
CONTENIDO DEL INFORME TÉCNICO

PROGRAMA DE FORMACiÓN PARA LA INNOVACiÓN AGRARIA

1. Antecedentes Generales de la Propuesta

Nombre

Curso de Especialización de Postítulo en Biotecnología Agroforestal

Código

FR - 01- 1- 61- 02 3

Entidad Responsable Postulante Individual

Facultad de Ciencias Agronómicas, Universidad de Chile

Coordinador

Carmen Saenz Hernández

Lugar de Formación (País, Región, Ciudad , Localidad)

Santa Rosa 11315 , Paradero 32, La Pintana , Santiago, Chile

Tipo o modalidad de Formación

Apoyo a la realización de actividades de formación

Fecha de realización

Del 29 de Octubre de 2001 al 15 de Enero de 2002



Participantes: presentación de acuerdo al siguiente cuadro:

Curso: " Aspectos Moleculares de la Fijación Biológica del Nitrógeno"
Del 29 de Octubre al 2 de Nov iem bre

PROFESORES-
Nombre Institución/Empresa Cargo/Actividad
José Manuel Universidad Politécnica de Madrid, Profesor de Microbiolog ía,
Palac ios Alberti España Investigador

jpalacios@bit.etsia.upm.es

Tomás Ruiz - Universidad Politécnica de Madrid, Profesor de Microbiología,
Argüeso España Investigador

ruizargueso @bit.ets ia.upm .es

ALUMNOS PARTICIPANTES:
Nombre Institución/Empresa Cargo/Actividad
Carmen Cabrera Servicio Agr ícola Ganadero Ingeniero Agrónomo

1 . Sub Departamento de Defensa carmen.cabrera@sag.gob .c1
Aqr ícola

Carlos Figueroa Universidad de Chile, Facultad de Ingeniero Agrónomo
Lamas Ciencias Agronómicas carlafig@icaro.dic .uchile .cl

} . Ingeniero Agrónomo

Cristian Ibáñez Universidad Católica de Tem uco/ pontalfor@ya hoo.com
Gutierrez INIA Carillanca

3. Ingeniero Forestal

Paula Pimentel Universidad de Chile, Facultad de paulap28@ 123mail.cl
Ciencia s Agronómicas

II . Ingeniero Agrónomo

Claudio Inostroza Universidad Católica de Temuco agroblanc @yahoo .com

r: Técnico Universitario en
J Producción Agrícola

Leticia Barrientos INIA - Carillanca Ingeniero Agrónomo
Díaz Depto Recursos naturales y medio Ibarrien@carillanca.inia .c1

~ . ambiente

Rodrigo Ahumada INIA - La Platina Ingeniero Agrónomo

7'
Depto Recursos naturales y medio losandes @plat ina. inia.c l
ambiente

Ernesto Vega Servicio Agrícola Ganadero Ingeniero Agrónomo

'5
Depto. Laboratorios y estaciones Teléfono: 6010403
Cuarentenarias Agrícola y Pecuaria
Laboratorio de Bacteriolog ía
Vegetal
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Curso: " Apli caciones Biotecnológicas en Patología Vegetal"
Del 26 al 30 de Noviembre del 2001

PROFESORES'
Nombre Institución/Empresa Cargo/Actividad
Nicola Fiore Universidad de Ch ile , Facult ad de Viró logo, Investigador

Ciencias Agronómi cas Teléfo no : 6785726
Patr icio Arce Pontificia Universidad Cat ólica de Profesor de Ciencias Naturales y

Ch ile Biológ icas, Investigador
par ce @puc.c1

Patricio Hinri chsen Insti tuto de Invest igac iones Biolog ía Molecul ar , Investigador
Agropecu arias phinrich @platin a.inia .c1
INIA - La Plat ina

Humberto Prieto Instituto de Investigaciones Biolog ía Molecular , Investigador
Agropecuarias hpr ieto @platina. inia .cl
INIA - La Platina

Emilio Stefani Ist ituto di Patolog ia Vegetale, Italia Bac teriolo go
Teléfono: 39 -051-209 1454

Pasqualle Saldarelli Centro Virosi Col ture Medit erranee Virologo
Teléfono : 39- 080-5442911

ALUMNOS PARTI CIPANTES:
Nombre Institu ción /Empresa Ca rgo/Act ividad
Agnes Cadavid r Univers idad de Ch ile, Facultad de Acad émico

Ciencias Agronó micas acadavid@ uchile.c l
Paula Tronc oso Universidad de Chile , Facu ltad de ptroncos @uch ile.cl

/0 Ciencias Agronómi cas
Ingeniero Ag rónomo, Investig ador

Paula Pimentel Universidad de Chile, Facultad de pau lap28 @1 23.ma il.cl
Ciencias Agronómicas
Ingen iero Agrónomo

Rodr igo Herrera 11. Universidad de Chile , Facultad de Académico
Ciencias Agronómicas rherrera@ uchile.cl

Carolina Lagos Universidad de Chile , Facultad de carol inalagos @hotmail.com

IJ.. Ciencias Ag ronómicas
Inqeniero Aor ónorno

Angélica Cat rilef J) Servicio Agrícola Ganadero, saglabr @telsur.c1
Osor no

Mónica Gutiérrez
1 ~

Servicio Agr ícola Ganadero, saglabr@telsur.cl
Osorno

Claudio Inostroza Unive rsidad Católica de Temuco agroblanc @yahoo.com
Técnico Universitario en
Producción Ag rícola

Carlos Figueroa Universidad de Chile , Facultad de carlafig @icaro.dic.uchile.cl
Ciencias Agronómicas
Ingeniero Agrónomo
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Cristian Ibáñez INIA Carillanca pon talfor@yahoo.com
Ingeniero Forestal

Amelia Morales ¡:) Servicio Agrícola Ganadero, alipamorales@hotmail.com
Sant iaqo

Marisol Ao uilera Ir Univers idad de Chile seausun@ hotmail.com
Carol ina Ureta Il Servicio Agrícola Ganadero, Lo Te léfono: 6010953 , anexo 240

Aqu irre
Clara Santelices (r. Servicio Agrícola Ganadero, Lo Teléfono: 6010953

Aqu irre
Gabriela Campos

J)
Servicio Agrícola Ganadero, Lo Te léfono: 6010953
Aqu irre

Ernesto Vega Servicio Agrícola Ganadero, Lo ernestopvegab @terra .cl
Aquirre

Cristian Gutié rrez lo Servicio Agrícola Ganadero, Lo Teléfono : 6010953
Aguirre

Eduardo Chávez 2/ Servicio ~g rícola Ganadero, Lo echavezw @hotmail.com
Agu irre

Eliana Henríque z 71-, Servicio Ag rícola Ganadero, Lo henriquezel iana @mixm ail.com
Agu irre

María Anton ieta Serv icio Agrícola Ganadero, apa lma @usa.net
Palm a L") Valpara iso
Orlando Lara Servicio Agr ícola Ganadero, alara @sag. minag ri.gob.cl

LV Temuco
Ivette Acu ña 1...:) INIA - Oso rno lacuna @remehue.inia.cl
Aleja ndra Ríos

2~
Servicio Ag rícola Ganadero, Lo Teléfono: 6010953
Aou irre

Rosa Arancibia
1"t

Universidad del Mar, Va lparaíso Académico
rarancib @udelmar.c1

Alejandra Bustos Servicio Agrícola Ganadero, Lo Teléfono: 6010953
H Aquirre
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Curso: " Ingen iería Genética de Plantas"
Del 7 al 15 de Enero de 2002

PROFESORES·
Nombre Institución/Empresa Cargo/Actividad

Patricio Arce Pontificia Universidad Católica de Académico
Chi le paree @puc.cl

Eduardo Oyanedel Universidad Catól ica de Valparaíso Académico
eoyanede @ucv.eI

Ximena He nzi Un iversidad Austral de Ch ile Académico
xhenzi@mercurio.uach.eI

Alejandro Ven egas Pontif icia Universidad Católica de Académ ico
Ch ile aveneqas @qenes.bio.puc.cl

Loreto Holuigue Pontificia Universidad Ca tólica de Académico
Ch ile Iholu ig @puc.cl

ALUMNOS PARTICIPANTES:
Nombre Institución/Empresa Cargo/Actividad
Agnes Cadavid Universidad de Chile , Facultad de Académico

<./
Ciencias Agronómicas acadavid @uch ile .eI

Paula Pimentel Universidad de Chile, Facultad de paulap28 @123.mail.cl

LI Ciencias Agronómicas
Inqeniero Aqrónomo

Claudio Inostroza Un iversidad Catól ica de Temuco ag roblanc @yahoo.com

{;
Técn ico Universita rio en
Producción Agrícola

Carl os Figueroa Universidad de Ch ile , Facultad de carlafig @icaro.dic.uchile .eI

l;
Cie ncias Ag ronómicas
Ingeniero Agrónomo

Cristian Ibáñez INIA Carillanca pontalfor @yahoo.com

ti Ingen iero Forestal

Rosa Arancibia
J

Universidad del Mar, Valparaíso Académico
rarancib @ude lmar.cl

María Carolina Servicio Agrícola Ganadero carolina @evolution.cl
Alvarado l~
Doris Prehn Pontificia Univers idad Cató lica de Académ ico

1J Chile dprehn @puc.eI
Cristian Gutiérrez J i Servici o Agrícola Ganadero loaouirr Gsao.rninaqri.qob.cl
Carolina Ureta i./ Servicio Aqrícola Ganadero loaquirr@saq .minaqri.qob.eI
Jaime Romero 3l Universidad de Chile , INTA jromero@uec.inta.uchile.eI
Eliana Henr íquez "{8¡ Servicio Ag rícola Ga nadero henriquezel iana@mixmail.com
Eduardo Chávez Servicio Ag rícola Ganade ro echave zw @hotmail.com
María Anton ieta INIA - La Platina mareyes @platina.inia.cl
Reyes ?1
Erika Salazar ,4 INIA - La Platina esalazar@platina.inia .cl
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Ximena García ,;- INIA - La Platina Pazq24@yahoo.com
Ana María Sabja }(, Universidad Austral de Chile asabja@uach.cl

Fundación Chile
María Teresa Barrlqa/ rsemillas Seminis mteresa.barriqa @svseeds.c1
Carmen Cabre ra ~ Servic io Aqrícola Ganadero carmen .cabrera@saq.qob .c1
Andrea Tor res 7~ INIA - Raihuén andreapiat@yahoo.com
Marisol Reyes ~~ INIA - Cauquenes inia-cauquenes@entelchile.net
Carmen Rojo Yb INIA - Quilamapu crojom @hotmail.com
Alejandro Marchant ~4 Universidad Adventista de Chile Académico



Problema a Resolve r: detallar brevemente el problema que se pretendía resolver con la
participación en la activ idad de formación, a nivel local, regional y/o nacional.

Con la Activid ad de Formación , se pretendía resolver los siguientes aspectos:

1. Fortalecer en Chile la Biotecnología Agroforestal , con personal altamente capacitado,
que facilite el desa rrollo del país en esta disciplina.

2. Aum entar el número de profesionales en Chile , capaces de elaborar y poner en práctica ,
proyectos productivos y de investigación en el área de la Biotecnología Agroforestal.

Objet ivos de la Propuesta

Objetivo General

1. Actuali zar conoc imientos sobre las técnicas de biología molecular y celular empleadas
en el campo de la Biotecnología Agroforestal .

Objetivos Específicos

1. Capacitar a profesionales en el área de la Biotecnología Agroforestal , de tal forma de
aumentar la actual masa crítica e incentivar el desarrollo de proyectos productivos y de
investigación en el tema , acordes con el desarrollo y las necesidades del país.

2. Entregar a los participantes, los conocimientos necesarios para proyectar y aplicar
técnicas biotecnológicas , tanto en el ámbito industrial como en laboratorios de
investigación científica.
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2. Antecedentes Generales: describir si se lograron adquirir los conocimientos y/o experiencias
en la act ividad en la cual se part icipó (no más de 2 páginas).

La Universidad de Chile , la cual ha liderado en muchas ocasiones los cambios
científicos - tecnológicos del sector agrícola , y considerada como inst itución líder en el área de
la investigación científica , se propuso realizar importantes esfuerzos para desarrollar e
implementar Programas de Especialización en el área de la Biotecnología Vegetal , de tal forma
de constituir un punto de referencia nacional.

En este contexto, La Facultad de Ciencias Agronómicas de la Universidad de Chile ,
desde el año 1998, implementó el "Curso de Especialización de Postítulo en Biotecnología
Agroforestal", a través de un Convenio de Colaboración Conjunta con la Escuela de Ingenieros
Agrónomos de la Universidad Politécnica de Madrid, España. Este Curso está orientado a la
obtención de un cert ificado de asistencia y aprobación del curso, otorgado por la Universidad de
Chile , luego de un año de realización de 7 cursos teóricos - prácticos , y al Título de Doctor
otorgado por la Universidad Politécnica de Madrid , una vez realizada una tesis de investigación
por un período de 2 años en los Laboratorios del Departamento de Biotecnolog ía en Madrid.

Considerando los buenos resultados obte nidos en los años anteriores y la imperiosa
necesidad de capacitación que actualmente requ ieren los profesionales jóvenes de nuestras
Universidades, Institutos de Investigaciones y del Sector Privado, la Facultad decid ió dictar
durante al año académico 2001 , dentro del marco del Curso de Especialización , los siguientes
módulos docentes:

Módulo 1: Aspectos Molecu lares de la Fijación Biológ ica del Nitrógeno

Módulo 11: Aspectos Biotecnológicos en Patología Vegetal

Módulo 11I: Ingeniería Genética de Plantas

Los mismos se llevaron a cabo Del 29 de Octubre de 2001 al 15 de Enero de 2002 , en
las Salas de Postgrado y en los Laboratorios de la Facultad de Ciencias Agronómicas de la
Universidad de Chile , ubicada en Santa Rosa 11315, Paradero 32, La Pintana, Santiago. La
actividad de formación estuvo dirigida principalmente para Ingenieros o Licenciados en
Agronomía o Forestal , Biólogos, o cualquier profesiona l cuya área de investigación esté
relacionada con el área de la Biotecnología agroforestal.
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En la planificación y ejecución de estos 3 módulos, se contó con la valiosa colaboración
de 16 profesores de diferentes Univers idades : Univers idad de Chile, Pontificia Universidad
Católica de Chile, Universidad Católica de Valparaíso, Univers idad Austral de Chile, Institutos
de Investigación: INIA - La Platina y Empresas privadas: Semillas Pioneer Ltda. Asist ieron
además a los cursos un total de 80 profesionales de diferentes instituciones del país (Ver lista
de participantes en la página 2), que actualmente se dese mpeñan en el área de la
Biotecnología y la Biología Molecular.

En la clausura del "Curso de Especialización de Postítulo en Biotecnología Agroforestal",
se contó con la presenc ia de: Sr. Mario Silva , Decano de la Facu ltad de Ciencias Agronómicas ,
Sra. Carmen Saenz, Directora de la Escuela de Postgrado de la Facultad de Ciencias
Agronómicas, Sra. Marina Gambardella , Coord inadora del Curso de Postitulo y Sr. Jorge
Gatica , Director de la Revista Bioplanet.

Es importante además, destacar la valiosa ayuda logística y financiera de la Fundación
para la Innovación Agrar ia (FIA) , sin la cual no hubiese sido posible la realización exitosa de los
3 módulos anteriormente mencionados.
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3. Itinerario Realizado: presentación de acuerdo al siguiente cuadro:

Fecha Actividad I Objetivo Lugar

Módulo 1:
"Aspectos Moleculares de la Fijación Biológica del Nitrógeno"

Del 29 de Octubre al 2 de Noviembre del 2001

290ct. Tema 1

Profesor: Tomás Ruiz - Arg üeso

Introducción: Ciclo del nitrógeno. Relevancia
de la fijación biológ ica del nitrógeno

Organ ismos y sistemas diazotróficos

Estructura y función de la nitrogenasa

Síntes is de la nitrogenasa: genes nif

Métodos de determinación de la actividad
nitroge nasa

Tema 2

Profesor: Tomás Ruiz - Arg üeso

Facultad
Cienc ias
Agronómicas ,
Universidad
Chile

de

de

Fijació n del
heterótrofas

nitrógeno por bacte rias

Fijación asociativa

Cianobacterias: fijación en vida libre y en
asociación con plantas

Práctico: Aislamiento de Rhizobium
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30 Oct . Tema 3

Profesor. José Manuel Palacios Alberti

Simbiosis Rhizobium - leguminosa:
Caracteres botánicos y agronómicos de las
leguminosas

El grupo Rhizobium. Características
fisiológicas. Especificidad. Taxonomía

Presencia de Rhizobium en suelos

Aislamiento y caracterización de cepas de
Rh izobium

Tema 4

Profesor: José Manuel Palacios Alberti

Inoculación de leguminosas

Desarrollo y fisiología de los nódulos
rad iculares

Regulación del funcionamiento del sistema
simbiótico

31 Oct. Tema 5

Profesor: Tomás Ruiz - Argüeso

Inoculación de leguminosas

Necesidad de inoculación

Producción de inoculantes

Selección de cepas de Rhizobium

Práctico: Inoculación de semillas

Facultad
Ciencias
Agronómicas,
Universidad
Chile

Facultad
Ciencias
Agronómicas,
Universidad
Ch ile

de

de

de

de
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1 Nov Tema 6

Profesor: Tomás Ruiz - Argüeso

Metabolismo del hidrógeno en la fijación
simbiótica el nitrógeno

Eficiencia energética

Genes de oxidación de hidrógeno

2 Nov Tema 7

Profesor: José Manuel Palacios Alberti

Otros sistemas simbióticos de fijación de
nitrógeno: Act inorrizas

Pos ibilidades de mejora de la fijación
biológica de nitrógeno

Caracteres de la planta y de la bacte ria

Extensión de la capacidad fijadora a nuevos
sistemas

Módulo 11:
"Aspectos Biotecnológicos en Patología Vegetal"

Del 26 al 30 de Noviembre del 2001

26 Nov Diagnóstico convencional y molecular de
bacterias fitopatógenas: ventajas,
desventajas y perspectivas.

Facultad
Ciencias
Agro nómicas,
Universidad
Chile

Facultad
Ciencias
Agronómicas,
Universidad
Chile

Laboratorio
Aguirre , SAG .

de

de

de

de

Lo

Inmunofluorescencia
Práctico .

(IFAS). Teoría y

Metodologías avanzadas para el diagnóstico
de bacterias fitopatógenas.
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27 Nov Enfermedades bacterianas objetos de la
legislación fitosanitaria de la Comunidad
Europea.

Extracción de ADN bacteriano y PCR: Teoría
y Práctico.

Discusión sobre los protocolos oficiales para
el diagnóstico de Ralston ia solanacearum y
Erwinia amylovora.

28 Nov Resultados PCR y metodología de extracción
de agrobacterias y Xylella fastidiosa desde
xilema de vid . Teoría y práctico.

Partidores degenerados y su uso en PCR
para el diagnóstico de virus fitopatógenos.

Extracción de RNA viral y RTTeoría y
Práctico.

Hibridación molecular en el diagnóstico de
virus fitopatógenos. Teoría y Práctico.

29 Nov PCR y visualización de productos de
amp lificación. Teo ría y Práct ico.

Enfermedades virales objeto de la legislación
fitosanitaria de la comunidad europea.

Hibridación molecular para el diagnóstico de
virus fitopatógenos. Teoría Y práctico.

30 Nov Bases moleculares de la interacción
hospedero/patógeno.

Identificación de genes de resistencia a
fitopatógenos con el uso de marcadores
moleculares.

Diagnóstico molecular de virus y virus ­
afines.

Laboratorio
Aguirre , SAG.

Laboratorio
Aguirre, SAG.

Laboratorio
Aguirre , SAG .

Laboratorio
Aguirre , SAG .

Lo

Lo

Lo

Lo
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Módulo 111:
"Ingeniería Genética de Plantas", Del 7 al15 de Enero del 2001

7 Ene Tema 1: Técnicas básicas utilizadas en
Ingeniería Genética de Plantas

Profesor: Dr. Alejandro Venegas

1.1 Enz imas de restricción

Definición y clasificación de las enzimas de
restricción

Apl icaciones: Fragmentación o digestión de
genomas,

Elaboración de mapas de restricc ión ,
Po limorfismo de fragmentos , Diagnóstico de
enfermedades

1.2 Degradación enzimática . Nucleasas

1.3 Síntesis de ácidos nucleicos

ADN polimerasa

ARN polimerasa

Ligasas, Fosfatasas y Quinasas

1.4 Extracción de ácidos nucleicos

1.5 Extracción de proteínas

1 .5 Electroforesis de ácidos nucleicos y
proteínas

Pricipios básicos de la electroforesis

Electroforesis horizpontal en geles de agarosa

Facultad
Ciencias
Agronómicas,
Universidad
Chile

de

de

Electroforesis
poliacrilam ida

vertical en geles de

Visualización de las muestras

Cuantificación



1.6 Sondas Facultad de
Ciencias

Definición Agronómicas,
Universidad de

Construcción Chile

Marcaje

Aplicaciones

1.7 Transferencia de ácidos nucleicos y
proteínas a membrana

Transferencia Southern Blot

Transferencia Northern Blot

Transferencia Western Blot

1.8 Secuenciación del ADN

1.9 Reacción en cadena de la polimerasa y
sus aplicaciones
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8 Ene Tema 2: Plantas Transgénicas

Profesor Responsable: Dra . Loreto Holuigue

2.1 Vectores de clonación utilizados en
transformación genética de plantas

Vectores procarióticos: Plásmidos, Cósmidos,
Fágos

Vectores Agrobacterium Tumefaciens,
plásmido Ti vectores binarios, vectores
cointegrados

2.2 Bibliotecas genómicas

2.3 Bibliotecas de ONA complementario
(cONA)

2.4 Técnicas de transformación genética de
plantas. Aplicación .

Ventajas y desventajas del sistema.
Efectividad de

Transformación. Ejemplos de transformación

-mediada por Agrobacterium Tumefaciens
- Electroporación
- Bio - balística

2.5 Genes reporteros

2.6 Genes marcadores de selección

Facultad
Ciencias
Agronómicas,
Universidad
Chile

de

de
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9 Ene Profesor Responsable: Dra . Ximena Henzi

2.5 Caracterización molecular de plantas
transgénicas

- Detección de la presencia del gen
- Número de cop ias
- Expresión del mRNA
- Expresión de la proteína

2 .5 Caracterización molecular de plantas
transgénicas

- Análisis biológico

Práctica de Laboratorio No. 1

Transformación de Plantas

10 Ene Profesor Responsable: Dr. Humberto Prieto

2 .6 Apl icaciones en transformación de
plantas

- Resistencia a patógenos: Virus, Hongos,
Bacterias, Insectos, etc .

Profesor Responsable: Dr. Hugo Campo

2 .7 Aplicaciones de la transformación
genética de plantas

- Resistencia a herb icida

11 Ene Profesor Responsable: Dr. Patricio Arce

2.9 Aplicaciones de la transformación
genética de plantas

- Cambio del sexo de las plantas

Facultad
Ciencias
Agronómicas,
Universidad
Chile

Facultad
Ciencias
Agronómicas,
Universidad
Chile

Facultad
Ciencias
Agronómicas,
Universidad
Chile

de

de

de

de

de

de
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14 Ene Tema 3: Transformación de especies
forestales

Profesor Responsable: Dr. Patricio Arce

3.1 Sistema de regeneración y
transformación de arboles

- Modificación de la lignina y la celulosa
- Producción de semillas artificiales

15 Ene Profesor Responsable: Dr. Patricio Arce

Práctico de Laboratorio 2: Transformación de
Plantas

Facultad
Ciencias
Agronómicas,
Universidad
Chile

Facultad
Ciencias
Agronómicas,
Universidad
Chi le

de

de

de

de

Señalar las razones por las cuales algunas de las act ividades programadas no se realizaron o
se modificaron.

4. Resultados Obtenidos: descripción detallada de los conocimientos adquiridos. Explicar el
grado de cumplimiento de los objetivos propuestos, de acuerdo a los resultados obtenidos.
Incorporar en este punto fotografias relevantes que contribuyan a describir las actividades
realizadas.

Con la Actividad de Formación, se lograron cumplir los objetivos iniciales propuestos en la
act ividad de formación , lográndose los siguientes resultados:

Entregar a los profesionales participantes (Académicos, Investigadores) en los cursos,
conocimientos actualizados en las técnicas de Biología Molecular y Celular empleadas en el
campo de la Biotecnología Agroforestal , con la finalidad de que puedan ser capaces de
proyectar y aplicar técnicas biotecnológicas , tanto en el ámbito industrial como en laboratorios
de investigación cient ífica . Se entregaron artículos especializados en el tema, los cuales se
anexan dentro del presente informe (Ver punto 9 Material Recopilado).

En los 3 módulos contamos con un total de 80 participantes, logrando en cierta medida
aumentar el número de profesionales en Chile, capaces de elaborar y poner en práct ica ,
Pmgramas y Proyectos q~ Investigación y. Docencia, en el área de la Biotecnología, acordes
con el desarrollo y las necesidades del país. Es bueno destacar que contamos en nuestros
cursos con la presencia de profesionales jóvenes que estaban buscando información en el
tema con el propósito de insertarse en el área de la Biotecnología Agroforestal.
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5. Aplicabilidad : explicar la situación actual del rubro en Chile (región) , compararla con la
tendencias y perspectivas en el país (región) visitado y explicar la posible incorporación de los
conocimientos adquiridos , en el corto , mediano o largo plazo , los procesos de adaptación
necesarios , las zonas potenciales y los apoyos tanto técn icos como financieros necesarios para
hacer posible su incorporación en nuestro país (región).

6. Contactos Establecidos: presentación de acuerdo al siguiente cuadro:

VER LISTA DE PARTICIPANTES EN LA PAGINA 2

Institución/Empresa Persona de Cargo/Act ividad Fono/Fax Dirección E-ma il
Contacto

7. Detección de nuevas oportunidades y aspectos que quedan por abordar: seña lar
aquellas iniciativas detectadas en la actividad de formación , que significan un aporte para el
rubro en el marco de los objet ivos de la propuesta, como por ejemplo la posibil idad de realizar
nuevos cursos, participar en ferias y establecer pos ibles contactos o convenios. Indicar
además, en función de los resultados obten idos , los aspectos y vacíos tecnológicos que aún
quedan por abordar para la modern izac ión del rubro.

Se destacó que es de gran importancia para Chile, que la Fundación para la Innovación
Ag raria (FIA), apoye consta ntemente este tipo de iniciativas en lo que respecta a las actividades
de formac ión, teniendo en consideración que la Biotecnología es un área de la agricultura que
necesita contar con suficiente persona l altamente calificado capaz de enfrentarse día a día a los
desafíos que la agricultura nacional demanda. De hecho se contó con la presencia de un alto
número de participantes en dicha actividad .

Los estudiantes participantes en la actividad de formación así como algunos profesores
que dictaron los módulos, rw:- señalaron que debernos, continuar con dicho Curso de
Especialización en los años ven ideros, ya que es una buena forma de estar actualizando
constantemente a todos los jóvenes que recién se incorporan a trabajar en el área de la
Biotecnología y sirven además para mot iva r y captar a estud iantes recién egresados a
incorporarse a trabajar en dicha área .

8. Resultados adicionales: capacidades adqu iridas por el grupo o entidad responsable , como
por ejemplo, formación de una organización , incorporación (com pra) de alguna maq uinaria,
desarrollo de un proyecto, firma de un conven io, etc .

No tuvimos ningún resultado adicional al respecto.
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9. Material Recopilado: junto con el informe técnico se debe entregar un set de todo el material
recopilado durante la actividad de formación (escrito y audiovisual) ordenado de acuerdo al
cuadro que se presenta a continuación (deben señalarse aquí las fotografías incorporadas en el
punto 4) :

Tipo de N° Correlativo (si es Caracterización (título)
Material necesario)
Artículo 1 1. The bases of crown tu rnoric enesis.
Artículo A2 2. Generation of single-strandedd T-DNA molecules

during the initial stages of T-DNA transfer from
Agrobacterium tumefaciens to plant cell.

Artículo 3 3. Identification of the signal molecules produced by
wounded plant cells that act ivate T-DNA transfer in
Agrobacterium tumefaciens.

Artículo 11 4. The transfer of DNA from Agrobacterium
tumefaciens into plants: a feast of fundamental
insiqhts.

Art ícu lo 1 5. A cuide to Aorobacterium binarv Ti vectors.
Art ículo 1 6. Optimizat ion of in vitro cu lture conditions for Pinus

radiata embryos and histological characterization of
regenerated shoots.

Art ículo 1 7 . New methods of diagnosis in plant phatology -
oersoectives and pitfa lls.

Art ícu lo 1 8 . Virus and ohvtoolas rna detection in fru it trees.
Art ículo 1 9. Bioloo ica l din itroqen fixat ion : Svmbiotic.
Art ículo 1 10. Prokaryotic nitrocen fixatíon.
Art ículo 1 11. La simbiosis.
Apuntes 1 12. Simbiosis Rh izobium - Lequminosa.
Apuntes 1 13. Genética de la Fijación del nítr óoeno.
Apuntes 1 14. Nitroqenasa: Estructura y Función.
Foto En el disquette 15. Clausura Curso de Especialización de Postítulo en

Biotecnoloqla Aqroforestal. Año Académico 2001 .

/

./

/

/

/

./
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10. Aspectos Administrativos

10.1. Organización previa a la actividad de formación

a. Conformación del grupo

__ muy dificultosa _X_ sin problemas

(Indicar los motivos en caso de dificultades)

b. Apoyo de la Entidad Responsable

__ algunas dificultades

X bueno--

(Justificar)

__ regular malo

Desde el comienzo del Curso de Especialización de Postítulo en Biotecnología
Agroforestal , contamos en todo momento, con el apoyo de las autoridades de la
Facultad de Ciencias Agronómicas de la Universidad de Chile , las mismas nos facilitaron
computadores con Intefnet-..Go.A. libre acceso para los estud iantes del curso , los
materiales docentes, aud iovisua les, y de laboratorio, con los cuales fue posible la
exce lente realización de los módulos que se pretend ían dictar durante el año académico
2001 .

Se preocuparon además de la recepción y bienvenida de los profesores
colaboradores tanto extranjeros como nacionales, efect uando intercambios de
científicos y de colaboración con los mismos, así como estuvieron pendientes todo el
tiempo del buen confort en la estadía de los profesores extranjeros en nuestro país.

c. Información recibida durante la act ividad de formación

_X_ amplia y detallada __ aceptable deficiente

d. Trám ites de viaje (visa, pasajes, otros)

_X_bueno __ regula r malo

e. Recomendaciones (señalar aquellas recomendaciones que puedan aportar a mejorar
los aspectos administrativos antes indicados)
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10.2. Organización durante la actividad (indicar con cruces)

ítem Bueno Regular Malo
Recepción en país o región de X
destino
Transporte aeropuerto/hotel y X
viceversa
Reserva en hoteles X
Cumplimiento del programa y X
horarios

En caso de existir un ítem Malo o Regular, señalar los problemas enfrentados durante el
desarrollo de la activ idad de formación , la forma como fueron abordados y las sugerencias que
puedan aporta r a mejorar los aspectos organizacionales de las activ idades de formación a
futuro .

11. Conclusiones Finales

Durante la Clausu ra del "Curso de Especialización de Postítulo en Biotecnologia
Agroforestal", tuv imos la oportunidad de realizar intercamb ios con los profes ionales, algunos
profeso res colaboradores ' de los cursos y las auto ridades de la Facultad de Ciencias
Agronómicas de la Universidad de Chile....resultando -de dicho encuentro planteamientos muy
concretos tales como la posibilidad de cont inuar con este tipo de activ idad de formación , la cual
contribuye a la actual ización de los conocimientos en el área de la Biotecnología y la Biología
Celular y Molecu lar, áreas que hoy en día están alcanzando un alto nivel de importancia en los
países desarrollados y en un alto grado en Chile, debido a que las nuevas técnicas
biotecnológicas están siendo puestas al serv icio del desarrollo agrícola.

Se destacó que es de gran importancia para Chile, que la Fundación para la Innovación
Agraria (FIA), apoye constantemente este tipo de iniciativas en lo que respecta a las actividades
de formación , teniendo en consideración que la Biotecnología es un área de la agricultura que
necesita contar con suficiente personal altamente calificado capaz de enfrentarse día a día a los
desafíos que la agricultura nacional demanda. De hecho se contó con la presencia de un alto
número de participantes en dicha actividad .

La calidad de los profesores colaboradores trascendió las expectativas de los
estudiantes, se comentó el alto nivel de profesionalismo y de prepa ración en las exposiciones
realizadas . En todos los temas expuestos se encontró un amplio dominio y actualización . Se
abordaron además los principa les avances que Chile está obten iendo en el campo de la
Biotecnología Agroforestal. El material audiovisual utilizado (transparencias, diapositivas , CD)
mostraron con suficiente claridad todos los puntos abordados .



12. Conclusiones Individuales: anexar las conclusiones individuales de cada uno de los
participantes de la actividad de formación, incluyendo el nivel de satisfacción de los objetivos
personales (no más de 1 página y media por participante).

Doris Prehn Roth
Profesora Auxiliar
Facultad de Agronomía e Ingeniería Forestal
Pontificia Universidad católica de Chile

"Curso de Especialización de Postítulo en Biotecnología Ag roforesta1: Ingeniería Genética
de Plantas"

El curso se efectuó de manera ordenada y organizada. Los profesores responsables
mostraron preparación en sus temas e hicieron exposiciones claras, aptas para un
alumnado heterogéneo. El apoyo tecnológico y audiovisual fue excelente, siendo la
mayoría de las presentaciones tipo power-point, con apoyo de diapositivas y
transparencias. Hubo facil idad para acceder a bibliografía actualizada mediante
fotocopias y una sala de estud io. La infraestructura, instalaciones y acceso a casino y
laboratorios fue adecuada

Los objetivos y expectativas personales puestos en el curso se referían a una
actualización en los diversos temas relac ionados con la ingeniería genética de plantas y
se consideran totalmente cumplidos. A cont inuación se detalla el nivel de satisfacción de
los objetivos personales por tema y profesor responsable.

Nivel de satisfacción
Tema de los objetivos

personales
1.Técnicas básicas utilizadas en Ingeniería Genética Regular
de Plantas.
Profesor: Dr. Alejandro Venegas. P. Univ. Católica
de Chile
2.Plantas transgénicas. Muy Bueno
Profesora: Dra. Loreto Holuigue. P. Univ. Católica
de Chile
3.Resistencia a virus y otros patógenos. Bueno
Profesor: Dr. Humberto Prieto . INIA-La Platina
4. Aplicaciones de la transformación genética de Regular
plantas.
Profesor Eduardo Oyanedel. U. Católica de
Valparaíso.



5. Transformación de plantas recalcitrantes. Bueno
Profesora: Dra. Ximena Henzi . Universidad Austral
de Chile.
6. Práctica de laboratorio: Transformación de Muy Bueno
plantas de papas.
Profesora: Dra. Ximena Henzi u Ayudante.
Universidad Austral de Chile .
7. Transformación de gramíneas y cereales. Muy Bueno
Profesor: Dr. Hugo campos. Semillas Pioneer Chile
Ltda.
8. Transformación de especies forestales. Bueno
Profesor: Dr. Patricio Arce. P. Universidad Católica
de Chile .

9. Práctica de laboratorio: Transformación de Muy Bueno
embriones de Pinus radiata.
Profesor: Dr. Patricio Arce y Ayudantes.

Ana María Sabja
Académico
Universidad Austral de Chile

Curso: Ingeniería Genética de Plantas

Temas:

Los temas fueron apropiados y de gran interés por la actualidad con que se expusieron.
Los expositores mostraron un buen nivel , calidad y manejo de los temas.
Las dos clases prácticas lograron reforzar los conocimientos que entregaban los
expositores.

Expectativas personales del curso

El curso me permitió ampliar algunos conocimientos respecto a transformación genética
y sus aplicaciones.
En el tema del área forestal me hubiese gustado una mayor profundidad de los temas
que se abordaron.
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María Teresa Barriga

El temario del curso completo me pareció muy interesante, completo y aplicable.
Lamentablemente me enteré muy tarde del curso y pude atender solamente a las clases
3,4,5 y.

Clases entendidas: Excelente y fascinante. Tanto el contenido como las exposiciones
las encontré técnicamente muy completas y en un grado de profundización muy bueno.
Mi trabajo se centra en asuntos regulatorios, y la profundización biológica y agrícola del
tema de biotecnología sin duda es y será un aporte y un apoyo para mi trabajo, que
también involucra difusión.

Personalmente mi interés era profundizar en el tema de biotecnología con el objeto de
difusión y formación . He visto cumpl idos mis objetivos con creces y me encantaría
poder asistir al curso completo si se repitiera el mismo o alguno parecido .

Carmen Cabrera Valenzuela
Ing. Agrónomo
Depto. Protección Agr ícola
SAG

En relación a los Cursos de Especialización de Postítulo en Biotecnología Agroforestal ,
entregado por la Facultad de Ciencias Agronómicas de la Universidad de Chile y
financiados por el FIA dentro del marco del programa de formación; me es muy grato
referirme , como alumna participante, a los Módulos I y 11 , sobre "Ingeniería Genética de
Plantas" y "Aspectos Moleculares de la Fijación Biológica del Nitrógeno".

En primer término , poder acceder con tal facilidad en Chile a cursos especializados, con
la categoría y el nivel con que fueron entregados por la Universidad de Chile , me
significa agradecer y reconocer la iniciativa de realizarlos. Sobre todo , reconocer el
esfuerzo académico que significa hacer avenible los temas Biotecnológicos para
profesionales, que de una u otra forma tienen distinto interés en el tema .

En lo personal y profes ional destaco, la valiosa oportunidad que se me entregó para
capacitarme en el tema , el poder conocer materias nuevas, reforzar o mejor comprender
otras y darme cuenta con recato , de la "necesidad creada " por cont inuar recibiendo
capacitación en otras materias vinculadas con el tema .

En mi calidad de Ingeniero Agrónomo que se desempeña en una Institución Ministerial ,
como es el Servicio Agrícola y Ganadero (SAG), la capacitación recibida reviste de un
enorme interés para las func iones que me corresponden realizar en la Institución.
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Finalmente, me permito reiterar mi agradecimiento y reconocimiento por la iniciativa y el
logro alcanzado al realizar los Cursos de Especialización de Postítulo en Biotecnología
Agroforestal .

Marisol Reyes Muñoz
Ing. Agrónomo
INIA CAuquenes

El curso me pareció muy bueno. Creo que los temas estuvieron entregados en un orden
bastante adecuado y con mucha claridad.

Quienes dictaron las clases fueron bastante amenos y didácticos, además el hecho de
que ellos manejaban muy bien sus temas , hizo muy interesantes las clases .

En mi caso , que no trabajo directamente en el tema , fue realmente muy provechoso, me
aclaró varios conceptos e ideas erradas respecto a la manipulación genét ica y me sirvió
para enterarme de lo que se está haciendo el área.

Andrea Torres Pinto
Ingeniero Agronómo
INlA - Raihuén

Es mi interés poder colocar en práctica los conocimientos aprendidos en este curso, que
me pareció muy interesante, muy actual , además de la excelencia de los expositores, la
información escrita entregada y la posibilidad de tomar contacto con profesionales que
desarrollan "campos" similares.

Mis más cordiales felicitaciones a los organizadores y fuentes , que nos permitieron
asist ir a este curso.

Erika R. Salazar Suazo
Investigador
Opto Fruticultura
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INIA - CRI La Platina

El programa y desarrollo de curso me parecieron de muy buen nivel , así como la
elección de los expositores quienes satisficieron a cabalidad la necesidad de información
sobre los temas expuestos.

Se contó con buenos elementos de apoyo audiovisuales facilitando así la compresión de
las charlas expuestas. Si bien considero que la incorporación de sesiones práct icas
contribuyó al entendim iento de ciertos temas tratados, sugiero que a futuro el
seguimiento de los resultados de los mismos esté inserto dentro del período de duración
del curso, lo que se lograría dilatando el calendario el cual encontré un poco ajustado.

El apoyo logíst ico fue excelente traduciéndose en una buena organización y disposición
a resolver los inconvenientes que siempre surgen en este tipo de eventos.

Alejand ro Marchant Kemp
M.S en Ciencias
Universidad Adventista de Chile

Sean mis primeras palabras de reconocimiento a la labor que desempeña en la dirección
del FIA y la vez, desear las mayores bendiciones en el presente año, junto a todos los
que laboran en dicha institución.

El motivo de mi nota, es agradecer la invitación que hace el FIA a través de la REDBIO ,
para asistir al curso de Ingeniería Genética de Plantas , ten iendo la posibilidad de recibir
conocimiento de destacados investigadores en el área de la Biotecnología.

Por último , expresar mi deseo de participar en el curso antes citado , y desde ya
agradecer al FIA la posibilidad que me da de asistir y beneficiarme de una temática tan
importante para el desarrollo de nuestro país.

Fecha: 17de Abril del 2002__

Nombre y Firma coord inador de la ejecución: _ Carmen Saenz Hemández~d-
~
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The Bases of Crown Gall Tumorigenesis
JUN ZHU,' PHILIPPE M. OGE R,2t BARBARA SCHRAMMEIJE R,J PAUL J. J . HOOYKAAS,J

STEPHEN K. FARRAND,2 AND STEPHEN C. WINANS ' •

Department of Microbiology, Comell University, lthaca, New York 148531
; De¡artments o/ Crop Sciences and Microbio logy,

Un iversity o/ Illinois al Urbana-Champaign, Urbana, Illinois 61801 ; and Depanment o/ Molecular and
Deve lopmental Genetics, lnstitute o/ Mo lecular Plant Sciences, Leiden 2333AL, TIte Netherlands'

The nine dec ades since Srnith and Townsend dernonstrated
that Agrobacterium tum efa ciens ca uses plant tumor s (95) hav e
been marked by a se ries of surprises , Am ong the rnost irnpo r­
tant of these was th e re po rt in 1958 that these~s could be
excised a nd p.JQº-agatedJn..Yi.I..aLW.thout exogenous plan t hor­
mones (7) . Equally irnportant we re a series of reports begin­
ning abo u t thc sa rn- lime that tujuors rcl eased comp01!nds that
agrobacteria couh: Ilse ¡;í nUlrients (24). Perhaps the rnost
excit ing discoveries , reponed in the 1970s and 1980s, were that
tumor igenesis requi red the tra nsfer of fragments of o ncogenic
D NA to in fected plant ce lis (10), that this process evo lved fro rn
a conjugal tra nsfe r systern (99) , and that the genes that di rect
this process are exp ressed in respo nse ro host-released chern - .
ical signals (47) . This D N A transfer process has becorne a
cornerstone of plant mo lecular genetics. The genus Agrobac ­
terium also has prov ided excellent models for seve ra l aspects of
host-pathogen in teract ion s, includi ng inte rce llular transport of

. macromolecules (11), bacterial detection of host o rganisms
(47), targeting of proteins to plan t cell nuclei (3) , and inter­
bacterial chem ica l signaling via autoinducer-rype ph eromones
(120) ,

Most of the genes re quired for tumo rigenesis are found on
lar ge ex tra chro m osoma l elernents ca lled Ti plasmi ds . Indee d,
tr ansfer of Ti pl asm ids int o cer tain nonpat hogenic ba cte ria
co nverts thern into tumorigenic pathogens (43) . T i plasmids
are ge ne rally referred to by the types of opines whose ca tab­
olism they direct (see below). However, this nomenclature is
becoming less satisfac tory as we d iscover that all known Ti
plasmids d irect the catabolism of more than one opine and that
op ine ca ta boli c genes are foun d in a vari ety of combinations
in d ifferent plasm ids . The Ti plasm ids pTiA6NC, pTi 15955,
pTiAch5, pTiRlO, and pT iB6S3 , whic h are widely considered
to be fu nctionally identical , are gener ally referred to as oc to­
pi ne -type T i plasrn ids (o r, less freque nt ly, oc to pine, mannityl
opine -type Ti p lasmi ds) . The DNA sequencing of these plas­
mi ds was initi ated almos t 20 yea rs ago (21) and was recently
co mple ted in o u r three laboratories . The resulting .194, 140­
nucleotide sequence is a composite assembly of sequences
from all oC th e pl as mids listed aboye. The c10se simila rity of
these p lasmids is exe m plified by the sequence of a 42-kb seg ­
ment of the vir regions of pTiA6NC and pTi15955. These
sequences differ at only one base, and this polymorphism is
silent at the amino acid level. We have no evidence Cor poly-

• Corresponding author. Mailing address: Departrncnt oC Microbi­
olo&)', 360A Wing Hal~ Corncll Univcrsity, Ithaca, NY 14&53. Phonc:
(607) 255-2413. Fax: (607) 255-3904. E-mail: scw2@cornclI.cdu.

t Prescnt addrcss: Institutc des Scicnccs Végétales, CNRS, GiC-sur­
Yvclte, Franee .

morphisms elsewhere except Ior a large deletion that is unique
lO pTiA6NC (Fig. 1). The restriction map deduced Irorn this
sequence agrees almost perfectly with the pub lishe d rest riction
rnap of pTiA ch5 (25). A1l known and suspec ted genes are
depicted in Fig. 1, and their demonstrated or pu tative Iunc ­
tions are described in Table 1. The DNA sequence of this Ti
pla smid provides a useful frarnework to review thc roles ')Cth ;',
plasmid in th e biology of plant intect ion and c<. ' ·:,niLa: o: ·,.1.

This Ti plasmi d contains 155 open readíng frames (OR Fs) ,
almost all oí whic h a re Iikely to encode func tlo na l proteins
(Fig. l and Table 1). The overall G +C composi tion of this
plasmid is 55 % , although a few segments are considera bly
richer in A's and T's, particularly in the T regio n (se e below) ,
Overall, the Ti plasmid exhibits a modular structure with ge nes
of similar func tion o r purpose grouped toge ther. Thus, we can
define five compone nts: (i) the T regi ón, wh ich cod es fo r se­
quences th at are transíerred to the plan t host: (ii) lhe .-'!i.!:­
r:e,gioo which di rects the processing and transfcr of the T ­
DNA; (iii) the ~egion,which is required for replicat ion of
the Ti plasmid; (iv) the tra and .1dI..Joci, which direct the con­
jugal lransfer of the Ttplasmid; and (v) genes that direct
l:1p take a nd ca tabolism of opi nes. An exce pt ion to th is cluster­
ing is the Ira and lr5 loci, thc two ge ne sets requ ired for
conjuga l transfer, whic h are se parated from each othe r by 60
kb.

TRANSFER OF nvo DNA FRAGMENTS T O HO ST
PlANT CELLS

During infec tion, A. tum ejaciens strains carryiog an octo­
pin e- type Ti plasmid transfer (\VO fragments of DNA to the
nucle i oí host plan ts by a mechanism th at requires cell-cell
contac t an d resembles plasmid conjuga tion. These fragments
are desi gna ted the T L-D NA an d T H-D NA (Fig. 1, 10p line),
a nd are 13 and 7.8 kb in length, respectively (4, 105). The
co rrespo nding segments of the T i plasmid ar e called T region s,
and each is flan ked by cis-acting, 25-bp d irect rep eats. called
border sequences (121, 125) . The leTtbo rder oC the T L-DNA is
d ispensable fo r T-DNA tran sfer, while the ~ight border is es­
sentia l and acts in a olar fashion, suggesting lhat tra nsler may
initlate at th e rig t order and proceed leftward (76). Inversio n
of the right border leads to atte nua te d tumorigenesis, a nd
tumors made by such mutants co ntai n ex tre me ly lon g T -DNA
fr agments consist ing of virtually the ent ire T i plasm id (76).
Adjacent to the right border of T L is anoth er cis-acting site
caBed ovc rdrive 94), which is req uired fo r wild-type transfer
efficiency an providcs a binding site for the V irCl protein (see
below). A second possible overdrive sequence is located adj a­
cent to the right border ofTR' though the rol e of this sequence
in T -DNA transfer has not be en studied .

3885



3886 M IN IREVIEW J. BACTERIOL

I.,. '~T

Q 0 o~
~0~~
\. i ¡
•

I~I .... I

(

TR-DNA-------j
r"'JI/'J""r/~

rF~ rF{9

,~"':=!,,~" I,=".=..J

)

'c,.~ ' .r.-<:- {.)0~-s- ~v -s ~v

~I ..... I- -
1------- Deleted in pTLA6NC

~ú ~o ~0

~~ I
"'"

~'?' 4,0' $)
;::..~¿o¡:-...u.: _

I I I I

- I-

)

Fl G. 1. Ge net ic map oí rhe ocrop ine-rype TI plasmid. Nucleot ide I is taken as rhe Icfl cnd of the left border oCTL . Genes lranscnbcd írorn left to right are shown
above the scale, while genes lranscribed frorn right lO left are shown bdow the seale . Known or suspected polycistronic ope rons are indicated with hor izontal arrows.
A l2.&-1<b region deleted in the widcly studi cd pTIA6NC is indicated by a horizontal bar on line 4. Regions lhal can forrn heteroduplexes with onhologous sequen ces
ot pTIC58 (27) are indicated with crosshatch ed bars . Green bars indicate genes that are locatcd on the TL region or T R región and transferred ro plant cells. Red bars
indicate genes in the vir regulon, all of which are regulated by VirA and VirG, and many of which are required (01 T-strand processing and trans fer, Purple bars indicare
genes required Ior interbacterial conjuga l transfe r of the TI plasmid. Light green bars indicare genes required for vegetative replication and parütioning of the TI
plasmid. Dark blue bars indicare genes encoding ATP bind ing cassette-type opine pe rmeases, while light blue bus indicate opine catabolic genes. Orange bars indieate
regulatory genes. Black bars indicate suspected IS dements (in lbis case. bars represen t DNA sequence similarities rather than ORFs), while grey bars indicare ORFs
of misceUmeous or unknown funcüon. Gene names beginning wilb the leller "y " indicare lbe position of the gene,sucb that the second tener represents position in
tens of kilobases, and the lbird lette r indicares position in single Jcilobases. During rhe analysis of all these scquences, we found lbal rm/, mas2' , masl' ; and ags bad
sequenoe disaepancies relative 10 orthologous genes from olber TI or Ri plasmids. These regions were resequeueed after PCR ampliñcation, and three errors in tbe
original sequence (4) were detecte d and corrected, TIte resulüng DNA scquence of rbe TI plasmid Iw beea deposited in the GenBanle DNA sequen ce database
(accession no, AF242881). MoslTI plasm id sequences were previously depos ited in DNA scquencc databascs, and!he original sourees of these sequenees are provided
in the annotations oí our compiled scquence.
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Gc nelic locus

T-ONA genes
ag)
Gene 5
iaaH and iaaM
ipt
mas l ' and mas2'

Des
oru
Iml (gene ób)
Borders A. B, C, O

Ove rdrive

vir loci
virBI-11

virc and -O
virE

virF
virHI-2
virM, -L . -K, -l , -F, -P, -R, -0 3.

-05 . »nd -E3

Iruer:>¡·.;te rial co njuga rion genes
IrGAFB. rraCOG
trbB·1
oriT

Vegetative replication genes
TepAR
TepC

Opine uptake ge nes
agaOBCA
agtABCO
motABCO
moaBCOA
oceQMPl
opMBCOE

Op ine catabolism genes
agaE
agaFG
agcA
mocAB
mocCO
mocE
ocd
oa:cAB

Transcriptional regu lation genes
moaR
moe R
mocS
oceR
traR and tral

traM
trlR

virA and virG

15 elements
1S71L and 1S71R
)'be, JOe, and yqc
ybf
ynj
)'pO

¡sj
yta
ytb

Descript¡" n

A gro pine synthase, laci on ization of mannopine
Syruhesis o í indole-L lacta te, an auxin antagcnist
Conve rsi ón of tryp tcphan lO indole acetic acid (auxin)
Co ndensat ion of AMP and isopentenylpyrophos phate lO fonn isopen tenyl-A MP. a cyiok in in
Man nopi nc synthase: condensa rion o f glucose wi th glutamine o r glu ta rna te foll owed by

red uc tion
Octopine synthase, rcdu ctive condensat ion of pyruv ale with fou r basic ami no acids
Opine expon from pla nt cells
Auxin sensitivity
cis-acting sites required for T-ONA processing, Iunctionally equivalent to conjugal origins of

trans fer
cís-acti ng sire for op iirnal T ·ON A transfe r; VirCI bind ing site

Type IV tr anspo n system 10 transfer T -ONA and Vir proteins fro m bacteria to hOSI
cytoplasm

T-ONA pr oce ssing, VirOI and Vir02 nicle at T-ONA borders; VirCI binds overdrive
Nuclear tra nspo n of T-ONA VirE2 binds síngle-stranded ONA and has nuclear

localizat ion sites; VirE I is a chaperone for VirE2 transpon
HOSI ran ge factor
P450 -type oxida ses; VirH2 O demeLhy lat es phenolic inducers
Othe r members of the vir regule n; VirP resernb les phospha tases

Ti plasrn id conj uga! ONA proeessing
Type IV transfe r systern req u ired for Ti plasrnid con jugaLio n
cís-acting site required for co njuga tion

Putative par tition ing sysiem
Essential for vege ra tive rep licat ion

Agropinic acid pe nnease
Agropine pe nnease
Mannopine permease
Mannopin ic acid pe nneas e
Octopine perm ease
Putative pennease for an unlcnown subs tra te

Conversión of agropinic acid to mann o pinic acid
Co nversion of man nopi nic ac id to gluta mic acid and man nose
Catabolic mannopine cyclase , for conversion o f agr opin e to mannopine, rela ted ro ags
Oxid oreductase, and dehydratase?
Conversión of mannopine ro glutamine and glucose
Kinase?
Orn ithine cyclodeaminase for convers ion of ornithine lO proline
Oxido reductase for conversi ón of oc topine- type opines 10 pyruvate and corresponding basic

amino acid

Repressor of agaD-A, agaE·G, and moaB-A operons
Probable regul ator of the moeD-agtO an d mocC-A operons
Resernbles MoeR, funcLion un lcnown
LysR-type octopine-responsive regula to r of the occQ-traR opero n
Lux R-Lux I-type quoru m sensing regula to rs; Tral syn thesizes 3-oxooc tanoylhomoserine

lactone; T raR is a transcription al ac tiva tor
T raR antagonis t
T ra R anlagonist; TrlR resembles TraR bu t is tru ncated and may inh ibit TraR by forming

inactive heterornultirners
Two-cornponent regulators of vir regulon; VirA is a transmernbrane histid ine kinas e; VirG

is an OmpR-type response regulator

Apparenl 15 elernent, interrupted by inse rtion o f yqc 15 elernent
Resernble 1S66 of A. tumefaciens
Resernbles IS/203 o f E. coli
Resembles IS1313of A. tumefaciens
Resembles 15869 of A. tumefaciens
Resembles 1S492 of Pseudomonas sp.
Resernbles 1S21 of E. coli, disrupted by 15 element ytb
Resembles IS1111a of CaxU/la bunulii

Rcfercncefs]

24, 40
57
55
66
24

21
75
108
125

110 , 113

106, 116

111, 122, 123
14, 101

73
5 1
50, 52

104
104

70
Unpub lished dala
80
70
112
33

70
70
54
54
54
54
114
114

70
54
54
115
36,77, 128

32
SO, 127

61

Unpublished da ta
Unpublished data
Unpublished dala
Unpublished da ta
Unpub lished da ta
Unpub lished data
Unpublished dala
Unpublished dala

Conlinued on following pagt:
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i) ('.scriplion

Genes with misce lla neous and
unknown íunctions

aptA
hupT
melA and ·8

rrulJ
yhg
ylb
yld
yle
ylf -yng
ysa
ysb
ysc , ysd, and yse

Exelus ion 01 bacter iophage Ap 1
Resembles HNS ·l)pe pro te ins
Resembles rnethyl-accept ing chemor axis proieins: possible ro le in chernotaxis lO opines .

MelB is sever ely tru nca ted and inhibits chernotaxis in A . tumefaciens
Rese mbles meth ionin e synthase
Resernbles oxido reductases; possi ble ro le in opine calabolism
Resern bles D NA inve rtas es : possi ble role in plasmid maintenanc e
Rescrnbles DNA invertases; possible ro le in plas mid mainlenance
Resernbles plasm id stabil ity loc us; poss ible role in plasmid maintenan ce
Funct ions unknown
Resembles integration host fact o r; weakly indu ccd by vir inducing stimuli
Resernbles cold shoc k prot ein s
ysc and ysd resemble 3' end o í traA of Ti pla smid ; yse resem bles T i pla smid trai'; nene is

detectably expressed

I
1
80, 127

33
70
Unpublished d ala
U npu bl ished da ta
Unpublished dala
Unpub lishe d dala
52
52
29, 52

• Types 01 genes corres pond lObars in Fig. 1 as Iol lows: T·DN A gen es, dark grccn bars: "ir loei, red ba rs; inrerbac rerial conjugation genes , pur plc bars; vegera rive
replicatio n genes, lighl green bars; opine uprake genes. dark blue ba rs; opine carabolisrn genes , lighl blue bars; transcriptiona l regulat ion genes, or ang e bars; 15
elements, black bars; and genes with miscellaneous and unknown functions, grey bars.

In the pre sence of proteins encoded by the vir region (see
below ), th- DNA with in the T regio ns undergoes several pro­
cess ing sieps Q-j!l22: Each bor der is c1caved 0E the bottom
DNA stran d at a slte exactly 4 ll!!9.eotides from its leh end.
This react ion is ca talyzed by the VjrD2 protein (see below),
wh ich rem ains cova lently boun d to the 5' end of ea ch c1eaved
stra nd. Wh ile the top stran d remains in duplex form , ap prox­
ima te ly half of the bottom strands can be recovered in a single­
stra nde d linear form , referred to as T strands (97). These T
stra nds are thought to represent the transferred form of the
T -DNA and are probably formed by displacement during roll­
ing-circle DNA synth esis that initia tes from the 3' ends of each
right border. At an early stage of tra nsformation, T st rands can
be detected in plant cells (124), showing that the T-DNA is
tra nsfe rred in a single-stranded form . T strands ar e in teg ra ted
into the ho st genome at appa rently ra ndom sites byilIegiliIllilte
recomblO atlon ( 72) and are slab ly transmitted to daughter
plant cells upon mito tic ce ll división , and du ring meiosis and
syngamy.

EXPRESSION AND FUNCI10NS OF
TRANSFERRED GENES

Collectively, TL·DNA and T R-D NA encode 13 proteins
(Fig. 1, dark green bars) . The nontran scribed regions of each
transferred gene possess many of the featu res of planl genes,

. including typical eukaryotic TATA and CAAT boxes, tran­
scriptional enhancers, and poly(A) addi tion sites (6) . No in­
trons have been reported for any of the A. tumefaciens trans­
ferred gen es, although at Ieast one T·DNA gene in
Agrobacterium rhizogenes cont ains an intro n in its 5' nontrans­
lated region (71) . The cod ing regio ns of the T-DNAs have a
G +C conten t of approximately 50% . Howevcr, the intergenic
regions, especially the 3' nontransla ted regions, are extremely
poor in G 's and C's, approximately 20 to 30%.

One group of T-DNA genes dirccts the.pmductíon of pl~nt

growth hormones that are responsible for the prolíferation of
tlle transfoi'lned plant ce 115 (6). The iaaM ancUaaI! products
direct the conversion of tryptophan via-indoleacetamide to
indoleacetic acid (auxin). TheJJu.product condenses isopente­
nyI pyrophosphate and~ (6), and hos l enzymes are pre­
'umed to convert the resulting isopentenyl -AMP into the cy-
ikínin zeatin by removaI of the phosphoribosyl group and
(droxylation of one methyl group of the isopentenyl moiety.
wo other T-DNA genes are thought to play ancillary roles in

tumorige nesis . The gene 5 product direc ts the synthesis of
indo le-Bvlacta!e, an antago nis tic auxin amlog uc (57), while (m!
(also designat ed gene 6b) inc rea ses the sc nsn ivity of plant cell s
to phyto ho rmones by a mechan ism that rernains to be discov­
ered (108). This gene can provoke tumors in ce rtain host plan ts
in the abs e nce of the other oncogenes (42) .

A second se t of transferred genes di rec ts the production of
bac teria l nu trie nts called o pines. Octopine-type Ti plasmids
direct the ir hosts to synthesize a t least eig ht opines. T he oes
gene en codes octo pine syn thase, wh ich reductively condenses
pyruvate with eit her argi nine, Iysine, hist idine, or omithi ne to
produce oct opi ne, lysop ine , histopine, or octopinic ac id , re­
spectively, all of which can be detected in crown ga ll tumo rs
(24). The mas2' product is thought lo condense glutamine or
glutamic ac id with glucose (a lthough this has no t been exper­
imen tally de mo nst rated), while the mas]' product reduces
these intermedi ates, form ing man nopine and manno pinic acid,
respectively. The ags product ca ta lyzes the lact on ization of
mannopine to form agro pine. Mannopine and agro pine a lso
can spontaneousIy lactam ize to form ag ropinic acid (24) . T hu s,
tum ors induced by stra ins harb oring octo pine- type Ti pla sin ids
can produce as many as four member s of the oc to pi ne fam ily
and four members of the mann ityl opi ne family.

Ti PLASMID-ENCODED PROTEINS REQUIRED FOR
T-DNA PROCESSING AND TRANSFER

Proteins responsible for T-DNA processing and transfer a re
cncoded by the vÍT region of the Ti plasmid. Tw enty genes in
this region are essential for wild-type leve ls of pathogenesis on
most host plants and are expressed in six ope ro ns, virA, -B, -C,
-D, -E, and -G. The proteins required for border cle avage a re
encod ed by virD J an d virD2, with the V irD 2 prote in remaining
covalent ly bound to the 5 ' cnd of the T -strands (98, 123) .
Purified VirD2 c1eaves single-stran ded o ligonucleotides con­
taining border sequences at the sa me si te, creating a cova len t
bond between the 5' phosphate and tyrosin e 29 (86). This
reaction is fully reversible, indicating that the DNA-protein
phosphodiester Iinkage is a high-en crgy bond and suggesting
that a reverse reaction might be important for the integration
of T-DNA into the plant genome (109). VirD2 alone was not
able lo cleave the same sequence in doubIe-stranded form but
was able lo do so in the presence oí VirDl (90). VirCl binds
to the overdrive site, which líes adjacent to the left border
(111). VirCl and VirC2 are not required for T-region process-
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wh ich lcads lo transcription uf vir promorcrs, T·DNA is processcd hy the Vir02 protcin, and singte-srranded lincar T strands are furmcd by strand di splaccrncnt. T
strands and VirEl are transfocatcd from rhc bacteria vi. a porc cncodcd by thc ,;18 operan and form a T complex within rhc plant cytoplasm, T complcxcs are
transportcd into the nudeoplasm vi;, Ihe host protcin k:OI)'Upherin alph a, and rhc T-ONA is intcgratcd into gcnornic DNA. Transferrcd genes cneode phytohormonc
synthases that lcad to planl cdl prol íferat ion and opine synthases that provide nurricnts In rhc rolonizing bacteria . Opines are rclcascd from th c plant cell. cn tcr tbc
ba cteria vi. dcdicatcd opine pcrmcascs, a nd are caiabol izcd via opine-spccilic catabolic protcins, Op ine pcrmeascs and catabolic c nzym es are encoded by thc T i
pla smid , For thc sake uf clariiy. the rclari vc oricnta tions uf vír ge nes and T·DNA havc bcc n invc nc d.

ing but arc requ ircd for efficicnt Tvstra nd transfer into most
host plants, suggcsting that thcy play a role in T vstrand expon,

The T-DNA transfer apparatus is encoded by thc virE
operon, which contains 11 genes (11) . Each cxccpt VirBl is
essential for tumorigenesis (5). AH ID csscntial proteins havc
been localized to the inner or outcr mcmbrane, and rnost
appear either lo be integral rncrnbranc protcins or lo be ex­
ported from the cytoplasm (107). Two VirO proteins, VirB4
and VirOll, are peripherally bound to the othcrs and located
primarily in the cytoplasm, although a small part of VirI34 may
span the inner membrdne (19). VirI34 and VirBII havc
ATPase activity and are lhoughl to provide lhe energy re­
quired for exporl of olher protcin sl:!.unils, for T-strand lr.ms·
P0rl, or both (12,93). VirB prolcins direct the produclion of
pili lhat resemble conjugalive pili (31), and Vir132 is lhc majar
subunit of thcse pili (5R). Vir132 is proccsscd to a 7.2-kDa

product that is cyclized such that thc a mino terminus is linkcd
to thc carboxyl terrninus via an amide bond (26) . Cycli zat io n
docs not require any TI plasmid-encoded proteins but docs no!
occur in Escherichia coli, suggcsting that this react ion rcquircs
a protein encoded clsewhere in thc A . tumefaciens gcuomc.
VirB7 may help 10 anchor this pilu s 10 the bacterial cell, as it
is an outcr mcmbranc Iipoprotcin that forrns disulfidc bonds
with thc periplasmical1y localized Viril\) (2 , 96). The Virl3
mating bridge is thought to be couplcd lo the T-strand cornplex
by thc VirD4 protein, which is located in the inner mernbranc
and is absolutcly required for transfer (67, 82). VirBI possesscs
scquence motifs found in bacterial transglycosylases and cu ·
karyolic Iysozymes, suggcsting a role in the localized digestion
of lhe pcptidoglyc-dn (78).

The Virl3 appardtus delivcrs T stranús to the plan! ccll
cylopl asm, wherc additional stc(1s arc rcquircd lo transport
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.. ' O"lA lO I¡'C nuclcop lasm and lO integrare H 1010 host
hlS . ,..., . I
O l'iA. The carboxyl terrn inus of "Ir~_ ccntams a I1~C ca!
íoc al ization signal lha l is thought 10 guidc nuclear ~~rge tlOg .by
inreracrin g with thc ka ryo pherin alpha and cyclophilin pro lel~s

(3. 23. 44). T he VirE2 protein app~ars also ro playa .role lo

nu clea r impon. This pr otc in binds tightly ~nd coopera.llvely lO
si nglc-s lranded nucl eic acids, Iorming co iled, cyhndnc~1 ~l a­
me nts (14) . Like Vir02. VirE 2 conta ms nuclear localiza tion
sites rha t mediare transpon oí thc T· O NA Crom rhe cyioplasm
to th c nucleopl asm (15) .

T ra nsgenic plant s express ing VirE2 ca.n be lran s~orm:d by
l'irE2 rnutants of A . tumejaciens , ind icating that VlrE2 IS re­
qu ired on ly in pla nt ce lis ( 15). Similar da.ta have bccn o?ta ine.d
for ano the r pro tei n, VirF, whieh is rcqu ircd for turnongencsis
on suc h plan ts as tom alO and Nicotia na g/auca (87). Mu tations
in e üh er virE2 o r virF can be eomplemenled extracel lularly,
ihat is, by co infcction with a hel pcr strain posscssing the vir
region bu t lacking an oncogenic T·ONA (73.84). Init ially, it
was thoughi that sue h com plexes were formed within thc bac­
ie r iu rn, bUI more recent genctic evide nce suggests that VirE2
and T -ONA are Iran sferred separate ly and Iorm eomplexes in
the plant cc ll cytoplasm (J0 1). T ra nsfe r of VirE2 rcquires
Vi rEl , while tra nsfcr of T-DNA docs not, s:'Uesting ihat
Vi rE I ac ts as an expo n chi perone for Vir E2 (22, 101). Con­
ve rse ly, ir an sfer o f T-DN A requ ires VirCI and VirC2 while
transfer of VirE2 docs no t rcquire cithcr prot cin (13) . Thcsc
sI lid ies provide Ihe bes l evidencc tha l T strands and VirE2 a re
Ira ns Cerred inde pe nde ntly. alth ough biochemical eviden ce ad·
d ressing lhi s hypolhesis will awai l fulure studies. Th ese dal a
indica te lhat the virB-en coded trans fer syslem, in addition lo
tr:lnsfe rring T -O NA, can carry ou l con tac t-dependenl tra nsla­
ca tio n of al leasl three prot eins, Vir02, VirE2, and VirF. This
pr operty of protein transport is highly reminiscenl of the fam ily
o f type nI prot ein translocaúon system s oC planl and an imal
pa thogens, a ltho ugh Ihesc systems have independent anees·
Irics (18, 37).

M any aspe ets of T- ONA Iransfer resem ble inlerb aeleri al
conjuga l transfer of plasmid ONA (63). In both processes,
tm nsfer is initia ted by single-st randed scissions at spccific cis­
aCling siles. Moreove r, Ihe pro tein tha t cal alyzeS lhe scission
remains bound to the 5' end of the e1eaved strand , and in both
cas es , DNA is transferred in a single-stranded form oTh e mo sl
direcl ev idence tha t the T-D NA tra nsfer apparatus evolved
from a conjuga l tra nsfe r system is Ihe extensive scqu ence sim­
il:lr ities between Vir proteins and ccrtain Tra pro te ins. For
exa mple. a1l 11 VirB proteins resemble the matin g pair forma­
tion (Mpf) subse t o f T ra prote ins cneoded by the IncN plasm id
pKM 101 and show a lower degree 01' simiJar ity to the Tra
pro tei ns oC IneW, IneP, and IneF plasmids (48, 62). Similarly,
the Vir01, VirD2, and VirD4 proteins resemble the donor
lra nsfer and replication (Otr) subset of Tra prot eins . In facl ,
th e virB an d virD operons together would constitu le a com ­
ple le se t of conjugation proteins. The T -ONA bo rde r resem­
bIes Ibe oriT siles of IneP plasmids, and nicking occurs al
ide n tical po sitions in the IwO transfer systems (117). The gen e
family of Vir and Tra prot eins also ineludes the Pt l proteins oC
Borde/ella penussis, which direct the export oC perlussis toxin;
the VirB proteins of BruceOa spp., whieh are required for
inlracellular survival; and other protein translocalOrs of bacle­
ria l palhogens, co1lectively referred to as type IV exporl sys­
tems (18) . The VirC and VirE prolcins do not significantly
rcsemble known transfer proteins, and VirCl resembles a plas­
mid partitioning protein (38).

Sorne members of the vir regulon are nol essenlial for lu­
morigenesis on aH hosts and may be rcquired only in spccific
hosts or may play other roles in pathogenesis. These inelude

virD5, -EJ . -F. -H, -J, ·K -L. -M. P, and -R (50, 52). Howcvcr .
~h ~ lac k of an appare» r();~ in iumorigenici ty could be ,.
ccnsequ ence u f functional redu nd ancy. For exarnple, virJ is
essc nria l fo r tum origenicity, bu t on ly in the absence of the
homo logous chrornosornal gcne acvll (49). The virH operon
co nsists of IwO genes whose products resernble the family of
P4S0 mo nooxyge nases (5 J). Vi rH2 chemiea lly mod ilies ce rtai n
phen ol ic vir gene inducers by O demethylat io n. co nverti ng
thcm \0 noninducers (51). For cxarnplc . the inducer Ierrulic
acid is O dc rnethylated to cre are ihc noninducer cafícic acid.
This find ing sugges ts ihat VirH2 acis as a regularo ry goveruor.

UPTAKE AND CATABOLISM OF OPINES

As described aboye, seve ral T·DNA·encoded genes direet
the syn thes is of opi nes, whieh se rve the bacteria as nut r ie rn
sourees. Ove r 40 genes are devotcd 10 opine upta kc and ea­
tabolisrn. These include no Icwer than six ATP binding cas ­
sette-type permeases (Fig. 1, dark bluc bars) and 12 opine
ca tabol ic enzymes (light blue bars), whose fun eti on s are sumo
marizcd in T able 1.Thesc opine pe rmeases are only disiantly
relatcd to each ot her , suggesting tha t they were adaptcd frorn
diverse sources. An additional gene (meLA) could encode a
protein tha t resernbies rne rnyl-accepting chernoreccpt o rs. A.
tumefaciens stra ins are chc rno tac tic toward opines, and cherno­
taxis rcquircs the cognatc periplasrnic opine binding protcins
(each a component of an opine uptakc system) but does not
requ ire Ti plasmid-en eod ed me lhyl-aceepling ehemo tax is pro­
te íns (53) . It see ms likely thal this is ano ther example oCre ­
dundancy in which lhese periplasmic binding proteins e ¡lO

inl eract eilher with chromosomally cneodcd or wilh Ti
plasmid-en coded meth yl·aceepting ehe motaxis pro te ins .

Ch ar aelerisúcal1y, T i plasmi ds code only Cor Ihe opine ca­
labol ism systems tha t correspond lO Ihe sel o f opine biosyn ·
thesis genes located in the T regions. This presenls the inter­
esting prob lem of how thesc paired gene syslems arise and how
they remain gro upe d togelh er despile the fae l tha t Ih ey a re
located in difIer ent segrne nts of lhe plasmid. Seque nce analysis
of the mannopinc -agropine catabolic loci indicated thal cenain
of th ese genes resem ble the eognale opinc biosynlhctic genes.
The ca tabo lic protein AgcA, which inlerconvens manno pine
and ag ropine , resemb les the agropinc syn thase prote in Ags,
whieh carr ies out the same reaclion. In facl, ags can comple­
ment ;¡n ageA mutant for Ciltabolism uf agropine (40). Simi­
larly, MocC and MocO, which together degrade manno pine.
resemble Masl' and Mas2 ' , which synthesize mann op ine (54) .
Base d on these comparisons, we have suggested tha t the T­
reg íon gen es coding for mannityl opin e synthesis by lhe trans­
formed plant eeHs arose by gene duplica tion from bact er ia l
genes required for cat aboli sm of these or elosely relaled sub­
strates (54) . How ever , not aH op ine synt hases resem b le the ir
eorresponding ca tabolie enzymes. For examplc, lhe oc topine
and no paline synthases do nol resemble their cognale ca tabol ie
enzyrne s.

REPLICATION FUNCTI ONS

A DNA fragmenl containing just repA , repB , and rep C pro­
vides a ll functions required for slabl e replication in A. /ume­
faciens (104) . Only repC is cr itical for veget a tive replication .
while repA or repB is requ ircd for stable plasmid inheritanee.
RepA and RepB resemble a family of plasmid partitioning
systems that are thoughl to ensure thal during cell division
each daughtcr ceH inherits at least one copy of the plasmid. AH
threc genes rcscmble rcplicatioD genes of olhcr largc, low­
copy-numbcr plasmids prescnt in mcmbers of the family M i-
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robi-:..eae (64) . lncompatibil ity fu nc tio ns also are determ i~ed
by th e ONA fragment co ntai ning [::pA BC .(56). The oct0 ;:> I ~ C '
iype Ti plasm id is incompatible with nopahn~-type !i plcsrnids
(41 ) , but in spi te o f the rclat~dness. of t ~elr rel?hcato rs, the
octo pi nc Ti plasmid is compatible wi th RI plasrnids (17).

INTERBACfERlAL CONJUGATION OF TI PLASMIDS

The oci opi ne Ti plas rnid is capablc of int erbac tc rial e~nju .

ga iio n (28) and eontai ns a co mple te ira nsfer syslem .(Fig.. 1.
purple bars). On the basi s of si rnila rity to ot hcr conjuga uo n
syste rns, the cluste r of Ira genes pro bably is required for ONA
tr ansfer and replication, while the trb ge ne cluster ís probably
required for mat ing pair format ion and eould direct the syn ­
th esis of co njugal pili . In the clo sely reJat ed conjugation systern
o f pTíC58, trali is not essent ial for transfer , although it is
required Ior rnaxirnal cfficiency, while IraH is not required Ior
cfticient transfer (29) and is herc dcsignated a Ira gene simply
because it Iies in the era regulon (see bel ow). AII oth er era a nd
trb genes of pTiC58 a re known o r th ought to be required for
e fficient conjugation (29, 65), with the exception of trbK, wh ich
is probably not rcquircd for eonjugation but may mcdiate entry
exclusión (28) . The three opcro ns c f the con juga! transfcr
system a re strongly conserv cd among a ll of the T i plasrnids
analyzed ro da te (although on e report [103] clairned otherwise.
that st udy was bascd up on an incorrcct ONA scqucnce) , T hese
ge nes also rese rnble the Ira genes o f at least one syrnb iosis
megapl asm id, pNGR234a o f Rhiz obium sp. strain NGR234
(30). The T ra sys tem funct io ns independenlly of the T -ONA
lr ;¡nsfcr sysle m de scr ibed aboye (16).

The Ira ge nes appea r to havc d ivc rse o rig ins. T ra G , TraF,
a nd aJl 11 Trb proteins c10sely rese mble IneP-type Tra pro­
teins. In co ntras t, TraA, the puta tive niekase-hel icase of this
system, does not c10sely resemble any lncP-type Tra protein.
ln stead , the am ino-terminal doma in of TraA, which sho uld
eonta in ori T nicking activity, resembles the strand tr ansferase
of th e IncQ plasm id RSF1010, wh ile its earboxyl-te rmi na l do­
ma in, which contains a possible hel icase, resembles Tra pro­
leins oC IncN, IncW, and IncF plas mids. The oriT also resem­
bIes the corresponding site in RSFlOlO. lnterestingly, the Vir
syste m seems aJso to have chimeric origios, as all 11 V irB
proleins resemble IncN Tra proleins, while lwo VirO proteins,
Vir02 and Vir04, resemblc IncP-typc Tra proleins. The T ­
ONA borders resemble theoriTsite of IncP plasmids (117). In
all cases, sequence simiJarilies between Ti plasmid Tra pro­
teins and corresponding Vir proteins are relatively weak.

REGULATED EXPRESSION OF Ti PlA5MID-ENCODED
GENES

Virtually all of lhe genes described aboye are tightly regu­
lated by proteins that also are encoded on the Ti plasmid (Fig.
1, orange bars). For example, lhe vir regulon ís coord inately
induced in response to bost-released phenolic compounds in
combination with monosaceharides an d extrace llula r acidily in
lhe range of pH 5.0 to 55 (47) . Th is acid ity may be nec essary
lO protonatc phcnolic compounds , which would increase their
membrane permeability. These chemieal stimuli are detected
by the transrnembrane two-component sensor kinase VirA,
which phosphorylales the response regulator VirGo Phospho­
VirG positively regulates all vir promoters, including those of
virA and virG, which results in positive autoregulation of thís
regulon (lOO, 119)_

VirA contaios four functional domains, designated the
pcriplasmic, linker, kinase, and receivcr domaios (9), and cxists
as a dimer both in the presence and in the ahsence of inducing
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stimuli (S5). T hc pcriplasmic do main is rcquired for dctcction
o í a SU6ar b inding prolein ca lled el!'!!:: (S. 92), while 111 (> linke r
domain is required for detectio n o f pheno lic cornpounds. ano
th e rcce ivcr plays an inhibito ry role in vir ge ne expressio n (\1 ).
V irA can undergo autophosphorylation in vit re a nd tra nsíc rs
its phosphoryl gro up 10 Asp52 of VirG (46) . T he carboxyl ­
te rm inal domain of VirG binds to seque nccs ca lled vir boxes
iha r ar e found near all VirG -regulaled prornoters (88 . I IR).
Whilc the re is still some: con troversy abo ut whcthc r phc no lic
induce rs b ind d iree tly 10 VirA (59) , gcnc tic cvidcn cc suggcsts
th at th is is so , since virA genes from diíle re nt stra ins of A .
tum efaciens, when intr odu ced into an isogen ic bac kgr o un d ,
encode proteins that ar e stimulated by different types of in­
d ucers (60).

AJI opine uptake and catabolic systems are induced by thei r
cognate substrates, For examp le, oe topine ind uces transcrip­
tion o f a 14-kb occQ-lraR operon via thc OeeR prot cin, a
LysR-type regulator, OceR bind s lo its bindi ng si tc, which lies
d irectly upstrearn of the occQ prometer, in the presence o r
abse nce of octopine but undergoes a co nfo rrnatio na l ch an ge in
response to octopine (115) . The mannop ine and agropine per­
meases and eatabolic cnzyme s also are induccd by the cogn are
o pines . :-> ro ba bly vía thc MoeR protcin, which resembles the
Lacl repr essot uf E. coli . Similarly, regularcd expressio n of the
aga and m oa ge nes by the cognare opines requires the Moa R
reprcsso r, which resem bles yet ano ther fa mily o f rcgul ato rs,
including the galact icol repressor of E. co/i (70). Exp ression of
the opine ca tabo lisrn gene seis also is infiue nce d by global
co ntro l syslems. Tr anscripl ion o f lhe ma nni lyl op ine ca lah o­
lism gen es, whilc inducible by lheir cogna te subs lra tes, also is
eo ntrolled by cataboli le repression (39, 127), since lhesc genes
are nol induced by man nopine or agropine when favo red car­
bo n sources sucb as glulam ate or succinat e also a re provided .
Furthermore, these ca tabol ic genes are par! of lhe nilrogen
assimüation regulon, since ca tabolite repression by succina le is
no t observed when mannopi ne is providcd as the sole so uree of
nit rogen (39) .

The TraR-TraI syslem posi tively controls express ion of the
Ira and lro operons (F ig. 1, purple b;¡rs). Transcrip tion of this
regulon is controlled by a regul atory cascad e th al is initia tcd by
oetopine acting through OceR, whieh lea ds to expression of
traR (33). TraR in tum is a dir ecl posi tive regul ator o f the Ira
and lro genes (36) . TraR is a memb er of lhe LuxR family o[
quorum-sensing traoseript ional n:gul ators (35) , and its aetivity
requires N-3-oxooctanoyl-L-homoserine laclone (126). Synthe­
sis of this compound, called an autoinducer, is directed by the
Tral protein, which utilizes 3-oxooctanoyl-acyl carrier protein
and S-adenosylmelhionine as subsl rales (36, 77). This com ­
pound is synthesized in the bacterial cytoplasm but diffuses
across the cell envelope and acts as a bact erial pheromone,
providing a mechanism for lhe bacl eri a 10 estimate their pop­
ulation densities (35). Since the T i plasm id encodes both Tra I
a nd TraR, each conjugal donar takes a cen su s of other don or s
rather than of recipi ents (34) . Purified T raR binds one mo le­
cu le of thís compound per prole in mon om cr an d binds d irec tly
to dyad syrnm etrical ONA sequenees ca lled Ira boxes, which
ar e found directly upstream of the truA, IraC, and Ira! pr omot ­
ers (34 , 128) . TraR stimulates transcription of Ira promoters in
vitro on supercoiled templa tes but ís largely inacl ive on linea r
templates (128). ONA binding by TraR requires the autoin ­
ducer (68).

TraR activity is antagonized by two proteins encoded by the
lraM and trlR genes. lnterestingly, the eraM gene is positively
regulated by TraR, thereby creating a negalive autoregulatory
loop (32) . TraM ís an anliactivator and directly interacts with
the carboxyl terminus ofTraR (45,69). This ¡nteraetion rapidly
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inh ibits '!'ra R acrivity and d isrupts TraR-DNA complcxe~ (6.9) '
TrlR is very closcl y related to TraR in its ~u ;0.~dllcer bmthn.g
doma in but lacks a DNA binding dornain (8U. 127) and IS

ihought lO form inactive nererodimers ,,:ilh TraR: The I~{R

gene is positively rcgul aied by mannopmc. C.on~lsten.l . Wll.h
ihis, mannopine inhibi ts tra gene expr ession, while inhibi tio n 15

abol ished by a IrlR rnut ation (80. 127) .

INSERTION SEQUENCES (lSs) ANO
UNCHARACTERlZEO ORFS

A number of possible ISs are prcscnt on the Ti plasmid (Fig.
1, black bars), although transposition of thes e elernents has not
been dctcctcd cxp crimcntally. Three of these resemble IS66.
which was or iginally found inserted in the iaaH ge ne of a s t ra in
of an A. tum ejacicns mutan: ih at cau ses shooty ie ratornas
rathcr than tumors. Howcvcr, sevc ra l of the se IS66-like ele­
ments are considerably shorter than IS66 , suggesting tn at thcy
may be detective rernnants of the original elern ent. The other
possible lS-like elements re sernble a wid e varie ty of 15 e le­
rncnts in many eubacteria.

While mo st of thc genc~ in thc Ti plasmid have becn as­
cr ibe d functio us, a contlguous 24-kb re gion (coordinares 112 lo
136) contains 25 ORFs that have no kuown function (Hg. 1,
grey bars), Most of the ORFs in th is regio n are al lc ast 100
codons in length and ha ve moderately strong translation init i­
a tio n rnotiís, and many of these ORFs appea r lo be transla­
lionally coupled to adjacel1l ORFs. AlI of lhese eon sideralions
suggesllhallhese ORFs are expressed genes, bUl lhe funclion s
of lheir producls are al presenl unknown. Approxim alely half
of lhese genes resemble genes identified in genome sequ e ncing
projecls, Ihough non e of lhese homologous genes has becn
characlerized genelically or biochemically.

RELATION OF THE OCTOPINE-TYPE Ti PLASMIDS TO
OTHER PLASMIDS OF THE RHIZOBIACEAE

The modular slructure of lhi s Ti plasmid is enlirely in keep­
ing with the model presented by Otlen and colleagues in which
lhese elemenls evolve by IS-medialed inlramolecular rear­
rangements and by recombination with olher plasmids (83).
Signs uf such recombinalion events are sca tle red over lhe
lenglh of lhis plasmid. For example, IrlR may well have arisen
by a recombinalion evenl that fused the mannityl opine eatab­
olism region with its allendanl mannopine-regulated IraR al­
lele to Ihe region jusI upstream of the octopine catabolism
locus (80, 127). Similarly, the slruclural and regulatory associ­
alion of lhe funclional IroR aIlele with the occ operan arase
fram a fortuitous recombination event thal fused lraR lO occ.
Inlereslingly, such associalions of IraR with various opine ca­
labolism operons are a consistent feature of Tí plasmids (28,
33, 80, 127).

Despite this plaslicity, certain gene associalions seem lo be
strongly cortserved among these eJemenls. Mosl nOlably, the
repARe complex is lighlly linked with lhe Irb operon in alI Ti
and opine catabolism plasmids thal have been cxamined lo
date (pTíC58, pTí-SAKURA, and pAtKB4b) (64). This con- o
servalion eXlends lO at leasl four plasmids presenl in members
of lhe genus Rhizobium (64), suggesting thal lhis linkage is
slrongly seleeted. Consislent wilh this interpretation, the inter­
genic region separaling the two divergently oriented gene sys­
teros on many of these plasmids, including aJl Ti plasmids,
contains two copies of lhe tro box scquence. Coupled with !he
recenl observalion lhat copy numbcr of lhe nopaline-typc Tí
plasmid is posilively enhanced by TraR in a quorum-depen-

den : Iast-ion (64), il is rca sonablc lo con clude th at conjug al
tra ns íe r a nd pl as rnid repiication are Iun cti on ally lin ked .

CONCLUSlONS

As described aboye, most o f the genes of the Ti plasrnid play
d ircct or indircct roles in sorne aspect of iumorigcnesis or
tumor colonization. WC underst and the rol es of rno st of th c
T -DN A-encoded genes. a ltho ug h the functions of some rern ain
mysteriou s. We have sorne ins igh ts about the processin g and
transfcr of the T -DNA, although our undcrstanding uf the
VirB-encoded pore is rudirnentary , ;¡S are the stcp s involved in
nuclear transpon and inlc grat ion. Al least three Vir proieins
a re thought to be transferred from the ba cteriurn into plant
ce lls during infection , though the physical detection of these
pr otcins in plant ceIls rcm a ins a goa l for futurc s tud ies , It will
be in te res ting lo ident ify any add itio nal translocated proicins
a nd to eluc id a re their fun ct ions. VirA and VirG remain im­
port aru paradigms for host detection, and thc rnulLidoma in
structure of VirA remains fertile gruund for future work, Fu­
rure studies will decide once and for a Il whether VirA binds
phenolic inducers directly o r th rough an acce ssory phenolic
binding protein. Of the 34 known VirG-regul aled genes, one­
thi..t Jo not seem essenti al for tumorigen esis (at least on
ce rta in host plants), sugges ting that plant- released vir -inducing
signals el icit múltiple bactcrial responses that rem ain ro be
described.

Another chaIlenge lies in cornparative ana lysis of Ihe many
dilrerenl Ti plasmids lhat h;¡vc been isol;¡led, as we ll as u lhe r
plasmids found in membe rs of lhe m,izobiaceae. We know lh al
approximalely 65 kb of oclopine-lype pla smids a re conserved
in lhe nopaline-lype Ti plasmid pTiC58 (Fig. 1, cr ossh atched
boxes), including part of the T-DNA and lhe ira, trb, rep, and
vir regions (27), while lhe remaining 130 kb are nol conserved.
As more Ti plasmids and relaled plasmids are ch araclerized
(102), il will be possible lO refine our ins ights aboul the evo­
IUlion of these genet ic elements.

The use of A. lumefaciens lO crea le tra nsgenic planls has
become routine for many dico ls as welI as for some monocots,
and yel new insights about fundam enlal as pe cls of Agrobacle­
nl/m-plant interactions will lead lO improved technologies in
plant transformation. FUlure work wilI !cad, for examplc, 10
further expansion of lhe organism's hosl range, 10 new ap­
proaches lO lransferring extremely long fragmenL~ of DNA,
a nd lO new approaches lo using T -DNA to disrupt planl genes.

It is striking thal such a large porlion of the Ti plasmid is
devoted lo opine uplake and catabolism, and few of lhese
systems have been studied in any depth. Sludies of opine che­
molaxis, uptake, and catabolism will conlinue. In addilion, one
challenge for the next 10 years wiIl be to apply these insighls
aboul opines to agricullure. Several rcporls have a lrcady ap­
peared showing Ihat bacteria lhal ulili ze a particular op ine
enjoya competitive advanlage in colonizing transgenic plants
lhal produce !he same opine (81, 89). We suspecl lh al this
lechnology may revolutionize efforts 10 fosler beneficial plant­
microbc associalions.
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Generation of single-stranded T-DNA molecules
during the initial stages
of T-DNA transfer from

Agrobacterium tumefaciens to plant cells
Sco tt E. Stacher, Benedikt Timm erman & Patricia Zambryskr

Laboralorium voor Genetica. Rijksuniversiteit Gent, B-9000 Gent. Belgium

A Clival ion of Ihe T-DNA transf er process of Agrobacterium by the plaTl( sig nal molecule acelOsyringone gen ere : . Q

single-stranded, unipolar, linear T-DNA molecule (T-strand)-a potential conj uga tive intermediate in the transf er oj lIJe
T-D N A to plant cel/s. A celo syringone inductioTl also leads to S, nuc1ease-sensiti ve sites at the Ti plasmid T-DNA borden ,
Cl nd oth er mo lecular chang es associa ted with the Ti plasmid T-DNA sequeTlct;s, which ma y correspond 10 specific sleps of
T-stra nd synthesis.

D URI NG the genetic tr ansformation of plant cells by the so il
palhoge n Agrobacterjum tumefa ciens (reviewed in ref. 1), a

·speeific segment of DNA. üie T -DNA, is recognized in a nd
mobilized from the la rge (>200 ki lobase pai rs; kbp) Ti plasmid
of the baeterium. tr an sferred across the cell wa lls of the ba c·
lerium a nd plant ce H, a nd integrated as an un altered fragmenl
into lhe plant nuclear ge nome. Analysis of the t ransfer proces s
has focu sed on wh at d efines the T-DNA; lhe ge neli c requ ire ­
ments for transfer other than the T-DNA; and the mechanism
of tra nsfer.

In lhe lí pl as mi d . the T-DNA is bounded by essefllia lly
ident ica l 25-base pair (b p) direct repeats 2

-
5

• These sequences
define lhe T·DNA, for any DNA, and only DNA, loca led
between T-DNA borders is elfieient ly t ransferred and
integrated 6

-
9

• The T-DNA tra nsfer pro cess is d ireeted by lhe
productS of the TI plasmid viru lence ( vir) and chromosomal
virulence ( chv ) lo ei ( reviewed in refs 10. 11). \\2Je reas chv

• Present.addrc ss: lnslilule of Cancer Rcsearch and Howard Hugbcs
Medical lnstilute, College of Physicians and Surgeons, ·Colombia Uni­
versity, New York 10032, USA (S.ES .); Division of Molecular Plant
Biology, Hilgard Hall , Univcrsily of California, Berl::e1ey, California
<]4720. USA (P.Z.).

expression is c~nsJ.Í.lt,!Jive , vir expression is ti;htly regulaled' ~ · I ! .
and its aetivali on in itia tes the transfer process. This act i \" a ~ i ~ n

is med iated by specific phenolic cornoounds present i~ {~e

ex udales of wound ed and actively mel abol íZing plant cell~ . ..Joe
such compound is acelosyringone (AS; 4-acet yl.2.b­
d imethoxypheno l) " .

Genetic ana lyses of th e 25-bp sequences have indi ca ted IhJl

lhey are polar in funct io nI 5
•
16

• W¡¡ile delet ion of the lef¡ borda
repeat has ¡lO significant effeet on pa thogenieityl7, deletion oC
the right repeal totally abolishes it lS

•
16

•
1S

• Furthermore, whcn
lh e ori en ta tion of the right border is reversed wilh regard lo iu
natural orienlalion on lhe lí plasmid. lhe effieienl traMfer
and/or integration of the T-DNA sequ ences is greatly a;!e:,:)­
aled. Th ese resu lts ind icate that T·DNA transfer may oc':- :" in
a rightward to leflward fashion, deterrnined by the orien¡dijOn
of the 25-bp border repeats, and suggest thal transfer rnight be
via a conjugat ive mechanism lS

•

B~rt 'Jo!': use hyhridiz.atioo lcch niques to directly identify and
characterize novel structures associated with the T-DNA anó

its bo rd er seqtiení::es in Agrobacterium following ind uetion oC
vir gen e expression with AS. A varialion ofthe Southem blouing
lransfer procedure is used to d istiriguish betwe~n;jngle_strandcd
(ss) and double-strandc:d (ds) DNA mo lecules p rese nt in tot JI
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fi . I Hybridization analysis oftotal DNA prepared from AS:;ndueed Agrobacterium: A.T-DNA
re:ion of the pGV38S0 TI plasrnid". The interior portion of the T·DNA of ~TIC58 has been
replaced with PDRJ22 (wavy line) . HindllI fragrnents lO (hatch~d) and 23 (white) from pT'CS8
C3rryingthe rigbt and left 2S.bp T·DNA border sequences respec\lvel~(blaclc arrows) ; H, Hlnd.111

. 'rcslriction si te , B, Strucrure ofthe 9.S-lcbpds T-DNA cirele moleeule isolated after tran sforrnation
of E. coli with undigcsted total DNA from AS·induced pGV38S0 Agrobacteria: e, Southem bl ot
h,bridization analyses of Agrobaclerium DNA. Total DNA prepared from inindueed (-) and
;~ .i ndu ced (+) 38S0 agrobacteria was analysed by hybridization against nick-translated J2p.
; ,; d led pDRJ22 probe. Lane 1, denatured transfer (dt) of untreated DNA; lane 2, non -denatured
t:Jnsfer (ndt) of unlreated DNA; lane 3, denatured tran sfer of total DNA digesred with S,
r.uclease; lane 4, non-denaturcd transfer of S, .trealed DNA. Scaling on left is in Icbp. Arrows
inc.licale novel signals observed in the AS-iriduced lanes. Note that all of these novel signals are
also observed, albeit at a lower level , with DNA prepared from Agrobacterium co-culri vated with
Nicotiana rabacum protoplast cells (data not sbown).
:\l<tbods. An ovemight culture of38S0 Agrobacteria grown in YED liquid medium was resuspended
in MSSP mediurrr'" at O.OS A60Q units ml" and grown a t 28 "C with high aeration. After S h of
preincubaiion growth, acetosyringone (Janssen) was added to half ofthe MSSP culture at 100 ...M,
a concentratio n th at is non-Iimiting for induct ion of the Ti-plasrnid vir genes". The uninduced
and AS·i nduced cultures were grown for anolher 12-18 h and a parallel culture of the virB:: lac

-ain A348(pSM30) ( reís lO, 14) was used to moni tor vir induct ion; under these conditions th e
. ltures undergo two to three doublings, and > l Oü-fold increases in .B.galactosidase act ivity are

, oserved in A348(pSM30). The bacteria were collected by centrifugation and total DNA prepared
as described previously". Briefiy, the pellet from S mi of celis is Iysed in 200 ...1TE (50 mM Tris ,
20 mM Na 2-EDTA, pH 8.0), 100 ...1 S% sodium sarlcosyl and 100...1 pronase (10 mg ml- I) for
4S min at 37 oc. The lysate is then vortexcd for IS s (Iight-shear) , extracted twice with phenol and
twice with chlo ro fo rm, and the DNA recovered by EtOH precipitation. E. co/i was transformed
with uninduced and AS·induced DNA as described previously'", and the AS·induced preparat ion
was determined to give transformants carrying the ds T·D NA circle molecule diagramrne d in B.
A1 iquots (1 ...g) of total Agrobacrerium DNA (either un treated or S,-digested) were then elec­
tro ph o resed in 0.9% TDE agarose gels containing 0.5 ...g ml " EtBr, transferred to nitrocellulose
in 10x SSC, and analysed by Southem blot filler hybridization. Two different transfer condtions
. w e been used, denatured and non-denatured. For den atured transfer, the agarose gel is soa lc ed
;. denaturing solur ion for 60 min followed by neutralizing solution for 60 min befor e capillary

:'Ion ing. For non-denatured transfer, the gel is soa ked in H20 for 10min, then 10x SSC for
lOmin, before blon ing. For the S, nuclease d igestions, I ...g tolal DNA in 200...1 S, digestion
buffer was incubaled with SO U S, nuclease (Boe hri nger Mannheim) for 30 min al 20 oc. The
reaction is terrnina led by add ing 20 ...1 lOx SI tennination buffer, Collowed by phenol extracti on
and ElOH precipil alion . Unless olherwise spec ified , all buffers and condilions used here and in

Figs 2-5 are accord in g to Maniatis eeaeo.
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DIJA,. prepared from lhese ce lls . Ev idence is presenled for (1)
;·r~ ~ ss T-DNA molecu les (T ·s lra nds ) whose po la rit y co rre·
;po nds lO lhal of the T·D NA b o rde rs ; (2 ) ss endo nuclease ·
;ensitive slruclures associa led with lhe Ti pl asmid T-DNA bor­
de~< (S, border siles); a nd (3) molecular alterati ons ass ocia ted
·....i:h lhe inlemal sequences of lhe Ti plasmid T .region (T . regio n
;¡ruct u res ). We discuss lhe pOlenlial role of each of lhese AS·
ind uced T -DNA homologous molecules in lh e lr a nsfer of lh e
T-D N A lo lhe pl ant ce l!.

Fi'ee T-DNAs in AS-induced cells
F : these s lud ies we used A groba cterium carryi ng T i pl asmid
pG V}8S0 (ref. 6). pG V3850 h as been derived fr om lh e nopa line
C58 Ti pl asmid, and lhe strueture of its mini mal T·DNA regio n
is sho wn in Fig. 1A. Strain 3850 ha s been used pr eviously lO
iso late and idenlify a 9.5 kbp ds T-DNA circl e molecule
;Fig. lE) following tr an sfonnation of Escherichia coli Wilh lolal
DNA prepared from planl l 9 or AS·induced A grobacreria'4; lhis
T·DNA circle has been proposed as a eandidate foi- the T-DNA
rnolecu le that is transferred to the planl cell . Qur ini li a! experi­
J;' ~ ~ ts a imed to identify lhe presence of this molecule direclly
i: Agrobacterium.

Tolal DNA was prepared from AS-induced ce lis and found
lo produce ds T-DNA circles in E. colí; this AS -induced DNA,
along with total DNA prepared from uninduced cells, was
Cr.aetio:J:ltc¿ by aga~ose ~d c!eetrophoresis and transferred lO a
nltrocelluiose filter foilowing gel úenaturalion ( na.rm a l Soulhem
transfer procedure, see below) . Two T·DNA ho=ous signals
are observed in Fig. 1e, lane 1. Since lhe DNA is undigested,
(he upper signal represents .Ti·linkcd T-DN A sca ue nces , while

the low er signa l represents fre e T· DNA scque nce s . Th is no vel
sig na l is spe cific lO the AS· ind uced D NA. a nd thus corresponds
to a Ti. indepe ndent T · D NA mol ecu le whose synlhesis is th e
result of th e AS-i nd uced actival ion of the pGV3850 vir loci .

The fre e T·DNA sign al doe s not migrate as a 9.5-kbp ds DNA
molecule (su'perco;led, rela\cd-circul ar or linear), but instead
migrales at a si ze corrcspondi ng lo a ds linear molecule of
4.4 kbp. Thu s, by hybrid izali on we find no evidence for ds
T -DNA circles in AS ·induced bacteria . Th is result is not totally
lunexpeeted bec a use the frequency of recov ery of ihese molecules
in E. coli is lo w. We ob lain o n ave rage 50 ds circ1e Iransformanls
per Ilg AS· ind uced DNA (a t a lransform at ion effic iency of lO'
transformanLSper ¡Lgsupe rco iled pBRJ 22 plasmid DNA) . Since
I ...g of lolal Agrobacterium DNA contains -1.7 rig of pGV38 50
T.DNA'·, a t most only o ne in every lOO AS·induced cells har·
bours a ds T -D N A circle. That lhese molecules are not delected
by hybridizal ion indica tes lh at lhe lr ansformation results are
reprcsentative of lheir actual co nc ent ra ti o n in the AS ·induced
DNA. We di scuss below a modef for how ds circ1e molecules
might be genaaled at a low frequency as a result of AS induction
(Fig.6).

FJ:eeT-DN~ are sing~e stranded
Since the size of the AS·induced free T-DNA molecule is

= half that of the T-region of pGV3850 (Fig. lA), it may
be a single·strand copy of the pGV3850 T·DNA. The following
experimenls dernonstrale thal lhe free T-DNA molecuk has
properties characteristic of ss DNA. Ev idence is also given for
other no vel T-DNA·homologous molecules present in the AS ·
induced bacteria ; in co nt rasllo the free T ·DNA, th ese structures
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Fig. 2 Restrict ion endonuclease t reatrnent of AS-in d uced DNA.
A, Restrict ion ma p of the T-DNA regio n of pGV3850. Black arrows,
T· D NA border se q uences ; rhe 9.5 -kb arrow d esigna res [he ss T·
D NA molecule, an d the 2.8·kb and 6.7·l::b a rro ws corresp o nd to
the ss Iragrnents tha t wou ld be p ro d uc ed by PSII cl ea vag e o f the
ss T ·D NA mol ecule al th e Pst i " s ile . B, Ali quo ts ( 1 u g) o f AS·
ind uced DNA we re d igeste d to comple tion with five res triction
endonu cleas es, fractio nat ed on 0.9 % agarose, transferred under
non-denaturing cond iti ons lO n it rocellulose, and an a lysed by
hybrid ization against HindIlI fragm enl IO/pBR322 probe. H, Hin.
dlIl ; E. Eca R I; B, Ba m H I; S, 5011; P, Pstl ; -, un d igeste d ; ss ,
free T ·DNA molecu le; open arrows, un expected fragments pr o­
duced by H indIlI o r Psrl dig estion of the AS·induced DNA. C,
Three equivalent no n-denatu red transfers of Psrl.d igesled AS·
induced DNA were hybrid ized against H indllI frag rne nt 10 pro be
( H IO); pBR3 22 p robe (p BR); and Hind l p fra gment 23 probe '
(H2). Scal in g is d ifIerent from that in B, suc h that the signa ls
marl::ed with triangles co rres po nd lO ss DNA mole cu les of - 6.6
and 2.81::b, res pe et ivd y. N o le Ih a t difIerenl p repa ra tions o f AS·
ind uced D NA were us ed in Ihe experimenlS of B a nd C. Th e
-9.2-l::bp sign al observed in the PS I I d igesl in B is nol observed
in C ; this di fIere nce ma y re fleet the deleetion of d ifIerent Ieve!s

of AS ·induced evenlS in lh e tw o preparalions .

are súll li n k e d lO the Ti p lasmid. a s they a re only d e tected after
enzymatic digestjon.
Transfer assay for ss T-DNAs. DNA binds to nitrocellulose only
if ji is single~stranded20 or associated w ith protein2

' . In the

S o u th e m blotting lechnique, ds DNA fragments fraClionated in
a n ·a g a ro s e gel musl b e denatured before being transferred to
niti-ocellulose20

• Thus, ss (and protein.assccialcd) IJNA

moIecule~ can be easily distinguished from ds molecules by
comparing their transfer to nitrocellulose from ' agarose gels
lreated with '<ir without"NaOH before transfer. Figure 1e, lanes
1 and 2, s h o w the d enatured and non·denatured lransfers of

Fie .3 Mo lecul a r characterizat io n of ss T· D N A molecules. A. Si...
p rob es used 10 analyse thesequence con teru and stra ndedness of
the ss T· D N A molecule . B, Bcl l; E, EcaRI; H, H in d ll l. The E/f.RI
si te of probes a and b fall s 55 bases inside rhe Ieft T·DNA h- .· .':: .
and the Bcll sire of probes e and d falls 42 bases inside Ir." · ..:
border.
M ethods, Fragments a, b, e and d were gel-purified twice ~ ~. C

labelled by nick translation , Probes e and f are 3'·end·labelled
p robes where the position of the label is rna rked by an asterisk.
and correspond lO the uppe r and lower strands o f the pGV38 5~

T-DNA, respect ivcly. For prob é e, pBR322 was digested with
Hind lIl ) '-end·labelled al [he HindllI site by KJe now fill-in, recut
with Sa il, and the resultant 622 .bp HindlIl/ Sal! Iragmeru was
gel-purified . For probe f. the order of the restrietion digests wa .
reversed lO give a 622·bp 5011/HindI 11 fra gmenl, 3'-end·labellec
a t the Sal! sire. The polarity of the ss T·DNA molccule, orT-s:~" :.~ '

is sho wn at the 10p ofthe figure . B, Seq uence conrent a nd stra ., :
ness of the ss T·DNA. Six eq uiva lent s trips of a non-dena. v. ed
tra nsfer o f u nd igesred AS·i nd uc ed DNA hyb rid ized agai nsi the
six probes show n in A ss, Sin gle-stra ndcd T·D NA sign al. C.
Ex onuclease sensitiv ity o f th e ss T · DNA. Th e no n-de na tu red trans­
fer of untreat ed (-), T4 pc lyrnerase -digested (T4· po l) , a nd exon u­
clease Vl l -di geste d (ExoV 11) AS·i nduced : l l~A was hybridi zed
against nick-tran slated pBR322 p ro be. For exonuclease d igestión,
1·¡.Lg aliquots o f AS· induced DNA were inc uba te d with 2.5 U T4
polymeras e (Angl ian Biot echnology u d ) or 1.1 U exonucl~ase VII
(G ibco·B R L), respe cti vely, for 30 m in al 37 oc. Each reacuon "'.2'
ca rri ed OU I in 15 ¡.LI in th e en zyme b uff e r recommended bv :' .:
manufact ur ero Note that un der id entica l condi tions the se tr
rnc nts have no effect on M 13 ss ci rcular phage DNA; al so , ti" .­
T·DNA is fu lly degraded after90 min digestion wi th T4 polyme ra ~ e

(dala not shown) . D, Ki ne tics o f synthesis of the ss T-DNA
mo lecu le. A 50-ml cullure of pG V3850 Agroba cleria p regrown for
5 h was th en ind uced with AS at l OO ¡.L M . Al 2, 4, 6, 8, 12,24 a nd
48 h after th e slart ofinduetio n, 5·ml aliq uolS were removed, frozen
at - 70 ·C , a nd tOla l D N A was the n p repared . These D NA sampl n
were fraetion aled o n agaros e a nd lransfe rred lO n itrocellulosc
wilhout g~1 d ena luration, a nd the amount of ss T-DNA molecu le~
presenl in lh e AS· in du ced ce lls for each lime point was asse\<~~
by hybrid iza tio n agairist nid:-translal ed p BR322 p robe . Note :- .
by EtBR stain ing lhe amoun t of D N A in th e 24-h lan e was ~ -

d ouble Ihat for Ihe other la nes .

uninduce:d and 'A S -i nd u ced to tal DNA. Of th e IWO T·O NA·

homologous s ignal.s present .in the AS-ind u ced DNA sa;n~~
only the lower stgnal, whlch represents the free T-O )

molecule transfe rs withoUl gel denaluralion (Fig. 1e, lane ~_;
• . d tOl4J

This freeT-DNA must be ss ONA because lh e AS'lnd u ce . I
DNA has been fully de prote:inal ed d u ri ng ilS p re p~ralion ( Flf ·
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the right end of ilS H in d l I 1 frag me nt 10 seq ue nees) , 10 produce
a 6.7-lcbp S' a nd a 2.8 -lcbp 3' fragme nt.
T-strand sy nthes is is Iimited. Using a probe homologus to both
strands o f the T -DNA, th e intensity of lh e T-s trand signal is
- 5- 10- f9 Id less th an the Ti -pl asmid T -region s ignal (Fig.IC,
lane 1; al so F ig . 5) . A5 lhe T -s trand co rresp o nds to one st ra nd
of the T -regi o n , a nd the co~y nu m ber of the Ti pl asmid ;s about
two (and ass u m ing no specific lo ss of T-strands during DNA
preparation). we estimate that on average each AS -induced ceH
carries 0.4-0.8 T -stra nd =1~~" les . As T-DNA homologous

molecules a re not found in th:: 6 irure medium (dat!! not shown) .
tn is low co py number is probably not due to e"por! of the
T-st r3.n~ ~i gure 3 D d em o ns t ra tes th a t the rel at ive amount of
T-stran~ ~ins to p lalea u withi n 8 h after th e st art of AS
indue tiar_. a nd shows o nly a d oubl in g durin g a n addi tional 40
h o urs o f ;nduction. Th us. T- s t ra nd syn thes is is a li m iled process .

Fig.4 ldent ificat io n of AS-induced S, -se nsilive T- DNA. borde r
struc tu res, A, Hindll 1 Iragments produced by ds clea vages of the
pG V3850 T· DNA bo rders, Fragrne nt s b and e result fro m cleavage
of the lef t bo rde r repeat carried by HindIII frag rnent 10 ( a) .
Fragrnen ts e and / result from eleavage of the righ t T-DNA border
carried by Hindlll fragrnent 23 (d) . Fragmen t sizes are in kbp,
Black arrows, T·DNA bo rde r sequences; H, Hin dll l. B. Unin­
duced and AS· induced DNA was d igesred with Hind lll , and half
of each sarnple was treated Iurther with S, nuelease. The fou r
samples were analy sed on two denatured transf'ers hybri dized
against nick-translared Hindlll fragmeru ID(la nes 1- 4) or Hin dllI
Iragrnem j J probe (lanes 5- 8). Lanes 1, 5, unind uced DN A; lanes
2, 6, uninduced D NA plus S, treatrnent; lanes 3. 7, -AS·induc ed
DNA ; l a n~s 4, 8. AS·ind uced D NA plu s S, rrearrncnt. a-] refer
lO the Fra grn ents sho wn in A. The op en arrow ind icares a novel
S,-sensitive frag ment of -5.2 kbp . Seal ing is in kbp , Note that the
Iow leve] of rhe border cleavage fragrnenrs ( b, C, e. f) seen in lhe
absence of S, treatrnen t (Iane 3, and lan e 7 after lon g exposure )
may reflecl mechanica l breakage of lhe AS·induced S,-sensilive

ba rde r structures duri ng sampk preparati an.

HlI
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e-aractertza tion of ss T-DNAs
\S : · D :'-" As a re Iu ll- Ieng th a nd un ipolar. Six ideruical strips of a
non-denatured tra nsfe r o f undigested AS-induced DNA were
hybrid ized se para te ly wi th th e six pro bes labe lle d a to f in
Fig. 3A. Probes a and d correspond to pG V3850 seq uences just
outs id e th e left a nd right T-DNA borde r repea ts; p ro be s b and
r co rrespo nd 10 Tvreg io n se que nees just wi thi n these repeats ;
and probes e and f correspond to th e u p per and lo wer strands
of the pGV3 850 T-DNA regi ón, respec t ive ly. Figure 3b shows
lha l th e ss T · D N A mo leeu le hyb rid izes only to p robes b. e and
~ 'hus, it is co mposed only of seq ue nces loca te d in lemal to
!r : T-DNA borders. and which eo rr es po nd to the lo wer st rand
o: :he pGV3 850 T-region. We de signate thi s un ipo la r ss T -DNA
mo lecu le as lh e T-stra nd .
T-strands a re lin ea r. The T -stra nd is sen si t ive to both exonuclease
VI I (3 . ... S' a nd 5"... 3' aetiv ities spe c ilic for ss DNA24

) and T4
po lymerase (3 . ... 5" exonuclease tha l accepts bOlh ss a nd ds DNA
as substra te2S

) (F ig. 3C) . Thus. th e T- s tra nd. as is olated , mu st
be a lin ear ss D NA mo leeu le whos e 3' te rrn inu s (and perhaps
al50 5' terrni nus ) is avai la b le to exonu cl ea se digest ion.

The PSII c1eavage produ cls of the T -st rand in d icale that its
: :m d 3· ·en ds map to L~ e ri gh t and left T -DNA b ord ers, respec­
t: . d y. Two fragments o f -3.3 a nd 1.4 kbp (-ss lengths 6.7 and
2.~ Icbp) are detected. The 6.6-kbp fragment is homologous to
~BR322 and H indlll fra g men t 23, while the 2.8-kbp fragment
's homolo go u s o nly 10 Hi n d 1111fragment 10 (Fig. 2C) . Cleavage
of :lo ~~cul ar T ·stra nd moleeule a t an)' (or a ll) o f its three PslI
;ites woulá yie ld fr~ments of d ifieren! sizes and seq uence
COntent from lhose observed . The s implest ex pla na tion fo r the
results o f Fig . 2C is thal th e T -Slra nd is a li near ss molecule,
clea ved by PS I I prin cip a lly a l its m iddle PSI I s ile (juS l ' with in
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~end) and RNase d ige stion O~ the DNA before hybridizalion
~Iysis does not a lIeet the SS signal (data not s~own). .
. le~ sensitivity of ss T-DNAs. S. nuclease IS a ss-specific

;;onucleasc:12• In Fig . I C. the denatured (Iane 3) and non­
~n3tured ( la ne 4) transfe rs of S, nuclease-di gested samples of
Illinduced and AS-i nd uce d tot al DNA d emonstrate that th e
irte T-DNA molecule is fuJly degraded by S , nuclease. Interest­
:02;' . S, treatme nl al so appears io release th e T-region f~om th.e
1.5. nd uce d T I p lasmid. A novel T -DNA homologous si gna l rs
)bserv ed in th e S,- lrea le d AS -in duced s a m p le in the d enatured
trJnsfe r ( Fig. I C. lan e 3). a nd th is si gna l co rres ponds to a ds
tlolecule, which migra tes as a lin ear fra?ment of ? S kbp, th e
¡lCCcise size ofthe pGV3 8S0 T-D N A from its left to nght T-DNA
bOrders (Fig. lA ). Thus, AS induetion also resu lts in a Ti plasmid

·. hose T-DNA b order s are sensiti ve to c1eav a ge b y S , nuclease

¡lee Figs 4 a nd 5) .
Th e activit y of type 1I res tn cuon endonucleases is lirnited

?ri~3rily to d uplex DNA. Aliquot s of AS- induced DNA were
j i ~ "led to co rn ple tion wi th BamHI, EcaRI . H indlll . Psrl and
50tl (each o f th ese enzymes c1eaves within the T-DNA region
oCpG V38S0; F ig. 2A). a nd h ybridized to the H indlIl fragment
10/p BR probe follo wi ng non-denatured transfer ( Fi g. 2B).
Because the ss sig na l is present in all the digests (except for
Psrl) . the fr ee T- D N A is generally re sistant to restriction

Jigestion.
The H in dlll a nd PSII results a re more co mplex oThe ss s ignal

is weak in th e H in dlll lane a nd a bsent in the Psll lane; als o,
seve ra l nove l signals are observ ed in th ese la nes. Several rest ric­
tic ~ enzymes ha ve been shown to res tri ct ss D NA23

• and the
se.. -irivity o f th e free T -D NA 10 Hindlll and PSII may be a n
exarnple of thi s efIeet. lnte res tingly, fragm ents both sma lle r and
large r than the ss T-DNA molecule a re p roduced b y H indlll
and Psl l d igest i ón (Fig. 2B) . Wh ile the sm all er fragments can
be cleavage p roducts o f th e ss T - D NA . the la rg e r fra gm en ts
must be derived from a large rno lecule, presumably th e AS·
ind uced T i plasmid. ThJs. AS indu ct ion a lso resul ts in a T i
plasmi d m ol ecu le who se T -r egion carries ss se q ue nces (see
Fig.5) .
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AS-induced alterations of the Ti plasmid
Since the T-s tra nd must be prod uced from th e Ti- plas mi d T ­
region, seve ra l molecula r reactio ns involving these sequence s
should occur in bacterial cells th at are actively carrying out
difIerent steps of T-strand synthesis, or other early steps of
T-DNA transfer. To gain insight into these reaetions, the novel
T-DNA homologous hybridization signa ls that result from frag.
mentation ofthe AS-induced TI pl asmid with restrietion enzymes
and S, nuclease are characterized below. These data provide
evidence for specific reactions 'as socia ted with the TI-plasmid
T-DNA border repeats and with the internal sequences of the
T-region. -
S,-scnsitive T-DNA border sites. Figure 4 demonstrates that AS
induction leads to the generation of TI-plasmid T-DNA horder
structures which are sensitive to cleavage by S, nuclease. Unin­
duced and AS-induced DNA was restricted with HindIII. half
of each sample was treated furth er with S, nuclease, and the

fra gments hom ol o gous lO th e left and righ t bo rd e r r e g ' '', ~

pGV 3850 were d ete cted by h yb ridi za tion . Th e AS -in du ced L

lanes contain novel signa ls whose sizes co rrespo nd exacu , •.
¡he fragmerus that would be pr udu ced by ds cleavagcs al ' .:':
leh and right T -DNA bo rd er sequeccc. : f pG V3850 (Fig, ~ A "
a nd the inten siti es o f these signal s a re grea tly in cr e aseé :-- : '>
d igestion o f the DNA, We d esignare t:'ese S;- se ns itiv e SI:

S, border si tes .
The rel at ive int en sities of the signals wh ich corre s pon e ; ..:.

S, bord er cle avage fragme n ts sho w th at - }O% of ih e left T - !) ' .
borders a nd - 10% o f the right T -D N A bo rde rs o f th e A\
induced Ti plasm id populati on a re S j-sen sirive. Th us, th e g~n: '

ation of S, bo rd er sii es is a frequ en t eve nt. Furthermore. ~ I n(,

a 9.5·kbp ds T ·D N A fra gment is p rodu ced b y S I d igestio -, r.·
AS· ind uce d DN A that is u n restricied ( Fig. le, lane 3 ), o r re,l :"
ted with S m a I (which does no t c1eave w ithi n the pG \ . ~ ; ~

T-regio n ( Fig . 5)), S , bo rder sites can sirn u lta neostv (l .

bot h th e righ t a nd left bord er repeat s on a sin gle Ti r
We not e th at incubat io n o f the un cut AS-induced O 1\A e,

does not result in th e rel eas e of the 9 .5· kb p T·D NA fr,,¡;:,..z:

from the AS-indu ced Ti pl a smid (d ala no t sho wn l : tha: is. .r. .
S, border site does not correspond 10 a ds stagger ed clea \ ;, ~ ,

o f the T-D NA bo rd e r seq uence. Other experi men ts have show.
th at th e Sj -sensitive stru ctu re co rresponds lo an AS· in d u':ed \
en d onucleoiytic clea vag e in the bouorn st ra nd o f the 25,¡,;
bo rde r seq uence ( K. Wang and M. Van Montagu , in prepa ­
a tio n}; S, is kno wn to cleave opposite s uc h strucru re s":"
Other AS-induced T-region st ructures. Fig ure 5 dern c:: ....
that other nov el Ti-pl asrn id -Iin ked T -region struc tures ,, :-.
present in the AS-induced cell popu larion . Th ree d ifierent .~ ' '' ' , : .

of T.DNA. homologo us signals are observed wh en AS ·induccc
D NA is diges te d with various res trictio n enzymes and S
nucleas e (Fig.5 B) : those that correspond to the ss T· D:\ -\
molecule (black ba rs, - S, lanes); those tha t co rrespond iothe
predicted bor der cle a vag e fragrnent s ( Fig. 5A) p ro d uced by S:
d igestion of the AS· ind uced S, borde r si tes (so lid a rrows, TS.
limes) ; and th ose th at co rres po nd to no vel un expected fragrnenu
(o pe n trian gles) de rived from pGV3850 Ti plas mids whose ;:-¡cr·
nal T-regio n sequences have been al te red as a result >; "s
ind uetio n.

Fo r exampl e, th e 5.2.kb p fragment present in the - S I Hill dlll
sa mple (Fig. 5B; also Figs 2B and 4B) is Sj-sensi tive, binds lO
n itrocellulose, speci fica lly hyb ridi zes ro H indlIl frag menl lO
(a nd not to pBR3 22 o r HindlIl fragmc nt 23; d at a not show nl.
and is - 1.3 kb p ·sma ller th an Hindlll fragment 10 ( Fig.5AI.
Thus, thi s no vel HindllI fragment must be p art iall y single·
stra nded an d d eri ved fro m an AS-induced T i pl as m id whosc
T -region is parti all y si ng le-s tranded o r associated Wilh ss T· DS -\
se quences, as in a D· loop st ru ctu re . More perpl e xing frag;:-,' r l ~

are a lso de tected : the - 15-kbp S, -insensitive Sma 1 signa ! . o:: .
sponds lO a ds DNA fragm en t which is - 12 k-bp smaller , n ~ n

the Sma I fragment thal covers th e T -r egion of the un indu ced
Ti plasmid ; al so, in the - S , Bam H 1 and SalI lanes, sign::!s are
observed wh ose sizes co rres po nd lo the S , c1eavage fra gmen15
of th ese di gests (Fi g. 5A) wh ich a re in terna l, but nOI ex te rna!.
to the left T-D N A border. Wh ile lhe p resen l data do not allo'"
the precise id en tifica tio n of th e T -region stru ct u re(s) to whic h
these unexpected fragments correspond, they illust rate the como
plexity ofthe molecular react ions asso ciated with the TI _plasmid
T-DNA sequences which occur in AS -induced Agrobac! ~ r: ..

Discussion
Agrobacterium tumefaciens transfers its TI -plasmid T.D!\A la
plant cells; and this process is act ivated by the induetion of tbe
TI -plasmid virulence genes with the pl ant phenolic compDund

AS_ We show that AS induction resu lts in the generation of
severa! novel T-DNA bomologous molecules in Agrobaclerium:
a linear ss molecule, the ' T -strand, which corresponds to ~e .
lower strand of the TI-plasm id T-region; and TI _plasm 1d

molecules whose T ·DNA border repeats a re s ens i t i~ 10 cle3\'agc

SmlJBlJm

oc

Sal

"

.. ~ .. '
l '

Hind

>

" . :.,

Fig.5 Hybridizat ion analysis of Tvregion intermediare structures.
A, Restrictio n map of the left portien of the pGV3850 T·D NA
region and bo rde r cleavage Iragrnen ts predicred lO arise after S,
treatrnent of AS-induced DNA. Sizes are given in kbp. B, Bam HI;
H, HindIlI; P, Psrl ; S, SalI ; Sm, S ma l; S" S, nuclease. The black
arrows and dotted lines in d ica re the positions of the T·D NA
borders . B, Dena tured transfers of HindIll , Bam H1, SalI and
Sma 1 digests of AS,induced DNA treated ( +) and unt reated (-)
with S, nuclease were hybridized aga inst n ick-tra nsfated Hind lll
fragmenl IO/ pBR322 probe (A) , Scali ng on left is in kbp. The
single-strande d Tvst ra nd is indica red by ss and the bar adjacenl lO
the digests. Solid arrows indicare the expected Iragrnents before
and after S, lrealmenl and correspond in size lO the fragmenlS
shown in A. The open arrows indicale unexpected AS·induced
fragmen lS which correspond to novel T·DNA homologous slruc­
lures linleed lO pGV3850. NOle lhat olher unexpecled signals are
observed when lhe filter is reprobed wi!h Hindlll fragmenl 23
seque nces, and lhal all of lhe unexpect ed fragmen lS are specific
lo AS·induud D NA and have been observed wilh D NA prepared
from alteasl lWOindependenl AS-induced bacteria l cultures (dala

nol shown ).

A
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F:2. 6 Proposed reactions associ ate d with the Ti-ptasrnid T­
' . cion in AS-indu ced cells. A, Model for the generati on of rhe
~ ·. : t ra nd ; B, mod el for the gene rat ion of a ds T-DNA cirele
rnolecule. Th ick lines repr esen! Tvregion sequences, thin lines
represenl adjoinin g Ti-plasmid sequences externa l lO the 25-bp
T.DNA border rep eats, ind icated by the dashed triangle s, ss breaks
in the bo uo m strand of the bord er repea ts corr espon d lOS, border
sites, and th e wavy line corres po nds ro a newly synthes ized bouorn
strand of the Tvregion. Th is mode l implies that ss molecules are
not generaled leftward of the left T-DNA bo rde r; while we have
not observed such molecules, the y rnight not have bee n detectcd

if they are heter ogen eou s in length.

)y S, nuel ease (S, bo rde r s ites) , a nd who se inte rna ! se q uences
aave been a lte re d (T- regi o n stru ctu res). Th e s pecific properti es
of th ese AS -ind uced molecules a llo ws th e fo rrn u la tio n o f
mecha nist ic mod el s for th e ge ne ration of t he T vstra nd, a nd for
1t5 po tent ial tr a ns fe r to th e pl an t ce ll.

Figure 6A pr ese nt s a mod el for the gene ra tio n o f the T -str and
molecu le . Fi rst , ss endon uc leo lyt ic clea va ges o ccur wi th in th e
iert an d rig ht T -DNA bo rder sequences o n th e T i p las m id . These
; l~ ~ \' a g e s co rre spond 10 S , border si tes a nd provide fr ee 3' O H
¡r J pS from whic h DN A s yn thes is ca n be p ri med . Se co nd , usin g
:r. .. iop stra nd of th e T-r egion as temp lar e, DNA sy nthes is
initia tes a t the rig h t border cleavage s ite, a nd proceeds u nidirec­
tiona lly ac ross the T-r egion . This sy nthesis di spl aces th e botto rn
itrand of th e T vregion a nd produ ces a tra nsit o ry triple-st ra nded
uructu re wh ich rnay correspond to o ne o f the AS-i nd uced T ­
regio n structu res th at we ha ve de tecte d. Third, DNA sy nthesi s
'crrn in ates w he n it encounte rs th e left border cleavage s ite, a nd
: ~ e d is pla ced bo tlom st ra nd is rel eased from th e T i p la s mid , as
:r.~ fre e T -st ra nd ss mol ecu le. AJte ma tive ly . a S' ... 3' helicase
1 ':': ity u n wi nds th e T.region o f th e nick ed T i pl asmid to fr ee
:r .T·st ra nd mol ecu le a nd p rodu ce a Ti plasmid w ho se T -region
:¡ :no m en ta ri ly ss pri or te re p lace me nt sl ra nd sy n thes is. Sin ce
'J:e ob se rve a t m o st o ne T -st rand m olecul e per AS-i nd uced ce ll,
T' 51ra nd pro ducti o n mu st be tigh tl y regu lal ed .

The seq ue nc es in te rna l lO lh e T · D NA of the wild -type T i
J lasm id enco de ge nes wh o se ex p ressio n in th e tran sforrn ed p la n!
:ell result in the tu mo ro us phenotype, crown ga lJ', a nd wh en
:he o rie n ta t io n of the right border on th e TI pl asmid is Ilipped .
by in vitro manipulation ), phenotypically transforrned pl ant

; :lI s are not obtained ,s.16. The model of Fig. 6A expl a in s th is
:':.~ct i ona l polarity of the right T-DNA bord er ; th at is. the
T' ;lrand corresponds to the bottom strand of the T -region and
mUst be generated in a right-to~left (S' to 3') direetion. Thus, if
¡he orientation of the right border is reversed in the TI plasm id ,
5s molecules will be generated away from (rightward of) the
T-D N A tumour genes. This model may al so explain how the ds
T·DNA circle molecules , recovered in E. coli tr ansforrncó wi th
AS-induced DNA, are generated at a low freq uency in response
:0 AS ind uc tio n . Since ni cked DNA stimul at es recombinat ion
c'.-ents28

, th e S, bo rde r site s co u ld promote pa irin g a nd reco mb i-
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nat ion between the T -DNA border repeats of the AS -induced
Ti pl asmid (Fig. 6 8 ).

Assuming that the T -strand is the t ransfer intermediare. we
can s pecu la te on the m ech ani sm c f its t ra nsfer , Th is rne chanisrn
might sha re features with known bacteri a! processcs which med io
al e the tr an sfer o f specific DN A mol ecules between bacteria,
su ch as ph age infect ion o r co nj ug atio n . A n im po rta nt di st incti on
be tween th ese lWOp rocesses is th at o nly ph age infection in vo lves
th e synthesi s of many copies of the m o lecule destined for tr ans­
Ier . Since the T -strand is present a l a bout one copy per AS·
ind uce d ce ll, il is unlikel y that it is tr ans fe rred to th e pl ant ce tl
as a n infec tio us ph a ge part icle .

In bacteri a! co njuga tio n, on e strand o f a ds d onor mol ecule
is transferred as a lin ear ss mol ecul e from the donor to recipient
ce tl29

• This process is in it iated by n icking one stra nd of th e
d on or mol ecule at a sp ec ific s ite (d es igna ted oriT , origin of
transfer}" , a nd {he stra nd d estined fo r t ra nsfe r is unwound in
a S'...3' direct ion. Co nc o rnita nt 10 un windin g, th e un wound
stra nd is mobili zed 10 th e rec ipie nt ce ll, a nd th is tr ansfer is
acco mpa nie d by, DNA sy nthesis o n the donor mol ecul e lO
replace th e mob ilized st rand . The T- DNA homologous
molecules that we have d escrib ed co rrespo nd lO the structures
wh ic h would be pred icted to occu r if T ·DNA tr ansfer occurs
through a conjugat ive m ech ani sm . The S , border si tes are
a na lo gous to nicked oriT sites , the T-strand is a na log o us to the
lin ear ss DNA mo lecul e tra ns ferred du ring b a creria l co nj uga­
tion, and the in rern al T-regio n structu res are a nal ogo us to the
repl ac em ent stra nd sy nth esi s in te rmed ia res of th e donor
molecu le. Furthe rrno re, bacteria l conjug atio n requ ires direct
co nta ct be twee n d o nor a nd recipi en t ce lls" ; a nd the sa rne
requirement is o bserved fo r th e T -DNA transfer pr ocess" .

If the T-st ran d is tra nsfe rred by co njugatio n ro th e pl ant cetl,
it is sti tl not kn o wn how it ul tim a tel y find s its way into th e plant
cell nucleu s and becomes integra te d into th e n uclear ge no me.
While th e d ep rot e in ized Tvstran d th a t we ha ve d es cri be d is a
naked lin ear mo lec u le , p resu m a bly it is t ra ns fe rr ed as a co mplex
that ca rrie s p ro teins whi ch in pa rt media re th e post -tran sfer
eve rus. Th ese protein s, as wetl as {he pro te in s invo lved in th e
gene ratio n a nd tr an s fe r o f th e T vs tr and , a re probab ly e nco de d
by the pl an t-ind ucibl e Ti -pl asrn id r ir loci'".

We th a nk Ma rc Van Mo nra gu fo r his e nco u ra gem e nt a nd
suggestio ns fo r the exo nu clea se st ud ies , Kan Wang fo r helpful
d iscussio n, Jeff Sche tl for su p po rt , a nd Ma rt ine De Cock, Kar el
S p ru yt and Albert Verstraere fo r p reparatio n of thi s manuscript
a nd figures. Th is wo rk was su p po rt ed b y gra nts fro m th e ' AS LK­
Kankerfon ds' , th e . Fo nd s voor G en ee sku ndig Wel e nscha p pe lijk
O nd en oek ' ( FGWO 3.00 1.82) , a nd the Servi ces of the Prime
Mi n iste r (OOA 12.0S61. 84) ( to Jeff Schetl a nd Ma rc Van
M ontagu ).
N ote added in proo/ : Th e no nde na tu red lra ns fe r as say for si ng le­
stra nded DNAs has al so bee n rece nt ly de scribe d by Reile, H.
T. , Mich el , B. a nd Eh rl ich, S, D . ?r oe. natn Acad. Sci. u.s.A.
83, 2541:"2S45 ( 1986) .
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Fig. 1 Pulsar period as a function of orbital phase ( a l . 3~.¿

arrival-tirne residuals as funetion of both orbital phase (b) and
dale ( e) . The sinusoid superimposed on the measured pericds in

a corresponds l O the orbital parameters Iisted in Table I.

from day to day. Th e da ta fo r PSRl831-00 were not amenablr
!O such treatment; it was ra rely possible lO lit data tak en one
or IWO days apart to a single periodo However, lhe d aY · I ;'\ · ·j a ~

period changes were sma ll (a few parts in lOS) and on l ~ : ~, :; r ·

ginal ly sign ificant, making the binary nal ure of this pul sa , h;¡rd
to recognize.

These diffic ulties were compo unded by the wea k-ness of lhe

pul sar's signa l (2- 5 mJy) and its va riabi lity. We did nol deleC1
the pulsa r in a number of our atlempts lo observe il, and (hcrc
is sorne evidence th at it has beco me weaker in lhe pasl year.
The va riabi lity may be due to refraetive interste lla r scinli llalion.
Our fail ures to deleet lhe pul sar show no co rre lation with orbiul
pha se, so th ere is no evide nce th at ecli pses are invo lved .

Red oubled ob servational efIorts in February I986 ~h ; ',\ ~d
lh at lh e da ta were cons iste nt witb a nearly circula r orbil h ~ ' '",f
a 1.81-dayperiod and a maximum radial velocity oC±8.7 km; " ·
We were still not able, however, to conneet pulsar ph ases ~ n'

ambiguously be tween observing days. Consequently, dunlll
March 1986 we observed PSRI831_00 at 430 MHz with t.hc
Arecibo 305-m tdescope. The data acqu isition schemc . iJ
described in ref. 6. Th e pu lsar is close toOthe southem decl inaooo

' limit of lhe Arecibo antenna and ·ca n th erefore be ob servcd foc

M uch of the inter esting physics concerning neutrón slars and th eir
evolutio n depends for its experirnenta l foundat ion on observations
of the ro ta l ion rat os of pu lsars. To conli nue recenl efforts of our
group in th is a rea 1-\ we began a se ries of pulse-arri val-tirne
observa tio ns of -70 pulsar s in .Ian uary 1985. M ost of the pulsar s
in thi s study were díscovered in the Princeton/Nk.At) pulsar su rvey
of th e preceding two years4

.5 . Soo u afrer we began these observa ­
t ions it becam e clea r that PSR1303 +46 was a bínary pulsar" ; it
is DOW evident tha t PSR1831-OO is a lso a member of a binary
syste m, the seventh such radio pulsar known. It moves in an orbit
with a period of 1.8 I days, a small ecccn tricity, and an uou su all y
sma ll mass Iunct ion of O.QOO12 M ~ (where M 0 is the mass of tbe
Su n). With a peri od P = 0.521 s and period deri vat ive p~ 10- 17

s s-' , PS R I83 1--D0, lik e th e ot ber known bioary pulsars, bas a
relatively weak magne tic field. We discuss the features of tbi s
sys tem tbal provide clues to its evolut ionary history aod outlioe
possibl e models for its Iorma tion-.

Mos t of our ob servations were made with the 92-m tran sit
telescope al Green Bank , West Virg inia, a t a frequ en cy of
390 MHz . Th e dala acquisi tion sys tem has been described by
Stokes e l 0 1.

5
. Briefly , a dual-channe l parametric up-converter

amp lilies two orthogonal lin ear pola rizat ions and provid es a
system noise ternperature o f 50 K al hig h ga laeti c lali tudes . In
th e di reetio n of PSR183 1-00 (galaetic co ordinates 1= 30 .8°, b =
3.7") lhe syslem temperatu re is 180 K.,equivalent to a flux density
of - 150 Jy. In each po la rizat ion an 8- M Hz pass-band is divided
into 32 sub-ch an nel s, each 250 kHz wide; lhe sig na ls a re d elec·
ted, summed in a de-disperser , and then integraled for two
min ules in a signal ave rage r sy nc hron ized to lhe apparenl pul sar
periodo Fo r eac h pul sa r, th e resu lting pr oti les are cross-corre­
la ted with a sla ndard profile for tha l pulsa r. This procedure
d etennines ph as e offsets wh ich , when added to reference tim es
near lh e centre of th e integralions, yield effeeti ve pulse arrival
tim es.

For PSRI 831-00, one . to ten arri va l times were obtained in
th is way on each of 19 days in January, February, April , Jul y
and November 1985, and February 1986. The number of
observations obtainabIe on a single day is lim ited by tbe sm all
hour-angIe range thr ough which the 92-m teIescope can track
(-20 min at the celestial equator), and this in turo limits tbe
aceuracy witb wh ich on e ca n measure a pulsar's apparenl period
on a given day. Neverthless, for virtually all non-binary pulsars
it is possible to fit da ta ob tai ned oVer two or !bree daysto a
sing le baryecnlric period and lo co unl pulses unambiguously

• Center for Radioph ysics and Space Research, Comell Universiry,
lthaca, New York. 14853, USA
t Joseph Henry Laboratories and Physics Depan ment, Princeton
University, Princeton, New Jersey 08544, USA
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Identification of the signal molecules produced
by wounded plant cells that activate

T-DNA transfer in Agrobacterium tumefaciens
Scott E. Stachel, Eric M essens·, Marc Va n Mo ntagu & Patricia Za mbryski

Laboralorium VOOl Genelica and • HislOlogisch InSlilUUl, Rijksuni\'crsileil Gent , B-9000 Genl , Belgium

W e show !J ere rhar Agrobacterium tumeraciens viru lence (Vir) ge ne express ;on is acrivar ed spec(fically by rhe plall i
molecules aceLOsyringone (A S) and a-hydroxyaceLOsyringone (O H -AS). The se m olecules induce rhe enrire vir regulon in

Ag robac terium as well as the f orm atio n of T-DNA in termediare m olecul es. AS and OH-AS occ ur specifica ll.v in ex uda res

of wo unded an d mecabolica lly act ive plant cells and probably allow Ag robacle rium ro recognize susceprible cells in nat ;¡re.

50l L bact eria often fo nn spe cia lized int er actions wit h pl ant
cells . Usuall y a parti cul ar ba cterium im eracts with onl)' a few
sp ecies and/ or lypes of pl ant ce lls 1

,2 . A pr imary ste p in th e
fo nnatio n o f a baclerial/ p la nt inte ractio n is lhe detect ion b y
the ba cte rium o f th e a pp ro p ria te suscep tibl e plant cel!. Thi s
recognilio n then tr iggers th e ac tivalio n o f th e bacterial genes
wno se prod uc ls di rect the developmem an d/ or ma inten an ce of
the inte rac tio n. Th e soi l is a co m plex biological and che mical
en vironmem , a nd the signa ls th at mediate the detection of a
specific p lam cell b)' a bac teri um are unknown.

A. tumef aciens, a so il phytopathogen, geneti cally tran sfonns
d icot yledonous plant cells to ca use the neoplast ic di sease crown
gaIl3•

4
• Onl y cells th at hav e bee n wounded are seen to be su sce p­

tiblc 5
•
6

• The baet erium tr an sfe rs a specific segme nt of DNA, th e
T-DN A, from its large ( > 200 kilob ases, kb ) tum our-indu cing
(Ti) plasm id to the suscep tib le plant cel1, where it becomes
inte gra ted into the nuclea r ge no me7.8. In the Ti plasmid, th e
T-D NA is defined and bounded by ident ica l 25-base pa ir (bp)
direet repeats; onl y DNA belween th ese T-DNA borders is
tran sferred to the plant gen ome9~12 . During co -cultivation with
plarit cell s, independent T-DNA circles are fonned in A grobac­
lerium ; these mol ecules arise by a specific recombination
between the 25-bp sequencesat the ends of the T-DNA and are
potentiaI intennediates in the transfe r of the T-DNA from
A grobacterium to the plant cell 13

•

Th e Ti plasm id genes required fo r plant tran sfo rmation a re
not conlained in the T- D N A bu t a re loca ted in the -40-kb vir
regi on 1

....
16

• Genetic analysi s of th e vir regio n of the A6 Ti
p lasinid has show n that it encodes at least six separate co m­
pl em enlation groups, virA, B, e, D, E and G, a nd pinF that
are organized as asingle regulon ( ref. 17; S.E.S., in preparation).
In the vegelative baete riu m o nly virA and virG, the vir regulatory
genes, are significantly expressed ; however, when Agroba~lerium
is co-cultivated with plani cel1s the expression of virB, C. D, E,

r; and pinF is ind uce d to hig hleve lst7·.. . Th is ac tiva tio n o f L'ir
ex p ressio n by plam cells pro bably ini tiates th e steps o f T-DNA
tra nsfel and integratio n imo the plan t cell genome. \Ve have
shown that vir indu cti on an d th e p roduct io n of T-D N A circles
is med iated by a small de ffusibl e facto r pro d uce d by ac tively
gro wing plant cell s t7. He re, \Ve pu rify and eSlablish the chemical
¡dentit)' of lhi s factor, and d emon st rale lha t its pr od uct io n is
rel a ted 10 plant cell wou ndi ng and tha t its recogn ition by th e
bacte ri um is a highly specific process . Thi s facto r is likely to be
the sig na l lh a t allo ws A grobaclerium 10 reco gni ze in nllture a
plant ce ll susceptib le to transfonnat ion .

P urificat ion of signa l mo lecu lcs
1'0 puri fy the p la n! mol ecu le( s) tha t specifica lly sig na ls Agrobac.
Ierium 10 initiate its inte ractio n wi th p lan t cells requ ires firsl,
an efficienl and qu antita tive bioassay fo r a pri mary eve nt in lh is
transfonnation pr ocess, specifically th e induction of vir gene
expression ; a nd sec o nd , a s ta rt ing source o f the signal
mol ecule (s ). \Ve have previou sly de scri bed an assay fo r vir
indu ction in A grobaclerium th at use d gene fusio ns between the
pTiA6 vir loci an d the Escherich ia coli lacZ gene t7

, I •• Bridly, in
a baeterium carrying a vir: : lac gene fusion, th e produetion of
,8-galaetosidase (the lacZ gene produet) is controlled by the ri'
locus to which lacZ has been fused. Thus, the state of expressio r,
of the locus can be mon itored by measuring the l3-galaetosidase
aetivity p res ent in the ba eterium ; increased aetivity iñd icates
increased vir expressio n._' (The relative amount of induced
aetivity refleets the re lalive amount of vir-induc ing aetivi ty 10

which the cell has been exposed.) Here we' use A grobaclerium
strain A348(pSM30) (ref. 17) to deteet and measlire vir~inducing

aetivity. This strain contains wild-type pTiA6 and pSM30, a
virB :: lac fusion pl asmid, and gives high levels (u p to -IOO-fold
of basa l ac tivity ) o f induced ,8-galactos idase aetiv~17.
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(p eak C) a nd 42% (peak D) C H)O H (Fig. lA ). Thus, th e cmr
vir-inducing acti vity is represented by at least fou r d ist inct
compounds. When less material is loaded onto the FPLC col umn '
( Fig. lB ), peak B is the maj o r component of the or gan ic fraction
01 cmr. Becau se of the ir low abundance, the peak C and pe ak
D activities we~ not analysed further. The signal molecules in
peaks A and B were purified to homogeneity by further RPC
fractionation and analysed by gas chromatography/mass spec·
troscopy (GC-MS) (Fig_2) and ultraviolet absorption spectros­
copy (Fig. 3).

Identification of Vlr illducers
The peak B compound, the major cmr vir-inducing molecule,
is 4-aceryl .2,6-d imethoxyphenol , based on severa l experimental
obs ervatio ns: (1) The GC/ /'viS s pec tru m ofthe peak B compound
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i'il:' 1 ~?CI ":PL C rn.etionation of th e vir·i nd uci n& aet ivity in plant-cetl
exud:ucs. The organic compounds preseru in pfam cd l mcdium condiúonc::d
witb root culture ( em, ; A. al. or witb Ieaf d isks ( em/; e l. were prepared
b v ch lo ro fo rm extraction and anal yscd by RPCI FPLC . Thc material ana­
h~~ed in A. B and e was preparcd from 2 lure s cmr, 40 mi cmr and SO mi
cmí; re,pcClivcly . Each sarnple W", fr act ion ate d o n a C·2/C·IS RPC eolumn
efu ted wilh a linear methanol gradieru. lo A an d C. columo fraaions were
bioassaved for wr -inducing activity in Agrobacu rium. Thc diagonal line
r e p res e ~lS the elut ion grad icnt and rhe solid tine indi ca res the ultraviolet
absorbanc e me asu rcd al 280 0m of th e col urn n fra ctions ; shadcd curves
indica re relat lve specific un iu of ,B. galaetosid asc act ivily induccd in the
vi, 8 : : lacZ tester strain AJ48(pM30) by the eolumn Iractions. The major
pe aks of vir· inducing 3aivity in A are in d ica ted by arrows labclled A, B.
C and D. 8. Arrows ind icare peaks eorrcspond ing lo peaks A. B and D
of A.
;\1tchods.. Ro ot cu h ure of N. ,abacum cransfonned with Agrobacurium
rbizogenes A 15834 W3,S grown and maim aine d as de scribed prc viou§ly".
Transfonncd roors were used because rhe y are easy ro propagare. Every 72 h
the co ndi tio ned mcdium (cmr) was rem o ved an d stored al -20 ·C . Lcaf
dis ks were prepa red Irom é-week-old unrran sforrned Ns tobacum SRl planu,
a nd 2-g samples or l.5-cm·diame«r di sk s were ineuba ted in 50 mi MS
medium (Mura.shige and Sk-oog11 salts, 3% su crose, supplcmcnced witb
O.OIS% K,HPO•• 0.01"1. inositol , 0.000 1"1. biolin, pH S.5l in ISO-mm Petri
dishes. After 72 h. the condiúoned medium ( cm/) was removed and srored
al - 20·C. The eondit ioned medium (cm, and em/) was filtered th rough
0 ,22 ..... m niu ocellu lose and the filtrare exrracted tw ice with a 25% volurne:
vi chlvro f;um and the pooled chloroform phas e was back-extracted with
1 \ '0 1. MS m éd ium. rorary -evaporared to d ryne ss a nd resuspended in 500 J.L:
20% CH,OH. 0.1"1. CH,COOH Ior a na lysis by RPC /FPLC. ( No te tha t
init ia l sol venl extraction experirnenrs wer e pe rfonned ro determine che
sotvent panit io n ing characier o f rhe cm r and cmí cir.i nduci ng ac tivit ies. In
rhe se expcrimenlS 50 mi of che respect ive condi tio ned medium was extracted
with chloroform ; the inrerp hase an d chlo roform ph ase were Iyophilize d an d
each resu spe nded in 2 mi MSSP (MS mcd i um supplemen ted with 12.5 mm
sodium phosphate, pH 5.5"), and th e aqueous phase was blown wi,h a
SUeam o f ai r ca remove tr aces of chlo ro fo rm . Each o f the se 53mplcs was
bioassaycd foc vir·i nd uci ng activily: only che chlorofo rm phasc malerial
eontained thi s aetivity. ) A Pep RPC p re·paekcd S mm x SO mm column
( H RSI S) eonlaining 6-l'm silie a panicle , wilh C·2 and C· 18 al kyl sid e chai n,
(P ha rrnaei al was pre-equil ibra ted with 10"1. CH ,OH, 0.1"l. C H,COO H. Th c
colum n was run at a fto w ral e of 0.7 mi min - ' using a Ph 01 nnacia FPlC
s~stcm equ ippcd wilh lhe LCCSOOehromalographic progra m mc r. A , in gle .
pal h ultra violc t mon ilor was use d l O monitor abso rbancc at 280 nffi. Th e
eol um n wa, el ut ed wilh a linea r &radienl or 10-60% C H,O H : H, O (v/vI .
0 .1~'. C H,COO H. We eolleCl cd ~O I.J·ml l l ·m in) rraet ion, ; 140'1'1 aliq uol'
1..4. ) or Ihe' enlire fract io ns CC) wc:re Iyo p hilizcd . resuspt'n de d in 1.S mi MSS P
::aod bio assayc d for t·¡r· ind ucing l cti \'it:-". O vern ight cultures of sIra in
A348(p SM 30) were ccnlri ru ged an d re, u, pended in MSSP medium. Materi a l
lO bt' testcd for vir· ind uci ng aeti .... it~ w01s inocula led wilh bacteria al 0. 1
absorbance un il ml -' at 600 om cm - l. 100 cuba tion s werc fo r 10 h at 28 ~C

a nd :!OO r.p.m. Spccific un il.S oC ~-gJla c{os i d a s e act ivity wc:rc: dccerm ined as
de scribed previously17·u and are c :~ pr e s se d as U per bJ ctcrial cell.

lnduction of vir expressio n occ urs d uring co-cult ivation of
A grobacrerium with plant ce lls. and du ring incubation of bac­
te ria in pla nt -cell exudates. \Ve have show n that th e med ium in
whic h Ni coriana rabacum rOOI culture has gro wn (designa ted
cmr for co nd itioned med ium roots ) co nta ins substa n ria l
am ounts o f a vir-inducing act ivity". This ac tivity stimulates th e
expression of each of the inducble pTiA6 vir loci , a nd also the
fo rma tio n of T-DNA circular imermediales, indicating th a t it
triggers in A grobacrerium th e initiatio n of plant cell tra nsforroa­
tion . Th is activity has relative mol eclu ar ma ss less than 1.000;
is stable to boiling, freezing, Iyophil izat ion, and high and low
p H; and is partially hydrophobic, as it is reta ined by silica C-1 8
and completely e1utes from th is ma trix with 40% CHjOH
(ref. 17). Here we purify and identify th is cmr aetivity.

The aboye properties suggest that the cmr vir-inducing activity
is composed of one or more smal1 organic molecules; that it
completely partitions into the organic solvent chloroforro
(Fig. 1) confirros this identity, and provided a basis fo r its
purification. The cmr vir-inducing activity was fractionated by
reverse·phase chromatography (RPC) using a high-resolution
fast .performance liquid chromatography (FPLC) . system .
Activity was localized to two major a nd two minor peaks that
had e\ured , respecli vely, Wilh 18 (pea k A), 27.5 (peak Bl. 3 ~



Fil:. 3 ~ : t r a \' i o le [ absorp­
tion spect ro sco py 01 Otr ­

inducing co rnpounds purified
from cm r. Sp ec tra we re de rer ­
mined in both CH ,O H (solid
line) and CH)O H.' ~'; aO H

(dashed line ), a, Sp ect ra o f
peak B compoun d . h. spectra
of commercially obrai ned
ace rosyri ngo ne; c. spect ra o f
peak A compound.
Methods. Abs o rp tion specira
were measured in a Beckman
D U-6 spect rophorometer
scanning at 60 nm min- I. For
each compound dried
mate ria l wa s re su s pen ded in
CH,O H ( HPLC grade. Ra{h­
bum C h ernica ls ) l O an
ap p roxirnate co nce nt ra rion of
50 ~M , and scann ed aga inst
CH jOH as a blank solution.
The pH o f (he sample was
subs equ ently ad juste d ro
bas ic pH by the addi tion of
1 M NaOH ro 20 mM and {he
sa rnple scanned agains t
CH)OH/ 20 mM l'aOH.
(Note th at when th e base­
adjusted sample of each com­
pou nd is readju sted ro acid
pH by add ing 1 ~1 HCI l O

40 mM, the dere rm ined spec ­
trum is eq uiva leru ro {he
original CH)OH spe ctrurn of
the compound (dala not
shown). Thus, the base­
induced redshift of each como
pound is fully reversible in the

conditions used.)
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ex p ress ion in Agrobacterium (see bel ow). AS a nd th e purified
pe a k B compound co-e:lute on RPC/ FPLC (d at a not shown )
and the:ir GC/ MS spectra a re in d istingu ish able ( Fig. 2) . Further­
more, their respecti ve ul travio let spectra, bo th in C HJ O H an c
in C HJO H/ N aO H, a re identical ( Fig. 3a, b ). (4) The qu anti ta tive
vir -i nd ucing act ivit ies of au thenti c AS and the pea k B compou nd
a re equivalen!. In th e experime:nt d e:sc ribe: d in Fig. 4, lhe: un its
o f induced ,8-galaetosidas e a etiv ily as a funet ion o f co ncent ra ·
tion ofinducing compound wer e de tennined for eac h compound
at several concc:ntratio ns ; the: respective: aeti vity/ co nce ntralion
cu rves a re: iden tica l.

The: peak A compound, the: se:co nd major c;mr vir-inducer, is
4-(2-hydroxyacc:tyl)-2,6-dime:thoxyphe:nol, te:rrned a - hy d rox y
acetosyringone: (O H -AS), an analogue of AS. This id e: n tificatior:
is base:d on the: following obse:rv at ions: (1) The: GC/MS sp ec·
trum of the peak A compound (Fig. 2c) indicates a mole:cule o;
M,212 whose: only significant fragme:ntation produet has M,
181. lOe: GC/MS speetrum ofcompound A following trimethyl ·
silyation indicatc:s a mass ' increase: corrc:sponding to two
trimethylsifyl .groups (da la nol shown). Thus, compound A
conlains two hydroxyl groups and has gene:ral strueture of e:ithe:r
(3-propanol)dime:tboxyphenol (CIlH..O.> or (2 -hydroxy­
acc:tyl)dirne:thoxyphenol (C ioH I20 5)' Only the: lalte:r strueture: is
consistenl with \he ob servation thal the:' peak A compound is
more: polar than AS, as il e:lutes be:fore AS "On RPC/FPLC

,."

6111

100

10C

Fig. 2 Mass spect ra of o¡r· induci ng molecules. The mass spectr a
of purified peak B com pound (Fi g, 1), purified peak A compound
( Fig. 1) and authentic acetosyringone (Janssen C h irn ic a ), a re
shown in a, b and c, respectively. Vertical axes, relative intensity
of the fragment ion s; horizontal axes, the mass/ charg e ratio of rhe
frag rneru ions. The det ermined chemical formulae and struc tures
of peak B and peak A (Iro rn Fig. 1) are indicated in a and b,
respectively.
Methods . The biologically active compounds present in the peak
A and B fractions were puri fied to hornogeneíty by RPC/ FPLC;
fractionation ca ndition s were ide ntical to those described in Fig. 1,
except for the column solvent. Tne Iractions con taining peak A or
peak B (from Fig. 1A) were pooled, Iyophilized , resu spend ed in
5% aceronitrile, 0.1% triñuoro aceric acid (TF A) and injected onto
the C-2/C-18 column equilibrated with this buffer. Th e column
was eluted with a linear gradient of 5- 30% acetonitrile, 0.1% TF A,
and mon itored for ultrav iolet absorbance at 280 nm and for biologi­
cal activity. For each sa rnple a single peak was resolved from other
minor ultraviolet-absorbing com pounds, and a porti on of the peak
fract ion was Iyoph ilized, dissolved in 500 ¡.d chloro fo rm and evap­
orated to 40 ¡.d under a nitrogen stream for GC/MS analy sis.
Sepa rate portions of each sample were dissolved in CH)OH for
ultraviolet absorption anal ysis ( Fig. 3) and in MSSP for analysis
oCbiological activity. We injecte d 0.5 fLI oCsample into a 0.32 mm x
25 m Ca rio Erba (HRGC) gas chromatography column SF-52,
di rectly ca upled to a Finnigan 4000 mass spectrometer. GC frac­
tiona tioDwas wilh a 50-250' grad ient, 5' min- I. Data were colleeted

and processed on a Nova 3 computer (Data General) .

( Fi g. 2a ) indicates a mole:cule: of re1a tive: molecular mass (M,)
196, chemical composition C IOH I2O. and general strueture
acc:tyl -dimethoxypheool. (2) Comparison of the: ultraviole:t
absorption speetrum of the: pe:ak B compound in CHJOH Wilh
its speetrum io CHJOH/NaOH (Fig.3a) indicatc:s that lhe
molecule e:xhibits a strong absorption shift to looge:r wave:le:ngths
in the: prc:se:ncc:ofNaOH; this base-inducc:d re:dshift is diagnostic
of phe:nolic compounds in which \he phenolic hydr:oxyl group
is para (but not orfho or meta) to a conjugated 'ri ng substitue:nt,
su ch as a ke:tone: or allyl groupl9. (3) The p-hydroxyl derivative: ,
4-acc:tyl-2,6-dime:thoxyphe:nol, commonly te:rme:d acetosyrin­
gone (AS), is comme:rcially available and greatly slimulate:s vir
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Ac et ysyri ngone (a) and six ret a red compounds; acetovanillone i b ¡;
.5·d imetho.<y ac eto p he no ne ( C); -t-h ydroxyace tophenone (d); syring­

a ldehyde (el; syringic acid (fJ; a nd sir.ap inic acid (gJ , were tesr ed [o r
.h ei r abili ty to induce )3-ga laclOsidase in the Agrobac terium virB :: lacZ
strain A348(pSM30). AlI compounds were purch ased frorn Jan ssen
C hernica , and prep ared as 0.1 M sol utioris in d imeth yl su lph oxi de . Each
compound was serially diluted in to MSSP (Fi g. 1, legend ) med ium lO
~ OO, 50, 5 and 0.5 .,.M ( a. b, e, f. g ) or 50 .,.M ( c, d). Th ese so lu tio ns
were inocu lated wit h bacteria a t 0.05 absorb ance un it ml- ' al 600 nm
cm- ' and incuba ted al 28 ·C. 200 r.p.m. After 12 h. the bacter ia: )3.
j a tacrosic as e act ivity in each sa mple wa s detenn ined . The dala are
. vpressed as activ ity o f the bact e ria inc uba red in the presen ce of a
.ornpound relarive to the basal activity present in bact eria incubated
-rrhou r added compound. The basal activiry Ior the pSM 30 strai n is
10 U. :'JD. not detennined.

( Fig. 1J. ( 2) Co m pa riso n of th e ultravio let a d 50 rp t io n s p ec t ru m
of (he p ea k A compound in CH )OH with its spect ru m in
C H)O H/NaO H indicate s th a t , similarly to AS, this m o lec u le
::.<hibits a st rong base·i nd uced reds hift (Fig. 3c ). Thus, ' co riJ­
vo und A contai ns a ph eno lic hy d roxyl gro up para to a conju.
!:lted~subst i t u e n t . Furthermore, th e abso rp tio n spectr a o f
:om po ú7. d A are a lmos t id e n tical to the equivalent spectra o f
AS; ¡he respective ab sorption maxim a occur at idcntical
wavclen~~ i thc largest maxima o ccur at 298 nm in CH)OH
a nd 355 nm in CH)OH/NaOH), although their rel at ive extinc·
tion coefli cieOls a re difie ren!. These simi lari ties s trongly in di ca te
tha t the peak A compound is very closely rel a te d to A S. (3 ) The
qu aOlitative vir· in duci ng activ ity o f th e peak A co m pou nd is
ap pro xima te ly equiva lent to t hat of A S ( Fig. 1). As des cribed
bclo \V . the stru ctu re/ act ivity s p ecific ity of vir -ind u ct io n ind i­
. ,¡es lha ! o n:y mol ecules w i[h simi la r Str uClu re lO AS indu ce
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O H

r COOH
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CH 'CHCOOHg
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AS and OH-AS are exudate-specific
In [he so il. A groba clerium probably de tects pJ;iOl ce\l s th rough
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Different plant tissues produce AS/OH-AS
To det ermin e wheth e r AS a nd O H·AS are s peci fic (O roo ts o r
whethe r th ey a re a lso produ ced by othe r pla nt tissu es, we
puri fied a nd idenlified th e vir·i nd uci ng act ivity produced by
Ieaf cells (Fig . 1). Mediu m in wh ich N. rabacu m lea ve s lh a l have
been cu t iOlo d isk s have been cul tured (c ml ; co ndi ti o ned
me d ium leaves ) contains su bstantial a m o unts o f ind ucing
acti vity that co m ple tely partitio ns iOlo ch lo ro form. The
RPC/FPLC profi le and correspondin g bioassay p ro file of th is
material (Fig. 1e) s ho w lhat the cml activity fract ionat es into
two pe aks that co··elute with OH-AS and AS . Subsequent
purification a nd GC/ MS a nd ultraviolet spectrophotometric
a na lysis of !he active molecules in these peaks confirmed th at
the major vir· ind u cing activity in cm/ is composed o f OH-AS
a nd AS (data no t sh o wn); Thus, th ese two compou nds are
present in th e exu d ates of at Ieast two d ifIe rent pl an t tissues.

Fig.4 Compariso n of vir· inducing activity of purified peak B
compound (Fig. 2) and commercially obt a ined ace rosy ri ngo ne .
Vertical axis, ,B .g alaclosidase activi ty (U bacteri u m" ' ) in the
A grobacrerium cirll >: locZ strain A348(pSM30); iower horizontal
axis , rela tive concentrari on of purified peak B compound (Fig. 2)
o r a utheruic AS (Ja nss en Chimica) in th e inducing rnedi urn,
measured as abso rba nce a t 298 nm (cm-'). The exti ncrio n
coefficient of AS al 298 nm is 10.300 (r ef, 29); this value was used
ro calculare the co nc c ntra rio n of ind ucer compound in ih e inducing
medium, indi cated by th e upper hori zontal axis.
M ethods, Purified peak B compound and au the ntic AS we re separo
aiely d issolved in i\ISSP ro 1.0 a bso rba nce unit ml- I al 298 nm
(cm- ' ), measured agai ns t fresh MSSP. Each solution was ser ially
dil uted and th e resu ltan! samples we re in ocul a ted wi th bacteriurn
a t 0.09 ab so rba nce u n it ml " at 600 nm (cm - ' ). Samp les were
inc uba ted fo r 14 h' al 28 ·C, 200 r.p.rn, and the ,B .galaclos idase

acrivity of (he bac teria in each sample d ete rrn ine d , .

Thus, we have ide nti fied pla nt mol ecu les th a t ind u ce vir
ex p ressio n. Ou r next expe rirn ents seek to p rovide in si gh t in to
(he re lat io rish ip bet ween th ese mo lecu les a nd Agrobac terium in
na tu re. Fo r th e A groba clerium / plaOl tran sforrnat ion sys tern 10

be rnost efficie nt , its ac tiva tio n s ho ul d be limited to the presence
of s usceptib le plant cells. T h is cou ld be ac h ieved if ac rivarion
is signa lled only by rnolecules specific to these cells. For insrance ,
such mo leclu es s ho u ld first , be p roduce d by difíerenr types o f
p la nt ce lls , as Agoba cterium ca n mins!o rm sev e ra ] d ifí e re nt-cel l
rypes"; seco nd , be specifi ca lly sy nth es ized by susce ptible pl a nt
ce lls , su ch as woun d ed ce lls; a nd th ird, b e available to the
ba cteriurn in qu ant it ies su flic ie nt for efficie ru ac riva tion. The
foll owing experirn ents d erno ns tra te that AS has these p rope rti es
a nd that a ct iva rio n of A g roba crerium is a highly spec ific process.
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Fig. 5 Efíect o f wou nding and inh ibiti o n of pl an t cell rne rabol isrn
o n product ion of AS and OH ·AS by plant cells. RPC/ FPLC
Iractiona tions of equ ivalent arno unts o f medi um cond itio ned with :
a , l .S-c rn-d ia met er leaf d isk s; b, int a ct leaves; e, lear disk s in the
prese nce of cycloheximide. Th e vert ica l ax es are dra wn lOth e same
scal e in a- e. Arro ws, elution posit ions o f O H·AS (Iracti on 7), and
AS (Irac tion \3) .
Methods, Lea ves (4 g) excised frorn 6-week-o ld N. rabacum SR ]
plants were lrealed as described belo~ and incubated in 50 mi MS
medi um in a ISO-mi Pelri dish. Care was laken lO use visually
equivalenl leaves in each experi menl. a, 5- 6 (.cm' d isks were
oblai ned per ¡ear ; b. inlacll eaves were used; e, same as a but wilh
5 p_p.m. (12 .8 IJ.M ) cycloheximide (Aetidi on, 99%; Aldr ich
Chemicals) added lO lhe medium_Afler a n ·h incubalio n, 40 mi
o r each respe clive condit ioned medium was recovered , fihered
lhr ough 0.22 IJ.m nilrocellu lose and 35 mi eXlra Cled wilh
chlor<;J ronn (Fig. 1), and lhe organic pellel was rcsuspended in
400 IJ.I \ 0% C H)OH. 0.1% C H)COOH. We analysed 100 IJ.I or lhe
sample by RPC/FPLC usirig lhe cond ilions described in Fig. 1.
The remaining 5 mI or condi tioned medium was bioassayed ror
vir.i nducing aeti vily; lhe unils or )3-gal aetosid ase aClivily induced
by lhe condilioned media or a, b an d e were 565, 135 and 20.

respeetively.

E
e
o
~ 0 1
~

ized are susceptible. Therefori:, we testCd whether the product ion
of AS and OH-AS is stimulated by plant cell woundin g. Fíg u re
S sh o ws th!= RPC/FPLC profiles of the organic eXlraets of C": :

p rod uce d by equ ivalent amounts of N. tabacum leaf d is;;,
(wo u nd ed cells; Fig. 5a) or intaet 1eaves (unwounded; F ig . 5b /.
Comparison of these profiles ¡ndicales that lhe 'wounded' cml
co n tains > 10-fold more AS and OH-AS than the 'unwounded '
cm~ demo~tráting th at wounding stimulates lhe a p pearanc c of
these molecules in the cell exudate. The low levels of AS and
OH-AS in the 'unwounded' leaf exudat_e could be caused by
the cut stcm surfaces of the leavcs. .

These results do not deli ne which cells of lhe wo unded lissu e
produce AS a n d OH -AS . For example, damaged or d ead ce l!'
co u ld rdease AS , a lt ho ug h such cells are not good t arg el ~ ;....

--ARTICLfS- - -

c xud al e .s p eci fic we assessed the ir re larive co nc erurat ions wir hin
th c N . iabacum leaf d isk s o f Fig . ] r: '~.= s e di sks were extract ed
with ch lo ro fo rm and th e ext raer wa , .-::a lysed b y R PC/ FP LC
f",!ct io n:Hin n a nd co rrespo nd in g bioassa y. The relat ive r,"' ­
centra tio ns o f A~ a nd OH- AS are < 0.5% of th e o rg a n ic como
pound s pres err ::. ;h e tota l lea f d isks (da ta not s ho w n ). In
compa rison, th e re lat ive co nce nt ra tion s of th ese co m po u nds In
th e cml ext raer i~ -~% a nd g rea te r ( F igs 1e, 5 A) . Thus, A S
a nd OH- AS probatr., do no t lea k out o f dama ged pla ru ce lls
a nd a re exudate ·specific co m po u nds.

Concentra t ion of vir inducers in cmr/ cml
F igu re 4 sho ws the rel ation sh ip betwee n rhe co nc eru rat ion of
AS (bo th co m m ercia l and cmr-pu rified) an d in d u cti o n of cirB
exp ressio n as measured in units of .o.gal a ctosid ase a Cli v i l ~ _

U nd er the co nd iti ons used, AS a t ~ 10 ¡.L M , a nd A S at 1.5 ¡.L M ,
in d uce rna xirnal (1 ,200 U ) a nd ha lf'-rnaxirna l (600 U ) express ion,
rcspe c rivc ly . N ot e rhat AS in d u crio n d oes no t s ignifi can tly afí ec t
cel l viabili ty (that is, induct ion is a no n- Ie tha l event ), a nd th a t
conce rur a tio ris of AS >200 f.L~ are no t s ign ifica ruly roxic i o ih e
bact eri a . U sing the d ese-response cu rve of Fi g . 4, th e co ncentra­
rion of t;ir -i nd uc ing co rnp ounds in pla n t-ce ll exud a res rel a tive
to AS ca n b e es tirna te d . Our si art in g cm r a nd cml preparati o ns
typical ly ind uce betwee n 250 a nd 500 U .o- galac lOsid a se act ivity
in .A348 (pS M 30 );. th is activ ity a pp rox irna re ly co rrespo nd s ro
be l w~en 0.5 and lf.LM AS .

Biological actívity of aceryosyringone
The primary mol ecu lar sig nal fo r the in itiat io n in A goba crerium
o f the eve n ts of p lant ce ll tra ns fo rrna tio n should induce in rhe
b acte ri u rn both ihe enti re vir re gulen a nd th e in itial sreps of
T · D N A tr ansfe r. . We determined rhat AS has th ese activ itie s .
Se veral vir :: lac and pin : : lac A grobacterium strai ns were incu ­
bated in 20 ¡.LM A S (both co m m eric al a nd cmr-pu ri fied ) a nd
assaye d fo r .B -gal~ctosidase activ ity . Inductions o f a ll the pre ­
vio us ly iden tified inducible oir loc i ( B, e, D, E, G ) a nd pin I?
was obta ined , a n d the levels o f ind uctio n we re at leas t 20- 50%
highe r th an th ose s ti~ulated du rin g co-c u lti va tion wi th pl a nt
ce ll cult ures or incubation wiih cmr'" (d a ta not shown ). AS al so
ind uces th e prod uctio n ofT- D N A interm ediates : wh e n ba cte ria
a re in cubated with 20 fLM A S fo r 12- 18 h, T -DNA in termed io
a tes lJ are fo u nd ar .ajrequency two- to fivefold greater th an tha t
o b ta ined fo llo wi ng 48-h cci:cu lli va tio n with prrot opl asts 17 (d al a
no l shown) . We have al sq Seen th a l AS induce s the appea ran ce '
and/or disap p eara nce of .seve ra l ma jor proleins in A grobac­
rerium ( P. E n t st ro m , P.Z.¡and S .E.S., in preparat ío n ). Thus, a
s ingle co m po u nd is suffici e nt ,lO trigger the cOm plete ac ti va t io n
o f vir a nd the in itial eve nts ofT-DNA transfer; a nd AS (p ro bably
O H- AS al so) is a p rim ary signal for p la n t cell transform ati o n
by Agrobac rerium.

Molecular speci6city of vir induction
Table 1 sho ws the respective vir·i nd uc ing a cti vit ies o f AS ( a)
a nd a na logues of AS (b - g) . Thes e re su lts indicate that A grobac.
rerium vir exp re ss io n is efficie hl ly ind uced b y molecules lh al
conform lo a struCtu re best represe n ted by AS itsel f, a nd sugges l
th at Ágrobac rerium has evolved to recognize and respond to AS
as a s j:Jecific s ignal for the act iva tio n of plant cell transformatio n .
Fo r insta nce, AS wi thout one methoxy group (b) has greall y
attenuated vir-inducing act iv ity, whereas AS without bOlh
methoxy groups (d) or its hydroxyl group (c) is inactive. The
acety l substituent of AS ii; im p o rtan t for aetivi ty. The form yl
( e) and carboxyli'c acid (f) analogues of AS'have attenual ec
act ivity, whereas lhe cinnamic acid analogue of AS, sinapinic
acid (g) , has approximately equiva lent activity to AS. This latter
resull is in teresting in that sinapin ic aci d is a precusor of lignin ,
an inte gra l cell-wall constiluenl o f all vascular plants (se e
below).

Wounding stimulates AS/OH-AS 'productiori
Althou gh m any d icotyledonous pl an! cells can be tr ansforme d
b y Agrobacrerium, only cells th at have been wounded or lraum al -
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,.\grobaclerillm in fect io n. We rested w~ether active plant ~ell

rnetabolism is requ ired [or the prod uct io n of AS by analysing
(he cm l produ ced by leaf disks incubated in cyc lo he ximide. Thi s
materia l does not cont a in AS and OH-AS (F ig. Se) . Th ese re- ults
co n finn and extend our previous observation that in
:,Ia nt/ Agrooacterium co -cultiva tio ns only active ly growi ng plant
"·: lI cultures are ab le 10 sti rnula re efficient ci r gene ex pression' ".

i u r data conceming the produ ction of AS and OH ·AS in total
. .igg est th at the se com pou nds are specifi call y sy nt hesized and
~'\ u ded by metabol ica lly active wou nded ce lls.

Discuss ion
111e mo lecu les tha t we ha ve puri fied signal Agrobacterium lO
ac tívate the expression of its virul ence genes, se ui ng in rnot ion
a series of mo lecul ar events ult irnately resulting in th e transfer
of T-DNA frorn the ba cte riurn lO the plant cel\.

Wounded cells ar e known ro be susceptible 10 Agroba cterium
.r fect io n, perhaps beca us e th e intact cell wall s of u nda maged
: :l ls restrict T·DNA tran sfer, o r becaus e T·D NA int egration is
de pendent on host-cell replication and wounding stirnula tes this
replicatio n, Because Agrobacterium responds ro AS and OH-AS
10 in itia te plant cell transformat ion, these molecules potentially
represenl the sign al that Agrobacterium det ects and recogni zes
in the soil as susceptible plant ce lls. The pr esence of AS and
OH-AS specifica lly in the exudares of wo u nded bu! ac tivel y
metabolizing plant tissu es sup ports our hypothesis.

The activation of A grobacteriurn uir expression by pla nt sig nal
rnol ecu les probably involves al least lWO steps : ex tra ce llula r
'~cognÚion a nd im racellul a r response. The first slep co uld
Je pend on lhe sign al mo lecul e acting as a chem ica l anrac la nl
an d / o r nUlritive so urce for the bacterium. Th e lalte r mu st
de pend on the abil ilYofl he bacterium to con vey'the inforrnal io n
o f lhe signal from oUlside to inside the cell and lo aCliva te vir
expression. The mech anism of these eve nls is unknow n. Ind uc­
tio n of lhe pTiA6 vir region is altenlua ted in virA and does no l
occu r in virG mutanI bacte ria (S .E .S., in preparation) . Also, lh e
am ino· acid sequer.ce o f lhe virG ge ne product is highl y
ho mo logous wilh seve ra l positive regu lalo ry proleins of E. eoli2 1

•

1 eca use AS can cause the induc tio n of lh e co mple te l'i r regulon ,
,,' C: sugge sl lhal lhis compo und aClS lO ac tiva te a llosteri cally lhe
~'i rG pr olein, which lh en activa tes vir 'tra nscrip tio n by di recll y
int e racling Wilh ¡¡ir gene pr o moler sequences. 111e rirA protein
pote nt,ally funclions in the initial extra cellular/i ntracellu la r rec·
og nil ion· and / o r intracell ula r transport of th e signal mo lecu le.

AS and OH-AS have not previously bee n identi fied as nalural
co m ponenl of planl ce lls, sugg esting th al lh e a p pea ra nce of
the se mo lecule s in nature is not widespread . Thu s, lhese
mo lecules polenl iall y represe nt lO Agrobaeierium only lhose
·: ::lIs which are ilS desir ed lar gets. In ad di lio n, th ese or relal ed
:lOlecules mighl also serve 10 inil iale o lhe r bacte ria l/ p lant inler ·
,c lio ns in lhe soi l. Th e observed res ista nce of most monOCOlv·
k do no us plan lS 10 Agrobaererium coul d rd u ll because th e ~e
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plants do not produce, or only produ ce in low quantities, vir
sig nal mo lecules. AS and OH·AS co uld be useful for obtaining
Agrobacleri um transfo rmation of pla nt species prev io usly see n
to be resista n; to Agrobacterium., and also fo r the analys is of the
ini tia l molecular sreps of the T·DNA lransfer pr ocess.

Although il is impo rta n] for Agrobaclerium lO detect and
respond to such rnole cule s, it is equally im po rta nt th at it does
not respond 10 closely relared but function all y d iflerent
molecules ; we have shown that vir induct ion is mo st efficiently
stimulared by AS and by the lignin pre cursor sina p inic acid.
This la tter com poun d is not present in detect able qua nti ties in
ou r ex udare preparatio ns; howeve r, sina p inic acid could be
presenl in the soil in exudares of wo unded cells in the process
of cell -wall rebu ilding.

It is interest in g lOspeculate on the function of AS and OH ·AS
in plants. Th ese compounds are likely produ cts of the shikimic
acid biosyn thet ic pa thway that provides th e pla nl cell with the
precursors lO a broad spectru rn of rnclecu les, incl udi ng the
f1avon oid s, a nd lignins12

-
2
' . These classes of co m po un ds are

importanl ro a p lant subjected lO stress o r inj ury. Fo r exa rnple,
many ñavo noid -de rived phytoa lexins are potent inh ibi ro rs of
the growth of in vad ing pathogens" , wherea s lignin, a major
cornponent o f the cell wall , provides a ph ysical barrier lO
invasio rr" . Th us, AS a nd OH-AS could be part o f th e woun d
response ." of p lant cells. Th ese compounds are po tent ially tox ic
lo other so il pa rhogen s, and A groba elerium has evo lved to be
resi stant 10 AS and OH -AS a nd to use the se ch ern icals to
recogni ze wounded ·cells. Alternatively, the compounds could
be products rel al ed to lignin repair in damaged cell s.

We propose Ihat lhere is a continual exc ret ion o f wound ­
relaled ph en oli cs du ring growth, caused by abrasion from the
soi\. A groba cler ium may be altracted lo pla nls by re cognition
of the se compounds. However, si gn ifica nl leve ls o f vir induclio n
a nd lhe events of T·DNA lransfer will on ly occur if sign al
molecu les a re present in sufficie n l co ncent ra lio ns . As lh e highe sl
co nce nlra lio ns are found al wo u nd si les, A. lumefa eiens
efIecl ively infec ls on ly these s iles .

We lhank M ar c Sc helfa ul a nd Luc Van Royen (L aboral ory
o f Organ ic C hemislry, Rijksuniversi!eil, Gent ) for hel p Wi lh lh e
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:-ial forÓ. Montcla i. Bailey. Harrow Blood Boone County. Iemessee i~a t lJ i dL ¿:,O
GF3051 issusceptible toroot-kno: nemat:'Jes whereasthe secondgroup (BY520­
3.BY520-8. SL1089. SL1090.Higama r~ e ;;-;aºua rd. Flordaguard.Yunnan.Okinawa.
and Nemared). withthe excection 01 R:Jb:'.;a1d SiberianC. istolerantorresistaru
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Mulagenesis and Tissue Culture lor Selecling Phytopthora
cactorum-resislanl Slrawberry (Fragaria xananassa) Planls
5. Mo,'/an Jeit: , CarolaLasus. and Kani2¡'I=n. Dept. 01 Planl Production. Un,';
JI Helsinki, 00014. Box 27. Helsinki, Fi r. iand

Iheaim 01 this study was lo rsolats P,1ylOOlhoracaclorum-resislant 5::2,'.­
j erry plants. regenerated Iromgamma-,' radialedexplants 001 ashoot regene-.;­
-::Jnmedium.Three gammacoses ro 5. iO15 krad) wereusedtoir:adlaiesraw­
: e:ry 3d !ary buos taken írorn in vil;lj·'J;.)W;] p:ants . M er irrad::::loro e" <':.
: :;cs lI'er::culturedon ashool regen~~3t ! .}r. r;¡::j iumcontaining0.75í'1º6" 'c'
::~'Q 0 4mgIBNl iler.Snoot regenerailonoccurredmai nly lrorn axil.; 'vb"aó ;:';­
j :alec witr.5 and 10 krad. The hignes! dos~ (15kradl producedle':: snoats : 1e
sOlcot regenerationrate was highesl al tne 50-kraddase.AIItherege~e r a l e :: D:e': S
,'¡ere :ransíerred in lhe greenhouse. The crude extracl 01 P. caelorum. isole:eo
::om¡hestrawberrylield. was preparedinslerilewater: 1mi 01 it Viasput d ¡;~ :: l y

in thecenler 01 the crown 01 c3ch 01 400 reoeneratedptanls.Mer2week5 lea·.-es
oímost 01 lheplantswilted. Only20Pianrs survivedIhe firsl roune 01 seleei;');]:
,1ey grewslowly when comparedv:ith lr,t comeol and alsoshowe: some:':i:;'·
::~ce lo drought. Further investigations are in progress to recon (. m: Ihe res;s­
lanceal selected putalivedisease-res:st::n: s:rawberryplants.
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Moniloring Prunus Necrolic Ringspol Virus Inleclion by Hy·
bridizalion wilh a CRNA Probe lollowing in Vilro Grafl ing
K.Heuss-La Rosa.R.Hammond, J.M. Cross!in. C.Hazel.and F. Hammerschiaq'
USoAJARS. Beltsville. Mo20705-2350

11vitromicrograltingwastestedasatechniquefor inoculating peaeh [Pru.lus
pers ica (L.) Batschl wilh prunus necrotic ringspot virus (PNRSV). Cullured
'Suncrest' shoots derived Irom a natural ly infected tree (as indicated by ELlSA
testing) maintained virus in vitro, withvirusconcenlrations in growing tips and
folded ¡eaves being several times Ihose 01 lully expanded leaves. The infected
shoots served as gralt bases and thesource 01virus. Gra lted lips were deflved
Irom 'Suncres!' trees that had tested negalive lor the virus. Leal samoles were
collccled lrom the tips lollowing gralting andanalyzed lor lhe presence01 virus
by slol-blothybridizalion witha digo,xigenin-Iabeled cRNA probed derived fmm
PNRSVRNA 3. Rales01 successlulgraltingwere55%and73%inlhree trials and
PNRSVwas found inall tips analyzed . Vi rus concentralions approximated those
loundinthesourceshoots,suggestinglhatthismethodshould be uselul lorscreen­
ing ;ranslormedpeach shoots lor coal prolein-medialed resistance toPNRSV

540
An Evalualion 01 Anlibiolics lor lhe Eliminalion 01 Agrobac­
terium tumefaciens !rom App le Leal Explanls in Vilro and lor
lhe Effect on Regeneration
F.A Hammersehlag', RH Zimmerman. u.L. Yadava, S. Hunsueker, and P.
Gercheva. USoNARS. Bel tsville. Mo 20705-2350

A range 01anlibiotics was evaluated lor Iheir eflect on elimina ling
AgrobacteriumtumetacienssupeíVirulentstrainEHA101 (pEHA101)Irom leal ex­
plants ol 'Royal Gala' apple(Malus domestica BOrXh)and001 regeneration. Mer
10ng'lerm(38 days) exposure to1OO-J..l] .ml-1 concentrat ions 01 eilhercelolaxime
(ce0. carbenicillin (carbl, mefoxin (mel). or combinations 01lhese antibiOlics.
only001 carb orcarbwithmel was regeneration not inhibited. Ndneollheabove
ar.tibiotics or antibiotic combinations eliminated A tumefaciens Irom leal ex­
plants. Short-lerm (1-18 llours), vacuum infiltralionwilh 500- lo l000-J..l]. m¡-i
cor.centrations 01 either 01 theaboveantibiolics didnot inhibil regeneralion. bul
did not eliminateA. tumefaciens lromleal explants,Altera30-min vacuum inlil­
tralion with a 2000-J..l].ml-1 concentralíon 01eilher cel. carb, or mel. only cel
reduced lhe number 01 leal explants with A. lumefaciens. ,
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544
Essenlial Oi ls 01 Boronia megastigma--Selecli on 01 lmproven
Genolypes
J.A. ñoame:', J VI·¿¡:;n'. JA. C;:nsídine'. ano Z. Sosoe« 'Deot. 01 r';!,-¡S:;­
ences,raculty01 Ag ~ i c¡; ! tu r ~ . Univ 01 Western Australia.Ncj land: .WA6889.A·~:.·

iralia; 'ChemistryCenier (WA) . 125Hay Street. East Pertn. WA 6004. Ausl:ai"
Boroníamegastigm¿ is cultivated or picked írorn n, lura: sianos ir. Wes,e:­

Austral ia lor the production 01 essential oil. Boroniaabsoune ISenracrec ir.);.,
the highly pertumed nowers It is currentiy va lued al belVóBer, USS4000 a-,:)
USS7000per kilog'am.anc wonc consumption lor pe:hJ'1ery isabou; i :S ~I :: ::

The va nauon in esse ~ ' :21 al; connosíüonwithin ano be:¡:ee'1 :l c, au l e t ; o~ s ' .::s
indicatedconsioereoie.,anail::l:; Inoil components. SOr;):: ::,':; II'IO;"a:5'.';v:;:i'T'
~- io ;]one and lov: !eve!s 01 pmeoes Principie cOmp01e'1!S2'13IyS!S ; ~d i : :: : e :

thal thecontent01~ - I on one and dodecylacerareweretlg',ily unken.as '..e:e 1 ~1 :

rnonoíerpenes, o-pinene. ~-p i nc ne . and, toa lesser eXle.1t. nmonene Separal::
l i n~age s belween tOle oesírabíe oi: components ( ~- iono 'l: a;¡:! OOj::y 2ce:3:: ·
ano tneundesirab le::J~ponen¡s (a-pinene. ~·pinene . anc i : ¡;-'G;¡ :; ~: I \....!: i:::¡,:­
[ate selecuon01plenlSiObeuseo inoiloroducíion.

54:
Elfecl ollrradiance Leve l and lronChelale Source onthe Shool­
lip Cullure 01 Carica papaya L.
B Caslillo', OL Mad,~a vi. and MA L.Smilh. oepl. 01 Ha::I:ulture Un. O'l lli·
nois.Urbana. IL61801

Imeraclion belv.-een irradiance levÚs (5-40 mM·m-: .s-·) anc :ror. chelatE
sources (FeNa,EDTA ar,dFeNaOTPA¡on l h~ est 3 iJ l i shme ~ lI . growih aneprolil­
eíalion 01shoOI tips 01 Carica paoaya were tested. Redueed irradlane: leve! (5
mlvl .m-2.s-1) enhaneeoIhe estaDlishmenl 01shoot lips rEga'dlesso; t ~ : SO:JrCE
01iron chelaletested.Al higher irradiancelevels(30 and 40 mM·rn-: ·S· " 1. pres­
ence01FeNaoTPA in Ihemediumenhanced establishmemo' Sh:lc: t¡es Cor,·
linuo;!s or alterneting i1ghVoark (16/8 h) photoperiodsa, 1:g;: irrac,::r.·:e IEveiS
had ~o ellect on the eSlablishment or growth 01 theculturE. A! h ighe ~ j rr ad i anc~

levels. ihe culturesproduced smaller leaves as comparedlO¡oVler Iffadia:lce lev­
els. Low irradianceandFeN~EDTAwas prelerredduring¡heprolilerationstage.

552
Translormalion 01 Grape (Vitis vinifera L.)
R. Scorza ' 1, J. M. Cordls'. OJ Gray , O.W Ramminil. and RL Emersharf.
IUSoAJARSAppa lachian FruitResearch Slation.Kearneysvi!le.WV 25430: ' Ceno
tral FloridaResearch and Educalion Center. lnst. 01 Food and Agr icultural Sci­
ence. Univ. 01 Florida. Leesburg. FL34748:3USoNARSHorticultural Crops Re­
search Laboratory. Fresno. CA93727

Transgenicgrapevineswereregenerated Irom somalicembryos producedIrom
immaturezygOlicembryos 01 twoseedlessgrape seleclionsand lromleaves 01in
vitro-grown plants 01 'Thompson Seedless·. Somatic embryos \Vere bombarded
withgoldmicroparticles. using IheBiolisticPOS-1000/Hedevice(Bic-Rad Labs)
and thenexposed toengineered A. lumefaciensEHA10l (E. Hood. WSU). Alter­
nately. somaticembryoswereexposedloA. tumefacienswithoutbombardmenl.
Foltowing cocultivalion. secondaryembryos multiplied 001 Emershadand Ram·
mingprolileralion medium under kan selection.Transgenicembryoswereiden­
tihed alter 3 to 5 monthsand developed into rooledplants 001 woodyplantme­
dium wilh1mMN6-benzyladenine. 1.5% sucrose, and 0.3% activaledcharcoal.
Seedless seleclions were translormed with plasmids pGA482GG(J. Slightom.
Upjohn) and pCGN731 4(Calgene).which carryGUSand NPTlI genes.'Thampson
Seedless' was transformed with pGA482GGand pGA482GGrromRSVcP-15 (D.
Gonsalves.Cornell Univ.)conlainingIhelomatoringspotviruscoatproleingene.
Integration of loreigngenes inlograpevineswasverifiedby growth001 kan .GUS.
and PCR assays. and Soulhernanalyses.

556
Somalic Embryogenesis in Muscadine Grape .
Xia XU.Jiang Lu. and O. Lamikanra.FloridaA&MUniv,. Tallahassee. FL32307

Low lrequency 01 invitroregenerationhas hampered the adoption 01genelic
engineering lechniQuelor improving the Quality 01 muscadine grape. Thisstudy
is lodevelop aslraighttorwardmethod lorhigh-IreQuency regeneration01mus­
cadine grapes invilra.Leaves.petioles.andimmature ovules 01 muscadinegrapes
were roltured 001 variousmedia.Embryogeniccallus.somaticembryoswere formed
alter 9weeks inoculated 001 embryo rescue (ER) medium. Thesomalic embryos
were isolaled and subcullured onIreshmed~um topromoteenlargement and in-
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REVIEW

The transfer of DNA from Agrobacterium tumefaciens into
plants: a feast of fundamental insights

John Zupan, Th eodore R. Muth, Oiga Oraper and Patr icia Zam bryski *
Deperunent of Plent and M icrobial Biology, 111 Koshland Hall , Universitv of Californ ia, Betkelev, CA 94720·3102, USA

Rece ived 10 March 2000; revised 15 May 2000; acce pted 15 May 2000.
"Fo r corres pondence Ifax +1 51064 24995; e-rnail zambrysk@na ture .berkeley.edul.

This review is ded icat ed lOJeff Sche ll, one of lhe lounders 01mod ero 'Agrobiology ', th e ge nelic and mol ecu lar diss ection of crown gall disease, Togelher w ith
notable sc ientists al the Univers itv 01 Gent, Belgium , J eff spearheaded the discov ery of the Ti-plas rnid, The elus ive 'tumor indueing principie' was uncloa ked
and provided impelu s for an incredibly fruitful subsequent 25years of analyses . Scienti st s a ll over Ihe world were caughl up in unraveling the underlying
mechanisms 01Agrobacrerium ·medialed gene tran sler ro planrs, and along the way uncover ed a movable feast of fundarn enral insiqhts. Be low we summarize
a sampling 01 Agrobacrerium 's most recenrly recognized accomplishmenls.

Introduction

The soil phytopathogen Agrobacrerium rumefaciens has

been extensively studied since 1907, when as Baclerium

tumeisciens. i t was identified as the causative agent of
crown gall di sease (Sm ith and Townsend, 1907). This
disease is characterized by the tumorou s growt h of plant

tissues in th e stern , and is a sign ificant pro blem in the

cul ti vation of grape vines, stone fruit and nut trees. The
fi rst indication of the cellula r or biochemical mechanisms

involved in tumorigenesis coincided with the discovery of

the pl ant growth regul ator auxin. Agrobacrerium-induced

tumors were shown to be sour ces of auxin (Link and

Eggers, 1941), and capabl e of growth in culture in the

absence of both bacteria as well as the complement of

plant growth regu lators normally requ ired to inc ite growth

of call us from sterile plant tissues (Whi te and Braun, 1941l.
Cytokini n w as ide ntified as a plan t grow th regulator in

1955 and shortl y thereafter w as stro ngl y impl icated in the

growth of Agrobacrerium-induced tumo rs (Braun, 1958).
Braun first proposed that Agrobaclerium was the source of

a 'tum or inducing principie' , possibly DNA, that perma­

nently transtorrned plant cell s from a state of quiescence

to act ive cell division (Braun, 1947; Braun and Mandle,

1948). The transforming pr incip ie, however, rema ined
elu siv e. With th e advent of mol ecular techniques carne

the Iirst evidence that crow n gall tum ors, cultu red

axenically, con tained DNA of bacterial origin

(Schilperoort et et., 1967), alth ough th is conclusion was

debated. Identificatio n of the tumor-inducing (Ti) plasm id

(Van Larebeke et el., 1974; Van Larebeke et sl., 1975;

Zaenen er sl., 1974) narro wed the search to genet ic
eleme nts deriv ed from this plasmid and ult imately re­
sul ted in the discovery of T-ONA (tra nsferred DNA), a

speci fic segment transferred to plant cells (Chi lton et al.,

© 2000 Blackwell Science U d

1977; Chi lton el al., 1978; Depicker et el., 1978). Braun

(1982) prov ides an interest ing historical review of early

work on Agrobacrerium rumefaciens, notably studies

conducted prior to the advent of molecular techniques.
Presumably, elicitatio n of tumors provides

Agrobacreri um tumeisciens w ith sorne advantage. Th is

advantage derives from the produc tion by turnors of

unu sual am ino acid -like compounds called opines (re­

viewed in Dessaux et sl ., 1993). Although opines are

str ucturally di verse. a tumor produces only certain opines

that are str ictly depend ent on the infecting strain, and the

opines produced bv a gall are specifica llv catabolized by

that stra in 01 Agrobacrerium (Goldman et et., 1968; Petit

et st., 1970) . Furthermore, the abil ity to metabolize opines is

tigh tly correl ated with virulence; loss of virulence is always

accornpani ed by the lo ss of the abi lit y to degra de a specific

opine (Petit and Tourneu r, 1972). Before th e id ent if ication of
the T i-plasmid, these observations we re the fi rst indicat ion

that tumorigenesis involved the transfer of genetic material

from bacter ia to plants. It is now known that the enzymes

for catabolism of specific opines are encoded on the Ti­

plasmid and complement the op ine biosynthetic pathways

encoded on the T-DNA. Thus, by the int roduction of genetic

material into plant cells, 'genetic colonization' (Schell et el..
1979), Agro bacrerium tumetecion s ctesies a unique habitat

wherein it solely is genetically equipped to ut il ize the

predo m inant carb on-nitrogen sour ce.

Overview of Agrobacterium-mediated gene transfer

The tumorou s transforma tion of plants by Agrobacterium
results from the stimulation of plant cell div is ion by ge ne
products encoded by a segment of DNA (T-DNA) t rans-

11



12 Jotu: Zupa n et al.

CYTOPLASM

Vlr02 NLS
r«C'p<on

AG ROUACTI::RI U;\\ HOST PLANT CI-:I.I.

() ~1 . O u ter mernbrane N;. rtpli4n¡:l)un (di -.-.11 rr· rtr1pla.sm 1M· InDcr rnembrane

:'\I"C· r\udur pon: cem pte s

Figure 1. Bas ic steps in the Iransformation 01 plan! cells by Agrobacrerium rume facien s (see text for details }.
Adapt ed lrom Sheng a nd Citov sky (1996).

ferred from the bacterium to the pla nt (Figure 1). The T­
DNA and the viru lence (vir) region, w hose products
generate the transfer in termediate (T-co mplex) and med­

iate ]ts transpon. are located on the tumor -inducing
plasmid (pTi). The expr ession of genes in the vir region

is induced by the exuda te fro m w ounded plants.

Phenolics, such as acetosyringone, are the most potent
inducers foun d in wo und exuda te, but sug ars and acidic
pH amplify the respons e. The T-complex com prises a
single strand íss) copy o f the T-DNA (T-strand ) with a

single molecule of the Vi r protein Vi rD2 covalently bound

to the 5' end, and coated alon g its length with th e ssDNA

binding pro tein , VirE2. Th e vir system of Agrobacterium

will process and tr ansfer any DNA betw een the flanking

25 bp dir ect repeats (right and left bo rde rs) that delim it the
T-DNA; hence, the ut il ity o f Ag roba cter iurn for th e genetic
engineering of plants. A vir-speci fic apparatus , the T­

complex tran sporter, med iates trans fer of th e T-complex

fram the bacter ium to the plant cell and is assembled from

12 membrane-associated, vir-specific proteins . Inside the

plant cell, the T-complex is imported into the nucleus
where the T-strand becomes stably integrated into a plant
chromosome (reviewed in Christie, 1997; Sheng and
Citovsky, 1996; Zambryski, 1997).

Fundamental insights into biological processes

Throughout its stu dy, Agrobacterium tumefaciens has

both spurred and benefi ted from advances in numerous

biological processes. Table 1 highlights 12 fundamental

insights der ived from the analysis of the interaction

betw een Agrobacterium and susceptible plant cells; se­
lected reíerences are listed in Tab le 1. To provide focus to
the present review, w e discuss T-DNA transfer in particular
(Table 1, items 7-1 2). The fi rst section focus es on analysis
of the T-DNA element and atle mp ts to place its processing

and transport in a broad er contex t. The second half of the

review highlights current research on Agrobacterium

(Table 1, item 12) and again ill ustrates its continu ed util ity

as a mod el expe rimen tal system.

Int erkingdom 'conju ga/' DNA ttensier (Table 1, item 7)

Discovery of the T-strand directly provoked the hypothesis

that the transfer of DNA from Agrobacterium to the plant

cell is not mechanistically unique, but might be evolutio­
nar ily related to bacterial conjugation (Stachel and
Zambryski, 1986a; Stachel et al., 1986b). Comparison of
the synthesis of conjugal DNA transfer intermediates and

© Blackwell Science Ltd, The Plant Journet. (2000). 23, 11-28
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Table l . Insights into fundamental hiologi cal proc esses derived from research on Ag robacrerium rume faciens

Insights'

1. Communicat ion between rnicrobes and plants in the soil environment: Identirication of plant phenolics as vir ind ucers (Stachel eeal.•

1985;Stachel eral., 1986a).
2. VirANirG bacterial two-component system for transcriptional requlati on (Stachel and Zarnbrvski , 1986b; Winans el el; 1986).
3. Plant promoters: Characterization of nopal ine and octopine svnthase prom oters as two 01 the first plan t promoters (De Greve et al .•

1982; Depicker el et., 1982!.
4. Novel pathwavs for plant hormone synthesis: T·ONA encoded genes Ior auxin and cytokinin biosynthesis responsibl e Ior tumor
phenotype (Akiyoshi el al.. 1984; Barry el al .• 1984; Buchmann el al.. 1985; Inze el al.. 1984; Schr6dcr el al.. 1984; Thom ashow eral.,

1984).
5. Quorum sensing for transcript ional regul atio n 01 conjugation : Opines stimu late conjugation 01 Ti-plasmid when cell density rises
aboye sorne threshold (Fuqua and Winans. 1994; Fuqua el al.• 1994; Piper el al., 1993: Zhang el al.. 1993).
6. Biotechnology: Vectors lor plant transforma tion (Bevan, 1984; Hoekema el al., 1983; Zambryski eral.• 1983).
7. Interkingdom 'conjuga )' DNA transfer: Identification of T-strand transler inte rmediate.
8. Evolutionary conservation of nic sites (T-ONA borders as sites 01 ini tiation and terminat ion lor T-strand production) and nicking
enzymes (VirDl and Vir0 2 together produce ss nicks in T·ONA bordersl.
9. Trafficking 01 nucleic acids: VirE2 is a single strand nucleic acid binding protein (SSB).
l O. Plant nuclear localizat ion siqnals : Vir02 (and subsequent ly VirE2) reveal sequence requirements lor plant cel! nuclear importo
11. Non·homologous recombinat ion: Analys is 01 T·ONA insertio n into plant ONA.
12. Type IV secretion systems: The VirB T-complex transport er paradigm.

'Selec ted primary reíerences lor insights 1-6 (as these are not discussed in the text): see rext for references related :0 i nsigh¡~ 7- 12.

the T-st rand reve aled ex tensive simi lari t ies. Fir st, sho rt

nucl eotide sequ ences requ ired in cis are funct ionall y polar

in direct ing DNA transfer. Second, tr an sfer is initiated at ss

nicks in these m ot ifs by sequence and strand-spec ifi c

relaxases. Single-str anded, linear DNA is t ran sf erred from

don or to recip ient foll ow ing i ts d isplacement fr om the

plasm id. This evo lutionary lin k w as furth er supported by

the discov ery that tr ansfer f ro m donor to recipient of T­

complex and conjugal DNA of several incompat ibi l ity (Inc)

grou ps is me diated by an apparatus assembled from very

similar protei ns, enc oded by operons conserved among

seve ral co njugation as well as protein ex port svsterns .

desi gnated type IV secret ion sys te ms (Ch ristie, 1997; Lessl

and Lanka, 1994; Winans et aí., 1996).

Prior to defin in g the ss n ickin g reaction th at in itia tes T­

DNA tr ansfer (below), whether the T-DNA is transfer red in

an ss or ds form was much debated (reviewed in

Zam bryski, 1992). Th e argument was pu t to rest by tw o

very dif ferent stra teg ies that assayed the nat ure of the T­

DNA copy upon arrival in the p lant cell. Yu si bov el al.
(1994) de tected a PCR-amplifi ed , T- DNA homologous

seg men t w ith in hou rs after Agrobacterium i nfection o f

tob acco protoplasts; i f the plant cytoplasmic fr act ion fi rst

w as firs t treated with an ss-specific nuclease, the T-DNA

signal was los t. Seco nd ly, a sensi ti ve ex t rachr o m osom al

recombination assay was employed (Tinland el al., 1994),

in which in planta recombination of the T-DNA was

requíred to yield a full length copy of the reporter gene

"uidA (~glucuronidase) from two overlapping coding

fragments separated by an insertion. While recombinat ion

would produce an intact gene reg ardless of fragment
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po larit y if th e transfer inte rm edi ate is ds , a complete uidA
can be obta in ed throug h recombinati on on ly from seg ­

me nt s of o pposite polarity if the transfer inter mediate is ss.

~·g lucu ronidase activi ty in infected protop las ts was an

order of m agn itude greater fro m the T- DNA bearing -uidA

segme nts of op posite pol arit y relat iv a to segments of the

sam e polarity . Thu s, both studies provide strong con­

fir ma tion for an ss transfer in te rm edia te.

Nic sites and nicking enzymes (Table 1, ite m 8)

In tvpe IV secr et ion systems that transf er DN A, sy nt hesis of

the transler in te rme diate is ini ti ated by st rand-specific

nicks in par:ti cul ar sequ ences, oriT lor conjugation an d T­

DNA right border fo r T-strand (Stac he l et al., 1986b; Wang

el sl., 1987). Four groups of transfer origins can be

disti ng ui shed by sequence analysis (reviewed in

Pansegrau and Lanka, 1996). The larg est g roup is IncP,

w hich incl udes the origins of tr ansfer of all IncP plasm ids,

T-DNA borders, tra ns fer orig ins fr om conjugat iv e transpo­

sons, veq etat iv e replication ori gi ns of plasmids from

Gram -positive bacte ria . and replicat ion origins fro m ss

bacteriophages. The origin for conjugal t ransfer of the

entir e Ti-p lasm id between agro bacteria belongs to th e

IncO group. Differences among groups in conserved

nucleotides at the nic site índi cate th at the DNA:protein

interaetíons requ ired for substrate recognit ion may vary.

The nicking reactions, however, probably proceed by a

similar molecular mechanism, as all form a covalent bond

between the c1eavi ng enzyme and the nucleotide on the 5'

side of the nic. Thus, process ing of nucl eic acid ín ter-
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mediatos lor translar to (1 recipient probeblv or ig lnated
w ith the evolution 01 specilic sequence sub strates for ss

nicking .
Ouring nicking, a relaxase breaks the phosp hate bond

between a specif ic pair of nucleotides in one stra nd of the

nic site, In most systems, specificity for bind ing 01 the

relaxase to the nic site is provided by an auxil iary protein
w hich recruits the relaxase to the nic si te (reviewed in
Pansegrau and Lanka. 1996). In others, however, nic site
recognit ion and cleavage functions are combined in a
singl e protein (Pansegrau and Lanka, 1996). In

Agrobacterium, Vir01 Iikely first recognizes and binds the
T-ONA border to promote binding of Vir02 relaxase (Lessl

and Lanka, 1994; Panseg rau and Lanka, 1996). The

complex of supercoile d pla sm id and nickin g proteins for
bacterial-bacteria l conjugati on svs terns . termed the re­
laxosome, is present throughout the cell cyele. In the

absence of contact w ith a suitable recipient, the reaction
equi librium of the relaxosom e does not favor the e1 eavage
reaetion . Once a recipient is physicall y con tacted, a signal
is tran smitt ed to the relaxos ome tha t alters th e equ ilibrium
to initiate cleavage, followed by synthesis of a transfer
intermed iate. Agrobacterium employs tran scription al reg­
ulation of Vir01 and Vir02 to ensure th at a pTi-relaxosome

(Filiehkin and Gelvi n, 1993) is assembled and active only in
the presence of a plant susceptib le to infecti on. Generally,

homologies among relaxases para llel homolog ies 01 the

transfer origins.
In vivo in Agrobacteri um , Vir01/02 are both required for

the nicking reactio n (Scheiffele et al ., 1995; Stachel et al.,
1987; Yanols ky et al., 1986). In vitro, Vir0 2 alo ne nicks ss
ol igonucleotid es bearin g the T-ONA border sequence
(Jasper et al., 1994; Pans egrau et al., 1993a). In the

presence of an excess of cleav age products, VirD2 can
also catalvze the reverse react ion, joi ni ng two pieces of

ssDNA (Pansegrau et al., 1993a). Notably, Vi rD2 catalyzes

the eleavage 01 the IncP oriT in an ss olig on ucleotide, but

Tral, the IncP homolog of VirD2, cann ot cleave a ss T·ONA
right bord er (Pansegrau et al., 1993a). Th e abili ty lo

recognize heterologous nic sites may re flect a ro le for
Vir02 in initiating the integ ration of the Tvst rand to the 3'

side of an ss nick in plant DNA . VirD2 may have evolved lo
tolerate mor e variability in the sequences to which it will

bind to lacil it ate T-str and ligation into non -homologous
ONA. When nic sites are prese nted in supercoi led double­
stranded íds) plasmid s, VirD1 is essential for Vir D2 nicking.
The VirD1/D2 com plex is unable to cleave its cognate nic

site presented in a relaxed ds circle or a lin ear double

strand .

IncP relaxases have thr ee conserved mot ifs at their N­

termini (llyina and Koonin, 1992; Pansegrau et et.. 1994).

Motif I contains a tyrosine that forms a phosphodiester
bond between its arornatic hydroxyl group and the S'
phosphoryl group of the DNA during e1eavage (Pansegrau

ec et.. 1993b). This tyrosine, at positi on 29 in VirD2 and
pos ition 22 in Tral , cannot be altered without abol ishing
nicking activ ity (Vogel and Das, 1992). Motif ill is the most

high ly con serv ed, and contains two hist id ines necessary

for cleavage Ihat may activa te the tyrosine by co-ord inate

binding of Mg2+ (Vogel et el., 1995). Motif 11 may recogn ize
a sequenc e 3' to the nic. Crit ical amino acids for these
functions have been identifi ed in Tral by mutagenesis, and
are pred icted in Vir D2 based on the presenee of ide ntieal or

simil ar residu es w ith in equi valent context (Pansegra u

erel., 1994). As w ith nic sequences, the similarity among

the molecular reactions that cleave nic sites and the

proteins th at m ediate these reaetions strongly suggests

tha t these systems share a common ancestor.

ssONA binding ptotein s (Table 1, item 9)

Transf er of nueleie acid s thr ough cell membranes is
essentia l in all liv ing org anisms (Citovsky and Zambryski ,

1993). Cellul ar physiology of eukary otes is depend ent on
tho nuclear i-nport/export of RNA. Pathoqenesis, especially
viral, ohen requ ires genome transport into the nucleus or
from cell lo cell. During transp ort , the nueleic acid is

potenti ally a tarqet for nucleolyt ic degra dati on . In addition ,

transported nucleie acids must be efficientl y targeted to

their sites of action. These íu nctions. protection and

local ization, are largely pro vided by proteins associated

w ith nucleic acids (Citovsky and Zambryski, . 1993).
Identilication of the Agrob aceerium prot ein VirE2 as a

sequence non -specifie, ss DNA bind ing (SSB) pro tein not
onl y fu rthered our understanding 01 Agrobacterium­
mediated genetic transfor mation of pl ants, but also

provoked in sights in two areas - nucl ear import in plant
cells and plant vir us spread from cell-to-cell .

VirE2 is a vi r-inducible, ss nuc leic acid binding pro tein

(Chri sl ie et al., 1988; Citovsky et al., 1988; Das, 1988; Gietl

et al., 1987). In vitro, VirE2 bind s ss DNA regardless of

sequence ; the bin ding is strong and co-operative suggest­

ing that T-strands are fu lly coated withVirE2 (Citovsky
et el., 1989; Sen et al., 1989). VirE2:ssDNA complexes are
resistant to 3' or 5' exonueleases, as well as end onucleases

(Citovsky et el., 1989; Sen et al., 19891. Vir E2:ss0NA corn­
pl exes form ed in vitre are unfol ded and less than 2 nm in
diameler (Citov sky et el., 1989). bu t under some cond iti ons

th is complex ado pts a coiled, telephone cord -lik e con­
fo rmation (Citovsky eral., 1997).

Binding of VirE2 to T-strand was or igi nally proposed lo

occur in baceerium prior lo export (Christ ie et al., 1988;

Zupan and Zambryski, 1997). Alt ernatively, it has been

proposed that VirE2 and the VirD2:T-strand are exported

independently from the bacterium and formation of the T­

complex is completed in the plant cell cytoplasm (Binns
et el., 1995; Gelvin, 1998; Lee et sl., 1999; Sundberg et sl.,
1996). That VirE1 physically interacts with VirE2 suggests
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the binding 01 VirE2 to th e T·strand is regulated in vivo but

doe s nol resolve the question 01 w here or when this occur s

(Deng et al., 1999; Sundb erg and Ream, 1999; Sundb erg

et al., 1996). In eithe r case, once bound to the T-strand,

VirE2 provides pro tection Iro m nucleolyt ic degradation. 1I

T-strand is transponed as a nucleoprotein complex, a

spec ilic conlormatio n, m aintained by VirE2 , m ay well be a

prerequ isi te lor tran sit thr ougil transmembrane channels
that med iate transle r. Belore discu ssin g targeting íu nc­

tions 01 VirE2, we highl ight how the se results impacted on

oth er research in our laboratory.
The require menl íor an SSB in the transfer of nucle ic

acids du ring pathogenesis by Agrobacter ium di rectly

stimulated the hypothesis that a similar act iv ity might be
invol ved in the cell-to-cell spread of pl ant vir uses.
Movement 01 plant viru ses Irom in fected cells to healthy

cells was long presumed to take place th rough plasmo­
desmata (Esau, 1948). natu ral pla nt intercellular connec­
tio ns. The estim ated size exclusion lim it (SEU 01

pla smod esrnata (0.9-1. 0 nm Stokes' rad ius), how ever,
was far below the size 01 wh ole virus part icles (12-80 nm)
or free viral genomes w it h irregular, fo lded structures and
Stokes' radii 01 at least 10 nm . The refor e, to expl oit

plasmodesmata, plant viruse s must increase the plasmo ­
desma ta SEL or syn thesize a transler in te rm edi ate cornpa­
tibi e w ith transport thr ough plasmo desm ata (reviewed in
Ghoshroy et al., 1997). Thu s. an ss DNA:SSB complex wa s

predicted to serve as the transfe r interm ediate in rnov e­

ment of viral nuclei c acids through plasm odesm ata as we ll
as trans fer of Tvstrand Irorn bacteriu m to pla nt cel l,

Genetic evid ence suggested th at viral -encoded prot eins.
term ed mov ement protein (MPs). m ediated cell-to-cell

movement (review ed in Carr ington et al ., 1996; Citovs ky,
1999; Mush egian and Koonin , 1993). Th e fi rst ind icat ion 01

the mechanism behind this aetiv ity derived from studies 01

P30, the MP of tobacco m osaic virus (TMV), a posit ive

sense RNA viru s. Transgenic tobacco expressing P30
allowed the diffusion 01 fluor escently lab eled, rnicrc in­

jected 10kDa dext rans Irom the injeeted cell to adjaeent

cells wh ile the same tracer remained confined to the
injected cell in cont rol pl an ts (Wolf e t e l., 1989). Thu s, the
SEL 01 plasmodesmata in transgenic pl ants had been

increased to appro ximately 3 nm (the Stoke' s radius 01

10kDa dextran) . Plasmodesmata with these dimension s,
however, would still be un able to traffie TMV RNA or vir al
partic les.

Using a biochemical approach, Citovsky et al. (1990)
demonstrated that P30 binds ss nucleic aeids. The binding

is strong , co-operative and sequence non-specific . P30:ss
nucleie acid complexes are less than 2 nm . in diameter,

compatible w ith the P30-induced increase in the SEL of
plasmo desmata (Citovsky et al., 1990; Citovsky et el.,
1992a). The in vivo and in vitro activities of P30 generate

a very specific model Io r th e spread 01 plant viruses frorn
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Transfer o f DN A fr o m A. tu mel acie ns 15

cell to cell . Alter inlec tio n and repl ication 01 the TMV

genome, P30 sequesters a port ion 01 the RNA Ior Mp ·

medi ated tran spo rt to adjacent cells wh ile the rema inder is

encapsidated íor spread by vectors lo other plants . P30

expr ession during inlection 01 a leal is transient, ternpo­

rally part itioning the replicated genomes between nucleo­

protein com plexes Ior cell-ro-cell spread and viral particles

íor transler to new hosts. Al ter tr ansport into a neiqhbor­

ing cell , repl ieation, cell -to -cell movement and encapsida ­

tion are reeapitu lated.
Sinee the initial charaeter ization 01 P30 as an ss nucleic

acid binding protein, SSB activi ty has been demonstrated

íor many plant viral MPs (Table 2) (review ed in Carr ington

et et., 1996; Lazarow itz and Beachy, 1999; Mush egian and

Koonin, 1993). Th e Iact that most MPs have SSB act ivitv

sugge sts that tran sport through plasmodesmata of nu­

c1eoprotein intermedia tes is a common mechanism for
cell -to-cell spread 01many plant virus es; th is simple model

w as provoked by ou r stud ies 01VirE2 and the lor m ati on 01

a tr anslerable Tvcornplex by Agrobacrerium.

Plant nuclear locslizetio n sign als (Teble 1, item 10) •

Integ rat ion 01 the 'I-str and requ ires that the Tvcorn p lex be
importad in to the plant cell nueleus, a tigh tly regulated

pro cess in wh ich proteins larg er than 40-60 kDa must

possess a nuclear loeali zation signal (NLS) to mediate their

im port thro ugh the nuclear pore (Goerl ich , 1997; Melcti ior

and Gerace, 1995). As the J-strano is presumed to be

eom pletel y coated w ith pro teins, the signals tha t target T­
complex to the nucleu s most Iikely reside in it s assoc iated
proteins, VirD2 and VirE2 (Zambry ski, 1992). Therefore, in

the evolution 01 the vir-system to exploi t a eukaryotic host ,
th ese pr okaryotic pro tein s acqu ired mo tils that lunetion as
NLSs. Nuclear targeting of VirD2 and VirE2 w ere among
the first studies 01 nuc lear im port in plants .

Nu clear localizarion of Vir02. Sequence analysis 01 Vi rD2
revealed a sequence homo logous to the bipa rt ite ty pe 01

NLS (Howard et al., 1992). Th e nuclear localizing function

01 th is sequence w as con firmed by expres sing a VirD2: ­
GUS lusion in toba cco protoplasts (Howard etet. . 1992)

and by immunolocalization (Tinl and et el., 1992). That

Agrobacrerium w as severely redueed in tumorigenicity
when the tw o stretches of basic amino acids in th e VirD2
bipartite NLS were deleted valida ted the bio log ieal rele­
vance of the NLS-l ike sequence (Shurvinton et el., 1992) .

VirE2 NLSs (discussed below) are present in vast exeess

over the single VirD2 NLS. Th is raises the question of

whether the NLS 01 VirD2 is superfluous or has a unique

role in the import 01 T-cornplex. The faet that
Agrobacterium bear ing an NLS-deleted VirD2 was attenu­
ated in virulence suggests the latter, Possibly, VirD2
ensures that the 5' end 01 the T-strand enters the nucleus
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Table 2. Repr esentat ive plant palhog en prote ins w ith sinqle -strand nucle ic acid binding activi tv '

Pathoqen

Agrobacl eriu m lum efaciens

Tob acco mosa ic viru s (TMV)

Caul illower mosa ic virus (CaMV)

Squash leal curl v irus

Cucumber mosaic viru s (CM V)

Barley str ip e mo saie virus (BSMV)
Potato lealrol\ viru s (PLRV)
Potato virus Y (PVY)

Prot ein

VirE2

P30

P1

NSP (BV1, BR1)
MPB (BC1, BL1)

3a

pb
pr17
HC·Pro

Nucleic acid binding
act ivity and lunction

ssDNA; p ro tection and
nuclear im pon

ssRNA, ssDNA; cetl-to-cel l

rnovernent
ssRNA , ssDNA ; cell- to-cell

movement
ssDNA;
nuclear shutt le.
cel\-to -cel\ movement
ssRNA, ssDNA ;
cell -to-cell m ovement
ssRNA, dsRNA
ssRNA, ssDN A
ssRNA

Relerences

(Cnrist ie ·el al., 1988; Citovskv el et., 1988; Ci­
tovskv el et.. 1989; Citovsky el al., 1992; Das,
1988; Sen el al., 1989)
(Citovskv el al., 1990; Citov skv el el., 1992a;
Waig ma nn el al., 1994)
(Ci tovskv el st., 1991; Thomas and Maule,
1995)
(Pascal el et., 1994; Sanderfool and Lazarowit z.

(SqLCV) 1995; Sanderlool el st.. 1996)

(Ding el el., 1995; Li and Palukaiti s, 1996;
Vaque ro el al., 1997)
(Oonald el et., 1997)
(Tacke el al., 1991)
(Ma ia and Bern ardi, 1996)

•Addit ional rnovernent proreins w ith SSB act ivitv are describ ed in Mushegian and Kooni n (1993), Carrington el al. (19961. and
Lazarowitz and Beachy (1999).

fi rst, avoiding entry in an awkward 'elbow' conformation.
Ini tia tion at the 5' end may be a com mon leature of the
translocation of ss nucleic acid s across the nuclear pore in

eith er direction. For example, export of 75s rRNA (Balbioni
Rings) from the nucle i of salivary gland cel ls in Chi ron om us

tentans init iates at the 5' end (Mehl in et et., 1992) .

VirD2 w as expl oited in yeast two-hyb rid analy sis to
identify an Arab ido psis protein of the karyopherin-a fam ily
(AtKAPa) (Bailas and Cit ovsky, 1997). AtKAPa rescued a
yeast mu tant delective in nuclear import and media ted
nuclea r import of VirD2 in perme abilized yeast cells . The
interaction between VirD2 and AtKAPa provides strong

evidence that Agrobaclerium has co-optad the eukaryotic

process of nuclea r import to assist in the efficient genetic
transform ation of plant cells .

Nuclear loc al izarion of VirE2. VirE2, the most abundant

protein component of the T-complex, cont ains two
bipartit e NLSs. Both NLSs w ere requ ir ed for maximum

accumulat ion of a VirE2;GUS fusio n protein in the nucleus

(Citovsky et sl., 1992b). The T-st rand from the nopaline
strain of Agrobaceerium requires 600 monomers of Vir E2
to coat it completely (Zambryski, 1992). Therelore, VirE2

provide s NLSs along the ent ire leng lh of the T-complex,
potentially facilitating un in terrupted nuclear up lake of T­
complex .

VirE2-med iated nucl ear im port of ssDNA was assayed

directly by microinjection of complexes formed in vitro

from f1uorescently labeled DNA and purified VirE2 into

stamen hair cell s of the flowering plant Tradescantia

virginiana (Zupan et el., 1996). Fluorescent DNA accumu­
lated in the nucleus specifically when microinjected as a
complex w ith VirE2. ssDNA micro injected alone rema ined

cytop lasmic. These data suggest thal T-stran d is im ported
into the nucleus by a prote in import pathway via its
association w ith VirE2. Other data have been inte rpreted to
suggest that VirE2 does not provide nuclear-targeting but

on ly protects T-strand from nucleolvtic degradation inside
the plant cell (Rossi et st., 1996); however, the ent ire virE2

gene was deleted, simultaneo usly abolish ing both protec­
tive and nuclear local izing lunctions.

T-complex nuclea r im port also reveals novel features of
th is process. Firsl, accumulation of Vir D2 and VirE2 GUS­
fusions in the nuc lei of leaf and immalu re root epidermal
cell s. but not in mature root epidermal cells, suggests

nuclear import may be developmentally regu laled. Cell­

type specific NLS-binding proteins could result in specific

gene express ion by adm itting different subse ts of tran­
scrip tion íactors into the nucleus (reviewed in Wh iteside

and Goodbou rn. 1993). Secondly, plants m ay tolerate

greater variabil ity in the pr im ary sequence of bip artite
NLSs. While the NLS 01Vi rD2 conlorms to the consens us

'anima l' bipartite sequence. the NLSs of Vir E2 are less

homologou s. Both of these proteins are imported in to
plan t cell nuclei bu t only VirD2 is imported into the nuclei
of animal celIs (Guraln ick et et., 1996). When either NLS of
VirE2 was altered to conform precisely to the 'animal'
bipa rti te sig nal, the prot ein accumulated in ani mal cell
nuclei and med iated nuclear import 01 ss nucleic acid
(Guralnick et al., 1996) .

Integrarían (Table 1, ítem 11)

In the fina l step of T-DNA lransfer, the incoming ssDNA of

the T-cornplex is stab ly integ rated into a plant chrorno­
some (Gheysen et al., 1991). Int egration may induce small
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deletions, less than 100bp , of plant DN A at the insertion

site . In add ition. in tegration also genera tes ' filler' DNA,

less than 50 bp homologous to nea rby plan t DNA, at the

T-DNA-plant junctio n. Int egr ation of the 5' end of the

T-strand is relatively pr ecis e often occurr in g at the

penult imate 5' nucl eot ide bound lO VirD2 (Tinland et sl.,
1995). Some mutations in Vir02 res ult in lar ge deletions at

Ihe 5' end suqq estinq that Vir02 mediales the precision of

integration at this end . A t the 3' end, integration usually

includes most of Ihe left border region, allhough larger

deletions are more common at this end. Delet ion s of up to

1000 bp al the 3' end of the T-strand Iransferr ed from a

virET strain suggest that Vi rE2 p lays a signif icanl role in

protect ing the T-strand from nucleolytic deq radation

(Rossi el al., 1996).
Th e mechanics of inle gralion rem ain largely unknown.

Afler nuclear im port, the T-sl rand is likely made ds wi th

th e con comitant displacement o f VirE2 . Conversion to a ds

form is supported by transient exp ression of reporter

genes in the T-DNA, extrachromosomal homologous

recombination of T-DNA pr ior to integration, and Ihe

com plex pallern of multiple T-ONAs at a single insertion
si te (discussed in De Buck el sl., 1999).

Given that the T-strand does not encode enzymes that

catalyze integration, Ihese fun ctions m ust be rnedia ted by

host cell íactor s, As not more th an 5 (usually 0-3) bp of

hom ol ogy have been found between ei the r end of the T­

DNA and the plant sequences at the insert io n si te, most

models usually pro pose illeg itimate recombination as the
model for T-strand integ ral ion (De Buck el sl ., 1999).

Double-strand break repair via non-homologous end-join­

ing (Brill, 1999) of the ds T-slrand is consistent with many

of the products observed a,s a result of T-ONA integration.
The precision of T-ONA borders at the 5' end of the T­

strand suggested that Vir02 in itiates in teqration by ligating

the 5' end lo an exposed 3'-OH in plant ONA . An alterna tive

model pro poses that the T-sl rand rem ains ss. and inlegra­

tion ini tia tes by docking of Ih e 3' end o f th e T-stra nd via 2­

5 bases of microhomology (Tinland el al., 1995). The latter

model. however, does not explain the pattern of integra­

tion for tandem arrays of rnult iple T-ONAs. In either case,

both 5' and 3' inlegration are Iikely to be assisted by plant

machinery for DNA metabol ism; DNA replication and
repair type enzymes are prime candidates. lt w ill be
interesting to determine whether Vir02 and VirE2 direct ly

inte racl w ith structura l or enzvrnatic components of plant
chrom atin or ONA metabo lism.

Type IV secret ion systems (Table 1, it em 12)

Systems that secrete various substrates through the

bacterial envelope are currently classified into four types.

.Type 1, typ ified by Escherieh ia eoli hem olysin export, is

sec-independent and requires 3-4 accessory protein s (Fath
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and Kolter, 1993). In the type 11 svstern. typified by

pullulanase export in Klebsiella oxytoea, the sub str ate is

exponed into the periplasm by the see-dependent general

secretory pathway (GSP) then secreted across the out er

mem br ane via a specia lized term in al branch of the GSP

(Pugsley, 1993). Type 111 secretion (Hobbs and Mattick,

1993), typified by Vop export in the human pathogen

Yersinia pestis (Cornelis and Wolf-Watz, 1997), is sec­

independent, translocates prote in sub strates from the

bacterial cytoplasm in to the eukaryot ic host cvt oplasrn,

and requires more than 20 accessory proteins. Typ e 111

systems also include bacterial f1a gell ar assem bly proteins

which 'secrete' f1agellar componen ts to the exteri or of the

cell .

Type IV secretion systems com pri se a growing fami ly

of multiprotein com plexes that span the bacterial

envel ope (Salrnond. 1994). Orig inally, the type IV

fami ly included the vir B operan and systems for conjuga l

DNA transfer. Homologs of six virB genes w ere then

found in the ctt operon of Bordetella pertussis,
which encodes a transporter that exports pertussis toxin

(reviewed in Lessl and Lanka, 1994; Winans el al., 1~96).

Subsequently, type IV systems essential for virulence have

been identified in human pathogens (discussed below ),

and mediate transfer of proteinaceous íacto rs, such as

CagA (Odenbreit et al. 2000; Stein et al. 2000), that

subvert host defense mechani sms . Th e export of proteins

suggests type IV secretion systems evo lved fro m a protein

exporte r system. The Agrobacterium VirB transporter as
w ell as those for bacterial conjugation may incide ntally

transfer ONA by virtue of its forming a nucleoprotein

complex with proteins targeted for export. exemplified by
the T-complex.

Recent advances: bacterial secret ion and pathogenesis

Structure and tunctioa of tbe T-lra nsporter

Over the past 5 vears , much of the research on

Agrobaeterium-mediated gene tra nsfer has focu sed on

the vir-specific Iype IV secretion system, the T-complex

transporter (T-transporter). Th is apparatus is assembled

from 11 proteins encoded by the virB operon, and VirD4.
The T-transporter facilitates transfer of the T-complex to
plant or yeast cells and mediates conjugal tr ansfer of the
non-self transmissible, but mobil izable, plasm id RSF1010

(an IncO plasmidl to Agrobac eeri um. It can also transfer
proteins, such as VirE2 and VirF, to plant cell s (reviewed in

Christie. 1997; Zupa n et el., 1998).

While the mechanics of T-transporter function are not

known, the basic architecture of its structural components
is emerg ing . Assembly is most likely preceded by hydro­

Iysis of the peptidog lycan layer by VirB1 (Figure 2a) (Baron

et el., 1997a). This activit y is essentia l for the mobiliza tion
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Figure l . Ass emb ly of the Agrobaclerium lumefaciens T-complex transponer.
(a) Assembly of the T-pilus, VirBI is processed into two domains following SPI mediated transpon into the periplasm. The N·terminal portian (VirBI·N,
white ova U may be involved ind irectly in pilus forma tion (as well as assembly of the transponer carel by ind ucing localized Iysis of the peplidoglycan
laye r. The e ·term ina l VirB1· (cross-hatched ovaU may ehaperone pilus eomponents VirBl and VirBS to the exterio r of the eell . VirB2 (majar) and VirBS
(mi na r) pilus eomponents are shown as donut-shaped and gray oval s, respeetively. VirB2 process ing is deseribed in the tex l. VirB2 and VirBS are
mob ilized to the eell surface by an unknown m eehanism that likely req u ires addit iona l VirB proteins. The blaek box indicates lha! it is no t known how th e
T-pilus is anch or ed in the baeterial envelope,
(b) Ass embly of the T-co mplex transp ort er eore begins wit h the lipid -rnod ificatio n of VirB7 resul ting in anehori ng in th e o uter mem bran e. VirB7 form s a
heteromultimer with VirB9 wh ieh prometes th e s tability of many other VirB proteins, poss ibly through interaet ions with VirB8 and VirB10 (Das and Xie,
2000).
(e) The T-complex transporter is suggeste d lo eomprise a pilus and ehannel 'core' (sea text). Whelher the pilus and eore ar e coupled eithe r phys ieally or

funetionally is not knownIblackbox),

of VirB2 and VirBS to the cell surface to form the T-p ilu s,

the best documented structural feature of the transporte r

(Figure 2al. Interaction and subcellular localization studies

suggest at least some of the remainder of the VirBNirD4

© Blackwell Science ltd, The Plant Journal, (2000 ), 23. 11-28



proteins assemble into a m ult imeric compl ex that spans

the bacterial cnvelope (Figure 2b). This hypothetical 'core'

01 the Tvtransporter likely t ranslocates substrates out 01 the

bacteri um. Energy to drive assernblv and translocat ion is

po tentially prov ided by th e thr ee ATPases (VirB4, Vi rB11

and VirD4) associated w ith th e T-tran sporter (Figure 2c)

(reviewed in Christie. 1997; Zupa n et el ., 1998).

Increasing ly. non -vir íunct ions are also bein g identified

as essent ial Io r transporter assembly. Below, we discuss

each 01 the known components 01 the T-transporter.

VirB 1 is bifunctional

IlIustrations depicting large, multicomponent, membrane­

spann ing complexes in bact eria usually neglect to

represe nt the peptidoglycan laye r (Dijkstr a and Keck,

1996). This omiss io n rell ects the lack 01 in formation on

how penetration of this layer is ach ieved during complex

assembly. The size limit for dilfusion through naturally

occu rring .channels in the peptidoglycan layer is cnly

= 50kDa (Dijks tra and Keck, 1996), too sm all to allo w th e

assembly 01 a mul t iprotein apparatus larg e enough to

traffic nucleoprotein complexes . Work on Vir B1 provided

some of the l irst evidence that secret ion sys tems may
include dedicated facto rs that modify the bacteria l cell wall

to accommodate the ir assembly. Sequence com parisons

revealed sim ilarities among ch icke n egg w hi te Iysozyme
and the N-term inus of VirB1, as well as prote ins involved
in conjugal DNA transter. invasion by the human patho­
gens Sa/mon ella enterica and Shigella spp. and others

(Table 3) (Dijkstra and Keck, 1996; Lehnherr et al., 1998;

Mushegian et et., 1996). Based on Iysozyme homolo gy,

these proteins are predicted to possess glycosidase

activity, and indeed they sha re homology with Iytic

transglycosylases across a region that lorm s the catalyt ic

site (Table3). Although VirBl glycosidase activity has not

been demo nstrated direct ly in vitra, agrobacteria, carrying

Vir B1 mutat io ns in two residues predicted to be critica l for
hydrolysis of glycosidic bonds were severely attenuated in
virulence (Mu sheg ian et al., 1996).
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VirB1 is proc essed to release it s C-terminal th ird , Vi rB1",

which is then secreted (Baron et el., 1997a). App ro ximately

hall 01 VirB 1" rerna ins loosely associated with the exte rior

01 Agrobacterium ce lls , and the rest can be recovered from

cul ture sup ern atants (Baron et al., 1997a). Processing and

secretion 01 VirB 1" are no! coupled, are independent 01 the

Ti -p lasmid, but do requ i re the signal peptide (Llosa et al.

2000). Th us, lactors that mediate processing of VirB 1 and

secretion of VirB 1· are localized in the periplasm or outer

me m bra ne and are not subject to vir-regu lation. VirB 1 is

processed to VirB 1" in oth er Rhi zob iaceae, but secret ion is

spec ific to Agrobacterium (We ini nger, Domk e and Baron ,

personal communication). These obse rvati ons suggest

that Vir B1" is synthesized and secreted fo r a speci fic role ,

most likely at the cell surface, during T-tran sporter

assem bly or fun ct ion . A bilunctional VirBl is supported

by partial complem entation (tumor and Tvpilus assays) of

a virB 1 deletion strain w ith co nstructs expressin g either

the N-terminal Iysozyme-homologous region or the C­

terminal Vir B1" (Llosa et al. 2000; We ininge r, Domke and

Baron , p erson al co m mu nicati on). Thus, each domain of

VirB 1 proba bl y has it s own role in tumorigenesis.

As VirB1 is the first product 01 the polycistronic

transcript of the virB operen, it is likely to have an early

rol e. Its loose exterior location suggests that VirB1· may

playa non-st ructural role me d iati ng pil us for mati on, such

as cha perone act ivity Io r VirB2 during tr an s port to the cell

ext erio r. A lternatively, assoc iation 01 VirB 1" with VirB9
(Baron et al., 1997a) suggests th at it may Iunction in the
assembly of the T-transporter 'core', perhaps before

VirB 1" is secreted to the exterior 01 the cell. Finally,
association of Vi rB1" wi th the exte rior 01 Ag robac terium

suggests that it may be available to interact wi th the plant

cell surface (Figure 2a).

T-pilus

The only documented structural component 01 the T­
transporter is th e T-p ilus, a long, flexibl e, filamentous
app endage observed on the surface of vir-induced

TableJ. Selected proteins wit h Iysozyme or transglycosylase homology

Protein

VirB1

VirB1
TraN
.TraL
ORF19/0 RF169
SIt70
IpgF
lagB
Pm404

Organism or
plasmid

A. lumefaciens

Brucella suis
IncP plasmid
IncN plasmid
IncFII Rl plasmid
E. col i
Shigella spp.
Salmonella enter ice
Proteos mirabilis

Function

Transporter assembly

Survival; intracellular mult iplication
Conjugation
Conjugation
Conjugation
Peptidoglycan degradation
Invasion
Invasion
7

Reference

(Ba r ón el al., 1997a; Dijkstra and Keck, 1996;
Mushegian el al., 1996)
(O'Callaghan e l sl., 1999)
(l.essl e l el., 1992)
(Mushegian el sl., 1996; Pohlman el st., 1994)
(Graus et et., 1990;Loh et s t.. 1989)
(Holtje el al., 1975; Thunnissen e l al., 1994)
(Allaoui el al., 1993)
(Miras el et., 1995)
(Dijkstra and Keck, 1996)
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Agrobaceerium cell s (Full ner eret., 1996). Forrnation o'¡ T­
pili is dependent on expre ssio n 01 VirB proteins and is

correlated w ith Vi rB-medialed tran sler 01 T-complex to
plant cells and the transfer 01 IncO plasmids between

bacteria (Fulln er, 1998).
The F-pilus 01 the F-incompatibility system 01 E. coli is

the best chara cterized component 01any ty pe IV transpor­

ter (Firth er el ., 1996). This pilus mediates cell surface

con tact between donor and recip ient, a prerequ isite lo r

con jug al DNA transler. F-pi li have been observed lo

shorten and 'ret ract.' Presum ably, retraction brings the
cell surfaces 01 the donor and recip ient in to close contact

to lacili tate tran sfer of F-plasmid.
The inside diameter of the F-pilus (2 nm) (Silverrnan,

1997) is barely compatible with the transfer 01 nuc leopro­

tein com plexes through the lumen. The diameter 01 the
nucl eoprotein Tvcornp lex is < 2 nm (Citov sky eeel., 1989 ).

Althou gh the in ter ior dimension s of the Agrobaceerium

vir ulence pilus have not been reported, the exterior
dimensions (lO nm) (Lai and Kado, 1998) are comparabl e
to the F-pilus (8 nm) (Silverrnan. 1997). As the Tvpilus is

extremely thin and the T-strand is likely to be trans ferred
as a nucleoprotein complex, it is difficu lt to im agine how
the Tvpi lus lumen serves as a cond uit for delivery 01 an

elongated T-com plex into the hos t without som e addi ­
tional features. Either a conlormatio nal change in the pilus
structure itself and/or the widening of the transmembrane
channel may diminish the phys ical constraints to egress 01

the T-complex. Whether the pilus serves as the condu it for

T-complex transpon. as well as the host cell tether,
remai ns unreso lved . II the pilu s serves on ly as a tether,
the T-complex may move directly through the VirB
tran smembrane channel into the plant cell by an unknown
m echan ism . Dürrenberger et al . (1991) suggest that
co'njugating bacteria becom e tightly juxtaposed alon g

the ir length to fo rm parches 01 intimate cont act. II the
tether and conduit are separated functionally, th ey may

not be linked physicall y. The latter scena rio previdas two

opport unities fo r interaction between the host cell surtace

components and the bacter ia, i.e. interactions via the pilus

and interactions via the chann el.

Virulence pil i may also have a regulatory ro le in T­

transporter lunction . Wh ile attachment 01Agrobaceerium is
ob viously crit ical for the genetic transformation of

pla nt cell s, attachme nt is chromos omally, not Ti-plasmid,
encoded (Matthysse and Wagner, 1994). Furth erm ore,
expression of the vir-specilic type IV transporter compo­
nents can be induced by soluble plant Iactors in the absence
of plant cell con tact pe r se. T-com plex, however, is not
det ected in vir-induced cultu re supernatant s; thus, the T­

transporter maynot be functional w ithout a plant host cell,

Type 111 secret ion systems require host cell contact Ior
transporter assembly and func tion (Corne lis and Woll­
Watz , 1997). Perception and transduction of a contact signal

by the T-pilus may trigger transporter act ivity, either by
assembling transp ortar components at the site of closest

proxi mity to the recipien t cell or by inducing activity in
assembled transporters specif ically in the region 01contact.

T-pilus assembly. Two Vir prote ins have been identified in

T-pili preparations. The major component, VirB2, is

translated as a 12.3kDa protein that is quick ly pro cessed

to a 7.2 kDa prot ein associated with the inner membrane

(.Jones et s l., 1996; Lai and Kado, 1998). The Vir B2

homolog, TraA, is the F-pi lus subuni t and is sim ilarly
processed frorn a 12.3kDa propilin to a 6.2 kDa inner

membrane protein (Firth er sl., 1996). In the presence of
recipient cells, TraA is mob il ized by an unknown mechan ­

ism to the surface of the dono r cell w here it polymerizes to
form the pilus. In contrast, Vir-induced cultures 01

Agrobacter ium assemb le T-pil i wi thou t host plant cells

(l.ai and Kado, 1998; Schmidt-Eisenlo hr et et., 1999a).
Strains 01 Agrobaceerium with deletions 01 vir83, vir84,

vir8S, vir89 or vir8 10 produce VirB2, but the processed
Iorrn accumulates inside rather than on the exter ior of th e

cell , and pili are not observed (Lai and Kado, 1998).

The leader peptide (47 amino aclds) 01Vi rB2 propilin is
c1 eaved dur in g insertion into the inner membrane where it
accum ulates pr ior to T-pilus assemb ly (Eisenbrand l er el.,

1999). Pilin subun its in other systems undergo a var iety of

lurther post-translational modifications. TraA of the F-pilus
is acetylated al the C-terminus (Moore et st., 1993), and the
subun it of type IV adhesive pil i in Neisseria meningieidis is

glycosylated (Virji et s l., 1993). VirB2, as well as its IncP
homolog TrbC, forms an int ramolecu lar bond between its
N- and C-termini producing a cyclic polypeptide, a rare
reaction in prokaryot es (Eisenbrandl et al., 1999). Prior to

cycl ization , TrbC undergoes two additional pro teo ly t ic
react ions lollowing leader peptide removal; the final

reaction requ ires TraF and remov es four amino acids at
the C·term inus. In the absence of TraF, TrbC is not cycli zed;

cvclizati on may have specilic sequence requirem ents

necessitating prior processing by TraF. The Ti-plasm id

does not encode a TraF homolog and VirB2 does not

undergo proteolytic processing subsequent to removal of

the signal peptide (Figure 2a).

VirB2 is cycli zed in the absence of other Ti-plasmid

genes but little is know n about this reaction (Eisenbrandt
et e l., 1999). Membrane topology studies predict that both
the N- and C-termini 01 VirB2 protrude into the peripla sm
after inserti on into the inner membrane {Eisenbrandt et el.,

1999}. This conlormation may facilitate formation of the
intramolecular bond by bringing the polypep tide termini
into close contact (Figure 2a). Either cyc lizat ion is auto­

catalyt ic or the putat ive cyclase rep resents a novel

unidentified chromosomal facto r required for virulence.
In addition to VirB2, VirBS is fo und as a minor

component in T-pili preparations (Schm idt-Eisenlohr et al. ,
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1999a). TraC, the IncN VirB5 homolog , also associates with

an exocellul ar po lymeric structure that may be the pilus of

pKM 101 (IncN ) (Schm idt -Eisenlohr et a/., 1999b ) th us

sugge sting that VirB5 homologs may funetion as auxilia ry

structural proteins in pili of tvpe IV secret ion systems

(Figure 2a). In contrast to VirB2 , cellular levels of VirB5
we re stron gly cor rela ted wit h the abund ance of other Vir

proteins, ind icati ng its stabil izatio n by prote in-protein

interactions (Schmidt-Eisenlohr er el., 1999a). Thus. add i­
tional Vi rB components, as well as VirB2 and VirB5, are

required fo r T-pilus format ion . Isolated pil i hav e termina l

knobs, but it is unknown whether these knobs resid e at the
pilus tip or base anchoring the pilus in the bacterial
envelope (Schmidt-Eisen lohr et sl., 1999a). By analogy to
pap-pili adhesins , the knob may be a distal feature of the
T-pilus that mediates interaction with the plant cell.

Assembly of the T pilus also involves VirB6 (Fullner
et al. , 1996). Based on its pred icted extrem e hydrophobic

eharacter, VirB6 w as suggested to for~ a pore in th e inner
membrane (Chri srle. 1997; Das and Xie, 1998) that might
funct ion in egress of the Tvcornplex. Alt hough cellular

levels of mos t VirB proteins were unaffected by in -fram e

delet ion of virB6, pili were not formed (Hapfel mei er,
Dom ke, Zambryski and Baron , personal communication).

Pil i w ere restore d by trans-complementation w ith vi rB6,
sugges ting that VirB6 may function in pilus assem bly and
not direetly in th e tr anslocation of the T-eomplex.

Assembly of a T-eomplex transponer 'cote'

A membrane spann ing eondui t is generall y assumed to
repr esent the ehannel 'cor e' for T-complex exporto Insights
into the composition of thi s core , its assembly or its

fun ction require determination of the specif ic protein­

prot ein interactions.

VirB7, VirB8, VirB9 and VirB1O. The best docum ented
interaction for components of the T-transport er is betw een
the outer membrane lipoprotein VirB7 and periplasm ic
VirB9 (And erson etal., 1996; Baron et el., 1997b; Das et el.,

1997; Fernandez et al., 1996a; Spud ich et al., 1996). Strains

carry ing mutat ions in VirB7 or VirB9 that disrup t formation

of th e heteromultimer accumulated signi fican tly lowe r
cellular levels of VirB4, VirB5, VirB8, VirBl0 and VirB"
(Ferna ndez et et., 1996b). In th e absence of the Vir B7:VirB9
heterodim er, these proteins may be degraded. Thus, the
VirB7 :VirB9 heterodimer may playa crit ical ro le ini tiati ng
or stab ilizing transporter assembly through physica l inter­
actions (Figure 2b).

VirB10 forms high molecular weight complexes, depen­
dent on the VirB7 :VirB9 heterodimer (Beaupré et al. , 1997;
Ward et el., 1990). Two-hybrid analys is in yeast indicates
VirB10 interacts physically with VirB9 as well as VirB8 (Das
and Xie, 2000), although these proteins were not identified

© Blackwell Science Ud, Tbe Plant Journal, (2000). 23, 11-28
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in the VirB10 complexes in Agr obacterium (Beaupré et et.,

1997; Ward et et., 1990). Alteration of a single ami no acid ir.

VirB8 disrupted the tw o-hvbrid interaction w ith VirB9 and

caused aviru lenee sugge sting the VirB8:VirB9 int eraetion is

essent ial. Possibly, Vir B8:VirB9 assoeiat ion in the peri ­

plasm forms links w ith VirB10 in the inner membrane and

with VirB7 in the outer mem brane (Figure 2c).

The ATPases: VirB4, VirB77 and Vir04 . The T-tran sporter

includes three proteins (VirB4, VirBll and VirD4) with

homology to ATPases. These prote ins are presumed to
provide the energy that drives either transporter assembly,

T-complex transloeation, or both. Strains carry ing VirB4

mutants w ith defects in the Walker A nucleotide binding
motif are avirul ent (Christie et al., 1989; Fulln er et al., 1994)

and exert a dominant negative effect when eo-expressed

with wild-type VirB4 (Berger and Christie, 1993). Trans ­
dominance sugge sts VirB4 is incorporated into a multimer.
VirB4 also mediated dimerization of the A. c l repressor
protein and eonferred immuni ty to Ainfeetion (Dang et el.,
1999). As the VirB4 Wal ker A mot if mu tant s also conferred

A. immunity , ATP bind ing is dispensable for dimerization.

However, dimerization may be essential for ATPase
acti vi ty as occurs in ATPase subunits associated wi th a

variety of memb rane transp ort systems (Davidson et et.,
1996; Nikaido et sl., 1997).

Co-svnthesis. specifically 01 VirB 3, Vir B4, VirB7, VirBB,
VirB9 and VirBlO, in agrobaeterial reeipient cells signifi­

eantly stimu lates VirB-mediated conjugation of the non­
sel f transmissible IneO plasmid RSF1 010 (Bohné et al.,
1998). The increase in eonjuga tion effic ieney, proposed to
result from the assembly of these VirB proteins into a
transmembrane structure, may provide an assay for

test ing hypotheses regard ing the assembly and funet ion

of individual VirB prote ins. For example, reeipien ts

expressing eith er wild -type VirB4 or Walker A box mutants
exhibit the sanie level 01 enhaneed conjugation efficiency.
Potentially, VirB4 homomultimers are required for the
assembly of a eomplex including addit ion al VirB protein s,
and this structure can assembl e in the absenee of ATP­
binding by VirB4 (Dang et al., 1999). In this scenar io , VirB4

may act as an essent ial comp onen t of the scaffold ing for

tr ansporter assembly. In contra st, the donor requ irement
for a wild-typ e VirB 4 suggests that ATP-bind ing eonfers
the T-transport er w ith 'one-wav' activity to export DNA
(Figure 2e).

The homology between VirB4 and VirB3 and the IncF
proteins TraL and Trae, respectively, suggests that these

Agrobacterium proteins have a role in pilus assembly
(Jones et sl., 1994). The IneFprote ins are essential for pilus
formation but are not pilus structural components. While a
connection to T-pilus assembly has not been established
for either VirB4 or VirB3, they may physically interact. In a
virB4 delet ion str ain , cellular levels of VirB3 are reduced,
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and VirB3 is localized lo the inner m em brane rather Ihan

both inn er and outer m embranes as in wi ld -type stra ins

(Jones et al., 1994). VirB3 specific local ization, mediated by

VirB4, may promote mo bilizat ion of VirB2 to the exterior of

the cel l.
VirB11 is a member of the PulE sup erfamily and is the

most w idespread 01 the VirB protein s (Krause et al., 2000).

In addit ion to the type IV secretion systems, homologs are

found in fimbrial genes Irorn Pseudomonas aeruginosa

and pathogenic Neisseria, the comG operon involved in

BaciJlus subtilis competence, and the pullulunase sacre­
ti on system of Klebs ielJa oxytoca. PulE homologs are

cvt oplasrnic or w eakly associated w it h the cyt oplasm ic

face of the inner membrane . Tw o me mbers of th is family,
TrbB 01 the IncPa plasmid RP4 and HP0525 from the cag
pathogenicity island of Helicobacter pylori, form six

membered ring -shaped structures in vitro (Krause et al.
2000). In the absence of ATP, TrbB lormed significantly

lewer rings. Othe r di- and monophosphate nucleotides

stabil ized the TrbB hexamers as we ll , indi catin g that

nucleotide binding but not hydrolysis is requi red.

Cur iously, HP0525 lo rmed rin gs even without NTPs. In

Agrobacterium, mutations in th e Walker A bo x of VirBll

are not transdom inant but increase VirB 11 associat ion

w ith the cytoplasm ic face 01 th e inner membrane
(Rashkova et el., 1997). If VirB 11 is simi lar to TrbB, loss o f

ATP-bind ing may prevent this class 01 VirBll mutants

Irom assembli ng in to hexame rs at the inner membrane or

frorn interacti ng w it h other VirB components in the
transporter. TrbB/HP0525 hexam eric rings have an outer

diameter 01 about 12 nm and a central channel approxi­

mately 3 nm in di am eter. Perhaps the fi rst step in tr ansler

01 the T-complex frorn the bacterial cyt oplasm occurs

• thro ugh th e chan nel in a hexam eric ring 01VirB1 1 (Figu re

2c).

Vi r04 homologs are present in almost all typ e IV

secret ion system s as w ell as the F-system (Chri st ie,

1997). AII homolog s possess a Wal ker A motil necessary

lor luncti on and all are in tegra l in ner membrane proteins.

Mutants of the homo logs traD (F) and traG (RP4, IncP) still

produce con jug al pili and attach to recip ient cells, but

conjugal ONA transl er does not occur (Balzer et el., 1994;

Firth et et., 1996). Thus, Vir04 homologs are sugg ested to

mediate introducti on of the nucleoprotein complex into
th e tr ansporter by an energy-dependent m echanism
(Cabezon eta l., 1997).

New required chromosomal ectivities

Although the virulence of Agrobacterium tumefaciens is

largely attributed to the combined activities 01 the Vir
prateins, recent work suggests more and varied contribu­

tions by chromosomally encoded lactors. Attachment was

the lirst step in virulence show n to be med iated by

chromo somally encoded pr oducts. These chv (ch ro m oso­

mal virulencel genes encode pr oteins that Iunct ion in

synth esis and expo rt of polysaccharides thought to

enabl e recognition and bind ing 01 host ce ll-s u rfac e lactors

(Matthysse and Wagner, 1994). In íact, such polysac­

charides may facili tate non-spec if ic 'st ickinq ' to pla nt cells,
as addit ional data suggest th at thes e pr ote ins contribute to
the stabil itv oí the bacterial envelope by regul ating the

periplasm ic osmo ticu m (Sw art er et. , 1994 ).

Sequ ence analysis has identilied signal pept ida se I and 11

sites in several VirB proteins (Kuldau et al., 1990; Wa rd

et el., 1988]. whi ch implie s constitut ive secretion pathways

are invol ved in the assembly 01 the transpo rter. More

speci fic act ivit ies are also indicated . Al ter VirB 1 is deliv ­

ered in to the periplasm by the general secreto ry pathway,

proc essing of VirB 1, pot enti ally by a perip lasmic pr ote ase,
releases VirB 1· (Barón et al., 1997a). Subsequently, a type

11 secretion system may transpor t Vi rB 1· to the exterior of

the cell. This woul d be analogous to the secret ion of

elastase by Pseudom onas aerug ino sa (Mclver et al., 1995).

Elastase is export ed into the periplasm by the gen eral

secretory pathw ay whe re an intramolecul ar domain, wh ich

serves as a chaperone, is cleaved autoprateo lytically but

remains associated with the elastase. Secret ion of the

elastase across the outer membrane is me diated by th e
Xcp appa ratus, a type 11 secretio n apparatus req uired Ior
pathogenicity (Mclver et el ., 1995) .

Intra molecu lar cycliza tion , a process required Ior ma­
turation of VirB2, is an uncornmon protei n madificat io n;
eith er cycl ization occurs autocatalytica lly or it requ ires a

fun ctio n encoded on the chromosome (Eisenbrandt et el.,
1999). Interact ions betw een VirB proteins and ch romoso ­

mal Iactors important for tr ansporter assembly ano

fun ction are lertile areas Ior future investigation.

Type IV sectetion: a rapidly growing farnily

Th'e type IV secretio n system fam il y is expa ndi ng. Ir

addition to conjugal plasmid svsterns, recent ly identi fiet

homologs occur in anim al path ogens and are required fo
viru lence. The list incl udes Bordetella pertussis (w hoopin.

cough), Helicobacter pylori (gastric ulcers). Legion ell
pneumophila (Legionna ire's dis ease) and Rickettsi

prowazekii (epidemic typhus), rev iewed in (Chri stie, 199 ~

Covacci et st., 1999). As thes e bacteri a repr esen t m ember
of the a, p, E and y subgroups 01 the Proteobacteria, type I

transporters have clearly evo lved íor a variety 01purpos e:
Gene cluste rs in Brucella suis (bru cellos is) (O' Callagha

et sl ., 1999) and L. pneumophifa (Sega l et ei., 1999) are th

most recent additions to the type IV secretion syster

family. Notably, these organisms possess nearly cornplei

sets 01 virB and virD4 homologs. L. pneumophila contair

virB2 -11 and virD4, but their specific roles in pathogenes

have not been demonstrated (Segal et sl ., 1999). B. su
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has a gene clu ster , also ref er red to as virB, thal app ears to

be a si ngle t ran scriptional un it and includes homologs of

all Agro bacterium virB gen es in th e sam e order. A twelfth

gene in Ihis cluster en codes a protei n similar to a ma ti ng

pair factor fro m Entero bacter aerogenes and adhesin fr om

Pseudom onas sp. Strains ca rry ing rnutations in either B.
suis vi rB5 o r virB9 w er e unable lo survive or multiply

inlracellula rly in a v ariel y of culturad animal cel ls

(O'Callaghan et et., 1999) . B. suis strains with rnutation s
in virB2, virB4 or virB 10 were severely att enualed in rate s

of intracellula r rnulti plica tion . Thus, the virB region in

Brucella suis is essentia l for survival and mul ti plicat io n in

macrophages.

Perspectives

Or iginall y , interest in Agrobacter ium w as sparked by the

fac t that it caused tu rnors, and research was exp ected to

provide clues in to animal lumor pathogenesis. While thi s

goal was never realized , after nearly 100 years, it is now

eviden t tha t research in 'Agrobi ology' has applica tion to

ani mal pathogenesis. M any bacte ria em ploy a ty pe IV

sec retio n system lo tr ansfer co njugal plasmids carrying

resistance facto rs into bacter ial recipients and vir u lence

deterrn inants. e ither DNA or pro tei n. into susceptible plant

or animal hosts. Assemb ly of the Agrobacterium T­

complex transporter currently serves as the paradigm fo r

type IV secretion syste ms. The T-tra nsporte r t ransports

nucleoprotein complexes as well as pr ol ei n alone. Of Iy pe

IV t ra nsporters, the T -transp ort er also recognizes the

grealesl phylogenelic diversity of hosts, i.e. p lants,

bac teria and yeast. These att ributes confer unparall eled

flexibil ity in experimental designoGiven the sig nificance of

type IV secret io n svs terns in plant b iotechno logy and

health issues. research on Agrobacterium-mediated gene

transfer should con tinué to supply us w ith insi ghl in to a

w id e ran ge of b iol og ical questions,
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•
Update

technical focus

A guide to Agrobacterium binary
Ti vectors
Agrobaclerilllll-based plasmid vcctors allow
the transformation of a wide range of plant
species by capitalizing on a natural bacterial
systcm lo introduce ÚNA inro Ihe nuclear
genome of plants. It is oftcn a complcx task
lo consider fully all the possible plasmid vec­
tors and Agrobacteriumstrains available, and
it can thus be diflicult lo lake full advanrage
of thcsc research tools. This practica!guido is
a survey of the many binary Ti plasmid vec­
tors and Agrobacterium strains available, and
aims lo help researchers to make an informed
decision about the system that is best suitcd
ro their nccds,

Agrobacterium tumefaciens is a soil bac­
teriurn. [1 is pathogenic toa rangeof dicot plant
spccies, causing the Iormation of crown galls
or tumours al or closc to infcctionsiics' . The
proliferated tissue in lhe lumour provides lhe
bacterium with unusua[ alllino acids (opines),
which are an important carbon and nitrogen
source, allhe expense oflhe hosl plan!. Genes
required lo eSlabl ish a lumour and lo bring
aboul opine biosynthesis are lransferred from
Agrobacleri ulIl and hence Ihis baclerium has
becn called Nalure's genelie engineer.

As part of Ihis sophislicaleo parasitism,
Agrobaclerilllll trJnsfers a oiscrele portion of
ils DNA (T-DNA) inlo Ihe nuclear gcnome of
lhe host plan!. MOSI of lhe Illachincry neeess­
ary for lhis T-DNA 'ransfer resioes on a
.tumour-inoucing(TI)plaslllio. ThisTi plaslllio

includcs the T-DNA itsclf delimited by 25 bp
impcrfcct repeats [known as the right and len
bordcrs (RO ano LO, rcspcctivelyjl that define
thc boundarics of the T-DNA and -35 viru­
lenco (l 'ir) genes, clusicrcd togcthcr into a "ir

region. The combincd action of the " ir genes
achicvcs thc dclivery of thc T·DNA lo thc
nucleus of thc host plaut ccll':', The T-DNA
contains thc genes lor inducing tumour for­
mation aud opine biosynthesis, and thcse
genes, cvcn though they are bacteria] in origin,
have evolved lo function only in plant cells.

Agrobactc:ri lllll -medialed transfonuation
systcms iakc advantagc of this natural plant
transformation mechanisrn, Rernoval of all thc
genes within the T-DNA does not irnpede the
ability of Agroba cterium to transfer this DNA
bul does prevenl lhe fonl1alion of tumours. Ti
plasmios and their hosl Agrobacteri/llll slrains
thal are no longer oncogenie are temled 'dis­
armed' . There are lwo key advances lhal
have maoe A~m{¡Clct<'ri ll lll l ra ns fo rma l io n lhe

melhoo of choice. Tltese are thc dcvclopmcnl
ofbinary Ti veclors ano ofa range of oisanneo
Agrobacterill lll slmins. Th is article oul[ines
lhe oplions thal are currcnlly available lOlhc
researcher ano provioes ¡¡ basis for Illaking lhc
most appropriale oecision.

Binary Ti vector pl asm ids
The two maill cOlllponen ls for .successful
Ag ro bacteri lll ll -medi ated gcne transfer, lhe

T-ONA aud thc vir rcgion, can reside on
separare plasmids. Thcsc fonn thc basis uf
modcrn Ti plasmid vcctors, tcrmcd binary Ti
vcctors'. The "i r gene funclions are prov ided
by the disarmcd Ti plasmids residen: in the
Agrobacteriuni strain, The T-ONA, within
which are thc gene(s) lo be translcrrcd, is pro­
video on rhc vec tor .

Most in vitro gene Illanipulalionl echniques
use E. coli and conscquently binary Ti vccrors
replicare in both E. coli and Agm hacteri/l l/l .

Sume uf lhc impurtant binary Ti vec tor
typcs avai lublc are listcd in Tublc 1, which
also illustratcs thc gradual rcfincmcnts that
havc bccn implcmcnrcdsiucc thc introduction
of lhe first vcctors, Thc sc rcfiuc mcnts havc
incrcascd thc llcxibility 01' thc vcctors,
allowing a rangc 01" uses and plant spec ies,
ano aidin g the dcvelopmcnt 01' more 'u scr­
tricndly' lonu nts to faciliuue in vitro gene
mauipulation.

Antibiotic resistance genes ior p/asmid
se/ection and maintenance in culture
The rnost commonly uscd plasmid markcr
genes are those cncoding rcsistaucc lo
kanalllycin (e.g. pUlN19ano pGreen), genla­
micin (e.g. lhe pCGN series ), lelracycli nc
(e.g. lhe p11 series ) ¡¡nd ~ l re p lomyc i n

an% r speclinolllycin (e.g. pl' Zr series)
(Table 1). 1I0wever. Agru/wcler i/ll/l slrains
are markeo wilh anlibiolic resislances Ihal
are eilher chrollloso me or Ti-plasl11id local·
ized (Tab le 2). Therefore . lhe bina ry Ti
veclor and baclcrial anl ibiotic res islance
markers cannol be ollplica leo. In aooilion,
r enicill in·ba sed anl ibiolics (c.g. carbclli­
c¡lIin ano al11oxyeillin) are used lo kili or
inhibil lhe fun l:cr growlh 01' Agmh(/C'terilllll

several hours or oays arter co·culti vation

Table 1.Aselectlon 01 btnarynvectors published inthepeer-reviewed Iiteraturell

Veetorb Size Unique LaeZ Bacterial Scleclable Rcplication origin I\lobilization l{eL
(kb) reslriction siles selection on marker at

in T-DNA Agrobacla;lll/' E. coli

pBINl9 11 777 9 Ves Kanamycin RB pRK2 pRK2 Yes 14
pC22 17 500 2 No Ampicillin, RO pRi ColEI Ves 21

streptomycin and
speclinolllycin

pGA482 13200 7 No Telracycline RB pRK2 ColEI Yes 31
pPCVOO I 9200 6 No Ampieillin RO pRK2 ColEI Yes 6
pCGNI547 [4 440 5 Ves Gcnlamiein LB pRi ColEI Yes 32
p11188 1 25700 4 No TelrJcyclinc LB pRK2 pRK2 Ves 24
pPZPl l1 8909 9 Ves Chlorarnphenicol LB pVSI CoIE! Ycs 7
pGrcen0029 4632 18 Ves K:lI1arnycin LO pSa pUC No 5

' lo lhecases of families ofbinary vet.:lors only Ihose which confer bnamycin rcsislaoee 00 Ir:lIlsgenic plaols are deseribcd. Sizes arebased on rcslrieliun elllymc
digeslioo paltems or00 oucleolide scqucnce.
' See 130x I fore-mail addresses fOI oblaioiog mosl of lhe plasmids Iisletl.
Abb/e\"iations: LacZ, 13 galaclositlasc u subunil geoe for a ·lae compkmenl:llioo: LB,kn border: RO, righl border. Mubilizaliuo refers lo lhe abil ily of Ihe plasmid
lO be 1r.lIlsferred frolO E. cu/i loA¡;m/kICI('r ;wJI bycoojugal ion.



Table 2.Disarmed Agrobacterlum tumefaclens stralns defined by the Agrobaeterium chromosomal background and
'heTi plasmtd 'hey harbaurl

A~rollll c/erilllll strain' Chrornosomal Ti plasmld Opine" Rcf.

Background Markcr gene' Mark er gcne'

l l3 A4404 TiAchS rir pAl4404 spec and strep Octopine 3
GV2260 C58 rif pGV22óO(pTiBóS3uT-DNA) carb Octopine 32
C58CI C58 Cured Nopalinc 33
GV3100 CS8 Cured Nopaline 34
AI36 C58 rif and nal Cured Nopaline 35
GV3101 C58 rir Curcd Nopaline 34
GV3850 C58 rif pGV38S0 (pTiC58uonc. genes) carb Nopaline 36
GV31 01::pMP90 CS8 rif pMP9U (pTiC58uT· DNA) gent Nopaline 6
GV310 l::pMP9URK C58 rif pMP90RK (pTiCSMT·DNA) gent and kan Nopal ine 6
EllA101 C58 rif pEIIAIOI (pTiBoS42uT-DNA) kan Nopaline 37
EllA105 C58 rir pEllA105(pTif30542uT· DNA) Succinamopine 38
M il-I CSS, RecA rif, carb pTif30542uT·DNA Succinamopine 39

'Sce Hox I 1'01' e-rnail addresses Ior obtaining most 01' ihe strains listed,
"Groupcd according ro ihe opine carabolism 01' thc original progenitorwild-type straiu und/or non-disarmcd parentalTi plasmid. This gcnerallyaceepted classification
01' Agrobucteriutn strains docs not ncccssarily imply Ihal theirdisarmed countcrparts siill make opines.
"Antibiotic rcsisrance gene used lO sclect 1'01' thal strain 01' Agrobacte rium 01' Ti plasmid.
Abbreviations: rif,rifampieinresistancc: gent, gentamiein resistance: nal, nalidixic aeidrcsistance; kan,kanamyein resistance gene 1'01' bacteria (npl( 01' nptlll);
carb,carbcnicillin and ampicillin resistance; specand strep,spectinornycin and strcpiomycin resistance; - , no marker gene presern.

with targct cxplaurs. Sornebinary Ti vccturs
and Agro bacterium strains harbour thc
arnpicillin resistancc gene (cncodinga J3. lac­
tarnase: Tablcs 1and 2) and therefore it rnight
not be easy to rernove such Agro bacterium
strains from tissuc culture. When such strains
and plasmids are used, proprictary mixtures
01' a penicillin and a J3-l aclalllase inhibitor
(c.g. Auglllcntinn , ) 01' ccphalosporins (e.g.
cefotaximc) are cffcctive.

Practical impl ications of plasmid
replicatio n
A broad hosl range replicalion origin (ori ) is
found in many binary Ti veC lOrs, which per­
mils plasmid Illainlenanee in a wide range 01'
Gr:II11·negalive bacteria including E. cnl i ~nd
Agrohac/eri/llll. Alternalively, lwo separale
origins can be presenl on lhe plasmid, permit­
ling ils maintenance in each 01' lhe baclerial
species cnncerned.

lhe Inw cnpy mllllber in 1:'. coli 01' lhe
broad hOSI range plasmids lhal eolltain a RK2
ori. as in pBIN19 (Tablc 1), can be a problem
1'01' eflic ienl Illanipulalion 01' DNA. The copy
number 01' several binary Ti veclors has becn
improved by incorporating lhe ColE 1 ori
from pBRJ 22, achieving a significanl
enhancelllenl 01' E. coli plasmid yiclds. n inary
Ti vectors such as pc n ami pC(jN 1547
(Table 1) have an ori derived from lhe Ri
plasmid 01' Agrohac/erilltn rltizog,mes' and a
CIIIE I ori 1'01' mainlenance in E. coli. The
pGreen veelors conlain bnlh a broac.J hoSI
range ori (pSa) and a Col E I ori derived from
a pUC derivalivc l

. In Agroha c/erilllll.
plasmids such as pC22 and pCGN1547

(Tuhle 1). which have a Ri ori, are prescnt
as a single copy in Agrobacteriuni.

Size matters
There has been a progressive reduction in the
sizes 01' binary Ti vcctors (Tab le 1). In
pl'CVOOI and rclatcd vcctors", and in
pMON I0098 (Fig . 1), the /l"IIlIs -acling
replication functions derived from the prog­
enitor plasmid RK2 have been removed.
lcaving a miniaturc replicon binary T i vector
(Table 1), with only ihc rcpl ication orig in
(OriV ) remaining. For this plasmid lo replicare
in Agrobacte riuni, strains need to possess
lhe RK2 repl icase and 11.-( genes inlegraled
inlo lheir genollle (as in slrain
GV3101::pMP90(RK): Tab le 2f.

The pPZI' plasll1 idsJ conlainlhe pVSI ori
(Ref. 8), which is considerably smaller lhan
lhe DNAfragments from pRK2 01' pRi lhal are
necessary 1'0 1' plasmid replicalion. As a conse­
quencc. lhe basic veclors conlaining pVS I
replicalion sequences are smaller lhan lhose
Wilh Ihe pRi 01' pRK2 teplication region
(Table Il. Combining bOl h lhese advances lo
reduce plasmid size. lhe pGreen vector IIses
lhe relalively small pSa replicalion locus,
which has been subdivided into lhe pSa ori
and Ihe pSa replicase gene' (rep A ). The repA

gene is residelll on a compalible plasmid
(pSoup) in Ag rohac/erilllll and provides
pGrcen replication funClions ill /ram .

Transfer of binary Ti vectors between
E. coli and Agrobacterium
The binary Ti veclor from E. co li can be
lransferred lO Agmhau eri/llll vía bacterial

conjugation or direct DNA transfer (electro­
poration or freeze-th aw techniques)", For the
pGreenvector.transformation01'Agrobacterium
is obligatory.

The binary Tivector T-ONA
In older binaryTi vector designs, fragmcnts 01'
Ti plasmid DNA containing the RO and I.B
irnperfect repeats were used frorn several
diffcrent Ti plasmid types. However, the
scquence 1'01' these borders varies linle
between Ti plasmids'" and border sequences
frorn all Ti plasmids function in heterologous
Agro bac terium strains" .

Some Ti plasmids (Ihose from Iheso-caJled
oClopine-producing slrains) also conlain an
'overdrive' sequcnce immedialely exlemal am!
adjacenl lo RI3 (Ref. 12). This overdrive 1110lif
enhancesT-DNA lransfer fromoctopineslrains.
such as lhecommonlyuse<! LBA4404(Table2).
More recent designs 01' binary Ti vectors (e.g.
pf3ECKS~... and pGreen series;Tablcs I and 3)
conlain synlhelic T-DNA borders. In pGreen.
lhe sequences are copied from pTiTJí
sequences bUl also íncorporalean OClopineTi·
plasll1 id-derivedoverdrive sequeocel

.

Selec table marker genes in the T-ONA
There is polarity 01' T-DNA lransfer frol~

Agrn hllc /('r illlll lo lhe planl cell: RBprcce(k
l B (Ref. 2). Most 01' lhe early binary 1
veClors have theír selectable maricer genes ¡

lhe Rf3 (e.g. pBlNI9; Fig. l. Table 1). Th
means lhal lhe selectable marker gene wi
be lrallsferred ¡1I10 lhe plant cell firsl.
bacterium -to-planl T-DNA lransfer is inle
rupted lhen transgenic plants could I
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Kpnl
Apal
Xhol
Sall
Glal
Hind lll

vr EcoRV
r EcoRI

Psll
Smal
BamHI
Spal
Xbal

.Noll
Sac ll
Sacl

Slul
RS
Bg/II

35S-nplll -35S

EcoR I
Sacl
Kpnl
Smal
BamHI
Xbal
Sa/l
Psll
Hindlll
RS

pGreen 0029
4632 bp

pVS1

pPZP111
8915 bp

¡nos-np l ll -nos
J.--......~

pSa ori

Go/E1

EcoRI
Sacl
Kpnl
BamHI
Xbal
SaJl
Hindlll

G/al

RS
Hindlll

BgllI
Xbal
Slul
EcoRI
Sacl
Kpnl
SamHI

nos-npl ll -nos

nos-nptll -nos

pMON10098

8420 bp E9 term o

pBIN 19
. 11 777 bp

OriV

OriV

Fig. 1. Resiriction maps of plasmids whose complete nucleotide seqoence has bcen deposited in the EMBL daiabasc (Accession numbers:
pOIN 19, U09J65; pPZ P 111. U10487; pG reen, AJ007829l 0 1' is avail able on the lnternet (p MO N10098 an d pGrecn. Box l l. npt ), Ilplll and
IIplIlI are di ffere nl genes with non-hornologous sequeuces that all cncodc kanamycin rcsistancc. Abbrcviatious: LIJ. lcft 25 hp impcrfcc! repcat,
ori, origin of rcplication: RIJ. right 25 bp imperfecl repeat,

Table 3.Blnary TIvectorfamllies whose members harbourdlfferent selectable marker genes
forplant transformation3

Vector series Re fs

Bar Ble Dhfr Genl Hyg Kan Spee Sul Ernpty

pMON

pOlI3/pBlG
pGPVT
pJJ
pPZP
pNFHKI
pBECKS 2000

pGrccn

40,41
42
43
24
7
29
44

5

'See Box 1 for c-mail addrcsscs for obtaining most of thc plasrnids listcd.
Abbreviations for rcsistance genes: [lar, bialaphos(01'phosphinothricin. glufosinate ammonium); Ulc,blcomycin; Dhfr. mcthotrcxatc; Gcnt, gllfllamicin: Ilyg,
hygromycin: Kan, kanarnycin (or G418); Spec, spcctinomycin: Sul, sulfonamidcs (01' Asulam). Empty refers lo thc availability of a basic binary vector with no
sclectable ruarker genes for plaut transformation.



pruduccd wuh 110 addllllln;¡1 seqnences othcr
Ih31l thc sclccrablc markcr gene . More
reccnrly constructcd hinary Ti vectors coutain
rheir plant sclecrable markcr gene ncarest ro
rhc LB. IO ensurc Ihal gencts) of intercst will
havc bccn iransfcrrcd bcforc thc sclcctahlc
markc r gene (Tab lc 1).

User support
Furthcr importa nt refinements includc the
availabiIity 01' complete sequences 1'01' sorne
binary Ti plasrnids (e.g. pBIN19, pMON
series. pGreen). which 3110ws accurare
rcstriction maps lObe compilcd. In addirion,
thrcc binary vector systcms, pGreen series,
the pMON series and the pCAMBIA series,
now have supporting websitcs ( Box 1). To
our knowledgc, the pCAMBIA vec tors have
1101 bcc n dcsc ribcd in the pcc r-rcvicwed
literature.

Select able marker genes
Many irnprovcd binary Ti vcctors now pro­
vide a choice o f plant se lcciuble rnarkcr genes
and the promotcrs that iuitiareand drivc their
transcription (Table 3l.This has bccn dictated,
10 sorn e cxtcut, by rhc tissuc culture rcquirc­
ll1ents ofa n expanding range of transformablc
r1ant species, including lhecereals. The conse­
<.juence 01' lhis requircll1ent is lhat families 01'
hinary Ti veclor r lasmids are often availahle
as versions of lhe same basic design (Table 3).
lhe pGreen vector systell1 (Table 3, Fig. 1).
1'01' example, permils any combin;J lion 01'
seleClable marker genes in order lOcxplore
such options as double and single selection
prolocols, and allernalive selectable marker
genes. This de!;.rec 01' nexibilily in modern
binary Ti vector design will also perll1 it lhe
incorporalion 01' ncw 01' novel seleclablc
marker genes as lhey appcar.

A caution Il1U S{ alsobe sounded al lhis poinl
aboul a ll1ulalion in lhe coding sequence 01'

sorne of ihe kunam ycru sclcc iablc markcr
genes (aflh3' I1, IIpl \l or neo¡ in sorne binary
Ti vccrors" . This can pre ve crucial rol' the
cfficient transformation andsclectionof some
species with kanam ycin !', The most prom i­

ncnt binaryTi vector containing this dcfcct is
p13 1N 19 (Refs 13,14).

Agrobacterium strains
Strains of Agrobac terium that are usefu i 1'01'
Ti-vector-based plant transformation are
defincd by their chromosomal background
and residen: Ti plasmid (Tahlc 2). The OR
chromosomal background has preved to be
popular for plant transformationand now har­
bours several kinds 01' wild-typeand disarrned
Ti plasmids, including strains that are effec­
tive al transforrning cereals.

Significant modifications lo the virulence
01' Agrobacterium have expanded the range
01' plant spccics that are susceptible lo
T-DNA transforrnntion by irnproving thc
frequency of T-DN A transfer, rnost notably
lo rhe cereals . The main rnodification
enhancing virulence has been lo boost the

expression of, 01' ro introduce a change in,
the activation statc 01' the virG product,
which activares transcription of lhe rest 01'
Ihe \'ir cluslerU

.
1l

. Another modification is
the enl¡;¡ncerncnt 01' virEJ gene expression,
which encodes a single-slranded DNA bind­
ing protei n lhal coals lhe lransferred
T-sl rand of lhe T-DNA (Refs 1,2).
Expressio n 0 1' VirE /, along wilh lhat 01'
"irG , can be limiling in convenl ional
Agrobac lcri lllll slrains when large sections
01' DNA (> 50 kb) need lo be lransferred
using specialized binary Ti vectors called
binary baclerial arlilicia l chromosome
(l3iI3AC) plasmids1h (see below). In both
cases, lhis is achieved by placing lhe vil'
genes on a co· residenl plasmid Ihal is com­
pat ible wilh lhe binary Ti veclors, thus

hO\lSl ing lhelr cxprcssion by incrcasing Iheir
rotal CO\lYnumber in Agro bactenunr' -",

T-DNA integ ration

Thcre is no sequence spccificiry for T-DNA
integralion inro the host plant genornc,
although this non-homologous 01' illegitimatc
recornbination might sclect for potent ially
transcribcd sequences". The accuracy 01'
T-DNA integration can be a problcm.
Extrancous vector DNA transferred into the
genome of plants has been associated with
abcrrant transgenc cxpression" . A cornpi­
lation 01'dataon integration sites also indicates
that the LI3 ispronelo incornplete nickingand,
as a consequence, that vector DNA adjacent
to the LB rnight be transferred during trans­
formation" .

Variations on binary Ti plasmid des igns
íor specific purposes
Certain experimental rcquirernents have led
lo the development 01' specia list binary Ti
vcctors. Usually, these are based on thc
binary Ti vector farnilies described here.
The possible advantagcs 01' using such
specialist plasrnids should still be set against
lhe general considerations summarized in
Box 2. Given lhe nexibility 01' modern
binary Ti plasmids, it rnight be more con­
venienllo build new plasmids specific lo lhe
requiremenls of lhe cxperimenllhan lo com­
promise on the requirernenls of lhe planltis­
sue cullure syslern, Agroba clerillill slrain
and selectable marker gene required 1'01'
efficient transforrnation.

l3i nary vectors have been adapled 1'01'
uses in promoter and enhancer lrapping,
gene aC livalion tagging, T-DNA insertio nal
inaclivalion 01' genes, and IranSposon mu­
lagenesis2

G-2' . To lhese ends, some binary
plasmids, such as pc n (Ref. 21; Table 1),
pUCD2340 and olhersH

, harbour >-'cos siles,

• Bax 1.E-mail addresses and websites farobtainlng plasmids
and Agrobacterium strains

A1J6
gneslcr@u.washington.edu

pBECKS¡OO'"
acm@solon.ac.uk.

www.alcc.org (quote ATCC nos. 77388­
77392)

ACL-\
ludwig@biology.lIcsc.edll

EHA IOI and EHAIOS
eehood@prodigenc.com

C V2260, GVJ Io1, C VJ850, C58C I
inzcd@gengenp.rug.ac.be

GV3101::mp90(RK) and pPCV series
koncz@mpiz-koeln.mpg.de

LnA4404 (rcqllesling accession rC2760)
www.cbs.knaw.nllNcch

pnINl9
michacl.bcvan@bbsrc.ac.uk

pcn
inzed@gengenp.rug.ac.be

pC A l\1lll A series
hllp://www.cambia.org.aulmain/
r_cl_camvcc.hlm

pCA4112
genean@vision.poslech.ac.kr

pC rVT series

pGreen series
www.pgrecn.ac.uk.

pJJ series
jonalhan.jones@bbsrc.ac.uk

pMON
hllp://www.hos.ull.cdulkleewcb

pNFHK I
mbh3ttac@iasI3Ic.cdu

pPZP series
mal iga@mbcl.rulgers.cdu

.; .. ..~

.' '.: ..: .: '~ ;\
. ...:J' - .~

.. ::: ~~'..;..,!
.·..::. ,.,;'·"' ;l
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Box2.50mequestlons to askwhen chooslng a
blnary vector

1I0w many planl species do I wanllo lransform?
Will the binary vector have the right selcctablc marker genc(s) for all species?

• Will dilTerenl Agro bacler i l/nr slrains be used and be compatible wilh lhe veclor?

Is the veclor suitable for the plan! lransformalion mcthod?
Does the binaryTi vector series have the rcquired sclectable rnarker?
Will the preferredAgrobacterium strain be compatible with my choice of vector?
Are the cultured exp lants affected by ant ibiot ics used lo rernove Agrobacteriuml

Do 1 have a specialized requírement?'
Gene tagging by T-DNA insertion or lransposon rnutagenesis
Prometer or enhancer lrapping
Constitutive expression or regulated expression?
Quantitative transgeneexpression studies
Transfer of large DNA sequences(> SO kb)?
Will the T-DNA inse~ and flanking sequencesin the plant need lo be analysed?

How many genes do 1want lo lransform inlo planls?
Differenl single transgenes in differcnt lincs?
Multiple lransgenes in a single line (transgcne stacking)?

lf yes, will this be by:
(1) Crossing of independent lines?

• lf yes - will differcnt marker or reponer genes in diffcrcnt lines
he1 p me to select hybrids?

(2) Múltiple rounds of lransformation?
If yes - willl needmore than one selectable rnarker gene or
can l remove the rnarker gene in sorne way (for exarnple. by
co-transformation followed by segrcgation)?

(3) lnsertion of multiple genesintoone binaryTi vector?
Ifyes:

Will it be desirable lo have marker genes al the right and left
borders?
Will a good choice of unique restriction sites be required in the
vector?
Can multiple lransgenes be added easily, onc after the other, into
the vector?
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dcvclopmenl of user-friendly vector sysiems
applicable lo a wide rango of spccies. This is
alrcady happcning and plant rcsearchers will
only be restrained by thcir imagination in
adapting thesc vector lamilics for speei fic
experimental purposes.

Sccond, plan: gcnomics, with its dcmands
for high throughput assessmcu t of gene
functions, will place considerable dcrnands on
the effic iency with which Agrobacterium
lechnology can be handled. For cxarnplc, the
inereasing use of map-based clon ing
approachcs for gene isolatiou requircs, al
some stage, the cornplerncntation of murants
in the subject species and its relativos.
Thereforc, the devc lopruc nt 01' more flexib le
Uil3AC vectors that can take uccount o f a
wide varicty of transfortuation systcms is
important,

Finally, the increasing debate abo ut the
safety of gcnctical ly modified plants for
relcasc into the cnvironmcnt is already
cnsuring that Iiccncing authoritics in many
countries have tightened or \V iII be tightening
their requirements over the typcs of genetic­
ally modified plants lh ~l \V iII rcccivc
approval. In particular, 11;;; rcmovul (or
absence in thc first place) o f cx traneous
DNA sequences that are not necdcd for
cxpression oft he introduccd trait cou ld stirn­
ulale thc dcvclopmcnt of lighlly deüucd vcc­
tors that rnake analysis of such plunts easicr
lo conduct,

The innovations that dcfined the early
advan ces in plant uan sfo rma tion using
Agro¡'ucl er i/ll/l -meo ial eo tccluiiqucs have
been followed by a series 01' smaller bul
import anl improvemenls in Ti veClor
oesign . As lhe demands anJ expcclalions of
planl lransformalion . cvolvc, so have lll(
vectors, becoming progressively more user
friendly. In an ever-delllanding licio, no single
veelor, slrain or Illarker gene will predominale.
Thus. as co nsume rs of binary T i veelor
lcchnology. il mighl well pay rescan:hers lo
shop aro uno.

Future developments
There are lhrec lrenJs in plalll science researeh
lhal will stimulale lIJe further Jevelopmenl of
I .iu 'l l" '1'; " h ' l ll ; l· T ilo' ri l ' ¡ ¡. 11,,· , ' P l l l i l tl ll ' c1

is available on a pMON derivative1
' (Table 1).

A furlher refine menl lhal deserves more
allen tion is the developmenl of binary Ti
plasmids with differ ent seleclable marker
genes al bOlh lhe LB and lhe RB [e.g. lhc
pBINl 9 derival ive pNFHKI (Re f. 29)1.
Transformanls lhal have unJe rgone simulla­
neous double se leclion show improved and
more consislenl lransgene expression than
single marker gene scleclions. This mighl be
an advan tage in qllanlilative sluJ ies on
lransgene expression. .

l3iBAC binary T i plasmiJ veClurs have
been developeJ lhal pcrmi llhe inscnion of
large portions o f DNA (up lo al leasl
150 kb) and lheir lra nsfe r lo Agrobuc lerilllll

and lhence lo a plant"·l ' . Suc h vec lors have
low cop y numb er in bolh E. coli (using
ellher a PI or F uri) and Agro hucterillll/
(lIsing a Ri or i),o.lI' .

1 : . • l • •. . . , : •. 1: .. ;.. 1.. . , : . . .. . , - 1. ' 1 11

plasmid on grns and baclcrial seleclable
marker genes wilhin lheir T-DNAs . These
allow T-DNAs and flanking DNA to be
excised from lransgenic planls.

Binary Ti plasmids are also available for
promoter lranscriplional or lrans\Jlional
fusions lO reporter gene coding sequences,
such as versions of pBIN 19 (Table 1) lhal
harbour a promolerless GUS (l/ idA ) coding
srquence lhal allow lranslalion fll sions in all
lhree possible reading frames [pBl lO 1.1,
pUl lO1.2, pBII01 .3; available from Clonlech
(Palo Alto, CA, USA)f ·10. The plasmids

pMONI0098 (Fig. 1) 3ml pROKI (Rcf. 27),
a derivalive ofpBlN 19(Fig. 1), conlaina eau­
litlower mosaic virus 35S promoler linked lo
a polyadenylalion sequence in lheir T-DNAs.
This pemlits Ihe direcl c10ning of a eoding
scquence inlo lhe T-DNA of lhe plasmid. wilh
lhe aim of procceding lo A~ro¡'ucleril/I/I anJ
planl Iransfonnalion as lhe ncxl slcp. Olher
binary veelors have beencrealeJ lhal a110,," lhe
inducible expression of a eoJ ing sequenee in
a lransgenic plan!. For example, a glueocorli-
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t ;;:;}":.,::,<,,,:;":;-:'." ., 'Table'1:'Asetection ofbinaryTivectors published inthepe'er.revleweéi'íiteratureG " ' ' '

Vector Sizc Uniqae LKZ Bactcrial Sclectable Replt<:lMion origin
(kb) rcslriclion sites sclcction on markcr al

in T-DNA Agrobacterium E. coli

pBIN19 11777 9 Yes Kanarnycin RO pRK2 pRK2
pC22 17 SOO 2 No Ampieillin, RB pRi CoIE!

strcptornycin and
spcctinornycin

pGA482 13200 7 No Tctracyclinc RB pRK2 ColEI
pPCVOOI 9200 G No Arnpicillin RI3 pRK2 CoIE!
pCGNI S47 14 440 S ' Yes Gcntamicin L13 pRi ColEI
pm S81 2S 700 4 No Tctracyclinc L13 pRK2 pRK2
pPZPll 1 8909 9 Yes Chlorumphcnicol LB pVS I ColE I
pGrcenOO29 4632 18 Ycs Kanamycin Ll3 pSa pUC

"... ..•. : ' ••'., ' . ~•.::~. -.;,-.~~-::;:;:::¡_...;~ . ...:

" ' l\:l o u i l~~"' -:·~: Ref. ,
. · · ~. ' "\t··

:~ "'-:.' .

. ; .

Yes ',~~',' 14 :
Yes : '~ : '. 2 1 ,:'·

' . : :~ ;~~~-,~ .,

., . ...::;.;.:
Yes ;} I ;.
Ves " ' :'.'6 '
Ycs ' 32 ,
Yes 24 .
Ycs 7
No 5

'I n the cases o f farnilics of binary vcctors only thosc which confcr bnamyci n resistance on transgcnic plan ts are dcscribcd , Sizes are bascd on rcs triction enzymc "
d igest i ón paucrns or on nucleotide scquenee. ' ,

'Scc Box I for e-rnail addrcsses for obtain ing most of'tbc plasmids listcd , '. '

Abbrcviations: LaeZ, Pgalactosidasc a subu nit gene for a -Iac cornpl cmcn tat ion : LB, Idl bordcr; RO, righ t bor dc r, Mobilizarion refcrs lo thc ability of lhe plasmid
lo be transfcrrcd from E. coli ro Agrobactcrium by conju gat ion,

446 Octobet 200>, VrJ.. S,No, 10 1360 - 13851OO1S - sea froot maller O 2000 Elsevier Sci enc e Ud, AlI righ ls reserved. PII: S 1360 -1385(00)0 174D-<



• • u . ...... . t',, ~. . . . . .
Ta~~ ~. ~1sarmed AgrobacterirJm tumefaciens strains ~efineQ by 1he Agrobacterium 'éhi'omosomal backgrou'ndaria
.,;:.; .':~.: ~':' , '. . - h T' ' .... ' . . .0 a .. . . .., ' ':::•.;",." . .,.... . , t e I pías..Il~ 1í"Iey r,~r!)our .' . -, , ', . , :. . " ,;¡j'. .' ,

;-;....;."....:-:-.. .\ ~...:. ! .~ . ,:...:"; .;. ··"". ~· ~ · I '; ': :-..•.• : ' .

ro¡;
r

11 plasmid Oplae" . Rcfo

.-.....;

:::' na-ck:i8Wul M.arkcr gene'....

; lI3A4404 .......: . TiAch5 rif pAL4404> --; ".':.)
!.' GV2260 ..; .. ..'. C58 rif pGV2260 (pTiB6S3l1ToDNA)'. . , . .
: C58C1 C58 Cueed
, ·· GV3100 C58 Cure<!

A I36 C58 rif and nal Cured
CiV3101 C58 rif Cured
GV3850 · C58 rif pGV3850 (pTiC58t1onc, genes)
GV3101::pMP90 C58 rif pMP90 (pTiC58H-DNA)
GV3101::pMP90RK C58 rif pMP90RK (pTiC58ó,T-DNA)
EHAIOI C58 rif pEHA101 (pTi130542uT-DNA)
EllA 105 C58 rif pEllA I05 (pTiBo542uT-DNA)
AGl-l C58, RecA rif, carb pTil30542l1T-DNA

1\1arkcr gCBC'

spcc and strep
carb

carb
gcnt

gcntand kan
kan

Octopine
Octopine
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline

Succinamopine
Succinamopine

3
32
33
34
35
34
36
6
6
37
38
39

"See 130x 1 for e-rnail addresses for obtaining most of tbe strains listed.
"Groupcd accord ing \o lhe opinecatabolism of lhe original progenitor wild.type strain andlo, non-disarmcd parental Ti plasrnid. This gcncrally accepted classi fication

: .of Agroba cterium seralns does no! ncccssari ly imply that thc ir disarmcd cou nterparts still makc opines.
¡ " Aotibiotic rcsistaoce gene used \o sclcet for that slrain of Agrobocter ium or Ti plasrnid.
\', Abb,cviations: rif, rifampicin resista nce; gcnt, gcn tarnic in resistanee; nal, nalidixic acid rcsistance; kan, kanamyein resistancc gene Ior bacteria (npl l oc'npllll );

carb, ~arbcnicill in and ampicillin resistaocc; spccand strcp, spectinornyein andstrcptomycin reslstaocc: -. no rnarkcr geneprcscnt.



O ptilnization of in vitro cultu.re con? itions for . .
Pinus radiata embryos and histological characterization
of regenerated sho ots

CLAUDIA STANGEJ.2, DORIS PREHN1
, MARLENE GEBAUER1 AND PATRICIO ARCE­

JOHNSON */

' De pa rt me nt 0 1' Sc i e n c~s :In? Natur al. Resour:es. Fa c ~ l l Y 01' Agr on omy and For est ry En gin eer ing.
Po n t i fica l Ca tho lic U ni ve rs it v 01' Chil e . S antia go . Chil e
-De parun ent 0 1' Mo lecu lar Ge neric s and Microb iology. Facult y 01' Biologic al Sc ien ce s , Po ntifical
C arh oti c Un ivers i t y 0 1' Chi le . Saruiago . Chi le .

AB5TRACT

Dif ferenl in viiro culture co ndi tions were tested on Pinus radiara organogenic emb ryos. Optirn urn shoot induction
occurred al 26. 1"C, whereas the best elongation resulted al 2 IA°C. Supplemen ts 01' 2.5 mgll or 5 mg/ l 01' BAP
added ro the induction media produced a similar number 01' regenerated ShOOlS, which differed staus tically from 1.0
mgll 01' BAP and 0.025 mgll TDZ. Addition 01' lO mgll MnSO. ro LP,n medium sign ificantl y increased the number
and qual ity 01' in vitro re genera ted ShOOlS. The re rnoval the apical region 01' ShOOlScultured in LP 2.5 mgll 01' BAP
increased the number 01' de 11 0 1'0 generated ShOOlS by 23%. compa red to a co ntrol group with intact ShOO IS.
Approxi mately 70% 01' the in virro shoots 01' P. radiara were 01' wet phenotype (hyperhydra ted appearance): the rest
were waxy in appearance. Histo logical cuts did not produce any differe nces in phenot ypes, bUI scanning electronic
microscopy 01' needle s gave evidence 01' differences in epicuti cular wax deposits.
Abbreviat ions: LP: Quoirin and LePo ivre basal medium, without plant growth regulators; LP 1: LP medium + I mgll
BAP; LP

2
. : LP medium+ 2.5 mg/l BAP; LP) : LP medium + 5 mgll BAP; LP ,12: LP basal med ium al hall' stren gth

01' rn acr oelernents , 2% cornrnercial suga r, ammonium nitr are 100 mg/ l, ca lc iurn nitr are 564.5 mg/ l,
hydroxyquin oleine 1.25 mg/ I, MS vitarn ins and without plant gro wth regu lators; LPTo.on : LP medium + 0.025 mgll
T DZ; BAP: N-6 ben zylaminopu rine; TDZ : Thidiazuron .

Key words: P. radiara; BAP. TDZ. in vitro culture; wet and waxy phenotype

INT RODUCTION

Pin us radia ta is C h ile's mo st important
forest spe e ies for wood and eel1uJose pro­
ducr ion. Sel eetion of elite ph en ot ypes and
eont rol1ed polli na t ion are eurre ntl y used
for it s ge ne tie imp ro vement. However , thi s
is a n expensive and laborio us method that
p roduces a sm all number of seeds with high
gene t ie and e o m me re ia l va lue . With th e
a irn of ine re asi ng th e number o f se lee ted
individ ua ls ob tained by tr aditi on a l methods,
in vitro m iero propagati on from the ern ­
b ryos o f eo ntrol1ed po llina ted see ds has
been impl emented. Given the multiplying
effee t o f th e proeess , it is essential to en­
sure th e eonservati o n o f the eli te geno type s

throughout the sueees si ve stages o f pr o pa­
gatio n.

Micropropagation of P. radia ta is based
o n th e induet io n of zy gotie embryos by
o rganogenes is (1) . Th e s ueeess of the
me th od dep ends upon th e numbe r an d qu al ­
ity of the ad ve n titio us s hoots pr odueed per
embryo. Our results ha ve shown hi gh het ­
e ro ge ne ity in the rege nerat ive capaci ty of
the emb ryos and in the q ua lity of th e sho o ts
pr oduced . A s ignifica ntly hi gh proportion
of regenerated shoots s ho w dark g re en and
c lus te re d n e e d l e s th a t a ppear to be
hy perhydrated . This ph enotype , which is
also difficult to acelimatize, was de seribed
as " we t" by Aitken-Chri s ti e e l al (2). High
qu ality shoots that can be aeel im atized sue-

'Corre spo nding author: Departa mento de Gen érica Molecu lar y Microbio logí a. Fac ult ad de Cie ncias Biol ógica s. Pontific ia
Un iver sidad Católi ca de Chile, Casilla 1140. Sa ntiago. Chile . Fax (56-2) 222 281 0. 222 55 15. e-rna il : parce @ge nes .bio.p uc .c1
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ce ssfully were de signated " w a xy" (2) due
ro their appearance.

Some auth ors propose th at the shoot gen ­
c ra t io n ub i l i t y 01' in vit ro c u ltu re s of P.
radiata has a genetic component (4, 17) . It
is not clear to date whether the wet and
waxy phenotypes had a genetic origin, if
they were determined by nutritional and
environmental factors , or if they were
somaclonal variants induced by in vit ro
c ond ition s. Aitke n-Chri s t ie e t al (2), su g­
gest that the wet phenotype corresponds to
an intermediate s ta te of hyperhydricity be­
t wee n the vitrified (translucid) and the
waxy shoot and that there might be culture
medium factors that trigger this response .

Cytokinins , micronutrients and microen­
vironmental conditions have been docu­
mented to play an important role in the
morphogenic re sponse of several forest spe­
c ies (2 , 4 , S, 22 , 25, 26) . In our current
wo rk , we have studied the effect of dif­
ferent culture conditions on the number and
q u al ity of s ho o ts produced through embryo
organogen e si s. Temperature effec t, different
BAP co ncen tra tio ns and manganese add it ion
to e m b ryo cultures w ere specifically te st ed .
The inducti on of lateral bu ds throu gh apex
removal and needle pruning of re generat ed
sh oots w as al so assayed .

Morphologic al and hi st ological ch arac­
teriz ation s o f th e two ob se rved phenotypes
w e re carri ed out to e xamine the differences
at the cellul ar and t issue levels .

MATERIALS AND METHODS

Pl ant material and culture conditions

Selected P. radiata se eds were providcd
by the Fore st al Mininco, S .A. nursery . The
seeds were surface sterili zed by soaking
them in 2% (w/v) aqueous NaHC10 for la

• 4
rru nutes and in 50% (v/v) aqueous H

202
for

S minutes, followed by three rinses in ster­
ile distilled water. The seeds were then
stratified at 4°C for 24 hours and sterilized
a.gain in 50% (v/v) H

202
for 5 mino After

rinsing, the embryos were obtained by dis­
secting the seeds.

The embryos were cultured in an inverted
posit ion (2 ) with the cotyl edons imrnersed

in a bud induction medium (20) (LP2.5
supplemented with 3 % w/v commercial
sugar . 0 .8 % Gibco agar and 2 .5 mgll BAP).
Thc pH wu s adju st ed to S .l) be tore auto ­
c la ving for 20 minutes at 121°C. After 3
week s, explants were passed to elongation
steps for approximately four months (2) . In
this stage , the explants were s uccess ive ly
transferred every 4 weeks to glass jars (7 x
la cm) containing 20 mI of hormone-free
LP

I12
medium. Culture s were maintained at

a 16-hour photoperiod with a light inten­
si ty of 60 u.Ernis" a t 22 +/- 6°C. Isolated
shoots with an average height of 1.2 cm
were placed on LP medium containing 0 .2%
activ at ed charcoal (M e rc k 2 18 6 ) for one
additi onal transfer before rooting. Root
initiation was induced on a water-agar
medium containing 2 .0 m g/l indolebutyric
ac id (IBA) and 0.5 m g/l napthaleneacetic
acid (NAA) for 5 days . The induced shoots
were then transferred onto a low sugar LP,n
(containing la gil commercial sugar) to
evaluate rooting.

Temp e ra tu re assay

The e ffec t o f ternperature o n shoot in­
d uc tio n and the el on g at ion processes was
s tud ie d . Sixty emb ry o s we re pre- cultured
as described aboy e for o ne week . The ern­
bryos were th en indi vi du ally cultured in
8 .0 x 2.5 cm glass j ars containing LP

. u
rnediurn and used in th e fo llo w in g as says.

Shoot induction: 12 grollps of five em­
bryos each were transferred to an illumi­
nated (60 u.Ernis') chamber with a con­
trolled continuous temperature gradient at
one of the following temperatures: 13.5°C;
16.3°C; 19 .7°C; 22 .9°C, 24.1°C; 26.1°C;
2 8 .5°C; 30 .8°C; 31 .3 °C ; 31 .9°C; 32 .8°C;
34 .1°C. The explants were shoot induced
for three weeks, transferred to LP andIn
then cultured for an additionaI month in the
temperature gradient controlled chamber.
After 7 weeks of exposure to regulated
temperatures, half of the meristematic ti s­
sue of each embryo was transferred to the
regular growth chamber (22 +/- 6°C). Four
weeks later (week 11) the shoot buds per
explant at each temperature treatment were
counted . '
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S hOOl e lo nga l io n : th e remaining rne r­
iSlem ati c cl u rn ps we re mai nt a ine d in rhe
temperature grad ie nt controlled chamber,
no w adj us te d l o I ~ . .'\ 0C: 17 .7°C : :2 I .RoC:
2..L 1°C: 26 .1 °C: zs .s-c. 30 .::)°C; 31 .3 °C;
:; 1.9 °C: 32 .8 °C : 34 . l o C for another four
w e e ks [O identi fy th e be st s ho o t elongation
ternperature. Since the temperatures set at
this stage were not the same as those of the
ind uc t io n s te p , thc following changes were
ma d e : th e em br yo s ind uce d al 16 .3°C were
e lo n za ted a t 17 .7°C: ih ose induced al 22 .9°C
we re~ e long a ted a l 2 1.8 °C; and those in­
d uce d a t 19 .7 °C w e re equally distribut ed
bet we en these two temperatures. All other
e m b ry os had the s a me inducrion and e lon­
g a t io n temperature s . A l th is point , o ne ­
th ird of th e ShOO IS were t ra nsfe r re d to th e
regular g ro wth ch amber. The remaining
s ho o ts (213) were rnaint a ine d in the tern­
pe ratu re -c ont ro l led c ha m be r and evalu ated
afrer 4 weeks of c u ltu re ( 15 weeks tot a l) ro
determine th e q ua n t i t y of w axy s ho o ts and
the total number of s ho o rs produced at each
temperature . Thi s a ssay was repeated twi ce.
As a con tro l, 35 c rn b ryos we re c u ltu re d for
15 we eks in t he re g u la r g ro w th c harn be r.

Cytok inin effec r o n s h oo t in du ct ion

Cytok i ni n concentra t ions tes te d on ad vc n­
tir ious bud indu c ti on w e re sel ected fro rn
pre v iou s report s (2 , 10 , 15 ) . Twe nty - f i ve
embry os were c u l t u re d in one ol' the
fo ll owin g tr cat rne nt s : Th idiazuron 0 .025
m g/l ( L PT O.0 2) ; B e nz y lad e n i ne 1 mg/l
(LP l.o) ' 2 .5 mg/l (L P 2.5) , 01' 5 .0 mg/l (LPs.o)'
After the inducti on peri od (3 weeks), the
ex p la nt s were c u l tu re d in hormone-free
LP ,n fo r s ix months . T he number ofbuds per
e mb ryo a nd th e perce ntage of wax y shoots
we re e va lua ted . Sta ti s tica l ana lys is was done
applying the Mann -Whitney test (P< 0.05),
and the Z test corrected for continuity .

Effect o/additional Manganese on the eton­
gation step

Fifteen 7 -week-old i ndu ced embryos were
cultured in LP m edium containing l O mgll
MnSO J (1 2 , 21 ) a nd te sted ag ainst an

ideru ica l co nt ro l g ro up c u ltu re d in a nor­
ma l LP (0 .76 mgll Mn S O ) (2 0 ). Shoot
e lo ng a t i o n s t e p s were p e r f o r rn e d a s
d e sc ribcd a bo ve for [o ur rno nt h x. Al th e
cnd of ih is peri od oth c fui lo win g parameters
we re e valu uted : a) numbe r of buds per
embryo. b) tot al number of s hoo ts produced
per treatrnent , c) percen tage ofwaxy shoots
in each treatment, a nd d) a ve rage height of
the shoot s produced in e ac h tr eatrnent.

Induction of axil la rv S hOO l5

From 33 ro 1 16 isol ated s hoo ts with an
ave rag e height of 1.7 c m were cu ltured for
2 wee ks in the Ic llowing mu lt ip li c a t ío n
media : LP 1/2: con trol , in tac t s ho o ts , LP

2
.5 :

in tact shoo ts, LP, ~ H : half-pruned back
needle s, and LP

2
.
5A:

·apic all y-pruned shoots.
The shoo ts were then tr ansferred ro the
e lo nga tio n s te ps (L P

1/ 2
for four months ) ,

al' ter wh ich e ac h tre atm e nt was e va lua te d
for it s ability to produce axi lla ry shoots a s
foll ows: mul tiplicatíon fact or (n° of final
s hoo ts / n° · o f in iti al shoo ts). St at istical
ana lysis of th e d iscret e d ata w as carried out
by th e Mann -Whitney te s t (P< 0.05) to
compare means .

M orphologica l an d his to log ica l ana lys is
o/ wer antl wax y Pinus rad iara Sh OO lS

M orpliol ogi cal an alysis : Wel a nd w axy in
vi tre cultu red Pinus ra d iara s hoo ts were
character ized with a Ni kon SMZ-I O ster­
e osco pic m icroscope a nd photographed. A
scanning electron microscope (SEM) was
used to examine th e e p icu t ic u la r ncedle
surface of wet and waxy shoots according
to Fo wke ( 11). Needl e s were fixed in 50 %
v/ v aqu eou s g lu ta ra lde hy de , dehydrated in
a graded se r ies of absolute acetone with
20% increments, freeze-dried and coated
with gold/palladium using a spluttercoating
unit. Samples were then examined under
a lEOL lSM-2S -S-I1 scanning electron
microscope for epicuticular wax de vel op­
rnent.

Histologi ca! analysis : Samples were pre­
pared for opt ical microscopy according to
the O 'Brien and McCully rnodified.rnethod
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( 19) . Needl es we re fixed in FAA solution
( formalde hyde 5%, acetic acid 5%, eth anol
63 % and water 27%), gradually dehydra ted
i n a g ru dcd ser ies of ab so lute et hano l using
10'70 increments , vacuurn infiltrated , and
gradual ly embedded in Paraplas!. Samples
were sectioned in a rotating microtome and
s tained with safranine (0 .5% w/v) and fast
g ree n (0. 5% w/v) . Sections were observed
and photographed using a Nikon HSX-DX
opticaI microscope.

RESULTS

Tem perature assay

The best temperature for the induction and
el onaation of Pinus radiata shoots wasb

determined by evaluating the quant ity and
qu al ity of s ingle shoots ge nerated per ern­
bryo. T he number of sh oots produced at

each temp erature is shown in Fig ure l . The
best shoot bud induction (after 1 I weeks of
culture) Occurred at 26 .1"C, obtaining 134
ShOO IS pcr e rn bryo . Thi s tell1peratu re leve l
also yielded the highest percentage of wax y
shoots (34 %, not shown). These tenden ci es
continued after 6 rnonths of culture. Lower
temperatures caused a signi fican t re­
duction in the response . Conversely, higher
temperatures inh ibited shoot de velopment
(a bsence of bars aboye 30 .8°C in Figure 1).
Shoot elongation was ev a luated by as­
sessing the quantity and quality of single
shoots with an average height of 1 cm after
four months of culture. The best shoo t e lon ­
gat ion temperature (ev alua ted after 15
weeks of culture) was obt ained at 21 .8°C.
Elongation was also acceptable at 24 .1"C ;
26 .1-c and 28.5°C (Fig 1). The control
treatment carried out in the growth ch amber
yielded 31 shoots per embryo with 28%
waxy shoots.

160

D Induction temperature140

• Elongation temperature
en 120-oo

100.c
en

'+-o 80
'-
<1.l
.a 60
E
::l

40Z

20

o
13.5 16.3 17,7 19.7 21.8 22.9 24.1 26.1 28.5 30.8

Culture tempe rature (oC)

the inducti~n and e1ongation of P. radiara shoots" .
Figure J: Effect of temperature on h d of the induction treatrnent (11 weeks).

b f hoot buds per embryo at t e en
Induction temperature: num er o s . b t the end of the elongation treatrn ent
Elongation temperature: number of shoots (1cm height) per em ryo a
(15 weeks).

b 30 8 °C means no shoot development.• Abs ence of bars a ove .
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Figu re 2: Th e number of 5hoO(5 prod uced per embryo and the percentage of waxy phcn oi ypcs obtained
from ihe in vitre cu lture of P. rad iata with different treatrnent s of BAP or TDZ.

25 embryos we re culturcd in eac h treat rnent and evaluated 6 months latero

Eva lua t ion 01 cy to ki nin co ncen tra rion on
b ud indu c tion

BAP induced a hi gh er a verage number of
buds per exp lant th an TDZ . Ov e ra ll , 5 mg/
I B A P p ro ved to be th e be s t co nce ntra tio n
in term s of number of s hoo t buds per ex­
plan t ( 140 .8) (Fig 2) and total numbe r o f
s hoo ts ( 1,267, no t s how n) . Although data
o n the d ifferenc e in th e num ber of ShOOl
bud s produc ed per e xplant be twee n 2. 5 mg/
1 a nd 5 m g/I BAP wcre not sta ti sticall y
s ig nific an t , th e latt er gene ra ted better quality
sh oo ts (Fi g 2) . Re ge nerati on of shoots per
em b ryo wit h 0.025 mg/L TDZ and other
prev io u s ly- tes ted co nce n tra t io ns (0 .00 1
m gll and 0 .05 mgll) was 10 times les s pr o­
duct i ve than with 5 m g/l BAP. However,
s hoots induced with TDZ were larger th an
thos e induced with BAP.

Effec t increased MnS0
4

in LP med ium

We o bserved th at greenhouse-accl irna tized
in vi t ro Pinus radiata plants were deficient
in M n . A com parative foli ar an alysi s of the
Mn content of in vit ro cultured shoots and

ex vit ro pla nts grown in th e g ree nho use
s ho we d a s ig n i f ic an t d ecre as e o f th is
microe lement in the in vitro cu lt u red s hoo ts
(20 ppm in vit ro , 197 pp m ex vi rro ).

Since th e Mn concent rati o n in L P me ­
d ium is 13 tim es lower th an in o the r med ia
used in Pinus radiara in vitro cult ure s (2 1),
we test ed the addition of MnSO~ . L P me ­
dium was supp le men ted wit h 10 mg/l of
Mn (as MnS 0

4
) to .cornpare the effec t of

man ganese on the growth and elo nga t io n o f
shoo ts in relation to LP basal med ium (0.76
mg/l MnSO) . After 10 week s , a n inc rease
of 53 .8% in lhe number of shco rs per em ­
bryo was obta ined in the lO m g/l MnS0

4

treatm e nt. The pe rcen tage of w axy s hoot s
at th is co nc c ntra tio n w as a lso grea rer (8 0 %)
(Tabl e 1).

Induct io n 01 axillary shoots

Pinus radia ta shoots were induced fo r
two weeks on LP medium .s upple rne nte d
wi th 2.5 m gll BAP, w ith or without the
prun ing of la tera l need les and apex, in or­
de r to assess la rge scale propag at ion by
axillary bud multi plication of elongated
shoots . A good response was obtai ned in
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E ffect o f an incre ase in the c o nc e n t ra rio n o f M an gan e se in the num be r a nd qua lity 01 P.
ru di a ta ShOO I S ge nc rtuc d in vi t ro .

Trea trnerus

LPl12 +
0.76 mg/l
MnS04

LP I12 +
10 mg/l
MnS04

Tol al number
of ShOOIS produced

782*

1037 **

Number of ShOO IS
produced per embryo

52

80

ShOOI Qual ity

Size: 1 cm
waxy ShOOIS:

14 .4 %

Size: 1 cm
waxy ShOO IS:

26%

*15 embryos wer e cultured for 4 mon ths before their evalu ation. **13 embryos were cultured for 4 rnonths before their
eva lua tion.

al! BAP-treated shoo ts . An increase of 53%
in the number of axill ary s hoots occurred
w hen th ey were induced on LP2.5 , corn­
pared to th e contro I LP 112 (Fig 3) . LP2.5

tre atment led te th e pr oduction of an ave­
rage of 4 axill ary buds per shoo t , compared
to 1.87 with LP 112 (Fi g 3) . Re m oval of the
ap iea l meri st em (LP

2
.
5
J inere as ed the ef­

fcct o f LP
2

.
5

( i nt act nee dl es ) by 23% .

Morphological an d hi stological analysis
01 in vitro wet and waxy Pinus radia ta
shoots

The in vit ro cul ture of Pinus rad ia ta
embryos produced wet and wa xy pheno­
types (Fi gs 4 A- B) . However, the predorn i­
nan t wet phen otype (70 %) was not suita ble
fo r g ree nho us e acc1 ima t iz a tion (62 %

6

Lo

o 5...
u
ro....
e 4o
:;:
ro
u
- 3o.
:;:
::J

E 2...
o
o

oC
(J)

O

LP112 LP25 LP25L LP2.5A

Figure 3: Effect of cuuing on shoo ts and the addition of BAP in LP medium on the induction of lateral
buds in P. radiata shoots grown in vitro.

The shoot mult ipl icati on factor was calculated as follows : Number of final shoots producedl Number of
initia l shoo ts.
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mo rta li t y ) du c to i ts hi gh suscc ptibi lity to
in fec tio n a nd de hy d ra tio n. Co nverse l y , the
w a xy ph en ot yp e s ho wed a 67% in vit ro
r o o t i ng r a t e and 2 9c: m o r ta l i t y d u r i ng
~ rec n ho u se ac c li matizat io u.

Hi st o logical sec tio ns s ho wc d s imi lar tis­
s ue o rganizatio n in bo th phe no types . Ep i­
dermi s s truc ture , resin c ha nne ls, and va s­
c u la r co nd uc t s a ll s ho w ed no rma l ap­
pear an ce (Fig 4 C- O) . Nadi e surIaces 01"

Figur e 4: Morpholog icaI and hi stol ogical charac te ris tic of waxy and wet phenotypes . A-E. Appearance of
waxy and wet ph en otypes respec tively . CoDo Histological cuts of P. radiata needles of waxy and wet
phenotypes res pective ly grown in vitro , e: epidermis , re: resinous cha nne ls , vb: va scu lar bun dle. E-F:
Sc ann ing el ectron microsco py o f the epidermal surface of P. radiata needl es of waxy a nd wet phenotypes
grown in vit ro , E: Detail of glo bular and tubular wax es that are present in age d necdles of waxy phenotype
(20,OOOx). F : Ne edl e epide rmi s o f the we t phen ot ype with a mar ked reduct io n in g lo bu lar waxes and an
ab scnce of tub u la r waxes (20. 0 00x).
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w e t a nd w ax y ShOOIS are sho wn in Fi gu res
4E-F . Tubular epicuticular wax de posit s
w e re abunda nt on the e pide rmis 01' w axy
nccd les ( rig -i E l. but w e re ubsc nt i n we t

needl es (Fig 4F) . G lobula r epicut icu lar wax
w as less abunda nt on w et needles than on
waxy needles .

DISCUSSION

T he protocol for in vitro regeneration of
Pinus radiata was opt imized by changing
both environmental components and the
c ulture medium . By means of a detai led
s tudy, we deterrn ined thc best ternperature
f o r induct ion a nd shoot elongation
processes. The optimum temperature for
shoot inducti on bas ed on the number and
q uality of shoo rs was 26 .1"C (Fi g 1) , which
i s simil ar te te rnperatures used by Aitken­
Chri stie e l al (1) (28°C daytime and 24°C
night time). Optimum shoot elongation,
however, was ach ieved at a lower tempe­
rature (2 1.8°C) , with fa vorable results at
t e mpe rat ure s up to 28.S°C. Previou s
informati on g ive n by other authors has
shown th at the elo nga tion is optimal at
t emperatures of 24°C and 20°C (d ay and
night , respectively) (1,2). Temperatures
aboye 28 .SoC cons iderab ly affect the sh oot
e longation process, producing cl ear signs
o f deh ydrati on , necrosi s and brownin g of
the lower needl es .

The sti mula ting effec t of cytokinins on
the inductio n o f shoot s on P. radiata em ­
bryos , as de scribed by other authors (5,
22) , was al so tested in our work. A corre en­
trati on of2 .5 mg/l ofBAP was sufficient to
obta in a high number of good qual ity shoots
per embryo . Previou s expe rime nts con­
ducted in our laboratory using correen­
trations of 0.00 1 mgll to 0 .05 mg/l TDZ did
not induce more than 15 shoots per embryo
(not shown) . However, even when TDZ
did not show a significant effect on the
number of shoots (Fig 2), those induced
were significantly larger and more vig­
orous than tbe BAP-induced shoots. Our
results differ from other reports (]4), which
have dernon strated that TDZ stimulates
she e t proliferation in variou s legumes (10)
and woody sp ec ies ( 14). Throu gh sho o t

ind uc tio n w it h BAP, a high percentage 0 1'
wet shoots wer e obtai ned in all the trcai ­
rnent s . This ph enot ype is not de sirabl e du e
l O i ts h igh rno rt a l ity (62% i n o ur ca,,(' 1

during acc li rnut iza tio n in th e gree nhou sc
(18). ]¡ is po ssibl e that th e high cytokinin
concentration (BAP 5 mgll) used for ShOOI
induction inc rea se s the endogenous con ­
centration of thi s gr owth regulator, influ ­
encing the number o f hyperhydrated sho ot s
(8) . We did not ice ho w ev er , that in one of
the analyzed famil ies , induc tion with I an d
2 .5 mgll BAP also yie lded a high percentage
of wet shoots, which suggests a partial
genet ic component for this response. In
thi s sense , th e e va lu at io n of the response
obta ined with di ffe re nt families of Pinus
radiata showed a high variability in the
percentage of wet and waxy shoots pro­
du ced (not show n) . Bergmann and Stomp
(4) previou sly desc ribed a ge notypic effect
on the rooting of P. radiata. We, however,
have not found genetic differences betweeri
wet and wa xy ph en ot yp es in pr eliminary
RAPOS ana lys is (23) .

Adding 10 mg/l o f man ganese (MnSO) te

LP medium s ho w ed a s ig n ific a n t s t irnu ­
lat in g effect on the num ber and quality of
ge ne ra ted shoot s (Table 1). Th e correen ­
tration of thi s mi c roel ement in the original
LP med ium (0 .76 mgll ) ap pare ntly did not
cove r the P. ra di a ta req ui re me nts. Irnpo r­
tant li gn in synthe s is e nz ymes , suc h as per­
oxidase , require man gan ese as a cofactor,
which couldjust ify adding it in highercon ­
cen tra tions to in vi tro cultures of woody
sp ecies (12 , 2 1) .

Whil e evalua ting the induction ofaxil­
lary shoots over a ó- rnonth period , we ob­
served that BAP alo ne in the culture me­
dium increased the number o f new shoots
per explant by 5 3 % ov er that of the control
group. An additi o na l 23% increase in new
shoots was achieved by removing theshoot
apex. Ir is likely th at a decrease in the
endogenouslevelofauxins,duetotheloss
of the apical meristem in conjunction with
an increase of the cytok inins level in the
culture medium, triggered axillary bud de ­
ve loprnent in in vit ro cultured ShOOlS. Das
el al (7) also determined that the regene­
rat ion of Vigna m un g o shoots was observed
only whe n e xplants we re deriv ed from the
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New methods of diagnos is in plant pathology
and pitfalls '

by 1. O. JANSE

perspectives

Planl Protcc tion Ser vice. De pa rt rnent of Bacteriology. P.O .S ox 9102 . 6700 He Wagerun gen
(The Ne therlands)

As a spin-o ff fro m fund arnen tal molecular biological research, there has been a rerna rkable
mcrease In new rneth ods fo r d iagno sis (Le. detection and identificau on ) in recent year s.
Because o f their origi n. the se new methods all have in common rhat they use structu ral
elernents o f the turget orgunisrns such as nucleic acids .Iipids. fauy acids. proreins. pol yam ines
and poly sacch andes as a basis. These structural elernerus are either used as rernplates for
developrnent of so-ca lled probes for detectio n (and identifica tion) o r the y are placed into
mari-mude pauerns ano used fo r idenufica tion/classiricaticn . The article presents the
advantage s and per spe cuves of the new meihods compared with con ventional ones. It may
be noted that, 10 rnan y srudies. the speci ficity and reproducibility of the new rnethods has not
becn adequat ely ireated or has even been only ass umed . These Ieatures. which are clo sely
linked with experirnerua l and sampling error. lead ro the principal pitfalls of the new
rneth od s. which are also reviewed .

Introduct io n

As a spin-off from funda me nta l molecular biological resea rch, there has been a remarkable
increase in new rnerh od s Ior d iagnosis. i.e. detection and identificarion . of microorganisms.
viruses a nd viroids . Due lO the ir o rigi no these rnethods ha ve in co mmo n that they use st ructura l
elerncnts of the target organisms as a basis, such as nucleic acids, polyamines, proteins, lipid s.
Iauy acids and (Iipo )polysaccharides. These str uctural elements may be either used foro or
funct ion as. templares for the developrnent of so-called probes for detection (and identifica ­
tion). o r else rnay be placed into rnan -rnade pauerns and used for ideruifica tion/classi ficatio n.

The new rnethods appear to be fast replacing con ventional rnet hods. Fig. 1 illust rates this for
four phytopathologica l disci plines over the past 10 yea rs. The largest changes took place where
co nve ruiona l rnethods a re very la bo rious and rhe organ isrr . ca nnot be cultured (especially in
virology and mycoptasmato logy) . The least cha nge was obser ved for disciplines where
morphology still plays an irnpo rtant role (entomology). !he quest ion is whether the new
methods can and should completely replace the conventional ones which are based on and use
an accum ula tio n of da ta on organisms ove r many years. Or a re they 00 more than a welcorne
addi tion to already existing rneth ods? In other words, do these new methods, as is sornetirnes
clai rned . provide us with 'final' or 'ultimare answers, mak ing dala from co nventional rnethods
supe rftuo us?

The purpose of this a rticle is ro present in a non-exhaustive way a short descripti on of new
rnethods used in plant pa tho logy, their perspectives (theoret ical and practical) and a1so some of
their pitfalls . Since rhe ad vantages oí the new rneth ods have so often been stress ed in the
literature. lhe pitfalls will here rece ive a little mo re attention . These pitfalls should not be
und erstood as fala l d raw backs but as a sl imulation ror opl imal use o f lhe new melhods and for
integration o r da ta generaled with them into lhe exisl ing body of evidence on organi sms ,

I Paper presenled al lhe EPPO Confercnce on Ncw Melhods of Diagnosis in Planl Prolcction. Wagcn ingen
(NL), 1994-01-25/28.
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Fig. 1. Increase in tbe use of mo lecular biologi ca l detection and identificati on rneth ods for different
d iscip lines (bacteria, fungi, viruses, MLOs), in artieles published in Phytopathology over the yea rs 1990i
1993 as compared witb 1980fl983 . Black columns, artieles based on convention al met hods; shad ed
col umns, artieles based on molecular biological metbods . I

Utilisa tion intensifiée des m éthodes mo léculaires de d étection et d'i dentifica tio n pour les diffé renres
disc iplines biologiques (bact éries , cbampignons, virus, MLO), en fonction du nombre d' a rt icles pu bli és
dans Phytopathology en 1990/1993 et en 1980/198 3. Colonnes noires, articles basés sur des méthodes
elassiques; colonnes hachu rées , articles basés sur des m éthodes moléculaires ,

viru ses and viroids. The literature cited is very far from exhaustive (mo re information becom es
availab le every day) and is used as illustra tive background material.

Examples of new methods usad for detaction (and identification)

Proteins

Methods using monoclonal antibodies (Scbots, [990; Hagler el al., 1993) or rnonospecific
polydonal antibodies (Niepold & Huber, 1988; Errampalli & Fletcher, 1993) ha ve the
advantage of using antisera whicb are potentially more specific tbao ordinary po lyclona l
sera. However, cross reactions with non-target organisms may stiU occur. Sorne time s
antibodies are used io combination with nucleic acid methods meotiooed below and/or with
magnetic capture, using magnetic beads. In tbe latter case, antigens (e.g. bacteria, viruses) are
first trapped from a solutioo by antibodies coated 00 magnetic beads aod tbe beads tra pped by
a magnet. Subsequeot1y PCR can be performed 00 the concentrated antigens (Wetzel el al .,
1992; Kapperud el al., 1993). Anotber example of irnmuno-PCR is a metbod where antibodies
directed to RNA-DNA hybrids may be used for sensitive detection of PCR products. An RNA
probe is hybridized to a DNA PCR product 00 a blot, whereaftcr immuno-enzymatic assay
witb an anti RNA-DNA hybrid antibody takes place (B1ai s & Philli ppe, 1993).

Relatively oew is tbe use of two-dimensional (2D) electrophoresis of protcins io the study of
insects (Osakabe & Sakagami, 1993) and tbe use of serology for tbe deteetioo and identification
of nematodes (Lawler & Harmey, 1993; Lawler el al.. 1993).
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Nucleic acids }-ud
; .r

Nucleic ac id sequences a re used as probes a nd primers in the Iollowing meth od s. They include:

( 1) ra ndo m seq ue nces (ch ro rnoso rna l. pla srnid, mitochond rial . ribosornal ):
(2) iruerna l t ranscribed space rs:
(3 ) ge nes encod ing a toxin o r en zyrne:
(4) va riable region rR N A .

Douslot-filt er h vbr idizot ion

These hybrid ization methods use short sing le-st randed nu cle ic acid rnolecules specific for the
target organ ism (·pro bes'). T he nucle ic aci d o f the ta rget organism is fi xed on a nitrocell ulose or
nylon me mbrane (fil ler) . Hybrid iza tio n rnetho ds have proved not ro be very sensitive fo r
detec tio n, i.e. a hig h co py nu mbe r of target nucleic acid must be present fo r a sufficient signal .
T he signal ca n be ac hieved by rad io act iv.e .or·nooradimrct ive-(e:-g'.- biotin"j trepta vidi n) labe lling
(Rasmussen & Reeves, 1992 ). Us ua lly sensitivity is equal ro or less tha n ELISA. This m~ybe

,~ .o~nha nced by ap plication of enrichrnent culture (Manulis, 1992 ). Useful applications a re : (1 )
detection of organisms i ndis~il:~~~ .~!~Su~~~.o n_.~~ar .ela teS_(~.o.lOn..Y_bIOlti:mnnd (2) verification
of ident ity of PC R products (see below) and in RF LP stud ies (see belo . In the latter case,

l~rgel . nU,deie acids are transferred from a gel ro a membra ne in r ! to be analysedv
( blouing ). i .. cJ/

. I r" ~
! V if

In sit u hybridizat ion using r RN A -targeted oligo nuc leotide probes 1/1 r¡f'

In this rnethod, sho rt (20-30-meric) o ligo nucleo tide probes are used agai~6S.9E 23S rRN A. ,
These oligonucleotide probes ca n be use d for in si tu hybrid iza tion , because they are able to
d iffuse through lhe cell wall of microorganisms which are present in thin tissue sectio ns or in
plant or so il extracts fixed on a microscopic slide . For G ra rn-pos itive bacteria, a lyzozyme step
is sornetirnes necessary ro en_hance penet ratiori of the pro be into the cell (H a hn el al. , 1993).
Sensitivity may also depend on the metabolic activi ty of the cells (Hahn el al., 1992). When
probes have bee n la be lled with a f1uorescent/dye or a gold labe l. uhe microorganisms can be
vizuali zed by incident light (fluorescence) microscopy (Aman n el al., 1990 ; Poulsen e l al., 1993).
Technical sensi tivity ca n be en ha nced by using confoca l laser sca nning microscopy (Lizard e l

al., 1994). .:' ~ I c.t: . .
. ro. ~'~ t: ' r--o P..f ..

: • t' • ,

Polymerase chain reac tion

With this method, target nucl eic acid is artificially rnultiplied by' repeated cycles of: ( 1)
dena turatio n (rnelting) o f nucleic acid, (2) ann ealing of short (specific) oligomer strands of
nuclcic acids (' p rimen ') , and (3) extensión o f -nucleic acid strands in the presence of free
nucleotides and a thermostable nucleic aci d po lyrnerase (us ually Taq-polyrnera se, isolated from
the hot-spring thermophi1ic ba cterium Thermus aquaticusv.

Theoretically the sensit iviry of PCR is very high, since one co py of ta rge t DNA in a sample
ca n be detected. lo pr actice , however , sensit ivity is usuall y lower. To en hance specificity,
'nested ' PCR ma y be perfonned: a first primer pai r is used lo multiply a 1arger fragme nt o f the
target , then a second primer pa ir is used to reco gn ize a nd multi ply a smaller pa n of the
amp1ified sequence (White el al.• 1992; Yourno , 1992 ; Henso n & French. 1993; Kappe rud el al .,

1993). To verify iden ry of PCR products, hybridízation with probes via blouing is often
applied. When specific restriction sites a re present in the prod uct , restriction enzyrne analysis
(R EÁ) ean eq uall y well be pe rfonned (see a lso under RFLP) (Jones & Dunkle, 1993; Powers &
Harris, 1993) .

«J 1995 OEPP/EPPO, Bulletin OEPP/EPPO Bulletin 25,5-\7
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Table I. Comparison o f new methods o f identifica tion/classi fica tion by pa uern ana1ysis
Comparaison des nouvelles rnéthodes d 'identifieation el de: classifica tio n basées sur l'ana lyse des pr ofi1s

Method Au toma tion Da ta ban k Cos t level Use r-Iricndl y

Fa tt y acid analysis + + + + +++
Protein electrophoresis

- wh ole cell + ( + ) + + ...

- isozymes ( + ) + ... ...

RFLP analysis + + +
RAPO analysis + (+ ) + + + +
rRNA sequencing + + +++

PCR is also perforrned in combination with immunornagnetic capture (Kapperud el al.,
1993; Grant el al. , 1993) and fluorescent labels (Cano el al. , 1993) in order to increase sens itivity
a nd /o r specifieity. In sorne tests, an ELISA-plate set-up is achieved (Whi te e l al.. 1992; Galindo
el al., 1993). -; J--~

Examples of new fingerprinting methods .used for identification and
classification .

Table 1 preseots sorne oew methods for identifica tion and classifica tion, to gether with so rne of
their characteristics. Their prin cipies are presented below .

~
Fatty acid profiling

Patterns are generated by autorna ted gas-chrornat ographic analysis o f who le-cell fatty acids .
Microbial ID (Newark, US) has developed a highly standardized extract ion and ana lysis
procedure and software for identifica tion . The databank of the system is a t present one of the
largest in the world and includes libraries for aerobic and anaerobic bacteria, c1inica lJy
irnportant bacteria, actinornycetes, rnycobaeteria and yeasts. A Library of fungi is in prepara­
tion . Moreover, the system ineludes Library-generating software, allowing inclu si ón of one's
owo (unknown) strains, and statistica1 software to perforrn taxonornic research .

Cells are grown for 24 or 48 h on a standard rnedium and 40 rng wet weight of cells is used for
analysis, Fatty acid analysis (F AA) has high discriminating power (below species level) as a
result of the high degree of standardization achieved and tbe sta bility of fatty acid patterns in
microorganisms. There is good congruence with RNA/DNA : DNA hybrid ízation data
(Lechevalier & Lechevalier, 1988; Sasser, 1990; Janse, 1991; Welch, 1991).

Protein profiling

<Y
Whole -cell protein SDS-polyacrylamide electrophoresis /' j-t_

o
'-" e-......

Profiles are obtained by extracting proteins from 40-50 rng wet weight of cells, denaturing and
negatively charging the proteins and finally running electropbores is in a polyacry1arnide gel.
After electrophoresis, proteins are stained and p~tterns compar ed . Comparison is visual or by
computer-based analysis. lo the latter case, gels are scanned and banding patterns digitized into
peak patterns. Databases can then be constructed by the laboratory. Due to gr~r difficulty in
inter-Iaboratory standardization than for FAA, no standard libraries ar~tJJewith the gel
sean and analysis software GELCOMPAR (AppliedMaths, Kortrijk,~E~GELCOMPAR

o (O 1995 OEPP/EPPO, Bulletin OEPP/70 Bulletin 25,5-17
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al lo ws so phistica ted dala handl ing. library generation and sta tis tica l ana lysis for iden tifica tio n
a nd taxonom ie purposes. Whole-cell pro tein elecrrophorcsis discriminares al a low tax onorn ic
level (be low spe eies level) a nd th cre is a good correlation with RNA/ONA-O NA hyb rid izat ion
da la (K ers te rs & De Ley. 1980. Va ute rin & Vaute rin , 1992: Vauterin e l al.. 1992 ).

Isozyme analysis

Fin gerprin ts prod uced by this me tho d are based o n the presence o f rnu lt ipl e molecular fonns
\ " (isozyrnes) o f cer tai n enzy rnes , These fo rros have simi la r pro perties, but a re sligh tly di fferen t in

~-; a rni no-acid seq ue nce and therefore in electrophoret ic mobility . D ifferent elect rophoret ic
~ ~ tec hniq ues. such as sta rch gel. pol yacrylamide gel electrophoresis and /or isoe lec tric Iocuss-
~ 'J ing , ma y be used ro sepa ra re isozymes in their native form o Detection is by treatment with an

......g a pp ro p ria te colour-forming substrate for a particular enzyme. The technique is relatively

l:>"'. h_' ¿hea p: numero us genetic loei may be compared (mo re than 100 enzymes can be used) and
discrimina tes at species and (less frequently) below species level. The rnethod is relat ively time­
eonsuming and standardizaiion is not easy. Isozyme paneros may or may not be congruent to
RFLP paneros ; see below (Sonde el al., 1993: Oamai el al .. 1993: Oudman, 1992).

Restrict ion fr agment-length polymorphism ( RFLP) analysis

Patterns obtained by th is method a re based on rnutations in the DNA sequence that change the
recogn itio n sequence of a restriction enzyme. Total DNA can be analysed in an a garose gel and
fra grnen ts vizuali zed in a n agarose gel after st aining with ethidi um bromide. H owever,
fragments are usually (lOO) numerous and overlap so tha t scanni ng with a densitometer is
di fficu lt. Because of this problern , probes are used wh ich render visible only th e fragm ents
wh ich hybrid ize ro th e probe . To obtain a pattern, DNA is blotted aflt;Lagaro se gel
elec t ro phoresis on a filte r (so-ca lled Southero blotting). RFLP anal ysis01iscrimin.a_l~ a t low
tax onomic level, o fle6a'Tij) level (G rirno n t & G rimont, 1991 : N icho lso rier al. , '1993; Vrain ,

1993: Darasse el al .• 1 9v~L d-~<..J-r-d--e..¡-<-<..¿' I c~ r.. !... ' .
~ J iJ -' ~~." ~ cf-<.-1.5'-{-5

~ -' í
~

Random amplified polymorph ic DN A ( RA PD) analysis

With the RAPO rnethod, paneros a re obtained by PCR amplification of genomic DNA with
arbitrary, short (about 10 bp), randomly chosen prirners at a pennissive annealing ternperature
of 36-45°C. The panero of arnplification products discrimina tes al low tax onornic level , often
stra in level. No prior sequence info rrna tio n about the target, probé, blotting and hybrid ization
and restriction sites are necessary, making it a very fast method (Welsh & McClelland, 1990 ;
Caetano-Anolles et al., 1991; Cenis, 1993; Cenis el al., 199~ ; Ouellet & Seifert, 1993) .

Ribosomal DNA RFLP analysis ( ribocyping)

Patterns are based on DNA restriction fragments containing all o r pan of the genes codi ng fo r
16and 233 rRNA . Because genes coding for rRNA are very sta b le, a single probe can be used to
su b type, fo r exarnple, a ll eubacteria , R ibosomal operons are rnultiple , a llowin g d isc riminat ion
al a nd below species level (S tul l et al. , 1988; Grimont & Grimont, 1991 ). As in RFLP ana lys is,
DNA is electrophoresed and transferred lo a filler , and labelled rRNA used fo r pro bing .
Labelling is by 32p or by irnmuno-detected acetylaminefiuorene.

Advantages of the new methods

The advantages of the new methods wben compared with conventional ones are the following.
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( 1) They are rapid, ~nsitive and usually c~1.=d.f!¿c~
(2) Thanks to (1), new methods may be~itab~)or integration into la rge-sca le certi fica tio n/ r-/

inspection schemes for plants and plant products . .L"i-,,\Jt -
(3) Cornm ercia lly available, standardized test kits ca n be pr oduced. (1

(4) Non-culturable organisrns, such as mycoplasma-like organisms (M LO s.>- ( Lc;..e~ al., 1993; )......-D
Namba el al .• 1993; Vega el al .• 1993) or museum specirnens, such as ~~ tte rft i es \ande ried)
fungi (Balar & Zakharov, 1992; Wingfield & Wingfield , 1993), ca n be a na lysed. Genet ically
mod ified organisms (GMOs) rnay be traced in the env iro nmen t more easily (Kluepfel,
1993). . ~ O-..-v'c l.......,--:-t.

(5) New methods are apparently less sensitive to mutation or variation . But , for variat ion in a
singie ui ediuiospore culture, see Doudrick el al. (1993) and for sensitivity of RAPD ana lysis
to effects of cell/colony age, see Coutinho el al. (1993) .

(6) Discrirnination is possible at a low taxonornic level, even a t the strai n level.

Pitfalls of the new methods

In d iagnosis of plant pathogenic organisms (and to a certain extent also of viruses , viroids a nd
insec ts), Koch's postulates playa very important role . These postulates ca n be exernplified , in

. . '" the d i~osis of a bacterial disease using conventional methods, by the fo llowing ste ps: ( 1)
~~qle~ of symptoms; (2) isolation of pathogenic bacteria; (3) pur e culture of isol ated

bacteria ; (4) id en tifica tio n ofpure culture; (5) pathogenicity test; (6) reisolation from inoculated
pl an ts : (7) reidentification of pure cul tu re; (8) diagnosis reportoFo r many o f the new methods,
K och's postulates are under pressure for seve ral reasons. Firstly, the specifi city of a tes t is
assumed , but is often still far from certa in . The number of strains or varieties o f target and non­
ta rget organisms wb..ich have been tes ted to pr ove specificity is o ften d ra ma tica lly low .
HQ~ver, it is precisely this specificit y which is cri tica l, since rnan y new methods do no t

~3-\he.o.rganism in a living stat~, ~~ch .tha t it can be rein troduced in to a host an d chec~ed. fo r
y-l ' . . patno geDlClty. Second.ly, rep roducibili ty IS often also assumed, but onl y test ed to a very limited
..1' '. ex te n t, This is especially important in analysis of patteros o b tai ned by PAGE, RFLP, RAPO

a nalysis where many parameters demand scrupulous standardization. These pitfalls and others
will be presented below, together with sorne exarnples from the liter ature to sho w th eir
re levance. Tbe first six especially concero detection, the other five classifica tio n/identifica tio n .

Specificity and reproducibility unknown or only tested to a limited extent

Probes and primers should be tested with an extensive range of related a nd unrelated
pathogenic and saprophytic organisms and known negative extracts of different regions/
habitats. For example, Prosen el al . (1993) devised a PCR-based amplification of tbe
phaseolotoxin gene region of the ONA of the toxin-producing bact eri urn Pseudom onas
syringa« pv . phaseolicola. Tbey mentioned that P.s. glycinea also produces a ph aseolotoxin­
like substance. The primer pair was sai d te, be specific for the detection o f P.s. phaseolicola even
thoÜgh P.3. glycinea was not apparently tested for possible cross reacti on . Although th ese
authors tested 15 strains of the target organism, 15 strains of the related P.s . syringae, 1I other

non-related pathogenic species (one strain each) and 32 sapr~j!)'~~~th~i.~ ~~~I_us i?_~ th~~.~Q.<:Y

detected the pathogen in a commercial seed lot that failed to~ the patbogen by conventional
p lating methods is not necessarily valido There are at least rwo other conclusions po ssible : ( 1) a
c ross reaction wi th a non-target organism took place, o r (2) only nuc!eic acid of the target
o rganism was detected. Statements that RAPO and PCR primers generally did not react with
other species (e.g. OueUet & Seifert, 1993) are not very informative and may rnake addi tional

research necessary. ~ r: /\
. Tbe reproducibility of RAPO analysis can~...bY annealing at lower~nd
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Perspecti ves and pitfalls 11

in t ro d uc ing a 1 m in ramp time between annealing and extensi ón (La wrence el al., 1993). In
man y cases, resea rchers generate the ir own pauerns only once o r a few times, let alo ne make
a ny in terla bo rato ry com parisons ( Ra demaker e l al ., 1992) .

Results may be inlluenced by change in environmentet and experime ntal conditions and
biochemicals used (experim ental error)

Ce nis (19 93 ) fo und man y non-reproducible bands in RAPD-PCR a nd as ked fo r cau tious
standa rd izat ion , giv en th e eno rrno us va riety of therma l cycl e r a nd rea gent so u rces , Relat ively
sma l1 cha nges in temperature and salt regimes may considerabl y cha nge specifici ty of pr obes
(M irza el al.. 1993) . In a n excellent article, Sneath (1989) d iscusses the infiuence o f expe rimen ta l
error (a nd sampling error) in relation to analysis of RNA sequence data in taxonom y.

Impossibility ot discriminating between viable cells in a sample and non -viable cells. or
traces of terqet nucleic acid

This pitfall is irnpo r ta n t in international trade, especially in the case o f quarantine pest s. Wh at
measures should be taken if one does not know whether the target cells detected are via ble o r
not? What is the significance of a few copies of target DNA in a sarnple? In rnost cases, these
two quest ions have not, or only poorly, been investigated. Josephson el al. (1993) report on the
possibi lity o f false posit ives with respect to viable cells in environmental samples a na lysed wit h
PCR. Free DNA degraded in a period of 3 weeks. Smal1a e l al . ( 1993) fo und traces o f free
Pseudomonas DNA after a period o f 5 months in soil.

PCR products are not necessarily derived from target DNA - verification is necessary

Due ro the risk o f c ross- reacti ng PCR products (ba nds) from no n target-organism s in ethi d ium
bromide gel (c thidi um bromide being a no n-discriminative stai n fo r nucleic aci d), the identi ty o f
PCR products should be veri fied. This can be done by blo tt in g products on a filter a nd
h ybrid izing with a specific probe, o r by restriction-enzyrne anal ysis . In the lauer case, the target
seq ue nce sho uld conta in a specific restriction site for an enzyrne used (M a rques el al. . 1993).

High concentra tions of non-target organisms may give weak fa lse positive PCR results (Blais
& Phillippe , 1993) .

Contamination in the PCR test may lead to false positives

The PCR test is very liable lo the problem of contamination . Only o ne o r a few copies of target
DNA present in rooms where PCR is performed may alread y dete riora te results . For possible
solutions of this problem, using for exarnple ultraviolet irrad iation of rea gents. tre atrnen t o f
reagen ts or PCR reactions with exonucleases or substitut ion o f d UTP fo r dTTP, see Henson &
F rencb (1993) or White el al, (1992).

A negative PCR test may have many hidden causes

( 1) The ta rget sequence may be absent from the sample, o r may have disappea red , e.g. by the

infiue nce of nucleases (G ibsoo & McKee. 1993).
(2) Products in the sample or media , such as hurnic acids, proteins, fats, detergents , lysozyrne,

NaOH. aleobols and nucleases (Rossen el aJ., 1992; Hensort & French, 1993; Tebbe &
Vahjen, 1993) may cause inhibition. For rapid but st illlaborious protocols for extraction of
DNA from soil , see Smalla el al. (1993).

(3) The primer pair used is too specific, missing part of the population of the target.
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(4) Experimental cond itio ns a re not sui ta b le for optirnal bindíng of primers. W ylie el al. ( 1993)
stated that a rapid ext rac tion procedure without p henol cou ld be used to test lupin see d Io r
the presenee of cucu mber mosa ie cucumoviru s when seed infec tio n wa s more than 0.5 % ; a t
lo wer infection pe rcenta ges the phenol proced ur e should be used. For official routine
testing. : this presents a dilemma: how do yo u know be fo reha nd the infec t io n percentage

before you sta rt a test?

Changing pro bes/ primers / enzymes /methods/ chemica/s ma y yie/d different (conl/icting)
patterns or no patterns at al!

RFLP of nuclear rDNA o f Pythium spp. yielded species-specific patterns . while R FLP of
mitochondrial ONA did not show much in terspeeific va riat ion (C hen, 1992). The a mo unt of
DNA loaded may alread y be of im po rta nce (Nicho lson el al.. 199 3). Lis teria monocytogenes
and L. innocua were simil ar on the basis of the V2 region of 16S rRNA, but different o n the
basis of the V9 region (Czajka el al., 1993).

An insufficient number 01strains is testea. so that imp orten; conclusions are poorly supported

In a study where only a few iso la tes per pathotype o f the fu ngus Magnaporthe ( Pyricularia )
grisea were sampled over a large geographic area, it wa s fo und tha t there was a close correla tion
between fingerprint a nd pathotype (Levy el al., 1991 ). Subseq uent work o n a rnic rogeogra phic
scale (two fields) showed much more varia tion to be presen t in the pathotypes a nd much less
correlation between pathotype and fingerprint (Xia e l al., 1993). Culture co l1ectio ns may be
especial1y biased in this respect, since in many cases o nly readily iden tifia b le stra ins are
included. Deviating or interm ed ia re strains are often not included . .

In a srudy on RAPOs of Fusarium oxysporum f.sp . pisi, Graja l-Martin el al. ( 1993) fo und th at
only strains of race 2 showed little va ria bilit y and were therefo re identifi able. For races 1, 5 and
6. no generalized race- specific patterns were found . R ace 2 was said to have a conserved regio n,
but the term 'conserved' in fac t told nothing, since most of the st ra ins were from one a rea near
Wa shington (U S).

Only a smal/ part 01 the structural e/ements 01 en organism is used in new tests:
samp/ing error

Many polymorphisms were fou nd between two races o f Meloidogyne hapla and three
popuJations of M. arenar ia with a similar esterase pa tte m . In con trast , the banding pa tterns
ofthe four races of M. incogn ita were very simil ar (Cenis , 1993). Sometimes isola tes of d ifferent
fOI7n/JL speciales of F. oxysporum appeared to be mo re simi la r with mi tochondrial (mt) D N A
·RFLP analysis than were certain isolates of the same forma specia/ is. H owever, rhe geneticaUy
'ÍdeDticaJ fOI7n/JL speciales are st ill highly host-specific (Kim el al., 1992).

. In a study using mtDNA and RFLP: two typical iso lates of Ophiost om a novo-ulmi had
mtDNAs similar to O. u/mi and clustered with the latter species. It was suggested that , because
of the finding, rare ingression (wha tever that may be) o f O, ulmi mtDNA into O. novo-ulmi to ok
place. Tbe possible sampling error or limi ta tio os of th e tech nique used rema ined u nq uestioned
(Bates el al., 1993).

Ouellet & Seifert (1993 ) found 00 differeoee between strains of Fusarium gramineum with
RAPO primer pairs although they could be differen tiated into vegetative cornpa tibi lity gr o ups.
Moreover severa! primer sets were needed to allow ideo tification al species level.

Seventy arbitrary primer pairs for raee 2 and 4 of Cochliobolus carbonum did not d ifferentiate
(Jones & Dunkle, 1993) . Tbe authors accordingly suggested that the races were close1y related .
On the other hand, race 3 was very variable and hard.1y identifiable. Tbe conclusion from these
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findings could also be tha t the method is not very suitable for discr iminating be tween
pathogenic races.

In a study on 13 isolates from Ave different host s of Phytoph thora porri, De Co ck e l al . ( 1992)
sia ted that it could not beconcluded from the results whether differences In restr ict ion paue rns
of mtONA arose from differenc es in host or geograph ic origino Unfort unat ely, rhe autho rs
ended with the almost rhetorical co nclusion tha: ' restriction pattern analysis has provided
stable cha racters correlated with the host of the iso la ies and sorne other cha rac ters' .

Answers from automated identiticetion svstems using standard libraries are as good as
ttiese libraries and as present -dev taxonomy

T he mo re exrensive the library, the more likely it is that an unknown o rga nism with a high
similarity ro an organism included in the library really is the latter organism oThi s is especially
so when the unknown was isolated from a nichewhere the organism is known ro occur (e.g.
diseased plant) and selection has already taken place. However, when the unknown originates
frorn a complex habitar where any organism rnay be expected , even a high sirnila rity can only be
an ind ication . Verification using other rnethods is necessary to preve identity.

Points of reference usually determine choice of petterns

Man y points of reference may be chosen for pattern analysis by the new rnethods: pathogen­
icity, host range or virulence; biological act ivity: geographic origin ; difference in ecological
niche ; morphological difference . The choice is arbitary, and indeed the po ints of reference have
often been determined by conventional methods. The exist ing groups (po ints of reference) a re
often only partly correlated with the pauerns found by molecular methods. Sornetimes even
differ enl species may show very similar pauerns. A supporting set of patterns, often ca lled
' Iargely' or 'generally supporting' in publ icati ons, may be just an accident and sho uld be
thorou ghly evaluated before it is used ro prove anything, in view of the risk o f circul ar
a rgurnen t (Fo rster & Coffey, 1993).

In an RFLP study of Frankia strains, no correlation was found with geogra phic ori gino
However , sire diversity was found and very low diversity on acid so ils. Such paneros may really
reflect so rne other point of reference (Jamann el al ., 1992). In a study of 38 strai ns of
Colle to trichum gloeosporioides, isola ies from mango grouped easi ly, while iso la les from other
hOSlS showed sorne possible grouping only with in geographic localities . No RFLP was found
that could be used to identify isolates from avoc ado, banan a or pap aya on a worldwide basis
(Ho ds on el al ., 1993).

Conclusions

lt is sométimes suggested that molecular methods, being genetic, are o f a higher and therefore
better order tban conventional methods, which are phenotypic. Howe ver, there is no such
contradiction. Alter cracking organisms and isolating their nucleic acids, these nucleic acids no
longer function . They can be immobilized in gels, cut inro pieces, etc .. and the ir anal ysis is a
purely phenotypic one.

Living organisms are able ro switch genes on and off, etc. One sho uld avoid a sho rt-sigh ted,
reductionistic view of molecular phenotypes, which will inevitably Iead lo problems in
detect ion, identification and c1assification. So modero methods sho uld be seen as a welcome
add ition to already existing ones. They should be carefully checked for specifici ty and
reproducibility and their lirnitations should be realized. This is especially true for disciplines
where saprophytic organisms playa role. In the case of virology and of non-culturable M LOs ,
lower stringency is perhaps required.
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The grea t advan tage of modern methods, especia 11 y those based on nucleic acids , is tha t they
are or ca n be made specific a l a very low taxonorn ic level, even a l the strain level.

Nouvelles méthodes de diagnostic en phytopathologie: perspectives et pi éqes

L'un des résultats de la recherche fondarnent ale en biologie moléculai re a ét é le développement
remarquable des nouvelles méthodes de di agnost ic (dé tec tio n el identifica tio n) a u cours de ces
dern iéres années. En ra ison de leurs o rigines, ces nouvelles méthodes on t pour ca ractéris tiq ue
commune d'utiliser comme base des éléments st ruc tu raux des organismes étudiés, tels que les
acid es nucléiques, les lip ides, les acides gras, les prot éines, les pol yamines et les po lysacc harides.
Ces éléments structuraux sont, soit utilisés cornme matrice pour développer des soi-d isant
sondes de d étection (et d'identificat ion) , soit disp osés en cat égories a rt ificielles facilita nt
l'identification et la c1assification. L'article présente les av antages et perspect ives des nouvelles
rnéthodes par rapport aux méthodes conventionnelles. Il faut noter que , dans de nombreuses
études, la spécificité el la reproductibilité des nouvelles rnéthodes ne so nt tr aitées qu ' insuffi­
sarnment, voire en core simplement supposées exister. Ces carac téristiques pri nci pales, forte­
ment inñuencées par les erreurs experimentales et d 'échantillonnage, risq uent de piéger
l'expérimentateur dans des interpr étations fausses, q ui sont également passées en revue.

Hoasre MeTO,ll.bll(BarHOCTHJ(H narorenos pllCTe~.Ilepcnexraasr H TpYJI:HOCTH

3Ha'UITCJIhHOC pa.3BKTHC aa 1l0C1lClOlHC rO.lO>1 HOBbIX nxaraocrxseoocr MeTOL(OB ( B qaCTHOCTH,

BbUlBncIDUl H H.nCHTH<pKXanKH) JlBHJIOCh OJOU{M H3 co rryrcraysom xx pe3Y1IbTaTOB <PYHllaMCH ­

T3JThm,IX HCC1lcnosaH~ B 06naCTH MoncJC)'7lJlp80R 6 HOn OfH}{ . no CBOCM)' rrpoHcxo)t(JJ.eRHlO BCc

3TH HOBblC MeTO.lO>1 KMCJOT 06my¡o qepry : Hcn0llb30BaRHC B xaxecrae OCHOBb1 14KHX crpyxryp­
HbXX 3nCMCRTOB 0PIAHH3MOB-MHIIICHCA, KaK rryxnexaoasre 1OiC1l0Thl, :>t<HPbI, ~Hblc 1OiC1l0Th1,

óerrxx, nOlOfaMKHl>I H 1I0 JIHUXap H.lO>I. 3TH crpyKTypHble: :>nc:MCRTbI HCIIOllb3yxrrCJI lOf60 KaX

Ma1pKUbI l1JLI[ C0 3L(aIDUl 14x Ha.3blBae:MhIX 3 0 RJJ.OB WUI L(CTe XTHpOB aIDUl: ( H H.nCHTH<pKlCanKH )

HlOf )f(C IIpKMcwrJOTCJI l1JLI[ H.nCHTH<pKX4nKH H xnacOí<pKXaIUUf DU OfC HO B B YC1l0 BHJa BHCCCIIHJI

B HCl<)'ccrnCHHO C0 3L(UlRbIC crpyxrypsr. B aacroxmoa C006~CHKH paCCMa1pKBalOTCJI L(OCTOKH­

craa H DepcnC~bI IIpKMCHCIDUl HOBbIX MeTOnOB no cpasnemoo e o órnCIIpKRJITblMH. ÚIc:¡{)'eT

OTMeTJfI'b, <ITO BO MBOno: HccnenOBaHJUU BO rrpOC o cn enxdix-ta ocrx H 'BOcnpOH3BOJJ,HMOCTH

pe3Y1IbnTOB HOBbIX MeTOnOB lOf60 HCL(ocnTO'IHO \)CBe~CH, lOf60 TOJthXO xparxo ynOMHllaeTCJI.

3TH napaverpsr, B 3Ha'UITCJIhHOR CTCnCHH 3 aBH CJlrnHC OT norpemaocrea, B09HHl<aJOrnHX rrpl{

rrpOBCL(eHHH 3xcnepKMeHn 1{ IIpH oréope rrpoó , MOryr IIpHBOJJ;HTb K 3aÓJIY)l<.neIDUlM IIpH }{B ­

-rq>npe-nn}{}( pc:3Y7Il>nTOB ROBhU MeTOL(OB l]){aI"'HOCTHJCH . 'frO TalOl<e JlBJUleTCJI trpe.ILloieTOM·

o6cyx.nemot.
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Vir us and ph ytopl asma detection in fr u it trees

ow n, these molec ules are non­
flu o rescent, but once hybrid ized to
the target PCR product, a conforma­
tional change occurs rest or in g
fluo resce nce. The reactions can be
co n tin uo usly moni tored in specifi­
ca lly designed thennocyclers, such as
TaqMan (Roche Mo lecular 5ystems
ln c). It is possib le to de tect mul tiple
tar ge ts in the same so lu tion because
molecu lar beacons can be rnade in
many different colours utilizing a
b road range of fluorophores. This
techn ology has already been used in
a multiplex PCR assay for the detec ­
tion of four pathogenic re trovir uses ."

Methods Jor obtaining virus
sequence

Know ledge of viral nucleic acid is
crucial for designing molecu lar
assa ys and may be obtained in a
number of wa ys.

(1 ) Puriiy the virus and
clone . lsolation procedu res have to
be op timized for each virus, or even
each strain of a virus and importan t
factors for success are (a) choice of
host plant specíes, and (b) extractio n
medi um." Many fruit tree viruses
have been isolated from cultu res
transferred to her baceous hosts ,
includ ing Apple chlorotic lea! spot oirus,
Plum TXJx tnrus , Apple stem grooving
virus <ni Apple stem pitting virus . This
minimizes the presence of interfering
substances in the initia 1 extract" Viral
RN A tem plares are isolated from the
purified virion p reparations by
removing the coat protein from the
viral genome using a variety of
physical and chernica l agen ts such as
heat and sodium do decy l su lphate
(SOS). Once obtained, !he viral
tem plate is used to generate cONA
with first strand syn thes is generally
bcing drivcn by a reverse tran­
scrip tase and approp ria te prirner(s).

(2) dsR N A. Many viruses of woody
plants cannot be purified by current
methods, even frorn a herbaceous
propaga tion host , Isolation of
ds RNA, a stable replicative intenne­
dia te, from infected cells is a useful
me thod for obtaining starting mate­
rial for virus characteriza tion ii
encapsi dated ss RN A is difficu lt to
obtain. For sorne disorders dsRNA
may be the onIy virus or d i.sease­
specific mo lecu le tilat can be
detec ted . Morris and Dod ds Z7 deve l-
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oped a meth od for the isolation and
anal ysis of dsRNA from viru s-
infected plants and fungi, based on
the chroma tographic adsorption and
release of dsRJ'JA from cellu lose
powder such Whatman CFll. In the
p resence of 16% buffered ethanol,
dsRNA, bu t not other nuc leic acids , is
bound to cellulose in a column. After
was hing the column wi th bu ffered
ethanol. the dsRNA can be eluted
with ethanol-free buffer. This proce­
dure has been ad apted by man y;
pe rhaps the simplest to follow is that
developed by Valverde." which
produces dsRNA free fro m detec table
host DNA and RNA using two cycles
of chro matography. Controls are
essential to avoid confusion w ith the
ds RNA genomes of cryptic viruses o r
non-vira l dsRNAs that may be
de tected in plants.

This sim ple technique is not
app licab le to all viral gro u ps. There
has been no report of dsRNA in
plants infected with negative sense
RNA viruses such as rhabdovi ru ses ,
and indeed in our hands none has
been obse rve d for the
cy torhabdovirus, Strawberry crinkle
virus. This technique has been of
particular va lue fo r characterizing
recalcitran t v iru scs of fruit crops, and
in sorne cases has resulte d in the
unexpected cloning of a non-ta rget
virus; eg [elkrnann" cloned the
previously unknown Oterry uirus A
from dsRNA extracted from plan t
tissue infec ted with Little cherry vims.

To generate cONA for cloning and
sequence analysis it is necessary . to
melt the dsRNA to ssRNA. This can
be do ne by boiling in wate r and
quick cooling on ice, o r by chemical
trea tmen ts w ith methylmerc u ric
hydroxide, glyoxal and dimethyl
sul phox ide o r fonnamide and
for ma lde hyde . lO

(3) Co nse rved sequence in relat ed
vi rus es. Degenera te
oligo nucleo tides designed to con­
served sequences or sequence motifs,
from rev erse translated viral amino
adds sequences, may be used te
amplify sequences of re lated viruses.
In this way aII members of a genus"
or even severa! genera J2 of viruses ,
ma y be detected.

(4) cON A library construction us ing
subtractive hybridization. 5ubtrac­
tive cloning is a po werful technique

that allows the isolation of genes
exp rcssed or present in one ceU
population but not in another. lt may
be used, for examp le, to obtain
pathogen genes fra m diseased p lants.
Although there are several different
rnethods. P the basic theory behind
subtraction is simple. Comp lemen­
tary nucleic acids from two sam ples
(healthy and infected material) are
mixed together, with healthy in
excess. denatu red and allow ed to
annea!. Duplexes fonned between
the hea lthy and infected material are
then removed. as is unhybrid ized
healthy mate rial, leavin g a popu­
lation enriched for sequences unique
to the infected ma terial. Wh en
com plex tissues are used, m ul tip le
rounds of sub tractio n must be
performed to remove completel y
sequen ces that occu r in both sets of
plants. Re iterative subtracti on
requires the infected material to be
regen erated or amplified after
subtraction using PCR, amplificati on
of a cONA library or by in vitro
transcrip t ion. As with many mole­
cula r biology techniques. commer cia l
kits are available. These generally
make use of: (a) irnmobilization (in
which the infected material is hy­
brid ized to hea lthy ma teria l
irnmob ilized on to a so lid phase.
leavin g unbound infected seque nces
not represen ted in healthy ma terial);
or (b) PCR-based methodology (in
whic h infected-infec ted hyb rids can
be se1ected and amplified
exponentiall y, through the incorpora
tion of specif ic primer binding sites).

Assays for phytoplasmas

Phy toplasmas in fruit trees present
different prob lerns from those caused
by viruses. They are insect-t ransm it­
ted and are more Iikely to spread
b etwecn tr ces within o rchards and
between orcha rds. They m ultip ly
only in phloem tissue and may be
irregularly dis tribu ted throughou t
the tree. They aIso occur in low
concentrations and may be subject to
seasonal flu ctuations." Ther efore,
any· test to detect ph ytoplasmas in
Fruit trees must be sensitive, must
utiliz e samples from severa l differen t
parts of the trec, and must take inlo
account the time of year most likely
lo give a corred resu lt. The mos t
sui tab le tissue samples are lea!
petioles and midribs. Bark samples
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Virus and phvtoplasma detection in fruit trees

been used to detec t bo th Apple slem
grooving uirus an:I Cherry motile lea!
uirusu However, multiplex PCR
often requ ires extensiv e op timization
beeause primer-dirner fo rm ations
and the occu rrence of non-sp ecific
products may interfere with the
amplifica tion of specific products.
O the r im portant factors limiting the
sens itivi ty of multiplex PCR are the
relat ive concentration of each primer
set and the copy number of each
ta rge t sequence, which are of course
much harder to determine. An
altema tive is to use degenera te,
b roa d-spectrum primers to am plify
at the genus level or abo ye in one
round of PCR, and lo foUow this
with a second. nested PCR (using
primers intemal to the or iginal set)
for further characterization. should
that level of specificity be required .

Oiagnostic PCR assays requ ire
numerous negati ve contro ls because
it is possibl e for a single cop y of
con tam inatin g target sequence to
produce a positive PCR result. The
main benefit of PCR is the ability lo
detect the virus at any time of fue
year, and budwood received can be
tes ted before planting. Apart from
sarn p le pr eparat ion , the other draw­
back of PCR-b ased assays is the
means for detecting the amplification
product Tradi tiona Uy this has been
achieved by aga rose ge l elec tro­
phoresis using ethidium brornide for
visualization of ONA. However,
detection methods ar e available that
ar e more rapid and sensitive than gel
electrophoresis and have the po ten­
tia1 for aulomation. PCR ELISA and
PCR ELOSA aUow direct labelling of
PCR products by using a IabeUed
nucl eotide or a labeUed primer
(oligonuc1eotide) respectively during
PCR amplification. Subsequent semi­
quantitative detection occurs by a
hybridization-based microtitre plate
assa y (ELISA). This technology has
already been incorporated into a
rapid detection method for the
measurement of telomerase activity
in tissue or ceU extracts (Boehringer
Mannheim). An altemative systern
uses molecular beacons to provide
quantitative results, and has the
added benefit of tests being con­
ducted in c10sed reaction tubes.
Molecular beacons are oligonucle­
otide probes lhat can report the
presence of specific nucleic acids in
homogeneous solutions.P On their

DETEcnON

PCR buffer + MgCI2
PCR primers

1--- - dNTPs
Taq polymerase

.
. .... .. ... ...

• ~ • _ i . • .. ...

(e)

(el

Figure 5. Immunoeapture RT-PCR. (a)
Wells are eoated with specific anbbody
before the addition of plant extract. (b)
A fter im munoea p tu re of vir us par-d eles ,
reverse transcrip tion reagents are added.
(e) First strand cONA is synthesized and
PCR reagents are added. (d) PCR
exponentially amp lifies a specific p íece of
the viral ganome. (e) Amptified frag­
rnents are detected by agarose gel
electrophoresis (positive samples are the
dear bands above the hazy primer-dimer
bands) .

Reverse primer
dNTPs

I----Buffer
Reverse transcriptase

plate without the need for antibody
trealment; this enables the simultane­
ous detection of more than one virus
(multipIex PCR) . This technique has

(b)

lIdIM-

ca tio n . Alternativel y, cONA syn thesis
can be carried ou t in the same tube,
speed ing up the time for the test and
reducing the risk of amplicon con­
tamination; this requ ires the design
o f cONA synthesis reaction mixes
that are compatible with the PCR
rcaction mix. Reverse transcription
(RT)-PC R is an extremely sensitive
rnethod for detecting and quantify­
ing specific RNAs ; it is about 100
tim es more sensitive than dot blot
h yb rid iza tion for Cherry mottle lea!
¡o irus testing ,. and about l,(XXl times
m ore sensitive than EUSA for Plum
pox virus assays."

Problems w ith the technique arise
w ith ex tr acting targer seq ue nce . in
th is case total RNA . There is a need
10 purify or treat the material to
remove ONA polymerase inhibitors
such as the pol ysaccharides and
phenolic compounds found in fruit
p lants. Detect ion of 07erry virus A i1
ch erry leaf and wood samples was
facilitated by using RNA purified by
ch romatography on a Qiagen col­
urnn, to remove inhibitors." Nucleic
ac id purification may not be needed;
s im p ly diluting crude extracts allows
cDNA synthesis and subsequent PCR
deteetion of Cherry lea! roll virus19 and
Apple stem grooving virus.'" The ability
to de tec t viruses in cru de plant
ex trac ts s im p lifies the tírn e-consum­
ing sample pr eparation, giving a
speedier assay.

IC /RI-PCR. Immuncocapture
PCR combines antibody binding and
PCR into an extremely sensitive and
s im pli fied test. Vira l RNA from
immunocaptured particles is used as
the template for rev erse transcription
fo llowed b y PCR amp lifica tion
(Fig u re 5). This technique was first
used for fruit tree viruses as a means
o f overcoming the problems of PCR
inhib ito rs found in woody tíssues,
and the apparent viral concentration
achiev ed has proved usefuI for the
de tec tio n of viruses that are present
a t extremely low concentrations. This
co nce n tra tion effect may explain why
IC/RI-PCR was found lo be 2SO
times more sensitive than direct PCR
for the detection of Plum pax tirus.21

The drawback of this technique is
that irnmunocapture requires anti­
gen -sp eci fic antibody (although not
as highly specific as for ELISA) as
weU as nucleic acid information. An
alt emative is plate capture (PClRT­
PCR) in which virus is bound lo the
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proteins can be cloned and exp ressed
a l high leve ls. However, problerns
cnco un te red include: ccll toxicity,
pro tein instabiliry, improper process­
in g or po st-translational
modification, and inefficient transla­
tion. A major difficulty is that
polyp eptide gene products exp ressed
in Leoli ma y accumulate as insoluble
aggregates that lack funet ional
ac tivity. Also, the bio logical ac tivi.ty
and imrnunogen ic ity of the
recombinant protcin may diffe r from
natu ral pro tein, and antisera raised
lo recombinant virus proteins ex ­
pressed in E.eoli have not been
reliable for use in EUS A te dct'_":t
fruit cree viruses."

Altemative exp ression hosts
inelude yeasts an d ve rteb rate ce lis.
Yeasts such as Saeeharomyce:s cereoisiae
and Pichia pastoris are among the
simp les t eukaryotic organísms. These
two species are not !he only ones
emp loyed, but their use has been
facilitated by 'off -the-shel f ' avai labil­
ity and they have a1l the advantages
ti E.eoli (high Ievels of exp ressio n,
easy scale-up, rapid growth) com ­
bined with sorne of the
post-transla tiona I modificat ions
foun d in mammalian cells.
Recombinant p ro teins produced in
yeast often possess the antigenicity
and iunctional activity úJ nati ve
proteins, bu t there are many cases,
generally unpublished, in w hich
despite optimizing a1l of the param ­
eters, only low levels of exp ress ion
are achieved.

Man y eu karyotic po st -tr an sla­
tional modificat ions such as
ph osphor yla tion, glycosy latia n ,
precu rsor pr ocessing and targ etíng.
are carried .::~ ~ in insect cclls.
Bacu lov iruses, which produce Iarge
amounts of structura l, functional and
antigenicalIy authentic protein, are
cornmonly used for recombinant
protein expression in insect cdls.
This exp ression system is most
po pular fo r the expression of viral
glyco protein genes; glycoproteins are
components of !he outer shell of
many animal virion particles" ard
are therefore the obvious target for
an tigens in immunodiagnostic tests.
G lyco p ro teins are not restricted lo
animal viru ses and are found in both
!he plant rha bdovirus and los poviru s
genera .

AII recomb ina n t protein exp res­
sion is rather unpredictable and
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resear chers interested in genera ting
high protein yie lds often carry out
ex p ression in one system, for
example yeas t, in parallel w ith
equivalent studies in another exp res ­
sien host such as a bacterium, or
baculovirus.

Mol ecular assays

A good cliagnostic test for the detec­
tion of plant viruses combines
sensitivity wi th speed and the ab ility
lo process large numb ers. The mos t
widely used technique is ruSA,
which is sensiti ve, easy lo carry out
and has a high throughput. However,
EUSA may not alw ays be app licable.
Specific antisera are unavailable for
many fru it viruses or are unable lo

detect low virus titres, especi ally in
dormant wood, red ucing their use
to specífic times of the year. The
fo llow ing techniques rely on knowl­
edge of !he viral nucleic acid and
ide ntific a tion of seq uences tha t ar e
unique or characteristic for a virus or
strain.

(1) Hybridization. Hybridi za tion
refers lo the formation of double­
stranded rnolecules between the
nudeic acid un der test and a pro be
(nucleic acid of complementary sense
Iabelled with a radioactive or chem i­
cal marker). Virus nudeic acids are
irnmobilízed on lo an inert support,
the most popular being ni troc ellu lose
and nylon. Most plant viruses have
ssRNA genomes and will bind to the
membrane without the need for the
removal of secondary struc tu re .
(treatment with heat o r helix
destabilizing agents such as
formamide). Purificat ion of nu cle ic
acid is not necessary and the most
commonly used procedure for testing
large numbers of samples is dot blot
hybridization, in which a small
amount of sap is e:xtracted from the
plant under test and a spo t is applied
lo !he membrane. Mem branes a re
baked oc UV cross- linked to bind the
nucleic acid before incubating for
about two hoUIS in a
prehybridization solution to block
non-specific sites. During this time it
is usual lo Iabel !he probe; the most
commoo is cDNA made lo par! of !he
RNA genome by rev erse transcrip­
tion , either directly from !he vira l
RN A ce from a cDNA clone . There
are many ways lo incorporate a labeI
and both uniform and end labclling

hav e been used successfuUy for dOI
blot analysis, but the method used is
de pendent lo some extent on the
type of label. Hybridization of the
probe lo !he test nucleic acid usuall y
takes place ovem igh t and excess
probe is washed off befare d etection,
and quantification iI required . RNA
p robes have been shown lo be more
sensitive than ELlSA d u ring field
indexing trials for plum pox virus
(PPV) ." When ap propria te informa­
tion is availab le it is possible , by
usin g highly strain-specific reg ions
of the viral geno me, lo generate
d iagn os tic prob es that díscrim inare
between d iffe ren t strains of a virus.
Ho wever, with the exception of tests
for viroi d de tect ion, this technique
has been lar gely supe rseded by PCR­
base d de tecti on assa ys .

(2) PCR techníq ues. The invention
of the Po lymerase Chain Reaction
(PCR) by Mullis d d lS has rev ol utíon­
ized molecular biology, and !he
sensitiv ity, speed and versatili ty of
PCR ha ve been successfully app lied
lo the detection and identifica tion of
many plan! pathogens. PCR is
conducted in a few hours, it permits
adj ustment of sensitivity and
specificity depend ing on the cho ice
of primers. and it can be used lo

identify hard -to-c u ltu re pathogens
such as phytoplasmas. PCR is an
enzymatic procedu re that
exponentially amplifies a specific
segment of DNA , the essentia1 step
be ing:

( 1) melting of target DNA;
(2) ann ealing of two synthetic

oligonuce lotid e primers de­
signed lo flank the region of
inte rest; and

(3) primer ex tension by a thermosta­
ble DN A polymerase (Taq
polyrnerase) .

RI-PCR . In the aboye format,
PC R is only appropriate for the
detection of plant viruses with DNA
genomes. However, many plant
viruscs hav e RNA genomes, and foc
amplification by PCR of single or
doubLe-stranded viral RNA , a
modification of the procedure is
required. RN A B reverse transcribed
into cDNA before amplification, and
this can be carried out as a two-step
procedu re: cDN A is synthesized in
ene reaction and then a small aliquot
is used in a sub sequent PCR amplifi-
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Figure 4. Dipstick lateral flow deviee. (a) A membrane striped with control (upper
band) and antivirus antibodies (lower band) is placed in a well containing activated
ant ivirus antibodies. (b) After addition of a virus-contaíning sample, material fIows in
lhe direction of lhe arrow; any virus present (spheres) binds lo lhe aetivated antivirus
antibodies on the way. (e) As !he sample ream es the other end of the membrane, the
aetivated antibody-virus eomplex becomes attached to the antivirus antibody stripe,
while unbound activated antibod y becomes attached lo the control antíbody stripe. (d)
The add ition of gold-labelled antibod y lo lhe well produces a visible eolour reaction in
bolh stripes lo denote a positive reaetion. (e) A kit fa virus detection in !he field - a
result can be obtained in 10 minutes.

(e)

IIII

I I I I
.( e

• .t '­r ~
• ••

o f lateral flow devices for de tecting
plant viruses that operate on a
principie similar to that of a pr eg­
nancy test . In the d ips líck assays.
dev eloped at Horticulture Resear ch
Intemationa1,'° strips of nitrocellu­
lose membrane are striped w ith (a) a
na rrow zone of antib ody to the virus
under test, and (b) a stripe of control
ant ibody (Figu re 4). A test is con­
ducted by grinding plant tiss ue,
adding extract to a v ial, placing the
dipstick in the vial to soak up the
ex tra er, and transferring the d ipstick
to a second vial to soak up labelJed
antibody. A positive reaction appears
as a colour ed stripe on the dipstick.

Th.is test can be performed in the
field and the result is obtained
within about 10 minutes. The assay is
close to the ideal for speed, simplic­
it y, user-friendliness and rel iability. It
is s lightly less sensitive than a
standard ELISA and will doubtless
be developed for many pathogens
and crops in the future. It is ideal for
farmers. nurserymen an d advisers
assessing dis ease situations in the
field . Kits are available for severa l
important vi ruses: p lum pox, tomato
spo tted wil t, tumíp mosaic, as welJ
as for Xanthomonas campesiris (from
H or tiTech Diagnoslíc and C ro p
Protection Services , Selby, North
Yorkshire, UK) . A test more close ly
resembling the pregnancy tes t has
also been developed for Plum por
virus."

The main obstacle to prov iding
serological assays is obtaining high
quality antiserum. Th.is in tum
depends u pon the quality of the
irnmunogen (ie the virus preparation
used to incite the inunune response
in the animal that produces the
anliserurn). For many viruses it is
difficull or impossible to make the
pure preparalions necessary for
irnmunization. For these , there are
other strate gies for labor atory

Virus and phytoplasma detection in fruit trees

d etecti on, either by using a mole­
cu lar route to obtaining the
irnmunogen as de tai led be low. or by
employing a technique that delects
the virus nucleic acid .

Molecular rouies to obtaining
ant isera

The p rimary function of the coat
protein is to protect vi ra l ge nom ic
nucleic acids by encapsida tion, and
antise ra raised to 'p u rifie d ' vir uses
react to this p rot ein. Where purifica­
tion of the virus cannot be achieved
but seq uence data of the geno me are
known , or at least of the coat protein
gene. then exp ression an d purifica­
tion of a recom binant coat protein
can be used to generate virus-sp ecific
an tise ra.

1he use of recombinant proteins
has increased in recent years, as has
the wealth of techniques and prod ­
ucts employed for their amplifica tion
and purifica tio n . A key factor has
been the construction of fusio n
protein vectors, in which special
affinity tags are added to the protein
sequence of interese, The use of these
affinity tags simplifies subsequent
detection and purification (by .
affinity chromatography) of the
recombinant fusi ón proteins . The two
most commonly used tags are
gluta thione S-transferase (eST lag)
and 6 histidine residues (6xHis lag)
bo th of which can be used in any
ex p ress ion system . The smalJ 6xHis
lag has an advantage in bein g poorly
immunogenic so that the fusion
protein can be used d irectly as an
irnmunogen in antibo dy p roduction,
th ere fore avoid ing tag clea vage.

A number of hete ro log ous expres­
sion sys tems are availa b le and the
choic e of host (phage, bacteria, yeast,
plants, filam en tous fungi, insect or
mammalian cells grown in culture)
depends o n the sp ec ific requiremen ts
and applieations for lhe recomb inan t
protein. In general, expression of
p lant viral coa l p ro leins is carried
oul in the baclerium Escherichia coli,
which offers man y advantages. It has
been widely used for the express ion
of recomb inant proteins; there are
many refe rences, there is a wide
choice of clonín g vectors it is easy to
manipula te and control gene expres­
sion; and it has rapid gr ow th with
high yields. With car eful choice of
host s trains, vectors and gr owth
con ditions, mosl recombinant
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allow ing the object to be see n (Figu re
2 ) .

There are many variations o f this
procedure, pioneered by Derrick.J

Coaring the grid s with antiserum is
simila r to coaling a microtit re plat e
for enzyme-linked immunosorbent
assay (ELISA) and, not surprisingly,
the sensitiv ity of immunosorbent
e lec t rón microscop y is of the same
o rder as EUSA and can detect about
1 ng/mJ- ' of virus in a plant extraer.'
It is difficult to find low numbers o f
v irus particles, particularly if the y
are isometric and small, and many
plant vi ru ses fall into this category.
However, visibility can be improv ed
dramatically by 'decorating' the
trapped particles. An 'overcoa t' of
antibodies is attached to the viru s
coat protein, eff ectively increasing its
size and making the particles easier
to see. This can malee it feasible to
sean sev eral grid squares thoroughly
for the presence of only one or two
virus particles in a few minutes. It
also allows viruses with similar
particle m orphology to be disrin­
gu ished in a mixture (Figure 2).

IEM methods cannot be used on
large numbers of samples as pr ep ara­
tion, a ltho ugh easy for thr ee or four
sam ples at a time , is fiddly and does
not lend itself to 'rnass pr odu ction' .
Only small amounts of sample and
unpurified antiserum are required,
eg 100 samples can be trapped and
decorated with just 15 pl crude
an tis e rum. IEM techniques are
th erefore ideal for quick tests on
small numbers of sampIes to detect
an d/or identify a virus, especially
when antiserum is in limited supply.

Serology: fUSA

Since the advent of EUSA for use
with plant viruses," sorne forrn of
ELlSA has become the preferred
method for the assessment of viru s
infection in plants, The assays are
qu ick (1-2 days, depending on the
format) and can cope with many
samples (lOO-plus a day with one
operator and many more if the
process is semi-automated). The tests
are easy to do and no special training
is required; the results are reproduc­
ible and sensitivity is high (end point
of about lng/rnl-' of extract).

The standard El.ISA is a double­
antibody sandwich (DAS, Figure 3).
Assays are usually conducted in a %
well microtitre plate. The poIystyrene
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su rface is coated with antibodies to
the virus under test. The test extract
is then incubated in the plate, so that
the virus is trapped by the specific
antibodies. Trapped vi rus is detected
by incubation with a second solu tion
of antibodies, which have been
conjugated to an enzym e (commonly
horseradish peroxidase or alkaline
phosphatase) . An appropriate
enzyme substra te is then added,
which changes colour in the presence
of the antibody-enzyme conjugate.
The reaction is quantitative and the
degree of colour change is propor­
tional to the arnount of antigen
(v irus) presen!.

There are man y variations of the
ELISA formar, mainly to simplify the
test or to make it more sensitive. In
the triple-antibody sandwich (TAS)
the test is conducted as for DAS, but
the second antibody is not conju­
gated and is produced in a different
animal from the 'trappíng antibody.
The second antibody is then detected
with a species-specific conjugated
antibody, eg anti-rnouse if the second
antibody is raised in a mouse. Such
conjugates can be obtained comrner­
cially and obviate the need for
making a speciaI enzym e conjugate
for each virus under test. Another
way around the need for virus­
specific enzyme-antibody conjuga tes
is FAB ELISA.· In this test, the plate
is coated with antibodies that have
had the 'tail' of the rnolecule re­
moved by digestion with pepsin (a
very simple procedure). The trapped
virus is then detected with whole
antibody molecu1es using a Protein
A-enzyme conjugate. Protein A
attaches specifically to the part of the
antibody molccule that is removed
from the coating antibodies; thus it
reacts only with antibodies specifi­
cally attached to trapped virus
particles, and not with the coating
antibodies.

Sensitivity can be increased by use
of a fluorogenic substrate,? but this
requires an expensive fluorimeter lo
assess the results, and is not widely
used. Several other methods of
amplifying the signal from antigen­
antibody reactions are possible,' but
all suffer from !he problern of raised
background reactions as weU as
increased specific signa!.

CeUulose nitrate membranes have
been used as the solid phase in
assays for many viruses. Plant

(a)

o
t

(b)

o
(

t
(e)

~
Figure 3. En zyme-linked
im m uno so rben t assa y. (a) Wells in an
ELl5A plate are eoated w ith specifie
antibod y. (b) Plant extrae! is added and
vir us is trapped by the antibodies. (c)
Detection is by incubation with a second
round o f antibodies (enzyme-linked),
which produce a COIOUI in lhe presence of
lhe enzyme substr ate.

extracts can be sp otted directJy on to
the membrane, instead of trapping
the antigen with specific antibody,
and the assay is then completed by
soa king the membrane in antibody­
conjugate so lution, foUowed by a
substrate that produces an insoluble,
coloured producto This has been tittle
used for fruit cree viruses, possibly
because of problerns with non­
specific reactions; these can be
overcome, but may require !he use of
toxic chemicals, eg chJorofonn,'
which is undesirable in a routine
procedure.

Serology: lateral flow detnces
A recent innovation is the adaptation
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be fo re the trees are finally assessed .
In \he case of Virg inia C rab, the tree s
a re cu t down, the bark is stripped
and the wood examined for symp­
to rns of pi tting, grooving an d
necr osis at and aboye the graft
uni on .

Four rep licate trees are needed for
each field test. plus negati ve and
positive co ntrols. Field assays are
genera lly recognized as be ing the
most sensitive, and ex pe rience shows
that they can be used to detect a
wide range of virus stra ins. The y are
the base line against which any new
assay is judged . The se tests seo re
very well on sens itivi ty bu t ex­
trem ely ba dly on s peed . Th e
nurnbers of trees that can be tested
de pend u po n the agr on omy faci lities
availa b le, such as the land and
ski lled personnel to do the grafting;
these are read ily availab le and cheap
in so me countries bu t not in others,
eg the UK. For ap ple, at least 12
v iru s, vi rus-like and phytoplasma
d iseases have to be tested for, and
these requ ire six indi cator cultivars,
Tw o of these indicators have to be
g rown as fru iting tr ees, as symptorns
only show in the fruit. As four
rep licates are used of each indi cator,
p lus po sitive and negative contro ls.
approxima tely 36 trees are req u ired
to cond uct a full range of tes ts on
one app le tree lo be reasonably su re
that it is free from viruses and
phytoplasmas . Fruiting trees are kept
for thr ee cropp ing years before
accepting ne gative results : this is
necessary to avoid the possibility of
missing symptoms in years when the
climate is unsuitabl e for symptom
p roduc tio n. Long-t erm planning is
the re fo re required lo cond uct the
com ple te rang e of tests for viruses of
ap ple trees.

Bioassays using trees in the
g lass house

A variation of the field bioassay can
be cond ucted in the glasshouse. I

Small grade rootstocks are planted in
for estry pots and double-budded in
the same way as for the standard
field tes t. However the trees are
grown under controlled tem pera ture
in the glasshouse, and resuJts can be
achieved within a few months for
many temperate fruit tree viruses.
This system was devised in the USA,
but al!hough it is in routine use
th er e, it has not been widely used
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else w he re, Alth ough results are
ob ta ine d q uic kly, temperature­
controlled glasshouses ar e expensive
and the technique requ ires more
attention to hu sb and ry than gro wing
trees in the field.

A similar assay has been in use in
many countries for several decades
to detect stone fru it viruses . Seed­
lings of the homozygous peach, GF
305, are grafted at two or three
months with two or more buds from
the plant under test The peach is cut
back to a bud aboye the inoculum
tw o weeks later and sym ptoms
de velop in the following 1-5 months.
This peach selection is sensitive lo

about 50 virus and virus-like disor­
ders of stone frui t.'

Lab ora tory assays

Apart from the direct use of the
electron microscope to visualize
virus particles, laboratory tes ts for
v iruses can be divided into those that
detect the protein cornponent of
plant viruses (ie sero logy), and tho se
that detect the nuc1eic acid or sorne
part of it. The main ad vantages of
laboratory tests are their speed and
s p eci ficity. Specificity can also be a
disadvantage as vari ant strains ma y
remain undetec ted . Reagents have to
be tailored for the pathogen under
test, and reagents do not exist for all
pathogens; rnuch research on frui t
tree viruses is directed towards
obtaining and refining reagents and
assays .

Electron microscopv and
immunosorbeni eleciron miaoscop y
(IEM )

Sorne viruses can be seen in the
e lectron microseope in preparations
tha t are simple lo make and take
onJy one or two minutes lo prepare.
This is possible with extracts that
contain quite high numbers of
particles , which have a distinct
appearance, but unfortunately, this is
not the case with most viruses
infecting temperate fruit trees,
However, good results can be ob­
tained wi th the use of an tiserum ,
p roviding th e virus is easy lo distin­
guish from plant organ elles and
debris. Electrón microscope grids
(metal discs that are punctured with
holes and covered with an e1ectron­
transparent support such as a fine
film of carbon) are coated with

Virus and phy top lasma de tection in fruit teees

ant ise rum lo !he virus being so ught.
Th is is then rinsed and floated on a
crude plant extract. Aft er w ash ing,
the preparat ion is then 'stained' with
a soluti on containing an app ro pria te
heavy m etal sa lt, Th is accum ula tes
a round objects adhering to the grid
and forms an electron-opaque layer,

(a)

¡
(b)

GX~

¡
(e) e; Xb:oj

¡
(d) 9 9

Figure 2. Immunosorbent e lec tro n
microseopy. A carbon-coated electr ón
m ieroscope grid (a) is floa ted on a
solutio n eon taining antibod íes , whieh
bind lo !he carbón !ayer (b). The anti­
body-coated grid is then floated on pIant
extract (e) and selective virus partides are
adsorbed (d). The grid is then stain ed
and viewed with an eIectron microscope.
(e) EIectron micrograph of hop mosaie
and hop !atent virus particIes !hat have
been adsorbed with mixed antisera and
then selectively decorated with antiserum
lo hop mosai e viru s (heavily coated
p a rticles ).
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Viru s an d phy toplasma dctection in fru i! trees

Table l . Melh ods of vir us de tection (lhe more stars lhe better ).
hos ts are not known, an assay may
be feasib le us ing plants related to the
cro p host that are particularly
sens itive to the virus under test.
Grafting is usual ly the only practical
means o f ex perim en tal transmission
to wood y p lants, and grafts are only
satisfacto ry bet w een related specie s.
For fruit trees, this lherefore entails
grow ing relat ed tree species as
indicato rs o f infe ction.

Type

Gr aft
H erb
EM
EM/IMM
ELlSA
Hybr
PCR
PC R/IMM

Sensitivit y Speed Numbers Tot al

4
5
5
6
8
8
8
8

Figure 1. (a) Proeedure for double-budding rootstocks with material under test (lowe r
bud) and an indicator variety (upper buel). Plants are grown for 2-3 years in the field
before the final symptom assessmenl (b) Rootstock, graft uníon and healthy ev. Virgin ia
crab-apple virus indicator, (e) Virgírúa crab indicator showing pitting in the wood
characteristic of App/e stem pitting oirus and necrosis at the graft unión sy mptomatic of
Apple strm grooving tnrus, two yea rs after grafting.

(e)(b)

se ve rely af fect the graft uni on
between apple rootstocks or cornm er­
cía1 varie ties and Virginia Cr ab.
Necrosis at the unión and deep
grooves in the bark of Virginia Crab ­
apple are used as a sensitive
diagnostic test for Apple stem grooving
v irus . Virginia C rab is also sensitive
to another virus, which is usuaUy
latent in app le cultivars. Apple stem
pitting virus . As the name suggests,
this causes pitting in the wood of
Virginia Crab. This crab-apple can
therefore be used te test for two
viruses affe cting ap p les.

Tests are nonnally carried out in
field plo ts that have been planted
w ith virus- free rootstocks in the
wi n ter. These are gro wn during the
year, and at the end of the surnmer
are 'dou b le-b u dd ed ' (Figu re 1). Each
rootstock receives two buds. The
upper one is the sens itive ' ind icato r ',
eg Virginia Crab, and the lower bud
is from the tree under test. The upper
bud is aUowed te gr ow for two years

GroWlh indicator
bud lor 2 years

Doubla-bud

lit
1 year old
rootstoeks

(a)

Bioossays using irees in the fie1d
Differen t cultivars and sp ecies can
vary greatly in their sensitivity to
v iru s infection. For example, A pple
siem grooving virus is latent in man y
commercial apple cultivars bu t will

infect the plant un der tes t may be
found . Several repli ca tes of each test
are recommended an d the plants
need te be grown w ith in extremes of
temperature. This can therefo re
require expensive glasshouse or
screenhouse facilities and the space
available is the m ain cons tra int on
the numbers o f tests that can be
done. For examp le, to cany out the
number of tests tha t can be done in
one enzyme-linked irnmunosorbent
assay (ELISA) plate in 1-2 days w ill
require approximately 3 m' of
glasshouse bench space for 2-3
weeks . The main attri bu tes of these
assays are given a rou gh sco re in
Table 1 for com pa rison wi th o ther
method s.

Herbaceous bioassays

Herbaceous plants are normally
inocu la ted m echanically . Material is
taken fro m the plant under test,
added to ex trac tio n buffer and
pulverízed with a pestle and mortar .
The buffer can contain chemicals to
prevent ox ida tio n , de gradation of the
virus or pr ecipitation of virus partí­
eles by the tannins that occur in
woo dy p lan ts; it also dilutes inhibi­
to rs of infection. The resulting soup
is applied to leaves of the sensitive
ind icator plant (species of N icot iana,
Cucurbita and Chenopodium are
suscep tib le to a ve ry wide range of
v iru ses and are frequently-used
indicato rs) wi th a finger or spatula.
Infection takes pla ce throu gh
wounds that are enco uraged by the
inelu s ion of an abras ive po wder,
such as Celite or Carborundum, and
excess inoculum is washed off
immedi at ely after app lication to
avoi d inhibition or cytotoxic effects.

Sap inocu lation into herbaceous
hosts is not a very sensitive means of
assay, particu lar ly for fruit v iruses .
This is pa rtJy due te substances in
fruit p lan t extrac ts that inactiva te,
degrad e or p rec ipi tate viruses. Also ,
virus concen trations fluctuate in
d iffe ren t tissues and through the
grow ing seaso n, so that there may
only be a small window of opportun­
ity in which tests are reasonably
success fu l. Symptoms take from a
few days to two or three weeks te
ap pe a r, but the test plants hav e te be
grow n be forehand, and this may take
up to six weeks, Symptoms may
appear at the points of entry into the
plant (local lesions) and/or they may
be systern ic, but they are not neces­
sarily díagnostic as many different
viruses can induce similar symp­
torns . Purther tests are usually
req u ired pr ecisely te identify the
ca usa l virus. The corollary of this is
that , as the tests are not specific,
viruses p rev iously not known to
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Efficient detection methods are vital for the control of viruses and
phytoplasmas in fruit and other perennial crops. This paper rev iew s
the diagnostic tests currently available for detecting such path ogens .
Biological tests are generally slow and results may be d ifficult to
interpret Serological assays are reliable and easy to cond uct and sorne
are very rapid. An abundance of molecular techniques offers higher
sensi tivity and facilitates the intr oduction of laboratory tests for diseases
that currently have to be assayed biologically,

Per ennial frui t pl an ts . par ticularl y
tr ees, are a big investment, take
several years to reach cro p p ing
potential, and can be in the ground
for decad es. It is there fore vital te

sta rt wi th the bes t quality disease­
free plan ts that are availab le. This is
particularly importan t for virus
d iseases, becau se once infected , a
plant cannot be freed fro m infection.
Many of the v irus diseases af fec ting
fruit crops sp read slow ly or not at all
and if hea1thy m aterial is p lan ted , it
w ill stay free from infectio n for many
years. It is therefore qu ite feasib le te

propaga te viru s- free p lants in the
open, te release thern to growers, and
for their p lantations te remain free
fro m infection for most or all of their
lifespan, The keys to doing this
succe ssfully are :

(1) satisfactory mo ni to ring, regula­
tion and control of the plant
ma terial te ens ure tha t it does
not become mix ed w ith material
of uncertain hea lth and origin;

(2) really good, unequivocal tests
for the pathogens.

This paper reports on the means
available to test for the presence of
viruses in tempera te fruit trees. Sorne
diseases can only be assayed by
b iological m ethods when the patho­
gen is unknown, although assumed
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to be vir al. However, an increas ing
number of pa thogens are being
detected by mo lecu lar meth ods and a
molecular app roach can prov ide the
poss iblili ty of develop ing assa ys for
v iruses that other me thods cou ld not
detect The pros and cons of biologi­
cal, serological and nucleic acid tests
are exp lained w ith reference to
tern perate fru it tree viruses. Th ese
methods are in use for most cro ps
an d the technology, both biological
and m olecul ar, is eq ually applicab le
lo /he pr od uction of healthy planting
material of any perennial cro p .
lnformation is included on
phytoplasmas, as thes e hav e much in
common with viruses and, about 30
years ago, they were found lo be the
cause of many diseases pr evious ly
thought lo be of v iral origin o

Bioassays

The basis of bioassays for plant
viruses is the availability of plants
that are sens itive te infection and
display characteristic symptoms in
response to specífic viruses. So me
viruses that infect perennial fruit
plants can also infect fast-growing
herbaceous plants such as speci es of
Nicot iana arU Chenopodium . For such
viruses it rnay be possible lo conduct
an assay us ing these plants; if such

¿

45



The Irnpo rt a n ce o f Symbio ríc Din il rogcn Fixn tio ri. Syrnbio tic N2 fixarion is the single
greaiest conrributo r \O the global nurogcn cco nomy. Princi pal co ruribu tors include:

legu rninous plnnts am i thcir assocíatcd rhizobia,

actinor hizal p lal1 ls in symb iosis with Franl sia ,
Chapter 14

The Symbiosis Bci w c c n f.<,gullles ami Rhizob!»

Dox 14-1

323

•
Biological Dinitrogen Fixation:

Symbiotu:

Pet er H . Graham

•
.,1,, ' I all/ btest, becos lI/eJect ', /I 'C trod

..1 l,lI/d 'o,,~ .fie/dsre.flcCI thc 511/ ;1" ,. ' Cod

C.J. D'·1l 1l 1!

:\ mutualistlc syrnb ios is is an association bctwcen rwo organism- lrom which each
derives benefit. 11 15 lI.'u.l lly a long-term relat ionship and , in rhe ( :I.'l· o f symbiotic
d initrogen (N z) fixnrion . often involves developmeru 01' a special stru rt ure ro hou-c
i hc mi crohia l partner E:tch Nz-fixing syrnbioric association invol ves an Nz-fixing
proknryo tic orga nisru. Ihc rnicrosymbion t (c .g.. Rhizobiunt. 1-:/<,11.'/<'//11 . Nostoc , or
Fra nleici) :l l1d :1 CUk:IIYOlic, usuall y ph otosyn lheli c, host (e .g.. ICglllll l110US or 1100­
k gulll innus pbIll , \\' :II'l'l' k m, or Iiverw on ). Th <:sc s', Ill!lioscs clJl1lrihulc Illore Ihan
100 mi ll ion 1llt'l ric 1011' 01' comoined nilrogen per ye u' lO lh e gloh:d l1 il rogen ecoo­
OIn\, and :ICCOllnl rOl' \ll o re than 65% 01' lhe nitrogen lIsed in agriculturl' . Rates 01' Nz

l'ix:llion vary w il h !l o.'!. microsymbionl , and erwironment bUI il1 tempcrare c1ov.:~

p:lsru res mal' reach Gnu kg N fixed ha - l . Grain legumes fix 100 l O 200 kg N h:l
gro wrh cycle - 1 ami slIpply 40 to 85% 0 1' lhe pbnt 's nilrogen necd5 th rough S \,I~l ­

hiosis. "rhe direCI availab ili ty 01' lhe fixed nitrogen permils lbe hOSI to grow in sOlls
lhal are ni[rogen deficicnt and, al lhe same time, reduces losst's hy dcnirrificatiOO,

vola lilization, and leaehin g, thus improving the sustainabili l y 01'al1 :Igr icultural 51'S­
ICI11 . Dio il rogen fixalio l1 is Iikely lO become even more im port an l in Ihe ftHure :IS
popu l:lli on incre;¡ses in many developing cou nlries necessirare sharply i ncreas~d
crop produ erion, wh ile po llul io n, ene rgy, and cosr eonccrns l im il significa nl 10­
n e:lses in lh c use 0 1' fenili 7.er nil rogen .

• the wa te r Icrn A xolla and lIS microsyrnblont Anabaena, and

lichcn symb íoses invo lving cya no bactc ría .

T he Symbiosis B etween Legumes and Rhizobia

Legurnes have heen used in crop rotaticn s since the tiple of the Rornans.
Thco ph rasrus (37o-?85 n.c .) s tarcd " beuns are not a burdenso rne cro p to the
ground, they cvcn seem lO rnanure ít. wherefore the people 01' Macedonia ami
Thessaly turn ovc r the ground w hen it is in flower." How ever, it was not un til detailed
nitrogen ba lance srudíes bcca rnc possihlc that leguminous plants we re shown lO ac­
cumulare niu oucn from sources other ihan soil and fert il izer. In 1886 Hellriegel and
Wi lfarth dc mons tr.ued that the abil i ty 01' legumes ro co nvert di nit roge n frorn the al ­
rnosphere in to co mpounds that eou ld be used by the plan t was associated with the
prescnce o f sw cl lings or n odulcs on ihe legu me root . The y re la red this association
ro the prescn ce 01' panicular bact er ia w ithin the nodule. Later in this chapter we dis­
cuss the d ilfcrcnt rypes 0 1' root -nodule bacter ia, but for the mo ment can refer to them
collec tively as rhizobia. It was then a serie s 01'sho rt, but imp ort ant , steps to the iso­
lation 01'rh izobi« Irom nodules by Ilcijerinek in 1888 and [O ihe completíon 01' Koch's
postu lates h y ihc de rnonstratio n al' thei r ability to rein fect the lcgum e and lO fix di n i­
trogen in sy rnbiosis (Cha pte r 1).

Gro upi ngs oCRhi z o b ia and Th eir Separ nt ion into Species

Early srl.ldics showed thar eaeh rhi zobial sl rain or isola te had a fini le host range,
nodul al ing cel1ain legurnes but not others. This ¡cd to the con cep[ 01' cross-inocl.llation ,
\Vith legumt:s grouped accortl ing to lhe t1ifferenl rhizobia wi th w hich lh ey formed nod­
ules. Thus rhi zobia isola led from spec ies 01' Medicago (e.g., alfalfa) would also nodu­
late Melilotll s, and vice versa, lhough rh izob ia isolated from lhese hOSlS w ould not
nodublc 7i'if olilll1J spp. (clove rs). More :h3n 20 differem cross-inoculal ion grou ps
we re ide mit'ied . w ilh the bacteri:l from the c1over, medie, bean , lupine, pea, and soy­
bean groups n:llned as separate species wilhin lhe single genus Rhizobium (e.g., R.
tri/oh i fo r c1over) . Host speci ficity is sti ll im ¡)o na m in lhe idemifiealion 01' rhizobia, but
more recenlly o ther l rails have assumed greater slgnifieance in their c1assif1cation .
The re \Vere a nu mber 01' reasons for lh is:

lni [i al stll d ies invo lved main ly legumes of agri cu lru ral impon:lnce. Slud y 0 1' less
lrad ili on :l l legul11es 1,Iurred cross-ill oc ul;;tio n bOll ndaries. ror eX:ll11ple, l he bac­
leri:t1 sl rain NC ll 231¡ . originall y i ~o l a l c tl 1'10111 LalJlah p urpll rell >, lh e hyacinth



Ch :IJlICI l -i Bi(ll(lg ic;!1 niní lnlgl'1\ Fi x.u iri n : Sy!nhiolic

iK ';1C1, no dulatcs w ith 3~ diffc rcnt spccics o f lcg ume a m i wit h a nonlegume ,
Parasponia a nderson ii (Sta nley a nd Cervantes, 1991). So rne nonlcgumes .
su c h as rice and wheat , can be induced to form no d u le- like structu re s wi th
rh izob ia if p rc trea ted with p la nt enzymcs or ho rmones . Even now, though,
k~~ rhan 15% o f the roughly 19,700 spcc ies o f legumes have becn cva luated
Ior nod u lurion.

;\ 1;111)' anomnl oux rcsul ts have be e n re poned . One study gavc more than 500 ex­
.unplcs wh ere strains we re either pr om iscuous (i.e., rhey nodu l.ued lcgumes
Irum othc r cros s-Inocu latio n groups) o r Ia iled 10 nodulatc lcgum es from their
o vvn grou p ,

• Nodu latio n gen es 01' so rne rh izo b ia ar e plasmid-borne . Strains losing thc plas­
mid as the result o f cxposure ro high te rnperature also lose the abilit y to Io rrn
nodules and (or man y years cou ld not be ídcnrifícd . In one soil , noninfcctive
rhi zo bia lacking thc sy mb iotic p las rnid outnurnbcrcd thosc capahlc o f no d ule
fo rrnation by 40 lO l .

Taxonornic rnerhods we re develop ed to co mpare strains o n thc hasis o f man y
different traits. Cornpu ter-based nume rical classification, along with taxohornic
methods bascd o n diffcrences in ce ll ONA o r RNA, oft en result cd in groupi ngs
;11 od ds wit h ihose based o n hOSI ra nge .

~(l l ll e o f the lr;lits now used in thc class iflcario n of rhi zo b ia a re list ed in
I'ablc 14-1. The orig inal genu s Rbizobi l lll l is now d ivided inw ti genera a nd 16
'¡X'cies, as sho w n in Table 14-2. Mo st o f thes e cha ng es have occu lTed si nce 1985.

Similarities belween the rh izo bi a and o lhe r orga n isms ha ve oee n id ent ifled .
r hus lh c fas l-growing species Rbizobill lll lropici shows a clo se a fi ni ty to s p e cies

n f 11g robaclen'lI l1l, a plant-pa thogen ic bacle riu m c au s in g cro\\' I gall a nd h a iry
ro o l dis eases, wh ile some st rains of lh e s lo \\' e r-g ro w ing Bra dy rb .zobi lilll p roduce
hac le riochlo ro p hd l ami a re mo re cio.se ly re l;lle d [O lh e p hO{()a ll lo tro p h,
N!JI,dopJel/doIll Ol¡{IJ pa/ li sln·s.

'/;,blt 14-1 Chara clcri stics for (he pheno typ ic and phylo ge ne tic ch ..nH-te riza tion
oC rh izo b i• .

I'lll:nOl)'pic trails '

Ilange uf SlIbstralc.' lIsed as sOllrces of ene rgy (e.g., slIgars, Sllgar ak:ohols . am! com plex
carbohydrales)
Ilange uf sllbslrales used as sources of nitroge n (e .g., amino acids , urea , and nilrate)
Ilesislance to specific antib iotics
Electrophorelic rnobility of d ifferent eell enz ymes
Tolerance lO diffe rcn l Slresses (e .g., salt, lcmp cratllre. and pH)

I'h\'logenelic lraitsl (refer lO Chapl ers 8)

I'allern of banding of DNA restriction fragmenls (RFl.l's)
Ilegree of hybndi z;llion wilh specific DNA probc s
I(¡S rRNA seqllcnn: analysis

' l' hl'1l0 ¡)"pic t r~lil .:o. e ln Il\.' oll.scl"\'cd 10 culture.
I l1il y l(»);CnI."IIC 11":111... :In: u: Ll lcd lO cc:l l DNA 0 1" RNA c()mrO~i l i " n .

Table 14--2 Genera and species of rhe rool-nodule bact er ia of legumes. Genera in th e
squa re b ra ckcr s refe r l o host legtlm e< nodulaled by eae h species oCrool­
nodule bacter ia, Common names are included for weU-known legume gen­
era. In several examples in th is Iist, different speeies of rool-nodule bacter-ia
nodulate the same legume.·

Rbizobium'

R. leguminosarum (w ith three b iovars: trifol ii ITrijoUUIII. cloversl, viciae [Pisu m, peas;
Vicia, ficld beans; Latbyrus¡ and Lens, leruíl], and phaseoli (Phaseo/lIs, bcanl

R. loti 1Lotus, uefoíll
R. trop ici r Phaseolt ~~. bean, Leucaena, Ipil-Ipil, and Macropt itiumi
R. etl i Il'haseo/ll.IJ
R. gatcgae 1Galega , Leu caenai
R. bualsn ii IAs/ragallls, m ílkveic hl
R. cic ori (Cicer, ehic kpeaJ
R. meanerraneum !Cicer, chickpcal

Sino rb tzo biu m

S. meliloti (Meli/ollls, sweetclovcr, MediCllgo, alfalfa; and Trigonella, fenugreekl
S./redillGlyc ine, soybeanl
S. sahel i (Sesba ll ia)

S. tera nga rSesbal1ia, Acacia, w a ttlc]

Bradyrbizobium

8 .ja{JollicIl Il1 IG!J'Cille , soybeanl
B. ellsa n ii (q}'ci llei
B. liaon iugcnse (Gryci llcl

Azorbizobll/1I1

A . ca ll1i llOda l/s ISesba nial

·Olher genu ) ;tnU spccies n;ames exi sl in the lilCrJIUre . Some pred:'Hc lhe present names. Olhers (e .g., PholobaC1~nll 111 1

h3\'C nOI bee n accepte d as valid.

tSlrJins ur RlJizolJium and Bradyrbizobiu m tha! úo nO! he lo ng in 3n y nameó spc cie s are usually ide nlificú hy ll\(: 110 "1
rrom WhlCh lhe )' wcrc isol;lI ed, e.g., Rbiroblll lll ,"pp ( Acacia) Of Broc{.'rbiz ob'''' '' :-pp. (Lr4pfmu).

The Infection Process

No d u le In it ia t ion a n d Developmcnt

The process of n odule fo rmatio n is o Ulline d here. Grealer deta il can be Obl ;¡inc d
by re ad ing Hirsc h (992).

/lIfeclioll. Mec ha nisms bl which rh izo b ia infec! rhe ir hOSlS and ind u ce rOOI- lIr

stem-nodule fo rmation include:

• penelralion of ro ol hairs and formalion of infeclion lhr eads as found in pl anrs
sue h as c10vers a nd b eans ,

• entr), via wounds or s iles (lf laleral roor e merge nc e , as round in p e a n ul ami lh e
pa Slllre Icgu me Sly /osantb('s, ami

• penelra[ion of rool p rimordi a , ;¡ .~ found o n the slem of p lams su ch as Sesba l/ ia .

1(00l-!I ;lir infe et ion ha s been stl ld ied for Illan y yca rs, lIsing sma ll-seed ed legul ll<:s l!la l
were inocllbled \\' ith rhizobia, embeddecl in aga r, ancJ grown be tween g lass s licles . Su ch



lnfectton thread . Th ey rernain surroundcd by this ma terial unti l released into
rn odificd cel!s o f th e root co rtex, where :lg:l in they are encl osed wi th in a p lan t-de­
rived períbacrcrotd membrane. Th ese mernb ranes pro tect the bac teria frorn the
defense responses o f the host.

The demonsr ra tion tha t the no d ul ar ío n genes of many rh izobia are carricd on pl as­
m íds led ro more de tailed mo lecul ar studi cs o f infection. Two d íffe rc n t groups Gf
genes are requ ired fo r in fect ion :

• Host-spccific nodu l.u io n genes ( nod E, F, G, H , 1, J, L, M , P, Q in the case o f S,
m etiloti) differ wi th type o f rhizobia nnd defin e the host range.

• Com /l/OI1 nodu larion genes Cnod A,B ,C) are found in all rhizobia . A fo urth
ge ne ( nod D) is so rnc rimes incl uded in th is g roup bu t is uniqu e in being the
on ly nod gene cxpresscd in thc ahscncc 0 1' a sui table host.

Bccause nod D is the o nly nod gene expresscd in th e absence 01' rhe host, stud ­
ies to de termine th e host factorfs) needed ro tri gger expression o f ot her nod-genes
soo n fo ll owed. Flauonoids, co rnp lex phenolie co rn pounds exudcd from the legurne
roo t, we re irnpl icatcd and hyp orh esizcd lO inrc ract with th e pr odu ct o f nod D pri o r
to the expre ssion o f th e o ther genes, Considerable specificl ty has been shown in
rhís interaction. For cxarn p le, lut eo l in is rhc pr incip al flavonoíd in vol vcd in nod­
gene exp ression in S. meliloti, w hercas naringen in and geni stein are rcq uired for !J,
japonicu m,

Ch.rracteriz. uío n 0 1' the d ifferent nodulau o n genes led 10 [h e detcction and
character izati on of a ser ies o f substanccs, tc rrned l ipo -o l igosacchnri dcs 01' nod
[actors, w h ich are resp onsible for roor hai r de fo rmatio n and curl ing ancl the divi­

sio n o f co n ical cel15 in lhe ro ol al co ncen tratio ns lowcr l han 10- 9M , Co m posil ion

o f lh ese noe! faelOrs vari es with m icroSYlllb io nt bUl in each case in clucles a b ack ­
bo ne o f ¡3 1, 4-li nkcd , N-acelylglucosami ne un its specifi ed b)' the co m m on n od
genes, Th e chell1ical co m posil io n o f the major l ip o -oligosacch ari e!e prod uced b y
S, /l/ eli/oli is SIH)\\'n in Fig u re 14-2. The I/od genes in Bradyrb izobi lllll are nOl 10­

cated on pl asm ids, bUI are ot herwise anal ogous ro lhose found in RhizobillllZ .
Even in Rbizobi ll llZ, no l all of lh e genes con lr ibu ting lO nodu le formation and
funclion are foune! o n p lasmids . Fig ure }·í-3 sho w s lhe effecl of m ut ali on in l he
ch romoso ma l genes requi red for bacl er ial Iipopolysaccharide prod uclion o n
nodu le morpho lclg)' ancl nitrogen ase aCl i l' i ty .

No d ll le develo/Jmen t alld fllll ct ioll . As lhe in fec l ion thread p enelra tes th e

roOl co rt ex ane! the rhi zobia it COnl ains are releasecl inlo hOSl cells , cell cli v i­
sio n and en largeme nl o f lhese ce li s resul ts in lhe fo rm at ion o f a v isib le no d­
u le. ROOl nod u les e!iffer in appearance and sl ru clLlre, a lra il de lermi ned b y lhe

host Jcgume, Determi n ale nodulcs, such as those w h ic h oc cu r o n so ybean an d
Pha seollls, are ro und and havc no rro nouncee! meristemat ic reg io n . In con­
tr asl , l he indcl er ll1i natc nodul es of pea s, med ics, am i clo"ers are c longa led
\Vith a pr o nounccd meristcrn alic regí o n . and inc rease in len glh o ver lhe grow­
ing seaso n,

Exami n:Hion ( )I' .l n :df:llfa nodu le und el' l/ le IlIi crosco pe rcvcals l'ou r ti isl inel zones,
as sho w n in Figure 14-4 :

Inleclion Ihreadb.
Curled root ha"

/
I

I

~'

\

a,

S llm
, ' f ' " 1) ' ' I'l"e In l it " Ilodula·

1,· . l ,' 1 ROOI hair (k forlll alion, curhng, anrl In lTIK>n: :ln c.u . ' " ' 1
tgnfc s- , I f . ( n si" 1\\11 11' { H':

1 011 of c10w r by rbizobia (a) Tbe inil i:lli on of infct'llC lC l Ibrear onu:l lo. , ' 1 '"
1 • l' .., .11· nI' .h izoh¡ ;!. ¡',.(lJI1 .\ (/ 1 l/fO il
)bnt·derived gc1al in o \l ,'" lH ;lI n X ...u rrOUI1( II1g 10 to _0 (( ,"". " . . . I C'H,I dowll
I / /: lhreIlS ( 963), Use" lI'ilh pcrmissioll , <b) Mo\'ell lL'nl o¡ Ibe InlCl llOI1 l it "
({ I/t ( - 7) (/ . , I !;Ib / )('rJII/ \ .\ /f 11l
lil e rool h ~li r (()w ard lh e ¡out co rtex. Fr om P{Jhr('lI s ( I C) ., . .\ ( ( 1I . . .

, '. ' ~ . " f h liff rr-nt steps of [he ínfcction p rocess un-1':'lil reus shdes perll ul,c,1 obsc. •a.lO:1 o 1 e ( 1 e . , , , . , "
'. I r , . k .> rins w ith rhizobial anucluncnt ro unnuuurc . eme rglll gdel' thc nucroscopc . ruecuon oegi , I . ' f 11

[ h: , of '1 comp:ll ible host. Dcformation and cu rling of thc roo l u ur ~ ows
;;;0, 1 1.;~;\ \\,i;h the 1'001hair su rface al the point of infc ctio n h yd rolyzecl !O penl1l.1 peno

1).:" ¡.'l l ' hizobia Rhizohi.; rhen rnovc down me mol huir tow.uc] ihc root conex.
elr:lll on o l e l' 1 ." • . ' in f . . ' . I

IUlizo ili:1 ncver ¡(:Iin frel' int rncc llu lar access lo thc ir host. Dunn~ II1 I ~ tlIOln: ,~n~

I 1 . 1 111" root hair thcy becom c cu closcd w ithin .1 P . 1111,( en e
;1..... t lL'Y 11l0\'C' <.0 \\ 1 .... ~ •
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Figure 14-3 l.ifluence of mutations in Ii I sa hari , . .
'C1ivity (an inc'ex of N, fixation po¡em'al)popo y. cCdlande (L! S) prod uctíon on nodulation and nitrogenase
I . I In pea see lings (a) Periodate il . ed

5 10W'I11\ diffe:ences in me lipo po lysaccharide of straín 3&i . ,. s ver stain polyacrylarnide gels
JI. (b) Seaso re.l proñles of nnroge nase activ iry tu d b J (v, lid rype) and of three rnutan ts derived from
( ) Diff • I I ac eve y the wi ld type tra i d b
e I rerences in me rnorph ology of pea nodu les r . s In an y two U'S rnutams,

bysuch mutant strains contain Ie w infect d 11 Fr od uced b)' strarn 3841 and 8631. Nodules prod uced
e ce s, rom Perotto el al. (994). Useduxtb permission.

In indeterminate nodules like th .13--2) w hich . . d os e In alfalfa , ba cte ro íds p roduce ammonia (see Fig
, 1 15 expone to thc host cell an d therc co nve rted vía glutamí .

and aspartate to asparagine As para gine is ¡11C d uta rrune, glu tamate .
. c. U " . , , n exporte to th e shoot The o 1I

non ror lIS senes o f cha nges is : . ve ra reac·

2 :lm 1l10 n ia + 3ATP + o xa lo :lCe Wte -;
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• " Icr isle malic reg ion in wh ich hOSI ce lls und ergo .rcuve d ivision but show little

ínfectio n by rh izo b ia (M) .

• A reg íon in which many plan! ce lls ale infected b ut in w hich the bacteria have
no! undergone changes in size and shape (11) . Din trogen fixatio n is Iimi ted.

• Rcgion o f ac tive Nz fíxa río n (ES), often red or p ink in color due to the prcsence

o f le g h e m o gl o b ln . Ho s t cel ls \ViII conta in rnany rhi zobia , which mal' be mis­

sha pe n . Suc h b acteria ar e referred ro as b actcrotd s.

I(egion of nodule senesce nce in w h ich the sYlllll io s is is bre ak ing dow n ( LS).

lIacteroid s mal' undergo lysis , a nd ·.n e degr :ld a lio n o f leghemo g lo b in n.:sults

in a g reen o r bro w n colo ratio n .

No d u lcs wi th a brge p ink or red regio n uSlIall y a re active in Nz fixati on and are

said to be eJJeclive. If th e nodu le is w hile or g n:e nis h Ilro \Vn , e ilher lh e symhiOS
is

is

incffec tive or th e no du le is undergoi ng br ca kd o wn and is sa id to be se nesc ing .

HD
HO 1 NH
~CO

Nod B CH
~

HC
I

(CH2)S
I
CH
I
CH
I

(CH2)S
I

CHa
I' ib'l lrc 14-2 Structure of the ma jor lipo-oligoS:lcch:lride nod f'Jel'"
produ ced by S. meli loti and the role of diffcrent li ad genes in its
b io svnthesis. (a) A simplified gen cuc rnap of me liad gene region
showing s1I1.\Clural and regulalory ge nes and theír organizalion.
(b ) The Iipo-oligosaccharide molecule in this spc cies has :1 backbone
of ¡3 1, ~ - l i nked glucosa mine res idues , and carnes N-acyl:lled,
i'i-:tCclr l'" Cd , and O-sulfaled side chains. Site of actíon of rhe nod
ge nc producL~ (enzymes) are shown. As an exarnple of nod gen e
Iu ncuo n, rhe produClS of liad I'Q exhibir ho mology w ith ihc en­

zrmc> All' sulfu rylase and AI'S ki nase. Fro m Denarie {l1/(1 ClI l/imo re

( / l)l),i ! Uset! untb pemnssion.



Chap ler 14 Iliological Dinilrogen Fi" 'lIion : Symhiol ic

In J(:etlve n l:ss and Effec tiveness ,

• ROOl hair curli ng bcg ins with in 5 hours .

• lnfec tion threads beeome visible wi th in 3 days of inoculation .

Nodu les hccome visible wi thi n 5 ro J2 da ys.

• Nz fi xat ion is oltcn cvidcn t in 15-da)'-0 Id pl ants.

Dox 14-2

Box 14- 3

Anachmcnt o f rhizobía lO the root bc gins wít hln 1 min ut e of inocu lation,

• Nurnbcr 01' auached rhizobia increases with time IIp ro seve ral hours.

Events Leading ro Nodulatlon and N z Flxa llon In Legumes.

• "zJeetiuellC'ss is Ihe ab ililYof a rh i ;~oh i ;¡ 1 str.lin lO form nodu les \\'ilh a pa rticu lar legu me.

!/ j eeliuelless is Ihe ab ilil)' of those nod ules lO fLX dinitrogen .

Table 14-3 Le"e l. o f host-RlIizobi" ", , peci ficily affec ting no d u le formatio n in leg u lll e•.

Lcgurne spe cics 11"'1 are never nodulatcd (e .g.. Cassia bicaps u laris)
Cross inoculation grou p speei ficity
lnfectiveness subgroups
Nonnodulaung plant genorypes , e.g.

the rj I gene o f soybcan
the nod 125 muta nt of Pbaseolus urilWIJ1s

Nodulation prclercnce

rnon in Ke nyu a mi Tanzania . Thi s spec ies nodulates wi th rh izobia from T. ruep ­
petlian .un a mi T. usam barense but e irhc r fails to no d u la te o r is ineffee tive w íth
rh lzobia fro m oi he r Afriea n an d Europea n e1ove rs . Similarly, ' the pea va riety
Afgha nist an will nod u late with pea rh ízo b ia from the eenter of o rigi n of th is erop
in the Mid d le East, b ut not wi th most a l' the rhizobia fro m pea va rie ties in
Euro p-r. Th cs e ancl ad d ítio na! ex amplcs o f specifici ty lisrc d in Tablc 14-3 ha vc
o fte n 'oec n a prob le rn in the ín trod uctio n o f new pl an! ge rrnplas m .

Hcst -rh izo b ial interac tlons also influenee leve ls of N2 fixation . Th us , peanu ts ami
co wpeas are nodulated by a nd f LX dinitrogen with many diffc rent soil b rady rhi zo bia,
whe reas Ccutrosema and Desm odiu m s peeies a l'ten nodu late w ith these strains b Ul
fix liltle di nitrogen . A eo nse q ue nee is (ha t w he n eowpeas o r peanuts are inrroduee d
into a ne w area, lhey are often well nodulated anel gro w vigoro usly, eve n in rhe ab­
se ncc of inoeula tion , wherea s Cerztrosema and Desmodium s peeies may ha ve Olany
nod Jles bUI ,gro w poo rly,

Figure 14-4 The truernal orga1ll7.:I¡¡on ~f an inde­
tcrmin:ll c root nodule: M, merisl ('n1.;ltlc ussue: TI ,
rcgion wi th iníccti on thread penctr.uíon: ES, regi ón

of eaTI)' syrnbiot ic acuvity: L~ , reg io n a l' late syrnbi­
otie acriviry; VE, vascular bu ndle. The nod ule IS at­
tached lo the rOOI al the bo uo m 01' the photo .

Pboto courtesy C ..'. Vallee .
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~--TI

are eo nverted in neighboring no ninfeeted ce lls to the ure ides , a llanto in. and al¡l¡a nloie
. - . di ' d xvlcrn sap IS usua y cor-
. id Beca usc the !eH'1 of rhese substa nees III no u ..s an .. r . ' . d '
,ICI . , f b ' r . ot ie n us e la esu -
rc latcd with recen: :"! Iíxatio n . u re idc a na IY-'I-' o eec ing sa p 15

mat e N2 fixation . f . S " ssfu l ínfec-
Rclativclv Iew ln fcct io ns resuu in root- nod u le o rma tlo n ' . , ucce h hi bi

rions ;n ay be vi sibk as carly as five 10 six da ys afr e r inoeulatl~;l W I~ " IZO t~~~
w ith acti ve N

2
fix.u io n beg inni ng eight 10 fifte~n da ys ~h,ere.1 lerd lu r:~~t are

e riod a numbe r o f p ro leins a re p ro du ecd in the rOOI alr or no u e Bcd
Pno t fo u nd in hOSI o r ba cte ria alo ne , Exp ress io n of lhese s u!Jsta nees , eba

. I d "E' Iy" nodu ltns have ee n
nod u Uns , may be bOlh lim e-a nd- t1ssue (epe n . e nl. ar. . "Late "

reeo
vered from infected rOOI ha irs less tha n SIX hours al'ter Ino eu laftlOn: .

d I f . , nd N Ixallon, Ill ­
nodu lin s wh ieh a rc more o fle n rela ted lO no u e u ne llon .

1
. 2 d luta -

elude l e~hemoglob i n and lh e nadu le e nzy mes n ilrog enase , Uflease , an g

m ine sy nlhe lase .

l os t-R h izob i u lll Sp ec ifi city . ' 5
h f 1 d i (on p ro eess l hus, o nly 2 (O

SpeeificilY can ocem at c ae stage o t le no u al · . . I ' h 'l in-
f 'l I . . . I " l ' c vcr fo rm " .. "u cS w 1 e

30% o f legum cs 111 lhe sub ami y Caesa 1'IIlIOIl L . C .' 1 tion
b 'd ' ' 1" . 1 w ithi n seve ra! e ros s-tn oeu a

feetivene ss subgroups have een I l;ntl lec ' . . 'eom-
grou ps , O ne such su bg rou p ineludes Trijoliul1I tembellse. a p.lsl ure s peeles



~~----------------1 Box 14-4 f---------------,

" id ity '11 ' I of Ox iso ls and Ultiso\s,
h • t1nn HOO m I Ion la . . d

In Latin America alone t ere a re more ' . . . ti e l' regions of the wori
the pH of w hich is lIsu ally less than 5.0 . In lhls regio n , as 111 o 1 '.

. . ecies ca n vary in the ir ab ility 10 fix di nitro-
Even d ifferent vanell es of thc sa rne sp I d 'ffere nces in matu riry, wi th

hi b ' I str a in This oftcn re ates 10 I 4- )
gen with the sa rn e r lIZO ia . li d i the ir N -fixi ng ahiliry (Fig. 1 5 .

• • > • o re like ly 10 be Imite III I 2 d
ea r!v-f1 owe n ng vane ues m . d 1 ss no dule se nesce nce, an, . l' of nodulauo» no u e ma , f
Ge netic d ifferen ces In ea r mess d ts to im p rove current levels o
e nzvme functio n h;lve a\so been re ported . an ¡ atte m p. a numbcr o f labo ratories.

. lit b reeding are un( cr way III
N2 fi.xa tion thr oug 1 p an N f' . t'on of new v'tr ieties is to inocu '

. . I proach 10 imp ro\'c 1 IX ,I I ' f .
I'e rha ps the slmp est ap d . I lhe vari eti es unde r co nditio ns o nt-
late plants with rh izob ia , a nd to grow a n se ec\ rypes bc ing tested w illthe n
tro gen deficiency. The growth and yiel~ of lhe p ant ge no .

depend hea vily n n the ir abi liry to flX d lllllroge n.

'\f1uence of Environmental Factors . .
, . f nodulation and sy mb io tic N2 flXallon,

Envi ronmenlal faclar s IIlfluence all aspects o '1 d' 111"rs affec ting nodul ation
, l' b' 1 . . I III 50 1 an III o ~ . ,

in so me cases reducing r li ZO la SUrvlV,1 . . I 1 'd ' l)' tempe nlure mineral nu-
ar even gro \\' th of lhe hosl. ~ri.tical factors 111C U( e aea 1 • . ,

Irit ion , and s:.lIinil)' and a lkahntty .

infecrion .ind no du le formal ion, ami

• N, fix arion .

The Symb iot lc Environment. Env íronrn e ntal facto rs influe nce all aspects of th e sy rn­
biosis between legum es and rhizobia, including:

• su rviva l of the rhizobia on the secd and in soil,

where soil s are acid (Fig . 14-6), Nz Ilxation mal' be markedl y reduced . Th is mal' be
because o f the di rect effect of H+ co nce ntra tion, the p resence of toxíc levels of alu­
rnin um and manganese, or deficiencies of ca lcium, phosphorus, and molybdenum.

So il ac id iry per se ca n Iirnit rhi zo b ial g rowt h and persistence in so il. Fas t-g rowing
rhizo bia a re gene ra lly co ns idered more se ns itive 10 ac idity [han bradyrh ízobla, bu t
stra ins of R. tropici ami R. lot i mal' abo be acid toleran t, In cont rast , rnost isolates of
S. meliloti are particularly ac id sensltive. In o ne study an average o f 89, 000 S. m eliloti
ce lls g - 1 wc re reponed in so ils of nca r neut ra l pH , but on ly 37 ce lls g - ) in soils of
pH less than 6.0. Surp ris ing ly, not a ll of the s trains recover ed from acid soils a re acid
tolera m, suggesríng th at microsites of more favorable pH ca n occu r.

Failu re lO no d u la te is also C0l11 1110n in acid soils, in pan because of lowered
number s o f rhi zobia , but also beca use p I-! limits rh izo b ia l a ttachm e nt to infccti bl e
root hairs. Al thoug h it is cornrn on in the Un ited Sta tes ro lim e acid soils , the la rge
areas invol vcd a nd the cost and av a ilabi lity of limes tone preclude th ís ap p roach
in many o rhcr co unt ries. Alternat ivo practices include the use o f acid-tolerant in ­
oculant strains and host cultivars a nd the pellet ing (coating) of inoculated seed
with a layer of g ro u nd rock phosp hare a l' limestone . In Austral ia , the use o f rel a­
tive ly acid-to lc ran t S. meliloti s tra ins su ch as WSM419, tog e the r w íth Medi cago
specics col lc ctcd from acid soils in Sardi n ia , has pe rm itted e xtensio n of the a rca
sown 10 annu al medies by some 350 ,000 ha since 198 5 (Ew ing and How ieso n ,
1989). Sim ila rly, an aci d -to le ra n t R. tropici st ra in, CIAT899 , is no w lhe slra in rec­
om me nd ed for inocu la ting Pbaseolus vulgaris in lh e acid so ils of Braz il.

Plant spec ics vary in 101erance 10 a lu minu m and ma ng anese , but are gene ra lly
mo re affecled by lhese ions than a re the rh izobia . Thus , so me rhi zobia tolerate 100
¡.¡.M alumin ul11 an d 300 ¡.¡.M manganese , bUI red uced rOOl growth of alfalfa (Med icago
saliva) occllrs al o nly 8 ¡.¡.M aluminu l11 , and nodulation in cowpea is inhib iled at 25
¡.¡.M aluminu l11 .

Temperature

Rhizobia a rt: mesorhi les ami 1110 s1 do not grow below 10°C 0 1' aboye 37 °C .
Exce p tio ns a re rh izo bia ass ocialed ~' i lh ce rta in ArClic legumcs, and bradyrhizo b ia
co lleCled fro m lhe ho t, dry Sahel sav annah o f Afríca . Ma int ain ing favorable tem ­
pera tur es dllr ing lhe sh ip m e nt and slOrage of inocula nI, and seed inocu la tion and
planting, is p:ll t icularl y cri tica!. Exro sure 10 high tempe ra tur es at these limes can
lead 10 lhe l os~ o f lh e sym b io tic pl asl11id in Rhizobium or re d uce cell numbers be ­
low lhe lev e ls need ed for good nodulation .

Figurc 14-5 Influen cc of so y-.
bea n maturüy grou p on potential
N, fíxati on . as cslimaled with the
acelylcne redu Cl ion metbod. The
va ríe ue s sh own are o f íncreas mg

vege tau ve periodow ith
Chippewa earl v ro flo\Vcr and
York am i Keru havi ng much
longer vege lalivL' pe riods. Once
podfill beg ins. a\'a i lab l~ ene~g.y

for N, fix"lion can bc lIlsu~flClenl

for co ntinued nod ulc ac uvity .
From Ha rdy el al . ( 973) . Used

iuith permissiol/ .
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7tlble 14-4 Element~ ha víng sp ecific [unctions in the nod ulalÍo n or N, fixa tion
oClegulll es.

FeMoCo protein of nitrogenase
Energy lransformations in the nodule
Fe and FeMo proteins of nirrogenase
Leghemoglobin ' .~ ,'

FeScenters of nirrogenase
Unspecified funetion in nodule development
Altachment of rhizobia to root halrs .~f. ,

Cell wall integrir.y in IIbizoblum '.:N1 ·;"
feS eenters of n1trogcnase . )~:'7

Nodule eoenzyme rUlletion ~:i.\~it~¡:.

Hydrogenasc function . ('~~~ ;:;'

..,.. , .•. ,,~ 335·
-~. .~ .
... .;p:.. . l '

Ternperatu rc also ínfluences nodule growth, N2 fixalion"'and (he lime pc ríod forO
which nodul es are active . The o pti rnurn ternperature for rnan y legumes is arou nd"
25°C; exposure to tem pcratures of greater than 40°C, everi' for short peri ods, can
cause irreparab le loss of nodule function . ':;Fm~;, . ~~ ;

d ,
~ ' '' ':' . .' .'1"

Although well-n o urished plants ge nera lly nodulate andflxdinitrogen beu er tha n
tho sc that are nut ricnt limited , several c lern ents have speciflc functlons in nodula- .
tion and symb io tic Nz fixation (Table 14-4 ). Adequate levelsof these elernents are
essent ial for effective Nz fixati o n (see also Table 13-2), ani{ failure ro supply th ern'.
results in the ge neral ized yello w chlorosis typical of nírrog en deficiency. Seve ral of
thc se e lerncnts war rant s pe cific rncntion, o,'s '.

Pb osp horus. Legumin cu s plants depende nt on Nz fixation common!y require more
ph osph oru s than similar plants sup p lied fertilizc r nirrogen. Nodules are an im po rtan t
phosp ho rus sink and comrnonl y have the h íghest concentratlon of that elernent in the "
plant. The high ene rgy cost of Nz fixation with its need for largeamounts of ATP leads.
ro the c levated phospho ru s rcq uirernent. In the case of the legume nodu le, this is corn- : .
pou nded by the cn ergy cost of building and maintaining funct íonlng nod ules. Bacte rial].
strains and host cu ltivars differ in the ir phosp horus-use efficie'ñCíes, but cultivar varia- :~;;'
tion has bee n studied mainly in hos t plants fert ilized with ni lrog~~~Field-grown legumes .o¡.­
form tripartite sy rnbioses with bo th Rbizobium or Bradyrbixobtum an d arbuscu lar rny- r

co rrhizal fungi. This has an added e nergy cost to the host, butthe benefit from add í- .•
tion al p hosp ho rus uptake for N, fíxation can be considerable. ::< .'

M olybdenum: The pr incipal function of molybdenum in the legume is as a corn- ;,1,
ponent of the nitrogenase enzy me complex. As such, the requ irem ent for mol ybde- t:
num is sa tisfied by supplying as little as lOO to 500 g ha -r I of this elemento How to ~.
supp ly this small arnount can be a problern , espe cially under acld so il conditions
where adso rption red uces the availabi liry of so il molybd enu m to the plant . Molybde­
nu m salts have so rnetimes been incorporated with the inoc ulant. Whi le the effect "
varíes w ith the molybdenum salt added, this can drastically redu ce surv ival o f rh i-
zob ía in the inoculant a nd íts addition is not recomme nded. ·.o;:~· "'.

Iron. lron is a co rnponcnt of leghemoglobin, which functions in the regu lation of :r­
oxygc n su pply ro bacreroids . Ir is also a component of both th~..f:: and FeMo prole ins :i;

."'...."... ,~ ~
' .;. :';:.:~.'

Molybdenum
I'hosphonls
lron

Calcium

Sulf,,,'
Cobalr
Niekel

[nflucncc of Environmental Factors
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• surv ive \Vell '"1 Ihe seed prio r lO seed germ inal io n.

lated , If inocul .u ion is pra ctíccd in suc h an arca , th e inocu lan! strain usua lly produces

o nl ya small fraClio n 0 1' thc nodu les formecl, ami a yield respon se is unlikely.

N eed for Ino culat i on

A simp le, three-rre.urneru cxpcrim enr \ViII establish the need for inoculatíon. The
treaunents are :

I30x 14-5

Inoculatlon in rhc American lII idw esl , In the American Midw est, agricuhu ral soils usu­
ally contain 1,000 lo 10,000 soybca n rhizo bia g-l . These indigenous rhizobia limil nodul e
fo rmauo n by ino culant st rai ns, which o fte n produce less tha n 20% of the nodules formed .
Bccause the indigenous o r natural ized populat io ns often fLX less d ini trogcn th an thc uno c­
ulant Sirain, lhe Iull bcn cfit s of the sYlllbiosis may not be re allz cd. So ybca ns grown in th is
regi ón deri ve onl)' 50 ro 40% of their nil rogen needs from N2 fi xa tion .

• no n inocul: ll cd contro l p lots,

• pl ots inocu l.ued w itl; a strain of ttb izo biu rn or Bradyrbizo btum effcctive o n th e
host lcgu m c. .uu.l

• p lo ls inocu laled \Vilh lh e samc str:l in, bUl also su pp lied fert ili zer n il rogen .

EXlensive nodu lalion of lhe no n inocu lalCd pl ants means l hal lh e so il already co n­
la ins ind igenou s rh iw h ia ab je lO nod u l:ll c lhis hosl. The co nl rasl I¡ClWeen rhe non ­
in ocula led p lanls ami l hose suppli ed ,, 'il h n ilrogen wi ll lhen be a measure o f lhe ef­
fecl iveness 01' Ihe n:lIive rh izo b ia. l f lhe noninocu lated planrs are gree n and vigo ro us ,
inocu lali on is pro lJabl y nOI necessary . Absence o f nodulat io n in lh e no n inocu laled

p lants, cou plecl \Vil h heavy nodulalion o f pla nrs rece i~ing inocul al ion, in d icales lhal
inocu lalion is necdecJ. The differ ences in pla nt growlh am on g lh e lh ree lr ealments

are indicato rs 0 1' lhe c fficiency o f N2 fix :lI io n by lhe in ocul anr slrain . If exc ellent pl ant
grow lh is achic \'c d in all lhree IrcalmenlS lhen eit he r lhe nal ive rhizobia are hi ghly
effecl ive ami ill Ocu blion is nOl nccessary or rhe sile w as hi gh er in ava il ablc nil rogen
Ihan \Vas anlic ir :ll ed . Poo r gro"'lh in :dl lr ealmenrs would imply lhal a facl or o l her
lhan ni tro gen w as lim ;l ing pl <l m gro wlh .

St ra i n Sel ccli on a l1Cl Tcsl i n g

If inocu!alion is rcquired, the sIrain or slrains cmployed must mcel lhe following crite ria:

• fo rm high l \' L'lkCl ive nodu les wilh :d l co m lTIon ly uscd var iel ies o f lhe legume
spec ies fo r which il is recommencJed .

• be Coml)(:l ili\'c in no du le formal ioll :Ind r ersislen! in the so il ,

• IOleral c eX l re J1le.~ n I' ;¡cid i ly , leJ1lper :lI l1re, and o the r so il cond ili on s,

• gro\V \Vell in " ¡Ill r lc, inexpensive cu ltu re me d ia,

• be genelic:t1ly slab lc , am!

Lcgll me lnoculation
. .. 1 " I . .. 'gion so ils :l re un likclv lO con-WI".:n a ncw legume spcc ics IS IIllro ( uce( mio ,1 1e " ' .

l 'l in anpropriale rh izobi a, and inocu lal ion is usuall y needed for adequ ale nodulall on
• ,- . l · · · · l ' . ¡'II 'on '\re n llen o f lhe or -, I N fixali on. Yic ld inu eases fo llo \Vlllg 1 li S m il la mocu . 1 , .

~i~~ ()f
l

50% w ilh cle ar cli ffc rcnces evidenl IJclween inocu lalcd ami n()nll1ocu la.ted

)1'l llS ' IS s~en in FigurL' 1,1- 7 . Inocll l;ll ion in subseqll enl years I~ u ~u a l l y IH II neces­
I , 1 . , ' . . ' f l ' . ' . eglon mOSl
s:\I)' . In facl , where a \cgume has an exlenslVc h lS10lY o eu lIvall on 111 . , ~ , . • el
soils cantain abu ndant rhizobia. and even noni nacu lale d p lanls are he,lv lly no u-

f 1 ' . . . zcomplex nnd i's essc ntiut ror earlv nodu lc dc vc!op11lenlo Plants whic h
~J l le rlltlogcr. .I ~C .... • . ......' . . . . ' .
are tron-deficieru develop m a ny nodu lc iníuals hU I (cw fu nctio n ing nodulcs. Bo th host

and ha cter ial str a in can di ffer in efficiency of iron utiliza tio n. In thc case o f thc bac te.
ria , sorne st ra ins can produce iron-sequesteri ng siderophores an d so compele more

effectivc ly for iron in thc rhi zosphe re.

Sa lin it y and Alkalin ity

Thc cffects o f sal inc or alk.il inc cond uions :l rl' likc ly ro 1)(: gfe:ll cr . on th c hOSI or
. . I 1 hi hi: Alkaline soil conditions lirnit the :I" :llbhlhl y (JI iron ,symbiosis l ia n on 1 le r uzo 11.1. • ~ . .

, . I I in lile soil thcrehv reducing plant growlh ancl N2 fixa­
zinc. manganese, :m( )oron I ' .' ' " ' , " . '.

tion . Folia r fenilizaliun with mic ronutricrus is oítcn an cffccuve rcmcdy. I.cg11llH:5 .'15 .1

grou p are also rnarkedl y sensitive 10 sal t, with sClIl:e species.affec tcd by cO ~lCe ntra llons
:lS low as 80 mlv1. In con l rasl , stra íns o f rhi7.obi:1 Irom Ml'l¡'cago amll1uIC la o ftcn 10 1­

erute 500 mM sallo Cells of kb izobtuin exposcd lO h igh sa lt concenl~all()nS o fte n a c­
curnu late osmore gulants such as glul amic acid, trcha losc, glycinc bctainc . .md prol inc,
wluc h help 10 main ta in tu rgo r in the cell and lim it thc da ma ge caused by sall s.
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I n0cu lanr-<111~l ity rh izob ia sho uld be selcc te d aft er scrcc n íng at sev e ra! leve ls.
The initial srep is usual ly a growt h cham ber o r greenllu llse s tucly 0 1 n~"¡.¡e rOUs

st ra ins o btained frorn o rhc r co llec tions or from thc fie ld . Marked va nanon in
nod ukuion and N, fíxatlo n usu ally is eviden t. Poorer strains a re di scarded, an d lhe
rc maining stra ins ~n a y be test ed w ith d íffere nt va rie ties of ihe legu me lO ~limi nale
a ny possibil ity o f host -stra in irue rac tíon or mal' be fu rthe r tested unde r fleld Con ­
clüío ns. Ideally suc h Iie ld trials are co nducted al s ires th.u vary In I~umbe rs of m­
dl gcn ous rhizobia: thcy sho uld be followed up in suhscq ueru growrng seasons lo
c ns ure that the inocu lant strains pe rsist in thc so il. Final ly, e nv lro nme nla l and cul­
rural faclors that co uld influ c nce strain performan ce in rhc fic ld nccd 10 be con­

sidcrcd .

In o cu la nls a n d In o culari on

The numbcr of rhi zohi« pc r seed ne ccssa ry 10 cnsu re good nodu lation varies
w ith seccl si ze a nd enviro ruucntal co nd irions . In co u nlries w here inoculant qual­
ltv is rcgulaled by law , the usual standard is from 1,000 rh izo b ia pc r se ed for
small-sceded legurnes suc h as clo ve r 10 100,000 rh izo b ia pe r sced for bean a n?
so ybc a n. In the ea rly 1900s , so il from pre vio usl y plantcd fíe lds w as. lhe pnnci­
pal, bUl far fro m ideal , inoc ula n!. The supply \Vas lim iled , moVtng so tl was cum­
ber som e , a nd lhe poss ibil il)' o f lran sferri ng ro ol palhogens or nelll alOd es w~s a
ma jo r co ncern . The ino c u la nI induslry now manu facrur es pu r·: cu ltu res of rhlzo­
b ia for se ed and soil inocu b lio n. Inocu lan rs range fro m sim p\.: lube cu ltu res suf­
ricie nr for small quanl iries o f e xo lic seed 10 la rge -scale , fe rmenr er- g rown c~l ­
IlIres mixed w iliJ peal o r o lhe r ca rrier m:lIcri a l am i used In lhe cu mllle rclal
mo cu lalio n of large a re ;ls u f crops such as so yb ean , be an , p" anul, a nd c\ovcr.

Tlle large -scale p rod llcli o n of inoculanl~ is a simple proces ! deslg ned !O suppl y
a minimum 0 1' 10" lO lO') h ighl y e ffec live rhizo lJia pe r gra m l j rrotluc!. ln.ocu l.anrs
fro m many co unlries do nol meel lhis stand a rd . f ac lor s co nt 'ib lll ing lO lhls fallure

include:

• inadequa le lesling 01' lhe inocu lanr slraih,

• mu tario n in lhe inocul alll slrain afle r repeal ed subcult:Jre or storage :11 h igh

relll pcralur e ,

• inappropriale cu lture media ,

• co ntaminario n o f lhe rh izob ial cu lrure ,

• ca rrier mate rials lha l \ViII nol suppo rt suitable po pu l.llions o f rh izolJ ia , and

• poor slOrage and lran sport co nd ilio ns.

Characle rislics o f a goocl inoculanr carrie r are sho wn in Ta l~lc 14-5. The mos~
COl1l mo n carrier is pea r, bUl composl , sle rilc bagass/: (cle nve d lro m lhe n1l1llng o
slIgarcane ), coal, polyaClyl:rlll ide , vegel~ 1J 1e o ils , anll so il Ilavl' all h~~'n ll.~ed Sl:~~
cessfully. No lisling o f physical o r chem lcal r ro pe rtl';s ca n fully exr l.lln why SOl

peals make su itab le inocu lanr carrie rs and o lhe rs clo no!. , . . .
Fo ur p roced ures are co mmo nly used in Icgllllle il',ocul:llion . I-or acld illo nal delall,

refe r lo Somascg:¡ra n am i Hoben ( 994).

Table 14--5 Qu alities o f a good in o c ula n t ca rr ie r material.

H igh w ater-hol ding capac ity
Nonroxlc (O rhizobia
Readily ava ílable . inexpcnsivc , and e" ily processed
Steríllzable by aut ocl aving (pressur ized steam) o r radia tion
Goo d adh e rencc ro seed
Good bu ffering c lpacily

• Seed inoculation: The inocul an t is mixcd w ith mil k o r some o the r slightly adhe­
sive ma te ria l (cal led the sticuen , an d the seed is unifo rmly co vercd w ith th is
su spensión . TIJe se cd is clried in the shadc and sow n the sa rne day.

• Seed pe tlcting. Th c suc kc r is a s tro nger adhesive , suc h as gu m arable o r me th yl
cellul ose , a nd the secd, o nce inocul.ucd as aboye , is rolled in finc1y g ro und
limes to ne or rock phosphate. Pell et ing corn bats unfavo ra b lc soil co ndi tions such
as low pH a nd allows aer ial sowing. Prcinocu la tio n of seed for subsequent sale
is no t reco mmcndcd beca use rhi zo b ia l number s o n the seed can de cl ine d ra­
matically du ring sro rage .

• 50il inoculal ion l/Ii/b a granula r p eal al' liquid: Th e inoculan l is ba nded below
lhe seed ancl ma kes co nrac l wi lh lhe e me rging radicle . Soil inocul alion is mOSl
useful for seed rhal has be e n lreare l! \Vilh fungici de o r for co nd ilions wher e
h igh er rha n normal inocu lalio n ra les are clesirable ,

• Inocula/iol/ ill /be plan/er seed box: The inocu la nt is mix ed d irecl ly Wilh seeds
in a planler bo x allached lO a lracl o r. Ino cula nr an d seed le nd lO se pa rale , p ro­
vid ing un e ven coverage , This simple Illerhod is us ually an "ins ura nce measu re "
whe n soils are already Iikel y lO conta in rh izob ia .

Str ain Competitivcn ess an e! Persistence

Eve n w ilhoUI inocula lio n , il is commo n for a ne wly int roducecl leg ume lo have a
few nodul es . These arise from seed- or d llsl- bo rne rhi zo b ia or from na rive legumes
having co mpalihle rh izobia. Whe n Ihese noclu les rol , rhe y ca n relcase mo re lhan 10 10

rhizobia g- I, en suri ng a bu ilclup in the so il lO leve ls o f 103 10 101 rhizob ia g- I 0 1'

so il. Unfo rtun :tle ly, rna ny of lhese o rga nisms are no r parti cul arl y e ffec live , a nd do lil­
lle lO be nenl s llbse qu e l"t r lanli ngs . Wor se , lhe y ca n ¡imil lhe abi lily o f inocu lanl rhi­
zobia lO for m nod ules and become eSla blished in lhe soi l.

Alle mpts lO overcorn~ lh is proble m us ing slrains se lecled fo r superior compel ilive
ab ility, heavier lhan norma l inocu latio n rales, and im proved ca rrie r and delivery sys­
le ms ha ve all had limiled success. Acce nlualing th is p ro b lem, rhiz obia are nOl ve ry
mobile in soil. amI as lhe roor e longales , lhe>' may be lefl beh incl. On e Solu lio n is
hOsl cu lrivars lh:1I nodu late p referenria lly w ilh lhe inoculant srrain o r exclude in­
digcnoll s rilizo l>i;1. Seve ral soybea n cu lli\'a rs lha l can reslr icl nodulalion by lhe in­
digen o us slra in, hlll nod ulale normal ly \Vilil specinc inoculant slrains have bee n
iclent ified (Table 14-6). Differe ncc s in lile resp o nse of lhe w ild Pbaseo/us vu lgaris
acce ss ion G21117 lo inocu lalio n w ilh slra in CIATG32 a nd CIAT 899 a re show n in
FigUle 14-8.



\ ·11)
Cha picr l ·, IIl o lo¡; i" ,,1 () illil lOg~1l Fix"li oll : Symb iutie () [l1cr unp ort aru ...,YIllDIOtlC uJnnroge n-hxmg Assocuu íons 34 1

Table 14--7 Farnilies an d genera o ( ae ti norh iz al plan ts
Tnhlr 14-6 D i ffcren c e s in the "adul e occ u p a n c v o f threc geno ty pes of s o y b e a rt differing

in abili ry to restr ic t nodulat ion by str a in USDA 123. D al a are fro m a 2- year

fie ld evaluation .

Family

Be tu lace ae

Gene ra with nod ules

A111 " " (a ldc r):

Figu re IW Restriction uf nodu lution by P!;as"u{w ¡'/t {g{l/1s cu ltiva r G21117. I'l:1 nl5.on the
Idt were inocu lated with R. trop ici strain CIATH'}') .md those on the nght with R. el" stram
CIATG32. Both strains prod uce normal nodules and are cffectivc on most cultivars ol' P.
vll lgam . However. rcstrieled nadu lalion occurs \\ 1I"n C1 AT899, bUl nul C1 ATG32, is used 10

inocu lale G211 17. Frolll K ipe-Noll el al. ( 992). ú:,ed with p ennlsslO>Z .

F rt JIIl KC:I'SCT (l1U1 ti ( 199}) ílsed U "111) IJCn IlUSIOII .

% uf nod ules occup íed by strain

Elaeagnus , H ippopbae (s ea hu ck thorn) . an d Sbep berdia

Comptonia and Myri ca (myn lc)

Cea notbus (snowbrush). Coltet ia, Discaria, Ken trotba mnus, Reta n illa ,
Talguenea, an d Treooa

Cerco ca rp us (rno untain mahogany), Cbamaebatia, Coum n ia, Dryas, and
Pu rsb ia

Ros acc ae

Elaeagnnceae

Myr icaceae

Rha rnnaceae

Casunrinaceae Alloc asuarina , C ( lS IUlI Ú /({ (Aust ralian p irre), Ceutbostoma , and Gymnostoma

Coriariaccac Coria ria

Datiscaceae Dat isca

'Co rnrnon nanu -s Io r .\ 001...· impon:ln l ex aruplc s are in~ ludt,tJ in pa remh cses .

Iso lauon of Fra nleia from nod ulcs \\ 'as not achievcd until 1978, and still req ui res
ve ry s pcci fic me thodolog ics . Howcvc r, num e ro us iso latcs ar e no w available , and in ­
Io rmation on morphol ogtcal , ge nc uc. .rnd specificity eliffe re nces is beginn ing lO al"
cumu lare. Panicular po in ts of int erest include.

• Fra nlsia ís a Gram-positive, ñlamcruous orga nisrn charactcrízed by rnultil ocular
spora ng iu .md Nr fixing vcsicles in pi/r o .

• Noelu le fo rmal ion results from roo t ha ir infec tio n or int er ce llula r inv as ion.
No d ules ar e perc nn íal, moelified 1;II<: ra l roots wi th lo be s up to 5 cm in len g th .

• HOSI spec ific ity c xists, bu t necds Iurih cr defin itio n . Three ro Iour host -specific iry
groups ha ve been sugges ted , lh ou g h s pccics of Myrica a nd Gymnostoma a p­
pe ar lO be promiscuous anel nodul.ue w irh s tra ins fro m all groups .

• Few Fra n lsia iso l.ue s p rod uce spo rcs w ith in the nod ule . Altho ugh this tra it is
rcgula tcd b)' thc o rga nísm , nod ules in w hich spore fo rrna tion occu rs seem to
have a highc r e ne rgy COSl fo r N z [ix.ttion and so contrib u te les s to the hos t.

• Vesicle p rod uct ion occu rs und e r co nd itio ns of nit ro gen lirnitati on, wi th th c type
of vesic le pr oduce d dependcnt o n rhe hos t p lant. Vesicles a re bo rne as ter minal
swelling s o r o n short hyphal b ran ch es: a t rnaturiry, they sho w a pronounced
lip id e nvdope that protects lhe nil ro ge nase from o xy gen .

Ad d ilional informal io n o n the biol og}' a nd sy mbio tic spe cifici ty o f Frankia is p ro ,
vided by Benso n and Silveste r (1993).
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O th er Important Symbiotic Dinitrogen-Fixing Asso ciations

Frllllk ia an d lhe A c tinorhiz al Symbiosis

Fra ll k ia is an aClino myc ele lh at for ms aclin <>rh i7.a l, N2, fixing nodllles wit h a ran ge

o f :lng ios perms (Table 14-7). The host spec iL" :Ire nol typ ical c ro p p la nts , bu t seve~1
are import anr in ag ro fo restry, the ecology :1ntl nll rng e n economy o f margln~1 so ,
mi ne spoil rccbmalion, o r the slabiliz:llio n ,, 1' S:1I1t1 tlun es . Hates o f N2 fL';: a t ~on are
highly var iable In ll G IO iJe equivalenl l" ll1...,,· :l" l1 i" vetl by Ieg um inous sy m b loscs.

A zo l/alA llabaclla S )'lll b iosis

The aq ualÍ<' fe rn Azo/la is a co tn mo n .wee n manu re us ed in Vietnam and China for
rice r ro tlu cliol1. Azo /la main tain etl in s lo\\' ·Oo w ing cree ks o r ov eJWinter ed in p ro lecled
beds is inlroeluced into paddies be rwee ll r lan tings of rice an d is rhe n either incorp o­
rated befo re rice seed lings a re tran spl amed or le ft ro be shad ed OUl as the rice canopy
deve lo ps. The low e / N ra tio of lh e fern faci litates rap id ni lrog e n rninera liza tio n afte r
inco rp o ralio ll, \\ 'ilb yields in lhe subseque lll rice cro p increased by as much as 1,000
kg ha - ' . In lh is case N2 fixalion is b<:callse of lhe he te rocystolls cya nobacler ium
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f igu r e 14-9 Location of thc syrnbi ot ic cyano bac tc riu m AlIabaella (lz~I/aC'
. hi the Icaf (Iro nd) 01' thc wa te r fern Azolla. Thc frond has becn clc ared .

\VII 1In d rezi I erucr -with the Ana baena fi\;lrnents visible as the darke ne region lO lle.e
righl of the frond. ('!J% COll/1C'S)' T A. Lumplsin, Used untb p erlJl/SSIOII .

d I l f I le ( ri g 14- 9). UnderAnabaell(l azollac growing with in cavit ics in ihe o rsa e~t O) - l' .

favorable co ndilions, rates o f Nz fíxation can reach 2 kg ha (by .
Four aspccts o f lh is symb ios is war raru particu lar comment :

. I I - succeeded in reintro-
o Azolla can be curcd o f its mi crosymhlOnl , ru t no one l as .

ducing Ana/mena.

o Dinitrogen fixation in Allaba el1a occurs predomi nantly in specia lized ce1lS
1

.
. . lí . I 6 ro 10% o f the cel s Inlled heterocysts - Under free -living cene mo ns , on y .

the fílament are hete roc ys ts, but in the m.u ure Azotla fro nd , Ihis freque nc y nses

lO 20 to 30%.

o Gram-positive bacleria th at do not fix d initrogen, i?enlificd .;~~ sp cci es 0 1' a
Art!Jroba ct C'r ha\'(: also been found in the leaf cavlty and ale lhough t to pl ay
role in th is s~'mbiosis . However, nu ddini te funct ion is k nown fm th ese o rgan-

isms.

During heterocysl formalion by free-living Anabaena, a sma ll pi cce of DNA is
deleted , leaving the NifHDK genes ;111 regulated b.y a S ingl~ promoter. In co n­

trast, all cells al' the Azal/a mi crosymbiont have thls arrange me nL

Although lh e yie ld bencfils from th e use of Azol/a can be appreciable, t~bey ~ re
f . propag·lti on and fle ld d lst n utl on

o ffset lO SOI11C ex [ent by labor eosts 0 1 slorage, ". . lum is
o f th c fem , by lhc need in some arcas to tic up scarce land while th e;:~~bael1 (/

It 'lp li ed 'lI1d b) ' insect and di sease problems . Noneth c\ess, the Azall
m u , • . I . ' t ·s o f the area sow n
s mbiosis con tinues to be important in Asia, w lt 1 some estll11.1c .. . . . n
t¿ Aza l/a in Chi n;¡ being as high as 1.5 l11illion ha annually. Ad dttt<mal In fo rl11atiad

on this SYl11biOsi~ is provided hy LUl11 pk in and Plu cknett ( 1980) and Peters an

Meeks (1989).

Su 111 111a r y

This chapte r high light s the poteru íal 01' N2 fixation in legu rnes , and problems asso­
c iatcd wi th uti li zing th is symbios is. It also in trod uces o ther N2-fix ing symb ioses,
so rne 01' w h ích have potc nt ial for use in agriculture, As wi th the legumes, th eir

grea tc r cxp loitation will requ ire a m ultidiscip linary and ecol ogical approach . ,
Syrnbtot íc N z Iixa uon c urrc ruly accou rus for m ore tha n 6 5% o f thc n it ro gen

uscd in :Igrieullure . ,\ s the workl's popukuion increases. thi s eont ribu tion must
incrca sc . I' roblt:ms in thc av aila bil i ty 01' fert ilize r nitrogen an d g rou ndwrucr p o i.
Iut ion resulting from cxcessívc ferti l ization w il l limi t th e d egree ro wh ich fc rril ­
ize r n itrogc n usage can be inc reascd . Al th ough in ocul ant product ion in rnan y
regi ons o f rhe wo rld leaves mu ch lO be desired , [h e inoc u lant tech nol o gy re­
viewed in thi s chap rer is wit hin [he reach o f mo st coun tr ies and nee ds onl y to
be pr o pe rly a rid consisten tly a p pli e d . Howe ver , o the r bott le necks need to be
remedied if sym b io ric Nz I ixatio n is 10 assu rne a more important role in rhe
ag ric u ltu rc o f rhc twcruy- Iirst ccn tu ry . Areas o f research tha t need to be re­
so lved ínclude:

o improv ing the abi lity 01' different varieties to Iíx din itrogen,

o overcom ing [he pr oblern of low nodul e occupancy b y Inoculan: stralns,

o improvm g th e persistence o f inocu lant strains in soi l,

o e nha nci ng the tol er an ce 01' 110[h host a nd microsymbiont 10 cn vi ronrnenral
stresscs , nnd

o undc rsr.ui ding be ue r the cou rriburion o f Nz fix ation lO the n it ro gen econorn y 01'
both m oclern and tradition al Iarrning systerns.
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1. Compc tilion fo r energy between de velop ing pod s and nodules íllustrates the influence of
energy supply on nodule funct ion. What cx perirnenta l treatrner ts ca n you su ggest lO
study the irnpo rtance of energy supply in nodulation an d Nz H::at ion?

2. Dinilrogen.fixing symbioses adopt differc ru stratcgies to protee [ nurogenase fro m the in­
h íbitory effects of ox ygen. Give three eX<llllplcs discusscd in ti is ch apter.

3 . You join lhe Peace Cmps in Nepa l and arc ass igncd lo the dc .'elo[1lllent o f an inocul ant
industry fm lhat co untry. Describe lhe stc: p' you wo uld need o ¡;¡k<: lO ac hieve suc h a

developmenl.

Study Questions
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T. Ruiz-Arg ücso , J. Im perial , and J. M . Pa lacios

Abst rac t

Uptake hydrogcnases in d iazotrophic roo t nodule ba c teria (rhizo bia , Frankia ) ca
rccycle the H¡ gcncralcd as a by-product of the nilrogenase rcacrion and havc
potcnrial to irnprovc thc cnergy efliciency of the synib iosis.This is especially relevar
in view of ihe fact that uptake hydrogenases are uncornmon in many of the rhizobi
used as lcgumc inoculants. Thc Hup (Uydrogcn l.!lllakc) sys icm has bccn studicd i
dcpth only in IWO specics of rOOI nodule bacteria, Rhiiobiuin leguminosarwn b\
viciae and Bmdyr hizobilt llljapoll ic lt lll . l n these organisms, a mulligenic ( 18-24 genes
cluster responsiblc for synlhesis of an active hydrogenase has bcen isolated. Th
currcru status of rcsearch on cha racterizaticn of the funelions of meir gene product
ami thc regulation of thcir cxprcss ion is rcviewcd. This information. rogethcr wit.
available gene transfcr iechno íog y, opcns the door !O biotcchno logical exploitatio:
uf rhc Hup systcrn for thc design ¡lIld gcneraticn of more cncrgy efficicnt rhizobia

inocu lanrs.

Upiake hydrogcnases catalyzc the oxidation of molecular hydrogen 10protons, an
are prcscru in many aerobic bacteria, where electrons are fed lOthe respiratory chair
oxygen acts as the final acccptor, and cnergy can be obtained through oxidativ
phosporylation. The "knallgas" bacteria, where 1-1 2is used as the only energy sourc
Ior gro\\'lh (1.2 ) represen!an extreme cxarnple of this potcntiul. Uptake hydrogenasc
can be important for nurogcn-Iixiug organisms bccause of thc concomitan
unavoidable reduction of prorons 10 hydrogen catalyzcd by nitrogcnase (see Charl e
3 in ihis volumc). The hydrogcn gencraled can be recycled by uptakc hydrogenase
Irom the sanie organismo thcrefo re incrcasing thc energy efficícncy of nitrogc
fixarion (3. -1 ). This hydrogen rccycling is especially rclcvant for thc diazotrophi
xymbioscs bctwecn plants and root nodu le bacteria because it has lhe potcnrial 1

increuse thc cncrgy efficiency of thc symbiosis and ro irnprovc plant productivu;
Thus, it is 1\0 1 surprising that i l has bcen the subject of a good nurnbcr of reviews i
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the pas: (5·10). This chaptcr will Iocus on reccnt advanccs in our undcrs tanding of
thc only ( WO sys tcms s tudic d in dcp ih. thosc 0 1 tlradyrhr zobnon j (/I'CJl/iCIIIII and
Rhirobium leguminosarum by. viciae, and on the biotechnolog ieal applications of
thcsc systerns. Other aspects. sueh as theoccurrence and physiology of hydrogenase
systerns in rhizobia, have not progressed at thc sarne pace and are well co vered by
the aboye reviews,

Hydrogcnascs and Hydrogen Rccycling in Legume Nodules

Uprake hydrogenase in rhizobia is adirneric (ap). membrane-bound [NiFe] enzyme
that has only been isolated and characterizcd from B. j aponicum, eiiher as free­
livingcells or as soybean bacteroids (see5. 7. 8 (or rcviews), Both prirnary structure
(scc below) and properties of membrane-bound , [NiFe] hydrogenases and their
ancillary systerns are cxtremcly well conscrvcd in widely diverging bacte ria (11­
13). For this reason, rnany rcsults obtaincd with spccific systcrns (e.g. the wcll­
known Escherichia coli) havc often been cxtrapolatcd to lesser known systerns.
Rccently, the crystal structure of the [NiFe] hydrogenase from Desulfovibrio gigas

has bcen solved (14· 16). and it is expccted that the key structural Icatures will be
conserved inother systems. Notewonhy among thern are: a bimetallic [Ni-Fe] active
site in the large subunit, with biologically uncommon CO and CN ligands to the
iron, and three iron-sulfur clusters in the small subunit (14, 15).

Rhizobia expressing hydrogenase activity (Hup", from fudrogen !U21ake)are
able ro reoxidize the 1-12 generated by nitrogenase and produce root nodules whieh
cvolve littlc or no H2. Given the potential of these uplake hydrogenase systems to
improve lhe energy efliciency of diazolrophic symbioses , it is somewhal surprising
that lhe abilily lO recycle hydrogen is nOl widely distribuled in rhizobia (see 8, for a
rcview.and also below). In Illany rhizobia of lhe genera Rhi zobil lm, Sillor/¡izobiu/II,
and Mesor/¡izobiulII, lhe Hup+phenOlype is a rare lrail. In sorne cases. lhe genelic
detenninants for the hydrogen uptakeUlllp) syslem seem lO be presenl. but conditions
appropriate for lheir expression have nOI been found (see 10). Despile repealed
screenings (see 8), reliable hydrogenaseaClivity measurelllenlSand lhe presence of
IlUp genes have only been documented for fast-growing rhizobia in the following
cases: i) some strains of R. legu/IIillosafll/ll by. viciae; ii) among the bean rhizobia.
lhose R. Iropici slrains belonging lOsubgroup !lb (17. 18); and iii) uncharaclerized
strains nodulating Aslragallls (19). Strains capable of eflicienlly recycling H2 have
nOI been found in fast-growing rhizobia nodulating importanl legume erops sueh as
alfalfa and e10vers (20) or chickpeas (2 1). Alllong the slow.gro\\'ing rhizobia
(Bmdyrlrizobi l/III spp.) . lhe Hup+ phenolype is nOI uneommon in lupine and soybean
slrains and il is quite COlllmon among slrains of the cOIVpea miscellanea. Finally.
mosl Azor/¡izobi llm strains are Hup+. The reasons for this palchy distr ibulion are not
clear. but they may be relaled to: i) possible specilic roles of lhe Hup s)'slem in lhe
biology of sorne rhizobia in lhe soil (e.g. chemolithot rophy in B. japm,;cll m: 5. 22);
and ii) plasmid encoding of the Hup syslem in many rhizobia (see belo\V ). As a
result, most strains commonly used as legume inoculanls are Hup·. As \Ve discuss
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bclow, this opcns possihiliticx for biolechnological cxploitarion of the known Hup
sys tcrns .

Ver~ l iule is known about hydrogenascs in other root nodule symbiotic systerns.
No studies hav.e bccn carried out with the non-Iegume Para spoll ia. rhizobial
symbiosis. Studies with the actinorhizal syrnbioses also lag behind, despite thc Iact
that all ihe rcstcd Frankia isolaics nodulating A111 us (23) or Casuarina (24) cxhibited
a Hup' phcnotype.

Gc nc tic Determinants for Hydrogcnase Synthesis

The syn t~es is of hydrogenase cnzy rnc requires the concerted action of a large nurnbe,

er prOl.erns. l.n R. leg l~ lII illosarum and B. japonicum the whole set of gcnctic
de.lerllllnanls ~nvolved In this process is clustered in DNA regions of over 15 kb
(Figure 1): which havc been identified in thc syrnbiotic plasmid of R. leguminosarum
(25) and In I I ~e e1~romosoll1e of B. japoni c um (26). Most of hydrogen oxidarion
genes fr~m rhizobia havc been d.esignaled hup ge~es. and a specific serof genes has
be~n desl.gnatedas hyp after their homology to a previously described hydrogenase
pleiotropic gene operon from E. co/i . The R. leguminosa rum cluster ineludes 18
genes'UlllpSLCDEFGHIJKhypABFCDEXj closely linked and lranscribed in the same
direction (Figure 1). Thc B. japonicum cluster of hydrogen oxidation determinaras
contains 24 genes (IlUpNOPUVSLCDFGHlJKhypABFCDEhoxXAhupn.

A general model explaining the role of each gene product on the process of
hydrog~nase synthesis is not yet available. Gene products required for hydrogenase
synihesis lIl el ~ d e the hydrogenase structural subunits (HupSL). along with a large
array ~f protelns whose know'l or proposed funclions are summarized in Table 1.
POI.e~lI al funclions aseribed to .lhese gene produets in hydrogenase synthesis or
aC llvlty are eleclron .lranspon (HupC). subunil proteolylic proeess ing (HupD).
h~drogenase scaffoldrng (HupK). redox modilieatio ns (Hupl). and processing of
nlckel (producls of Iryp gene cluster). Some of these functions have been lirst
des~ribed in o~her bacteria. mainly in E. coli. and have been generalized on Ihe
baSlS of Ihe wlde conservalion of hydrogen ase syslems among different bacleria
(see 11-13. for reviews). Genes involved in the regulation of hllp expression are
present .in lhe ~. japol/ icwn clusler. namely /!l/p UV. hoxA and hl/pT genes (see
RegulatlOn secllon belolV). A more detailed description of lhe speeific role of most
of H~p and H.yp pro~eins in rhizobia has been thoroughly covered recently (10).
NcIV Infonnallon available on lhe possible roles of HupE. HypX (HoxX) and HypB
In hydrogenase synlhesis is revieIVed below.

/lIIpE(27) is lhe only R. legwll i ll o.w m m hllp gene nOl present in lhe B.japollicllm
hYdroge n as~ cluster. !Ieneode~ a hydrophobic prolein of aboul 19 kDa. ineluding a
~e ader pepllde .and SIX p~lenl l al lransmelllbrane domains. Genes homologous lo
III/IE. althollgh Infreqllenllll hydrogenase syslellls. have been idenlified in conneclion
wilh hydrogen oxigation genes of Rlrodobacler splraeroides (EMBL accession
y 14197), Rlradacycil/ s gelari llos l/J (EMBL aecession X52522). SYll echocYSlis sp.
(28). and Aql/ifex ae~/iclIJ (29). More inlereslingly. prole ins displaying high
homology lo R. legll/lllllosarum HupE have been identilied in urease gene e1usters
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• Gene product size (kDa) for R. tegumino sarum (or 8. j lJpo,,;cum where appropriare)
'" % identica l am ino ac ids in sequences [rorn bothorganisms
'Question marks (7) denote proposed Iunctions
dThe R. leguminosnrnm IjIltoxA lacks llíeCaerrn inat half
< % idcmity o f the rirsl 136 aas con served in 'V"oxA

Rubredoxin

FunCllonC'

(7) Ni tran spon
(?) Ni trans pon
(7) Ni transpon
Rcg ulation (sensor Hja se
.<111. 11 subunit)
Rcgu latio n (se nsor H ~ase

large subunit)
Hydrogenase smnll subunil .
Hydrogenase large subunit
Cytochrome b
Hupl. vprocessing
specific peptidase
(7) Ni transpon

(?) Scarro!ding protein

Ni binding
Hydrogenase processing
Hydrogenase processing
Hydrogenase processing
Hydrogenase processing
Hydrogenase processing
Regulalion (activator)
Regulation (rcprcssor)

89
89
67
6.\

Identity (%)h

45
48
SI
70
45
32
49
56
SI
63
7J
77
55
57'

/I .japoll icIIIII Sizc·

h,,/,N 40

''''/'0 I ~,,,,,,,, 6.1.5
J",/IV .15.S

""pV 52

/",,, .') .14.5
II"I,L 66
¡", /I e 28
1",/,0 22

19
¡"'pF 10.5

"u"e 16,,,,,,11 .10.5,,,,,,/ 8
I",,,i 18.5
'''' I'K 39
1,.'pA 12.5
".lpa 32.5
"YI'F 80.5
"ypC 8
".1'1'0 43.S
"YI'E 36.5
IlOxX 62
IlaxA 53
hU/Ir so

H. Ieguniinosarum

Gene

l",p5
JlllpL
IUIIIC
""pO

"""EIllIpF

''''/,e"u,,1I"U,',
¡",pi
''''{lK
"Y{lA
"Y/la
".1'1'''­
".lp C
".1',,0
"y"E
"Y{lX
!roxAlf

Irorn Borde/ el/a bronchisept ica (30) and Alcaligenes eutrophus (EM 13 L accession
y 13732). Urcase is a soluble nickcl-containing enzyme, and the presence of a
hornologous mernbrane protein in both hydrogenase and urease systerns strongly
suggests that HupE could be involved in Ni supply ro the cell (30). It has lo be
notcd, howcver, that the putative activity of R. legum inosarum HupE as Ni transponer
is not sufficient to ensure adequate levels of this elernent for hydrogenase synthesis,
since hydrogenase activity in pea bacteroids is limited by nickellevel of the rooting
solution, even al high concentrations (over I00 ~lM . see Nickel Uptake below).

hypX is the distal gene in the R. leguminosarum gene cluster (Figure 1). It has
bccn shown to belong ro thc hyp operon along with hypBFCDE genes (31). In B.
japonicum a gene hornologous lO hypX. designaied ho-rX, precedes the gene encoding
thc rcgulatory protein HoxA.The actual function of HypX is not clear, Initial sequence
cornparisons of B. japo nicum Ho),X suggested that it could act as sensory histidine
kinase in connection with HoxA (32). Howcvcr, rhe analysis of HypX-deficient
mutarus (rorn R. leguminosarum (31) and B. japonicum (33) reveuled that such
mutants expressed lower levels of hydrogcnase activity but accumulnted unprocessed
Iorms of lhe enzymc. suggesling a role for HypX/HoxX al posHranslalional ralher
than at lranseriprional level, specifically at lhe slage ol' Ni-dependenl processing of
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HupL

NI 2'8dded
(mg~)

1,620

o 0.1 1 10 100

.~...~··<w;,,~:~t.AlM.
" . ,;·:j'_·...·;.~l·, : ..!.... I,,!~ :t.~r:);.... .:. ¡

1,700 5,140 1',JOO 7,5ao H,ase ecUvlty

Hydcogenase Transloeat¡'on

An addilional aspecl important for hydrogenase synthesis is ¡h~ lranslocatio.n of lhe
enzyme lO the periplasmic side of Ihe mel11brane. This process IS IJkely medlated by
HupS signar peplide. The features of signal peplldes presenl at the N-tenntnus of
HupS-like subunils of differenl hydrogenases are rather unusual (45). Although they
keep lhe overall structure of regular signal peptides, they are much longer (.17-50
residues) than those rccognized by the general secretory Sec system (18-26 resldues)

. .. 'f R R F K) Th's mOlif is conserved In lhe N-and presenl a tWIl1-arglnlne moll ( - -x- -x- . l... .

lerminus domain of all [Ni Fe] hydrogenase small subunlls, Includlng thos~ from R.
. . A I s's of mUlanl >Ional peptldes haslegllllJinoJaJ'll/1I and B. JapO/lle'UII': . na y l. '. o

demonstraled lhal arninine rcsidues WlllllllllllS mOllf are essenllal for e~zyme export
o ... h' f s gnal peptlde(45). A novel lranslocation syslel11 for prolclns conlall1l11g t IS type o 1

was laler idenlified in maize thylakoid l11el1lbranes (46), E. coll genes (tal.gene.s. for
lwin arginine translocalion) encodi,1g a homologous system have been ldentlfied,
and shown to mediale hydrogenase :ranslocation lO lhe penplasm (47). The current
model for E. éoli Tal system includes lhe partici palion of a putall ve ~embrane channel
prolein (TatC) along Wilh olher proleins (TalA. TalS: Tal~) whlch should ac~ as
branches at the I11cmbrane largclillg/rccepllon slage 01 ¡he secrellon p~thway ( 8.).
lal-like genes involved in hydrogen<lse mClabolism have also been ldentlficd 111

(Km 0.34 ¡.1M and 0.011 ¡.1M, respectively) low-capacity.nickellransporters, jt is
possible thallhe Ni uplake medialed by HupN In B. Japoll/CI//Il could be masked by
a second syslell1 also functional in lhls bactenum. .

. . k I rt for hydrogenase synlhesls haveIn R. legl/lIlillosartl/lI studles on nlc. e transpo . .
been hampered by lhe symbiosis-speclfic express Ion of /llIp sYSle~. !t has been
clearly eSlablished lhal nickel availabilily limils hydrogenase exp-resslOn a~ the level
of processing of lhe enzyme subunits (Figure 2; 44): [n fact, full p~ocesslng of lhe
subunjts was only observed at nickel concenlrallonS In the phytotoxlc range (over 1

. .. 1'" f ctor formM) indicaling lhal the provision of I1IckellO the bacterold IS a Imltlng a .
lhis process. It is not c1ear, however, whelher lhis limilati.on IS due to the bact~nal or
lhe planl componcl1l of lhe symbiosis. Recent results of n'ckcl. lranspon expe.nments
wilh inlact pea symbiosomes indicate lhal lhe penbaclerOld membrane .IS not a
specific barrier for Ni lranspon inlo lhe bacleroid (Báscones el al., unpublished),
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Ihe enzyrne. r-unher sequcnce cOlllp~rison of R. legl/lllil/().wl"IIlI1 HypX and
hOlllologous proleins (J 1) revealed lhe prescnce of sequcnce Illulifs characleriSlic
of lIVO di fferenl lypcs of enzYI11Cs: i) cnzYll1es using NlI)-forl11yllclrahydrofolalc as
C I donor, and ii) enzYllles using XCO-SCoA as subslrale. Based on lhesc hOlllologies
il has been proposed lhat HypX/HoxX could be a bifunclional en'zYllle involved in
lhe incorporation of one-carbon groups inlO lhe aClive sile of hydrogenase (see above)
lhrough an unknown mechanislll.

Several ancillary proleins required for hydrogenase synlhesis are involved in
nickellllelabolism. Among lhese, HypB may have a cenlral role in nickel provision
for lhe enzyme. HypB proleins from R. leglllllillosarUIIl and n. japolliCllIll are able
to bind nickel ill vilro,likely lhrough hislidine-rich slretches presenl in bOlh prOleins
(34,35). Furlher sludies have shoWIl t{!aI HypB from B. japolliclIlIl is associaled lo
lhe abiljty of sloring nickel in lhe ceH for hydrogenase synlhesis (36). The mechanislll
for nickel Slorage and lransfcr to hydrogenase has nol been clucidaled ye!. This
Illechanism Illay rcquire energy supply, since slUdies carried out in E. coli and B.
japOlliculIl have demonslraled lhal HypB has GTPase activily (35, 37). The available
data suggesllhat' HypB may have an important role in nickel sequeslralion/slorage
in lhe bacleroid, under condilions where lhe microSYlllbionl musl compele Wilh
planl enzymes for available nickel (36).

Other Fllnctions Reqllired for Hydrogenase Activity

Nickcl Uptakc

The incorporation of nickel into the active center ofhydrogenasc is an essel1lial step
for the synlhesis of the enzyme. The environments in which rhizobial hydrogenase
is expressed (Iegume nodules, agricultural soils, and laboratory condilions) usually
contain low amounts of nickel, and bacteria oxidizing H2 in these environmel1ls
should possess an efficient uptake system for this element. A gene cluster (/lIIpNOP)
involved in nickel melabolism has been idemified in B. japoniClI1Il (38). A B.

japolliculIl HupNOP' mutam showed an 80% reduction in hydrogenase activity at
low nickel concentrations (0.5 ¡.1M), and this defect could be complemel1led by high
nickel (50 ¡.1M). However, since this mutanl maintained the same Km for nickel
transpon (62 ¡.1M) as lhe wild type slrain, il was concluded thal HupN was nol a
nickel transporter, but thal il was ralher involv~d in some nickel-inseI1ion/l1letabolism
SICpS for proper assembly ofhydrogenase (39). Allhough no direcl role ofHupN on
nickel transpon has been demonstraled, it is inleresting lO nOle lhat lhis protein
shares a high degree of homology Wilh proteins described in A. eUlrophllS (HoxN,
40) and Helicobaclerl'ylori (NixA, 41). HoxN and NixA have been demonstraled
to mediale nickel transpon when expresscd in E. coli cells (41, 42). A prolein
hOl1lologous to lhis fami 1)' of nickel transporters has also been reponed in the urease
gene cluster of Bacillus sp TB90 (UreH, 43). These data suggest lhal HupN mighl
be indeed a nickel lransporter, acting in concert wilh HupO and HupP lhrough an
lInknown mechanism. Since the Km value dcscribed for n. japolliculIJ cells is
relalively high (62 flM) and HoxN and NlxA have been described as high-affinilY
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A . c/¡/"OOCOCCIIIII (49). Prcliminary cxpcrimcuts cnrricd out in our laboratorv
dernonstrated thc prcsencc of /(IIC also in R. tegu minosa runi (Meloni el a l ..

unpublished).

Rcgulation of Hydrogenase Gene Expression

Analysis of the hydrogenase systcm in root nodule bacteria hus revcalcd the existcncc
of regulatory mechanisms controlling Hupexpression in free-living and syrnbiotic
cells. Hydrogenase synthesis has been obscrvcd in two diffcrcnt physiological
situations, First, Cree living cultures of /J.jap oll i clIlII induce hydrogenase activity in
response lOrnicroaerobic condüfón s in thep¡;esenceof hydrogen and traces of niekel.
This expression in vegetativo eells has not been observed in R. legumlnosar um,
Sccond. hydrogenase activity is also indueed in bacteroids within legume nodules,
where hydrogen gcneratcd by nitrogcnase is a substrato for the cnzyrne. 1301h typcs
of induction respond to vcry differenl regulatory mecltanisms.

Hydrogenase expression in vegetative cells of /J. japonicum is controlled by a
cornplex mechanism responding lOthe simultaneous presenceofth reeenvironrnental
signals: hydrogcn.Iow oxygen tensionsand traces of nickel (22).Alihough a complete
model for this rcgulation is nOI available, it is known that under those conditions
liupSl: expression requires 0 54, IHF (50) and HoxA (51). HoxA is a DNA·binding
transcriptional activator of ihe NlrC family (32), and hornologous proteins have
also becndescribed inhydrogenase systems fromA. eutrophu t (52) andR. capsulatus
(HupR l. 53). In addition 10 HoxA, three other proteins affcct expression of hup
genes in vegetative cells: HupU, HupV, and HupT (Figu'e 1). HupUV complex
conslilules a pseudoltydrogenase apparenlly able to respc.ld lO adequale levels of
oxygen. hydrogen and nickei (54). A recent study perfumed \Vith A. elllrop ll/ls

l-IupU V complex has dernonslraled lhal lhis pseudohydrcgenase conlains an active
-':nter much like Ihat of standard hydrogenase (55).

HupT prolein \Vas previously described as repres' or of Hup aClivily in R.
IpSII/atIlS (56) and inA. /¡ydrogell ophi /lIs (HoxJ*, 57).Tltis prolein Itas lhe features

,f a hislidine kinase, including the ability to autophosphorylale. A HupThomologue
aCl ing as repressor of hllp expression has been recemly described in B. japoll ic:l1I/

(van 50001 el al., submilled). Thus, Ihemodel for regul:llion of hydrogenase in this
baclerillm could be similar to lhat proposed for A. ell/ropll/ls (57). In lhis model.
HupUV sensor complcx lransduces the presence of environmenlal condilicm
adequate for hydrogenase synlhesis inlo aCli valionof H,'xA, probably by modifying
HupT (HoxJ*) repressor aClivily. Active HoxA \Vould then promote transcriplion 01'
hydrogenase slrue tural genes and downstream genes leading to Itydrogenas~

synthesis. Such regulalory model does nol apply lO R. /egtllll i ll osal'll lll . In thi,
baclerium /llIpUV and IllIflT genes have nol been foulll!, and only a non·funelional
pseudogcne (hoxA) has becn identified downstream from hypX (31). ConsiS lenl
wilh Ihis, no induction 01' 1/111'genes has ever been obszrved in vegelalive cells of R.
legll llli ll omrulll (58) .

4%

S ymbiot ic cxpresxion 0 1' 111 /1' genes Itas been studicd in dctuil in R.
lcguminosarum, In this sysicm, iwo maJor prornorers have bcen idcntificd (Figure
1): i)A·12/-24 prometer (dcsignared PI) controls symbiotic expression of theoperon
con taining hydrogcnase si ruc tural genes and severa! additional genes locatcd
downstrearn. " /11 si/ti" hybridization cxperirnents demonstrated that hupSL are co­
expressed both temporally and spatially with nitrogcnasc structural genes in pea
nodules (59), suggesting thc presence of a common regulator for both nif and hup
systerns. Funhermore, dala obtaincd in cxperimcnts of heterologous cxpression in
Klebsie lla pneumoniae , E. co li and R. etli led 10 lite conclusion that in R.
leguminosarum transcription of hydrogcnase structural genes is controlled by a 0 54

typc prometer activated by NifA with the concurrence of IHF (60): ii) A second
prometer (designatcd ['5) has becn idcntificd upstrcarn of hyp/J within the coding
sequencc of hypA . P5 is an Fnr-rype prometer eonlaining a consensus anaerobox
sequence that corurols lite expressio n of the hypBFCDEX genes. 11 has been
dcrnonstratcd that FnrN. a transcriptional activator homologous to E. col i Fnr,
activares P5 in bacteroids and in vcgetativecells exposed to microaerobicconditions
(61). Furthermore,lWO Iunctionalcopies of the corresponding gene (fllrN/ andJllrN2)
have been identified in Rrlegumino sarum UPM79 1 (62). A d óuble rnutant affected
in both copies induced ineffective nodules lacking both hydrogenaseand nitrogenase
acrivities. In addition to hypBFCDEX genes, R. leguminosarum FnrN also controls
the rnicroaerobic induction of a jixNOQP operen , involved in the synthesis of a
cbbrtype, high affinity terminal oxidase essential for bacteroid respiration (62).
These rcsults provide additional evidence for the close relationship betwecn
hydrogenase and nitrogenase systerns in R. leguminosarum.

In the case of Bij aponicum the regulation ofsyrnbiotic expressionof Hupactivity
has nol been fully c1 arified. JI has been shown that HoxA is nol essential for
tran scriplion of hydroge nase slruclural genes in soyb ean nodules (33, 51) .
Additionally, il has been proposed thal nilrogenase and hydrogenase areco·regulaled
lhrouglt FixK2 (33), allhouglt lhe possibilily lhal NifA slill affecls HupSLexpression
in lhe nodule has nOI been discarded.

Another factor affecling hydrogenase expression in R. /egllmillosarum is lhe
legume hos!. Some legume hosts have been sho\Vn lObe more permissive thanothers
for expression of hydrogenase. Host-planl medialcd conlrol of lhe Hup phenolype
has been reponed for lhe symbionls of pea, soybean, cowpea and common bean
( 10). Tite molecular basis for Ihis effecl is nol underslood yet. In lhe case of R.
l eg ll lll illosantl1l bv. " ic ial' . it has been demonslratcd lhat strain UPM791 induces
hydrogenase aClivity in pea bacteroids bUI is unable 10express lhis aCli vity in lenlils
(63). A hydrogenase expression analysis wilh dilTcrcrll hOSIS nodulated by Ihis strain,
including several Vicia and Lalhyl'lls species and Icnt il varielies demonslrated that
lhe laek of baeleroid hydrogenase aCli vily is speeifie to lentils. Preliminary dala
arising from experill1enls carried out wilh reporler gene fusions suggest that the
bloeking of Hup expression is exened al the IcvelllC lranscriplion of hllp slructural
genes.(Toffanin el al .. unpublished).
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It has been eSlilll;lled lhal lhe energy losscs associalcd lo the hydrogen produclion
by legume nodules accounl for 40 to60'K of theencrgy available ror nilrogen fixalion
(64). These encrgy loses constilute lhe main source of inefficiency of lhe rhizobia­
legume symbiosis. and lhose root nodule bacteria slrains that express hydrogcnase
acti"ily are expected lOcarry out a morc efficienl fixalion of N~ by reutili7.ing lhe
H2 produced by lhe nilrogenase (65).The abilily lOoxidize Hzis generally considered
a beneficial property of Nz-fixing organisms. whelher in lhe symbiolic or in lhe free
livingslale. and scveral mechanisms by which lhe presence of a hydroge nase ll1ighl
increase lhe o\'erall efficiency of nitrogen fixalion have been poswlaled (66. 67).
These includc: i) provision of an addilional somo: of energy and rcductant lO lhc
N2-fixing syslem: ii) proteclion of nilrugenase from O2damagc : and iii) prevcn lion
of H2 inhibilion of nilrogenase-cala lyzcd N2 reduction . The direc t or indi rccl
cxpcrimenlal evidence accumulated in support of lhese polenlial benefils of lhc
hydrogenase s)'slem has been discussed in delail in previolls revicws on lhis topic
(5.8. 9).

Although convincing evidence from ill \'il ro cxperimenls has shown lhal lhe
hydrogenase syslcm has a potenlialto illlprove N~ fixalion. lhc actual conlribUlinl1
of H2 rccycling allilíl)' lO increase produclivily of nodulalcd legumes is still a
conOícling issue. By comparing groups 01' Hup' ¡¡ nd Hup' B. jll/ )()/li clIl/l strains nr

rabie 2. S I r;Il ~ g i..:s Fllllov,.'.:t1IO Generare Ncw I lup' StrililH. tlf Rtxu Nodulc U;u:tcriil

l3iotechnological Applica tions

• llásconc:s tf ni.. unpuhlished

wild-typc strains and nenrly isogcnic (exccpt for thc prescncc of the Hup s ysl~m )
Hup' muuuus, Evans and coworkers providcd strong evide~ce for a ~os.llI ve ettect
of thc hup systcm in producrivity of soybeans (6. 68). Pan icularly slg.l11 fi: ant ,:as
an cxperirnent with soybcan plants grown to maturity in largc concrete riles 111 whl~h
significa nt incrcasc s ( 11 %) in seed yi cld and total nitrogen coru ent were detectcd 111

soybean plants inoculatcd with a B. japonicum Hup" revertant strain as compared
with plants inoculatcd with ihc corrcsponding Hup' mutant (69). Positive effects on
lcgume productivity associarcd lO the prcsencc of hydrogenase a~l i v ilY hav~ also
been observed in bcan (Phaseolus vulgar is ) (70. 71). However, 111 one particular
case. a ncgative effcct of thc hup systern on productivity of soybeans wa~ re~orted
by using a diffcrcru Hup: /J. japonicum mutant as control (72) . ~o slgn.lficanl
incrcascs in productivity wcrc found associatcd lO the hup systern 111 expen~~nls
with R. leguminostuuni Hup' strains (73. 74).variations in experimental conditions
such as use of rhizobial strains ihat do not cfficiently recycle H2 or where the H2
oxidation is not coupled 10 ATP generation in the host legume, the harvesting of
plants before maturity, or use of insufficienl number of replicares forostatistical
significance.. particularly in field experirnents, and overall the use of inadequate
Hup' control sirains are lObe blamed for the differences observed (6. 8). Th.e n~ed
lo compare Hup" and Hup strains that are isogenic except for the H2 oxídation
characterisiic has repeatcdly been ernphasizcd (6). Howeve r, since we know now
that the H2oxidationcapacity is coded by a multigenic system, Hup' rnutants deleted
of the entire hup cluster should be more appropriate controls than Hup: rnutants
affectcd in a single hydrogenase gene. Alternatively, lhe effecl of Itup on legume
produclivily can be exall1ined by comparing Hup' wild-lype slrains of roo~ nodule
bacteria and genelically engineered. derivalive Hup· slrains lhal have recelved lhe
enlire hll p cluster.Thé ~ons l ruc l ion of these slrains is a firsl slep in a m~re g.eneral
biolechnological objeclive aimed lO eXlend lhe Hup phenolype 10 rhlzobla that
nodulale importam legume crops and lack lhe II/Ifl syslem.

Transfer of II/Ip genes 10 helerologous backgrounds is now facililaled by lhe
progress made in identificalion and characlerizalion of genelic delerminanls for
hydrogenase synlhesis and in lhe regulalion of lheir expres sion (see aboye). Several
slrategies have beenused lOlransfer lhe hllp syslell1 from Hup· strain~ of B.japo~licu~
and R. legulll inosanl lll by. I'iciae inlo Hup' recipienl slrains of dlfferenl rhlzobla
(Table 2). The lransfer of lhe hllp syslem in a plasmid or cosmid basis frequenlly
faces problems of instabilily of lhe Hup characler in rool nodules in lhe absence of
Sck clive pressure for Illainlenance. Thc inslabilily of pLAFR l -derived cos~i~s
Clllllainin" lhe hu" syslclll in nodules appears 10be pan ly hOSI-dependcnl. and 11 15

ilid lcr inS. lJIelilol i and /J . j ll l'Oll icUIII (IO ' ~ lO 10·J) (75) lhan in R. ell; and M. 10li

( 10.1) (76. 77). Maimenancc rale of lhe Hup phenolype can be slab ilized by addilion
of lhe par genes 10 a coslllid conla ining lhe /lIIp syslem (78). When nalive IlIIp­
conlaining symbioticplaslllids from R. /eglll ll i llosarlllll h~ve been used. lh: ~resence
01' non-hup DNA inforlllalion imposes an exlra Illelabolic load to lhe reclplen l cell
which can mask lhe effecl of lhe hllp system on lhe symbiolic behavior (74. 79-8 1).
Inlcgralion of lhe plaslllid-borne IlIIp c1 uslcr inlo lhe chromosome appears lO be lhe
slralegy of choice. allhough ilS large size (ovcr 15 kb) reslricls its usefulness for in

"i lro recombinalion (82).
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(8 1)
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(78 )

(0 )

(82)

(74)
(79 )
(8 0)
(X I )

(84)

SillnrlJi:,oh ium sp,

Rccipicnt Hup' spccics

S. rnrl iínn.
R. 1 r.~ /l lI/ lllOsarulll by. virtae,
R. /C'K"lIlillo'snnm, by. trifolii,
8.ja/1tmin ll ll

M. d a ";
R. esíí
M. lnri

R. lcgtnninosa runt by. vicia r
S,,,,r/illllt

M. áuá

M. cien;

R. íegnminos nrum by. vic iae,
R. leguminosar um by. trifolii ,
R. ctli, M. loti . M. ciceri,
S.lIIelilof¡.
8. japonicum

M. C;Ct ";

Source of /lIIp syst cru

H.jlllumicu",
{J. j a{J(micum
R. /r.r{UmillO,flJfltln

n.japollicum

R. legum inosamm
R. legumínosnnnn

R. Irgw II¡uos arlllU
R.ltgumitlosarum
n.jnponicurn

R. legum inos orum

8. japonicum

Cosmid-bcme /",1' genes

S Ira le!:)'

Native sym' /lIIp plasmids

Chromosome-i rucgrared R. legum ino sarum
¡lUpcluster by use of
rniniiransposons

Plasrnid-borne /1111' genes
stabilized wirh par

Chromosomc-imcgnued
cosrnid DNA

Chromosome-imegrutcd O.jnpollicu",
"/lP clusterby
site-specific recornbination .
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9.

6.

8.

Thc stra icgy wc ha vc Iound ro be more rapid aud Ilc... ihic for intcgrarion of lile
hup xystcrn into Ihe chrornosomc uf rccipicnt struins is the use of rnini- transposons:
bascd on the dclivcry systcm originally dcsigned hy de Lorenzo el al. (85) and latcr
on rnodificd by Wilson el al. (86). Genes to be integrated are cloncd bctween the
inverted repcats of Tn5 adjacent ro a marker antibiotic rcsist ance gene. Since the
rest of the transposit ion systcm is located outside thesc rcpca ts. the procedure results
in a stahle integration. Using adcquatc suicide vcctors une can cventually transfcr
any DNA fragrncnt into the chromosome. This systernallowcd us to stably integrare
the entire 18 kb hup cluster írom R. leg uminosarum by. viciae strain UPM791 into
the chromosome of Hup: strains of B. japonicum, M. ciceri, M. /OIi . R. lcgu mino sarum

by. viciae and by. Irifo lii , R. etli and S. meliloti (B áscones e l al . • unpublished ).
Hydrogenase expression analysis ofxhesc newly gencrated Hup' strains in symbiosis
with their correspond ing legume hosts showed a broad range of expression levels
depe nding on the bacteria! species and evc n on the strains. From thc liup ­

minitransposons conlaining vcctors. il is stralghtforward .to removc the antibiotic
resistance gene in order lo construct strains with the h/lp system stably integrated
into the chrornosornc for use in field Iríais or for comrnercial release .

Stable integration of the hup systern into the chrornosome still does not ensure
acquisition of the H2 recyciing capacity by the recipient Hup: strains , Efficient
expression of hydrogenase genes and hydrogenase activity in syrnbiosis with the
corresponding host legurnes are also required. As indicated aboye, the bacterial
genetic background draslically affects Ihe levels of helerologous expression of the
R. leg llminosa rum 11IIp syslem. The molecu lar basis for lhis baclerial h:>sl conlro l in
/lIIp expressio n is not known al presentoalthough differences in regulalion of lhe
hup genes by NifA and FnrN, lhe IWO major aClivllors of R. leg/lminosorwlI hup

syslem (see aboye) rnight aceounl for the observed differences. Based on what we
know from the symbiolic regulation of hup gene e';pression , lwo olher faclors Olay
also conlrol expression of lhe hup syslcm in lhe ne·..vly·generaled Hup' strains. Firsl,
nickel availabi lilY lO lhe hos t planl severely liOl ils the expre ssion of lhe R.
leg ulllillosorum hydrogenase genes in lhe Pisum sOlivum sYOlbiosis (see above),
and likely in other symbioses such as the M. IOli-Lows com ic /llaw s syslem (Brito
el 01.• submilled). Seco nd. the hOSl legume can have an effecl on hydrogena se
expression (sec aboye). In summary, allhough lhe lools for inlrod ucing lhe 11IIp

system in any strain of rhizobia in a slable foml are now avaitable. Much research is
still needed lo achieve an efficient expressiol1 of lhe hup sys tem in Ihe differenl
legume hosts and to evaluale their effect on legume producti vily before succeeding
in oblaining a commercially auraclive, superior inoculanl slrain .

Concluding Relllarks

Importanl adva nces have been l11 adc in recent years on lhe sludy of genet ic
determinants of lhe huI' Syslem in lhe two m('del systems . 11. j aponicum and R.
legumillosarum by. viciae . as well as on lheir regulalion uf c .~ p ression. This
infonnalion will allo\V for lhe generalion of wel:·defined HlIp' slrains. [n addilion,
these new construcls allow lesting of lhe hYPolh.:sized posilive effec l of Ihe system

500
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on ihc Icgulllc-rhizohial symbioses. f'urlher stu les Me a so n bl 1 the vet

. hani f active hvdrobcnase assern y, anc on .(un c uo us und un lile mee iaiu st n u J k' r;' . tly
. . / . . ' . . well ' \S thut fro rn Fran /(/. ' -10.1 .lIncharaele rizcd rhizob ial IIIJI syslel11 s ,IS , . . . f th

. . d test of ncw Hup' suui ns will allow further characlen zauon o . e
conSlnlcuon an . ff ) that 110111
plaru and bacterial factors (Ni, ~n~ rgy coopling. plant host e ect, oo ' \

hydrogenase expression in symblosls.
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~tico ~Ó..Jcienóo I}J.s.!:&5J..,~~' que se' 111 sn~
coris eb le de l o f ijociórl. U"r;ff.~~HJ.I~fsCtiV?_tione~

co lor ~~~YIO~~~99_.~;~:~. P~.~o (lBgh~~
no~-~~ popel per-e ce se r- el 00 pro~~a:r o ln n l

nc.se frent e 0 1 oxig e no que l o inactivo.+

La ::lirub io ::l is ~izob iu~egul1lin05 0 pJede ser o.pro~(

de por lo ogriOJlturo con gran rendinúento, :iJltroo...

00 l o bocte ri o en 10 3 OJ l tivo5 de · l egurui.no~ , .1.0 Q

supone una e v i de nte vantojo p..Je5 58 Morro l o uti li
. 1

ci6n de eb oro s nit rog ene cb s y se controlo.n roejor o

l e s hierbes , ob t arn én oose e l tas proOJcciones.

a .- Lo::l InoOJlontes

Los troOJlarrtes son prepe.r6dos inó..JstriolBs que con

nen un olt ísiroo rJrroero 03 b o ct e r l .:w B8lBceiono..ólUl P

su e soe c í f í c í oe c ocr- e noÓ..Jl ar con un a p l ont o d et erm

do, osí coroo po r &U caoocided paro fi jar nitróg eno.

lo to.nt o e e trat o de int rodu cir lo be ct er í e qu e no .,



t sr-e se eIlí donoe no l o hoya o ronda e x í s t e un o pO D I o­

c:.i6n ~ro5 e f e cti vo.

- Al:: o aficiand o Poro- 16 fi jaci Ón 5iJnbióti~ d e n it r'Ó­
g e no B11 co n d i cione:l ele campo.

- Ce;:¡oC : dod de sobN:l v1 '/Bnc i e sobr-e Le eere í l Le inoOJlcdO .

- Ceo e c.i clod Ó9 5Obrevivanei o en el su elo .

Cucndo :le s i e~ran 18gumino ~s s in usar iroOJlo.n tu 5 los

pIent os :Nedan 58 :- í o ve d í de s co r- lo s r Lzo b Lo s s1 1 vü :'~

t r-e s del 50 e1.o Qu e oo e oe n fo rme.r n ó co Lo s pero: so r oo co

o ne do e fic ie ntes. Sie~ore Que S8 s iembren l ogum inos os .

oe o e z S8r i.noOJlod6!l. De e s t o rNV1e ra 513 evit o al r ie sgo

de u n fre== =n-.o leto, oe o í oo o OJe ro ex..1sto l o o e c t c
r i o e n o 1 5U e 1.0, o un NJ 1ot i va f N)== 5 i 1o b ('> ct n r 1n

no oo se o l n rn Cl yOr ¡d" lc 1e nc l o 00 5 10 10 . Ho y QUU en?vdo r
~ "'· rQ 1 6 '1 c uu 1" t;:I ~l):- l (} CI:Jroploc1o ClUD fonrÓ (xJ ':).J1 o:, .: _ _

ca 1e nt o s ÓJr en': o el orto po r i odo, ooe oe de sap or8CO r 00 1

soa Lo do un ~ o er-e ot ro y no óar nóci.Jws , par lo t tirt­

t o , e n lo nJ8 ve s l Bm::l ro da l e rnl~ p Lerrt e ,

Po r o:rt: O!l =tlvo a e s ~cs~A~10 , __
~ ~ . ~ ~ Que ~ copus da rl ,ou l0

Qu e se U58n en los 1..noOJlante5 co-oer-c.í e Le s reunan lo s
S1g\;i ent B.5 =roeter1st i ce s :

c ] ConservocJ.ón: E l Loo co Lerrt e se conser vo ho..ste 5U e:
lribuci6n a~ poro ~x.i./1l i zer- su v í de útil.

tw :',0 (leja c r oo e r , 50 ox t i e ooe y 58 se ce c:r1JT'oe ro 6 1 6

r u y luell o ¡,¡n t10rno ~ e ro oC. Uno vez se ce , .s s rn.Jele

mil i l n ?(.O y ~.J O l (T\(103n o .

e) I rcor-eqne c Ión : Consist o en W i no OJ l a ci6 n De la cur:
cori Él 1 OJ lt 1. va puro oe rizob i os or-cce derrt e del f e rrnerr

dar .

: , ) P n'; lfj,. t1c ll~n (I D I ("od io qu e <:X'Intlo'1o l es r í zob Lo e ; S

o r ()íJur ·u el part ir d o un OJ 1 t i va pu ro do Ur"l 6 ce po \p re vi

monto sa l e cc í o rve oe oo r sus co.ro c1:·erí s t i=.s siJnbiótieo;

y oo r su f e c I ] í ce c ce rT\Jlt ioli= c.16n en rNldio líquicb

Dich o o e ct e r Le se rr&..JltiDli~ en f e r roerit c dor-e e con oir

r: 1Ó " un u" ll>(J (11 0 do co l t i vo o.on:JDi6 do h e st e o lcanzCU"

"no rX) I ¡\ {\c. l (~ n l1n LlPro". lJT\lIÚwnontO ID 10 bo .. ::o ri6..S/ ra l.

, ·" nl " 111 I lJn ll<'fI '. Hc J6 " :''' J co rrt r-o l c ul oH, p..J roLe y' co r­

cu nl r'Il CLón .

o) Control da ce í í ce o : Lo or-oco cc i ón 00 inoOJlontes So!

r-o e I i ze boja un 58vero cont rol 00 ce L í de d, Aoo lll6s 001

corit r-oI del ce Leo de iln pregn6 c iÓ n 58 raol1zcn corrt ro It
del ino OJ lo.n to produ ci do , con lo o.re l se asegura qua E

• • • • R __ . _ • •

I oo c» lont o cont i e re une =0I?,8.~l:.~_1j.0...~f~~~.e~~..~_~. ri
zobios v i vo s oor g r~ .

me

co íco í zer- lo ra íz y p e r-o

ore sanci o da rO Z6 S ou tó ct o n es oe

G:Joc.idad =mpet i ti v e oar-e
f o rre er- nódJ Los an

nor- ef i eiB:nc i e .

::xl st en d ife r e n t U!i fo rma.s da fabr i car Lno cc l errta s , A

co n t inueci.6n 58 de scribe l o nro co c c í.ó n d e Lno cu Lerit e s

son turbe COIT'O xDort e, Y6 qu e ' e s l e má s utilizada en

e l r.u ndo y D:Jr ot r-e Port e est e tipo da Lno co Ien t e s es

IJ 1 ú n i co que 58 f ab ri ca en Esp Ma ho.sta el mome nto.

::n el P;:? CS 50 de fe.b:-i=ciÓ n da 1J>oOJlunte5 58 o í s c í r--
;'J e n 6 a t o pas·(~·~·di~~~Bh-.~

e ) P:-'9Dore ci6 n 00 l o tu r b e ; DeS Pués de extre íd:-··10 tu r-

r ) Di s t r i bu c i 6 n : Le s cooo í c I or-e s eje t r-en socr-t e y coriss

v e c í. ón de l 1J>oOJlenta oo r eri t e l o d istribvci6n 50n de s

me ilnoortancie, ye oo e í nf Iuyen oe c í s í verre rrt e en 16 ce

Lí de d De 1 í n o co l errt e . Cu e l qui e r f o lt e e_n_l_'3 di5tribud

o en e l u so del lroOJ ] 6 m:e hoca que l1sta :lague an 11lO)

=ndi ci.Dne5 el 6g ri OJltor =n a l =nslgu iBnte perjuicj

a cooó-n í co . Por e 110 e s lJnport o.nt e que tanto a l di st r it



./.:.:x:J e l or¡rlo.d t o r oD 3UI\¡(H) LJuLl:¡" ltJ a.rn u r: ~ . t: l o s ln ~\ ­

. r-c c c í.c oo s do U!'O qua oco",pej)on 0 1 inocu lon t a .

i. - Té ool cc s de i no cu l e c i Ón

...!J í oo co Le c í ón con s í e t e e n n3cubri.r Le,s s e-eI Ll o s con un

).J ltivo :::;a lo ce o e enr-oo í ede 00 Rhiz.oDiu:ll .

.e s iguia nt a i.n for--t= c ió n sob r-e do .s í e d e e dhasi vo s , 8Qu e

: 1.n::J culc.nt e , ' oe o e rid e 001 tOlllMO de lo samillo o i.r>oOJ­

.e.r . Po oe-eos o í st; 1rq\Jir t r-es t~oB bás icos:

0", 111 0 5 oe oo e ó e s : ) 2DJ .DCXJ Benillll.5 /Kg . Ej .: TrB bo l

b Lervco , LotU5

Ct:lil l fl.S rced i crr e s : 2OJ .OOO - 2O .OCXJ se:ni 1l8s /Kg. Ej .:

Alfal fo, Trébol s u bt e rráneo .

e r:oi ll 1l 5 g r cn des : <:20 .CXXJ s em il l~/Kg. Ej .: Soja , Ho­

b e.s , G<lrb0Jl zi: •

,) I NJOJLACIO N SlWLE :

..:: f Ollno rnds s Lmol e de inoculoción es ro6_z.clcu- e l inocu­

crrt e con aguo e zu ccr-ede 00 proporc ior.e s oe t er-o ir-e d ea :

' a s.;xJ é s e:; r e-gc.r e s t e r:>6zclo o le semil l a revolv i en do lo

a jar po s ibl e h o st o o bte r.e r un r-aco br ím í errt o uni fo rma .

1 CW CLU'" e ct úe COlT'O e crie s í.vo : oeb í co o su visco s idod,

3D3 qu e e l í oo co Lerit s 58 p8QUe o lo sup e rficie d e lo

J", il l e .

.:)oTO se :J\,.' 6Ó€ v e r en el 54Juiente coe dr-o , cu an to mE',no r

5 e l t c.:n o ~o de le semi 110 mayor as lo ce.nt idod de ¡;guo

. ~.
" - -

I Litros 8{J \.;
Te mO('tr Kilo:; Gr 8mO s í .ri o

- ozucarOd8 (
s8m l 1 11l s eoi í Ll e cu lont e

P u q uU t-'OS ? , . 2:,,0 J,- •.> ,
Mo cHUI1 as 25 250 2

Gr -enoo s I 100 =00 1

( 1 ) [ n t o oo s los CtlSO S 5ú utili z.o e l tl zúclJr (J r-e z ón ce

;'íoo g '~/i '. ' d ~ ' egu e .../

nOo:>roonueciOnBS e spe c í o Le s : es muy importt1rrta tomar le

sigulontas or-e ceo c Lon e s o lo hora da inoculo.r :

- Lo s bo l so s 00 i.r>ocu l cnt e oeban conservcu-se e n u n l.u­
g e.r ..~ ' má'~ f;i~· 'DO·sTb"i e. pero :sin congelarlas I ho..sto

e l momento de su e mpl e o. Se recomiende conservcu-les I

ne vere e a oC•

- De ben s e r utilizodos e rrt s s de 1(J Fe che de va nc Ire í erit r

qu a d e el rab ricante .

- t;o u tll1ze.r oguo con olt o cont en i d o e n s edas. E l egue

dest ilodo o 00 Lruv í e son i de o Las , El ag uo de lo rad

do ob e stociJni o n to debe hervi.r:s..e , dJrMt-e :JO~'miN~~~ ~ "~
r o de s n l o je r- el cloro.

- Lo oporociÓn [~ le inocul eci 6n 5~ re o li zaré 8 le som­

b r o. LB 5B7lil le inoculeda no doo ¡:¡ se r expu e ste e l e

luz o í r-e ct e del sol.

- ~ pro cede r é e le siembro Lrvne o í e t eme rrt a de spués de 1

1no O-'] o c í óo , tl ~~uráncJo 5-8 que lo t ler ro e s t é b ien p re

o e r -o cie y con e I greoo de hume d o d ao rop í e oo pcu-o uno r

oi de y u niforme ge rminaciÓ n d e l e s emill o . S i o pa s a r



te oe sco é s oe l a s i em::J r o.

- No utili v J.r' má s d e .::xJ l<"n de n í t r-óc a r-o ./. -'~ ¡ v,; por he ct ar-e e .

Puro fonnar un polet h o y qJ e inoaular l e saml11 e de

ml6tl\l] f o rrse q,Je en 10 ino oul oc ión s imp le, p ero u ti l

do un e crve s í vo rr.6 s fu erte QUe e l O ZÚ ClU" y osspu é , h

qua r e au b ir 10 semill o iroOou l o d o con un po Ivo fi no.m

rro Lí oo .

El no í c t eo OU lo somill tl comp l ico y e n c..n rece .e l o re

de i oo co Loc í ó ri , pero pu ede s er rec e s a r io en c lerta~

DJnstnnclas, sobre todo en s i e mbras de p r et ens e s ye

r.o ::.> tJt l on en l o s siguiente s v errteJa s : ,
Pr-o t u cc í ó r- oc lo boctof"lo de l so l y ~Quedod

_ Protección oe lo becterio de l o s fe rtililent e s .

Protección de la bocteri o oe suelos é c í oo e

en contecto con rec i­

sucios OS oe t r-óLao , jBb6n, des

s ~e "'::;rtl u n SuB lo seco, rugar ifvnecletOJnen-ce toco se

- Na cabe poner s e el ifloou len te

Dientes o l nstrumentos

iflfe~ente s, er c .

:.. No se puede usar e l inoOJlente con semill os QUEl h en

sidO t r-et e ce s con fungicides, i.n s e ct í c í de s y o t r e s

d r-oq e s sifl u n e se eo r-ere í e o t o previo .

- N:> debe usarse co e Loo í ar fertililente junto o l o semi

lle Lno cc l e oe , po rqu e le c.í oea vol provoCBde por elgunos

pu e ce n ilnpedir l o n o du l o c i6n.

9 - PILDCRlZACION DE LA S8J I Ll..A -:'f
C:rll esto té cnico se t r-ert e oe e crr er-Lr lo roejor po s í.o Le

o: 1.noOJlerrt: e e las s.e:nillos medie.nte un ecrias í.vo y un

poLvo OS r-ecu br- Lm í.errt o , de rrodo que le sere í Lle oo e d e OJ

o í er-t e oe uno cape ó-Jre QJ9 co rrt í.eoe o lo bocter io y 1;

p: ot eg e .

E:t e método 58 iniciÓ en 1.948 en Australia, debido o

1: s c í f í co Lt e oe s qu e tenfen pero Imo l eo t er- proooro..s e n

S< e lo s é c.í oo s y pe.re 1.ograr ooerie nodulo cJ6n en COJT\DJS

e: orie oo s con sooe r f'o sf e t o da ce Lc.í o qu e dl.lñ o o l o b oete

:-: e .

f-kly rru cho s t í.oo a 00 oCheNlnte8 : Gomo ar ábigo, Cd.rbo

til-cswlo:so, Uertil-etil-cswloso, Dextrina, ~D

}J.etho ce l , Cole x - A", etc.

El mejo r e s W go mo oró.b 4Jo comerc.101 en po I vo . Se I

e n so Luc Lón OOJo~o 01 ~. OJesto rwcho el disolver

po a oe n¡quar i..rse u n l.iQ s:ro ce·lenton..iento. Debe ser

m.1s puro oo s í.o Le ( yo oo e los ilroUrel.o..s oo s oe n per j LJ

cor 01 rizobio ) I y no con t ener co n58TV en t e s.

Tombión do oo aoo s rSSulttlOO 5 l o rwt ll -f:ft: i l-CB Wl.o~

LOFAS ·S· ) I vt ili l ad o el Se¡. en so lución de agu o . Ur
vez preper-e oe I oeba dej err s e r-epo se.r' una no che para

espese.

Li semill e í oo co Lede . y revestida , e Lne ce n e de e coja tom

P l r e t ur-e , corrse r ve vivo un ,...,jmero su fi ciente ca r í zo- ­

b :o s el menos durante cuetro semanas, pe r o conv iene s em-

b: ar- de irvredieto . S i s e e Irr-e ce o e . Lpor m<3~. da t r-e s 5em(}-

n~ 5 , ha y que sembrarlas e n sueLo s con t L Óun con en do o t i -

ITY.. da humed a d .

El meterio ). de recubrimi ento ce oo est or rrvy fineroer

moll00 , h e.s t e' lo consistenci a de oo l vo ( el 'OJe¡. ÓB t

pesar rrollllo JCO). Se irt í Lá ze COJ"t)one to Cá lc i CO o Fe

t o oo Roo', s egú n 01 t ipo 00 rlzobio de ,,'-le se t r ot

e ] SQ o s e caroonoto cAlc-ico pa:ro Los r1l. obi05 ce cr
mien to r áp i do y f o r-reeoo r-es oe é c í oo como son í o s
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\ ) Sol.uci6n acuosa de g omo arábig o al aV'/o 6 Calo fo.s " A"

e l 5~ .

?) EXD re 56do en oor-cerrt e j s del pe so de lo semilla 01

t r ot nr .

r'105d5 de ZOl"\03 t emp Lede s ,

Di sé u s a fo sfato de ro ce par-e nWJbrir l oo 88Ill1 1l05 de

especies trop icales ( So j e ) , yo que los boctar103 que

10.3 nOÓJl an son de cr-e círe í.e rrt o lent o y f'o rrnador-e.e d e
é Lce l í •

:0 .

Tomeiio 00
Semillo Adhesivtl( 1) Polvo 00 re-

38m111 0 OJ bruiento (2)

pequ eñ o 25 Kg 3 lo 60 <lo

med i o.ne 25 Kg 2 lo 40 o¡.

g r on oo 100 Kg 1. 25 oj.

To.rnb i é n en este ce.so vcr-Le n 10.3 dosis r-equar-Lde.s de

e co er-oo a lo tallo d e l o semilla. Cuent o l'Báe pequeño es

lo s emilla , ~s rooterial se necesito poro el recub rimien

Una ve z que l o sere í Ll.e está Inocu l e oe , 56 mezclo con el

oo l.vo de reo.; brimiento y 58 revue lve hosto que todae l os

semi 1105 qu e dan cubiertas por una co.oo .

Do¡;pu és e s convenien te dejar orear los po lets oor-errt e

un a s n or-e s ocr-e que se encor-e ace lo cubierto y no queden

pag a das uno s sem illas o otras .

in enlbar¡¡ o, estas COJ'Tt Ldadas son orientativos y 58 re- -. ~ ..
..!.:

w-
z ·

-ill w-
.. o ..

¡mi a nda ajustar los proporcio"es cada
!? ... ~~

pare caso en pe.!: u ...
% ...., U .
~e . . ] u •

. co Ler , s eg ún el t ipo de semillo las condicione s de .. v
y - " . ..

'"
Jo 1 •

~

~ 0 _
~ ~

.eror e . :l
.. ~-

C1'
U.



COliTllOLAD,\S ,

L~ ~ p l o n t c s se c r ... - c íe c on o n 'Jntl c .J :1\<1rc c l il":",j t ic ..1 p r cv i s t c

,'1" ', n;, ¡;'.1J ,i n u ..: i .~ ~ C~ J ') . OI)O I u x t l6 h . /d~u ) .l n Lv e I d a

n o ch e/ dta de

! 5/ 25 >C. Durante ,,: 1 c reci miento, l a s plant a s s e r e g a r o n

c o n solución nu t r Lt í v a L8'o nurd libra ce n í t zó u en o . ~s t o

m í c r oe L eme n t.o s . La solución de microe lemen t o s c c n t e n í e

soluc ión cont ení a po r li tro : CI X 0 , 0 7 4 5 g; P0 4 H:< 2 0 ,1 74
La s semi ll a s s e sume=gen 1 minu:o en ~tanol cel 9 5 i J )

m i n u t o s e n una s oluc i ó n de c l o r u r o rner cú-:ico (O ,:"!~~

acidif ic~d~ c on C1H conccntr~¿o (5~!/l) ~ l e Gue se ~~~~~

[( r r i co 1 , 7 mg . y y 0 , 5 mi s o l u c iÓ n

g .; c Lt r c t o

~ t o ck d ~

0 , 1 mi li de ~~een SO , Pos te ri o~ente se la v an 9 vece s COn

agua esté ri l y s e germi nan en p lac a s de aga r a l a gu a (1 ')

a 21)9C,

(m'J/l) : S0 4Cu 5 H20 , 7S; S0 4 2 n7H 20, 220 ; SO. ;-\J17 H20 , 20J O;

:'107 02 4 ( l/H. )64H20 , lO; BO)H), 1 43 0 .

Las s ern Ll Le s germinada s ( r a i c i l l a de 0 , 5-2 c m ) s e

s e mbraro n e n un id ad es de cu l t í v c t i po Leona rd (L eonard,

194) ) mo d i f i c a d a s en n u e st ro labo rat o r i o ( rig . 2) .

~sencialmente l as u n idade s Leonard cons tan de un tie sto

(7 x 14 c m 0 y 1) cm de a l tu ra) q~e con t iene como s o~o rte

ve rrn i c u Li t a í e v e de , y un a la ta ( 10 cm O x 12 c m al t u r a)

con 500 mí • de s oluc i ón nu cr í t Lva para p la nt a s c e r .. n t e

de ni t r ógeno combi nado (LeOnard 194 ), U:la t o rc id a hech a

de Qas a p e rmi t e el ascen. o de la s o l ución nutr it i va d e s de

la la ta ha st a l a v ermi culita . El co n ju nto del ti e s t o y l a

¡;c:s ro

f i 3 U:" .\ 2 . Es queuu
v t Ll Lz a d a p~ :" & e I

~~ c t~ r i G ~~& l c ~e n t e

5clJCI'ó, rutrii.e
.=7------

d e I,,;i\& un Ld e d e e c ulti vo . t i ~~ Lv ona r d '
c r ec i ed e n t c d e ;:. l4 :lt4 ' bo j o c cnc t e í ene s

c on t r o La d a s ,

lat a en sambl a d o s y cub ie rtos e n papel d e o l um i n Lo , se

e s t e r í Li z ó en a u toclave durant e 2 h ) 0 mi n a 1 e trn de

s o b r e p r es i 6n , En c ada unida d Le o na r d s e s e mbr aro n

semill as g e rm i n a d a s q u e s e Lr.o cu La ro n COn 10 mI de un

culti ~o de Rhizob i um c rec ido e n medi o ~ a 2S9 C du r a n te J

cías ( 10 9 c acte r i a s / ml) . La s uperficie d e c ad a u nidad se

r e cuc r í ó c o n arena para f inada es t é r i l (Vincen t:, 1970 )

p a r a evit a r la c on t a mi naci ón c on otras ce p as ce

Rh izobium.



8. DET~INACION DE ACTIVIDADES ENZIMATlCAS EN NODULOS.

8.1. Actividad nitrogenasa por reducción de acetileno .
O. /. . Prod ucción de hid r ogeno.

segmentos de raiz . Los viales se cerraron con tapones

cromatografía de gases esencialmente según 10 de scrito

conteniendo de 0,1 a 0,2 g de . nódulos procedentes de
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La . a c t i v i dad nitrogenasa en nódulos se es timó mid iendo
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80-100). Co dmo gas porta or se usó N2 , a un flujo de 18
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del detector fuer~n .50 , 100 ,. .:y 1 1 50 ~C ', 're spectivainente .:.
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hora.



Simbiosis Rhizobium-Ieguminosa

1.- Leguminosas: Caracteres botánicos y agronóm icos

2.- Rhizobium: Biología. aislamiento y caracterización.

3.- Formación y funcionamiento de los nódulos radiculares de las leguminosas

4.- Otras simbiosis: actinorrizas.

1.- Leguminosas

Botánica:

Angiospermas del orden Rosales

Familia muy diversificada (20.000 especies en 750 géneros)

Hojas : alternas, compuestas, est ipuladas
Flores : hermafroditas , corola-cáliz 5 p.
Fruto : vaina (LEGUMBRE)

Nódulos radiculares.

Subfamilias

Mimosoideas: 2,900 sp, 65 géneros (Mimosa, Inga, Acacia).
Nodulación: 90%

Caesalpinoideas: 1.800 sp., 18 géneros (Cerci s, Cassia, Ceratonia)
Nodulación: 25% .

Papiliono ideas: 14.000 sp., 500 generos (Pisum , Phaseolus, Medicago, Gen ista)
Nodulación: 97%

Importancia:

Aspectos históricos : Mesopotamia (6.000 a. C.), China (5.000), Méjico (4.000)
Centros de origen:

Usos actuales: Alimentación (humana y animal)

Otros : Mejora de suelos, madera, extracción de
com pues tos, ornamental

Limitaciones agronómicas: Requerimientos de alta iluminación

Mala adaptación 2. condiciones extremas
Menor productividad potenc ial
Factores antinutritivos
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Fix al ion
(kg N ha' I ycar ' 1)

LcgUl11C

C lo vcr

Pea
Alfalfa
Lupin
Soybe an
Pcanut

Lcru ils
BroaJbean
Sesbcuiia rostruta

Ny-fix ing trces

Minimum/Maximum

45-670
50-500
90-340

140-200
60-300
50-ISO
SO-15U

100-300
600-800

80-500

A verage

250
150
250
150
100
100
80

200
700
150



2.- Grupo Rhizobium

Biología:

Bacterias G(-), a-Proteobacterias, aerób icas, mótiles.
Hábitat natural: Suelo

Metabolismo: ampl io rango de compuestos como fuente de C (C4 y CS)
. Rutas metabólicas centrales: Entner-Doudoroff y Pentosas P

Inducen nódulos radiculares en leguminosas.

Cultivo: Medios ricos: TY (triptona-extracto de levadura)
YMB (extracto de levadura-manitol)

Medio mínimo: sales mino + glutamato + manitol + vitam inas

Clasificación:

Caracteres:
Rango de hospedadores
Caracteres fisiológicos: veloc. crecimiento, acid/bas if. del med io,

empleo de fuentes de C
Caracteres genéticos: 1SS, "DNA fingerprints"

Géneros:
Rhizobium: Pisum, Phaseolus, Vicia
Bradyrhizobium: Glyc ine, Lupinus
Mesorhizobium: Lotus , Cicer
Sinorhizobium: Medicago, Glycine
Azorhizobium: Sesbania.

Aislam iento y cuantificac ión en suelo:

- uso de "plantas trampa" y técnicas de "numero más probable".
- Medios selectivos directos: poco eficaces (Rojo Congo)
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GE NERaS y ESPECIES DEL GRUPO Rli izobi um

Género

Bradyrhizobium

Photorhizobium

Azorhizobium

Especie

B. japonicum
B. elkanii
B. liaoningense
(L u p in us)
(A r a ch is )
(V ign a )
(Macroptilium)
(P. lunatus)

BTAi

A. caulinodans

Hospedador

(Glycine max)
(" )

( )

(Aeschynomene)

(Sesbania)

Sinorhizobium

Mesorhizobium

Rhizobium

Af~orhizobium

S. meliloti
S. medicae
S. fr ed ii
S.sahelii, terangae

M. lo ti
M. huakui
M. ciceri
M. mediterranei
M . tiansanense
M. plurifarium

R. leguminosarum
by. víciae
by. trifolii
by. phaseoli

R. etli
R. tropici
R. ga lli cum
R. gia r d in i
R. mongolense
R. hainanense
R. ga legae
R. huauthense

A. neptunica

(Medicago sativa)
(M. poLymo rpha)
(G. max)
(Acacia, Prosopis, Leucaena)

(Lo tus)
(Astraga Lus)
(Cicer)
(Cic er)
(G. max)
(Acacia, Prosopis, Leucaena)

(Pisum, Lens, Vicia, Lathyrus)
(Trifo lium)
(PhaseoLus) .

(PhaseoLus vulgaris, Leucaena)
(P. vulgaris, Leucaena)

(P. vulgaris)
(Galega officinalis)
(Sebania herbacea)

(Neptunia natans)
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Arbol filogenético de fijadores simbióticos de nitrógeno
(Sy et al, 200 1. J- Bact. 183:214-220)

Rh izobfum, Sinorh izobium, Mesorhizobium and A lforhizobium branch
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Croboc lt'ritun vi/u

grobllettrium lum4 Cu.:ie.ns
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3.- Nódulos radiculares

El nódulo resulta de una prolife ración de célul as vegetales, parte de las
cuales se infecta de células de Rhizobium

Estructura general del nódu lo

Nodu le endodermis

Infecled tissue

Uninfecled parenchyma

Outer cortex

Vascular tissue

Rool endod ermis ­
and pericycle

= = == = = ==

Nódulos determinados e indeterminados

a
.... .

b

c

fJ/J#
d

"--"---.... - .

1

2

3

4

5

6 ···-- --

7 .-­

· 8· .
9 .. ..

10 ,.

Membrana peribacteroidal
ATP AOP + Pi

Fig. 3. Structure and funct ion of a typical symbiosome. The
photograph shows l WO bacteroids surroundcd by the peri ­
bactcroid membrane (PBM ). Thc majo r rnetabol ic exchanges
be twee n (he plant cytosol and the bacteroids are shown sche­
rnatically. 1, Proton -purn ping ATPase whic h cncrgises the PBM
and ac id ifie s the pcribac teroid space (PBS); 2. PBM monovalcnt
carie n channel which caialyses ammonium efflux from the syrn ­
biosorne; 3. PBM dicarbo xylalc carri er which ca talyses rnalate
uptake into the PBS: 4 . bactc roid d icarbo xylate carrier wh ich
cat a lyscs malate upcake from the PBS inro thc bac teroid .

ma fate --<"i~\-+-



Proceso general de formación del nódulo

- quimiotaxis
- adhesión
- reconocimiento
- progreso de hilo infectivo

- liberación de simbiosomas
- modificación en bactero ides
- fijación de nitrógeno
- senescencia

6. División c:on6nuada de las célutas
bacterianas y ~tale3

Pelo rad ical
no infectado

- Cé lula rizobia l

1. Recooocimiento y adhesión
(mediados por ricadesina).,

2. Secredóo de factores
bacilares por la
bacteria que causan
el rizado del pelo
radical

• 1.1, _-
",. - 1 .•

j

' \ .. ...

3. Invasión. Los rizobios
peoetran los pelos radicales
y se multiplican en el interior
de un tubo de in lección



Quimiotaxis

Proceso general en bacterias para detección de compuestos atrayentes.

Mediado por quimiorreceptores de membrana ligados a cadena de

transducc ión de señal al motor flagelar

Rhizobium es atraído por distintos compuestos presentes en exudados
radiculares de leguminosas

Ch emotactic response of R. leguminosarum UPM791 and
mcpA::TnS (AL8) and pSym-cured (128CS3.S) derivati ves
towards different low molecular weight compounds

I Strains I
1 Am ino acids(lrnM)

UPM791 I AL8 128CS3.S I
IHomoser:ine 26.0 I 2§.6 20.4 I
IAlanine 8.7 1 14.3 9.1 I
IArginine ..10.9 I 12.1 2.2 I
IAspartic acid 13.0 I 12.1 0.0 I
IAspa raguine 39.0 I 34.5 29.5 I
ICysteine -16.8 I -3.6 -16.3 I
IGlutamic acid 39.1 I 36.8 25 I
IHistidine 21.7 I 32.3 13.6 I

Glycine 10.9 I 30.0 15.9 I
Leucine -2.2 I -1.1 -5 I
Serine 15.2 I 16.6 13.6 I
Threonine 19.6 I 16.6 18.2 I
Tryptophan 0.0 I -1.1 -10.0 I
Valine 26.1 I 18.8 15.9 I

Organic Acids
I I(1mM)

Citric 34.8 I 23.3 22.7 I
Fuma ric 15.2 I 16.6 6.8 I
Malic 13 I 16.6 9 .1 I
Succinic 2.2 I 3.6 -2.3 I
Gluconic 23.9 I 18.8 13.6 I

Su gars I I
Fructose -4A I lA O I
Glu cose O I l A O I
Maltose 2 1.7 I 21.1 18.2 I
Raffinose 8.7 I l A -6.8 I
Ribose 4A I lA 4.6 I
Sucrose 10.9 I 3.1 O

I
I

Xilose 13.0 I 14.3 13.6 I
Values represent the Chernotaxis Coeficient (e.e.) d.d2. - d l ix 100
x1OO. and are the average of three replicates. di



Ta ble 3_2. Su bst an ces de tecred in plant ro ot exuda res

Kind of compound Exudare compona>U Plants rnost studied

Sugar s

Amino co mpounds

Organic acids

Fa tty acids and sterols

G rowt h facto rs

Nuc leo tides, flav o­
non es and enzy rnes

Miscel laneous
compounds

Glu cose, fcW:IOlit: . S1ICfOSoC. mal tose , galactose . rhamnose , ribo se,
xylose, a.~ab~, ~arr_, oligosccharid e

Aspa~a~e, Ct-~, ~lalninc, asp.utic acid. IeUeine{isoleucine,
seri ne,-~~ 3Icid. pycine . cystincfcysleinc, methionine,
pbe~~,~ threooW>c. Iysinc, proline, lryplophane,
p-ala.oiDe., ...~ bomosuiDe. cystaLhioninc

Taruric, oulic., átric, PUlic.. acctic, propionic. butyric, suceinic,
fumaric, pycolic, vaJcric, ..~k>nic

Palmitic, stearic, oleic, linoleic, linolenic acids ; cholesterol,
campesterol, stigmasterol, sitosterol

Biotin, lhiamine, niacin, pantothenate, choline, inosito l, pyridoxine,
p-amino benzoic acid , n-melhyl nicotinic acid

Flavooone, adenine, guanine, urid ine{cytidine, phosphatase,
iuveruse, arnylase, protease, polygaLaeturonase

Auxíns, scopoletin, fluoresceat substanocs, bydrocyanic acid, glyco­
sidcs, sapooin (gIucos ides), o rganic pbospborus compounds,
eematode cyst or egg-hatching fadors, oanatode attractants,
fungal mycelium growth stimulants, mycelium-uowlh inh ibitors,
zoospore attractants, spore and sclcrotium gcnniDation stirnulants
and inhi bito rs, bacteria] stimulants and inhibitors, parasitic wecd
germination stírnulators

Triticum aest íuum, Hordeum vulgare, Phaseolus oulgaris, Pinus
spp

Trit icum aestivum , Ze a lTU1YJ. Avena sativa, Pisum sat iuum,
Phalaris spp ., Trifolium spp .. Oryzo sat ioa, Gossyp ium
barbade nse, Lycopers icon esculen tum, Pinus spp. , Robinia
pseudo-a cacia, Boutelooa gracil is

Triticum aestiuum, Zea mays , Phaseolus vulgaris, Lycopersicon
esculen tum , Brassica spp ., Pinus spp. , Robinia pseudo-acacia

Phaseolus vulgaris, Arach is hypogaea

Trlticum aesti uum, Phalaris spp ., Phaseolus oulgaris, Pisum
sat ivum , Trifolium spp ., Medicago spp ., Gossyp ium barb adense

Trit icum aestivum, Zea mays , Pisum sat iuum, Trifolium spp.

AOOIa saliva. Medicago spp ., Trifolium spp ., Pisum sat ivum,
Lycopersicon esculentum, Lactuca spp., Fragaria veJea. Musa
pDT<JdiJiaea. Zea mays

74

Tabl e 3.4. Amino acids á>g &- I dry wt. root) in eullme medium o(

lokiay-ol d pea ·s=llings . Avr:Dlf1' ol5 atWyses (llontrer e;t 3d. 19(6)

TaNc 3.3. Sugars in elt><Utes o( buiey ..00 wheat (Yantura (964)

% of reducing sugars

WheatBaríey

Compound

Quartts:andAcids

Cysteíc acid

Aip~~ttic' acid
Threonine
&ñD~··
¡{¡¡-inoseririe
CiitWiii¿: a:cid
.ptiiÜii¿' ';
GJyC¡~e
AIahílle
Vatilie
CysÍine
[so t¿ ucin e
U:u cin'e
Tyros ine
Phe nylalan ine
y:Atllil'obutyric acid
OiTiiihine
Lysine
Hislid ine
Arginine
Arom onia

Traoe
210

71
68

190
:)07

-TDOe
-41
39
i2
r4'
1'3
il
19
[7

T race
4'5
29
35
ó!

I-Jlt2

Traa:
140
222
232

14i2
654

Tñióc
160
198
..13

N.L.
-43
~

~
-6-7

TI'3~

1'9'2
':2')
,'1'7
219

r~o

OIiCos.accharidcs
Mallose
Oalactose
Glucose
Aiabiriosc +rructose

:··: :)éYI~· .
. ' Ri bosc

Rhamnosc
Dcoxyribosc
DcoX)'RlPr

27.1
H

13.6
9.5

19.0
· 15.0

1.3
6.8
0.8
0.8

26.7
3.1
4.0

16.8
17.7
15.9
0.9

14.9

, May con la in aspariJg;ile a'rid ' g1íitilini ne



Adhesión bacteria-pelo radical

Adhesinas bacterianas

- EPS, CPS , LPS
- Rhicadhes ina

Adhesinas de planta:

lectinas: PSL (Pisum)
Trifol iina A (Trifolium)

Reconocimiento

Dialogo mediado por flavonoides (planta) y factores nod (bacteria)

Alfalla LotUB (soma genotypes) PhaS60IU8

roO-
R tn6l/1oU /

~

'r-
- W R 199umlnourum

~v vtcts«

fI\B
JI

r
Figure 1. Schematic 01 Symbiotic Signa! Exchange and Host Specific itv.. .. .

Las raíces de las legum inosas excretan compu~stos (iso)f lavonoides

que inducen transcripción de genes de nodulación erRhizobium
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Estructura y función de factores nod
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Foiucopia fig. 9-9

Los factores nod son oligómeros de N-acetil glucosamina

"adornados" (Lipoquitooligosacaridos, LCO).
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Rhizob iaceas, p. 396

Los "adornos" de LCOs son esenciales para la especlfícdad
del reconocimiento

LCOs inducen cambios importantes en las raíces de las
leguminosas compat ibles

Tej ido Cambios

Epidermis Formación de nuevos pelos radicu lares
Oeformacion . ramificación, hincham iento
Formación de "cayados de pastor "
Estimulación de corr eintes citopl ásm icas
Alcalin ización
Depolarización de membra na
Modulación de flujos de protones y calcio
Oscilaciones periócad icas en niveles de calcio
Inducción de nodulinas tempranas

Cortex Hinchazón celul ar (etileno)
Crec imiento apical de células del cortex exte rno
Formación de hilos de preinfección
Formación de primordios nodulares
Formación de nódul os completos (Medicago)
Inducción local de genes del ciclo celula r
Inducción de nodulinas tempranas

Periciclo Inducción de enod40

Raíz completa Produccion de flavon oides adicionales
inducción de hidro lasa de factoores nod
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RHlZOB1A ASSOCIATED WITH DETERM¡t~ATE NODULATIN G PlANTS

R1 = METHYL (NGR 234, B. etkenii, R. trop;'::i , R. lo ti. N. ett; A. caulinodans)

R2 =CA RBAM YL (NGR2 34)

R3 = CAR8AMYL (NGR 234 . B. e/kanii, R . «ni, A . etl l :

R4 =ACETYL ¡B. j aponicum, B. elkanii)
CARBAM YL (A. caulinodans )

R5 = 2--0-METHYL FUCOSYL (B . japonio...Jm, B . elk3,.'lii . NGR234, A. l redil)
2--0-METHYL - 3-0-ACETYL FUCOSYL (NGR:234 )
2-0-METHYL -4-0-SUlFATYl FUCOSYL (NGR234)
3-O-ACETYL FUCOSYL (R. lo ti, R eC1i)
FUCOS YL (B. elksnii, R. fredíí)
SULFATYL (R. tropid)

R6 = GL YCE RYL (B. e/kanji)
MAr"'NOSYL ( A . trop ici¡

FA TTY ACYL = COMMON
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Nod factor subst ituern s'
¿

Re !:
Host plant" Ririzobial speci es !I

RI R2' RJ R4 R5 R6C#>

Medicago S. meliloti H CI6:2.CI6:3 Ae(C-6).H S H 1,2 ,3 1,2,3,4

CI8 :C26(w-l)OH

VicIa RI. by. viciae H CI8: \.CI8 :4 Ac(C-6) H H 2,3 5

Pisum cv, R/. by. vicioe H CI8: \.CI8 :4 Ac(C -6) Ae H 2.3 6

Afghanistan TOM

Trifoliu m R I. by . trifolii H C I8:\.CI 8:3 Ae(C-6) H H 1,2,3 7,8,9

C20 :3.C20:4

Astragalus R huakii H C18:4 H S H 3 27

Ca/ego R. galegae H CI8:2;CI 8:3 Cb(C -6) H H Ac(C-3) 2 27

Lotus M. /oti Me C 18:1 Cb(C-4 ) AeFue H 3 lO

H C18 : I.C 18 Cb(C- 3) Fue H Fue 3 26

AeFue

Phaseolus R etli Me C1 8: 1 Cb(C-4).H AeFuc H 3 11,12

R trap ici Me C\ 8:1 H S.H H 3 13,14

R/. by. phaseoli Me C1 8:1 H H H 3 15

ACaCI a R. sp . GRH2 Me.H C18 :1 H S.H H 2,3,4 16

S. teranga Me C 16:0.C 18:0.C I8: \ Cb S.K H 3 17

Lablab R. sp . NGR234 Me C 18:1 Cb(C -6 and C-3 Me Fuc H 3 18,19

or C-4) AeMe Fuc
H MeSFue

Glyctne S./red;; H C 18:1 K MeFue .Fue H glc l,2.J 20,21

8 . japonicum K C1 8:1 K Me Fuc H 3 22,23

8 . elkan ii H.M e C 18:1 Ae(C -6) .H.Cb MeFue.Fuc H 2,3 23

Sesbonia A. caul inodans Me C1 8:1 Cb(C-6) Fuc.H D-Ara.H 2,3 24 .25 ,28

S. soheli Me CI8:I ;CI6:0 Cb(C -J . C-4 or C-6 ) Fuc.H D-An.H 2,3 29

S. ieranga Me CI8:I ;CI6:0 Cb(C-3, C -4 or C-6) Fuc.H D-Ara.H 2.3 29

bv.sesbaniae

Table l . Stru cture ofNod factors from various rhizobial spec ies'
This table is based on Table I of D énarié et 0/ .•( 1996) copyr ight o Annua l Reviews lne and is publ ished here by kind perrniss ion of Annual
Reviews Ine and J. Dénari é, F. Debell é and J.C. Promé. b. Planl gener a frorn whieh rhizob ial stra ins were isolated. e. In B. elkanii, C·I oflhe
terminal redu cin g glucosaminyl res idue can be occasional ly sub stituted with glycero l. d. The bo1d nurnbers ind icare the number of
glucosa mine resid ues of the most abundant Nod factors . e. Selected farty acy l subst iuenls. r. In M . Ioti Fuc is linked a (1-3 ) lo the
glucosamine adjacent to the acylat ed glueosamine. g. In R galegae the aeetyl group is linked lo the 3-C ofthe glueosamine adjaeenllo the
red ucin g glucosamine. h. One of the minor Nod-factor eomponenls made by S. fredu corua ined a glucose res idue instead of glueosamine.
Referen ce: 1, Ler ouge el 0/..( 1990); 2, Roche et 0/.. (19 9Ib); 3, Schultze el 0/..( 1992); 4, Demonl et 0/.•(1993); S. Spa inl< et 0/..( 199 1); 6,
Finnin el 0/..(1993); 7, Spaink el 0/ ..( 1995a); 8; Orgambide et 0/..( 1995 ); 9, Van der Drift el 0/..(1996); lO, Lopez-Lara el 0I.,(1995a); 11,
Cárdena s el 01..(1995); 12. POUPOI et 0/.•( 199 5a); 13, POUpOl el 0/..( 1993); 14, Folch-M all ol el 0/..(1996); IS, K.E . Wilson , R. Carlson, J.
Firmin and J.A Down ie (unpubl ished); 16. Lopez-Lara et al., ( 1995 b); 17, Lorqu in el al., ( 1997), 18, 19, Price el o/.• ( 1992. 1996); 20 ,2 1.
Bec-Fert é el 01..( 1994, 1996 ); 22, Sanjuan el 0 /.,( 1992); 23, Carlson el 0/..( 1993) ; 24. 25, Mergaert el 01.,(1993, 1996); 26, Olsthoom el
0/..( 1997 ); 27, Yang el 01..(1997); 28 . Mergaert el 0/..(1997); 29. Lorquin el al.. (199 7)
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Síntesis de factores de nodulación

_Son determ inantes clave para la especif icada del reconocim iento planta bacteria.

- Están sintet izados por la accion coord inada de más de 20 genes nodo

-Existen genes nod "comunes" implicados en la síntesis del esqueleto carbonado básico
y genes "específicos responsables de los "adornos de los LeOs.

- Se conocen las funciones de la mayoría de los genes nod en distintos Rhizobium
R. /eguminosarum bv. viciae
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R. /eguminosarum bv. lrifo/;;
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Regulación de la expresión de genes nod

- NodO es el regulador central que interacciona con los flavonoides específicos de la
leguminosa correspondient, convirtiéndose en activador transcripcional de los demás
genes nodo

- Los genes nod están organizados en operones con promotorescon "cajas nod"
que interaccionan con NodO activado

- Se han descrito sistemas adicionales de regulación presentes en algunas especies
(NodV/NodW)

- se han descrito represoresimplicados en la existencia de niveles óptimos de
expres ion de los genes nod

figs rizobiaceas pp. 378 Y 379
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R. leguminosarum bv . VICiae
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Figure 6. Surnmary of!he regulation of nodulation gene expression in R. leguminosarum by. VIClae, S. meltlott and B. japonicum.
Stimulation (+) and inhibition (-) oftranscription are indicated, The involvement offlavonoids and isoflavo noids is depieted with flavo and
iflav., respectively, Nodulation genes and operons are ind icated by the letter of the first nod gene (e.g . A: nodA indicating the nodABCfJ
operen, O: nodD) or by n. fol1owed by a letter for nol genes (e.g. n.R : nolR). Nod boxes are indicated by a black arrowhcad. b.p.: bacteroid­
specific protein which binds in vitro . C, CI, C2 , CI, CU : Proteins of unknown nature wh ich bind specifically to nod box DNA in vitro .
Environrnental faetors atrecting nodulation gene transcription are aIso indicated. Carb.: carbohydrates. For more details, see texto Relevant
litcrature references are as follows : R. leguminosarum bv, vtciae: Hong el al., 1987; Schlarnan el al .. 1992a; Spaink: el al., 1987a; Zaat el al..
1987; S. meliloti: Barnett el al.. 1996 ; Cren el al.. 1995; Dusha el al .• 1989; Fisher el al., 1988; Kondorosi el al.. 1989, 1991lL,b; Maillet el
al.. 1990;'~(fltigan and Long,1989; B. japonicum: Dockendorff el al ., 1994a; Garcia el al.• 1996; GOttfcr1 el al.. 1990; Sanjuan el al .. 1994;
Staeey el al., 1994.



Progreso del hilo infectivo

Hilo de infección: canal de entrada originado por la planta en respues ta
a factores nodo

El hilo contiene una matriz con diferentes glicoproteínas implicadas en
reconocimiento.

Las células de Rhizobium invad en el canal de infección atravesando
epidermis hasta cortex.

Los componen tes de las capas celulares ext~rn~s. de Rhizobium (EPS,
LPS) son críticas para el progreso del canal, Inhibiendo respuestas de
defensa de la planta.

Host cell

-y

lnfectlon
thread 0

(e) Bse/eroid dltterentietion 1

1.
~
I
f
i
1
~

Cur1ed
roo t halr

(s) Epldermsl penetrat/o n

(e) Bseterial release

1(d) Symblosome divlsion

I f-cr/@I ~ OO'@
FIgure J . Slages in bost eell invuion Písum sat ivum by Rhízobtum. (1) Epiderrnal penetrat ico, lnfectiv e rhizc bia cause chara cteristic curl ing
and deformation on emeeging and grow ing root hairs. Bacteria invade the plant throug h .. newly fonned tunn el, th e inf ection thread. creeted
b~ the .nversio n of apical growth 11 the tip ofthc root hair cell . lnward gro wth of the infect ion threa d is co ord inat c:d by the p l4111 eytcskeleton
in nso.:iation with the nucleus (N) . {Alternativ e forms of epidc:rma l penetration includ e "crack. enu-y" al the: point of emergente of lateral
(0()(5, t~.g Arachis, O( dissotuti on o f radial cell wOII lIs of the epiderm is. e.g . M imosa.) (b) By con tin u ing grcwth ef ln.l\s cellulu infeetion
thr eOlld ~ , bacterj al invuion spreads from ceJl Ca eeü throu gh the root cortex and into the invuion zo ne in the post -merist emetic zon e of the
inctprent nodule . [Ahernative fomu of tissue invuion include colonis.ation c f inter cellular spa ces , t!.g . Aracnu, or bac tet"lal release (as
s)'mbiosomes ) ioto the cytoplasm c f hcst cells that divide mitocica lly lO ge nera te the central infected tissue, e.g . Phauolus .1 (e) End oc ytos is.
Individual bacteria &fereleased through the plasmalernma frorn an unwalled infect ion drop let, which erises 4 S an e xtrusion !rom the infection
tJve.\d. Rhizobi a cngulfed by piuma me mbrane are lamed bacter oids. Th ey occu py a discret e cytcpla sm ic ccmpertm e-a, termed :r.e
S}·t .: t-/Iosomc. whicr; is bounded by 1 plam -deri ved sym biosoma l (or peribact eroid ] me mbranc. [A lterna tively, bact eri a may b e released from
Ihe unwal led tip c f In inv u ion strucrure which pene trates & host ce ll but does not exit from the OthCT Iace (th e infect icn peg), e.g. Phaseotus,
Glycm~ max . ln woody legu mes, e.g. Andv: a, and in Parospomo , membr ane-enclcs ed sym bia som es da not exist, but niuc gen-fixing ba cteria
develop withi n tubular intru sions te-m ed 'Ii xetion thrc:ads'.) (d) Sy mbi osom c:divisia n. Ñ the enclcsed bact eri a divide inaide the boat cc:ll, the
bounding eymb iosomel membrane divide s concom itan tly. (A hem at ively, as in deterrni nate nc dules , c-g- Pboseotus , th.is synclvony br ceks
down in the later stlges of devel op mcnt and b..cteroi ds Ale e .... cn lu..Uy p'!'c1o:.&ged in c1us1.ers of 6 -12 .) ( e) UactC'foid differcnl iatio n. Wh en
bactcroids havc ceued divisian. thc:y de vclop !he cap acity for blOlo glca l nitrogen fj:utia n. This is accom panie d by sub'U1llia.1 enlugemcnt
U\d morph ologjcal difftTcn tiation o f h"C1 CTOids lo host ed ls o f l n d l,.~ e rmi nale nod ules . (A hcrnat ivcly, th C1' c i, no moro ho lol!lC1l I



Liberación de bacterias en el cortex

El hilo infectivo progresa hasta las células del cortex, donde se
produce un "goteo" de bacterias que quedan envueltas en membrana
peribacteroidal , originando el SIMB IOSOMA

Se producen divisiones coordinadas de las células bacterianas
manteniéndose envueltas por la membrana peribacteroidal.

Fig. 1 fotocopias

Modificación en bacteroides
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Las bacterias de los simb iosomas sufren modificaciones estructurales
complejas, transformándose en bacteroides.

Las bacte rias se adaptan al ambiente endofítico mediante:

- camb ios en LPS
- variaciones en EPS específ icos (glucanos cíclicos)
- mod ificac ión de cadenas de transporte (alta afinidad)

- síntesis de nitrog enasa .

Las bases moleculares de estos procesos no están bien establecidas

Senescencia del nódulo

Originada por autolisis del simbiosoma.

Relacionada con auto-oxidación de leghemoglobina y aparición de formas
activas de oxígeno.

El simbiosoma queda convert ido en vesícula lítica , con destrucción de
bacteroides.

En leg. herbáceas con nódulos indeterminados coincide con llenado de vainas
¿Relocal ización de nitrógeno?

Bacterias no diferenciadas sobrev iven en los restos del nódulo e incrementan la
población del suelo.



El 1. Sehematic al Symbiatic Signa! Exchange and Host Specificitv.
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Figure I SChCmalic reprc scruation of dcvclopmcntal and mct abolic cvcnts associarec (O nodulin
exprcssion. Distincr srages, proccsses , and (actors (/<11 and anta) are shown in rclation lo

nodule: dcvc loprnental phcnoiypcs . Thc figure ¡¡150 dcpicts the scqucncc of cxprcs sion of nodulins
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TABLE 3
Sorne Early Nodulin (ENOO) G enes and Their Purported Functions

Name Descripl ion Local ion Aulhor

RH -42 42-kDa acidic prot ein Found in root harrs Glo udemans el at.. 1989
exclusrvely

RH -44 44-kDa prote in Elevaled in root hairs post- Glovd ernans el al., 1989
ínoculation

LTP Homo logy lo a lipid transler In al l l issues testeo excepl Krause el al., 1994

protein nodules ; up-regulaled in
rool hairs postinoculation

ENOD40 No long ORFs except in Generally found in dividing (Soybean) Kouchi and Hala.
GmENOD40a ; may tune- eells or eells compelent lo 1993: (Pea) Matv ienko
tion as a small peplide or divide ; in noou te apex and el at., 1994; (Med ies)
as an RNA pericycle of mature nod - Asad el al., 1994; Cresp i

ules: also in sterns , et al., 1994; (Velch) Vijn
leaves. and ttowers el al. . 1995; (Bean)

Papadopoulos el al., 1996
ENOD12 Proüne rieh; assumed lo be Rool hairslepidermal cells ; (pea) Seheres el al., 1990a ;

a cell wall pro tein nodule pr imord ium ; inva- (Medicago truncatula)
sion zone 01 marure nod - Pichón el at., 1992;
ules; also expression in (Alfalfa) Allison el al.,
sterns 1993

MtENOD11 Similar lo MtENOO 12 Similar expression pattern D. G. Barker, personal corn-
as MtENOD12 rnun ica tion: Coo k el al.,

1995
Mtripl Peroxidase Rool ep idermis Cook el al.. 1995
PsENOD5 Relaled lo arabinogalaelans Nodule primordium; zones 3 Sch eres el al., 1990b

in plasma membrane and 4 of rnature nodu les;
in infecled eells only

PsENOD3 Poss ibly a metal-bind inq Early syrnbiotic zone 01 ma - Sch eres el al., 1990b
protejn tu re nodules

PsENOD1 4 Has a cyste ine cluster: may Same express ion pa ttern as Scheres el al., 1990b
be a melal-bind ing protein PsENOD3

Ms ENOO10 Prolin e-rich protein: pr e- Nodule primordium; zone 2 l. óbler and Hirsch , 1993
sum ed cell wall protein of malure nodules

PsENOD7 Appears lo be lransported Delecled 8 d after inocula- Kozik el al., 1996
across membranes l ion ; in zone 2 01 nodu le;

appears lo be nodule
specific

ENOD2 Proline rich ; presurned eell Inner cortex (nodule paren- (Soybean) Franssen el al.,
wall prote in ehyma); may be nodule 198'1; (Veteh) Moerman

specifie el al., 1987; (AIfalla)
Diekste in et al., 1988;
(Bean) Sánchez el al.,
1988; (Sesban ia)
Strittrnatter el al. , 1989;
(Pea) van de Wiel el al.,
1990a; (Lupine)
Szcz yglowski and
Legock i, 1990; (Cowpea)
Trese ano Pueppke, 1991

GmENOO13 50% similar lo ENOO2 Similar expression pattern Franssen el al., 1987
MSENOOS Lipase like Nodule specil ic Oicksle in el al., 1993;

R. Dickstein. persona l
communical ion

MtPrP4 62 -kDa prol ine -rich prote im Meristem 01 mature nod ule : Wilson W1 al. 1994
nodule sp ecilic

Note: Th e genes are lisled in lheir approximale order oí appearance af1 er inoc ula l ion with Rhizobium.
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IV.- NODULINAS TARDÍAS: Función y mantenimiento del nódulo.

Son inducidas justo antes del arranque de la fijación de nitrógeno. Se incluyen
las nodulinas "verdaderas" específicas del nódulo y. las que son comunes a otros órganos
pero que se incrementan en el nódulo. Sus principales funciones son :

- Transporte de metabolitos por la MPB.
- Creación de condiciones fisiológicas para nitrogenasa y fijación de nitrógeno.
- Asimilación de nitrógeno fijado, metabolismo del carbono, biogénesis de

amidas y ureidos.

IV. 1.- Enzimas de asimilación de amonio:
- Glutamín sintetasa.
- Glutamato sintasa.

IV.2.- Enzimas del metabolismo del carbono.
- Fosfoenol piruvato carboxilasa.
- Sacarosa sintasa.

1".3.- Transportadores de nitrógeno en el nód ulo.
- Aspartato aminotransferasa
- Uric asa.

IV.4. - Otras nodulinas tardías metabólicas.
- Enzimas de ureidos: pirolina-5-carboxilato reductosa.
- Colina quinasa.
- Xantina deshidrogenasa, malato deshidrogenesa, etc.
- Leghemoglobina.

V.5.- Nodulinas de la Membrana Peribacteroidal.
La MPB se forma por un proceso de endocitosis derivando de la membrana

plasmática, y juega un papel regulador central en el metabolismo de nódulo como
intercambiador de metabolitos entre simbiontes. Se han detectado en soja glicoproteinas y
glicolipidos:

- Ngm-24 : no parece proteína transportadora transmembrana.
- Ngm-26: proteína transportadora transmembrana.
- Ngm-23: estructura similar a proteínas unidas a metales.

Existen otras proteínas específicas en MPB y fluido peribacteroidal (FPB) con
función transportadora.

V.- NODULINAS HOMÓLOGAS y FAMILIAS DE GENES.

V.1.- Nodulinas estructurales:
Las principales nodulinas tempranas son proteínas estructurales de la pared

celular, ricas en prolinas : ENOO 2, Gro ENOO 13, Nms-30, Ps ENOO 5, 12, 3 Y 14.
Todas tienen un péptido señal en el extremo N-tenninal que las caracteriza.



Funcionamiento del nódulo radicular

A la planta

lb =Leghemoglobina

Citoplasma
de la célula vegetal

t
O;¡-l.b

¡
Azucares

~
Ácidos orgá nicos

Lb .
Amidas
Ureidos

t

Membrana
pe ribacteroidea

- Oxígeno

Metabolismo nodular

- Nece sario para la respiración de Rhizob ium, pero

- Se requiere ambiente microaeróbico (nmolar 02) para protección de la n
itrogenasa

Aparecen diversas adaptaciones :

- Barrera física a la difus ión de 02 a la zona de fijación act iva

- Protección respiratoria

- Oxidasas termi nales de Rhizobium de alta af inidad

- Leg hemoglobina suministraniveles bajos pero constantes de 02



- Carbono

- Los bacteroides reciben de la planta ácidos dicarboxíl icos (Adc) como fuente
principal de carbono

- El transporte de Adc (en bacteroide y MPB )es esencial para el funcionamiento
del nódulo

- Nitrógeno

- La síntesis del sistema de fijación de nitrógeno está desacolplada del sistema
de control NtrBC.

- La asimilación de amonio está reprimida en bacteroides

- Los bacteroides excretan nitrógeno fijado (NH4) que es asimilado por las célul
as vegetales medianteel sistema GS/GOGAT

SUCROSE

(SSase) I( UDP
, FRUcroSE

GLU

NAD+

GLN rt kttüGLU .

GLU

+
ADP + Pi NADH,H

+
NH4

ATP

UDP-GLUCOSE

+ NAD+

+CNADH.H+

PEP

• ¡(PEPe.,.)

OA

11 NADH.H +
@!D.CNAD+

/MALATE
ATP

aco;



FixKlFnrN:

Regulación de la expresion de los genes de fijación
de nitrogeno (nif/fix) en Rhizobium

El nivel de oxígeno es la señal clave para la inducción de los genes implicados
en la fijación de nitrógeno

genes nif: homólogos a los descritos en K. pneumoniae (síntesis de N2asa

genes fix: sin correspondencia en K. pneumoniae (transp. de electrones)

- Componentes de los sistemas de regulación

NifA: Regulador general de los genes nif

sigma-54: factor sigma alternativo de promotores simbióticos.

activadores transcripcionales de genes inducidos por
microaerobiosis
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C'us let I

Ousl efll Cluster 111 Locus IV

e Azorhizobium cau/inodans

C lusler 1 OUSle t 11

locos 111 CJuslet rv CkJstet V Locus VI

FIG. 1. O rganizurion of ni] and fix ge ne clustc rs in R. mc lilot i (Al .
B. [aponicurn (B) . and .4. caulino dans (C) . Severa! kn own ORF,
associared with so rne of the I/if or fix genes a re no t shown herc . In R.
mel iloti bo th cluste rs of nif and fix gene s a re locare d on th e mc ga plas­
mid p'Syrn-a , where as in B. japonicum and A . caul inodans all of rhe
dcpicted genes a re preseru on che chrornosorne. Hornol ogo us regul a­
rory genes a re rna rked by ide neica l paner os. Th e hatched bar belo\\
cluster (( of R. meliloti refers to a region which is duplicat ed on thc
meg aplasm id. Fo r dct ails and refe rences, see .che text and T able 1.

TAI3LE 1. ni] and fir genes ide neified in R. meliloti , B. japonicum, or A . caulinodans and the ir known or proposed funcrions"

Gene

nif gen es'
nifH
nifD
nifK
/liJE
nifN
nifB
nifS
nifW
nifX
l/ifA

{tI" genes
fi-.:ABCX

fi rN OQP
{trCfI:S
fixU

{uKlfuK,

ROlfirK'
flj fuK,
fi rl?

Product and/or (proposed) funcu on

Fe protein of nierogenase
Q subuni t of MoFe protein of nitrogen ase
p subuni t of MoFe prore in of nitrogcn ase
lnvolved in FeMo cofactor biosynth esis
lnvolved in FeMo cofacto r biosyn thes is
Involved in FeMo co factor bio synthesis
Cysteine desulfurase (421); activat ion of sulfur for rnctalloclusrer synt hesis?
Unknown function; required for full activity of FeM o prorci n
Unknown funceion
Positive rcgulator of ni], fix, and addi tional gene s

Unknown Iuncrion : required for nitrogenase activity: FixX shows similariry
ro ferredaxins

Microae robically indu ced , rnernbr ane-bo und cytochrorne oxid ase
~edox process-coupled cati ón pump?
Oxygen -responsive two-cornponent regu lai ory syste rn invo lved in pos itive

control of fuK (ROl. I3j , Ac) and /IifA ( ROl )
Positive regulator of fuNOQP (ROl, Bj, Ac), /lIfA (Ac) . 'PoN" and " nit ra re

respiration" (Bj); ncgativ e rcgulato r of l/ifA and {U'K ( Rm)
Rcitcrated, Iunction al co py of {uK
{uK hornolog of unkn own function; not esscn riat fo r nirrogcn fixation
~nkn,o\vn [u ~c l i.~n ; not csscn tial [o r nirrogc n fixarion

Reference ís)"

Rm Bj A c

38 1 137 Z85
75, 326 196 94, 108, 284
75, 326 379 94, 108, 284
249 6 285
4,5 6
57 136, 287 l OS

116
Il;, 200

163
58. 403 377 278 , 304

115 153, 154 Il;

42 299 242
I Y ~ 299 244

82 13 198

Zl; 14 199

28
15
377



A Rhizobium metitoti

fixLfixJ
a B

ntrO ntrC B Bradyrhizobium japonicum

o IfxRnifA..

0 rpoN,
0 fixK , 8
e

~

~
[ApaN ,)

r [ApaNJ
~

W<OOP

~ t...,..,.
....-""

0 1Yl1"W1 ·~ fl'PON ,e

e Azorhizobium caul inodans

FIG. 2. Cornparative models of ni] and fu gene regul at ion
m eliloti (A). B. [aponicum (B), and A . caulinodans (C). Hom olc
regulat o ry pro reins are symbolized ident ically in panels A. B. ar
So lid arrows and ope n arrowhea ds with dashed lines indicare po
and nega tive regula tion, respec tively. Dcued line s with open a,
head s deno te NtrCvmediared act ivation of the R rneliloti nifHl
n jfBldxN. and fixABCX pro rnot e rs which is o bse rved in free-l
ae robically gro wing ce lls und er nitrogen-lirniting con ditions but \
is of no re levan ce for syrnbiotic nítrogen fixation..So lid circles inc
a 54.dependenl -24/ -12·type prornoters, wherea s open boxes inc
o ther pro rno te rs. Key refer ences desc ribing subs ta ntial co mpone:
the models presented inelude 28. 39, 82. 103.3 19.373. 396. and 4(

R. metiloti ; 13- 15. 127. 217, 376, and 377 for B. joponicum; anc
199. 278, 295, 296, 304, and 362 fo r A . caulinodans. For addi i
re ferences and funher de ta ils, see rhe text.
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B e a

~ ~ 0 ~
e E)

7

E)
- 0' ~

"""('ncr~ N law (~N

0 fixKa
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~""]~§1J

_~ U~__

@mSS[A¡xJN*¡

'e "'é /
~

G t

l
~+/_O' + N
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FIG . 7. Transcripr ion al organization an d regulation o
genes in R. m eliloti (A ), B. japonicum (B), and A . caulinodat
sche mes are not dra wn ro sea le. Sol id wavv lines of dilfe
nesses syrnbo lize rhe size and rc lative abu~d ance of (ji.tA
rranscr ipts prescnt unde r the growth co nd irio ns described o
whercas o pe n " 'av)' lincs refer ro transeripls that are abse nr
condi tions ind ica rcd . G rowth co ndi tio ns are é:S S foll ows: aero
microac rob ic o r ..naer obie ( -O,) , nit rogc n r ich ( + N), ni,
itcd ( -N ), an d syrnbio ric (syrnb.): +/- means that thc
oxyge n o r nil"'gen con dir ions are no t rele vant . Solid ancfuf
0,(0" ;-; ':t1 J:; rc fcr to rhc pcsir ivc and p er~! ; \.' t · contro l. (eSr-:·
OOI ICU linc wirl : ihc o pc n arrowhcad ci t:" l1u t l: ~ thc sj'rll bi0(i <.

vant activa tio n 0 1' i hc 11 rncliloti [ll:ABCX pro motcr hy r­
free . liv;",; conduion-, (sce the lcgc nd ro Fig. 2). Exprc s
/l/di/OIi l/ifA i, ..t1diliol1" lIy ruod ula rcd by ..rnrno nia reptes
unk nuwn m cchanixru ruvo lvinz FixL ( no t vho wn ill pun e
Simil<lrly. c xprCl",Sill r1 u f /1 . ctlftl il1Uc/CIIl S lIi[ / 1 is <Idditionally

hy IIIJ~ 1 ~ i ;~ .; I .I~~ ~.:.I ~anl\ 1l1 I hat 1\ 110t yct u,nu :~~.IO~~~.~ ,~~~a i~ .
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Complejic~dad genética del sistema de
fijación de dinltrógeno
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DNA S equence of the K . pn eurn om ae nif Gene Cluster

Table 2
Com/parison. of ihe molecular masses of n if qene producis d.etermined by

S DS I7JOlyacrylamíde gel elecirophoresis and dcduc rd [rom. tlie nucleotide sequences

Molecul a r m asses in k D
Deter m ined frorn Dedu ced fr om

Ge ne SOS/PACE DN A se q ue nc e

J 1201.2 ·3.4, 122 5 128 .038 6 •

114 '354 6 •

H 35/39 1b, 352.3 31 ·902 7c

D GO l, 56 2,3 54 . 1396

54 . 156 10

f( 60 1.2·3 58 .40 6 6

:)7 .7:")1 11
-vd 8 .32 16

l ' 24 1 24 .69 16

E 40 1, 4 63 50 ' 1536

N 501.3 50'5676

X 18 1 18 .2296

U 25/32 1b, 22 2, 283 29 ·4946. 13e

S 45\ ,423 43 . 175 6

43.259 13

¡: 42 1
, 38 3 41 .07 8 6

4 1.194 1J

Wd 10 . 179 6

Z 15-1 7 15 16 .(i59 6. 1 5e

M 28 1.273,3 1'5 15 30·6 136. 15e

F íol.2, 223 .16,191 7 19·1 126.18e

L 50 1,523,45 19 55·2 1:36

55 ·311 22c

A 60 1 ,663,57 19 58·6326 •
23e

53 .3 19 25

R 49 26 50 .85 5 6

5 1·032 28c

Q 19.66 5 6

Ig '683 28c

P ro posed funct.io n

E lec t ro n í.rn ns port : py ruv ate ­
Ha vodo xi n ox ido redu ct as e'" !

Com po ne n t II 8.9
z -S u bunit of co m po ne n t [8 .9

p .:-;ubun il o f co m po ueut [8.9

Matura t io n o f com po nent ! 12
Synthesis of FeM oc09

Svnt.hesis o f Fe Moco9

!
M a t ura t ion o f co m pon ent [ !1 2

;\!a l u ra t io n o f co m pon ent [1 2

(Ir co rn pou ent 11 9
S I'l It hes is o f Fe.\10 ('0 :'" ,piomoc i t ra t e svnt rase

Processing o f co rn po ne n t [[ 12 .30

E lec t ron t ra ns port :
Hal 'odoxi n 16

Illj-speeihe l'epressio n 20
.
2

1

'f if . , 8' 411 1 ' SPP CI (' actr v a t IO n ..

Pr ocessing of ;\10 29

~~

J " " H O
~ .~~

~ .

K lY E N X U S 'VWZMF L A
~

'S Q



(a) Piruvato I + CoA Acetil·CoA + CO,

~
Piruvato /Iavodox ina
oxidoreduc tasa -+-- - - - - --- - nilJ

-+-- nilH

nilF

(oxidada)

Flavodoxina I
(reducida )

(reducida)

¡-F-Ia-vod-o-xi-na-¡~I----
(oxidada)~

r-------,~r-----,

ATP - - - - - - - - - - ..... ADP + PI

Dinilrog enasa

(oxidad a)

Dinil rogenasa

(reducida)

~nilK, D,

B, N,E

Productos Sustratos de la
nil rogenasa

HJN NH 3

Reacción global
8 H+ + 8 e- + N, - 2 NH J + H,

18- 24 ATP _ 18- 24 ADP + 18-24 P,
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NIFA

UAS -24 ,-12

UAS

E<J~ RNA
polymerase

/r-----

closed ca mplex IHF

open complex IHF

-24,-12

UAS

I NTP I

I NDP+Pi I

----~

Figu r e 1 Patbway of transcriptional activation by NIFA
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Fc rrcdox iu , ¡ :b 'l o d " ~ ¡"
n"l"l l

l .

"'_._.

"P " , Cluster
(8 Fe. 8 $)

?

- 2 A1'P

C2 AOP + 2Pi

"P" • Cluster
(8 Fe. 8 $)

/l.

Fe P'<lIcill.

!J,"ilro ¡;c tlJ.\c
RcduCl3SC

rcMo Prote in ,

Din ilrogcnasc

rabie 184 . Rea ct ions Catalyzcd by Nitrogenase

Reaction
---_._------_.-

Rcf.'

1. N, + 6H" + 6c' - 2N H, 88
2. HCN + 6H" -1- 6,' - CH. + NH, 98
3. HCN + 4H" + 4 , ' - . CH,NH, 9B
4 C H, NC + 6W ¡ 6e ' - CH. + CH,NH , 133

CH ,NC + 4H" + 4e ' - CH,NHCH, 19
5. HN, + 6H ' + 6.: ' ·- N,H. + NH, 132
6 . N, ' + 3H' + 2~' - N, + NH, 132
7. N,O + 2H' -l 2~ ' - N, + H,O 88,90
8. C,H, + 2H" -1- 2e' - C,H, 97, 38i' ¡,
9 . 3CH=CHCH, -1-. 6 H" + 2e ' - CH,CH,CH , + 2Cl:,C H= C H, 43

10. 2H ' + 2e' - H, 88.
11. CII,-N=N + 6H' + 6e' - CH,NHI, + NH, 105

, 1

12. CH ,-N=N +- 8H' + Be" - CH. + 2NH, 105
13. NO, - + 7H' + 6e ' - NH, + 2H,O 15',
14 . N=CNH, + 6 H ' + 6e' - CH,NH, -l NH, 1,3
15. N=CNH,-l 8H ' -1- 8e"- CH, + 2NH , 111
16 . C ,H, + zu: i 2~· ·- C,H. ó
17. N,H. + 2H" -1- 2~'-2NH , 15
Cata lyt ic acr ivit ic s associa ted with ind iv id ual nit rogc nase proicins:

Rd.
Av t /I,-2H' ¡ 2e ' 171
Av2 5,0 ," - . 5,0," -1- SO," 104
Stoich io rnct ric rca ct io n of thc f e prole in w ith O, :
Kp2 0 , i 211' + ~ e' - H,O, 153

--- - -- - ---- -- - .
•Thc refcre nces are thc rnost recen! on thc altcrn ar i vc substr arcs .
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Figure 1: outl ine structure ofFelvíoco
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