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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO

RAD: 13­67186­  ­15
DEP: 2020  DIRECCION DE NUEVAS CREACIONES 
TRA: 11  PCT­PATENTE DE INVENCION CAPITULOS I Y II 
ACT: 519   TRASLADOINFORME                   

FECHA:  2016­03­08 12:14:02
EVE:  378  FASE NACIONAL INCLUIDO CAPITULO I 
FOLIOS:   9

Como resultado del examen de fondo realizado,  con fundamento en el  Artículo 45 de la 
Decisión 486 de la Comisión de la Comunidad Andina, se comunica:

1. Documentos estudiados  

Descripción: Radicado N° 13-67186-00000-0000 3/Abril/2013

Reivindicaciones: Radicado N° 13-67186-00000-0000 3/Abril/2013

Radicado N° 13-67186-00006-0000 7/Julio/2014

Radicado N° 13-67186-00009-0000 9/Octubre/2014

Dibujos: Radicado N° 13-67186-00000-0000 3/Abril/2013

Secuencias: Radicado N° 13-67186-00000-0000 3/Abril/2013

Prioridad: EP10009180.0 3/Septiembre/2010
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2. Análisis de la Prioridad

Se acepta la reivindicación de prioridad porque ésta solicitud fue presentada dentro del plazo 
establecido  (Art.  9  D  486)  y  su  contenido  técnico  corresponde  con  el  de  la  prioridad 
reivindicada.

3. Modificaciones aceptadas (Art 34 D 486)

Se aceptan las modificaciones a las reivindicaciones en los folios 11 a 12 del Radicado N° 
13-67186-00009-0000, ya que no amplían la materia inicialmente presentada, y sobre dicho 
capítulo se realizará el análisis de patentabilidad.

4. Objeto de la invención

De acuerdo con lo establecido en el numeral 1.2.2.2  del Título 10 de la Circular Única para 
efectos del examen de patentabilidad, se tendrá en cuenta la tasa pagada por el solicitante 
al  momento  de  comenzar  el  examen  para  las  reivindicaciones  adicionales;  esto  es  que 
cuando la solicitud contenga más de diez (10) reivindicaciones y no se haya pagado la tasa 
complementaria, sólo se estudiarán las cubiertas por la tasa pagada. En el presente caso se 
estudiarán las reivindicaciones 1 a 8 del capítulo reivindicatorio del Radicado N° 13-67186-
00009-0000.

Título  de  la  solicitud:  “POLINUCLEÓTIDOS  Y  POLIPÉPTIDOS  QUE  CODIFICAN 
TRANSPORTADORES ABC QUE MODIFICAN SU ACTIVIDAD EN PLANTAS” (Modificado 
en el Radicado Nº 13-67186-00006-0000)

El problema planteado en esta solicitud consiste en la necesidad de reducir el contenido de 
metales pesados, tal como el cadmio, de los vegetales o productos vegetales consumidos 
por anímales y humanos.

Para resolver este problema técnico la solicitud en estudio proporciona un ARN bicatenario, 
que comprende al menos 19 nucleótidos contiguos de ARN NtMPR, el cual en contacto con 
una planta puede reducir los niveles de cadmio en al menos una parte de la planta.

El objeto de la presente solicitud se relaciona con la Clasificación Internacional de Patentes 
(CIP): C07K 14/41.

5. No es una invención (Art 15 D 486 literal (b))

El objeto de las reivindicaciones 2 -  4 no se considera una invención, por cuanto en su 
encabezado  se  reclama  un  polipéptido  NtMRP aislado,  expresado  por  un  polinucleótido 
seleccionado del grupo constituido por las SEC ID Nos: 1, 2, 27, 28 o 29 o 51; 3 a 23 o 30 a 
50 o 53,  las cuales corresponden a secuencias de ADN tal  y  como se encuentra  en la 
naturaleza  o  aquel  que  pueda  ser  aislado  (ver  alineamientos).  Adicionalmente  como  se 
evidencia  en  el  capitulo  descriptivo  (Ejemplos  1  y  5,  Fls,  73  –  74,  Fig.  1  y  6),  dichas 
secuencias son aisladas del genoma de la planta de tabaco. Por lo anterior no pueden ser 
objeto de patente de conformidad con lo dispuesto en el  artículo 15 lit.  b)  de la referida 
Decisión 486.

Query: SEQ ID NO: 3
Sbjct: Nicotiana tomentosiformis ABC transporter C family member 14-like (LOC104102849), 
transcript variant X2, mRNA ref|XM_009610689.1|
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Query: SEQ ID NO: 44
Sbjct: Nicotiana sylvestris ABC transporter C family member 3-like (LOC104231799), mRNA
ref|XM_009784852.1|

Query: SEQ ID NO: 50
Sbjct: Nicotiana sylvestris ABC transporter C family member 3-like (LOC104231799), mRNA
ref|XM_009784852.1|

6. De la solicitud de patente 

Reivindicaciones (Art 30 D 486, Art 22 PCT)

1­ La reivindicación 1  no es clara  porque define  un método  para  reducir  los niveles de 
cadmio en al menos una parte de una planta, en función de las características técnicas 
del  producto,  y  no  se  define  a  partir  de  sus  características  técnicas  esenciales, 
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especificando una secuencia lógica de etapas y condiciones específicas que permitan a 
la persona normalmente versada en la materia reducir los niveles de expresión de un 
polinucleótido NtMRP. Adicionalmente la etapa b) del método se encuentra definida en 
términos de su resultado alcanzar que da cuenta de su mecanismo de acción, al indicar 
que se reduce  la expresión de un polinucleótido NtMRP y la actividad de la proteína 
codificada  por  el  mismo  o  la  actividad  de  la  proteína  codificada  por  el  mismo,  en 
comparación con una planta de control no puesta en contacto con el dsRNA.  En este 
caso las reivindicaciones incluirían no sólo la solución propuesta por el solicitante, sino 
todas las alternativas presentes o futuras que lleguen a ese resultado. Se sugiere a la 
solicitante definir  el  método únicamente a partir  de una secuencia lógica de etapas y 
condiciones específicas que permitan la implementación del mismo. 

2­ Las  reivindicaciones  5  y  6  no  son  claras  porque  no  definen  un  ARN bicatenario  en 
términos  de  sus  características  técnicas  esenciales,  especificando  las  secuencias  de 
polinucleótidos con su respectivo SEC ID No.,  que caracterizan la hebra sentido y la 
hebra antisentido, en donde al menos una de las secuencias comprende 19 nucleótidos. 

3­ Las reivindicaciones 1, 5 - 6, no son claras porque el término “al menos”, es impreciso y 
no limitativo, por lo cual no permiten distinguir la invención del estado de la técnica.  Se 
sugiere sustituirlo por un término o rango concreto. 

7.  Determinación del Estado de la Técnica

El estado de la técnica se determinó con base en la fecha de presentación de la solicitud de 
prioridad:  3  de  septiembre  de  2010,  y  se  encontraron  los  siguientes  documentos  que 
anticipan el objeto de esta solicitud:
  

Ítem Documento Título Fecha de Publicación

D5 US20090183280

“Transgenic Plants Modified for 
Reduced Cadmium Transport, 

Derivative Products, and Related 
Methods”

16/Julio/2009

D6
Bovet  et  al.,  Plant,  Cell  
and  Environment,  2003. 
Vol. 26, Pág. 371–381.

“Transcript levels of AtMRPs after 
cadmium treatment: induction of 

AtMRP3”
14/Marzo/2003

D7 US20050091709
“Transgenic organism epressing 
fungal mrp-like abc transporters”

28/Abril/2005

El documento D51 divulga plantas de tabaco transgénicas y semillas derivadas modificadas 
genéticamente,  para  impedir  el  transporte  de  Cadmio  (Cd)  del  sistema  de  la  raíz  a  la 
porciones aéreas de dichas plantas, mediante la reducción de los niveles de expresión de 
transportadores relacionados con HMA (Abstract).

El  documento  D62 divulga  un  estudio  que  analiza  el  patrón  de  transcripción  de  los 
transportadores de casete que enlazan ATP (ABC),  a través de microarreglos de ADNc, 
indicando  que  los  niveles  de  transcripción  de  algunos  de  estos  transportadores,  que 
comprenden  miembros  de  la  subfamilia  de  proteínas  MRP,  se  incrementan  después  del 
tratamiento con Cd2+ (Pág. 372, Col. 1). 

El  documento  D73 divulga   secuencias  de  ADN aisladas  que  codifican  proteínas  MRP 
(proteínas asociadas a resistencia de fármacos), una subfamilia  de los transportadores de 

1 http://worldwide.espacenet.com/publicationDetails/biblio?CC=US&NR=2009183280A1&KC=A1&FT=D

2 http:/onlinelibrary.wiley.com/doi/10.1046/j.1365-3040.2003.00968.x/abstract   

3 http://worldwide.espacenet.com/publicationDetails/biblio?CC=US&NR=2005091709A1&KC=A1&FT=D
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casete que enlazan ATP (ABC); permitiendo el desarrollo de organismos con resistencia a la 
acumulación de materiales tóxicos tales como metales pesados y herbicidas (Abstract).

8. Examen de Patentabilidad (Art 14 D486)

Nivel inventivo (Art18 D486)

La reivindicación 1 consiste en “Un método para reducir niveles de cadmio en al menos una  
parte de una planta, que comprende los pasos de: (a) poner en contacto la planta con un  
ARN bicatenario que comprende al menos dos secuencias que son al menos parcialmente  
complementarias  entre  sí  y  en  cuyo  caso  una  hebra  sentido  comprende  una  primera  
secuencia y una hebra antisentido comprende una segunda secuencia y en cuyo caso al  
menos  una  de  las  secuencias  comprende  al  menos  19  nucleótidos  contiguos  de  ARN 
NtMRP, y (b) de este modo, reducir la expresión de un polinucleótido NtMRP y la actividad 
de la proteína codificada por el mismo o la actividad de la proteína codificada por el mismo  
en comparación con una planta de control no puesta en contacto con el dsRNA; en donde el  
ARN bicatenario comprende una primer cadena compuesta en una secuencia seleccionada  
del grupo que contiene: SEQ ID NOs: 3 a 23 y 30 a 50 y 53 y en donde una segunda cadena  
está compuesta en el complemento inverso de la secuencia correspondiente a SEQ ID NOs:  
3 a 23 y 30 a 50 y 53” (Radicado N° 13-67186-00009-0000). 

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D5 D6
Método  para  reducir  niveles  de 
cadmio en al menos una parte de 
una planta

Método para reducir los niveles de 
cadmio en al menos una parte de 
una planta (Pág. 62, Rv. 13).

No registra

Poner en contacto la planta con un 
ARN bicatenario

ARNs  de  doble   -  hebra  que 
inhiben  la  expresión  del  gen 
NtHMA en  una  célula  de  una 
planta (Ej. 13, Párr. [0127]).

No registra

Comprende  al  menos  dos 
secuencias  que  son  al  menos 
parcialmente  complementarias 
entre si

Comprende  dos  hebras  de  ARN 
que  son  suficientemente 
complementarias para hibridarse y 
formar  una  estructura  doble  (Ej. 
13, Párr. [0127]).

No registra

Una hebra sentido comprende una 
primera secuencia

Hebra sentido que comprende una 
región complementaria  a la hebra 
antisentido  (Ej. 13, Párr. [0127]).

No registra

Una hebra antisentido comprende 
una segunda secuencia

Hebra antisentido que comprende 
una región complementaria a una 
secuencia  diana,  derivada  del 
ARNm (Ej. 13, Párr. [0127]).

No registra

Una de las secuencias comprende 
al menos 19 nucleótidos contiguos 
de ARN NtMRP

ARNs  de  doble   -  hebra 
comprende entre 19 y 24 pares de 
base  de  longitud  (Ej.  13,  Párr. 
[0127]).

Regulación del gen AtMRP3 (Pág. 
375, Fig. 2b).

ARN  bicatenario  comprende  una 
primer cadena compuesta en una 
secuencia seleccionada del grupo 
que contiene: SEQ ID NOs: 3 a 23 
y  30 a  50 y  53 y  en donde una 
segunda  cadena  está  compuesta 
en el  complemento  inverso  de la 
secuencia correspondiente a SEQ 
ID NOs: 3 a 23 y 30 a 50 y 53

Constructo  de  ARNi  que 
comprende una primera secuencia 
que presenta al meno un 90% de 
identidad  con  una  porción  de  la 
SEC ID No. 3 o 47, y una segunda 
secuencia (Pág. 62, Rv. 14).

No registra
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El documento D5 se considera el estado de la técnica cercano a la invención definida en la 
reivindicación 1 porque divulga un método para reducir  los niveles de cadmio (Cd) en al 
menos una parte de una planta, que comprende reducir los niveles de expresión del ARNm 
que codifica una proteína NtHMA en un planta, a través de la expresión del constructo que 
contiene  el  ARNi.  Dicho  constructo  comprende  una  primera  secuencia  que  presenta  la 
menos  un  90% de  identidad  con  una  porción  de  la  SEC ID  No.  3  o  47;  una  segunda 
secuencia; y una tercera secuencia que contiene una cadena complementaria inversa de la 
primera secuencia, posicionada en la misma orientación de la primera secuencia, y en donde 
la segunda secuencia está ligada de modo operable a la primera y a la tercera secuencia 
(Pág. 62, Rv. 13 - 14). Se desarrollan moléculas de ARNs de doble hebra que comprenden 
una hebra antisentido que consiste en una región complementaria con al menos una parte 
del  ARNm  formado  en  la  expresión  del  gen  NtHMA,  y  una  hebra  sentido  la  cual  es 
complementaria con la hebra antisentido, de tal forma que las dos hebras se hibridan para 
formar  una  estructura  doble,  constituida  típicamente  entre  19  y  24  pares  de  bases  de 
longitud  (Ej.  13,  Párr.  [0127]).  En  algunas  realizaciones  se  proporcionan  plantas 
transgénicas de tabaco, en las cuales se reduce los niveles de expresión de miembros de la 
familia de genes NtHMA, limitando el transporte de cadmio a la lamina foliar (Pág. 10, Párr. 
[0086]).

La diferencia entre el método, definido en la reivindicación 1 y el método para reducir niveles 
de cadmio en una planta divulgado en el  documento  D5,  consiste  en que el  método se 
encuentra dirigido a la regulación del gen NtMRP que codifica proteínas transportadoras del 
tipo ABC.

El efecto que logra la regulación del gen NtMRP, consiste en disminuir la expresión de un 
polinucleótido NtMRP y la actividad de la proteínas transportadoras ABC involucradas en el 
transporte de metales pesados, reduciendo los niveles de cadmio en al menos una parte de 
la planta. 

Por lo tanto,  el problema técnico objetivo que pretende resolver esta invención se puede 
formular así: Cómo modificar el método para reducir los niveles de cadmio en al menos una 
parte de una planta divulgado en D5, para regular la expresión del gen NtMRP.

Sin embargo el  documento D6 ya sugería la regulación de los genes  AtMRPs,  luego de 
realizar un tratamiento con cadmio;  en donde se evidenció que los niveles de transcripción 
de  los  genes  que  codifican  para  trasportadores  del  tipo  ABC  debían  ser  modulados 
directamente  por  metales  pesados y no a través de  estrés  oxidativo,  estableciendo una 
correlación directa entre los métales pesados y la transcripción de los transportadores del 
tipo  ABC,  sugiriendo  que  tanto  en  plantas  como  levaduras  estos  transportadores  están 
implicados en el flujo de metales pesados (Pág. 379, Col. 2). Específicamente se determinó 
que de todo el set de genes AtMRPs, el gen AtMRP3 fue el que presentó la mayor inducción 
en los niveles de transcripción en las raíces de A. thaliana (Pág. 375, Fig. 2b). También se 
estableció algún tipo de inducción en los niveles de transcripción del gen AtMRP4 (Pág. 374, 
Col. 1). 

Por  lo  tanto,  la  persona  del  oficio  normalmente  versada  en  la  materia,  incluiría  las 
sugerencias  de  regular  la  transcripción  de  genes  MRP en  plantas,  específicamente  los 
genes  AtMRP3  y AtMRP4 (de los cuales ya se tiene evidencia de su participación en la 
regulación fisiológica del transporte de metales pesados) divulgadas en el documento D6, en 
el método para reducir los niveles de cadmio (Cd) en al menos una parte de una planta, que 
comprende  el  desarrollo  de  plantas  transgénicas,  por  ejemplo  de  tabaco  a  partir  de  un 
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constructo de ARNi divulgado en el documento D5, para llegar así al objeto de la solicitud, 
por lo cual se considera obvia.

En consecuencia, la reivindicación 1 de acuerdo con lo divulgado en los documentos D5 y 
D6, carece de nivel inventivo (Art. 18).

La  reivindicación  5  consiste  en  “Un  ARN  bicatenario  que  comprende  al  menos  dos 
secuencias que son al menos parcialmente complementarias entre si y en cuyo caso una  
hebra sentido comprende una primera secuencia y una hebra antisentido comprende una 
segunda secuencia y en cuyo caso al menos una de las secuencias comprende al menos 19  
nucleótidos contiguos de NtMRP RNA” (Radicado N° 13-67186-00009-0000). 

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D5 D7
ARN bicatenario ARNs de doble  - hebra (Ej. 13, 

Párr. [0127]).
No registra

Comprende  al  menos  dos 
secuencias  que  son  al  menos 
parcialmente  complementarias 
entre si

Comprende dos hebras de ARN 
que  son  suficientemente 
complementarias para hibridarse 
y  formar  una  estructura  doble 
(Ej. 13, Párr. [0127]).

No registra

Una  hebra  sentido  comprende 
una primera secuencia

Hebra  sentido  que  comprende 
una región complementaria  a la 
hebra antisentido  (Ej. 13, Párr. 
[0127]).

No registra

Una  hebra  antisentido 
comprende  una  segunda 
secuencia

Hebra  antisentido  que 
comprende  una  región 
complementaria  a  una 
secuencia  diana,  derivada  del 
ARNm (Ej. 13, Párr. [0127]).

No registra

Una  de  las  secuencias 
comprende  al  menos  19 
nucleótidos  contiguos  de  ARN 
NtMRP

ARNs  de  doble   -  hebra 
comprende entre 19 y 24 pares 
de  base  de  longitud  (Ej.  13, 
Párr. [0127]).

Regulación  de  genes  que 
codifican proteínas del tipo MRP 
(Pág. 21, Rv. 1).

El documento D5 se considera el estado de la técnica cercano a la invención definida en la 
reivindicación 1 porque divulga  moléculas de ARNs de doble hebra que comprenden una 
hebra antisentido que consiste en una región complementaria con al menos una parte del 
ARNm  formado  en  la  expresión  del  gen  NtHMA,  y  una  hebra  sentido  la  cual  es 
complementaria con la hebra antisentido, de tal forma que las dos hebras se hibridan  para 
formar una estructura doble. Dicha estructura presenta una estructura típica entre 19 y 24 
pares de bases de longitud (Ej. 13, Párr. [0127]). Se divulga un constructo que contiene un 
ARNi que comprende  una primera secuencia que presenta la menos un 90% de identidad 
con una porción de la SEC ID No. 3 o 47; una segunda secuencia; y una tercera secuencia 
que tiene una cadena complementaria inversa de la primera secuencia, posicionada en la 
misma orientación de la primera secuencia, y en donde la segunda secuencia esta ligada de 
modo operable a la primera y a la tercera secuencias  (Pág. 62, Rv. 13 - 14). El constructo 
reduce la expresión del ARNm que codifica una proteína NtHMA disminuyendo los niveles de 
cadmio (Cd) en al menos una parte de una planta (Ej. 13, Párr. [0127] - Pág. 62, Rv. 13 - 
14).
 
La diferencia entre el ARN bicatenario, definido en la reivindicación 5 y el  ARN bicatenario 
divulgado en el documento D5, consiste en que el ARN bicatenario se encuentra dirigido a la 
regulación del gen NtMRP que codifica proteínas transportadoras del tipo ABC.
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El efecto que logra la regulación del gen NtMRP, consiste en disminuir la expresión de un 
polinucleótido NtMRP y la actividad de la proteínas transportadoras ABC involucradas en el 
transporte de metales pesados, reduciendo los niveles de cadmio en al menos una parte de 
la planta. 

Por lo tanto,  el problema técnico objetivo que pretende resolver esta invención se puede 
formular así: Cómo modificar el ARN bicatenario divulgado en D5, para regular la expresión 
del gen NtMRP.

Sin embargo el documento D7 ya sugería la regulación de genes que codifican proteínas del 
tipo MRP (proteínas asociadas a la resistencia de múltiples fármacos), un transportador de 
casete que enlaza ATP (MRP – como proteína transportadora ABC) (Pág. 21, Rv. 1); en 
donde dicho gen corresponde al gen YCF1, el cual confiere tanto resistencia a materiales 
nocivos, como a la acumulación de los mismos. Los materiales nocivos son seleccionados 
de un grupo que consiste en cadmio, plomo, arsénico y herbicidas  (Pág. 2, párr. [0030]). 
Adicionalmente se divulga el desarrollo de organismos transgénicos eucarióticos tales como 
plantas o levaduras, los cuales incluyen la transformación de una planta de tabaco (Pág. 3, 
párr. [0037 – 0038]).

Por  lo  tanto,  la  persona  del  oficio  normalmente  versada  en  la  materia,  incluiría  las 
sugerencias de regular genes que expresan proteínas trasportadoras ABC involucradas en 
el transporte de metales pesados divulgadas en el documento D7, en el procedimiento para 
preparar un ARN bicatenario que regule la expresión del ARNm que codifica una proteína 
NtHMA disminuyendo  los niveles de cadmio  (Cd)  en  al  menos  una parte  de  una planta 
divulgado  en  el  documento  D5,  para  llegar  así  al  objeto  de  la  solicitud,  por  lo  cual  se 
considera obvia.

En consecuencia, la reivindicación 5 de acuerdo con lo divulgado en los documentos D5 y 
D7, carece de nivel inventivo (Art. 18).

Las  reivindicaciones  dependiente  6  a  8  no  mencionan  alguna  característica  que  haga 
inventivo el ARN bicatenario de la reivindicación 5, por lo cual se considera que tampoco 
tienen nivel inventivo.

9. Conclusión

Los requisitos de Patentabilidad de la presente solicitud están afectados así:

Ítem Documento Reivindicaciones afectadas Requisito que afecta
D5 US20090183280 1, 5 - 8 Nivel inventivo

D6
Bovet  et al.,  2003.  Plant, 
Cell  and  Environment. 
Vol. 26, Pág. 371–381.

1 Nivel inventivo

D7 US20050091709 5 - 8 Nivel inventivo



En cumplimiento  del  artículo  45  de  la  Decisión  486  de  la  Comisión  de  la  Comunidad 
Andina,  se  le  indica  que  debe  dar  respuesta  dentro  del  término  de  sesenta  (60)  días 
contados a partir del día siguiente de la fecha de notificación de la presente comunicación. 
En caso de no dar  respuesta  al  presente  requerimiento,  o  si  a  pesar  de  la  respuesta 
subsistieran los impedimentos para la concesión, se denegará la patente.

Si  como respuesta a este requerimiento el  solicitante llegara a modificar:  i)  el  capítulo 
reivindicatorio, ii) la descripción de la invención a proteger, iii) o presente un nuevo capítulo 
reivindicatorio,  no  deberá  pagar  la  tasa  de  modificación  voluntaria  pero  sí  la 
correspondiente a la tasa de examen de patentabilidad para que se estudie la materia 
modificada.  En  todo  caso,  el  número  de  requerimientos  por  no  patentabilidad  estará 
supeditado a que el término del estudio de patentabilidad no sea superior a 18 meses, 
contados desde la publicación de la solicitud de patente de invención. Adicionalmente, se le 
recuerda al solicitante que si como respuesta a este requerimiento llegara a modificar el 
capítulo reivindicatorio y éste contenga más de diez (10) reivindicaciones deberá pagar la 
tasa por reivindicación adicional.

Se invita al solicitante se sirva indicar, si así lo considera, su renuncia al término faltante de 
sesenta (60) días  para dar respuesta a este requerimiento y presentarla por escrito.

Notifíquese el  presente oficio  conforme a lo dispuesto en el  numeral  5.2,  literal  e),  del 
capítulo quinto del título primero de la Circular Única No. 10 de 2001. 

El anterior requerimiento fue notificado por fijación en lista, de fecha  2016-03-15

Elaboró: Mario Andres Forero 
Revisó: Dayron Alexander Ramirez Reyes
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(57) ABSTRACT 

Various embodiments are directed to transgenic plants, 
including transgenic tobacco plants and derivative seeds, 
genetically modi?ed to impede the transport of Cadmium 
(Cd) from the root system to aerial portions of transgenic 
plants by reducing the expression levels of HMA-related 
transporters. Various embodiments are directed to transgenic 
tobacco plants genetically modi?ed to stably express a RNAi 
construct encoding RNAi polynucleotides that enable the 
degradation of endogenous NtHMA RNA variants. Reduced 
expression of NtHMA transporters in transgenic plants 
results in substantially reduced content of Cadmium (Cd) in 
the leaf lamina. Various consumable products that are sub 
stantially free or substantially reduced in Cd content can be 
produced by incorporating leaves derived from transgenic 
tobacco plants modi?ed to reduce the expression of NtHMA 
transporters. 
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FIG. 1A 

Table 1 

Exon Nucleotides Position 
Exon 1 1-303 724-1026 

Exon 2 304-561 3245-3502 

Exon 3 562-659 7364-7461 
Exon 4 660-915 11525-11780 

EXon 5 916-1056 11866-12007 

Exon 6 1057-1381 12317-12644 

Exon 7 1382-1584 13108-13310 

Exon 8 1585-1787 13456-13658 

Exon 9 1788-3285 14278-15775 

Exon 10 3286-3618 16097-16429 

Exon 11 3619-4392 16650-17423 

FIG. 1B 
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FIG. 3A 
RNAi Construct NtHMA (660-915) Encoding RNAi Polynucleotide 
SEQ ID NO:41 

Sense Sequence SEQ ID NO:38 

5'-ATTTGTAGTGCCAGCCCAGACCGTTGAATCTATTTGCTTAGAAAC 
TGGAAACGACTCGCCTGTCAGTGTTTTCTCGTCCACGTCACATTCCC 
CTTCCATTACAACTCCATCAATAGGTATAGTTTCACCAGCTTTAACAG 
CAAGAATGCTATTCAACTTGACTTCATCAACATTTACGACTTCTCCAC 
TTTCAGCTAAAACTGCTGTTGGAGGGACTATATTGACCAGTGATGAC 
ATAGCAGCAGTAGCCTACATAACCA-3‘ 

Spacer Sequence SEQ ID NO:39 
5‘-AGCCTGAAGAATTGAGCAAATAACATTAACAAACAATACTTGAAG 
TTTCAG CACTAAATAAATGAAGCATGAAGGAATACTACACTACCATTT 
AGA-3' ' 

Reverse Complementary Sequence SEQ ID NO:40 
5'-TGGTTATGTAGGCTACTGCTGCTATGTCATCACTGGTCAATATAG 
TCCCTCCAACAGCAGTTTTAGCTGAAAGTGGAGAAGTCGTAAATGTT 
GATGAAGTCAAGTTGAATAGCATTCTTGCTGTTAAAGCTGGTGAAAC 
TATACCTATTGATGGAGTTGTAATGGAAGGGGAATGTGACGTGGAC 
GAGAAAACACTGACAGGCGAGTCGTTTCCAGTTTCTAAGCAAATAGA 
TTCAACGGTCTGGGCTGGCACTACAAAT-3' 
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FIG. 4A 
RNAi Construct NtHMA (1382-1584) Encoding RNAi Polynucleotide 
SEQ ID NO:45 

Sense Sequence SEQ ID NO:42 
5' -TGAGAGCAAGTCAGGTCATCCGATGGCAGCCGCTCTGGTGGAC 
TATGCACAATCAAATTCCGTTGAGCCAAAGCCTGATAGAGTTGAGCA 
GTTTCAAAATTTTCCTGGTGAAGGGATATTTG GAAGAATTGATGGAAT 
GGAAATCTATGTCGGGAATAG GAAAATTTCTTCAAGAGCTG GATGTA 
CCACAGG-3' 

Spacer Sequence SEQ ID NO:43 
5'-TAAATGGTTGAATCATTTCTTATGCTCATAGTAGAGATAAAACATC 
AGAGTTATAATTATAAGTATATGATTTCTCAGTTAATTTTGCTGTTAG 
ATTTTCTTTGACCTGTTTAGCACTAATGCGGTGGATGTTTGAA-3' 

Reverse Complementary Sequence SEQ ID NO:44 
5‘-CCTGTGGTACATCCAGCTCTTGAAGAAATTTTCCTATTCCCGACA 
TAGATTTCCATTCCATCAATTCTTCCAAATATCCCTTCACCAGGAAAA 
TTTTGAAACTGCTCAACTCTATCAGGCTTTGGCTCAACGGAATTTGAT 
TGTGCATAGTCCACCAGAGCGGCTGCCATCGGATGACCTGACTTGC 
TCTCAATGC-IS‘ 

FIG. 4B 
120 

K326 lamina 
100 
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TRANSGENIC PLANTS MODIFIED FOR 
REDUCED CADMIUM TRANSPORT, 

DERIVATIVE PRODUCTS, AND RELATED 
METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority under 35 U.S.C. § 
119 to US. Provisional Application No. 60/996,982, ?led 
Dec. 13, 2007, the entire content of Which is hereby incorpo 
rated by reference. 

SEQUENCE LISTING 

[0002] This application hereby incorporates by reference 
the text ?le ?led electronically hereWith having the name 
“sequencelisting.txt” created on Nov. 20, 2008 With a ?le siZe 
of 125,091 bytes. 

TECHNICAL FIELD 

[0003] Compositions, expression vectors, polynucleotides, 
polypeptides, transgenic plants, transgenic cell lines, and 
transgenic seeds, and methods for making and using these 
embodiments to produce various plants that can reduce the 
transport of heavy metals into aerial portions. 

BACKGROUND 

[0004] Plants obtain essential heavy metals, such as Zn, Ni, 
and Cu, by absorbing metal ion substrates from their environ 
ment by various transport mechanisms mediated by trans 
membrane transporters expressed on the surface of root cells 
and other vascular tissues. Transporters classi?ed as P-type 
ATPases, such as PlB-type ATPases, are transporters that 
translocate positively charged substrates across plasma mem 
branes by utiliZing energy liberated from exergonic ATP 
hydrolysis reactions. P1B-type ATPases are also referred to as 
heavy metal ATP-ases (“HMAs”) or CPx-type ATPases. 
HMAs have been grouped by substrate speci?city into tWo 
subclasses, the Cu/Ag and Zn/Co/Cd/Pb groups. The ?rst 
P1B-type ATPase to be characterized in plants is AtHMA4, 
cloned from Arabidopsis. Substrate selectivity by HMAs is 
not strictly limited to the transport of essential metals in that 
several non-essential metals can be recogniZed indiscrimi 
nantly as substrates, resulting in the accumulation of many 
non-essential metals, such as Cd, Pb, As, and Hg. 

SUMMARY 

[0005] Various embodiments are directed to compositions 
and methods for producing transgenic plants, including trans 
genic tobacco plants, genetically modi?ed to impede Cad 
mium (Cd) transport from the root system to the leaf lamina 
by reducing the expression levels of transporters of the HMA 
family. A HMA homologue (“NtHMA”) has been identi?ed 
in tobacco, Which can be utiliZed for constructing various 
RNAi constructs, encoding NtHMA RNAi polynucleotides 
of interest that can facilitate the degradation of endogenous 
NtHMA RNA transcripts. Transgenic plants that can express 
NtHMA RNAi polynucleotides can be utiliZed for reducing 
steady-state levels of NtHMA RNA transcripts, and conse 
quently, for reducing the number of functionally active 
NtHMA transporters available for transporting metals across 
cellular membranes. 
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[0006] Various embodiments are directed to recombinant 
expression vectors comprising various NtHMA RNAi con 
structs, transgenic plants and seeds genetically modi?ed to 
exogenously express NtHMA RNAi polynucleotides, cell 
lines derived from transgenic plants and seeds, and consum 
able products incorporating leaves derived from transgenic 
plants produced according to the disclosed methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1A is a schematic of a NtHMA genomic clone 
comprising 11 exons. FIG. 1B provides a list of nucleotide 
positions mapped to each exon Within the isolated NtHMA 
genomic clone (“Table 1”). 
[0008] FIG. 2A illustrates an exemplary subcloning strat 
egy for constructing a NtHMA RNAi expression vector that 
enables the constitutive expression of NtHMA RNAi poly 
nucleotides of interest, as described in Example 2. 
[0009] FIG. 2B illustrates a hypothetical double-stranded 
RNA duplex formed (as “stem-loop-stem” structure) from 
intra-molecular, base-pair interactions Within NtHMA RNAi 
polynucleotide produced as a product transcribed from an 
exemplary NtHMA RNAi construct. 
[0010] FIG. 3A shoWs an exemplary RNAi sequence, 
NtHMA (660-915), for producing NtHMA RNAi polynucle 
otides of interest, as described in Example 2. 
[0011] FIGS. 3B-3D shoW Cd reduction in leaf lamina of 
multiple ?rst generation (T0) transgenic lines, representing 
three varieties, that have been genetically modi?ed to express 
NtHMA RNAi polynucleotides (660-915), as described in 
Example 5. 
[0012] FIG. 4A shoWs an exemplary RNAi sequence, 
NtHMA (1382-1584), for producing NtHMA RNAi poly 
nucleotides of interest, as described in Example 3. 
[0013] FIGS. 4B-4D shoW Cd reduction in leaf lamina of 
multiple ?rst generation (T0) transgenic lines, representing 
three varieties, that have been genetically modi?ed to express 
NtHMA RNAi polynucleotides (1382-1584), as described in 
Example 5. 
[0014] FIGS. SA-C shoW normaliZed NtHMA RNA tran 
script levels in various ?rst generation (T0) transgenic lines 
that have been genetically modi?ed to express NtHMA RNAi 
polynucleotides of interest, as determined by quantitative 
realtime PCR analysis of leaf lamina extracts, as described in 
Example 6. 
[0015] FIG. 6 shoWs the distribution of Cd and Zn betWeen 
the leaf lamina and the root of various ?rst generation (T0) 
transgenic lines that have been genetically modi?ed to 
express NtHMA RNAi polynucleotides of interest, as pre 
sented in Table 2 and described in Example 7. 
[0016] FIG. 7 shoWs Cd distribution among the bark, leaf 
lamina, pith, and root tissues of various ?rst generation (T0) 
transgenic lines that have been genetically modi?ed to 
express NtHMA RNAi polynucleotides of interest, as pre 
sented in Table 3 and described in Example 8. 
[0017] FIG. 8 shoWs Cd distribution betWeen the leaf 
lamina and the root of various second generation (T1) trans 
genic lines that have been genetically modi?ed to express 
NtHMA RNAi polynucleotides of interest, as described in 
Example 9. 

DETAILED DESCRIPTION 

I. Isolation of Tobacco NtHMA Genes and Gene 
Products 

[0018] FIG. 1A is a schematic of a NtHMA genomic clone 
comprising 11 exons encoding a heavy metal transporter 
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related to the HMA family of transporters. Example 1 further 
describes the identi?cation of the NtHMA genomic clone 
(_H0-l8-2) and 4 NtHMA cDNA clones. FIG. 1B. provides 
nucleotide positions corresponding to exon and intron subre 
gions mapped Within the NtHMA genomic clone (_H0-l8 
2). 
[0019] A. NtHMA Polynucleotides 
[0020] The term “polynucleotide” refers to a polymer of 
nucleotides comprising at least 10 bases in length. The poly 
nucleotides may be DNA, RNA or a DNA/RNA hybrid, com 
prising ribonucleotides, deoxyribonucleotides, combinations 
of deoxyribo- and ribo-nucleotides, and combinations of 
bases and/or modi?cations, including uracil, adenine, thym 
ine, cytosine, guanine, inosine, xanthine, hypoxanthine, iso 
cytosine, and isoguanine. The term includes single- and 
double-stranded forms of DNA or RNA. The term “DNA” 
includes genomic DNAs, cDNAs, chemically-synthesized 
DNAs, PCR-ampli?ed DNAs, and combinations/ equivalents 
thereof. The term “isolated polynucleotide” refers to a poly 
nucleotide not contiguous With any genome of origin, or 
separated from a native context. The term includes any 
recombinant polynucleotide molecule such as NtHMA RNAi 
constructs, NtHMA RNAi expression vectors, NtHMA 
genomic clones, and fragments and variants thereof. 
[0021] As shoWn in FIG. 1A, the NtHMA genomic clone, 
designated as SEQ ID N011, comprises: intron 1 (SEQ ID 
N014), exonl (SEQ ID N015), intron2 (SEQ ID N016), exon 
2 (SEQ ID N017), intron 3 (SEQ ID N018), exon 3 (SEQ ID 
N019), intron 4 (SEQ ID N01l0), exon 4 (SEQ ID N011 l), 
intron 5 (SEQ ID N01l2), exon 5 (SEQ ID N01l3), intron 6 
(SEQ ID N01l4), exon 6 (SEQ ID N01l5), intron 7 (SEQ ID 
N01l6), exon 7 (SEQ ID N01l7), intron 8 (SEQ ID N01l8), 
exon 8 (SEQ ID N01l9), intron 9 (SEQ ID N0120), exon 9 
(SEQ ID N012l), intron l0 (SEQ ID N0122), exon 10 (SEQ 
ID N0123), intron ll (SEQ ID N0124), exon 11 (SEQ ID 
N0125), and intron l2 (SEQ ID N0126). Various embodi 
ments are directed to isolated polynucleotides representing 
genomic fragments isolated at the NtHMA locus, comprising 
SEQ ID N011, fragments of SEQ ID N011, or variants 
thereof. Various embodiments are directed to isolated 
NtHMA polynucleotide variants comprising at least 50%, 
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 
97%, 98%, and 99% sequence identity to SEQ ID N011, or 
fragments of SEQ ID N011. 
[0022] Various embodiments are directed to isolated poly 
nucleotides having sequences that complements that of 
NtHMA polynucleotide variants comprising at least 50%, 
55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 
97%, 98%, and 99% sequence identity to SEQ ID N011, or 
fragments of SEQ ID N011. Various embodiments are 
directed to isolated polynucleotides that can speci?cally 
hybridiZe, under moderate to highly stringent conditions, to 
polynucleotides comprising SEQ ID N011, or fragments of 
SEQ ID N011. 
[0023] Various embodiments are directed to isolated poly 
nucleotides of NtHMA cDNA (Clone P6663), comprising 
SEQ ID N013, fragments of SEQ ID N013, or variants 
thereof. Various embodiments are directed to isolated 
NtHMA polynucleotide variants comprising at least 70%, 
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% 
sequence identity to SEQ ID N013, or fragments of SEQ ID 
N013. Various embodiments are directed to isolated NtHMA 
polyribonucleotide variants comprising at least 70%, 75%, 
80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% sequence 
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identity to SEQ ID N013, or fragments of SEQ ID N013, and 
in Which Ts have been substituted With Us (e.g., RNAs). 
Various embodiments are directed to isolated polynucle 
otides that can speci?cally hybridize, under moderate to 
highly stringent conditions, to polynucleotides comprising 
SEQ ID N013, or fragments of SEQ ID N013. Various 
embodiments are directed to isolated polynucleotides having 
a sequence that complements that of NtHMA polynucleotide 
variants comprising at least 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, and 99% sequence identity to SEQ ID 
N013, or fragments of SEQ ID N013. 
[0024] Various embodiments are directed to isolated poly 
nucleotides of NtHMA cDNA (Clone P6643), comprising 
SEQ ID N0147, fragments of SEQ ID N0147, or variants 
thereof. Various embodiments are directed to isolated 
NtHMA polynucleotide variants comprising at least 70%, 
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% 
sequence identity to SEQ ID N0147, fragments of SEQ ID 
N0147. Various embodiments are directed to isolated 
NtHMA polyribonucleotide variants comprising at least 
70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% 
sequence identity to SEQ ID N0147, fragments of SEQ ID 
N0147, and in Which Ts have been substituted With Us (e. g., 
RNAs). Various embodiments are directed to isolated poly 
nucleotides that can speci?cally hybridize, under moderate to 
highly stringent conditions, to polynucleotides comprising 
SEQ ID N0147, fragments of SEQ ID N0147. Various 
embodiments are directed to isolated polynucleotides having 
a sequence that complements that of NtHMA polynucleotide 
variants comprising at least 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, and 99% sequence identity to SEQ ID 
N0147, fragments of SEQ ID N0147. 
[0025] Various embodiments are directed to biopolymers 
that are homologous to NtHMA polynucleotides and NtHMA 
polypeptides (“NtHMA homologues”), Which can be identi 
?ed from different plant species. For example, NtHMA 
homologues canbe experimentally isolated by screening suit 
able nucleic acid libraries derived from different plant species 
of interest. Alternatively, NtHMA homologues may be iden 
ti?ed by screening genome databases containing sequences 
from one or more species utiliZing a sequence derived from 
NtHMA polynucleotides and/or NtHMA polypeptides. Such 
genomic databases are readily available for a number of spe 
cies (e.g., on the World Wide Web (WWW) at tigr.org/tdb; 
genetics.Wisc.edu; stanford.edu/.about.ball; hiv-Web.lanl. 
gov; ncbi.nlm.nig.gov; ebi.ac.uk; and pasteur.fr/other/biol 
ogy). For example, degenerate oligonucleotide sequences can 
be obtained by “back-translation” from NtHMA polypeptide 
fragments. NtHMA polynucleotides can be utiliZed as probes 
or primers to identify/amplify related sequences, or to obtain 
full-length sequences for related NtHMAs by PCR, for 
example, or by other Well-knoWn techniques (e.g., see PCR 
Protocols1 A Guide to Methods andApplications, Innis et. al., 
eds., Academic Press, Inc. (1990)). 
[0026] B. NtHMA Polypeptides 
[0027] The term “NtHMA polypeptide” refers to a 
polypeptide comprising an amino acid sequence designated 
as SEQ ID N012; polypeptides having substantial homology 
(i.e., sequence similarity) or substantial identity to SEQ ID 
N012; fragments of SEQ ID N012; and variants thereof. The 
NtHMA polypeptides include sequences having su?icient or 
substantial degree of identity or similarity to SEQ ID N012, 
and that can function by transporting heavy metals across cell 
membranes. 
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[0028] NtHMA polypeptides include variants produced by 
introducing any type of alterations (e. g., insertions, deletions, 
or substitutions of amino acids; changes in glycosylation 
states; changes that affect refolding or isomeriZations, three 
dimensional structures, or self-association states), Which can 
be deliberately engineered or isolated naturally. NtHMA 
polypeptides may be in linear form or cycliZed using knoWn 
methods (e.g., H. U. Saragovi, et al., Bio/Technology 10,773 
(1992); and R. S. McDoWell, et al., J. Amer. Chem. Soc. 
11419245 (1992), both incorporated herein by reference). 
NtHMA polypeptides comprise at least 8 to 10, at least 20, at 
least 30, or at least 40 contiguous amino acids. 
[0029] Various embodiments are directed to isolated 
NtHMA polypeptides encoded by polynucleotide sequence, 
SEQ ID N011, comprising SEQ ID N012, fragments of SEQ 
ID N012, or variants thereof. Various embodiments are 
directed to isolated NtHMA polypeptide variants comprising 
at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 
and 99% sequence identity to SEQ ID N012, or fragments of 
SEQ ID N012. 
[0030] Various embodiments are directed to isolated 
NtHMA polypeptides (Clone P6663), comprising SEQ ID 
N012, fragments of SEQ ID N012, or variants thereof. Vari 
ous embodiments are directed to isolated NtHMA polypep 
tide variants comprising at least 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, and 99% sequence identity to SEQ ID 
N012, or fragments of SEQ ID N012. 
[0031] Various embodiments are directed to isolated 
NtHMA polypeptides (Clone P6643), comprising SEQ ID 
N0149, fragments of SEQ ID N0149, or variants thereof. 
Various embodiments are directed to isolated NtHMA 
polypeptide variants comprising at least 70%, 75%, 80%, 
85%, 90%, 95%, 96%, 97%, 98%, and 99% sequence identity 
to SEQ ID N0149, or fragments of SEQ ID N0149. 

II. Compositions and Related Methods for Reducing 
NtHMA Gene Expression and/or NtHMA-Mediated 

Transporter Activity 

[0032] Suitable antagonistic compositions that can doWn 
regulate the expression and/or the activity of NtHMA and 
NtHMA variants include sequence-speci?c polynucleotides 
that can interfere With the transcription of one or more endog 
enous NtHMA gene(s); sequence-speci?c polynucleotides 
that can interfere With the translation of NtHMA RNA tran 
scripts (e.g., dsRNAs, siRNAs, riboZymes); sequence-spe 
ci?c polypeptides that can interfere With the protein stability 
of NtHMA, the enZymatic activity of NtHMA, and/or the 
binding activity of NtHMA With respect to substrates and/or 
regulatory proteins; antibodies that exhibit speci?city for 
NtHMA; and small molecule compounds that can interfere 
With the protein stability of NtHMA, the enZymatic activity of 
NtHMA, and/or the binding activity of NtHMA. An effective 
antagonist can reduce heavy metal (e.g., Cd) transport into 
leaflamina structures by at least 5%, 10%, 15%, 20%, 25%, 
30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 
80%, 85%, 90%, or 95%. 

A. DEFINITIONS 

[0033] Throughout this disclosure and the appended 
claims, the terms “a” and “the” function as singular and plural 
referents unless the context clearly dictates otherWise. Thus, 
for example, a reference to “an RNAi polynucleotide” 
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includes a plurality of such RNAi polynucleotides, and a 
reference to “the plant” includes reference to one or more of 

such plants. 
[0034] The term “orientation” refers to a particular order in 
the placement of a polynucleotide relative to the position of a 
reference polynucleotide. A linear DNA has tWo possible 
orientations: the 5'-to-3' direction and the 3'-to-5' direction. 
For example, if a reference sequence is positioned in the 
5'-to-3' direction, and if a second sequence is positioned in the 
5'-to-3' direction Within the same polynucleotide molecule/ 
strand, then the reference sequence and the second sequence 
are orientated in the same direction, or have the same orien 

tation. Typically, a promoter sequence and a gene of interest 
under the regulation of the given promoter are positioned in 
the same orientation. HoWever, With respect to the reference 
sequence positioned in the 5'-to-3' direction, if a second 
sequence is positioned in the 3'-to-5' direction Within the 
same polynucleotide molecule/ strand, then the reference 
sequence and the second sequence are orientated in anti-sense 
direction, or have anti-sense orientation. TWo sequences hav 
ing anti-sense orientations With respect to each other can be 
alternatively described as having the same orientation, if the 
reference sequence (5'-to-3' direction) and the reverse 
complementary sequence of the reference sequence (refer 
ence sequence positioned in the 5'-to-3') are positioned Within 
the same polynucleotide molecule/ strand. 

[0035] The term “NtHMA RNAi expression vector” refers 
to a nucleic acid vehicle that comprises a combination of 
DNA components for enabling the transport and the expres 
sion of NtHMA RNAi constructs. Suitable expression vectors 
include episomes capable of extra-chromosomal replication 
such as circular, double-stranded DNA plasmids; lineariZed 
double-stranded DNA plasmids; and other functionally 
equivalent expression vectors of any origin. A suitable 
NtHMA RNAi expression vector comprises at least a pro 
moter positioned upstream and operably-linked to a NtHMA 
RNAi construct, as de?ned beloW. 

[0036] The term “NtHMA RNAi construct” refers to a 
double-stranded, recombinant DNA fragment that encodes 
“NtHMA RNAi polynucleotides” having RNA interference 
activity. A NtHMA RNAi construct comprises a “template 
strand” base-paired With a complementary “sense or coding 
strand.” A given NtHMA RNAi construct can be inserted into 
a NtHMA RNAi expression vector in tWo possible orienta 
tions, either in the same (or sense) orientation or in the reverse 
(or anti-sense) orientation With respect to the orientation of a 
promoter positioned Within a NtHMA RNAi expression vec 
tor. 

[0037] The term “NtHMA RNAi polynucleotides” can tar 
get NtHMA RNA for enZymatic degradation, involving the 
formation of smaller fragments of NtHMA RNAi polynucle 
otides (“siRNAs”) that can bind to multiple complementary 
sequences Within the target NtHMA RNA. Expression levels 
of one or more NtHMA gene(s) can be reduced by the RNA 
interference activity of NtHMA RNAi polynucleotides. 
[0038] The term “template strand” refers to the strand com 
prising a sequence that complements that of the “sense or 
coding strand” of a DNA duplex, such as NtHMA genomic 
fragment, NtHMA cDNA, or NtHMA RNAi construct, or any 
DNA fragment comprising a nucleic acid sequence that can 
be transcribed by RNA polymerase. During transcription, 
RNA polymerase can translocate along the template strand in 
the 3'-to-5' direction during nacent RNA synthesis. 
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[0039] The terms “sense strand” or “coding strand” refer to 
the strand comprising a sequence that complements that of 
the template strand in a DNA duplex. For example, the 
sequence of the sense strand (“sense sequence”) for the iden 
ti?ed NtHMA genomic clone is designated as SEQ ID NO: 1. 
For example, the sense sequence for NtHMA cDNA, identi 
?ed as clone P6663, is designated as SEQ ID NO:3. For 
example, the sense sequence for NtHMA cDNA, identi?ed as 
clone P6643, is designated as SEQ ID NO:46. For example, if 
the sense strand comprises a hypothetical sequence 
5'-TAATCCGGT-3', then the substantially identical corre 
sponding sequence Within a hypothetical target mRNA is 
5'-UAAUCCGGU-3'. 

[0040] The term “reverse complementary sequence” refers 
to the sequence that complements the “sense sequence” of 
interest (e.g., exon sequence) positioned Within the same 
strand, in the same orientation With respect to the sense 
sequence. For example, if a strand comprises a hypothetical 
sequence 5'-TAATCCGGT-3', then the reverse complemen 
tary sequence 5'-ACCGGATTA-3' may be operably-linked to 
the sense sequence, separated by a spacer sequence. 

[0041] The terms “NtHMA RNA transcript” or “NtHMA 
RNA,” in the context of RNA interference, refer to polyribo 
nucleic acid molecules produced Within a host plant cell of 
interest, resulting from the transcription of endogenous genes 
of the HMA family, including the isolated NtHMA gene 
(SEQ ID NOzl). Thus, these terms include any RNA species 
or RNA variants produced as transcriptional products from 
HMA-related genes that may be distinct from the isolated 
NtHMA gene (SEQ ID NO: 1) but having su?icient similarity 
at structural and/or functional levels to be classi?ed Within the 
same family. For example, if a host plant cell selected for 
genetic modi?cation according to the disclosed methods is 
tobacco, then target NtHMA RNA transcripts include: (1) 
pre-mRNAs and mRNAs produced from the transcription of 
the isolated NtHMA gene (SEQ ID NO: 1); (2) pre-mRNAs 
and mRNAs produced from the transcription of any genes 
having at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 
90%, 95%, 96%, 97%, 98%, and 99% sequence identity to the 
sequence of the isolated NtHMA gene (SEQ ID NOzl) (i.e. 
other distinct genes substantially identical to the identi?ed 
NtHMA gene and encoding related isoforms of HMA trans 
porters); and (3) pre-mRNAs and mRNAs produced from the 
transcription of alleles of the NtHMA gene (SEQ ID NO: 1). 
The NtHMA RNA transcripts include RNA variants pro 
duced as a result of alternative RNA splicing reactions of 
heteronuclear RNAs (“hnRNAs”) of a particular NtHMA 
gene, mRNA variants resulting from such alternative RNA 
splicing reactions, and any intermediate RNA variants. 
[0042] The terms “homology” or “identity” or “similarity” 
refer to the degree of sequence similarity betWeen tWo 
polypeptides or betWeen tWo nucleic acid molecules com 
pared by sequence alignment. The degree of homology 
betWeen tWo discrete nucleic acid sequences being compared 
is a function of the number of identical, or matching, nucle 
otides at comparable positions. The percent identity may be 
determined by visual inspection and mathematical calcula 
tion. Alternatively, the percent identity of tWo nucleic acid 
sequences can be determined by comparing sequence infor 
mation using the GAP computer program, version 6.0 
described by Devereux et al. (Nucl. Acids Res. 12:387, 1984) 
and available from the University of Wisconsin Genetics 
Computer Group (U WGCG). Typical default parameters for 
the GAP program include: (1) a unary comparison matrix 

Jul. 16, 2009 

(containing a value of l for identities and 0 for non-identities) 
for nucleotides, and the Weighted comparison matrix of Grib 
skov and Burgess, Nucl. Acids Res. 14:6745, 1986, as 
described by SchWartZ and Dayhoff, eds., Atlas of Protein 
Sequence and Structure, National Biomedical Research 
Foundation, pp. 353-358, 1979; (2) a penalty of 3.0 for each 
gap and an additional 0.10 penalty for each symbol in each 
gap; and (3) no penalty for end gaps.Various programs knoWn 
to persons skilled in the art of sequence comparison can be 
alternatively utiliZed. 
[0043] The term “upstream” refers to a relative direction/ 
position With respect to a reference element along a linear 
polynucleotide sequence, Which indicates a direction/posi 
tion toWards the 5' end of the polynucleotide sequence. 
“Upstream” may be used interchangeably With the “5' end of 
a reference element.” 

[0044] The term “operably-linked” refers to the joining of 
distinct DNA elements, fragments, or sequences to produce a 
functional transcriptional unit or a functional expression vec 
tor. 

[0045] The term “promoter” refers to a nucleic acid ele 
ment/ sequence, typically positioned upstream and operably 
linked to a double-stranded DNA fragment, such as a NtHMA 
RNAi construct. For example, a suitable promoter enables the 
transcriptional activation of a NtHMA RNAi construct by 
recruiting the transcriptional complex, including the RNA 
polymerase and various factors, to initiate RNA synthesis. 
“Promoters” can be derived entirely from regions proximate 
to a native gene of interest, or can be composed of different 
elements derived from different native promoters and/ or syn 
thetic DNA segments. Suitable promoters include tissue-spe 
ci?c promoters recogniZed by tissue-speci?c factors present 
in different tissues or cell types (e.g., root-speci?c promoters, 
shoot-speci?c promoters, xylem-speci?c promoters), or 
present during different developmental stages, or present in 
response to different environmental conditions. Suitable pro 
moters include constitutive promoters that can be activated in 
most cell types Without requiring speci?c inducers. Examples 
of suitable promoters for controlling NtHMA RNAi polypep 
tide production include the cauli?oWer mosaic virus 35S 
(CaMV/35S), SSU, OCS, lib4, usp, STLSl, B33, nos or 
ubiquitin- or phaseolin-promoters. Persons skilled in the art 
are capable of generating multiple variations of recombinant 
promoters, as described in a number of references, such as 
Okamuro and Goldberg, Biochemistry of Plants, Vol. l5:pp 
1-82 (1989). 
[0046] Tissue-speci?c promoters are transcriptional con 
trol elements that are only active in particular cells or tissues 
at speci?c times during plant development, such as in vegeta 
tive tissues or reproductive tissues. Tissue- speci?c expression 
can be advantageous, for example, When the expression of 
polynucleotides in certain tissues is preferred. Examples of 
tissue-speci?c promoters under developmental control 
include promoters that can initiate transcription only (or pri 
marily only) in certain tissues, such as vegetative tissues, e. g., 
roots or leaves, or reproductive tissues, such as fruit, ovules, 
seeds, pollen, pistols, ?oWers, or any embryonic tissue. 
Reproductive tissue-speci?c promoters may be, e.g., anther 
speci?c, ovule-speci?c, embryo-speci?c, endosperm-spe 
ci?c, integument-speci?c, seed and seed coat-speci?c, pol 
len-speci?c, petal-speci?c, sepal-speci?c, or combinations 
thereof. 

[0047] Suitable leaf-speci?c promoters include pyruvate, 
orthophosphate dikinase (PPDK) promoter from C4 plant 
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(maize), cab-m1Ca+2 promoter from maize, the Arabidopsis 
Zhaliana myb-related gene promoter (Atmyb5), the ribulose 
biphosphate carboxylase (RBCS) promoters (e. g., the tomato 
RBCS 1, RBCS2 and RBCS3A genes expressed in leaves and 
light-groWn seedlings, RBCS1 and RBCS2 expressed in 
developing tomato fruits, and/or ribulose bisphosphate car 
boxylase promoter expressed almost exclusively in meso 
phyll cells in leaf blades and leaf sheaths at high levels). 
[0048] Suitable senescence-speci?c promoters include a 
tomato promoter active during fruit ripening, senescence and 
abscission of leaves, a maiZe promoter of gene encoding a 
cysteine protease. Suitable anther-speci?c promoters can be 
used. Such promoters are knoWn in the art or can be discov 
ered by known techniques; see, e.g., Bhalla and Singh (1999) 
Molecular control of male fertility in Brassica, Proc. 10th 
Annual Rapeseed Congress, Canberra, Australia; van Tunen 
et al. (1990) Pollen- and anther-speci?c chi promoters from 
petunia: tandem promoter regulation of the chiA gene. Plant 
Cell 2:393-40; Jeon et al. (1999) Isolation and characteriza 
tion of an anther-speci?c gene, RA8, from rice (Oryza saliva 
L). Plant Molecular Biology 39:35-44; and TWell et al. (1993) 
Activation and developmental regulation of an Arabidopsis 
anther-speci?c promoter in microspores and pollen of N i coli 
ana Zabacum. Sex. Plant Reprod. 6:217-224. 

[0049] Suitable root-preferred promoters knoWn to persons 
skilled in the art may be selected. See, for example, Hire et al. 
(1992) Plant Mol. Biol. 20(2):207-218 (soybean root-speci?c 
glutamine synthetase gene); Keller and Baumgartner (1991) 
Plant Cell 3(10):1051-1061 (root-speci?c control element in 
the GRP 1.8 gene of French bean); Sanger et al. (1990) Plant 
Mol. Biol. 14(3):433-443 (root-speci?c promoter of the man 
nopine synthase (MAS) gene of A grobaclerium Zumefa 
ciens); and Miao et al. (1991) Plant Cell 3(1):11-22 (full 
length cDNA clone encoding cytosolic glutamine synthetase 
(GS), Which is expressed in roots and root nodules of soy 
bean). See also BogusZ et al. (1990) Plant Cell 2(7):633-641, 
Where tWo root-speci?c promoters isolated from hemoglobin 
genes from the nitrogen-?xing nonlegume Parasponi a under 
sonii and the related non-nitrogen-?xing nonlegume Trema 
lomenlosa are described. 

[0050] Suitable seed-preferred promoters include both 
seed-speci?c promoters (those promoters active during seed 
development such as promoters of seed storage proteins) and 
seed-germinating promoters (those promoters active during 
seed germination). See, e.g., Thompson et al. (1989) BioEs 
says 10: 108, herein incorporated by reference. Such seed 
preferred promoters include, but are not limited to, Cim1 
(cytokinin-induced message); cZ19B1 (maiZe 19 kDa Zein); 
milps (myo-inositol-1-phosphate synthase); mZE40-2, also 
knoWn as Zm-40 (US. Pat. No. 6,403,862); nuclc (US. Pat. 
No. 6,407,315); and celA (cellulose synthase) (see WO 
00/ 11177). Gama-Zein is an endosperm-speci?c promoter. 
Glob-1 is an embryo-speci?c promoter. For dicots, seed 
speci?c promoters include, but are not limited to, bean .beta. 
phaseolin, napin, [3-conglycinin, soybean lectin, cruciferin, 
and the like. For monocots, seed-speci?c promoters include, 
but are not limited to, a maiZe 15 kDa Zein promoter, a 22 kDa 
Zein promoter, a 27 kDa Zein promoter, a g-Zein promoter, a 
27 kDa y-Zein promoter (such as gZW64A promoter, see Gen 
bank Accession #S78780), a Waxy promoter, a shrunken 1 
promoter, a shrunken 2 promoter, a globulin 1 promoter (see 
Genbank Accession # L22344), an ltp2 promoter (Kalla, et 
al., Plant Journal 6:849-860 (1994)); US. Pat. No. 5,525, 
716), cim1 promoter (see US. Pat. No. 6,225,529) maiZe 
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end1 and end2 promoters (See US. Pat. Nos. 6,528,704 and 
6,903,205); nuc1 promoter (US. Pat. No. 6,407,315); Zm40 
promoter (U.S. Pat.No. 6,403,862); eep1 andeep2; lec1 (US. 
Pat. No. 7,122,658); thioredoxin H promoter; mlip15 pro 
moter (U .S. Pat. No. 6,479,734); PCNA2 promoter; and the 
shrunken-2 promoter. (ShaW et al., Plant Phys 98: 1214-1216, 
1992; Zhong Chen et al., PNAS USA 100:3525-3530, 2003). 
[0051] Examples of inducible promoters include promoters 
responsive to pathogen attack, anaerobic conditions, elevated 
temperature, light, drought, cold temperature, or high salt 
concentration. Pathogen-inducible promoters include those 
from pathogenesis-related proteins (PR proteins), Which are 
induced folloWing infection by a pathogen (e.g., PR proteins, 
SAR proteins, beta-1,3-glucanase, chitinase). See, for 
example, Redol? et al. (1983) Neth. J. Plant Pathol. 89:245 
254; Uknes et al. (1992) Plant Cell 4:645-656; and Van Loon 
(1985) Plant Mol. Virol. 4:1 1 1-1 16. See also inducible maiZe 
promoters described in US. Pat. No. 6,429,362. 
[0052] In addition to plant promoters, other suitable pro 
moters may be derived from bacterial origin (e.g., the 
octopine synthase promoter, the nopaline synthase promoter 
and other promoters derived from Ti plasmids), or may be 
derived from viral promoters (e.g., 35S and 19S RNA pro 
moters of cauli?ower mosaic virus (CaMV), constitutive pro 
moters of tobacco mosaic virus, cauli?ower mosaic virus 
(CaMV) 19S and 35S promoters, or ?gWort mosaic virus 35S 
promoter). 
[0053] The term “enhancer” refers to a nucleic acid mol 
ecule, or a nucleic acid sequence, that can recruit transcrip 
tional regulatory proteins such as transcriptional activators, to 
enhance transcriptional activation by increasing promoter 
activity. Suitable enhancers can be derived from regions 
proximate to a native promoter of interest (homologous 
sources) or can be derived from non-native contexts (heter 
ologous sources) and operably-linked to any promoter of 
interest Within NtHMA RNAi expression vectors to enhance 
the activity and/or the tissue-speci?city of a promoter. Some 
enhancers can operate in any orientation With respect to the 
orientation of a transcription unit. For example, enhancers 
may be positioned upstream or doWnstream of a transcrip 
tional unit comprising a promoter and a NtHMA RNAi con 
struct. Persons skilled in the art are capable of operably 
linking enhancers and promoters to optimiZe the transcription 
levels of NtHMA RNAi constructs. 

B. RNAi EXPRESSION VECTORS COMPRISING 
NtHMA RNAi CONSTRUCTS ENCODING 
NtHMA RNAi POLYNUCLEOTIDES 

[0054] RNA Interference (“RNAi”) or RNA silencing is an 
evolutionarily conserved process by Which speci?c mRNAs 
can be targeted for enZymatic degradation. A double-stranded 
RNA (dsRNA) must be introduced or produced by a cell (e. g., 
dsRNA virus, or NtHMA RNAi polynucleotides) to initiate 
the RNAi pathWay. The dsRNA can be converted into mul 
tiple siRNA duplexes of 21-23 bp length (“siRNAs”) by 
RNases III, Which are dsRNA-speci?c endonucleases 
(“Dicer”). The siRNAs can be subsequently recogniZed by 
RNA-induced silencing complexes (“RISC”) that promote 
the unWinding of siRNA through an ATP-dependent process. 
The unWound antisense strand of the siRNA guides the acti 
vated RISC to the targeted mRNA (e.g., NtHMA RNA vari 
ants) comprising a sequence complementary to the siRNA 
anti-sense strand. The targeted mRNA and the anti-sense 
strand can form an A-form helix, and the major groove of the 
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A-form helix can be recognized by the activated RISC. The 
target mRNA can be cleaved by activated RISC at a single site 
de?ned by the binding site of the 5'-end of the siRNA strand. 
The activated RISC can be recycled to catalyZe another cleav 
age event. 

[0055] FIG. 2A illustrates the construction of an exemplary 
NtHMA RNAi expression vector. NtHMA RNAi expression 
vectors comprising NtHMA RNAi constructs encoding 
NtHMA RNAi polynucleotides exhibit RNA interference 
activity by reducing the expression level of NtHMA mRNAs, 
NtHMA pre-mRNAs, and related NtHMA RNA variants. The 
expression vectors comprise a promoter positioned upstream 
and operably-linked to a NtHMA RNAi construct, as further 
de?ned beloW. NtHMA RNAi expression vectors comprise a 
suitable minimal core promoter, a NtHMA RNAi construct of 
interest, an upstream (5') regulatory region, a doWnstream (3') 
regulatory region, including transcription termination and 
polyadenylation signals, and other sequences knoWn to per 
sons skilled in the art, such as various selection markers. 

[0056] The NtHMA polynucleotides can be produced in 
various forms, including as double-stranded hairpin-like 
structures (“dsRNAi”). The NtHMA dsRNAi can be enZy 
matically converted to double-stranded NtHMA siRNAs. 
One of the strands of the NtHMA siRNA duplex can anneal to 
a complementary sequence Within the target NtHMA mRNA 
and related NtHMA RNA variants. The siRNA/mRNA 
duplexes are recogniZed by RISC that can cleave NtHMA 
RNAs at multiple sites in a sequence-dependent manner, 
resulting in the degradation of the target NtHMA mRNA and 
related NtHMA RNA variants. 

[0057] FIG. 2B illustrates the formation of a hypothetical 
double-stranded RNA duplex formed (as “stem-loop-stem” 
structure) as a product transcribed from an exemplary 
NtHMA RNAi construct. In FIG. 2B, a hypothetical NtHMA 
RNAi construct 10 is shoWn, comprising 3 double-stranded 
DNA fragments, such as fragments 1-3. Fragment 1 is posi 
tioned upstream and operably-linked to fragment 2, Which is 
positioned upstream and operably-linked to fragment 3, for 
Which DNA strands/ sequences 4, 6, and 8 are liked together in 
tandem to form strand 11, as shoWn. Alternatively, a NtHMA 
RNAi construct comprises “a sense sequence” 5, Which is 
positioned upstream and operably-linked to “a spacer 
sequence” 7, Which is positioned upstream and operably 
linked to “a reverse complementary sequence” 9. The strands/ 
sequences 5, 7, and 9 can be liked together in tandem to form 
strand/ sequence 12. Alternatively, a NtHMA RNAi construct 
comprises “a sense sequence” 8, Which is positioned 
upstream and operably-linked to “a spacer sequence” 6, 
Which is positioned upstream and operably-linked to “a 
reverse complementary sequence” 4. The strands/ sequences 
8, 6, and 4 can be liked together in tandem to form strand/ 
sequence 11. Strand 12 is complementary to strand 11. Strand 
11 is a template strand that can be transcribed into a NtHMA 
RNAi polynucleotide 13. The NtHMA RNAi polynucleotide 
13 forms a hair-pin (“stem-loop-stem”) structure, in Which 
the stem 16 is a complementary region resulting from intra 
molecular base-pair interactions of the NtHMA RNAi poly 
nucleotide 15 and the loop 17 represents a non-complemen 
tary region encoded by a spacer sequence, such as strands/ 
sequences 6 or 7. 

[0058] Any NtHMA RNA polynucleotide of interest can be 
produced by selecting a suitable sequence composition, loop 
siZe, and stem length for producing the NtHMA hairpin 
duplex. A suitable range for designing stem lengths of a 
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hairpin duplex, includes stem lengths of 20-30 nucleotides, 
30-50 nucleotides, 50-100 nucleotides, 100-150 nucleotides, 
150-200 nucleotides, 200-300 nucleotides, 300-400 nucle 
otides, 400-500 nucleotides, 500-600 nucleotides, and 600 
700 nucleotides. A suitable range for designing loop lengths 
of a hairpin duplex, includes loop lengths of 4-25 nucleotides, 
25-50 nucleotides, or longer if the stem length of the hair 
duplex is substantial. In certain context, hairpin structures 
With duplexed regions longer than 21 nucleotides may pro 
mote effective siRNA-directed silencing, regardless of loop 
sequence and length. 
[0059] Exemplary NtHMA RNAi constructs for doWn 
regulating the expression level of the NtHMA gene (SEQ ID 
NO:1) and other NtHMA-related genes include the follow 
mg: 
[0060] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising a NtHMA RNAi construct that 
comprises one or more of: intron 1 (SEQ ID NO:4), exon 1 
(SEQ ID NO:5), intron 2 (SEQ ID NO:6), exon 2 (SEQ ID 
NO:7), intron 3 (SEQ ID NO:8), exon 3 (SEQ ID NO:9), 
intron 4 (SEQ ID NO:10), exon 4 (SEQ ID NO:11), intron 5 
(SEQ ID NO:12), exon 5 (SEQ ID NO: 13), intron 6 (SEQ ID 
NO:14), exon 6 (SEQ ID NO:15), intron 7 (SEQ ID NO:16), 
exon 7 (SEQ ID NO:17), intron 8 (SEQ ID NO:18), exon 8 
(SEQ ID NO:19), intron 9 (SEQ ID NO:20), exon 9 (SEQ ID 
NO:21), intron 10 (SEQ ID NO:22), exon 10 (SEQ ID 
NO:23), intron 11 (SEQ ID NO:24), exon 11 (SEQ ID 
NO:25), and intron 12 (SEQ ID NO:26), fragments thereof, 
and variants thereof. 
[0061] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
having at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 
98%, and 99% sequence identity to a sequence selected from 
the group consisting of: exon 1 (SEQ ID NO: 5), a fragment of 
exon 1 (SEQ ID NO:5), exon 2 (SEQ ID NO:7), a fragment of 
exon 2 (SEQ ID NO:7), exon 3 (SEQ ID NO:9), a fragment of 
exon 3 (SEQ ID NO:9), exon 4 (SEQ ID NO:11), a fragment 
of exon 4 (SEQ ID NO:11), exon 5 (SEQ ID NO:13), a 
fragment of exon 5 (SEQ ID NO:13), exon 6 (SEQ ID 
NO:15), a fragment ofexon 6 (SEQ ID NO: 15), exon 7 (SEQ 
ID NO:17), a fragment of exon 7 (SEQ ID NO:17), exon 8 
(SEQ ID NO:19), a fragment of exon 8 (SEQ ID NO:19), 
exon 9 (SEQ ID NO:21), a fragment of exon 9 (SEQ ID 
NO:21), exon 10 (SEQ ID NO:23), a fragment of exon 10 
(SEQ ID NO:23), exon 11 (SEQ ID NO:25), and a fragment 
ofexon 11 (SEQ ID NO:25). 
[0062] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
encoding NtHMA RNAi polynucleotides capable of self 
annealing to form a hairpin structure, in Which the RNAi 
construct comprises (a) a ?rst sequence having at least 70%, 
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% 
sequence identity to SEQ ID NO:3 or SEQ ID NO:47; (b) a 
second sequence encoding a spacer element of the NtHMA 
RNAi polynucleotide that forms a loop of the hairpin struc 
ture; and (c) a third sequence comprising a reverse comple 
mentary sequence of the ?rst sequence, positioned in the 
same orientation as the ?rst sequence, Wherein the second 
sequence is positioned betWeen the ?rst sequence and the 
third sequence, and the second sequence is operably-linked to 
the ?rst sequence and to the third sequence. 
[0063] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
encoding NtHMA RNAi polynucleotides capable of self 
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annealing to form a hairpin structure, in Which the RNAi 
construct comprises (a) a ?rst sequence having at least 70%, 
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% 
sequence identity to SEQ ID NO:3 or SEQ ID NO:47; (b) a 
second sequence encoding a spacer element of the NtHMA 
RNAi polynucleotide that forms a loop of the hairpin struc 
ture; and (c) a third sequence comprising a reverse comple 
mentary sequence of the ?rst sequence (SEQ ID NO:46 or 
SEQ ID NO:48), positioned in the same orientation as the ?rst 
sequence, Wherein the second sequence is positioned 
betWeen the ?rst sequence and the third sequence, and the 
second sequence is operably-linked to the ?rst sequence and 
to the third sequence. 

[0064] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
that comprises a ?rst sequence having “substantial similar 
ity,” orhaving at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 
97%, 98%, and 99% sequence identity to SEQ ID NO:3, or 
portions of SEQ ID NO:3. Various embodiments are directed 
to NtHMA RNAi expression vectors comprising a NtHMA 
RNAi construct that comprises a ?rst sequence having “sub 
stantial similarity,” or having at least 70%, 75%, 80%, 85%, 
90%, 95%, 96%, 97%, 98%, and 99% sequence identity to 
SEQ ID NO:47, or portions of SEQ ID NO:47. 
[0065] Various embodiments are directed to a NtHMA 
RNAi expression vectors comprising: a NtHMA RNAi con 
struct that comprises a second sequence having “substantial 
similarity,” or having at least 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, and 99% sequence identity to a 
sequence selected from the group consisting of: intron 1 
(SEQ ID NO:4), a fragment of intron 1 (SEQ ID NO:4), intron 
2 (SEQ ID NO:6), a fragment of intron 2 (SEQ ID NO:6), 
intron 3 (SEQ ID NO:8), a fragment of intron 3 (SEQ ID 
NO: 8), intron 4 (SEQ ID NO: 10), a fragment of intron 4 (SEQ 
ID NO:l0), intron 5 (SEQ ID NO:l2), a fragment of intron 5 
(SEQ ID NO:l2), intron 6 (SEQ ID NO:l4), a fragment of 
intron 6 (SEQ ID NO: 14), intron 7 (SEQ ID NO: 16), a frag 
ment of intron 7 (SEQ ID NO: 16), intron 8 (SEQ ID NO: 1 8), 
a fragment of intron 8 (SEQ ID NO:l8), intron 9 (SEQ ID 
NO:20), a fragment of intron 9 (SEQ ID NO:20), intron l0 
(SEQ ID NO:22), a fragment ofintron l0 (SEQ ID NO:22), 
intron ll (SEQ ID NO:24), a fragment of intron ll (SEQ ID 
NO:24), intron l2 (SEQ ID NO:26), and a fragment of intron 
l2 (SEQ ID NO:26). Alternatively, the second sequence of 
the NtHMA RNAi construct can be randomly generated With 
out utiliZing an intron sequence derived from the NtHMA 
gene (SEQ ID NO: 1). 
[0066] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
that comprises a third sequence having “substantial similar 
ity,” orhaving at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 
97%, 98%, and 99% sequence identity to SEQ ID NO:46, or 
portions of SEQ ID NO:46. Various embodiments are 
directed to NtHMA RNAi expression vectors comprising a 
NtHMA RNAi construct that comprises a third sequence 
having “substantial similarity,” or having at least 70%, 75%, 
80%, 85%, 90%, 95%, 96%, 97%, 98%, and 99% sequence 
identity to SEQ ID NO:48, or portions of SEQ ID NO:48. 
[0067] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising: a NtHMA RNAi construct 
that comprises a third sequence having “substantial similar 
ity,” orhaving at least 70%, 75%, 80%, 85%, 90%, 95%, 96%, 
97%, 98%, and 99% sequence identity to a reverse comple 
mentary sequence selected from the group consisting of: SEQ 
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ID NO:27 (exon 1), a fragment of SEQ ID NO:27 (exon 1), 
SEQ ID NO:28 (exon 2), a fragment of SEQ ID NO:28 (exon 
2), SEQ ID NO:29 (exon 3), a fragment of SEQ ID NO:29 
(exon 3), SEQ ID NO:30 (exon 4), a fragment of SEQ ID 
NO:30 (exon 4), SEQ ID NO:3l (exon 5), a fragment ofSEQ 
ID NO:3l (exon 5), SEQ ID NO:32 (exon 6), a fragment of 
SEQ ID NO:32 (exon 6), SEQ ID NO:33 (exon 7), a fragment 
of SEQ ID NO:33 (exon 7), SEQ ID NO:34 (exon 8), a 
fragment of SEQ ID NO:34 (exon 8), SEQ ID NO:35 (exon 
9), a fragment of SEQ ID NO:35 (exon 9), SEQ ID NO:36 
(exon 10), a fragment of SEQ ID NO:36 (exon 10), SEQ ID 
NO:37 (exon 11), and a fragment of SEQ ID NO:37 (exon 
1 l). 
[0068] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising a NtHMA RNAi construct that 
comprises: SEQ ID NO:38 (“sense sequence/fragment”), the 
second sequence comprises SEQ ID NO:39 (“spacer 
sequence/fragment”) and the third sequence comprises SEQ 
ID NO:40 (“anti-sense sequence/fragment”). 
[0069] Various embodiments are directed to NtHMA RNAi 
expression vectors comprising a NtHMA RNAi construct that 
comprises: SEQ ID NO:42 (“sense sequence/fragment”), the 
second sequence comprises SEQ ID NO:43 (“spacer 
sequence/fragment”), and the third sequence comprises SEQ 
ID NO:44 (“anti-sense sequence/fragment”). 
[0070] Alternatively, the disclosed sequences can be uti 
liZed for constructing various NtHMA polynucleotides that 
do not form hairpin structures. For example, a NtHMA long 
double-stranded RNA can be formed by (l) transcribing a 
?rst strand of the NtHMA cDNA by operably-linking to a ?rst 
promoter, and (2) transcribing the reverse complementary 
sequence of the ?rst strand of the NtHMA cDNA fragment by 
operably-linking to a second promoter. Each strand of the 
NtHMA polynucleotide can be transcribed from the same 
expression vector, or from different expression vectors. The 
NtHMA RNA duplex having RNA interference activity can 
be enZymatically converted to siRNAs to reduce NtHMA 
RNA levels. 

C. EXPRESSION VECTORS FOR REDUCING 
NtHMA GENE EXPRESSION BY 

CO-SUPPRESSION 

[0071] Various compositions and methods are provided for 
reducing the endogenous expression levels for members of 
the NtHMA gene family by promoting co-suppression of 
NtHMA gene expression. The phenomenon of co-suppres 
sion occurs as a result of introducing multiple copies of a 
transgene into a plant cell host. Integration of multiple copies 
of a transgene can result in reduced expression of the trans 
gene and the targeted endogenous gene. The degree of co 
suppression is dependent on the degree of sequence identity 
betWeen the transgene and the targeted endogenous gene. The 
silencing of both the endogenous gene and the transgene can 
occur by extensive methylation of the silenced loci (i.e., the 
endogenous promoter and endogenous gene of interest) that 
can preclude transcription. Alternatively, in some cases, co 
suppression of the endogenous gene and the transgene can 
occur by post transcriptional gene silencing (“PTGS”), in 
Which transcripts can be produced but enhanced rates of 
degradation preclude accumulation of transcripts. The 
mechanism for co-suppression by PTGS is thought to 
resemble RNA interference, in that RNA seems to be both an 
important initiator and a target in these processes, and may be 
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mediated at least in part by the same molecular machinery, 
possibly through RNA-guided degradation of mRNAs. 
[0072] Co-suppression of members of the NtHMA gene 
family can be achieved by integrating multiple copies of the 
NtHMA cDNA or fragments thereof, as transgenes, into the 
genome of a plant of interest. The host plant can be trans 
formed With an expression vector comprising a promoter 
operably-linked to NtHMA cDNA or fragments thereof. Vari 
ous embodiments are directed to expression vectors for pro 
moting co-suppression of endogenous genes of the NtHMA 
family comprising: a promoter operably-linked to NtHMA 
cDNA identi?ed as Clone P6663 (SEQ ID NO:3) or a frag 
ment thereof, or NtHMA cDNA identi?ed as Clone P6643 
(SEQ ID NO:47) or a fragment thereof. Various embodiments 
are directed to expression vectors for promoting co-suppres 
sion of endogenous genes of the NtHMA family comprising: 
a promoter operably-linked to NtHMA cDNA, or a fragment 
thereof, having at least about 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, or 99% sequence identity to SEQ ID 
NO:3 or SEQ ID NO:47. 
[0073] Various embodiments are directed to methods for 
reducing the expression level of endogenous genes of the 
NtHMA family by integrating multiple copies of NtHMA 
cDNA or a fragment thereof into a plant genome, comprising: 
transforming a plant cell host With an expression vector that 
comprises a promoter operably-linked to SEQ ID NO:3, or a 
fragment thereof; or SEQ ID NO:47, or a fragment thereof. 
Various embodiments are directed to methods for reducing 
the expression level of endogenous genes of the NtHMA 
family by integrating multiple copies of NtHMA cDNA, or a 
fragment thereof, into a plant genome, comprising: trans 
forming a plant cell host With an expression vector that com 
prises a promoter operably-linked to NtHMA cDNA, or a 
fragment thereof, having at least about 70%, 75%, 80%, 85%, 
90%, 95%, 96%, 97%, 98%, or 99% sequence identity to SEQ 
ID NO:3 or SEQ ID NO:47. 

D. EXPRESSION VECTORS FOR REDUCING 
NtHMA GENE EXPRESSION BY INHIBITION 
OF TRANSLATION BY ANTI-SENSE AGENTS 

[0074] Various compositions and methods are provided for 
reducing the endogenous expression level of the NtHMA 
gene family by inhibiting the translation of NtHMA mRNA. 
A host plant cell can be transformed With an expression vector 
comprising: a promoter operably-linked to NtHMA cDNA or 
a fragment thereof, positioned in anti-sense orientation With 
respect to the promoter to enable the expression of RNA 
polynucleotides having a sequence complementary to a por 
tion of NtHMA mRNA. Various expression vectors for inhib 
iting the translation of HMA mRNA comprise: a promoter 
operably-linked to NtHMA cDNA identi?ed as Clone P6663 
(SEQ ID NO:3) or a fragment thereof; or NtHMA cDNA 
identi?ed as Clone P6643 (SEQ ID NO:47) or a fragment 
thereof, in Which the NtHMA cDNA, or the fragment thereof, 
is positioned in anti-sense orientation With respect to the 
promoter. Various expression vectors for inhibiting the trans 
lation of HMA mRNA comprise: a promoter operably-linked 
to a NtHMA cDNA, or a fragment thereof, having at least 
about 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 
99% sequence identity to SEQ ID NO:3 or SEQ ID NO:47, in 
Which the NtHMA cDNA, or the fragment thereof, is posi 
tioned in anti-sense orientation With respect to the promoter. 
The lengths of anti-sense NtHMA RNA polynucleotides can 
vary, including 15-20 nucleotides, 20-30 nucleotides, 30-50 
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nucleotides, 50-75 nucleotides, 75-100 nucleotides, 100-150 
nucleotides, 150-200 nucleotides, and 200-300 nucleotides. 
[0075] Various embodiments are directed to methods for 
reducing the expression level of endogenous genes of the 
NtHMA family by inhibiting NtHMA mRNA translation, 
comprising: transforming a plant cell host With an expression 
vector that comprises a promoter operably-linked to NtHMA 
cDNA identi?ed as Clone P6663 (SEQ ID NO:3) or a frag 
ment thereof; or NtHMA cDNA identi?ed as Clone P6643 
(SEQ ID NO:47) or a fragment thereof, in Which the NtHMA 
cDNA, or the fragment thereof, is positioned in anti-sense 
orientation With respect to the promoter. Various embodi 
ments are directed to methods for reducing the expression 
level of endogenous genes of the NtHMA family by inhibit 
ing NtHMA mRNA translation, comprising: transforming a 
plant cell host With an expression vector that comprises a 
promoter operably-linked to a NtHMA cDNA, or a fragment 
thereof, having at least about 70%, 75%, 80%, 85%, 90%, 
95%, 96%, 97%, 98%, or 99% sequence identity to SEQ ID 
NO:3 or SEQ ID NO:47, in Which the NtHMA cDNA, or the 
fragment thereof, is positioned in anti-sense orientation With 
respect to the promoter. 

E. OTHER COMPOSITIONS AND METHODS 
FOR REDUCING NtHMA GENE EXPRESSION 

[0076] Methods for obtaining conservative variants and 
more divergent variants of NtHMA polynucleotides and 
polypeptides are knoWn to persons skilled in the art. Any plant 
of interest can be genetically modi?ed by various methods 
knoWn to induce mutagenesis, including site-directed 
mutagenesis, oligonucleotide-directed mutagenesis, chemi 
cally-induced mutagenesis, irradiation-induced mutagenesis, 
and other equivalent methods. For example, site-directed 
mutagenesis is described in, e.g., Smith (1985) “In vitro 
mutagenesis,” Ann. Rev. Genet. 19:423-462, and references 
therein, such as Botstein & Shortle (1985) “Strategies and 
Applications of in vitro Mutagenesis,” Science 229:1193 
1201; and in Carter (1986) “Site-directed mutagenesis,” Bio 
chem. J. 237:1-7. Oligonucleotide-directed mutagenesis is 
described in, e.g., Zoller & Smith (1982) “Oligonucleotide 
directed Mutagenesis using M13-derived Vectors: an Ef? 
cient and General Procedure for the Production of Point 
mutations in any DNA Fragment,” Nucleic Acids Res. 
10:6487-6500. Mutagenesis utiliZing modi?ed bases is 
described in, e.g., Kunkel (1985) “Rapid and Ef?cient Site 
speci?c Mutagenesis Without Phenotypic Selection,” Proc. 
Natl. Acad. Sci. USA 82:488-492, and in Taylor et al. (1985) 
“The Rapid Generation of Oligonucleotide-directed Muta 
tions at High Frequency using Phosphorothioate-modi?ed 
DNA,” Nucl. Acids Res. 13: 8765-8787. Mutagenesis utiliZ 
ing gapped duplex DNA is described in, e.g., Kramer et al. 
(1984) “The Gapped Duplex DNA Approach to Oligonucle 
otide-directed Mutation Construction,” Nucl. Acids Res. 12: 
9441-9460). Point-mismatch mutagenesis is described in, 
e.g., Kramer et al. (1984) “Point Mismatch Repair,” Cell 
38:879-887). Double-strand break mutagenesis is described 
in, e.g., Mandecki (1986) "Oligonucleotide-directed Double 
strand Break Repair in Plasmids of Escherichia coli: A 
Method for Site-speci?c Mutagenesis,” Proc. Natl. Acad. Sci. 
USA, 83:7177-7181, and in Arnold (1993) “Protein Engi 
neering for Unusual Environments,” Current Opinion in Bio 
technology 4:450-455). Mutagenesis utiliZing repair-de? 
cient host strains is described in, e.g., Carter et al. (1985) 
“Improved Oligonucleotide Site-directed Mutagenesis using 
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ABSTRACT

 

In yeasts, the ABC-type transporters are involved in vacu-
olar sequestration of cadmium. In plants, transport experi-
ments with isolated vacuoles indicate that this is also true.
In order to know more about the response of AtMRPs, a
subclass of 

 

Arabidopsis

 

 ABC transporters, to cadmium,
their expression pattern was analysed using the microchip
technology and semi-quantitative reverse transcriptase-
polymerase chain reaction. From 15 putative sequences
coding for AtMRPs, transcript levels were detected for 14.
All were expressed in the roots as well as in the shoots,
although at a different level. In 4-week-old 

 

Arabidopsis

 

,
transcript levels of four 

 

AtMRPs

 

 were up-regulated after
cadmium treatment. In all cases up-regulation was exclu-
sively observed in the roots. The increase of transcript lev-
els was most pronounced for 

 

AtMRP3

 

. A more detailed
analysis revealed that induction of 

 

AtMRP3

 

 could also be
observed in the shoot when leaves were cut and cadmium
allowed to be taken up in the shoot. In young plantlets, a
far higher portion of Cd

 

2++++

 

 was translocated in the aerial part
compared with adult plants. Consequently, 

 

AtMRP3

 

 tran-
script levels increased in both root and shoot of young
plants. This suggests that 7-day-old seedlings do not exhibit
such a strict root–shoot barrier as 4-week-old plants.
Expression analysis with mutant plants for glutathione and
phytochelatin synthesis as well as with compounds produc-
ing oxidative stress indicate that induction of 

 

AtMRP3

 

 is
likely due to the heavy metal itself.
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: 

 

Arabidopsis thaliana

 

; ABC transporters;
AtMRP; cadmium; glutathione; heavy metal transport;
phytochelatins.

 

INTRODUCTION

 

Due to industrialization Cd

 

2

 

+

 

, one of the most toxic heavy
metals, can now be considered to be one of the major
environmental pollutant (Alloway & Steinnes 1999). As a
non-essential heavy metal, cadmium affects general metab-

olism in plants such as photosynthesis and respiration,
thereby reducing growth and development (Prasad &
Hagemeyer 1999). Cd

 

2

 

+

 

 is suggested to be transported in
the roots via divalent cation transporters for Fe

 

2

 

+

 

 and Zn

 

2

 

+

 

and possibly Ca

 

2

 

+

 

 channels (Korshunova 

 

et al

 

. 1999; Rogers,
Eide & Guerinot 2000; Pence 

 

et al

 

. 2000). Within the cell,
it has been shown that the vacuolar Ca

 

2

 

+

 

/H

 

+

 

 antiporter
CAX2 also exchanges cadmium with protons (Hirschi 

 

et al

 

.
2000). In most plants, such as pea (Prasad & Hagemeyer
1999), wheat (Keltjens & Beusichem 1998) or 

 

Sinapis alba

 

(Fargašová 2001), Cd

 

2

 

+

 

 is mostly retained in the roots. Con-
trarily, plants known to accumulate large amounts of heavy
metals, so-called hyperaccumulators, translocate a large
part of heavy metals from the root to the shoot. The trans-
location mechanism remains to be elucidated, but it is
known that transport of cadmium to the aerial part of the
plant is influenced by factors such as transpiration, root
uptake and xylem loading (Salt 

 

et al

 

. 1995; Raskin, Smith
& Salt 1997; Prasad & Hagemeyer 1999).

All plants described so far have evolved mechanisms to
cope at least with low amounts of heavy metals. It is gen-
erally accepted that phytochelatins (PCs), also classified as
class III of metallothioneins (MTs) and constituted by
(

 

γ

 

glu-cys)

 

n

 

gly, play a major role in heavy metal detoxifica-
tion. Indeed, PCs form complexes with thio-reactive toxic
metals such as Cd(II) or Hg(II), which are then likely to be
transported into vacuoles (Rauser 1995; Salt & Rauser
1995; Cobbett 1999; Cobbett 2000a). Until very recently,
PCs had been described only in plants and some fungi. The
observation that 

 

Caenorhabditis elegans

 

 contains a gene for
PC-synthesis and that a knockout of this gene strongly
affects the heavy-metal tolerance of 

 

C. elegans

 

 indicates
that PCs may be found in more organisms than originally
postulated (Vatamaniuk 

 

et al

 

. 2001; Clemens, Schroeder &
Degenkolb 2001). On the other hand, class I and II MTs,
which in contrast to PC are proteins, have been mainly
shown to play a role in the detoxification of heavy metals
in fungi and animals, but their role as detoxifiers in plants
remains controversial. Indeed, although MTI and II com-
plemented an MT-deficient (cup1 delta) mutant of yeast
(Zhou & Goldsbrough 1994), their transcripts have not
been reported to be markedly induced after heavy metal
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treatments (Schäfer 

 

et al

 

. 1997; García-Hernández, Murphy
& Taiz 1998). In comparison, light stress (Dunaeva &
Adamska 2001) and natural senescence (Miller, Arteca &
Pell 1999) have been shown to stimulate the expression of

 

MTI

 

 and 

 

MTII

 

.
Glutathione, which is the major source of non-protein

thiols in plants and the precursor for PC synthesis, could
also itself play a role in protection against cadmium by
forming Cd-GS

 

2

 

 complexes (Li 

 

et al

 

. 1997; Xiang & Oliver
1998). Altering glutathione levels by antisensing 

 

γ

 

-ECS
results in cadmium hypersensitive 

 

Arabidopsis

 

 plants
(Xiang 

 

et al

 

. 2001).
The export of Cd

 

2

 

+

 

 from the cytoplasm can occur either
into internal (vacuoles) or apoplastic compartments. For
this purpose, specific transporters are involved. Data
obtained with yeast and fission yeast suggest that ABC
transporters are involved in vacuolar transport of Cd-
complexes. In 

 

Saccharomyces cerevisiae

 

, which is not able
to synthesize PCs, the MRP homologue YCF1 transports
glutathione complexes (Li 

 

et al

 

. 1997). In contrast, HMT1
mediates apo-phytochelatins and phytochelatin-Cd

 

2

 

+

 

 trans-
port in 

 

Schizosaccharomyces pombe

 

 (Ortiz 

 

et al

 

. 1995).
Other ATP-dependent transporters, found in procaryotes
and eucaryotes, such as P-type ATPase, have been demon-
strated to confer resistance to toxic concentrations of diva-
lent metals in 

 

Escherichia coli

 

 (Sharma 

 

et al

 

. 2000). In
plants, the ABC transporter(s) involved in cadmium trans-
port has not been identified, but AtMRP3 is able to par-
tially complement the cadmium sensitivity of the 

 

∆

 

YCF1
mutant (Tommasini 

 

et al

 

. 1998). However, their mode of
action remains to be elucidated. Recent data support the
idea that other classes of transporters, maintaining metal
(cation?) homeostasis in plants (Lombi 

 

et al

 

. 2002), and
which can also transport Cd

 

2

 

+

 

 such as CAX2 (Hirschi 

 

et al

 

.
2000), AtNramps (Thomine 

 

et al

 

. 2000), IRT1 (Rogers 

 

et al

 

.
2000), and ZNT1 (Pence 

 

et al

 

. 2000), are involved in Cd

 

2

 

+

 

distribution within plants.
In this study, cDNA-microarray analyses indicate that

transcript levels of some members of the 

 

AtMRP

 

 subfamily
are increased after Cd

 

2

 

+

 

 treatment. Reverse transcriptase
(RT)-polymerase chain reaction (PCR) data show that

 

AtMRP3

 

 exhibits the strongest induction and therefore we
analysed the transcript pattern of this ABC transporter in
more detail.

 

MATERIALS AND METHODS

Plant material

 

Plants used in this study were: 

 

Arabidopsis thaliana

 

 (colum-
bia) as wild-type, two EMS-mutants of 

 

Arabidopsis
thaliana

 

, 

 

cad2

 

 and 

 

cad1-3

 

 (Howden 

 

et al

 

. 1995a,b) and
mutants overexpressing sense and antisense 

 

γ

 

-ECS (Xiang

 

et al

 

. 2001). All mutants have 

 

columbia

 

 as background.

 

Hydroponic culture

 

Seeds (

 

Arabidopsis thaliana

 

, columbia) were placed on
small plastic pots containing sterilized clay beads (Migros,

Marin, Switzerland). The pots were placed at room temper-
ature under 100% humidity and soaked for 7 d in water to
allow seed germination. The bottom of the pots were then
soaked in the following culture medium: 1·5 m

 

M

 

 Ca(NO

 

3

 

)

 

2

 

4H

 

2

 

O, 1 m

 

M

 

 KNO

 

3

 

,  1 m

 

M

 

 KH

 

2

 

PO

 

4

 

,  0·75 m

 

M

 

 MgSO

 

4

 

7H

 

2

 

O, 30 

 

µ

 

M

 

 Fe

 

3

 

+

 

ethylenediaminetetraacetic acid, 1 

 

µ

 

M

 

MnCl

 

2

 

, 5 

 

µ

 

M

 

 H

 

3

 

BO

 

3

 

, 0·175 

 

µ

 

M

 

 ZnSO

 

4

 

 7H

 

2

 

O, 0·125 

 

µ

 

M

 

CuSO

 

4

 

 and 0·2 

 

µ

 

M

 

 MoO

 

3

 

. Plants were transferred weekly
to fresh medium to prevent the development of micro-
organisms or other contaminants. After 4 weeks, plants
were subjected to stress (see figure legends and text). Roots
were carefully removed from beads using distilled water
and finally separated from leaves. Both organs were rapidly
immersed in liquid nitrogen. When RNA extraction was not
carried out immediately, plant material was stored at 

 

−

 

80 

 

°

 

C for not more than 1 week to prevent any RNA deg-
radation. The cadmium concentrations (from 10 to 60 

 

µ

 

M

 

CdCl

 

2

 

) that were used in our study had no visible toxic
effect during the experiments. However, prolonged expo-
sure affected plant growth at different levels according to
the concentrations applied.

 

Bactoagar culture

 

Seeds (

 

Arabidopsis thaliana

 

, columbia) were sterilized by
immersion in a saturated water solution of calcium
hypochlorite (CaCl

 

2

 

O

 

2

 

) for 10 min. After a quick centrifu-
gation at 3000 

 

×

 

 

 

g

 

, seeds were first washed with 70% etha-
nol and then four times with sterile distilled water. The
seeds were maintained overnight at 4 

 

°

 

C, before laying on
0·4–0·6% (w/v) bactoagar plates. The bactoagar was solubi-
lized in the following nutrient solution (1 L): myo-inositol
0·099 g, 2·5 m

 

M

 

 MES-KOH pH 5·7, 10 g sucrose, 0·132 g
(NH

 

4

 

)

 

2

 

HPO

 

4

 

 and 0·163 g Hoaglands (H-2395; Sigma,
Buchs, Switzerland), before sterilization. After 7 d in the
phytotron (25 

 

°

 

C, 16 h light and 70% humidity), whole
plants or roots and leaves were collected and immersed in
liquid nitrogen before RNA extraction.

 

Polymerase chain reaction

 

The specific sense (S) and antisense (AS) primers (5

 

′

 

-3

 

′

 

)
were designed using Primer3 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_http://www.cgi)
and used to amplify the different AtMRPs by RT-PCR. The
nomenclature of AtMRPs was according to Martinoia 

 

et al

 

.
(2002): (AC025295, T4K22.12, AtMRP1) AtMRP1-S, ccgc
agaaatcctcttggtcttgatg and AtMRP1-AS, gtgaatcatcaccgt
tagcttctctgg; (AC003096, T29F13, AtMRP2) AtMRP2-S,
ccgcagaaatcctcttggtcttgatg and AtMRP2-AS, ccttgtaagtggt
gtgagtcatctttgg; (AP000375, MJG19.3, AtMRP3) AtMRP3-
S, ccactgcttctgttgacactg and AtMRP3-AS, gaggtgtactcagcc
acaagc; (AC005309, F17A22.19, AtMRP4) AtMRP-4S

 

,

 

 ctgg
aacggtgtcaactcaaggatgttg and AtMRP4-AS, attccggcagatcg
gagagcgtactctt; (AC002411, F20D22.11, AtMRP5) AtMRP-
5S, cacttggacgagcattactga and AtMRP5-AS, tcttctaatagccgt
gcagga; (AP000375, MJG19.4, AtMRP6) AtMRP6-S, ggtca
gagacaattggtgtgc and AtMRP6-AS, accttggtctaggagcaggac;

http://wwwgenome.wi.mit.edu/cgi-bin/primer/primer3_
http://www.cgi
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(AP000375, MJG19.5, AtMRP7) AtMRP-7S, aactggtgtgtct
tggacgag and AtMRP7-AS, tcttgaatccgaacttgctgt;
(AB023045, MXL8.11, AtMRP8) AtMRP-8S, ctctgcaagg
gagctgattaggatca and AtMRP8-AS, tggagctatgtagcccttgg
gaataa; (AL138658, T209.140, AtMRP9) AtMRP9-S,
gccactgcttctgttgattct and AtMRP9-AS, gagccggcaaagtgat
tagat; (AL163527, F17J16.190, AtMRP10) AtMRP10-S,
ccacggcatcgatagataatg, and AtMRP10-AS; gccgagttgtaat
gagaccaa; (AC025295, T4K22.1, AtMRP11) AtMRP-11S,
tcgctcacagattgaatacca and AtMRP11-AS, ccaccttgactcattc
cattc; (AC025295, T4K22.13, AtMRP12) AtMRP12-S,
attcgcgaggaattcaagtct and AtMRP12-AS, cacccacactcattc
cattct; (AC006225, T5E7.1, AtMRP13) AtMRP13-S, tca
gagcccttttctgtttca and AtMRP13-AS, tcgtgttgtggagtagg
gaag; (AL162651, F26K9.130, AtMRP14) AtMRP14-S,
cgagcgatgtcaacttaagga and AtMRP14-AS, gcaaacaacgact
gtctctcc. For this study, the selected housekeeping genes
were S16 (At5g18380, this 40S ribosomal protein of Arabi-
dopsis thaliana belongs to the S9P family of ribosomal pro-
teins) and actin2 (At3g18780), the primers were S16-S:
ggcgactcaaccagctactga; S16-AS: cggtaactcttctggtaacga;
actin2-S, tggaatccacgagacaaccta; actin2-AS, ttctgtgaacgattc
ctggac, respectively. The primers for PR1 (M90508) were,
respectively, PR1-S: ggccttacggggaaaacttag; PR1-AS: cgt-
tcacataattcccacgag. The PCR reactions were performed in
a final volume of 25 µL containing the following mixture:
PCR buffer, 0·2 mM dNTPs, 1 µM of both 5′- and 3′- prim-
ers, 1 U Taq DNA polymerase (Promega, Catalys, Wal-
lisellen, Switzerland) and adjusted amounts of cDNA. Total
RNA was purified from plants using the RNeasy Plant Mini
Kit (Qiagen, Basel, Switerland) and stored at −80 °C after
quantification by spectrophotometry. After DNAse treat-
ment (DNase, RQ1, RNase free, Promega, Catalys),
cDNAs were prepared using M-MLV reverse transcriptase,
RNase H minus, point mutant (Promega, Catalys) as indi-
cated by the manufacturer and stored at −20 °C. The
cDNAs used in the PCR reaction were between a 1/10 and
1/100 dilution. After 2 min denaturation at 95 °C, 35 PCR
cycles (94 °C for 45 s, 58 °C for 45 s and 72 °C for 1 min)
were run. The PCR products for all 14 AtMRPs were
sequenced to confirm that they corresponded to the right
amplified fragments.

Semi-quantitative RT-PCR

The RT reactions were conducted exactly as indicated
above. However, PCR amplification were slightly modified,
0·5 MBq [γ33P]ATP (110 TBq mmol−1) were added to the
PCR mixture using the following set of dNTPs (0·07 mM

dATP, 0·2 mM dGTP, 0·2 mM dTTP and 0·2 mM dCTP). The
number of PCR cycles was 20, to be in the exponential
phase of PCR for both the housekeeping gene (S16, Actin2)
and the genes of interest (AtMRP3, PR1). This point was
determined by sampling aliquots during the PCR reaction
after 16, 18 and 20 cycles (data not shown). The radioactive
PCR products were then separated by gel electrophoresis
in 2% agarose gels. After incubation in 0·25 M HCl for
10 min and two washes in 2× SSC, the gels were transferred

onto nitrocellulose membranes (Porablot NY plus; Mach-
erey Nagel, Oensingen, Switzerland) under vacuum for 2 h.
The membranes were then subjected to overnight autorad-
iography (BIOMAX-MR, Kodak, Integra Biosciences,
Wallisellen, Switzerland). The labelling intensities were
finally quantified using phosphorimager (GS-250 Molecular
Imager; Bio-Rad, Heinach, Switzerland). The expression of
the gene of interest was the mean of phosphorimager data
± SD (n = 3), as the ratio between the gene of interest and
the housekeeping gene. The addition of an artificial RNA
within the total RNA preparation makes it possible to con-
trol the quality of the reverse transcription and to confirm
the use of this technique as quantitative.

CDNA-microarray

In this experiment, plants were grown for 4 weeks in aer-
ated hydroponic culture (8 h light) at 22 °C. Total RNA was
prepared according to Verwoerd, Dekker & Hoekema
(1989). The amplification of cDNA clones or the 3′- ends of
the predicted transcribed sequences, selection of house-
keeping genes, microarray preparation, mRNA isolation,
preparation of fluorescent probes, hybridization reaction
and microarray analysis were performed as described by
Reymond et al. (2000). For more details, see http://
www.unil.ch/ibpv. For our purpose, a fluorescent-labelled
cDNA probe was prepared from mRNA isolated from con-
trol Arabidopsis roots by reverse transcription in the pres-
ence of Cy3-dCTP. A second probe, labelled with Cy5-
dCTP, was prepared from roots of plants treated with 50 µM

CdCl2. After hybridization of both probes on a cDNA-
microarray spotted with 50 ESTs containing gene frag-
ments for ABC-transporters, The 3′- end PCR fragments
for AtMRPs and miscellaneous genes, in duplicate, a com-
puter image was generated following scanning.

Cadmium measurement by atomic absorption 
spectrometry

Dried plant samples were weighed and subsequently trans-
ferred into glass tubes. After adding 100 µL 1·8 M H2SO4 to
each tube, the samples were kept for 8 h at 95 °C and after-
wards for additional 8 h at 550 °C. After cooling, 100 µL
10 M HCl and, after mixing, 2 mL H2O were added to the
samples. Cadmium was quantified after appropriate dilu-
tion with 0·1 M HCl by atomic absorption spectrometry
(228·8 nm) in an air/acetylene flame (SpectrAA 220 FS,
Varian, Mulgrave, Australia).

Uptake of 109Cd2++++ and root : shoot ratio

Four-week-old plants were grown on clay beads. To prevent
plant touching during the removal of the roots from the
beads using deionized water, a nylon net was placed
between beads and leaf materials before germination. A
similar approach was used to avoid touching 7-day-old
seedlings. In this case a rigid plastic net (1 cm2) was placed
on the bactoagar solution, before sowing the sterilized

http://
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seeds. A solution of 0·4% bactoagar allowed the removal
of seedlings without damaging the roots. In both case the
roots of plants were then soaked in 1/8 MS, 10 mM MES-
KOH pH 6·0. After 30 min, the medium was replaced by 1/
8 MS, 10 mM MES-KOH pH 6·0, 0·44 MBq carrier free
109CdCl2 (31·3 MBq mL−1) for 1 h. After four washings of
30 min in 1/8 MS, 10 mM MES-KOH pH 6·0, 1 mM CaCl2,
the plants were removed from the net, gently sponged on
a filter paper and the leaves were separated from the roots
using small scissors. The plant material was finally
immersed in 3 mL of scintillation cocktail (Irga safe plus)
and subjected to liquid scintillation counting.

Root length measurements

After sterilization, seeds (approximately 20) were placed
on 0·8% bactoagar plates. The plates were stored at 4 °C
for 12 h (overnight) for synchronization of seed germina-
tion and then placed vertically in the phytotron (25 °C, 16 h
light and 70% humidity). After 4 d, the position of the apex
of the roots were pointed with a marker at the back of the
plates and turned right at 90°, if necessary. Finally, the
lengths of the roots were measured after another 24 h
growth in the phytotron.

RESULTS

Up-regulation of AtMRPs after 
cadmium treatment

The analysis of the transcript levels by RT-PCR using spe-
cific primers revealed that 14 out of the 15 putative genes
for AtMRPs are constitutively expressed in leaves and
roots. The amplified PCR products were sequenced and
confirmed to correspond to each respective AtMRP (data
not shown). In order to identify specific AtMRPs induced
or repressed by cadmium, total RNA from roots and leaves
of plants previously treated with 20 µM CdCl2 for 24 h were
isolated. A first, qualitative RT-PCR (35 PCR cycles)
showed that cadmium treatment did not modify the tran-
script level in leaves of Arabidopsis thaliana. In contrast,
these results suggested that AtMRP3, and at a lower level,
AtMRP6, 7 and 14 were possibly induced in roots (Fig. 1).
In parallel with these first RT-PCR analyses, the 14 AtM-
RPs were spotted together with other 50 stress-related or
control genes with a robot onto glass slides. The hybridiza-
tion of the slides was performed using Cy3 (control plants)
and Cy5 (50 µM CdCl2 for 24 h) labelled cDNAs prepared
from root mRNA isolated from 4-week-old plants (Fig. 2a).
The data revealed that in the set of AtMRPs, the highest
induction could be observed for AtMRP3 (2·4–2·5)
(Fig. 2b). Some induction could also be observed for
AtMRP4, AtMRP9, AtMRP12, AtMRP13 and AtMRP14,
but with weaker signals. The results expressed in the first
quadrant were similar to those found in the second,
although the data of the first quadrant were slightly higher.
Cy3 and Cy5 signals for housekeeping genes (actin-2, ubiq-
uitin and ubiquitin-4) were superior to 20 000, whereas

those for the AtMRPs did not exceed 10 000, demonstrating
the relatively low expression levels of AtMRPs. The
microarray data were confirmed by hybridization of a sec-
ond microarray and by radioactive RT-PCR analysis for
AtMRP3 (Fig. 2c). As observed in qualitative RT-PCR, no
cadmium-dependent induction of the 14 AtMRPs was
detected in leaf tissue using microarray analysis (data not
shown).

AtMRP3 induction and 109Cd root : shoot ratio in 
adult plants

In order to learn more about the mechanisms of cadmium-
dependent gene induction and why such a difference
between roots and leaves can be observed, we investigated
in more detail under which conditions the transcript levels
of AtMRP3 increased. To perform appropriate experi-
ments, the plants were grown hydroponically on clay beads.
Raising Cd2+ concentrations from 20 to 60 µM in the culture
medium shows that AtMRP3 induction in roots is saturated
at 20 µM. In contrast, no induction could be observed in

Figure 1. Transcript levels of AtMRPs in roots and leaves of 4-
week-old A. thaliana plants after treatment with 20 µM CdCl2 for 
24 h. Non-quantitative two step RT-PCR (35 cycles) were per-
formed as indicated in material and methods. Amplified DNA 
fragments were separated using a 1·5% agarose gel and stained 
with ethidium bromide. The nomenclature of the corresponding 
genes is according to Martinoia et al. (2002).
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leaves up to 60 µM (Fig. 3a). A 48 h treatment with 20 µM

CdCl2 resulted in similar expression levels as a 24 h treat-
ment (data not shown). The fact that AtMRP3 induction is
only observed in roots but not in leaves might suggest that
Cd is efficiently retained in the root, and hence cannot
affect AtMRP3 expression in leaves. To test this hypothesis,
30 individual 4-week-old plants were incubated with
109CdCl2 for 1 h. The data showed a high variability of radio-
active cadmium distribution within the different plants
(data for seven plants are shown here). Indeed, the
root : shoot ratio varied from about 6 to 25 (Fig. 3b). How-
ever, values inferior to 4 were never found in the 30 plants
tested. These results demonstrate that in 4-week-old plants
Cd is mainly retained in the roots.

To determine whether the presence of Cd2+ within the
leaves resulted in an increase of the AtMRP3 transcript
levels, we fed cadmium directly to leaves. A net was placed

between the plants and the beads before germination to
prevent any contact between the plants and the research
worker carrying out the experiment. Indeed, if the plants
were touched by hand, increases in the transcript levels of
stress-induced genes, which do not commonly respond to
cadmium, were found to occur (data not shown). Thus, after
carefully removing the beads from the roots with distilled
water, the roots of the plants were cut, leaving only the first
0·5 cm of the primary root. These plants, as well as plants
with intact roots, were exposed to 10 mM MES-KOH
pH 6·0, 10 mM KNO3 in the presence or absence of 20 µM

CdCl2 for 24 h. Under these conditions a 2·4-fold induction
of AtMRP3 could be observed in leaves of plants, where
the roots have been removed, suggesting that under those
conditions cadmium concentration in the leaves was
increased and resulted in AtMRP3 up-regulation (Fig. 4a).
Indeed, measurement of cadmium in leaves of plants with-

Figure 2. Transcript levels of AtMRPs in roots of plants treated with 50 µM CdCl2 for 24 h using cDNA-microarray. Genes induced or 
repressed after cadmium treatment are represented as red or green signals, respectively. Genes expressed at approximately equal levels 
between treatments appear as yellow spots. Control genes which were used for normalization of fluorescent signals in both channels are in 
the first row of the quadrant [panel (a) shows the first quadrant which contains only one copy of the genes]. Panel (b) shows the expression 
levels (duplicates on first and second quadrants) of five housekeeping genes (used for normalization of the signals) and the 14 AtMRP genes 
(3′- end amplified fragments by PCR using whole plant cDNAs and amplified EST inserts, as templates). EST numbers and MIPS code are 
also indicated. Panel (c) shows a two step semi-quantitative RT-PCR with the RNA used as for slide hybridization. The autoradiography 
of the nitrocellulose membrane (after agarose gel transfer) and histograms resulting from quantification of the phosphoimager data (n = 3) 
are presented.
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out roots and treated with CdCl2 showed that the cadmium
content was nearly double in comparison with control
plants (Fig. 4b).

AtMRP3 induction and 109Cd root : shoot ratio in 
young seedlings

The situation was analysed for young seedlings treated
with cadmium. When seedlings were cultivated for 7 d

under sterile conditions on a 0·6% bactoagar medium sup-
plemented with 10 µM CdCl2, roots exhibited a strongly
reduced growth rate (Fig. 5a), whereas lowering the con-
centrations reduced the effects. By contrast, under higher
CdCl2 concentration (>10 µM CdCl2) chlorophyll content
strongly diminished in addition to reduced growth (data
not shown). The AtMRP3 expression levels were analysed
in 7-day-old seedlings treated either with 20 µM CdCl2 for
24 h (Fig. 5b) or from the outset of germination on bacto-

Figure 3. Effect of increasing Cd concentra-
tion on AtMRP3 transcript levels and 109Cd 
root : shoot ratio of 4-week-old plants. (a) 
Expression of AtMRP3 (semi-quantitative 
RT-PCR) in leaves (right) and roots (left) 
after addition of 0, 20, 40, 60 µM CdCl2 to the 
culture medium for 24 h. The 4-week-old 
plants were maintained in clay beads during 
the 24 h stress using freshly prepared nutrient 
solution. (b) 109Cd root/shoot distribution in 
seven individual plants, after 1 h exposure to 
109CdCl2, as described in material and methods 
(the values obtained were comparable with 
two other independent experiments)
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agar medium supplemented with 10 µM CdCl2 (Fig. 5c). In
both cases, AtMRP3 was up-regulated in the root by a
factor higher than 2 (Fig. 5b & c), as for 4-week-old plants
(Figs 2 & 3). However, in contrast to the results presented
above for mature plants, AtMRP3 was also strongly
induced in the leaves of seedlings (about three times
more, compare Fig. 3a with Fig. 5b & c). It should be
noticed that a longer exposure to cadmium during germi-
nation (from 0 to 7 d), compared to a 24 h treatment, did
not affect the AtMRP3 expression level in the leaves
(about 3), but seemed to stimulate AtMRP3 induction in
the roots (compare Fig. 5c with Fig. 5b). To demonstrate a
possible correlation between Cd2+ distribution and
AtMRP3 induction, 7-day-old plantlets were incubated

with 109CdCl2. For this purpose, sterilized seeds were
placed on 0·4% bactoagar medium covered by 1 cm2 plas-
tic nets. After 7 d, the nets containing the seedlings were
transferred into liquid medium. Uptake of radioactive
cadmium was performed exactly as for 4-week-old plants
(see above, Fig. 3b). Determination of the distribution of
109Cd between roots and shoots resulted in a much lower
retention of Cd2+ in the roots (0·5–1·5) in comparison with
the 4-week-old plants (compare Fig. 5d with Fig. 3b), indi-
cating that the root–shoot barrier for cadmium is either
not or only weakly established in young plantlets. There-
fore higher cadmium concentrations are present in shoots
and likely to be responsible for inducing AtMRP3 tran-
script levels.

Figure 5. Transcript level of AtMRP3 in roots and leaves of 7-day-old seedlings after Cd2+ treatment. The effect of 10 µM CdCl2 on roots 
grown from the outset of germination was analysed by measuring the root length (a). Semi-quantitative RT-PCRs were performed to analyse 
the transcript level of AtMRP3 in 7-day-old plants (6–10 seeds per plastic net, as described in the text). Plantlets were transferred from 
bactoagar to 10 mM MES-KOH, 10 mM KNO3 in the presence or absence of 20 µM CdCl2 for 24 h (b). Semi-quantitative RT-PCR were 
performed to analyse the transcript level of AtMRP3 in 7-day-old seedlings grown onto bactoagar medium supplemented with 10 µM CdCl2 
from the outset of germination (c). 109Cd root : shoot distribution within seven groups of plantlets (approximately 6–10 seedlings per plastic 
net) after 1 h exposure to 109CdCl2, as described in material and methods (d).
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AtMRP3 expression level in cad1, cad2 and γγγγ -
ECS transgenic plants

It has been reported that Cd2+ detoxification involves glu-
tathione (GSH) and phytochelatins (PC), which form com-
plexes with many heavy metals (Grill, Winnacker & Zenk
1985; Li et al. 1997; Cobbett 2000a). In vivo, Cd(GSH)2 and/
or Cd-PCs are presumably transported into the vacuole via
directly energized transporters (Salt & Rauser 1995; Li
et al. 1996; Tommasini et al. 1996; Rea 1999; Cobbett
2000b). Two EMS-mutants of Arabidopsis thaliana, cad2
and cad1-3 (Howden et al. 1995a,b), knocked out in the first
step of glutathione synthesis, γ-glutamyl-cys synthetase (γ-
ECS) and phytochelatin synthetase (PCs) activities, respec-
tively, as well as mutant plants overexpressing sense and
antisense γ-ECS, were used to investigate whether the com-
plexes play a role in AtMRP3 induction. All these plants,
with the exception of those overexpressing the sense γ-ECS
(Xiang et al. 2001), have been demonstrated to be less tol-
erant to Cd in comparison with wild-type plants. These
mutants were used to determine whether a disruption in
the glutathione or PC biosynthesis pathway affect the
induction of AtMRP3. Both cad mutants, γ-ECS antisense
and sense, as well as wild-type plants (columbia ecotype)
were grown on bactoagar supplemented with 10 µM CdCl2

for 7 d. Root growth was strongly affected by Cd2+ in all
mutants (data not shown). Interestingly, Cd2+ induced com-
parable AtMRP3 expression in wild-type and mutant plants
(Fig. 6a). Treatment of wild-type plants with BSO (L-
buthionine sulphoxime), an inhibitor of glutathione biosyn-
thesis, gave similar results. Therefore, our results suggest
that the induction of the AtMRP3 gene is not related to the
biosynthesis or levels of GSH or PC and hence not medi-
ated by a heavy metal-GS or heavy metal-PC complexes in
Arabidopsis thaliana.

Effect of oxidative stress on the AtMRP3 
expression level

The induction of AtMRP3 could therefore result either
from oxidative stress generated by Cd2+ (Prasad & Hagem-
eyer 1999, references herein) or to the heavy metal itself.
To answer this question, 7-day-old seedlings were subjected
to two different oxidative stress, H2O2 (1 mM) and menadi-
one (100 µM). The transcript levels of AtMRP3 and PR1, a
gene known to be induced by oxidative stress (Chamnong-
pol et al. 1998), were compared for their capacity to be
induced by Cd2+ (similar experimental set up as in Fig. 5).
The data show that AtMRP3 is not induced by menadione
and only very slightly by H2O2 compared to Cd (Fig. 6b).
On the other hand, PR1 [as well as other oxidative stress-
dependent genes like GST6 and GST11 (Xiang & Oliver
1998, data not shown)], were not induced by Cd2+, but
strongly expressed after menadione or H2O2 exposure
(Fig. 6b). These results strongly suggest that neither oxida-
tive stress (generated by H2O2 or menadione), nor GSH
and PC levels or complexes are responsible for inducing
AtMRP3. Interestingly, copper appears to induce AtMRP3
to a similar level as cadmium in agar plates. In contrast only
a slight effect was observed for zinc (data not shown).

DISCUSSION

In Saccharomyces cerevisiae (Li et al. 1997), Schizosaccha-
romyces pombe (Ortiz et al. 1995; Cobbett 2000b) and
Leishmania tarentolae (Legare et al. 2001) it has been dem-
onstrated that ABC transporters play a central role in
transport of heavy metals into the vacuole and hence in the
final step of heavy metal detoxification. In Saccharomyces,
YCF1 (yeast cadmium factor 1), the ABC transporter
responsible for heavy metal tolerance, belongs to the sub-

Figure 6. Induction of AtMRP3 in mutants 
affected in GSH or phytochelatin levels (cad2, 
γ-ECS sense and antisense plants, cad1) (a) 
and effect of oxidative stress on the expres-
sion of AtMRP3 (b). WT, cad1 (impaired phy-
tochelatine synthesis), cad2 (reduced 
glutathione synthesis) and γ-ECS sense and 
antisense plants were grown for 7 d on 0·8% 
bactogar supplemented with or without 10 µM 
CdCl2. Transcription levels were determined 
using semi-quantitative RT-PCR (a). To mea-
sure the effect of oxidative stress on the 
expression of AtMRP3, total RNA was pre-
pared from 7-day-old-seedlings, grown on 
bactoagar, which were sprayed with 1 mM 
H2O2 or 100 µM menadione and collected 
after 24 h. The expression levels of AtMRP3 
and PR1 were estimated by semi-quantitative 
RT-PCR (b).
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family of the MRPs. MRPs are full length ABC transporters
containing two cytosolic, two transmembrane regions and
a N-terminal extension. YCF1 is able to transport glu-
tathione conjugates (Li et al. 1996, Tommasini et al. 1996),
as well as bis glutathione-cadmium complexes (Li et al.
1997). In contrast, HMT1, the ABC transporter responsible
for cadmium tolerance in fission yeast, is a half size trans-
porter consisted of only one cytosolic and one transmem-
brane region. In this case, the substrates transported are
phytochelatins (PC), both as apo-PC and as PC-Cd com-
plexes (Ortiz et al. 1995). In plants, transport experiments
using isolated vacuoles indicate that an ABC-type trans-
porter is involved in vacuolar uptake of PC (Rauser 1995;
Salt & Rauser 1995). However no plant transporter for
GS2Cd or PC has been presently identified. In A. thaliana
it has been shown that AtMRP3 can partially restore the
heavy metal hypersensitive phenotype ycf1, however, the
mechanisms involved have not yet been elucidated.

In Arabidopsis grown in phytotron for 4 weeks, 14
AtMRPs are expressed. To analyse whether one of these
AtMRPs responds to Cd2+ treatment and might be involved
in Cd detoxification, RT-PCR and cDNA microarray were
performed. Similar results were obtained with the two
methods. Indeed, in both cases, AtMRP3 was the most
strongly induced MRP. A few other AtMRPs (see Fig. 2)
also exhibited increased transcript levels after cadmium
treatment, but to a lower extent. In every case AtMRP3
induction was detected only in the roots. This result can be
explained by the observations made in different plant spe-
cies (pea, sugar beet) showing that the bulk of heavy metals
is stored in the root, whereas only a minor portion is trans-
ferred into the shoot (Prasad & Hagemeyer 1999; Cakmak
et al. 2000; Fargašová 2001; Vitória, Lea & Azevedo 2001).
The expression level of AtMRP3 in the roots of 4-week-old
plants was saturated at 20 µM Cd2+ and did not more
increase when the cadmium concentrations raised up to
60 µM CdCl2 (Fig. 3). It is worth mentioning that, under our
conditions, induction of AtMRP3 was negligible at 10 µM

Cd2+ for adult plants. This is probably due to a partial
adsorption to the clay beads, depletion in the solution or
interaction with compounds present in the culture medium,
which both are likely to reduce the free cadmium concen-
tration. In a similar experiment using cell cultures of A.
thaliana treated with 20 µM CdSO4 for 1 to 4 h, Sanchez-
Fernandez et al. (1998) did not find any induction of
AtMRP3. Three reasons may explain this observation: (i)
cell cultures are not suitable to follow transcript levels of
AtMRP3 exposed to Cd2+ (ii) the time of exposure (4 h) was
too short; and (iii) the MS medium efficiently interacts with
Cd2+, thereby reducing the free heavy metal concentration.

To verify our hypothesis that the absence of AtMRP3
induction in leaves is due to the low cadmium concentra-
tions accumulated within the leaves and not to a root-
specific promoter element, we cut the roots of Arabidopsis
and exposed the base of the root to a cadmium solution.
Under these conditions an increase of transcript levels was
observed and was correlated with the uptake of cadmium
to the aerial part of the plants (Fig. 4). The fact that

AtMRP3 induction can also occur in leaves of 7-day-old
seedlings (Fig. 5b & c) confirms this hypothesis, because at
this stage Cd2+ translocation from the root to the shoot is
much higher compared to 4-week-old plants (Figs 3b & 5d).
Apparently, the establishment of the root–shoot barrier for
cadmium and hence the transport of heavy metals to the
shoot depends on the developmental stage of the plant.
Furthermore, our results demonstrate that it is not always
possible to extrapolate data obtained from seedlings to
mature plants.

In addition to heavy metal sequestration, GSH may also
play a role in protecting plants against oxidative stress,
which can originate from heavy metal uptake (Noctor et al.
1998; Dixit, Pandey & Shyam 2001). However, under our
experimental conditions, AtMRP3 was not induced by oxi-
dative stress (100 µM menadione or 1 mM H2O2), an obser-
vation also made by Sanchez-Fernandez et al. (1998),
except for aminotriazole which induces mild oxidative
stress through inhibition of catalases, thus indicating that
redox status does probably not influence AtMRP3 expres-
sion levels. Results with mutants having reduced levels of
GSH and PCs, as well as with plants having reduced or
elevated level of GSH after antisensing or overexpressing
γ-ECS (Xiang et al. 2001), show that it is likely not PC-Cd
and also not GS2Cd which influences AtMRP3 induction.
These results strongly indicate that the promoter of
AtMRP3 is either inducible directly by free Cd2+ or via a
cadmium-inducible transcription factor. However, it can-
not be excluded that very low levels of Cd-complexes (Cd-
GSH2) may also play a role in gene expression. Recent
data obtained with S. cerevisiae showed that Cu and Zn
homeostasis are controlled by specific genes, Ace1, Mac1
and Zap1 coding for transcription factors, respectively
(Bird et al. 2000; Gross et al. 2000). Although only Zap1
has a homologous gene in A. thaliana, which likely play a
role in zinc homeostasis (De Pater et al. 1996), it is tempt-
ing to speculate that transcriptional activators can be acti-
vated by other heavy metal divalent cations, including
Cd2+.

In conclusion, our results show that transcript levels of
genes coding for ABC-type transporters might be modu-
lated directly by heavy metals and not through oxidative
stress. A direct correlation between heavy metals and the
plant ABC transporter transcripts suggest that in plant, as
in yeasts, ABC transporters are involved in heavy metal
fluxes. However, to date we have no results demonstrating
that AtMRP3 is really involved in cadmium transport.
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TRANSGENIC ORGANISM EPRESSING FUNGAL 
MRP-LIKE ABC TRANSPORTERS 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application is based on Korean Patent Appli 
cation Nos. 2001-0063802 and 2002-0062984 ?led With 
Korean Intellectual Property Of?ce on Oct. 16, 2001 and 
Oct. 15, 2002, respectively. 

BACKGROUND OF THE INVENTION 

[0002] (a) Field of the Invention 

[0003] The present invention relates to a fungal MRP-like 
ABC transporter gene and organisms transformed With the 
gene, and more particularly, to transformed organisms 
expressing fungal MRP-like ABC transporter genes Includ 
ing YCF1 or YHL035C, and thereby having improved 
resistance to and accumulation of toxic materials such as 
lead, cadmium, arsenic, and herbicides. 

[0004] (b) Description of the Related Art 

[0005] Heavy metals such as lead, cadmium, mercury and 
so on accumulate in the human body through nature’s food 
chain and cause chronic damage to the brain, nerves, bones, 
etc., and the polluted environment and damage continues 
from generation to generation. Typical examples of prob 
lems caused by heavy metal toxicity are Minamata disease 
and itaiitai disease, Which have occurred in Japan. As lead is 
a pollutant that causes the most damage among the heavy 
metals (Salt, D. E., Smith, R. D., and Raskin, I. Phytore 
mediation. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 
643-668 (1998)), it is very important to rid lead from the 
environment. The United States government expends 
approximately 500 million dollars each year in order to 
remove lead from environments Where children are raised 
(Lanphear, B. P. The paradox of lead poisoning prevention. 
Science. 281; 1617-1618 (1998)). Additionally, as arsenic 
pollutes drinking Water and causes skin diseases and cancer, 
it is becoming a serious problem. 

[0006] As knoWn genes associated With resistance to or 
accumulation of toxic materials such as heavy metals and 
agricultural chemicals, bacterial P-type ATPase has a role in 
pumping lead to outside of cells at bacterial cell membranes 
(Rensing, C., Sun, Y., Mitra, B., and Rosen, B. P. Pb(II) 
translocating P-type ATPases. J. Biol. Chem. 273: 32614 
32617 (1998)); genes associated With cadmium resistance 
include the YCF1 gene of yeast; and genes associated With 
resistance to arsenic include the YCF1 and ACR genes of 
yeast, ArsAB of bacteria, etc. 

[0007] Living organisms have a mechanism for mitigating 
toxicity of materials using transporter proteins or biological 
materials having af?nity for noxious materials that invade 
the body. Use of genes contributing to living organism’s 
resistance against noxious materials Would provide an envi 
ronmentally-friendly Way to remediate environments pol 
luted With noxious materials at a very loW cost as compared 
With the physical and/or chemical remediation that is cur 
rently Widely being employed (Mej are and BuloW, Trends in 
Biotechnology; 2001, Raskin I. and Ensley B. D. Phytore 
mediaton of Toxic Metals., John Wily & Sons, NeW 
York;2000). In particular, as plants have many advantages 
such as their ability to express foreign genes readily and thus 
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exhibit neW phenotypes, they can be produced and main 
tained at a loW cost, they are aesthetically pleasing, etc., 
research on improvement of plants by inserting useful genes 
thereinto for use in environmental remediation is being 
actively conducted. This technique, the use of plants for 
cleaning up environment, is called “Phytoremediation.” 

[0008] Under the circumstance Where environmental pol 
lution in soil, etc. due to toxic materials such as lead, 
cadmium, arsenic, and agricultural chemicals is serious, 
there is a great need for organisms that are transformed by 
genes that confer resistance to and/or accumulation of these 
toxic materials. 

[0009] Transformed plants that can be used to remove 
cadmium from the 30 environment have been disclosed in 
several papers (Zhu et al., (1999) Plant Physiol. 119: 73-79, 
Hirschi et al., (2000) Plant Physiol. 124:125-33, 
DomingueZ-Solis et al., (2001) J. Biol. Chem. 276: 9297 
9302), but there have been no report of transgenic plants that 
are enhanced in the capacity to remove lead or arsenic from 
the environment. Further, attempts to develop organisms 
transformed With YCF1 to improve resistance to not only 
lead but also to cadmium, arsenic, and herbicides for 
removal of these toxic materials have not yet been disclosed. 

SUMMARY OF THE INVENTION 

[0010] The present invention relates to a DNA molecule 
exhibiting resistance to and accumulation of lead, and 
encoding fungal MRP-like ABC transporter protein (multi 
drug resistance-associated protein ATP-binding cassette 
transporter protein, MRP-like ABC transporter protein). 

[0011] Further, the invention relates to a recombinant 
vector comprising said DNA molecule encoding MRP-like 
ABC transporter protein. 

[0012] Still further, the invention relates to transformed 
organisms With improved resistance to and/or accumulation 
of toxic materials, Which are transformed With said DNA 
molecule encoding fungal MRP-like ABC transporter pro 
tein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 shoWs photographs of Wild type and YCF1 
null (ycf1) yeasts groWing on control, lead or cadmium 
containing media, and shoWs that the ycf1 mutant yeast is 
more sensitive to lead and cadmium than Wild type yeast. 

[0014] FIGS. 2A and 2B shoW photographs of Wild type 
yeast transformed With empty vector (Wt-pESC), ycf1 yeast 
transformed With empty vector (ycf1-pESC), and YCF1 
transformed ycf1 (ycf1-YCF1) yeast groWing on control, 
lead or cadmium-containing media (A), and the result from 
Northern blot of YCF1 mRNA from the yeast lines 

[0015] FIGS. 3A and 3B shoW graphs of lead (A) or 
cadmium (B) content in ycf1-pESC yeast, Wt-pESC yeast, 
and ycf1-YCF1 yeast. 

[0016] FIG. 4 shoWs photographs of Wild type, YHL035 C 
mutant (yhl035C-v), and YHL035-transformed yhl035C-v 
yeasts groWing on control or lead-containing media, and 
shoWs that yhl035C-v yeast is more sensitive to lead than 
Wild type or yhl035C-v yeast transformed With YHL035C. 

[0017] FIGS. 5A and 5B shoW photographs of RT-PCR 
results, Which shoW the expression of YCF1 in YCF1 
transformed Arabidopsis thaliana. 
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[0018] FIG. 6 shows photographs (A,B,C) and graphs 
(D,E) showing that YCFl-transformedArabidopsis thaliana 
are enhanced In resistance to lead and cadmium. 

[0019] FIG. 7 shoWs photographs shoWing that YCFl 
transformedArabidopsis thaliana are enhanced in resistance 
to arsenic. 

[0020] FIG. 8 shoWs a photograph shoWing that YCFl 
transformedArabidopsis thaliana are enhanced in resistance 
to herbicide CDNB. 

[0021] FIGS. 9A and 9B shoW graphs of lead (A) and 
cadmium (B) content in YCFl-transformed Arabidopsis 
thaliana. 

[0022] FIGS. 10A-10C shoW a series of photographs 
(A,B) and a graph (C) shoWing that stem calli and leaf 
segments from YCFl-transformed poplar are enhanced in 
resistance to lead compared to those from Wild type poplar. 

[0023] FIG. 11 shoWs a photograph shoWing that 
YHL035C-transformed poplar plant is more resistant to lead 
than Wild type poplar plant. 

DETAILED DESCRIPTION AND THE 
PREFERRED EMBODIMENTS 

[0024] The present invention relates to a gene exhibiting 
resistance to and/or accumulation of toxic materials, a vector 
comprising the gene, and cells and organisms transformed 
thereWith. 

[0025] The gene exhibiting resistance to and/or accumu 
lation of toxic materials in the present invention is a gene 
encoding fungal multidrug resistance associated protein 
(MRP)-like ATP-binding cassette transporter protein (here 
inafter referred to as “MRP-like ABC transporter protein”). 

[0026] The fungal MRP-like ABC transporter protein, 
Which is a kind of ABC transporter protein, has a role in 
transporting several organic materials present in cytoplasm 
to the outside of the cytoplasm. ABC transporter proteins 
exist in several organisms ranging from prokaryotic organ 
isms to human liver cells, and they transport a large variety 
of materials. Organic materials transported by the ABC 
transporter proteins include heavy metals conjugated With 
glutathione, bile acids, etc. YCFl belonging to the fungal 
MRP-like ABC transporter proteins is knoWn to transport 
cadmium, arsenic, and agricultural chemicals into vacuoles 
and thereby confer resistance to these noxious materials (Li 
et al., (1997) Proc. Natl. Acad. Sci. USA 94: 42-47, Ghosh 
et al., (1999) Proc. Natl. Acad. Sci. USA 96: 5001-5006). 
HoWever, an attempt to develop organisms With improved 
resistance to all of cadmium, arsenic, and agricultural 
chemicals using YCFl for removal of noxious materials has 
not yet been disclosed. Furthermore, the contribution of 
YCFl to resistance to lead has not yet been reported, and 
there has been no disclosure regarding the function of 
YHL035C protein and transformants expressing It. 

[0027] The fungal MRP-like ABC transporter genes 
include, as examples, YCFl (Yeast cadmium factor 1) and 
YHL035C genes, and MRP-like ABC transporter genes 
having at least 28% sequence homology in amino acid 
sequence With YCFl protein and YHL035C protein. YCFl 
and YHL035C genes, or their proteins, have 28% sequence 
homology With each other. Also, this Invention is Intended 
to include DNA molecules encoding fungal MRP-like ABC 
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transporter proteins and having at least 28% sequence 
homology, preferably at least 40% homology, and more 
preferably at least 50% homology in amino acid sequence 
With YCFl or YHL035C protein. For example, BPTl, 
YBT1, and YOR1 genes, Which have at least 28% homology 
In amino acid sequence With YCFl or YHL035C proteins, 
can be included from a comparison conducted in the amino 
acid database from the GenBank using the CLUSTRALW 
program. The BPTl protein has 40% homology In amino 
acid sequence With YCFl, YBT1 protein has 51% homology 
in amino acid sequence With YHL035C, and YOR1 protein 
has 28% homology in amino acid sequence With YCFl. 
YBT1 and BPTl are fungal MRP-like ABC transporter 
proteins that are knoWn to transport bile acids (OrtiZ et al., 
(1997) Journal ofBiological Chemistry 272: 15358-15365, 
Petrovic et al., (2000) Yeast 16: 561-571), and YOR1 
protein, also a fungal MRP-like ABC transporter protein, has 
been knoWn to transport several drugs (Decottignies et al., 
(1998) Journal ofBiological Chemistry 273: 12612-12622). 
[0028] The MRP-like ABC transporter proteins according 
to the present invention have been knoWn to have a common 
domain structure, comprising an N-terminal extension 
domain, Which is a considerably lengthy and hydrophbic 
domain at the N-terminal; a ?rst transmembrane spanning 
domain; a ?rst nucleotide binding fold domain, Which is a 
cytoplasmic domain; a second transmembrane spanning 
domain; and a second nucleotide binding fold domain, 
Which is a cytoplasmic domain located at the C-terminal. 

[0029] In a preferred embodiment of the invention, the 
fungal MRP-like ABC transporter proteins have a sequence 
homology of at least 28%, preferably at least 40%, and more 
preferably at least 50%, With the amino acid sequence of 
YCFl protein of SEQ ID NO:2 or YHL035C protein of SEQ 
ID NO:4, each of Which comprises an N-terminal extension 
domain, a ?rst transmembrane spanning domain, a ?rst 
nucleotide binding fold domain, a second transmembrane 
spanning domain, and a second nucleotide binding fold 
domain, and each domain of the fungal MRP-like ABC 
transporter proteins may have at least 28% sequence homol 
ogy With the amino acid sequence of each corresponding 
domain of YCFl protein of SEQ ID NO:2 or YHL035C 
protein of SEQ ID NO:4. 

[0030] The gene conferring both resistance to and accu 
mulation of toxic materials in the present invention is a 
YCFl gene comprising a sequence encoding the polypeptide 
of YCFl protein, for example, a nucleotide sequence encod 
ing the polypeptide of SEQ ID NO:2 exhibiting resistance to 
noxious materials and accumulation of noxious materials; 
preferably a YCFl gene exhibiting resistance to or accumu 
lation of one or more noxious materials selected from the 

group consisting of cadmium, arsenic, and herbicides as Well 
as resistance to and accumulation of lead and comprising a 
nucleotide sequence encoding YCFl polypeptide of SEQ ID 
NO:2; and ore preferably a YCFl gene having the nucleotide 
sequence of SEQ ID NO:1. The YCFl gene exists at the 
sixth chromosome In Saccharomyces cerevisiae. The YCFl 
gene exhibits its function When expressed, and therefore the 
present invention is intended to encompass proteins having 
at least 28% homology, preferably at least 40% homology, 
and more preferably 50% homology With the amino acid 
sequence of the YCFl protein and contributing to resistance 
to and accumulation of noxious materials, and DNA mol 
ecules encoding them. 
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[0031] YCFl protein is one of the ABC transporter pro 
teins, it exists at the vacuolar membrane in yeast, and it is 
known to mitigate the toxicity of cadmium by transporting 
cadmium conjugated With glutathione present Within cyto 
plasm into the inside of vacuoles using MgATP as the energy 
source (Li, Z. S. et al. A neW pathWay for vacuolar cadmium 
sequestration in Saccharomyces cerevisiae: YCFl-catalyzed 
transport of bis(glutathionato)cadmium. Proc. Natl. Acad. 
Sci. USA 94, 4247 (1997)). 

[0032] Another example of a gene exhibiting resistance to 
and/or accumulation of noxious materials is the YHL035C 
gene, and a YHL035C gene exhibiting resistance to lead and 
comprising a nucleotide sequence encoding the polypeptide 
of SEQ ID NO:4, and more preferably the nucleotide 
sequence of SEQ ID NO:3, is provided. The YHL035C gene 
exists at the eighth chromosome in Saccharomyces cerevi 
siae and is one of the MRP-like ABC transporter proteins. 
The YHL035C gene exhibits its function When expressed, 
and therefore the present invention is intended to encompass 
proteins having at least 28% homology, preferably at least 
40% homology, and more preferably 50% homology With 
the amino acid sequence of YHL035C protein and contrib 
uting to resistance to and accumulation of noxious materials, 
and DNA molecules encoding them. 

[0033] In addition, the present invention provides a 
recombinant vector comprising said DNA molecule encod 
ing the fungal MRP-like ABC transporter protein, and 
preferably it provides recombinant vectors comprising the 
YCFl gene or YHL035C gene. Speci?c examples of the 
recombinant vectors include pESC-YCFl, ENpCambia 
YCFl, or PBI121-YCF1 recombinant vectors, or the pESC 
YHL035C recombinant vector, and pPBI121-YHL035C. 
The construction of these recombinant vectors can be con 
ducted according to knoWn processes by a person having 
ordinary knoWledge in the art to Which the invention per 
tains. 

[0034] In the present invention, noxious materials can 
include heavy metals Including lead, cadmium, arsenic, etc., 
or agricultural chemicals and herbicides. The herbicides, 
Which are generally lipophilic compounds having a loW 
molecular Weight, have been knoWn to readily pass through 
plant cell Walls and hinder plant-speci?c processes, for 
example, photosynthetic electron transport or biosynthetic 
metabolism of essential amino acids, etc., and for example, 
chlorosulfurone, axido?uorpen, nor?uraZon, and chloro 
dinitrobenZene (CDNB) may be included. 

[0035] Hence, transgenic organisms capable of exhibiting 
resistance to noxious materials as Well as accumulating 
noxious materials can be prepared using the DNA molecules 
comprising nucleotide sequences encoding the polypeptide 
of YCFl protein and YHL035C protein of the present 
invention, or DNA molecules having at least 28% homology 
thereWith, and the transgenic organisms thus prepared can be 
employed to remediate sites polluted by noxious materials 
With ease and loW cost. 

[0036] In addition, the present invention relates to organ 
isms transformed With said DNA molecules encoding the 
fungal MRP-like ABC transporter proteins. Also, the inven 
tion is directed to transgenic cells, preferably plant cells, 
Which are transformed With said DNA molecules encoding 
the fungal MRP-like ABC transporter proteins. The ABC 
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genes Include all of the foregoing genes, and as examples, 
the YCFl gene and YHL035C gene are preferably 
employed. 

[0037] The transgenic organisms are preferably prokary 
otic or eukaryotic organisms, and as examples, plants, 
animals, yeast, E. coli, and fungus may be employed. 
Transgenic plants comprise heterogeneous DNA sequences 
according to genetic engineering methods, Which are con 
structed to be properly expressed in plant cells, plant tissues, 
or plant bodies. Plant transformants can be prepared accord 
ing to knoWn techniques, and Agrobacterium tumefaclens 
medlated DNA transfer is typically employed. More pref 
erably, recombinant agrobacterium constructed by a method 
selected from the group consisting of electroporation, micro 
particle injection, and use of a gene gun is introduced into 
plants by a dipping method. In an embodiment of the present 
invention, transgenic plants can be prepared by constructing 
an expression cassette comprising the MRP-like ABC trans 
porter protein coding sequence Which is operably linked to 
permit its transcription and translation, constructing a 
recombinant vector comprising said expression cassette, and 
introducing said recombinant vector into plant cells or plant 
tissues. 

[0038] The above plants include herbaceous plants such as 
Arabidopsis, rapes, leaf mustards, tobaccos, onions, carrots, 
cucumbers, sWeet potatoes, potatoes, napa cabbages, rad 
ishes, lettuces, broccoli, petunias, sun?oWers, grass, etc., 
and trees such as olive, WilloW, White birch, poplar, and 
birch, and preferably poplar and Arabidopsis are employed. 

[0039] In a preferred embodiment of the present Inven 
tion, the transgenic organisms may include YCFl Arabi 
dopsis thaliana (accession number KCTC10064BP), YCFl 
poplar, or YHL035C poplar. YCFl Arabidopsis thaliana of 
the present invention Was deposited With the Korean Col 
lection for Type Cultures at the Korea Research Institute of 
Bioscience and Biotechnology located at 52, Eoun-dong, 
Yusung-gu, Daejeon, Korea on Sep. 5, 2001, and assigned 
Accession Number KCTC10064BP. YCFl Arabidopsis 
thaliana can be asexually reproduced by tissue culture and 
groWn into a plant according to conventional plant cell 
culturing methods and differentiation methods. YCFl Ara 
bidopsis thaliana is excellent in resistance to heavy metals 
and other noxious materials (FIGS. 6, 7, and 8) and accu 
mulation thereof (FIG. 9), as compared With its Wild-type 
counterpart, and in particular, it exhibits resistance to and 
accumulation of lead, cadmium, arsenic, and agricultural 
chemicals. 

[0040] YCFl poplar and YHL035C poplar plants of the 
present invention can be asexually reproduced by tissue 
culture and groWn into plants according to conventional 
plant cell culturing methods and differentiation methods. 
YCFl poplar and YHL035C poplar plants are excellent in 
resistance to lead as compared With their Wild-type coun 
terparts (FIG. 10 and FIG. 11). 

[0041] The preferred examples are hereinafter presented 
for better understanding of the invention. The folloWing 
examples, hoWever, are provided solely in order for better 
understanding of the present invention: the present invention 
should not be construed to be limited thereto. 
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EXAMPLE 1 

Sensitivity to Lead and Cadmium in YCF1 Mutant 
Yeast 

[0042] Wild-type yeast (DTY 165) and ycf1 mutant yeast 
(DTY 167, MATa ura3 leu2 his3 trp3 lys2 suc2 ycfzzhisG) 
Were cultured in YPD liquid media (1% yeast extract, 2% 
peptbne, 2% dextrose) at 30° C. until OD600 reached 1-2, 
and then yeast cells of the same number (1x102, 1x103, 
1><10 or 1x105) Were cultured in half-diluted YPD solid 
media containing 3 mM lead at 30° C. for three days. 
Likewise, they Were also cultured in half-diluted YPD solid 
media containing 0.1 mM cadmium. The experimental 
results are shoWn in FIG. 1. 

[0043] As shoWn in FIG. 1, the groWth of ycf1 mutant 
yeast Was decreased in 3 mM lead-containing media as 
compared With Wild-type yeast, and ycf1 mutant yeast greW 
little in 0.1 mM cadmium-containing media. Therefore, it 
Was veri?ed that YCF1 is a gene conferring resistance 
against lead and admium. 

EXAMPLE 2 

Construction of Cloning Vector 

[0044] 2-1: Cloning Vector (PESC-YCF1) 

[0045] For the isolation of the YCF1 gene, Wild-type yeast 
Was incubated in 3 ml YPD liquid media at 30° C. for 12 
hours, and then centrifuged (12,000 rpm, 20-60 sec.). 
Resultant pellets Were suspended in 400 pl of yeast lysis 
buffer (1 M sobitol, 0.1 M EDTA, 50 mM DTT (pH 7.5)), 
and after 40 pl of Zymolase (5 mg/1 ml, 0.9 M sobitol) Was 
added thereto, they Were maintained at 37° C. for 15 to 30 
minutes. Subsequently, they Were mixed With 400 ml of a 
urea buffer solution (7 M urea, 0.3125 M NaCl, 0.05 M 
Tris-HCl (pH 8.0), 0.02 M EDTA (pH 8.0), 1 % Sarcosine) 
and then mixed With phenol/chloroform to isolate superna 
tants. The supernatants Were mixed With 1 ml of 100% 
ethanol and centrifuged (12,000 rpm, 10 min.), and then the 
precipitated DNA Was suspended in a TE buffer solution (10 
mM Tris-HCl, 1 mM EDTA pH 8.0). PCR Was performed 
using the isolated DNA as a template, YCFa primer (SEQ ID 
NO:3), YCFb primer (SEQ ID NO:4), and an LA taq 
polymerase kit (Takara) to isolate the YCF1 gene. 

[0046] To prove that the YCF1 gene in yeast is associated 
With resistance to lead, the YCF1 gene isolated above (1) 
Was cloned into a pESC-URA (yeast shuttle vector, Strat 
agene) vector. That is, YCF1 PCR products Were cleaved 
With restriction enZymes Xho I and Sca I to prepare YCF1 
(Xho I/ Sca I), and a pESC-URA vector Was digested With 
Hind III, treated With KlenoW fragments and dNTPs to 
create a vector With blunt ends, and cleaved With restriction 
enZyme Xho I. The above YCF1 (Xho I/Sca I) and digested 
pESC-URA vector (Xho I/blunt-end) Were ligated using T4 
DNA ligase to construct the recombinant vector pESC 
YCF1. 

[0047] 2-2: Cloning Vector (PESC-YHL035C) 

[0048] The procedures Were carried out in a manner 
substantially identical to Example 2-1 except that PCR Was 
performed using yeast genomic DNA used in Example 2-1 
as a template, YHL035Ca primer (SEQ ID NO:9), 
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YHL035Cb primer (SEQ ID NO:10), and an LA taq poly 
merase kit (Takara) to isolate the YHL035C gene from yeast 

YHL035Ca: 
5 '—cgacgcggccgcatgggaacggatccccttattatc-3' 

YHL035Cb: 
5 '—cgacgcggccgocatcatcttacttgattgcttgg-3 ' 

[0049] To express the YHL035C gene In yeast, a 
YHL035C gene Was cloned into pESC-URA (yeast shuttle 
vector, stratagene). YHL035C PCR products Were cleaved 
With Not I and ligated into pESC-URA using T4 DNA ligase 
to construct the recombinant vector pESC-YHL035C. 

EXAMPLE 3 

Resistance to Lead and Cadmium in YCF1 
Recombinant Yeast 

[0050] Recombinant yeast (ycf1-pESC yeast) Where an 
empty vector Was introduced into ycf1 mutant yeast, recom 
binant yeast (Wt-pESC yeast) Where an empty vector Was 
introduced into Wild-type yeast, and a recombinant yeast 
(ycf1-YCF1 yeast) Where YCF1 Was overexpressed in ycf1 
mutant yeast Were each constructed and tested for resistance 
to lead or cadmium. 

[0051] 3-1: Construction of YCF1 Recombinant Yeast 

[0052] Yeast Was inoculated into a 3 ml liquid YPC media 
and cultured at 30° C. for 12 hours, and then 0.5 ml of the 
culture Was put Into 10 ml liquid YPD media and cultured 
at 30° C. for 6 to 8 hours until OD600 reached 0.5 to 0.8. The 
resultant culture Were centrifuged (1,500 rpm, 5 min.) to 
collect yeasts, Which Was re-suspended in 5 ml of buffer (0.1 
M LiOAc, TE, pH 7.5) and centrifuged. The centrifuged 
yeast Was resuspended in buffer (0.1 M LiOAc, TE (pH 7.5)) 
and cultured in an agitating incubator at 30° C. for 1 hour, 
and after plasmid pESC, pESC-YCF1 or pESC-YCF1, and 
salmon testis DNAWere added thereto, it Was cultured at 30° 
C. for 30 minutes. The cultured yeast Was mixed With 0.7 ml 
of buffer (40% PEG 3300, 0.1M LiOAc, TE (pH 7.5)) and 
incubated While shaking at 30° C. for 1 hour. Thereafter, the 
above mixture Was placed at 42 to 45° C. for 5 minutes to 
be subjected to heat shock, and centrifuged (2,500 rpm, 5 
min.) to collect yeast. The yeast Was Washed With 1 ml of TE 
buffer solution (pH 7.5), suspended In 0.2 ml of Water or TE 
buffer solution (pH 7.5), and then cultured on selectable 
media (CM Ura7') for 2 to 3 days to select transformed 
yeasts (ycf1-pESC yeast, Wt-pESC yeast, ycf1-YCF1 yeast). 

[0053] 3-2: Resistance to Lead and Cadmium in Recom 
binant Yeast 

[0054] The ycf1-pESC yeast, Wt-pESC yeast, and ycf1 
YCF1 yeast 25 constructed above Were each cultured in 
galactose media (2% galactose, 1% of 0.17% YNB, 0.13% 
dropout poWder, 0.5% ammonium sulfate) to Which 1.8 mM 
lead Was added, or in galactose media to Which 50 uM of 
cadmium Was added. Control group Was cultured in galac 
tose media Without heavy metals. GroWth degree of each of 
the recombinant ycf1-pESC yeast, Wt-pESC yeast, and ycf1 
YCF1 yeast in lead or cadmium-containing media is shoWn 
in the photographs of FIG. 2. 

[0055] It can be seen from FIG. 2 that ycf1-YCF1 yeast 
Where YCF1 Was overexpressed in ycf1 mutant yeast greW 
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better than ycf1-pESC yeast or Wt-pESC yeast in media 
containing lead or cadmium, Which thus supported the 
previous results that the YCF1 gene has an important role in 
conferring cadmium resistance. Additionally, it neWly 
revealed that this gene is important to lead resistance. 

[0056] 3-3: YCF1 Expression in Recombinant Yeast 

[0057] To investigate the expression of YCF1 in ycf1 
pESC yeast, Wt-pESC yeast, and ycf1-YCF1 yeast con 
structed in Example 3, Northern Blotting Was performed. 

[0058] Each recombinant yeast Was ground With liquid 
nitrogen and total RNA extraction buffer solution (0.25 M 
Tris HCl pH 9.0, 0.25 M NaCl, 0.05 M EDTA, 0.345 M 
p-Aminosalicylic acid, 0.027 M triisopropyl naphthalene 
sulfonic acid, 0.02% [3-mercaptoethanol, 0.024% phenol) 
Was mixed With phenol/chloroform in a 1:1 ratio. The 
supernatants obtained from centrifugation at 12,000 rpm for 
10 minutes Were transferred into a neW tube, to Which 400 
pl of isopropanol Was added. Centrifugation Was performed 
again at 12,000 rpm for 10 minutes to precipitate RNA, 
Which Was then lysed in DEPC-treated Water and stored in 
a freeZer. 

[0059] To perform Northern Blot, 30 pg of RNA Was 
electrophoresed on agarose gel for RNA and transferred onto 
a nylon membrane. The nylon membrane Was incubated 
While stirring in a hybridiZation reaction solution (6><SSPE, 
0.5% SDS, 10% PEG, 1% nonfat milk, 50% formamide) at 
42° C. for 2 hours. Then, YCF1 labeled With 32P dCTP Was 
added thereto and the reaction Was performed at 42° C. for 
12 hours. After the hybridiZation reaction, the nylon mem 
brane Was Washed tWice With a buffer (2><SSPE and 0.5% 
SDS), Washed With another buffer (0.2><SSPE, 0.5% SDS), 
dried, and then autoradiographed on X-ray ?lm. The experi 
mental results are shoWn in FIG. 2B. 

[0060] From FIG. 2B, Northern Blot photographs of three 
kinds of recombinant yeasts, it can be seen that ycf1-YCF1 
yeast overexpressed YCF1 mRNA. That is, it Was proven 
that lead and cadmium resistance in ycf1-YCF1 yeast, Which 
Was exhibited in Example 3-2, is due to the overexpression 
of YCF1. 

[0061] 3-4: Lead and Cadmium Resistance Mechanism 

[0062] To investigate Whether lead and cadmium resis 
tance conferred by the YCF1 gene is due to the intracellular 
accumulation of heavy metals or due to extracellular dis 
charge, experiments Were conducted. 

[0063] Three kinds of yeasts (ycf1-pESC yeast, Wt-pESC 
yeast, and ycf1-YCF1 yeast) Were each cultured in 1/2 
galactose solid media containing 1.5 mM lead or 15 uM 
cadmium for one day, and the cultured yeasts Were scraped 
for harvest. The harvested yeasts Were put into 1 ml of 
concentrated nitric acid, digested for 200° C. for about 6 
hours, and then diluted With 10 ml of 0.5 N nitric acid, and 
the amount of heavy metals contained in the yeasts Was 

measured using an atomic absorption spectrometer The measurement results for ycf1-pESC yeast, Wt-pESC 

yeast, and ycf1-YCF1 yeast are represented by graph In 
FIG. 3. 

[0064] Consequently, Wt-pESC yeast and ycf1-YCF1 
yeast shoWed a high accumulation of lead and cadmium as 
compared With ycf1-pESC yeast, and in particular, Wt-pESC 
yeast and ycf1-YCF1 yeast exhibited about a 2-fold higher 
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accumulation of lead than ycf1-pESC yeast. Therefore, it 
Was veri?ed that lead and cadmium resistance of the YCF1 
gene is due to Intracellular accumulation of these heavy 
metals. 

EXAMPLE 4 

Lead Resistance in YHL035C Recombinant Yeast 

[0065] 4-1: Construction of Recombinant Yeast 

[0066] Recombinant yeast (yhl035c-v yeast) Where an 
empty vector Was introduced into yhl035c mutant yeast, 
recombinant yeast (Wt-v yeast) Where an empty vector Was 
introduced Into Wild-type yeast, and recombinant yeast 
(YHL035C yeast) Where YHL035C Was overexpressed in 
yh1035c mutant yeast Were each constructed according to 
methods substantially similar to the above Example 3-1, and 
transformed yeasts (Wt-v yeast, yh1035c-v yeast, YHL035C 
yeast) Were selected. Resistance to lead Was tested using 
these recombinant yeasts. 

[0067] 4-2: Lead Resistance Test in Recombinant Yeast 

[0068] Resistance to lead in Wt-v yeast, yhl035c-v yeast, 
and YHL035C yeast Was tested according to methods sub 
stantially similar to the above Example 3-2. The groWth 
degree of each of the recombinant Wt-v yeast, yh1035c-v 
yeast, and YHL035C yeast in lead-containing media is 
exhibited by photographs in FIG. 4. 

[0069] As can be seen in FIG. 4, yhl035c-v, Which is a 
yhl035c mutant yeast, Was more sensitive than Wt-v yeast in 
media containing 1.8 mM lead. HoWever, YHL035C yeast, 
Where YHL035C Was expressed in yhl035c mutant yeast, 
again recovered resistance to lead and exhibited groWth 
similar to that of Wt-v yeast In media containing 1.8 mM 
lead. Hence, it neWly revealed that the YHL035C gene has 
an important role in conferring lead resistance. 

EXAMPLE 5 

Preparation of Transgenic Plants 

[0070] 5-1: Construction of YCF1 Vector and YHL035C 
Vector for Plant Transformation 

[0071] To introduce YCF1 gene into plants, 4.6 kb of 
YCF1, Which is a BamHI/SnaB I fragment of pESC-YCF1 
plasmid, Was inserted into PBI121 (BamH I/Sma I) Whereby 
a PBI121-YCF1 vector Was constructed. To improve the 
expression of the YCF1 gene, an EnPCAMBIA1302-YCF1 
vector Was constructed. A PCAMBIA1302 vector Was 

digested With restriction enZyme SalI and treated With 
KlenoW fragments and dNTPs to 25 create a vector With 
blunt ends, and 35S enhancer (BamHI/blunt-end) Was 
inserted into the vector, Which Was digested With BamHI, to 
construct the EnPCAMBIA1302 vector. The EnPCAM 
BIA1302-YCF1 vector Was constructed by the insertion of 
a YCF1 gene (BamHI/blunt-end) at site BglII/PmlI of the 
EnPCAMBIA1302 vector. 

[0072] PBI121-YCF1 and EnPCAMBIA1302-YCF1 vec 
tors Were introduced into E. coli using an electroporator 
(BIO-RAD) and cultured on LB solid media. Asingle colony 
Was inoculated in 3 ml LB (Amp) liquid media, cultured for 
12 to 16 hours, and centrifuged to harvest the transformed E. 
coli. Then, 100 ul of solution I (50 mM glucose, 25 mM 
Tris-HCl (pH 8.0), 10 mM EDTA) Was added to the har 
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vested E. coli to re-suspend it, 200 ul of solution II (1% SDS, 
0.2 N NaOH) Was added thereto, the mixture Was gently 
mixed, and then incubated on ice Water for 5 minutes. Then, 
150 ul of Solution III (5 M Potassium acetate) Was added to 
the above mixture, Which Was then slowly mixed 3 to 5 times 
and centrifuged (12,000 rpm, 10 min.) to collect the super 
natant. The supernatant Was mixed With 100% ethanol to 
precipitate DNA, Which Was then isolated and dried. The 
PBI121-YCF1 plasmid DNA thus obtained Was lysed in TE 
buffer solution and cut With restriction enZymes BamHI and 
EcoRI, and the insertion of the YCF1 gene in the correct 
orientation Was con?rmed. 

[0073] To introduce the YHL035C gene into plants, a 
pHI121-YHL035C vector Was constructed according to 
methods substantially similar to those used in the construc 
tion of the above YCF1 vector for plant transformation, 
except that the YHL035C gene Was cut out from the 
pESC-YHL035C vector constructed in Example 2 and 
restriction sites SacI and EcoICR1 Were created at both 
termini thereof, Which Were then put Into a pBI121 vector 
digested With SacI and SmaI to construct the pBI121 
YHL035C vector. 

[0074] 5-2: Preparation of Transgenic Arabidopsis 
thaliana 

[0075] The vectors PBI121-YCF1 and EnPCAM 
BIA1302-YCF1 constructed in the above Example 5-1 Were 
introduced into Agrobacterium (LBA4404). The trans 
formed Agrobacterium Was screened on MS (Murashige 
Skoog) media containing kanamycin, and transfected Into 
the ?oWer of Arabidopsis thaliana by a dipping method 
(Clough, S. J., and Bent, A. F., Floral dip: a simpli?ed 
method for Agrobacterium-mediated transformation of Am 
bidopsis thaliana. Plant J. 16, 735-743 (1988)) to Introduce 
the YCF1 gene into the plants. After 4 to 5 Weeks, the seeds 
of the Arabidopsis plants Were harvested and selected for 
YCF1 Arabia'opsis plants using kanamycin for plants trans 
formed With the PBI121-YCF1 vector and hygromycin for 
plants transformed With the EnPCAMBIA1302-YCF1 vec 
tor. 

[0076] A total of ?ve lines of YCF1 Arabia'opsis plants 
Were obtained, and they Were tested for expression levels of 
YCF1 mRNA, and Whether the expressed mRNA included 
the C-terminal 700 bp of YCF1 mRNA to ensure that the full 
length mRNA Was expressed. First, mRNA Was extracted 
from the ?ve lines of YCF1 Arabia'opsis plants and sub 
jected to RT-PCR using the primers of SEQ ID NO:5/SEQ 
ID N016, and the RT-PCR results are exhibited in FIG. 5A. 
As shoWn in FIG. 5A, 700 bp of YCF1 are expressed in 
plants 1, 3, 4, and 5, and in plants 4 and 5, YCF1 Was highly 
expressed. 
[0077] Southern Blotting Was carried out for the above 
RT-PCR products, and the results are exhibited in FIG. 5B. 
It can be seen from FIG. 5B that the gene expressed in plants 
1, 3, 4, and 5 in FIG. 5A is YCF1, and the complete 
transcription of Wild-type YCF1 mRNA occurred, con?rm 
ing the conclusion from FIG. 5A. This YCF1 Arabidopsis 
thaliana shoWing high YCF1 expression Was deposited to 
the Korean Collection for Type Cultures at the Korea 
Research Institute of Bioscience and Biotechnology located 
at 52, Eoun-dong, Yusung-gu, Daejeon, Korea on Sep. 5, 
2001, and assigned Accession Number KCTC10064BP. 

[0078] 5-3: Preparation of Transgenic Poplar 
[0079] As plants for transformation, Bong-hWa 1, a clone 
of hybrid poplar (Populus alba x R glandulosa), Which does 
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not bloom outdoors, Was used after proliferation. To ensure 
in vitro aseptic materials of poplar, a stalk Was obtained from 
clone bank Which Was being conserved in nursery at the 
Korea Forest Research Institute, and surface-sterilized With 
ethanol (5 minutes) and 2% NaCl (20 min.), and then the 
stalk, Which Was developed after 4-Weeks of cultivation on 
MS media, Was employed as a specimen for transformation. 

[0080] For transformation using Agrobacterium contain 
ing a gene of Interest, Induction of a callus, and induction of 
the stalk, etc., the method by Noh et al. (Genetic Engineering 
of Poplar (2002), Written by Noh, Eun-un et al. ISBN#89 
8176-098-5 93520) Was used. Agrobacterium tumefaciens 
constructed In Example 5-2, into Which PBI121-YCF1 and 
EnPCAMBIA1302-YCF1 vectors Were introduced, Was 
inoculated in LB media and cultured overnight at 30° C., and 
after centrifugation at 1,000 g for 10 minutes, the media 
Were discarded and the pellet Was re-suspended in a 0.85% 
NaCl solution. The suspension Was poured into a petri dish, 
and then the internode tissue of poplar cultivated in vitro Was 
dipped thereinto for 20 minutes. After that, it Was placed 
betWeen tWo disinfected absorption ?ltering papers and 
gently pressed to eliminate excessive Agrobacteria, and then 
they Were co-cultivated in callus-inducible media containing 
no antibiotic (MS+2.4-D 1.0 mg/L, BA 0.1mg/L, NM 0.01 
mg/L) (Murashige and Skoog. 1962) for 2 days folloWed by 
the selection of transformed cells by use of selectable media 
containing 50 mg/L kanamycin and 500 mg/L cefotaxime. 

[0081] The callus thus formed Was groWn in stalk-induc 
ible media (WPM+Zeatin 1.0 mg/L, BA 0.1 mg/L, NM 0.01 
mg/L) (Lloyd and McCoWn, 1981) containing 50 mg/L of 
kanamycin to induce stalks. Once the stalks Were induced, 
they Were induced to elongate through subcultures in MS 
basic media containing 50 mg/L kanamycin, and roots Were 
induced by addition of 0.2 mg/L of IBA to the same media, 
thus obtaining the Whole plant body. 

EXAMPLE 6 

GroWth of Transformed Arabia'opsis Plants in the 
Presence of Noxious Materials 

[0082] YCF1 Arabia'opsis plants prepared in Example 5 
Were cultivated in 1/2 MS media containing lead (0.9, 1, 1.1 
mM), cadmium (50, 60, 70 pM), herbicide chloro-dini 
trobenZene (CDNB) (60 MM), and pentavalent arsenic (50 
pM) to investigate their groWth degree. As a control, Ara 
bidopsis plants transformed With an empty vector (PBI) and 
Wild-type plants Were used. The experimental results are 
shoWn in FIG. 6 to FIG. 8. 

[0083] FIG. 6 shoWs photographs and graphs exhibiting 
groWth of YCF1-transformed Arabidopsis thaliana. As 
shoWn in FIG. 6, When YCF1 Arabidopsis and control 
plants Were groWn in media containing lead for three Weeks, 
YCF1 Arabia'opsis (1, 3, 4, and 5) shoWed less chlorosis In 
leaves and better groWth of roots than PBI empty vector 
transformed plants and Wild-type plants (A, B, and D). Also, 
When YCF1 and wild-typeArabia'opsis plants Were groWn in 
cadmium media at various concentrations, Wild-typeArabi 
dopsis plants shoWed more chlorosis in leaves and their 
roots greW poorly and Were shorter than the YCF1 transfor 
mants (C and 

[0084] FIG. 7 shoWs photographs exhibiting resistance to 
arsenic In YCF1-transformed Arabidopsis thaliana. When 
groWn in media containing 60 pM pentavalent arsenic for 
three Weeks, Wild-type Arabia'opsis shoWed a little groWth, 
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Whereas YCF1 transformants (1, 2, 3, and 4) showed much 
better growth as compared With Wild-type. 

[0085] FIG. 8 shows a photograph exhibiting resistance to 
CDNB in YCF1-transformed Arabidopsis thaliana. When 
YCF1 Arabidopsis and control plants Were groWn in media 
containing 60 pM CDNB for tWo months, Wild-type plants 
shoWed poor germination and almost died, Whereas YCF1 
Arabia'opsis plants greW Well, almost likeArabia'opsis plants 
groWn in normal condition. 

[0086] Hence, it Was veri?ed that YCF1-transformedAra 
bidopsis thaliana prepared in Example 5 has resistance to 
lead, cadmium, arsenic, and herbicides. 

EXAMPLE 7 

Accumulation of Heavy Metals in Transformed 
Arabia'opsis Plants 

[0087] YCF1 Arabia'opsis plants obtained in Example 5 
and Wild-type Arabidopsis transformed With empty vector, 
PBI, Were cultivated in 1/2 MS media containing lead (0.75 
mM) and cadmium (70 pM) for three Weeks to investigate 
accumulation of heavy metals. The amount of accumulation 
of lead or cadmium Was investigated by experiments sub 
stantially similar to Example 6, and the results are shoWn in 
FIG. 9, in Which FIG. 9A shoWs the lead content and FIG. 
9B shoWs the cadmium content of the plants. 

[0088] As shoWn in FIG. 9A, YCF1 Arabia'opsis plants 
shoWed 2-fold or 1.4-fold higher accumulation of lead than 
PBI. Also, as shoWn in FIG. 9B, YCF1 Arabidopsis plants 
shoWed 2-fold or 3-fold higher accumulation of cadmium 
than PBI. 

[0089] Hence, it Was veri?ed that YCF1 Arabidopsis 
plants have higher accumulation of lead and cadmium than 
Wild-type Arabidopsis. 

EXAMPLE 8 

Mechanism of Resistance to Noxious Materials in 
YCF1-Transformed Plants 

[0090] YCF1-transformed plants shoWed resistance to 
lead, cadmium, arsenic, and herbicides and shoWed accu 
mulation of lead and cadmium. To Investigate that these 
phenomena occurred due to the fact that YCF1 proteins 
transport heavy metals into vacuoles, the vacuoles Were 
separated from YCF1 transformed plants and Wild-type 
plants, and experiments of transporting cadmium and her 
bicides Were carried out. The transport experiment results of 
cadmium (Cd+GSH) and herbicides (DNB-GS) in the vacu 
oles of the YCF transformed plants and Wild-type plants are 
shoWn in Table 1 beloW. 

TABLE 1 

Accumulation of GS-associated Compounds in the 
Vacuoles Separated from Arabidopsis (unit: pmol/1 ul vacuole/20 min) 

Wild-type Plants YCF1 Transformed Plants 

Compounds —MgATP +MgAT P —MgAT P +MgATP 

DNB — GS 21 z 1.1 28 z 1.3 24 z 0.9 33 z 1.2 

Cd + GSH 75 z 3.3 104 z 4.9 71 z 3.4 177 z 9.8 

GSH — 70 z 2.2 69 z 1.1 
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[0091] As shoWn in Table 1 above, as YCF1 employs 
MgATP as its energy source When transporting materials, 
there Was, in the —MgATP group, no difference in cadmium 
(Cd+GSH) and herbicide (DNB-GS) contents betWeen 
YCF1 transformants and Wild-type plants. HoWever, When 
MgATP Was added, YCF1 transformants’ vacuoles shoWed 
about a 1.7-fold higher accumulation of cadmium (Cd-GSH) 
than the Wild-type vacuoles. In case of the herbicide (DNB 
GS), YCF1 transformants shoWed a little higher accumula 
tion than Wild-type. 

[0092] It Was veri?ed from FIGS. 6, 7, 8, and 9 that YCF1 
transformed Arabia'opsis plants have higher resistance to 
lead, cadmium, arsenic, and herbicides than Wild-type, and 
they accumulate more lead and cadmium. It Was supported 
from the results of Table 1 that such phenomenon is due to 
the fact that YCF1 proteins expressed in the vacuoles of 
YCF1 transformed Arabia'opsis plants transport cadmium 
and herbicides into the vacuoles and stabiliZe them, thereby 
conferring resistance to and accumulation of those noxious 
materials. 

EXAMPLE 9 

GroWth of Transgenic Poplar Plants 

[0093] 9-1: YCF1 Transgenic Poplar Plants 

[0094] The leaf fragments and stalks of YCF1 poplar 
plants prepared in Example 5 Were mounted on callus 
inducible media containing 500 ppm of lead, and cultivated 
for tWo Weeks to Investigate the difference In their groWth. 
As a control, Wild-type poplar plants, Which Were not 
transformed, Were treated in the same manner, and the 
results of the experiments are shoWn in FIG. 10. FIG. 10 
shoWs photographs and a graph shoWing the groWth of 
YCF1 transformed and control poplar plants. 

[0095] As shoWn in FIG. 10, in media containing lead, 
YCF1 poplar (1, 2, 3, and 4) shoWed about a 2-fold higher 
groWth in stalk pieces than Wild-type (Wt) (A and C), and the 
leaf fragments of YCF1 poplar (1, 2, and 3) shoWed less 
broWning than those of Wild-type (Wt) and kept the color of 
chlorophyll green 

[0096] 9-2: YHL035C Transformed Poplar Plants 

[0097] YHL035C transformed poplar plants prepared in 
Example 5 Were transferred to a pot and alloWed to groW 
into pot seedlings. These pot seedlings Were transferred to 
soil that Was dipped into a solution containing 500 ppm of 
Pb(NO)3. The results of the experiment are shoWn in FIG. 
11. 

[0098] FIG. 11 shoWs a photograph shoWing that Wild 
type poplar greW poorly When cultivated in soil containing 
lead for four Weeks, Whereas the YHL035C transformant 
poplar greW much better than the Wild-type. Hence, It Was 
veri?ed that YCF1 transformed poplar plants and YHL035 C 
poplar plants prepared in Example 5 have resistance to lead. 

[0099] As described above, the YCF1 gene of the present 
invention Improves resistance to and accumulation of heavy 
metals and other noxious materials, and the YHL035C gene 
improves resistance to lead, and accordingly, the transfor 
mants capable of expressing these genes can be used for the 
purpose of remediating environments polluted With noxious 
materials. Thus, the transformants of the invention provide 
an environmentally-friendly Way to remediate the environ 
ment at a loW cost. 
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SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS: 10 

<210> SEQ ID NO 1 
<2ll> LENGTH: 4548 
<2 12> TYPE: DNA 

<213> ORGANISM: Saccharomyces cerevisiae 
<220> FEATURE: 

<22l> NAME/KEY: gene 
<222> LOCATION: (0).. .(0) 
<223> OTHER INFORMATION: ycfl gene 

<400> SEQUENCE: 1 

atggctggta atcttgtttc 

cctatatcct tttacggtga 

tcagcaattt tcatgataac 

cactctggca tcaaatatag 

ttggagatag cgtttgtttc 

tttaccattg taagtcaata 

cactggatag aatacgatag 

tttgaaacat tcggtaattt 

ggcatttggt attccggaca 

gccagtatcc tgttacttga 

catcaaactt taacaagaag 

attaccttct cttggatgtc 

gcagatttat ataaattacc 

aaaaactggg aaaatgagtt 

agaacttttg gatctaaaat 

gcatttactc aaccacaact 

gagagacagg atgaccattc 

cccattgtaa gagggttttt 

tctgtcctgc atcaatattt 

ctaacggctt taatatatca 

tctaccggtg acattgtcaa 

caatggctaa atttaatatg 

tataagttgt tgggaaattc 

ttgaactcat ttttgatgag 

gatgaaagga cccgtgttat 

gcatgggaga agccttatag 

aatcttacaa aactaggatg 

ttccttgttt catgttgtac 

actgacttag ttttccctgc 

attcctatgg ttttaaattc 

atgggcctgc 

ctttactcaa 

cttcggtatc 

gcggaattgg 

acttgcgtct 

tgcttctaca 

atcagttgta 

tgctaaacta 

aacgggtttc 

agctcttcca 

aaaaccaaat 

aggtttgatg 

gaggaacttt 

gaagcaaaaa 

gcttttagcc 

actaaggatt 

ttctcttcaa 

gattgcgttt 

cctgaatgtc 

aaaatcctta 

tctcatgagt 

gtcagggcct 

catgtgggtt 

gatacaaaag 

aagtgaaata 

ggaaaagcta 

ttatatggct 

ctttgctgta 

tttgactctg 

ttttatcgaa 

aagctctgta 

tgcttcatcg 

agagatttag 

attattgtct 

ttaaatattt 

atgttatctt 

gccaatacgg 

ataaatattc 

atactaacgt 

aagaagccgc 

ccatacgata 

aaaactggct 

agtagtgaag 

tcaaatcctt 

gcattcttta 

ttaatcaagt 

gggtttgaaa 

gctatgtttc 

ttcaacacag 

gtgctatcta 

gtggatgttc 

tttcaaatca 

ggcgtgatta 

aagttgcaaa 

ctaaacaata 

gaagaagtaa 

gtgacaagtt 

tttgtttata 

ttcaacctgc 

gcttctgttt 

gatctcctga 

acggtgtgat 

ttaacctttg 

ctaggatggc 

ctaaagaaga 

tatttgttgc 

tacttttatt 

taattagaca 

tattccaagt 

taatgccaca 

gcgcaaacat 

atgaaaaata 

aactctctca 

cattatcatg 

aagcaattca 

tcgtcacaga 

ataaccaccc 

tggtgggctt 

gcatgtatat 

atgaggcttc 

aaaaattaca 

ttatttgctt 

tactagttat 

aatcccagat 

ttaaatcttt 

gaaataacaa 

ttcagttcaa 

ctgaggatag 

tctcattccc 

ctattggtag 

agggtttgga 

cctaaatcta 

caagaaaaaa 

actagttctg 

agcggaaaac 

tttagcctta 

ctattggctt 

cacctacgaa 

aataacatgt 

tcaacacata 

attttccagg 

cttagtggaa 

aaaattggag 

ggctatatgc 

tgatgttcta 

ctataacagt 

acaaaaatta 

tactcagaca 

taagagcgcc 

tggactttcc 

agatttaaca 

atattctctg 

tatgatgcca 

gaagtacaaa 

gaagttatat 

agagttaaaa 

tatagtacca 

agcattgact 

actaatgatt 

attatttaca 

60 

120 

180 

240 

300 

360 

420 

480 

540 

600 

660 

720 

780 

840 

900 

960 

1020 

1080 

1140 

1200 

1260 

1320 

1380 

1440 

1500 

1560 

1620 

1680 

1740 

1800 






























