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Abstract 

{thas been shown that nitrogen-fixation could contribute up to 80% of the 

nitrogen requierements in sugarcane crops. A. diazotrophicus has been 

considered as a candidate for the N2-fixation activity in that plant. This thesis 

focused on different items on the interaction of A. diazofrophicus and 

sugarcane. We determined the effect of the addition of nitrogen fertilizer on the 
plant colonization by A. diazotrophicus. The numbers of A. diazofrophicus inside 
stems and roots of inoculated plants that were fertilized with different nitrogen 

‘doses were determined by the most probable number. We also attempted to 

clarify the pattern of colonization of sugarcane by A. diazotrophicus. Tissues of 
plants inoculated with a R-glucuronidase marked strain were analysed by 
microscopy and by scanning electron microscopy. Additionally, we attempted to 

contribute to the study of the nitrogen-fixation in sugarcane by using a reporter 
gene approach. We tried to determine if an A. diazotrophicus strain carrying a 
fusion of the dinitrogenase reductase promoter (nifH) with R-glucuronidase 
showed activity in inoculated plants. We did not detect R-glucuronidase activity 

in our experimental conditions. This thesis contributed to the knowledge of the 

genetic diversity of A. diazotrophicus and to the diversity of nitrogen-fixing 
acetobacters. We proposed two new species living in the coffee plant 
environment. We designed primers that could be used to identificate isolates 
belonging to that species. The use of these primers in PCR, specifically amplify 
a fragment of the 16S gene. in addition, the method for quantification of A. 
diazotrophicus cells associated to sugarcane plants was optimized by PCR, 

using the species-specific primer. 

Vo. Bo. del Tutor 

Dra. HM eranz eat 

Centro de Investigacién sobre Fijdcién de Nitrogeno
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RESUMEN 

La asociacién Acetobacter diazotrophicus-cafia de azicar surgié como un 

modelo importante de estudio ya que en cafia de azticar se habia documentado 

contribucion hasta del 80% de los requerimientos de nitrégeno de Ia planta por fijacién 

biolégica de nitrégeno (FBN). Se consideraba a A. diazotrophicus como el posible 

responsable de esta fijacion y por eso en esta tesis se planted abordar distintos 

aspectos de la asociacion A. diazotrophicus-cafia de azucar. Se determin6 el efecto de 

la adicién de fertilizante nitrogenado en la colonizacién de la planta por A. 

diazotrophicus. La poblacién de la cepa inoculada se cuantificé en el interior de plantas 

cultivadas con dos dosis diferentes de fertilizacién nitrogenada, utilizando el método del 

numero mas probable. Asi mismo, tratando de contribuir a la determinacion del patrén 

de colonizaci6n por A. diazotrophicus, se realizd microscopia éptica y electrénica de 

barrido de plantas con una cepa marcada con el gene reportero de la &-glucuronidasa. 

En un acercamiento al estudio de la FBN por A. diazotrophicus, inoculamos plantas de 

cafia con una cepa con expresién de &-glucuronidasa dependiente del promotor del 

gene de la dinitrogenasa reductasa (nifH). Sin embargo, en nuestro sistema no 

detectamos expresién. Esta tesis contribuyd al estudio de la diversidad de A. 

diazotrophicus y de las acetobacterias fijadoras de nitrogeno. En este punto 

propusimos dos nuevas especies asociadas al ambiente de la planta de café. Entre los 

ensayos para la identificacibn de estos organismos sugerimos un grupo de 

oligonucledtidos que pueden amplificar especificamente un fragmento del gene 16S. 

Se optimizo el método de cuantificacion de A. diazotrophicus utilizando el 

oligonucledtido especifico en reacci6n de PCR.



INTRODUCCION 

Los seres vivos pueden utilizar diversos compuestos como fuente de nitrégeno. 

Sin embargo, el proceso mediante el cual se incorpora el nitrogeno atmosférico 

(fijacién biolégica de nitrogeno) se encuentra de manera exclusiva en organismos 

procariontes. Probablemente debido a esa situacién, de manera natural se han 

establecido asociaciones entre bacterias fijadoras de nitré6geno con organismos que no 

pueden llevar a cabo esta actividad. 

Como ejemplo de estas asociaciones se encuentran las de ciertas leguminosas 

con microorganismos fijadores de N, de la familia Rhizobiaceae y las asociaciones 

conocidas como actinorrizas, las que se establecen entre distintas familias vegetales y — 

especies bacterianas de la familia Frankiaceae. Estas bacterias fijadoras de nitro6geno 

pueden colonizar a hospederos suceptibles y algunas también pueden habitar de 

manera libre. 

En las asociaciones que se establecen entre distintas Rhizobia y plantas 

leguminosas se observa que durante el proceso de colonizacion las bacterias migran 

hacia tejidos especificos, en los que se establecen y sufren un proceso de 

diferenciacién, dando lugar a células modificadas en su morfologia y metabolismo 

(bacteroides). En la planta también se ilevan a cabo modificaciones que conducen al 

establecimiento de la asociacién simbidtica. La presencia de microorganismos 

especificos con la capacidad de infectar a la planta origina multiplicacién celular 

localizada dando lugar a la formaci6n de las estructuras recipientes de los bacteroides -- 

(nédulos). 

El tejido de los nédufos se desarrolla después de la sucesi6n de una compleja 

serie de eventos de efector-respuesta entre ambos simbiontes. En esta interaccién la 

liberacion de ciertos compuestos quimicos por uno de los organismos es detectada por 

‘su contraparte. Este ultimo a su vez responde liberando otro metabolito o bien’ 

N



produciendo los cambios morfolégicos que dan lugar a la estructura nodular. El 

desarrollo de! proceso de la nodulacién ha sido abordado en estudios llevados a cabo 

en diversas asociaciones (Benson y col., 1993; Boivin y col., 1997; Guan y col., 1995; 

Hirsch, 1992; Schultze y col., 1994). En los nédulos se producen las interacciones 

planta-microorganismo que finalmente llevan a la obtencién de compuestos de carbono 

por parte de la bacteria y de compuestos de nitrégeno por parte de la planta. 

Las asociaciones Rhizobium-leguminosa y las actinorrizas representan solo una 

proporcién de la diversidad de relaciones ecolégicas existentes entre fijadores de 

nitrégeno y otros organismos. La mayoria de las interacciones restantes han sido 

escasamente exploradas y ain cuando en algunos casos se ha observado un efecto 

promotor del crecimiento de la planta asociada, no se tiene certeza de que ésto se 

deba al aporte de compuestos nitrogenados por parte de la bacteria. De las 

asociaciones menos estudiadas estan las que se establecen entre las plantas y las 

bacterias endofitas, en particular las asociaciones con endéfitos no patégenos. Estas 

bacterias se localizan en el interior de ciertos tejidos vegetales. A diferencia de las 

especies de las familias Rhizobiaceae y Frankiaceae, estos microorganismos no 

forman estructuras especificas y su localizacibn es mas dispersa. Acetobacter 

diazotrophicus es una bacteria endofita fijadora de nitré6geno que originalmente se aislé 

de la planta de cafia de azucar (Cavalcante y Doébereiner, 1988). En medio de cultivo 

A. diazotrophicus tiene capacidad de fijar nitrogeno aun en condiciones que resultan 

inhibitorias para otros diazotrofos, tales como pH menor a 3.0, alta osmolaridad en 

sacarosa o glucosa (Cavalcante y Débereiner, 1988) y concentraciones relativamente 

altas de amonio y de oxigeno (Stephan y col., 1991). Este microorganismo se ha 

aislado del interior de la planta de la cafia de aztcar (Cavalcante y Débereiner, 1988; 

Fuentes-Ramirez y col. 1993; Li y MacRae, 1991; Reis y col., 1994), y en una menor 

frecuencia de su rizosfera (Li y MacRae, 1991). A. diazotrophicus también se ha 

aislado del interior de esporas de hongos micorrizicos, provenientes de suelo donde -



crece la cafia de aztcar (Velazco y col., 1990), asi como de un insecto (Orden 

Homoptera) que se alimenta de fluidos de esta planta (Ashbolt e Inkerman, 1990; 

Caballero-Mellado y col., 1995 [Anexo Il]). El! aislamiento de A. diazotrophicus en 

ambientes distintos a la cafia de azicar ha permitido ampliar el conocimiento de la 

distribucién de esta bacteria. Se conoce que A. diazotrophicus se desarrolla en 

asociacién con distintas gramineas (Débereiner y col., 1993; Loganathan y col., 1999); 

también se le encuentra en la planta de café y en la rizosfera de este cultivo (Jiménez- 

Salgado y col., 1997, [Anexo Ill]); y en asociacién con la planta de pifia (Tapia- 

Hernandez y col., 2000). 

A. diazotrophicus ha sido considerado como una bacteria endéfita debido a que 

en suelo no rizosférico su abundancia es minima (Li y MacRae, 1992); su 

supervivencia se reduce notablemente en sustrato pobre en fuentes de carbono 

(Boddey y col., 1995; Fuentes-Ramirez, L. E., Jiménez-Salgado, T., Abarca-Ocampo, I. 

y Caballero-Mellado, J., resultados sin publicar); y a que no se ha detectado actividad 

patogénica en la asociaci6n con el vegetal. 

En distintos estudios de localizacién de A. diazotrophicus en la cafia de azuicar 

(Dong y col., 1994; Dong y col., 1997; James y col., 1994) se reportan resultados 

diferentes. En plantulas micropropagadas de cafia de azucar inoculadas, James y col. 

(1994) detectaron colonizaci6n por A. diazotrophicus en epidermis de raiz y en xilema 

de tallo, en su parte basal, utilizando microscopia Optica (MO), microscopia electrénica 

de barrido (MEB), microscopia electrénica de transmisién (MET) e inmunodeteccién 

microscépica en secciones de planta. Los autores sugieren la posibilidad de la 

translocacién de A. diazotrophicus a |o largo de la planta a través de los vasos del 

xilema, asf como la potencialidad de este tejido para mantener en su _ interior 

poblaciones bacterianas metabdlicamente activas. Por su parte, Dong y col. (1994 y 

1997) reportaron la deteccién de A. diazotrophicus unicamente en los espacios 

interceiulares de tallos de plantas de cafia de azucar inoculadas y sin inocular. Los °



autores aislaron A. diazotrophicus a partir de muestras de fluido apoplastico, resultado 

que relacionaron con la deteccion microscopica de células bacterianas en los espacios 

intercelulares. En los trabajos ya citados de Dong y col. se sugiere que A. 

diazotrophicus no coloniza el tejido vascular de la cafia de azlicar, conclusién que es 

diferente a la referida por James y col. (1994) y por trabajo nuestro (Fuentes-Ramirez y 

col., 1999, [Anexo I]). 

Se han reportado efectos benéficos en el desarrollo de distintas plantas por la 

asociacion de éstas con A. diazotrophicus (Isopi y col., 1995; Paula y col., 1992: Sevilla 

y col., 1998). En experimentos con camote dulce (/pomoea batatas) inoculado con A. 

diazotrophicus y hongos micorrizicos se detecté aumento tanto en el crecimiento de la 

planta como en el contenido de nitrégeno y fosforo, en comparacién con plantas 

inoculadas con la bacteria o con el hongo, por separado (Paula y col., 1992). La 

promocion de crecimiento y de estado nutricional de la planta probablemente fue 

resultado directo de la asociacién con la micorriza ya que no se detect contribucién de 

nitrogeno proveniente de fijacién biolégica. Aparentemente, A. diazotrophicus facilité la 

micorrizaci6n de la planta, incrementado la translocacién de nutrientes por el hongo 

asociado (Paula y col., 1992). En otro estudio llevado a cabo con sorgo, se observaron 

incrementos en el contenido de nitr6geno en el tallo de plantas inoculadas con A. 

diazotrophicus, asi como de plantas inoculadas con esta misma bacteria y con distintas 

especies de hongos micorrizicos (Isopi y col., 1995). 

Las cepas de A. diazotrophicus aisladas del interior de la cafia de azucar 

muestran una diversidad genética muy baja en comparacién a la diversidad de 

poblaciones de otras especies bacterianas que se desarrollan en vida libre (Martinez- 

Romero y Caballero-Mellado, 1996). En opinion de los autores, este bajo grado de 

diversidad podria deberse a la estabilidad de condiciones ecolégicas que se presenta 

en el interior de la planta, a semejanza de to que se sugiere respecto a la diversidad de 

bacterias fitopatogenas (Denny y col., 1988; Gabriel y col., 1988; Hartung y Civerolo, ©



1989: Leite y col., 1994; Scholz y col., 1994). 

La abundancia de las poblaciones de A. diazotrophicus parece estar ligada a la 

concentracién de nitroégeno combinado del suelo en el que crece la planta, asi se ha 

observado que la cantidad de aislamientos de A. diazotrophicus obtenidos a partir de 

plantas de cafia crecidas con altas dosis de fertilizantes nitrogenados es menor, en 

comparacién a la cantidad de aislamientos que se obtienen a partir de plantas crecidas 

con menor cantidad de nitroégeno (Fuentes-Ramirez y col., 1993; Muthukumarasamy, 

1998). Aunado a lo anterior, se ha observado que las poblaciones aisladas de plantas 

de cafia de azucar cultivadas en regiones donde se ha aplicado mas fertilizante 

nitrogenado son las que exhiben menor diversidad genética (Caballero-Mellado y col., 

1995, [Anexo Ii]). 

La presencia de nitrogeno combinado (NO, 10 mM) no inhibe el crecimiento de 

distintos genotipos de A. diazotrophicus en medios de cultivo. La existencia de sdélo 

ciertos genotipos bacterianos en plantas de cafia de azucar altamente fertilizadas con 

nitr6geno podria estar mediada por una selecci6n de parte del vegetal. Las condiciones 

de fertilizacién nitrogenada podrian influir en el estado fisioldgico particular de la planta 

(Caballero-Mellado y Martinez-Romero, 1994; Caballero-Mellado y col., 1995; Martinez- 

Romero y Caballero-Mellado, 1996). En este sentido, se conoce que niveles elevados 

de nitrégeno en la rizésfera retrasan el crecimiento vegetal, probablemente a causa del 

aumento en el consumo de la energia utilizada para la absorcién e incorporacién de 

este nutriente (Barnes y Hole, 1978). Durante la incorporacién en el corto plazo de 

compuestos inorganicos nitrogenados, en especial NO, , tanto en hojas de plantas de 

fotosintesis tipo C, como de tipo C,, se utiliza poder reductor que puede provenir tanto 

de elementos reductores tales como ferredoxinas, como de moléculas reductoras 

sintetizadas en la fijacién de CO, (Champigny, 1995). Este desvio de electrones trae 

como consecuencia la disminucién en !a sintesis de sacarosa debido a una reduccién 

en la concentracion de precursores. Por otra parte, las actividades enzimaticas que -



intervienen en la sintesis de sacarosa, probablemente también son influidas por el 

estado nitrogenado de Ia planta (Champigny, 1995). 

No obstante Ia clara relacién del nitrégeno con el metabolismo del carbono, no 

se tiene un esquema que pueda aplicarse a cualquier circunstancia. Como ejemplo, 

Pelaez-Abellan y col. (1994) determinaron en cafia de azucar el efecto de la 

concentracién de nitrégeno en la sintesis de sacarosa y en la actividad de fosfoenol- 

piruvato carboxilasa (PEPcasa). Para ello utilizaron explantes de hoja de cana de 

azucar que habijan sido incubados por periodos cortos en presencia de dos 

concentraciones distintas de nitratos. En una de las variedades utilizadas observaron 

disminucién en la sintesis de sacarosa en los cortes foliares expuestos a nitrates, 

mientras que en los cortes de la otra variedad hubo una aparente estimulacion en la 

sintesis de sacarosa bajo las mismas condiciones. En cuanto a la actividad de 

PEPcasa, en la variedad que mostré disminucién en la sintesis de sacarosa no se 

detectaron cambios debidos a la presencia de nitratos, mientras que en la variedad que 

habia mostrado incremento en la sintesis de sacarosa si se detect6é un incremento en 

PEPcasa al aumentar la concentraci6én de nitratos. Otras respuestas de la planta a la 

presencia de compuestos nitrogenados se dan en la fijacién de CO,. En distintas 

plantas con fotosintesis C, se ha observado que el incremento en la concentracién de 

nitrogeno combinado aumenta el punto de compensacién de CO, sensible a O, y 

disminuye la tasa fotosintética por inhibici6n de O, (Cresswell y col., 1979). Gomes y 

Crocomo (1991) detectaron disminucién en la concentracién de azicares reductores y 

de sacarosa en tallo de plantas de cafia de azicar cultivadas con un alto régimen 

nitrogenado. 

Las variedades actuales de cafia de azucar proceden de cruzas interespecificas 

de especies del género Saccharum (S. officinarum L., S. spontaneum L. y S. robustum 

Jeswiet), las que son originarias de Asia y de las islas del Pacifico Sur. El cultivo de la 

cafia se ha ido extendiendo a diversas regiones tropicales desde hace unos cuatro .



siglos. Las variedades comerciales actuales son el fruto de la hibridaci6n y la seleccion 

fenotipica que se ha llevado a cabo en distintos puntos geograficos, por lo que las 

condiciones empleadas en cada una de estas regiones han influido en las 

caracteristicas de cada variedad. En Brasil el cultivo de la cafia es atipico con respecto 

a la mayoria de paises, en relacién a la cantidad de fertilizante nitrogenado que se 

utiliza. Asi, en Brasil la seleccién de variedades se ha Illevado a cabo con bajos niveles 

de nitrégeno en campo, a diferencia de la seleccién que se ha realizado en la mayoria 

de los paises productores. Esto ha llevado de manera colateral a que muchas de sus 

variedades muestren una respuesta pobre a la adicién de nitrogeno (Boddey, 1995; 

Ruschel, 1981). Si se toma en cuenta lo mencionado anteriormente, aunado al hecho 

de que la cafia de azticar puede extraer de 100 a 200 Kg de N por hectarea y de que 

en Brasil este cultivo normalmente se fertiliza con cantidades de este nutriente que van 

de los 60 a los 120 Kg por hectarea, es probable que el nitrégeno restante provenga'de 

la fijacion de nitrogeno (Boddey y col., 1991). 

Las primeras evidencias directas de fijaci6n bioldgica de nitrogeno (FBN) en la 

cafia de azucar se obtuvieron en plantas desarrolladas en atmdsfera enriquecida con 

NN, (Ruschel y col., 1975). Matsui y col. (1981) reportaron FBN en un experimento en 

el que introdujeron N, en la region radical de cafia de azucar. De manera similar, 

Ruschel y col. (1981) detectaron FBN en esta misma planta aun en presencia de 

nitratos, después de exponer la raiz de plantas intactas a N. Posteriormente se ha 

determinado la contribucién de la FBN a la cafia de azdcar durante el ciclo de vida de 

la planta. Los resultados obtenidos con distintas variedades de cafia de aztcar 

utilizando dilucién isotépica con N, analisis de balance de nitrégeno y comparacién de 

abundancia natural de °N han sugerido aportes de hasta 70% del nitrégeno total por 

FBN, aunque también se han detectado variedades que mostraron menor o nula 

actividad fijadora de nitrogeno (Lima y col., 1981; Vose y col., 1981; Yoneyama y col., 

1997).



Las condiciones ideales de pH y de concentracién de aztcares para el 

crecimiento y para la expresidén in vitro de la actividad fijadora de nitrégeno por parte de 

A. diazotrophicus, son semejantes a las condiciones que se encuentran en el interior 

de la cafia de azucar (Cavalcante y Débereiner, 1988; Hartmann y col., 1991; Stephan 

y col. 1991). A partir de esos datos, se ha sugerido que la cafia podria ser directamente 

beneficiada por aporte de nitrégeno proveniente de la actividad de A. diazotrophicus. 

En experimentos de inoculacién de plantulas de cafia de azucar se reportaron efectos 

positivos en el crecimiento debidos a la inoculacién con A. diazotrophicus (Sevilla y 

col., 1998). En este trabajo se observé promocién del crecimiento vegetal al inocular . 

una cepa silvestre en plantas cultivadas en condiciones de limitacién de nitrégeno 

combinado, pero no cuando las plantas se inocularon con una mutante nifD. Sin 

embargo, también se detectaron efectos positivos por inoculacién con las dos cepas 

cuando las-plantas se desarrollaron con abundancia-de fertilizante nitrogenado, lo que 

sugiere que al menos en parte el aumento en el crecimiento detectado pueda deberse 

a factores diferentes a la FBN, tales como la promocién del crecimiento radical y 

consecuentemente el incremento en la absorcién de minerales, via la produccién 

bacteriana de hormonas vegetales. 

En un experimento en campo, Sevilla y col., (1999) obtuvieron resultados 

semejantes a los resuitados anteriores de invernadero, ademas de que también 

detectaron incorporacién de '°N a partir de ‘Nz en plantas inoculadas con la cepa 

silvestre. Estos resultados sugieren fuertemente que ia fijacidn por A. diazotrophicus 

podria estarse realizando en el interior de la planta. Sin embargo, la evaluacién de la 

contribucién de nitrogeno por A. diazotrophicus podra determinarse solo por el uso de 

metodologias que permitan cuantificar la fijacidn biolégica durante la totalidad del ciclo 

de vida de la cafia. 

El conocimiento de la composicién taxonémica de cualquier grupo de 

organismos es punto de partida para fa investigacién bioldgica tanto en areas -



fundamentales como aplicadas. Hasta recientemente, en la microbiologia se carecia de 

metodologias adecuadas para el desarrollo de una taxonomia que reflejara !a filogenia 

de las bacterias. Esta deficiencia metodolégica fue la causa de que el estudio de la 

biodiversidad de los organismos procariontes estuviera severamente limitado por un 

largo periodo. El desarrollo reciente de nuevas herramientas procedentes del estudio 

molecular de los procesos que se llevan a cabo en los seres vivos ha contribuido, entre 

otros muchos campos, al avance de la taxonomia bacteriana. El conocimiento de la 

biodiversidad bacteriana actualmente esta en continua revision por la descripcién de 

nuevas especies provenientes de ambientes diversos, entre los que se incluyen los 

ambientes del interior y del exterior de las plantas. La composicién taxonémica de las 

bacterias asociadas a una gran cantidad de plantas esta siendo apenas explorada. 

Dentro de la subclase a-Proteobacteria se encuentran varios géneros 

filogenéticamente cercanos que forman a la familia Acetobacteracea y que’ se incluyen 

dentro de las bacterias acéticas (Swings, 1992). La composicién de esta familia ha sido 

recientemente modificada por la division del género Acefobacter (Validation list 64, 

1998; Yamada y col., 1997) y por la descripcién de una especie ubicada en un género 

nuevo (Yamada y col., 2000). A propuesta de Yamada y col. (1997), las especies 

Acetobacter diazotrophicus, A. europaeus, A. hansenii, A. liquefaciens y A. xylinus han 

sido recientemente ubicadas dentro de la misma familia Acetobacteraceae en el nuevo 

género Gluconacetobacter (Validation list 64, 1998). La propuesta de creacién del 

género Gluconacetobacter se basé en diferencias en secuencia parcial del gene 

ribosomal 16S y en el tipo de ubiquinona que producen las especies anteriormente 

‘ubicadas en conjunto en el género Acetobacter. Consideramos que !a creacién de un 

nuevo género deberia estar apoyada por un conjunto mas amplio de rasgos fenotipicos 

y genotipicos, de manera que se refleje mas fidedignamente la totalidad del genoma de 

los organismos. Debido a los motivos mencionados anteriormente y a que la especie 

fijadora de nitrégeno Gluconacetobacter diazotrophicus tradicionalmente ha sido 
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conocida como Acetobacter diazotrophicus, en esta tesis toda referencia a esa bacteria 

se hara con la denominacién original. 

La identificacién de células de A. diazotrophicus asociadas con plantas se ha 

realizado por determinacién de caracteristicas fenotipicas de cepas aisladas utilizando 

medios de enriquecimiento y diferenciales (Dong y col., 1994; Fuentes-Ramirez y col., 

1993); también por uso la técnica inmunoldgica de ELISA (Li y MacRae, 1992); y por 

hibridaci6n y PCR utilizando oligonucledtidos especificos (Kirchhof y col., 1997b; 

Sievers y col., 1998). El método de identificacién por aislamiento proporciona 

resultados muy confiables. Sin embargo, su principal inconveniente es el tiempo 

empleado ya que éste puede abarcar desde dos hasta cuatro semanas. La aplicacién 

de ELISA y el uso de oligonucledtidos especificos permiten una reduccién considerable 

en el tiempo empleado en la identificacién taxondémica. Aun asi, la especificidad de 

esas metodologias podria estar limitada en grado diverso, ya que por una parte tal 

especificidad depende de la muestra de cepas o biovares 0 especies a partir de las 

cuales se obtienen los anticuerpos o se disefian los oligonucledtidos, y por otra parte 

es sabido que la diversidad en muy distintos grupos taxonémicos es conocida sdélo 

parcialmente. 

En esta tesis se abordaron varios temas sobre la ecologia de A. diazotrophicus, 

éstos incluyen un estudio de la colonizacién en cafia de azucar, ecologia de 

poblaciones y taxonomia de esta especie, y el desarrollo de herramientas y 

metodologia para detectar y cuantificar de manera especifica células de A. 

diazotrophicus y organismos relacionados filogenéticamente. 
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OBJETIVOS GENERALES 

Contribuir al conocimiento de la ecologia de la colonizacién de la cafia de azucar por A. 

diazotrophicus. 

Contribuir al conocimiento de la -biodiversidad de las bacterias acéticas fijadoras de 

nitrégeno, asociadas a especies vegetales. 
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JUSTIFICACION Y METAS 

Al inicio de este proyecto de tesis se contaba con escasos datos sobre distintos 

aspectos de la ecologia de la relacién entre A. diazotrophicus y la cafia de azucar, tales 

como los encaminados a establecer el patron de colonizacién de A. diazotrophicus en 

la cafia de azucar y los efectos que sobre este patrén pudiera tener la fertilizacién 

nitrogenada de la planta. Las metas generales y especificas son: 

Meta |.1 Determinar el efecto de la fertilizaci6n nitrogenada de la cafia de azucar en la 

colonizacién por A. diazotrophicus. 

Especificamente, determinar la densidad de pobiacion de células de A. diazotrophicus en plantas 

de cafia de azucar inoculadas a través de esquejes propagativos y cultivadas con distintas dosis 

de fertilizaci6n nitrogenada. 

Meta |.2 Localizar los sitios de colonizacién de Acetobacter diazotrophicus en cafia de 

azucar. 

Construir una cepa de A. diazotrophicus Gus* constitutiva. 

En plantas de caria de azucar inoculadas a través de esquejes propagativos determinar por 

ensayo histoquimico e identificar macroscopicamente y por microscopia dptica los tejidos con 

expresi6n de actividad B-glucuronidasa. 

Entre las especies diazotrofas que colonizan endofiticamente a la cafia de 

azicar, se ha sugerido que A. diazotrophicus pudiera fijar nitrogeno dentro de la planta 

debido sus caracteristicas peculiares. Sin embargo, no habia sido plenamente 

establecido si en asociacion con la cafia de azuicar A. diazotrophicus es un fijador de 

nitrégeno activo. 
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Al inicio de este proyecto de tesis se planted la meta siguiente: 

Meta II. Determinar si en asociacién con la cafia de azucar se transcribe el gene nifH 

de A. diazotrophicus. 

Especificamente, determinar la secuencia nucleotidica “upstream” del gene nifH de A. 

diazotrophicus y por andlisis de ésta, detectar la region minima necesaria a clonar que contenga 

a las siguientes regiones reguladoras putativas: promotor y “Upstream Activator Sequence” 

(UAS). 

En un vector que se mantenga establemente en A. diazotrophicus, construir una fusion 

transcripcional nifH::gusA con la region reguladora de la dinitrogenasa reductasa del mismo 

microorganismo. 

Determinar in vitro la actividad de la fusi6n nifH::gusA en cultivos de A. diazotrophicus bajo 

distintas concentraciones de nitr6geno combinado. 

En plantas de caha de azucar inoculadas a través de esquejes propagativos determinar por 

ensayo histoquimico si se presenta actividad B-glucuronidasa. 
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En muy distintos habitats se desarrollan comunidades bacterianas de las que 

solo recientemente comenzamos a conocer su diversidad. En asociacién al ambiente 

de la planta de café se han aisiado poblaciones de A. diazotrophicus y de otras cepas 

fijadoras de nitrogeno relacionadas con esta especie. Nos propusimos definir la 

posicién taxondémica de estas cepas con los siguientes objetivos especificos: 

Meta lil. Analizar la diversidad taxonémica de cepas de acetobacterias fijadoras de 

nitrégeno que se desarrollan en el ambiente rizosférico y endéfito de la planta de café 

y, de ser posibie, disefiar oligonucledtidos utiles para la identificacion de cepas 

fijadoras de nitr6geno pertenecientes a las bacterias acéticas. 

Como meta especifica, determinar la secuencia del gene ribosomal de la subunidad pequefia de 

cepas de acetobacterias fijadoras de nitr6geno que se desarrollan en el ambiente de la planta de 

café. 

Por comparaci6n con las secuencias de los genes ribosomales de ia subunidad pequefa de las 

especies reconocidas de la familia Acetobacteraceae determinar {a relacién filogenética de fas 

cepas de interés. 

A partir de regiones que muestren una alta variabilidad entre la familia Acetobacteraceae, diserfiar 

oligonucledtidos utiles para amplificar parcialmente el gene ribosomal de la subunidad pequefia 

de cepas fijadoras de nitrogeno de la familia Acetobacteraceae de manera especifica. 
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La cuantificacién de la densidad poblacional de A. diazotrophicus constituye una 

faceta de estos estudios de la interaccién entre la bacteria y la cafia de azucar. Estas 

determinaciones se llevan a cabo por cuenta de crecimiento a partir de la siembra de 

las diluciones de extractos de plantas en medios de enriquecimiento y verificacién de 

identidad de la bacteria. El tiempo total para la cuenta de células de A. diazotrophicus 

en planta es de dos a tres semanas. Debido a ello, el disponer de procedimientos 

confiables que reduzcan la duracion de la cuantificacién bacteriana de A. 

diazotrophicus, constituiria un apoyo experimental valioso. Con la finalidad de contribuir 

a la optimizaci6n de la metodologia utilizada en la determinacién de cuenta poblacional 

de A. diazotrophicus se planted: 

Meta IV. Disefar un método reproducible y que sea eficiente en cuanto al tiempo de 

realizacién, para la identificacién y la cuantificacién de células de A. diazotrophicus 

asociadas a plantas de cajia de azucar. 

Determinar la posibilidad de cuantificar células de A. diazotrophicus utilizando el método del 

numero mas probable y PCR, de manera combinada, utilizando oligonucledtidos especificos 

disefiados a partir de la secuencia del gene ribosomal de la subunidad pequefia. 

Determinar la confiabilidad del método por comparacién con la cuantificacian por numero mas 

probable en crecimiento en medio de enriquecimiento. 

Determinar cuantitativamente la presencia de células de A. diazotrophicus en plantas de cafia de 

azucar inoculadas. 
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RESULTADOS 

|. ECOLOGIA DE LA COLONIZACION 

Los resultados sobre los efectos de la fertilizaci6n nitrogenada en las 

poblaciones de A. diazofrophicus en la cafia y su localizacién (Meta !) se muestran en 

el articulo: “Colonization of sugarcane by Acetobacter diazotrophicus is inhibited by 

high N-fertilization” (Anexo I). 

Il. PROMOTOR DE nifH Y EXPRESION DEL GENE. 

Los resultados no publicados sobre el estudio de la expresién del gene nifH y su 

regién regulatoria (Meta II) se presentan.a continuacion: 

El aislamiento, secuenciacion y andalisis de la zona regulatoria del gene nifH se 

requirid para la construccién de un plasmido con un gene reportero de la expresién de 

nitrogenasa. Este plasmido (pRGH562) se introdujé en A. diazotrophicus UAP 5541 

que se inoculé en plantas de cafia de azucar. Colateralmente la construccién UAP 

5541/pRGH562 sirvid para estudiar la regulacién de la expresién por amonio. 

Previamente, la fijacién de nitrégeno de A. diazotrophicus se habia reportado como 

altamente tolerante al nitrégeno fijado (Cavalcante y Débereiner, 1988; Stephan y col., 

1991). 

Los césmidos se obtuvieron a partir de ADN digerido parcialmente con la enzima 

Sall y ligado al vector pSUP205 (Simon y col. 1983). Por hibridizacién con una sonda 

intragénica de nifH (fragmento Safl-Sail de 0.3 kb), procedente de R. effi (Morett y col. 

1988) se identificaron cuatro césmidos que compartian las mismas bandas de 

hibridacién que el ADN gendémico de la cepa A. diazotrophicus UAP 5560. Las bandas - 
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de hibridacién obtenidas al cortar ADN gendémico de la cepa UAP 5560 con las 

enzimas de restriccién Bgill, Ps#l, BamHI, Hindllll y Kpnl correspondian a los tamafios 

12, 8, 7, 4.3 y 6 kb, respectivamente. 

A partir del césmido pHF38, que mostré un patron de hibridacién (EcoRI) de 

nifHDK idéntico al de la cepa UAP 5560, se aislé6 un fragmento BamHI de 7 kb. El 

plasmido pNHAD7 se construyo por la insercién del fragmento BamHI de 7 kb en 

pUC19. Se utilizaron subclonas del pNHAD7 para determinar la secuentia del promotor 

de nifH y de la region 5’ del mismo gene (492 bases de la region regulatoria y 291 de la 
region codificante). La secuencia obtenida se deposité en el GenBank con el numero 
de acceso U78044. A 192 bases arriba del gene nifH de A. diazotrophicus UAP 5560 
se encontré una secuencia invertida repetida (iR) que abarca 31 nt y que tedricamente 

favorece la formacién tailos de 14 nt (AG de -28.8 kcal/mol). Arriba del gene nifH se 
encontré un marco abierto de lectura de 55 codones, al que Ilamamos orf1 (Fig. 1). La 
comparaci6n del orf1 con bancos de secuencias no mostré semejanza significativa con 
ningun gene reportado (no se muestra). Por comparacién de secuencia se buscaron 
las regiones reguladoras que compartieran la mayoria de los genes de la dinitrogenasa 
reductasa de otros organismos. La organizacién que muestra la zona reguladora con la 
disposicion de las secuencias detectadas coincide con la equivalente en la mayoria de 
fijadores de nitrégeno. A las distancias indicadas a partir del primer ATG se localizaron 
las siguientes secuencias putativas: sitio de unién a ribosoma a -8 nucledétidos, una 
secuencia GTGGCATGGCGTTTGCG que corresponde al consenso de los promotores 
-12 -24 (Morett y Buck 1989), un sitio de unién a IHF (integration host factor) de la base 
-81 a la -128, y un fragmento con el consenso TGT-N10-ACA (UAS, Upstream 
Activator Sequence), tipico de los sitios union a NifA (ver revision Merrick, 1992). EI 
aparente sitio de unién a IHF se localizé utilizando el programa Seqscan, disponible en 
la red en la direccién http:/Avww.bmb.psu.edu/seqscan/default.htm, de B. T. Nixon. 

A partir del pNHAD7 se amplificé un fragmento de 632 pb, que contenia la’ 
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regién reguladora de nifH (Fig. 1). La secuencia del oligonucledtido que se une arriba 

de la _regién regulatoria fue 5'-CTCTCTAGAGGATCCCGGTCCGTATTATGCCGTCC- 

3’, oligonucledétido “upnifH”, y la del oligonucledétido que se acopla en la regién 

estructural del gene nifH fue 5'-CTCCCCGGGGGACGCACTTGATGCCCTTGTA-3’, 

oligonucledtido “nifH”. El fragmento amplificado se digirid con las enzimas Smal y 

BamHl y se ligé en el vector pRG960SD (Van den Eede y col., 1992) produciendo una 

fusién dei promotor de nifH con el gene reportero gusA7 (plasmido pRGH562). 
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1 ATCCAGACGCCGATACCCGACATIGTCCGAAAGCGCCGGACGGATTGCGGCTTCCTGTTCCTGGG 
65 

66 130 

131 195 

  

196 260 

261 ‘TCTGGACCOGGCCTCACGGACCGCCCCGCATGCOGCATGCGGGGCGGTCTGCGTTIGGCGOGAGT 325 

PPP PP HPP> POOP P> KK CKKK KKK KKK 

326 GCCGCACGTINEGOGGTTTfIGTCRGECTTOGCACARAGCCOCCGGARTCATSTCCGATN NGScr 390 

  

391 ARAAAGGAAAAAGATCCCOGATCCGGCGTGIGGCATGOCOTTIGCGGATGTOCTGIGTGTOSSSC = 455 
YTGGYAYRnnnKYTGCW 
  

456 CTGGCGGCCGCGCGATGCGATCTATCGGAAAACRERRICGGCATCATGAGCAAGCTICGCCAAATC «= 520 
MS KLRQ I 

521 GCCTYTTATGGAAAGGGAGGAATCGGCAAGTCGACGACCTCCCAGAATACCCTCGCCGCACTGGT 585 

AFYGKGGIGKSTTSQNTLAALYV 

586 CGAGATGGGCCAGAAGATCCTGATOGTICGGCIGCGATCOGAAGGCGGATTICCACCCGCCTGATC® «=—-«6 50 

EMG@QkKILIVGeDPKAODSTRULIOL 

651 ‘TGAACGCCAAGGCGCAGGATACGGTCCTGAGCCTGGCAGCGGAAGCOGGATCGGTCGAGGACCTG «= 715 

NAKAQODTVLUS L_ AA EAGSVEDL 

* 

716 GAACTCGAGGACGTGCTGAAGATCGGCTACAAGGGCATCAAGTGCGTOGARTCCGGCGGGCOGGA «780 

ELEDVLKIGYKGIK CVESGGPE 

781 GCCGGGGATC 790 
* PpGtr. ‘ 

Figura 1. Secuencia nucleotidica de la zona regulatoria del gene 

nifH y del extremo 5' del mismo. Se muestran las siguientes regiones 

putativas: orf1, en subrayado; UAS, marcadas con una caja; sitio de . 

unién a IHF, subrayado punteado; promotor dependiente de.o**, en doble 
subrayado, el consenso se muestra en italicas; y sitio de unién a ribosoma, 

en sombreado. Una secuencia invertida repetida (IR) se muestra con 

flechas. El fragmento amplificado por PCR y posteriormente clonado en 

el vector con el gene de gusA (pRG96OSD) esta limitado por asteriscos. 
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Dos sefales negativas para regulacion transcripcional de nifH en diferentes 

bacterias diazotréficas no simbidticas son la disponibilidad de nitrogeno combinado y la 

presencia de oxigeno (ver revisiones de Elmerich, 1991; Merrick, 1992; y Merrick, 

1993). Por ello probamos la influencia del amonio y del oxigeno en la expresién del 

promotor de nifH en medio de cultivo. La expresién del promotor de nifH de la cepa 

UAP 5560 se cuantific6 en el fondo genético de la cepa UAP 5541 de A. 

diazotrophicus, utilizando una fusién transcripcional con el reportero gusA [plasmido 

pRGH562 (Tabla 1)]. Previo a este experimento se habia determinado la ausencia de 

actividad B-glucuronidasa (GUS) en A. diazotrophicus por lo que la actividad GUS en la 

cepa trabajada procede exclusivamente de la construccién que se introdujo. La 

actividad del promotor de nifH esta regulada por la concentracién de amonio en el 

medio. La expresion de nifH fue 80 veces mas alta en condiciones de limitacién de 

nitrogeno que en exceso de éste. En presencia de amonio se detecté solo una ligera 

expresion residual del promotor, por lo que se puede eliminar la posibilidad de 

transcripcién inducida por secuencias del vector. 

Tabla 1. Regulacién del promotor de nifH de A. diazotrophicus por amonio y oxigeno?. 

Actividad de B-glucuronidasa® 

Plasmido® sin NH,” con NH,” 

Oz atm O2 1% O2 atm O2 1% 

pRG960SD 3.0 7.0 3.2 5.0 

pRGH562 4.0 913.0 2.8 84.0 

pRGS561 27 39.5 3.4 66.8 
  

“Las células bacterianas se cultivaron durante 48 h a 30°C en medio liquido SUCMES, con 
(NH*4)28O4 12 mM 0 en medio libre de nitrégeno, pH 6.5. Los recipientes fueron cubiertos con 
tapones de sello hermético, a los medios a incubarse en QO, 1% se les hizo circular No y 
posteriormente una mezcla N2:O2 (99:1). 

Expresada como pmol de MU producidos por 1 min a 37°C por 106 UFC. 
°Cepa receptora UAP 5541; pRG960SD lleva al gene gusA sin Promotor; pRGH562 tiene 
insertado al promotor de nifH de A. diazotrophicus después del Shine Dalgarno de gusA del 
pPRG960SD; pRGH561 lleva un promotor con fa “leader sequence” del virus AMV y el doble 
promotor del gene 35S del virus CaMV. . 
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Los tallos de cafia de aztcar de las variedades Z MEX 5532, MEX 57-473, RD 

75-11, MY 55-14 y RB 76-5418, inoculados con la cepa de A. diazotrophicus UAP 

5541/pRGH562, que porta la construccién con la fusién promotor nifH de A. 

diazotrophicus con el gene reportero gusA fueron cultivados en invernadero con dos 

dosis de nitrégeno, una de 11 y la otra de 0.56 mmol de NH4NO; por planta, aplicadas 

cada dos semanas. En ensayos histoquimicos de &-glucuronidasa con X-Gluc no fue 

posible detectar actividad GUS en cortes de plantas (dos cortes por planta, 70 plantas), 

cultivadas en las condiciones de fertilizacién nitrogenada utilizadas. 

lll. BIODIVERSIDAD Y NUEVOS TAXAS EN LA FAMILIA ACETOBACTERACEAE 

El conocimiento que se tiene de la diversidad de las poblaciones de A. 

diazotrophicus se ha ampliado con los aislamientos a partir de ambientes que no 

habian sido estudiados. En el caso de la planta y del suelo de café se han encontrado 

genotipos de esta bacteria que hasta ahora se han detectado exclusivamente en la 

planta de café y su rizésfera (Jiménez-Salgado y col., 1997, [Anexo III], Tabla 2). Del 

ambiente de la planta de café, ademas de las poblaciones de A. diazotrophicus, se han 

aislado otras cepas acéticas fijadoras de nitrégeno de un particular interés taxonémico, 

ya que éstas muestran algunas caracteristicas fenotipicas distintas de las de A. 

diazotrophicus (Jiménez-Salgado y col., 1997, [Anexo Ill]), la Unica especie fijadora de 

nitr6geno descrita en la familia Acetobacteraceae (Gillis y col., 1989, Sievers y col, 

1994).



  

Tabla 2. Frecuencia de genotipos de Acetobacter diazotrophicus aislados de 

distintos ambientes®”, 

  

procedencia 

Genotipo cafiade rizoplano chiche camote Pennissetum hongo  cafeto rizésfera fuente® 
azucar_decafia harinosa__duice purpureum___ vesicular de café 

ET1 0.425 nd 0.134 0.049 nd nd 0.012 0.012 0.658" (1,2, 3) 

ET2 0.037 nd 0.024 nd nd nd nd nd 0.061 (1, 2, 3) 

ET3 0.085 0.012 nd nd 0.012 0.012 nd nd 0.021 (4, 2) 

ET4 0.024 nd nd nd nd nd nd nd 0.024 (1, 2) 

ETS 0.012 nd ‘nd nd nd nd nd nd 0.012 (2) 

ET6 nd 0.012 0.012 nd nd nd nd nd 0.024 (2) 

ET7 0.049 nd nd nd 0.024 nd nd nd 0.073 (2) 

ET8 nd nd nd nd nd nd 0.012 0.012 0.024 (3) 

ET9 nd nd nd nd nd nd 0.012 nd 0.012 (3) 

ET10 nd nd nd nd nd nd nd 0.012 0.012 (3) 

ET11 nd nd nd nd nd nd 0.012 nd 0.012 = (3) 

ET12 nd nd nd nd nd nd nd 0.012 0.012 (3) 

ET14 nd nd nd nd nd nd nd 0.012 0.012 (3) 
  

“frecuencia relativade genotipos de A. diazotrophicus en cada tipo de ambiente. Cada determinacién indica la 

frecuencia respecto al total absoluto de aislamientos. 
°nd indica que no se han aislado del genotipo en ese ambiente. 
“fuente: 1, Caballero-Mellado y Martinez-Romero, 1994; 2, Caballero-Mellado y col., 1995; 3, Jiménez-Salgado y col., 
1997. 
4sumatoria de las frecuencias del genotipo. 
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Con base en la comparacién filogenética de las secuencia nucleotidicas del 

gene ribosomal de la subunidad pequefia (SSU rDNA), las bacterias pertenecientes a 

la familia Acetobacteraceae forman los grupos: Acefobacter, Gluconobacter, 

Acidomonas, Asaia y Gluconacetobacter (Fig. 2). Uno de éstos esta formado por la 

bacteria fijadora de nitrogeno A. diazotrophicus, y por los siguientes no fijadores de 

nitrogeno: Gluconacetobacter liquefaciens y !a especie recientemente descrita Gi. 

sacchari (Franke y col., 1999; Yamada y col., 1997). Entre las secuencias de los genes 

SSU rDNA de estas especies se presentan similaridades mayores a 97.13% (Tab. 3; 

Franke y col., 1999; Fuentes-Ramirez y col., en prensa, [Anexo IV]). 
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Figura 2. Arbol filogenético de la familia Acetobacteraceae. Las agrupaciones se 
hicieron de acuerdo a las distancias entre las secuencias del gene 16S. La secuencia 
de Acidosphaera rubrifaciens se incluyo como secuencia ajena al grupo. Abreviaturas: 
Acid., Acidosphaera, A., Acetobacter, G/., Gluconacetobacter; Ac., Acidomonas; As., 
Asaia, G., Gluconobacter. Los numeros indican el valor de “boostrapp” de un total de 
1000 arboles. 
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Algunos aislamientos de acetobacterias fijadoras de nitrogeno del ambiente 

rizosférico de la planta de café, mostraron una distancia genética considerable de A. 

diazotrophicus (Jiménez-Salgado y col., 1997, [Anexo Ill]). Los aislamientos de 

bacterias del café genéticamente distantes de A. diazotrophicus forman tres grupos 

denominados como SAd, DOR y APL. Decidimos determinar la ubicacién taxonémica 

de los aislamientos del café, contemplando Ia posibilidad de contribuir al conocimiento 

de la diversidad de la familia y de las bacterias fijadoras de nitr6geno. La determinacién 

de la diversidad taxonomica de cepas de Acetobacterias fijadoras de nitrégeno que se 

desarrollan en el ambiente rizosférico y endofito de la planta de café y que difieren de 

A. diazotrophicus (meta Ill) es abordado en el capitulo titulado “Polyphasic taxonomy of 

nitrogen-fixing acetic bacteria isolated from the rhizosphere of coffee plants”, por 

Caballero-Mellado, J., Jiménez-Salgado, T., Tapia-Hernandez, A., Wang, E. T., 

Martinez-Romero, E. y Fuentes-Ramirez, L. £., del libro “Highlights of Nitrogen Fixation 

Research” (Anexo V) y en el manuscrito titulado: “Novel nitrogen-fixing acetic bacteria, 

Gluconacetobacter johannae sp. nov., and Gluconacetobacter azotocaptans sp. nov., 

associated with coffee plants’, por Fuentes-Ramirez, L. E., Bustillos-Cristales, R., 

Tapia-Hernandez, A., Jiménez-Salgado, T., Wang, E. -T., Martinez-Romero, E. y 

Caballero-Mellado, J. (Anexo VI). El citado manuscrito actualmente se encuentra en 

etapa de revisi6n en el International Journal of Systematic and Evolutionary 

Microbiology. 

Se determin6 trabajar inicialmente con una cepa del grupo SAd y una del grupo 

DOR. Utilizando los oligonucleétidos fD1 y rD1 (Weisburg, 1991), amplifiqué el gene 

16S de las cepas de la rizosfera de café CFN-Ca54 (SAd) y CFN-Cf55 (DOR). Para la 

amplificaci6n se utiliz6 la polimerasa Pwo. El producto de PCR fue clonado en el vector 

pCAPs, digerido previamente con la endonucleasa MiuNI. Los fragmentos para la 

obtencién de la secuencia nucleotidica se obtuvieron a partir del producto de PCR 

clonado y se ligaron en el vector pUC19. Las secuencias obtenidas se depositaron en 
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el GenBank bajo los nimeros de acceso AF192761 y AF 111841, para la cepa CFN- 

Ca54 y CFN-Cf55, respectivamente. Los grupos SAd y DOR podrian ser consideradas 

como nuevas especies, considerando las diferencias en secuencia con respecto a la 

especie mas cercana, 97.89 y 97.96%, respectivamente [Tab. 3; Fuentes-Ramirez y 

col. Novel nitrogen-fixing acetic acid bacteria, Gluconacetobacter johannae sp. nov., 

and Gluconacetobacter azotocaptans sp. nov., associated with coffee plants. Int. J. 

Sys. Evol. Microbiol. (enviado, Anexo VI)). 
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Tabla 3. Matriz de similaridad de secuencias del gene ribosomal 16S de las especies de la familia Acetobacteraceae del 
grupo cercano a las nuevas especies fijadoras de nitrégeno. 
  

cepa 

GI. liquefaciens LGM1382 
GI. liquefaciens SRI1244 
GI. liquefaciens SRI1957 
GI. sacchari IF2-6 
GIL. sacchari |F9645 
Gi. sacchari |IF9701 
GI. sacchari SRI1216 
GI. sacchari SRI1794 
GI. sacchari SRI1953 
GI. sacchari SRI1853 
GI. sacchari SRI1255 
GI. sacchari SRi1951 
GI. sacchari SRI1230. 
GI. azotocaptans CFN-Ca54 
Gl. johanae CFN-Cf55 
A. diazotrophicus SRI1205 
A. diazotrophicus SRI1206 
A. diazotrophicus PAI5 

A. diazotrophicus SRI1212 
A. diazotrophicus SRI1990 
A. diazotrophicus-like SRI1941 

No. de 
Acceso 

X5617 
AF 127391 
AF 127393 
AF127412 

AF127413 
AF127414 
AF 127406 
AF127407 
AF127410 
AF127408 
AF 127409 
AF 127404 
AF127405 
AF192761 
AF 111841 
AF127402 
AF127401 
X75618 
AF 127397 
AF127392 
AF 127400 

clave 

2 3 4 5 
1.0000 0.9986 0.9930 0.9929 

0.9914 0.9900 0.9800 
0.9916 0.9915 

1.0000 

6 
0.9930 
0.9886 
0.9916 
1.0000 

1.0000 

7 
0.9921 
0.9871 
0.9785 
0.9914 
0.9813 
0.9899 

8 
0.9909 
0.9929 
0.9796 
0.9802 
0.9901 
0.9888 
1.0000 

9 
0.9920 
0.9883 
0.9796 
0.9927 
0.9825 
0.9913 
1.0000 
4.0000 

10 
0.9922 
0.9907 
0.9801 
0.9929 
0.9829 
0.9915 
0.9986 
1.0000 
1.0000 

11 
0.9920 
0.9920 
0.9834 
0.9964 
0.9863 
0.9949 
0.9993 
0.9993 
0.9949 
0.9993 

12 
0.9875 
0.9921 
0.9874 
0.9944 
0.9972 
0.9958 
0.9986 
0.9972 
1.0000 
0.9993 
0.9993 A

r
P
O
O
n
O
A
a
b
k
w
n
a
 

=
3
o



  

GI. fiquefaciens LGM1382 
GI. liquefaciens SRI1244 
GI. liquefaciens SRI1957 
GI. sacchan IF2-6 
Gi. sacchari |F9645 
Gi. sacchari \F9701 
GI. sacchari SRI1216 
GI. sacchari SRI1794 
GI. sacchari SRI1953 
GI. sacchari SRI1853 
Gi. sacchari SRI1255 
GI. sacchari SRI1951 
Gi. sacchari SRIHN230 
Gl. azotocaptans CFN-Ca54 
GI. johanae CFN-Cf55 
A. diazotrophicus SRI1205 
A. diazotrophicus SR|I1206 
A. diazotrophicus PAIS 
A. diazotrophicus SRI1212 
A. diazotrophicus SR|I1990 

X6617 
AF127391 
AF127393 
AF127412 
AF 127413 
AF127411 
AF 127406 
AF127407 
AF127410 
AF127408 
AF 127409 
AF 127404 
AF 127405 
AF192761 
AF111841 
AF127402 
AF127401 
X75618 
AF 127397 
AF 127392 

O
O
N
A
O
A
W
H
 A
 

13 
0.9916 
0.9914 
0.9860 
0.9965 
0.9965 
0.9951 
0.9935 
0.9916 
0.9949 
0.9943 
0.9986 
0.9986 

14 
0.9744 
0.9714 
0.9789 
0.9749 
0.9774 
0.9762 
0.9655 
0.9650 
0.9687 
0.9672 
0.9718 
0.9632 
0.9713 

15 
0.9772 
9.9722 
0.9796 
0.9763 
0.9788 
0.9776 
0.9670 
0.9664 
0.9701 
0.9687 
0.9732 
0.9646 
0.9727 
0.9917 

16 
0.9813 
0.9813 
0.9813 
0.9821 
0.9776 
0.9821 
0.9821 
0.9821 
0.9828 
0.9821 
0.9813 
0.9821 
0.9821 
0.9806 
0.9836 

17 
0.9828 
0.9828 
0.9828 
0.9836 
0.9791 
0.9836 
0.9836 
0.9836 
0.9843 
0.9836 
0.9828 
0.9836 
0.9836 
0.9821 
0.9851 
0.9993 

18 
0.9818 
0.9829 
0.9817 
0.9846 
0.9844 
0.9846 
0.9828 
0.9818 
0.9847 
0.9829 
0.9834 
0.9785 
0.9832 
0.9827 
0.9848 
0.9910 
0.9925 

19 
0.9826 
0.9798 
0.9812 
0.9841 
0.9841 
0.9841 
0.9696 
0.9834 
0.9658 
0.9790 
0.9674 
0.9834 
0.9834 
0.9855 
0.9855 
0.9843 
0.9851 
0.9986 

20 
0.9851 
0.9821 
0.9732 
0.9806 
0.9702 
0.9791 
0.9873 
0.9873 
0.9873 
0.9873 
0.9828 
0.9873 
0.9828 
0.9754 
0.9754 
0.9821 
0.9836 
0.9970 
0.9884 

21 
0.9787 
0.9706 
0.9787 
0.9815 
0.9808 
0.9815 
0.9891 
0.9695 
0.9629 
0.9594 
0.9645 
0.9773 
0.9759 
0.9709 
0.9730 
0.9671 
0.9686 
0.9752 
0.9732 
0.9582 
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IV. USO DE OLIGONUCLEOTIDOS ESPECIFICOS PARA IDENTIFICACION DE 

ACETOBACTERIAS FIWADORAS DE NITROGENO Y DE CUANTIFICACION DE 

CELULAS 

Se alinearon las secuencias de genes ribosomales de la subunidad pequefia de 

especies de la familia Acetobacteraceae disponibles en bancos (Fig. 3). Una region 

que corresponde a la numeracion 989 a la 1042 de E. coli mostré la mayor divergencia 

entre las secuencias del gene 16S de la familia Acetobacteraceae. Dentro de esta 

misma zona se localizé6 una regién que mostraba divergencia entre las cepas de A. 

diazotrophicus, SAd y DOR. A partir de esta regiéh se disefiaron oligonucledtidos con 

potencial de ampliacién especifica por PCR (secuencia en Tabla 4). Utilizando una 

region conservada entre las secuencias del gene 16S de la familia Acetobacteraceae 

se disefié un oligonucledtido (U475) universal para este grupo bacteriano (secuencia 

en Tabla 4). Bajo las condiciones citadas en la Tabla 5, el uso del oligonucledtido 

universal y de los oligonucleétidos denominados L925Ad, L927Gj y L923Ga produjeron 

amplificaci6n especifica de la especie A. diazotrophicus y de las cepas de los grupos 

SAd y DOR, respectivamente (Fig. 4; Fuentes-Ramirez y col., en prensa, [Anexo IV]). 
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Fig. 3. Alineamiento de secuencias del gene 
Acetobacteraceae’. 
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1202 
1350 . frateuri ATCC1365 bet a 

cerinus ATCC1368 
asaii ATCC1390 

oxydans ATCC3503 
pasteurianus 22-1 
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GI. johannae CFN-CES5 ca tg g t 
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Consenso — CCAGGTGGCG ACACCGAGCT GATCTCAAAA AGCCGTCTCA GTICGGATTG CACTCTGCAA CTCGAGTGCA TGAAGGTGGA ATCGCTAGTA ATOGOGGATC AGCATGOCGC GGTGAATACG TICCOGGGCE TIGTACACAC caccéeTCAc 1351 
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Consenso — ACCATGGGAG TTGGTTTGAC CTTAAGCCGG TGAGCGAACC CAGCGCAAGG ACGCAGCOGA CCACGGTCGG GTCAGCGACT GOGGTGAAGT CGTAACAAGG TAGCCGTAGG GGAACCTGCG GCTGGATCAC CTCCTTT--- ------- 
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*La regién de divergencia a partir de !a que se disefiaron los oligonuclestidos especificos se muestra en tono invertido. 
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Tabla 4. Secuencia de los oligonucledtidos universal y especificos, utilizados en la 
identificacion de las acetobacterias fijadoras de nitrogeno*. 

oligonuclestido® especie® secuencia nucleotidica 

U475 5’-AATGACTGGGCGTAAAG-3' 

L925Ad A. diazotrophicus 5’-CAGCCATCTCTGACTG-3' 

L923Ga Gl. azotocaptans 5’-AATGCTCATCTCTGAACA-3’ 

L927Gj Gl. johannae 5’-GAAATGAACATCTCTGCT-3’ 
  

*Los productos esperados de ca. 400 bp se obtienen tanto a partir de ADN purificado como de células 
previamente lisadas por calor (95°C, 10 min). 

El oligonucleotido universal utilizado para las tres especies es ef U475. 

“El género Gluconacetobacter se abrevia como Gi. para evitar confusién con ei género Giuconobacter. 
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Tabla 5. Condiciones de reaccién de PCR para la obtencién de productos especificos. 
  

desnaturalizacién ' amplificacién elongacién final 
  

oligonucledétidos* ciclos temp.” tiempo* 

1 95 

L925Ad 

1 95 

L923Ga 

1 95 

L927Gj 

ciclos temp. 

32 

32 

94 

67 

72 

94 

66 

72 

94 

61 

72 

tiempo 

1 

1 

1 

ciclos temp. tiempo 

72 3 

72 3 

72 3 

  

*El oligonucleétido universal utilizado para las tres reacciones es el U475. 
Se expresa en grados centigrados. 

“Se expresa en minutos. 
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Figura 4. Productos obtenidos por amplificacién, utilizando los oligonucledtidos especificos. 
Paneles: a) primers U475-L925Ad, b) U475-L923Ga, c) U475-L927Gj. Carriles: A-D, A. 
diazotrophicus, E-G, GI. azotocaptans; H, J-L, Gi. johannae. Cepas: A, UAPS5560; B, PAIS; C, 
UAP-Ac10; CFN-Cf56; E, CFN-Ca54; F, UAP-Ca97; G, UAP-Ca99; H, CFN-Cf55; J, UAP-Cf57; 
K, UAP-Cf76; L, CFN-Cf75; M, Acetobacter sp. Cf59; N, A. hansenii ATCC35959; O, GI 
liquefaciens ATCC 14835; G. oxydans ATCC 19357: Gi. xylinus, ATCC 178; G. asaif ATCC 781. 
1, marcador de peso de 100-1200 pb. Las abreviaturas G. y Gl. significan Gluconobacter y 
Gluconacetobacter, respectivamente. 
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Figura 4. Productos obtenidos por amplificacion, utilizando los oligonucleétidos especificos. 
Panel c) U475-L927Gj. Carriles: A-D, A. diazotrophicus; E-G, Gl. azotocaptans, H, J-L, Gl. 

johannae. Cepas: A, UAP5560; B, PAI5; C, UAP-Ac10; CFN-Cf56; E, CFN-Ca54; F, UAP-CaQ7; 

G, UAP-Ca99; H, CFN-Cf55; J, UAP-Cf57; K, UAP-Cf76; L, CFN-Cf75; M, Acetobacter sp. 

Cf59; N, A. hansenii ATCC35959; O, Gi. liquefaciens ATCC 14835; G. oxydans ATCC 19357; 

Gl. xylinus, ATCC 178; G. asaii ATCC 781. |, marcador de peso de 100-1200 pb. Las 

abreviaturas G. y Gi. significan Giuconobacter y Gluconacetobacter, respectivamente. 

Los oligonucledtidos U475 y L925Ad fueron utilizados para la deteccién de 

células de A. diazotrophicus, junto con un ensayo tradicional de cuenta por método del 

numero mas probable (NMP) en plantas de cafia de azucar previamente inoculadas y 

que procedian de cultivo de tejidos. A partir de tubos de LGI inoculados con diluciones 

de planta (tres tubos por dilucién) e incubados por 4 dias a 30°C, alicuotas de 3 ul 

fueron mantenidas a 95°C por 10 min en una solucion de Tween 20 al 0.1%. 

Posteriormente se afiadieron MgClz 2.5 mM, dNTPs 0.1 mM, 50 mM KCI, Tris-HCI 20 

mM (pH 8.4), ambos oligonucledtidos a una concentracién 20 nM, y 0.95 u de 

polimerasa Taq, en un volumen final de 15 pl. Las condiciones de reaccién de PCR 

fueron las citadas en la Tabla 5. Los productos de reacién se corrieron en elctroforesis 

en geles de agarosa. Con el uso de tablas de numero mas probable se obtuvo la 

cuenta de unidades bacterianas a partir del numero de reacciones en las que se 

observé el producto. Esta cuenta se comparé con la cuenta obtenida por nimero mas _ 
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probable obtenido a partir del nGmero de tubos con LG! que mostraron crecimiento de 

A. diazotrophicus. La deteccion de células de A. diazotrophicus por PCR no varié en 

comparacién a la deteccipon por NMP. Sin embargo, el tiempo de detecién por PCR se 

redujo al menos 3 dias en comparacién al tiempo necesarion para cuenta por NMP 

tradicional. 

Asi mismo, se intentd cuantificar células de A. diazotrophicus en cultivo, sin 

incubar previamente en medio de enriquecimiento. Se han probado distintas 

condiciones de reaccion de PCR, sin embargo el desempefio de este procedimiento ha 

sido inferior (aproximadamente un orden de magnitud) a la cuantificacion tradicional y 

la cuantificacién mixta de PCR y método tradicional.



DISCUSION 

I. ECOLOGIA DE LA COLONIZACION 

En experimentos de colonizacién, detectamos diferencias drasticas en la 

abundancia de A. diazotrophicus en plantas de cafia de azucar. Las diferencias 

poblacionales estuvieron ligadas a la cantidad de fertilizante nitrogenado aplicado, de 

tal manera que en las plantas mas fertilizadas se encontraron poblaciones muy 

escasas. En ensayos in vitro en presencia de NH, se observé promocién de la 

multiplicaci6n de A. diazotrophicus aun a concentracién 10 mM por lo que se sugiere 

que los efectos de la fertilizacibn observados no se deban a efectos directos del 

amonio sobre las bacterias y que tal vez como resultado de la fertilizacion nitrogenada 

la planta podria presentar cambios que afecten ia colonizaciébn bacteriana. Se han 

documentado cambios en la concentracién de sacarosa en relacién a la fertilizacion 

nitrogenada de las plantas. Dado que los efectos reportados sobre la concentracién 

sacarosa varian dependiendo del cultivar de planta empleado seria interesante 

cuantificar esta azucar en las variedades que utilizamos, con y sin fertilizante. 

El impacto observado de la fertilizacién nitrogenada sobre la colonizacién de A. 

diazotrophicus en cafia de azucar podria ser un ejemplo del tipo de efectos observados 

en otras asociaciones con bacterias diazotréficas. Kirchhof y col. (1997a) reportan una 

disminucién en el numero de células de fijadores de nitroégeno (géneros Azospirillum y 

Herbaspirillum) que colonizaron plantas de Miscanthus sinensis, M. sacchariflorus y 

Spartina pectinata que habian sido fertilizadas con nitrogeno, en comparacion con 

plantas no fertilizadas. 

En plantas de cafia de azticar inoculadas con la cepa UAP 5541/pRGS561 con 

expresion constitutiva de B-glucuronidasa sdlo se detecté actividad GUS en ensayos en 

ausencia de azida de sodio. Lo anterior podria indicar que in vivo la cantidad de 

bacterias establecidas en el interior de la cafia era menor al limite de deteccién, 10° 
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UFC (unidades formadoras de colonia) por cm? de tejido, y que durante el periodo de 

incubacion del ensayo (24 h, 30°C) el nimero de células habria rebasado ese limite 

por las duplicaciones de las bacterias. De hecho, la poblacién bacteriana que colonizé 

plantas fertilizadas con baja cantidad de nitr6geno, calculada por el método del numero 

mas probable usando medio de enriquecimiento, no sobrepas6 de 10° UFC por em’, 

A diferencia del trabajo presente en que reportamos solo los numeros de A. 

diazotrophicus en el interior de la planta de cafia de azuicar, en otros estudios se han 

mostrado los numeros correspondientes a esta bacteria en asociacién con la planta, 

sin diferenciar entre la poblacién endofita y la poblacién externa a los tejidos de la 
planta (James y col., 1994: Reis y col., 1994). Ademas de ello, la diferencia entre las 
cantidades de células de A. diazotrophicus en la catia entre los trabajos citados y el 
nuestro probablemente se relaciona también con el proceso mismo de Ia inoculacién. 
Asi, las plantas utilizadas por James y col. (1994) y por Reis y col. (1994) fueron 

inoculadas inicialmente con una cantidad determinada de células, pero tanto las 
plantas como las bacterias se mantuvieron con una fuente externa de carbono, 

permitiendo la multiplicacién bacteriana artificial y dando como resultado una 
inoculacién permanente de la planta durante el experimento. En contraste, al sustrato 
de las plantas que utilizamos no le adicionamos fuente de carbono y por lo mismo las 
bacterias sdlo se mantuvieron con las fuentes de carbono sintetizadas por la planta. 
Dong y col. (1994) reportaron Ia presencia de 1.1 x 104 UFC de A. diazotrophicus por 
ml de fluido, en plantas obtenidas a partir de propagulos de tallo no inoculados 
artificialmente. La cuantificacién que realizaron se hizo en medio de cultivo inoculado 
con fluido de plantas. Nosotros detectamos 2.9 x 10° UFC de A. diazotrophicus por g 

- de tejido fresco de tallo.en plantas inoculadas de seis meses de edad. J. Mufioz Rojas 
y J. Caballero Mellado (com. personal) han detectado en plantas de cafia de azucar 
inoculadas con A. diazotrophicus, poblaciones de 10° UFC en el interior de raiz y hasta 
10° UFC en la parte aerea de Ia planta, a los 35 dias de la inoculacién. Las diferencias ° 
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observadas entre las cantidades citadas por Dong y col. (1994) y las nuestras podrian 

esperarse por la variacién que naturalmente se observa en Ia colonizacién de plantas 

por microorganismos asociados y que se relaciona con factores diversos tales como la 

edad de la planta (Mahaffee y Kioepper, 1996; MclInroy y Kloepper, 1995; J. Mufioz 

Rojas y J. Caballero Mellado, com. personal) y la variedad de ésta (da Silva y col., 

1995). 

En la relaci6n de A. diazotrophicus con la cafia de azucar el papel del hospedero 

parece ser determinante. Asi, la concentracion bacteriana en el interior de las plantas 

inoculadas no parece rebasar un limite determinado, no obstante que en ciertos sitios 

de colonizacién (apoplasto y tal vez floema) las fuentes de carbono (sacarosa, glucosa 

y fructosa) son abundantes. Tal vez la capacidad de la planta de restringir la 

proliferacitn de A. diazotrophicus previene que este crezca excesivamente 

convirtiendose en un patédgeno. 

Por ensayo histoquimico de actividad GUS logramos detectar colonizacién de A. 

diazotrophicus en vasos de xilema de tallo, con lo que la propuesta de Dong y col. 

(1994 y 1997) sobre la imposibilidad de esta bacteria de ubicarse en este tejido en 

plantas sanas parece errénea bajo las condiciones usadas en el presente trabajo. 

Ademas observamos que A. diazotrophicus aparentemente también colonizé tejido de 

floema. Por observaci6n microscépica, estos autores no encontraron células 

bacterianas en otras estructuras del vegetal y cuando introdujeron a A. diazotrophicus 

en el xilema detectaron la expresién de una severa reaccién, probablemente defensiva, 

por parte de la planta (Dong y col., 1994 y 1997); concluyen que A. diazotrophicus se 

encuentra en los espacios intercelulares del tallo de la cafia de aztcar y que no 

coloniza de manera natural a los conductos del xilema. Sin embargo, si la cantidad de 

A. diazotrophicus en plantas no inoculadas es tan baja como la que se presenta en 

plantas inoculadas, seria muy baja la posibilidad de detectar microscépicamente a esta 

bacteria en tejido de plantas adultas sin la ayuda de algin gene reportero .o de | 
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métodos inmunoldgicos. Por lo anterior, resulta improbable que en los trabajos de 

Dong y col. (1994 y 1997) hubieran observado células de A. diazotrophicus en 

secciones microscépicas realizadas aleatoriamente. Por otra parte ellos suponen que 

las estructuras detectadas por microscopia electrénica de transmision (MET) y de 

barrido (MEB) en e! interior de espacios intercelulares son A. diazotrophicus pero 

carecen de pruebas adicionales. Por afiadidura, el aislamiento de A. diazotrophicus a 

partir de liquido apoplastico no excluye su presencia en el contenido de los conductos 

de xilema. Por ultimo, en su reporte de 1997, el dafio excesivo a la planta por las 

condiciones en que ellos realizaron el proceso de inoculacién, y no la bacteria misma, 

podria muy bien ser la causa de la produccién de respuesta de defensa de la planta. 

Dong y col. (1997) llevaron a cabo la inoculaci6n de jas piantas utilizando un medio que 

favorece la replicacién de A. diazotrophicus y durante un tiempo mucho mayer que el 

de generacién de la bacteria. En los experimentos reportados por Dong y col. (1997) tal 

vez la cantidad de células bacterianas introducidas en el xilema fue excesiva, o bien la 

planta presenté respuesta defensiva al dajfio fisico ocasionado por el proceso de 

inoculacién, al mantener al tallo en contacto con una solucién con un pH demasiado 

bajo (probablemente ca. 2.5). La colonizacién de xilema de tallo, como se evidencia en 

nuestro trabajo, coincide con las observaciones de James y col. (1994). Nosotros 

ademas proponemos que el xilema no es el unico tejido colonizado, sino que a través 

de él se da la migracién de A. diazotrophicus hacia otros tejidos y regiones vegetales, 

tales como la corteza del tallo o los espacios intercelulares. Los conductos del xilema 

se desarrollan a partir de células en un proceso que a continuacién se describe. 

Inicialmente en las paredes internas de las células originales se deposita pared 

secundaria, que se supone se encuentra mas lignificada que la pared primaria. En una 

posterior actividad hidrolitica, se disuelven las paredes primarias poco lignificadas. Este 

Ultimo proceso daria lugar a que se formaran las perforaciones que existen entre tubos 

funcionales contiguos (Torrey y col., 1971). Estas perforaciones tienen casi el mismo 
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diametro de la luz interna de los conductos, por lo que permitirian el paso de bacterias 

con facilidad. Nosotros sugerimos que A. diazotrophicus, que produce fitohormonas 

como las auxinas (Fuentes-Ramirez y col., 1993) podria inducir la diferenciacién de los 

conductos del xilema a través de la liberaci6n de hormonas. Dong y col. (1994) 

lograron aislar A. diazotrophicus a partir del fluido procedente del apoplasto de tallo de 

cafia de azticar. De manera similar, en el apoplasto de maiz y de teosinte (Zea 

luxurians) se han obtenido aislamientos del género diazotréfico Klebsiella (Palus y col., 

1996). La ubicacién de A. diazotrophicus tanto en el espacio intercelular, asi como en 

el interior de tejido de floema y en el interior de células le podria proveer a la bacteria 

de una mayor disponibilidad de carbohidratos, en comparacién al que obtendria del 

fluido de xilema de esta planta (Welbaum y Meinzer, 1990; Welbaum y col., 1992). 

Distintas especies bacterianas, incluyendo endéfitos y fitopatogenos, se han 

observado colonizando diferentes tejidos vegetales. El actinomiceto Clavibacter xyli 

subsp. xyli, agente eticlégico del “ratoon stunting disease” de la cafia de azucar (Davis 

y col., 1984) coloniza el sistema vascular del xilema de la planta. La planta responde a 

la presencia del patogeno con la sintesis y liberacién de polisacaridos en este tejido 

(Kao y Damann, 1980). La cepa BH72 de la bacteria diazotréfica Azoarcus sp. penetra 

la corteza de raiz del pasto Kallar (Leptochioa fusca, L.) y del arroz, colonizando 

regiones intra e intercelulares. Probablemente a partir de ahi se desplaza al xilema de 

raiz, via que pudiera utilizar para dispersarse a otros tejidos de la planta (Hurek y col., 

1994; Reinhold y Hurek, 1988). De plantas de arroz se aisié la cepa fijadora de 

nitr6geno A15 de Pseudomonas stutzerii (anteriormente Alcaligenes fecalis, Vermeiren 

y col., 1999). Se pudo observar que esta cepa coloniza los espacios intercelulares de la 

raiz de esa graminea. También en Ia raiz la bacteria se detecté dentro de células que 

no mostraban dafio aparente (You y Zhou, 1989). En cultivos celulares de arroz 

inoculados con P. sfutzerii A15 los autores obtuvieron evidencia de transferencia de 

nitrogeno fijado utilizando *ND. En esta misma graminea se ha observado inducci6n de ~ 
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promocion en el crecimiento por inoculacion de la cepa BH72 de Azoarcus. Sin 

embargo, aparentemente este efecto no tuvo relacién con la fijacién de nitrégeno 

(Hurek y col., 1994). En plantulas de trigo inoculadas con distintas cepas de 

cianobacterias se pudo determinar la colonizacién enddfita de raiz, asi como la 

actividad reductora de acetileno de una cepa del género Nostoc en la asociacién con la 

planta (Gantar y col., 1991a; Gantar y col., 1991b). En un ensayo de inoculacién de 

plantas de tabaco regeneradas in vitro con Anabaena variabilis se pudo determinar la 

colonizaci6n de distintos tejidos del tallo de las plantulas, a la vez que se presentaba 

actividad reductora de acetileno (Gusev y col., 1986). 

A raiz del aislamiento de A. diazotrophicus en otros vegetales no considerados 

como hospederos, comenzamos el estudio de otros modelos posibles. Entre éstos 

probamos la posibilidad de asociacién de A. diazotrophicus con la planta de arroz (var. 

Morelos A-92), una graminea de crecimiento rapido. En este ultimo ensayo pudimos 

aislar las cepas inoculadas a partir de plantas de 17 dias de edad, también 

observamos una apreciable actividad GUS en las mismas plantas inoculadas con la 

cepa UAP 5541/pRGS561, con expresién constitutiva del gene reportero, atin 

incubando con azida de sodio, pero unicamente en regiones superficiales de la planta 

(resultados no mostrados). Sin embargo, en plantas de 40 dias sdlo se logré el 

aislamiento de las cepas, pero no se detecto actividad GUS en planta, en ensayo con 

azida de sodio. La presencia de las cepas inoculadas, junto con la inactividad GUS en 

las plantas de 40 dias, a diferencia de lo que se detecté en plantas mas jdvenes, 

apoyaria la hipétesis de la disminucién del metabolismo bacteriano por la asociacién 

con la planta después de cierta edad de la planta o por arriba de determinada 

concentracién bacteriana. Los mecanismos mediante los cuales fa planta regularia la 

actividad metabdlica de las bacterias en su interior serian interesantes de investigarse. 
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il. GENES DE NITROGENASA Y SU EXPRESION EN PLANTA 

No pudimos detectar actividad de la fusiOn nifH::gusA en las plantas de cafia de 

azucar con la cepa correspondiente. La baja densidad de células bacterianas en la 

planta podria haber constituido un factor que impidiera la deteccién histoquimica de la 

expresion de la fusion nifH:gusA. Otra posibilidad que no excluye a la primera es que 

la actividad GUS de ja bacteria no se haya podido detectar debido a una actividad 

bacteriana metabdlica minima dentro de la planta. Por otra parte, datos no publicados 

de inoculacién de plantas de maiz con A. diazotrophicus (P. Estrada y J. Caballero, 

comunicacién personal), indican que la poblacién bacteriana se incrementa hasta un 

nivel determinado y posteriormente se estabiliza, a la vez que aparentemente se 

presenta una reduccién en su metabolismo. 

Debido a que no utilizamos cuantificacién directa de fijaci6n de nitroégeno, no 

podemos afirmar que no exista contribucién de ‘nitrégeno a la planta por parte de la 

bacteria. Por otro lado es necesario realizar ensayos que involucren a todo el ciclo de 

vida de la planta. Posiblemente sélo durante ciertos periodos en el ciclo de la planta se 

presente actividad bacteriana detectable en plantas con poblaciones de 

microorganismos diazétrofos. 

Sevilla y col. (1998, y resultados sin publicar, [Nim. Acceso AF030414 y 

AF072689]) han obtenido la secuencia nucleotidica de dos amplios fragmentos de la 

region nif de A. diazotrophicus PAI5T. Uno de los fragmentos tiene el orden nifH nifD 

nif y nifE, todos en el mismo sentido y el otro fragmento contiene a nifA nifB y al orf 

fdxN. En A. diazotrophicus PAL5T los genes nifHDK se presentan agrupados 

posiblemente en un operén, tal como se ha encontrado en bacterias fijadoras ubicadas 

en distintos grupos taxonémicos: Clostridium cellulolyticum (Bagnara y col., resultados 

sin publicar, [Num. Acceso X60727]), Frankia (Specq y Normand, resultados sin 

publicar, [Num. Acceso U53363]), Fischerella sp. (Luo y Stevens, resultados sin 

publicar, [Num Acceso U49514]; Saville y col., 1987), Plectonema (Barnum y Gendel, - 
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1985), Cyanothece, Syneccochoccus (Kallas y col., 1985) Azorhizobium caulinodans 

(Denéfle y col., 1987), Azospirillum brasilense (de Zamarockzy y col., 1989), Rhizobium 

leguminosarum (Krol y col., 1982), Rhizobium etli (Quinto y col., 1985), Rhizobium 

meliloti (Ruvkun y col., 1982), Rhodobacter (Aviges y col., 1983), Herbaspirillum 

seropedicae (Machado y col., 1996), Thiobacillus ferrooxidans (Pretorius y col., 1987; 

Rawlings, 1988), Azotobacter vinelandii (Brigle y col., 1985; Krol y col., 1982) y 

Klebsiella pneumoniae (Riedel y col.,1979). 

En cuanto a la naturaleza de un posible gene codificado por el orf1 de A. 

diazotrophicus UAP 5560 probablemente no se trata de alguna ferredoxina ya que no 

posee los aminodcidos conservados entre las ferredoxinas (no se muestra). A 30 

bases en direccién 3’ después del orf1 se encuentra una secuencia invertida repetida 

(IR) que podria formar una estructura cruciforme sumamente estable. Esta IR pudiera 

tener funcién como terminador o como protector contra:la degradacién. del mRNA, si e! 

orf1 fuera trascrito, como se ha sugerido en el orf fdxD que se encuentra hacia la 

direccién 5’ de nifH de R. capsulatus (Willison y col., 1993). En A. brasilense 

secuencias invertidas repetidas se encuentran bordeando a nifH (de Zamaroczy y col., 

1989), los autores detectan dos transcritos de diferente tamafio y sugieren que en la 

produccién del mas pequefio podrian intervenir las IR localizadas entre nifH y nifD. de 

Zamaroczy y col. (1989) no relacionan las IR de arriba de nifH de A. brasilense con 

ningun orf. En las regiones reguladoras de genes de heat-shock de distintos 

organismos (citados en Wetzstein y col., 1992; Yuan y Wong, 1995), asi como en las 

del gene de la superdxido dismutasa de E&. coli (Takeda y Avila, 1986) y de 

Lactococcus lactis (Sanders y col., 1995) se han encontrado secuencias IR. En el 

operon dnaK de B. subtilis una IR se ubica entre el inicio de transcripcién y el inicio del 

primer orf del operén (orf39), a 11 nt abajo de un promotor putativo tipo -10 -35 

(Wezstein y col., 1992). En ese operén se demostré una funcién reguladora negativa 

de la IR que lo precede (Zuber y Schumann, 1994). En el operén groESL de B. subtilis © 
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el promotor del tipo -10 -35 es sucedido por el sitio de inicio de transcripcién y 

posteriormente por una IR (Schmidt y col., 1992). Introduciendo inserciones de distinto 

tamafio entre el inicio de transcripcion y ia IR se demostré el papel de la IR como 

operador en la transcripcié6n del operén groESL de B. subtilis (Yuan y Wong, 1995), 

también en ese mismo trabajo se observé el papel de IR en la estabilidad del transcrito 

en Cultivos bajo temperatura normal. La IR de nifH de A. diazotrophicus UAP 5560 se 

localiza a una distancia considerable del inicio de nifH por lo que no forma parte del 

transcrito de ese gene. El hecho de que esta IR se encuentre en una regién muy 

diferente a las IR de los genes de choque térmico anteriormente descritos no excluye 

que pueda jugar algtin papel en la regulacién transcripcional de nifH tomando en 

cuenta que la IR esta proxima al sitio putativo de unién al regulador positivo NifA (a 37 

nt en direccién 5’). 

.La formacién del complejo abierto de la transcripcién de nifH en K. pneumoniae 

y en R. meliloti requiere de la interaccién de la polimerasa de RNA dependiente de o” 

y de la proteina NifA (Morett y Buck, 1989). Este evento es facilitado por la intervencion 

de la proteina “Integration Host Factor” (IHF), (Santero y col., 1989). La localizacién de 

un probable sitio de reconocimiento de IHF inmediatamente arriba del promotor 

presuntivo -12 -24 de nifH de A. diazotrophicus UAP 5560 indica la posible intervencién 

de esta proteina en la transcripcion de nifH. 
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MIL. DIVERSIDAD Y NUEVOS TAXAS EN LA FAMILIA ACETOBACTERACEAE 

La deteccién de nuevas asociaciones en las que participarian A. diazotrophicus 

y plantas con caracteristicas ecofisiolégicas distintas a las de la cafia de aztcar, 

modifica sustancialmente el modelo que limitaba la posibilidad de asociacion de esta 

bacteria sélo con plantas que mantuvieran reservas altamente concentradas de 

sacarosa. De igual manera, A. diazofrophicus habia sido encontrado sédlo 

esporadicamente en el suelo, por lo que también se excluia su capacidad de sobrevivir 

en dicho ambiente. En el interés por el estudio de la ecologia de A. diazotrophicus 

encontramos a esta bacteria en la rizésfera y en tejidos de la planta de café (Jiménez- 

Salgado y col., 1997, [Anexo III]). Ei aislamiento de cepas pertenecientes a la especie 

A. diazotrophicus a partir de los sitios mencionados, modifica el modelo de asociacién 

ya expuesto. 

Teniendo como precedente los trabajos realizados por Caballero-Mellado y 

Martinez-Romero (1994), Caballero-Mellado y col. (1995), [Anexo II] y Jiménez- 

Salgado y col. (1997), [Anexo III], hemos colaborado en el analisis de la estructura 

poblacional de A. diazotrophicus utilizando nuevos aislamientos obtenidos a partir de 

cafia de azucar y de otras fuentes. Para distintas especies se ha postulado la relacién 

existente entre las poblaciones y el medio que éstas habitan (Bidochka y col., 1997; 

Whittam y col., 1983). Con los aislamientos de A. diazotrophicus que han sido 

analizados podemos observar una aparentemente especificidad de ciertos genotipos 

por determinados habitats (Tabla 2). En la planta de café y su rizosfera hemos aislado 

genotipos que no han sido detectados en otros ambientes (ETs 8, 9, 10, 11, 12 y 14). 

Esta planta tiene caracteristicas que son Unicas en comparacién a las demas, tales 

como el hecho de ser lefiosa y probablemente con un diferente contenido de 

compuestos de reserva, asi como de compuestos de metabolismo secundario. Lo 

anterior nos permite sugerir que posiblemente estos genotipos del café poseen 

adaptaciones que les permiten colonizar a esta planta. Por otra parte, si fuera cierta la 
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existencia de ecotipos en A. diazotrophicus, entonces resultaria clara la utilidad de la 

metodologia de multilocus para su rapida y facil deteccién. La cafia de azucar es con 

mucho ej mas explorado de los distintos ambientes de los que se ha intentado aislar A. 

diazotrophicus, por lo que aunque los ETs 4 y 5 han sido encontrados exclusivamente 

de manera endofitica en esta planta no podemos excluir que no se encuentren en otros 

ambientes menos estudiados. El analisis de parametros poblacionales de los 

aislamientos de A. diazotrophicus obtenidos a partir de diversos ambientes ha 

mostrado que la estructura de esta bacteria es clonal (Caballero-Mellado y Martinez- 

Romero, 1994; Caballero-Mellado y col., 1995, [Anexo IiJ). 

El andlisis fenotipico y genotipico de aislamientos tipo SAd y DOR procedentes 

de la planta de café (Jiménez Salgado y col., 1997, [Anexo IIl]) mostré diferencias 

considerables entre ellas y también con respecto a A. diazotrophicus (Fuentes Ramirez 

y col., enviado, [Anexo VI]). Esas diferencias sugieren que esos aislamientos 

pertenecen especies de fijadoras de acetobacterias fijadoras de nitrégeno distintas 

entre ellas y también distintas de A. diazotrophicus. Debido a que por filogenia del gene 

16S esas especies se ubican dentro del género ahora conocido como 

Gluconacetobacter (en adelante este género sera abreviado como Gi. para evitar 

confusiones con el género Gluconobacter), las dos nuevas especies sugeridas se 

denominaron como Gi. johannae y Gi. azotocaptans (Fuentes Ramirez y col., enviado, 

[Anexo VI]). 
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IV. USO DE OLIGONUCLEOTIDOS ESPECIFICOS PARA IDENTIFICACION DE 

ACETOBACTERIAS FIJADORAS DE NITROGENO Y DE CUANTIFICACION DE 

CELULAS. 

A partir de una regién del gene ribosomal de la subunidad pequefia que muestra 

variabilidad en la familia Acetobacteraceae fue posible disefiar oligonucledétidos con 

utilidad taxonémica para A. diazotrophicus, asi como para las especies propuestas 

Gluconacetobacter johannae (DOR) y Gluconacetobacter azotocaptans (SAd). Los 

oligonucledtidos especificos L925Ad, L923Ga y L927Gj en combinacién con el 

oligonucledtido universal U475, permiten identificar cepas de las acetobacterias 

fiiadoras de nitroégeno. Es conveniente sefialar que el hecho de que un cierta 

caracteristica o prueba utiles en la identificacion taxonomica sean consideradas 

especificas no implica que en cualquier condici6n muestren este comportamiento. Esto 

es debido a que ademas de los organismos en los que se ha ensayado o-partir de los 

que se ha disefiado una determinada prueba, muy probablemente en la naturaleza 

existiran otros organismos que presentaran comportamiento semejante respecto a esa 

prueba y que no necesariamente perteneceran al grupo taxondmico de interés. A este 

respecto, Dykhuzen (1998) ha estimado en mas de 10° especies de procariontes que 

podrian actualmente existir en la biésfera. En el grupo de organismos de nuestro 

trabajo, en dos trabajos previos se han sugerido dos oligonucleétidos especificos para 

la identificacion de A. diazotrophicus (Kirchhof y col., 1997b; Sievers y col., 1998). El 

primer sugerido por Kirchhof y col. (1997b) se disefio para amplificar un fragmento del 

gene 23S y el de Sievers y col. (1998) para amplificar un fragmento del gene 16S, 

ambos de A. diazotrophicus. Sin embargo, por PCR de las especies GI. johannae y GI. 

azofocaptans utilizando por separado ambos oligonucleotidos junto con 

oligonucledtidos universales, hemos observado amplificacién de producto de tamajio 

igual al de A. diazotrophicus. 
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Los oligonucledtidos especificos que proponemos se unen a una region que 

corresponde en E. coli al tallo 33 que tiene interacci6n con la proteina $19 

(Brimacombe, 1995). Aunque esta regién muestra variabilidad entre las cepas de 

acetobacterias fijadoras de nitr6geno, la secuencia permitiria mantener la estructura 

de talio correspondiente (Fig. 5). 

aq sae b AG ¢ A-6 
6 OA 6 A 6 OA 
‘A-U A-U A-U. 
c-« C-6 c-6 
U-6 U-A 6-U 

6-6 U-6 A-U 

A-u @-¢ 6-C 
c-6 U-A UA 
G-U 6-U 6-U 
UU UU uu 

c U c U C u 
G c 6 U 6 c 

Figura 5. Formacion de estructuras secundarias tedricas en las regiones variables del 
gene 16S de las acetobacterias fijadoras de nitr6geno. Las regiones corresponden al 
asa 33 de E. coli (Brimacombe, 1995). Paneles: a) A. diazotrophicus PAIS; b) Gi. 
azotocaptans CFN-Ca54; c) Gi. johannae CFN-Cf55. En negritas se indican las bases 
con las que se aparean los oligonucledtidos especificos. 
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La utilizacién de métodos combinados de numero mas probable y de PCR 

especifico permitid tener un indice de la poblacién de A. diazotrophicus en planta. La 

utilizacién de esta técnica redujé el tiempo necesario para la cuantificacién de A. 

diazotrophicus en plantas gnotobidticas. La diversidad de organismos presentes en las 

plantas heteroxénicas demora la cuantificacién de A. diazotrophicus, ya que se hacen 

necesarias varias resiembras de enriquecimiento. La utilizacién de la técnica mixta de 

NMP y PCR especifico probablemente permita disminuir sensiblemente el tiempo 

utilizado en la cuantificaci6n de A. diazotrophicus en plantas heteroxénicas. 

También se intent6 cuantificar células de A. diazotrophicus en cultivo utilizando 

PCR sin un periodo previo de enriquecimiento. Sin embargo, la cantidad determinada 

regularmente fue un orden de magnitud menor a la determinada por numero mas 

probable obtenido por crecimiento en medio de enriquecimiento o por la técnica mixta . 

de enriquecimiento y PCR. La técnica de cuenta directa por PCR se ha realizado con 

otros microorganismos con resultados similares a los obtenidos en este trabajo, es 

decir una menor capacidad de deteccién por PCR que por otros métodos (Féray y col., 

1999; Picard y col., 1992). En esos trabajos se sugirié que la menor eficiencia del uso 

de PCR respecto a otras técnicas podria deberse a fa presencia de compuestos con 

actividad inhibitoria de la reaccién de amplificacién. En los ensayos realizados en esta 

tesis la presencia de sustancias con posible actividad inhibitoria no deberia interferir ya 

que las reacciones se llevaron a cabo utilizando alicuotas procedentes de diluciones de 

cultivos. Posiblemente el problema en nuestros ensayos se relacione con el proceso de 

obtencién del ADN, por lo que nuevas condiciones de este proceso seran probadas en 

futuro préximo. 

Las asociaciones que se establecen entre bactetias enddfitas y plantas 

constituyen modelos relativamente nuevos para la comprension de las interacciones 

ecoldgicas y por lo tanto existe un gran desconocimiento sobre los mecanismos de su ° 
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interaccién. En la asociacién de Herbaspirillum rubrisubalbicans con cafia de azicar, el 

resultado final puede ser un balance entre el beneficio o el dafio para la planta 

(Olivares y col., 1997; Oliveira y col., 1999). Probablemente las interacciones benéficas 

y “neutras”, tales como las de A. diazotrophicus, sean el producto de la coevolucién 

entre plantas y microorganismos patogénicos en donde cada miembro ha suavizado 

sus métodos defensivos. Entonces esperariamos que los mecanismos de colonizacién 

y establecimiento de las bacterias enddéfitas se asemejaran particularmente a ios 

mecanismos utilizados por las bacterias patégenas. 

Esta tesis presenta datos novedosos sobre la regulacién de la colonizacién 

causada por fertilizantes nitrogenados, la hipdtesis ultima planteada se podria evaluar y 

extender en este contexto en los modelos en que las infecciones por patégenos son 

afectadas por niveles de nitrégeno de las plantas. 

El analisis. molecular: de nuevos aislados, el proponer nuevas especies y el 

definir oligonucledtidos especificos para las mismas, contribuye al conocimiento de 

bacterias fijadoras de nitrégeno en la familia Acetobacteraceae. 
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ANEXO I. 

Articulo “Colonization of sugarcane by Acetobacter diazotrophicus is 

inhibited by high N-fertilization”.
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Abstract 

Acetobacter diazotraphicus is a nitrogen-fixing endophytic bacterium, originally isolated from sugarcane. [ts colonizing 

ability was evaluated in high and low N-fertilized sugarcane plants by inoculating stem-cuts with a B-glucuronidase marked A. 

diazotrophicus strain, Bacterial quantification by the most probable number technique showed a severe decrease of A. 

diazotrophicus cells in plants fertilized with high levels of nitrogen. The inoculated strain was detected inside law N-fertilized 

sugareane plants by histochemical staining of B-glucuronidase and scanning electron microscopy. 4. didcotrephicus was found 

mainly inside cortical cells of stems and inside xylem vessels. No B-glucuronidase activity was observed in non-inoculated 

plants, High nitrogen fertilization of fields might be a threat to maintaining naturally occurring endophytic 

sociations. @ 1999 Federation of European Microbiological Sovicties. Published by Elsevier Science B.V. All rights 

   

  

reserved. 
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ical loss of nitrogen occurring when the plants are 

harvested. Surprisingly, these crops do not show ni- 

trogen deficiencies, and their response to the addition 

of nitrogen fertilizer is usually negligible [2]. Conse- 

1. Introduction 

  

The sugarcane crop is vegetatively propagated by 

use of stems and this plant produces large amounts 

  

of biomass which demand a massive input of nu- 

trients, especially N and K [I]. In almost all coun- 

tries where this crop is cultivated, a common agricul- 

tural practice is to apply 250 kg N or more per Ha. 

Nevertheless, Brazilian farmers have used amounts 

of fertilizer thal do not adequately cover the theoret- 
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quently, biological nitrogen fixation (BNF) has been 

suggested to contribute ¢o the nutrition of sugarcane 

plants [3]. In fact, experiments using '°N isotope 

dilution or N balance methods gave evidence that 

BNF provided an important proportion of the nitro- 

gen requirements of different sugarcane varicties 
[4.5]. 

Different No-fixing bacteria, such as Enterobacter 

cloacae, Erwinia herbicola, Klebsiella pneumoniae, 

(68-6496 /99/$20.00 1999 Federation of European Microbiological Sovicties, Published by Elsevier Seience B.V, Alb rights reserved, 
PH: SO168-6496(98 )00125-1 
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Azotobacter vinelandii, Paenibacillus polymyxa (for- 

merly Bacillus polymyxa). [Herhaspivillun seropedi- 

cae. Herbaspirillum rubrisubalbicans and Acetobacter 

diazotrophicus colonize the sugarcane rhizosphere 

and inner tissues [3.6.7]. These bacteria, and possibly 

other diazotrophs not yet isolated could contribute 

to BNF in this plant. It appears that when the stalks 

are sown, they carry endophytic bacteria that may 

spread inside the plant after budding. 4. diazotrophi- 

cus has been suggested to be an endophytic contrib- 

ulor of nitrogen to this crop, as it fixes nitrogen in 

culture medium under acidity levels and sugar con- 

centrations that resemble those inside the plant 

{6.8,9]. It has been reported that the frequency of 

isolation of A. diazotrophicus from sugarcane plants 

diminishes in relation to the amounts of N-fertiliza- 

tion used in the fields [10,11]. Caballero-Mellado et 

al. [12] found that Brazilian isolates were genetically 

more diverse than Mexican ones and suggested that 

this could be related to the difference in nitrogen 

fertilization levels between the two countries, in 

ch a manner that the application of more fertilizer 

caused a diminished diversity. In the nitrogen-fixing 

symbiosis of Rhizobiwn and legumes, high nitrogen 

fertilization abolishes nodulation or, when applied to 

existing nodules, nitrogen fixation. It was therefore 

of interest to evaluate if the supposedly nitrogen-fix- 

ing A. digzotrophicus-sugarcane association was sim- 

ilarly affected by nitrogen. 

  

  

  

By using microscopic techniques in root-inocu- 

lated sterile plantiets, James et al. [13] detected A. 

diazotrophicus colonizing the root intercellular 

spaces, and the interior of root epidermal cells. 

They proposed that 4. diacetrophicus could be dis- 

tributed from the base of the stem to other organs 

via the stem xylem vessels, since they also detected 

xylem colonization in the basal region of the stalk. 

In non-inoculated sugarcane plants, Dong et al. [14] 

isolated A. diazetrophicus from apoplastic Muid, that 

includes fluid from various locations, such as cell 

walls, intercellular spaces, and xylem sap [15]. 

The aim of this work was to examine the effects of 

nitrogen fertilization on the endophytic colonization 

of the sugarcane by inoculating an A. diazotrophicus 

gusA marked strain. In addition, we attempted to 

clarify the location of A. diazetrophicus inside the 

plant. 

  

2. Materials and methods 

  

2.4. Bacterial strains, plastids and growth conditions 

  

The bacterial strains and plasmids used in this 

study are listed in Table 1. The &ycherichia coli 

strains were cultured in’ Luria-Bertani medium at 

37°C. When necessary kanamycin (Km), streptomy- 

cin (Sm), spectinomycin (Sp), and nalidixic acid 

  

  

  

    

  

Table | 

Strains and plasmids 

Strain or plasmid Relevant characteri Reference 

E, coli 

CMK Nal*, Sint [41] 

A. diazotrophicus 
UAP 5541 Wild-type. without plasmids, able to fix Ny in vitro, common clone by multilocus assay, Nal" [10,18] 

Plasmids 

pRK2013 Kut’, Tra*, Coli] replicon, helper plasmid [42] 

pRG9I6USD Sin, Sp" cosmid. IncP. Mob! . promoter-less gus with a Shine and Dalgamo sequence (7] 

pBli26 Ap’. Ki! veetor with gusa-NPTIL expressed from a double 358 CaMV virus promoter plus a [t6] 

leader sequence from alfalfa mosaic virus, also gusd-NPTIL expressed from unidentified region 
in different Gram-nega aacteria 

pRGSS61 Sm'Sp", pRG9GOSD derivative with gtesa-NPTI constitutive expression in. diazerrophicus This work    
  

“Nal. nalidixic acid 25m, streptomycin: Sp. speetinomycin: Km, kanimycin: Ap. ampicillin: s, sensitive: r, resistant.
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(Nal) were added al final concentrations of 25. 60, 

60, and 15 yg ml~!, respectively. LGI medium [6] 

was used for growing A. diazotrophicus strains, and 

N-free semi-solid LGI [6] for the isolation of the 

inoculated strains. For triparental conjugations, 

MESMA medium with the following composition 

was used (g 17!): yeust extract, 2.7; glucose, 2.7; 

mannitol, 1.8; MES (Sigma, St. Louis, MO), 4.4: 

K2HPO,, 4.81; KH2PO,, 0.65: Bromothymol bluc, 

0.025: and agar, 12: pH 6.7. For measuring the GUS 

activity of A. diazotrophicus, cells were grown in LGI 

broth, containing (g 17!): KzHPO,, 0.2; KH»2PO,, 

0.6. MgSO;7H,O, 0.2:  CaCly2H,O, 0.02: 

FeCl;-6H20, 0.01: NazMo,2H2,0, 0.002; and 

ENE, )2.SO,, 0.617; plus the carbon source previously 

filter-sterilized (sucrose, fructose, glucose or gluco- 

nate, 1.5%), pH 5.5. GUS activily was also deter- 

mined in cells growing with sucrose (10%) added to 

semi-solid SUCMES, containing (g I7!): MES 4.4, 

K2HPO, 4.81, KH2,PO, 0.65, (NHy).SO, 1.48, and 

agar 1.5, pH 6.7. 

2.2. Plasmids and strain construction 

To construct a gusd marked strain, a DNA frag- 

ment from pBl426 [16] carrying an alfalfa mosaic 

virus leader sequence and u double 35S CaMV pro- 

moter fused to gusA-NPTH, was inserted into the 

broad-host range plasmid pRG960SD digested with 

EcoRi-HindIH {17}. The resulting construct 

(pRGSS61) was conjugatively mobilized from £. 

coli to A. digzotrophicus strain UAP 5541 [10,18] 

by triparental mating using £ coli HB tOl/ 

pRK2013 as a helper. A. diazotrophicus transconju- 

gants were selected on MESMA plates containing 

Nal (15 pg ml!) and Sm (45 wg mie. 

2.3. Fluorogenic B-glucuronidase assays 

The B-glucuronidase (GUS) activity of A. diazotro- 

phicus UAP 5541 carrying pRGS561 was tested in 

vitro with a fluorogenic assay as described by Jeffer- 

son [19}. The wild-type strain A, diazotrophicus UAP 

5541 and its derivative were grown with different 

carbon sources at 1.5% concentration (sucrose at 

1.5 and 10%). Bacterial cells were resuspended in 

extraction buffer containing 50 mM sodium phos- 

phate. pH 7.0; 10 mM B-mercaptocthanol: 10 Mm 

Na,EDTA; 0.1% N-lauroylsarcosine; and 0.1% Tri- 

ton X-100. Bacterial extracts were incubated at 37°C 

in MUG bulfer, consisting of | mM 4-methylumbel- 

liferyl-p-glucuronide (Sigma, St. Louis, MO) in ex- 

traction buller. Aliquots were removed every 5 min 

for 30 min, The reaction was stopped by mixing 

aliquots with 0.2 M Na,CO3. For each assay, a cal- 

ibration curve was preformed with 100 nM 4-meth- 

ylumbelliferone (MU) in extraction builer. Fluores- 

cence determinations were performed with a TKO 

100 fluorometer (Hocfer Scientific Instruments, San 

Francisco, CA), at wavelengths of 365 nm (excita- 

tion) and 460 nm (emission). 

2.4. Inoculation and growth of plants 

Adult stalks of the sugarcane varieties Z MEX 

5532, MEX 57-473, RD 75-11, MY 55-14, and RB 

76-5418, regenerated from tissue cultures and subse- 

quently grown in experimental ficlds, were kindly 

supplied by R. Méndez-Salas (Instituto Nacional de 

Investigaciones Forestales Agricolas y Pecuarias, Za- 

calepec, Mexico). This plant material was selected 

for the colonization experiments as it was shown to 

lack endogenous B-glucuronidase activity. 

A. diazotrophicus strains were introduced inside 

sugarcane stems (selts) prior to their budding so as 

to resemble the A. diazotrophicus-sugarcane relation- 

ship under natural conditions. Sctts having one node 

were inoculated with bacteria suspended in water. 

The setts were previously dehydrated at 45°C for 

8-10 h. Approximately 10° bacterial cells were ino- 

culated per plant. The setts were planted in. sterile 

humid vermiculite/perlite mixture (1:1), incubated 

in a greenhouse at 28°C, and watered with sterile 

water until they began to bud. After budding. 50 mf 

of MS modified mineral solution (20] was added 

weekly per plant, for ten times maximum. The 

mineral solution contained the following: 1.5 mM 

MgSO.7H,0O, 100 uM  Hy3BO;, 30 pM 

ZnSOy7H2O, 100 pM CuSO;SH20, 5.3 uM KI. 

105 pM CoCly-6H20, 1 uM Na,MoO;2H,0, 100 

mM MnSO,;-H20, 3 mM CaCly-2H,0, 4.1 mM 

Na,EDTA, 6.7 mM FeSO,:7H20, and 1.3 mM po- 

tassium phosphate. pH 6.0. Nitrogen fertilizer was 

supplied every 2 weeks, with the high and low treat- 
ments consisting of 11 and 0.56 mmol of NH,;NO; 

per plant. respectively. The plants used for histo-
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chemical GUS assays, inoculated strain isolation and 

scanning electron microscopy were collected 1, 2, 3, 

5 or 7 months after sprouting. 

2.5. Histochemical B-glucuronidase analysis 

The histochemical assay was done as recom- 

mended by Jefferson and Wilson [21]. Each plant 

sample from all the varieties tested was aseptically 

separated into two subsamples. Sections of stem and 

roots from one subsample were incubated in the fol- 

lowing buffer: 2 mM X-Gluc (Biosynth, Staad, Swit- 

zerland), previously dissolved in DMSO, 100 mM 

sodium phosphate pH 7.0, 0.5 mM Triton X-100, 

0.5 mM_ K3Fe(CN)s, 0.5 mM K,Fe(CN)-3H20, 

10 mM NagEDTA, and 2 nM NagS.05. Sections 

from the other subsample were incubated in the 

same buffer supplemented with 0.02% NaN. The 

sections were incubated for 24 h at 30°C and used 

for microscopical analysis. 

2.6. Scanning electron microscopy 

Plant samples were fixed in 3% glutaraldehyde in 

100 mM sodium phosphate pH 7.0. washed with 

100 mM sodium phosphate pH 7.0, fixed in 1% os- 

mium tetroxide, washed again with phosphate builer 

and predehydrated with increasingly concentrated 

ethanol (from 30 to 99%). The specimens were dehy- 

drated to critical point and gold coated. Observa- 

tions were carried out in a JSM-5410LV (Jeol, To- 

kyo, Japan) scanning electron microscope. 

2.7. Optical microscopy 

At each sampling time (10 days, 1, 2, 3, 5 and 7 

months after sprouting) stems and roots of two 

plants assayed for GUS activity were observed under 
low magnification. Two sections from each stem of 
plants without GUS activity and two stem sections 
with GUS activity were selected for examination at 
higher magnifications. Samples were fixed in glutar- 
aldehyde, washed in 100 mM sodium phosphate pH 
7.0 and predehydrated with ethanol as described 
above. Samples were immersed in propylene oxide, 
and in 1:1 propylene oxide-Eponate 12 resin (Pelco, 
Redding, CA) mixture, and embedded in Eponate 
12. Polymerization was carried out overnight at 

60°C and 1.5 um sections were used for observation. 

From the fixed samples three subsections were taken 

from two different non-inoculated and two inocu- 

lated plants which had been grown under two nitro- 

gen fertilizer doses. 

2.8. A. diazotrophicus re-isolation 

A. diazotrophicus was isolated from inoculated 

sugarcane plants as described previously [10]. Small 

pieces from the plant samples to be assayed histo- 

chemically for GUS activity were aseptically sepa- 

rated and crushed for inoculation in LGJ semi-solid 

media. After 6 days al 30°C the bacterial growth was 

streaked on LGI plates and incubated at the same 

temperature for 5 days. 

2.9. Quantification of A, diazotrophicus cells 

From sugarcane plantlets cv. Z MEX 5532 (1 and 

2 months after spouting), A. diazotrophicus cells were 

quantified by the most probable number method 

(MPN). Root and stem samples obtained from sur- 

face sterilized sugarcane plants were finely maccrated 

and resuspended in a chilled sucrose solution (1%). 

Scrial dilutions were inoculated by triplicate in LGI 

semi-solid media containing cycloheximide (150 pg 

ml!) and incubated at 30°C for 5-6 days. Diazo- 

trophs were enriched by incubating under similar 

conditions in the same media. Positive growth of 

A. diazotrophicus was determined by acidification 

and formation of the typical pellicle [6]. Numbers 

of bacteria were normalized to fresh weight of tissue. 

The presence of A. diazotrophicus was verified by 

morphology in LGI plates. In addition, Sm resist- 

ance in MESMA plates and GUS activity were con- 

firmed in isolates from plants inoculated with UAP 

5541 carrying pRGS561. The plasmid was purified 

from 15 colonics and observed by ethidium bromide 

staining. 

2.10. Experimental design 

Two different experiments were performed to eval- 

uate the effect of the nitrogen on A. diazotrophicus 

colonization. For the first experiment, plants (cv. Z 

MEX 5532) were used 30 days after sprouting. The 

plants for the first experiment consisted of 20 canes
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grown with the low nitrogen dose and 24 canes with 

the high nitrogen dose. The difference between the 

number of A. diazotropiticus in canes grown under 

low and high nitrogen fertilization 30 days after 

sprouting were tested with Student’s t-test. For the 

second experiment, plants 60 days after sprouting 

(cv. Z MEX 5532) were used. For this determination, 

four inoculated plants grown with the low nitrogen 

fertilization and four grown with the high nitrogen 

fertilization were processed, as well as eight non-in- 

oculated controls, four of which were grown under 

the high and four under the low fertilization condi- 

tions. 

Additionally, colonization was detected by re-iso- 

lating A, diazotrophicus from inoculated plants 1, 2, 

3, 5 and 7 months after sprouting. The varicties used 

in this experiment were Z MEX 5532, MEX 57-473, 

RD 75-11, MY 55-14, and RB 76-5418. 

3. Results 

3.4. Colonization of sugarcane by A. diazotrophicus 

The inoculated strains could be recovered and 

identified from low N-fertilized sugarcane varieties 

Z MEX 5532, MEX 57-473, RD 75-11, MY 55-14, 

and RB 76-5418 at 1, 2, 3, 5 and 7 months after 

sprouting. Isolated bacteria produced the typical A. 

diazotrophicus growth in semi-solid LG] and showed 

the expected colony morphology in LG] plates. The 

numbers of A. diazetrophicus that endophytically 

colonized sugarcane stems or roots (cv. Z MEX 

$532) fertilized with different nitrogen quantities 

showed significant differences (Table 2), Differences 

in A. diazotrophicus colonization was also seen in 

60-day plants. The numbers in low N-fertilized 

plants were 2.910? and 12X10" colony forming 

units (CFU) per g of fresh weight in the stem and 

in the roots, respectively, while in the high N-fertil- 

ized plants, A. diacotrophicus was not detected by the 

most probable number method. Even in older plants 

(up to 7 months) of five different cultivars (Z MEX 

$532, MEX 57-473, RD 75-11, MY 55-14, and RB 

76-5418), A. diazotrophicus could not be isolated 

from inoculated plants maintained under high nitro- 

gen fertilization, while isolation was always success- 

ful from plants maintained under low nitrogen fer- 

tilization (results not shown). 

No A. diazotrophicus isolates were obtained from 

non-inoculated plants. An estimate of the total num- 

ber of bacteria endophytically colonizing the roots 

and stems of sugarcane was in a range from 4x 10" 

to 40 10° CFU per g of plant fresh tissue. These 

values were obtained from the bacterial growth in 

the semi-solid selective medium LGI. Possibly a 

great proportion of these bacteria were nitrogen- 

fixers, since the nitrogen in semi-solid LGI medium 

comes only from impurities in the components. Dif- 

ferent types of bacteria were isolated in LGL media 

from non-inoculated plants. None of them corre- 

sponded morphologically to A. diazotrophicus in 

semi-solid LGI or LGI plates and we did not try 

to define their taxonomic status. 

3.2. Localization of A. diazotrophicus in planta 

To follow plant colonization by A. diazotrophicus, 

a GusA®* strain was obtained by using a DNA frag- 

ment with the alfalfa mosaic virus leader and the 

double CaMV promoter fused to gusd [16]. The 

strain showed GUS activity in vitro when .grown 

with carbon sources, such as gluconic acid, fructose, 

glucose and sucrose (results not shown). 

GUS activity was detected in stems, but only in 

plants with low nitrogen fertilization (varieties: Z 

  

Roots 
  

2.710? © (1.28 x 107} 

Table 2 

A. diazotrophicus cell numbers colonizing inoculated sugarcane plants at 30 days after sprouting" 

Stems 

Low N? 5.7% 10? 4 (1.75 x 10?) 

High N° 0.5x 10? (0.4 10?) <0.3x 107 ® 
  

Superscript A aad B mean that difference in bacterial numbers is significant (2 > 0.05). 

“CFU per g of fresh weight determined by most probable number counting technique. 

'Mean of 20 plants (S.E.M. in parenthe: 

"Mean of 24 plants (S.E.M. in parentheses). 
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MEX 5532, MEX 57-473, RD 75-11, MY 55-14, and 

RB 76-5418). Only in assays without NaN, was 

GUS activity detected. In stem tissues, the highest 

GUS activity was present in the cortex and the vas- 

cular bundle (xylem vessels and apparently also 

phloem sieve tubes), (Fig. 1A,C,D). GUS activity 

was never observed in non-inoculated plants (not 

shown). Scanning microscopy of stem samples from 

plants inoculated with the strain UAP 5541 carrying 

pRGS561 showed bacterial cells adhering to the 

walls of plant cells (Fig. 2). These bacteria were mor- 

phologically indistinguishable from typical A. diazo- 

trophicus rods (0.6 X2 wm). The vascular bundle and 

its surrounding cells were most abundantly colonized 

by these cells. In the non-inoculated controls, it was 

also possible to observe bacterial cells (not shown), 

but they were clearly different in size and shape from 

the A. diazotrophicus cells. 

  

4. Discussion 

The internal colonization of sugarcane by A. dia- 

cotrophicus in plants maintained with low and high 

nitrogen fertilizer doses was evaluated with a gusA 

Sm strain by re-isolation of the strain, confirmation 

of its identity by histochemical staining for 6-glucur- 

onidase and antibiotic resistance, and by scanning 

electron microscopy. 

We used plants originally regenerated from tissuc 

culture because they lacked endogenous GUS activ- 

ity. GUS activity was obtained from stems of differ- 

ent sugarcane varieties coming from agricultural 

fields, and it is most probably of bacterial origin, 

as described in Dioscorea [22]. Successful coloniza- 

tion was observed in all the sugarcane varictics used, 

but the inoculated strain and the GUS activity were 

only detected in plants grown under low levels of 

nitrogen fertilization. The lack of A. diazotraphicus 

colonization in the presence of high supplied nitro- 

gen explains the low presence and low frequency of 

isolation of A. diazotrophicus from sugarcane plants 

grown in fields with high nitrogen fertilization levels, 

reported previously by Fuentes Ramirez et al. [10] 

and Muthukumarasamy [II]. In experiments with 

the grasses Miscanthus sinensis, M. sacchariflorus 

and Spartina pectinata, Kirchhof et al. [23] found 

similar results by quantifying the cell numbers of 

the diazotrophic endophytic community inhabiting 

plants fertilized and unfertilized with nitrogen. This 

effect of nitrogen on colonization might not be uni- 

versal since, for instance, Merbuspirilhum rubrisubal- 

bicansy behaves as a pathogen in susceptible sugar- 

cane cultivars grown in countries where high levels 

of nitrogen fertilization are used [7]. We detected 

102-10? CFU per g of fresh tissue of A. diazotrophi- 
eus endophytically colonizing low N-fertilized 30- 

day-old sugarcane plants. In roots of non-inoculated 

sugarcane plants, Reis et al. [24] found 10'-10° CFU 
of A. diazotrophicus per g of fresh tissue. The quan- 

titative difference found between that report and 

ours could be related to the imoculation process 

that we used. In addition, the estimate of Reis et 

al. [24] could also include superficially adhering cells 

in addition to endophytic ones, and the plant culti- 

var might also have an influence [15]. In a study of 

the association of A. diazotrophicus with different 

cultivars of sugarcane, da Silva et al. [25] suggested 

that the A. diazotrophicus population is sensitive to 

the plant genotype. They observed that only in one 

of their cultivars the A. diazotrophicus population 

increased during the time of the study (15 months). 

but in the other ones, they did not detected any trend 

in the bacterial numbers. 

The effect observed on the A. diazetrophicus pop- 

ulation colonizing sugarcane does not scem to be a 

direct negative clTect of the fertilizer on the bacteria. 

We did not detect negative effects on wild-type and 

GusA* A. diazotrophicus strains growing in culture 

media supplicd with high nitrogen levels (10 mM 

NO ;7), and at the same nitrogen concentration the 

GusA* construct also expressed B-glucuronidase ac- 

tivity. Thus, it is more probable that the physiolog- 

ical state of the plant is altered by the nitrogen, and 

this subsequently affects its association with the en- 

dophyte. Pelaez Abcllan et al. [26] observed that su- 

crose synthesis is reduced in sugarcane leaves by ap- 

plication of NO3~ in a highly productive variety and 

increased sucrose synthesis in a variety with low pro- 

ductivity. In complete sugarcane plants, high nitrate 

doses were associated with a decrease in the concen- 

trations of sucrose in the leaves and of the reducing 

sugars and sucrose in the stem [27]. 

A. diazotrophicus is commonly found in roughly 

the same numbers in sugarcane roots, stems and 

leaves under field conditions {6,28,29]. In the present
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study, the inoculated strains were recovered from 

stem and root samples, and we also detected GUS 

activity in the stems, but not in roots, in spite of the 

similar bacterial numbers recovered from both or- 

gans. We cannot explain the lack of activity in root 

tissue, especially considering the similar numbers of 

A. diazotrophicus cells inhabiting this organ relative 

to the numbers inside the stem. 

In this study, the expression of GUS activity was 

only used as a qualitative reporter of the location of 

the inoculated strain. Nevertheless, the lack of GUS 

activity in NaNs treated samples suggests that the 4. 

diazotrophicus population in the sugarcane was lower 

than the limit ef detection of the assay that we pre- 

viously determined in vitro (2 10% CFU per cm? of 

tissue). That population-size indicator supported the 

data that was obtaincd by MPN technique. This es- 

timation does not consider that X-Gluc diffusion 

could be limited by the plant cell walls. Another 

possibility is that a low proportion of bacterial cells 

retain the plismid, but this does not seem to be the 

case, since we found plasmid maintenance to be 

higher than 95% after 7 months inside the plant 

{not shown). The absence of a bacterial growth in- 

hibitor (NaNy) in the histochemical incubations 

probably allowed an increase in the A. didzetrophicus 

population and the detection of GUS activity. Low 

population densities of this bacterium in sugarcane 

are expected as there is no evidence of specialized 

plant structures which harbor high concentrations 

of bacteria ([13-15], and this work}. It is probable 

that A. diacotrophicus is almost equally distributed 

inside several structures throughout the bulk of the 

plant. and that population growth is limited, for 

some unknown reason, in the sucrose-rich tissues. 

Higher GUS activity was observed in stem xylem 

vessels, phloem sieve tubes and cortex, and by scan- 

ning micrescopy 4. diazotrophicus-like rods were 

found in cells of the stem cortex, adhering to the 

inner cell wall. We presumed those cells to be A. 

diazotrophicus because of their physical similarity to 

cells grown in culture, and since they were found 

only in A. diazotrophicus inoculated plants and 

were more abundant in GUS positive sections. We 

do not know if the plant cells seemingly colonized by 

A. diazotrophicus were damaged or alive. By immu- 

nogold labeling, James et al. [13] detected A. diazo- 

trophicus inside cells from the cortex of sugarcane 

plantict roots, and inside the xylem vessels from 

the base of the stem. They suggested that the root 

xylem could be the route for stem and leaf xylem 

infection. Our work supports previous results from 

another group [13,15] in that the cavities formed by 

the xylem secondary wall are one of the preferen- 

tially colonized microhabitats. Dong et al. [14] have 

proposed that A. diazotrophicus is found in the in- 

tercellular spaces of the stem storage parenchyma, 

where there are plentiful nutrients [30]. James et al. 

[13] also suggested that the stem xylem and the leaf 

xylem might be the final colonized environments in- 

side the cane. In addition, we present evidence that 

A. diazotrophicus could colonize the stalk cortical 

lissue as well as its xylem. From the xylem, the bac- 

terium might preferentially migrate to the cells of 

selected tissues, such as the cortex. This ultimate 

distribution may provide a more favorable environ- 

ment for the endophyte and its N»-fixing activity. 

considering that the xylem apoplastic fluid is almost 

devoid of carbon sources [31]. Some pathogenic and 

mildly pathogenic bacteria of sugarcane also colonize 

and survive in the xylem elements, and from there 

translocate to other places [32,33]. In another work, 

Dong et al. (34] claimed that the xylem vessels were 

an improbable colonization site for 4. diazotrophi- 

cus, since alter introducing this bacterium inside 

the stem, the plant reacted by producing substances 

that may have clogged the vessels. Nevertheless, their 

experiment probably did not reflect the natural asso- 

ciation between A. diazatrephicus and sugarcane, 

since they made their observations on plants that 

were recently stressed by wounds. Moreover, as 

they inoculated stems by submerging their cut ends 

for several days in a growing bacterial suspension. 

with the consequent release of metabolic products, 

the defense reaction observed might have been ex- 

pected with any bacteria. 

Dong et al. [34] asserted that the xylem vessels of 

sugarcane were discontinuous, preventing the trans- 

port of A, diazotrophicus through the xylem. We pre- 

sume that even if the xylem vessels are limited in 

their ability to translocate particulate material, A. 

diazotrophicus, and probably other species adapted 

to this environment, could induce plant morpholog- 

ical changes, such as formation of continuous ves- 

sels, by releasing plant growth regulators. It has been 

previously shown that A. diazotrophicus produces 
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auxins in a minima! culture medium [10]. The hy- 

pothesis of the role of A. diazotrophicus, is based 

on the observation that during the course of xylem 

element formation, the walls that separate adjacent 

vessel cells are hydrolyzed in a process that seems to 

be controlled by the presence of auxins [35]. 

The promoter used for expression of gus is 

known to be active in eukaryotic tissues. Neverthe- 

less, a DNA fragment that includes a duplicated 

CaMV promoter plus a leader sequence of AMV 

(alfalfa mosaic virus) was shown to induce high B- 

glucuronidase activity under different conditions in 

A. diazotrophicus. The bacterial recognition of eu- 

karyotic promoter sequences might not be entirely 

surprising as it is known that some plant plastid 

promoters share consensus sequences with 35 

—10 bacterial promoters [36]. Moreover, at least 

one eukaryotic transcription factor (TFIID) is 

known to show high similarity with bacterial o-fac- 

tors [37]. Particularly, the most similar region be- 

tween TFHD and the o-factors has been suggested 

to interact with DNA, binding to the eukaryotic 

TATA box in TFHD, or to single stranded DNA 

and to —10 bacterial promoters, in the bacterial fac- 

tors. In addition, the presence of a leader sequence 

could enhance the translation of the gus4 transcript, 

as has been observed with mRNA in different Gram- 

negative bacteria (38). 

Under the conditions used here, sugarcane plants 

up to 8 month of age showed no differences in devel- 

opment when inoculated with A. diazotrophicus. 

From preliminary results in our laboratory, no nitro- 

genase expression was detected in planta from an A. 

diazotrophicus strain containing a nifH-gusA fusion, 

nevertheless we do not discard the possibility of ben- 

eficial effects of the bacteria in plants grown under 

other conditions, as have been reported by Sevilla et 

al. [39]. Azoarcus sp., another endophytic diazotroph 

has also been located inside root cortical cells of 

Kallar grass and inoculated rice [40]. In this associ- 

ation, the authors found some beneficial effect on 

biomass and protein content in rice plants inoculated 

with this bacterium. 

Endophytic relationships are becoming an interest- 

ing ficld for studying plant-bacteria interactions and 

their study is still at an initial phase. Two threats to 

the naturally occurring endophytic associations are 

the high N-fertilization levels used in the modern 
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agriculture, and the now common use of tissue cul- 

ture to propagate pathogen-free sugarcane. Both 

practices will probably eliminate diazotrophic bacte- 

ria, as reported in this work, and sugarcane pro- 

ducers should be aware of this situation, 
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Articulo “Genetic structure of Acetobacter diazotrophicus populations and 

identification of a new genetically distant group”.
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A total of 55 isolates of Acetobacter diazotrophicus recovered from diverse sucrose-rich host plants and from 

mealybugs associated with sugarcane plants were characterized by the electrophoretic mobilities of 12 meta- 
bolic enzymes. We identified seven different electrophoretic types (ETs), six of which are closely related within 

a genetic distance of 0.195 and exhibit high DNA-DNA homology. The seventh ET was largely divergent, 
separated at a genetic distance of 0.53, and had only 54% DNA homology to the reference strain. Strains 

corresponding to ET 7 could represent a distinct nitrogen-fixing species of the genus Acetobacter. More genetic 
diversity was found in isolates from Brazil than in those from Mexico, probably due to the very different crop 
nitrogen fertilization levels used. 

  

Cane sugar is produced commercially in over 70 countrics 
around the world (31). It is an important agricultural product 
which is used for domestic consumption and export. More than 
150 by-products may be obtained from sugarcane (33). For 
instance, ethanol obtained by fermentation and distillation of 

sugarcane juice provides fuel for 4 million motor vehicles in 
Brazil, and 7 million other vehicles use gasohol containing 10 
to 22% ethanol (5). 
Commonly, very high levels of nitrogen fertilizers (120 to 

300 kg of N per ha) are used in sugarcane crops in countries 
such as Mexico, Venezucla, Cuba, and the United States (Ha- 

waii). In contrast, sugarcane crops in Brazil do not receive 
more than 50 kg of nitrogen fertilizer (37), and neither cane 
yields nor soil N reserves appear to diminish after decades of 
culture (5). Recent experiments estimated that the contribu- 
tion of biological nitrogen fixation to the sugarcane cultivars 
ranged from 50 to 80% of total plant nitrogen (5, 52). 

Nitrogen-fixing bacterial species, such as Enterobacter cloa- 
cae, Bacillus polymyxa, Klebsiella pneumoniae, Azotobacter vine- 

landii, and Azospirillum spp., are commonly isolated from dif- 
ferent internal or external parts of sugarcane plants (37; 
unpublished results). Recently, other diazotrophs (Herbaspiril- 
hum seropedicae [3] and Acetobacter diazotrophicus [11, 17]) 
have been isolated from inside tissues of roots and stems of 
sugarcane. At present, which of these bacteria are the most 
important in: plant-associated biological nitrogen fixation re- 
mains unknown, However, A. diazotrophicus has been sug- 

gested as a strong candidate responsible for the N. fixation 
observed in field experiments with sugarcane (5, 51). 

A. diazotrophicus has also been recovered from other su- 
crose-rich host plants such as sweet potato (Ipomoea batatas) 
and Cameroon grass (Pennisetum purpureum), which are veg- 
etatively propagated (15), as well as from different genera of 
mealybugs associated with sugarcane plants (1). 

Multilocus enzyme electrophoresis (MLEE) has been used 
extensively to measure genotypic diversity and genctic struc- 
ture of natural populations of many bacterial species (43). 
Such studies have revealed that the levels of genetic variability 

* Corresponding author. 
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differ greatly among species. For instance, Yersinia ruckeri or- 
ganisms exhibit a genetic diversity as low as 0.014 (38), while 
oral streptococci show a diversity as high as 0.857 (19). Be- 
tween these extremes are found very different pathogenic bac- 
terial species of plants (14), animals (4, 30), and humans (10, 
13, 29, 42), as well as soil bacterial species, including Bacillus 

spp. (9, 21), a Bradyrhizobium sp. (6), Pseudomonas cepacia 
(27), and Rhizobium spp. (16, 24, 35). Genetic diversity levels 
have mainly been related to effective population size (28, 45) 
and recent evolutionary origin of the species (12, 28), along 
with ecological factors (27, 45) and niche specialization (14, 23, 
30, 40). 

Taking into account that “the characterization and under- 
standing of natural populations of useful bacteria may save 
work and moncy in the development of low-risk, successful 
biotechnology” (46), we considered it of interest to extend our 
previous studies on genetic diversity of A. diazotrophicus iso- 
lated from sugarcane (8) to include bacteria isolated from 
other host plants such as swect potato and P. purpureum and 

from the mealybug Saccharicoccus sacchari. In this work, we 
report the genctic relatedness among isolates recovered mainly 
from Mexico and Brazil. We show evidence of a new geneti- 
cally distinct group. 

MATERIALS AND METHODS 

Isolation. A. diazotrophicus strains wese isolated from the inside tissues of 
stems or roots of sugarcane plants cullivated in Mexico, as described previously 
(7. 

Each mealybug colony, identified as S. sacchari, sampled from stems of inde- 
pendent sugarcane plants was rinsed with 0.01% (vol/vol) Tween 40 in 10 mM 
MgSO, *7H,O until the liquid was clear, Subsequently, mealybugs were im- 
mersed in 1% chloramine T for 5 min and then washed three times in 10 mM 
MgSO, - 7H,0. Insects were macerated in 1.0 ml of sterile distilled water, and 
aliquots were inoculated into media for isolation of A. diazotrophicus, as de- 
scribed previously (17). 

Mealybug colonies and sugarcane varictics sampled in Mexicu were from 
diverse cane-growing areas up to 1,500 km apart; cane-growing areas of Brazil 
were located up to 2,500 km apart. 

Bacteriat strains. Strains and their sources are shown in Table 1. Most of the 
strains were recovered from hosts collected in Mexico and Brazil, but the samples 

  

also included two isolates from Australia and one from Uruguay. Strain 7.10RM « 
was recovered from within spores of the vesicular-arbuscular mycorrhizal fungus 
Glomus clanam obtained from sweet Potatoes grown in soil inoculated with a 
mixture of the fungus and strain PAL 5" of A. diazotrophicus. Only isolates 

eae
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TABLE 1. ETs, host species, and locality for 55 isolates of A. diazotrophicus 
  

  

  

ET Strain Host species Locality Source 

1 CFNE 501 Stem, Z Mex 55 32? Veracruz, Mexico This work 

1 CFNE 502 Stem, Mex 69 290" Veracruz, Mexico This work 

1 CFNE 503 Stem, RD 75 01° Veracruz, Mexico This work 

1 CFNE 504 Stem, Mex 73 5237 Veracruz, Mexico This work 

1 CFNE 505 Stem, Mex 68 P23? Sinaloa, Mexico This work 

1 CFNE 506 Stem, RD 75 11° Sinaloa, Mi D This work 

1 CFNE 507 Stem, RB 73 9953” Sinaloa, Mexico This work 

1 CFNE 508 Stem, SP 70 1005? Sinaloa, Mexico This work 

I CFNE 509 Stem, SP 70 3370° Sinaloa, Mexico This work 

1 CFNE 510 Stem, RB 72 1012” Sinaloa, Mexico This work 

1 CFNE 513 Stem, My 55 14” Puebla, Mexico This work 

1 CFNE 515 Stem, SP 70 1248” Puebla, Mexico This work 

1 CFNE 516 Roots, SP 70 1248° Puebla, Mexico This work 

1 CFNE 521 Roots, CP 72 2086" Veracruz, Mexico This work 

5 PAI3 Roots, sugarcane Alagoas, Brazil CNPAB collection® 

I PRI6 Roots, CB 47 89 Rio de Janeiro, Brazil CNPAB collection 

7 PRJ 14 Stem, SP 70 1143 Rio de Janeiro, Brazil CNPAB collection 

1 PRJ 17 Stem, IAC $2 150 Rio de Janciro, Brazil CNPAB collection 

3 PRJ 20 Stem, Na 56 79 Rio de Janeiro, Brazil CNPAB collection 

1 PRS 24 Roots, RB 73 9735 Rio de Janciro, Brazil CNPAB collection 

7 PRJ 36 Stem, SP 70 1143 Rio de Janeiro, Brazil CNPAB coliection 

7 PRJ 40 Leaves (trash), CB 36 14 Rio de Janeiro, Brazil CNPAB collection 

1 PRJ 54 Stem, Krakatau Rio de Janeiro, Brazil CNPAB collection 

1 PRJ 56 Stem, SP 70 1143 Rio de Janeiro, Brazil CNPAB collection 

3 PRX 3 Xylem, CB 45 3 Rio de Janeiro, Brazil CNPAB collection 

3 PRX 6 Xylem, Na 56 79 Rio de Janeiro, Brazil CNPAB collection 

3 PSP i5 Roots, Na 56 79 Sao Paulo, Brazil CNPAB collection 

4 PSP 22 Leaf, Na 56 79 Sito Paulo, Brazil CNPAB coiiection 

3 PSP 32 Stem, Na 56 79 Sao Paulo, Brazil CNPAB collection 

6 PSP 17 Rhizoplane, Na 56 79 Sio Paulo, Brazil CNPAB collection 

3 PSP 19 Rhizoplane, Na 56 79 Sao Paulo, Brazil CNPAB collection 

i URU Roots, sugarcane Uruguay CNPAB collection 

7 LMG 1733 Sugarcane Australia CNPAB collection 

! CFNE 530 Mealybugs-PT 49 143” Veracruz, Mexico This work 

1 CFNE 531 Mealybugs-PT 49 143” Veracruz, Mexico This work 

1 CFNE 532 Mealybugs-Z Mex 55 32° Veracruz, Mexico This work 

t CFNE 533 Mealybugs-L 78 56” Veracruz, Mexico This work 

l CFNE 534 Mealybugs-Mex 68 P23° Sinaloa, Mexico This work 

l CFNE 535 Mcealybugs-RD 75 11” Sinaloa, Mexico This work 
! CFNE 537 Mealybugs-RB 73 9953? Sinaloa, Mexico This work 
1 CFNE 539 Mealybugs-RB 72 1012? Sinaloa, Mexico This work 
1 CFNE 541 Mealybugs-RB 72 1012° Sinaloa, Mexico This work 

l CFNE 542 - Mealybugs-RB 72 1022” Sinaloa, Mexico This work 
1 CFNE 544 Mealybugs-RB 73 9953” Sinaloa, Mexico This work 
2 CFNE 550 Mealybugs-CB 45 37 Rio de Janeiro, Brazil This work 
2 CFNE 554 Mealybugs-CB 45 3¢ Rio de Janeiro, Brazil This work 
6 1772 Mealybugs Ayr, Australia M. W. Dawson® 
1 PBD 4 Tuber, sweet potato Rio de Janeiro, Brazil CNPAB collection 
1 PBD 13 Peel, sweet potato Rio de Janeiro, Brazil CNPAB collection 

1 PBD 16 Roots, sweet potato Rio de Janeiro, Brazil CNPAB collection 

I PBD 17 Tuber, sweet potato Rio de Janeiro, Brazil CNPAB collection 

3 Peol Stem, P. purpureum Rio de Janeiro, Brazil CNPAB collection 
7 PRC 1 Stem, P. purpureum Rio de Janeiro, Brazil CNPAB collection 
7 PRC 4 Roots, P. purpureum Rio de Janeiro, Brazil CNPAB collection 
3 7.10RM Spores, VAM fungus! Rio de Janeiro, Brazil CNPAB collection 
  

* Commerciat sugarcane varieties. 
* Sugarcane germoplasm. 
© CNPAB, Centro Nacional de Pesquisa ce Agrobiologia, Rio de Janciro, Brazil. 
4 Collected from sugarcane grown in a conerete tank (5). 
«M. W. Dawson, Sugar Research Institute, Mackay. Queensland, Australia. 
? VAM, vesicular-arbuscular mycorrhizal. 

recovered from different plants or mealybug colonics were considered to be 
different. Strain 1772 was kindly supptied by M. Dawson. Strains UAP 5560, PAL 
5* (= ATCC 49037" [F = type strain}), and PPe 4 (= ATCC 49038) of A. 
diazotrophicus, corresponding to electrophoretic type (ET) |, ET 3, and ET 4 as 
we described previously (8), were included as references in MLLEE assays. 

Culture media. A. diazotrophicus isolates and Escherichia coli HB “101 were 
grown in SYP medium (8) for all assays. 

  

Preparation of cell extracts and MLEE. Each isolate was grown in 25 ml of 
SYP medium at 29°C and harvested by centrifugation, and pellets were sus- 
pended in 0.3 ml of 10 mM MgSO,- 7H,0 and treated as described previously 
(8). 

Starch get electrophoresis and the selective staining of 12 metabolic enzymes 
were done by methods described before (43). ‘The enzymes assayed were the 
same ones used in a previous report (8), except for an unidentified dehydroge- 
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TABLE 2. Genetic diversity among isolates and ETs at 12 
enzyme loci 
  

Genetic diversity Genetic diversity (ff) 

  

Enzyme tocust No. of (Hy? of; No. of oft 
alteles alleles —————_—____ 

55 isolates 7 ETs 49 isolates’ 6 Es? 

IPO I 0,000 =G.000 1 0.000 0.000 
LYD 2 0.197 0.285 1 0.000 0.000 
LED 2 0.197  @.285 1 0,000 0,000 
XDH 2 0.197 0.285 1 0.000 0.000 
MDH 2 0197 0,285 1 0.000 6.000 
ADH 2 0.197 0.285 1 0.000 0,000 
UDH 2 0.197 0.285 1 0.000 0,000 
IDH 2 0.036 «60.285 2 0.041 0.332 
GOP 2 0,235 0.285 2 0.279 0.332 
PGM 4 0.173 0.713 4 0,194 0,799 
HEX 2 0.036 0.2852 0.041 0,332 
EST 3 0.103 0.523 3 0.119 0.600 

Mean 2.16 0.147 0,316 1.66 0.056 0,199 
  

7 IPO, indophenol oxidase; LYD, lysine dehydrogenase; LED, leucine dehy- 
drogenase; XDI, xanthine dehydrogenase; MDH, malate dehydrogenase; ADH, 
alcohol dehydrogenase; UDH, unidentitied dehydrogenase; IDH, isocitrate de- 
hydrogenase; G6P, glucose-6-phosphate dehydrogenase; PGM, phosphoglu- 
comutuse; HEX, hexokinase; EST, esterases. 

oH = (1 - &e2)fadn — 1), where x; is the frequency of the ith allele and 
is the number of i I 

* Excluding s 
4 Excluding ET 7. 

    

  

    

  

nase, This enzyme was visualized on gels stained for indophenol oxidase, which 
is revealed as white bands in the presence of light. In contrast, the unidentified 
dehydrogenase was observed as a typicat purple band, like other dehydroge 
We did not attempt to determine the substrate(s) for this enzyme. For all assays 
the electrophoretic buffer system used was Tris-citrate (pH 8.0). Distinctive 
combinations of alleles for the 12 enzyme loci (mullilocus genotypes) were 
designated different ETs (43), The level of genetic diversity for each enzyme 
locus was calculated as described by Selander et al. (43). 

Statistical analysis, The extent of linkage disequilibrium, or nonrandont as- 
sociation of alletes, in the studied population was evaluated to exptore the degree 
of clonality. The ratio of the variance in mismatches observed (V,,) to. the 
expected variance (V,) in the population was iterated 10,000 times by a Monte 
Carlo procedure, as proposed by Souza et al. (47). 

Total DNA isolatiun, DNA restriction, and filter blot hybridization, Total 

DNA was isolated as described previously (2). DNA was digested with EcoRI, 
and restriction fragments were electrophoresed, blotted, and hybridized as pre- 
viously reported (8). DNA-DNA homology was based on relative levels of hy- 
bridization to ?P-labelted DNA trom A. diazotrophicus PALS". DNA amounts in 
gels and radioactivity tevels were quantified as described before (26). 

The restriction fragment length polymorphism patterns of the rRNA operons. 
were determined from EcoR1 DNA digests hybridized with a HindIM HindIII 
700-bp internal fragment from E. coli mB 16S rRNA genes cloned in pKK3535 
). 
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RESULTS 

MLEE and genetic diversity. A total of 55 isolates of A. 
diazotrophicus were examined, and 11 of the 12 enzyme loci 

analyzed were found to be polymorphic. The mean number of 
alleles was 2.16 (range, 1 to 4) (Table 2), A total of seven 
distinctive ETs were identified (Table 3). Most of the isolates 
(35 of 55; 64%) were identical, corresponding to ET |. ET 4 
and ET 5 were represented by only one isolatc; ET 2 and ET 

6 were each represented by two isolates only. Only strains 
corresponding to ET | were recovered from mealybug colonies 
associated with seven different sugarcane varieties and from 13 
sugarcane varicties sampled in Mexico (including 5 Brazilian 
varieties); in contrast, seven ETs were identified from 7 sug- 

arcane varieties cultivated in Brazil and from associated mea- 
lybugs (Table 1). Six of the ETs differed from one another at 
only one or two loci. However, strains grouped in ET 7 were 
very different from all other isolates, showing six unique alleles 
{Table 3). These strains were recovered from both P. purpu- 
reum and sugarcane sampled in Brazil, and one strain (LMG 
1733) was isolated from sugarcane in Australia. 

The mean level of genetic diversity per locus (H) among the 
seven ETs was found to be 0.316. However, the genctic diver- 
sity among isolates was lower (H = 0.147) (Table 2), reflecting 
the fact that four of the ETs were represented by one or two 
isolates, while only three ETs (ET 1, ET 3, and ET 7) repre- 
sented 49 isolates (Table 3). Excluding EF 7, because it is 
largely divergent from all of the other ETs (see below), the H 
tevel among the six ETs was 0.199, and among isolates it was as 
low as 0.056 (Table 2), since in this case only two ETs (ET 1 
and ET 3) represented 88% of the isolates. 

The genetic relationships among the seven ETs are summa- 
rized by a dendrogram in Fig. |. Six ETs (ET | to ET 6) were 
closely related, forming a cluster at a genetic distance of 0.195. 
A second line (ET 7), which contained six strains, was largely 
divergent, and it was separated by a genetic distance of 0.53. 

DNA homology and ribosomal hybridization restriction 

fragment length polymorphisms. Six A. diazetrophicus strains 

from the closely related ETs | to 6 constituted a homogeneous 
group with relative levels of DNA homology ranging from 73 
to 90% (mean homology, 86%) with reference strain PAL 5°. 
This mean homology value was very similar to the level of 84% 

DNA homology previously determined by Gillis et al. (18) 
among three representative A. diazotrophicus strains, including 
the type strain PAI 5°. The six strains corresponding to the 

more distant ET 7 (Table 1) exhibited only 54% homology to 
the same reference strain. 

Strains CFNE 501, PAIS", PSP 22, PAI3, PRC 1, and LMG 
1733 were analyzed by restriction fragment length polymor- 

TABLE 3. Allele profiles at 12 enzyme loci in seven ETs of A. diazotrophicus 
  

Allele at indicated enzyme locus’ 
  

  

ET Reference No. of 
strain isolates IPO LYD LED XDH = =MDH ADH UDH IDH GOP PGM HEX EST 

1 CFNE 501 35 1 2 3 2 2 2 2 1 4 5 1 3 

2 CFNE 550 2 1 2 3 2 2 2 2 1 4 6 1 3 
3 PAI 5 8 1 2 3 2 2 2 2 1 5 5 1 3 
4 PSP 22 1 i 2 3 2 2 2 2 2 4 5 2 3 
5 PAI 3 1 1 2 3 2 2 2 2 1 4 7 1 1 

6 1772 2 1 2 3 2 2 2 2 1 4 4 1 4 

7 PRC! 6 1 1 2 1 1 i 1 1 4 5 1 3 
  

# [PO, indophenol oxidase; LYD, lysine dehydrogenase; LED, leucine dehydrogenase; XDEL, xanthine dehydrogenase; MDH, malate dehydrogenase; ADH, alcohol 

dehydrogena: 
hexokinase; 

    

, esterases, 

  

UDH, unidentified dehydrogenase; IDH, isocitrate dehydrogenase; G6P, glucosc-6-phosphate dehydrogenase; PGM, phosphoglucomutase; HEX, 

 



VoL. 61, 1995 

os a5 04 Os 02 Ol 00 ET Reference 
1 strain 

Ln 

1 CFNE 501 

CFNE 550 

pats! 

PALS 
  

VW77!S 

PSP 22 

PRCI 

  

N
p
 
n
a
u
w
n
 

    
tb 

os as 04 Os 02 ol 00 

Genetic distance 

FIG. 1. Genetic relationships of ETs identified among A. diazotrophicus iso- 

lates recovered from different hosts. 

phisms of the rRNA operons. The hybridizing patterns were 
identical. Four common hybridizing bands (9.3, 3.6, 2.3, and 

1.6 kb) were observed in all of the isolates examined (Fig. 2). 

Similarly, all strains showed a common pattern (8) of hybrid- 

ization to nifHDK (data not shown). 
Linkage disequilibrium. A total of 1,485 pairwise compari- 

sons are possible among the 55 isolates. The observed variance 
in proportion of mismatches was 5.806, and the expected vari- 
ance was 1.450. The ratio of the observed variance in numbers 
of mismatches to the expected variance (V,/V.) was 4.003, 
highly significant, indicating a strong linkage disequilibrium. 
The analyses done separately for the populations recovered 
from sugarcane cultivated in Brazil and Mexico revealed a 
strong linkage disequilibrium also (data. not shown). 

DISCUSSION 

In this study, we report that there is a lower genetic diversity 
in A. diazotrophicus recovered from different host species col- 
lected in widely separated regions of the world in comparison 
to the majority of other bacterial species studied (6, 9, 10, 13, 

14, 19, 29, 35, 44). The results confirm previous data (8) on 
genetic diversity among 21 Mexican and 3 Brazilian isolates 
exclusively recovered from sugarcane plants. In addition, a new 
genetically distant group was found. 

Coefficients of genetic distance at levels higher than 0.5 have 
been used as a criterion to suggest species limits (27, 45). 
DNA-DNA hybridization levels below 60 to 70% are also in- 
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FIG, 2. Autoradiogram of a Southern blot of the total EcoRI DNA finger- 
prints hybridized with a 16S TDNA probe of E. coli, Lanes | through 6, strains 
CFNE 501 (ET 1), PALS" (ET 3), PSP 22 (ET 4), PAI3 (ET 5). PRC1, and LMG 
1733 (ET 7), respectively: lane 7, £. cofi HB 101, used as a control. 
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dicative of separate species (39, 48). On the basis of these facts, 
our MLEE studies suggest that the strains represented by ET 
7 could represent a distinct nitrogen-fixing bacterial species. 
This result was consistent with the level of DNA-DNA homol- 
ogy obtained. In other cases, the estimates of genetic related- 
ness of strains obtained by both DNA-DNA hybridization and 
MLEE are closely correlated (24, 32, 41, 45). Nevertheless, 

restriction fragment length polymorphism patterns of ribo- 
somal genes showed that ET 7 is related to the main A. dia- 
zotrophicus cluster. Due to the conserved nature of the 16S 
rDNA sequences, the method may be limited in the differen- 
tiation of closely related species (22). Furthermore, “DNA 
hybridization is acknowledged as the superior method for the 
elucidation of relationships between closely related taxa, such 

as strains and species” (48). Further work will be required to 
define the taxonomic status of ET 7 strains. 

The restricted genetic variability observed in A. diazotrophi- 
cus suggests that this species has a recent evolutionary origin. 
Another possible explanation for the limited genetic diversity 
is related to the predominantly endophytic habitat of A. dia- 
zotrophicus, as suggested before (8), in association with niche 
specialization, because this species has been isolated exclu- 
sively from sucrose-rich host plants (15, 25) and from mealy- 
bugs associated with sugarcane plants (1). It has been postu- 
lated that each ecological niche acts as a selective force toward 
those properties of the organism that enable it to occupy that 
niche. Thus, the nonrandom variation suggests that the organ- 
isms are selected from those occupying closely related niches 
rather than very different niches (20). We do not discount that 
the limited genetic diversity observed in A. diazotrophicus 
could be related to the analysis of a limited subset of clones of 
the species, as advanced to explain the genetic diversity in 
other bacterial species (28, 45). This hypothesis is based on the 
very high selectivity of the medium used for bacterial isolation 
(15, 17, 36), which could influence the selection of subscts of all 
genotypes cxisting in nature. It has been observed that isolated 
soil bacteria make up only a very small proportion of the total 
bacterial community, but the largest proportion cannot be iso- 
lated or cultured on laboratory media (50). 

Overrepresentation of a particular multilocus genotype is 
often the strongest and most significant evidence of clonality 
(49), particularly when the same genotype is recovered at many 
different localities and at different times (30, 45). The frequent 
recovery of isolates corresponding to the same ET from widely 
separated geographic regions, as well as from different hosts at 
different times, indicated that the genetic structure of A. dia- 
zotrophicus is basically clonal. This result was supported by the 
occurrence of a strong linkage disequilibrium in the natural 
population of these bacteria at both global and local levels. 

The extensive distribution of closely related strains of A. 
diazotrophicus from widely separated areas of the world sug- 
gests that this bacteria was recently dispersed, as has been 
observed similarly in Pseudomonas syringae pv. tomato (14). 
Taking into account the endophytic characteristics of A. dia- 
zotrophicus and the association of the bacteria with mealybugs 
and vesicular-arbuscular mycorrhizal spores, we previously (8) 
explained the long-distance dispersal and spread among cane 
cultivars of this species. 

It was previously suggested (1) that A. diazotrophicus may be 
autochthonous microbiota of mealybugs associated with sug- 
arcane and other plants. However, we were able to isolate the 
bacteria from only 30 of 80 mealybug colonies of S. sacchari, 
including actively feeding adults, collected from stems of many 
different sugarcane varicties cultivated in both Brazil and Mex- 
ico. This fact suggests that A. diazotrophicus is sucked from 
sugarcane plants by the associated mealybugs, which is further
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supported by our results showing that the A. diazotrophicus 
population recovered from S. sacchari is a subset of the A. 
diazotrophicus sugarcane population. The genetic diversity of 
A. diazotrophicus from other genera of mealybugs such as Dys- 
micoccus brevipes and a Planococcus sp. has not been analyzed, 
but perhaps it would be not surprising to find a limited genetic 
variability in these populations as well. 

The comparison of the number of ETs identified in the 
collections of isolates recovered from sugarcane and mealy- 
bugs sampled in Brazil and Mexico showed that the population 
of A. diazotrophicus collected in Brazil, represented by seven 
ETs, is more heterogeneous genetically than the population 
collected in Mexico, represented only by ET |. This apparent 
greater genetic heterogeneity may be related to the very dif- 
ferent nitrogen fertilization levels that are applied to we arcane 
field crops in Mexico in comparison to Brazi!. A close telation- 
ship between nitrogen fertilization rates and isolation fre- 
quency of A. diazotrophicus was previously observed (17). At 
the highest fertilization rates (300 kg of N per ha), isolation 
frequencies of 0 to 2% were obtained, while at levels of 120 kg 

of N per ha frequencies increased up to 70%, Moreover, al- 
though Li and Macrae (25) did not mention any relation be- 
tween isolation frequency of A. diazotrophicus and nitrogen 
fertilization, we noted that, in their results reported in Table 1, 

the number of isolates of this bacterium was nearly five times 
higher in the same sugarcane variety (CP 44101) with no N 
fertilizer than in N-fertilized plants collected in the same re- 
gion and on the same date. Taking these observations into 
account, nitrogen seems to be a selective factor for certain 
lineages or clones of A. diazotrophicus. A role for a selective 
factor(s) may be supported in view of the endophytic nature of 
A. .diazotrophicus organisms (25, 36), which supposedly are 
dispersed long distance inside sugarcane germoplasm com- 
monly exchanged between countries (c.g., germoplasm of Bra- 
zilian varieties cultivated in Mexico [Table 1]). Therefore, in 
the absence of such a selective factor, diferent clones recov- 
ered in a country could be recovered from sugarcane germo- 
plasm propagated in widely separated geographical arcas. The 
nitrate levels available to the plant may increase or diminish 
the sucrose content depending on the sugarcane cultivar (34). 
This may explain to some extent the nitrogen fertilization ef- 
fects on A. diazotrophicus populations, considering that sucrose 
is the best carbon source required in high concentration for 
optimal bacterial growth (11, 18). However, we could not ex- 
clude that other ccological factors, besides nitrogen fertiliza- 
tion rates, may contribute to the differences in genctic diversity 
of the A. diazotrophicus populations encountered in Brazil and 
Mexico. 

Since a low number of isolates recovered from Cameroon 
grass and sweet potato were analyzed, it was not possible to 

determine if certain ETs of A. diazotrophicus are predomi- 

nantly associated with a particular host species, as observed, 

for instance, with the pathogen of mammals Bordetella bron- 
chiseptica (28) or with the legume-nodulating Bradyrhizobium 

sp. (6). However, the results clearly demonstrated that ET | 

was extensively distributed among all host species analyzed. 

From the viewpoint of biotechnological application, it will be 

important to determine if strains represented by the highly 

predominant ET 1 could be more efficient in promoting growth 

of the host plants by either involving indoleacetic acid (17) or 

supplying nitrogen (5, 51), or both, in comparison to other 

lineages, or if ET 1 is simply a highly “successful” lineage 

adapted to different host species. 

Considering the apparent wide capacity of ET 1 to colonize 

sucrose-rich host plants, it will be interesting to determine this 

AppL. ENVIRON. MICROBIOL. 

ability of ET 1 strains in other important sugar producer plants 
such as sugar beet (Beta vulgaris). 
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ANEXO Ill. 

Articulo “Coffea arabica L., a new host plant for Acetobacter 

diazotrophicus and isolation of other Nitrogen-fixing acetobacters”.
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Acetobacter diazotrophicus was isolated from coffee plant tissues and from rhizosphere soils. Isolation fre- 

quencies ranged from 15 to 40% and were dependent on soil pH. Attempts to isolate this bacterial species from 

coffee fruit, from inside vesicular-arbuscular mycorrhizal fungi spores, or from mealybugs (Planococcus citri) 

associated with coffee plants were not successful. Other acid-producing diazotrophic bacteria were recovered 

with frequencies of 20% from the coffee rhizosphere. These N,-fixing isolates had some features in common 

with the genus Acetobacter but should not be assigned to the species Acetobacter diazotrophicus because they 

differed from A. diazotrophicus in morphological and biochemical traits and were largely divergent in electro- 
phoretic mobility patterns of metabolic enzymes at coefficients of genetic distance as high as 0.950. In addition, 

these N,-fixing acetobacteria differed in the small-subunit rRNA restriction fragment length polymorphism 

patterns obtained with EcoRI, and they exhibited very low DNA-DNA homology levels, ranging from IL to 15% 
with the A. diazotrophicus reference strain PAI 5". Thus, some of the diazotrophic acetobacteria recovered from 

the rhizosphere of coffee plants may be regarded as N,-fixing species of the genus Acetobacter other than A. 
diazotrophicus. Endophytic diazotrophie bacteria may be more prevalent than previously thought, and perhaps 
there are many more potentially beneficial N,-fixing bacteria which can be isolated from other agronomically 
important crops. 

  

Almost 100 bacterial genera, of both the eubacteria and 
archacobacteria, are capable of fixing Nz (32). There may exist 
many more bacterial species or genera which can fix nitrogen 
since a majority of bacterial species are not presently cultur- 
able (31) and the search for diazotrophs in some environments 
has been relatively limited. Research on N,-fixing bacteria 
endophytically associated with sugarcane led to the description 
of Acetobacter diazotrophicus, which is the only known nitro- 
gen-fixing species of acetic acid-producing bacteria (13, 29). 
Similarly, in the last few years, the genus Azoarcus and its 
various species were described (16, 33), most of them recov- 

ered from the roots of Kallar grass (24). These findings suggest 
that many other endophytic N.-fixing species may not yet have 
been described. 

Looking for well-known N,-fixing species and for new dia- 
zotrophs associated with previously untested plants or from 
new environments may provide a better picture not only of the 
distribution of N.-fixation ability among bacterial taxa but also 
of the distribution and diversity of N2-fixing bacterial popula- 
tions, 

In this work, we report the natural occurrence of diazotro- 

phic acetic acid-producing bacteria in the rhizosphere and in 
tissues from different cultivars of seed-propagated coffee plants 
(Coffea arabica L.). Microbiological, biochemical, and genetic 
tests showed that a majority of these bacteria belong to the 
species A. diazotrophicus. We obtained evidence that strongly 
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supports the hypothesis that some of the strains could repre- 
sent new N,-fixing species of the genus Acetobacter. 

MATERIALS AND METHODS 

Locations and coffee cultivars. Coffee plant varietics grown in nurseries or 
under field conditions were collected from diverse geographic regions of Mexico 
up to 750 km apart. The origins of samples and the coffee varieties analyzed ae 
summarized in Table 1. 

Media and cullural conditions. N-free semisolid LGL medium supplemented 
with sugarcane juice at pl] 4.5 (7) and cycloheximide (150 mg/liter) was used for 
enrichment culturing of N)-fixing acetobacters. For isolation and culturing, acetic 
acid LLGI agar plates supplemented with yeast extract (50 mejliter) and cyclo- 
heximide (150 mgftiter) and potato agar plates with 10% cane sugar were used 
(7). Ne-fixing acetobacters were grown at 29°C in SYP medium (6) for afl other 
assays, 

Isolation. Care was taken to keep rhizosphere soil intact around the root. 
Later, the root samples were rinsed threc times in sterile distilled water. Sepa- 
rately, coffee root and stem pieces were immersed in 1% chloramine T for $ min 
and treated as described previously (11). Root and stem samples were macerated 
in a blender, and supernatant aliquots (100 wt) were placed in vials containing 5 
ml of N-free semisotid LGI medium (7). Other vials were inoculated with 100-l 
aliquots from a 1/10 (wt/vol) rhizosphere soil suspension. Aiso, five samples (10 g 
cach) of ripening fruit from Coffea arabica cv. Garnica collected in the coffee- 
growing region of Huitzitan, Puebla State, Mcxico, were surface sterilized and 
treated as mentioned above for root and stem samples. In attempts to recover 
A. diazotrophicus from inside vesicular-arbuscutar mycorrhizal (VAM) fungal 
spores, 100 g of cight rhizosphere soil samples (four from Huitzilan and four 
from Tapachula, Chiapas, Mexico) was sieved and at least 60 VAM spores were 
isolated from cach soil sample by the method described by Gerdemann and 
Nicolson (12), The VAM spores were surface sterilized with 1% chloramine T 
for 5 min and then washed four times with sterile distilled water. Spores without 
apparent damage were manually crushed and placed in vials containing N-free 
semisolid LGI medium as reported previously (23). In addition, 50 adult mea- 
lybugs identified as Planococcus citri were analyzed for N--fixing acetobacters. 
‘These were collected from aerial parts of coffee plants, cultivar Caturra, growing 
in ficlds at Atoyac, Guerrero State, Mexico. Groups of 10 insects were rinsed 
with 0.01% (volWal) Tween 20 in 10 mM MgSO, « 74,0 until the liquid was 
clear. Insects were macerated in 1.0 ml of 10 mM MgSO, - 71,0, and 100-u) 
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TABLE 1. Isolation frequencies of A. diazotrophicus 
recovered from coffee plant cultivars 
  

ation (% Plant pit of Isolation (7) 
Cultivar age soil Location ——_____- 

Rhzp* Root Stem 
  

Garnica 5 yr” 4.07 40.0 40.0 0.0 

Gamica 2 yr” 6.27 0.0 0.0 0.0 
Huitzilan, Puebla 

2mo 4.74 ND? 00 200 
6mo? 400 ND 200 0.0 

Catuai 
Catuai 

Xicotepec, Puebla 

Caturra ty” 3.64 15.0 20.0 0.0 

M. Novo tyr 6.20 0.0 0.0 0.0 
Atoyac, Guerrero 

Tapachula, Chiapas = Caturra 5 mo 5.40 30.0 0.0 0.0 
Caturra = Smo° 5.80 20.0 0.0 0.0 
Caturra 3 mo° 5.30 40.0 0.0 0.0 
  

* Rhzp, rhizosphere (soil shaken off routs), 
Coffee plants growing under field conditions, 

© Coffee plants growing in a nursery. 
4 ND, not determined. 

aliquots were inoculated into media for isolation of A. diazotrophicts as ce- 
scribed previously (5). 

Vials of inoculated N-free semisolid LG] medium were incubated at 30°C for 
7 days. Thereafter, vials were replicated under the same conditions and assayed 
for acetylene reduction activity as d ed previously (21). Nitrogenase-positive 
vials with a yellow surface pellicle were streaked onto acetic LGI agar plates and 
incubated at 30°C. After 5 to 7 days, acid-producing d orange colonics sug- 
gested ihe presence of A. diazotrophicus (7). Coloni streaked on potato 
agar plates to verify culture purity, In addi + ical acid-producing isolates 
(referred to in the text as DOR and APL isolates) were also recovered from 
coffee rhizosphere samples from Tapachuta. These isolates did not exhibit 
growth typical of A. diazotrophicus on LGI agar plates. DOR isolates were similar 
in their dark-orange color but formed very irregular smooth flat colonies. In 
addition, while A. diazotrophicus colonies are initially white and later become 
yellow-orange, DOR isolates are always orange. AP! lates showed a liquid- 
like appearance on the first days, but after § days, the isolates became dry and 
took on a yellowish color, One non-acid-producing mucoid strain (designated 
CEFN-Cf 56) was also isolated due to its predominant growth on an LGI agar 
plate. This strain was selected based on its colony morphology, which was similar 
to that of a spontaneous, non-acid-producing mutant that was obtained from A. 
diazotrophicus SRT4 (1). 

Identification, Isolate identification was based on coleny morphology in cul- 
ture media, on biochemical tests, and on genetic characteristics reported for A, 
diazotrophicus (8-7, 13), A. diazotrophicus PALS" (ATCC 4137), kindly pro- 
vided by J. Dobereiner, and UAP 5560, analyzed previously (6, 11), were'used as 
controls, 

  

    

  

    

  

      

   ach isolate was grown for 36 h in 40 mi of SYP medium and 
y centrifugation; pellets were suspended and ircated as described 

previously (6). Starch gel clectrophoresis anc selective staining of metabolic 
enzymes were done as described before (25). The analyzed enzymes were the 
same ones used in a previous study (5) and were assayed under the same 
conditions. Distinct combinations of aHeles for 12 enzyme loci (multilocus ge- 

notypes) were designated as different electrophoretic types (ET's) (25). A. dia- 
zotrophicus strains (CFNE 501, CFNE 550, PALS™, PAL 3, 1772, PSP 22, and PRC 
1), corresponding to the reported seven ETs (5). were included as references in 
multilocus enzyme electrophoresis (MLEE) assays to determine the genetic 
relationships of coffce plant-associated isolates and A. diazotrophi 

Total DNA isolation, DNA restriction, and filter blot hybri ion, Total 
DNA was isolated as described previously by Ausubel et al. (3). DNA was 
digested with EcoRI, and restriction fragments were electrophoresed in vertical 
1.0% agarose gels in Tris-acetate buffer (40 mM Tris-acetate, 2 mM EDTA [pl 
8) at 40V for 13 hat 4°C. Total DNA digests were transferred from gels to nylon 
filters by the Southern pracedure as described before (6). The restriction frag- 
ment-length polymorphism (RFLP) patterns of the #iffiDK genes were deter: 
mined by uybridization with a HindHI-HindII 4.3-kb fragment containing the 
nifHDK genes from A. diazotrophicus UAP 5560 obtained from pUC19 derivative 
pNHAd4 (unpublished results). DNA-DNA homology was based on relative 
levels of hybridization to *?P-labelled DNA from strain PAL 57. Amounts of 
DNA in gels were quantified as described before (5). Autoradiography was 
performed at —70°C for 24 h; filter lanes were cut and counted with a Beckman 
scintiflation counter, The percentage of total hybridization was calculated for 
each strain tested. Hybridization patterns of smafl-subunit (SSU) ribosomal 
DNA (rDNA) genes were analyzed as described before (5), but in this study, 
total DNA also was digested with restriction enzymes Spiil and Neol. Genomic 
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DNA from coffee plant-associated isolates and from strains PAL 5T and UAP 
5560 of A. diazotraphicus were hybridized with an Escherichia coli SSU tRNA 
gene internal fragment from veclor pKK3535 (4) corresponding to nucleotides 
80 to 653. +P-labelled probes were prepared by nick translation. 

SSU rDNA sequence alignment. To scarch discriminative restriction sites in 

the SSU rRNA genes for distinguishing Acetobacter from other bacteria, we 
aligned if reported SSU rDNA sequences of different strains of the family 
Acetobacteraceae and 29 sequences of strains from other members of the a 
subclass of the class Proteobacteria (a-Proteobacteria) with GCG software version 
8.1-UNIX (Genetics Computer Group, Madison, Wis.). GenBank accession 
numbers for SSU rDNA sequences aligned are shown in Table 2. 

  

RESULTS 

Isolation. Typical yellow surface pellicles of nitrogen-fixing 
Acetobacter were observed in N-free LGI medium vials inocu- 
lated with rhizosphere soil, blended roots, and stems from 

different coffee plant varieties grown in various geographical 
areas of Mexico. On LGI agar plates, dark-orange colonies 
typical of A. diazotrophicus were observed (Fig. 1). Isolation 
frequencies from the rhizosphere, inside of roots, or stems 
ranged from 15 to 40% in plants grown in acid soils (Table 1). 
Additionally, from some rhizosphere samples, we recovered 
acid-producing DOR and APL isolates from LGI medium vials 

TABLE 2. GenBank accession numbers used for 
the SSU rDNA sequence alignments 
  

  

  

Species Strain Accession ne. 

Acetobacter pasteunianus LMD 22.1 X71863 
Acetobacter aceti DSM 3508 X74066 
Acetobacter liquefaciens LMG 1382 X75617 
Acetobacter diazotrophicus PAIS" X75618 
Acetobacter xylinum NCIB 11664 XT5619 
Acetobacter hansenit NCIB 8746 X75620 
Acetobacter europaeus DSM 6160 221936 
Gliconobacter oxydans DSM 3503 X73820 
Gluconobacter asaii LMG 1390 X80165 
Gluconobacter cerinus LMG 1368 X80775 
Gliconobacter frateurii LMG 1365 X82290 
Acidomonas methanolica LMG 1668" X77468 
Acidiphiliun sp. Cl D30769 
Acidiphiliion aminolytica 101 D30771 
Acidiphilium angustum ATCC 35903 D30772 
Acidiphilium eryptun ATCC 33463 D30773 
Acidiphilium facilis ATCC 35904 D30774 
Acidiphilium organovorum ATCC 43141 130775 
Acidiphilium nibrum ATCC 35905 130776 
Acidiphilium sp. St 1-5 186508 
Acidiphilium sp. St-7 D86509 
Rhodopila globiformis DSM 161 D86513 
Rhodopila globiformis ATCC 7950 M59066 
Rhodospirillum sp. MT-SP-3 D12703 
Rhizobium meliloti 1AMI2611 D14509 
Rhizobium leguminosarum 1AM12609 D14513 
Rhodopseudomonas sp. IL-245 D15063 
Rhodobacter capsulatus ATCC 11166 D16428 
Rhodospirillum rubrum ATCC 11170 D30778 
Beijerinckia indica ATCC 9039 M59060 
Caulobacter sp. MCS 6 M83811 
Hyphomtonas sp. MHS 3 M83812 
Hyphomicrobium vulgare MC-750 X53182 
Roseobacter litoralis ATCC 49556 X78312 
Azospirillum lipoferum ATCC 29708 X79729 
Azospirithon irakense 103312 X79737 
Azospirilltun brasilense Sp7 X79739 
Azospirillum amazonense Y2 X79742 
NXanthobacter flavus JW/KR-E1 X94206 
Pedomicrobium manganicum ACM 3038 X97691 
  

“ Substrain MB 58.
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FIG. 1. Colony morphologies of No-fixing acetob: 
DOR isolate. strain CFN-Cf 55; 
acid-producing isotites. 

    
   

with yellow surface pellicles. These isolates reduced acetylene 
in pure culture but had clearly different morphologies from 
that of A. diazotrophicus on LGI agar plates (Fig. 1). These 
DOR and APL isolates were recovered from two rhizosphere 
samples (collected in Tapachula) with isolation frequencies of 
20%. Strain CFN-Cf 56, which does not produce acid on LGI 
agar plates, was the only mucoid isolate recovered (Fig. 1). 

No bacteria corresponding to the descriptions given above 

er 7 days at 20°C on LGT agar plates, (A and B) A. diazotrophicus PAL ST (A) and CEN-CE 50 (By. (C) 
(D) API. isolate, strain UAP-Cf 60: (E) mucoid strain CFN-Cf 56. The green color in LGI agar plates was 1umed to yellow by 

were isolated from coffee plants growing at a pH higher than 
6.0 nor from coffee fruit, VAM spores, or mealybugs (P. citrt). 
MLEE and genetic relationships. The origins of the coffce- 

associated N,-fixing isolates are shown in Table 3. The genetic 
relationships among the N,-fixing isolates associated with cof- 
tee plants and A. diazotrophicus strains recovered from known 
hosts are illustrated by the dendrogram shown in Fig. 2. Thir- 
teen distinct ETs were identified among N,-fixing coffee iso- 

TABLE 3. Origins of representative N,-fixing bacteria recovered from the coffee environment 
  

  

        

    

MLEE ‘Type of Strain Isolate Plant + division CET)" saline designation recovered trom: age Cultivar Location 
Tq) A. diazotrophicus CFN-C113 Stem tissue 2 mo" Catuai Xicotepec, Puchla 
Tq) A. diazotrophicus CFN-CI50 6 mo Catuai Xicotepec. Puebla 1(h) A. diazotrophicus UAP-CRY byr Caturra Atoyac, Guerrero © ((9) A. diazotrophicus CFN-Cf52 lyr Caturra fac, Guerrero 
1 (8) A. diazotrophicis UAP-Cf01 Syr Garnica in, Puebla I (8) A. diazotrophicus UAP-Cf05S Sy’ Garnica jan, Puebla 1 (#2) A. diazotrophicus UAP-Cf5! 3 mo" Caturra Tapachula, Chiapas 1 (14) A. diazotrophicus UAP-CfS3 3 mo? Caturra Tapachula, Chiapas 1 (10) A. diazotrophicus UAP-Cf58 5 mo? Caturra Tapachula, Chiapas 1 (13) NAP‘ CEN-CE56 3 mo” Caturra Tapachula, Chiapas 
TE (15) APL’ UAP-Cf59 5 mo* Caturra Tapachula, Chiapas Hi (16) APL CFN-Ct60 3 mo" Caturra Tapachula, Chiapas IV (17) bor’ CFN-Cf55 pl 3 mo” Caturra Tapachula, Chiapas {V (18) DOR UAP-Cf57 Rhizosphere 5 mo’ Paturra Tapachula, Chiapas V (19) SAds CFN-Cf54 Rhizosphere 5 ma” Caturra ‘Tapachula, Chiapas 
  

* Divisions and ETs were based on MLEE assays. More i: 

each plant or rhizosphere sample was designated as a strain. 
* Coffee plants growing in a nursery. 
* Coffee plants growing under field conditions, 
«NAP, non-acid-producing isolate. 
© APL, acid-producing liquid isolate. 
FDOR, dark-orange isotat 
® SAd, isolate with colonial features similar to those af A. diazutrophicus. 

  

  

     

lates included in divisions 1 and [11 to V were recovered, bul only ong of the many isolates recavered from 
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Division —T Reference 

1* CFNE 501 
2 CFNE SSO 
3 pals! 
9* CFN-CfS2 

lot UAP-Ct58 
5 PALS 

t 6 1772 
11+ CFN-Ct SO 
4 PSP 22 

12+ UAP-CF 51 
6* UAP-Cf OS 

13* CFN-Cr 56 
14+ YAP-CtS3 
7 PRI 

15* UAP-CE 59 
16* CFN-Ct60 
¥1* CFN-CtSs 
18* UAP-Ct57 
19* CFN-Ct $4 
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FIG. 2. Genetic rel among A. diazotrophicus i 
lates recovered from well-known hosts and No-f acetobacters associated with 
coffee plants. A plus after the number indicates that the ET represents only 
coffee plant-associdted nitrogen-fixing acetobacters, except for ET 1, which in- 
cludes reported reference strains as well. 

    

     

lates (multilocus genotype data are available upon request). 
Division 1, with a genetic distance of 0.430, included six previ- 
ously identified ETs (ET | to ET 6) (5) and six new closely 
related ETs (ET 8 to ET 12 and ET 14) from coffee-associated 
A. diazotrophicus isolates. In addition, division 1 included ET 

(3, which corresponds to an isolate (CFN-Cf 56) with no typ- 
ical features of A. diazotrophicus. Morcover, isolates recovered 

from both the rhizosphere (e.g., strain UAP-Cf 29) and the 
inside of coffee plants (e.g., strain CFN-Cf 13) were identical to 
strains of A. diazotrophicus belonging to ET 1, previously iden- 
tified (5, 6) as the predominant ET (e.g., UAP 5560 and CFNE 
501) of the species. Division II contained only ET 7, a genet- 
ically distant group previously identified (S) among A. diazotro- 
Phicus strains isolated from sugarcane and Pennisetum purpu- 
reum in Brazil. Divisions III, 1V, and V, which included ETs 15 
to 19, diverged largely at a genetic distance of 0.950 from 
divisions I and II. Division I] (ETs 15 and 16) contained only 
APL isolates, while division IV (ETs 17 and 18) included DOR 
isolates and division V (ET 19) grouped isolates with colonial 
features similar to those of A. diazotrophicus on acetic LGI 
agar plates. 

Identification. Many isolates recovered from the inside of 
coffee plants and from the rhizosphere of these plants were 
identified as belonging to the species A. diazotrophicus on the 
basis of reported characteristics (5, 6, 7, 13) such as growth 
features on culture media, biochemical tests, and results of 

genetic approaches (Tables 4 and 5). Other isolates such as the 
mucoid strain CFN-Cf 56 and the DOR and APL strains dif- 
fered from A. diazotrophicus in various phenotypic character- 
istics (Table 4 and carbon usage data not shown). Nevertheless, 
these isolates were able to grow at pH 5, oxidize cthanol to 

acetic acid in neutral and acid conditions, and oxidize acctate 

and lactate to CO, and H,0 (Table 4), phenotypic features 
which are considered (8, 29) fundamental for the identification 

of the genus Acetobacter. 
Genetic characteristics. Total EcoR] DNA digests from cof- 

fee isolates, including those with different colony morpholo- 
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TABLE 5. Genetic characteristics of some N,-fixing acetobacters recovered from the coffee plant environment" 
  

Sizes (kb)° 

  

MLEE Type of Reference DNA-DNA 
division? (ET)!” isolate” strain nifHDK genes SSU rDNA genes homology (%)* 

1 (3) A, diazotrophicus PAI ST? 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 100.0 
I (1) A, diazotrophicus UAP S560° 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 104.0 
1(8) A. diazotrophicus UAP-Cf 05 9.0, 3.1, 1.25 9.3, 3.6, 2.3, L.6 ND 
1(9) A, diazotrophicus CFN-Cf£ 52 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 83.0 
1 (10) A, diazotrophicus UAP-CE 58 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 7B. 
T(1h) A. diazotrophicus CFN-Cf 50 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 96.0 
1 (12) A, diazotrophicus UAP-Cf 51 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 720 
1 (14) A, diazotrophicus UAP-Cf 53 9.0, 2.0, 1.25 9.3, 3.6, 2.3, 1.6 770 
1 (13) NAP CFN-Cf£ 56 7.6, 3.5, 1.20, 1.0 9.3, 3.6, 2.3, 1.6 30.0 
{II (15) APL UAP-Cf 59 Not detected 8.6, 3.9, 3.6, 1.6 12.0 
Ti (16) APL CFN-Cf£ 60 Not detected 8.6, 3.9, 3.6, 1.6 15.0 
IV (17) DOR CFN-Cf 55 9.0, 2.0, 1.20 9.7, 3.6, 1.6 14.0 
IV (18) DOR UAP-Cf 57 9.0, 2.0, 1.20 9.7, 3.6, 1.6 15.0 
Vv (19) SAd CFN-Cf£ 54 6.6, 2.1, 1.45 9.7, 3.6, 2.8, 1.6 11.0 
  

? Divisions and ETs were based on MLEE assays. 
* Types described in Table 3, footnotes d, e, f, and g. 
“ Bands from total EcoRI DNA fingerprints hybridized as described in Materials and Methods. 
4 Homology to the contro! strain PAIS". 
* A. diazotrophicus strains recovered from sugarcanc used as controls. 
!ND, not determined. 

gies, were hybridized to A. diazotrophicus nifHDK genes (Fig. 
3). Three common hybridizing bands were observed for repre- 
sentative isolates of the 6 ETs from division I (Table 5), as 
reported previously (5, 6). In addition, isolates represented by 
strain UAP-Cf 05 (division I) and isolales grouped in division 
IV (e.g., CFN-Cf 55 and UAP-Cf 57) showed bands that dif- 
fered from cach other slightly in size (Table 5), Strain CFN-Cf 
54 (division V) and the mucoid strain CFN-Cf 56 showed a 
more variable pattern of the mifHDK genes. No hybridizing 
bands were observed under stringent hybridization conditions 
with APL strains from division III (Fig. 3), even though pure 
cultures of these isolates were capable of reducing acetylene. 
This result seems to indicate that structural nitrogenase genes 
from APL isolates are largely divergent from A. diazotrophicus 
nifHDK genes. 

RFLP analysis of EcoRI DNA digests from coffee plant- 
associated isolates showed four distinct hybridization patterns 

kb tf 2 3 4 5 6 7 8 9 
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FIG. 3. Autoradiogram of a Southern blot of total EcoRI-digested DNA 
hybridized with the nifHDK probe of A. diazotrophicus UAP 5560. Lanes: f, 
strain UAP 5560 used as a control; 2 to 9, coffee plant-associated nitrogen-fixing 
strains CFN-Cf 54 (lane 2), CFN-Cf 56 (lane 3), UAP-Cf 05 (lane 4), CFN-Cf 5? 
(lane 5), UAP-Cf 59 (lane 6), UAP-Cf 13 (lane 7), CFN-Cf 55 (jane 8), and 

CFN-Cf 60 (lane 9). 

  

to SSU rRNA genes (Fig. 4). Among the patterns obtained, 
two common hybridizing bands (3.6 and 1.6 kb) were observed. 
All isolates of division 1 showed the same pattern of hybrid- 
ization (Table 5) as that observed previously in all A. diazotro- 
phicus strains analyzed (5). N2-fixing Acetobacter strains diverg- 
ing at a large genetic distance from divisions I and IL, according 
to the MLEE assays, presented different SSU rRNA hybrid- 
ization patterns (Fig. 4 and Table 5). Isolates grouped in divi- 
sion [V did not have the 2.3-kb band which seems to corre- 
spond to the 3.9- and 2.8-kb bands observed in the strains from 
divisions III and V, respectively. 

From the SSU rDNA sequence analysis, we inferred that 
Southern hybridization with a SSU rDNA probe of SpAl-di- 
gested genomic DNA could be helpful in distinguishing mem- 
bers of the family Acerobacteraceae from other a-Proteobacteria 
(Fig. 5) and that Neol digests could be used to distinguish the 
genera Gluconobacter and Acetobacter from Acidiphilium and 
Rhodopila (Fig. 5) (26). The majority of Acetebacteraceae spe- 
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FIG. 4. Autoradiogram of a Southern blot of total EcoRI-digested DNA 
hybridized with an internal 16S rDNA probe of E. coli. Lanes: 1, strain UAP 5560 
used as a control; 2 to 9, coffee-associated nitrogen-fixing strains UAP-Cf 13 
(lane 2), UAP-CF 05 (lane 3), CFN-Cf 56 (lane 4), CFN-Cf 54 (lane 5), UAP-Cf 
57 (lane 6), UAP-Cf 59 (lane 7), CFN-Cf 55 (lane 8), and CFN-Cf 60 (lane 9).
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FIG. 5. Diagrammatic representation of distinctive restriction sites Sphl and Ncol of SSU rRNA in Acctobacteraccae and phenotypically related bacteria. a, site not 
present in G. oxydans DSM 3503; b, site exclusively present in the A. diazotrophicus PAI 5 sequence but not detected after Southern hybridization; c, 5 le present in 

  

Azospirillum lipoferum ATCC 29708 and Azospirilluin amazonense Y2, d, of 17 analyzed sequences, this site exclusively present in Rhizobium meliloti VAM 12611, 
Rhizobium leguminosarum 1AM 12609, Caulobacter sp. strain MCS 6, Hyphomonas sp. strain MHS 3, and Xanthobacter flavus JW/KR-E1. 

cies, including Acidomonas methanolica, have two internal 

Sphl sites in their SSU rDNA, except for A. diazotrophicus PAI 
5" (accession number X75618), which supposedly has an extra 
Spht site at base 485 as deduced from the reported sequence 
(Fig. 5). Rhodopita globiformis (accession numbers D86513 and 
M59066) lacks one of the Spi sites. From the analysis of the 
A. diazotrophicus PAI 5™ SSU rDNA sequence (26), we ex- 
pected to observe one hybridizing band of 450 bp with the 
probe used when the DNA was digested with Sphl. However, 
only one SSU rRNA hybridizing band of 1.3 kb was observed 
in A. diazotrophicus PAl 57 and UAP 5560. This band was 
conserved in all coffee plant-associated isolates. These conflict- 
ing results may be explained if the A. diazotrophicus sequence 
has an error al the Spi site. If such were the case, then the 
Acetobacteraceae and Acidiphilium spp. would have only two 

Sphl conserved sites. Gluconobacter and Acetobacter SSU 
tDNA are characterized by two Neol restriction sites. How- 
ever, all Acidiphilium and Rhodopila species and Gluconvbacter 
oxydans \ack the Ncol restriction site at the base corresponding 
to nucleotide 110 of A. diazotrophicus. The rest of the a- 
Proteobacteria analyzed lack at least one site for each restric- 

tion enzyme. Genomic DNA from the strains recovered from 
the coffee plant environment, digested with Ncol and hybrid- 
ized to the same SSU rRNA internal gene fragment, showed 
the expected 1.24-kb band (26) (data not shown). 

The results of the DNA-DNA homology assays are shown in 
Table 5. The six strains of N.-fixing acetobacters correspond- 
ing to division I (except strain CFN-Cf 56) analyzed were 
related to A. diazotrophicus PAI 5™ with DNA homology values 
of 72 to 96%, with a mean DNA homology of 81%. This value 
was consistent with the values of 86 and 84% reported previ- 
ously (5, 13) for A. diazotrophicus strains recovered from sug- 
arcane and other known hosts. The mucoid strain CFN-Cf 56 
exhibited only 30% DNA homology to strain PAI 5", APL 
isolates (MLEE division ITf) and DOR acetobacters from di- 
vision IV and strains from division V exhibited very low DNA 
homology levels, ranging from IL to 15% with reference strain 
PAIS". 

DISCUSSION 

It is considered that “the isolation of acetic acid bacteria and 
their assignment to cither the genus Acetobacter or Glucono- 
bacter gencrally pose few problems” (29). According to Swings 
(29), gram-negative or gram-variable aerobic bacteria that ox- 
idize ethanol to acetic acid in neutral or acid media are can- 

didates for the family Acetobacteraceae. This family is divided 
into the genera Gluconobacter, which includes three species, 

and Acetobacter, in which seven specics have been identified 
(29). Only the species A. diazotrophicus is capable of fixing Ny 
(13). On the basis of these and other phenotypic features used 
for a satisfactory identification (29), we considered that the 
diazotrophic isolates recovered from the coffee plant environ- 
ment belong to the family Acetobacteraceae. Phenotypic iden- 
tification was confirmed by the SSU rRNA genes obtained with 
total DNA digested with Ncol and Spit) (data not shown). 
Morcover, we have considered it suitable to assign these N.- 
fixing isolates to the genus Acetobacter because they were ca- 
pable of oxidizing ethanol, first to acetic acid and then further 
to CO, and H,0O (overoxidation of ethanol), which is the main 
feature of the genus (8, 29). Other differential phenotypic 
characteristics analyzed (Table 4) were in agreement with de- 
scriptions for this genus (8, 29). By taking into account the 
differential phenotypic features at the species level (8, 29) and 
with support from the MLEE assays and the molecular char- 
acteristics reported previously, such as hybridization patterns 
of nifH1DK genes and of SSU rDNA genes (5, 6) as well as 
DNA-DNA homology experiments, a majority of the N.-fixing 
Acetobacter isolates (all strains from division I, excluding CFN- 
Cf 56) recovered from rhizosphere soil and from inside tissues 
of coffee plants were considered to belong to the species A. 
diazotrophicus. Although A. diazotrophicus strains were re- 
ported to form water-soluble brown pigments on GYC me- 
dium (7), some of the A. diazotrophicus strains (CFN-Cf 52, 
UAP-CE 51, Cf 53, and Cf 58) recovered from the coffee plant 
environment did not produce them (Table 4), However, water- 
soluble brown pigment production is not a typical feature of 
the genus Acetobacter but rather of the genus Frateuria (30). 
Thus, the A. diazotrophicus isolates not producing water-solu- 
ble brown pigments could be considercd more typical aceto- 
bacters. 

A number of Acetobacter isolates recovered from the coffee 
plant rhizosphere, capable of fixing N. under microaerobic 
conditions, should not be assigned to the species A. diazotro- 
phicus because remarkable differences were observed. We pro- 
pose that the strains corresponding to ETs included in divi- 
sions III, IV, and V may be regarded as different N,-fixing 
species of the genus Acetobacter. This is based on the fact that 
all of these isolates were easily differentiated from A. diazotro- 
phicus by scveral morphological and biochemical traits, includ- 
ing the electrophoretic mobility patterns of metabolic enzymes, 
rendering coefficients of genetic distance as high as 0.950.
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Furthermore, these Acetobacter isolates differed in SSU rRNA 
RFLP patterns, and they had a very low level of DNA homol- 
ogy with A. diazotrophicus PAI 5". These data are strong evi- 
dence to designate other diazotrophic species of the genus 
Acetobacter, but more N,-fixing isolates from other coffee- 
producing areas of Mexico have to be isolated to provide an 
extended phenotypic and genetic analysis useful for taxonomic 
validation of a new species. This is specially true for strain 
CFN-Cf 56, which is a unique isolate with peculiar character- 
istics. For instance, on the basis of the MLEE data and SSU 
tRNA RFLP patterns, the strain CFN-Cf 56 should be re- 
garded as belonging to the species A. diazotrophicus. However, 
on the basis of DNA-DNA homology values, this strain may be 
considered a new nitrogen-fixing species of the genus Aceto- 
bacter, Nevertheless, plasmid differences could account for the 
low DNA-DNA homology values between strain CFN-Cf 56 
and strain PAI 5°. 

Natural habitats of acetic acid bacteria are sugar and alcohol 
solutions, with flowers and many fruits being excellent habitats 
(29). A. diazotrophicus, an endophytic bacterial species, occurs 
predominantly in vegetatively propagated plants (9). It has 
been recovered from inside tissues of sucrose-accumulating 
plants such as sugarcane (10, 11, 19), from a few samples of 
washed roots and aerial parts of Pennisetunt purpureum cv. 
Cameroon, and from sweet potato stems and roots (9) as well 
as from different genera of mealybugs associated with sugar- 
cane plants (2, $). This species has not been recovered from 
other plants nor from nonrhizosphere soils collected fram sug- 
arcane fields or other sites (9, 19). However, A. diazotrophicus 
was detected in sugarcane rhizosphere soil by the indirect 
enzyme-linked immunosorbent assay method (20). 

In this study, A. diazotrophicus was isolated mainly from 
coffee plant rhizosphere soils but also, in lower frequencies, 
from surface-sterilized stems and roots of coffee plants. Our 
results strongly contrast those of previous reports in which 
A. diazotrophicus isolation from the sugarcane rhizosphere was 
a rare event. The occurrence of VAM fungus species associ- 
ated with coffce plants (28) could explain the frequent isolation 
of A. diazotrophicus from the rhizosphere since this bacterial 
species has been reported to occur inside VAM fungal sporcs 
(23), and these were not discarded from the soil inoculated 
into the culture medium. However, our results did not support 
the former possibility because we were unable to recover A. 
diazotrophicus from VAM spores. The recovery of N,-fixing 
acetobacters from the rhizosphere, we suspect, could be in 
relation to the organic matter content present in the rhizo- 
sphere of coffee plants. While sugarcane is burned off before 
cutting, eliminating virtually all organic matter originating both 
from senescent and trash leaves, in coffee-producing areas, the 
falling fruit and leaves of these trees are largely accumulated in 
the soil, Perhaps this organic matter could protect bacteria 
against soil physicochemical factors. In addition, the organic 
matter degradation by microbial communities will enrich the 
rhizosphere with carbon (sugar) sources usable by acetobac- 
ters. Contrasting with previous results, our data demonstrated 

that A. diazotrophicus is capable of colonizing plants propa- 
gated through seeds in addition to plants propagated vegeta- 
tively. 

Clearly, the distribution of A. diazotrophicus is wider than 

early reports indicated. Genotype ET I is extensively distrib- 
uted, not only among the previously reported hosts (5, 6) but 
also among coffce plant isolates. Perhaps ET 1 strains have a 
large colonization capacity that could be related to the pres- 
ence of a highly conserved plasmid (pAd170) that exists in 
most ET 1 A. diazotrophicus isolates (6). This plasmid has not 
been observed in isolates corresponding to other ETs (6; un- 
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published results). pAd!70 was also observed in ET | isolates 
recovered both from the rhizosphere and inside coffce plants 
(data not shown). 

Coffee-associated genotypes, except ET 1, were never iden- 
tified among more than 70 A. diazotrophicus strains recovered 
from previously well-known hosts collected in diverse countries 
(5, 6). Because isolates of A. diazotrophicus recovered from the 
coffee plant environment are closely related genetically to iso- 
lates recovered from sugarcane, the existence of a common 
lineage is suggested. 

It is worth noting that even though the isolation of A. diazo- 
trophicus from internal tissues was infrequent, il was usually 
recovered from coffee plants grown in acid soils. The infre- 
quency of recovery of A. diazotrophicus from coffee plant tis- 
sues may be related to the difficultics in homogenizing roots 
and stems, since these plants are highly lignified and very hard 
to blend. The presence of A. diazotrophicus in acid soils sug- 
gests that the transmission of this species into coffee plants 
could be through VAM fungi, as reported for sugarcane plants 
(22) and Sorghum bicolor (17). Also, we considered that trans- 
mission of A. diazotrophicus could be through mealybugs, as 
suggested previously (2), or directly into coffee ptant fruit, as 
occurs in pineapple with other acetic acid bacteria (15). Nev- 
ertheless, we were not able to recover A. diazotrophicus nor any 
other N,-fixing acetobacters from coffee plant fruit or mealy- 
bugs (Planococcus citri). From these results, we may speculate 
that A. diazotrophicus uses root tips and cracks at lateral root 
junctions to enter the coffce planis, as suggested for sugarcane 
plants (18). 

Our results support the hypothesis that in nature there are 
many more N,-fixing bacteria to be identified and also strongly 
suggest that endophytic diazotrophic bacteria are more prev- 
alent than previously was thought. 

Considering the great economic importance of coffee in the 
world, and the difficulties of obtaining nitrogen fertilizers (14), 
we consider that coffee-associated N.-fixing acetobacters may 
be agronomically important because they could supply part of 
the nitrogen that the crop requires, as has been suggested in 
the case of sugarcane with its associated endophytic nitrogen- 
fixing bacteria. 
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TAXONOMY OF THE ACETOBACTERACEAE FAMILY 
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The Acetobacteraceae includes acetic bacteria that occur in different vegetal products and colonize 
the surface and internal parts of plants. According to the SSU rDNA sequences of the currently 

known members of the a-Proteobacteria, the Acetobacteraceae is located in a branch with close 

relation to the family Rhodospirillaceae (Azospirillum and relatives). As in other a-Proteobacteria, 
nitrogen fixing strains have been identified in the Acetobacteraceae. No-fixing species, like 

Rhizobia, Rhodobacters and Bradyrhizobia, are located in more distant branches of the a- 

Proteobacteria (Ludwig et al., 1998). 

The taxonomy based on the ribosomal gene sequences of the Acetobacteraceae species has shown 

almost complete agreement with the traditional taxonomy of this family. The currently recognized 
genera in the Acetobacteraceae are Acefobacter and Giuconobacter (Figure 1). Based on the type 

of prevalent producing ubiquinone and on the SSU rDNA sequence analysis, Yamada et al. (1997) 
proposed to split the genus Acetobacter into two clusters, one with a new genus name 
Gluconacetobacter (Gluconoacetobacter [sic]) for those species that synthesize ubiquinone Qho, 
excepting A. methanolicus, and the other, with the former name, Acefobacter, for the ubiquinone 
Qo-possessing group, with species that show the highest relation with A. acefi, From the SSU 
rDNA tree it is noticeable that the family Acetobacteraceae is composed by different clusters. One 
of them corresponds to the genus G/uconvbacter, The other one contains a single species, A. 
methanolicus. Two other clusters are the ones that have been proposed to be relocated to 
Gluconacetobacter, one of that clusters is composed by species related to A. /iquefaciens and the 

other one with species related to A xy/inus. The proposal of the new genus, Gluconacetobacter, 
needs to be corroborated by data from other gene sequences. In A. diazofrophicus we have 

documented the existence of several copies of ribosomal genes (Caballero-Mellado et al., 1995) 
and recombination events that have been shown in multicopy ribosomal genes in other bacteria 

may cause distortion in phylogenies based on ribosomal genes. 

The only N2-fixing species recognized so far in this family, A. diazotrophicus is located in the 

same cluster of 4. liquefaciens. We have isolated and characterized N2-fixing Acetobacteraceae 
strains that show phenotypic and SSU rDNA sequence differences with A. diazotrophicus 
(Jiménez-Salgado, 1997; Caballero-Mellado et al., 1999). By SSU rDNA sequence, these strains 
are located in the same cluster as A. diazotrophicus and A. liquefaciens. The type strain of one of 
the new groups, CFN-Cf55", shows a SSU rDNA similarity of 98.47 % to A. diazotrophicus 
PAIS’. The type strain of the other group, CFN-Ca54", shows a similarity of 95.25% to A. 
diazotrophicus PASS’. The DNA homologies of the strains CFN-Cf 55” and CFN-Ca54" with A. 
diazotrophicus PAIS! are of 19 and 12%, respectively. With the aim of designing SSU rDNA- 
based oligonucleotides that could be useful in rapid identification of the strains related to CFN- 

C55" and to CFN-Ca54! we aligned the known SSU rDNA sequences of the species of 
Acetobacteraceae. In the SSU rDNA genes there are three regions that could be candidates for 

designing taxonomic oligonucleotides in this family. We designed primers that differentiate the A. 
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diazotrophicus, the CFN-Cf55"- and the CFN-Ca54"-like strains from all other Acetobacteraceae 
species described so far. 
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Figure 1 Phylogenetic relationships of the Acetobacteracea family based on SSU rDNA 
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ANEXO V. 

Capitulo de libro de congreso “Polyphasic taxonomy of nitrogen-fixing 

bacteria isolated from the rhizosphere of coffee plants”. 
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1, INTRODUCTION 

Nitrogen fixation has been reported in almost 100 bacterial genera, but new dia- 

zotrophic bacteria over the last few ycars have been described. Because a majority of 

bacterial species are presently non-culturable and the search for diazotrophs in some 

environments has been relatively limited, it is recognized that there exist many more 

N,-fixing bacteria to be identified. 

Studies on N,-fixing bacteria associated with coffee (Coffea arabica L.) plants led 

us to the isolation of Acetobacter diazotrophicus (Jiménez-Salgado et al., 1997), which 

is the only known N,-fixing species of acetobacteria described at present (Swings, 1992). 

In addition, we recovered acid-producing diazotrophic bacteria from the coffee rhi- 

zosphere, which shared features with the genus Acetobacter. In this study, we showed 

an extended taxonomic analysis of these N.-fixing acetobacteria. 

2. MATERIALS AND METHODS 

Isolates referred to in the text as DOR, APL, and NAP using different pheno- 

typic and genetic approaches were analyzed. The studies were based on colony mor- 

phology in culture media, on biochemical tests (Cavalcante and Débereiner, 1988; De 

Ley et al., 1984), and on multilocus enzyme polymorphism, on hybridization patterns 

of 16S rDNA and nifHDK genes, as well as DNA-DNA homology experiments, accord- 

* Corresponding author, E-mail mellado@cifn.unam.mx 

Highlights of Nitrogen Fixation Research, edited by Martinez and Hernandez. 

Kluwer Academic / Plenum Publishers, New York, 1999, 2711 
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ing to procedures described previously (Caballero-Mellado et al., 1995; Gillis et al., 

1989). Also, discriminative restriction sites in the 16S rRNA genes were searched for 
distinguishing Acetobacteracea from other bacteria. The isolates were compared by 
riboprinting of 16S rDNA genes. 16S rDNA genes were PCR-amplified with the 
primers fD1 and rD1 (Weisburg et al., 1991). The PCR product was restricted with 

endonucleases Hhal, Mspt, Hinfl, Sauw3Al, and Ddel. 

3. RESULTS 

Acid-producing DOR and APL isolates form a yellow surface pellicle in N-free 
LGI semisolid medium and showed acetylene reduction activity (ARA) in pure culture, 
but clearly differed in colony morphology from that of A. diazotrophicus on LGI plates. 

DOR isolates are similar in their orange color but form irregular smooth flat colonics. 
APL isolates, after 5 days, became dry and took on yellowish color. NAP isolates form 

a white surface pellicle in N-free LGI medium and showed ARA. These isolates did 

not produce acid on LGI plates. Colony morphologies were shown in a previous report 
(Jiménez-Salgado et al., 1997). 

DOR, APL, and NAP strains differed from A. diazotrophicus in various pheno- 

typic characteristics, but all of these isolates were able to grow at pH 5, oxidize ethanol 
to acetic acid in neutral and acid conditions, and oxidize acetic acid and lactic acid to 
CO,, fundamental phenotypic features for the identification of the genus Acetobacter. 

Additionally, the family Acetobacteraceae can be distinguished from other a- 
Proteobacteria by RFLPs of 16S rDNA, using Spit and Ncol restriction enzymes. The 
Acetobacteraceae species have two internal Spi] sites in their 16S rDNA genes, except 
for A. diazotrophicus PA1 5" (accession number X75618) which supposedly had an extra 
Sphi site at base 485 (Sievers et al., 1994). Recently, the A. diazotrophicus sequence 
has been corrected (Teuber, 1997), and the extra SphI site was shown to be non 
existant. With this new sequence reported there is perfect agreement with the 

hybridization patterns (one 16S rRNA hybridizing band of 1.3kb) that we reported 
(Jiménez-Saigado et al., 1997). Genomic DNA from the DOR, NAP and APL isolates 

digested with Sphl and NcoI and hybridized with the same probe showed the expected 
1.3- and 1.24-kb bands, respectively. 

Genetic relationship analysis among N,-fixing acctobacteria, as determined by 
MLEE assays, revealed that the DOR and APL isolates form two separated clusters, 

which diverged largely at a genetic distance of 0.950 from the A. diazotrophicus iso- 
lates cluster. NAP isolates fall in the A. diazotrophicus isolates cluster. 

DOR, APL, and NAP isolates were hybridized to A. diazotrophicus nifHDK 
genes. Three hybridizing bands were observed for A. diazotrophicus and DOR isolates. 
One of this bands differed slightly in size (Table 1). NAP strains showed a more vari- 
able pattern of the nifH1DK genes. No hybridization was observed under stringent con- 
ditions with APL strains, but at lower stringency slot DNA hybridization showed a 
positive signal. 

RFLP analysis of EcoRI] DNA digests from A. diazotrophicus and DOR and APL 
isolates showed distinct hybridization patterns to 16S rRNA genes, but two common 
hybridizing bands were observed (Table 1). A. diazotrophicus and NAP strains showed 
the same hybridization pattern. 

Restriction of the PCR product of 16S rDNA of A. diazotrophicus, DOR and 

APL isolates shows differences in their corresponding pattern. Ddel, Hinfl and MspI  
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Table 1. Genetic features of A. diazotrophicus and other N,-fixing bacteria 

recovered from the rhizosphere of coffee plants 
  

Sizes (kb)? 

  

Type of isolate* nifHDK genes’ 168 rDNA genes" DNA-DNA homology (%)° 

Ad. 9.0; 2.0; 1.25 9.3; 3.6; 2.3; 1.6 100.0 

DOR 9.0; 2.0; 1.20 9.7, 3.6; 1.6 14.0 

NAP 7.6; 3.5; 1.20; 1.0 9.3: 3.6; 2.3; 1.6 30.0 

APL Not detected! 8.6; 3.9; 3.6; 1.6 13.0 
  

Ad. = A, diazotrophicus. 

*Types described in Materials and methods. 

*Bands from total EcoRIDNA fingerprints. 

‘Hybridized with a #ifHDK probe of A. diazotrophicus. 

“Hybridized with a 16S rDNA probe of E. coli. (nucleotides 80-653). 

‘Fomology (mean among isolates) to the strain PAL 5'. 

‘Detected at low stringent conditions in slot NDA hybridization assays. 

digestions of 16S rDNA of DOR isolates are different to A. diazotrophicus and to APL 

isolates. Riboprinting can differentiate APL from A. diazotrophicus and DOR isolates 

by Sau3AI digestion. The restriction pattern data of 16S rDNA genes of the DOR and 

APL strains obtained with all the enzymes tested were used for clustering analysis. APL 

isolates diverged 0.1 units from A. diazotrophicus, while DOR isolates diverged 1.8 

units from the APL-A. diazotrophicus cluster. 

The results of DNA-DNA homology experiments are shown in Table 1. DOR, 

APL, and NAP isolates exhibited very low DNA homology levels, ranging from 13 to 

30% with strain PAI 5! of A. diazotrophicus. 

4. DISCUSSION 

According to Swings (1992), gram-negative aerobic bacteria that oxidize ethanol 

to acetic acid in neutral or acid media are candidates for the family Acetobacteraceae. 
On the basis of these and other phenotypic features, as well as internal SphI and Neol 

restriction sites in 16S rDNA genes, we considered that the N.-fixing DOR, APL, and 

NAP isolates belong to the family Acetobacteraceae. This family is divided into the 

genera Gluconobacter and Acetobacter, but only this last genus is capable to oxidizing 
ethanol, first to acetic acid and then further to CO, (De Ley et al., 1984; Swings, 1992), 

fundamental phenotypic characteristics for the identification of the genus Acetobacter. 
On this basis, DOR, APL, and NAP isolates should be regarded as belonging to the 

genus Acetobacter. 
The genus Acetobacter includes several species, but only the species A. dia- 

zotrophicus is capable of fixing N2 (Swings, 1992). Although DOR, APL, and NAP 

isolates were capable of fixing N2 under microaerobic conditions, these isolates should 
not be assigned to the species A. diazotrophicus because remarkable differences were 
observed. Considering morphological and biochemical traits, multilocus enzyme poly- 

morphism, 16S rDNA RFLP patterns of EcoRI DNA digest and riboprinting 16S 
rDNA, the N;-fixing DOR and APL isolates should be considered as belonging to 

species of the genus Acetobacter other than A. diazotrophicus, but NAP isolates could 
be included in this species. 
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DNA-DNA hybridization levels below 10% are indicative of separate species 

(Stackebrandt and Gocbel, 1994). On this basis the N,-fixing DOR, APL, and NAP 

isolates should be regarded as new N,-fixing species of the genus Acetobacter. 

In this study, by using polyphasic taxonomy we demostrated that DOR, APL, and 

NAP isolates should be included in the genus Acetobacter as new diazotrophic species. 
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Manuscrito enviado “Novel nitrogen-fixing acetic acid bacteria, 

Gluconacetobacter johannae sp. nov., and  Gluconacetobacter 

azotocaptans sp. nov., associated with coffee plants”.
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ABSTRACT 

Diazotrophic bacteria were isolated in two different years from the rhizosphere 

and rhizoplane of coffee (Coffea arabica L.) plants cultivated in Mexico and 

designated as type DOR and type SAd isolates. They showed characteristics of 

the family Acetobacteraceae, having some features in common with 

Gluconacetobacter (formerly Acetobacter) diazotrophicus, the only known N,- 

fixing species of acetic acid bacteria, but they differed from this species with 

regard to several characteristics. Type DOR isolates can be differentiated 

phenotypically from the type SAd isolates. Both type DOR isolates and type 

SAd isolates can be differentiated from G. diazotrophicus by growth features on 

culture media, by use of amino acids as nitrogen sources and by the carbon 

source usage. These results together with the electrophoretic mobility patterns 

of metabolic enzymes and amplified rDNA restriction analysis (ARDRA) 

suggested that the type DOR and type SAd isolates represent two new N,-fixing 

species. Comparative analysis of the 16S rRNA sequences revealed that strains 

CFN-C£55" (type DOR isolate) and CFN-Ca54" (type SAd isolate) were closer to 

G. diazotrophicus (both strains with sequence similarities of 98.3%) than to G. 

liquefaciens, to G. sacchari (similarities < 98%), or to any other acetobacteria. 

Strain CFN-Cf55" exhibited low levels of DNA-DNA reassociation with type SAd 

isolates (mean homology, 42%), and strain CFN-Ca54' exhibited a mean DNA- 

DNA reassociation of 39.5% with type DOR isolates. Strains CFN-Cf55S" and 

CFN-Ca54" exhibited very low DNA reassociation levels, ranging from 7 to 21% 

with other closely related acetobacterial species. Based on these results, two new 

N,-fixing species are proposed within the family Acefobacteraceae, 

Gluconacetobacter johannae for the type DOR isolates with strain CFN-Cf55" as 

type strain and Gluconacetobacter azotocaptans for the type SAd isolates with 

strain CFN-Ca54" as type strain.
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INTRODUCTION 

It is well-known that the current inventory of the bacterial species is incomplete 

(Dykhuizen, 1998). Therefore exists a large bacterial group that remains unknown 

and many species are yet to be identified. 

Bacteria of the family Acetobacteraceae are phenotypically characterized by 

their ability to grow at low pH values and by their ability to oxidize ethanol to 

acetic acid (De Ley ef al., 1984a; Swings, 1992). This family has been historically 

divided into the genera Acetobacter and Gluconobacter (De Ley et al., 1984a; 

Swings 1992). However, the classification of the acetic acid bacteria group has 

been subject to controversy. For instance, the transference of the methylotrophic 

species Acetobacter methanolicus to a new genus, Acidomonas, has been 

proposed (Urakami ef al., 1989) and is supported by 5S rRNA sequence data 

(Bulygina ef al., 1992), but the creation of this new genus has been criticized and 

was therefore not recognized (Sievers et al., 1994; Swings, 1992). Similarly, the 

establishment of the subgenus Gluconoacetobacter (Yamada & Kondo, 1984) 

has been questioned (Swings, 1992). Recently, Yamada ef al. (1997) proposed a 

division of the acetic acid bacteria into four genera, Acetobacter, Gluconobacter, 

Gluconoacetoabacter and Acidomonas, based on the analysis of partial 16S 

rRNA sequences. In this proposal, only the species A. aceti and A. pasteurianus 

were maintained into the genus Acetobacter and the species A. diazotrophicus, 

A. europaeus, A. hansenii, A. liquefaciens, and A. xylinus were transferred into 

the genus Gluconoacetobacter, which has been subsequently corrected to 

Gluconacetobacter (Yamada et al., 1998). In addition to the species referred to in 

the study of Yamada ef al, (1997), two new species, Acetobacter oboediens and 

A, pomorum, have been recently described (Sokollek et al., 1998). However, the 

species A. oboediens has been misnamed and should be reassigned to the genus 
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Gluconacetobacter (Franke et al., 1999), Recently, Gluconacetobacter sacchari, 

a new species of acetic acid bacterium, has been described (Franke et al., 1999), 

Gluconacetobacter (formerly Acetobacter) diazotrophicus, an endophytic 

bacterium (Cavalcante & Débereiner, 1988; Fuentes-Ramirez et al., 1993), is the 

only known N;-fixing species belonging to the acetic acid bacteria group (Gillis e¢ 

al., 1989) and is suggested to be a nitrogen contributor to sugar cane crops 

(Boddey ef a/., 1991). For this reason therefore the search for this species has 

been extended to other plants. Our search for N,-fixing bacteria associated with 

coffee (Coffea arabica L.) plants, led to the isolation of G. diazotrophicus 

(Jiménez-Salgado et al., 1997). In addition, other acetic acid-producing 

diazotrophic bacteria from the rhizosphere of coffee plants were recovered. These 

diazotrophs, referred to in our previous study as type DOR, SAd, NAP, and APL 

isolates, shared features in common with the genus Gluconacetobacter but they 

differed from G. diazotrophicus with respect to morphological and biochemical 

traits as well as genetic and molecular features. 

In this study, we present an extended taxonomic analysis of type DOR and type 

SAd isolates, including new isolates recovered from the rhizosphere and 

rhizoplane of coffee plants. We present evidence indicating that these isolates 

represent two new N,-fixing species within the genus Gluconacetobacter. We 

propose the name Gluconacetobacter johannae for the type DOR isolates and 

Gluconacetobacter azotocaptans for the type SAd isolates.
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METHODS 

Isolation and reference strains. Rhizosphere soil around the root and root 

samples from coffee (Coffea arabica L.) plants var. Caturra collected in 

Motozintla, Chiapas State, Mexico, were treated as described previously 

(Jiménez-Salgado et al., 1997) and inoculated into vials containing 5 ml of N-free 

semisolid LGI medium (Cavalcante & Débereiner, 1988). Nitrogen-fixing type 

DOR and SAd isolates and strains representative of the different species of the 

family Acetobacteraceae used in this study are shown in Table 1. 

Phenotypic characterization. To determine their phenotypic properties the 

strains were grown at 29°C in all assays. An inoculum was prepared by growing 

each type DOR or SAd isolate and G. diazotrophicus strain for 12 h in SYP 

medium (Caballero-Mellado & Martinez-Romero, 1994), modified by increasing 

the yeast extract to 0.3% (w/v). Other acetobacteria species were grown in 

MESMA liquid medium (Fuentes-Ramirez ef a/., 1999). The cultures were twice 

centrifuged and resuspended each time in 10 mM MgSO,7H,0. Each culture was 

streaked on solid media to determine their phenotypic characteristics. Four 

replicates were used for each characteristic examined; growth was recorded 5 

days after incubation. Colony morphology was examined on LGI (Cavalcante & 

Dobereiner, 1988) agar plates supplemented with 0.005% yeast extract, and on 

potato agar (Cavalcante & Débereiner, 1988) containing 5, 10 or 15% cane sugar 

(w/v). Compounds used as sole carbon sources were tested in the presence and 

absence of growth factors from yeast extract (0.005%) using LGI medium 

supplemented with 0.1% NH,Cl and with cane sugar replaced by 0.5% filter 

sterilized (pore 0.22 12m) carbon substrates: D-arabinose, L-fructose, D-galactose, 

D-glucose, D-lactose, maltose, mannose, melibiose, D-raffinose, L-rhamnose, 

sucrose, D-threalose, D-xylose, dulcitol, glycerol, D-mannitol, myo-inositol, p- 
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sorbitol, fumaric acid, gluconic acid, D-glucuronic acid, lactic acid, DL-malic acid, 

succinic acid, and starch, but acetic acid and citric acid were also tested at a 

concentration of 0.1%,. The following alcohols were tested at concentrations of 

0.1 and 0.5% (v/v) butanol, ethanol and methanol. Sucrose was used as a 

positive control, while the negative control did not contain a carbon substrate. 

When amino acids were tested as sole nitrogen sources, the LGI medium was 

modified by omitting cane sugar and adding sorbitol at a final concentration of 

0.5% (w/v). LGI modified medium containing NH,CI (0.1% w/v) was used as a 

positive control, while the negative control lacked a nitrogen source. The same 

LGI basa! medium (without cane sugar) was used to test L-amino acids as carbon 

and nitrogen sources. LGI basal medium containing sucrose (0.5%) and NH,C! 

(0.1%), and lacking both carbon and nitrogen sources were used as positive and 

negative controls, respectively. Filter sterilized (pore 0.22 jam) L-amino acids were 

added at a final concentration of 0.1%, in both assays described above and 

included L-aspartic acid, L-alanine, L-cysteine, L-glutamic acid, L-glycine, L- 

leucine, L-lysine, L-methionine, L-phenylalanine, L-proline, L-threonine, and L- 

trypthophan. Unless stated otherwise, LGI culture medium was adjusted with HCI 

to a final pH 5.5 for the above described tests and production of acid was 

recorded, In LGI medium, bromcresol green (0.0025% ) as pH indicator was used 

instead of bromothymol blue. Additional tests included production of water- 

soluble brown pigments, oxidation of ethanol to acetic acid, and oxidation of 

acetate or lactate to CO, and H,O on GYC medium (De Ley er al., 1984b); growth 

at 29 and 37°C at pH 4.0, 5.0, 6.0, 7.0, 7.5, and 8.0, and tolerance to NaCl at 

concentrations of 0.25, 0.50, 1.0, and 1.5% (w/v) were determined in LGI liquid 

medium supplemented with 0.005% yeast extract.
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Multilocus enzyme electrophoresis (MLEE). Cell extracts for MLEE assays were 

prepared as described previously (Caballero-Mellado & Martinez-Romero, 1994). 

Starch gel electrophoresis and the selective staining of 10 metabolic enzymes 

were done by methods previously described (Selander ef al., 1986). The 

following 10 metabolic enzymes activities were assayed: indophenol oxidase, 

lysine dehydrogenase, leucine dehydrogenase, xanthine dehydrogenase, alcohol 

dehydrogenase, isocitrate dehydrogenase, glucose-6-phosphate dehydrogenase, 

hexokinase, esterases and a unidentified dehydrogenase. These enzymes were 

analyzed under the same conditions described in a previous report (Caballero- 

Mellado e¢ al., 1995). Distinctive combinations of alleles for the 10 enzyme loci 

were designated different electrophoretic types (ETs) (Selander ef al., 1986). The 

dendrogram to illustrate the relatedness among strains was obtained from the 

programs ETDIV and ETCLUS from T. S. Whittam, kindly provided by B. D. 

Eardly (Pennsylvania State University). G. diazotrophicus strains (PAI 5', UAP 

5560 and UAP-Cf 05), and type strains of Gluconacetobacter hansenii, G. 

liquefaciens, Acetobacter aceti and A. pasteurianus were included as references 

in MLEE assays to determine the relationships of the new N,-fixing acetobacteria 

and well-known species of Gluconacetobacter, including G. diazotrophicus. 

DNA isolation, restriction fragment length polymorphism (RFLP) of 16S rDNA 

genes, and DNA-DNA reassociation analysis. Cultures were grown in SYP or 

MESMA liquid media for 16 h and were centrifuged at 12000 g and total DNA 

was prepared by using a DNA/RNA isolation kit (USB, Amersham, England). For 

distinguishing the family Acetobacteraceae from other a-Proteobacteria, 

hybridization patterns of 16S ribosomal DNA (rDNA) genes were analyzed as 

previously described (Jiménez-Salgado et al., 1997). Total DNA from the N,-fixing 

acetobacteria were restricted with enzymes Spl and Neol, and Southern blots
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hybridized with a 16S rDNA probe. In addition, DNA was digested with EcoRI 

and electrophoresed in vertical 1.0% agarose gels and total DNA digests were 

transferred from gels to nylon filters by the Southern procedure as previously 

described (Caballero-Mellado & Martinez-Romero, 1994). DNA relatedness was 

based on relative levels of reassociation to “P-labeled DNA by using the 

rediprime DNA labelling system (Amersham, England). The labeled DNAs, in 

independent experiments, were from strains CFN-Cf55" (type DOR isolate), and 

CFN-Ca54" (type SAd isolate). DNA-DNA reassociation was for 12 h at 65°C, and 

the nylon filters were washed once in 2 x SSC at room temperature for 10 min and 

once in 1 x SSC for 5 min at 65°C. Autoradiography was performed for 4 h; filter 

lanes were cut and radioactivity estimated with a Beckman scintillation counter. 

The percentage of reassociation was calculated for each strain tested in relation 

to the homologous control. 

Amplified rDNA restriction analysis (ARDRA) and. nucleotide sequence of 16S 

rRNA genes. The 16S rDNA genes from strains CFN-Cf55" and CFN-Ca54? were 

PCR amplified with the primers fD1 and rD1 (Weisburg e¢ al., 1991), using the 

proof-reading Pwo DNA polymerase (Boehringer-Roche). The PCR conditions 

were as follows: initial denaturing cycle (95°C, 3 min), 35 amplification cycles 

(95°C, 1 min; 55°C, 1 min; 72°C, 2 min), and then a final elongation cycle (72°C, 3 

min). Approximately 400 ng of the PCR amplified 16S rRNA gene fragment (ca. 1.5 

kb) were restricted with 10 U each of endonucleases Alul, Ddel, Haelll, Hhal, 

MspI, Neil, Rsal, Sau3Al, and Taql. The lengths of the restriction fragments of 

the different 16S rRNA genes were determined by their electrophoretic separation 

in 3% agarose gels. The restriction patterns from each isolate were compared. For 

obtaining the nucleotide sequences, the PCR products from the strains CFN- 

Cf55" and CFN-Ca54" were initially cloned with a PCR cloning kit (Boehringer-
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Roche) in the pCAPs vector, and subcloned in the pUC19 vector. The nucleotide 

sequences of the 16S rDNA genes were determined with an ALF automated 

sequencer (Pharmacia Biotech) using fluorescent primers for M13. The 16S rDNA 

sequences were deposited in GenBank under the accession number AF 11184! for 

the strain CFN-C655", and AF192761 for the strain CFN-Ca54". The 16S rDNA 

sequences corresponded to positions 17 to 1524 of E. coli K-12 (Acc. Num. 

AE000460). 

ARDRA and nucleotide sequence analyses. The nucleotide sequences obtained 

in this study were compared with different 16S rDNA sequences of acetic acid 

bacteria from GenBank. The multiple alignment of the sequences was performed 

by progressive pairwise alignments with the Wisconsin Package (version 8), 

based on the method of Feng & Doolitle (1987). Corrected evolutionary distances 

were calculated with the Wisconsin Package (version 8), using the Jukes & 

Cantor method (1969). Taxonomic tree files from ARDRA and DNA sequences 

were constructed with the neighbour-joining method, using the Clustal W 

Package (Thompson ef al., 1994). The trees were bootstrapped with Clustal W, 

and displayed with the TreeView program (Page, 1996). The GenBank nucleotide 

sequence accession numbers used were: G. diazotrophicus PAI5" (X75618), G. 

europaeus DMS 6160 (221936), G. hansenii NCIB 8746 (X75620), “A. 

intermedius” TF2 (Y 14694), G. liquefaciens IFO 12388 (X75617), G. sacchari SRI 

1794" (AF 127407), and G. xylinus BPR 2001 (AJ007698) and NCIB 11664 (X75619), 

Acidomonas methanolica LMG 1668 (X77468), Acetobacter aceti NCIB 8621 

(X74066), “A. oboediens” LTH 2460 (AJ001631), A. pasteurianus LMD 22.1 

(X71863), 4. pomorum LTH 2478 (AJ001632), Gluconobacter asaii IFO 3276 

(X80165), G. cerinus IFO 3267 (X80775), G. frateurii IFO 3264 (X82290) and G 

oxydans DSM 35093 (X73820). Over fifty 168 rDNA sequences (accession 
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numbers not shown) from acetic acid bacteria were aligned to search for 

descriminative Sphl and Ncol restriction enzyme sities, as previously described 

(Jiménez-Salgado et al., 1997). 

Design of specific-primers and PCR conditions. In order to obtain a rapid 

identification test for the type DOR and SAd isolates, specific primers were 

designed. The aligned 16S rDNA sequences from acetic acid bacteria showed 

conserved and variable regions. A region that did not show variability among the 

Acetobacteracea species was selected for designing an universal 

oligonucleotide. The variable regions were selected for designing DOR- and 

SAd-specific oligonucleotides. Primers were designed with the help of the 

sofiware Oligo 4.0. PCR amplifications of 16S rDNA were performed both with 

purified DNA as well as with supernatants of cells heated at 95°C for 8 min and 

centrifuged for 2 min at 12000 g. PCR reactions contained the following 

components: MgCl, 2.5 mM, primers 20 nM, dNTPs 1 uM, Tag Polymerase 0.06 U 

per ul. PCR amplifications were performed with the primer U475 and one of the 

specific primers, using the following protocol: one denaturing cycle (95°C for 3) 

min; 32 amplifying cycles ( 95°C for | min, specific-primer annealing temperature 1 

min, and | min at 72°C) followed by an elongation cycle (72°C for 3 min). 

Amplifications with the selected primers were tested both with purified DNA and 

with cell extracts of the strains described in Table 1, as well as Acidomonas 

methanolica | ATCC 43581, Gluconacetobacter xylinus ATCC 700178, 

Gluconacetobacter cerinus ATCC 19441 and Gluconobacter asaii ATCC 43781 

species. 
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RESULTS 

Phenotypic analysis of new N2-fixing acetobacterial species. Typical phenotypic 

characteristics of the N,-fixing type DOR and type SAd isolates were compared 

with phenotypic features of G. diazotrophicus. The three N>-fixing acetobacteria 

were gram-negative and motile by peritrichous flagellae (data not shown). They 

were catalase-positive, oxidase-negative, unable to reduce nitrates to nitrites, and 

capable of producing water-soluble brown pigments, however, production of 

these pigments was variable among isolates of G. diazotrophicus. In addition, 

these N,-fixing bacteria were capable of oxidizing ethanol to acetic acid, and 

acetate as well as lactate were oxidized to CO, and H,O. Growth of type DOR and 

type SAd isolates in N-free semisolid LGI medium resulted in the formation of a 

yellow surface pellicle similar to that formed by G. diazotrophicus, and showed 

acetylene reduction activity in pure culture even in presence of nitrate (10 mM) 

as previously described for G. diazotrophicus (Gillis et al., 1989). However, these 

isolates did not exhibit typical growth of G. diazotrophicus on LGI agar plates. 

Colony morphology of type DOR isolates were shown in a previous report 

(Jiménez-Salgado et al., 1997). DOR isolates in pure culture formed yellow-orange 

colonies but in contrast to G. diazotrophicus, they are very irregular smooth flat 

colonies varying in diameter from 3-5 mm after five days of growth. Type SAd 

colonies were similar to that of G. diazotrophicus with regard to their orange 

color but formed round, mucous, smooth convex colonies 3-5 mm in diameter, 

with translucent margins. On potato agar with 5, 10 or 15% cane sugar, G. 

diazotrophicus formed very characteristic dark-brown colonies after five days as 

described elsewhere (Cavalcante & Débereiner, 1988), while type SAd colonies 

were light brown, (one isolate was reddish) but turned brownish afler 10 days 

and produced a brownish liquid pigment. In contrast, type DOR isolates formed 

11 
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only beige or very light brownish colonies even after 10 days of incubation on 

potato agar plates. 

The three N,-fixing acetobacteria grow and produce abundant acid on sucrose, 

D-glucose, and L-fructose. In addition, they were able to grow in 30% sucrose 

and in 30% D-glucose. Growth occurred on gluconate, but there was no acid 

production. The type DOR and SAd isolates differed from G. diazotrophicus in 

their ability to utilize some substrates as sole carbon sources; regardless of the 

presence of growth factors from yeast extract, only very few of the carbon 

substrates supported growth of the type DOR and type SAd isolates, as 

compared with the G. diazotrophicus species (Table 2). Growth of the type DOR 

and SAd isolates is slight on succinic acid. However, type DOR isolates can be 

differentiated from SAd isolates by their ability to grow on D-xylose, D-raffinose 

and 0.1% butanol. In addition, in the presence of sorbitol as carbon source type 

SAd isolates can be differentiated from the DOR isolates by their ability to utilize 

L-cysteine and L-glutamic acid as nitrogen sources, but not L-tryptophan (Table 

2). Type DOR isolates produce abundant acid on D-galactose, D-xylose, and 

ethanol, but only slight acid production on D-raffinose, D-arabinose, maltose, D- 

sorbitol, glycerol, and butanol. Type SAd isolates like to DOR isolates produce 

abundant acid on ethanol, but in contrast they only showed slight acid 

production when grow on D-galactose and b-sorbitol. None of the N,-fixing 

Gluconacetobacter species can use D-lactose, L-rhamnose, dulcito!l, myo- 

inositol, citric acid, fumaric acid, p-glucuronic acid, DL-malic acid, starch, and 

methanol as sole carbon sources. The N,-fixing acetobacteria can utilize L-alanine 

and L-aspartic acid as nitrogen sources when sorbitol is present as a carbon 

source, but only showed slight growth on L-leucine and L-lysine, and no growth 

on L-glycine, L-methionine or L-threonine. Single amino acids (L-alanine, L- 

aspartic acid, L-cysteine, L-glutamic acid, L-glycine, L-leucine, L-lysine, L-proline, 

12
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L-methionine, L-phenylalanine, L-threonine, and L-trypthophan) cannot be used 

as a sole source of carbon and nitrogen by any N>-fixing acetobacterial strain. 

MELEE assays. The relationships among the N,-fixing type DOR and type SAd 

isolates and reference species of Acetobacter and Gluconacetobacter are 

illustrated by a dendrogram based on the electrophoretic mobility of metabolic 

enzymes (Fig. 1). The analysis revealed that the N,-fixing type DOR and type 

SAd isolates formed two unique clusters at a genetic distance of 0.560, which 

diverged significantly at distances of 0.920 from the G. diazotrophicus cluster as 

well as from the non N>-fixing Acetobacter-Gluconacetobacter cluster. 

RFLPs of 16S rDNA genes. Genomic DNA from the type DOR and type SAd 

isolates digested with Sphl and Ncol showed 1.3- and 1.24-kb bands, 

respectively, when hybridized with the 16S rDNA probe (data not shown). Such 

hybridization bands were previously observed in’ Acetobacteraceae -(Jiménez- 

Salgado et al., 1997). 

ARDRA analysis and nucleotide sequence of 16S rRNA genes. Type DOR, type 

SAd and G. diazotrophicus isolates showed different restriction patterns for the 

PCR products of 16S rDNA. The patterns from Alu, Ddel, Mspl, Neil and Tag 

digestions of 16S rDNA differentiated type DOR and type SAd isolates from 

those of G. diazotrophicus (data not shown). Similarly, the patterns from A/ul, 

Ddel, Sau3Al, Taq] and Rsal digestions of 16S rDNA differentiated DOR and 

SAd isolates from those of G. liquefaciens (data not shown). Type DOR isolates 

can be differentiated from type SAd strains by riboprinting only with Rsal 

digestion (Fig. 2). The 16S rDNA sequences of the strains CFN-Cf55" and CFN- 

Ca54" were aligned and compared with those of closely related bacteria present 

in the GeneBank database. The phylogenetic tree obtained with the 16S rDNA 
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sequence data of the acetic acid-producing bacteria is illustrated in Fig. 3. The 

genus Gluconacetobacter constituted a clearly cluster separated from those 

clusters formed by the genera Acetobacter, Acidomonas and Gluconobacter. 

Two subclusters were clearly evident within the genus Gluconacetobacter, one 

containing only non-diazotrophic species (G. europaeus, G. hansenii, and G. 

xplinus, and the misidentified species “A. oboediens” and “A. intermedius”) and 
the other including both the non-diazotrophic G. liquefaciens and G. sacchari 

species, as well as G. diazotrophicus and the novel N,-fixing type DOR (strain 

CFN-Cf55") and type SAd isolates (strain CFN-Ca54"). Based on the 168 rDNA 

sequence analysis, the strains CFN-Cf55" and CFN-Ca54" (similarity of 99.31%) 

were closer to G. diazotrophicus PAI 5" (both strains with similarities of 98.3%) 
than to either G. liquefaciens (similarities of 97.83 and 97.76%, respectively), or to 
G. sacchari (similarities of 97.83 and 97.68%, respectively), 

Primer sequences. The following primers showed specific amplification of a 
fragment of the 16S rDNA genes of type DOR and type SAd isolates: primer 
U475 (S’-AATGACTGGGCGTAAAG-3’, universal primer); primer -L927Gj 
(5’-GAAATGAACATCTCTGCT-3’, G. johannae-specific primer); primer L923Ga 
(S’-AATGCTCATCTCTGAACA-3?, G. azotocaptans-specific primer). For 
ologonucleotide L927Gj the annealing temperature was 62°C, and 67°C for primer 
L923Ga. Under the conditions described those primers allowed the amplification 
of aca. 400 bp fragment only from the targeted species (results not shown). 

DNA relatedness. The results of DNA-DNA reassociation experiments are 
shown in Table 3. Type DOR isolates constituted a homogeneous group with 
high levels of DNA-DNA reassociation (mean = 92.75%) with reference strain 
CFN-Cf55". The strain CFN-Cf55" exhibited relatively low level of DNA-DNA 
reassociation with type SAd isolates, with a mean DNA-DNA reassociation of 
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42%. DNAs from other related acetobacterial species, including G. 

diazotrophicus, G. liquefaciens, A. aceti, and Gluconobacter oxydans, exhibited 

very low DNA-DNA reassociation levels, ranging from 7 to 21%, with total DNA 

from strain CFN-Cf55’. In addition, a homogeneous group, with relatively high 

levels of DNA-DNA reassociation (mean = 86.3%), was found among type SAd 

isolates with reference strain CFN-Ca54". The DNA relatedness of strain CFN- 

Ca54" with type DOR isolates exhibited a mean of 39.5%, and the same strain 

CFN-Ca54" exhibited less than 20% reassociation (ranging from 7 to 20%) with 

the other related acetobacterial species mentioned above. 
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DISCUSSION 

It is well-known that gram-negative rod-shaped aerobic bacteria that oxidize 

ethano! to acetic acid in neutral or acid media are candidates for the family 

Acetobacteraceae (Swings, 1992). Additionally, the family Acetobacteraceae can 

be distinguished from other a-Proteobacteria by two internal SphI and Ncol 

restriction sites in their 16S rDNA genes, except for Gluconobacter oxydans 

which lacks one of the NcoI restriction sites due to a change in the base 

corresponding to nucleotide 110 of Gluconacetobacter  diazotrophicus 

(Caballero-Mellado et a/., 1999; Jiménez-Salgado et al., 1997). Analysis of the 16S 

rDNA nucleotide sequence of the majority of acetobacterial strains reported in 

the genBank revealed that only few strains lack the Ncol restriction site 

(nucleotide 110). This Ncol restriction site is present in all the species included in 

the subcluster formed by the N,>-fixing type DOR and type SAd isolates, G. 

diazotrophicus, G. liquefaciens and G. sacchari. On the basis of the 

characteristics described above and the phenotypic features (gram-negative 

aerobic bacteria, oxidation of ethanol to acetic acid, oxidation of acetate and 

lactate to CO, and H,0), it may be concluded that the N,-fixing type DOR and 

type SAd isolates belong to the family Acetobacteraceae. 

Overoxidation of ethanol, first to acetic acid and then further to CO, and water 

has been historically considered to be a fundamental phenotypic characteristic 

for the identification of the genus Acetobacter (De Ley et al., 1984b; Swing, 

1992), and differentiates it from Gluconobacter whic is not capable of 

overoxidizing ethanol. Members of the genus Acidomonas, as proposed by 

Yamada er al. (1997), can be phenotypically distinguished from closely related 

genera by their ability to grow on methanol. As type DOR and type SAd isolates 

were able to overoxidize ethanol, but did not show methylotrophic growth, these 

16



>
 

Oo
 

CO
 

~~
 

DA
 

WN 

10 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

  

N,-fixing bacteria can be classified as belonging to the genus Acetobacter 

according to Swings (1992). Otherwise, they may be assigned to the genus 

Gluconacetobacter according to the proposal of Yamada et al. (1997). 

Genetic distance at levels higher than 0.5 in MLEE analysis have been used as 

a criterion to suggest species limits (Musser ef al., 1987; Selander et al., 1985). 

On this basis, the MLEE results strongly support the notion that the type DOR 

and type SAd isolates could represent two new N,-fixing species within the 

family of acetic acid bacteria. The ARDRA analysis support the notion that the 

type DOR and type SAd isolates represent two new N,-fixing species within the 

family Acetobacteraceae, since they can be clearly differentiated from the closely 

related species G. diazotrophicus and G. liquefaciens. 

Althougth limitations of 16S rRNA sequencing for the differentiation of closely 

related species have been documented (Fox ef al., 1992), it is suggested that 97% 

is the threshold 16S rRNA similarity level for the delineation of bacterial species 

(Stackebrandt & Goebel, 1994). In addition, DNA-DNA reassociation levels 

below 70% are indicative of distinct species (Stackebrandt & Goebel, 1994). 

Nevertheless, some bacteria that have shown similarities over 98% in 16S rRNA 

sequences have been considered different species, since they had DNA-DNA 

reassociation levels lower than 50%. For instance, the recent descriptions of A. 

pomorum and “Acetobacter oboediens” (Sokollek et al. 1998) and 

Gluconacetobacter sacchari (Franke et al., 1999) were partially based on 16S 

rDNA sequence similarity higher than 97.9 or 99.0% and levels of DNA-DNA 

reassociation below 50%. In the present study, these considerations were 

consistent both with the 168 rRNA similarity levels and with the low levels of - 

DNA relatedness exhibited among the Gluconacetobacter N,-fixing cluster. In 

this case, the 16S rDNA sequence similarity among the type DOR and the type 

SAd isolates and G. diazotrophicus ranged from 98.3 to 99.31%, and DNA-DNA 
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reassociation levels were never higher than 50% in spite of the fact that the 

hybridization conditions were not highly stringent. Comparison of the type DOR 

and type SAd isolates with other species of acetic acid bacteria showed 

reassociation values that did not exceed 21%. 

Based on data obtained from biochemical and genomic analyses, we 

recommend that the N.-fixing type DOR and SAd isolates described herein 

should be assigned to two new species of the family Acetobacteraceae. We 

propose the name Gluconacetobacter johannae for the type DOR isolates with 

strain CFN-Cf55" as type strain, and Gluconacetobacter azotocaptans for the 

type SAd isolates with CFN-Ca54' as type strain. 

Description of Gluconacetobacter johannae sp nov. Gluconacetobacter 

Johannae (jo.han.’nae. L. gen. n. johannae, name in honor of the Brazilian 

microbiologist Johanna Débereiner, who isolated the first nitrogen-fixing species 

of the genus G/uconacetobacter and discovered several other nitrogen-fixing 

bacteria). Cells are straight rods with rounded ends, about 1.5-1.9 jm in length by 

0.5-0.6 um in width, occurring singly, in pairs or in short chains. Motile cells by 

peritrichous flagella. Isolates are gram-negative, oxidase-negative and catalase- 

positive. The colonies on potato agar with 5, 10 or 15% cane sugare are light 

brown but after 10 days turned brownish and produce a brownish liquid pigment. 

Strains are aerobic, fix atmosferic nitrogen microaerophilically even in presence of 

10 mM nitrate. Nitrates are not reduced to nitrite, but isolates grow well with 

ammonium. Regardless of the presence of growth factors from yeast extract, very 

few carbon sources support growth of the isolates. Strains grow and produce 

abundant acid on sucrose, D-glucose and L-fructose, and grow in 30% D-glucose 

or sucrose. Ethanol is oxidized to acetic acid, and acetate as well as lactate are 

oxidized to CO, and water. Isolates grow on 0.1 and 0.5% ethanol or 0.1% 
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butanol, but not with 0.1% methanol. Growth occurs at 29°C, but not at 37°C in 

LGI liquid medium at pH values from 4 to 7. Growth occurs with 0.25 and 0.5% 

NaCl, but not with 1.0% in LGI liquid medium. Single amino acids cannot be used 

as a sole source of carbon and nitrogen. Characteristics that differentiate this 

species from other N>-fixing acetobacteria are shown in Table 2. This species can 

be differentiated from other N,-fixing acetobacteria by ARDRA patterns, in 

addition to DNA-DNA reassociation data, and by means of specific primers in 

PCR analysis. Strain CFN-Cf55" (= ATCC XXX; = DSM-XXX) is the type strain 

and was recovered from the rhizosphere of coffee plants. 

Description of Gluconacetobacter azotecaptans sp nov. Gluconacetobacter 

azotocaptans (a.zo.to.cap’tans. N.L. n. azotum, nitrogen; L. part. adj: captans, 

catching). Cells are straight rods with rounded ends, about 1.6-2 um in length by 

0.5-0.6 um in width, occurring singly, or in pairs. Motile cells by peritrichous 

flagella. Isolates are gram-negative, catalase-positive and oxidase-negative. 

Growth occurs at 29°C, but not at 37°C in LGI liquid medium at pH values from 4 

to 7. The colonies on potato agar with 5, 10 or 15% cane sugare are beige or very 

light brownish even after 10 days. Strains are aerobic, fix atmosferic nitrogen 

microaerophilically even in presence of 10 mM nitrate. Nitrates are not reduced to 

nitrite, but isolates grow well with ammonium. Regardless of the presence of 

growth factors from yeast extract, very few carbon sources support growth of the 

isolates. Strains grow and produce abundant acid on sucrose, D-glucose and L- 

fructose, and grow in 30% pD-glucose or sucrose. Ethanol is oxidized to acetic 

acid, and acetate as well as lactate are oxidized to CO, and water. Isolates grow 

on 0.1 and 0.5% ethanol, but not with 0.1% methanol. Growth occurs with 0.25 

and 0.5% NaCl, but not with 1.0% in LGI liquid medium. Single amino acids 

cannot be used as a sole source of carbon and nitrogen. Characteristics that 
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differentiate this species from other N,-fixing acetobacteria are shown in Table 2. 

This species can be differentiated from other N,-fixing acetobacteria by ARDRA 

patterns, in addition to DNA-DNA reassociation data, and by means of specific 

primers in PCR analysis. Strain CFN-Ca54" (= ATCC XXX; = DSM-XXX) is the 

type strain and was recovered from the rhizosphere of coffee plants. 
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Table 2, Comparison of the new N.-fixing acetobacteria with G. diazotrophicus 

  

Type of isolate* 

Phenotypic characteristics 

  

DOR SAd G.d." 
(n=4) (n=3) (n=3) 

Dark brown colonies on potato agar with 

5, 10 or 15% sugar No No Yes 

Growth on the following carbon sources*: 

D-galactose + + + 

D-xylose + - +/- 

D-raffinose +/E - + 

D-arabinose +/— ~ + 

Melibiose + . +/- £ 

Maltose HE a- t/- 

Manose - - + 

D-sorbitol . Ht ++ + 

Glycerol +/- - + 

b-mannitol t/- - + 

Ethanol + tit + 

Butanol + - - 

Growth on L-amino acids in the presence 

of sorbitol as carbon source: 

L-cysteine - + 

L-glutamic acid - + 

L-proline - - + 

L-tryptophan + - + 

  

(+) Good growth, (+) slight growth; (-) no growth; (/) or 

*DOR = G. johannae; SAd = G. azotocaptans 

‘Gd. =G. diazotrophicus 
“Growth on carbon sources regardless the absence or the presence of growth 
factors from yeast extract 
n=No. of isolates 
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Table 3. DNA-DNA hybridization levels between representative strains of 
new N,-fixing acetobacteria species and type strains of related species 
  

DNA relatedness (%) with: 

  

Species Reference CFN-Cf55* CFN-Ca54" 
strain 

G. johannae CFN-Cf55° 100 42 

G. johannae UAP-Cf57 97 49 

G. johannae UAP-Cf76 95 33 

G. johannae CFN-Cf75 79 34 

G. azotocaptans CFN-Ca54" 45 100 

G. azotocaptans UAP-Ca97 50 79 

G. azotocaptans UAP-Ca99 31 80 

G. diazotrophicus PAI-5" 19 12 

G. diazotrophicus UAP-5560 21 20 

G. liquefaciens ATCC14835T 21 18 

A. aceti ATCC159737 7 

Gluconobacter oxydans | ATCC19357" 7 

  

Abbreviations: A, Acetobacter; G, Gluconacetobacter 
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FIGURE LEGENDS 

Fig. 1. Relationships among the N,-fixing type DOR (G. johannae) and type SAd 

(G. azotocaptans) isolates and reference species of Acetobacter and 

Gluconacetobacter determined by multilocus enzyme electrophoresis. Strain 

UAP-Cf76 and the strain CFN-Cf75 corresponded to the same ET of the strain 

CFN-Cf55" and UAP-Cf57, respectively. The strains UAP-Ca97 and UAP-Ca99 

corresponded to the same ET of the strain CFN-Ca54". 

Fig. 2. ARDRA profiles of the N>-fixing type DOR (G. johannae) and type SAd 

(G. azotocaptans) isolates digested with endonuclease Rsal. CFN-Ca54' (lane 1), 

UAP-Ca97 (lane 2), 100 bp molecular weigth marker (lane 3), CFN-Cf55" (lane 4), 

UAP-Cf57 (lane 5), CFN-Cf75 (lane 6), UAP-C£76 (lane 7). 

Fig. 3. Phylogenetic tree showing the relationships of the N2-fixing type DOR (G. 

johannae) and type SAd (G_ azetocaptans) isolates among the 

Acetobacteraceae. The tree was based on 16S rRNA gene sequences data from 

acetic acid bacteria and represents the most likelihood tree that was obtained by 

progressive alignement. The bar represents 1% estimated sequences divergency. 
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