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CONTENIDO DEL INFORME TECNICO

PROGRAMA DE FORMACION PARA LA INNOVACION AGRARIA

1. Antecedentes Generales de la Propuesta

Nombre

Curso de Especializaciéon de Postitulo en Biotecnologia Agroforestal
Codigo

FR=01-1= g7~ 023

Entidad Responsable Postulante Individual

Facultad de Ciencias Agronomicas, Universidad de Chile
Coordinador
Carmen Saenz Hernandez

Lugar de Formacion (Pais, Reqgion, Ciudad, Localidad)

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

Tipo 0 modalidad de Formacion

Apoyo a la realizacion de actividades de formacion

Fecha de realizacion

Del 29 de Octubre de 2001 al 15 de Enero de 2002
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Participantes: presentacion de acuerdo al siguiente cuadro:

Curso: “Aspectos Moleculares de la Fijacion Biologica del Nitrégeno”
Del 29 de Octubre al 2 de Noviembre

PROFESORES:
Nombre Institucion/Empresa Cargo/Actividad
José Manuel | Universidad Politécnica de Madrid, | Profesor de Microbiologia,

Palacios Alberti

Espana

Investigador
jpalacios @bit.etsia.upm.es

Tomas Ruiz

Argueso

- | Universidad Politécnica de Madrid,

Espana

Protesor de Microbiologia,
Investigador
ruizargueso @bit.etsia.upm.es

ALUMNOS PARTICIPANTES:

Nombre

Institucién/Empresa

Cargo/Actividad

Carmen Cabrera
4 .

Servicio Agricola Ganadero
Sub Departamento de Defensa
Agricola

Ingeniero Agréonomo
carmen.cabrera@sag.gob.cl

Carlos Figueroa | Universidad de Chile, Facultad de|Ingeniero Agrénomo
Lamas Ciencias Agrondmicas carlafig@icaro.dic.uchile.cl
- Ingeniero Agrénomo
Cristian Ibanez | Universidad Catdlica de Temuco/ | pontalfor@yahoo.com
Gutierrez INIA Carillanca
3. Ingeniero Forestal

Paula Pimentel

Universidad de Chile, Facultad de
Ciencias Agrondmicas
Ingeniero Agrénomo

paulap28@ 123mail.cl

Claudio Inostroza

Universidad Catoélica de Temuco

agroblanc@yahoo.com

~ | Técnico Universitario en
J | Produccion Agricola
Leticia Barrientos | INIA - Carillanca Ingeniero Agrénomo
Diaz Depto Recursos naturales y medio | Ibarrien@carillanca.inia.cl
[~ |ambiente

Rodrigo Ahumada

7

INIA — La Platina
Depto Recursos naturales y medio
ambiente

Ingeniero Agrénomo
losandes@platina.inia.cl

Ernesto Vega

cals

| Servicio Agricola Ganadero

Depto. Laboratorios y estaciones
Cuarentenarias Agricola y Pecuaria
Laboratorio de Bacteriologia
Vegetal

Ingeniero Agronomo
Teléfono: 6010403
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Curso: “Aplicaciones Biotecnoldgicas en Patologia Vegetal”
Del 26 al 30 de Noviembre del 2001

PROFESORES:
Nombre Institucién/Empresa Cargo/Actividad
Nicola Fiore Universidad de Chile, Facultad de | Virdlogo, Investigador
Ciencias Agronomicas Teléfono: 6785726
Patricio Arce Pontificia Universidad Catdlica de | Profesor de Ciencias Naturales y
Chile Biologicas, Investigador
parce @puc.cl
Patricio Hinrichsen Instituto de Investigaciones | Biologia Molecular, Investigador
Agropecuarias phinrich@ platina.inia.cl
INIA — La Platina
Humberto Prieto Instituto de Investigaciones | Biologia Molecular, Investigador
Agropecuarias hprieto @platina.inia.cl
INIA — La Platina
Emilio Stefani Istituto di Patologia Vegetale, ltalia | Bacteriologo
' Teléfono: 39-051-2091454
Pasqualle Saldarelli | Centro Virosi Colture Mediterranee | Virologo

Teléfono: 39-080-5442911

ALUMNOS PARTICIPANTES:

Nombre Institucion/Empresa Cargo/Actividad
Agnes Cadavid Universidad de Chile, Facultad de | Académico

: ] Ciencias Agronémicas acadavid@uchile.cl
Paula Troncoso Universidad de Chile, Facultad de |ptroncos@uchile.cl

1o - Ciencias Agronomicas
Ingeniero Agronomo, Investigador

Paula Pimentel Universidad de Chile, Facultad de | paulap28@ 123.mail.cl
Ciencias Agronomicas
Ingeniero Agréonomo

Rodrigo Herrera i Universidad de Chile, Facultad de | Académico
" | Ciencias Agronémicas rherrera@uchile.cl

Carolina Lagos Universidad de Chile, Facultad de |carolinalagos @hotmail.com
/1 | Ciencias Agronomicas
ingeniero Agronomo

Angélica Catrilef 1 Servicio Agricola Ganadero, | saglabr@telsur.cl

Osorno

Ménica Gutierrez 14 Servicio Agricola Ganadero, | saglabr@telsur.cl
Osorno

Claudio Inostroza Universidad Catdlica de Temuco agroblanc@yahoo.com
Técnico Universitario en

Produccion Agricola

Carlos Figueroa Universidad de Chile, Facultad de | carlafig@icaro.dic.uchile.cl
Ciencias Agrondémicas
Ingeniero Agronomo




TN (E?o GOBIERNG DE CHILE

TUNDACION PARA LA

X (ét

INNOVACION AGRARIA

Cristian Ibanez

INIA Carillanca
Ingeniero Forestal

pontalfor@yahoo.com

Amelia Morales |35 | Servicio Agricola Ganadero, | alipamorales@hotmail.com
Santiago
Marisol Aguilera  ’# [Universidad de Chile seausun@hotmail.com
Carolina Ureta N Servicio Agricola Ganadero, Lo | Teléfono: 6010953, anexo 240
Aguirre
Clara Santelices (7 Servicio Agricola Ganadero, Lo |Teléfono: 6010953
Aguirre
Gabriela Campos) Servicio Agricola Ganadero, Lo |Teléfono: 6010953
g) Aguirre
Ernesto Vega Servicio Agricola Ganadero, Lo|ernestopvegab@terra.cl
Aguirre
Cristian Gutiérrez Servicio Agricola Ganadero, Lo | Teléfono: 6010953
Jo Aguirre
Eduardo Chavez 71 Servicio Agricola Ganadero, Lo |echavezw@hotmail.com
Aguirre
Eliana Henriquez ,; |Servicio Agricola Ganadero, Lo |henriquezeliana@mixmail.com
. Aguirre
Maria Antonieta | Servicio Agricola Ganadero, | apalma@usa.net
Palma 27 | Valparaiso
Orlando Lara Servicio Agricola Ganadero, | alara@sag.minagri.gob.cl
1 | Temuco
lvette Acuna 23 | INIA - Osorno lacuna@remehue.inia.cl
Alejandra Rios 2 Servicio Agricola Ganadero, Lo |Teléfono: 6010953
Aguirre
Rosa Arancibia 17 Universidad del Mar, Valparaiso Académico

rarancib @ udelmar.cl

Alejandra Bustos

Servicio Agricola Ganadero, Lo

Aguirre

Teléfono: 6010953
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Curso: “Ingenieria Genética de Plantas”
Del 7 al 15 de Enero de 2002

PROFESORES:
Nombre Institucion/Empresa Cargo/Actividad
Patricio Arce Pontificia Universidad Catdlica de |Académico
Chile parce @puc.cl
Eduardo Oyanedel Universidad Catodlica de Valparaiso | Académico
eoyanede @ucv.cl
Ximena Henzi Universidad Austral de Chile Académico

xhenzi@mercurio.uach.cl

Alejandro Venegas

Pontificia Universidad Catdlica de
Chile

Académico
avenegas@genes.bio.puc.cl

Loreto Holuigue

Pontificia Universidad Catdlica de

Académico

Chile Iholuig@puc.cl
ALUNNOS PARTICIPANTES: |
Nombre [nstitucion/Empresa Cargo/Actividad
Agnes Cadavid Universidad de Chile, Facultad de [ Académico

Ciencias Agronémicas

acadavid@uchile.cl

Paula Pimentel

v

Universidad de Chile, Facultad de
Ciencias Agrondmicas

Ingeniero Agronomo

paulap28@ 123.mail.cl

Claudio Inostroza

Universidad Catdlica de Temuco

agroblanc@yahoo.com

L Técnico Universitario en
Produccion Agricola
Carlos Figueroa Universidad de Chile, Facultad de |carlafig@icaro.dic.uchile.cl
. Ciencias Agrondmicas
vV |Ingeniero Agronomo
Cristian Ibanez INIA Carillanca pontalfor@yahoo.com
[, |Ingeniero Forestal
Rosa Arancibia , | Universidad del Mar, Valparaiso Académico
v rarancib @udelmar.cl
Maria Carolina | Servicio Agricola Ganadero carolina@ evolution.cl
Alvarado 28
Doris Prehn ___ | Pontificia Universidad Catdlica de | Académico
7 | Chile dprehn @puc.cl

Cristian Gutiérrez 71

Servicio Agricola Ganadero

loaguirr@sag.minagri.gob.cl

Carolina Ureta v

Servicio Agricola Ganadero

loaguirr @ sag.minagri.gob.cl

Jaime Romero i

Universidad de Chile, INTA

jromero@uec.inta.uchile.cl

Eliana Henriquez @&

Servicio Agricola Ganadero

henriguezeliana@mixmail.com

Eduardo Chavez

Servicio Agricola Ganadero

echavezw @ hotmail.com

Maria Antonieta | INIA — La Platina mareyes @platina.inia.cl
Reyes ?)
Erika Salazar 3 4 | INIA — La Platina esalazar@platina.inia.cl

N
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Ximena Garcia  zj°

INIA — La Platina

Pazg24 @yahoo.com

Ana Maria Sabja %/

Universidad Austral de Chile
Fundacién Chile

asabja@uach.cl

Maria Teresa Barriga/[Semillas Seminis

mteresa.barriga@svseeds.cl

Carmen Cabrera %%

Servicio Agricola Ganadero

carmen.cabrera@sag.gob.cl

Andrea Torres 7B

INIA - Raihuén

andreapiat@yahoo.com

Marisol Reyes b

INIA - Cauguenes

inia-cauquenes @entelchile.net

Carmen Rojo Vp

INIA - Quilamapu

crojom @hotmail.com

Alejandro Marchant {}!

Universidad Adventista de Chile

Académico

6
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Problema a Resolver: detallar brevemente el problema que se pretendia resolver con la
participacion en la actividad de formacion, a nivel local, regional y/o nacional.

Con la Actividad de Formacién, se pretendia resolver los siguientes aspectos:

1. Fortalecer en Chile la Biotecnologia Agroforestal, con personal altamente capacitado,
gue facilite el desarrollo del pais en esta disciplina.

2. Aumentar el numero de profesionales en Chile, capaces de elaborar y poner en practica,
proyectos productivos y de investigacion en el area de la Biotecnologia Agroforestal.

Objetivos de la Propuesta

Objetivo General

1. Actualizar conocimientos sobre las técnicas de biologia molecular y celular empleadas
en el campo de la Biotecnologia Agroforestal.

Objetivos Especificos

& Capacitar a profesionales en el area de la Biotecnologia Agroforestal, de tal forma de
aumentar la actual masa critica e incentivar el desarrollo de proyectos productivos y de
investigacion en el tema, acordes con el desarrollo y las necesidades del pais.

2. Entregar a los participantes, los conocimientos necesarios para proyectar y aplicar
técnicas biotecnoldgicas, tanto en el ambito industrial como en laboratorios de
investigacion cientifica.
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2. Antecedentes Generales: describir si se lograron adquirir los conocimientos y/o experiencias
en la actividad en la cual se participé (no mas de 2 paginas).

La Universidad de Chile, la cual ha liderado en muchas ocasiones los cambios
cientificos - tecnolégicos del sector agricola, y considerada como institucion lider en el area de
la investigacion cientifica, se propuso realizar importantes esfuerzos para desarrollar e
implementar Programas de Especializaciéon en el area de la Biotecnologia Vegetal, de tal forma
de constituir un punto de referencia nacional.

En este contexto, La Facultad de Ciencias Agrondmicas de la Universidad de Chile,
desde el afo 1998, implementd el "Curso de Especializacion de Postitulo en Biotecnologia
Agroforestal”, a través de un Convenio de Colaboracion Conjunta con la Escuela de Ingenieros
Agrénomos de la Universidad Politécnica de Madrid, Espana. Este Curso esta orientado a la
obtencion de un certificado de asistencia y aprobacion del curso, otorgado por la Universidad de
Chile, luego de un ano de realizacion de 7 cursos tetricos - practicos, y al Titulo de Doctor
otorgado por la Universidad Politécnica de Madrid, una vez realizada una tesis de investigacion
por un periodo de 2 afios en los Laboratorios del Departamento de Biotecnologia en Madrid.

Considerando los buenos resultados obtenidos en los anos anteriores y la imperiosa
necesidad de capacitacidon que actualmente requieren los profesionales jovenes de nuestras
Universidades, Institutos de Investigaciones y del Sector Privado, la Facuiltad decidio dictar
durante al afio académico 2001, dentro del marco del Curso de Especializacion, los siguientes
modulos docentes:

Modulo I: Aspectos Moleculares de la Fijacion Biologica del Nitrogeno
Modulo ll: Aspectos Biotecnologicos en Patologia Vegetal

Modulo llI: Ingenieria 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 Agronémicas de la
Universidad de Chile, ubicada en Santa Rosa 11315, Paradero 32, La Pintana, Santiago. La
actividad de formacion estuvo dirigida principalmente para Ingenieros o Licenciados en
Agronomia o Forestal, Bidlogos, o cualquier profesional cuya area de investigacion esté
relacionada con el area de la Biotecnologia agroforestal.
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En la planificacion y ejecucion de estos 3 mddulos, se contd con la valiosa colaboracion
de 16 profesores de diferentes Universidades: Universidad de Chile, Pontificia Universidad
Catolica de Chile, Universidad Catélica de Valparaiso, Universidad Austral de Chile, Institutos
de Investigacion: INIA — La Platina y Empresas privadas: Semillas Pioneer Ltda. Asistieron
ademas a los cursos un total de 80 profesionales de diferentes instituciones del pais (Ver lista
de participantes en la pagina 2), que actualmente se desempenan en el area de la
Biotecnologia y la Biologia Molecular.

En la clausura del “Curso de Especializacién de Postitulo en Biotecnologia Agroforestal”,
se conto con la presencia de: Sr. Mario Silva, Decano de la Facultad de Ciencias Agronémicas,
Sra. Carmen Saenz, Directora de la Escuela de Postgrado de la Facultad de Ciencias
Agronomicas, Sra. Marina Gambardella, Coordinadora del Curso de Postitulo y Sr. Jorge
Gatica, Director de la Revista Bioplanet.

Es importante ademas, destacar la valiosa ayuda logistica y financiera de la Fundacion
para la Innovacion Agraria (FIA), sin la cual no hubiese sido posible la realizacién exitosa de los
3 modulos anteriormente mencionados.
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Introduccion: Ciclo del nitrogeno. Relevancia
de la fijacidn biolégica del nitrégeno

Organismos y sistemas diazotroficos
Estructura y funcidon de la nitrogenasa
Sintesis de la nitrogenasa: genes nif

Metodos de determinacion de la actividad
nitrogenasa

Tema 2
Profesor: Tomas Ruiz — Arglieso

Fijacion del nitrogeno por  bacterias
heterotrofas

Fijacion asociativa

Cianobacterias: fijacién en vida libre y en
asociacion con plantas

Practico: Aislamiento de Rhizobium

~ Fecha | Actividad | Objetivo Lugar
Médulo I:
”Aspectos Moleculares de la Fijaciéon Bioldgica del Nitrogeno™
Del 29 de Octubre al 2 de Noviembre del 2001
29 Oct. |Tema 1 Facultad de
Ciencias
Profesor: Tomas Ruiz — Argieso Agrondémicas,
Universidad de

Chile
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30 Oct. [Tema 3 Facultad de

Ciencias

Profesor. José Manuel Palacios Alberti Agronomicas,
Universidad de

Simbiosis Rhizobium - leguminosa: Chile

Caracteres botanicos y agronomicos de las

leguminosas

El grupo Rhizobium. Caracteristicas

fisiologicas. Especificidad. Taxonomia

Presencia de Rhizobium en suelos

Aislamiento y caracterizacion de cepas de

Rhizobium

Tema 4

Profesor: José Manuel Palacios Alberti

Inoculaciéon de leguminosas

Desarrollo y fisiologia de los nddulos

radiculares

Regulacidén del funcionamiento del sistema

simbidtico

31 Oct. [Tema 5 Facultad de

Ciencias

Profesor. Tomas Ruiz — Argieso Agronoémicas,
Universidad de

Inoculacion de leguminosas Chile

Necesidad de inoculacion
Produccién de inoculantes
Seleccion de cepas de Rhizobium

Practico: Inoculacion de semillas
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1Nov |Tema6 Facultad de
Ciencias
Profesor: Tomas Ruiz — Argiieso Agronémicas,
Universidad de
Metabolismo del hidrégeno en la fijacion Chile
simbidtica el nitrégeno
Eficiencia energética
Genes de oxidacién de hidrégeno
2Nov |Tema?7 Facultad de
Ciencias
Profesor: José Manuel Palacios Alberti Agronomicas,
: Universidad de
Otros sistemas simbiodticos de fijaciébn de Chile
nitrégeno: Actinorrizas
Posibilidades de mejora de la fijacién
biolégica de nitrégeno
Caracteres de la planta y de la bacteria
Extension de la capacidad fijadora a nuevos
sistemas
Modulo I
”Aspectos Biotecnolégicos en Patologia Vegetal”
Del 26 al 30 de Noviembre del 2001
26 Nov |Diagndstico convencional y molecular de Laboratorio Lo
bacterias fitopatogenas: ventajas, Aguirre, SAG.

desventajas y perspectivas.

Inmunofluorescencia  (IFAS). Teoria vy
Practico.

Metodologias avanzadas para el diagnostico
de bacterias fitopatégenas.
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27 Nov

Laboratorio

Lo

Enfermedades bacterianas objetos de la C
legislacién fitosanitaria de la Comunidad Aguirre, SAG.
Europea.

Extraccion de ADN bacteriano y PCR: Teoria

y Practico.

Discusion sobre los protocolos oficiales para

el diagndstico de Ralstonia solanacearum vy

Erwinia amylovora.

28 Nov | Resultados PCR y metodologia de extraccion Laboratorio Lo
de agrobacterias y Xylella fastidiosa desde Aguirre, SAG.
xilema de vid. Teoria y practico.

Partidores degenerados y su uso en PCR
para el diagnodstico de virus fitopatogenos.
Extraccion de RNA viral y RT.Teoria vy
Practico.

Hibridacion molecular en el diagnodstico de
virus fitopatogenos. Teoria y Practico.

29 Nov |PCR vy visualizacion de productos de Laboratorio Lo
amplificacion. Teoria y Practico. Aguirre, SAG.
Enfermedades virales objeto de la legislacion
fitosanitaria de la comunidad europea.

Hibridacion molecular para el diagnodstico de
virus fitopatégenos. Teoria Y practico.

30 Nov |Bases moleculares de la interaccién Laboratorio Lo
hospedero/patogeno. Aguirre, SAG.

Identificacibn de genes de resistencia a
fitopatdogenos con el uso de marcadores
moleculares.

Diagnostico molecular de virus y virus -
afines.
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Médulo il
“Ingenieria Genética de Plantas”, Del 7 al 15 de Enero del 2001
7Ene |Tema 1: Técnicas basicas utilizadas en Facultad de
Ingenieria Genética de Plantas Ciencias
Agronémicas,
Profesor: Dr. Alejandro Venegas Universidad de
Chile

1.1 Enzimas de restricciéon

Definicién y clasificacién de las enzimas de
restriccion

Aplicaciones: Fragmentacién o digestion de
genomas,

Elaboracién de mapas de restriccion,
Polimorfismo de fragmentos, Diagnéstico de
enfermedades

1.2 Degradacion enzimatica. Nucleasas

1.3 Sintesis de acidos nucleicos

ADN polimerasa

ARN polimerasa

Ligasas, Fosfatasas y Quinasas

1.4 Extraccion de &cidos nucleicos

1.5 Extraccion de proteinas

1.5 Electroforesis de acidos nucieicos vy
proteinas

Pricipios basicos de la electroforesis
Electroforesis horizpontal en geles de agarosa

Electroforesis  vertical en geles de
poliacrilamida

Visualizacién de las muestras

Cuantificacién
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1.6 Sondas Facuitad de
Ciencias

Definicidn Agronémicas,
Universidad de

Construccion Chile

Marcaje

Aplicaciones

1.7 Transferencia de écidos nucleicos y
proteinas a membrana

Transferencia Southern Blot
Transferencia Northern Blot
Transferencia Western Blot

1.8 Secuenciacion del ADN

1.9 Reaccién en cadena de la polimerasa y
sus aplicaciones
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8 Ene |Tema 2: Plantas Transgénicas Facultad de
Ciencias
Profesor Responsable: Dra. Loreto Holuigue Agrondémicas,
Universidad de
21 Vectores de clonacion utlizados en Chile

transformacion genética de plantas

Vectores procaridticos: Plasmidos, Césmidos,
Fagos

Vectores Agrobacterium Tumefaciens,
plasmido Ti vectores binarios, vectores
cointegrados

2.2 Bibliotecas genémicas

2.3 Bibliotecas de DNA complementario
(cDNA)

2.4 Técnicas de transformacion genética de
plantas. Aplicacion.

Ventajas y desventajas del sistema.
Efectividad de

Transformacion. Ejemplos de transformacion
-mediada por Agrobacterium Tumefaciens

- Electroporacion

- Bio - balistica

2.5 Genes reporteros

2.6 Genes marcadores de seleccion
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9 Ene |Profesor Responsable: Dra. Ximena Henzi Facultad de
Ciencias
2.5 Caracterizaciéon molecular de plantas Agronémicas,
transgénicas Universidad de
Chile
- Deteccién de la presencia del gen
- Namero de copias
- Expresian del mRNA
- Expresion de la proteina
2.5 Caractenizacion molecular de plantas
transgénicas
- Analisis biolégico
Practica de Laboratorio No. 1
Transformacion de Plantas
10 Ene | Profesor Responsable: Dr. Humberto Prieto Facuitad de
Ciencias
26 Aplicaciones en transformacion de Agrondémicas,
plantas Universidad de
Chile
- Resistencia a patégenos: Virus, Hongos,
Bacterias, Insectos, etc.
Profesor Responsable: Dr. Hugo Campo
2.7 Aplicaciones de la transformacion
genética de plantas
- Resistencia a herbicida
11 Ene | Profesor Responsable: Dr. Patricio Arce Facultad de
Ciencias
29 Aplicaciones de la transformacion Agronémicas,
genética de plantas Universidad de
Chile

- Cambio del sexo de las plantas
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14 Ene |Tema 3: Transformacion de especies Facult.ad de
forestales Ciencias
Agrondémicas,
Profesor Responsable: Dr. Patricio Arce Universidad de
Chile
3.1 Sistema de regeneracion y

transformacion de arboles

- Modificacion de la lignina y |a celulosa
- Produccion de semillas artificiales

15 Ene |Profesor Responsable: Dr. Patricio Arce Facultad de
Ciencias
Préactico de Laboratorio 2: Transformacion de Agronomicas,
Plantas Universidad de
Chile

Sefalar las razones por las cuales algunas de las actividades programadas no se realizaron o
se madificaron.

4. Resultados Obtenidos: descripcidén 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 Formacién, se lograron cumplir los objetivos iniciales propuestos en la
actividad de formacion, lograndose los siguientes resultados:

Entregar a los profesionales participantes (Académicos, Investigadores) en los cursos,
conocimientos actualizados en las técnicas de Biologia Molecular y Celular empleadas en el
campo de la Biotecnologia Agroforestal, con la finalidad de que puedan ser capaces de
proyectar y aplicar técnicas biotecnolégicas, tanto en el ambito industrial como en laboratorios
de investigacidén cientifica. Se entregaron articulos especializados en el tema, los cuales se
anexan dentro del presente informe (Ver punto 9 Material Recopilado).

En los 3 modulos contamos con un total de 80 participantes, logrando en cierta medida
aumentar el numero de profesionales en Chile, capaces de elaborar y poner en practiea,
Programas y Proyectos de Investigacion y Docencia, en el area de la Biotecnologia, acordes
con el desarrollo y las necesidades del pais. Es bueno destacar que contamos en nuestros
cursos con la presencia de profesionales jovenes que estaban buscando informacion en el
tema con el proposito de insertarse en el area de la Biotecnologia Agroforestal.
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5. Aplicabilidad: explicar la situacion actual del rubro en Chile (regién), compararla con la
tendencias y perspectivas en el pais (region) visitado y explicar la posible incorporacion de los
conocimientos adquiridos, en el corto, mediano o largo plazo, los procesos de adaptacion
necesarios, las zonas potenciales y los apoyos tanto técnicos como financieros necesarios para
hacer posible su incorporacion en nuestro pais (region).

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

VER LISTA DE PARTICIPANTES EN LA PAGINA 2

Institucion/Empresa | Persona de | Cargo/Actividad | Fono/Fax | Direccion E-mail
Contacto

7. Deteccién de nuevas oportunidades y aspectos que quedan por abordar: sehalar
aquellas iniciativas detectadas en la actividad de formacion, que significan un aporte para el
rubro en el marco de los objetivos de la propuesta, como por ejemplo la posibilidad de realizar
nuevos cursos, participar en ferias y establecer posibles contactos o convenios. Indicar
ademas, en funcion de los resultados obtenidos, los aspectos y vacios tecnologicos que aun
quedan por abordar para la modernizacion del rubro.

Se destact que es de gran importancia para Chile, que la Fundacién para la Innovacién
Agraria (F1A), apoye constantemente este tipo de iniciativas en lo que respecta a las actividades
de formacién, teniendo en consideracion que la Biotecnologia es un area de la agricultura que
necesita contar con suficiente personal altamente calificado capaz de enfrentarse dia a dia a los
desafios que la agricultura nacional demanda. De hecho se contd con la presencia de un alto
numero de participantes en dicha actividad.

Los estudiantes participantes en la actividad de formacion asi como algunos profesores
que dictaron los mddulos, ne- sefalaron que debemes continuar con dicho Curso de
Especializacion en los afios venideros, ya que es una buena forma de estar actualizando
constantemente a todos los jovenes que recién se incorporan a trabajar en el area de la
Biotecnologia y sirven ademas para motivar y captar a estudiantes recién egresados a
incorporarse a trabajar en dicha area.

8. Resultados adicionales: capacidades adquiridas por el grupo o entidad responsable, como
por ejemplo, formacién de una organizacion, incorporacion (compra) de alguna maquinaria,
desarrollo de un proyecto, firma de un convenio, etc.

No tuvimos ningun 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 formacién (escrito y audiovisual) ordenado de acuerdo al
cuadro que se presenta a continuacion (deben sefalarse aqui las fotografias incorporadas en el

punto 4):

Tipo de|N° Correlativo (si es|Caracterizacion (titulo)

Material necesario)

Articulo 1 1. The bases of crown tumorigenesis.

Articulo A Generation of single-strandedd T-DNA molecules
| during the initial stages of T-DNA transfer from
' Agrobactenum tumefaciens to plant cell.

Articulo 3 3. ldentification of the signal molecules produced by
- wounded plant cells that activate T-DNA transfer in
- Agrobacterium tumefaciens.

Articulo 1| 4. The transfer of DNA from Agrobactenum
' fumefaciens into plants: a feast of fundamental
| insights.
| Articulo 1 5. A guide to Agrobacterium binary Ti vectors.

Articulo 1 6. Optimization of in vitro culture conditions for Pinus

radiata embryos and histological characterization of
regenerated shoots.

Articulo 1 7. New methods of diagnosis in plant phatology —

) perspectives and pitfalls.

Articulo 1 8. Virus and phytoplasma detection in fruit trees.
Articulo 1 9. Biological dinitrogen fixation: Symbiotic.

Articulo 1 10. Prokaryotic nitrogen fixation.

Articulo 1 11. La simbiosis.

Apuntes 1 12. Simbiosis Rhizobium — Leguminosa.

Apuntes 1 13. Genética de la Fijacién del nitrébgeno.

Apuntes 1 14. Nitrogenasa: Estructura y Funcion.

Foto En el disquette 15. Clausura Curso de Especializacion de Postitulo en

Biotecnologia Agroforestal. Afio Académico 2001.

\\\\\

AN
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Aspectos Administrativos

Orqanizacién previa a la actividad de formacion

Conformacion del grupo
muy dificultosa ___ X_ sin problemas algunas dificultades

(Indicar los motivos en caso de dificultades)

Apoyo de la Entidad Responsable
__ X___ bueno regular malo
(Justificar)

Desde el comienzo del Curso de Especializacion de Postitulo en Biotecnologia
Agroforestal, contamos en todo momento, con el apoyo de las autoridades de la
Facultad de Ciencias Agrondmicas de la Universidad de Chile, las mismas nos facilitaron
computadores con Intermet—con- libre acceso para los estudiantes del curso, los
materiales docentes, audiovisuales, y de laboratorio, con los cuales fue posible la
excelente realizacion de los modulos que se pretendian dictar durante el ano académico
2001.

Se preocuparon ademas de la recepcion y bienvenida de los profesores
colaboradores tanto extranjeros como nacionales, efectuando intercambios de
cientificos y de colaboracion con los mismos, asi como estuvieron pendientes todo el
tiempo del buen confort en la estadia de los profesores extranjeros en nuestro pais.

Informacion recibida durante la actividad de formacion

__ X __ampliay detallada aceptable deficiente

Tramites de viaje (visa, pasajes, otros)

__X_bueno regular malo

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

item Bueno Regular | Malo
Recepcion en pais o regién de X

destino

Transporte aeropuerto/hotel vy X

viceversa

Reserva en hoteles X

Cumplimiento del programa vy X

horarios

En caso de existir un item Malo o Regular, senalar los problemas enfrentados durante el
desarrollo de la actividad de formacion, la forma como fueron abordados y las sugerencias que
puedan aportar a mejorar los aspectos organizacionales de las actividades de formacion a
futuro.

11. Conclusiones Finales

Durante la Clausura del “Curso de Especializacién de Postitulo en Biotecnologia
Agroforestal”, tuvimos la oportunidad de realizar intercambios con los profesionales, algunos
profesores colaboradores de los cursos y las autoridades de la Facultad de Ciencias
Agrondémicas de la Universidad de Chile.resultando -de dicho encuentro planteamientos muy
concretos tales como |la posibilidad de continuar con este tipo de actividad de formacién, la cual
contribuye a la actualizacién de los conocimientos en el area de la Biotecnologia y la Biologia
Celular y Molecular, areas que hoy en dia estan alcanzando un alto nivel de importancia en los
paises desarrollados y en un alto grado en Chile, debido a que las nuevas técnicas
biotecnologicas estan siendo puestas al servicio del desarrollo agricola.

Se destacd que es de gran importancia para Chile, que la Fundacion para la Innovacion
Agraria (FIA), apoye constantemente este tipo de iniciativas en lo que respecta a las actividades
de formacion, teniendo en consideracion que la Biotecnologia es un area de la agricultura que
necesita contar con suficiente personal altamente calificado capaz de enfrentarse dia a dia a los
desafios que la agricultura nacional demanda. De hecho se contd con la presencia de un alto
numero de participantes en dicha actividad.

La calidad de los profesores colaboradores trascendid las expectativas de los
estudiantes, se comenté el alto nivel de profesionalismo y de preparacion en las exposiciones
realizadas. En todos los temas expuestos se encontré un amplio dominio y actualizacion. Se
abordaron ademas los principales avances que Chile estd obteniendo en el campo de la
Biotecnologia Agroforestal. El material audiovisual utilizado (transparencias, diapositivas, CD)
mostraron con suficiente claridad todos los puntos abordados.
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12. Conclusiones Individuales: anexar las conclusiones individuales de cada uno de los
participantes de la actividad de formacion, incluyendo el nivel de satisfaccion de los objetivos
personales (no mas de 1 pagina y media por participante).

Doris Prehn Roth

Profesora Auxiliar

Facultad de Agronomia e Ingenieria Forestal
Pontificia Universidad catolica de Chile

"Curso de Especializacion de Postitulo en Biotecnologia Agroforestal: Ingenieria Genética
de Plantas”

El curso se efectud de manera ordenada y organizada. Los profesores responsables
mostraron preparacion en sus temas e hicieron exposiciones claras, aptas para un
alumnado heterogéneo. El apoyo tecnolégico y audiovisual fue excelente, siendo la
mayoria de las presentaciones tipo power-point, con apoyo de diapositivas y
transparencias. Hubo facilidad para acceder a bibliografia actualizada mediante
fotocopias y una sala de estudio. La infraestructura, instalaciones y acceso a casino y
laboratorios fue adecuada

Los objetivos y expectativas personales puestos en el curso se referian a una
actualizaciéon en los diversos temas relacionados con la ingenieria genética de plantas y
se consideran totalmente cumplidos. A continuacion se detalla el nivel de satisfaccion de
los objetivos personales por tema y profesor responsable.

Nivel de satisfaccion

Tema de los objetivos
personales

1. Técnicas basicas utilizadas en Ingenieria Genética | Regular

de Plantas.

Profesor: Dr. Alejandro Venegas. P. Univ. Catdlica

de Chile

2.Plantas transgénicas. Muy Bueno

Profesora: Dra. Loreto Holuigue. P. Univ. Catdlica

de Chile

3.Resistencia a virus y otros patogenos. Bueno

Profesor: Dr. Humberto Prieto. INIA-La Platina

4. Aplicaciones de la transformacion geneética de Regular

plantas.

Profesor Eduardo Oyanedel. U. Catdlica de

Valparaiso. i
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5. Transformacion de plantas recalcitrantes. Bueno
Profesora: Dra. Ximena Henzi. Universidad Austral

de Chile.

6. Practica de laboratorio: Transformacion de Muy Bueno

plantas de papas.

Profesora: Dra. Ximena Henzi u Ayudante.
Universidad Austral de Chile.

7. Transformacion de gramineas y cereales. Muy Bueno
Profesor: Dr. Hugo campos. Semillas Pioneer Chile
Ltda.

8. Transformacion de especies forestales. Bueno
Profesor: Dr. Patricio Arce. P. Universidad Catdlica
de Chile.

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

Ana Maria Sabja
Académico
Universidad Austral de Chile

Curso: Ingenieria Genética de Plantas

- Temas:

Los temas fueron apropiados y de gran interés por la actualidad con que se expusieron.
LLos expositores mostraron un buen nivel, calidad y manejo de los temas.

Las dos clases practicas lograron reforzar los conocimientos que entregaban los
expositores.

- Expectativas personales del curso

El curso me permitid ampliar algunos conocimientos respecto a transformacién genética
y sus aplicaciones.
En el tema del area forestal me hubiese gustado una mayor profundidad de los temas
que se abordaron.
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Maria Teresa Barriga

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

Clases entendidas: Excelente y fascinante. Tanto el contenido como las exposiciones
las encontré técnicamente muy completas y en un grado de profundizacién muy bueno.
Mi trabajo se centra en asuntos regulatorios, y la profundizacion biolégica y agricola del
tema de biotecnologia sin duda es y sera un aporte y un apoyo para mi trabajo, que
también involucra difusion.

Personalmente mi interés era profundizar en el tema de biotecnologia con el objeto de
difusion y formaciéon. He visto cumplidos mis objetivos con creces y me encantaria
poder asistir al curso completo si se repitiera el mismo o alguno parecido.

Carmen Cabrera Valenzuela
Ing. Agronomo

Depto. Proteccidon Agricola
SAG

En relacion a los Cursos de Especializacion de Postitulo en Biotecnologia Agroforestal,
entregado por la Facultad de Ciencias Agronomicas de la Universidad de Chile y
financiados por el FIA dentro del marco del programa de formacion; me es muy grato
referirme, como alumna participante, a los Mddulos |y I, sobre “Ingenieria Genética de
Plantas” y "Aspectos Moleculares de la Fijacion Bioldgica del Nitrégeno”.

En primer término, poder acceder con tal facilidad en Chile a cursos especializados, con
la categoria 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 Biotecnoldgicos para
profesionales, que de una u otra forma tienen distinto interés en el tema.

En lo personal y profesional destaco, la valiosa oportunidad que se me entregd 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 continuar recibiendo
capacitacion en otras materias vinculadas con el tema.

En mi calidad de Ingeniero Agronomo que se desempefia en una Institucion Ministerial,
como es el Servicio Agricola y Ganadero (SAG), la capacitacion recibida reviste de un
enorme interés para las funciones que me corresponden realizar en la Institucion.
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Finalmente, me permito reiterar mi agradecimiento y reconocimiento por la iniciativa y el
logro alcanzado al realizar los Cursos de Especializacion de Postitulo en Biotecnologia
Agroforestal.

Marisol Reyes Munoz
Ing. Agrénomo
INIA CAuquenes

El curso me parecié 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 didacticos, ademas 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
aclard varios conceptos e ideas erradas respecto a la maniputacion genética y me sirvié
para enterarme de lo que se esta haciendo el area.

Andrea Torres Pinto
Ingeniero Agronoémo
INIA - Raihuén

Es mi interés poder colocar en practica los conocimientos aprendidos en este curso, que
me parecio muy interesante, muy actual, ademas de la excelencia de los expositores, la
informacion escrita entregada y la posibilidad de tomar contacto con profesionales que
desarrollan “campos" similares.

Mis mas cordiales felicitaciones a los organizadores y fuentes, que nos permitieron
asistir a este curso.

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

El programa y desarrollo de curso me parecieron de muy buen nivel, asi como la
eleccion de los expositores quienes satisficieron a cabalidad la necesidad de informacion

sobre los temas expuestos.

Se conto con buenos elementos de apoyo audiovisuales facilitando asi la compresion de
las charlas expuestas. Si bien considero que la incorporacién de sesiones practicas
contribuyo al entendimiento de ciertos temas tratados, sugiero que a futuro el
seguimiento de los resultados de los mismos esté inserto dentro del periodo de duracion
del curso, lo que se lograria dilatando el calendario el cual encontré un poco ajustado.

El apoyo logistico fue excelente traduciéndose en una buena organizacion y disposicion
a resolver los inconvenientes que siempre surgen en este tipo de eventos.

Alejandro Marchant Kemp
M.S en Ciencias
Universidad Adventista de Chile

Sean mis primeras palabras de reconocimiento a la labor que desempena en la direccion
del FIA y la vez, desear las mayores bendiciones en el presente afo, junto a todos los
que laboran en dicha institucion.

El motivo de mi nota, es agradecer la invitacion que hace el FIA a través de la REDBIO,
para asistir al curso de Ingenieria Genética de Plantas, teniendo la posibilidad de recibir
conocimiento de destacados investigadores en el area de la Biotecnologia.

Por ultimo, 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 tematica tan
importante para el desarrollo de nuestro pais.

Fecha: 17de Abril del 2002

Nombre y Firma coordinador de la ejecucion: _ Carmen Saenz Hernandez C&J‘“‘““
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The Bases of Crown Gall Tumorigenesis
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Department of Microbiology, Comell University, Ithaca, New York 14853"; Departments of Crop Sciences and Microbiology,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, and Department of Molecular and
Developmental Genetics, Institute of Molecular Plant Sciences, Leiden 2333 AL, The Netherlands®

The nine decades since Smith and Townsend demonstrated
that Agrobacterium tumefaciens causes plant tumors (95) have
been marked by a series of surprises. Among the most impor-
tant of these was the report in 1958 that these tumors could be
excised and propagated in vitro without exogenous plant hor-
mones (7). Equally important were a series of reports begin-
ning about the same time that tug.ors released compounds that
agrobacteria could use w5 nutrients (24). Perhaps the most
exciting discoveries, reported in the 1970s and 1980s, were that
tumorigenesis required the transfer of fragments of oncogenic
DNA to infected plant cells (10), that this process evolved from
a conjugal transfer system (99), and that the genes that direct

this process are expressed in response to host-released chem-.

ical signals (47). This DNA transfer process has become a
cornerstone of plant molecular genetics. The genus Agrobac-
teriun also has provided excellent models for several aspects of
host-pathogen interactions, including intercellular transport of
-macromolecules (11), bacterial detection of host organisms
(47), rargeting of proteins to plant cell nuclei (3), and inter-
bacterial chemical signaling via autoinducer-type pheromones
120
( Mz),st of the genes required for tumorigenesis are found on
large extrachromosomal elements calied Ti plasmids. Indeed,
transfer of Ti plasmids into certain nonpathogenic bacteria
converts them into tumorigenic pathogens (43). Ti plasmids
are generally referred to by the types of opines whose catab-
olism they direct (see below). However, this nomenclature is
becoming less satisfactory as we discover that all known Ti
plasmids direct the catabolism of more than one opine and that
opine catabolic genes are found in a variety of combinations
in different plasmids. The Ti plasmids pTiA6NC, pTil5955,
pTiAch5, pTiR10, and pTiB6S3, which are widely considered
to be functionally identical, are generally referred to as octo-
pine-type Ti plasmids (or, less frequently, octopine, mannityl
opine-type Ti plasmids). The DNA sequencing of these plas-
mids was initiated almost 20 years ago (21) and was recently

completed in our three laboratories. The resulting 194,140-

nucleotide sequence is a composite assembly of sequences
from all of the plasmids listed above. The close similarity of
these plasmids is exemplified by the sequence of a 42-kb seg-
ment of the vir regions of pTIA6NC and pTil5955. These
sequences differ at only one base, and this polymorphism is
silent at the amino acid level. We have no evidence for poly-

* Corresponding author. Mailing address: Department of Microbi-
ology, 360A Wing Hall, Cornell University, Ithaca, NY 14853. Phone:
(607) 255-2413. Fax: (607) 255-3904. E-mail: scw2@cornell.edu.

t Present address: Institute des Sciences Végétales, CNRS, Gif-sur-
Yvette, France,
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morphisms elsewhere except for a large deletion that is unique
to pTIA6NC (Fig. 1). The restriction map deduced from this
sequence agrees almost perfectly with the published restriction
map of pTiAch5 (25). All known and suspected genes are
depicted in Fig. 1, and their demonstrated or putative func-
tions are described in Table 1. The DNA sequence of this Ti
plasmid provides a useful framework to review the roles of this
plasmid in the biology of plant infection and ceivnizais .
This Ti plasmid contains 155 open reading {rames (ORFs),
almost all of which are likely to encode functional proteins
(Fig. 1 and Table 1). The overall G+C composition of this
plasmid is 55%, although a few segments are considerably
richer in A’s and T's, particularly in the T region (see below).
Overall, the Ti plasmid exhibits a modular structure with genes
of similar function or purpose grouped together. Thus, we can
define five components: (i) the T region, which codes for se-
quences that are transferred to the plant host; (ii) the vir
region, which directs the processing and transfer of the T-
DNA,; (iii) the rep region, which is required for replication of
the Ti plasmid; (iv) the tra and b loci, which direct the con-
jugal transfer of the Ti plasmid; and (v) genes that direct
uptake and catabolism of opines. An exception to this cluster-
ing is the fra and 1rd loci, the two gene sets required for
conjugal transfer, which are separated from each other by 60

TRANSFER OF TWO DNA FRAGMENTS TO HOST
PLANT CELLS

During infection, A. tumefaciens strains carrying an octo-
pine-type Ti plasmid transfer two fragments of DNA to the
nuclei of host plants by a mechanism that requires cell-cell
contact and resembles plasmid conjugation. These fragments
are designated the T, -DNA and T-DNA (Fig. 1, top line),
and are 13 and 7.8 kb in length, respectively (4, 105). The
corresponding segments of the Ti plasmid are called T regions,
and each is flanked by cis-acting, 25-bp direct repeats, called
border sequences (121, 125). The lelt border of the T, -DNA is
dispensable for T-DNA transfer, while the right border is es-
sential and acts in a polar fashion, suggesting that transfer may
initiate at the right border and proceed leftward (76). Inversion
of the right border leads to attenuated tumorigenesis, and
tumors made by such mutants contain extremely long T-DNA
fragments consisting of virtually the entire Ti plasmid (76).
Adjacent to the right border of T is another cis-acting site
called gverdrive (94), which is required for wild-type transfer
efficiency and provides a binding site for the VirCl protein (see
below). A second possible overdrive sequence is located adja-
cent to the right border of T, though the role of this sequence
in T-DNA transfer has not been studied.
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FIG. 1. Genetic map of the octopine-type Ti plasmid. Nucleotide 1 is taken as the left end of the Icft border of T. Genes transcribed from left (o right are shown
abovc the scale, while genes transcribed from right to left arc shown below the scale. Known or suspected polydistronic operons are indicated with horizontal arrows
A 12.6-kb region dcleted in the widely studied pTIA6NC is indicated by a horizontal bar on linc 4. Regions that can form heteroduplexes with orthologous sequences
of pTiC58 (27) are indicated with crosshatched bars. Green bars indicate genes that are located on the T region or Ty region and transferred to 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 for T-strand processing and transfcr. Purple bars indicate
genes required for interbacterial conjugal transfer of the Ti ptasmid. Light green bars indicate genes required for vegetative replication and partitioning of the Ti -
plasmid. Dark blue bars indicate genes encoding ATP binding cassctte-type opine permeascs, while light blue bars indicate opine catabolic genes. Orange bars indicate
regulatory genes. Black bars indicate suspected IS clements (in this case, bars represent DNA scquence similarities rather than ORFs), while grey bars indicate ORFs
of misccllaneous or unknown function. Gene names beginning with the letter “y” indicale the position of the gene, such that the second letter represents position in
tens of kilobases, and the third letter indicates position in single kilobases. During the analysis of all these sequences, we found that iml, mas2’, masl’, and ags had
sequence discrepancies relative to orthologous genes from other Ti or Ri plasmids. These regions were resequenced after PCR amplification, and three crrors in the
original scquence (4) were detected and corrected. The resulting DNA scquence of the Ti plasmid has been deposited in the GenBank DNA sequence database
(accession no. AF242881). Most Ti plasmid sequences were previously deposited in DNA sequence databases, and the original sources of these sequences are provided
in the annotations of our compiled sequence.
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TABLE 1. Genes encoded by the octopinc-type Ti plasmid®

Genetic focus Description Reference!s)
- nes
T ,[,?;A g Agropine synthase, lactonization of mannopinc_ 24, 40
Gene § Synthesis of indole-3-lactate, an auxin antagonisl 57
iaaH and iaaM Conversion of tryptophan to indole acetic acid (auxin) ] 55
ipt Condensation of AMP and isopentenyipyrophosphate 1o form isopentenyl-AMP, 2 cytokinin 66
mas]’ and mas2’ Mannopine synthase; condensation of glucose with glutamine or glutamate followed by 24
reduction
ocs Octopinc synthase, reductive condensation of pyruvate with four basic amino acids 21
ons Opine export from plant cells 75
1l (genc 6b) Auxin sensitivity . . 108
Borders A, B,C, D cis-acting sites required for T-DNA processing, functionally cquivalent to conjugal origins of 125
transfer
Qverdrive cis-acting site for optimal T-DNA transfer; VirCl binding site 110, 113
vir loci
virBl1-11 Type 1V transport system to transfer T-DNA and Vir proteins from bacteria 1o hosl 106, 116
toplasm
virC and -D T-gNK processing. VirD1 and VirD2 nick at T-DNA borders; VirCl binds overdrive 111,122,123
virE Nuclear transport of T-DNA. VirE2 binds single-stranded DNA and has nuclear 14, 101
localization sites; VIrE1l is a chaperone for VIirE2 transport
virF Host range factor 73
virH1-2 P450-type oxidases; VirH2 O demethylates phenolic inducers 51
virM, -L., -K, -J, -F, -P, -R, -D3, Other members of the vir regulon; VirP resembles phosphatases 50, 52
-DS, and -E3
Inte1d:terial conjugation genes .
traAFB, maCDG Ti plasmid conjugal DNA processing 1
wbB-1 Type 1V transfer system required for Ti plasmid conjugation 1
orT cis-acting site required for conjugation 1
Vegetative replication genes
repAB Putative partitioning system 104
repC Essential for vegetative replication 104
Opine uptake genes
agaDBCA Agropinic acid permease 70
agtABCD Agropine permease Unpublished data
motABCD Mannopine permease 80
moaBCDA Mannopinic acid permease 70
occQMPJ Oclopine permease 112
ophABCDE Putative permease for an unknown substrate 33
Opince catabolism genes
agaE Conversion of agropinic acid to mannopinic acid 70
agaFG Conversion of mannopinic acid to glutamic acid and mannose 70
ageA Catabolic mannopine cyclase, for conversion of agropine to mannopine, related to ags 54
mocAB Oxidoreductase, and dehydratase? 54
mocCD Conversion of mannopine to glutamine and glucose 54
mocE Kinase? 54
ocd Omithine cyclodeaminase for conversion of omithine to proline 114
coxAB Oxidoreductase for conversion of octopine-type opines to pyruvate and corresponding basic 114
amino acid
Transcriptional regulation genes
moaR Repressor of agaD-A, agaE-G, and moaB-A operons 70
mocR Probable regulator of the mocD-agtD and mocC-A operons 54
mocS Resembles MocR, function unknown 54
occR LysR-type octopine-responsive regulator of the occQ-traR operon 115
traR and tra/ LuxR-Lux}-type quorum sensing regulators; Tral synthesizes 3-oxooctanoylhomoserine 36,77, 128
lactone; TraR is a transcriptional activator
traM TraR antagonist 32
iR TraR antagonist; TriR resembles TraR but is truncated and may inhibit TraR by forming 80, 127
inactive heteromuitimers
vird and virG Two-component regulators of vir regulon; VirA is a transmembrane histidine kinase; VirG 61
is an OmpR-type response regulator
1S elements
IS71L and IS7IR Apparent 1S element, interrupted by insertion of ygc IS element Unpublished data
ybe, yoe, and ygc Resemble 1S66 of A. rumefaciens Unpublished data
»of Resembles 1S1203 of E. coli Unpublished data
my Rescmbles 1S1313 of A. tumefaciens Unpublished data
ypa Resembles 1S869 of A. rumefaciens Unpublished data
ysj Resembles 18492 of Pseudomonas sp. Unpublished data
na Resembles 1827 of £ coli, disrupted by IS element ytb Unpublished data
yib Resembles 1S1111a of Coxella burnetii

Unpublished data

Continued on following page
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TABLE 1—Continued.

Genetic tocus

Description

Reference(s)

Genes with miscellancous and
unknown functions

apeA Exclusion of bacteriophage Apl 1
hupT Resembles HNS-fype proteins ) ) ] ] ) ) i
mcld and -B Resembles methyl-accepting chemotaxis proteins; possible role in chemotaxis 10 opines. 80, 127

MciB is severely truncated and inhibits chemolaxis in A. rumefaciens
msh Resembles methionine synthase ] ) ) ) 33
yhg Resembles oxidoreductases; possible role in opine catabolism 70 )
'}-[b Resembles DNA invertases; possible role in plasmid maintenance Unpubl!shcd data
yld Resembles DNA invertases; possible role in plasmid maintenance Unpubl!shcd dala
yle Resembles plasmid stability locus; possible role in plasmid maintenance Unpublished data
ylf-yng Functions unknown ) o ) . ) Unpublished data
ysa Resembiles integration host factor; weakly induced by vir inducing stimuh 52
ysb Resembles cold shock proteins i ] ] ) 52
ysc, ysd, and yse ysc and ysd resemble 3' end of rad of Ti plasmid; yse resembles Ti plasmid traF; none is 29, 52

delectably expressed

“ Types of genes correspond to bars in Fig. 1 as follows: T-DNA genes, dark green bars; vir loci, red bars; interbacterial conjugation genes, purple bars; vegetative
replication genes, light green bars; opine uptake genes. dark bluc bars; opine catabolism genes, light blue bars; transcriptional regulation genes, orange bars; 1S
elements, black bars; and genes with misceltancous and unknown functions, grey bars.

In the presence of proteins encoded by the vir region (see
below), th- DNA within the T regions undergoes several pro-
cessing steps Q-_n@ Each border is cleaved on the bottom
DNA strand at a site exactly 4 nucleotides from its left end.
This reaction is catalyzed by the VD2 protein (see below),
which remains covalently bound to the 5° end of each cleaved
strand. While the top strand remains in duplex form, approx-
imately half of the bottom strands can be recovered in a single-
stranded linear form, referred to as T strands (97). These T
strands are thought to represent the transferred form of the
T-DNA and are probably formed by displacement during roll-
ing-circle DNA synthesis that initiates from the 3" ends of each
right border. At an early stage of transformation, T strands can
be detected in plant cells (124), showing that the T-DNA is
transferred in a single-stranded form. T strands are integrated
into the host genome at apparently random sites by illegitimate
recombination {72} and arc?laﬂﬁransmitled to dauvghter
plant cells upon mitotic cell division, and during meiosis and
syngamy.

EXPRESSION AND FUNCTIONS OF
TRANSFERRED GENES

Collectively, T,-DNA and Tx-DNA encode 13 proteins
(Fig. 1, dark green bars). The nontranscribed regions of each
transferred gene possess many of the features of plant genes,
including typical eukaryotic TATA and CAAT boxes, tran-
scriptional enhancers, and poly(A) addition sites (6). No in-
trons have been reported for any of the A. tumefaciens trans-
ferred genes, although at least one T-DNA gene in
Agrobacterium rhizogenes contains an intron 1n its 5’ nontrans-
lated region (71). The coding regions of the T-DNAs have a
G+C content of approximately 50%. However, the intergenic
regions, especially the 3’ nontranslated regions, are extremely
poor in G’s and C's, approximately 20 to 30%.

Onw&%ﬁ@@b@m@mion of plant
growth hormones that are responsible for the proliferation of
the transforihed plant cells (6). The iaaM and igaH products
direct the conversion of tryptophan via indoleacetamide to
indoleacetic acid (auxn). The ip product condenses isopente-
nyl pyrophosphate and AMP/(%S, and host enzymes are pre-
‘umed to convert the resulting isopentenyl-AMP into the cy-

>kinin zeatin by removal of the phosphoribosyl group and
ydroxylation of one methy! group of the isopentenyl moiety.
wo other T-DNA genes are thought to play ancillary roles in

tumorigenesis. The gene 5 product directs the synthesis of
indole-3-lactate, an antagonistic auxin analogue (57), while tml
(also designated gene 6b) increases the sensitivity of plant cells
to phytohormones by a mechanism that remains to be discov-
ered (108). This gene can provoke tumors in certain host plants
in the absence of the other oncogenes (42).

A sccond set of transferred genes directs the production of
bacterial nutrients called opines. Octopine-type Ti plasmids
direct their hosts to synthesize at least eight opines. The ocs
gene encodes octopine synthase, which reductively condenses
pyruvate with either arginine, lysine, histidine, or ornithine 1o
produce octopine, lysopine, histopine, or octopinic acid, re-
spectively, all of which can be detected in crown gall tumors
(24). The mas2’ product is thought to condense glutamine or
glutamic acid with glucose (although this has not been exper-
imentally demonstrated), while the masl’ product reduces
these intermediates, forming mannopine and mannopinic acid,
respectively. The ags product catalyzes the lactonization of
mannopine to form agropine. Mannopine and agropine also
can spontaneously lactamize to form agropinic acid (24). Thus,
tumors induced by strains harboring octopine-type Ti plasmids
can produce as many as four members of the octopine family
and four members of the mannityl opine family.

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

Proteins responsible for T-DNA processing and transfer are
encoded by the vir region of the Ti plasmid. Twenty genes in
this region are essential for wild-type levels of pathogenesis on
most host plants and are expressed in six operons, vird, -B, -C,
-D, -E, and -G. The proteins required for border cleavage are
encoded by virDJ and virD2, with the VirD2 protein remaining
covalently bound to the 5’ end of the T-strands (98, 123).
Purified VirD2 cleaves single-stranded oligonucleotides con-
taining border sequences at the same site, creating a covalent
bond between the 5 phosphate and tyrosine 29 (86). This
reaction is fully reversible, indicating that the DNA-protein
phosphodiester linkage 1s a high-energy 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 to cleave the same sequence in double-stranded form but
was able to do so in the presence of VirD1 (90). VirCl1 binds
to the overdrive site, which lies adjacent to the left border
(111). VirC1 and VirC2 are not required for T-region process-
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FIG. 2. Two-way cxehange of chemical signuls between A, ronefuciens and host plunts. Waund-released chemical stimuli are perceived by the VirA 1o VirG proteins,
which leads (o transeription of vir promoters. T-DNA is processed by the VieD2 protein, and single-stranded lincar T strands are formed by strand displacement. T
strands and VirE2 are translocated from the bacteria via 2 pore encoded by the virB operon zand form a T complex within the plant cytoplasni. T complexes are
trunsported into the nucleoplasm wia the host protein karyophernin alpha, and the T-DNA is integrated into genomic DNA. Translerred genes encode phytahormone
synthascs that fead to plant cell proliferation and opinc synthases that provide nutrients o the colonizing bacieria. Opines are relcased from the plant cell. enter the
bacteria via dedicated opine permeases and are catzbolized via opine-specilic catabolic proteing. Opine permeases and catabolic enxymes arc encoded by the Ti
plasmid. For the sake of clarity. the relative oricntativag of vir genes and T-DNA have been inverted.

ing but are required for efficient T-strand transfer into most
host plants, suggesting that they play a role in T-strand export.

The T-DNA transfer apparatus is cncoded by the virB
operon, which contains 11 gencs (11). Each except VirB1 is
essential for tumorigenesis (5). All 10 essential proteins have
been localized to the inner or outer membrane, and most
appear either to be integral membranc proteins or to be ex-
ported from the cytoplasm (107). Two VirB proteins, VirB4
and VirB11, are peripherally bound to the others and located
primarily in the cytoplasm, although a small part of VirB4 may
span the inner membrane (19). VirB4 and VirBll have
ATPase activity and are thought to provide the energy re-
quired for export of other protcin sul.units, for T-strand trans-
port, or both (12, 93). VirB proteins dircct the production of
pili that resemble conjugative pili (31), and VirB2 is the major
subunit of these pili (58). VirB2 is processed to a 7.2-kDa

product that is cyclized such that the amino terminus is linked
10 the carboxyl terminus via an amide bond (26). Cyclization
docs not require any Ti plasmid-encoded proteins but docs not
occur in Escherichia coli, suggesting that this reaction requires
a protein cncoded clsewhere in the A. tumefaciens genome.
VirB7 mity help to anchor this pilus to the bacterial cell, as it
is an outer membrane lipoprotein that forms disulfide bonds
with the periplasmically localized VirBY (2, 96). The VirB
mating bridge is thought to be coupled to the T-strand complex
by the VirD4 protein, which is located in the inner membranc
and is absolutely required for transfer (67, 82). VirBl possesses
sequence motifs found in bacterial transglycosylases and cu-
karyotic lysozymes, suggesting a role in the localized digestion
of the peptidoglycan (78).

The VirB apparatus delivers T strands to the plant cell
cytoplasm, where additional steps arc required to transport
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this DNA 1o the nuclcoplasm and 10 integrate it into host
DNA. The carboxyl termiaus of VirD’_’ ccnfains a m_jclear
localization signal thal is thought 10 guide nuclear }qrgctlng_l)y
interacting with the karyopherin alpha and cyclophilin proteins
(3. 23, 44). The VirE2 protein appears also to play a .rolc in
nuclear import. This protein binds tightly §nd coopera‘nvcly 1o
single-stranded nucleic acids, forming coiled, cylindrical ﬁ_la-
ments (14). Like VirD2. VirE2 contains nuclear localization
sites that mediate transport of the T-DNA from the cytoplasm
1o the nucleoplasm (15).

Transgenic plants expressing VirE2 can be transformed by
virE2 mutants of A. rumefaciens, indicating that VirE2 is re-
quired only in plant cells (15). Similar data have been obtained
for another protein, VirF, which is required for tumorigenesis
on such plants as tomato and Nicotiana glauca (87). Mutations
in either virE2 or virF can be complemented extracellularly,
that is, by coinfection with a helper strain possessing the vir
region but lacking an oncogenic T-DNA (73, 84). Imitially, it
was thought that such complexes were formed within the bac-
terium, but more recent genetic evidence suggests that VirE2
and T-DNA are transferred separately and form complexes in
the plant cell cytoplasm (101). Transfer of VirE2 requires
VirEl, while transfer of T-DNA does not, supgesting that
VirEl acts as an export chaperone for VirE2 (22, 101). Con-
versely, transfer of T-DNA requires VirCl and VirC2 while
transfer of VIrE2 does not require cither protein (13). These
studies provide the best evidence that T strands and VirE2 arc
transferred independently, although biochemical evidence ad-
dressing this hypothesis will await future studies. These data
indicate that the virB-encoded transfer system, in addition lo
transferring T-DNA, can carry out contact-dependent translo-
cation of at least three proteins, VirD2, VirE2, and VirF. This
property of protein transport is highly reminiscent of the family
of type III protein translocation systems of plant and animal
pathogens, although these systems have independent ances-
trics (18, 37).

Many aspects of T-DNA transfer resemble interbacterial
conjugal transfer of plasmid DNA (63). In both processes,
transfer is initiated by single-stranded scissions at specific cis-
acting sites. Moreover, the protein that catalyzes the scission
remains bound 1o the 5’ end of the cleaved strand, and in both
cases, DNA is transferred in a single-stranded form. The most
direct evidence that the T-DNA transfer apparatus evolved
from a conjugal transfer system is the extensive sequence sim-
ilarities between Vir proteins and certain Tra proteins. For
example, all 11 VirB proteins resemble the mating pair forma-
tion (Mpf) subset of Tra proteins encoded by the IncN plasmid
pKMI101 and show a lower degrec of similarity to the Tra
proteins of IncW, IncP, and IncF plasmids (48, 62). Similarly,
the VirD1, VirD2, and VirD4 proteins resemble the donor
transfer and replication (Dtr) subset of Tra proteins. In fact,
the virB and virD operons together would constitute a com-
plete set of conjugation proteins. The T-DNA border resem-
bles the oriT sites of IncP plasmids, and nicking occurs at
identical positions in the two transfer systems (117). The gene
family of Vir and Tra proteins also includes the Pt! proteins of
Borderella pertussis, which direct the export of pertussis toxin;
the VirB proteins of Brucella spp., which are required for
intracellular survival; and other protein translocalors of bacte-
rial pathogens, collectively referred to as type I'V export sys-
tems (18). The VirC and VirE protcins do not significantly
resemble known transfer proteins, and VirCl resembles a plas-
mid partitioning protein (38).

Some members of the vir regulon are not essential for tu-
morigenesis on all hosts and may be required only in specific
hosts or may play other roles in pathogenesis. These include
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virD5, -E3, -F. -H, -J, -K -L.-M. P_and -R (50, 52). Howcver.
the lack of an anparemt roic in umorigenicity could be «
censequence of functional redundancy. For example, vir/ is
essential for tumorigenicity, but only in the absence of the
homologous chromosomal genc acvB (49). The virH opcron
consists of two genes whose products resemble the family of
P450 monooxygenases (51). VirH2 chemically modifies certain
phenolic vir gene inducers by O demethylation, converting
them tu noninducers (51). For example. the inducer ferrulic
acid is O demethylated 10 create the noninducer caffeic acid.
This finding suggests that VirH2 acts as a regulatory governor.

UPTAKE AND CATABOLISM OF OPINES

As described above, several T-DNA-encoded genes direct
the synthesis of opines, which serve the bacteria as nutrient
sources. Over 40 genes are devoted to opine uptake and ca-
tabolism. These include no fewer than six ATP binding cas-
sette-type permeases (Fig. 1, dark blue bars) and 12 opine
catabolic enzymes (light blue bars), whose functions are sum-
marized in Table 1. These opine permeases are only distantly
related to each other, suggesting that they were adapted from
diverse sources. An additional gene (mceld) could encode a
protein that resembies mez:inyl-accepting chemoreceptors. A.
tumefaziens strains are chemotactic toward opines, anG chemo-
taxis requires the cognate periplasmic opine binding proteins
(cach a component of an opine uptake system) but docs not
require Ti plasmid-encoded methyl-accepting chemotaxis pro-
teins (53). It seems likely that this is another example of re-
dundancy in which these periplasmic binding proteins can
interact ecither with chromosomally cncoded or with Ti
plasmid-encoded methyl-accepting chemotaxis proteins.

Characteristically, Ti plasmids code only for the opine ca-
tabolism systems that correspond to the set of opine biosyn-
thesis genes located in the T regions. This presents the inter-
esting problem of how these paircd gene systems arisc and how
they remain grouped together despite the fact that they are
located in different segments of the plasmid. Sequence analysis
of the mannopine-agropine catabolic loci indicated that certain
of these genes resemble the cognate opinc biosynthetic genes.
The catabolic protein AgcA, which interconverts mannopine
and agropine, resembles the agropine synthase protein Ags,
which carries out the same reaction. In [act, ags can comple-
ment an ageA mutant for catabolism of agropine (40). Simi-
larly, MocC and MocD, which together degrade mannopine,
resemble Masl’ and Mas2’, which synthesize mannopine (54).
Based on these comparisons, we have suggested that the T-
region genes coding for mannityl opinc synthesis by the trans-
formed plant cells arose by gene duplication from bacterial
genes required for catabolism of these or closely related sub-
strates (54). However, not all opine synthases resemble their
corresponding catabolic enzymes. For example, the octlopine
and nopaline synthases do not resemblc their cognate catabolic
enzymes.

REPLICATION FUNCTIONS

A DNA fragment containing just repA, repB, and repC pro-
vides all functions required for stable replication in A. tume-
faciens (104). Only repC is critical for vegetative replication,
while repA or repB is required for stable plasmid inheritance.
RepA and RepB resemble a family of plasmid partitioning
systems that are thought to ensure that during cell division
each daughter cell inherits at least one copy of the plasmid. All
three genes resemble replication genes of other large, low-
copy-number plasmids present in members of the family Rhi-
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sobiacece (64). Incompatibility functions also are dctermnpcd
by the DNA 1’)ragmem comaining_rcpABC_(56). The _ocllepu_m.
type Ti plasmid is incompatible with nopalmq-typc Tn plasmids
(41), but in spite of the relatedness of their replicators, the
octopine Ti plasmid is compatible with Ri plasmids (17).

INTERBACTERIAL CONJUGATION OF Ti PLASMIDS

The octopine Ti plasmid is capable of interbacterial conju-
gation (28) and contains a complete transfer syslcm_(Flg._ 1.
purple bars). On the basis of similarity to olhe_r conjugation
systems, the cluster of rra genes probably is required for DNA
transfer and replication, while the mb gene cluster is probably
required for mating pair formation and could direct the syn-
thesis of conjugal pili. In the closely related conjugation system
of pTiC58, traB is not essential for transfer, although it is
required for maximal cficiency, while raH is not required for
cficient transfer (29) and is here designated a fra gene simply
because it lies in the tra regulon (see below). All other fra and
trb genes of pTiC58 are known or thought to be required for
efficient conjugation (29, 65), with the exception of DK, which
is probably not required for conjugation but may mediate entry
exclusion (28). The three operons cof the conjugal transfer
system are strongly conserved among all of the Ti plasmids
analyzed to date (although one report [103] claimed othenvise,
that study was based upon an incorrect DNA sequence). These
gencs also resemble the rra genes of al least one symbiosis
megaplasmid, pNGR234a of Rhizobium sp. strain NGR234
(30). The Tra system functions independently of the T-DNA
transfer system described above (16).

The tra genes appear to have diverse origins, TraG, TraF,
and all 11 Trb proteins closely resemble lncP-type Tra pro-
teins. In contrast, TraA, the putative nickase-helicase of this
system, does not closely resemble any IncP-type Tra protein.
Instcad, the amino-terminal domain of TraA, which should
contain onT nicking activity, resembles the strand transferase
of the 1ncQ plasmid RSF1010, while its carboxyl-terminal do-
main, which contains a possible helicase, resembles Tra pro-
teins of IncN, IncW, and IncF plasmids. The oniT also resem-
bles the corresponding site in RSF1010. Interestingly, the Vir
system seems also to have chimeric origins, as all 11 VirB
proteins resemble IncN Tra proteins, while two VirD proteins,
VirD2 and VirD4, resemble IncP-type Tra proteins. The T-
DNA borders resemble the oriT site of IncP plasmids (117). In
all cases, sequence similarities between Ti plasmid Tra pro-
teins and corresponding Vir proteins are relatively weak.

REGULATED EXPRESSION OF Ti PLASMID-ENCODED
GENES

Virtually all of the genes described above are tightly regu-
lated by proteins that also are encoded on the Ti plasmid (Fig.
1, orange bars). For example, the vir regulon is coordinately
induced in response to host-released phenolic compounds in
combination with monosaccharides and extraccllular acidity in
the range of pH 5.0 to 5.5 (47). This acidity may be necessary
to protonate phenolic compounds, which would increase their
membrane permeability. These chemical stimuli are detected
by the transmembrane two-component sensor kinase VirA,
which phosphorylates the response regulator VirG. Phospho-
VirG positively regulates all vir promoters, including those of
virA and virG, which results in positive autoregulation of this
regulon (100, 119).

VirA contains four functional domains, designated the
periplasmic, linker, kinase, and receiver domains (9), and exists
as a dimer both in the presence and in the absence of inducing
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stimuli (85). The periplasmic domain is required for detection
of a sugar binding protein calied :"hvE (8, 92), whiie the linker
domain is 1equired for detection of phenolic compounds. and
the receiver plays an inhibitory role in vir gene expression (9).
VirA can undergo autophosphorylation in vitro and translcrs
its phosphoryl group to Asp52 of VirG (46). The carboxyl-
terminal domain of VirG binds to sequences called vir boxes
that are found near alt VirG-regulated promolers (88, 118).
While there is still some controversy about whether phenolic
inducers bind directly 1o VirA (59), genctic evidence suggests
that this is so, since vird genes {rom different strains of A.
tumefaciens, when introduced into an isogenic background,
encode proteins that are stimulated by different types of in-
ducers (60).

All opine uptake and catabolic systems are induced by their
cognate substrates. For example, octopine induces transcrip-
tion of a 14-kb occQ-traR operon via the OccR protein, 4
LysR-type regulator. OccR binds to its binding sitc, which lics
directly upstream of the occQ promoter, in the presence or
absence of octopine but undergoes a conformational change in
response to octopine (115). The mannopine and agropine per-
meases and catabolic enzymes also are induced by the cognate
opines, nrobablv via the MocR protein, which resembles the
Lacl repressor ¢f E. coli. Similarly, regulated expression of the
aga and moa genes by Lhe cognate opincs requires the MoaR
repressor, which resembles yet another family of regulators,
including the galacticol repressor of L. coli (70). Expression of
the opine catabolism gene sets also is influenced by global
control systems. Transcription of the mannityl opine catabo-
lism genes, while inducible by their cognate substrates, also is
controlled by catabolite repression (39, 127). since these gences
are not induced by mannopine or agropine when f{avored car-
bon sources such as glutamate or succinate also are provided.
Furthermore, these catabolic genes are part of the nitrogen
assimilation regulon, since catabolite repression by succinate is
not observed when mannopine is provided as the sole source of
nitrogen (39).

The TraR-Tral system positively controls expression of the
fra and b operons (Fig. 1, purple bars). Transcription of this
regulon is controlled by a regulatory cascade that is initiated by
octopine acting through OccR, which leads to expression of
maR (33). TraR in tumn is a direct positive regulator of the rru
and b genes (36). TraR is a member of the LuxR family of
quorum-sensing transcriptional regulators (35), and its activity
requires N-3-oxooctanoyl-L-homoserine lactone (126). Synthe-
sis of this compound, called an autoinducer, is directed by the
Tral protein, which utilizes 3-oxcoctanoyl-acyl carrier protein
and S-adenosylmethionine as substrates (36, 77). This com-
pound is synthesized in the bacterial cytoplasm but diffuses
across the cell envelope and acts as a bacterial pheromone,
providing a mechanism for the bacteria to estimate their pop-
ulation densities (35). Since the Ti plasmid encodes both Tral
and TraR, each conjugal donor takes a census of other donors
rather than of recipients (34). Purified TraR binds one mole-
cule of this compound per protein monomer and binds directly
to dyad symmetrical DNA sequences called ra boxes, which
arc found dircctly upstream of the fraA, iraC, and raf promot-
ers (34, 128). TraR stimulates transcription of rm promoters in
vitro on supercoiled templates but is largely inactive on linear
templates (128). DNA binding by TraR requires the autoin-
ducer (68).

TraR activity is antagonized by two proteins encoded by the
traM and iR genes. Interestingly, the traM gene is positively
regulated by TraR, thereby creating a negative autoregulatory
loop (32). TraM is an antiactivator and directly interacts with
the carboxyl terminus of TraR (45, 69). This intcraction rapidly
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inhibite TraR activity and disrupts TraR-DNA complcxe:q (6_9)_
TriR is very closely related to TraR in its z_)uzc-..jdnccr binding
domain bul lacks a DNA binding domain (80, 127) and is
thought to form inactive heterodimers with TraR. The iR
gene is positively regulated by mannopine. Congslc_:n_tAwlt_h
this, mannopine inhibits ira gene expression, while inhibition 1§
abolished by a m{R mutation (80, 127).

INSERTION SEQUENCES (ISs) AND
UNCHARACTERIZED ORFS

A number of possible I1Ss are present on the Ti plasmid (Fig.
1, black bars), although transposition of these elements has not
been detected experimentally. Three of these resemble 1S66,
which was originally found inserted in the iaaH gene of a strain
of an A. mumefaciens mutant that causes shooty teratomas
rather than tumors. However, several of these 1S66-hke ele-
ments are considerably shorter than IS66, suggesting that they
may be defective remnants of the original element. The other
possible 1S-like elements resemble a wide variety of IS ele-
ments in many cubacteria.

While most of the gencs in the Ti plasmid have been as-
cribed functions, a contiguous 24-kb region (coordinates L1210
136) contains 25 ORFs that have no kuown {unction (Fig. 1,
grey bars). Most of the ORFs in this region are at least 100
codons in length and have moderately strong translation initi-
ation motifs, and many of these ORFs appear to be transla-
tionally coupled to adjacent ORFs. All of these considerations
suggest that these ORFs are expressed genes, but the functions
of their products are at present unknown. Approximately half
of these genes resemble genes identified in genome sequencing
projects, though none of these homologous genes has been
characterized genetically or biochemically.

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

The modular structure of this Ti plasmid is entirely in keep-
ing with the model presented by Otten and colleagues in which
these elements evolve by IS-mediated intramolecular rear-
rangements and by recombination with other plasmids (83).
Signs of such recombination ecvents are scattered over the
length of this plasmid. For example, R may well have arisen
by a recombination event that fused the mannityl opine catab-
olism region with its attendant mannopine-regulated traR al-
lele to the region just upstream of the octopine catabolism
locus (80, 127). Similarly, the structural and regulatory associ-
ation of the functional R allele with the occ operon arose
from a fortuitous recombination event that fused zraR to occ.
Interestingly, such associations of #aR with vanous opine ca-
tabolism operons are a consistent {eature of Ti plasmids (28§,
33, 80, 127).

Despite this plasticity, certain gene associations seem to be
strongly conserved among these elements. Most notably, the
repABC complex is tightly linked with the b operon in all Ti
and opine catabolism plasmids that have been examined to

date (pTiCS8, pTi-SAKURA, and pAtK84b) (64). This con-

servation extends to at least four plasmids present in members
of the genus Rhizobium (64), suggesting that this linkage is
strongly selected. Consistent with this interpretation, the inter-
genic region separating the two divergently oriented gene sys-
tems on many of these plasmids, including all Ti plasmids,
contains two copies of the tra box sequence. Coupled with the
recent observation that copy number of the nopaline-type Ti
plasmid is positively enhanced by TraR in a quorum-depen-
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der: fashion (64), it is rcasonable 1o conclude that conjugal
transfer and plasmid repiication are functionally linked.

CONCLUSIONS

As described above, most of the genes of the Ti plasmid play
direct or indirect roles in some aspect of tumorigenesis or
tumor colonization. We understand the roles of most of the
T-DNA-encoded genes, although the functions of some remain
mysterious. We have some insights about the processing and
transfer of the T-DNA, although our understanding of the
VirB-encoded pore is rudimentary, as are the steps involved in
nuclear transport and integration. At least three Vir proteins
are thought to be transferred from the bacterium into plant
cells during infection, though the physical detection of these
proteins in plant cells remains a goal for future studies. 1t will
be interesting to identify any additional translocated proteins
and to elucidate their functions. VirA and VirG remain im-
portant paradigms for host detection, and the multidomain
structure of VirA remains fertile ground for future work. Fu-
ture studies will decide once and for all whether VirA binds
phenolic inducers directly or through an accessory phenolic
binding protein. Of the 34 known VirG-regulated genes, one-
thiist do not seem essential for tumorigenesis (at least on
certain host plants), suggesting that plant-rsleased vir-inducing
signals elicit multiple bacterial responses that remain to be
described.

Another challenge lies in comparative analysis of the many
different Ti plasmids that have been isolated, as well as other
plasmids found in members of the Rhizobiaceae. We know that
approximately 65 kb of octopine-type plasmids are conserved
in the nopaline-type Ti plasmid pTiCS8 (Fig. 1, crosshatched
boxes), including part of the T-DNA and the ra, ob, rep, and
vir regions (27), while the remaining 130 kb are not conserved.
As more Ti plasmids and related plasmids are characterized
(102), it will be possible to refine our insights about the evo-
lution of these genetic elements.

The use of A. mmefaciens to create transgenic plants has
become routine for many dicots as well as for some monocots,
and ye! new Insights about fundamental aspects of Agrobacte-
rum-plant interactions will lead to improved technologies in
plant transformation. Future work will lead, for example, to
further expansion of the organism’s host range, to new ap-
proaches to transferring extremely long fragments of DNA,
and to new approaches to using T-DNA to disrupt plant genes.

It is striking that such a large portion of the Ti plasmid is
devoted to opinc uptake and catabolism, and few of these
systems have been studied in any depth. Studies of opine che-
molaxis, uptake, and catabolism will continue. In addition, one
challenge for the nest 10 years will be to apply these insights
about opines to agriculture. Several reports have already ap-
peared showing that bacteria that utilize a particular opine
enjoy a competitive advantage in colonizing transgenic plants
that produce the same opine (81, 89). We suspect that this
technology may revolutionize efforts to foster beneficial plant-
microbe associations.
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Generation of single-stranded T-DINA molecules
during the initial stages
of T-DNA transfer from
Agrobacterium tumefaciens to plant cells
Scott E. Stachel’, Benedikt Timmerman & Patricia Zambryski’

Laboratorium voor Genetica, Rijksuniversiteit Gent, B-9000 Gent, Belgium

Activation of the T-DNA transfer process of Agrobacterium by the plant signal molecule acetosyringone generc: - a
single-stranded, unipolar, linear T-DNA molecule (T-strand )—a potential conjugative intermediate in the transfer of the
T-DNA to plant cells. Acetosyringone induction also leads to S, nuclease-sensitive sites at the Ti plasmid T-DNA borders,
and other molecular changes associated with the Ti plasmid T-DNA sequences, which may correspond to specific steps of

T-strand synthesis.

[DURING the genetic transformation of plant cells by the soil
pathogen Agrobacterium rumefaciens (reviewed in ref. 1), a
‘specific segment of DNA, the T-DNA, is recognized in and
mobilized from the large (> 200 kilobase pairs; kbp) Ti plasmid
of the bacterium, transferred across the cell walls of the bac-
terium and plant cell, and integrated as an unaltered fragment
into the plant nuclear genome. Analysis of the transfer process
has focused on what defines the T-DNA; the genetic require-
ments for transfer other than the T-DNA; and the mechanism
of transfer. -

In the Ti plasmid. the T-DNA is bounded by essentially
identical 25-base pair (bp) direct repeats®”. These sequences
define the T-DNA, for any DNA, and only DNA, located
between T-DNA  borders is efficiently transferred and
integrated®®. The T-DNA transfer process is directed by the
products of the Ti plasmid virulence (vir) and chromosomal
virulence (chv) loci (reviewed in refs 10, 11). Whereas chu

* Present address: Institute of Cancer Research and Howard Hughes
Medical Institute, College of Physicians and Surgeons, Colombia Uni-
versity, New York 10032, USA (S.E.S.); Division of Molccular Plant

Biology, Hilgard Hall, University of California, Berkeley, California
94720, USA (P.2).

expression is constitutive, vir expression is tightly rcgulated”‘”.
and its activation initiates the transfer process. This actination
is mediated by specific phenolic compounds present i thc
exudates of wounded and actively metabolizing plant cells .Jn¢
such compound is acetosyringone (AS; 4-acetyl-2.6-
dimethoxyphenol)'*.

Genetic analyses of the 25-bp sequences have indicated that
they are polar in function'*'®. While deletion of the left bordef
repeat has no significant efiect on pathogenicity'’, deletion of
the right repeat totally abolishes it'*'*!®. Furthermore, when
the orientation of the right border i$ reversed with regard to its
natural orientation on the Ti plasmid, the efficient transfer
and/or integration of the T-DNA sequences is greatly aitend-
ated. These results indicate that T-DNA transfer may occt ™ i
a rightward to leftward fashion, determined by the orienizi:dn
of the 25-bp border repeats, and suggest that transfer might b¢
via a conjugative mechanism®,

Here we use hybridization techaiques to directly identify and
characterize novel structures associated with the T-DNA and
its border sequences in Agrobacterium following induction. of
vir gene expression with AS. A variation of the Southem blotting
transfer procedure is used to distinguish betwce-n}jnglc-strandcd
(ss) and double-stranded (ds) DNA molecules present in e
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fig. 1 Hybridization analysis of total DNA prepared from AS-induced Agrobacterium A, T-DNA
tcgion of the pGV3850 Ti plasmid®. The interior portion of the T-DNA of ;?TlCSX has been
replaced with PBR322 (wavy linc). HindIll fragments 10 (halcht.:d) and 23 (white) from p"'I'iCSB
carrying the right and 1ef1 25-bp T-DNA border sequences rcspccnvcl)_/ (black arrows): H, Hmd'HI

“restriction site. B, Structure of the 9.5-kbp ds T-DNA circle molecule isolated after transformation
of E. coli with undigested total DNA from AS-induced pGV3850 Agrobacteria. C, Southern blot
hvbridization analyses of Agrobacterium DNA. Total DNA prepared from ininduced (-) and
+'3-induced (+) 3850 agrobacteria was analysed by hybridization against nick-translated 2p.
1 selled pBR322 probe. Lane 1, denatured transfer (dt) of untreated DNA; lane 2, non-denatured
.-ansfer (ndt) of untreated DNA; lane 3, denatured transfer of total DNA digested with S,
nuclease: lane 4, non-denaturcd transfer of S;-treated DNA. Scaling on left is in kbp. Arrows
indicate novel signals observed in the AS-induced lanes. Note thac all of these novel signals are
also observed, albeit at a lower level, with DNA prepared from Agrobacterium co-cultivated with
Nicotiana tabacum protoplast cells (data not shown).

Methods. An overnight culture of 3850 Agrobacteria grown in YEB liquid medium was resuspended
in MSSP medium'® at 0.05 Ay units ml™' and grown at 28 °C with high aeration. After 5h of
preincubation growth, acetosyringonc (Janssen) was added to half of the MSSP culture at 100 uM,
a2 concentration that is non-limiting for induction of the Ti-plasmid vir genes'®. The uninduced
and AS-induced cultures were grown for another 12-18 h and a parallel culture of the virB:: lac
. -3in A348(pSM30) (refs 10, 14} was used to monitor vir induction; under these conditions the

:ltures undergo two to three doublings, and >100-fold increases in 8-galactosidasc activity are
soserved in A348(pSM30). The bacteria were collected by centrifugation and total DNA prepared
as described previously™. Bricfly, the pellet from 5 ml of cells is lysed in 200 ! TE (50 mM Tris,
20 mM Na,-EDTA, pH 8.0), 100 ul 5% sodium sarkosyl and 100 ul pronase (10 mg mi™') for
45 min at 37 °C. The lysate is then vortexed for 15 s (light-shear), extracted twice with phenol and
(wice with chloroform, and the DNA recovered by EtOH precipitation. E. coli was transformed
with uninduced and AS-induced DNA as described previously'?, and the AS-induced preparation
was determined to give transformants carrying the ds T-DNA circle molecule diagramme< in B.
Aliquots (1 pg) of total Agrobacterium DNA (either untreated or S;-digested) were then elec-
trophoresed in 0.9% TBE agarose gels containing 0.5 ug ml™" EtBr, transferred to nitrocellulose
in 10x SSC, and analysed by Southern blot filter hybridization. Two different transfer condtions
ave been used, denatured and non-denatured. For denatured transfer, the agarose gel is soaked
- denaturing solution for 60 min followed by neutralizing solution for 60 min before capillary
Stouting. For non-denatured transfer, the gel is soaked in H,O for 10 min, then 10xSSC for
10 min, before blotting. For the S, nuclease digestions, 1 pg total DNA in 200 ul S, digestion
buffer was incubated with 50 US, nuclease (Boehringer Mannheim) for 30 min at 20°C. The
reaction is terminated by adding 20 pl 10x S, termination buffer, followed by phenol extraction
and E1OH precipitation. Unless otherwise specified, all buffers and conditions used here and in

Figs 2-5 arc according to Maniatis ef al**.
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D NA prepared from these cells. Evidence is presented for (1)
irez ss T-DNA molecules (T-strands) whose polarity corre-
sponds to that of the T-DNA borders; (2) ss endonuclease-
sensitive structures associated with the Th plasmid T-DNA bor-
der< (S, border sites); and (3) molecular alterations associated
with the internal sequences of the Ti plasmid T-region {T-region
structures). We discuss the potential role of each of these AS-
induced T-DNA homologous molecules in the transfer of the
T-DNA to the plant cell.

Frze T-DNAs in AS-induced cells

F - these studies we used Agrobacterium carrying Ti plasmid
pGY3850 (ref. 6). pGVY3850 has been derived from the nopaline
(58 Ti plasmid, and the structure of its minimal T-DNA region
is shown in Fig. 1A. Strain 3850 has been used previously to
isolate and identify 2 9.5 kbp ds T-DNA circle molecule
‘Fig. 1 B) following transformation of Escherichia coli with total
DNA prepared from piant'® or AS-induced Agrobacteria'*; this
T-DNA circle has been proposed as a candidate for the T-DNA
molecule that is transferred to the plant cell. Our initial experi-
T znts aimed to identily the presence of this molecule directly
. Agrobacterium.

Total DNA was prepared from AS-induced cells and found
o produce ds T-DNA circles in E. coli; this AS-induced DNA,
dlong with total DNA prepared from uninduced cells, was
f{action:tcd by agarose gel electrophoresis and transferred to a
hitrocelluiose filter foilowing gel denaturation (nammal Southem
ransfer procedure, see below). Two T-DNA homaxzous signals
re observed in Fig. 1C, lane 1. Since the DNA is undigested,
the upper signal represents Ti-linked T-DINA sequences, while

the lower signal represents free T-DNA sequences. This novel
signal is specific to the AS-induced DNA. and thus corresponds
to a Ti-independent T-DNA molecule whose synthesis is the
result of the AS-induced activation of the pGV3850 vir loci.

The free T-DNA signal does not migrate as a 9.5-kbp ds DNA
molecule (supercoiled, relaxed-circular or linear), but instead
migrates at a size corresponding to a ds linear molecule of
4.4 kbp. Thus, by hybndization we find no evidence for ds
T-DNA circles in AS-induced bacteria. This result is not totally
uunexpected because the frequency of recovery of these molecules
in E. coli is low. We obtain on average 50 ds circle transformants
per pg AS-induced DNA (at a transformation efficiency of 10’
transformants per pg supercoiled pBR322 plasmid DNA). Since
1 g of total Agrobacterium DNA contains ~1.7 ng of pGV3850
T-DNA'?, at most only one in every 100 AS-induced cells har-
bours 2 ds T-DNA circle. That these molecules are not detected
by hybndization indicates that the transformation results are
representative of their actual concentration in the AS-induced
DNA. We discuss below a model for how ds circle molecules
might be generated at a low frequency as a result of AS induction
(Fig. 6).

Free T-DNAs are single stranded

Since the size of the AS-induced free T-DNA molecule is
arramt half that of the T-region of pGV3850 (Fig. 14), it may
be a single-strand copy of the pGVY3850 T-DNA. The following
experiments demonstrate that the free T-DNA molecule has
properties characteristic of ss DNA. Evidence is also given for
other novel T-DNA-homologous molecules present in the AS-
induced bactena; in contrast to the free T-DINA, these structures
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Fig. 3 Molecular characterization of ss T-DNA molecules. A. S
probes used to analyse the sequence content and strandedness of
the ss T-DNA molecule. B, Bell; E, EcoR1; H, Hindl1. The EcoRi
24 site of probes a and b falls §5 bases inside the left T-DNA b~ -+
and the Bcll site of probes ¢ and d falls 42 bases inside th- -
g border.
Methods. Fragments o, b, ¢ and 4 were gel-purified twice znc
labelled by nick translation. Probes e and f are 3'-end-labelied
* < probes where the position of the label is marked by an astensk.
and correspond to the upper and lower strands of the pGV3850
T-DNA, respectively. For probe ¢, pBR322 was digested with
D & Hindlll, 3"-end-labelled at the Hind!11 site by Klenow fill-in, recwn

Fig. 2 Restriction endonuclease treatment of AS-induced DNA.
A, Restriction map of the T-DNA region of pGV3850. Black arrows,
T-DNA border sequences; the 9.5-kb arrow designates the ss T-
DNA molecule, and the 2.8-kb and 6.7-kb arrows correspond to
the ss fragments that would be produced by Pstl cleavage of the
ss T-DNA molecule at the PstI* site. B, Aliquots (1 pg) of AS-
induced DNA were digested to completion with five restriction
endonucleases, {ractionated on 0.9% agarose, transferred under
non-denaturing conditions to nitrocellulose, and analysed by
hybridization against HindII! fragment 10/pBR322 probe. H, Hin-
dIll, E. EcoRI; B, BamHI; S, Sall; P, Pstl; — undigested; ss,
free T-DNA molecule; open arrows, unexpected fragments pro-
duced by HindIIl or Pst] digestion of the AS-induced DNA. C,
Three equivalent non-denatured transfers of Psrl-digested AS-
induced DNA were hybridized against Hind[11 fragment 10 probe
(H10); pBR322 probe (pBR); and HindI{l fragment 23 probe
(H23). Scaling is different from that in B, such that the signals
marked with triangles correspond to ss DNA molecules of ~6.6
and 2.8 kb, respectively. Note that different preparations of AS-
induced DNA were used in the experiments of B and C. The
~9.2-kbp signal observed in the Pstl digest in B is not observed
in C; this difference may reflea the detection of different levels
of AS-induced events in the two preparations.

are still linked to the Th plasmid, as they are only detected after
enzymatic digestion.

Transfer assay for ss T-DNAs. DNA binds to nitrocellulose only
if it is single-stranded® or associated with protein'. In the
Southemn blotting technique, ds DNA fragments fractionated in
an agarose gel must be denatured before being transferred to
nittocellulose™. Thus, ss (and protein-asscciated) DNA
molecules can be easily distinguished from ds molecules by
comparing their transfer to nitrocellulose from-agarose gels
treated with ‘or without NaOH before transfer. Figure 1 C, lanes
1 and 2, show the denatured and non-denatured transfers of

with Sall, and the resultant 622-bp Hindl11/Sall fragment was
gel-punfied. For probe f, the order of the restriction digests wa.
reversed to give a 622-bp Sall/ HindI1l fragment, 3’-end-labelled
at the Sall site. The polanty of the ss T-DNA molecule, or T-cirzr. 2.
is shown at the top of the figure. B, Sequence content and strz:: ~ .-
ness of the ss T-DNA. Six equivalent strips of a non-denzic:=d
transfer of undigested AS-induced DNA hybndized against the
six probes shown in A. ss, Single-stranded T-DNA signal. C.
Exonuclease sensitivity of the ss T-DNA. The non-denatured trans-
fer of untreated (—), T4 polymerase-digested (T4-pol), and exonu-
clease VIi-digested (ExoVIl) AS-induced DIVA was hybndized
against nick-translated pBR322 probe. For cxonuclease digestion.
1-pg aliquots of AS-induced DNA were incubated with 2.5 U T4
polymerase (Anglian Biotechnology Ltd) or 1.1 U exonuclease VIl
(Gibco-BRL), respectively, for 30 min at 37 °C. Each reaction w2
camied out in 15 pl in the enzyme bufier recommended by s
manufacturer. Note that under identical conditions these (!
ments have no effect on M13 ss circular phage DNA; also, the ~
T-DNA is fully degraded after 90 min digestion with T4 polymerase
(data not shown). D, Kinetics of synthesis of the ss T-DNA
molecule. A 50-ml culture of pGV3850 Agrobacteria pregrown for
5 h was then induced with AS at 100 uM. At 2, 4, 6, 8, 12, 24 and
48 h after the start of induction, 5-ml aliquots were removed, frozen
at =70 °C, and total DNA was then prepared. These DNA samples
were fractionated on agarose and transferred to nitrocellulose
without gel denaturation, and the amount of ss T-DNA molecules
present in the AS-induced cells for each time point was asset<sd
by hybridization against nick-translated pBR322 probe. Note :~
by EtBR staining the amount of DNA in the 24-h lanc was =~
double that for the other lanes.

uninduced and AS-induced total DNA. Of the two T-DNA-
homologous signals present in the AS-induced DNA sample.
only the lower signal, which represents the free T-DNA
molecule, transfers without gel denaturation (Fig. 1C, lan¢ 2
This free T-DNA must be ss DNA because the AS-induced 1_0L3J
DNA has been fully deproteinated during its preparation (Fig. !
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Lscnd) and RNase digestion of' the DNA before hybridization
palysis does not affect the ss signal (data not shown). _
saclease sensitivity of ss T-DNAs. S, nuclease 1s a ss-specific
@donucleascn. in Fig. 1C, the denatured (lane 3) and non-
gnatured (lane 4) transfers of S, nuclease-digested samples of
minduced and AS-induced total DNA demonstrate that the
gee T-DNA molecule is fully degraded by S, nuclease. Interest-
'ﬂg: .S, treatment also appears to release the T-region fr_om lh_e
\S- nduced T1 plasmid. A novel T-DNA homologous signal is
wserved in the S,-treated AS-induced sample in the denatured
nnsfer (Fig. 1C, tane 3), and this signal corresponds to a ds
polecule, which migrates as a linear fragment of 9.5 kbp, the
precise size of the pGV3850 T-DNA from its left to right T-DNA
porders (Fig. 1A). Thus, ASinduction also resultsin a Ti plasmid
Jhose T-DNA borders are sensitive to cleavage by S, nuclease
isce Figs 4 and 5).

The activity of type II restriction endonucleases is limited
?ri—«:m'ly to duplex DNA. Aliquots of AS-induced DNA were
Jig:sted to completion with BamHI, EcoRI, Hindlll, Pst] and
sail (each of these enzymes cleaves within the T-DNA region
of pGV3850; Fig. 24), and hybridized to the HindIIl fragment
10/pBR probe following non-denatured transfer (Fig. 2B).
gecause the ss signal is present in all the digests (except for
pst1), the free T-DNA is generally resistant to restriction
digestion.

The HindI1l and Pst1 results are more complex. The ss signal
is weak in the HindlIll lane and absent in the Pstl lane; also,
sevaral novel signals are observed in these lanes. Several restric-
lic - enzymes have been shown to restrict ss DNA?, and the
se: -itivity of the free T-DNA to HindIIl and Pst] may be an
example of this effect. Interestingly, fragments both smaller and
larger than the ss T-DNA molecule are produced by Hindlll
and Pst] digestion (Fig.2B). While the smaller fragments can
be cleavage products of the ss T-DNA, the larger [ragments
must be derived from a large molecule, presumably the AS-
induced Ti plasmid. Thﬁs, AS induction also results in a Ti
plasmid molecule whose T-region carries ss sequences (see
Fig. 5).

C-aracterization of ss T-DNAs

ss -DNAs are full-length and unipolar. Six identical strips of a
non-denatured transfer of undigested AS-induced DNA were
hvbridized separately with the six probes labelled a to f in
Fig. 3A. Probes a and d correspond to pGV3850 sequences just
outside the left and right T-DNA border repeats; probes b and
¢ correspond to T-region sequences just within these repeats;
and probes e and f correspond to the upper and lower strands
of the pGV3850 T-DNA region, respectively. Figure 3b shows
that the ss T-DNA molecule hybridizes only to probes b, ¢ and
» Thus, it is composed only of sequences located intemal to
it T-DNA borders, and which correspond to the lower strand
oi the pGV3850 T-region. We designate this unipolar ss T-DNA
molecule as the T-strand.

T-strands are linear. The T-strand is sensitive to both exonuclease
¥Il (3'>S" and S"~ 3 activities specific for ss DNA?') and T4
polymerase (3"~ 5" exonuclease that accepts both ss and ds DNA
as substrate®®) (Fig. 3C). Thus, the T-strand, as isolated, must
be a linear ss DNA molecule whose 3’ terminus (and perhaps
also 5" terminus) is available to exonuclease digestion.

The Pstl cleavage products of the T-strand indicate that its
¥ und 3’ ends map to the right and left T-DNA borders, respec-
U 2ly. Two fragments of ~3.3 and 1.4 kbp (~ss lengths 6.7 and
2.3 kbp) are detected. The 6.6-kbp fragment is homologous to
PBR322 and Hindlll fragment 23, while the 2.8-kbp fragment
's homologous only to HindIIII fragment 10 (Fig. 2C). Cleavage
0_!' 2 gircular T-strand molecule at any (or all) of its three Pstl
sites would yield fragments of different sizes and sequence
¢ontent from those observed. The simplest explanation for the
fesults of Fig. 2C is that the T-strand is a linear ss molecule,
cleaved by Pstl principally at its middle Pstl site (just within
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Fig. 4 ldentification of AS-induced S,-sensitive T-DNA. border
structures. A, HindlIll fragments produced by ds cleavages of the
pGV3850 T-DNA borders. Fragments b and ¢ result from cleavage
of the left border repeat carried by Hindlll fragment 10 (a).
Fragments e and f result from cleavage of the right T-DNA border
carried by HindIll fragment 23 (d). Fragment sizes are in kbp.
Black arrows, T-DNA border sequences; H, HindIIl. B, Unin-
duced and AS-induced DNA was digested with HindIlI, and half
of each sample was treated further with S, nuclease. The four
samples were analysed on two denatured transfers hybridized
against nick-translated HindlIII fragment 10 (lanes 1-4) or HindI1l
fragment 23 probe (lanes 5-8). Lanes 1, 5, uninduced DNA; lanes
2, 6, uninduced DNA plus S| treatment; lanes 3, 7, -AS-induced
DNA: lanes 4, 8, AS-induced DNA plus S, treatment. a-f refer -
to the fragments shown in A. The open arrow indicates a novel
S,-sensitive fragment of ~5.2 kbp. Scaling is in kbp. Note that the
low level of the border cleavage fragments (b, c, e, /) seen in the
absence of S, treatment (lane 3, and lane 7 after long exposure)
may reflect mechanical breakage of the AS-induced S;-sensitive
border structures during sample preparation.

the right end of its Hindl1l fragment 10 sequences), to produce
a 6.7-kbp 3" and a 2.8-kbp 3’ fragment.

T-strand synthesis is limited. Using a probe homologus to both
strands of the T-DNA, the intensity of the T-strand signal is
~5-10-fold less than the Ti-plasmid T-region signal (Fig. 1C,
lane 1: also Fig. 5). As the T-strand corresponds to one strand
of the T-region, and the coov number of the Ti plasmid is about
two (and assuming no specific loss of T-strands during DNA
preparation), we estimate that on average cach AS-induced cell
carries 0.4-0.8 T-strand motecules. As T-DNA homologous
molecules are not found in the cxiture medium (data not shown),
this low copy number is probably not due to export of the
T-strand FTigure 3D demonstrates that the relative amount of
T-stranas ><gins to plateau within 8 h after the start of AS
induction, and shows only a doubling during an additional 40
hours of mduction. Thus, T-strand synthesis is a limited process.
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Fig. 5 Hybridization analysis of T-region intermediate structures.
A, Restriction map of the left portion of the pGV3850 T-DNA
region and border cleavage fragments predicted to anse after S,
treatment of AS-induced DNA. Sizes are given in kbp. B, BamH],
H, Hind!1l; P, Pst1; S, Sall, Sm, Smal, S|, S, nuclease. The black
arrows and dotted lines indicate the positions of the T-DNA
borders. B, Denatured transfers of HindIll, BamHI, Sall and
Smal digests of AS-induced DNA treated (+) and untreated ()
with S, nuclease were hybndized against nick-translated HindI1]
fragment 10/pBR322 probe (A). Scaling on left is in kbp. The
single-stranded T-strand is indicated by ss and the bar adjacent to
the digests. Solid arrows indicate the expected fragments before
and after S, treatment and correspond in size 1o the fragments
shown in A. The open arrows indicate unexpected AS-induced
fragments which correspond to novel T-DNA homologous struc-
tures linked to pGVY3850. Note that other unexpected signals are
observed when the filter is reprobed with HindIIl fragment 23
sequences, and that ali of the unexpected fragments are specific
to AS-induced DNA and have been observed with DNA prepared
from at least two independent AS-induced bactenial cultures (data
not shown).

AS-induced alterations of the Ti plasmid

Stnce the T-strand must be produced from the Ti-plasmid T-
region, several molecular reactions involving these sequences
should occur in bactenal cells that are actively carrying out
different steps of T-strand synthesis, or other early steps of
T-DNA transfer. To gain insight into these reactions, the novel
T-DNA homologous hybridization signals that result from frag-
mentation of the AS-induced Ti plasmid with restriction enzymes
and S, nuclease are characterized below. These data provide
evidence for specific reactions associated with the Ti-plasmid
T-DNA border repeats and with the internal sequences of the
T-region. -

S-sensitive T-DNA border sites. Figure 4 demonstrates that AS
induction leads to the generation of Ti-plasmid T-DNA border
structures which are sensitive to cleavage by S, nuclease. Unin-
duced and AS-induced DNA was restricted with HindIIl, half
of each sample was treated further with S, nuclease, and the

S, border sites.

The relative intensities of the signals which corresponc @ -
S, border cleavage fragments show that ~30% of the left 7.1,
borders and ~10% of the right T-DNA borders of the 1y
induced Ti plasmid population are S,-sensitive. Thus, the gen.-
ation of S, border sites is a frequent event. Furthermore. qin.
a 9.5-kbp ds T-DNA fragment is produced by S, digestion ..
AS-induced DNA thatis unrestricted (Fig. 1 C, lane 3), orrey-;.
ted with Smal (which does not cleave within the pG\3s:
T-region (Fig.5)), S, border sites can simultaneosiy o~
both the right and left border repeats on a single Ti p
We note that incubation of the uncut AS-induced DNA ¢
does not result in the release of the 9.5-kbp T-DNA fragr -
from the AS-induced Ti plasmid (data not shown); that s 7.
S, border site does not correspond o a ds staggered cleavay.
of the T-DNA border sequence. Other expenments have shou;
that the S,-sensitive structure corresponds to an AS-induced «
endonucleoiytic cleavage in the bottom strand of the 23.4;
border sequence (K. Wang and M. Van Montagu, in prepe:
ation); S, is known to cleave opposite such structures™’
Other AS-induced T-region structures. Figure 5 demc-
that other novel Ti-plasmid-linked T-region structures = e
presentinthe AS-induced cell population. Three different ciusse
of T-DNA-homologous signals are observed when AS-inducec
DNA is digested with various restriction enzymes and S
nuclease (Fig. 5B): those that correspond to the ss T-DANa
molecule (black bars, =S, lanes); those that correspond to'th:
predicted border cleavage fragments (Fig. SA) produced by §
digestion of the AS-induced S, border sites (solid arrows, +S
lanes); and those that correspond to novel unexpected fragments
(opentnangles) derived from pGV3850 Ti plasmids whose i~i¢r
nal T-regton sequences have been altered as a result «+ AS
induction.

Forexample, the 5.2-kbp fragment present in the ~S, Hwdlll
sample (Fig. 5B, also Figs 2B and 4B) is S,-sensitive, binds to
nitrocellulose, specifically hybridizes to HindIIl fragment 10
(and not to pBR322 or HindIll fragment 23; data not shownl,
and is ~1.3 kbp -smaller than Hindlll fragment 10 (Fig. 5A)
Thus, this novel HindIlll fragment must be partially single:
stranded and derived from an AS-induced Ti plasmid whose
T-region is partially single-stranded or associated with ss T-DN A
sequences, as in a D-loop structure. More perplexing fragm: “'t¢
are also detected: the ~15-kbp S,-insensitive Smal signa: . i<
sponds to a ds DNA fragment which is ~12 kbp smaller inun
the Smal fragment that covers the T-region of the uninduced
Ti plasmid; also, in the =S, BamHI and Sall lanes, signals arc
observed whose sizes correspond to the S, cleavage fragment
of these digests (Fig. SA) which are internal, but not external.
to the left T-DNA border. While the present data do not allow
the precise identification of the T-region structure(s) to which
these unexpected fragments correspond, they illustrate the com-
plexity of the molecular reactions associated with the Ti-plasmid
T-DNA sequences which occur in AS-induced Agrobacter:-

Discussion

Agrobacterium tumefaciens transfers its Ti-plasmid T-DNA 10
plant cells; and this process is activated by the induction of th¢
Ti-plasmid virulence genes with the plant phenolic compoun

AS. We show that AS induction results in the generation of
several novel T-DNA homologous molecules in Agrobacterium:
a linear ss molecule, the T-strand, which corresponds (0 d_"_
lower strand of the Ti-plasmid T-region; and Ti—p'aSm'd
molecules whose T-DNA border repeats are sensitive (o cleava2®
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£2.6 Proposed reactions associated with the Ti-plasmid T-
-_zion in AS-induced cells. A, Model for the generation of the
“.strand; B, model for the generation of a ds T-DNA circle
molecule. Thick lines represent T-region sequences, thin lines
represent adjoining Ti-plasmid sequences extemnal to the 25-bp
T-DNA border repeats, indicated by the dashed triangles. ss breaks
in the bottom strand of the border repeats correspond to S, border
sites, and the wavy line corresponds to a newly synthesized bottom
strand of the T-region. This model implies that ss molecules are
not generated leftward of the left T-DNA border; while we have
not observed such molecules, they might not have been detected
if they are heterogeneous in length.

w S, nuclease (S, border sites), and whose internal sequences
1ave been altered (T-region structures). The specific properties
of these AS-induced molecules allows the formulation of
mechanistic models for the generation of the T-strand, and for
its potential transfer to the plant cell.

Figure 6 A presents a model for the generation of the T-strand
molecule. First, ss endonucleolytic cleavages occur within the
ieft and right T-DNA border sequences on the Ti plasmid. These
d=2vages correspond to S, border sites and provide free 3' OH
i 2psfrom which DNA synthesis can be primed. Second, using
f. top strand of the T-region as template, DNA synthesis
initiates at the right border cleavage site, and proceeds unidirec-
onally across the T-region. This synthesis displaces the bottom
strand of the T-region and produces a transitory triple-stranded
‘tructure which may correspond to one of the AS-induced T-
‘egion structures that we have detected. Third, DNA synthesis
erminates when it encounters the left border cleavage site, and
ne displaced bottom strand is released from the Ti plasmid, as
= free T-strand ss molecule. Alternatively, a 5’ >3’ helicase
! “wity unwinds the T-region of the nicked Ti plasmid to free
‘T - T-strand molecule and produce a Ti plasmid whose T-region
5 momentanly ss prior to replacement strand synthesis. Since
*e observe at most one T-strand molecule per AS-induced cell,
T-strand production must be tightly regulated.

The sequences internal to the T-DNA of the wild-type Ti
>lasmid encode genes whose expression in the transformed plant
‘el result in the tumorous phenotype, crown gall', and when
'»1"16: orientation of the right border on the Ti plasmid is flipped
¥ in vitro manipulation), phenotypically transformed plant
t:ls are not obtained'*'®. The model of Fig. 6A explains this
.xctional polarity of the right T-DNA border; that is, the
T-strand corresponds to the bottom strand of the T-region and
Must be generated in a right-to-left (5 to 3°) direction. Thus, if
the orientation of the right border is reversed in the Ti plasmid,
% molecules will be generated away from (rightward of) the
T-DNA tumour genes. This model may also explain how the ds
T-DNA circle molecules, recovered in E. coli transformed with
:\SAinduccd DNA, are generated at a low frequency in response
0 AS induction. Since nicked DNA stimulates recombination
fvents?® ) the S, border sites could promote pairing and recombi-

————ARTICLES

711

nation between the T-DNA border repeats of the AS-induced
Ti plasmid (Fig. 6B).

Assuming that the T-strand is the transfer intermediate, we
can speculate on the mechanism cf its transfer. This mechanism
might share features with known bacterial processes which medi-
ate the transfer of specific DNA molecules between bacteria,
such as phage infection or conjugation. An important distinction
between these two processes is that only phage infection involves
the synthesis of many copies of the molecule destined for trans-
fer. Since the T-strand is present at about one copy per AS-
induced cell, it is unlikely that it is transferred to the plant cell
as an infectious phage patticle.

In bacterial conjugation, one strand of a ds donor molecule
is transferred as a linear ss molecule from the donor to recipient
cell”®. This process is initiated by nicking one strand of the
donor molecule at a specific site (designated oriT, origin of
transfer) , and the strand destined for transfer is unwound in
a 5= 3 direction. Concomitant to unwinding, the unwound
strand is mobilized to the recipient cell, and this transfer is
accompanied by DNA synthesis on the donor molecule to
replace the mobilized strand. The T-DNA homologous
molecules that we have descnbed correspond to the structures
which would be predicted to occur il T-DNA transfer occurs
through a conjugative mechanism. The S, border sites are
analogous to nicked oriT sites, the T-strand is analogous to the
linear ss DNA molecule transferred during bacterial conjuga-
tion, and the intermal T-region structures are analogous to the
replacement strand synthesis intermediates of the donor
molecule. Furthermore, bactenal conjugation requires direct
contact between donor and recipient cells®', and the same
requirement is observed for the T-DNA transfer process™.

If the T-strand is transferred by conjugation to the plant cell,
it is stiil not known how it ultimately finds its way into the plant
cell nucleus and becomes integrated into the nuclear genome.
While the deproteinized T-strand that we have described is a
naked linear molecule, presumably it is transferred as a complex
that carries proteins which in part mediate the post-transfer
events. These proteins, as well as the proteins involved in the
generation and transfer of the T-strand, are probably encoded
by the plant-inducible Ti-plasmid vir loci'®.
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Note added in proof: The nondenatured transfer assay for single-
stranded DNAs has also been recently described by Reile, H.
T., Michel, B. and Ehrlich, S. D. Proc. natn Acad. Sci. U.S.A.
83, 2541-2545 (1986).
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Binary pulsar with
a very small mass function

R. J. Dewey*, C. M. Maguire?, L. A. Rawley7,
G. H. Stokest™ & J. H. Taylor*

* Center for Radiophvsics and Space Research, Comell University,
Ithaca, New York, 14853, USA

+ Joseph Henry Laboratories and Physics Deparntment, Princeton
University, Princeton, New Jersey 08544, USA

Much of the interesting physics concerning neutron stars and their
evolution depends for its experimental foundation on observations
of the rotation rates of pulsars. To continue recent efforts of our
group in this area'™, we began a series of pulse-arrival-time
observations of ~70 pulsars in January 1985. Most of the pulsars
in this study were discovered in the Princeton/NRAO pulsar survey
of the preceding two years*”. Soon after we began these observa-
tions it became clear that PSR2303+ 46 was a binary pulsar’; it
is now evident that PSR1831-00 is also a member of a binary
system, the seventh such radio pulsar known. It moves in an orbit
with a period of 1.81 days, a small eccentricity, and 2n unusually
small mass Munction of 0.80012 M. (where Mg is the mass of the
Sun). With a period P =0.521s and period derivative P<107""
s s', PSR1831-00, like the other known binary pulsars, has a
relatively weak magnetic field. We discuss the features of this
system that provide clues to its evolutionary history and outline
possible models for its formation.,

Most of our observations were made with the 92-m transit
telescope at Green Bank, West Virginia, at a frequency of
390 MHz. The data acquisition system has been described by
Stokes et al®. Briefly, a dual-channe] parametric up-converter
amplifies two orthogonal linear polarizations and provides a
system noise temperature of 50 K at high galactic latitudes. In
the direction of PSR1831-00 (galactic coordinates {=30.8°, b=
3.7°) the system temperature is 180 K, equivalent to a lux density
of —150 Jy. In each polanzation an 8-MHz pass-band is divided
into 32 sub-channels, each 250 kHz wide; the signals are detec-
ted, summed 1n a de-disperser, and then integrated for two
minutes in a signal averager synchronized to the apparent pulsar
period. For each pulsar, the resulting profiles are cross-corre-
lated with a standard profile for that pulsar. This procedure
determines phase offsets which, when added to reference times
near the centre of the integrations, yield effective pulse arrival
times. i

For PSR1831-00, one.to ten arrival times were obtained in
this way on each of 19 days in January, February, April, July
and November 1985, and February 1986. The number of
observations obtainable on a single day is limited by the small
hour-angle range through which the 92-m telescope can track
(—~20 min at the celestial equator), and this in tum limits the
accuracy with which one can measure a pulsar’s apparent period
on a given day. Neverthless, for virtually all non-binary pulsars
it is possible to fit data obtained over two or three days to a
single barycentric period and to count pulses unambiguously
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date (c). The sinusoid superimposed on the measured periods in
a corresponds (o the orbital parameters listed in Table 1.

from day to day. The data for PSR1831-00 were not amenable
to such treatment; it was rarely possible to fit data taken ont
or two days apart to a single period. However, the day-t»-3a
period changes were small (a few parts in 10%) and only mer
ginally significant, making the binary nature of this pulsar iizrd
1o recognize.

These difficulties were compounded by the weakness of the
pulsar’s signal (2-5 mJy) and its vanability. We did not deted
the pulsar in a number of our attempts to observe it, and thefe
is some evidence that it has become weaker in the past yea!
The variability may be due to refractive interstellar scintillation-
Our failures to detect the pulsar show no correlation with orbita!
phase, so there is no evidence that eclipses are involved.

Redoubled observational efforts in February 1986 sheaed
that the data were consistent with a nearly circular orbit hz=+:t£
a 1.81-day period and a maximum radial velocity of +8.7 km s ’
We were still not able, however, to connect pulsar phases uP-
ambiguously between observing days. Consequently, dunné
March 1986 we observed PSR1831-00 at 430 MHz with ¢
Arecibo 305-m telescope. The data acquisition scheme ¥
described in ref. 6. The pulsar is close to the southern declina0o?
limit of the Arecibo antenna and can therefore be observed [
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Identification of the signal molecules produced
by wounded plant cells that activate
T-DINA transfer in Agrobacterium tumefaciens
Scott E. Stachel, Eric Messens’, Marc Van Montagu & Patricia Zambryski

Laboratorium voor Genetica and * Histologisch Instituut, Rijksuniversiteit Gent, B-9000 Gent, Belgium

We show here that Agrobacterium tumefaciens virulence (Vir) gene expression is activated specifically by the plani
molecules acetosyringone (AS) and a-hydroxyacetosyringone (OH-AS). These molecules induce the entire vir regulon in
Agrobacterium as well as the formation of T-DNA interinediate molecules. AS and OH-AS occur specifically in exudates
of wounded and metabolically active plant cells and probably allow Agrobacterium to recognize susceptible cells in nature.

So1L bacteria often form specialized interactions with plant
cells. Usually a particular bacteium interacts with only a few
species and/or types of plant cells’. A primary step in the
formation of a bacterial/plant interaction is the detection by
the bacterium of the approprate susceptible plant cell. This
recognition then triggers the activation of the bacterial genes
wnose products direct the development and/or maintenance of
the interaction. The soil is a complex biological and chemical
environment, and the signals that mediate the detection of a
specific plant cell by a bacterium are unknown.

A. tumefaciens, a soil phytopathogen, genetically transforms
dicotyledonous plant cells to cause the neoplastic disease crown
gall>*. Only cells that have been wounded are seen to be suscep-
tible*®. The bacterium transfers a specific segment of DNA, the
T-DNA, lrom its large (> 200 kilobases, kb) tumour-inducing
(Th) plasmid to the susceptible plant cell, where it becomes
integrated into the nuclear genome’™. In the Ti plasmid, the
T-DNA is defined and bounded by identical 25-base pair (bp)
direct repeats; only DNA between these T-DNA borders is
transferred to the plant genome® '2. During co-cultivation with
plant cells, independent T-DNA circles are formed in Agrobac-
terium; these molecules arise by a specific recombination
between the 25-bp sequences at the ends of the T-DNA and are
potential intermediates in the transfer of the T-DNA from
Agrobacterium to the plant cell'?.

The Ti plasmid genes required for plant transformation are
not contained in the T-DNA but are located in the ~40-kb vir
region**'%. Genetic analysis of the wvir region of the A6 Ti
plasmid has shown that it encodes at least six scparate com-

" plementation groups, virA, B, C, D, E and G, and pinF that
are organized as a single regulon (ref. 17; S.E.S., in preparation).
In the vegetative bacterium only virA and virG, the vir regulatory
genes, are significantly expressed; however, when Agrobacterium
is co-cultivated with plant cells the expression of virB, C, D, E,

G and pinF is induced 1o highlevels'™'®. This activation of wvir
expression by plant cells probably initiates the steps of T-DNA
transfer and integration into the plant cell genome. We have
shown that vir induction and the production of T-DNA circles
is mediated by a small deffusible factor produced by actively
growing plant cells'’. Here, we purify and establish the chemical
identity of this factor, and demonstrate that its production is
related 1o plant cell wounding and that its recognition by the
bacterium is a highly specific process. This factor is likely to be
the signal that allows Agrobacterium to recognize in nature a
plant cell susceptible to transformation.

Purification of signal molecules

To purify the plant molecule(s) that specifically signals Agrobac-
rerium to initiate its interaction with plant cells requires first,
an efficient and quanuttative bioassay for a pnmary event in this
transformation process, specifically the induction of vir gene
expression; and second, a starting source of the signal
molecule(s). We have previously described an assay for vir
induction in Agrobacterium that used gene fusions between the
pTiA6 vir loci and the Escherichia coli lacZ gene'”™'S. Briefly, in
a bacterium carrying a vir::Jac gene fusion, the production of
B-galactosidase (the lacZ gene product) is controlled by the ti-
locus to which lacZ has been fused. Thus, the state of expressiorn
of the locus can be monitored by measuring the 8-galactosidase
activity present in the bacterium; increased activity indicates
increased vir expression. (The relative amount of induced
activity reflects the relative amount of vir-inducing activity to
which the cell has been cxposed.) Here we use Agrobacterium
strain A348(pSM30) (ref. 17) to detect and measure vir-inducing
activity. This strain contains wild-type pTiA6 and pSM30, a
virB :: lac fusion plasmid, and gives high levels (up to ~100-fold
of basal activity) of induced B-galactosidase activi_&y”.
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Ffig. 1 20C/rPLC (ractionation of the vir-inducing activity in plant-cell
exudates. The organic compounds present in plant cell medium conditioned
with root culture (cmr, A, B), or with leaf disks (eml; C), were prepared
bv chloroform cxtracuon and analysed by RPC/FPLC. The material ana-
lvsed tn A, B and C was prepared from 2 lires eme, 40 ml emr and 50 mi
c‘mL respectively. Each sample was {ractionated on a C-2/C-18 RPC column
sluted with 2 linear methanol gradient. [n A aad C, columa fractions were
bioassayed for vir-inducing activity in Agrobacterium. The diagonal line
represents the clution gradient 2ad the solid line indicates the ultraviolet
absorbance measured at 280 nm of the column (ractions; shaded curves
indicate relative specific units of B-galactosidase activity induced in the
virB::lacZ tester strain A348{pM30) by the column fractions. The major
peaks of vir-inducing activity in A are indicated by arrows labelled A, B,
C and D. B, Arrows indicatc peaks corresponding 10 peaks A, B and D
ol A

Methods. Root culture of N. tabacum transformed with Agrobacterium
rhizogenes A15834 was grown and maintained as described prcviously".
Transformed roots were used because they are easy (o propagate. Every 72 h
the conditioned medium (cmr) was removed and stored at =20°C. Leal
disks were prepared from 6-week-old uniransformed N. tabacum SR1 plants,
and 2-g samples of LS-cm-diameter disks were incubated in 50 mt MS
medium (Murashige and Skoog™ salts, 3% sucrose, suppiemented with
0.018% K,HPO,, 0.01% inasitol, 0.0001% biotin, pH 5.5} in 150-mm Petri
dishes. After 72 h, the conditioned medium (cml) was removed and stored
at ~20°C. The conditioned medivm (cmr and cml) was filtered through
0.22 pm nitcocellulose and the Bltrate extracted twice with a 25% volume
ol chiorafarm and the pooled chloroform phase was back-extracted with
1 vol. MS medium, rotary-evaporated to dryness and resuspended in 500 p!
20% CH,;OH, 0.1% CH;COOH [or analysis by RPC/FPLC. (Note that
initial solvent extraction experiments were performed to determine the
solvent paatitioning character of the c¢ms and eml vir-inducing activities. In
these experiments 50 ml of the respective conditioned medium was extracted
with chloroform: the interphase and chioroform phase were lyophilized and
cach resuspended in 2 ml MSSP (MS medium supplemented with 12.5 mm
sodium phosphate, pH 5.5'7), and the aqucous phase was blown with a
stream of air to remove traces of chloroform. Each of these samples was
bioassayed for vir-inducing activity: only the chloroform phase material
contained this acuvity.) A Pep RPC pre-packed S mmx 50 mm column
(HRS/5) containing 6-pum silica particles with C-2 and C-18 alkyl side chains
{Pharmacia} was pre-cquilibrated with 10% CH,;0H, 0.1% CH,;COQOH. The
column was run at a flow rate of 0.7 m! min~' using a Pharmacia FPLC
svstem equipped with the LCCS00 chromatographic programmer. A single-
path ultravioler monitor was used 10 monitor absorbance at 280 nm. The
column was ¢luted with 2 linear gradient of 10-60% CH;OH:H,0 {v/v),
0.1% CH;COOH. We coliected 10 1.4-ml t2.min) fractions; 140-pl aliquots
{ A} or the entire fractions ( C) were 1vophitized, resuspended in 1.5 ml MSSP
and bioassaved for rir-inducing activity Overnight cultures of strain
A348{pSM10) were cemtnifuged and resuspended in MSSP medium. Matenal
0 be tested for vir-inducing activity was inoculated with bacteria at 0.1
absorbance unit ml~" at 600 nm cm ™', Incubations were for 10 h at 28 °C
and 200 r.p.m. Speafic uni of B-galactosidase activity were determined as

descnbed prcviously”‘“l and are expressed as U per bactenal cell.

Induction of vir expression occurs during co-cultivation of
Agrobacterium with plant cells, and during incubation of bac-
tena in plant-cell exudates. We have shown that the medium in
which Nicotiana tabacum root culture has grown (designated
cmr for conditioned medium roots) contains substantial
amounts of a vir-inducing activity'”. This activity stimulates the
expression of each of the inducble pTiA6 vir loci, and also the
formation of T-DNA circular intermediates, indicating that it
inggers in Agrobacterium the initiation of plant cell transforma-
tion. This activity has relative molecluar mass less than 1,000;
is stable to boiling, freezing, lyophilization, and high and low
pH; and is partially hydrophobic, as it is retained by silica C-18
and completely clutes from this matdx with 40% CH,OH
(ref. 17). Here we punfy and identify this cmr activity.

The above properties suggest that the cmr vir-inducing activity
is composed of one or more small organic molecules; that it
completely partitions into the organic solvent chloroform
(Fig. 1) confirms this identity, and provided a basis for its
purification. The emr vir-inducing activity was fractionated by
reverse-phase chromatography (RFC) using a high-resolution
fast-performance liquid chromatography (FPLC) | system.
Activity was localized to two major and two minor peaks that
had eluted, respectively, with 18 {peuk A), 27.5 (peak B), 32
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(peak C) and 42% (peak D) CH,OH (Fig. 1A). Thus, the cmr
vir-inducing activity is represented by at least four distinet
compounds. When less material is loaded onto the FPLC column
(Fig. 1 B), peak B is the major component of the organic fraction
of cmr. Because of their low abundance, the peak C and peak
D activities wer= 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 vir inducers

The peak B compound, the major ecmr vir-inducing molecule,
is 4-acetyl-2 6-dimethoxyphenol, based on several experimental
observations: (1) The GC/MS spectrum of the peak B compound



peak B (from Fig. 1A) were pooled, lyophilized, resuspended in
5% acetonitrile, 0.1% trifluoroacetic acid (TFA) and injected onto
the C-2/C-18 column equilibrated with this buffer. The column
was eluted with a linear gradient of 5-30% acetonitrile, 0.1% TFA,
and monitored for ultraviolet absorbance at 280 nm and for biologi-
cal activity. For cach sample a single peak was resolved from other
minor ultraviolet-absorbing compounds, and a portion of the peak
fraction was lyophilized, dissolved in 500 pl chloroform and evap-
orated to 40 pl under a nitrogen stream for GC/MS analysis.
Separate portions of each sample were dissolved in CH,0H for
ultraviolet absorption analysis (Fig. 3) and in MSSP for analysis
of biological activity. We injected 0.5 pl of sample into a 0.32 mm x
. 25m Carlo Erba (HRGC) gas chromatography column SF-52,
directly coupled to a Finnigan 4000 mass spectrometer. GC frac-
tionation was with a 50-250° gradient, 5°min~". Data were collected
and processed on a Nova 3 computer (Data General).

(Fig. 2a) indicates a molecule of relative molecular mass (M,)
196, chemical composition C,oH,;0, and general structure
acetyl-dimethoxyphenol. (2) Comparison of the ultraviolet
absorption spectrum of the pecak B compound in CH;OH with
its spectrum in CH,OH/NaOH (Fig. 3a) indicates that the
molecule exhibits a strong absorption shift to longer wavelengths
in the presence of NaOH; this basc¢-induced redshift is diagnostic
of phenolic compounds in which the phenolic hydroxyl group
is para (but not ortho or meta) to a conjugated ring substituent,
such as a kctone or allyl group'®. (3) The p-hydroxyl derivative,
4-acetyl-2,6-dimethoxyphenol, commonly termed acetosyrin-
gonc (AS); is commercially available and greatly stimulates vir
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Methods. The biologically active compounds present in the peak
A and B fractions were purified to homogeneity by RPC/FPLC;
fractionation conditions were identical to those described in Fig. 1,
except for the column solvent. The fractions tontaining peak A or s T i —
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expression in Agrobacterium (see below). AS and the purified
peak B compound co-elute on RPC/FPLC (data not shown)
and their GC/MS spectra are indistinguishable (Fig. 2). Further-
more, their respective ultraviolet spectra, both in CH,OH an¢
in CH,OH/NaOH, are1dentical (Fig. 3a, ). (4) The quantitatiz ¢
vir-inducing activities of authentic AS and the peak B compound
are equivalent. In the experiment described in Fig. 4, the units
of induced B-galactosidase activity as a function of concentra-
tion of inducing compound were determined for each compound
at several concentrations ; the respective activity/concentration
curves are identical. )

The peak A compound, the second major cmr vir-inducer, is
4-(2-hydroxyacetyl)-2,6-dimethoxyphenol, termed oa-hydroxy
acetosyringone (OH-AS), an analogue of AS. This identification:
is based on the following observations: (1) The GC/MS spec-
trum of the peak A compound (Fig. 2¢) indicates a molecule oi
M, 212 whose only significant fragmentation product has M,
181. The GC/MS spectrum of compound A following trimethy!-
silyation indicates a mass “increase corresponding to two
trimethylsilyl ‘groups (data not shown). Thus, compound A
contains two hydroxy! groups and has general structure of either
(3-propanol)dimethoxyphenol  (C,;H,,0,) or (2-hydroxy-
acetyl)dimethoxyphenol (C;oH,,05). Only the latter structure is
consistent with the observation that the peak A compound is
more polar than AS, as it clutes before AS 3n RPC/FPLC
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Concentration [pml
Table 1 Biological activity of derivatives of acetosyringone al L 10 100
COCH,y P
o e
7 e . . .
acetosyringone 109 93 29 .
CHy0 0CHy ~
> 1000 /
COCHy - 4
k) - 4
acetlovanillone 80 33 1.9 1.6 ;
OCH, 3 6007
B
& i
COCHy < ]
¢
3,5-dimethoxy /@\ NO 1.0 NO NO 2004
acetophenone
CHy0 OCHy
000! 00! o1 10
A
/ cocHy 298nm
4-nydroxy NO 1.1 ND ND Fig. 4 Comparison of vir-inducing activity of purified peak 8
acetophenone compound (Fig.2) and commercially obtained acetosyringone.
Vertical axis, B-galactosidase activity (U bacterium™) in the
Agrobacterium virB :: lacZ strain A348(pSM30): lower horizontal
axis, relative concentration of purified peak B compound (Fig. 2)
2 or autheniic AS (Janssen Chimica) in the inducing medium,
syringaldehyde 86 51 2.2 NO measured as absorbance at 298nm (cm”'). The extinction
CHy0 0CHy coefficient of AS at 298 nm is 10,300 (ref. 29); this value was used
to calculate the concentration of inducer compound in the inducing
medium, indicated by the upper horizontal axis.
r COOH Methods. Purified peak B compound and authentic AS were separ-
S . 21 ately dissolved in MSSP to 1.0 absorbance unit ml™" at 298 nm
syringic acid 8.6 1.7 NO - A . !
(em™'), measured against [resh MSSP. Each solution was serially
CH30 0CH;y dituted and the resultant samples were inoculated with bacterium
OH - ~1 -1
at 0.09 absorbance unit ml™' at 600 nm (cm™'). Samples were
incubated for 14h at 28°C, 200 r.p.m. and the B-galactosidase
CH:CHCOOMH .

g
sinapinic acid 98 68 18
CH30 ocn,

Acetysyringone (a) and six related compounds; acetovanillone tb);
.S-dimethoxy acetophenone fc): 4-hydroxyacetophenone (d); syring-
sldehyde te); syringic acid ( f); and sirapinic acid (g), were tested for
their ability to induce B-galactosidase in the Agrobacterium virB::lacZ
strain A348({pSM30). All compounds were purchased from Janssen
Chemica, and prepared as 0.1 M solutions in dimethyl sulphoxide. Each
compound was senally diluted into MSSP (Fig. 1, legend) medium to
200, 50, 5 and 0.5 uM (a, b, e, f, g) or S0 uM (c, d). These solutions
were inoculated with bacteria at 0.05 absorbance unit m1™" at 600 nm
ecm™' and incubated at 28°C, 200 c.p.m. After 12 h, the bacterial 8-
ralactosidase activity in each sample was determined. The data are
s¢pressed as activity of the bacteria incubated in the presence of a
ampound relative to the basal activity present in bacteria incubated
«1thout added compound. The basal activity for the pSM30 strain is
10 U. ND, not determined.

‘Fig.1). (2) Comparison of the ultraviolet adsorption spectrum
of the peak A compound in CH;OH with its spectrum in
CH;0H/NaOH indicates that, similarly to AS, this molecule
2xhibits a strong base-induced redshift (Fig. 3¢). Thus, com-
oound A contains a phenolic hydroxyl group para to a conju-
fated rirg substituent. Furthermore, the absorption spectra of
ompound A are almost identical to the equivalent spectra of
AS; the respective absorption maxima occur at identical
wavelengio. ithe largest maxima occur at 298 nm in CH;OH

and 355 nm 1in CH,OH/NaOH), although their relative extinc- -

tion coefficients are different. These similarities strongly indicate
that the peak A compound is very closely related to AS. (3) The
Quantitative vir-inducing activity of the peak A compound is
approximately equivalent to that of AS (Fig. 1). As described
Sclow, the structure/activity specificity of vir-induction indi-

ey that onlv molecules with similar structure to AS induce

activity of the bacteria in each sample determined.

Thus, we have idenufied plant molecules that induce vir
expression. OQur next experiments seek to provide insight into
the relationship between these molecules and Agrobacrerium in
nature. For the Agrobacterium/plant transformation system to
be most efficient, its activation should be limited to the presence
of susceptible plant celis. This could be achieved if activation
1s signalled only by molecules specificto these cells. Forinstance,
such moleclues should first, be produced by different types of
plant cells, as Agobacterium can transform several different.cell
types®®; second, be specifically synthesized by susceptible plant
cells, such as wounded cells; and third, be available to the
bactenum in quantities sufficient for efficient activation. The
following expennments demonstrate that AS has these properties
and that activation of Agrobacterium is a highly specific process.

Different plant tissues produce AS/OH-AS

To determine whether AS and OH-AS are specific to roots or
whether they are also produced by other plant tissues, we
purified and identified the vir-inducing activity produced by
leat cells (Fig. 1). Medium in which N. tabacum leaves that have
been cut into disks have been cultured (cmi; conditioned
medium leaves) contains substantial amounts of inducing
activity that completely partitions into chloroform. The
RPC/FPLC profile and corresponding bioassay profile of this
material (Fig. 1 C) show that the cm! activity fractionates into
two peaks that co-elute with OH-AS and AS. Subsequent
punfication and GC/MS and ultraviolet spectrophotometric
analysis of the active molecules in these peaks confirmed that
the major vir-inducing activity in cml is composed of OH-AS
and AS (data not shown). Thus, these two compounds are
present in the exudates of at least two different plant tissues.

AS and OH-AS are exudate-specific

In the >onl Agrobacierium probably detects plant cells through
R e T wwharhar AR qed NHLAS ars

w.io o W daraeemial
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exudate-specific we assessed their rejaiive concentrations within
the N, rabacum leaf disks of Fig. 1/~ ~>=se disks were extracted
with chloroform and the extract wa: _calysed by RPC/FPLC
fractionation and corresponding bioassay. The relative con-
centrations of 8¢ and OH-AS are <0.5% of the organic com-
pounds presers .o the total leal disks (data not shown). In
comparison, the relative concentrations of these compounds in
the cml extract is ~>5% and greater (Figs 1C, SA). Thus, AS
and OH-AS probat?l, do not leak out of damaged plant cells
and are exudate-specific compounds.

Concentration of vir inducers in cmr/cml

F.gure 4 shows the relationship between the concentration of
AS (both commercial and cmr-punfied) and induction of virB
expression as measured in units of B-galactosidase activity.
Under the conditions used, AS at 210 uM, and AS at 1.5 uM,
induce maximal (1,200 U) and half-maximal (600 U) expression,
respectively. Note that AS induction does not significantly affect
c:11 viability (that is, induction is a non-lethal event), and that
cancentrations of AS >200 pM are not significantly toxic to the
bacteria. Using the dose-response curve of Fig. 4, the concentra-
tion of vir-inducing compounds in plant-cell exudates relative
to AS can be estimated. Qur starting ¢mr and cmli preparations
tvpically induce between 250 and 500 U 8-galactosidase activity
in A348 (pSM}O); this activity approximately corresponds (o
between 0.5 and 1 pM AS.

Biological actlvity of acetyosyringone

The primary molecular signal for the initiation in Agobacrerium
of the events of plant cell transformation should induce in the
batlerium both the entire vir regulon and the inital steps of
T-DNA transfer. We determined that AS has these acuvities.
Several vir::lac and pin::lac Agrobacterium strains were incu-
bated in 20 uM AS (both commerical and cmr-purified) and
assayed for B-galactosidase activity. Inductions of all the pre-
viously identified inducible vir loci (B, C, D, E, G) and pinF
was obtained, and the levels of induction were at least 20-50%
higher than those stimulated during co-cultivation with plant
cell cultures or incubation with cmr'’ (data not shown). AS also
induces the production of T-DNA intermediates: when bacteria
are incuba[ed with 20 uM AS for 12-18 h, T-DNA intermedi-
ates' are found ata frequency two- to ﬁvefold greater than that
obtained following 48-h co-cultivation with prrotoplasts'” (data

not shown). We have also seen that AS induces the appearance’

and/or disappearance of several major proteins in Agrobac-
terium (P. Engstrom, P.Z.;and S.E.S., in preparation). Thus, a
single compound is sufficient to trigger the complete activation
of vir and the initial events of T-DNA transfer; and AS (probably
OH-AS also) is a pnmary signal for plant cell transformation
by Agrobacterium.

Molecular specificity of vir induction

Table 1 shows the respective vir-inducing activities of AS (a)
and analogues of AS (b-g). These results indicate that Agrobac-
terium vir expression is cfficiently induced by molecules that
conform to a structure best represented by AS itself, and suggest
that Agrobacterium has evolved to recognize and respond to AS
as a specific signal for the activation of plant cell transformation.
For instance, AS without one methoxy group (b) has greatly
attenuated vir-inducing activity, whereas AS without both
methoxy groups (d) or its hydroxyl group (c) is inactive. The
acetyl substituent of AS is important for activity. The formy!
(e) and carboxylic acid (f) analogues of AS have attenuated
activity, whereas the cinnamic acid analogue of AS, sinapinic
acid (g), has approximately equivalent activity to AS. This fatter
result is interesting in that sinapinic acid is a precusor ol lignin,
an integral ccll-wall constituent of all vascular plants (see
below).

Wounding stimulates AS/OH-AS production

Although many dicotyledonous plant celis can be transformed
by Agrobacierium, only cells that have been wounded or traumat-
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Fig. 5 Effect of wounding and inhibition of plant cell metabolism
on production of AS and OH-AS by plant cells. RPC/FPLC
fractionations of equivalent amounts of medium conditioned with:
a, 1.5-cm-diameter leaf disks: b, intact leaves: c, leafl disks in the
presence of cycloheximide. The vertical axes are drawn to the same
scale in a-c Arrows, elution positions of OH-AS (fraction 7), and
AS (fraction 13).

Methods. Leaves (4 g) excised from 6-week-old N. tabacum SRI
plants were treated as described below and incubated in 50 ml MS
medium in a 130-ml Petri dish. Care was taken to use visually
cquivalent leaves in cach experiment. a, 5-6 l-cm” disks were
obtained per leaf; b, intact leaves were used; ¢, same as a but with
Sp.p.m. (12.8 nM) cycioheximide (Actidion, 99%: Aldrich
Chemicals) added to the medium. After a 72-h incubation, 40 m!
of each respective conditioned medium was recovered, filtered
through 0.22 um nitrocellulose and 35ml extracted with
chloroform (Fig. 1), and the organic pellet was resuspended in
400 1 10% CH,OH, 0.1% CH;COOH. We analysed 100 nl of the
sample by RPC/FPLC usirig the conditions described in Fig. }.
The remaining 5 ml of conditioned medium was bioassayed for
vir-inducing activity; the units of B-galactosidase activily induced
by the conditioned media of a, b and ¢ were 565, 13$ and 20,

respectively.

ized are susceptible. Therefore, we tested whether the production
of AS and OH-AS is stimulated by plant cell wounding. Figure
5 shows the RPC/FPLC profiles of the organic extracts of cr.
produced by equivalent amounts of N. rabacum leafl disx:
(wounded cells; Fig. 5a) or intact leaves (unwounded; Fig. 5b).
Comparison of these profiles indicates that the ‘wounded’ cml
contains >10-fold more AS and OH-AS than the ‘unwounded’
cml, demonstrating that wounding stimulates the appearance of
these molecules in the cell exudate. The low levels of AS and
OH-AS in the ‘unwounded” leaf exudate could be caused by
the cut stem surfaces of the leaves.

These results do not define which cells of the woundcd tissuc
produce AS and OH-AS. For example, damaged or dead celi*
could release AS, dlthough such cells are not good targets *
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\grobacrenum infection. We tested whether active plant cell
metabolism is required for the production of AS by analysing
the cml produccd by leaf disks incubated in cycloheximide. This
material does not contain AS and OH-AS {Fig. 5¢). These resuits
confirm and extend our previous observation that in
~lant/ Agrobacterium co-cultiv ations only actively growing plan(

~il cultures are able to stimulate efficient vir gene expression’
yjur data concerning the production of AS and OH-AS in total
-aggest that these compounds are specifically synthesized and
zxuded by metabolically active wounded cells.

Discussion

The molecules that we have purified signal Agrobacierium 1o
activate the expression of its virulence genes, setting in motion
a series of molecular events ultimately resulting in the transfer
of T-DNA from the bacterium to the plant cell.

Wounded cells are known to be susceptible to Agrobacterium
afection, perhaps because the intact cell walls of undamaged
c2lls restrict T-DNA transfer, or because T-DNA integration is
Jdependent on host-cell replication and wounding stimulates this
replication. Because Agrobacterium responds to AS and OH-AS
to initiate plant cell transformation, these molecules potentially
represent the signal that Agrobacterium detects and recognizes
in the soil as susceptible plant cells. The presence of AS and
OH-AS specifically in the ¢xudates of wounded but actively
metabolizing plant tissues supports our hypothesis.

The activation of Agrobacterium vir expression by plant signal
nolecules probably involves at least two steps: extracellular
“scognition and intraceliular response. The first step could
Jepend on the signal molecule acting as a chemical attractant
and/or nutritive source for the bactenum. The latter must
depend on the ability of the bacterium to convey the information
of the signal from outside to inside the cell and to activate vir
expression. The mechanism of these events is unknown. Induc-
tion of the pTiA6 vir region is attentuated in virA and does not
occur in virG mutant bacteria (S.E.S., in preparation). Also, the
amino-acid sequence of the wvirG gene product is highly
homologous with several positive regulatory proteins of E. coli*’
Jecause AS can cause the induction of the complete vir regulon,
~¢ suggest that this compound acts to activate aliosterically the
“irG protein, which then activates vir transcription by directly
interacting with vir gene promoter sequences. The virA protein
potentially lunctions in the imtial extracellular/intracellular rec-
ognition and/or intracellular transport of the signal molecule.

AS and OH-AS have not previously been identified as natural
component of plant cells, suggesting that the appearance of
these molecules in nature is not widespread. Thus, these
molecules potentially represent to Agrobacterium only those
cells which are its desired targets. In addition, these or rejated
1olecules might also serve to initiate other bacterial/ plantinter-
:ctions in the soil. The observed resistance of most monocoty-
izdonous plants to Agrobacterium could result because these
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plants do not produce, or only produce in low quantities, vir
signal molecules. AS and OH-AS could be useful lor obtaining
Agrobacterium transformation of plant species previously seen
to be resisiant to Agrobacterium, and also for the analysis of the
initial molecular steps of the T-DNA transfer process.

Although it is impornant for Agrobacterium o detect and
respond to such molecules, it is equally important that it does
not respond to closely related but functionally different
molecules; we have shown that vir induction is most efficiently
stimulated by AS and by the lignin precursor sinapinic acid.
This latter compound is not present in detectable quantities in
our exudate preparations; however, sinapinic acid could be
present in the soil in exudates of wounded cells in the process
of cell-wall rebuilding.

[t is interesting to speculate on the function of AS and OH-AS
in plants. These compounds are likely products of the shikimic
acid biosynthetic pathway that provides the plant cell with the
precursors to a broad spectrum of molecules, including the
flavonoids, and lignins®>™**. These classes of compounds are
important to a plant subjec:ed to stress or injury. For example,
many flavonoid-derived phytoalexins are potent inhibitors of
the growth of invading pathogens®®, whereas lignin, a major
component of the cell wall, provides a physical barrer to
invasion®. Thus, AS and OH-AS could be part of the wound
response?’ of plant cells. These compounds are potentially toxic
to other soil pathogens, and Agrobacterium has evolved o be
resistant to AS and OH-AS and to use these chemicals to
recognize wounded cells. Alternatively, the compounds could
be products related to lignin repair in damaged cells.

We propose that there is a continual excretion of wound-
related phenolics durng growth, caused by abrasion from the
soil. Agrobacterium may be attracted to plants by recognition
of these compounds. However, significant levels of vir induction
and the events of T-DNA transfer will only occur if signal
molecules are present in sufficient concentrations. As the highest
concentrations are found at wound sites, A. tumefaciens
effectively infects only these sites.
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iatford and Boone County vith Hasrew §1505 whose respective NADs weie G 1
216 0.22 implied a high degres oi genat dnass between eacr pair 0i g
~vpes. Ok:nawa and Yunnan, both inirogut2c i-om easlern Asia. b2 1 &
2:00p (NAD = 0.63) and share relatively si.:2° prenotypes. The first mejo:
;100 inthe dendrogram dividad ths 20 :oolsiazss 1nto wo groups. Cie- grow, (L
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3 BY520-8, SL1089, SL1090. Higarna aguard, Flordaguard, Yunnan, Okinava,
znd Nemared). with the exception ol Rubi'z 2ad Siberian C. is tolerant or resistani
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428
Mutagenesis and Tissue Culture for Selecting Phytopthora
cactorum-resistant Strawberry (Fragaria xananassa) Plants
5. Mahan Jain™, Carola Lasus, and Kariiz Aizn. Depl. of Plant Production. Univ
>f Helsinki, 00014, Box 27. Heisinki Fir.i2nd

The aim of this study v:as o 150laiz Phviopthora cactorum-resistant sira
52ty plants. regenerated from gamma-i¢ rzaialed explants on a shoot r2g -
“13n medium. Three gammz doses {0.5 10 15krad)wereusedto i adlal— Sirzw-
ry axitiary buds taken i-om in vitrg-2:awn pianls. After irrad.z z
- ds werz cultured on a shoot rege me a.nm containing 0 7
2710 4 mg IBA/liter. Shoot regeneratice accurred mainly from axil.
3:3tec with 5 and 10 krad. The highest dose (15 krad) produced few s"om
sncot regeneration rate was highest at tne 50-kiad dese. All the regensrated
viere iransferred in the greenhouse. The crude extract of P. caclorum. is
irom the strawberry field, was prepared in sterilz water: 1 ml of it was put ¢
in the center of the crown of each of 400 rzgeneraled plants. After 2 we
-:;' mest of the plants wiited. Only 20 pian:s survived the first rounc ¢f s :
132y grew stowly when compared witn ih:2 conirol and also showes some 22
zace lo drought. Further investigaticns are in progress to reconf.rm. the resis
:2nce of selected putative disease-res:stzn: strawberry plants.

536
Monitoring Prunus Necrotic Ringspot Virus Infection by Hy-
bridization with a CRNA Probe following in Vitro Grafting
K. Heuss-La Rosa, R. Hammond, J.M. Crosslin. C. Hazel. and F. Hammerschiag*
USDA/ARS, Beltsville, MD 20705-2350

I vitro micrografting was tested as a technique for inoculating peach { Prusus
persica (L.} Batsch} with prunus necrotic ringspot virus (PNRSV) Culiuied
‘Suncrest’ shools derived from a naturally infected lree (as indiczted by £LISA
lzsling) maintained virus 1n vitro, with virus concentrations in growing tips and
iolded leaves being several times those of lully expanded leaves. The infeciesd
snouts served as graft bases and the saurce ol virus. Grafted lips were der:ves
irorr "Suncrest’ lrees that had tested negative for the virus. Leaf samiples ware
collecled from the tips foliowing grafting and analyzed for the presence of virus
by slot-blot hybridization with a digoxigenin-labeled cRNA probed derived irom
PNESV RNA 3. Rates of successful gratting were 55% and 73% in three tals and
PNRSV was lound in all tips analyzed. Virus concentrations approximated thosa
fourd in the source shoots, suggesting that this method should be useful lor sereen-
1ng iransformed peach shoots for coat protein-mediated resistance lo PNRSV

540
An Evaluation of Antibiotics for the Elimination of Agrobac-
terium tumefaciens from Apple Leaf Explants in Vitro and for
the Effect on Regeneration
F.A Hammerschiag®, RH. Zimmerman, U.L. Yadava, S. Hunsucker, ang P
Gercheva, USDAJARS, Beltsville, MD 20705-2350

A range of anlibiotics was evaluated for their effect on eliminating
Agrobaclerium tumelaciens supervirulent strain EHA101(pEHA101) from feaf ex-
plants of ‘Royal Gala’ apple {Malus domestica Borkh) and on regeneration. Alter
long-term (38 days) exposure to 100-pg-mi~* concentrations of either cefotaxime
(ce?), carbenicillin (carb), mefoxin (mef), or combinations of these antibiolics.
only on carb or carb with mef was regeneration ngl inhibited. None of the above
artibiotics or antibiotic combinations eliminated A fumelaciens from leal ex-
plants. Short-term (1-18 hours), vacuum infiltration with 500~ to 1000-pg.mi-!
cor.centrations of either of the above antibiotics did not inhibit regeneration, but
did not eliminate A. tumefaciens from leal explants. After a 30-min vacuum infil-
tration with @ 2000-pg-mi-! concenlration of either cef. carb, or mef, only cef
reduced the number of leaf explants with A. lumefaciens.
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Essential Oils of Boronia megastigma—Selection of Improved
Genotypes

JA Plummer’, J Wain', JA Considine', and Z. Spage ot of Fiari S’-
ences, Facuity of Agriculture. Univ. of Western Australia. Ne "lar‘d WAB008. A
tralia; ZChemnstry Leme. (WA, 123 Hay Street, East Pe h. \'\’A 60L4 Austr a.c

Australia for the prooacum 0i eS>erllaI oll. Boroma abcau‘e ns ex rdc.ec ura"
the highly perfumzd towers 1t is currently valued at batween USS4000 22
USS7000 per kilog-2m ang worlg consumption for Qn'f m2ry 1S about 1150
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Effect of Irradiance Level and Iron Chelate Source on the Shoot-
tip Culture of Carica papaya L.
B Castillo~, D.L. Madkhavi.and M A L. Smith. Dept. of Ha niculturs Un .
nots. Urbana, IL 61801

Interaction betwszn inradiance levels (5-40 mM.m=<.57") and ron chalaie
sources (FeNa,EDTA and FeNaDTPA) on the estaolishmeni. growth anc proiif-
eration of shoot tips of Carica papaya were lested. Reducec irradiance izvel (5
miv-m2.s7') enhanced the estabiisnment of shoot lips r2 g_id':ss 0i ! 2 SOUICE
of iron chelate tested. At higher irradiance levels (30 and 40 mM.m™-.3
ence of FeNaDTPA in the medium enhanced establishment of shoc
tinugus or alternaling ighl/dack (16/8 h) photoperiods & 7:gh irrac gis
had no effect on the esiablishment or growth of the cullure. At highar irradiance
levels, the cultures produced smaller leaves as compared o iower irradiance lev-
els. Low irradiance and FeNa,EDTA was preferred during the proliferaiion stage
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Transformation of Grape (Vitis vinifera L.)
R. Scorza’ JM. Corats’. D.J Gray?, D.W. Ramming®. and R.L. Emershadf,
USDA/ARS Appalachian Fruit Research Station, Kearneysvitle. WV 25430; #Cen-
tral Florida Research and Education Center, Inst. of Food and Agricultural Sci-
ence. Univ. of Floriga. Leesburg. FL 34748; 3USDA/ARS Horticultural Crops Re-
search Laboratory. Fresno, CA 93727

Transgenic grapevines were regenerated from somatic embryos produced from
immalure zygotic embryos of two seedless grape selections and from leaves of in
vitro-grown plants of ‘Thompson Seedless’. Somatic embryos were bombarded
with gold microparticles using the Biolistic PDS-1000/He device (Bic-Rad Labs)
and then exposed to engineered A. tumefaciens EHA101 (E. Hood, WSU). Alter-
nalely, somalic embryos wese exposed to A. tumefaciens without bombardment.
Following cocultivation, secondary embryos muftiplied on Emershad and Ram-
ming proliferalion mediurm under kan selection. Transgenic embryos were 1den-
tiied after 3 1o 5 months and developed into rooted plants on woody plant me-
divmwith 1 mM N6-benzyladenine, 1.5% sucrose, and 0.3% aclivaled charcoal.
Seedless selections were lransformed with plasmids pGA482GG (J Slightom,
Upjohn) and pCGN7314 (Calgene), which carry GUS and NPT genes. ‘Thompson
Seedless’ was transiormed with pGA482GG and pGA482GG/TomRSVep-15 (D.
Gonsalves, Cornell Univ.) containing the tomato ringspot virus coat proiein gene.
Integration ol foreign genes into grapevines was verified by growth on kan, GUS,
and PCR assays, and Southern analyses.
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Somatic Embryogenesis in Muscadine Grape

Xia Xv, Jiang Lu, and 0. Lamikanra, Florida A&M Univ., Talahassee, FL 32307
Low frequency of in vilro regeneration has hampered the adoption of genetic

engineering lechnique for improving the quality of muscadine grape. This study

is to develop a straightiorward method for high-frequency regeneration of mus-

cadine grapes in vitro. Leaves, petioles, and immature ovules of muscadine grapes

were Cultured on various media. Embryogenic calius, somatic embryos were formed

after 9 weeks inoculated on embryo rescue (ER) medium. The somatic embryos

were isolated and subcultured on fresh medium to promote enlargement and in-
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This review is dedicated to Jeff Schell, one of the founders of modern "Agrobiology’, the genetic and molecular dissection of crown gall disease. Together with
notable scientists at the University of Gent, Belgium, Jeff spearheaded the discovery of the Ti-plasmid. The elusive ‘tumor inducing principle’ was uncloaked
and provided impetus for an incredibly fruitful subsequent 25years of analyses. Scientists all over the world were caught up in unraveling the underlying
mechanisms of Agrobacterium-mediated gene transfer to plants, and along the way uncovered a movable feast of fundamental insights. Below we summarize

a sampling of Agrobacterium’s most recently recognized accomplishments.

Introduction

The soil phytopathogen Agrobacterivm tumefaciens has
been extensively studied since 1907, when as Bacterium
tumefaciens, it was identified as the causative agent of
crown gall disease {Smith and Townsend, 1907). This
disease is characterized by the tumorous growth of plant
tissues in the stem, and is a significant problem in the
cultivation of grape vines, stone fruit and nut trees. The
first indication of the cellular or biochemical mechanisms
involved in tumorigenesis coincided with the discovery of
the plant growth regulator auxin. Agrobacterium-induced
tumors were shown to be sources of auxin (Link and
Eggers, 1941), and capable of growth in culture in the
absence of both bacteria as well as the complement of
plant growth requlators normally required to incite growth
of callus from sterile plant tissues (White and Braun, 1941).
Cytokinin was identified as a plant growth regulator in
1955 and shortly thereafter was strongly implicated in the
growth of Agrobacterium-induced tumors (Braun, 1958).
Braun first proposed that Agrobacterium was the source of
a ‘tumor inducing principle’, possibly DNA, that perma-
nently transformed plant cells from a state of quiescence
to active cell division (Braun, 1947; Braun and Mandle,
1948). The transforming principle, however, remained
elusive. With the advent of molecular techniques came
the first evidence that crown gall tumors, cultured
axenically, contained DNA of bacterial origin
{Schilperoort etal., 1967), although this conclusion was
debated. Identification of the tumor-inducing (Ti) plasmid
(Van Larebeke etal, 1974; Van Larebeke etal, 1975;
Zaenen etal, 1974) narrowed the search to genetic
elements derived from this plasmid and ultimately re-
sulted in the discovery of T-DNA (transferred DNA), a
specific segment transferred to plant cells (Chilton etal,
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1977; Chilton etal.,, 1978; Depicker etal, 1978). Braun
(1982} provides an interesting historical review of early
work on Agrobacterium tumefaciens, notably studies
conducted prior to the advent of molecular techniques.

Presumably, elicitation of tumors provides
Agrobacterium tumefaciens with some advantage. This
advantage derives from the production by tumors- of
unusual amino acid-like compounds called opines (re-
viewed in Dessaux etal, 1993). Although opines are
structurally diverse, a tumor produces only certain opines
that are strictly dependent on the infecting strain, and the
opines produced by a gall are specifically catabolized by
that strain of Agrobacterium (Goldman etal., 1968; Petit
etal., 1970). Furthermore, the ability to metabolize opines s
tightly correlated with virulence; loss of virulence is always
accompanied by the loss of the ability to degrade a specific
opine (Petitand Tourneur, 1972). Before the identification of
the Ti-plasmid, these observations were the first indication
that tumorigenesis involved the transfer of genetic material
from bacteria to plants. It is now known that the enzymes
for catabolism of specific opines are encoded on the Ti-
plasmid and complement the opine biosynthetic pathways
encoded on the T-DNA. Thus, by the introduction of genetic
material into plant cells, ‘genetic colonization’ {(Schell et 3.,
1979), Agrobacterium tumefaciens creates a unique habitat
wherein it solely is genetically equipped to utilize the
predominant carbon-nitrogen source.

Overview of Agrobacterium-mediated gene transfer

The tumorous transformation of plants by Agrobacterium
results from the stimulation of plant cell division by gene
products encoded by a segment of DNA (T-DNA) trans-

n
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Figure 1. Basic steps in the transformation of plant cells by Agrobacterium tumelaciens (see text for details).

Adapted from Sheng and Citovsky {1996).

ferred from the bacterium to the plant (Figure 1). The T-
DNA and the virulence (vir) region, whose products
generate the transfer intermediate (T-complex) and med-
late its transport, are located on the tumor-inducing
plasn.wid {pTi). The expression of genes in the vir region
is induced by the exudate {rom wounded plants.
Phenolics, such as acetosyringone, are the most potent
inducers found in wound exudate, but sugars and acidic
pH amplify the response. The T-complex comprises a
single strand (ss) copy of the T-DNA (T-strand) with a
single molecule of the Vir protein VirD2 covalently bound
to the 5" end, and coated along its length with the ssDNA
binding protein, VirE2. The vir system of Agrobacterium
will process and transfer any DNA between the flanking
25bp direct repeats (right and left borders) that delimit the
T-DNA; hence, the utility of Agrobacterium for the genetic
engineering of plants. A vir-specific apparatus, the T-
complex transporter, mediates transfer of the T-complex
from the bacterium 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 study, Agrobacterium tumefaciens has
both spurred and benefited from advances in numerous
biological processes. Table1 highlights 12 fundamental
insights derived from the analysis of the interaction
between Agrobacterium and susceptible plant cells; se-
lected references are listed in Table 1. To provide focus to
the preserﬁ review, we discuss T-DNA transfer in particular
(Table 1, items 7-12). The first section focuses on analysis
of the T-DNA element and attempts to place its processing
and transport in a broader context. The second half of the
review highlights current research on Agrobacterium
(Table 1, item 12) and again illustrates its continued utility
as a model experimental system.

Interkingdom ‘conjugal” DNA transfer (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 evolutic-
narily related to bacterial conjugation (Stache! and
Zambryski, 1986a; Stachel etal., 1986b). Comparison of
the synthesis of conjugal DNA transfer intermediates and

© Blackwell Science Ltd, The Plant Journal, (2000), 23, 11-28
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Table 1. Insights into fundamental hiological processes derived from research on Agrobacterium tumefaciens

Insights*

1. Communication between microbes and plants in the soil environment: ldentification of plant phenolics as vir inducers {Stachel et al.,

1985; Stachel etal., 1986a).

2. VirtANVirG bacterial two-component system for transcriptional regulation {Stachel and Zambryski, 1986b; Winans et al., 1986).
3. Plant promoters: Characterization of nopaline and octopine synthase promoters as two of the lirst plant promoters [De Greve etal.,

1982; Depicker etal., 1982).

4. Novel pathways for plant hormone synthesis: T-DNA encoded genes for auxin and cytokinin biosynthesis responsible for tumor
phenotype (Akiyoshi eral., 1984; Barry etal., 1984; Buchmann etal., 1985; Inze etal, 1984; Schroder etal., 1984; Thomashow etal.,

1984).

5. Quorum sensing for transcriptional regulation of conjugation: Opines stimulate conjugation of Ti-piasmid when cell density rises
above some threshold (Fuqua and Winans, 1994; Fuqua et al., 1994; Piper etal., 1993; Zhang etal.,, 1993).

6. Biotechnology: Vectors for plant transformation {Bevan, 1984; Hoekema etal., 1983; Zambryski etal., 1983).

7. Interkingdom ‘conjugal’ DNA transfer; Identification of T-strand transfer intermediate.

8. Evolutionary conservation of nic sites (T-DNA borders as sites of initiation and termination for T-strand production) and nicking
enzymes (VirD1 and VirD2 together produce ss nicks in T-DNA borders).

9. Trafficking of nucleic acids: VirE2 is a single strand nucleic acid binding protein [SSBJ.

10. Plant nuclear localization signals: VirD2 (and subsequently VirE2) reveal sequence requirements for plant cell nuclear import.
11. Non-homologous recombination: Analysis of T-DNA insertion into plant DNA.

12. Type IV secretion systems: The VirB T-complex transporter paradigm.

*Selected primary references for insights 1-6 (as these are not discussed in the text); see text for references related to insighis 7-12.

the T-strand revealed extensive similarities. First, short
nucleotide sequences required in cis are functionally polar
in directing DNA transfer. Second, transfer is initiated at ss
nicks in these motifs by sequence and strand-specific
relaxases. Single-stranded, tinear DNA is transferred from
donor to recipient following its displacement from the
plasmid. This evolutionary link was further supported by
the discovery that transfer from donor to recipient of T-
complex and conjugal DNA of several incompatibility (inc)
groups is mediated by an apparatus assembled from very
similar proteins, encoded by operons conserved among
several conjugation as well as protein export systems,
designated type IV secretion systems {Christie, 1997; Lessl
and Lanka, 1994; Winans et al., 19386).

Prior to defining the ss nicking reaction that initiates T-
DNA transfer (below), whether the T-DNA is transferred in
an ss or ds form was much debated ({reviewed in
Zambryski, 1992). The argument was put to rest by two
very different strategies that assayed the nature of the T-
DNA copy upon arrival in the plant cell. Yusibov etal.
(1994) detected a PCR-amplified, T-DNA homologous
segment within hours after Agrobacterium infection of
tobacco protoplasts; if the plant cytoplasmic fraction first
was first treated with an ss-specific nuclease, the T-DNA
signal was lost. Secondly, a sensitive extrachromosomal
recombination assay was employed (Tinland etal., 1994),
in which in planta recombination of the T-DNA was
required to yield a full length copy of the reporter gene
uidA (B-glucuronidase) from two overlapping coding
fragments separated by an insertion. While recombination
would produce an intact gene regardless of fragment

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

polarity if the transfer intermediate is ds, a complete uidA
can be obtained through recombination only from seg-
ments of opposite polarity if the transfer intermediate is ss.
B-glucuronidase activity in infected protoplasts was an
order of magnitude greater from the T-DNA bearing uidA
segments of opposite polarity relative to segments of the
same polarity. Thus, both studies provide strong con-
firmation for an ss transfer intermediate.

Nic sites and nicking enzymes (Table 1, item 8)

In type IV secretion systems that transfer DNA, synthesis of
the transfer intermediate is initiated by strand-specific
nicks in particular sequences, oriT for conjugation and T-
DNA right border for T-strand (Stachel etal,, 1986b; Wang
etal., 1987). Four groups of transfer origins can be
distinguished by sequence analysis (reviewed in
Pansegrau and Lanka, 1996). The largest group is IncP,
which includes the origins of transfer of all IncP plasmids,
T-DNA borders, transfer origins from conjugative transpo-
sons, vegetative replication origins of plasmids from
Gram-positive bacteria, and replication origins from ss
bacteriophages. The origin for conjugal transfer of the
entire Ti-plasmid between agrobacteria belongs to the
IncQ group. Differences among groups in conserved
nucleotides at the nic site indicate that the DNA:protein
interactions required for substrate recognition may vary.
The nicking reactions, however, probably proceed by a
simitar molecular mechanism, as all form a covalent bond
between the cleaving enzyme and the nucleotide on the &’
side of the nic. Thus, processing of nucleic acid inter-
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mediatas for transfer to e recipient probably originated
with the evolution of specific sequence substrates for ss
nicking.

During nicking, a relaxase breaks the phosphate bond
between a specific pair of nucleotides in one strand of the
nic site. In most systems, specificity for binding of the
relaxase to the nic site is provided by an auxiliary protein
which recruits the relaxase to the nic site {reviewed in
Pansegrau and Lanka, 1996). In others, however, nic site
recognition and cleavage functions are combined in 8
single protein (Pansegrau and Lanka, 1996). In
Agrobacterium, VirD1 likely first recognizes and binds the
T-DNA border to promote binding of VirD2 relaxase {Lessl|
and Lanka, 1994; Pansegrau and Lanka, 1996). The
complex of supercoiled plasmid and nicking proteins for
bacterial-bacterial conjugation systems, termed the re-
laxosome, is present throughout the cell cycle. In the
absence of contact with a suitable recipient, the reaction
equilibrium of the relaxosome does not favor the cleavage
reaction. Once a recipient is physically contacted, a signal
is transmitted to the relaxosome that alters the equilibrium
to initiate cleavage, followed by synthesis of a transfer
intermediate. Agrobacterium employs transcriptional reg-
ulation of VirD1 and VirD2 to ensure that a pTi-relaxosome
(Fitichkin and Gelvin, 1993) is assembled and active only in
the presence of a plant susceptible to infection. Generally,
homologies among relaxases parallel homologies of the
transfer origins.

In vivoin Agrobacterium, VirD1/D2 are both required for
the nicking reaction (Scheiffele etal., 1995; Stachel etal,
1987; Yanofsky etal, 1986). In vitro, VirD2 alone nicks ss
oligonucleotides bearing the T-DNA border sequence
(Jasper etal, 1994; Pansegrau etal, 1993a). In the
presence of an excess of cleavage products, VirD2 can
also catalyze the reverse reaction, joining two pieces of
ssDNA (Pansegrau etal., 1993a). Notably, VirD2 catalyzes
the cleavage of the IncP oriT in an ss oligonucleotide, but
Tral, the IncP homolog of VirD2, cannot cleave a ss T-DNA
right border (Pansegrau etal, 1993a). The ability to
recognize heterologous nic sites may reflect a role for
VirD2 in initiating the integration of the T-strand to the 3’
side of an ss nick in plant DNA. VirD2 may have evolved to
tolerate more variability in the sequences to which it will
bind to facilitate T-strand ligation into non-homologous
DNA. When nic sites are presented in supercoiled double-
stranded {ds) plasmids, VirD1 is essential for VirD2 nicking.
The VirD1/D2 complex is unable to cleave its cognate nic
site presented in a relaxed ds circle or a linear double
strand.

IncP relaxases have three conserved motifs at their N-
termini (llyina and Koonin, 1992; Pansegrau etal., 1994).
Motif | contains a tyrosine that forms a phosphodiester
bond between its aromatic hydroxy! group and the &
phosphoryl group of the DNA during cleavage {(Pansegrau

etal., 1993b). This tyrosine, at position 29 in VirD2 and
position 22 in Tral, cannot be altered without abolishing
nicking activity {Vogel and Das, 1992). Motif ill is the most
highly conserved, and contains two histidines necessary
for cleavage that may activate the tyrosine by co-ordinate
binding of Mg2+ (Vogel et al., 1995). Motif Il may recognize
a sequence 3’ to the nic. Critical amino acids for these
functions have been identified in Tral by mutagenesis, and
are predicted in VirD2 based on the presence of identical or
similar residues within equivalent context (Pansegrau
etal., 19%4). As with nic sequences, the similarity among
the molecular reactions that cleave nic sites and the
proteins that mediate these reactions strongly suggests
that these systems share a common ancestor.

ssDNA binding proteins (Table 1, item 9)

Transfer of nuclei¢ acids through cell membranes is
essential in all living organisms (Citovsky and Zambryski,
1993). Cellular physiology of eukaryotes is dependent on
the nuclear import/export of RNA. Pathogenesis, especially
viral, often requires genome transport into the nucleus or
from cell to cell. During transport, the nucleic acid is
potentially a target for nucfeolytic degradation. In addition,
transported nucleic acids must be efficiently targeted to
their sites of action. These functions, protection and
localization, are largely provided by proteins associated
with nucleic acids {Citovsky and Zambryski, 1993).
Identification of the Agrobacterium protein VirE2 as a
sequence non-specific, ss DNA binding (SSB) protein not
only furthered our understanding of Agrobacterium-
mediated genetic transformation of plants, but also
provoked insights in two areas-nuclear import in plant
cells and plant virus spread from cell-to-cell.

VirE2 is a vir-inducible, ss nucleic acid binding protein
(Christie etal., 1988; Citovsky etal., 1988; Das, 1988; Gietl
etal., 1987). In vitro, VirE2 binds ss DNA regardiess of
sequence; the binding is strong and co-operative suggest-
ing that T-strands are fully coated withVirE2 (Citovsky
etal, 1989; Sen etal, 1989). VirE2:ssDNA complexes are
resistant to 3" or 5 exonucleases, as well as endonucleases
{Citovsky etal, 1989; Sen etal., 1989). VirE2:ssDNA com-
plexes formed in vitro are unfolded and less than 2nm in
diameter {Citovsky etal, 1989), but under some conditions
this complex adopts a coiled, telephone cord-like con-
formation {Citovsky etal., 1997).

Binding of VirE2 to T-strand was originally proposed to
occur in bacterium prior to export (Christie etal., 1988;
Zupan and Zambryski, 1997). Alternatively, 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
etal.,, 1995; Gelvin, 1998; Lee etal, 1999; Sundberg etal.,
1996). That VirE1 physically interacts with VirE2 suggests

© Blackwell Science Ltd, The Plant Journal, {2000}, 23, 11-28



the binding of VirE2 to the T-strand is regulated in vivo but
does not resolve the question of where or when this occurs
(Deng etal., 1999; Sundberg and Ream, 1999; Sundberg
etal, 1996). In either case, once bound to the T-strand,
VirE2 provides protection from nucleolytic degradation. If
T-strand is transported as a nucieoprotein complex, a
specific conformation, maintained by VirE2, may well be a
prerequisite for transit through transmembrane channels
that mediate transfer. Before discussing targeting func-
tions of VirE2, we highlight how these results impacted on
other research in our laboratory.

The requirement for an SSB in the transfer of nucleic
acids during pathogenesis by Agrobacterium directly
stimulated the hypothesis that a similar activity might be
involved in the cell-to-cell spread of plant viruses.
Movement of plant viruses from infected cells to healthy
cells was long presumed to take place through plasmo-
desmata (Esau, 1948), natural plant intercellular connec-
tions. The estimated size exclusion limit (SEL) of
plasmodesmata (0.9-1.0nm Stokes” radius), however,
was far below the size of whole virus particles (12-80 nm)
or free viral genomes with irregular, folded structures and
Stokes' radii of at least 10nm. Therefore, to exploit
plasmodesmata, plant viruses must increase the plasmo-
desmata SEL or synthesize a transfer intermediate compa-
tible with transport through plasmodesmata (reviewed in
Ghoshroy etal., 1997). Thus, an ss DNA:SSB complex was
predicted to serve as the transfer intermediate in move-
ment of viral nucleic acids through plasmodesmata as well
as transfer of T-strand from bacterium to plant cell.

Genetic evidence suggested that viral-encoded proteins,
termed movement protein {MPs), mediated cell-to-cell
movement (reviewed in Carrington etal,, 1996; Citovsky,
1999; Mushegian and Koonin, 1933). The first indication of
the mechanism behind this activity derived from studies of
P30, the MP of tobacco mosaic virus (TMV), a positive
sense RNA virus. Transgenic tobacco expressing P30
allowed the diffusion of fluorescently labeled, microin-
jected 10kDa dextrans from the injected cell to adjacent
cells while the same tracer remained confined to the
injected cell in control plants {Wolf etal, 1989). Thus, the
SEL of plasmodesmata in transgenic plants had been
increased to approximately 3nm (the Stoke’s radius of
10kDa dextran). Plasmodesmata with these dimensions,
however, would still be unable to traffic TMV RNA or viral
particles.

Using a biochemical approach, Citovsky etal. (1990)
demonstrated that P30 binds ss nucieic acids. The binding
is strong, co-operative and sequence non-specific. P30:ss
nucleic acid complexes are less than 2nm in diameter,
compatible with the P30-induced increase in the SEL of
plasmodesmata (Citovsky etal, 1990; Citovsky etal.,
1992a). The in vivo and in vitro activities of P30 generate
a very specific model for the spread of plant viruses from

© Blackwell Science Ltd, The Plant Journal, (2000}, 23, 11-28
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cell to cell. After infection and replication of the TMV
genome, P30 sequesters a portion of the RNA for MP-
mediated transport to adjacent cells while the remainder is
encapsidated for spread by vectors to other plants. P30
expression during infection of a leaf is transient, tempo-
rally partitioning the replicated genomes between nucleo-
protein complexes for cell-to-cell spread and viral particles
for transfer to new hos!s. After transport into a neighbor-
ing cell, replication, cell-to-cell movement and encapsida-
tion are recapitulated.

Since the initial characterization of P30 as an ss nucleic
acid binding protein, SSB activity has been demonstrated
for many plant viral MPs ({Table 2) (reviewed in Carrington
etal., 1996; Lazarowitz and Beachy, 1999; Mushegian and
Koonin, 1993). The fact that most MPs have SSB activity
suggests that transport through plasmodesmata of nu-
cleoprotein intermediates is a common mechanism for
cell-to-cell spread of many plant viruses; this simple model
was provoked by our studies of VirE2 and the formation of
a transferable T-complex by Agrobacterium.

Plant nuclear localization signals (Table 1, item 10) *

Integration of the T-strand requires that the T-complex be
imported into the plant cell nucleus, a tightly regulated
process in which proteins larger than 40-60kDa must
possess a nuclear localization signal (NLS) to mediate their
import through the nuclear pore {Goerlich, 1997; Melchior
and Gerace, 1995). As the T-strand is presumed to be
completely coated with proteins, the signals that target T-
complex to the nucleus most likely reside in its associated
proteins, VirD2 and VirE2 (Zambryski, 1992). Therefore, in
the evolution of the vir-system to exploit a eukaryotic host,
these prokaryotic proteins acquired motifs that function as
NLSs. Nuclear targeting of VirD2 and VirE2 were among
the first studies of nuclear import in plants.

Nuclear localization of VirD2. Sequence analysis of VirD2
revealed a sequence homologous to the bipartite type of
NLS (Howard etal., 1992). The nuclear localizing function
of this sequence was confirmed by expressing a VirD2:-
GUS fusion in tobacco protoplasts (Howard etal,, 1992)
and by immunolocalization (Tinland etal, 1992). That
Agrobacterium was severely reduced in tumorigenicity
when the two stretches of basic amino acids in the VirD2
bipartite NLS were deleted validated the biological rele-
vance of the NLS-like sequence {Shurvinton etal., 1992).
VirE2 NLSs (discussed below) are present in vast excess
over the single VirD2 NLS. This raises the question of
whether the NLS of VirD2 is superfluous or has a unique
role in the import of T-complex. The fact that
Agrobacterium bearing an NLS-deleted VirD2 was attenu-
ated in wvirulence suggests the latter. Possibly, VirD2
ensures that the 5" end of the T-strand enters the nucleus
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Table 2. Representative plant pathogen proteins with single-strand nucleic acid binding activity*

Nucieic acid binding
activity and function

Relerences

Patniogen Protein
Agrobacterium tumefaciens VirE2
Tobacco mosaic virus (TMV) P30
Cauliflower mosaic virus (CaMV) P1

Squash leaf curl virus NSP {8V1, BR1)

MP8 (BC1, BL1)
Cucumber mosaic virus (CMV) 3a
Barley stripe mosaic virus (BSMV) Bb

Potato leafroll virus (PLRV) pr17
Potato virus Y (PVY) HC-Pro

ssDNA; protection and
nuclear import

ssRNA, ssDNA; cell-to-cell
movement

ssRNA, ssDNA; cell-to-cell
movement

ssDNA;

nuclear shuttle,
cell-to-cell movement
ssRNA, ssDNA;
cell-to-ceil movement
ssRNA, dsRNA

ssANA, ssDNA

ssRNA

{Christie et al., 1988; Citovsky et al., 1988; Ci-
tovsky etal., 1983; Citovsky eral.,, 1992; Das,
1988; Sen et al., 1985)

{Citovsky et al., 1990; Citovsky et al., 1992a;
Waigmann et al., 1994)

[Citovsky etal, 1991; Thomas and Maule,
1995)

(Pascal etal., 1994; Sanderfoot and Lazarowitz,
(SqLCV) 1995; Sanderfoot et al., 1996)

{Ding et al., 1995; Li and Palukaitis, 1996;
Vaquero et al., 1937}

{Donald etal, 1997)

{Tacke etal, 1991)

{Maia and Bernardi, 1996)

*Additional movement proteins with SSB activity are described in Mushegian and Koonin (1993), Carrington etal. (1996), and

Lazarowitz and Beachy (1999).

first, avoiding entry in an awkward ‘etbow’ conformation.
Initiation at the 5’ end may be a common feature of the
translocation of ss nucleic acids across the nuclear pore in
either direction. For example, export of 755 rRNA (Balbioni
Rings) from the nuclei of salivary gland cells in Chironomus
tentans initiates at the 5" end (Mehlin et al., 1992).

VirD2 was exploited in yeast two-hybrid analysis to
identify an Arabidopsis protein of the karyopherin-a family
(AtKAPo) (Ballas and Citovsky, 1997). AtKAPa rescued a
yeast mutant defective in nuclear impont and mediated
nuclear import of VirD2 in permeabilized yeast cells. The
interaction between VirD2 and AtKAPa provides strong
evidence that Agrobacterium has co-opted the eukaryotic
process of nuclear import to assist in the efficient genetic
transformation of plant cells.

Nuclear localization of VirE2. VirE2, the most abundant
protein component of the T-complex, contains two
bipartite NLSs. Both NLSs were required for maximum
accumulation of a VirE2:GUS fusion protein in the nucleus
(Citovsky etal., 1992b). The T-strand from the nopaline
strain of Agrobacterium requires 600 monomers of VirE2
to coat it completely {(Zambryski, 1992). Therefore, VirE2
provides NLSs along the entire length of the T-complex,
potentially facilitating uninterrupted nuclear uptake of T-
complex.

VirE2-mediated nuclear import of ssDNA was assayed
directly by microinjection of complexes formed in vitro
from fluorescently labeled DNA and purified VitE2 into
stamen hair cells of the flowering plant Tradescantia
virginiana (Zupan etal., 1996). Fluorescent DNA accumu-
lated in the nucleus specifically when microinjected as a
complex with VirE2. ssDNA microinjected alone remained

cytoplasmic. These data suggest that T-strand is imported
into the nucleus by a protein import pathway via its
association with VirE2. Other data have been interpreted to
suggest that VirE2 does not provide nuclear-targeting but
only protects T-strand from nucleolytic degradation inside
the plant cell {Rossi etal., 1996); however, the entire virE2
gene was deleted, simultanecusly abolishing both protec-
tive and nuclear localizing functions. '

T-complex nuclear import also reveals novel features of
this process. First, accumulation of VirD2 and VirE2 GUS-
fusions in the nuclei of leaf and immature root epidermal
cells, but not in mature root epidermal cells, suggests
nuclear import may be developmentally regulated. Cell-
type specific NLS-binding proteins could result in specific
gene expression by admitting different subsets of tran-
scription factors into the nucleus (reviewed in Whiteside
and Goodbourn, 1993). Secondly, plants may tolerate
greater variability in the primary sequence of bipartite
NLSs. While the NLS of VirD2 conforms to the consensus
‘animal’ bipartite sequence, the NLSs of VirE2 are less
homologous. Both of these proteins are imponed into
plant cell nuclei but only VirD2 is imported into the nuclei
of animal cells (Guralnick et al., 1996). When either NLS of
VirE2 was altered to conform precisely to the ‘animal’
bipartite signal, the protein accumulated in animal celi
nuclei and mediated nuclear import of ss nucleic acid
(Guralnick et al., 1996).

Integration (Table 1, item 11)

In the final step of T-DNA transfer, the incoming ssDNA of
the T-complex is stably integrated into a plant chromo-
some (Gheysen etal., 1991). Integration may induce small
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deletions, less than 100bp, of plant DNA at the insertion
site. In addition, integration also generates ‘filler’ DNA,
less than 50bp homologous to nearby plant DNA, at the
T-DNA-plant junction. Integration of the 5 end of the
T-strand is relatively precise often occurring at the
penuitimate 8 nucleotide bound to VirD2 (Tinland etal,
1995). Some mutations in VirD2 result in large deletions at
the 5 end suggesting that VirD2 mediates the precision of
integration at this end. At the 3" end, integration usually
includes most of the left horder region, although larger
deletions are more common at this end. Deletions of up to
1000bp at the 3' end of the T-strand transferred from a
virEZ™ strain suggest that VirE2 plays a significant role in
protecting the T-strand from nucleolytic degradation
[Rossi etal., 1996).

The mechanics of integration remain largely unknown.
After nuclear import, the T-strand is likely made ds with
the concomitant displacement of VirE2. Conversion to a ds
form is supported by transient expression of reporter
genes in the T-DNA, extrachromosomal homologous
recombination of T-DNA prior to integration, and the
complex pattern of multiple T-DNAs at a single insertion
site (discussed in De Buck etal, 1999).

Given that the T-strand does not encode enzymes that
catalyze integration, these functions must be mediated by
host cell factors. As not more than 5 (usually 0-3) bp of
homology have been found between either end of the T-
DNA and the plant sequences at the insertion site, most
models usually propose illegitimate recombination as the
model for T-strand integration (De Buck etal, 1999).
Double-strand break repair via non-homologous end-join-
ing (Britt, 1999) of the ds T-strand is consistent with many
of the products observed as a result of T-DNA integration.
The precision of T-DNA bordérs at the 5 end of the T-
strand suggested that VirD2 initiates integration by ligating
the 5" end to an exposed 3"-OH in plant DNA. An alternative
model proposes that the T-strand remains ss, and integra-
tion initiates by docking of the 3" end of the T-strand via 2-
5 bases of microhomology (Tinland et al., 1985). The latter
model, however, does not explain the pattern of integra-
tion for tandem arrays of multiple T-DNAs. In either case,
both 5” and 3’ integration are likely to be assisted by plant
machinery for DNA metabolism; DNA replication and
repair type enzymes are prime candidates. It will be
interesting to determine whether VirD2 and VirE2 directly
interact with structural or enzymatic components of plant
chromatin or DNA metabolism.

Type IV secretion systems (Table 1, item 12)

Systems that secrete various substrates through the
bacterial envelope are currently classified into four types.
Type |, typified by Escherichia coli hemolysin export, is
sec-independent and requires 34 accessory proteins (Fath
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and Kolter, 1993). In the type Il system, typified by
pullulanase export in Klebsiella oxytoca, the substrate is
exported into the periplasm by the sec-dependent general
secretory pathway (GSP) then secreted across the outer
membrane via a specialized terminal branch of the GSP
(Pugsley, 1993). Type Il secretion (Hobbs and Mattick,
1993, typified by Yop export in the human pathogen
Yersinia pestis (Cornelis and Wolf-Watz, 1997), is sec-
independent, translocates protein substrates from the
bacterial cytoplasm into the eukaryotic host cytoplasm,
and requires more than 20 accessory proteins. Type
systems also include bacterial flagellar assembly proteins
which ‘secrete’ flagellar components to the exterior of the
cell.

Type IV secretion systems comprise a growing family
of multiprotein complexes that span the bacterial
envelope (Salmond, 1994). Originally, the type IV
family included the virB operon and systems for conjugal
DNA transfer. Homologs of six virB genes were then
found in the pt/ operon of Bordetella pertussis,
which encodes a transporter that exports pertussis toxin
(reviewed in Lessl and Lanka, 1994; Winans etal., 1996).
Subsequently, type IV systems essential for virulence have
been identified in human pathogens (discussed below),
and mediate transfer of proteinaceous factors, such as
CagA (Odenbreit eral. 2000; Stein etal 2000), that
subvert host defense mechanisms. The export of proteins
suggests type |V secretion systems evolved from a protein
exporter system. The Agrobacterium VirB transporter as
well as those for bacterial conjugation may incidentally
transfer DNA by virtue of its forming a nucleoprotein
complex with proteins targeted for export, exemplified by
the T-complex. :

Recent advances: bacterial secretion and pathogenesis
Structure and function of the T-transporter

Over the past 5years, much of the research on
Agrobacterium-mediated gene transfer has focused on
the vir-specific type IV secretion system, the T-complex
transporter (T-transporter). This 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 transfer of the
non-self transmissible, but mobilizable, plasmid RSF1010
(an IncQ plasmid) to Agrobacteriumn. It can also transfer
proteins, such as VirE2 and VirF, to plant cells (reviewed in
Christie, 1997; Zupan etal., 1998).

While the mechanics of T-transporter function are not
known, the basic architecture of its structural components
is emerging. Assembly is most likely preceded by hydro-
lysis of the peptidoglycan layer by VirB1 (Figure 2a) (Baron
etal,, 1997a). This activity is essential for the mobilization
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Figure 2. Assembly of the Agrobacterium tumefaciens T-complex transponer.

{a) Assembly of the T-pilus. Vir81 is processed into two domains following SPI mediated transport into the peciplasm. The N-terminal portion (VirB1-N,
white oval) may be involved indirectly in pilus formation [as well as assembly of the transponter core} by inducing localized lysis of the peptidoglycan
layer. The C-terminal VirB1* (cross-hatched oval) may chaperone pilus components VitB2 and VirB5 to the exterior of the cell. VirB2 {major) and VirBS
(minor) pilus components are shown as donut-shaped and gray ovals, respectively. VirB2 processing is described in the text. VirB2 and Vir8S are

mobilized to the cell surface by an unknown mechanism that likely requires additional VirB proteins. The black box indicates that it is not known how the
T-pilus is anchored in the bacterial envelope.

{b) Assembly of the T<omplex transporter core begins with the lipid-modification of Vit87 resulting in anchoring in the outer membrane. VirB7 forms a

heteromultimer with VirBS which promotes the stability of many other VirB proteins, possibly through interactions with Vir88 and VirB10 (Das and Xie,
2000). .

{c}) The T-complex transponer is suggested to comprise a pilus and channel "care’ {see text). Whether the pilus and core are coupled either physically or
functionally is not known (black box).

of VirB2 and VirB5 to the cell surface to form the T-pilus, (Figure 2a). Interaction and subcellular localization studies
the best documented structural feature of the transporter suggest at least some of the remainder of the VirBNirD4
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proteins assemble into a multimeric complex that spans
the bacterial envelope (Figure 2b). This hypothetical ‘core’
of the T-transporter likely translocates substrates out of the
bacterium. Energy to drive assembly and translocation is
potentially provided by the three ATPases (VirB4, VirB11
and VirD4) associated with the T-transporter (Figure 2c)
{reviewed in Christie, 1997; Zupan etal, 1998).
Increasingly, non-vir functions are also being identified
as essential for transporter assembly. Below, we discuss
each of the known components of the T-transporter.

VirB1 is bifunctional

Illustrations depicting large, multicomponent, membrane-
spanning complexes in bacteria usually neglect to
represent the peptidoglycan layer (Dijkstra and Keck,
1996). This omission reflects the lack of information on
how penetration of this layer is achieved during complex
assembly. The size limit for diffusion through naturally
occurring channels in the peptidoglycan layer is cnly
=50kDa (Dijkstra and Keck, 1996), too small to allow the
assembly of a multiprotein apparatus large enough to
traffic nucleoprotein complexes. Work on VirB1 provided
some of the first evidence that secretion systems may
include dedicated factors that modify the bacterial cell wall
to accommodate their assembly. Sequence comparisons
revealed similarities among chicken egg white lysozyme
and the N-terminus of VirB1, as well as proteins involved
in conjugal DNA transfer, invasion by the human patho-
gens Salmonella enterica and Shigella spp. and others
(Table3) (Dijkstra and Keck, 1996; Lehnherr etal., 1998;
Mushegian etal, 1996). Based on lysozyme homology,
these proteins are predicted to possess glycosidase
activity, and indeed they share homology with iytic
transglycosylases across a region that forms the catalytic
site (Table3). Although VirB1 glycosidase activity has not
been demonstrated directly in vitro, agrobacteria, carrying
VirB1 mutations in two residues predicted to be critical for
hydrolysis of glycosidic bonds were severely attenuated in
virulence (Mushegian et al., 1996).
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VirB1is processed to release its C-terminal third, VirB1*,
which is then secreted (Baron et al., 1997a). Approximately
half of VirB1* remains loosely associated with the exterior
of Agrobacterium cells, and the rest can be recovered from
culture supernatants (Baron etal., 1997a). Processing and
secretion of VirB1* are not coupled, are independent of the
Ti-plasmid, but do require the signal peptide (Llosa etal.
2000). Thus, factors that mediate processing of VirB1 and
secretion of VirB1* are localized in the periplasm or outer
membrane and are not subject to vir-regulation. VirB1 is
processed to VirB1* in other Rhizobiaceae, but secretion is
specific to Agrobacterium {(Weininger, Domke and Baron,
personal communication). These observations suggest
that VirB1* is synthesized and secreted for a specific role,
most likely at the cell surface, during T-transporter
assembly or function. A bifunctional VirB1 is supported
by partial complementation (tumor and T-pilus assays) of
a virB1 deletion strain with constructs expressing either
the N-terminal lysozyme-homologous region or the C-
terminal VirB1* {Liosa etal. 2000; Weininger, Domke and
Baron, personal communication). Thus, each domain of
VirB1 probably has its own role in tumorigenesis. .

As VirB1 is the first product of the polycistronic
transcript of the virB operon, it is likely to have an early
role. Its loose exterior location suggests that VirB1* may
play a non-structural role mediating pilus formation, such
as chaperone activity for VirB2 during transport to the cell
exterior. Alternatively, association of VirB1* with VirBg
(Baron etal., 1997a) suggests that it may function in the
assembly of the T-transporter ‘core’, perhaps before
VirB1* is secreted to the exterior of the cell. Finally,
association of VirB1* with the exterior of Agrobacterium
suggests that it may be available to interact with the plant
cell surface (Figure 2a).

T-pilus

The only documented structural component of the T-
transporter is the T-pilus, a long, flexible, filamentous
appendage observed on the surface of vir-induced

Table3. Selected proteins with lysozyme or transglycosylase homology

Organism or

Protein plasmid Function Reference

VirB1 A. tumefaciens Transporter assembly (Baron etal., 1997a; Dijkstra and Keck, 1996;
Mushegian et al.,, 1996)

VirB1 Brucella suis Survival; intracellular multiplication {O’Callaghan etal, 1999)

TraN IncP plasmid Conjugation {Less! etal, 1992)

Tral IncN plasmid Conjugation {Mushegian et al., 1996; Pohiman etal., 1994)

ORF19/0RF 169 IncFll R1 plasmid Conjugation (Graus etal.,, 1990; Loh etal., 1989)

Sh70 E. coli Peptidoglycan degradation

IpgF Shigella spp. Invasion

lag8 Salmonelia enterica Invasion

Pm404 Proteus mirabilis ?

{Holtje etal., 1975; Thunnissen et al., 1994)
{Allaoui etal.,, 1993)

{Miras etal, 1995)

{Dijkstra and Keck, 1996)
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Agrobacterium cells (Fullner etal., 1996). Formation of T-
pili is dependent on expression of VirB proteins and is
correlated with VirB-mediated transfer of T-complex to
plant cells and the transfer of IncQ plasmids between
bacteria (Fuliner, 19398).

The F-pilus of the F-incompatibility system of E. coliis
the best characterized component of any type IV transpor-
ter (Firth etal, 1996). This pilus mediates cell surface
contact between donor and recipient, a prerequisite lor
conjugal DNA transfer. F-pili have been observed to
shorten and 'retract.” Presumably, retraction brings the
cell surfaces of the donor and recipient into close contact
to facilitate transfer of F-plasmid.

The inside diameter of the F-pilus {2nm)} (Silverman,
1997) is barely compatible with the transfer of nucleopro-
tein complexes through the lumen. The diameter of the
nucleoprotein T-complex is <2nm (Citovsky etal., 1989).
Although the interior dimensions of the Agrobacterium
virutence pilus have not been reported, the exterior
dimensions {(10nm) (Lai and Kado, 1998) are comparable
to the F-pilus (8 nm) {Silverman, 1997). As the T-pilus is
extremely thin and the T-strand is likely to be transferred
as a nucleoprotein complex, it is difficult to imagine how
the T-pilus lumen serves as a conduit for delivery of an
elongated T-complex into the host without some addi-
tional features. Either a conformational change in the pilus
structure itself and/or the widening of the transmembrane
channel may diminish the physical constraints to egress of
the T-complex. Whether the pilus serves as the conduit for
T-complex transport, as weli as the host cell tether,
remains unresolved. If the pilus serves only as a tether,
the T-complex may move directly through the VirB
transmembrane channel into the plant cell by an unknown
mechanism. Durrenberger et al (1991) suggest that
conjugating bacteria become tightly juxtaposed along
their length to form patches of intimate contact. If the
tether and conduit are separated functionally, they may
not be linked physically. The latter scenario provides two
opportunities for interaction between the host cell surface
components and the bacteria, i.e. interactions via the pilus
and interactions via the channel.

Virulence pili may also have a regulatory role in T-
transporter function. While attachment of Agrobacterium is
obviously critical for the genetic transformation of
plant cells, attachment is chromosomally, not Ti-plasmid,
encoded (Matthysse and Wagner, 1994). Furthermore,
expression of the vir-specific type IV transporter compo-
nents can be induced by soluble plant factors in the absence
of plant cell contact per se. T-complex, however, is not
detected in vir-induced culture supernatants; thus, the T-
transporter may not be functional without a plant host cell.
Type lll secretion systems require host cell contact for
transporter assembly and function (Cornelis and Wolif-
Watz, 1997). Perception and transduction of a contact signal

by the T-pilus may trigger transporter activity, either by
assembling transporter components at the site of closest
proximity to the recipient cell or by inducing activity in
assembled transporters specifically in the region of contact.

T-pilus assembly. Two Vir proteins have been identified in
T-pili preparations. The major component, VirB2, is
translated as a 12.3kDa protein that is quickly processed
to a 7.2kDa protein associaled with the inner membrane
[Jones etal, 1996; Lai and Kado, 1998). The VirB2
homolog, TraA, is the F-pilus subunit and is similarly
processed from a 12.3kDa propilin to a 6.2kDa inner
membrane protein (Firth etal., 1996). In the presence of
recipient cells, TraA is mobilized by an unknown mechan-
ism to the surface of the donor cell where it polymerizes to
form the pilus. In contrast, Virinduced cultures of
Agrobacterium assemble T-pili without host plant cells
(Lai and Kado, 1998; Schmidt-Eisenlohr etal, 1993a).
Strains of Agrobacterium with deletions of virB3, virB4,
virB5, virB9 or virB10 produce VirB2, but the processed
form accumulates inside rather than on the exterior of the
cell, and pili are not observed (Lai and Kado, 1998).

The leader peptide {47 amino acids) of VirB2 propilin is
cleaved during insertion into the inner membrane where it
accumulates prior to T-pilus assembly (Eisenbrandt etal.,
1999). Pilin subunits in other systems undergo a variety of
further post-translational modifications. TraA of the F-pilus
is acetylated at the C-terminus (Moore et al., 1993), and the
subunit of type IV adhesive pili in Neisseria meningitidis is
glycosylated (Vir)i etal., 1993). VirB2, as well as its IncP
homolog TrbC, forms an intramolecular bond between its
N- and C-termini producing a cyclic polypeptide, a rare
reaction in prokaryotes (Eisenbrandt etal., 1999). Prior to
cyclization, TrbC undergoes two additional proteolytic
reactions following leader peptide removal; the final
reaction requires TraF and removes four amino acids at
the C-terminus. In the absence of TraF, TrbC is not cyclized;
cyclization may have specific sequence requiremems-
necessitating prior processing by TraF. The Ti-plasmid
does not encode a TraF homolog and VirB2 does not
undergo proteolytic processing subsequent to removal of
the signal peptide (Figure 2a).

VirB2 is cyclized in the absence of other Ti-plasmid
genes but little is known about this reaction {Eisenbrandt
et al, 1999). Membrane topology studies predict that both
the N- and C-termini of VirB2 protrude into the periplasm
after insertion into the inner membrane {Eisenbrandt et al.,
1999). This conformation may facilitate formation of the
intramolecular bond by bringing the polypeptide termini
into close contact (Figure 2a). Either cyclization is auto-
catalytic or the putative cyclase represents a novel
unidentified chromosomal factor required for virulence.

In addition to VirB2, VirB5 is found as a minor
component in T-pili preparations (Schmidt-Eisenlohr et al.,

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



19993). TraC, the IncN VirBS homolog. also associates with
an exocellular polymeric structure that may be the pilus of
pKM101 (IncN) (Schmidt-Eisenlohr etal, 1999b) thus
suggesting that VirBS homologs may function as auxiliary
structural proteins in pili of type IV secretion systems
(Figure 2a). In contrast to VirB2, cellular levels of VirBS
were strongly correlated with the abundance of other Vir
proteins, indicating its stabilization by protein-protein
interactions (Schmidt-Eisenlohr efal., 1999a). Thus, addi-
tional VirB components, as well as VirB2 and VirB5, are
required for T-pilus formation. Isolated pili have terminal
knobs, but it is unknown whether these knobs reside at the
pilus tip or base anchoring the pilus in the bacterial
envelope (Schmidt-Eisenlohr etal.,, 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
etal., 1996). Based on its predicted extreme hydrophobic
character, VirB6 was suggested to form a pore in the inner
membrane (Christie, 1997; Das and Xie, 1998} that might
function in egress of the T-complex. Although cellular
levels of most VirB proteins were unaffected by in-frame
deletion of virB6, pili were not formed (Hapfelmeier,
Domke, Zambryski and Baron, personal communication).
Pili were restored by trans-complementation with virB6,
suggesting that VirB6 may function in pilus assembly and
not directly in the translocation of the T-complex.

Assembly of a T-complex transporter ‘core’

A membrane spanning conduit is generally assumed to
represent the channel ‘core’ for T-complex export. Insights
into the composition of this core, its assembly or its
function require determination of the specific protein-
protein interactions.

VirB7, VirB8, VirB9 and VirB10. The best documented
interaction for components of the T-transporter is between
the outer membrane lipoprotein VirB7 and periplasmic
VirB9 (Anderson etal., 1996; Baron et al., 1997b; Das et al.,
1997; Fernandez et al, 1996a; Spudich etal, 1386). Strains
carrying mutations in VirB7 or VirB9 that disrupt formation
of the heteromultimer accumulated significantly lower
cellular levels of VirB4, VirB5, Vir88, VirB10 and VirB11
(Fernandez etal., 1996b). In the absence of the VirB7:VirB9
heterodimer, these proteins may be degraded. Thus, the
VirB7:VirB9 heterodimer may play a critical role initiating
or stabilizing transporter assembly through physical inter-
actions {Figure 2b).

VirB10 forms high molecular weight complexes, depen-
dent on the VirB7:VirBS heterodimer (Beaupré etal., 1997;
Ward etal, 1990). Two-hybrid analysis in yeast indicates
VirB10 interacts physically with VirB9 as well as VirB8 (Das
and Xie, 2000), although these proteins were not identified
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in the VirB10 complexes in Agrobacterium {Beaupré et al.,
1887: Ward et al., 1990). Alteration of a singte amino acid in
VirB8 disrupted the two-hybrid interaction with VirB9 and
caused avirulence suggesting the VirB8:VirB9 interaction is
essential. Possibly, VirB8:VirB3 association in the peri-
plasm forms links with VirB10 in the inner membrane and
with VirB7 in the outer membrane (Figure 2¢).

The ATPases: VirB4, VirB11 and VirD4. The T-transporter
includes three proteins (VirB4, VirB11 and VirD4) with
homology to ATPases. These proteins are presumed to
provide the energy that drives either transporter assembly,
T-complex translocation, or both. Strains carrying VirB4
mutants with defects in the Walker A nucleotide binding
motif are avirulent (Christie etal., 1989; Fullner et al., 1994)
and exert a dominant negative effect when co-expressed
with wild-type VirB4 (Berger and Christie, 1993). Trans-
dominance suggests VirB4 is incorporated into a multimer.
VirB4 also mediated dimerization of the A ¢t repressor
protein and conferred immunity to X infection (Dang et al.,
1999). As the VirB4 Walker A motif mutants also conferred
A immunity, ATP binding is dispensable for dimerization.
However, dimerization may be essential for ATPase
activity as occurs in ATPase subunits associated with a
variety of membrane transport systems (Davidson et al.,
1996; Nikaido et al., 1997).

Co-synthesis, specifically of VirB3, VirB4, VirB7, VirB8,
VirB9 and VirB10, in agrobacterial recipient cells signifi-
cantly stimulates VirB-mediated conjugation of the non-
self transmissible IncQ plasmid RSF1010 (Bohné etal,
1998). The increase in conjugation efficiency, proposed to
result from the assembly of these VirB proteins into a
transmembrane structure, may provide an assay for
testing hypotheses regarding the assembly and function
of individual VirB proteins. For example, recipients
expressing either wild-type VirB4 or Walker A box mutants
exhibit the same level of enhanced conjugation efficiency.
Potentially, VirB4 homomuitimers are required for the
assembly of a complex including additional VirB proteins,
and this structure can assemble in the absence of ATP-
binding by VirB4 {Dang etal., 1999). In this scenario, VirB4
may act as an essential component of the scaffolding for
transporter assembly. In contrast, the donor requirement
for a wild-type VirB4 suggests that ATP-binding confers
the T-transporter with ‘one-way’ activity to export DNA
(Figure 2c).

The homology between VirB4 and VirB3 and the IncF
proteins Tral and TraC, respectively, suggests that these
Agrobacterium proteins have a role in pilus assembly
(Jones etal., 1394). The IncF proteins are essential for pilus
formation but are not pilus structural components. While a
connection to T-pilus assembly has not been established
for etther VirB4 or VirB3, they may physically interact. In a
virB4 deletion strain, cellular levels of VirB3 are reduced,
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and VirB3 is localized to the inner membrane rather than
both inner and outer membranes as in wild-type strains
{Jones et al., 1994). VirB3 specific localization, mediated by
VirB4, may promote mobilization of VirB2 to the exterior of
the cell.

VirB11 is a member of the PulE superfamily and is the
most widespread of the VirB proteins (Krause et al., 2000).
In addition to the type IV secretion systems, homologs are
found in fimbrial genes from Pseudomonas aeruginosa
and pathogenic Neisseria, the comG operon involved in
Bacillus subtilis competence, and the pullulunase secre-
tion system of Klebsiella oxytoca. PulE homologs are
cytoplasmic or weakly associated with the cytoplasmic
face of the inner membrane. Two members of this family,
TrbB of the IncPa plasmid RP4 and HP0525 from the cag
pathogenicity island of Helicobacter pylori, form six
membered ring-shaped structures in vitro (Krause etal.
2000). In the absence of ATP, TrbB formed significantly
fewer rings. Other di- and monophosphate nucleotides
stabilized the TrbB hexamers as well, indicating that
nucleotide binding but not hydrolysis is required.
Curiously, HP0525 formed rings even without NTPs. In
Agrobacterium, mutations in the Walker A box of VirB11
are not transdominant but increase VirB11 association
with the cytoplasmic face of the inner membrane
(Rashkova etal, 1997). If VirB11 is similar to TrbB, loss of
ATP-binding may prevent this class of VirB11 mutants
from assembling into hexamers at the inner membrane or

from interacting with other VirB components in the ,

transporter. TrbB/HP0525 hexameric rings have an outer
diameter of about 12nm and a central channel approxi-
mately 3nm in diameter. Perhaps the first step in transfer
of the T-complex from the bacterial cytoplasm occurs
through the channel in a hexameric ring of VirB11 {Figure
2c).

VirD4 homologs are present in almost all type IV
secretion systems as well as the F-system (Christie,
1997). All homologs possess a Walker A motif necessary
for function and all are integral inner membrane proteins.
Mutants of the homologs traD (F) and traG (RP4, IncP) still
produce conjugal pili and attach to recipient cells, but
conjugal DNA transfer does not occur (Balzer etal., 1994;
Firth etal., 1996). Thus, VirD4 homologs are suggested to
mediate introduction of the nucleoprotein complex into

the transporter by an energy-dependent mechanism
(Cabezon etal., 1997).

New required chromosomal activities

Although the virulence of Agrobacterium tumefaciens is
largely attributed to the combined activities of the Vir
proteins, recent work suggests more and varied contribu-
tions by chromosomally encoded factors. Attachment was
the first step in virulence shown to be mediated by

chromosomally encoded products. These chv {chromoso-
mal virulence) genes encode proteins that function in
synthesis and export of polysaccharides thought to
enable recognition and binding of host cell-surface factors
(Matthysse and Wagner, 1994). In fact, such polysac-
charides may facilitate non-specific sticking’ to plant cells,
as additional data suggest that these proteins contribute to
the stability ol the bacterial envelope by regulating the
periplasmic osmaoticum (Swart etal., 1994).

Sequence analysis has identified signal peptidase | and Il
sites in several VirB proteins (Kuldau etal., 1990; Ward
et al., 1988), which implies constitutive secretion pathways
are involved in the assembly of the transporter. More
specific activities are also indicated. After VirB1 is deliv-
ered into the periptasm by the general secretory pathway,
processing of VirB1, potentially by a periplasmic protease,
releases VirB1* (Baron etal.,, 1997a). Subsequently, a type
Il secretion system may transport VirB1* to the exterior of
the cell. This would be analogous to the secretion of
elastase by Pseudomonas aeruginosa (Mclver et al., 1995).
Elastase is exported into the periplasm by the general
secretory pathway where an intramolecular domain, which
serves as a chaperone, is cleaved autoproteolytically but
remains associated with the elastase. Secretion of the
elastase across the outer membrane is mediated by the
Xcp apparatus, a type Il secretion apparatus required for
pathogenicity {Mclver et al., 1995).

Intramolecular cyclization, a process required for ma-
turation of VirB2, is an uncommon protein modification;
either cyclization occurs autocatalytically or it requires a
function encoded on the chromosome (Eisenbrandt etal.,
1999). Interactions between VirB proteins and chromoso-
mal factors important for transporter assembly anc
function are fertile areas for future investigation.

Type IV secretion: a rapidly growing family

The type IV secretion system family is expanding. Ir
addition to conjugal plasmid systems, recently identifiec
homologs occur in animal pathogens and are required fo
virulence. The list includes Bordetella pertussis (whooping
cough), Helicobacter pylori (gastric ulcers), Legionell
pneumophila (Legionnaire’s disease) and Rickettsi
prowazekii (epidemic typhus), reviewed in (Christie, 1997
Covacci etal., 1999). As these bacteria represent member
of the o, B, ¢ and ysubgroups of the Proteobacteria, type |
transporters have clearly evolved for a variety of purpose:
Gene clusters in Brucella suis (brucellosis) {(O’Callagha
etal.,, 1999} and L. pneumophila (Segal et al., 1999) are th
most recent additions to the type IV secretion systei
family. Notably, these organisms possess nearly comple'
sets of virB and virD4 homologs. L. pneumophila contair
virB2-11 and virD4, but their specific roles in pathogenes
have not been demonstrated (Segal etal, 1999). B. su
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has a gene cluster, also referred 10 as vir8, that appears to
be a single transcriptional unit and inclucies homologs of
all Agrobacterium vir8 genes in the same order. A twelfth
gene in this cluster encodes a protein similar to a mating
pair factor from Enterobacter aerogenes and adhesin from
Pseudomonas sp. Strains carrying mutations in either 8.
suis virBS or virB3 were unable to survive or multiply
intracellularly in a variety of cultured animal cells
(O'Callaghan etal., 1999). 8. suis strains with mutations
in virB2, virB4 or virB10 were severely attenuated in rates
of intracellular multiplication. Thus, the virB region in
Brucella suis is essential for survival and multiplication in
macrophages.

Perspectives

Originally, interest in Agrobacterium was sparked by the
fact that it caused tumors, and research was expected to
provide clues into animal tumor pathogenesis. While this
goal was never realized, after nearly 100 years, it is now
evident that research in 'Agrobiology’ has application to
animal pathogenesis. Many bacteria employ a type IV
secretion system to transfer conjugal plasmids carrying
resistance factors into bacterial recipients and virulence
determinants, either DNA or protein, into susceptible plant
or animal hosts. Assembly of the Agrobacterium T-
complex transporter currently serves as the paradigm for
type IV secretion systems. The T-transporter transports
nucleoprotein complexes as well as protein alone. Of type
IV transporters, the T-transporter also recognizes the
greatest phylogenetic diversity of hosts, i.e. plants,
bacteria and yeast. These attributes confer unparalleled
flexibility in experimental design. Given the significance of
type IV secretion systems in plant biotechnology and
health issues, research on Agrobacterium-mediated gene
transfer should continue to supply us with insight into a
wide range of biological questions.
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technical focus

A guide to Agrobacterium binary

Ti vectors

Agrobacterium-based plasmid vectors allow
the transformation of a wide range of plant
species by capitalizing on a natural bacterial
system to introduce DNA into the nuclear
genome of plants. It 1s often a complex 1ask
to consider fully all the possible plasmid vec-
tors and Agrobacterium strains available, and
it can thus be difficult to take full advantage
of these research tools. This practical guide is
a survey of the many binary Ti plasmid vec-
tors and Agrobacterium strains available, and
aims to help rescarchers to make an informed
decision about the system that is besl suited
to their needs.

Agrobacterium tumefaciens is a soil bac-
terium. {1 is pathogenic to a range ol dicot plant
species, causing the formation of crown galls
or tumours at or close to infection sites'. The
proliferated tissue in the tumour provides the
bacterium with unusual amino acids (opines),
which are an imponant carbon and nitrogen
source, at the expense of the host plant. Genes
required to establish a tumour and to bring
about opine biosynthesis are transferred from
Agrobacterium and hence this bacteriun has
been called Nature's genetic engineer.

As part of this sophisticated parasitism,
Agrobacterium translers a discrele portion of
its DNA (T-DNA) into the nuclear genome of
the host plant. Most of the machinery necess-
ary for this T-DNA transfer resides on a
wmour-nducing (11) prasmid. This Ti plasimid

includes the T-DNA itself, delimited by 25 bp
tnperfect repeats [known as the right and fefl
borders (RB and LB, respectively)] that define
the boundaries of the T-DNA and ~35 viru-
lence (vir) genes, clustered together into a vir
region. The combined action of the vir genes
achieves the delivery of the T-DNA to the
nucleus of the host plant cell'’. The T-DNA
contains the genes for inducing tumour lor-
mation and opine biosynthesis, and these
genes, even though they are bacterial in origin.
have evolved to function only in plant cells.

Agrobacterimm-mediated  transformation
systems take advantage of this natural plant
transformation mechanism. Removal of all the
genes within the T-DNA does not impede the
ability of Agrobucterinm to transfer this DNA
but does prevent the formation of tumours. Tt
plasmids and their host Agrobacterium strains
that are no longer oncogenic are termed “dis-
armed’. There are two key advances that
have made Agrobacteriun transformation the
melhod of choice. These are the development
of binary Ti vectors and of a range of disanmed
Agrobacterium strains. This article outlines
the options that are currently available to the
researcher and provides a basis for making the
most appropriate decision.

Binary Ti vector plasmids
The two main components for successful
Agrobucterium-mediated gene transfer, the

5

T-DNA and the wir region, can reside on
separate plasmids. These form the basis of
modern Ti plasmid vectors, termed binary Ti
vectors'. The vir gene funetions are provided
by the disarmed Ti plasmids resident in the
Agrobacterium strain. The T-DNA. within
which are the gene(sy 1o be tramsferred. s pro-
vided on the vector.

Mostin vitro pene manipulation technigues
usc £. coli and consequently binary Ti vectors
replicate in both £, coli and Agrobacterium.
Same of the important binary Ti vector
types available are listed in Table . which
also illustrates the gradual refinements that
have been implemented sinee the introduction
of the first vectors. These refinements have
incrcased the Nexibility ol the vectors,
allowing a range ot uses and plant species,
and atding the development of more ‘user-
friendly” formats to facilitate in virro gene
mantpulation.

Antibiotic resistance genes for plasmid
selection and maintenance in culture

The most commonly used plasmid marker
genes are those encoding resistance to
kanamycin (e.g. pBIN19 and pGreen), genta-
micin (e.g. the pCGN series), tetracycline
(c.g. the pl)J series) and streptomycin
and/or spectinomycein (c.g. pPZP series)
(Table 1). However, Agrobacterium strains
are marked with antibiotic resistances that
are either chromosome or Ti-plasmid local-
ized {Table 2). Therefore. the binary Ti
vector and bacterial antibiotic resistance
markers cannot be duplicated. In addition,
penicillin-based antibiotics (e.g. carbeni-
cillin and amoxycillin) are vsed to kill or
inhibit the further growth of Agrobacterivm
several hours or days aller co-cultivation

Table 1. A selection of binary Ti vectors published in the peer-reviewed literature®

Vector®

Size Unique LacZ Bacterial Sclectable Replication origin Mobilization  Rel.
(kb) restriction sites selection on marker at
in T-DNA Agrobacterium  E. coli
pBINI9 11777 9 Yes Kanamycin RB pRK2 pRK2 Yes 14
pC22 17 500 2 No Ampicillin, RB pRi ColEI Yes 21
streptomycin and
spectinomycin
pGA482 13200 7 No Tetracycline RB pRK2 ColCI Yes 31
pPCV00! 9200 6 No Ampicillin RB pRK2 Coll:1 Yes 6
pCGN1547 14 440 5 Yes Gentamicin LB pRi ColEl Yes 32
pll1881 25700 4 No Tetracycline LB pRK2 pRK2 Yes 24
pPZPI11 8909 9 Yes Chloramphenicol LB pVSI ColEl Yes 7
pGreen0029 4632 18 Yes Kanamycin LB pSa puC No 5

*In the cases of families of binary vectors only those which confer kanamycin resistance on transgenic plants are deseribed. Sizes are based on restriction cnzyme

digestion patterns or on nucleotide sequence.

*See Box 1 for e-mail addresses for obtaining most of the plasmids listed.

Abbreviations: LacZ, B galactosidase a subunit gene for a-lac complementation; LB, Iefl border: RB. right border. Mobilization refers to the ability of the plasmid
W be transferred from E. coli (o Agrobacterium by conjugation.



Tahle 2. Disarmed Agrobacterium tumefaciens strains defined by the Agrobacterium chromosomal background and

the Ti plasmid they harbour®

Agrobacterium strain® Chromosomal Ti plasmid Opine® Ref.
Background Marker gene* Marker gene*

LBA4404 TiAch3 rif pAL4404 spec and strep Octopine 3

GV2260 Cs8 rif pGV2260 (pTiB6S3AT-DNA) carb Octopine 32
C58ClI Cs8 - Cured - Nopaline 33
GV3100 Cs8 - Cured = Nopaline 34
Al36 C58 rif and nal Cured = Nopaline 35
GV3101 C58 rif Cured - Nopaline 34
GV3850 C58 rif pGV3850 (pTiCS8Aonc. genes) carb Nopaline 36
GV3101:pMP90 Cs8 rif pMP90 (pTIC58AT-DNA) gent Nopaline 6

GV3101:pMPIORK Cs8 rif pMPIORK (pTiCS8AT-DNA) gent and kan Nopaline 6

EHAILOI Cs8 rif pEHAIO0L (pTiBo542AT-DNA) kan Nopaline 37
EHAL0S C58 rif pPEHAL0S (pTiBo542AT-DNA) - Succinamopine 38
AGL-1 C58, RecA rif, carb pTiBo542AT-DNA - Succinamopine 39

*See Box | for ¢-mail addresses for obtaining most of the strains listed.
*Grouped according 1o the opine catabolism of the original progenitor wild-type strain and/or non-disarmed parental Ti plasmid. This generaily accepted classification
of Agrobacterium strains does not nccessarily imply that their disammed counterparts sull muke opines.
“Antibiolic resistance gene used 1o select for that steain of Agrobacterium or Ti plasnid.

Abbreviations: rif, rifampicin resistance; gent, gentamicin resistance; nal, nalidixic acid resistance; kan, kanamycin resistance gene for bacteria (nprl ot nptiil);
carb, carbenicillin and ampicillin resistance; spec and strep, spectinomycin and streptomycin resistance; —, no marker gene present.

with target explants. Some binary Ti vectors
and Agrobacterium strains harbour the
ampicillin resistance gene (encoding a 3-lac-
tamase; Tables | and 2) and therefore it might
not be easy to remove such Agrobacterium
strains from tissue culture. When such strains
and plasmids are used, proprictary mixtures
of a penicillin and a B-lactamase inhibitor
{c.z. Augmentin™) or cephalosporins (c.g.
ceforaxime) are effective.

AN

Practical implications of plasmid
replication

A broad host range replication origin {ori) 1s
found in many binary Ti vectors, which per-
mits plasmid maintenance v a wide range of
Gram-negative bacteria including £. coli and
Agrobacterium. Alternatively, two separate
origins can be present on the plasmid, permat-
ting its maintenance in cach of the bacterial
spucies concerned.

The low copy number i £ coli of the
broad host range plasmids that contain a RK?2
orf,as w pBINTY (Table 1), can be a problem
for cthicient manipulation of DNA. The copy
number ol several binary Ti vectors has been
improved by incorporating the ColEl ori
from pBR322, achieving a significant
enhancement of £ coli plasmid yiclds. Binary
Ti vectors such as pC22 and pCGNI1S47
(Table 1) have an ori derived [rom the Ri
plasmid of Agrobacterium rhizogenes® and a
ColEl ori for maintenance in £. coli. The
pGreen vectors contain both a broad host
range orf (pSa) and a ColC1 ori derived from
a pUC derivative’. In Agrobacterium,
plasmids such as pC22 and pCGNI1547

(Table 1), which have a Ri ori, are present
as a single copy in Agrobacterium.

Size matters
There has been a progressive reduction in the
sizes of binary Ti vectors (Table 1). In
pPCV00! and rclated vectors®, and in
pMONI10098 (Fig. 1), the rrans-acting
replication functions derived from the prog-
enitor plasmid RK2 have been removed,
leaving a miniature replicon binary Ti vector
(Table 1), with only the replication origin
(OriV) remaining. For this plasmid to replicate
in Agrobacrerium, strains need to possess
the RK2 replicase and rf genes integrated
into thetr  genome  [as n
GV3101:pMPIORK): Table 2]
The pPZP plasmids’ contain the pVSL ori
(Ref. 8), which is considerably smaller than
the DNA fragments from pRK2 or pRithatare
necessary for plasmid replication. As a conse-
quence, the basic vectors containing pVSH
replication sequences are smaller than those
with the pRi or pRK2 replication regton
(Table 1). Combining both these advances to
reduce plasmid size, the pGreen vector uses
the relatively small pSa replication locus,
which has been subdivided into the pSa ori
and the pSa replicase gene® (repA). The repd
gene s resident on a compatible plasmid
(pSoup) in Agrobacterium and provides
pGreen replication functions in (rans.

strain

Transfer of binary Ti vectors between

E. coli and Agrobacterium

The binary Ti vector from £. coli can be
transferred to Agrobacterium via bacterial

conjugation or direct DNA transfer (electro-
poration or freeze-thaw techniques)’. For the
pGreen vector, transformation of Agrobacterium
is obligatory.

The binary Ti vector T-DNA

In older binary Ti vector designs, fragments of
Ti ptasmid DNA containing the RB and LB
imperfect repeats were used from several
different Ti plasmud types. However, the
sequence for these borders varies little
between Ti plasmids'® and border sequences
from all Ti plasmids function in heterologous
Agrobacterium strains''.

Some Ti plasmids (those from the so-called
octopine-producing strains) also contain an
‘overdrive’ sequence immediately external and
adjacent to RB (Ref. 12). This overdrive motif
enhances T-DNA fransfer from octopine strains,
such as the commonly used LBA4404 (Table 2).
More recent designs of binary Ti vectors (e.g.
pBECKS,,,, and pGreen series; Tables | and 3
contain synthetic T-DNA borders. In pGreen
the sequences are copied from pTiT37
sequences but also incorporate an octopine Tt
plasmid-derived overdrive sequence’.

Selectable marker genes in the T-DNA
There is polarity of T-DNA transfer fronr
Agrobacterium to the plant cell: RB precede
LB (Ref. 2). Most of the early binary T
vectors have their selectable marker genes :
the RB (e.g. pBIN19; Fig. 1, Table 1). Th.
means that the selectable marker gene wi
be transferred into the plant cell first.
bacterium-to-plant T-DNA transfer is inte
rupted then transgenic plants could t
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pMON10098
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Fig. 1. Restriction maps of plasmids whose complete nucleotide sequence has been deposited in the EMBL database (Accession numbers:
pBINIY, U09365; pPZP 111, U10487; pGreen, AJO07829) or is available on the Internet (pMON10098 and pGreen, Box 1). nprl, npell and

aptlll are different genes with non-homologous sequences that all encode kanamycin resistance. Abbreviations: LB. left 25 bp imperiect repeat,
ori, origin of replication; RB, right 25 bp imperfect repeat.

Table 3. Binary Ti vector families whose members harbour ditferent selectable marker genes

for plant transformation®

Vector series Refs
Bar Ble Dhfr Gent Hyg Kan Spec Sul Empty

pMON . . . . 4041
pBIB/pBIG . . 42
pGPVT . . . 5 . 43
plJ . . = . 24
pPZP . . E 7
pNFHKI . . . 29
PBECKS 000 . . . 44
pGreen . . . 4 s 5

*Sce Box | for c-mail addresses for obtaining most of the plasmids listed.
Abbreviations for resistance genes: Bar, bialaphos (or phosphinothricin, glufosinatc ammonium); Ble, blcomyein; Dhit, methotrexate: Gent, gentamicin; Hyg.

hygromycin; Kan, kanamycin (or G4 18); Spec, spectinomycin; Sul. sulfonamides (or Asulam). Empty refers to the availability of a basic binary vector with no
sclectable marker gences for plant transformation.




produced with no addinonil sequences other
than the sclectable marker gene. More
recently constructed binary Ti vectors contain
their plant selectable marker gene nearest 1o
the LI, to ensure that gene(s) of interest will
have been transferred before the selectable
marker gene (Table 1).

tJser support

Further important refinements include the
availability of complete sequences for some
binary Ti plasmids (e.g. pBIN19, pMON
serics, pGreen), which allows accurate
restriction maps to be compiled. In addition,
three binary vector systems, pGreen series,
ihe pMON series and the pCAMBI A series,
now have supporting websites (Box [). To
our knawledge, the pPCAMBIA vectors have
not been described in the peer-reviewed
literature.

Selectable marker genes
Many improved binary Ti vectors now pro-
vide a choice of plant selectable marker genes
and the promaoters that initiate and drive their
wranscription (Table 3). This has been dictated,
o some extent, by the tissue culture require-
ments of an expanding range of transformable
plant species, including the cereals. The consc-
quence of this requirement is that families of
binary Ti vector plasmids are often available
as versions of the same basic design (Table 3).
The pGreen vector system (Table 3, Fig. 1),
for example, permits any combination of
selectable marker genes in order to explore
such options as double and single selection
protocols, and alternative selectable marker
genes. This degree of flexibility in modern
binary T vector design will also permit the
incorporation of new or novel selectable
marker genes as they appear.

A caution must also be sounded at this point
aboul a mutation in the coding sequence of

some ol the Kanamycm selectable marker
genes (aph3'11, nptll or neo) in some binary
Ti vectors'. This can prove crucial for the
cfficient transfonmation and selection of some
species with kanamycin'', The most promi-
nent binary Ti vector containing this defect s
pBINI9 (Refs 13,14).

Agrobacterium strains

Strains of Agrobacterium that are useful for
Ti-vector-based plant transformation are
defined by their chromosomal background
and resident Ti plasmid (Table 2). The C58
chromosomal background has proved to be
popular for plant transformation and now har-
bours several kinds of wild-type and disarmed
Ti plasmids, including strains that are effec-
tive at transforming cereals.

Significant madifications to the virulence
of Agrobacterium have expanded the range
of plant species that are susceptible to
T-DNA transformation by improving the
frequency of T-DNA transfer, most notably
to the cereals. The main modification
enhancing virulence has been to boost the
expression of, or to introduce a change in,
the activation state of the virG product,
which activates transcription of the rest of
the vir cluster™"*, Another modification is
the enhancement of vir£/ gene expression,
which encodes a single-stranded DNA bind-
ing  protein that coats the transferred
T-strand of the T-DNA (Refs 1,2).
Expression of Virf£{, along with that of
virG, can be limiting in conventional
Agrobacterium strains when large sections
of DNA (>50 kb) necd to be transferred
using specialized binary Ti vectors called
binary bacterial artificial chromosome
(BiBAC) plasmids' (see below). In both
cases, this is achieved by placing the vir
genes on a co-restdent plasmid that is com-
patible with the binary Ti vectors, thus

hoosting their expression by increasing their
total copy number in Agrobacterium'>'®,

T-DNA integration

There is no scquence specificity for T-DNA
integration into the host plant genome,
although this non-homologous or illegitimate
recombination might sclect for potentially
transcribed sequences'”. The accuracy of
T-DNA ntegration can be a problem.
Extraneous vector DNA transferred into the
genome of plants has been associated with
aberrant transgene expression'®, A compi-
lation ol data on integration sites also indicates
that the LB is prone to incomplete nicking and,
as a consequence, that vector DNA adjacent
to the LB might be transferred during trans-
formation'®.

Variations on binary Ti plasmid designs
for specific purposes

Certain experimental requirements have led
to the development of specialist binary Ti
vectors. Usually, these are based on the
binary Ti vector families described here.
The possible advantages of using such
specialist plasmids should still be set against
the general considerations summarized in
Box 2. Given the fexibility of modern
binary Ti plasmids, it might be more con-
venient to build new plasmids specific to the
requirements of the experiment than to com-
promise on the requirements of the plant tis-
sue culture system, Agrobacteriuin strain
and selectable marker gene required for
efficient transformation.

Binary vectors have been adapted for
uses in promoter and enhancer trapping,
gene activation tagging, T-DNA insertional
inactivation of genes, and transposon mu-
tagenesis™*. To these ends, some binary
plasmids, such as pC22 (Ref. 21; Table 1),
pUCD2340 and others™, harbour Acos sites,

Box 1, E-mail addresses and wehsites for obtaining plasmids

Al136
gnester(@u.washington.edu

AGL-1
ludwig@biology.ucsc.edu

EHA101 and EHA105
echood@prodigene.com

GV2260,GV3101, GV3850, C58CI
inzed@gengenp.rug.ac.be
GV3101::mp90(RK) and pPCV series
koncz@mpiz-koeln.mpg.de

1.BA 4404 (requesting accession PC2760)
www.cbs.knaw.nl/Ncch

and Agrobacterium strains

pBECKS,.,,
acm(@soton.ac.uk.

pBINI9
michael.bevan@bbsre.ac.uk

pC22
inzed@gengenp.rug.ac.be

pCAMBIA series
http://www.cambia.org.aw/main/
r_et_camvec.htm

pGA482
genean@vision.postech.ac. kr

pGPVT series

www atee.org (quote ATCC nos. 77388-
77392)

pGreen series
www.pgreen.ac.uk

pJJ series
jonathan.jones@bbsrc.ac.uk

pMON
http://www.hos.ufl.edwkleeweb

pNFHK1
mbhattac@iastate.edu

pPZP series
maliga@mbcl.rutgers.edu
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Box 2. Some questions to ask when choosing a

binary vector

Do I have a specialized requirement?’

* Promoter or enhancer trapping

Gene tagging by T-DNA insertion or transposon mutagenesis

Constitutive expression or regulated expression?

Quantitative transgene expression studies

+ Transfer of large DNA sequences (>50 kb)?

Will the T-DNA insert and flanking sequences in the plant need to be analysed?

How many genes do I want to transform into plants?
+ Different single transgenes in different lines?
+ Multiple transgenes in a single line (transgene stacking)?

If yes, will this be by:

(1) Crossing of independent lines?

« If yes — will different marker or reporter genes in different lines
help me to select hybrids?
(2) Multiple rounds of transformation?
« [fyes — will | need more than one selectable marker gene or
can | remove the marker gene in some way (for example, by
co-transformation followed by segregation)?
(3) Insertion of multiple genes into one binary Ti vector?

If yes:

» Will it be desirable to have marker genes at the right and left

borders?

« Will a good choice of unique restriction sites be required in the

vector?

+ Can multiple transgenes be added easily, one after the other, into

the vector?

Is the vector suitable for the plant transformation method?

+  Does the binary Ti vector series have the required selectable marker?

< Will the preferred Agrobacterium strain be compatibte with my choice of vector?
« Are the cultured explants affected by antibiotics used to remove Agrobacterium?

How many plant species do | want to transform?
+ Will the binary vector have the right selectable marker gene(s) for all species?
Wil different dgrobacterium strains be used and be compatible with the vector?

plasmid origins and bacterial sclectable
marker genes within their T-DNAs. These
ailow T-DNAs and flanking DNA to be
excised from transgenic plants.

Binary Ti plasmids are also available for
promoter transcriptional or  translational
fusions to reporter gene coding sequences,
such as versions of pBINI9 (Table 1) that
harbour a promoterless GUS (uidA) coding
scquence that allow translation fusions in all
three possible reading frames [pBItO1.1,
pBI101.2, pB1101.3; available from Clontech
(Palo Alto, CA, USA)™*. The plasmids
pMON10098 (Fig. 1) and pROKI (Ref. 27),
aderivative of pBIN19 (Fig. 1), contain a cau-
liflower mosaic virus 35S promoter linked to
a polyadenylation sequence in their T-DNAs.
This permits the direct cloning of a coding
scquence into the T-DNA of the plasmid, with
the aim of proceeding to Agrobacteriun and
plant transformation as the next step. Other
binary vectors have been created thatallow the
inducible expression of a coding sequence in
a lransgenic plant. For example, a glucocorti-

“a (RN B PR N

L P T DN

is available on a pMON derivative™ (Table 1).

A further refinement that deserves more
attention is the development of binary Ti
plasmids with different selectable marker
genes at both the LB and the RB [e.g. the
pBINIY derivative pNFHK!L (Ref. 29)).
Transformants that have undergone simulia-
neous double selection show improved and
more consistent transgene expression than
stngle marker gene selections. This might be
an advantage in quantitative studies on
transgene expression. )

BiBAC binary Ti plasmid vectors have
been developed that permit the insertion of
large portions of DNA (up lo at lcast
150 kb) and their transfer to Agrobacterium
and thence to a plant'®, Such vectors have
low copy aumber in both E£. coli (using
cither a P1 er F ori) and Agrobacterium
(using a Ri ori)'**",

Future developments
There are three trends in plant science research
that will stimulate the further development of

Lasa Toodke i 0 The G the condbned

devclopment of user-friendly vector systems
applicable to a wide range of specics. This is
already happening and plant researchers will
only be restrained by their imagination in
adapting these vector families for specific
experimental purposes.

Sccond, plant genomics, with its demands
for high throughput assessment of pene
functions, will place considerable demands on
the efficiency with which Agrobacierium
technology can be handled. For example, the
increasing use of map-based cloning
approaches for gene isolation requires, at
some stage, the complementation of mutants
in the subject species and its relatives.
Therefore, the development of more Nexible
BiBAC vectors that can take account of a
wide variety of transformation systems is
important.

Finally, the increasing debate about the
safety of genctically modified plants for
release into (he environment is afready
ensuring that licencing aothoritics in many
countries have tightened or will be tightening
their requirements over the types of genetic-
ally modified plants thgt will reccive
approval. In particular, the removal (or
absence in the first place) of extraneous
DNA sequences that are not needed for
expression of the introduced trait could stim-
ulate the development of tightly defined vee-
tors that make analysis of such plants easier
to conduct.

The innovations that defined the early
advances in plant transformation using
Agrobacierium-mediated techniques have
been followed by a series of smaller but
important improvements i Ti o vector
design. As the demands and expectations of
plant transformation. evolve, so have the
vectors, becoming progressively mare user
friendly. [nan ever-demanding freld, no single
vector, strain or marker gene will predominate.
Thus. as consumers of binary Ti vector
technology. it might well pay rescarchers to
shop around.
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““Tablé 1. A selection of binary Ti vectors published in the peer-reviewed hterature“

Vecto® Size Unique LacZ Bacterial Selectabie Replication origin Molnhuhon
(kb) restriclion sites sclection on marker at : o
in T-DNA Agrobacterium  E. coli 2
pBINI19 11777 9 Yes Kanamycin RB pRK2 pRK2 Yes oo R
pC22 17 500 2 No Ampicillin, RB pRi ColEl Yes
streptomycin and
spectinomycin
pGA482 13 200 7 No Tetracycline RB pRK2 ColEl Yes :31 .
pPCVO00I 9200 6 No Ampicillin RB pRK2 ColEl Yes bl I
pCGNI1547 14 440 5 “Yes Genlamicin LB pRi Col:1 Yes )
pli1881 25 700 4 No Tetracycline LB pRK2 pRK2 Yes 24 -
pPZPILII $909 9 Yes Chioramphenicol LB pVSl ColE1 Yes 7
pGreen0029 4632 18 Yes Kanamycin LB pSa pucC No Y-

*In the cases of familics of binary vectors only those which confer kanamycin resistance on transgenic plants arc described. Sizes are bascd on restriction cnzymc
digestion patterns or on nucleotide sequence.

*Sec Box | for c-mail addresses for obtaining most of the plasmids listed.

Abbreviations: LacZ, B galactosidasc a subunit gene for a-lac complementation; LB, leR border; RB, right bordcr. Mobilization refers to the ability of the plasmld
1o be transferred from £, coli to Agrobacterinm by conjugation.

446 October 2000, Vol. 5, No. 10 1360 - 1385/00/% ~ see front matter © 2000 Elsevier Science Ltd. All rights reserved. Pll: $1360-1385(00)01740~



'Agrbbéfferit;m strain*

Ti plasmid

Opine*

* LBA4404
T GV2260

. C58Cl

--GV3100

Al136

Gvaiol -

GV3850
GV3101::pMP90
GV3101::pMP9ORK
EHALOI

EHALO0S

AGL-1

::-'—‘Ba’ckgr&md' Marker genc*

", TiAchS nf

CSs8 nf
C58 =
CS58 -
Cs8 rif and nal
Cs8 rif
C58 rif
Cs8 rif
C58 nf
Cs8 rif
C58 nf
C58, RecA nf, carb

Marker gene*

pAL4404 spec and strep
pGV2260 (pTiB6S3AT-DNA) carb
Cured -
Cured -
Cured -
Cured -
pGV3850 (pTiC58Aonc. genes) carb
pMP90 (pTiCS8AT-DNA) gent

pMP9ORK (pTiC58AT-DNA)  gent and kan

pEHA 101 (pTiBo5S42AT-DNA) kan

pEHA105 (pTiBoS42AT-DNA) -
pTiBo542AT-DNA -

Octopine
Octopine
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Nopaline
Succinamopine
Succinamopine

3
32
33
34
35
34
36

6

6
37
38
39

*Sec Box | for e-mail addresses for obtaining most of the strains listed.
*Grouped according 10 the opinc catabolism of the original progenitor wiki-type strain and/or non-disarmed parental Ti plasmid. This gencrally aceepted classification

“of Agrobacterium strains docs not nceessarily imply that their disarmed counterparts still make opines.
"Anublonc resistance penc used to select for that strain of Agrobacierium or Ti plasmid.
: Abbreviations: rif, rifampicin resistance; gent, gentamicin resistance; nal, nalidixic acid resistance; kan, kanamycin resistance gene for bacteria (nprl ornpllll)

carb, carbenicillin and ampicillin resistance; spec and strep, spectinomycin and streplomycin resistance; —, no marker gene present.
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Optimization of in vitro culture conditions for
Pinus radiata embryos and histological characterization
of regenerated shoots

CLAUDIA STANGE'?, DORIS PREHN', MARLENE GEBAUER' AND PATRICIO ARCE-
JOHNSON* ?
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Pontifical Cathohie University of Chile. Santiago. Chile o » _ o
‘Deparument of Molecular Genetics and Microbiology, Faculty of Biological Sciences, Pontifical
Cathotic University of Chile. Santiago. Chile

ABSTRACT

Different in vitro culure conditions were tested on Pinus radiata organogenic embryos. Optimum shoot induction
occurred at 26.1°C. whereas the best elongation resulted at 21.4°C. Supplements of 2.5 mg/l or 5 mg/l of BAP
added to the induction media produced a similar number of regenerated shoots, which differed statistically from 1.0
mefl of BAP and 0.025 mg/l TDZ. Addition of 10 mg/l MnSO, 1o LP , medium significantly increased the number
and quality of in virro regenerated shoots. The removal the apical region of shoots cultured in LP 2.5 mg/l of BAP
increased the number of de novo generated shoots by 23%, compared to a control group with intact shoots.
Approximately 70% of the in vitro shoots of P. radiata were of wet phenotype (hyperhydrated appca{ancc): the rest
were waxy in appearance. Histological cuts did not produce any differences in phenotypes, but scanning electronic
microscopy of needles gave evidence of differences in epicuticular wax deposits.

Abbreviations: LP: Quoirin and LePoivre basal medium, without plant growth regulators; LP : LP medium + 1 mg/l
BAP; LP, : LP medium+ 2.5 mg/l BAP; LP,: LP medium + 5 mg/l BAP; LP, : LP basal medium at half strength
of mucroéfemenls, 2% commercial sugar, ammonium nitrate 100 mg/l, calcium nitrate 564.5 mg/l,

hydroxyquinoleine 1.25 mg/l. MS vitamins and without plant growth regulators; LPT = LP medium + 0.025 mg/]
TDZ; BAP: N-6 benzylaminopurine; TDZ: Thidiazuron.

Key words: P. radiata, BAP, TDZ, in vitro culiure; wet and waxy phenotype

INTRODUCTION throughout the successive stages of propa-
gation.
Pinus radiata is Chile's most important Micropropagation of P. radiata is based

forest species for wood and cellulose pro- on the induction of zygotic embryos by
ducuion. Selection of elite phenotypes and organogenesis (1). The success of the
controlled pollination are currently used - method depends upon the number and qual-
forits genetic improvement. However, this ity of the adventitious shoots produced per
1s an expensive and laborious method that embryo. Qur results have shown high het-
producesasmall number of seeds with high erogeneity in the regenerative capacity of
genetic and commerctal value. With the theembryosand inthe quality of the shoots
aim of increasing the number of selected produced. A significantly high proportion
individuals obtained by traditional methods, of regenerated shoots show dark green and
in vitro micropropagation from the em- clustered needles that appear to be
bryos of controlled pollinated seeds has hyperhydrated. This phenotype, which is
been implemented. Given the multiplying also difficult to acclimatize, was described
effect of the process, it is essential to en- as “wet” by Aitken-Christie et al (2). High
sure the conservation of the elite genotypes  quality shoots that can be acclimatized suc-

*Corresponding author: Departamento de Genética Molecular y Microbiologia, Facultad de Ciencias Biolégicas. Pontificia
Universidad Catélica de Chile, Casilla 114D, Santiago, Chile. Fax (56-2) 222 2810, 222 5515, e-mail: parce @ genes.bio.puc.cl

Received 4.4.99. In revised form 12.5.99. Accepted 24.5.99
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cessfully were designated “waxy™ (2) due
to their appearance.

Some authors propose that the shoot gen-
cration ability of in virro culwures 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 vitro
conditions. Aitken-Christie er al (2), sug-
gest that the wet phenotype corresponds to
an intermediate state of hyperhydricity be-
tween the vitrified (translucid) and the
waxy shoot and that there might be culture
medium {actors that trigger this response.

Cytokinins, micronutrients and microen-
vironmental conditions have been docu-
mented to play an important role in the
morphogenic response of several forestspe-
cies (2, 4, 5, 22, 25, 26). In our current
work, we have studied the effect of dif-
ferent culture conditions on the number and
quality of shoots produced through embryo
organogenesis. Temperature effect, different
BAP concentrations and manganese addition
to embryo cultures were specifically tested.
The induction of lateral buds through apex
removal and needle pruning of regenerated
shoots was also assayed.

Morphological and histological charac-
terizations of the two observed phenotypes
were carried out to examine the differences
at the cellular and tissue levels.

MATERIALS AND METHODS
Plant marerial and culture conditions

Selected P. radiata seeds were provided
by the Forestal Mininco, S.A. nursery. The
seeds were surface sterilized by soaking
them in 2% (w/v) aqueous NaHCIO, for 10
minutes and in 50% (v/v) aqueous H,0, for
5 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,O, for 5 min. After
rinsing, the embryos were obtained by dis-
secting the seeds.

The embryos were cultured in an inverted
position (2) with the cotyledons immersed

in a bud induction medium (20) (LP2.5
supplemented with 3% w/v commercial
sugar. 0.8% Gibco agar and 2.5 me/l BAP).
The pH was adjusted 1o 5.8 belore auto-
claving for 20 minutes at 121°C. After 3
weeks, explants were passed to elongation
steps for approximately four months (2). In
this stage, the explants were successively
transferred every 4 weeks to glass jars (7 x
10 ¢cm) containing 20 ml of hormone-free
LP , medium. Culures were maintained at
a 16-hour photoperiod with a light inten-
sity of 60 uEm?s! at 22 +/- 6°C. Isolated
shoots with an average height of 1.2 cm
were placed on LP medium containing 0.2%
activated charcoal (Merck 218%) for one
additional transfer before rooting. Root
initiation was induced on a water-agar
medium containing 2.0 mg/l indolebutyric
acid (IBA) and 0.5 mg/l napthaleneacetic
acid (NAA) for 5 days. The induced shoots
were then transferred onto a low sugar LP
(containing 10 g/l commercial sugar) to
evaluate rooting.

Temperature assay

The effect of temperature on shoot in-
duction and the elongation processes was
studied. Sixty embryos were pre-cultured
as described above for one week. The em-
bryos were then individually cultured in
8.0 x 2.5 cm glass jars containing LP,
medium and used in the following assays.
Shoot induction: 12 groups of five em-
bryos each were transferred to an illumi-
nated (60 tEm™?s') 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;
28.5°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,, and
then cultured for an additional monthin the
temperature gradient controlled chamber.
After 7 weeks of exposure to regulated
temperatures, half of the meristematic tis-
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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Shoot elongation: the remaining mer-
istematic clumps were maintained in the
temperature gradient controlled chamber,
now adjusted 1o [3.5°C: 17.7°C: 21.8°C;
oqo1eC: 26.1°C: 28.3%C: 30.8°C; 31.3°C;
31.9°C: 32.8°C; 34.1°C for another four
weeks to identify the best shoot elongation
temperature. Since the temperatures set at
this stage were not the same as those of the
induction step. the following changes were
made: the embryos induced at 16.3°C were
clongated at 17.7°C: those induced at 22.9°C
were elongated at 21.8°C; and those in-
duced at 19.7°C were equally distributed
between these two temperatures. All other
embryos had the same induction and elon-
gation temperatures. At this point, one-
third of the shoots were transferred to the
regular growth chamber. The remaining
shoots (2/3) were maintained in the tem-
perature-controlled chamber and evaluated
after 4 weeks of culture (15 weeks total) to
determine the quantity of waxy shoots and
the totat number of shoots produced at each
temperature. This assay was repeated twice.
As acontrol, 35 embryos were cultured for
15 weeks in the regular growth chamber.

Cvyirokinin effect on shoot induction

Cytokinin concentrations tested on adven-
titious bud induction were selected from
previous reports (2,10,15). Twenty-five
embryos were cultured in one of the
following treatments: Thidiazuron 0.025
mg/l (LP_ ..}; Benzyladenine 1 mg/l
(LP, ). 2.5 mg/l (LP,,), or 5.0 mg/l (LP, ).
After the induction period (3 weeks), the
explants were cultured in hormone-free
LP, ,forsix months. The number of buds per
embryo and the percentage of waxy shoots
were evaluated. Statistical analysis was done
applying the Mann-Whitney test (P< 0.05),
and the Z test corrected for continuity.

Effect of additional Manganese on the elon-
gation step

Fifteen 7-week-old induced embryos were
cultured in LP medium containing 10 mg/l
MnSO, (12, 21) and tested against an

identical control group culiured in a nor-
mal LP (0.76 mg/l MnSO,) (20). Shoot
elongation steps were performed as
described above for four months. At the
end ol this period. the following parameters
were evaluated: a) number of buds per
embryo. b)total number of shoots produced
pertreatment, c) percentage of waxy shoots
in each treatment, and d) average height of
the shoots produced in each treatment.

Induction of axillary shoots

From 33 to 116 isolated shoots with an
average height of 1.7 cm were cultured for
2 weeks in the following multiplication
media: LP, ,: control, intact shoots, LP,
intact shoots, LP, H: half-pruned back
needles. and LP, (A:apically-pruned shoots.
The shoots were then transferred to the
elongation steps (LP,, for four months),
after which each treatment was evaluated
for its ability to produce axillary shoots as
follows: multiplication factor (n° of final
shoots / n°® of initial shoots). Statistical
analysisof the discrete data was carried out
by the Mann-Whitney test (P< 0.05) to
compare means.

Morphological and histological analysis
of wet and waxy Pinus radiata shoots

Morphological analysis: Wet and waxy in
vitro cultured Pinus radiata shoots were
characterized with a Nikon SMZ-10 ster-
eoscopic microscope and photographed. A
scanning electron microscope (SEM) was
used to examine the epicuticular ncedle
surface of wet and waxy shoots according
to Fowke (11). Needles were fixed in 50%
v/v aqueous glutaraldehyde, dehydrated in
a graded series of absolute acetone with
20% increments, freeze-dried and coated
with gold/palladium using a splutter coating
unit. Samples were then examined under
a JEOL JSM-25-S-1I scanning electron
microscope for epicuticular wax develop-
ment.

Histological analysis: Samples were pre-
pared for optical microscopy according to
the O'Brien and McCully modified-method
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(19). Needles were fixed in FAA solution
(r’ormaldehyde 5%, acelic acid 5%, ethanol
63% and water 27%), gradually dehydrated
ma graded series of absolute ethano using
20% Increments, vacuum infiltrated, ana
gradually embedded in Paraplast. Samples
were sectioned in a rotating microtome and
stained with safranine (0.5% w/v) and fast
green (0.5% w/v). Sections were observed

and photographed using a Nikon HSX-DX
optical microscope.

RESULTS
Temperature assay

The best temperature for the induction and
elongation of Pinus radiata shoots was
determined by evaluating the quantity and
quality of single shoots generated per em-
bryo. The number of shoots produced at
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each temperature is shown in Figure I. The
best shoot bud induction (after 11 weeks of
culture) occurred at 26.1°C, obtaining 134
shoots per embryo. This temperature leve|
also yielded the highest percentage of waxy
shoots (34%, not shown). These tendencies
continued after 6 months of culture. Lower
temperatures caused a significant re-
ductionin the response. Conversely, higher
temperatures inhibited shoot development
(absence of bars above 30.8°Cin Figure 1).
Shoot elongation was evaluated by as-
sessing the quantity and quality of single
shoots with an average height of 1 cm after
fourmonths of culture. The bestshoot elon-
gation temperature (evaluated after 15
weeks of culture) was obtained 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 chamber
yielded 31 shoots per embryo with 28%
waxy shoots.

160 A
140 +
120 +
1OOW

80 -

Number of shoots

60 A
:
-l B
O-I:I'r t P t

135 163 17,7 197 21.8 229 241 261 285 308 313 319 328 341

Culture temperature (°C)

Olnduction temperature
M Elongation temperature

Figure I: Effect of temperature on the induction and elongation of P. radiata shoots*.
Induction temperature: number of shoot buds per embryo at the end of the induction treatment (11 weeks).

Elongation temperature: number of shoots (1cm height) per embryo at the end of the elongation treatment

(15 weeks).

* Absence of bars above 30.8 °C means no shoot development.
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Figure 2: The number of shoots produced per embryo and the percentage of waxy phenotypes obtained
from the in vitro culture of P. radiara with different treatments of BAP or TDZ.

25 embryos were cultured in each treatment and evaluated 6 months later.

Evaluation of cytokinin concentration on
bud induction

BAP induced a higher average number of
buds per explant than TDZ. Overall, 5 mg/
I BAP proved to be the best concentration
in terms of number of shoot buds per ex-
plant (140.8) (Fig 2) and total number of
shoots (1,267, not shown). Although data
on the difference in the number of shoot
buds produced perexplant between 2.5 mg/
1 and 5 mg/l BAP were not statistically
significant, the latter generated better quality
shoots (Fig 2). Regeneration of shoots per
embryo with 0.025 mg/LL TDZ and other
previously-tested concentrations (0.001
mg/l and 0.05 mg/1) was 10 times less pro-
ductive than with 5 mg/l BAP. However,
shoots induced with TDZ were larger than
those induced with BAP.

Effect increased MnSO, in LP medium

We observed that greenhouse-acclimatized
invitro Pinus radiata plants were deficient
in Mn. A comparative foliar analysis of the
Mn content of in virro cultured shoots and

ex vitro plants grown in the greenhouse
showed a significant decrease of this
microelement in the in vitro cultured shoots
(20 ppm in vitro, 197 ppm ex vitro).
Since the Mn concentration in LP me-
dium is 13 times lower than in other media
used in Pinus radiata in vitro cultures (21),
we tested the addition of MnSO_. LP me-
dium was supplemented with 10 mg/l of
Mn (as MnSO,) to compare the effect of
manganese on the growth and elongation of
shoots in relation to LP basal medium (0.76
mg/l MnSO,). After 10 weeks, an increase
of 53.8% in the number of shoots per em-
bryo was obtained in the 10 mg/l MnSO,
treatment. The percentage of waxy shoots

at this concentration was also greater (80%)
(Table 1).

Induction of axillary shoots

Pinus radiata shoots were induced for
two weeks on LP medium supplemented
with 2.5 mg/i BAP, with or without the
pruning of lateral needles and apex, in or-
der to assess large scale propagation by
axillary bud multiplication of elongated
shoots. A good response was obtained in
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TABLE |
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Effect of an increase in the concentration of Manganese in the number and quality of P.

radicta shoots gencrated i vitro.

Treatments Total number Number of shoots Shoot Quality
of shoots produced  produced per embryo
LP,+ 782* 52 Size: 1 em
0.76 mg/} waxy shoots:
MnSO4 14.4%
LP,y + 1037** 80 Size: | cm
10 mg/ waxy shoots:
MnSO, 26%

*15 embryos were cultured for 4 months before their evaluation. **13 embryos were cultured for 4 months before their

evaiuailon,

all BAP-treated shoots. Anincrease of 53%
in the number of axillary shoots occurred
when they were induced on LP, , com-
pared to the control LP , (Fig 3). LP,
treatment led to the production of an ave-
rage of 4 axillary buds per shoot, compared
to 1.87 with LP , (Fig 3). Removal of the
apical meristem (LP, ) increased the ef-
fect of LP, (intact needles) by 23%.

Morphological and histological analysis
of in vitro wet and waxy Pinus radiata
shoots

The in vitro culture of Pinus radiata
embryos produced wet and waxy pheno-
types (Figs 4A-B). However, the predomi-
nant wet phenotype (70%) was not suitable
for greenhouse acclimatization (62%

Shoot multiplication factor

LP1/2

LP2.5

LP25L LP2.5A

Figure 3: Effect of cotting on shoots and the addition of BAP in LP medium on the induction of lateral

buds in P. radiata shoots grown in vitro.

The shoot multiplication factor was calculated as follows: Number of final shoots produced/ Number of

initial shoots.
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mortality) due to its high susceptibility to
infection and dehydration. Conversely, the
waxy phenotype showed a 67% in vitro

Histological sections showed similar tis-
sue organization in both phenotypes. Epi-
dermis structure, resin channels, and vas-

rooting rate and 2% mortality during  cular conducts all showed normal ap-
vreenhouse acclimatization. pearance (Fig 4 C-D). Needle surfaces of

-

Figure 4: Morphological and histological characteristic of waxy and wet phenotypes. A-B. Appearance of
waxy and wet phenotypes respectively. C-D. Histological cuts of P. radiata needles of waxy and wet
phenotypes respectively grown in vitro. e: epidermis, rc: resinous channels, vb: vascular bundle. E-F:
Scanning electron microscopy of the epidermal surface of P. radiata needles of waxy and wet phenotypes
grown in vitro. E: Detail of globular and tubular waxes that are present in aged needles of waxy phenotype
(20,000x). F: Needle epidermis of the wet phenotype with a marked reduction in globular waxes and an
absence of tubular waxes (20,000x).
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wet and waxy shoots are shown in Figures
4E-F. Tubular epicuticular wax deposits
were abundant on the epidermis of waxy
ncedles (Fie 4E). but were absent in wet
needles (Fig 4F). Globularepicuticular wax
was less abundant on wet needles than on
waxy needles.

DISCUSSION

The protocol for in vitro regeneration of
Pinus radiaia was optimized by changing
both environmental components and the
culture medium. By means of a detailed
study, we determined the best temperature
for induction and shoot elongation
processes. The optimum temperature for
shoot induction based on the number and
quality of shoots was 26.1°C (Fig 1), which
1s similar to temperatures used by Aitken-
Christie er al (1) (28°C daytime and 24°C
nighttime). Optimum shoot elongation,
however, was achieved at a lower tempe-
rature (21.8°C), with favorable results at
temperatures up to 28.5°C. Previous
information given by other authors has
shown that the elongation i1s optimal at
temperatures of 24°C and 20°C (day and
night, respectively) (1,2). Temperatures
above 28.5°C considerably affect the shoot
elongation process, producing clear signs
of dehydration, necrosis and browning of
the lower needles.

The stimulating effect of cytokinins on
the induction of shoots on P. radiata em-
bryos, as described by other authors (5,
22), was also tested in our work. A concen-
tration of 2.5 mg/l of BAP was sufficient to
obtain a high number of good quality shoots
per embryo. Previous experiments con-
ducted in our laboratory using concen-
trations of 0.001 mg/l to 0.05 mg/l TDZ did
not induc¢e 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 the BAP-induced shoots. Our
results differ from otherreports (14), which
have demonstrated that TDZ stimulates
shoot proliferation in various legumes (10)
and woody species (14). Through shoot
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induction with BAP, a high percentage of
wet shoots were obtained in all the treat-
ments. This phenotype is not desirable due
1o dis high mortality (62% in our case!
during acclimatization in the greenhouse
(18). It is possible that the high cytokinin
concentration (BAP 5 mg/l) used for shoot
induction increases the endogenous con-
centration of this growth regulator, influ-
encing the number of hyperhydrated shoots
(8). We did notice however, that in one of
the analyzed families, induction with | and
2.5mg/l BAP also yielded a high percentage
of wet shoots, which suggests a partial
genetic component for this response. In
this sense, the evaluation of the response
obtained with different families of Pinus
radiata showed a high variability in the
percentage of wet and waxy shoots pro-
duced (not shown). Bergmann and Stomp
(4) previously described a genotypic effect
on the rooting of P. radiata. We, however,
have not found genetic differences between
wet and waxy phenotypes in preliminary
RAPDS analysis (23).

Adding 10 mg/l of manganese (MnS0,) to
LP medium showed a significant stimu-
lating effect on the number and quality of
generated shoots (Table 1). The concen-
tration of this microelement in the original
LP medium (0.76 mg/1) apparently did not
cover the P. radiata requirements. Impor-
tant lignin synthesis enzymes, such as per-
oxidase, require manganese as a cofactor,
which could justify adding 1t in higher con-
centrations to in vitro cultures of woody
species (12, 21).

While evaluating the induction of axil-
lary shoots over a 6-month period, we ob-
served that BAP alone in the culture me-
dium increased the number of new shoots
perexplant by 53% over that of the control
group. An additional 23% increase in new
shoots was achieved by removing the shoot
apex. It is likely that a decrease in the
endogenous level of auxins, due to the loss
of the apical meristem in conjunction with
an increase of the cytokinins level in the
culture medium, triggered axillary bud de-
velopment in in vitro cultured shoots. Das
et al (7) also determined that the regene-
ration of Vigna mungo shoots was observed
only when explants were derived from the
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New methods of diagnosis in plant pathology — perspectives
and pitfalls’

by J. D. JANSE

Plant Protection Service. Department of Bacteriology, P.O.Box 9102. 6700 HC Wageningen
(The Netherlands)

As a spin-off from fundamental molecular biological research, there has been a remarkable
increase 1n new methods for diagnosis (1.e. detection and idenuficaton) in recent years.
Because of their origin, these new methods all have in common that they use structural
elements of the target organisms such as nucleic acids. lipids. fatty acids. proteins, polyamines
and polysaccharides as a basis. These structural elements are either used as templates for
development of so-called probes tor detection (and identification) or they are placed into
man-made patterns and used for idenufication/classiication. The article presents the
advantages and perspectives of the new methods compared with conventional ones. [t may
be noted that. in manv studies, the specificity and reproducibility of the new methods has not
been adequately treated or has even been only assumed. These [eatures. which are closely

linked with experimenta! and sampling error, lead to the principal pitfalls of the new
methods. which are also reviewed.

Introduction

As a spin-off from fundamental molecular biological research, there has been a remarkable
increase in new methods tor diagnosis. i.e. detection and identification. of microorganisms,
viruses and viroids. Due to their origin. these methods have in common that they use structural
elements ol the target organisms as a basis, such as nucleic acids, polyamines, proteins. lipids,
fatty acids and (lipo)polysaccharides. These structural elements may be either used for, or
function as. templates for the development of so-called probes for detecuon (and identifica-
uon), or else may be placed into man-made patterns and used for identification/classification.

The new methods appear to be fast replacing conventional methods. Fig. | illustrates this for
four phytopathological disciplines over the past 10 years. The largest changes took place where
conventional methods are very laborious and the organisir - cannot be cultured (especially in
virology and mycoplasmatology). The least change was observed for disciplines where
morphology still plays an 'mportant role (entomology). The question s whether the new
methods can and should completely replace the conventional ones which are based on and use
an accumulation of data on organisms over many years. Or are they no more than a welcome
addition to already existing methods? In other words, do these new methods, as is sometimes
claimed. provide us with "final” or "ultimate” answers, making data from conventional methods
superfluous?

The purpose of this article 1s to present in a non-exhaustive way a short description of new
methods used 1n plant pathology, their perspectives (theoretical and practical) and also some of
their pitfalls. Since the advantages of the new methods have so often been stressed in the
hiterature, the pitfalls will here receive a little more attention. These pitfalls should not be
understood as fatal drawbacks but as a sumulation for optimal use ol the new methods and for
integration of data generated with them into the existing body of evidence on organisms,

! Paper presented at the EPPO Conlerence on New Methods of Diagnosis in Plant Protection, Wageningen
(NL), 1694-01-25/28.
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Fig. I. Increase in the use of molecular biological detection and identification methods for different
disciplines (bacteria, fungi, viruses, MLOs), in articles published in Phytoparhology over the years 1990,
1993 as compared with 1980/1983. Black columans, articles based on conventuonal methods; shaded
columns, articles based on molecular biological methods. '

Utilisation intensifiee des methodes moleculaires de détection et d'identification pour les différentes
disciplines biologiques (bactéries, champignons, virus, MLO), en fonction du nombre d'arucles publiés
dans Phytopathology en 1990/1993 et en 1980/1983. Colonnes noires, articles basés sur des méthodes
classiques; colonnes hachurees, articles basés sur des méthodes moléculaires.

viruses and viroids. The literature cited is very far from exhaustive (more information becomes
available every day) and is used as ilustrative background matenal.

Examples of new methods used for detection (and identification)

Proteins

Methods using monoclonal antibodies (Schots, 1990; Hagler er al., 1993) or monospecific
polydonal antibodies (Niepold & Huber, 1988; Errampalli & Fletcher, 1993) have the
advantage of using antisera which are potentially more specific than ordinary polyclonal
sera. However, cross reactions with non-target organisms may stll occur. Sometimes
antibodies are used in combination with nucleic acid methods mentioned below and/or with
magnetic capture, using magnetic beads. In the latter case, antigens (e.g. bactena, viruses) are
first trapped [rom a solution by antibodies coated on magnetic beads and the beads trapped by
a magnet. Subsequently PCR can be performed on the concentrated antigens (Wetzel et al..
1992; Kapperud et al., 1993). Another example of immuno-PCR is a method where antibodies
directed to RNA-DNA hybnds may be used for sensitive detection of PCR products. An RNA
probe is hybndized to a DNA PCR product on a blot, whereafter immuno-enzymatic assay
with an anti RNA-DNA hybrid antibody takes place (Blais & Phillippe, 1993).

Relatively new is the use of two-dimensional (2D) electrophoresis of proteins in the study of
insects (Osakabe & Sakagami, 1993) and the use of serology for the detection and identification
of nematodes (Lawler & Harmey, 1993; Lawler et al., 1993).
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Nucleic acids /Lz//"

Ko l’
Nucleic actd sequences are used as probes and primers 1n the following methods. They include:

(1) random sequences (chromosomal, plasmid, mitochondnal, nbosomal);
(2) internal transcribed spacers;

{3) genes encoding a toxin or enzyme;

(4) vanable region TRNA.

Dot slot-filier hyvbridization

These hybridization methods use short single-stranded nucleic acid molecules specific for the
target organism (‘probes’). The nucleic acid of the target organism is fixed on a nitrocellulose or
nvlon membrane (filter). Hybridization methods have proved not to be very sensitive for
detection, 1.e. a high copy number of target nucleic acid must be present for a sufficient signal.
The signal can be achieved by radioactive or neonradivactive (g biotun-streptavidin) labelling
(Rasmussen & Reeves. 1992). Usually sensitivity is equal to or less than ELISA. This may be
4____cnhanced by application of ennichment culture (Manulis, 1992). Useful applications are: (1)
detection of organisms in diseased lissue or on agar plates (colony blottinggnd (2) verification
of identity of PCR products (see below) and in RFLP studies (see bcloﬁn the latter case,
target nucleic acids are transferred from a gel to a membrane in gr to be analysed
(‘blotting"). : U;M;:
o - e
In sty hybridization using rRN A-targeted oligonucleotide probes |

In this method, short (20-30-menc) oligonucleotide probes are used againdt 16S or 23S rRNA.
These oligonucleotide probes can be used for in situ hybndization, because they are able to
diffuse through the cell wall ol microorganisms which are present in thin lissue sections or in
plant or soil extracts hixed on a microscopic slide. For Gram-positive bactena, a lyzozyme step
IS sometimes necessary to enhance penetration of the probe into the cell (Hahn er al., 1993).
Sensitivity may also depend on the metabolic activity of the cells (Hahn er al., 1992). When
probes have been labelled with a fluorescent;dye or a gold label, the microorganisms can be
vizualized by incident hight (fluorescence) mic}oscopy (Amann et al., 1990; Poulsen et al., 1993).

chhmcal sensitivity can be enhanced by usmg confocal laser scanning microscopy (leard et

1994) e A‘_‘L(Mp)c Lo

Polymerase chain reaction

With this method, target nucleic acid is artificially multiplied by repeated cycles of: (1)
denaturation (melting) of nucleic acid, (2) anneaiing of short (specific) oligomer strands of
nucleic acds (‘primers’), and (3) extension of -nucleic acid strands in the presence of free
nucleotdes and a thermostable nucleic acid polymerase (usually Taq-polymerase, isolated from
the hot-spring thermophilic bacterium Thermus aquaticus).

Theoretically the sensitivity of PCR is very high, since one copy of target DNA in a sample
can be detected. In practice, however, sensitivity is usually lower. To enhance specificity,
‘nested” PCR may be performed: a first primer pair is used to multiply a larger fragment of the
target, then a second primer pair is used to recognize and muluply a smaller part of the
amplified sequence (White et al.. 1992; Yourno, 1992; Henson & French, 1993; Kapperud ef al.,
1993). To venfy identy of PCR products, hybridization with probes via blotting is often
applied. When specific restriction sites are present in the product, restriction cnzyme analysis

(REA) can equally well be performed (sec also under RFLP) (Jones & Dunkle, 1993; Powers &
Harrs, 1993).
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Table I. Companson ol new methods ol identification/classification by pattern analysis
Comparaison des nouvelles methodes d'identification et de classification basées sur I'analyse des profils

Method Automation Databank Cost level User-fmendly
Fatty acid analysis + + + + + + +
Protein electrophoresis

— whole cell + (+) + + -

— isozymes (+) - + -+
RFLP analysis - - + o+ +
RAPD analysis + (+) + + o+
rRNA sequencing + + + 4+ - -

PCR is also performed in combination with immunomagnetic capture (Kapperud et al.,
1993; Grant et al., 1993) and fluorescent labels (Cano et al., 1993) in order to increase sensitivity

and/or specificity. In some tests, an ELISA-plate set-up is achieved (White et al., 1992; Galindo
T el o
et al., 1993). R e

Examples of new fingerprinting methods used for identification and
classification

Table | presents some new methods for identification and classification, together with some of
their charactenistics. Their principles are presented below.

Fatty acid profiling

Patterns are generated by automated gas—chromatographic analysis of whole-—cell fatty acids.
Microbial ID (Newark, US) has developed a highly standardized extraction and analysis
procedure and software for identification. The databank of the system 1s at present one of the
largest in the world and includes Libraries for aerobic and anmaerobic bactena, clinically
important bactena, actinomycetes, mycobacteria and yeasts. A library of fungi is in prepara-
tion. Moreover, the system includes library-generating software, allowing inclusion of one's
own (unknown) strains, and statistical software to perform taxonomic research.

Cells are grown for 24 or 48 h on a standard medium and 40 mg wet weight of cells is used for
analysis. Fatty acid analysis (FAA) has high discriminating power (below species level) as a
result of the high degree of standardization aghieved and the stability of fatty acid patterns in
microorganisms. There is good congruence with RNA/DNA:DNA hybndization data
(Lechevalier & Lechevalier, 1988; Sasser, 1990; Janse, 1991; Welch, 1991).

Protein profiling

o

-

Profiles are obtained by extracting proteins from 40-50 mg wet weight of cells, denaturing and
negatively charging the proteins and finally running electrophoresis in a polyacrylamide gel.
After electrophoresis, proteins are stained and patterns compared. Comparison is visual or by
computer-based analysis. In the latter case, gels are scanned and banding patterns digitized into
peak patterns. Databases can then be constructed by the laboratory. Due to greater difficulty in
inter-laboratory standardization than for FAA, no standard libraries are@vailabie with the gel
scan and analysis software GELCOMPAR (AppliedMaths, Kortrijk, BE)) GELCOMPAR

Bhole-cell protein SDS-polyacrylamide electrophoresis
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allows sophisticated data Bandling, library generation and statistical analysis for identification
and taxonomic purposes. Whole-cell protein electrophoresis discriminates at a low taxonomic
level (below species level) and there is a good correlation with RNA/DNA-DNA hybndization
data (Kersters & De Ley, 1980, Vauterin & Vautenn, 1992; Vautenin e¢ al.. 1992).

Isozyme analysis

Fingerprints produced by this method are based on the presence of multiple molecular forms
(isozymes) of certain enzymes. These forms have similar properties, but are slightly different in
amino-acid sequence and therefore in electrophoretic mobility. Different electrophoretic
techniques, such as starch gel, polvacrylamide gel electrophoresis and/or isoelectric focuss-
ing, may be used 10 separate isozymes in their native form. Detection is by treatment with an
appropriate colour-forming substrate for a particular enzyme. The technique is relatively

_, cheap,'numerous genetic loci may be compared (more than 100 enzymes can be used) and

discriminates at species and (less frequently) below species level. The method 1s relatively time-
consuming and standardization is not easy. [sozyme patterns may or may not be congruent to
RFLP patterns; see below (Bonde et al., 1993; Damai ef al., 1993; Oudman, 1992).

Restriction fragment-length polymorphism ( RFLP) analysis

Patterns obtained by this method are based on mutations in the DNA sequence that change the
recognition sequence of a restriction enzyme. Total DNA can be analysed in an agarose gel and
fragments vizualized in an agarose gel after staining with ethidium bromide. However,
fragments are usually (too) numerous and overlap so that scanning with a densitometer is
difficult. Because of this problem, probes are used which render visible only the fragments
which hybndize to the probe. To obtain a pattern, DNA is blotted after agarose gel
electrophoresis on a filter (so—called Southern blotting). RFLP analysis/discriminatepat low
taxonomic level, oﬂen@trzﬁ/@ level (Grimont & Grnimont. 1991; Nicholson et al., 1993; Vrain,
1993; Darasse et al., 1994). U AUZ;T,&,LLAJ e o Ld St
C o/ < AT

Random amplified polymorphic DNA (RAPD) analysis

With the RAPD method, patterns are obtained by PCR amplification of genomic DNA with
arbitrary, short (about 10 bp), randomly chosen primers at a permissive annealing temperature
of 36-45°C. The pattern of amplification products discriminates at low taxonomic level, often
strain level. No pror sequence information about the target, probe, blotting and hybrndization
and restriction sites are necessary, making it a very fast method (Welsh & McClelland, 1990;
Cactano-Anolles er al., 1991; Cenis, 1993; Cenis et al., 1993; Ouellet & Seifert, 1993).

Ribosomal DN A RFLP analysis (ribotyping )

Patterns are based on DNA restnction fragments containing all or part of the genes coding for
16 and 23S rRNA. Because genes coding for rRNA are very stable, a single probe can be used to
subtype, for example, all eubactena. Ribosomal operons are multiple, allowing discmmination
at and below species level (Stull er al., 1988; Gnmont & Gnmont, 1991). As in RFLP analysis,
DNA is electrophoresed and transferred to a filter, and labelled rRNA used for probing.
Labelling is by >?P or by immuno-detected acetylaminefluorene.

Advantages of the new methods

The advantages of the new methods when compared with conventional ones are the following.

© 1995 OEPP/EPPO, Bulletin OEPP|EPPO Bulletin 25, 5~17



Ve

S

~

i

a_—

d/‘
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(1) They are rapid, sensitive and usually co ectiv

(2) Thanks to (1), new methods may be sultablc or integration into large-scale certification/
inspection schemes for plants and plant products. ot ‘

(3) Commercially available, standardized test kits can be produced.

(4) Non-culturable organisms, such as mycoplasma-like organisms (MLOs) (Leeér al 1993;
Namba et al., 1993; Vega et al., 1993) or museumn specimens, such as buttcrﬂxes and/dne?

fungi (Balat & Zakharov, 1992; Wingfield & Wingfield, 1993), can be analysed. Genet“cally
modified organisms (GMOs) may be traced in the environment more easily (Kluepfel,
1993). e P e R VLY NP )

(5) New methods are apparently less sensitive to mutation or variation. But, for vanation in a
single uicdimospore culture, see Doudrck et al. (1993) and for sensitivity of RAPD analysis
to effects of cell/colony age, see Coutinho et al. (1993).

(6) Discrimination is possible at a low taxonomic level, even at the strain level.

Pitfalls of the new methods

In diagnosis of plant pathogenic organisms (and to a certain extent also of viruses, viroids and
insects), Koch'’s postulates play a very important role. These postulates can be exemplified, in
the dxa’gposxs of a bactenial disease using conventional methods, by the following steps: (1)
\asscssmcm of symptoms; (2) isolation of pathogenic bacteria; (3) pure culture of isolated
bacteria; (4) identification of pure culture; (5) pathogenicity test; (6) reisolation from inoculated
plants; (7) reidentification of pure culture; (8) diagnosis report. For many of the new methods,
Koch's postulates are under pressure for several reasons. Firstly, the specificity of a test is
assumed, but is often still far from certain. The number of strains or varieties of target and non-
target organisms which have been tested to prove specificity is often dramatically low.
However, it is precisely this specificity which is cnitical, since many new methods do not

Lfcta_ig, he organism in a living state, such that it can be reintroduced into a host and checked for

pathogenicity. Secondly, reproducibility is often also assumed, but only tested to a very limited
extent. This is especially important in analysis of patterns obtained by PAGE, RFLP, RAPD
analysis where many parameters demand scrupulous standardization. These pitfalls and others
will be presented below, together with some examples from the literature to show their
relevance. The first six especially concern detection, the other five classification/identification.

Specificity and reproducibility unknown or only tested to a limited extent

Probes and primers should be tested with an extensive range of related and unrelated
pathogenic and saprophytic organisms and known negative extracts of different regions/
habitats. For example, Prosen er al. (1993) devised a PCR-based amplification of the
phaseolotoxin gene region of the DNA of the toxin-producing bacterium Pseudomonas
syringae pv. phaseolicola. They mentioned that P.s. glycinea also produces a phaseolotoxin-
like substance. The primer pair was said ta be specific for the detection of P.s. phaseolicola even
though P.s. glycinea was not apparently tested for possible cross reaction. Although these
authors tested 15 strains of the target organism, 15 strains of the related P.s. syringae, 11 other
non-related pathogenic species (one strain each) and 32 saprophytes, their conclusion that they
detected the pathogen in a commercial seed lot that failed to@c/@ the pathogen by conventional
plating methods is not necessarily valid. There are at least two other conclusions possible: (1) a
cross reaction with a non-target organism took place, or (2) only nucleic acid of the target
organism was detected. Statements that RAPD and PCR primers generally did not react with
other species (e.g. Ouellet & Seifert, 1993) are not very informative and may make additional
research necessary. ;

. The reproducibility of RAPD analysis can cnha/noc?by annealing at lower s{n'ngcn yand

© 1995 OEPP/EPPO, Bulletin OEPP[EFPPO Bulleffl 25, 5-17

R ate raalt

)
‘t")

S



Perspectives and pitfalls I

introducing a | min ramp time between annealing and extension (Lawrence et af.. 1993). In
many cases, researchers generate their own patterns only once or a few times, let alone make
any interlaboratory compansons (Rademaker er al., 1992).

Results may be influenced by change in environmental and experimental conditions and
biochemicals used (experimental error)

Cenis (1993) found many non-reproducible bands in RAPD-PCR and asked for cautious
standardization, given the enormous vanety of thermal cycler and reagent sources. Relatively
small changes 1n temperature and salt regimes may considerably change specificity of probes
(Mirza et al.. 1993). In an excellent article, Sneath (1989) discusses the influence of expenmental
error (and sampling error) in relation to analysis of RNA sequence data in taxonomy.

Impossibility of discriminating between viable cells in a sample and non-viable cells. or
traces of target nucleic acid

This pitfall is important in international trade, especially in the case of quarantine pests. What
measures should be taken if one does not know whether the target cells detected are viable or
not? What is the significance of a few copies of target DNA in a sample? In most cases, these
two questions have not, or only poorly, been investigated. Josephson et al. (1993) report on the
possibility of false posttives with respect to viable cells in environmental samples analysed with
PCR. Free DNA degraded in a period of 3 weeks. Smalla e al. (1993) found traces of free
Pseudomonas DNA after a period of 5 months in soil.

PCR products are not necessarily derived from target DNA — verification is necessary

Due to the risk of cross-reacting PCR products (bands) from non target-organisms in ethidium
bromide gel (ethidium bromide being a non-discriminative stain for nucleic acid), the identity of
PCR products should be venfied. This can be done by blotting products on a filter and
hybndizing with a specific probe, or by restnction-enzyme analysis. In the latter case, the target
sequence should contain a specific restriction site for an enzyme used (Marques et al.. 1993).

High concentrations of non-target organisms may give weak false positive PCR results (Blais
& Phillippe, 1993).

Contamination in the PCR test may lead to false positives

The PCR test is very liable to the problem of contamuination. Only one or a few copies of target
DNA present in rooms where PCR is performed may already deteriorate results. For possible
solutions of this problem, using for example ultraviolet irradiation of reagents, treatment of
reagents or PCR reactions with exonucleases or substitution of dUTP for dTTP, see Henson &
French (1993) or White et al. (1992).

A negative PCR test may have many hidden causes

(1) The target sequence may be absent from the sample, or may have disappeared. ¢.g. by the
influence of nucleases (Gibson & McKee, 1993).

(2) Products in the sample or media, such as humic aaids, proteins, fats, detergents, lysozyme,
NaOH, alcohols and nucleases (Rossen er al., 1992; Hensord & French, 1993; Tebbe &
Vahjen, 1993) may cause inhibition. For rapid but still laborious protocols for extraction of
DNA from soil, see Smalla er af. (1993).

(3) The primer pair used is too specific, missing part of the population of the target.
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(4) Expenmental conditions are not suitable for optimal binding of primers. Wylie et al. (1993)
stated that a rapid extraction procedure without phenol could be used to test lupin seed for
the presence of cucumber mosaic cucumovirus when seed infection was more than 0.5%; at
lower infection percentages the phenol procedure should be used. For official routine
testing, this presents a dilemma: how do you know beforehand the infection percentage
before you start a test?

Changing probes/primers/enzymes/methods/chemicals may yield different (conflicting)
patterns or no patterns at all

RFLP of nuclear rDNA of Pythium spp. yielded species-specific patterns, while RFLP of
mitochondrial DNA did not show much interspecific variation (Chen, 1992). The amount of
DNA loaded may already be of importance (Nicholson et al., 1993). Listeria monocytogenes
and L. innocua were similar on the basis of the V2 region of 16S rRNA, but different on the
basis of the V9 region (Czajka er al., 1993).

An insufficient number of strains is tested, so that important conclusions are poorly supported

In a study where only a few isolates per pathotype of the fungus Magnaporthe ( Pyricularia)
grisea were sampled over a large geographic area, it was found that there was a close correlation
between fingerprint and pathotype (Levy er al., 1991). Subsequent work on a microgeographic
scale (two fields) showed much more vanation to be present in the pathotypes and much less
correlaton between pathotype and fingerprint (Xia er al., 1993). Culture collections may be
especially biased in this respect, since in many cases only readily identifiable strains are
included. Deviating or intermediate strains are often not included.

In a study on RAPDs of Fusarium oxysporum [.sp. pisi, Grajal-Marun er al. (1993) found that
only strains of race 2 showed little vanability and were therefore identifiable. For races |, 5 and
6, no generalized race-specific patterns were found. Race 2 was said to have a conserved region,

but the term ‘conserved’ in fact told nothing, since most of the strains were from one area near
Washington (US).

Only a small part of the structural elements of an organism is used in new tests:
sampling error

Many polymorphisms were found between two races of Meloidogyne hapla and three
populations of M. arenaria with a similar esterase pattern. In contrast, the banding patterns
of the four races of M. incognita were very similar (Cenis, 1993). Sometimes isolates of different
formae speciales of F. oxysporum appeared to be more similar with mitochondnal (mt)DNA
RFLP analysis than were certain isolates of the same forma specialis. However, the genetically
identical formae speciales are sull highly host-specific (Kim er al., 1992).

In a study using mtDNA and RFLP, two typical isolates of Ophiostoma novo-ulmi had
mtDNASs similar to O. ulmi and clustered with the latter species. [t was suggested that, because
of the finding, rare ingression (whatever that may be) of O. ulmi mtDNA into O. novo-ulmi took
place. The possible sampling error or limitations of the technique used remained unquestioned
(Bates et al., 1993).

Ouellet & Seifert (1993) found no difference between strains of Fusariwn graminewn with
RAPD primer pairs although they could be differentiated into vegetative compatibility groups.
Moreover several primer sets were needed to allow identification at species level.

Seventy arbitrary primer pairs for race 2 and 4 of Cochliobolus carbonum did not differentiate
(Jones & Dunkle, 1993). The authors accordingly suggested that the races were closely related.
On the other hand, race 3 was very variable and hardly identifiable. The conclusion from these
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findings could also be that the method 1s not very suitable for discniminating between
pathogenic races.

In a study on 13 isolates from five different hosts of Phyvtophthora porri, De Cock et al. (1992)
stated that it could not be concluded from the results whether differences in restriction patterns
of miDNA arose from differences in host or geographic origin. Unfortunately, the authors
ended with the almost rhetoncal conclusion that ‘restriction pattern analysis has provided
stable characters correlated with the host of the 1solates and some other characters’.

Answers from automated identification systems using standard libraries are 3s good 3s
these libraries and as present-day taxonomy

The more extensive the library, the more likely it is that an unknown organism with a high
similarity to an organism included in the library really 1s the latter organism. This is especially
s0 when the unknown was isolated from a niche'where the organism is known to occur (e.g.
diseased plant) and selection has already taken place. However, when the unknown originates
from a complex habitat where any organism may be expected, even a high similarity can only be
an indication. Verification using other methods is necessary to prove identity.

Points of reference usually determine choice of patterns

Many points of reference may be chosen for pattern analysis by the new methods: pathogen-
icity, host range or virulence; biological activity; geographic origin; difference in ecological
niche; morphological difference. The choice is arbitary, and indeed the points of reference have
often been determined by conventional methods. The existing groups (points of reference) are
often only partly correlated with the patterns found by molecular methods. Sometimes even
different species may show very similar patterns. A supporting set of patterns, often called
‘largely’ or ‘generally supporting’ in publications, may be just an accident and should be
thoroughly evaluated before it is used to prove anything, in view of the nsk of circular
argument (Forster & Cofley, 1993).

In an RFLP study of Frankia strains, no correlation was found with geographic origin.
However, site diversity was found and very low diversity on acid soils. Such patterns may really
reflect some other point of reference (Jamann er al, 1992). In a study of 38 strains of
Colletotrichum gloeosporioides, isolates from mango grouped easily, while isolates from other
hosts showed some possible grouping only within geographic localities. No RFLP was found

that could be used to identify isolates from avocado, banana or papaya on a worldwide basis
(Hodson er al., 1993).

Conclusions

It is sometimes suggested that molecular methods, being genetic, are of a higher and therefore
better order than conventional methods, which are phenotypic. However, there is no such
contradiction. After cracking organisms and isolating their nucleic acids, these nucleic acids no
longer function. They can be immobilized in gels, cut into pieces, etc., and their analysis is a
purely phenotypic one.

Living organisms are able to switch genes on and off, etc. One should avoid a short-sighted,
reductionistic view of molecular phenotypes, which will inevitably lead to problems in
detection, identification and classification. So modern methods should be seen as a welcome
addition to already existing ones. They should be carefully checked for specificity and
reproducibility and their limitations should be realized. This is especially true for disciplines
where saprophytic organisms play a role. In the case of virology and of non-culturable MLOs,
lower stringency is perhaps required.
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The great advantage of modern methods, especially those based on nucleic acids, is that they
are or can be made specific at a very low taxonomic level, even at the strain level.

Nouvelles méthodes de diagnostic an phytopathologie: perspectives et piéges

L'un des résultats de la recherche fondamentale en biologie moléculaire a éte le développement
remarquable des nouvelles méthodes de diagnostic (détection et identification) au cours de ces
derniéres années. En raison de leurs origines, ces nouvelles méthodes ont pour caracténstique
commune d’utiliser comme base des éléments structuraux des organismes étudies, tels que les
acides nucléiques, les lipides, les acides gras, les protéines, les polyamines et les polysacchandes.
Ces ¢léments structuraux sont, soit utilisés comme matrice pour developper des soi-disant
sondes de détection (et d'identification), soit disposés en catégories artificielles facilitant
I"identification et la classification. L'article présente les avantages et perspectives des nouvelles
méthodes par rapport aux meéthodes conventionnelles. Il faut noter que, dans de nombreuses
études, la spécificité et la reproductibilité des nouvelles méthodes ne sont traitées qu’insuffi-
samment, voire encore simplement supposées exister. Ces caractéristiques principales, forte-
ment influencées par les erreurs expérimentales et d'échantillonnage, nisquent de piéger
I'expérimentateur dans des interprétations fausses, qui sont également passées en revue.

HoBhle MeTobl MAArHOCTEKHE DaTOreHOB pacTeHHH. [JepCclieKTEBH B TPYIHOCTH

3HATHTCILHOC Pa3BHTHE 32 DOUICTHHE FOObl HOBBIX HHATHOCTHICCKHX MCTONOB (B JaCTHOCTH,
BBIAB/ICHHA H HICHTHQHXANHH) ABHIOCH OTHMM H3 CONYTCTBYIOMHKX PeSYMBbTaTOB QyHIaMeH-
TUTHHBIX HCUICAOBaEHA B 06/IaCTH MOMEKYNIAPEOR 6xonoriH. [lo cBoeMy MPOHCXOXNCHRHIO BCe
3TH HOBBIC METOMBI HMEIOT OOIIYIO YCPTY : KCIO/TB30BaHHE B KAYCCTBE OCHOBBI TaKHX CTPYKTYp-
HBIX 3/ICMCHTOB OPraHHSMOB-MHIIcHER, KaK HYKJIEHHOBEIC KHUIOTBI, XHPbI, XHPHBIC KHUIOTHI,
6omicM, MOMHaMHEBI M NOMHCAXAPHIBL. 3TH CTPYKTYPHBIC 37EMEETHl HCIOMBSYIOTC MO Kak
MATPHIB! JUIA CO3N2HHA TaK HashBaeMbIX 30RIOB JUIA ACTCKTHPOBaHKA (H HACHTHOHXANWH)
WIH XX¢ OPHMEEAIOTCA IWIA HICBETHOHKAOUH K KI3CCHHKAOHH OATOTCHOB B YUIOBHAX BEECCHHA
B KCKYCCTBCHHO COSAaBRbIC CTPYKTYPhl. B BacTOAIeM COOOMERHH paccMaTPHBAXT AOCTOHH-
CTBa M HCPUICKTHBLI MPHMCHECHHA BOBBIX MCTONOB 00 CPaBACHHIO C o6mMeTpHHEATEMH. Ciiexyer
OTMCTHTB, 9TO BO MHOTIHX HCCUICOBaHHAX BONPOC O COCOHOPHIHOCTH H BOCIPOH3IBONHMOCTH
PeIYTbTATOB HOBBIX MCTONOB MHOO HEHOCTRTOTHO OCBeMeH, MHGO TOABKO KPATKO YIOMMHACTCA.
3TH O2paMeTpsl, B 3HATHTOILHOA CTCICHH 33BHCAIIHE OT NOMPCIIHOCTER, BOIHHKAIOMMX OpPH
OpOBCACHHH IXCICPHMEHT2 H IpH 0TOGOpe P06, MOryT UPHBOIHTD K 3a0TYXICHHAM OPH HH-
TCPOPCTAOHK pCIYNbTITOB HOBBIX MCTONOB AMarROCTHXH, YTO TAKKE ABNACTCA TPEOMCTOM

o6cyxnenms.
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own, these molecules are non-
fluorescent, but once hybridized to
the target PCR product, a conforma-
tonal change occurs restoring
fluorescence. The reactions can be
continuously monitored in specifi-
cally designed thermocyclers, such as
TagMan (Roche Molecular Systems
Inc). It is possible to detect multiple
targets in the same solution because
molecular beacons can be made in
many different colours utilizing a
broad range of fluorophores. This
technology has already been used in
a multiplex PCR assay for the detec-
tion of four pathogenic retroviruses.*

Methods for obtatning virus
sequence

Knowledge of viral nucleic acid is
crucial for designing molecular
assays and may be obtained in a
number of ways.

(1) Purify the virus and

clone. Isolation procedures have to
be optimized for each virus, or even
each strain of a virus and important
factors for success are (a) choice of
host plant species, and (b) extraction
medium.® Many fruit tree viruses
have been isolated from cultures
transferred to herbaceous hosts,
including Apple chlorotic leaf spot virus,
Plum pox uirus, Apple stem grooving
virus ad Apple stem pitting virus. This
minimizes the presence of interfering
substances in the inital extract® Viral
RNA templates are isolated from the
purified viron preparations by
removing the coat protein from the
viral genome using a varety of
physical and chemical agents such as
heat and sodium dodecyl sulphate
(SDS). Once obtained, the viral
template is used to generate cDNA
with first strand synthesis generally
being driven by a reverse tran-
scriptase and appropriate primer(s).

(2) dsRNA. Many viruses of woody
plants cannot be purified by current
methods, even from a herbaceous
propagation host. Isolation of
dsRNA, a stable replicative interme-
diate, from infected cells is a useful
method for obtaining starting mate-
rial for virus characterization if
encapsidated ssRNA & difficult to
obtain. For some disorders dsRNA
may be the only virus or disease-
specific molecule that can be
detected. Mords and Dodds? devel-

oped a method for the isolation and
analysis of dsRNA from virus-
infected plants and fungi, based on
the chromatographic adsorption and
release of dsRNA from cellulose
powder such Whatman CF1l. In the
presence of 16% buffered ethanol,
dsRNA, but not other nucleic acids, is
bound to cellulose in a column. After
washing the column with buffered
ethanol, the dsRNA can be eluted
with ethanol-free buffer. This proce-
dure has been adapted by many;
perhaps the simplest to follow is that
developed by Valverde,” which
produces dsRNA free from detectable
host DNA and RNA using two cycles
of chromatography. Controls are
essential to avoid confusion with the
dsRNA genomes of cryptic viruses or
non-viral dsRNAs that may be
detected in plants.

This simple technique is not
applicable to all viral groups. There
has been no report of dsRNA i
plants infected with negative sense
RNA viruses such as rhabdoviruses,
and indeed in our hands none has
been observed for the
cytorhabdovirus, Strawberry crinkle
virus. This technique has been of
particular value for characterizing
recalcitrant viruses of fruit crops, and
in some cases has resulted in the
unexpected cloning of a non-target
virus; eg Jelkmann? cloned the
previously unknown Cherry virus A
from dsRNA extracted from plant
tissue infected with Little cherry virus.

To generate ¢cDNA for cloning and
sequence analysis it is necessary to
melt the dsRNA to ssRNA. This can
be done by boiling in water and
quick cooling on ice, or by chemical
treatments with methylmercuric
hydroxide, glyoxal and dimethyi
sulphoxide or formamide and
formaldehyde.®

(3) Conserved sequence in related
viruses. Degenerate
oligonucleotides designed to con-
served sequences or sequence motifs,
from reverse translated viral amino
acids sequences, may be used to
amplify sequences of related viruses.
In this way all members of a genus®
or even several genera® of viruses,
may be detected.

(4) cDNA library construction using
subtractive hybridization. Subtrac-
tive cloning is a powerful technique

that allows the isolation of genes
expressed or present in one cell
population but not in another. It may
be used, for example, to obtain
pathogen genes from diseased plants.
Although there are several different
methods,” the basic theory behind
subtraction is simple. Complemen-
tary nucleic acids from two samples
(healthy and infected material) are
mixed together, with healthy in
excess, denatured and allowed to
anneal. Duplexes formed between
the healthy and infected material are
then removed, as is unhybridized
healthy material, leaving a popu-
lation enriched for sequences unique
to the infected material. When
complex tissues are used, multiple
rounds of subtraction must be
performed to remove completely
sequences that occur in both sets of
plants. Reiterative subtraction
requires the infected materal to be
regenerated or amplified after
subtraction using PCR, amplification
of a <DNA library or by in viwo
transcription. As with many mole-
cular biology techniques, commercial
kits are available. These generally
make use of: (a) immobilization (in
which the infected matenal is hy-
bridized to healthy material
immobilized on to a solid phase,
leaving unbound infected sequences
not represented in healthy material);
or (b) PCR-based methodology (in
which infected-infected hybrids can
be selected and amplified
exponentially, through the incorpora
tion of specific primer binding sites).

Assays for phytoplasmas

Phytoplasmas in fruit trees present
different problems from those caused
by viruses. They are insect-transmit-
ted and are more likely to spread
between trees within orchards and
between orchards. They multiply
only in phloem tissue and may be
irregularly distributed throughout
the tree. They also occur in low
concentrations and may be subject to
seasonal fluctuations.* Therefore,
any- test to detect phytoplasmas in
fruit trees must be sensitive, must
utilize samples from several different
parts of the tree, and must take into
account the time of year most likely
to give a correct result. The most
suitable tissue samples are leaf
petioles and midribs. Bark samples

-
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cation. Alternatively, cDNA synthesis
can be carried out in the same tube,
speeding up the time for the test and
reducing the risk of amplicon con-
tamination; this requires the design
of cDNA synthesis reaction mixes
that are compatible with the PCR
reaction mix. Reverse transcription
(RT)-PCR is an extremely sensitive
method for detecting and quantify-
ing specific RNAs; it is about 100
tunes more sensitive than dot blot
hybridization for Cherry mottle leaf
virus testing'® and about 1,000 times
more sensitive than ELISA for Plum
pox virus assays.'’

Problems with the technique arise
with extracting target seguence, in
this case total RNA. There is a need
0 purify or treat the material to
remove DNA polymerase inhibitors
such as the polysaccharides and
phenolic compounds found in fruit
plants. Detection of Chenry vrus A n
cherry leaf and wood samples was
facilitated by using RNA purified by
chromatography on a Qiagen col-
umn, to remove inhibitors."* Nucleic
acid purification may not be needed;
simply diluting crude extracts allows
c¢DNA synthesis and subsequent PCR
detection of Cherry leaf roll virus®™ and
Apple stem grooving uirus.® The ability
to detect viruses in crude plant
extracts simplifies the time-consum-
ing sample preparation, giving a
speedier assay.

IC/RT-PCR. Immuncocapture
PCR combines antibody binding and
PCR into an extremely sensitive and
simplified test. Viral RNA from
immunocaptured particles is used as
the template for reverse transcription
followed by PCR amplification
(Figure 5). This technique was first
used for fruit tree viruses as a means
of overcoming the problems of PCR
inhibitors found in woody tissues,
and the apparent viral concentration
achieved has proved useful for the
detection of viruses that are present
at extremely low concentrations. This
concentration effect may explain why
[C/RT-PCR was found to be 250
times more sensitive than direct PCR
for the detecton of Phum pox virus.
The drawback of this technique is
that immunocapture requires anti-
gen-specific antibody (although not
as highly specific as for ELISA) as
well as nucleic acid information An
alternative is plate capture (PC/RT-
PCR) in which virus is bound to the

Reverse pnmer
dNTPs

Buffer

Reverse transcriptase

PCR butfer + MgCly
PCR prmers

dNTPs

Taq polymerase

—» DETECTION
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Figure 5. Immunocapture RT-PCR. (a)
Wells are coated with specific antibody
before the addition of plant extract. (b)
After immunocapture of virus particles,
reverse transcription reagents are added.
(c) First strand ¢cDNA is synthesized and
PCR reagents are added. (d) PCR
exponentially amplifies a specdific piece of
the viral genome. (¢) Amplified frag-
ments are detected by agarose gel
electrophoresis (positive samples are the
dear bands above the hazy primer-dimer
bands).

plate without the need for antibody
treatment; this enables the simultane-
ous detection of more than one virus
(multiplex PCR). This technique has

been used to detect both Apple stem
grooving wvirus and Cherry mottie leaf
virus.” However, multiplex PCR
often requires extensive optimization
because primer-dimer formations
and the occurrence of non-specific
products may interfere with the
amplification of specific products.
Other important factors limiting the
sensitivity of multiplex PCR are the
relative concentration of each primer
set and the copy number of each
target sequence, which are of course
much harder to determine. An
alternative is to use degenerate,
broad-spectrum primers to amplify
at the genus level or above in one
round of PCR, and to follow this
with a second, nested PCR (using
primers internal to the original set)
for further characterization, should
that level of specificity be required.
Diagnostic PCR assays require
numerous negative controls because
it is possible for a single copy of
contaminating target sequence to
produce a positive PCR result. The
main benefit of PCR is the ability to
detect the virus at any time of the
year, and budwood received can be
tested before planting. Apart from
sample preparation, the other draw-
back of PCR-based assays is the
means for detecting the amplification
product Traditionally this has been
achieved by agarose gel electro-
phoresis using ethidium bromide for
visualization of DNA. However,
detection methods are available that
are more rapid and sensitive than gel
electrophoresis and have the poten-
tial for automation. PCR ELISA and
PCR ELOSA allow direct labelling of
PCR products by using a labelled
nucleotide or a labelled primer
(oligonucleotide) respectively during
PCR amplification. Subsequent semi-
quantitative detection occurs by a
hybridization-based microtitre plate
assay (ELISA). This technology has
already been incorporated into a
rapid detection method for the
measurement of telomerase activity
in tissue or cell extracts (Boehringer
Mannheim). An alternative system
uses molecular beacons to provide
quantitative results, and has the
added benefit of tests being con-
ducted in closed reaction tubes.
Molecular beacons are oligonucle-
otide probes that can report the
presence of specific nucleic acids in
homogeneous solutions.® On their
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proteins can be cloned and expressed
at high levels. However, problems
encountered include: cell toxicity,
protein instability, improper process-
ing or post-translational
modification, and inefficient transia-
ion. A major difficulty is that
polypeptide gene products expressed
n E.coli may accumulate as insoluble
aggregates that lack functional
activity. Also, the biological activity
and immunogenicity of the
recombinant protein may differ from
natural protein, and antisera raised
b recombinant virus proteins ex-
pressed in E.coli have not been
refiable for use in E[ISA o detect
fruit tree viruses.'

Alternative expression hosts
include yeasts and vertebrate cells.
Yeasts such as Saccharomyces cerevisiae
and Pichia pastoris are among the
simplest eukaryotic organisms. These
two species are not the only ones
employed, but their use has been
facilitated by ‘off-the-shelf’ availabil-
ity and they have all the advantages
of E.coli (high levels of expression,
easy scale-up, rapid growth) com-
bined with some of the
post-translational modifications
found in mammalian cells.
Recombinant proteins produced in
yeast often possess the antigenicity
and funchonal activity oi native
proteins, but there are many cases,
generally unpublished, in which
despite optimizing all of the param-
eters, only low levels of expression
are achieved.

Many eukaryotic post-transla-
tional modifications such as
phosphorylation, glycosylation,
precursor processing and targeting,
are camicd oot in insect cells.
Baculoviruses, which produce large
amounts of structural, functional and
antigenically authentic protein, are
commonly used for recombinant
protein expression in imsect cells.
This expression systern is most
popular for the expression of viral
glycoprotein genes; glycoproteins are
components of the outer shell of
many animal virion particles® and
are therefore the obvious target for
anfigens in immunodiagnostic tests.
Glycoproteins are not restricted to
animal viruses and are found m both
the plant rhabdovirus and tospovirus
genera.

All recombinant protein expres-
sion is rather unpredictable and

researchers interested 1n generating
high protein yields often carry out
expression in one system, for
example yeast, in parallel with
equivalent studies in another expres-
sian host such as a bacterium, or
baculovirus.

Molecular assays

A good diagnostic test for the detec-
ton of plant viruses combines
sensiivity with speed and the ability
to process large numbers. The most
widely used technique is ELISA,
which is sensitive, easy to carry out
and has a high throughput. However,
ELISA may not always be applicable.
Specific antisera are unavailable for
many fruit viruses or are unable to
detect low virus ttres, especially in
dormant wood, reducing their use
to specific times of the year. The
following techniques rely on knowl-
edge of the viral nucleic add and
identification of sequences that are
unique or characteristic for a virus or
strain.

(1) Hybridization. Hybridization
refers to the formation of double-
stranded molecules between the
nucleic acid under test and a probe
(nucleic acid of complementary sense
labelled with a radioactive or chemi-
cal marker). Virus nucleic acids are
immobilized on to an inert support,
the most popular being nitrocellulose
and nylon. Most plant viruses have
ssRNA genames and will bind to the
membrane without the need for the
removal of secondary structure .
(treatment with heat or helix
destabilizing agents such as
formamide). Purificatbion of nucleic
add 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 extracted from the
plant under test and a spot is applied
to the membrane. Membranes are
baked or UV cross-linked to bind the
nucleic acid before incubating for
about two housrs in a
prehybridization solution to block

ific sites. During this time it
is usual to label the probe; the most
common is ¢cDNA made to part of the
RNA genome by reverse transcrip-
ton, either directly from the viral
RNA or from a ¢DNA clone. There
are many ways to incorporate a label
and both uniform and end labelling

have been used successfully for dot
blot analysis, but the method used is
dependent to some extent on the
type of label. Hybridization of the
probe to the test nucleic add usually
takes place overnight and excess
probe is washed off before detection,
and quantification if required. RNA
probes have been shown to be more
sensitive than ELISA durnng field
indexing trials for plum pox virus
(PPV)."* When appropriate informa-
tion is available it is possible, by
using highly strain-specific regions
of the viral genome, to generate
diagnostic probes that discnminate
between different strains of a virus.
However, with the exception of tests
for viroid detection, this technique
has been largely superseded by PCR-
based detection assays.

(2) PCR techniques. The invention
of the Polymerase Chain Reaction
(PCR) by Mullis e d' has revolution-
ized molecular biology, and the
sensitivity, speed and versatility of
PCR have been successfully applied
to the detection and identification of
many plant pathogens. PCR is
conducted in a few hours, it permits
adjustment of sensitivity and
specificity depending on the choice
of primers, and it can be used to
identify hard-to-culture pathogens
such as phytoplasmas. PCR is an
enzymatic procedure that
exponentially amplifies a specific
segment of DNA, the essential step
being:

(1) melting of target DNA;

(2) annealing of two synthetic
oligonucelotide primers de-
signed to flank the region of
interest; and

(3) primer extension by a thermosta-
ble DNA polymerase (Tag
polymerase).

RT-PCR. In the above format,
PCR is only appropriate for the
detection of plant viruses with DNA
genomes. However, many plant
viruses have RNA genomes, and for
amplificaion by PCR of single or
double-stranded viral RNA, a
modification of the procedure s
required. RNA B reverse transcribed
into ¢cDNA before amplification, and
this can be cammed out as a two-step
procedure: cDNA is synthesized in
ane reaction and then a small aliquot
is used in a subsequent PCR amplifi-
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of lateral flow devices for detecting
plant viruses that operate on a
principle similar to that of a preg-
nancy test. In the dipstick assays,
developed at Horticulture Research
International,'® strips of nitrocellu-
lose membrane are striped with (a) a
narrow zone of antibody to the virus
under test, and (b) a stripe of control
antibody (Figure 4). A test is con-
ducted by grinding plant tissue,
adding extract to a vial, placing the
dipstick in the vial to soak up the
extract, and transferring the dipstick
to a second vial to soak up labelled
antibody. A positive reaction appears
as a coloured stripe on the dipstick.

This 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-
ity, user-friendliness and reliability. It
is slightly less sensitive than a
standard ELISA and will doubtless
be developed for many pathogens
and crops i the future. It is ideal for
farmers, nurserymen and advisers
assessing disease situations in the
field. Kits are available for several
important viruses: plum pox, tomato
spotted wilt, tumip mosaic, as well
as for Xanthomonas campestris (from
HortiTech Diagnostic and Crop
Protection Services, Selby, North
Yorkshire, UK). A test more closely
resembling the pregnancy test has
also been developed for Plum pox
virus."

The main obstacle to providing
serological assays is obtaining high
quality antiserum. This in tum
depends upon the quality of the
immunogen (ie the virus preparation
used to incite the immune response
in the animal that produces the
antiserum). For many viruses it is
difficult or impossible to make the
pure preparations necessary for
immunization. For these, there are
other strategies for laboratory

Dipstick lateral flow device. () A membrane striped with control (upper

band) and antivirus antibodies (lower band) is placed in a well containing activated
antivirus antibodies. (b) After addition of a virus-containing sample, material flows in
the direction of the arrow; any virus present (spheres) binds to the activated antivirus
antbodies on the way. (c) As the sample reaches the other end of the membrane, the
activated antibody-virus complex becomes attached to the antivirus antbody stripe,
while unbound activated antibody becomes attached to the control antibody stripe. {(d)
The addition of gold-labelled antibody to the well produces a visible colour reaction in
both stripes to denote a positive reaction. (e) A kit for virus detection in the feld — a

result can be obtained in 10 minutes.

detection, either by using a mole-
cular route to obtaining the
immunogen as detailed below, or by
employing a technique that detects
the virus nucleic acid.

Molecular routes to obtaining
antisera

The primary function of the coat
protein is to protect viral genomic
nucleic acids by encapsidation, and
antisera raised to ‘purified’ viruses
react to this protein. Where purifica-
ton of the virus cannot be achieved
but sequence data of the genome are
known, or at least of the coat protein
gene, then expression and purifica-
ton of a recombinant coat protein
can be used to generate virus-specific
antisera.

The use of recombinant proteins
has increased in recent years, as has
the wealth of techniques and prod-
ucts employed for their amplification
and purification. A key factor has
been the construction of fusion
protein vectors, in which special
affinity tags are added to the protein
sequence of interest. The use of these
affinity tags simplifies subsequent
detection and purification (by -
affinity chromatography) of the
recombinant fusion proteins. The two
most commonly used tags are
glutathione S-transferase (GST tag)
and 6 histidine residues (6xHis tag)
both of which can be used in any
expression system. The small 6xHis
tag has an advantage in being poody
immunogenic so that the fusion
protein can be used directly as an
immunogen in antibody production,
therefore avoiding tag cleavage.

A number of heterologous expres-
sion systems are available and the
choice of host (phage, bacteria, yeast,
plants, filamentous fungi, insect or
mammalian cells grown in culture)
depends on the specific requirements
and applications for the recombinant
protein. In general, expression of
plant viral coat proteins is carried
out in the bactedum Escherichia coli,
which offers many advantages. It has
been widely used for the expression
of recombinant proteins; there are
many references, there is a wide
choice of cloning vectors it is easy to
manipulate and control gene expres-
sion; and it has rapid growth with
high yields. With careful choice of
host strains, vectors and growth
conditions, most recombinant
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allowing the object to be seen (Figure
2).

There are many variations of this
procedure, pioneered by Derrick.?
Coating the grids with antiserum is
similar to coating a microtitre plate
for enzyme-linked immunosorbent
assay (ELISA) and, not surprisingly,
the sensitivity of immunosorbent
electron microscopy is of the same
order as ELISA and can detect about
1 ng/ml™ of virus in a plant extract.*
It is difficult to find low numbers of
virus particles, particularly if they
are isometric and small, and many
plant viruses fall into this category.
However, visibility can be improved
dramatically by ’‘decorating’ the
trapped particles. An ‘overcoat’ of
antibodies is attached to the wvirus
coat protein, effectively increasing its
size and making the particles easier
to see. This can make it feasible to
scan several grid squares thoroughly
for the presence of only one or two
virus particles in a few minutes. It
also allows viruses with similar
particle morphology to be distin-
guished in a mixture (Figure 2).

[EM methods cannot be used on
large numbers of samples as prepara-
ton, although easy for three or four
samples at a time, is fiddly and does
not lend itself to ‘mass production’.
Only small amounts of sample and
unpurified antiserum are required,
eg 100 samples can be trapped and
decorated with just 15 pl crude
antiserum. [EM techniques are
therefore ideal for quick tests on
small numbers of samples to detect
and/or identify a virus, especially
when antiserum is in limited supply.

Serology: ELISA

Since the advent of ELISA for use
with plant viruses,® some form of
ELISA has become the preferred
method for the assessment of virus
infection in plants. The assays are
quick (1-2 days, depending on the
format) and can cope with many
samples (100-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
s required; the results are reproduc-
ible and sensitivity is high (end point
of about Ing/ml! of extract).

The standard ELISA is a double-
antibody sandwich (DAS, Figure 3).
Assays are usually conducted in a 96
well microtitre plate. The polystyrene

surface 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 virus is detected
by incubation with a second solution
of antibodies, which have been
conjugated to an enzyme (commonly
horseradish peroxidase or alkaline
phosphatase). An appropriate
enzyme substrate 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 amount of antigen
(virus) present.

There are many variations of the
ELISA format, 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 ‘trapping antibody.
The second antibody is then detected
with a species-specific conjugated
antibody, eg anti-mouse if the second
antibody is raised in a mouse. Such
conjugates can be obtained commer-
cially and obviate the need for
making a special enzyme conjugate
for each wvirus under test. Another
way around the need for virus-
specific enzyme-antibody conjugates
s FAB ELISA* In this test, the plate
is coated with antibodies that have
had the ‘tail' of the molecule re-
moved by digestion with pepsin (a
very simple procedure). The trapped
virus is then detected with whole
antibody molecules using a Protein
A-enzyme conjugate. Proten A
attaches specifically to the part of the
antibody molecule 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 to
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 the problem of raised
background reactions as well as
increased specific signal. '

Cellulose nitrate membranes have
been used as the solid phase in
assays for many viruses. Plant

(a)

(B}

©

Figure 3. Enzyme-linked
immunosorbent assay. (a) Wells in an
ELISA plate are coated with spedfic
antibody. (b) Plant extract is added and
virus is trapped by the antibodies. (¢}
Detection is by incubation with a second
round of antibodies (enzyme-linked),
which produce a colour in the presence of
the enzyme substrate.

extracts can be spotted directly on to
the membrane, instead of trapping
the antigen with specific antibody,
and the assay is then completed by
soaking the membrane in antibody-
conjugate solution, followed by a
substrate that produces an insoluble,
coloured product. This has been little
used for fruit tree viruses, possibly
because of problems with non-
specific reactions; these can be
overcome, but may require the use of
toxic chemicals, eg chioroform,’
which is undesirable in a routine
procedure.

Serology: lateral flow devices

A recent innovation is the adaptation

~

48

Outliook on AGRICULTURE Vol 30,No



Virus and phytoplasma detection in fruit trees

before the trees are finally assessed.
n the case of Virginia Crab, the frees
are cut down, the bark is stripped
and the wood examined for symp-
toms of pitting, grooving and
necrosis at and above the graft
union.

Four replicate trees are needed for
each field test, plus negative and
positive controls. Field assays are
generally recognized as being the
most sensitive, and experience shows
that they can be used to detect a
wide range of virus strains. They are
the baseline against which any new
assay is judged. These tests score
very well on sensiivity but ex-
tremely badly on speed. The
numbers of bees that can be tested
depend upon the agronomy facilities
available, such as the land and
skilled personnel to do the grafting;
these are readily available and cheap
in some countries but not in others,
eg the UK For apple, at least 12
virus, virus-like and phytoplasma
diseases have to be tested for, and
these require six indicator cultivars.
Two of these indicators have to be
grown as fruiting trees, as symptoms
only show in the fruit. As four
replicates are used of each indicator,
plus positive and negative controls,
approximately 36 trees are required
to conduct a full range of tests on
one apple tree to be reasonably sure
that it is free from viruses and
phytoplasmas. Fruiting trees are kept
for three cropping years before
accepting negative results; this is
necessary to avoid the possibility of
missing symptoms in years when the
climate is unsuitable for symptom
production. Long-term planning is
therefore required to conduct the
complete range of tests for viruses of
apple trees.

Bioassays using trees m the
glasshouse

A varation of the field bicassay can
be conducted in the glasshouse.!
Small grade rootstocks are planted in
forestry pots and double-budded in
the same way as for the standard
field test. However the trees are
grown under controlled temperature
in the glasshouse, and results can be
achieved within a few months for
many temperate fruit tree viruses.
This system was devised in the USA,
but although it is in routine use
there, it has not been widely used

elsewhere. Although results are
obtained quickly, temperature-
controlled glasshouses are expensive
and the technique requires more
attention to husbandry than growing
trees in the field.

A similar assay has been in use in
many countries for several decades
to detect stone fruit 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 above the inoculum
two weeks later and symptoms
develop in the following 1-5 months.
This peach selection is sensitive to
about 50 virus and virus-like disor-
ders of stone fruit.?

Laboratory assays

Apart from the direct use of the
electron microscope to visualize
virus particles, laboratory tests for
viruses can be divided into those that
detect the protein component of
plant viruses (ie serology), and those
that detect the nucleic acid or some
part of it. The main advantages of
laboratory tests are their speed and
specificity. Spedficity can also be a
disadvantage as variant strains may
remain undetected. Reagents have to
be tailored for the pathogen under
test, and reagents do not exist for all
pathogens; much research on fruit
tree viruses is directed towards
obtaining and refining reagents and
assays.

Electron microscopy and

immunosorbent electron microscopy
(IEM)

Some viruses can be seen in the
electron microscope in preparations
that are simple to make and take
only one or two minutes to 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 with the use of antiserum,
providing the virus is easy to distin-
guish from plant organelles and
debris. Electron microscope grids
(metal discs that are punctured with
holes and covered with an electron-
transparent support such as a fine
film of carbon) are coated with

antiserum to the virus being sought.
This s then rnsed and floated on a
crude plant extract. After washing,
the preparation is then ’stained’ with
a solution containing an appropriate
heavy metal salt This accumulates
around objects adhering to the grid
and forms an electron-opaque layer,

Figure 2. Immunosorbent electron
microscopy. A carbon-coated electron
microscope grid (a) s floated on a
solution containing antibodies, which
bind to the carbon layer (b). The ant-
body-coated grid is then floated on plant
extract (¢) and selective virus particles are
adsorbed (d). The grid is then stained
and viewed with an electron microscope.
{e) Electron micrograph of hop mosaic
and hop latent virus particles that have
been adsorbed with mixed antisera and
then selectively decorated with antiserum
to hop mosaic virus (heavily coated
particles).
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hosts are not known, an assay may
be feasible using plants related to the
crop host that are particularly
sensitive to the virus under test.
Grafting is usually the only practical
means of experimental transmission
to woody plants, and grafts are only
satisfactory between related species.
For fruit trees, this therefore entails
growing related tree species as
indicators of infection.

Herbaceous bioassays

Herbaceous plants are normally
inoculated mechanically. Material is
taken from the plant under test,
added to extraction buffer and
pulverized with a pestle and mortar.
The buffer can contain chemicals to
prevent oxidation, degradation of the
virus or precipitation of virus parti-
cles by the tannins that occur in
woody plants; it also dilutes inhibi-
tors of infection. The resulting soup
is applied to leaves of the sensitive
indicator plant (species of Nicotiana,
Cucurbita and Chenopodium are
susceptible to a very wide range of
viruses and are frequently-used
indicators) with a finger or spatula.
Infection takes place through
wounds that are encouraged by the
inclusion of an abrasive powder,
such as Celite or Carborundum, and
excess inoculum is washed off
immediately after application to
avoid inhibition or cytotoxic effects.
Sap inoculation into herbaceous
hosts is not a very sensitive means of
assay, particularly for fruit viruses.
This is partly due to substances in
fruit plant extracts that inactivate,
degrade or precipitate viruses. Also,
virus concentrations fluctuate in
different tissues and through the
growing season, so that there may
only be a small window of opportun-
ity in which tests are reasonably
successful. Symptoms take from a
few days to two or three weeks to
appear, but the test plants have to be
grown beforehand, 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 systemic, but they are not neces-
sarily diagnostic as many different
viruses can induce similar symp-
toms. Further tests are usually
required precisely to identify the
causal virus. The corollary of this is
that, as the tests are not specific,
viruses previously not known to

Table 1. Methods of virus detection (the more stars the better).

Type Sensitivity
Graft Aol
Herb ’
EM *
EM/IMM .
ELISA *
Hybr e
PCR .en
PCR/IMM bt

Speed Numbers Total

' 4
. e 5
ven . 5
“en . 6
eee vee 8
vas e 8
ves e 8
ree . 8

infect the plant under test may be
found. Several replicates of each test
are recommended and the plants
need to be grown within extremes of
temperature. This can therefore
require expensive glasshouse or
screenhouse facilies and the space
available is the main constraint on
the numbers of tests that can be
done. For example, to carry out the
number of tests that can be done in
one enzyme-linked immunosorbent
assay (ELISA) plate in 1-2 days will
require approximately 3 m? of
glasshouse bench space for 2-3
weeks. The main attributes of these
assays are given a rough score in
Table 1 for comparison with other
methods.

Bioassays using trees in the fied
Different cultivars and species can
vary greatly in their sensitivity to
virus infection. For example, Apple
stem grooving virus is latent in many
commercial apple cultivars but will

severely affect the graft union
between apple rootstocks or commer-
cial varieties and Virginia Crab.
Necrosis at the union and deep
grooves in the bark of Virginia Crab-
apple are used as a sensitive
diagnostic test for Apple stem grooving
virus. Virginia Crab is also sensitive
to another virus, which is usually
latent in apple 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 to test for two
viruses affecting apples.

Tests are normally carried out in
field plots that have been planted
with virus-free rootstocks in the
winter. These are grown during the
year, and at the end of the summer
are ‘double-budded’ (Figure 1). Each
rootstock receives two buds. The
upper one is the sensitive ‘indicator’,
eg Virginia Crab, and the lower bud
is from the tree under test The upper
bud is allowed to grow for two years

11

1 year old Double-bud

rootstocks

(a)

Growth indicator
bud for 2 years

Figure 1. (a) Procedure for double-budding rootstocks with material under test (lower
bud) and an indicator variety (upper bud). Plants are grown for 2-3 years in the field
before the final symptom assessment (b) Rootstock, graft union and healthy cv. Virginia
crab-apple virus indicator. () Virginia crab indicator showing pitting in the wood
characteristic of Apple stem pitting virus and necrosis at the graft union symptomatic of
Apple stem grooving wvirus, two years after grafting.

46

Outlook on AGRICULTURE Vol 30,No 1



Virus and phytoplasma detection in

fruit trees

AN. Adams, D.L. Davies and M.J. Kirby

The nauthors are with the Department of Entomology and Plant Pathology,
Horticulture Research International, East Malling, Kent, ME19 6B, UK
Tel: +44 1732 843 833, Fax +44 1732 849067. E-mail: tony.adams@hri.ac.uk.

Tony Adams, David Davies and Melissa Kirby
are members of the Department of Entomology
and Plant Pathology at Horticulhure Research
International, East Malling. They are plant
virologist, microbiologist and molecular
biologist respectively and are responsible for
work on the detection, epidermology and control
of virus and pinpoplosma disenses in peremnial
crops.

Efficient detection methods are vital for the control of viruses and
phytoplasmas in fruit and other perennial crops. This paper reviews
the diagnostic tests currently available for detecting such pathogens.
Biological tests are generally slow and results may be difficult to
interpret. Serological assays are reliable and easy to conduct and some
are very rapid. An abundance of molecular techniques offers higher
sensitivity and fadilitates the introduction of laboratory tests for diseases
that currently have to be assayed biologically.

Perennial fruit plants, particularly
trees, are a big investment, take
several years to reach cropping
potential, and can be in the ground
for decades. It is therefore vital to
start with the best quality disease-
free plants that are available. This is
particularly important for virus
diseases, because once infected, a
plant cannot be freed from infection.
Many of the virus diseases affecting
fruit crops spread slowly or not at all
and if healthy materal is planted, it
will stay free from infection for many
years. It is therefore quite feasible to
propagate virus-free plants in the
open, to release them to growers, and
for their plantations to remain free
from infection for most or all of their
lifespan. The keys to doing this
successfully are:

(1) satisfactory monitoring, regula-
tion and control of the plant
material to ensure that it does
not become mixed with matenal
of uncertain health 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 temperate fruit trees. Some
diseases can only be assayed by
biological methods when the patho-
gen is unknown, although assumed

to be viral. However, an inaeasing
number of pathogens are being
detected by molecular methods and a
molecular approach can provide the
possiblility of developing assays for
viruses that other methods could not
detect. The pros and cons of biologi-
cal, serological and nucleic acid tests
are explained with reference to
temperate fruit tree viruses. These
methods are in use for most crops
and the technology, both biological
and molecular, is equally applicable
to the production of healthy planting
material of any perennial crop.
Information is included on
phytoplasmas, as these have much in
common with viruses and, about 30
years ago, they were found o be the
cause of many diseases previously
thought to be of viral origin.

Bioassays

The basis of bioassays for plant
viruses is the availability of plants
that are sensitive to infection and
display characteristic symptoms in
response to specific viruses. Some
viruses that infect perennial fruit
plants can also infect fast-growing
herbaceous plants such as species of
Nicotiana and Chenopodium . For such
viruses it may be possible to conduct
an assay using these plants; if such
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Chapter 14

¢

Biological Dinitrogen Fixation:
Symbiotic

Peter H. Graham

L]
A L am blest, becos me feet “ave trod
A Land ‘oo’s fields reflect the swile o* God
C.J. Denns

A mutualistic symbiosis is an association between two organisms fron which each
derives benefit. It is usually a long-term relationship and, in the case of symbiotic
dinitrogen (N,) fixation. often involves development of a special structure o house
the microbial partner Each N,-fixing symbiotic association involves an Ny-fixing
prokaryotic organism, the microsymbiont (e.g.. Rbizobium, Klehsiclla. Nostoc, ©f
Frankia) and o eukarvolic, usually photosynthetic, host (e.g.. leguninous or non-
leguminous plant, water fern, or liverwort). These symbioses contribute more than
100 mitlion metric wns of combined nitrogen per year to the globul nitrogen ccon-
omy and account for more than 65% of the nitrogen used in agriculture. Rates of N,
hixation vary with host. microsymbiont, and environment but in temperate ClO\"f’r
pastures may reach 600 kg N fixed ha™'. Grain legumes fix 100 1o 200 kg N ha
growth cvele ™ and supply 40 to 85% of the plant’s nitrogen necds through sym-
biosis. The direct availability of the fixed nitrogen permits the host to grow in 50ils
that are nitrogen deficient and, at the same time, reduces losses by denitrification,
volatilization, and leaching, thus improving the sustainability of an agricultural 5y
tem. Dinitrogen fixation is likely to become even more important in the future 5
population increases in many developing countries necessitate sharply incx'cnﬁfd
crop production, while pollution, energy, and cost concerns limit significant in-
creases in the use of fertilizer nitrogen.

The Symbiosis Between Legumes and Rhizobia 323

{ Box 14-1 ll

The Importance of Symbiotic Dinitrogen Fixation. Symbiotic N, flixation is the single
greatest contributor to the global nitrogen cconomy. Principal contributors include:

* leguminous plants and their associated rhizobia,
« actinorhizal plants in symbiosis with Frankia,

¢ the water fern Azolla and its microsymbiont Anabaena, and

* lichen symbioses involving cyanobacieria.

The Symbiosis Between Legumes and Rhizobia

Legumes have been used in crop rotations since the time of the Romans.
Theophrastus (370-285 B.c.) stated " . . . beans are not a burdensome crop to the
ground, they even seem to manure it. . . . wherefore the people of Macedonia and
Thessaly turn over the ground when it is in flower.” However, it was not until detailed
nitrogen balance studies became possible that leguminous plints were shown to ac-
cumulate nitrogen from sources other than soil and fertilizer. In 1886 Hellriegel and
Wilfarth demonstrated that the ability of legumes to convert dinitrogen from the at-
mosphere into compounds that could be used by the plant was associated with the
presence ol swellings or nodules on the legume root. They related this assogiation
to the presence of particular bacteria within the nodule. Later in this chapter we dis-
cuss the different types of root-nodule bacteria, but for the moment can refer to them
collectively us rhizobia. It was then a series of short, but important, steps to the iso-
lation of rhizobia from nodules by Beijerinck in 1888 and to the completion of Koch'’s
postulates by the demonstration of their ability to reinfect the legume and to fix dini-
trogen in symbiosis (Chapter 1).

Groupings of Rhizobia and Their Separation into Species

Early studies showed that each rhizobial strain or isolate had a finite host range,
nodulating certain legumes but not others. This led to the concept of cross-inoculation,
with legumes grouped according to the different rhizobia with which they formed nod-
ules. Thus rhizobia isolated from species of Medicago (e.g.. alfalfa) would also nodu-
late Meliloties, and vice versa, though rhizobia isolated from these hosts would not
nodulate Trifolitem spp. (clovers). More than 20 different cross-inoculation groups
were identified, with the bacteria from the clover, medic, bean, lupine, pea, and soy-
bean groups named us separate species within the single genus Rbizobium (e.g., R.
trifolii for clover). Host specificity is still imponant in the identification of rhizobia, but
more recently other traits have assumed greater slgnificance in their classification.
There were a number of reasons for this:

* Initial studies involved mainly legumes of agricultural importance. Study of less
traditional legumes blurred cross-inoculation boundaries. For example, the bac-
terial strain NGR234. originally isolated fiom Lablab propurens, the hyacinth
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bean, noduiates with 34 different species of legume und with a nonlegume,
Parasponia andersonii (Stanley and Cervantes, 1991). Some nonlegumes,
such as rice and wheat, can be induced to form nodule-like structures with
rhizobia if pretreated with plant enzymes or hormones. Even now, though,
less than 15% of the roughly 19,700 species of legumes have been evajuated
for nodulation

Manv anomalous results have been reported. One study gave more than 500 ex-

amiples where strains were either promiscuous (i.e., they nodulated legumes
from other cross-inoculation groups) or lailed to nodulate legumes from their

oW group.

Nodulation genes of some rhizobia are plasmid-borne. Strains losing the plas-
mid as the result of exposure to high temperature also lose the ability to form
nodules and for many years could not be identified. In one soil, noninfective
rhizobia lacking the symbiotic plasmid outnumbered those capable of nodule
formation by 40 10 1.

Taxonomic methods were developed to compare strains on the basis of many
different traits. Computer-based numerical classification, along with taxohomic
methods based on differences in cell DNA or RNA, often resulied in groupings
at odds with those based on host range.

some of the mits now used in the classificarion of rhizobia are listed in
[able 14-1. The original genus Rhizobiion is now divided into 4 genera and 16
species, as shown in Table 14-2. Most of these changes have occurred since 1985,

Similarities between the rhizobia and other organisms have oeen identifled.
hus the fast-growing species Rhizobium tropici shows a close a finity to species
[ Agrobacterium, a plant-pathogenic bacterium causing crow 1 gall and hairy
“oot diseases, while some strains of the slower-growing Bradyrh zobitum produce
actenochlorophyli and are more  closely refated to  the  photoautotroph,
Rbadopsewdomonas palustris.

Liable 14=1 Characreristics for the phenotypic and phylogenetic characterization
of rhizobia.

Phenotypic traps®
Ringe of substrates used as sources of encrgy (e, sugars, sugar alcohols, and complex
carbohydrates)
Range of substrates used as sources of nitrogen (e.g., amino acids, urca, and nitrate)
Resistance to specific antibiotics
Llectrophoretic mobility of different cell enzymes
Tolerance to different stresses (e.g., salt, wemperature, and pH)
Phyviogenetic traits’ (refer to Chapters 8)
Pattern of banding of DNA restriction fragments (RFLPs)
Degree of hybricdhzation with specific DNA probes
168 fRNA sequence analysis

*Phenatypiv traits can be observed in culture,
tPhvlogenend ety are chied to cell DNA or RNA compaosiinn,

Table 14~2 Genera and species of the root-nodule bacteria of legumes. Genera in the
square brackets refer to host legumes nodulated by each species of root-
nodule bacteria. Common names are included for well-known legume gen-
era, In several examples in this list, different species of root-nodule bacteria
nodulate the same legume.*

Rhizobiunt
R Aleguninosarum (with three biovars: trifolii [ Trifofium, clovers), viciae [Pisum, peas;
Vicia, field beans; Lathyrus; and Lens, lentil], and phaseoli | Phaseolus, bean)
R loti[Lotus, wefoil]
R. tropici [Phaseolus, bean; Leucaena, Ipil-Ipil, and Macroptilinm)
R.eti[Phaseolus]
R. galegac |Galega, Leucaenal
R buakuii [Astragalus, milkvetch|
R. ciceri [Cicer, chickpea)
R. meduerraneum (Cicer, chickpea)

=

Sinorbizobinm
S. meliloti [Melilotus, sweetclover; Medicago, alfalfa; and Trigonella, fenugreek]
S. fredii [Glycine, soybean)
S. sahbeli [Sesbanial
S. terangn [Sesbania, Acacia, watle]
Bradyrbizobivm
B. japonicum [Glycine, soybean)
B. elkanii |Glycing
B. haoningense [Glycind
Azorbizobium

A. canlinodans (Sesbanial

“Other genus und species names exist in the literaiure. Some predate the present names. Others (e.g., Photobacienium)
have not been accepted as valid.

tStrains of Rhizobusm and Bradyrbizobium that do not belong in any named species are usually identified by the hont
from wiich they were isolated, e.g., Rbizobuum spp (Acacia) or Bradyrhizobinm spp. (Lupinus).

The Infection Process

Nodule Initiation and Development

The process of nodule formation is outined here. Greater detail can be obtaincd
by reading Hirsch (1992).

Infection. Mechanisms by which rhizobia infect their hosts and induce root- or
stem-nodule formation include:

* penetration of root hairs and formation of infection threads as found in plants
such as clovers and beans,

* entry via wounds or sites of lateral root emergence, as found in peanut and the
pasture legume Stylosanthes, and

* penetration of root primordia, as found on the stem of plants such as Sesbaiia

Root-hinr infection has been studicd for many years, using small-seeded legumes thal
were inoculated with rhizobia, embedded in agar, and grown between glass slides. Such
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infection thread. They remain surrounded by this material until released into
modified cells of the root contex, where in they are enclosed within a plant-de-
rived peribacteroid membrane. These membranes protect the bacteria from the
defense responses of the host.

The demonstration that the nedulation genes of many rhizobia are carried on plas-
mids led to more detailed molecular studics of infection. Two different groups af

genes are required for infection:

* Common nodulation genes (nod A,B.,C) ure found in all rhizobia. A fourth
gene (nod D) is sometimes included in this group but is unique in being the
only nod gene expressed in the absence of a suitable host.

* Host-specific nodulation genes (nod €. F, G, H, [, ], L, M, P, Q in the cuse of .
melilotr) differ with type of rhizobia and define the host range.

Because nod 1 is the only nod genc expressed in the absence of the host, stud-
ies to determine the host factor(s) needed to trigger expression of other nod-genes
soon followed. Flavonoids, complex phenolic compounds exuded from the legume
root, were implicated and hypothesized 1o interact with the product of nod D prior
to the expression of the other genes. Considerable specificity has been shown in
this interaction. For example, luteolin is the principal flavonoid involved in »nod-
gene expression in S. melilots, whereas naringenin and genistein are required for B.
Japonicum.

Characterization of the different nodulation genes led to the detection and
characterization of a series of substances, termed lipo-oligosaccharides or nod
Jactors, which are responsible for root hair deformation and curling and the divi-
sion of cortical cells in the root at concentrations lower than 10 7A1. Composition
of these nod factors varies with microsyinbiont but in each case includes a back-
bone of B 1, 4-linked, N-acetylglucosamine units specified by the common nod
genes. The chemical composition of the major lipo-oligosaccharicle produced by
S.omelilotiis shown in Figure 14-2. The nod genes in Bradyrbizobitm are not lo-
cated on plasmids, but are otherwise anulogous to those found in Rbizobium.
Even in Rbizobium, not all of the genes contributing to nodule formation and
function are found on plasmids. Figure 14-3 shows the effect of mutation in the
chromosomal genes required for bacterial lipopolysaccharide production on
nodule morphology and nitrogenase actvity

Nodule development and function. As the infection thread penetrates the
root cortex and the rhizobia it contains are released into host cells, cell divi-
sion and enlargement of these cells results in the formation of a visible nod-
ule. Root nodules differ in appearance and structure, a trait determined by the
host legume. Determinate nodules, such as those which occur on soybean and
Phaseolus, are round and have no pronounced meristematic region. In con-
trast, the indeterminate nodules of peas, medics, and clovers are elongated
with a pronounced meristematic region. and increase in length over the grow-
ing season.

Examination ol .n alfalfa nodule under the microscope reveals lour distinet zones,
as shown in Figure 14-4:
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Figurc 14-2 Stucture of the major lipo-oligosaccharide nod factor
produced by $. meliloti and the role of different nod genes in its
hiosynthesis. (2) A simplified genetic map of the nod gene region
showing structural and regulatory genes and their organization.

(h) The lipo-oligosaccharide molecule in this species has a backbone
of B 1,4-linked glucosamine residues, and carries N-acylated,
N-acetylated, and O-sulfated side chains. Site of action of the nod
gene products (enzymes) are shown. As an example of nod genc
funcuon, the products of 7od PQ exhibit homology with the en-
zymues ATP sulfurylase and APS kinase. From Denarie and Cullimore
11993) Used with permission.
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Figurc 144 The internal orgamzation 9( an inde-
terminate root nodule: M, mensteMmalc Hssue; Tl.,
region with infection thread penctration; ES, reglqn
of early symbiotic activity; LS, region of late sxmbx-
otic aciivity; VB, vascular bundle. The nodule is at-
tached 1o the root at the botom of the photo.

Photo courtesy C..2. Vance.
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—{Box 142}

Events Leading to Nodulation and N, Fixation in Legumes.

Attachment of rhizobia to the root begins within 1 minute of inoculation.

Number of awached rhizobia increases with time up to several hours.

Root hair curling begins within 5 hours.

Infection threads become visible within 3 days of inoculation.

Nodules hecome visible within $ to 12 days.

« N, fixation is often evident in 15-day-old plants.

Table 14-3 Levels of host-Rhizobium specificity affecting nodule formation in legumes.

Legume species that are never nodulated (e.g., Cassia bicapsularis)
Cross inoculation group specificity
Infectiveness subgroups
Nonnodulating plant genotypes, e.g.,
the rj, gene of soybean
the nod 125 mutant of Phaseolus vulgaris
Nodulation preflerence

mon in Kenva and Tanzania. This species nodulates with rhizobia from T. ruep-
pellian.om and 7. usambarense but either fails to nodulate or is ineffective with
rhizobia from other African and European clovers. Similarly, ‘the pea variety
Afgharistan will nodulate with pea rhizobia from the center of origin of this crop
in the Middle East, but not with most of the rhizobia from pea varieties in
Europ«:. These and additional examples of specificity listed in Table 14-3 have
often Yeen u problem in the introduction of new plant germplasm.

Hest-rhizobial interactions also influence levels of N, fixation. Thus, peanuts and
cowpeas are nodulated by and fix dinitrogen with many different soil bradyrhizobia,
whereas Centrosema and Desmodinm species often nodulate with these strains but
fix litle dinitrogen. A consequence is that when cowpeas or peanuts are introduced
into a new area, they are often well nodulated and grow vigorously, even in the ab-
sence of inoculation, whereas Centrosema and Desmodium species may have many .
nod .les but grow poorly.

—i Box 14-3 -

Infcctivencess and Effectivencess.
o nfectivencss is the ability of a rhizobial strain to form nodules with a particular legume.

o fffectiveness s the ability of those nodules to fix dinitrogen.
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The Symbiotic Environment. Environmental factors influence all aspects of the sym-

« survival of the rhizobia on the seed and in soil,

« infection and nodule formation, and

¢ N, fixation

where soils are acid (Fig. 14-0), N, fixation may be markedly reduced. This may be
because of the direct effect of H* concentration, the presence of toxic levels of alu-
minum and manganese, or deficiencies of calcium, phosphorus, and molybdenum.

Soil acidity per se can limit rhizobial growth and persistence in soil. Fast-growing
rhizobia are generally considered more sensitive to acidity than bradyrhizobia, but
strains of R. tropici and K. loti may also be acid tolerant. In contrast, most isolates of
S. meliloti are particularly acid sensitive. In one study an average of 89,000 S. meliloti
cells g7" were reported in soils of near neutral pH, but only 37 cells g™! in soils of
pH less than 0.0. Surprisingly, not all of the strains recovered from acid soils are acid
tolerant, suggesting that microsites of more favorable pH can occur.

Failure to nodulate is also common in acid soils, in part because of lowered
numbers of rhizobia, but also because ptl limits rhizobial attachment to infectible
root hairs. Although it is common in the United States to lime acid soils, the large
areas involved and the cost and availability of limestone preclude this approach
in many other countries. Alternative practices include the use of acid-tolerant in-
oculant strains and host cultivars and the pelleting (coating) of inoculated seed
with a layer of ground rock phosphate or limestone. In Australia, the use of rela-
tively acid-tolerant S. meliloti strains such as WSM419, together with Medicago
species collected from acid soils in Sardinia, has permitted extension of the area
sown to annual medics by some 350,000 ha since 1985 (Ewing and Howieson,
1989). Similarly, an acid-tolerant R. tropici strain, CIAT899, is now the strain rec-
ommended for inoculating Phaseolus vuigaris in the acid soils of Brazil.

Plant specics vary in tolerance to aluminum and manganese, but are generally
more affected by these ions than are the rhizobia. Thus, some rhizobia tolerate 100
pM aluminum and 300 WM manganese, but reduced root growth of alfalfa (Medicago
sativa) occurs at only 8 pM aluminum, and nodulation in cowpea is inhibited at 25
M aluminum.

Temperature

Rhizobia are mesophiles and most do not grow below 10°C or above 37°C.
Exceptions are rhizobia associated with certain Arctic legumes, and bradyrhizobia
collected from the hot, dry Sahel savannah of Africa. Maintaining favorable tem-
peratures during the shipment and storage of inoculant, and seed inoculation and
planting, is particularly critical. Exposure to high temperatures at these times can
lead to the loss of the symbiotic plasmid in Rbhizobium or reduce cell numbers be-
low the levels needed for good nodulation,
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Temperature also influences nodule growth, N, fixation,'and the time period for

which nodules are active. The optimum temperature for many legumes is around”

25°C; exposure to temperatures of greater than 40°C, even for short periods, can
cause irreparable loss of nodule function.

Mineral Nutrition

A

l"‘""

Although well-nourished plants generally nodulate and fi 'dlnurogen better than
those that are nutrient limited, several elements have specnﬁc functions in nodula-
tion and symbiotic N, fixation (Table 14-4). Adequate levels ‘of these elements are.
essential for effective N, fixation (see also Table 13-2), and failure to supply them’

results in the generalized yellow chlorosis typical of mtrogen deﬂcxency Several of
these elements warrant specific mention.

Phosphorus. Leguminous plants dependent on N, fixation commonly require more
phosphorus than similar plants supplied fertilizer nitrogen. Nodules are an important
phosphorus sink and commonly have the highest concentration of that element in the
plant. The high energy cost of N, fixation with its need for large amounts of ATP leads .
to the elevated phosphorus requirement. In the case of the legume nodule, this is com-
pouncled by the energy cost of building and maintaining functioning nodules. Bacterial Z
strains and host cultivars differ in their phosphorus-use efﬂcxencxes but cultivar varia-#;
tion has been studied mainly in host plants fertilized with nitrogen, .Fneld grown legumes ;
form tripartite symbioses with both Rbizobium or Bradyrhizobium and arbuscular my-
corrhizal fungi. This has an added energy cost to the host, but the benefit from addi- »
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1 uonal phosphorus uptake for N, fixation can be considerable. ;
g 83 Molybdenum. The princips Wl function of molybdenum in the legume is as a com- ?
%o s ponent of the nitrogenase enzyme complex. As such, the requirement for molybde-
E °»§ num is satisfied by supplying as little as 100 o 500 g ha™" of this element. How to
FEVEY;

1

supply this small amount can be a problem, especially under acid soil conditions
where adsorption reduces the availability of soil molybdenum to the plant. Molybde-
num salts have sometimes been incorporated with the inoculant. While the effect
waries with the molybdenum salt added, this can drastically reduce survival of rhi-
zobia in the inoculant and its addition is not recommended. 7
Iron. Iron is a component of leghemoglobin, which functions in the regulation of
oxvgen supply to bacteroids. It is also a component of both the Fe and FeMo proteins

i
¢ ; -
2 : : : 3 P, : A
j 4 _g Table 14~4 Elements having specific functions in the nodulation or N, fixation
: 8 | SET of legumes.
E ) 2 Molybdenum FeMoCo protein of nitrogenase ul
. % ,Ca>‘> Phosphorus Energy transformations in the nodule
% 2 lron Fe and FeMo proteins of mtrogenase
9 Leghemoglobin
S ! j,- g FeS centers of nitrogenase
< : B Unspecified function in nodule development
:. E E’o 50 Caicium Auachment of rhizobia to root hairs
= L 2

] Cell wall integrity in Kbizobium .
Sulfur FeS centers of nitrogenase
Nodule coenzyme function
Hydrogenase function

Cobalt
Nickel
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of the nitrogenase complex and is essential for early nodule cl‘cVC.lODmCHl- l"?:mls Wl“d_]
are iron-deficient develop many nodule initials but few functioning nodules. Both host
and bacterial strain can dliffer in efficiency of iron utilization. In the case of the bacte-
ria. some strains can produce iron-sequestering siderophores and so compete more

effectively for iron in the rhizosphere.

Salinity and Alkalinity

ffects of saline or alkaline condinons are likely 1o he greater on the lm..\-l or
symbiosis than on the rhizobia. Alkaline soil conditions limit the Ll\’.llll;lh'\lll}" l\);[ iron,
'/.311(, manganese, and boron in the soil, l]lCl‘Cl‘f)" reducing Plam growth .l.n( i 3 1-I. l
ar fertilization with micronutrients is often an effective remedy. Legumes .‘15 1
to salt, with some species affected by (‘(mccn.[r;mons
wdicago and Acacia otien tol-

The e

ton. Foli
group are also markedly sensitive A
‘:\s low as 80 mM. In contrast, strains of rhizobia from M iR
erute 500 mM sali. Cells of Rhizobium exposed 10 high salt s‘onccmrmmn.\ (l: lL'l]l.‘lg_
cumulate osmoregulants such as glutamic acid, trehalose, glycine bdmrri'll?(‘ !no ine,
which help to maintain turgor in the cell and limit the damage caused by sails.

Legume Inoculation

When a new legume specics is introduced into @ region, soils are unlikely to co

thizobia, and inoculation is usually needed for adequate nodulation

ain appropriate : _ e
: - noculation are often of the or-

and N, fixation. Yield increases following this initial i. e
der ()!;50%, with clear differences evident between mocululcd. ;m(.\ nm')mocu :lﬂli_(
plants, as seen in Figure 14-7. Inoculation in subsequent ycflrs is Uél-\l;l]l? n.ol neces-
In fact, where a legume has an extensive history of cultivation in region, most
; and even noninoculated plants are heavily nodu-

sary
soils contain abundant rhizobia,

BRI e SORIGCI TS A I : i ; 2
Figure 14=7 Response ol soybeans to inoculation in Florida. The right-hand
plot in the foreground received inoculation, while the adjacent plot did not.

Photo courtesy of W Scuelder and DH. Hubbell Useel with permission.
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Inoculation in the American Midwest. In the American Midwest, agricultural soils usu-

ally contain 1,000 to 10,000 soybean rhizobia g™'. These indigenous rhizobia limit nodule

formation by inoculant strains, which ofien produce less than 20% of the nodules formed.

Because the indigenous or naturalized populations often fix less dinitrogen than thexinoc-

ulant strain, the full benefits of the symbiosis may not be realized. Soybeans grown in this
region derive only 30 10 40% of their nitrogen needs from N, fixation.

lated. If inoculation is practiced in such an area, the inoculant strain usually produces
only a small frucuon of the nodules formed, and a yield response is unlikely.

Need for Inoculation

A simple, three-ireatment experiment will establish the need for inoculation. The
treatments :re:

* noninoculated control plots,

= plots inoculued with a steain of Khizobium or Bradyrbizobium effective on the
host legume. and

* plots inoculated with the same strain, but also supplied fertilizer nitrogen.

Extensive nodulation of the noninoculated plants means that the soil already con-
tains indigenous rhizobia able to nodulate this host. The contrast between the non-
inoculated plants and those supplied with nitrogen will then be a measure of the ef-
fectiveness of the nutive rhizobia. If the noninoculated plants are green and vigorous,
inoculation is probably not necessary. Absence of nodulation in the noninoculated
plants, coupled with heavy nodulation of plants receiving inoculation, indicates that
inoculation s needed. The differences in plant growth among the three treatments
are indicators of the cfficiency of N, fixation by the inoculant strain. If excellent plant
growth is achicved in all three treatments then either the native rhizobia are highly
effective and inoculation is not necessiry or the site was higher in available nitrogen
ed Poor growth in all treatments would imply that a factor other
than nitrogen was himiting plant growil

than was antici

Strain Selection and Testing

If inoculation i required, the strain or

15 employed must meet the following criteria:

+ form highly cliective nodules with all commonly used varictics of the legume

species Tor which it s recommended,
* be competitive m nodule formation and persistent in the soil,
tolerate extremes of acidity, temperature, and other soil conditions,
o grow well in simple, inexpensive culiure media,
* be genetically stable, and

e survive well on the seed prior 1o seed germination.
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Inmenlant-quality rhizobia should be selected after screening at several levels,
The initial step is usually a growth chamber or greenhouse study ol numerous
strains obtained from other collections or from the field. Marked variation in
nodulation and N, fixation usually is evident. Poorer strains are discarded, and the
remaining strains may be tested with different varicl'ies of the legume o _ehmmate
any possibility of host-strain interaction or may be further Lcsleq under flel.d Co,n'
ditions. Ideally such field trials are conducted at sites that vary in n‘uml?er.x of in-
digenous rhizobia; they should be followed up in subsequent gro“'lng Seasons o
cn‘sure that the inocutant strains persist in the soil. Finally, environmental and cul-
wural factors that could influence strain performance in the ficld need 1o be con-

sidered.

Inoculants and Inoculation

The number of thizobia per seed necessitry 10 cnsure good nodulation varies
with seed size and environmental conditions. In countries where inoculant qual-
v is regudated by law. the usual standard is from I,OQO rhizobia per seed for
.\xﬁnll-scc(lcd legumes such as clover to 100,000 rhizobia per sced for bc;m'an.d
soybean, In the carly 19005, soil from previously [.)lalmed fl(’.“(':S' Wllb'lh(’? princi-
pal, but far [rom ideal, inoculant. The supply was limited, moving soil w ;1<s c'um-
bersome, and the possibility of transferring root pathogens or nematodes V.N‘.ls a
major concern. The inoculant industry now m:muleclures‘ pur : cultures of rhizo-
bia for seed and soil inoculation. Inoculants range from simple tube cultures suf-
ficient for small quantities of exotic seed to large-scale, fermcntcr-grown cgl—
tures mixed with peat or other carrier material and used in the commercial
mnoculation of large arcas of crops such as soybeun, bean, pranul. and clover.

The large-scale production of inoculants is a simple proces designed to supply
4 minimum of 10% 1o 10”7 highly effective rhizobia per gram ¢ product. In.ocul.anls
from many countries do not meet this standard. Faclors cont ibuting to this failure
include:

+ inadequate testing of the inoculant strain,

« mutation in the inoculant strain after repeated subcultive or storage at high
temperature,

« inappropriate culture media,

« contamination of the rhizobial culture,

« carrier materials that will not support sujtable populations of rhizobia, and

* poor storage and transport conditions.

Characteristics of a good inoculant carrier are shown in '[':1])'16 14-5. TII)eA moslf
common carrier is peat, but compost, sterile bagasse (derived from the 111-1111111g CZ_
sugurcance), coul, polyacrylamide, vegetable oils, and soil have all |)C-(‘l\ used SL;E
cc;sruny. No listing of physical or chemical propertius can fully explain why sor
peats make suitable inoculant carriers and others (llo ot ) ional detal

Four procedures are commonly used in legume iroculation. For additiona )

refer to Somasegaran and Hoben (1994).
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Table 14-5 Qualities of a good inoculant carrier material.

High water-holding capacity

Nontoxic to rhizobia

Readily available, inexpensive, and easily processed
Sterilizable by autoclaving (pressurized steam) or radiation
Good adherence to seed

Good buffering capacity

» Seed inocrdation: The inoculant is mixed with milk or some other slightly adhe-
sive material (called the sticker), and the seed is uniformly covered with this
suspension. The seed is dried in the shade and sown the same day.

= Seed pelleting: The sticker is a stronger adhesive, such as gum arabic or methyl
cellulose, and the seed, once inoculated as above, is rolled in finely ground
limestone or rock phosphate. Pelleting combats unfavorable soil conditions such
as low pif and allows aerial sowing. Preinoculation of seed for subsequent sale
is not recommended because rhizobial numbers on the seed can decline dra-
matically during storage.

Soil inoculation with a granular peat or liquid: The inoculant is banded below
the seed and makes contact with the emerging radicle. Soil inoculation is most
useful for seed that has been treated with fungicide or for conditions where
higher than normal inoculation rates are desirable.

Inoculation in the planter seed box: ‘I'he inoculant is mixed directly with seeds
in a planter box auached to a tractor. inoculant and seed tend 1o separate, pro-
viding uneven coverage. This simple method is usually an “insurance measure”
when soils arc already likely to contain rhizobia.

Strain Competitiveness and Persistence

Even without inoculation, it is common for a newly introduced legume to have a
few nodules. These arise from seed- or dust-borne rhizobia or from native legumes
having compatible rhizebia. When these nodules rot, they can release more than 10
rhizobia g™', ensuring a buildup in the soil to levels of 10* to 10* rhizobia g™! of
soil. Unfortunately, many of these organisms are not particularly cffective, and do lit-
tle to benefit subsequert plantings. Worse, they can limit the ability of inoculant rhi-
zobia to form nodules ind become established in the soil.

Attempts to overcomes this problem using strains selected for superior compelitive
ability, heavier than normal inoculation rates, and improved carrier and delivery sys-
tems have all had limited success. Accentuating this problem, rhizobia are not very
mobile in soil. and as the root elongates, they may be left behind. One solution is
host cultivars that nodulate preferentially with the inoculant strain or exclude in-
digenous rhizobia. Several soybean cultivars that can restrict nodulation by the in-
digenous strains but nodulate normally with specific inoculant strains have been
identified (Table 14-6). Differences in the response of the wild Phaseolus vulgaris
accession G21117 to inoculation with strain CIAT632 and CIAT 899 are shown in
Figure 14-8.
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Table 14—6 Differences in the nodule occupancy of three genotypes of soybean diﬂ.ering

in ability to restrict nodulation by strain USDA123. Data are from a 2-year

field evaluation.

Genotype

% of nodules occupied by strain
USDA122 or

UsSDAL23 LSDAL38 Other
e : ; =
Withams (nonrestnctive) 76 20 4
PI371607 (restnctive) 3 89 j
5 9
1377578 (restrictive) bl 92

Froo Kevser and L (19923 Used with permussion

CIAT 899 CIATE32

Figure 14-8 Restriction of nodulation by Phascolits rnegaris cultivar G21117. Plants on the

left were inoculated with R. tropici strain CIATE9Y and those on the right with R. etli strain
CIAT632. Both strains produce normal nodules and ure cffective on most CL?l-[l\'éll'Sv of P.
rulgaris. However, restricted nodulation occurs when CIAT899, blr( nat CIATG32, is used to
moéulale G21117. From Kipe-Nolt et al. (1992). Used with permission.

Other Important Symbiotic Dinitrogen-Fixing Associations

Irankia and the Actinorhizal Symbiosis

Frankia is an actinomycete that forms aciirorhizal, Ny-fixing nodules with a2 ralngcl
ol angiosperms {Table 14=7). The host species ire not ypical crop plants, bf)t sle\eirlf;
are important in agroforestry, the ecology and nitrogen economy of margmg 50“6.
mine spoil reclamation, or the stabilization i wnd dunes. Rates of N, fl,\':l[-lOﬂ);
lughly variable but can be equivalent to these achieved by lepuninous symbiosces.
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Table 14—7 Families and genera of actinorhizal plants

Family Genera with nodules

Betulaceae Alnus (alden)®

Casuarinaceae  Allocasuarina, Casuarina (Australian pine), Ceuthostoma, and Gymnostoma

Coriariaceac Coriaria

Datiscaceae Datisca

Elaeagnaceae  Elaeagnus, Hippophac (sea buckthorn), and Shepherdia

Myricaceae Comptonia and Myrica (myrtle)

Rhamnaceae Ceanothus (snowbrush), Colletia, Discaria, Kentrothamnus, Retanilla,
Talguenea, and Trevoa

Rosaceae Cercocarpus (mountain mahogany), Chamaebatia, Cowania, Dryas, and
Prrshia

*Common names {or some imponant examples are included in parentheses.

Isolation ol Frankia from nodules was not achieved until 1978, and still requires
very specific methodologies. However. numerous isolates are now available, and in-
formation on morphological, genetic, and specificity differences is beginning to ac-
cumulate. Particular points of interest include:

s Frankia is a Gram-positive, filamentous organism characterized by multilocular
sporangia and N,-fixing vesicles 01 vitro,

Nodule formation results from root hair infection or intercellular invasion.
Nodules are perennial, modified lateral roots with lobes up to 5 cm in length.

* Host specificity exists, but needs further definition. Three to four host-specificity
groups have been suggested, though species of Myrica and Gymnostoma ap-
pear 1o be promiscuous and noduinie with strains from all groups.

* Few Frankic isolates produce spores within the nodule. Although this trait is
regulated by the organism, nodules in which spore formation occurs seem to
have a higher energy cost for N, fixition and so contribute less to the host.

* Vesicle production occurs under conditions of nitrogen limitation, with the type
of vesicle produced dependent on the host plant. Vesicles are borne as terminal
swellings or on short hyphal branches; at maturity, they show 2 pronounced
lipid envelope that protects the nitrogenase from oxygen.

Additional information on the biology and symbiotic specificity of Frankia is pro-
vided by Benson and Silvester (1993).

Azolla/Anabacna Symbiosis

The aquatic fern Azolla is a common green manure used in Vietnam and China for
rice production Azoffa maintained in slow-flowing creeks or overwintered in protected
beds is introcluced into paddies berween plantings of rice and is then either incorpo-
rated before rive seedlings are transplanted or left to be shaded out as the rice canopy
develops. The low C/N ratio of the fern facilitates rapid nitrogen mincralization after
incorporation, with yields in the subscquent rice crop increased by as much as 1,000
kg ha ' In this case N, lixation is because of the heterocystous cyanobacterium
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Figure 14-9 Location of the symbiotic cyanobacterium Anabaena n?l()flnﬁ
within the leaf (frond) of the water fern Azofla. The I'ron.d has been cleared.
with the Anabaena liliments visible as the durkened regmn o ll.\-e.ccnu:r
right of the frond. Ihofo cowrtesy T.A. Lumphkin. Used with permission

ities i S - (Fig. 14-9). Under
Anabaena azollac growing within cavities in the dorsal lezlfl lohui(,lk ig. 14-9). 1
favorable conditions, rates of N, fixation can reach 2 kg ha™ day .
Four aspects of this symbiosis warrant particular comment:

i i as succeeded in reintro-
« Azolla can be cured of its microsymbiont, but no one has succeeded in re

ducing Anabaena.

« Dinitrogen fixation in Anabaena occurs predominantly in specialized celllsl _
: ivi iti % in
called heterocysts. Under free-living condlitions, only 6 1o 10% of the cells A
: i is fr 3 ris
the filament are heterocysts, but in the mature Azolla frond, this [requency
to 20 to 30%.

» Gram-positive bacteria that do not fix dinitrogen, identificd as species of o
Arthrobacter, have also been found in the feaf cavity and are thought _lo p 'ym:
role in this symbiosis. However, no definite function is known for these orgs

isms.

i SN is
« During heterocyst formation by free-living Anabaena, a smull picce of IDNCP(\)“_
deleted, leaving the Nif HDK gencs all regulated by a single promoter. In
wrast. all cells of the Azolla microsymbiont have this arrangement.

Although the yicld benefits from the use of Azolla can be ‘(l[)E)ll'?-cnlilb;,st:gzna;:
offset to some extent by labor costs for slorage, propagation, anc . IT d distriburio?
of the fern, by the need in some areas 1o tic up scarce land whilc i\{c[;Aonabacna
multiplied, and by insect and disease problcms.' Nonelhcles§, %h?.‘l.’.fol b
svmbiosis continues 1o be important in Asia, with some esum.ucF © t;e. arorma“on
t(l> Azolla in China being as high as 1.5 million ha annually. ;\tlcw(l)(;ona llr;e{ers o
on this symbiosis is provided by Lumpkin and Pluckneu (1980) anc

Meeks (1989).
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Summary

This chapter highlights the potential of N, fixation in legumes, and problems asso-
ciated with utilizing this symbiosis. It also introduces other N,-fixing symbioses,
some of which have potential for use in agriculture. As with the legumes, their
greater exploitation will require a multidisciplinary and ecological approach. \
Symbiatic N, fixation currently accounts for more than 65% of the nitrogen
used in agriculture. As the world's population increases, this contribution must
increase. Problems in the availability of fertilizer nitrogen and groundwater pol-
lution resulting from excessive fertilization will limit the degree to which fertil-
izer nitrogen usage can be increased. Although inoculant production in many
regions of the world leaves much to be desired, the inoculant technology re-
viewed in this chapter is within the reach of most countries and needs only 1o
be properly and consistently applied. However, other bottlenecks need to be
remedied if symbiotic N, fixation is to assume a more important role in the

agriculture of the twenty-first century. Areas of research that need to be re-
solved include:

* improving the ability of different varieties (o fix dinitrogen,
* overcoming the problem of low nodule occupancy by inoculant strains,
e improving the persistence of inoculant strains in soil,

enhancing the tolerance of hoth host and microsymbiont 10 environmental
stresses, and

understanding better the contribution of N, fixation to the nitrogen economy of
both modern and traditional farming systems.
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Study Questions

1. Competition for energy between developing pods and nodules illustrates the influence of
energy supply on nodule function. What cxperimental treatmer ts can you suggest to
study the importance of energy supply in nodulation and N, fi.ation?

2. Dinitrogen-fixing symbioses adopt different strategies (0 prolect nitrogenase from the in-
hibitory effects of oxygen. Give three examples discussed in tlis chapter.

3. You join the Peace Corps in Nepal and are assigned to the de relopment of an inoculant
industry for that country. Describe the steps you would need o take (o achieve such a
development.

4. ¥n L{mn ‘Ar'nencn. and Africa, N,-fixing crops such as bean and cowpea are often grown
in association with corn. How might this affect N, fixation?

5. Develop a method to screen strains of Rbhizobium for differences in pH tolerance.

6. Legumes abound in most situations. Find one such plant and describe its nodulation.

Ho“; many lnodulcs does it have, how are they distributed, and what type of nodule are
they? Describe the internal appearance of the nodule. How would you determine 1
whether the nodules were formed by a Rhizobium or Bradyrbizobiunt strain?
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UPTAKE HYDROGENASES IN ROOT NODULE
BACTERIA

T. Ruiz-Argiicso, J. Imperial, and J. M. Palacios

Abstract

Uplake hydrogenases in diazotrophic root nodule bacteria (rhizobia, Frankia) ca
recycle the Hy generated as a by-product of the nitrogenase reaction and have
potential to improve the energy efficiency of the symbiosis. This is especially relevar
in view of the fact that uptake hydrogenases are uncommon in many of the rhizobi
used as legume inoculants. The Hup (Hydrogen uptake) system has been studied
deptlr only in two species of root nodule bacteria, Rhizobiwn leguminosarunt by
viciae and Bradyrhizobitwm japonicum. [n these organisms, a multigenic (18-24 gencs
cluster responsible forsynthesis of an aclive hydrogenase has been isolated. Th
current status of research on characterization of the functions of their gene product
and the regulation of their expression is reviewed. This information, together wit
available gene transfer lechnology, opens the door to biotechnological exploitatio:
of the Hup system for the design and generation of more cnergy efficient rhizobii
inoculants.

Introduction

Uptake hydrogenases calalyze the oxidation of molecular hydrogen to protons, an
are present in many aerobic bacteria, where electrons are fed to the respiratory chair
oxygen acls as the final acceplor, and energy can be obtained through oxidativ
phosporylation. The “knallgas” bacteria, where Hj is used as the only energy sourc
for growth (1, 2) represent an extreme example of this potential. Uptake hydrogenasc
can be important for nitrogen-fixing organisms because of the concomitan
unavoidable reduction of protons Lo hydrogen catalyzed by nitrogenase (see Chaple
3 in this volume). The hydrogen gencrated can be recycled by uptake hydrogenasce
from the same organism, therefore increasing the energy efficiency of nitroge
fixation (3. 4). This hydrogen recycling is especially relevant for the diazotrophi
symbioses between plants and root nodule bacteria because it has the potential t
increase the energy efficiency of the symbiosis and to improve plant productivit:
Thus, it is nol surprising that it has been the subjectof a good number of reviews |
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the past (5-10). This chapter will focus on recent advances in our un'dcrsu}nding ol
the only two systems studied in depth, thosc of Urm/_\'r/n:ub:.um Japonicum and
Ririzobinm leguminosarum bv. viciae, and on the biotechnological applications of
these systems. Other aspects, such as the occurrence and physiology of hydrogenase
sysiems in rhizobia, have not progressed al the same pace and are well covered by

the above reviews.

Hydrogenases and Hydrogen Recycling in Legume Nodules

Uptake hydrogenase in rhizobia is a dimeric (af3), mcmbranc-bpund [Nti] enzyme
that has only been isolated and characterized from B. japo:ucum,.cuher as free-
living cells or as soybean bacteroids (sce S, 7, 8 for reviews). Both primary slruclur.c
(scc below) and properties of membranc-bound, [NiFe] hydrog.cnascs anq their
ancillary systems are extremely well conserved in widely diverging bacteria (11-
13). For this reason, many results obtained with specific systems (c.g. the well-
known Escherichia coli) have often been extrapolated to lesser known sysiems.
Recently, the crystal structure of the [NiFe] hydrogenase from Desulfovibrio gigas
has been solved (14-16), and it is expected that the key structural features will be
conserved in other systems. Noteworthy among them 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 Hydrogen uptake) are
able to reoxidize the H; gencrated by nitrogenase and produce root nodules which
evolve little or no Hy. Given the potential of these uptake hydrogenase syslerﬁs' to
improve the energy efficiency of diazotrophic symbioses, it is sonjnew.hal surprising
that the ability to recycle hydrogen is not widely distributed in rhizobia (see 8, fora
review, and also below). In many rhizobia of the genera Rhizobitun, Sinarhizobium,
and Mesorhizobium, the Hup* phenotype is a rare trait. [n some cases, the genp(ic
determinants for the hydrogen uptake (/iup) system scem to be present, bu.l conditions
appropriate for their expression have not been found (see 10). Despite repeated
screenings (see 8), reliable hydrogenase activity measurements a'nd. the presence of
hup genes have only been documented for fast-growing rhizobia in the foll.owxrlg
cases: i) some strains of R. leguminosarum bv. viciae; ii) among the bean r'hlqula.
those R. tropici strains belonging to subgroup [Ib (17, 18); and iii) uncharacterized
strains nodulating Astragalus (19). Strains capable of efficiently recycling H, have
not been found in fast-growing rhizobia nodulating important legume crops such as
alfalfa and clovers (20) or chickpeas (21). Among the slow-growing rhizobia
(Bradyrhizobium spp.), the Hup* phenotype is not uncommon in lupine and so.ybean
strains and it is quile common among strains of the cowpea miscellanea. Finally,
most Azorhizobium strains are Hup®. The reasons for this patchy distribution are not
clear, but they may be retaled to: i) possible specitic roles of the Hup system in thcl
biclogy of some rhizobia in the soil (e.g. chemolithotrophy in B. japonicum: 5,22).
and ii) plasmid encoding of the Hup system in many rhizobia (sec helow): As a
result, most strains commonly used as legume inoculants are Hup'. As we discuss
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below, this opens possibilitics for biotechnological exploitation of the known Hup
Qy(l(‘l“ﬁ

Very little is known about hydrogenases in other root nodule symbiotic systems.
No studies have been carried out with the non-legume Parasponia-rhizobial
symbiosis. Studies with the actinorhizal symbioses also lag behind, despite the fact
that all the tested Frankia isolates nodulating Alnus (23) or Casuarina (24) exhibited
a Hup* phenotype.

Genetic Determinants for Hydrogenase Synthesis

The synthesis of hydrogenase enzyme requires the concerted action of a large numbe.
of proteins. In R. leguminosarum and B. Japonicum the whole set of genetic
determinants involved in this process is clustered in DNA regions of over 15 kb
(Figure 1), which have been identified in the symbiotic plasmid of R. leguminosarum
(25) and in the chromosome of B. japonicum (26). Most of hydrogen oxidation
genes from rhizobia have been designated fup genes, and a specific set of genes has
been designated as Ayp after their homology to a p-revious]y described hydrogenase
pleiotropic genc operon from E. coli. The R. leguminosarum cluster includes 18
genes (hupSLCDEFGHIJKhypABFCDEX) closely linked and transcribed in the same
direction (Figure 1). The B. japonicum cluster of hydrogen oxidation determinants
contains 24 genes (/mpNOPUVSLCDFGHIJKhypABFCDEhoxXAhupT).

A general model explaining the role of each gene product on the process of
hydrogenase synthesis is not yet available. Gene products required for hydrogenase
synthesis include the hydrogenase structural subunits (HupSL), along with a large
array of proteins whose known or proposed functions are summarized in Table 1.
Potential functions ascribed to .these gene products in hydrogenase synthesis or
activity are clectron transport (HupC), subunit proteolylic processing (HupD),
hydrogenase scaffolding (HupK), redox modifications (Hupl), and processing of
nickel (products of hyp gene cluster). Some of these funclions have been first
described in other bacteria, mainly in £. coli, and have been generalized on the
basis of the wide conservation of hydrogenase systems among different bacteria
(see 11-13. for reviews). Genes involved in the regulation of hup expression are
present in the B. japonicum cluster, namely hupUV, hoxA and hupT genes (see
Regulation section below). A more detailed description of the specific role of most
of Hup and Hyp proleins in rhizobia has been thoroughly covered recently (10).
New information available on the possible roles of HupE, HypX (HoxX) and HypB
in hydrogenase synthesis is reviewed below.

hupE (27)is the only R. leguminosarian hup gene not present in the B. japonicum
hydrogenase cluster. It encodes a hydrophobic protein of about 19 kDa. including a
leader peptide and six potential transmembrane domains. Genes homologous to
hupk, although infrequent in hydrogenase sysiems, have been identified in connection
with hydrogen oxidalion genes of Rhodobacier sphaeroides (EMBL accession
Y14197), Rhodocyclus gelatinosus (EMBL accession X52522), Synechocystis sp.
(28), and Aguifex aeolicus (29). More interestingly, proteins displaying high
homology to R. leguminosarum HupE have been identified in urease gene clusters
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Table 1 fipr Gene Functions in Rbézobiva leguminosarnm by, viciae and Bradvehizobium japonicum
Gene Function®
R. leguminosarum B, juponicim Sive* Ideatity (%)"
hupN 40 (?) Ni transport
hupQ v (?) Ni transport
IhapP 63.5 (?) Ni transport
hupl/ 35.5 Regulation (sensor Haase
small subunit)
hupV 52 Regulation (sensor Hause
large subunit)
hupS hups 4.8 89 Hydrogenase small subunit |
hupl hupl 66 89 Hydrogenase large subunit
hupC hupC 28 67 Cytochrome b
hupD hupl 22 65 HupL-processing
specific peptidase
hupE 19 (?) Ni transpon
hupF hupF 10.5 45
hupG hpG 16 48
huplt hupH 30.5 Sl
hupl hupl 8 70 Rubredoxin
hupt hupJ 18.5 45 :
hupK hupK 39 32 (?) Scaffolding protein
hypA hypA : 12.5 49
np8 hpB 325 56 Ni binding
hypF hypF 80.5 51 Hydrogenase processing
hnpC IpC 8 63 Hydrogenase processing
hypD hvpD 435 7 Hydrogenase processing
hypE hypE 36.5 77 Hydrogenase processing
IhpX hoxX 62 55 Hydrogenase processing
hoxAY hoxA 53 . 57¢ Regulation (activator)
hupT 50 Regulation (repressor)

! Genc product size (kDa) for R. leguminosarum (or 8. japonicum where appropriate)
" % identical amino acids in sequences [rom both organisms

¢ Question marks (?) denote proposed functions

Y The R. leguminosarum whoxA lacks the C-terminal half

¢ % identity of the first 136 aas conserved in ywhoxA

from Bordetella bronchiseprica (30) and Alcaligenes eutrophus (EMBL accession
Y13732). Urease is a soluble nickel-containing enzyme, and the presence of a
homologous membrane protein in both hydrogenase and urease sysiems strongly
suggests that HupE could be involved in Ni supply to the cell (30). It has to be
noted, however, that the putative activity of R. leguminosarum HupE as Ni transporter
is not sufficient to ensure adequate levels of this element for hydrogenase synthesis,
since hydrogenase aclivity in pea bacteroids is limited by nickel level of the rooting
solution, even at high concentrations (over 100 uM. see Nickel Uptake below).
hypX is the distal gene in the R. leguminosarum gene cluster (Figure ). It has
been shown to belong to the /iyp operon along with iypBFCDE genes (31). In B.
Japonicum a gene homologous to hypX, designated ho. X, precedes the gene encoding
the regulatory protein Hox A. The actual function of HypX is not clear. Initial sequence
comparisons of B. japonicun Hoa X suggested that it could act as sensory histidine
Kinase in connection with HoxA (32). However, the analysis of HypX-deficient
mutants from R. leguminosarum (31) and B. japonicum (33) revealed that such
mutants expressed lower levels of hydrogenase activity but accumulated unprocessed
forms of the enzyme. suggesting a role for HypX/HoxX at post-translational rather
than at transcriptional level, specifically at the stage of Ni-dependent processing of
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the enzyme. Further sequence comparison of R leguminosarum HypX and
homologpus proteins (31) revealed the presence of sequence motifs char:'ac(erislic
of two dlffcrcai( types of enzymes: i) enzymes using Nig-formyltetrahydrofolate ag
CI donor, and ii) enzymes using XCO-SCoA as substrate. Based on these homologies
it hi.ls been prgposcd that HypX/HoxX could be a bifunctional en'zymc involved in
the incorporation of one-carbon groups into the active site of hydrogenase (see above)
through an unknown mechanism.

. Several ancillary proteins required for hydrogenase synthesis are involved in
nickel metabolism. Among these, HypB may have a central role in nickel provision
for ¥he enzyme. HypB proteins from R. leguminosarum and B. Japonicum are able
to bind nickel in vitro, likely through histidine-rich stretches present in both proteins
(34, 35) Further studies have shown that HypB from 8. Japonicum is associated to
the at?lllly of storing nickel in the cell for hydrogenase synthesis (36). The mechanism
for mck.cl Storage and transfer to hydrogenase has not been clucidated yet. This
x.ncchzfmsm may require energy supply, since studies carried out in E. coli e;nd B
Japonicun have demonstrated that HypB has GTPase activity (35, 37). The availabk;
fia(a suggest lhgt HypB may have an important role in nickel sequestration/storage
in the bacteroid, under conditions where the microsymbiont must compete w’i(;h
plant enzymes for available nickel (36). ’ l

Other Functions Required for Hydrogenase Activity

Nickel Uptake

The mcorpora(.iOn of nickel into the active center of hydrogenase is an essential ste
for the synthesis of the enzyme. The environments in which rhizobial hydrogenasg
is exgressed (legume nodules, agricultural soils, and laboratory conditions) usuall
contain low amounts of nickel, and bacteria oxidizing H, in these environmenli
.should po§sess. an efficient uptake system for this element. A gene cluster (hupNOP)
x‘nvol\"ed In nickel metabolism has been identified in B. japonicum (38). A B
Japonicum HupNOP- mutant showed an 80% reduction in hydrogenase acti\./ity a;
Ig\v nickel concentrations (0.5 HM), and this defect could be complemented by high
nickel (50 uM). However, since this mutant maintained the same K.. for nickgel
transport (62 uM) as the wild type strain, it was concluded that Hupfn\} was not a
nickel transporter, but that it was rather involved in some nickel-insertion/metabolism
steps for proper assembly of hydrogenase (39). Although no direct role of HupN on
nickel lrarllsport has been demonstrated, it is interesting (o note that this protein
shares a hlgh degree of homology with proteins described in A. eutrophus (HoxN
40) and. Hellc.obacler/rylori (NixA, 41). HoxN and NixA have been dcmonslra(ed.
lo mediate nickel transport when expressed in E. coli cells (41, 42). A protein
homologous to this family of nickel transporters has also been repor'led in the urease
geqe cluster qf Bacillus sp TB90 (UreH, 43). These data suggest that HupN might
be indeed a nickel transporter, acting in concert with HupO and HupP through an
unkrTown qlecllanisnl. Since the Ky, value described for A, Japonicum cells is
relatively high (62 uM) and HoxN and NixA have been described as high-affinity
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Figure 2. Elfect of nickel on hydrogenase processing and activity in R. leguminosarum byv. viciae
bacteroids. Ni** was added (o pea plant nutrient solution. Processed and unprocessed forms of HupL
were visualized by immunoblotting using antisera raised against 8. japonicum HupL protein. Bacieroid
hydrogenase activity is expressed as nmoles Hj oxidized per hour per mg protein (after ref. 44).

(K 0.34 uM and 0.011 uM, respectively) low-capacity nickel transporters, it is
possible that the Ni uptake mediated by HupN in B. japonicum could be masked by
a second system also functional in this bacterium.

In R. leguminosarum studies on nickel transport for hydrogenase synthesis have
been hampered by the symbiosis-specific expression of hup system. It has been
clearly established that pickel availability limits hydrogenase expression at the level
of processing of the enzyme subunits (Figure 2; 44). In fact, full processing of the
subunits was only observed at nickel concentrations in the phytotoxic range (over |
mM) indicating that the provision of nickel to the bacteroid is a limiting factor for
this process. It is not clear, however, whether this limitation is due to the bacterial or
the plant component of the symbiosis. Recent results of nickel transport experiments
with intact pea symbiosomes indicate that the peribacteroid membrane is not a
specific barrier for Ni transport into the bacteroid (B4scones e al., unpublished).

r

Hydrogenase Translocation

An additional aspect important for hydrogenase synthesis is the translocation of the
enzyme to the periplasmic side of the membrane. This process is likely mediated by
HupS signal peptide. The features of signal peptides present at the N-terminus of
HupS-like subunits of different hydrogenases are rather unusual (45). Although they
keep the overall structure of regular signal peptides, they are much longer (27-50
residues) than those recognized by the general secretory Sec system (18-26 residues)
and present a twin-arginine motif (R-R-x-F-x-K). This motif is conserved in the N-
terminus domain of all [NiFe] hydrogenase small subunits, including those from R.
leguminosarum and B. japonicum. Analysis of mutant signal peptides has
demonstrated that arginine residues within this motif are essential for enzyme export
(45). A novel translocation system for proteins containing this type of signal peptide
was later identified in maize thylakoid membranes (46). E. coli genes (rat genes, for
twin arginine translocation) encoding a homologous system have been identified,
and shown to mediate hydrogenase iranslocation to the periplasm (47). The current
model for E. ¢oli Tat system includes the participation of a putative membrane channel
protein (TalC) along with other proteins (TatA, TatB, TatD) which should act as
branches at the membrane targeting/reception stage of the secretion pathway (48).
tar-like genes involved in hydrogenase metabolism have also been identified in
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A. chroococciem (49). Prelinunary experimenis carricd out in our laboratory
demonstrated the presence of 1arC also in R, leguminosarum (Mcloni el al.,
unpublished).

Regulation of Hydrogenase Gene Expression

Analysis of the hydrogenase system in root nodule bacteria has revealed the existence
of regulatory mechanisms controlling Hup expression in free-living and symbiotic
cells. Hydrogenase synthesis has been observed in two different physiological
situations. First, free living cultures of B. japonicum induce hydrogenase activity in
response (o microaerobic conditidns in the plesence of hydrogen and (races of nickel.
This expression in vegetative cells has not been observed in R. leguminosarum.
Second, hydrogenase activity is also induced in bacteroids within legume nodules,
where hydrogen generated by nitrogenase is a substrale for the enzyme. Both types
of induction respond to very different regulatory mechanisms.

Hydrogenase expression in vegetative cells of B. japonicum is controlled by a
complex mechanism responding to the simultaneous presence of three environmental
signals: hydrogen, low oxygen tensions and traces of nickel (22). Although a complete
model for this regulation is not available, it is known that under those conditions
hupSL expression requires ¢°¢, IHF (50) and HoxA (51). HoxA is a DNA-binding
transcriptional activator of the NtrC family (32), and homologous proteins have
also becn described in hydrogenase systems [rom A. eutrophu: (52) and R. capsulatus
(HupR1, 53). In addition to HoxA, three other proteins alfect expression of hup
genes in vegetative cells: HupU, HupV, and HupT (Figue I). HupUV complex
conslitutes a pscudohydrogenase apparently able to respead to adequate levels of
oxygen, hydrogen and nickel (54). A recent study perfcrmed with A, eutrophus
HupUV complex has demonstrated that this pscudohydr¢ genase contains an active
~enter much like that of standard hydrogenase (553).

HupT protein was previously described as repres: or of Hup activity in R.

ipsulatus (56) and in A. hydrogenophilus (HoxJ*, 57). This protein has the features
[ ahistidine kinase, including the ability to autophospharylate. A HupT homologue
acting as repressor of sup cxpression has been recently described in B. japonicum
(van Soom ef al., submitied). Thus, the model for regulation of hydrogenase in this
bacterium could be similar to that proposed for A. eur-ophus (57). In this model.
HupUV sensor complex transduces the presence of environmental conditicns
adequate for hydrogenase synthesis into activation of Hox A, probably by modifying
HupT (HoxJ*) repressor activity. Active Hox A would then promote transcription of
hydrogenase siructural genes and downstream genes leading to hydrogenase
synthesis. Such regulatory model does not apply to R. leguminosarum. In this
bacterium hupUV and hupT genes have not been found, and only a non-functional
pseudogene (foxA) has been identified downstream from hypX (31). Consistent
with this, no induction ol iup genes has cver been obssrved in vegetative cells of R.
leguminosariun (58).

Symbiotic expression ol hup genes has been studied in detail in R,
leguminosarwm. 1n this system, two major promoters have been identified (Figure
1):1) A-12/-24 promoter (designated P 1) controls symbiotic expression of the operon
containing hydrogenase structural genes and several additional genes located
downstream. “"/nn sind” hybridization experiments demonstrated that hupSL are co-
expressed both temporally and spatially with nitrogenase structural genes in pea
nodules (59), suggesting the presence of a common regulator for both nif and hup
systems. Furthermore, dala obtained in experiments of heterologous expression in
Klebsiella pneumoniae. E. coli and R. etli led to the conclusion that in R.
leguminosarum transcription of hydrogenase siructural genes is controlled by a ¢3¢
type promoter activated by NifA with the concurrence of IHF (60); ii) A second
promoter (designated P5) has been identificd upstream of hyp8 within the coding
sequence of hypA. PS is an Fnr-type promoler containing a consensus anaerobox
sequence that controls the expression of the ypBFCDEX genes. L has been
demonstrated that FnrN, a transcriptional activator homologous to E. coli Fnr,
activates PS5 in bacteroids and in vegetative cells exposed lo microaerobic conditions
(61). Furthermore, two functional copies of the corresponding gene (firN/ and fnrN2)
have been identified in R.-leguminosarum UPM791 (62). A double mutant affected
in both copies induced incffective nodules lacking both hydrogenase and nitrogenase
activities. In addition to hypBFCDEX genes, R. leguminosarum ForN also controls
the microaerobic induction of a fixNOQP operon, involved in the synthesis of a
cbby-type, high affinity terminal oxidase essential for bacteroid respiration (62).
These results provide additional evidence for the close relationship between
hydrogenase and nitrogenase systems in R. leguminosarum.

Inthe case of B. japonicum the regulation of symbiotic expression of Hup activity
has not becn fully clarified. It has been shown that HoxA is not essential for
transcription of hydrogenase structural genes in soybean nodules (33, 51).
Additionally, it has been proposed that nitrogenase and hydrogenase are co-regulated
through FixK;(33), althougl: the possibility that NifA still affects HupSL expression
in the nodule has not been discarded.

Another factor affecting hydrogenase expression in R. leguminosarum is the
legume host. Some legume hosts have been shown to be more permissive than others
for expression of hydrogenase. Host-plant mediated control of the Hup phenotype
has been reported for the symbionts of pea, soybean, cowpea and common bean
(10). The molecular basis for this effect is not understood yet. In the case of R.
leguminosarum bv. viciae. it has been demonstrated that strain UPM791 induces
hydrogenase activily in pea bacteroids but is unable to express this activity in lentils
(03). Ahydrogenasc expression analysis with dilferent hosts nodulated by this strain,
including several Vicia and Lathyrus species and lentil varicties demonstrated that
the lack of bacteroid hydrogenase activity is specific to lentils. Preliminary data
arising from experiments carried out with reporter gene fusions suggest that the
blocking of Hup expression is exerted at the level of wranscription of fuip structural
genes (Toffanin et al., unpublished).
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Fable 2. Strategies Followed 1o Generite New Hup® Sirnns of Root Nodule Bacteria

Strategy Source of /iup system Recipient Hup® species Refs
Cosmid-barne hiup genes B japanicion S. melilon, (BY)
B. japonicum R Aegwnmosarum by. viciae,
R. leguminosarum R leguminosarm by, trifolii, (75
B, japomicum
R. leguminasarium M. cicert 8
Rleguminosarum R etli (76)
B. japonicum M. loni (77
Plasmid-borne hup genes B, juponicum Sinorlnzobium sp. (78)
stabilized with par
Native sym-hup plasmids R leguminosearum R. leguminosarum bv. viciac (74)
R leguminosarnm S.melilon (19)
BN (80)
R leguminosarum M. cicen (81
Chromosome-integrated 8. japonicum M. ciceri (84)

cosmid DNA

Chromosome-integrated 8. japonicium M. cicert (82)
hup cluster by
site-specific recombination

Chromosome-integrated  R. leguminosarum R. leguminosarum bv, viciae, *)
hup cluster by use of R. leguminosarum bv. trifolii,
minitransposons R. etli, M. loti, M. ciceri,

S. meliloti,

8. japonicum

* Béscones et al., unpublished

Biotechnological Applications

It has been estimated that the energy losses associated to the hydrogen production
by legume nodules account for 40 to 60% of the encrgy available lor nitrogen fixation
(64). These energy loses constitute the main source of inefficiency of the rhizobia-
legume symbiosis, and those root nodule bacteria strains that express hydrogenase
activity are expected to carry out a more efficient fixation of Na by reutilizing the
H; produced by the nitrogenase (65). The ability (o oxidize H, is gencrally considered
a beneficial property of N,-fixing organisnis, whether in the symbiotic or in the tee
living state, and several mechanisms by which the presence of a hydrogenase might
increase the overall efficiency of nitrogen fixation have been postulated (66, 67).
These include: i) provision of an additional source of energy and reductant to the
N,-fixing system: ii) protection of nitrogenase from Oy damage; and iii) prevention
of Hj inhibition of nitrogenase-catalyzed N; reduction. The direct or indirecl
experimental evidence accumulated in support of these potential benefits of the
hydrogenase system has been discussed in detail in previous reviews on this topic
(5.8,9).

Although convincing evidence from in vitro experiments has shown that the
hydrogenase system has a potential 10 improve N, fixation, the actual contribution
of H; recycling ability 1o increase productivity of nodulated fegumes is still
conflicting issue. By comparing groups ol Hup* and Hup® B. joponicum strains of
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wild-type strains and nearly isogenic (except for the presence ol the Hup syslfnl)
Hup mutants, Evans and cowarkers provided strong ewdcpce fora pos'xuve efrect
of the hup system in productivity of soybeans (6, 68). Particularly sng'mﬁt':anl was
an experiment with soybean plants grown (o maturity in large concrete tiles in Wthh
significant increases (11%) in seed yield and lotal nitrogen content were detected in
soybean plants inoculated with a B. Jjaponicun Hup® revertant s(ral.n.as compared
with plants inoculated with the corresponding Hup™ mutant (69). Pos.m've effects on
legume productivily associated to the presence of hydrogenase aqxvny hav<? also
been observed in bean (Phaseolus vulgaris) (70, 71). However, in one particular
case, a negative effect of the hup system on productivity of soybeans was reporled
by using a different Hup™ B. Japonicunm mutant as control (72). .No sngn'lﬁcan(
increases in productivity were found associated (o the I1.up system in cxpcnr'hf:nls
with R. leguminosarum Hup' strains (73, 74).Variations in experimental conditions
such as use of rhizobial strains that do not cfficiently recycle Hy or where l'he H,
oxidation is nol coupled o ATP generation in the host legum'e, the harvesu‘ng. of
plants before maturity, or use of insufficient number of replicates for‘ statistical
significance.. particularly in field experiments, and overall the use of inadequate
Hup' control strains are to be blamed for the differc.nces observed (6, 8). Th'e n(f.ed
to compare Hup* and Hup' strains that are isogenic except fqr the H; oxidation
characteristic has repeatedly been emphasized (6). However, since we know now
that the H; oxidation capacity is coded by a multigenic system, Hup” mutants deleted
of the entire Aup cluster should be more appropriate controls than Hup® mutants
affected in a single hydrogenase gene. Alternatively, the effect Qf hup on legume
productivity can be examined by comparing Hup’ wild-typc strains of rool‘ nodule
bacteria and genetically engineered, derivative Hup* strains that l-xavc received the
entire hup cluster. Thé construction of these strains is a first step in a more general
biotechnological objective aimed to cxtend the Hup phenotype to rhizobia that
nodulate important legume crops and lack the /e system. -

Transfer of fup gencs to heterologous backgrounds is now facnhlal'ed by the
progress made in identification and characterization of gt.’.neuc determinants for
hydrogenase synthesis and in the regulation of their expression (s-ce above.). SeYcral
strategies have been used to transfer the hup system from Hu?‘ strains ofB.japo.mcufn
and R. leguminosarum bv. viciae into Hup’ recipient strains of. dlffer.cnl rhizobia
(Table 2). The transfer of the hup system in a plasmid or cosmld'bams frequently
faces problems of instability of the Hup character in root nodules in lhc absence.of
selective pressure for mainienance. The instability of pLAFRI-derived cosm.ld's
containing the fup system in nodules appears to be partly hosl-dcpendt':n(. and it 15.
Wgher in S, melilori and B. japonicum (10" to 10) (75) than in R. etli and M.- 1'011
( IE)") (76.77). Maintenance rate of the Hup phenotype can be stabilized by _addmon
of the par genes to a cosmid containing the hup system (78). When nalive fup-
containing symbiotic plasmids from R. leguminosarum h:.ive been used, lhe‘, p_resence
ol non-hiup DNA informalion imposes an extra metabolic load to th.e recipient cell
which can mask the effect of the /up system on the symbiotic behavior (74,79-81).
Integration of the plasmid-borne furp cluster into the chromgsorpc appears (o be lh‘e
strategy of choice. although its large size (over 15 kb) restricts its usefulness for in
vitro recombination (82).
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The stralegy we have found 1o be more rapid aind Hexibie for integration of the

hup system into the chromosome of recipient strains is the use of mini-transposons’

based on the delivery system originally designed by de Lorenzo er al. (85) and later
on modified by Wilson et al. (86). Genes to be integrated are cloned between the
inverted repeats of TnS adjacent 1o a marker antibiolic resistance gene. Since the
rest of the transposition system is located outside these repeats. the procedure results
in a stable integration. Using adequale suicide vectors one can eventually transfer
any DNA [ragment into the chromosome. This system allowed us to stably integrate
the entire 18 kb hup cluster [rom R. leguminosarum bv. viciae strain UPM791 into
the chromosome of Hup' strains of B. japonicum, M. ciceri, M. loii, R. leguminosarum
bv. viciae and bv. trifolii, R. etli and S. meliloti (Biscones er al., unpublished).
Hydrogenase expression analysis ofthese newly generated Hup* strains in symbiosis
with their corresponding legume hosts showed a broad range of expression levels
depending on the bacterial species and even on the strains. From the /up-
minitransposons containing vectors, it is straightforward-to remove the antibiolic
resistance gene in order (o construct strains with the hup system stably integrated
into the chromosome for use in field trials or for commercial relcase.

Stable integration of the hup system into the chromosome still does not ensure
acquisition of the H; recycling capacity by the recipient Hup strains. Efficient
expression of hydrogenase genes and hydrogenase activity in symbiosis with the
corresponding host legumes are also required. As indicated above, the bacterial
genetic background drastically affects the levels of heterologous expression of the
R. leguminosarum hup system. The molecular basis for this bacterial host control in
hup expression is not known at present, although differences in regulation of the
hup genes by NifA and FnrN, the two major activitors of R. leguminosarum hup
system (see above) might account for the observed differences. Basec on what we
know from the symbiotic regulation of hup gene etpression, two other factors may
also control expression of the hup system in the newly-generated Hup* strains. Ficst,
nickel availability to the host plant severely limits the expression of the R.
legiuminosarum hydrogenase genes in the Pisum sativum symbiosis (see above),
and likely in other symbioses such as the M. lorni-Lotus corniculatus system (Brito
et al., submitted). Second, the host legume can have an effect on hydrogenase
expression (sec above). In summary, althougn the tools for introducing the hup
system in any strain of rhizobia in a stable form are now available. Much research is
still needed to achieve an efficient expression of the fup system in the different
tegume hosts and o evaluate their effect on legume productivily before succeeding
in obtaining a commercially altractive. superior inoculant strain.

Concluding Remarks

Important advances have been made in recent years on the study of genelic
determinants of the fip system in the two medel systems, B. japonicum and R.
leguminosarum bv. viciae, as well as on their regulation ol expression. This
information will allow for the generation of wel-defined Hup' strains. [n addition,
these new constructs allow testing of the hypothesized positive eftect of the system
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on the legume-rhizobial symbioscs. furlbcr fluc?icx ar
[unctions and on the mechanisin o aciive Hyuiog
uncharacterized rhizobial hup systems as well
construction and test of new Hup* strains wi .
plant and bacterial factors (Ni, energy coupling. p
hydrogenase expression in symbiosis.

¢ also needed on gene product
assembly, and on the ycl
as that from Frankia. Finally.
il allow further characterization of the
lant host effect, ...) that limit
3
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diferenciecos o8 Rnizoblum: unos 88 crecimiento répi-
do y procuctores os 8cido, y otros o6 crecimiento len
tc gue slcalinizen el wadio de cultivo., En genaral, -
los oge crecimierto lemto 38 correspondsn con lsguming
ses trogicales frenmte a los de regiones templadas que
tismen crecimismto répido.

£l Rhizobium vive mnorwalmente sn el suslo en farmo sa
préfita utilizendo nitrégenc combinado. Normalments
8e asrobio y lo temperaturs éptima, tamto parc su cre
cimiento en leborstorio como pars la infeccidn y la -
formacidn el ndaoulo, es ds 30 °C, aunque soporta tem
peraturas desde 3 °C hasta 33 9C, Tiene pecegidad e
ciartos nutrientes para su desarrollo, siendo impor—
tentes el Ca, Uo, Co, vitanmine B12, etc. Tisne gran
sensibilided al pH, prefirisndo le neutralidad. Es
Grom negativa y mdvil y carece de farmas de resisten
cla,

3.— Lo Ginbliosis

Lo esociacidn srtre las lsguminosas v sl Rhizobium ss
das gran lepartencie tanto desde el punto ds vista egro
nénico como scondmico. La fijecidn enual del nitrégeno
por via siﬂi)iéticn 88 ho caloulado un 175 x 102 Tn,
frente a 30 x 10° T que 8s la produccibn anual de abo
nos nitrogenecos (eunque este cifra aumerta mpide.mer‘:
te).

Esta asociecidn tlenme un caracter benéfico muy claro

pera la plemte, gue utilliza 8l nitrégeno fijado por le
becterio pare sus necssidedas simbldticss. A cambio la
bacteris recibe szicarss y otros rmutrilaentes que necesi

te. Oe esta forma, la plants se incependize del nitrd—

alimentocidn de las plantas no siooiftices (grom{

etc.), y los rizoblos no tienen que conpetir con
demds microorganismos del suelo parse obtener ollm

fos.

Le leguminose y le bocterie podrian Dmlifeml\ - o8
manere en suelos pobres en nitrégeno y materis ory
co donde, par ssparado, llevarfen une vida g f {mer:

Lo fijecisn cdel nitrégenc se realiza en formaciorx
pecioles oe la rofz gue so llamon MX)JL% Lo bact
penetra en la plenta por los pelos rcdicz_:lores por
dio de un mecanismo que todavis no sa conoce bien

introduce en el tejico radicular parc forwar sl nd
En sste proceso coopera la planta. Deatro del néd)
le bacteria combia de forma y trensforma su equipo
zimético produciendo nitrogenadd, que es "8l enzims
ponsabls de la fijacidn. Umpdculo\afactivo tiene !
color roséceo producido por un. pigmento (L,aghemoglt
najJ, « cuyo papel parsce ssr sl de proteger & la nity
nasa frents ol ox{gemo que la inactiva.t

La sinbiosis Rhizobium—egumindsa puede ser aprovel
da por la sgricultura con gran rendimisnto, introc
do la bacteris sn los cultivos de leguminosas, 10 Q
supons una svidente vertaja puss se shorra 1u.util_i
ci6n de abonos nitrogsnados y se controlan mejor la
las hierbas, obteniéndoss altas produccionss.

4.—- los Inoculartes

Los {hoculartes son preparedos industrialss que 0N
nan un elt{simo mimero ce8 bacterias selsccionaséas o
su espacificidad pare nodular con una plarto determ
da, os{ como por su capacidad pares fijar nitrdégeno.
lo tanto, se trete de imtroducir ls bacterise que No.



) ) '
teresa c¢ll{ dongs no }o heya o conds exista une poble—
~cidn menos sfective.

Cuendo 58 sismoran leguminosas sin usar inoculantus les
plentas pusdsn s8r invedides por los rizobios siluos—
tres del suslo que pusden fFormar nddulos PBro:. ser poco
O nuZe gficiantes, Siempre que se siemdren leguninoses,
Sever ser iroculsdas, De esta manera 38 svits 8l riesgo
c6 un frecass completo, dobico a qus no exista lo bacte
“is on el suslo, o un relostivo freceaso si{ la bacteria -
K 20s8e le mayor gtictencia posinla. Hoy que sanalar
'.c.-:nb‘.én Que la Lactoris anroploda quo fornd nomuloy e -
“Ehentgs dirento clerto perfodo, pusde oesaparecor us!l
SU8ld @8 un &R0 para ofro y no dar nddulos, por lo tamn—
0, en 1o rusvs sismbdra de la misva planta.

Por €

88L08 oot ivos 88 necBsarioc que las cepas ds rilzovio
Que s8 usen en los {noculantes comarcliales reunan las
6iguiantes carocter{sticcs:

- Alte eficiencia pars 1a Fljecidn simbidtica de nitrd—
g8n0 8N condicionss 08 campo.

- C\’_‘. At
Decldod de sobrevivencia sobre la sanmilla inoculada.

- - 1{ 4
~“epeclided ds sobrevivenciae an el suslo,

- Conocidad competitiva pere coilonizar le rafz y para

feor
wer nédulos en pressncis s rezas autdctonas o8 me
nor eficiencla. -

“xisten diferentus formas de fabricar inoculantes, A
Cﬂﬂv:ﬂuacmn S8 describe la produccidn de inoculantss
con tur

N SRS, foii scporte, ya que ‘es la més utilizada en

) iungo Y POr otrs parte este tipo de inoculantss ss
g1l
51 unico que ss fabrica en Espare -hasta sl momento.

Juen § etaoc_as--(:}er diagrame?]'"‘"‘\

3
3] ‘Prao
2 w: Después oe extref{ds la tur-

=N 8l procsso de_.l_’_a:b;_i_gaclén ds lnoculantes, s distim

La e oejo creners, S8 extieénde y se sece crimero sl s
ru y luego wn hormos o 80 9C., Une ve: ssca, 88 musls

malle Ul y s slmacsna,

n) Proparncién dol wedio que contienn les rizblos: S
oroepars o partir de un cultivo puro de une cepasprevi
maontu seleccionsde por sus caracterfsticas simbidtica
y por su facilided oe multiplicacidn en madio lfquidd
Dicha becterie se multiplice en fermantedores con air
18 on un podio do cwltivo agropledo hests olcanzar
uno pobilactidn o aproximadamerto \010 bacterias/ml.
Yurnantacldn s contrule vl oM, pureze y con

ramnty e

centeucidn.

¢) lmpregnacidn: Consiste en la inoculacidn ce la tur
con 8l altivo puro oe rizobios procademte del fermerr

dor.

¢) Conssrvacidén: €1 inocularte se conssrve hasta su d:
tribucidn 8 4 9C pere meximizar su vids uUtil,

@) Control ge colided: La produccién ce inoculantes st
realiza bajo un severo cormtrol ds calided., Ademés del
control del caldo de impregnacidn se realizen cormtrole
el iroculente producido, con lo cual s8 esegura que ¢

inoculerte contierme une concertracidn suficiente de r!

ioblos vivos por gramo,

r) Distribucidn: Les condiciones oe transparts y CoOnSE
vaclén del inoculante curante la distribucidn son de ¢
ma importencis, yes que influyen decisivensmte en le ces
lided del imocularte. Cuelquier falte en 1a distribuci
o 8n el uso del inoculanmts hace que éste ilegue en mal
condicionss sl egricultor con el consiguisnate perjuici
scondmico. Por ello es importente que tanto el distrit




A0 8l agricultor obsuiven dotanldamursiie los {no-

.rucclomes Od8 uso que ccompenan al Lnooculante,

5.- Tdontices de imoculacidn

2 inoculacidn consists en recubrir las sewilles con un
witivo o3 le cepe apropliada de Rhizobium,

.8 siguisrte inforwecidn sobre dosis de ednesivos, agus
inoculente, dependes d8l tamaio de la semilla o inocu—-
er. Pooenos distinguir tres temaros bésicos:

owillos pequeras: > 200.000 semillas/Kg. EJ.: Trébol
blanco, lotus

erilles medianes) 200.000 - 20.000 semillas/Kg, Ej.:
Alfalfa, Trébol subterrédneo.

unillas grandes: < 20.000 semillas/Kg. £3.: Soja, He—
bas, Garvbanio,

) INDQULACION SIMPLE:

s forma més simple de inmoculacidn es mezclar el inocu-
arite con agus azucarada en proporciomss detémincdas;
‘aspubs egregar esta mezcla a la semilla revolviendo lo
8 jor posible hastao obtener un recubrimisnto uniforms,

1 azdcar sctda como schesivo; debido & su viscosidad,
3ce que 8l inoculente s8 pegue a 1a superficie de la

ome s8 pusde ver en el sigulerte cuadro, cuanto menor
s 8l temato de la semille mayor s la cantided de sgua

- < .
Jo ngresite:!

~ Litros agu
Tamano Kilos Gramos ino
- azucaresda
samille semilla culante (
Paquunas 2% 250 \3
Madianas 25 250 2
Granwos 100 500 i

(1) En togos lo_, casos s0 utilize el szdenr e rezédn ce
1100 gr/l de’ ogue.

Racomondacionss sspecisles: es muy importante tomer le

siguientes precauciones e la hore de inocular:

- Los 001505 o) i_r\oculcnte daben conservarss en un lu—
ger lo més Frio ‘posible, pero sin congelarlas, hasta
8l momento de su smpleo. Se recomiends conservarles
nevera e 4 °C,

— Deben ser utilizades antes ds la feche de vencimient:
Que deo gl febricants.

- o utilizer eguoa con elto contenido sn seles, E1l ague
destileda o g8 lluvis son 1osclss., £l egue de la red
du abestecimiento debe hervirse durasmte. 107 “himatos pe
ra desalojer el cloro.

~ Lo operecidn ¢s le inoculecidn se reslizard 8 la som-

bre. Le senille inoculada no daba ser expuests a la
luz directe dge) sol.

- 58 procedsrd & ls siembres irmedietamsrts despubs de 1

tnoalectdn, ssegurdndose que le tierra estd bisen pre
parecda y con 8l greco de humedaed aproplsco para una r
olde y uniforme germinacién de le semills, Si & pesar



e todo s8 silemcra sn sualo seco, rugér Inmaciotangr—
te cespuds o8 la sismora.

~ No s8 puade user sl imnoculents con semilles que han
sido tretaces con fungicidas, insecticides y otras
drogas sin un ssasoramiento previo. .

- Nc cebe ponerse sl inocculents Bn contacto con reci-
Dientes o instrumesntos suclos ode psirdleo, jabdn, des
infectantes, stc.

- No debs usarse cuelaquiser fertilizante Jjunto o la semi
lls inoculeca, porqus le acicez provocada por alguneos
auscen impedir la nodulacidn,

- No utilizar méds ge 20 Xg o8 nitrdgeno por hectéreas.

8 - PILDOCRIZACION OE LA SEMIULLA ¥

C:n Bste téconica se traete de adherir lo mejor posible
. inoculente &8 las seamilles medianmts un sdhesivo y un
oolvo oe recubrimierrto', de modo que la semille quedes cu
biarts o8 una caps dura gue contiens & la bacteria y l;
protege.

£.te mdtodo s8 inicid en 1.948 en Australis, debido o

1. s dif{asltades que ten{en pare impleantar precdras on
. elos écicos y pare logrear buans nodulacidn en campos
a: snados con superfosfato ds8 calclo que dunie & la bacte

TLe.

L« semilla imoculada. y revestida, almacenade a toja tem
tratura, conserva vivo un ndmero suficiente ds rizo—

0

(o3

105 al meros durents cuetro semonas, pero conviens sam—

a

rar oe inmedieto. Si se slmacana por mds de tres seme—
n:s, hey que sembrarlas en suslos con un contenico éoti-
. d8 humedead.

£1 pelectec ou Jo somille complice y encarece el prc
ge imcculocidén, pero puede ser necesario en ciertas
cunstenclies, sobrs toco 8n siembras de pratenses yét
«g obtienmen los siguientes vertta jJas: .
- Proteccién de le bectorio del sol y saquedad

- Proteccibén de lo baecteris ce los fertilizantes.
_ Proteccién de le becterle de suslos écidos

Pare formar un palat hoy que inoacular le semille de

miema forme que en lo inoculecidn simple, pPero util
o un sdhesivo més fuerte que 8l azicar y gespués h
gque recubir le ssmillo {roculade con un polvo finam

molico.

Hay muchos tlpos de odheremtes; Goma arébige, Carbo
til-celulosa, Metil-etil-calulosa, Dextrine, Carvop
Mothocsl, Colex “A", stc.

El mejor es la goma arébige comercial en polvo. S8 ¢
en solucldn scuosa al 40%., Cuesta mucho el disolver
puede requerirsse un ligero calermtandiernto. Debe ser
mbs pure posible (yo gue los imourezas puscen perJju
car al rizoblo), y no contener conssTvantes.

Tombidn da buenos resultecos lo metil—etil-calulose
LOFAS "S"), utilizada 8l S% en solucibn de ogue. Ur
v82z preparsca, debs dejarss reposar una noche pears

8s5pB58.

£l materis) de recubrimierto dabe estar muy finamer
molido, hasts la consistenclia de polvo (el 100% det
pesar malla 300). Se utilize Carvonsto Célcico © Fc
to oa Roca, segun el tipo co rizobio de wue S8 trat

a) So use carbonato cblcico parae los rizobios dg cr
miento répico y formocores ve éclico como SON los
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CxeCIMIENTU UE PLANUIAS &N CONDICICNES BACTERIOLCGICAME

CONTROLADAS .

Les semillas se estarilizaron superficiaimeznte siguianco

esencialmente la técnice de Vincent (19706 .
Las semillas se sumergen l minuto en etanol cel 9%% y 3

miautos en una solucién de cloruro mercurico (0,

acidificada con ClH concentrado (3ml/l) ¢ le que sc 2nade

0,1 ml/1l de Tween BO. Posteriormentec se lavan 9 veces con
agua estéril y se germinan en placas de agar al agua (11%)

a 20°C.

Les semillas gexrminadas (raicilla de 0,5-2 cm) 3se
sembraron en unidades de cultivo tipo Leonard (Leonard,
1943) modificadas en nuestro laboratorio (Fig. 2).
tsencialmente las unidades Leonard constan de un tiesto
(7 x 14 cm @ y 13 cm de altura) qgue contiene como sogorte
vermiculita lavada, y una lata (i0 cm © x 12 cm altura)
con 500 ml, de solucién nutritiva para plentas carence
de nitrdégeno combinado (Leonard 1943). Une torcida hecha
de aasa permite el ascenso de la solucién nutritiva desde
la lata hasta la vermiculita. El conjunto del tiesto y la
lata ensaemblados y cubiertos en papel de aluminio, ue
esterilizé en autoclave durante 2 h 30 min a 1 atm de
sobrepresién. En cada unidad Leonard se sembraron 4
semillas germinadas que se inocularon con 10 ml de un
cultivo de Rhizobium crecido en medio YM a 28eC durante 3
dias (109 bacterias/ml). La superficie de cada unidad se
rectbrié con arena parafinada estéril (Vincent, 1970)

para evitar la contaminacién con otras cepas Cde

Rhizobium.

Les plantas se crecitron on una camare climdticy proviste
de

.

dowmy fiweminacidn gde 32 000 lex (16 h./dla) 3 nivel

las plantas y un ciclo de temparatura noche/dic de

15/252C. ODurente <! crecimiento, los plantas se regaron
con sclucidén nutritiva Leonard libre de nitrégeno. EIsta
sclucién contenfa por litro: ClK 0,0745 g; PO4HK, 0,174
g.: SO4Mg7H,0 0,246 g.; S04Ca2H,0 0,344 g.: cltrato
[Zrrico 1,7 mg. y y 0,5 ml solucién stock de
microelementos. La solucién de microelementos contenfa

(mg/1):50,CuSH,0, 78; SO0,2n7H,0, 220; SO MnTHZO, 2030;

.‘-107024(.‘!H4)64H20, 10; BOyH;3, 1430.

arena crefin2ca

sclucica nuti.2

Flgura 2. Esquems de wuna unidsd e cultivo ‘tipo Leonazd®

utilizads  pacs ¢l crecinlento de plantas bojo condicicnes

Sicterfcleoglicamente controladas.
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8. DETERMINACION DE ACTIVIDADES ENZIMATICAS EN NODULOS.

8.1. Actividad nitrogenasa por reduccién de acetileno.

La actividad nitrogenasa en nédulos se estimé midiendo
la velocidad de reduccién de acetileno por
cromatografia de gases esencialmente segGn lo descrito

por Schwinghamer et al (1970).

Los ensgdyos se realizéron_ en. . viales de 33 ml
conteniendo de 0,1 & 0,2 g de n6dulos procedentes de
las plantas de una unidad Leonard unidos a peguefos
segmentos de raiz. Los viales se cerraron con tapones
de goma y se reemplazé un 10% del volumen de .aire -por
CoHy y, después de 15 y 30 min ‘de -dncubaciér a~202Cy se
tomaron dos muestras de 0,5 ml de i{la ‘atmGsfera - del
vial. El contenido.de etileno (CyH4)-de las muestras se
ley6 en un cromatégrafo Konic modelo Cromatix RNK: 2000
equipado con un detector de ionizacién de llama y una
columna (0,3 x 186 cm) rellena de Porapak R (malla de
86—100). Como gas portador se usé Nz, a un flujo de 18
ml/min. Las temperaturas de la columna, del inyector y
del detector fuérqn.SO, 100, s :50°Cvrespectivamente.
La " velocidad de reduccién de acetileno se ‘express en
umnles de CoH4 por gramo de peso fresco de nédulo y por

hora.

8.

2. Produccién de hidrogeno.

LLa velocidad de produccién de hidrogeno por noédulos se

cuantifico por cromatograffia de gases sigulendo

1
esencialmente el método descrito por Hanus et @&

(1980). Las muestras de nédulos se incubaron en las

i la
mismas condiciones que las descritas para

determinacién de la velocidad de reduccién de acetileno

i la
con la excepcién de due no se incluye CpHz en

i de
atmésfera de los viales. A los 15 y 30 min

se
incubaci6n se toman alfcuotas de 0,5 ml de gas Y

i KNK
inyectan en un cromatégrafo de gases Konic, modelo

2000, equipado con un detector de conductividad térmica

4
y una columna moleculax Sieve SA (malla 40-60) de 0,6

x 186 cm. Las temperaturas de la columna, el inyector Yy

-]
el detector fueron respectivamente 100, 150 y 150°C. La

velocidad de produccién de hidrégeno se expresé en

umoles de H) por gramo de peso fresco de nédulos y Por

hora.



Simbiosis Rhizobium-leguminosa

1.- Leguminosas: Caracteres botanicos y agronomicos
2.- Rhizobium: Biologia. aislamiento y caracterizacion.
3.- Formacion y funcionamiento de los nodulos radiculares de las leguminosas

4 .- Otras simbiosis: actinorrizas.

1.- Leguminosas
Botanica:
Angiospermas del orden Rosales

Familia muy diversificada (20.000 especies en 750 géneros)

Hojas : alternas, compuestas, estipuladas
Flores : hermafroditas, corola-céliz 5 p.
Fruto :vaina (LEGUMBRE)

Nodulos radiculares.

Subfamilias

Mimosoideas: 2,900 sp, 65 géneros (Mimosa, Inga, Acacia).
Nodulacion: 90%

Caesalpinoideas: 1.800 sp., 18 géneros (Cercis, Cassia, Ceratonia)
Nodulacion: 25% '

Papilionoideas: 14.000 sp., 500 generos (Pisum, Phaseolus, Medicago, Genista)
Nodulacion: 97%

Importancia:

Aspectos histéricos:  Mesopotamia (6.000 a. C.), China (5.000), Méjico (4.000)
Centros de origen:
Usos actuales: Alimentacién  (humana y animal)

Otros : Mejora de suelos, madera, extraccion de
compuestos, ornamental

Limitaciones agrondmicas: Requerimientos de aita iluminacién

Mala adaptacion & condiciones extremas
Menor productividad potencial
Factores antinutritivos

A2



rrystotogy of Legume iNodules |41

Table 10-2 N: Fivation in Lc’gumes""'"'”'”'”

Fixation
(kg N ha™' year™')

Legume Minimum/Maximum Average
Clover 45-670 250
Pca 50-500 150
Alfalfa 90-340 250
Lupin 140-200 150
Soybean _ 60-300 100
Pcanut 50-150 100
Lentils 50-150 80
Broadbeun 100-300 200
Seshbania rostrata 600-800 700

N.-fixing trees 80-500 150




2.- Grupo Rhizobium
Biologia:

Bacterias G(-), a-Proteobacterias, aerdbicas, motiles.
Habitat natural: Suelo

Metabolismo: amplio rango de compuestos como fuente de C (C4 y C6)
Rutas metabdlicas centrales: Entner-Doudoroff y Pentosas P

Inducen nodulos radiculares en leguminosas.

Cultivo: Medios ricos: TY (triptona-extracto de levadura)
YMB (extracto de levadura-manitol)
Medio minimo: sales min. + glutamato + manitol + vitaminas

Clasificacion:

Caracteres:
Rango de hospedadores
Caracteres fisio|égiC05' veloc. crecimiento, acid/basif. del medio,
empleo de fuentes de C
Caracteres genéticos: 16S, "DNA fingerprints"
Géneros:

Rhizobium: Pisum, Phaseolus, Vicia
Bradyrhizobium: Glycine, Lupinus
Mesorhizobium: Lotus, Cicer
Sinorhizobium: Medicago, Glycine
Azorhizobium: Sesbania.

Aislamiento y cuantificacion en suelo:

- uso de "plantas trampa" y técnicas de "numero mas probable”.
- Medios selectivos directos: poco eficaces (Rojo Congo)
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Espiroquetas

Bactenas
verdes
del azulre

Bactenas verdes
no del azufre

Thermotoga

A Fyisianabacie;

Bacteroges -
Flavobactenas

Clamydiae

Baclerias (fototroficas anoxigcénicas
rojas y verdes

Género

Grupo
Quimicorganatirofos
Grupo Alpha
Quimicorganotrotos
Quimiolitolrolos
Grupo Beta
Crupo Gamma
Pérdiga de capacigad
lotosintelca
Grupo Delta

Grupo Epsilon

Rhwdospirillum®, Rhodopseudomonas”,
Rhodobacter”, Rhodomicrobiunt®,
Rhodovulum?®, Rlwodopila”, Rhizobuim,
Nitrobacter, Agrobacterium,
Aquaspirillum. Hypiiomicrobium,
Acctobacter, Gluconobacter, Beijerinckia,
Paracoccus, Pscudomonas (some species)
Rhodocyclus”, Rhodoferax®, Rubrivivax’.
Spirillum. Nitrosomonas, Sphacrotilus,
Thiobacillus, Alcaligenes. Pseudomonas.
Bordetclla, Neisseria, Zymomonas
Chromatiwi®, Thiospirillum, y otras
bacterias purpuras del azufre®, Bcggiaton
Leucothrix, Escherichia y otras
bacterias entéricas, Legionella,
Azotobacter, espedes fluorescentes de
Pseudomanas Vibrio

Myxococcus, Bdellovibrio, Desulfovibrio
y otras bacterias reductoras de sulfato
Desulfuromonas

Thiovulum, Wolinella, Campylobacter,
Helicobacter

“‘Grupos representativos de organismos fotodficos.




GENEROS Y ESPECIES DEL GRUPO Rhizobium

Género Especie Hospedador
Bradyrhizobium B. japonicum (Glycine max)
B. elkanii ¢ " )
B. liaoningense ( " )
(Lupinus)
(Arachis)
(Vigna)
(Macroptilium)
(P. lunatus)
Photorhizobium BTAI (Aeschynomene)
Azorhizobium A. caulinodans (Sesbania)
Sinorhizobium S. meliloti (Medicago sativa)
S. medicae (M. polymorpha)
S. fredii (G. max)
S.sahelii, terangae (Acacia, Prosopis, Leucaena)
Mesorhizobium M. loti (Lotus)
M. huakui (Astragalus)
M. ciceri (Cicer)
M. mediterranei (Cicer)
M. tiansanense (G. max)
M. plurifarium (Acacia, Prosopis, Leucaena)
Rhizobium R. leguminosarum
bv. viciae (Pisum, Lens, Vicia, Lathyrus)
bv. trifolii (Trifolium)
bv. phaseoli (Phaseolus)
R. etli (Phaseolus vulgaris, Leucaena)
R. tropici (P. vulgaris, Leucaena)
R. gallicum
R. giardini
R. mongolense
R. hainanense (P. vulgaris)
R. galegae (Galega officinalis)
R. huauthense (Sebania herbacea)
A(eorhizobium A. neptunica (Neptunia natans)
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Nodulos de “Methylobacterium nodulans” en Crotalalria perrottetii
(Sy et al, 2001)



Arbol filogenético de fijadores simbidticos de nitrogeno
(Sy et al, 2001. J- Bact. 183:214-220)
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3.- Nodulos radiculares

El nodulo resulta de una proliferacion de células vegetales, parte de las
cuales se infecta de células de Rhizobium

Estructura general del nédulo

MERISTEM
Nodule endodermis \{ vvasion zone
Intected tissue OEVELOPMENT
. oF
Uninfected parenchyma SYMBIOSOMES

Outer cortex

Vascular tissue NITROCEN FIXATION

Root endodermis —— ==l ======= ==
and pericycle

Nodulos determinados e indeterminados

n A W N =

D

Membrana peribacteroidal

assimilation

Fig. 3. Structure and function of a typical symbiosome. The
photograph shows two bactcroids surrounded by the per-
bacteroid membrane (PBM). The major metabolic exchanges
between the plant cytosol and the bacteroids are shown sche-
matically. [, Proton-pumping ATPase which encrgises the PBM
and acidifies the peribacteroid space (PBS); 2, PBM monovalent
cation channel which catalyses ammonium cfflux from the sym.
biosome: 3, PBM dicarboxylate camer which catalyses malate
uptake into the PBS: 4. bacteroid dicarboxylate carrier which
catalyses malate uptakc from the PBS into the bacteroid.

malate”



Proceso general de formacion del nédulo

- quimiotaxis - liberacion de simbiosomas
- adhesion - modificacion en bacteroides
- reconocimiento - fijacion de nitrogeno

- progreso de hilo infectivo - senescencia

) — Célula rizobial

. Secrecién de factores
baalares por la
bactena que causan
el rizado del pelo
radical

3. Invasién, Los rizobios
penetran los pelos radicales
y se muttiplican en el interior
de un tubo de infeccién

ST (‘_' pateats 4. En el tubo de infeccidn

= 3 ; R las bactenas crecen en
presera by o 7 direccion a las células
Py 3

e radicales

A T i~ Tubo de
" infeccion

=7 PNY 2 P = ; Se estimula la division

I OO £ o %#q  enlas células vegetales
2 fﬁ- o i invadidas y en las
b o N pd cercanas a ellas

R

Pelo radical
no infectado




Quimiotaxis

Proceso general en bacterias para deteccion de compuestos atrayentes.

Mediado por quimiorreceptores de membrana ligados a cadena de
transduccion de sefial al motor flagelar

Rhizobium es atraido por distintos compuestos presentes en exudados
radiculares de leguminosas

Chemotactic response of  R. leguminosarum UPM791 and
mcpA::Tn5 (AL8) and pSym-cured (128C53.5) derivatives
towards different low molecular weight compounds

Strains
Amino acids(ImM) UPM791 AL8 128C53.5
Homoserine . 26.0 25.6 204
Alanine o 8.7 143 9.1
Arginine | 100 21 | 22
Aspartic acid | 13.0 | 12.1 | 0.0 |
Asparaguine | 39.0 | 345 | 29.5 |
Cysteine -16.8 3.6 | -16.3
Glutamic acid 39.1 36.8 25
Histidine 21.7 32.3 13.6
Glycine 10.9 30.0 15.9
Leucine 2.2 -1.1 -5
Serine 15.2 16.6 13.6
Threonine 19.6 16.6 18.2
Tryptophan 0.0 -1.1 -10.0
Valine 25.1 18.8 15.9
Organic Acids
(1mM)
Citric 34.8 233 227
Fumaric 15.2 16.6 6.8 |
Malic 13 16.6 9.1 |
Succinic 292 36 23
Gluconic 239 18.8 13.6
Sugars
Fructose 4.4 1.4 0 |
| Glucose 0 | 1.4 0
Maltose 217 | 211 182
Raffinose 8.7 1.4 6.8 |
Ribose 4.4 1.4 4.6
Sucrose 10.9 3.1 0 ,
| Xilose | 13.0 14.3 136 |

Values represent the Chemotaxis Coeficient (C.C.) =(d2 ———)—Oﬁdl x1

x100. and are the average of three replicates.



Table 3.2. Substances detected in plant root exudates

Kind ol compound

Exudate components

Plants most studied

Sugars

Amino compounds

Organic acids

Fatty acids and sterols
Growth factors
Nucleotides, flavo-

nones and enzymes

Miscellaneous
compounds

Glucose, fructose, sucrose, maltose, galactose, rhamnose, ribosc,
xylose, arabimese, raffinose, oligosccharide

Asparagine, a-alasine. glutatoine, aspartic acd, keuanefisoleucine,
senne, -amnobayc acid, glyane, cystinefcysteine, methionine,
phenylatamme, ieyosineg, threonine, lysine, proline, tryptophane,
B-alavioe, argnine, homoserine, cystathionine

Tartaric, oxalie, alric, malic, acetic, propionic, butyric, succinic,
fumaric, glycolic, valeric, wislonic

Palmitic, stearic, oldc, linoleic, linolenic acids; cholesterol,
campesterol, stigmasterol, sitosterol

Biotin, thiamine, niacin, pantothenate, choline, inositol, pyridoxine,
p-amino benzoic acid, n-methyl nicotinic acid

Flavonone, adenine, guanine, vridine/cytidine, phosphatase,

invertase, amylase, protease, polygalacturonase

Auxins, scopoletin, fluorescent substances, hydrocyanic acd, glyco-

sides, saponin (glucosides), organic phosphorut compounds,
nematode cyst or egg-hatching factors, meematode attractants,
fungal mycelium growth stimulants, mycchum-growth inhibitors,
zoospore attractants, spore and sclerotium germination stimulants
and inhibitors, bacterial stimulants and mhibitors, parasitic weed
germination stimulators

Triticum aestivum, Hordeum vulgare, Phaseolus vulgaris. Pinus
spp

Triticum aestivum, Zea mays. Avena sativa, Pisum sativum.
Phalaris spp., Trifolium spp., Oryza sativa, Gossypium
barbadense, Lycopersicon esculentum, Pinus spp., Robinia
pseudo-acacia, Boutelova gracilis

Triticum aestivum, Zea mays, Phaseolus vulgaris, Lycopersicon
esculenium, Brassica spp., Pinus spp., Robinia pseudo-acacia

Phaseolus vulgaris, Arachis hypogaea

Triticum aestivum, Phalaris spp., Phaseolus vulgaris, Pisum
satipum, Trifolium spp., Medicago spp., Gossypium barbadense

Triticum aestivum, Zea mays, Pisum satioum, Trifolium spp.

Avena sativa, Medicago spp., Trifolion spp., Pisum sativum,
Lycopersicon esculentum, Lactuca spp., Fragaria vesca, Musa
paradisiaca, Zea mays

74

Table 3.4. Amino acids (pg g™ * dry wt root) in cultoee medserm of
14-day-old pea'seedlings. Average of S analyses (Bonker et 2t 1966)

Exopades  Kamemares

Tabie 3.3. Sugars in exudates of barkey and wheat (Vantura 1964)

Compound % of reducing sugars
Acids Cualtmye » -
sotution Quan:z sand Barley Wheat
Cysteic acid Trace Trace . .
Aspartic acid 780 140 Ofigosaccharides 278 26.7
Threonine it m Maltose 34 31
Scfie® P 232 Galactose 13.6 4.0
. 190 1412 G_lucosc 9.5 16.8
207 654 . Ambinose + fructose 19.0 17.7
Frace Trace S Xylose 15.0 15.9
5 160 Ribose 1.3 0.9
» 19 Rhamnose 6.8 14.9
i 5 n Dreoxynibose 0.8 ~
Cystine ™ N Deoxymgar ot -
Isoleucine 3 a3
Leucine 21 7o
Tyrosine 19 bad
Phenylalanine 7 &1
y-ATainobutyric acid Trsice Teace
Orsiithine £ E)
Lysine 29 v}
Histidine 35 "7
Arginine o! 219
Ammonia 1312 I's40

' May contain asparagine and' glutamine



Adhesion bacteria-pelo radical

Adhesinas bacterianas

- EPS, CPS, LPS
- Rhicadhesina

Adhesinas de planta:
lectinas: PSL {FPisum)
Trifoliina A (Trifolium)

Reconocimiento

Dialogo mediado por flavonoides (planta) y factores nod (bacteria)

Altalfa Lotus (some genotypes) Phaseolug

- —
R melliot! oo o6 R leguminosarum
» _ \\bv viclae
S

'

Figure 1. Schematic of Symbiotic Signal Exchange and Host Specificitv.

Las raices de las leguminosas excretan compuestos (iso)flavonoides
que inducen transcripcion de genes de nodulacién enRhizobium
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Estructura y funcion de factores nod

Los factores nod son oligémeros de N-acetil glucosamina e g
. . . . ' |
"adornados” (Lipoquitooligosacaridos, LCO). guov o co s
RN ﬂﬁ(fSw
Ho o I
I:AH [steNal) rldH ?H’
EHO g:? IO,H
ClN
(‘:-'H:’s
cH
Foiocopia fig. 9-9 CI.”
I?"zh

e B LT
e acktom %

Los "adornos" de LCOs son esenciales para la especificdad

del reconocimiento

|
2o 7 i 1
Rhizobiaceas, p. 396 R3 CH CH 2OH CH,
2 o o) o (@]
N o
@] NH
/ N o
/
R2

R1 n

LCOs inducen cambios importantes en las raices de las
leguminosas compatibles

Tejido

Epidermis

Cortex

Periciclo

Raiz completa

Cambios

Formacién de nuevos pelos radiculares
Deformacion, ramificacion, hinchamiento
Formacién de “cayados de pastor*
Estimulacion de correintes citoplasmicas
Alcalinizacién

Depolarizacion de membrana

Modulacién de flujos de protones y calcio
Oscilaciones periécadicas en niveles de calcio
Induccién de nodutinas tempranas

Hinchazoén celular (etileno)

Crecimiento apical de  células del cortex externo
Formacién de hilos de preinfeccion

Formacién de primordios nodulares

Formacién de nédulos completos (Medicago)
Induccién local de genes del ciclo celular
Induccién de nodulinas tempranas

Induccién <le enod4s

Produccion de flavonoides adicionales
induccién de hidrolasa de factoores nod
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R4 =aceTytL

R5 = SULFATYL (R.maliloti)
ACETYL {R. leguminosarum t. viciae stran TOM)

FATTY ACYL = common, (w-1) hydroxyiated (R. meliloti)
or highly unsaturated
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RHIZOBIA ASSOCIATED WITH DETERMIHATE NODULATING PLANTS

R1 = METHYL (NGR234, B. alkanii, A. tropsci, A. loti. R etli, A. caulinodans)

R2 = CARBAMYL (NGR234)
R3 = cAR3AMYL (NGR234. 8. elkanii R. ioti, A. eth :
R4 = ACETYL {8. japonicum, B. elkanii)

CARBAMYL (A. caulinodans)

RS5 = 2-O-METHYL FUCOSYL (B. japoricum, B elkani. NGR234, B. Iredii)
2-O-METHYL -3-O-ACETYL FUCOSYL (NGR234)
2-O-METHYL —4-O-SULFATYL FUCOSYL (NGR234)
3-O-ACETYL FUCOSYL (R. loti, R elfi)
FUCOSYL (8. etkanii, R. fradii)
SULFATYL (R. tropid)

R6 = GLYCERYL (B. e/kanii)
MAINNOSYLU (R. tropici)

FATTY ACYL = COMMON




Downie
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) R4
| ] 7
6]
O _ -
R3 I ClH
CH CH,_OH 2
2 2 o )
—0 O 0O O
o OH
/ N OH NH ol NIH
7/ | R5
R2 COCH,, COCH3
R1 — n
Host plant® Rhizobial species Nod factor substituents n Ref.
R1 R2¢ R3 R4 RS R6®
Medicago  S. meliloti H C16:2.C16:3 Ac(C-6).H S H .23 1,234
C18:C26(w-1YOH
Vicia R.L bv. viciae H C18:1.C18:4 AC-6) H H 23 5
Pisumcv. R bv. viciae H Cl8:1.C18:4 A(C-6) Ac H 23 6
Afghanistan TOM
Trifolium  RL bv. trifolii H C18:1.C18:3 Ac(C-6) H H 123 789
C20:3.C20:4
Astragalus  R. huakii H C18:4 H S H 3 27
Galega R. galegae H C18:2;C18:3 CHC-6) H H A(C-3) 2 27
Lotus M. loti Me C18:1 Cbh(C4) AcFuc H 3 10
H Cl8:1.CI8 Ci{C-3) Fuc H Fuc 3 26
AcFuc
Phaseolus R etli Me cig:l C(C-4).H AcFuc H 3 11,12
R tropici Me Cl8:1 H SH H 3 13.14
Rl bv. phaseoli  Me Ci8:1 H H H 3 15
Acacia R. sp. GRH2 MeH Ci8:1 H SH H 23.4 16
S. teranga Me C16:0.C18:0.C18:1 Cb S.H H 3 17
Lablab R. sp. NGR234 Me C18:1 Ch{(C-6 and C-3 MeFuc H 3 18.19
or C-4) AcMeFuc
H MeSFuc
Glyctne S. fredii H C18:1 H ’ MeFuc.Fuc  H gle 123 2021
B. japonicum H Cl18:1 H MeFuc H 3 22.23
B. elkanii HMe Cl8:1 Ac(C-6).H.Cb MeFuc.Fue H 23 23
Sesbamia  A. caulinodans Me Ci8:1 Cb(C-6) Fuc.H D-Ara.H 23 24.25.28
S. saheli Me C18:1;C16:0 C(C-3.C-4 or C-8) FucH D-Ara.H 23 29
5. iesdnga Me Cl8:1;Cl16:0 Cb(C-3,C4 or C-6) Fuc.H D-Ara.H 23 29

bv.sesbaniae
Table 2. Structure of Nod factors from various rhizobial species*
This table is based on Table | of Dénarié et al..(1996) copyright © Annua} Reviews lnc and is published here by kind permission of Annual
Reviews [nc and J. Dénari¢, F. Debellé and J.C. Promé. b. Plant genera from which rhizobial strains were isolated. c. In B. etkanii, C-1 of the
terminal reducing glucosaminyl residue can be occasionally substituted with glycerol. d. The bold numbers indicate the number of
glucosamine residues of the most abundant Nod factors. ¢. Selected fatty acyl substiuents. f. In M. loti Fuc is linked a (1-3) to the
glucosamine adjacent to the acylated glucosamine. g. In R galegae the acetyl group is linked to the 3-C of the glucosamine adjacent to the
reducing glucosamine. h. One of the minor Nod-factor components made by S. fredn contained a glucose residue instead of glucosamine.
Reference: 1, Lerouge er al. (1990); 2, Roche er al (1991bY: 3, Schultze ef al.(1992), 4. Demont er al,(1993), S, Spaink et al.(1991); 6,
Firmin et al.(1993); 7, Spaink ef al..(1995a), 8. Orgambide et al..(1995). 9. Van der Dnft er al. (1996); 10, Lopez-Lara er al (1993a); 11,
Cérdenas er al..(1995); 12, Poupot et al.,(1995a); 13. Poupot ef al..(1993). 14, Folch-Mallol ef al..(1996); 15, K.E. Wilson, R. Carlson, 1
Firmin and J.A. Downie (unpublished); 16, Lopez-Lara et al., (1995b); 17, Lorquin ct al, (1997), 18, 19, Price er al., (1992, 1996), 20 .21,
Bec-Ferté et ol (1994, 1996), 22, Sanjuan et ol,(1992); 23, Carlson er al (1993, 24, 25, Mergaert ef ol (1993, 1996). 26, Olsthoorn &t
al (1997). 27, Yang et al..(1997). 28, Mergaert er al .(1997); 29, Lorquin er al.. (1997).




Sintesis de factores de nodulacion

- Son determinantes clave para la especificada del reconocimiento planta bacteria.
- Estan sintetizados por la accion coordinada de mas de 20 genes nod.

-Existen genes nod “comunes” implicados en la sintesis del esqueleto carbonado basico
y genes “especificos responsables de los “adornos de los LCOs.

- Se conocen las funciones de la mayoria de los genes nod en distintos Rhizobium

R. leguminosarum bv. viciae
M EF DAB C [ x oA G -
/—D—QGC—GC}J—C’ODDCDM—“ >

R. leguminosarum bv. trifolii

X N M LREFDABCIJ

e JCDDCD-/

S. meliloti -
M FGH t N OyABC ! J P G EFH syM ofiom D
— _ i /—mf ——#—I—§ }
/—*M —GDDCLD—CC}-&«_ >—I—CJ o
" m n2 nJ a? S

R

-~

R. etli
ort2odt

Dy J |UCs c Bj g -+ i
Regulacién de la expresion de genes nod

- NodD es el regulador central que interacciona con los flavonoides especificos de la
leguminosa correspondient, convirtiéendose en actlvador transcripcional de los demas
genes nod.

- Log genes ‘nod estan organizados en operones con promotorescon “cajas nod”
que interaccionan con NodD activado

- Se han descrito sistemas adicionales de regulacion presentes en algunas especies
(NodV/NodW)

- se ha_n descrito represoresimplicados en la existencia de niveles 6ptimos de
expresion de los genes nod

figs rizobiaceas pp. 378 y 379
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FIGURE 3. Model for the biosynthesis of LCOs. In the absence of strain-specilic modilying enzymes, the groups R1. R4 and RS represent hydrogen groups
The funcuions of the NodB Irom R. meliloti (John el al., 1893), NodZ from B. japonicum (Quinto et al.. 1996). Nodl from A. lequrminosarum (Bloemberg e! al
1995Db). NodS from A. caulinodans (Geelen et al., 1995), and NodH from R. meliloti {Schultze el al., 1995) proleins have been demonsiraled by /1 vilro analysis
of enzymalic activity of purified proteins. The functions of NodM from R. meliloti and R. leguminosarum (Baev el al., 1991; Marie et al.. 1992), NodC from R.fredn.
A caulinodans. R. leguminosarum (Deiannino et al., 1995; Geremia el al., 1994; Kamst et al., 1995; Spaink et al., 1994b), NolL from A lotr (Scoli el al., 1995).
and NodA Irom R. meliloti and R. leguminosarum (Atkinson et al., 1994, Rohrig el al., 1994; Spaink et al., 1994b) have been inferred Irom indirect evidence



R. lequminosarum bv. viciae
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Figure 6. Summary of the regulation of nodulation gene expression in R leguminosarum bv. viciae, S. meliloti and B. japonicum.
_Slimulau'on (+) and inhibition (-) of transcription are indicated. The involvement of flavonoids and isoflavonoids is depicted with flav. and
iflav., respectively. Nodulation genes and operons are indicated by the letter of the first nod gene (e.g. A: nodA indicating the nodABCILJ
operon, D: nodD) or by n. followed by a letter for nol genes (e.g. n.R: nolR). Nod boxes arc indicated by a black arrowhead. b.p.: bacteroid-
specific protein which binds in vitro. C, C1, C2, CI, CII: Proteins of unknown nature which bind specifically to nod box DNA in vitro.
Environmental factors affecting nodulation gene transcription are also indicated. Carb.: carbohydrates. For more details, see text. Relevant
literature references are as follows: R. leguminosarum bv. viciae: Hong ef al., 1987, Schlaman ef al., 1992a; Spaink et al,, 1987a; Zaat et al,
1987, S. meliloti: Barnett ef al., 1996; Cren ef al., 1995; Dusha et al., 1989; Fisher et al., 1988; Kondorosi ef al., 1989, 1991a,b, Maillet er
al.. 1990, ®Multigan and Long,1989; B. japonicum: DockendorfT et al., 1994a; Garcia et al., 1996; Gotifert et al., 1990, Sanjuan er al., 1994;
Stacey et al., 1994.



Progreso del hilo infectivo

Hilo de infeccién: canal de entrada originado por la planta en respuesta
a factores nod.

El hilo contiene una matriz con diferentes glicoproteinas implicadas en
reconocimiento.

Las células de Rhizobium invaden el canal de infeccidon atravesando
epidermis hasta cortex.

Los componentes de las capas celulares externas de Rhizobium (EPS,
LPS) son criticas para el progreso del canal, inhibiendo respuestas de
defensa de la planta.

Curled
root halir g

(a) Epidermal pensetration
Infection
thread ()

(b) Transcellular infection thread ..
¢

(c) Bacteriél release

Host cell

(d) Symbiosomae division

i
0|

F:gwe_j. Su_gcs in host cell invasion Pisum sativum by Rhizobium. (a) Epidermal penctration. Infective rhizobia cause charactenistic curling
and deformation on emerging and growing root hairs. Bacteria invade the plant through & newly formed tunncl, the infection thread, created
by the inversion .ohpicnl growth at the tip of the root hair cell. Inward growth of the infection thread is caordinated by the plant cytoskeleton
n association with the nucleus (N). (Alternative forms of epidermal penctration include “crack entry™ at the point Iof emergence of lateral
roots, e.g Arachis, or dissolution of radial cell walls of the epidermus, 2 g. Mimosa.) (b) By continuing growth of transcellular infection
threads, bacterial invasion spreads from cell to cell through the root cortex and into the invasion 20n¢ in the post-meristematic zone of the
ncipieal nodul.c. [Alternative forms of tissue invasion include colonisation of intercellular spaces, e.g. Arachis, or bacterial release (as
syn'.\b.msom.:s) mEo the cytoplasm of host cells that divide mitotically to generate the central infected Ussue, e.g. Phaseolus.] () Endocytosis.
Individual bacl.cna are released through the plasmalemma from an unwalled infection droplet, which anses as an extrusion from the infection
;})",h:d thzob:'a.cn_gulfed by piasma mcmbfune are lmcd bacteroids. They occupy a discrete cytoplasmic compartme-t. termed the
o ‘:stoll;n; whicr, |s_boun-d:d by a plant-derived symbiosomal (or peribacteroid) membrane. (Altamatively, bacteria may b released from
b A,,, ~l ed tip of an invasion structure which penctrates a host cell but does not exit from the other face (the infection peg), e.g. Phaseolus,
dtleoh ma;\'- In :ood)f lcgm_'ncs, eg. Anfinm_ .and in Parasponia, mcmbranc-c.m.:l_nscd symbiosomes do not cxist, but nitrogen-fixing bacteria
b.mndl’:w‘ mb(.u ular intrusions len'Tu:-d fixation lhfrcnds',) (d) Sym§|osom: d_nvmon. Ax the enclosed bactena divide inside the host cell, the
sl ' gl:yT iosomal membranc divides concomitantly. (Altematively, as in dcterminate nodules, e.g. Phaseolus, this synchrony breaks
b.c[“{:?ds: ater stages .OI.‘ ldcv:lopmcnl and bacteroids ase cventually packaged in Cl‘uS(l:fS of 6-12.) () Bacteroid differentiation. When
. ave _cusch lel!l?lL. they develop the capacily for biological nitrogen fixation This is accompanicd by substantial enlargement
AnC morpholog»,;:nl differentiation of bacteroids in host cells of (ndcterminate nodules. (Alternatively, there s no morohological

i (e) Bacteroid differentiation

R PN NI PR B AR ML RN




Liberacion 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 SIMBIOSOMA

Se producen divisiones coordinadas de las células bacterianas
manteniéndose envueltas por la membrana peribacteroidal.

Fig. 1 fotocopias

Modificacion en bacteroides

Las bacterias de los simbiosomas sufren modificaciones estructurales
complejas, transformandose en bacteroides.

Las bacterias se adaptan al ambiente endofitico mediante:
- cambios en LPS
- variaciones en EPS especificos (glucanos ciclicos)

- modificacion de cadenas de transporte (alta afinidad)

- sintesis de nitrogenasa.

Las bases moleculares de estos procesos no estan bien establecidas

Senescencia del nodulo

Originada por autolisis del simbiosoma.

Relacionada con auto-oxidacién de leghemoglobina y aparicion de formas
activas de oxigeno.

El simbiosoma queda convertido en vesicula litica, con destruccion de
bacteroides.

En leg. herbaceas con nédulos indeterminados coincide con llenado de vainas
¢ Relocalizacion de nitrégeno?

Bacterias no diferenciadas sobreviven en [os restos del nédulo e incrementan la
poblacion del suelo.



e 1. Schematic of Symbiotic Signal Exchange and Host Specificitv.
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Figure I Schematic representation of developmental and metabolic events associated to nodulin
cxpression. Distinct stages. processes. and factors (left and center) are shown in relation to
nodule developmental phenotypes. The ficure also depicts the sequence of expression of nodulins
and nodulc-cnhanced activities (right) in un arbitrary time scale. At least four steps in nodulin
induction ure indicated (1—4). with representative examplcs of scveral species (* = ubiquitous
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TABLE 3

Some Early Nodulin (ENOD) Genes and Their Purported Functions

Name
RH-42
RH-44

LTP

ENODA40

ENOD12

MIENODT 1

Mtrip1
PsSENODS

PsENOD3
PsSENOD 14
MSENOD10

PSENOD7

ENOD2

GmENOD13
MSENODS

MiPrP4

Note:

378

Description
42-kDa acidic protein
44-kDa protein

Homology to a lipid transfer
protein

No long ORFs except in
GmENQD40a; may func-
tion as a small peptide or
as an RNA

Proline rich; assumed to be
a cell wall protein

Similar to MIENOD 12

Peroxidase
Related to arabinogalactans
in plasma membrane

Possibly a metal-binding
protein

Has a cysteine cluster; may
be a metal-binding protein

Proline-rich protein; pre-
sumed cell wall protein

Appears to be transporied
across membranes

Proline rich; presiimed cell
wall protein

50% similar to ENOD2
Lipase like

62-kDa proline-rich proteim

Location

Found in root hairs
exclusively

Elevated in root hairs post-
inoculation

In all tissues tested except
nodules; up-regulated in
root hairs postinoculation

Generally found in dividing
cells or cells competent to
divide; in nodule apex and
pericycle of mature nod-
ules; also in stems,
leaves. and flowers

Root hairs/epidermal cells;
nodule primordium; inva-
sion zone of mature nod-
ules: also expression in
stems

Similar expression pattern
as MIENOD12

Root epidermis

Nodule primordium; zones 3
and 4 of mature nodules;
in infected cells only

Early symbiotic zone of ma-
ture nodules

Same expression paftern as
PsSENQOD3

Nodule primordium; zone 2
of mature nodules

Detected 8 d afler inocula-
tion; in zone 2 of nodule;
appears to be nodule
specific

Inner cortex (nodule paren-
chyma); may be nodule
specific

Similar expression paftern
Nodule specific

Meristem of mature nodule:
nodule specific

Author
Gloudemans et al., 1989
Gloudemans et al., 1889

Krause el al., 1994

(Soybean) Kouchi and Hata,
1993; (Pea) Maltvienko
et al., 1994; (Medics)
Asad et al., 1994; Crespi
et al., 1994; (Vetch) Vijn
et al., 1995; (Bean)
Papadopoulos et al., 1996

(Pea) Scheres et al., 1990a;
(Medicago truncatula)
Pichon et al., 1992;
(Alfalfa) Allison et al.,
1993

D. G. Barker, personal com-
munication; Cook et al.,
1995

Cook et al., 1995

Scheres et al., 1990b

Scheres et al., 1990b
Scheres et al., 1890b
Lobler and Hirsch, 19393

Kozik ef al., 1996

(Soybean) Franssen et al.,
1987 (Velch) Moerman
et al., 1987; (Alfalfa)
Dickstein et al,, 1988;
(Bean) Sanchez et al.,
1988, (Sesbania)
Strittmatter et al., 1989;
(Pea) van de Wiel et al.,
1890a; (Lupine)
Szczyglowski and
Legocki, 1990; (Cowpea)
Trese and Pueppke, 1991

Franssen et al., 1987

Dickstein et al., 1993;

R. Dickstein, personal
communication

Wilson wi al. 1994

The genes are listed in their approximate order of appearance afier inoculation with Rhizobium.



IV.- NODULINAS TARDIAS: Funcién y mantenimiento del nédulo.

Son inducidas justo antes del arranque de la fijacién de nitrégeno. Se incluyen
las nodulinas “verdaderas" especificas del nédulo y las que son comunes a otros 6rganos
pero que se incrementan en el nodulo. Sus principales funciones son:

- Transporte de metabolitos por la MPB.

- Creacién de condiciones fisiolégicas para nitrogenasa y fijacién de nitrégeno.

- Asimilacién de nitrégeno fijado, metabolismo del carbono, biogénesis de
amidas y ureidos.

1V.1.- Enzimas de asimilacion de amonio:
- Glutamin sintetasa.
- Glutamato sintasa.

1V.2.- Enzimas del metabolismo del carbono.
- Fosfoenol piruvato carboxilasa.
- Sacarosa sintasa.

IV.3.- Transportadores de nitrégeno en el nédulo.
- Aspartato aminotransferasa
- Uricasa.

IV.4.- Otras nodulinas tardias metabdlicas.
- Enzimas de ureidos: pirolina-S-carboxilato reductosa.
- Colina quinasa.
- Xantina deshidrogenasa, malato deshidrogenesa, etc.
- Leghemoglobina.

V.5.- Nodulinas de ]a Membrana Peribacteroidal.

La MPB se forma por un proceso de endocitosis derivando de la membrana
plasmatica, y juega un papel regulador central en el metabolismo de nddulo como
intercambiador de metabolitos entre simbiontes. Se han detectado en soja glicoproteinas y
glicolipidos:

- Ngm-24: no parece proteina transportadora transmembrana.
- Ngm-26: proteina transportadora transmembrana.
- Ngm-23: estructura similar a proteinas unudas a metales.
Existen otras proteinas especificas en MPB y fluido peribacteroidal (FPB) con
funcion transportadora.

V.- NODULINAS HOMOLOGAS Y FAMILIAS DE GENES.

V.1.- Nodulinas estructurales:

Las prncipales nodulinas tempranas son profeinas estructurales de la pared
celular, nicas en prolinas: ENOD 2, Gm ENOD 13, Nms-30, Ps ENOD 5, 12, 3 Y 14.
Todas tienen un péptido sefial en el extremo N-terminal que las caracteriza.




Funcionamiento del nédulo radicular
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Metabolismo nodular

- Oxigeno

- Necesario para la respiracion de Rhizobium, pero

- Se requiere ambiente microaerdbico (nmolar O2) para proteccion de la n
itrogenasa

Aparecen diversas adaptaciones:

- Barrera fisica a la difusion de O2 a la zona de fijacion activa
- Proteccion respiratoria
- Oxidasas terminales de Rhizobium de alta afinidad

- Leghemoglobina suministraniveles bajos pero constantes de 02



- Carbono

- Los bacteroides reciben de la planta acidos dicarboxilicos (Adc) como fuente
principal de carbono

- El transporte de Adc (en bacteroide y MPB )es esencial para el funcionamiento
del nédulo

Nitrégeno

- La sintesis del sistema de fijacion de nitrégeno esta desacolplada del sistema
de control NtrBC.

- La asimilacion de amonio esta reprimida en bacteroides

- Los bacteroides excretan nitrégeno fijado (NH4) que es asimilado por las célul
as vegetales medianteel sistema GS/GOGAT
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UDP—GLUCOSE

co
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¢ PEP

aco;  ——= | (FErcas)

ATP

GLN

a ketoGLU ’

ADP + Pi NADH,H

FixGHIS



Regulacion de la expresion de los genes de fijacién
de nitrogeno (nif/fix) en Rhizobium

El nivel de oxigeno es la senal clave para la induccion de los genes implicados
en la fijacion de nitrogeno

genes nif: homologos a los descritos en K. pneumoniae (sintesis de N2asa

genes fix: sin correspondencia en K. pneumoniae (transp. de electrones)

- Componentes de los sistemas de regulacion

NifA: Regulador general de los genes nif

sigma-54: factor sigma alternativo de promotores simbidticos.

. activadores transcripcionales de genes inducidos por
FixK/FnrN:  mjcroaerobiosis
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FIG. 1. Organization of nif and fix gene clusters in R. meliloti (A).
8. japonicum (B). und A. cardinodans (C). Scveral known ORF.
associated with some of the nif or fix genes are not shown here. [n R
nreliloti both clusters of »if and fir genes are located on the mepaplas-
mid pSym-a, whereas in 8. japonicum and A. catdinodans all of the
depicted genes are present on the chromosome. Homologous regula-
tory genes are marked by identical patterns. The hatched bar below

cluster [l of R. melilori refers 10 a region which is duplic

ated on the

megaplasmid. For details and references, see the text and Table |

TABLE 1. nif and fix genes identified in R meliloti, B. japonicum, ot A. caulinodans and their known or proposed functions”

Reference(s)"
Gene Product and/or (proposed) function -
Rm Bj Ac
nif genes®
nifH Fe protein of nitrogenase 381 137 285
nifD a subunit of MoFe protein of nitrogenase 75, 326 196 94, 108, 284
nifK B subunit of MoFe protein of nitrogenase 75, 326 379 94, 108, 284
nifE Involved in FeMo cofactor biosynthesis 249 6 285
nifN Involved in FeMo cofactor biosynthesis 4,5 6
nifB {nvolved in FeMo cofactor biosynthesis 57 136, 287 108
nifS Cysteine desulfurase (421); activation of sulfur for metallocluster synthesis? 116
nifw Unknown function; required for full activity of FeMo protein 18], 200
nifX Unknown function 163 .
nifA Positive regulator of nif, fix, and additional genes 58. 403 377 278, 304
fix genes

fXABCX Unknown function; required for nitrogenase activity: FixX shows simtlarity 115 153, 154 18

to ferredoxins
fixNOQP Microaerobically induced, membrane-bound cytochrome oxidase 42 299 242
fxGH:S Redox prucess-coupled cation pump? 194 299 244
SfrelJ Oxygen-responsive two-component regulatory system involved in positive 82 13 198

control of frK (Rm, Bj, Ac) and nif4 (Rm)
JiKifixK, Positive regulator of fitNOQP (Rm, Bj, Ac). mfA (Ac). poN,. and “nitrate 28 14 199

respiration” (Bj); negative regulator of nifd and fwk (Rm)
Rm fixK* Reiterated, functional copy of fixK 28
Bj fuxK, fixK homolog of unknown function; not essential for nitrogen fixation 15
fixR Unknown function; not essential for nitrogen fixation 377
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FIG. 2. Comparative models of nif and fix gene regulation
meliloti (A), B. japonicum (B), and A. caulinodans (C). Homolc
regulatory proteins are symbolized identically in panels A, B, ar
Solid arrows and open arrowheads with dashed lines indicate po
and negative regulation, respectively. Dotted lines with open a1
heads denote NirC-mediated activation of the R meliloti nifH:
nifBfdxN, and fixABCX promoters which is observed in free-|
aerobically growing cells under nitrogen-limiting conditions but
is of no relevance for symbiotic nitrogen fixation. Solid circles inc
o**-dependent —24/—12-type promoters, whereas open boxes inc
other promoters. Key references describing substantial compone.
the models presented include 28, 39, 82, 103, 319, 373, 396, and 4(
R. meliloti; 13-15, 127, 217, 376, and 377 for B. japonicum; anc
199, 278, 295, 296, 304, and 362 for A. caulinodans. For addn
references and further details, see the text.
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FIG. 7. Transcriptional organization and regulation o
genes in R. mneliloti (A), B. japonicum (B), and A. caulinoda:
schemes are nol drawn to scale. Solid wavy lines of diffe
nesses symbolize the size and relative abundance of (fixd
transcrip(s present under the growth conditions described o
whereas open wavy lines refer to transcripts that are absent
conditions indicated. Growth conditions are as follows: aero
microacrobic or anacrobic (-0;), nitrogen rich (+N), nit
ited (=N), and svmbiotic (symb.); +/— means that the
oxygen or nitrogen conditions are not relevant. Solid and of
arrow lads refer to the pesttive and pegative control, respe
dotied hine with the open arrowhead venotes the symbiotic
vant activation of the R melilon fudABCX promolter by M
frec-living conditions (see the legend 10 Fig. 2). Expres
melilon nifA s additionally modulated by ammonia repres
unknown mechanism involving FixL (not shown in punc
Similarly, expression of A, cardinodans nifA is additionally
by rof 0 v i mechamism that s not yet understood in detail
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Complejicidad genética del sistema de
fijacion de dinitrageno
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DNA Sequence of the K. pneumoniae nif Gene Cluster

Table 2
Comparison of the molecular masses of nil gene products determined by
SDS|[polyacrylamide gel electrophoresis and deduced from the nucleotide sequences

Molecular masses in kD

Determined from Deduced from

Gene SDS/PAGE DNA sequence Proposed function

J 120234 1225 128:038° Electron transport: pyruvate-
114-354°2 Havodoxin oxidoreductase®:®

H 35/39'° 3523 31-9027¢ Component 1159

D 60", 562 54-1396 a-Subunit of component [#?
54:156'°

N 60!-2:3 58-406° B-Subunit of component 187
57-751"!

" 8-321°¢ ‘

Y 24! 24-691° Maturation of component 1 7'?

E 40', 46° 50-153% - Synthesis of FeMoco’

N 50'3 50-567¢ Svnthesis of FeMoco®

X 18! 18-229° !

U 25/32'°, 222, 283 20:4945-13¢ Maturation of component [ ¢'?

S 451 493 43-175° Maturation of component [
43-259"3 or component 117

3 42!, 38° 41-078¢ Synthesis of FeMoco:
41-194"3 homocitrate svnthase'*

e 10-179° ]

Z 15-17" 16:659%' 3¢ ]

M 28!, 273, 31-5'3 30-6136-15¢ Processing of component [1'2°

F foua, pynIs pgl7 19-1126-"8¢ Electron transport:

Havodoxin'®

L 50', 523, 4519 55213 nif-specific repression?®?!
553l 1%

A 60", 662, 57'° 58-6326:23¢ nif-specific activation®?*
53-319%° .

B 4926 50-855° sunthesis of FeMoco®
51-03228¢

¢ 19-665° Processing of Mo?®
19-68328¢
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(a) + CoA Acelil-CoA  + CO,

Piruvato Havodoxina
oxidoreduclasa

({oxidada) \—/ (reducida)

nifd

Reductasa de la Reductasadela| ——— nifH
dinilrogenasa dinitrogenasa
(reducida) U {oxidada)
ATP = = = — — — = - — — - ADP + P,

nifK, O,
—
(oxidada) "\—/ (reducida)

Productos Sustratos de fa
nilcogenasa
N=N
la H
HN = NH
12 H
H,N — NH,
2H
HyN  NHy

Reaccidn global
BH  +8e” +N, — 2NH + H,
18-24 ATP — 18-24 ADP + 18-24 P,
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Dinitrogenase
Reductase

"P” . Cluster
(8§ Fe, 8 S)

()

['eMo Pro(ciy
Dinitrogenase

Table 18-<4. Reactions Caitlyred by Nitrogenase

"P" - Cluster

Reaction Ref.*
1. N, + 6H® + 6¢° — 2NH, 83
2 HCN + 6H" + 6 — CI{, + NH, 98
3 HCN + 4H" + 4¢” — CH,NH, 98
4 CH,NC + 6H" + 6™ — CH, + CH,NH, 133
CH,NC + 4H" + d4¢” — CH,NHCH, 19
S HN, + 6H" + 6¢™ - NH, + NH, 132
6. N,” + 3H" + 2¢° — N; + NH, 132
7. N,O + 2H" + 2¢" —= N, + H,0 §8.90
8. CH, + 2H" 4 2¢7 — C,H, 97.38
9. 3JCH=CHCH, + 6H* + 2¢~ — CH,CH,CH, + 2C}!,CH=CH, 43
10. 2H" + 2¢” — H, 88
—_—
. CH,=N=N + 6H" + 6¢~ — CH,NH,_ + NH, 105
12. CH;—N=N + 8H" + 8¢~ — CH, + 2NH, 10S
13. NO,” + TH" + Ge~ — NH, + 2H,0 157
14. N=CNH, + 6H" + 6¢” — CH,NH, + NH, 1.3
1S. N=CNH, + 8H" 4+ 8¢~ — CH, + 2NH, AR
16. CH, + 2H" + 2¢7 = CH, 6
17. N,H, + 2H" 4 2¢7 — 2NH, s
Catalytic activities associated with individual nitrogenase proteins:
Ref.
Avi t, — 2H' + 2¢° 171
Av2 5,07 — 5,0, + 50,7 104
Stoichiometric reaction of the Fe protein with O,
Kp2 O, + 2" + Z¢” — H,0, 153

*The relerences are the most recent on the alternalive substralcs.
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Alignment of Fe protein primary scquences.

8 japonicur

Bj.
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- d\ Homocitrate

Gln 191

His a195 Gln 191
S2A PN .S3B
“, T Fe2 Fe6™
. j o0

3 \ / é CH,CH,CO,-
Cys 0275 Sy —Fel—=S1A Fe3--y- ‘Fel S1B=——Mo—0,

. \‘ \
. . His cd42 NS

Figure 1. Structure of the FeMo-cofactor.
“0,CCH,

O=—=C__
/ ol CH,CH,COy”

Figure 1: outline structure of FeMoco

/\ 7\

thetical model for N2 binding to FeMo-
cofactor.

<

Figure 3. Hypo



Fig. 4. (A) Schematlic representalion of the P-clusler model. (B) Siereoview of the P-clusler and
surrounding protein model. The view:is app:ox-malety along the dnrechon ol a Iwo!old olation aXlS
approximalely telating the a and B subunits. :

B10]

Fig. 5, Slereovie;w ol the MoFe-prolein struclure in the vicinity of the FeMo-cofaclor and P-clusler,
mcluding the Ca trace of the polypeptide chain and side chains of selecled residues.
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CH,:: : LEssential lor activity
] (", C,H, N, reduction)

Essential for cffective
N, reduction

Muodet for the Minimum Organie Moiety
Required Foe the Synthesis of FeMao-ca

COOH

a——C—b

|

1HOOC mm— . e OH

X

x = -CH;CH,COOH ('R’-homocitrate)

Fluorine substitution at "a’ (erythro-fluocohomocitrate)
results in proton, cyanide, CoHj, and N, reduction.

Huér@np substitution at 'b' (threo-{luorohomocitrate) results
in proton, cyanide, and CaH2 reduction; but no Nz
reduction. -

Interchanging the hydrogen atom at ‘2’ with the hydroxy
group at the C-2 carbon results in proton and cyanide
reduction without CO (COS) inhibition.



! Vo, + ¢H +Te + 46 MJMP — 2,;;/;43 + H, - 16 Maj)')'f’ 4—%&'}
| Ecwaccom ?fobufad'-e_ (o Rrdeccitn £ N,

\/Vlgc/s,vrs/y,gi

Compussto de
bafo Pot&nub// Ox[Re . |
l i GH + ’V«L\/z,w%

@a’_ FQ, .- iprot_fna:MoFe‘,
P

3 M%ADP +B




ea” +H?

Mo=N=NH,
C°-+H+

Pi + ADP

N 3¢
N transfers

eg” +H"

e " +H?

N, + 8H* + 8~ + 16ATP — 2NH, + 16ADP + 16P, + H,.



N2.asa 2
(VANADIO-NITROGENASA).

e Purificacion de N2.asa de Azotobader vinelandi cracido aon V.

Hipdtess : Mo (contaminante) S*Lo Na2-asa 1 resultoba mds

V (estabilizante] J  EFICIENTE en el empleo de
trazos de Ho.

e

?oa;)fo}r;%nf}se A.vinelondi " pesprnpen o la ‘odicidn de V.

Hipbtesic:  A-osa alternativa que <& sinfetizo en ousenaa ce Mo
y presenca de V.

e £n Aaxtobacter chroococeum: Y
” delecidn nif HDK
mut <muTaddn: tolerantes a W

— ARadiendo 2.5 mM W crecen vy Hjan Na,
—-Sin W : responden a la odicidn de MO S0,

(cblo con 4[W] ce amadia bastante V contaminante).

s 1 V050,

e EI V copurifica con la Na-0sa activa.
s El V esta en el componente I (dintrogenasa)
« Componente I (nit. reductasal) v Componente. IC de Na-Qsa 4.

Componente I Componente IC
Pm = 210.000 Pm = @2.500
2V:23F:208 4Fe: 49
Subunidades.- ol (Pn 50.000) < 6

B (PmS5.000) @e
8 (Pm 44.000)2 ’\SE D



N2 -asa &

(NITROGENASA SN Mo ni V)

En Azofobacter vinelandi :

cepa CA M.6 —,y delecicn en nF HOK (Nzasa4)
T mutacién : W-tolerantes

PURIFICACION e una N2-asa <in Mo ye.m V.

E¢tructura: .
~ Dinitrogenasa Nitrogenasa reductasa
(Componente I) ( Qrponente IC)

Cmfigumcidn A conFn’gurszo'n B

i

‘Q

C(ZGQ. claPa K?.
24 Fe: 136 MR:98 4Fe. 48
Caradierigticas:

o Desvia muchos e~ para reducr Ht
» Bajos niveles de reduccidn cde CzHa,
e Reduccdn (uH4 —>CaHe (elus)

e 22.3 ATP.~ :
/Qe‘ transferidog a Nz
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