act’,

Increasing the biosynthesis of flavonoids in plants is
often limited by complex and yet poorly understood feed-
back inhibition effects. Membrane transporters might have
important roles in regulating metabolic flux. Therefore, the



study of flavonoid transport will not only fill a major gap in
current understanding of the complete picture of flavonoid
metabolism, but will also benefit the metabolic engineering
of useful flavonoid compounds in crops for improving agro-
nomic traits and the nutritional quality of foods.
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Generated Blue-Hued Flowers Accumulating Delphinidin
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Flower color is mainly detenmined by anthocyanins. Rosa
hybrida lacks violet to blue flower varictics due to the absence
of delphinidin-based anthocyuning, usually the major constl-
tuents of violet and blue flowers, becanse roses do not possess
flavenoid ¥ ,5-hydoxylase (F¥5'H), a key cnzyme for
delphinidin biosynthesis. Other factors such as the presence
of co-pigments and the vacualar pH also affect flower color.
We analyzed the flavonoid composition of hundreds of rose
cultivars and measured the pH of their petal juice [n order to
select hosts of genetic transformation that would be suitable

for the exclusive zecumulation of delphinidin and the resulting.

color change toward blue. Expression of the viola F3'5'H gene
in some of the selceted cultivars resulted in the accumulation of
a high percéntage of delphinldin (up to 95%) and a novel bluish
flower color. For more exclusive and dominant aceumulation
of delphinidin [rrespective of the hosts, we down-regulated the
endogenous dihydraflavono!l d4-reductase (DFR) gene and
overexpressed the [frisX kollandica DFR gene in zddition to
the viola F3'5'H gene in a rose cultivar. The resultant roses
exclusively accumulated delphinidin in the petals, and the
{lowers had blue hues not achieved by hybridization brecding.
Moreover, the ability for exclusive accumulation of delphini-
din was inherited by the next generations.

Keywords: Anthocyanin — Delphinidin — Flavonoid —
Flower color — Metabolic engineering ~— Rosa hybrida.

Ahbbreviations: AT, hydroxycinnomoyl CoA:unthocyanin
hydroxycinnamoyl transferase; CaMyV, cauliflower mosaic virus;
DFR, dihydroflavonol d-reductase; FYS'H. fMavonoid  3,5'-
hydroxylase; NMR, nuclenr mognetic resenance; NI'TH, neomycin
phosphotransferase;  RHSCC, Royal Horticultural - Society
Color Chart; RNAL, RNA interference; iRNA, small inteefering
RNA: TFA. ftrilluoroacetic acid: TOF-MS, time-of-Might-muss
spectromelry.

Introduction

Flower color plays important roles in plant sexuul
hybridizalion by attracting pollinators, such as insects

and birds. Flower color is also attractive to people and is
an importunt characteristic of flowers lrom a floricultural
viewpoint. Hybridization breeding has partially achieved
the diversification of Mower color of floricultural crops.

Plant species have adopted versatile and ingenious ways
to exhibit Mower color (Groteweld 2006, Tanaka and
Bragliera 2006). Such ingenuity has been studied and under-
stood in terms of chemistry. biochemistry and molecular
biology (Forkmann and Heller 1999, Goto 1987, Tanaka
and Brugliera 2006). Among various pigments in petals,
anthocyanins. a class of favenoids, urc major constituents
of Mower color from orange/red 1o violet/blue. Their
chemical structures primarily determine their color, ie. the
number of hydroxy groups on the B-ring and/or aromatic
acyl moicties modifving anthocyanins increase, causing a
bathochromic shift 1o blue (Honda and Saito 2002). The
majority of violetiblue flowers contain delphinidin-based
anthocyanins modified with one or more aromatic acyl
moictics (Honda and Saito 2002). Anthocyanins chunge
their color depending on the pH of the vacuole in which
anthocyanins localize; their color is bluer in weakly acidic or
neutral pH, and redder in acidic pH. Co-pigments. usually
flavones and flavonols. cause a bathochromic shift of
anthocynnins when they stack with anthocyanins (Goto
and Kondo 1991). The formation of a complex with metal
ions can give a blue color (Kondo ¢t al. 1992, Yoshida et al.
2003, Shiono et al. 2005, Shoji et al, 2007).

Among the fuctors influcncing flower color, flavonoidf
anthocyanin biosynthesis has been the most exiensively
studied. The pathway lcading to anthocyanidin 3-glucoside
is generully conserved among higher plant species (Fig. 1)
(Forkmann and Heller 1999, Grotewold 2006, Tunaka and
Bruglicra 2006). Each plant species usually accumulates
limited kinds ol anthocysnins and exhibits limiled flower
color by the expression of a specific set of biosynthetic
genes, the substrate specificity of key enzymes andfor the
temporal and spatial regulalion of the biosynthetic genes.
Therefore. it is rare for a single species to have the entire

Tpresent address: RIKEN Plant Science Cenler, 1-7-22 Suchiro-cho, Tsnrumi-ku, Yokahama City, Kanogawa, 210-0045 Japan.
*Corresponding author, E-muil, Yoshikazu_Tanakag@@suntory.co jp: Fax, +81-75.962-3791.
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15890 Metabolic engincering of blue roses

coumaroyl-CoA + 3 x malonyl-CoA

l CHS
aplgenin (a Mavone)
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s / FI5H 7 oH \ OH
OH oH S
HO o, O 5 HO HO O, O oH
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oM O CH O H O
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OH OH

delphinidin
l GT, AT

|
Q

pelargonidin
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cyanidin
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Fg. 1 Genenlized flavanoid biosynihetic pathway relevant 1o flower color. Native rose petals only accumulate pafargonod:in and
cvanidinhased anthocyanins, malnly palargonitin and cvanidin 3,5-dilucoside, Lack of delphinidin-based anthocynanins, which s
attributed 1o deficiency of F3'5'H, has hampered the generation of rose flowers having blue and violet hues. The expresion of a
hetelorogous F3'5°H gene In rose Is expected to generate delphinidin and, thus, a novel flower colar with a biue hue. CHS, chalcone
synthase; CHI, chalcane Somerase; F3H, flavanone 3-hydroxylase; F3°H, flavonoid 3%hydeoxylase; F3'5H, flavonold 3',5"hydroxylase;
1S, flavonal synthase; FNS, flavone synthase; DFR, dibydroflaverol 4-reductase; ANS, anthocyanidin synthase; GT, anthocyanidin

plucasyltransferase; AT, anthocyanin acylimnslerase,

spectrum of flower color. although Moricultural breeders
have always sought novel flower colors (Tanaka et al. 2005,
Tanaka and Brugliera 2006). For example, roses, carations
and chrysanthemum. which are the most important
floricullural crops, do not acewmulate delphinidin-based
anthocyanins. Thus, they lack violetfblue varictics. This is
attributed to their deficiency ol Mlavonoid 3.5 hydroxylase
(F3’5'H), a key cnzyme in the synthesis of delphinidin
(Fig. 1) (Holton and Tanaka [994)}

On the other hand, petunia and cymbidium lack brick
red/arange varicties due 1o the lack of pelargonidin-based
anthoeyanins because their dihydrollavonoel d-reductases
(DFRs) do not utilize dihydrokaempferel as a substrate
(Forkmann and Heller 1999, Johnson ct al. 1999)
Some species that usually accumulute delphinidin-based
anthocyaning and do not accumulate pelargonidin-bised
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anthocyanins in their petuls. such as iris and gentian,
arc likely to have DFRs with a similar substrate specificity
to that of petunia DFR. Rose DFR can  uiilize
dihvdromyricetin as a subsirate on the basis of feeding of
dihvdromyricetin 1o rose petals (Holton and Tanaka 1994).

Advances in molecular biology and plant transforma-
tion technology have made possible the engineering of an
anthocyanin biosynthetic pathway and, thus, flower color
hy the overexpression of heterologous Mavonoid hiosyn-
thetic genes andfor the down-regulation of endogenous
penes in transgenic plants, including pelunia, torenia and
carnation. as reviewed by Tanaka (2006). In earnation, the
overexpression of the F3'5'H gene alone was insufficient to
convert the metabolic flux fully toward delphmidin
biosynthesis. White curnution cultivars that specifically
lacked the DFR gene were transformed with the petunia or

TIDT "6 A=y 00 ysan Lq o spewunofpaagxordad;sding way papeopused



Metabolic engincering of blue roses

viola F3'5' H genein combination with the petunia DFR gene.
As a result, violet carnations accumulating delphinidin-
based anthocyunins were almost exclusively generated
(Holton 1996, Fukui ¢t al. 2003). These results indicate
that it is possible 10 generate a novel Mower color by changing
the structure of anthocyanin, more specifically the number of
hydroxyl groups on the B-ring, with genetic modification of
the pathway. They also indicate that the selection of cultivars
that have proper genetic background and flavoneid compo-
sitions and/or the artificial down-regulation of a compeling
endogenous pathway is necessary 1o obtain u desirable
phenotype (Tanaka 2006, Tanaka and Brugliera 2006).

Roses are the most important flowers in today’s global
flower market and have been the center of altraction flor
consumers and breeders for hundreds of ycars. Modern
roses (Rosa hvhrida) have resulted from extensive hybridi-
zation of wild rose species and have various Mower colors.
except those in the violet to blue range (Vries et al. 1974,
Holton und Tanaka 1994). Rosc breeders have long
endeavored to create blue roses, but their elforts have
so [ar only led to pink and pale mauve-colored Nowers. This
is not surprising because rose petals contain pelargonidin/
cyanidin 3-glucoside or 3.5-diglucoside (Biclley und Jay
1993. Mikanugi ct al. 2000) and curotenoids (Vries et al.
1974). Some roses produce only small amounts of
acylated anthocyanins. and roses do not produce Navones
(Mikanagi et al. 2000). which are stronger co-pigmenls
than flavonol (Yabuya ct al. 1997). The vacuolar pH of rose
petal cpidermal cells is low {from pH 3.69 1o 5.78) (Biolley
and Jay 1993). Therefore, roses fundamentally lack the
components required to yield violet/blue Mowers,

More recently. some rose cultivars have been shown to
contain a small amount of blue pigments (rosacyanin) that
are derivatives of cyanidin (Fukui et al. 2006). Blue
coloration in the cultivar *Rhapsody in Blue® is caused by
the accumulation of cyanin (cyanidin 3,5-0-di-glucoside) in
anthocyanic vacuolar inclusions (AVIs) (Gonnet 2003).
However, the molecular mechanisms of rosacyanin and
AVls is nol yet understood, and their utilization to engincer
blue/fviolet roses is not currently possible.

Although there may be multiple ways to creatc blue
roses, we have chosen delphinidin production in rose pelals
because delphinidin biosynthesis is regulated by a single
enzyme, F3'5'H. und ils overexpression is unlikely to have a
detrimental effect on plants. Delphinidin production pre-
sents a major breakthrough in the achievement of blue roses
{Holten ind Tanaka 1994). The cxpression of viola F3'5'H
genes produced delphinidin  (Bruglicra ¢t al. 2004),
However, the presence ol pelargonidin and cyanidin-based
anthocyanins derived [rom the endogenous pathway pre-
vented sufficient coloration toward blue. Unlike carnations.
we were not able to obtain white rose cultivars that
specifically lacked DFR activity.
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Here. we analyzed the flavonoid composition of many
rose cultivars in order lo select cultivars which will exhibit a
blue hue when delphinidin is accumulated. The over-
expression of a viola F3'5'H gene resulted in the efficient
accumulation of delphinidin and color changes with a novel
blue hue in a few of the selected cultiviars. Furthenmore, the
down-regulation of the rose DFR genc and overexpression
of the iris DFR gene, as well as the overexpression of the
viola F3'5'H gene, resulted in more cfficient and exclusive
delphinidin production and a bluer Mower color, It is
noteworthy that exclusive delphinidin production is heri-
table by the progeny. which should change rose breeding us
far as (lower color is concerned.

Results

Cultivar sereening for engineering a flavonaid putlnvay

Hundreds of rose cultivars that claimed to be “blue’
and/or have names associated with “blue’ have been
commercialized, Their flower color runges are relatively
blue among roses und in fuct range from pink/red purple to
prayimauve. Some of these cullivars were subjected to
Mavonoid analysis and pH measurements. and the results
arc shown in Tuble 1. Their petals contained mainly
cyanidin as an anthocyanidin, but not delphinidin, They
contained a lirge amount of Mavonols. Their bluish color
may be duc to a high flavonol/anthoeyanidin ratio. and
flavonols muy function as co-pigments. Their higher pH
thun that of red roses may also contribule to their flower
color (Table 1). These resulls are consistent with a previous
reporl (Biolley and Jay 1993). Table 1 includes some red
cultivars for comparison, which contain cyanidin andfor
pelargonidin. They tend to have fewer Nlavonols and a lower
pH. We recenltly discovered thal some of these roses conlain
small wmounts of novel cyanidin derivatives (rosacyanins)
exhibiling 4 blue color (Fukui et al. 2006), but the degrec of
their contribution to Mower color is not ¢lear,

The criteria for the selection of possible host cultivars to
achieve Mower color modification toward blue by delphi-
nidin production were: (i) they accumulated flavonols that
were cxpecled lo be co-pigments: (ii) they had a higher
vacuolar pH: (iii) ideally. they did not have F3'H aclivity:
and (iv) they accumulated pelargonidin rather than cyanidin.

In order to choose cultivars to meet these criteria,
severitl hundreds of resc flower cultivars were screened
initially by visual observation: pink to mauve roses were
mainly selected. Dark color cultivirs and red cultivars were
not sclected, since they did not contain much flavonel and
their pH tends to be low. Yellow and white cultivars were
not sclected cither, as they are not able to accumulate
anthocyunins in the petals. The bluish rose cullivars shown
in Table | were not subjected to lurther study because of
their low transformation [requencies or their low
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Table 1 Flavonoid composition of commercial bluish rose

varieties

Cultivar Anthocyanidin Flavonol  pH
(mg gﬂh,rl (.mgg— I)«
cya pel peo Q K
*Blue® varictics
Blue Bajou 0.048 3.956 0.379 5.11
Blue Heaven  0.008 1.504 0.569 4.90
Blue Moon 0.049 1.341 0.119 5.25
Delilah 0.066 0.611 0.277 5.35
Grey Pearl 0.036 3.708 0.417 5.12
Lavande 0.109 1.020 0.195 4.70
Madam Violet 0.060 1.780 0.150 4.70
Ondina 0.019 2.056 1.043 4.99
Rhapsody 1.851 0.011 0.005 3.456 1.622 5.67
in Blue

Seiryu 0.015 3.030 1.300 5.13
Shocking Blue 0.196 1.198 0.194 5.40
Sterling Silver 0.035 1.495 0.363 5.71
Vol de Nuit ~ 0.317 0.003 2,661 0.316 4.90
Watarase 0.056 3.048 0.124 5.07
Pink-red varieties, etc.
Black Baccara 4.043 0.007 0,705 0.119 4.58
First Red 1.959 0.291 0.086 0.340 4.70
Jacaranda 0.315 0.000 1.238 0.468 4.80
Kardinal 1.898 0.125 0.156 0.296 4.40
Kiss 0.006 0.038 0.028 1.381 4.02
Lambada 0.036 0.164 0.014 0.466 4.40
Medco 0.004 0.004 0.028 2323 4.40
Rote Rose 3.480 0.034 0.238 0.285 4.37
Sonia 0.060 0.300 0.006 0.650 4.85

cya. cyanidin: pel. pelargoniding peo. peonidin: Q. querceting
K. kaemplerol.
“mgg™" fresh petals.

anthocyanin contents to achieve clear color change. The
petals of 169 sclected cultivars were harvested and subjected
to flavonoid analysis and pH measurements. Some of the
results arc shown in Table 2 (see controls).

Only pelargonidin and cyanidin were detected as
anthocyanidins, and kaempferol and quercetin as Mavonols,
which is consistent with previous reports (Biolley and Jay
1993, Mikanagi et al. 2000). The absence of delphinidin and
myricetin confirmed the deficiency of F3'5'H activity in the
petals of these cultivars. The absence of Mavenes, which are
stronger co-pigments. was also confirmed. The cultivars
WKS77, WKS82, WKSI00. WKSI116, WKS124 and
WKS140 were selected for genetic transformation.

Cloning of flavonoid biosynthetic genes and construction of
binary vectors

The aromatic acylation of anthocyanin shifts its
color toward bluc by 3-4nm (Fujiwara et al. 1998). For
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co-cxpression with the F3'5'H gene in rose. the cDNA of
hydroxycinnamoy! CoA:anthocyanin 5-hydroxycinnamoyl
transferase (5AT) was obtained rom the Torenia hybrida
petal cDNA library. Torenia SAT cxhibited 37 and 35%
amino acid sequence identity to gentian SAT (Fujiwara
et al. 1998) and perilla 3AT (Yonekura-Sakakibara et al,
2000), respectively. Its function was confirmed by expres-
sing the cDNA in Escherichia coli and yeast as previously
described (Fujiwara et al. 1998, Yonckura-Sakakibara et al,
2000). The enzyme catalyzed the transfer of the coumaroyl
or caffeoyl moiely to 5-glucose of anthocyanidin
3.5-diglucosides (data not shown).

The substrate specificity of the DFR often determines
which anthocyanidins a plant accumulates (Forkmann and
Heller 1999), The DFR of some species, such as iris and
gentian, which mainly accumulate delphinidin and lack
pelargonidin, is expected to have a similar substrate to
petunia DFR. which efficiently reduces dihydromyricetin,
Iris DFR ¢DNA was isolated from the frisxhollandica petal
cDNA library. The iris DFR exhibited reasonable amino
acid sequence identity to the DFRs of other plants (61. 58
and 56% to cymbidium, rose and petunia DFR. respee-
tively) and had a specific feature, namely that it did not
utilize dihydrokaempferol as a substrate (Johnson et al.
1999). Such substrate specificity is suitable for the conver-
sion of the metabolic flux toward delphinidin biosynthesis
when it is co-expressed with the F3'5'H gene.

The binary vectors used in this study (pSPB130,
pSFL207, pSFL236 and pSPBY919) are shown in Fig. 2. The
vector pSPB130 is designed for the constitutive overexpres-
sion of the viola F3'5'H BP4() gene and the torcnia 5AT gene
in rose. The binary vector pSFL207 is used for the constitu-
tive averexpression of the viola F3'5'H gene alone, and
pSFL236 is for the co-cxpression of the viola F3'5'H and the
iris DFR gences. The vector pSPB919 is to down-regulate the
endogenous rosc DFR gene using RNA interference (RNAJ)
and Lo overexpress the iris DFR and the viola F3'5' H gencs.

Generation of transgenic roses and their phenotype

Embryogenic ealli were induced from the selected
cultivars and subjected 1o transformation  with
Agrohacterivm tunefaciens containing pSPB130 Lo assess
how efficiently these cullivars can accumulate delphinidin
and the effect of delphinidin on flower color. At the same
time. the efTect of S-acylation catalyzed by torenia 5AT on
flower color could be cvaluuted. Transgenic roses were
obtained. and flowers with altered color were subjecied to
flavonoid analysis. The results are summarized in Table 2,
The production of delphinidin and myricetin indicates that
the introduced F3'5'H gene functioned in transgenic roses,
The delphinidin contents (percentage of the total antho-
cyanidins and amount) and the changes in Mower color
varied with the transgenic hosls and cvenls,
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pSPB130

pSFL207

- pSFL236

.dsrose DFR- %

Fig. 2 Schernnl:c mprmnntaucn of binary vectors construcl ior color mosdification, Only same T-DNA" rl:p.lu ]
directions of the cDNA sense stran are shown by arrows. All of them have the nptf sene as the selectable marker for plant transformation.
E355 Pro., enhanced CaMy-355. prommer mas Ter., terminator repion from manopine synthate; nos Ter., nunairnr.' svn'h:ltc feng
terminator; D8 Ter., terminator repicn  from-a petunia phospholipid trandfer: protein siene  (DB) lHﬂ!Iun 1996); F3'5'H, flavonoid

2,5 -hydroxylase; DFR, dihydreflavonol: 4-rec|uclase. 57T, an!hﬂqanln 5«1c'fltr1nsferase

Fig. 3 Flower calor r.hanges by delphinidin pmductlun. o msc'culhvars WKS77, WKS82, WKSIOD WKS1 ‘Ih WI{SI 24 and WKST40
were transformed with pSPR130, and their flower color chanm:d (eft, bosy; right, a transformam). A flower of the line exhibiting the mos
\mn:ﬁmnl color chanpe Is shmvn (A WKS?? (BY WKSB2, {C1 WKST100, (D) WKSTT6,4E) WKSl 24, {F) WES140. :

1 uu:umulnllun ol chplnmdm curll'crmt! 130-9-1 were sclected from these {ransgenic roses on the
color changes. Some of them, such as WKS82, WKSI(K} ' basis of flower color and performance in a greenhouse, and -
WKSI116 and WKS140 transformants {Fig. 3B, C, D, F), - were subjected 1o a field ‘trial. Transgenic WKST7 and

cxhibited a novel blue hue that has not been achieved in  WKS124 also changed their flower color with delphinidin: -
Tiybridization breeding. First, WK S82{ I "~El—1-1 .:nd WKSS2/  production. The amount of anthocyanins increased. and the
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Table 2 Flavonoid composition of Keisei rose varieties transformed with pSPB130

Host Veclor

Anthocyanidin (mgg™)"

del (%) acyl (%)  Flavonol (mgg™')"  pH

del cyd pel M Q K
WKS77  Control 0.000 1.103 0.005 0.0% 0.0% 0000 L1513 0303 505
pSPB130 Average (22) 0.600 1.343 0.007 32.4% 10.2%
Best line 1.068 0.814 0.004 56.6%  26.1% 0.604 0.503 0.126
WKS82  Control 0.000 0.124 0.000 0.0% 0.0% 0000 1.598 0.081 35.46
pSPB130 Average (52) 0.055 0.038 0.000 54.4% 9.0%
Best line 0.139 0.008 0.000 94.5%  22.7% 1929 0436 0.036
WKSI100 Control 0.000 0.066 0.000 0.0% 0.0% 0000 1248 0368 534
pSPB130  Avecrage (71) 0.044 0.044 0.000 45.6% 11.2%
Best ling 0.152 0.015 0.000 91.2%  395% 1320 0448 0.120
WKSI116 Control 0.000 0.017 0.000 0.0% 0.0% 0000 1.725 0.636 5.29
pSPBI130  Average (40) 0.040 0.012 0.000 73.2% 8.7%
Best line 0.051 0.003 0.000 94.9%  393% 1.226 0.245 0.09
WEKS124 Control 0.000 0.022 0.045 0.0% 0.0% 0.000 0.192 2.0l 4385
pSPB130 Average (16) 0.728 0.098 0.021 823 % 24.6%
Best line 1.017 0.058 0.000 94.6%  442% 1161 0140 0.262
WKS140 Control 0.000 0.075 0.000 0.0% 0.0% 0.000 2412 0271 525
pSPB130 Average (49) 0.077 0.063 0.000 47.3% 11.4%
Best line 0.114 0.007 0.000 94.1%  33.6% 0.68% 0.136 0.03]

del. delphinidin: cya. cyanidin: pel. pelargonidin: del (%). delphinidin/total anthocyanidin: acyl (%). acylated anthocyaninitolal

unthoeyanin: M. myricetin: Q. quercetin; K. kacmpferol: best line.
clear color change.
“mgg™" fresh petals.

fMlower color became darker. The color of the Mowers
remained magenta, probably because the pH of the petals
was lower than that of other cultivars,

These ‘results indicated that delphinidin production
confers a blue hue to the fMlowers. They also revealed that
both the delphinidin contents and the resultant color
depend on the host cultivars. A dominant production of
delphinidin is not always casy to achieve by overexpression
of the F3'5'H gene even in the selecled cultivars,

Only some anthocyanins (up to 44%) were revecaled to
be aromatically acylated by the introduced torenia 5AT
genc. The effects of anthocyanin acylation on flower color
were not visually observable when the anthocyanins were
partly acylated because the S-acylation ol anthocyanin shifts
only 4 nm to a longer wavelength (Fujiwara ct al. 1998).

Transgenic plants can be used as breeding material,
since the transgene is expected to be heritable by progeny.
Dominant production of delphinidin irrespective of the
cultivars is a desirable characteristic to incorporate inlo rose
breeding. However. since the delphinidin content depends
on cultivars 1o a large extent, the incorporation of the
overcxpression of the viola F3'5H gene alone would not
generate roses containing exclusively delphinidin. This
prompted us to design another binary vector (pSPB%19) in
order to down-regulate an endogenous pathway that
potentially competes against the introduced F3'5'H gene.

u linc producing the highest percentage of delphinidin and cxhibiting

Exclusive delphinidin accumulation by functional replacement
of rose DFR with iris DFR in vivo

A commercizl mauve cultivar, *Lavande’, was used to
evaluale the efficacy of the binary vectors. pSFL207,
pSFL236 and pSPB919 (Fig. 2). becausc Lavande exhibits
the highest transformation frequency and the carlicst
flowering. The results of the transformation and antho-
cyanidin and flower color of the resultant (ransgenic
flowers are summarized in Table 3 und Fig. 4. The
transgenic rosc flowers cxhibited various degrees of flower
color change. and the relationship between the hue and the
delphinidin content (%) derived from pSFL207, pSFL236
and pSPB919 is summarized in Fig. 4. A higher
delphinidin content yiclded a bluer flower color, as
shown in Fig. 4. Despite the fact the overexpression of
the viola F3'5'H gene (pSFL207) successfully yielded up to
44% of delphinidin in the petals, the amount of cyanidin
still surpassed that of delphinidin. about two-thirds of the
transgenic plants produced <20% delphinidin and the
change in flower color was not clear. Additional expres-
sion of the iris DFR gene (pSFL236) increased the
delphinidin contents (Table 3. Fig. 4). indicating that the
iris DFR gene was useful lo change the metabolic flux
toward delphinidin. The variability of the delphinidin
content is large for pSFL236 plants and ranges from 0 to
75% (Fig. 4).
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Table 3 Summary of the Mlavonoid composition in transgenic Lavande

Vector Anthocyanidin (mgg™'y" del (%) Flavonol (mgg™ ¥
del cyi M Q K

Contral 0.000 0.109 0.0% 0.000 1.020 0.195
PSFL207 Average (75) 0.009 0.106 9,1%

Best line 0.052 0.066 44.2% 0.216 0.312 0.010
pSFL236 Avcrage {145) 0.048 0.130 24.1%

Best line 0.141 0,046 T3.3% 0.159 0.387 0.013
PSPBYLY Avcrage (48) 0.043 0.019 78.7% :

Best line 0.101 0.0n2 98.2% 0.420 0.135 0,008

del. delphinidin; eva, cyanidin: del (%4), delphinidinftofal anthecyanidin: M, myricstin: ©, querceiin: K. kacmpferol: best line, o line

producing the highest pereentage of delphinidin,
“mpp”t fresh petals.

| - pSFL236 (viota F3'5H
+irs DFR)

delphinidinftotal anthocyanidin

el
= pSFL207 (viela FI'S'H) >

hue angle {degrees)

Fig. 4 Corerelation of delphinidin contient and petal colers in transgenic Lavande. The percentage of delphinidin in the petals of individual
transgenic plants was plotted againt the flower colos represented by the hue value in degrees (hue angle). Pure. red and blue have hue
values of 360 and 2707 in the hue angle, respectively. The higher the percentage of delphinidin was, the bluer the flower color became.
The color pradation bar approximately indicates the correspanding petal color of transgenic Lavande pelals.

On the other hand, more than two-thirds of the
transgenic  1ose plants  harboring  pSPBY12 produced
»80% delphinidin,  These lines cantained  exclusively
delphinidin, which indicales that the successful conversion
of cyanidin synthesis 1o delphinidin synthesis  was
achieved (Table 3} Some of them {LA/919-4-10. ete.)
cxhibited the bluest hue (Fig. 5) and the Royal
Horticultural Society Color Chart (RHSCC) number of
their petals was 85h (Vielet group), while that of the control
Lavande Mower was 186c {Greved-purple group). It is
noteworthy thit the transgenic plants harboring pSPBY19
exhibited a higher delphinidin content and showed much
less varialion in delphinidin content than these harhoring
pSFL207 and pSFL236. The resulls indicale that the rose
DFR gene was down-regulated and the iris DFR gene was
expressed, In other words, the rose DFR was [unctionully
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replaced with the iris DFR in vivo. Myricetin was detected
in the fransgenic plants (Tabk 3). which conflirmed that the
introduced F3'5° 8 gene functioned.

Some of the transgenic roses derived [rom pSPB919
exhibited a paler lower color and contained less anthocya-
nidin {Fig. 5A, center). This is probably due to suppression
ol the endogenons AFR gene and inelficient complementa-
tion by the introduced iris DFR gene.

Analysis of anthoeyonins

The onthocyanins in LA/919:-4-10 petals were
analyzed in detail, The ratio of anthoeyanin in petals is
90.0% delphinidin 3,5-diglucoside and 10.0% delphinidin
J-plucoside, The identities of these pigments were conlirmed
with coschromatography with authentic compounds using
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Fig.5 Flower and petal coler comparisan. The pink-flowered rose cultivar Lavande (A, left and B, ) was transformed with pSPB919. The
resultant trnsgenie plants including LAM19-4-10 produced violet-colonad tramspenic flowers (A, right and B, b} containing 98%
delphinidin. The flower color is evidently bluer than that of the hosts, the commercial varieties Madam Violet (B, ¢) and Seiryu (B, d).
Madam Vielet and Seiryu are regardad as the bluest of the currenl rose vareties. Seme of the transgenic roses derved from pSPB91Y9
exhibited paler flower color amd contained decreased amuounts of anthocyanidin (A, center).

HPLC (data not shown). Their structures were [urther
confirmed by time-of flight-mass spectometry (TOF-MS)
and nuclear magnetic resonance (NMR). The host Lavande
accumulates 96.0% cyanidin 3.5-diglucoside and 4.0%
evanidin 3-glicoside. The presence of 3-monoplucoside
and  3.S5-diglucoside in R, fwbride and  wild - roses
has been previously reported (Biolley and Jay 1993,
Mikanagi et al. 2000), although it was recently proposed
that the 5-glucosylation of anthocyanins procesds 1o
I-plucosylation in K. fnbride (Ogata et al, 2005).

Moleewlar aualysis of the fransgenic rose LA{919-4-10

The results of the Northern analysis of LA/919-4-10
arc shown in Fig. 6A. The transeripts of the viola FI5'H
and iris DFR genes were observed Lo have intact sizes, while

40

only smaller size bands of the rose DFR mRNA were
detected, Small interfering RINA (siRNA) of about 23bp
was deteeled when using the rose DFR cDNA as the probe,
These results reveal that the rose endogenous DFR mRNA
was sucoessfully degraded by the introduced RNAJ cassette
of the rose DFR (Fig. 6B). Southern analysis of LA/919-
4-10 with the viola F3'§"H, iris DFR. rose DFR and NPTH
genes indicates that the plant contains single-copy T-DNA
(data not shown). which prompted us to breed this rose as
the parent.

Hybridization breeding

In order 1o evaluate lhe efficacy of the redirection
of the pathway from cyanidin to delphinidin, the pollen
of LAMY-4-10 was hybridized with a seed parent
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A 2 B 2
S | =
A £ 3
[= =
‘3 % § 3
viola
FI5'H
(BP40)
=30 baze
rose
DFR . +26 baso
+~22 haso
~18 base
+~14 base
iris
DFR
Prabe: rose OFR

Fig. 6 Nonhern blot analysis of LA®T9-4.10. The expectad sizes
of the tranwripts of viola F3'5'H BP40¢1.8kb) and ris DFR (1.7 kb
senes were ohserved, whila only the smaller size was detected for
rose DFR mRNA (AL A rose DFR probe detected about 21 bp of the
small sized RNA, which was suppowd 10 he a degraded
entlogenous rose DER rngcript with RNA (Bf

*Black Baccura®, o dark-red variety that accumulates a large
amount of cyianidin (Table 1). About 50% of the sceds
germinated nommally in the kanamyein media, and delphi-
nidin was detected in all of the kanamycin-resistant Fy
progeny. The delphinidin content was 99.9% al maximum
{average: 98.7%) in these progeny. Some delphinidin-
preducing Fy plants were backerossed to Bluck Bacear,
‘The anthocyanidin analysis of the Fa progeny revealed that
the Mowers also cantained delphinidin. almost exclusively
(Fig. 7). The results indicate that the character of exclysive
accumulation of delphinidin is heritable as a single locus.
Although the flower color varied from red-purple 1o deep
magenta depending an the genetic background, probably
their pH and the amount of flavonols, the intraduced
transgenes were able to convert the metabolic flux
completely toward delphinidin. Complete modification of
the metabolic Mux toward delphinidin should conler the
ability to produce delphinidin exclusively in the progeny.

Discussion

In this study, we selected rose cultivars thiat ate suitable
for delphinidin production and color ¢hinge toward blue,
Constitutive expression of the viola F3'5’H gene successlully
resulted in delphinidin accumulation and color changes
with o blue hue that has commercial value as fur as novel
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flower color is concerned. More efficient and dominant
madification of the flavonoid pathway toward delphinidin
wis achicved by functional repluicement of DFRs, ic. the
down-regulation of the endogenons DFR gene and over-
cxpression of the iris 2FR gene in vivo, in addition to the
overexpression of the viola F3'5'/f sene, The ability lor the
exclusive sccumulation of delphinidin wag hentable by

progeny. indicating that the fMavonoid pathway was

consistently modified toward delphinidin production.

Overexpression of the F3'5' 1 gene in selecred cultivars

The biggest advantage of genetic engineering in plant
breeding is that a nevel gene from a heterologous source
can be utilized to improve a plant, which liberates plant
breeding from genetic constraints. However, the over-
expression of a heterologous gene slone does not always
efficiently yicld a desired compound. as reported above.
In arder to achieve the accumulation of u desirable amount
ol a compound, it is necessary 1o sclect host cultivars that
have the feast competing reaction sgainst an introduced
gene, as in the case of the blue carnation (Holton 1996).
In the casc of color modification toward blue, higher
amounts of flavonols and higher vacuolar pH are alse
desirable. Even when delphinidin accumulated in the
selected cultivars, the Mower color varied depending on
the cultivars (Table 2. Fig. 3). Since cultivars such as
WKS82, WKS100, WKS116 and WKSI140, which give a
blue hue, contain Targe amounts of Mavonols and have a
higher pH. Mavonols may contribute to the blue coloration
by co-pigmentation.

The delphinidin content (%)} and Nower color varied
depending on the cultivar, and, even in selected cultivars. it
depended on the transgenic events, as shown in Table 2 and
Fig. 4 (pSFL207 and pSFL236 plants). Such variations of
phenotypes have often been observed in transgenic plants
(Filipecki und Malepszy 2006). The generation of many
independent transgenic plants in various host cultivars and
sclection of lines having desirable phenotypes among them
is o practical procedure to obtain transgenic plunls that
have commercial value.

Functional replacemeni of the rose DFR with the iris DFR
resulted in the enltivar-independent exclusive aecumulation
of deiplinidin

The exclusive production of delphinidin and the most
significant color change toward blue were achieved with
PSPRI1Y in Lavande. We suceeeded in the replacement of
the lunction of rose DFR genes with an iris DFR gene in
transgenic roses by using RNAQL We previously showed that
RNAI gave more elficient gene suppression than antisense
or sense suppression (Nakamura et al, 2006), The degrada-
tion of rose DFR transcripts and overexpression of
the iris DFR were confinned by Northern anulysis,
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4.0 . Toward bluer/future perspectives
a5 The production of delphinidin-based anthocyanins in
% heterologous plants has been the preferable strategy to
g 3.0 < F1 progenies generate flowers with a blue hue, which is also achieved in
E 25 H F2 progenies rosc in this study. In addition to delphinidin production,
= =] blue flowers gencrate their flower color through the
2 =i combination of various stratcgics, such as highly modificd
Eﬂ_ 1.5 w anthocyanins, a stable complex with co-pigments, a higher
3 1.0 L] vacuolar pH and metal jons. as reporied above. The
reconstitution of these factors in roses should generate
0.5 bluer color. However, this is a very challenging task, Onc
0.0 2 ) : . reason is that many genes have to be properly expressed in
0% 20% 40% 60% 80% 100%  roses, and the genes involved in vacuolar pH regulation and

delphinidinftolal anthocyanldin

Fig. 7 Delphinidin contenis of the transgenic progeny. The
accumulation of delphinidin was confirmed in all of the Km®
progeny of LA/19-4-10, The flowers of the F; and F3 progeny
contained exclusively delphinidin.

The replacement was elficient; a higher lrequency and less
deviated delphinidin accumulation and color change were
obscrved.

Morcover. the flowers of the Fy and Fa progeny of LA/
919-4-10 exclusively contained delphinidin. Such a domi-
nant character conferred by the transgenes is very useful for
the incorporation of a novel ability (delphinidin produc-
tion) in rose breeding, which has suffered from the limited
ability to synthesize only pclargonidin and cyanidin as
anthocyanidins. The ability to synthesize delphinidin
achieved in this study will change rosc breeding and
increase rose varicties as far as flower color is concerned.
The fact that the Mlower color of the progeny is not as blue
as that of LA/919-4-10 indicates that other factors, such as
the presence of a suitable amount of flavonols (co-pigments)
and a higher vacuolar pH, are nccessury to achieve blue
color in addition to delphinidin production. Since hybridi-
zation breeding can generate host rose cultivars with
various genctic buckgrounds, delphinidin production in
these backgrounds will yield various novel color tones, in
addition to blue. in their Mowers,

Replacement of the enzymatic function achieved in this
study should be useful to engincer various plant metabolic
pathways not limited to the fMavonoid or other secondary
metabolic pathways. Although replacement of an endogen-
ous gene by homologous recombination would be desirable,
homologous recombination in plants has only been
reported in a few model plants (Terada ct al. 2007).
Mauny commercially important plants have high ploidy.
For cxample, cultivated roses and chrysanthemums are
tetraploids and hexaploids. The functional replacement
depending on post-transcriptional gene silencing shown in
this study is practical in plants having high ploidy.
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metal ion uptake have not been well characterized.

Therefore, a feasible strategy toward bluer follows, The
co-existence of delphinidin-based anthocyanins and a
flavone compound gave bluer color in a transgenic
carnation (Fukui et al. 2003) than delphinidin alone.
In this case, the flavone was derived from a host carnation
cultivar. The co-expression of a flavone synthase genc
{Akashi et al. 1999) in roses may result in a bluer coler than
that obtained in this study. The multiple aromatic acylalion
of anthocyanins generates a stable blue color (Honda and
Saito 2002). We demonstrated that the rose can synthesize
aromatically acylated anthocyanins by the expression of
torcnia SAT. Gentian 5,3°AT (Mizulani et al. 2006) and
Clitoria ternatea AT (Noda et al. 2006), which can add
multiple acyl moieties te anthocyanins, are useful molecular
tools. The eflicicnt acylation of anthocyanins may not be
casy. since the acylation by torenia SAT remained at <40%.

Although more effort will be required to achicve sky-
blue roses, the exclusive delphinidin production and the
resultant color changes presented in this study represent a
historic milcstone in rose breeding.

Materials and Methods

Pl materials and plant tissie enlinre

Flowers of rose cullivars were screencd and harvested in
Keisei Rosc Nurserics (Suwara. Japan) in  1997-2000. Stem
internodes were harvesied from rose plants grown in a greenhouse.
and the surface was sicrilized by immersing them in a 5% (v/v)
sodium hypochlorile solution for 5min and then rinsing them with
sterilized water. The explants (1 cm in length) were prepared from
the stem internodes and cultured at 25°C under 16 h/8 h conditions
in a medium consisting of Murashige and Skoog mineral salts and
vitamins. 30g17" sucrose. 12g17" agar and 1 mgl™" 6-henzylami-
nopurine (BA). Rose transformation was deseribed previously
(Fircozabady ¢t al. 1994) in a swdy using Agrobacteritm
timcfuciens Agl0 (Lazo ct al. 1991). The acclimated transgenic
plunts were potted and then grown in contuined greenhouscs until
hlooming.

Maelvevlar procedures
Most meleculur procedures. including ¢cDNA library con-
struction. screening of the library. binary vector construction
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and  Southern/Northern  analysis, were deseribed  previounsly
(Fukuchi-Mizutani 2003). The detection of siRNA was carricd
out s described previously using digoxogenin-labeled rose DFR
cDNA as a probe, as previously described (Goto ct al. 2003).

The procedures involving binary vectors for rose transforma-
tion were also deseribed previously (Fukuchi-Mizotani ct al. 2003).
In bricf, pBinl?9 und pBinPLUS (van Engelen ct al. 1995), which
contain ncomycin phosphotransferase 1T (NPTI1I) us the sclection
marker. were used to construct a hinary vector, and the enhanced
cauliflower mosaic virus (CaM¥) 355 promoter derived from
pE2113 (Mitsuhara ct al. 1996) was used 1o regulate the transgenes.
Torenia anthocyanin S-acyltransferase ¢cDMNA (database accession
No. AB332099) was oblained rom its pctal cDNA library (Suzuki
2000) us described previously (Yonckura-Sukakibara co al. 2000).
Irisxhoflandice DFR cDIA (AB332098) was cloned [rom its
petal cDNA {Imayama et al. 2004) as described belore (Tanuaka
ct al. 1995). Fiofy spp. contains two F3'5'H genes (Brugliera et al.
2004). und onc of them (clonc BP40) was used in this study
(AB3}2097).

Measurement of flower ealor and peial pH

The Mower petal color was cvaluated using colorimetric
values in a CIE L*u*b" system measured with a CM-2022
spectrophotometer (Minolta Co.. Ltd, Tokyo. Japan). and the
data were caleulated under a 10 observer and D65 illuminunts as
deseribed before (Fukui ot al. 2003). Coler data were analyzed
using SpectraMagic™  color-control software (Minolta), The
RHSCC number which was closest to the Nower color was selected
by Color Classification System version 2.1.1 (The Japan Research
Institute Co.. L1d; Shibano cl al, 2002}, which is based on the color
value (C1E L°a"b” color system) obtained by visuul discrimination
and measurcment with the device mentioned above. This system
cin be used for objective sclection of the closest RHSCC number
hy color data, RHSCC is a standard reference for plant color
identification in the horticultural industry.

Fresh rose petals (2g) were frozen ai —80°C and homo-
genized. The pH of the pressed juice was measured with an F-22
pH meter with a4 6069-10C clectrode (Horiba Lid. Kyolo, Japan).

Analrsis of anthocyaning

Rosc anthocyaning were extracted with 50% (v/v) acclonitrile
containing trifluoroacetic acid (TFA) as previously reported
{Fukui ct al. 2003, HPLC was voenducted using an RSpak
DE-413L (25cmx4.6mm. Shoko Co.. Lid. Tokyo. Jupan)
column and u flow rute of solvent of 0.6mimin~': the solvent
system uscd was as follows: afier o 15min lincar gradien! clulion
from 10 to 50% of acclonitrile conlaining 0.5% TFA in H0.
10 min of isocratic clution of 50% of acctonitrile containing 0.5%
TFA in H20 was carricd out. and detection was conducted with a
photodiede array detector SPD-MI0A (Shimadzu Co., Ltd,
Kyoto. Japan) that can measure ahsorbance at 600-250nm. The
retention times of aromatically acylated anthocyunins were around
19 min in this analysis. The anthocyanin spectra were meusured
with & photediode array. Aromatically acylated anthocyinins can
be identificd because they exhibit a longer wave shift and a peak at
280nm. TOF-MS and NMR analyscs were deseribed  hefore
(Fukui ct al, 2003).

Anafysis of mnhacyanidins

Petal extracts preparcd as deseribed previously (Fukui et al,
2003) were dissolved in 6N HCI (0.2ml} and kept at 100°C for
20 min, The hydrolyzed anthocyaniding were extracted with 0.2ml
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of l-pentanal. HPLC was performed using an ODS-A3M2
(15cm x 6mm. YMC Co.. Lid. Kyoto. Japan) column. a flow
raic of solvent of 1 mlmin ', and detcetion at an ubsorbance of
G00400nm on a SPD-MI0A photediode armey delector
(Shimadzu Co.. Ltd), The solvent system used was as follows:
ucetic acid :methanol :water=  15:20:65. Under these HPLC
conditlons, the retention time and An. of delphinidin were
4.0min and 534 nm, respectively, and these values were compared
with thosc of amhentic delphinidin chloride (Funakoshi Co.. Lid,
Tokyo. Japan).

Analysis of flavonols

Rose hosts and some of the transgenic rose flowers were
subjeeted to Muvonol analysis. Petal cxtracts were hydrolyzed in
0.2ml of 0.1 M potassium phosphate bufier (pH 4.5) with 6 U of
[-glucosidase (Shin-nihon Chemical Co.. Lid, Jupan) and 1U of
naringinase (Sigma Chemical Co.. St Louis MO, USA) under
incubation for 16h at 30°C. Acctenitrile (0.2 ml, 90%) was addcd
o the reaction mixture. which was then subjecied o HPLC
unalysis. HPLC was conducted using a Develosil C30-UG-5
(15em x4.6mm, YMC Ceo., Lid) column and a flow rate of
solvenl of 0.6mimin™% the solvent system used was as follows:
after » 10min lincar gradient clution using 18-63% acetonilrile
containing 0.1% TFA in H20. Smin of isocratic elution of 63%
acctonitrile containing 0.1% TFA in H30 was carricd out with
ubsorbance il 400-250nm detecied using the photodiode array
detector SPD-M10A (Shimadzu Co.. Lid).

Ruose hrbridization

Hybridization breeding wits carried out using 2 transformant
(LA/419-4-10) ns a pollen parent and o dark-red rose variety.
*Black Baccara® (Mcilland International), os the sced parent. Fruits
were collected on the 100th day afier pollination. Sced germination
was accomplished by peeling the achencs und embedding them in
moistened filter paper in plastic dishes. The water used lor sced
permination was sterilized waler contuining 1.0ml1™" PPM™
{Plant Preservative Mixture: Plant Cell Technology, Inc.
Washingten. DC. USA) and 50mgl™! kanamycin, and seedlings
were raised by potting only normally budded plants with green
cotyledons.
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