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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIVISION DE NUEVAS CREACIONES
E. S. D.

Re: Bxpediente No. 08.068.859 —

Solicitud de patente a nombre de UNIVERSIDAD TECNICA
FEDERICO SANTA MARIA

Yo, DILIA MARIA RODRIGUEZ D’ALEMAN, actuando como apoderada de
acuerdo con la sustitucién del 17 de agosto de 2010, identificada como aparece al
pie de mi firma, domiciliada en la carrera 11 A No. 86-53, piso 6, de la sociedad
UNIVERSIDAD TECNICA FEDERICO SANTA MARIA domiciliada en
Valparaiso, Chile, solicitante de la patente de la refetencia, en respuesta al oficio
No. 12154 notificado por fijacidén en lista el 13 de julio de 2012, me permito
manifestar:

1.  Con fundamento en la facultad que confiere el articulo 34 de la Decision
486 al solicitante pata modificar la solicitud de patente en cualquier momento del
trimite, presento junto con este memotial nuevo capitulo reivindicatotio que
reemplaza el antiguo juego de reivindicaciones y que consta de 9 reivindicaciones
dirigidas al producto para la biotremadiacién de ambientes contaminados de
acuerdo con la invencién y al método para la biorremadiacion.

En este sentido nos permitimos indicar que cuales fueron las modificaciones
realizadas en las reivindicaciones:

Se ha cancelado la clausula 1, dirigida 2 una nueva cepa bacteriana, como fue
ofiginalmente presentada, al estar excluida de patentabilidad.

Se han fusionado las antetiores clausulas 2 y 3, dirigidas a un producto para la
biotremediacion, conformando una nueva reivindicacion 1. Consecuentemente
la original clausula 3 fue cancelada del Pliego.



Ademas, para mayor claridad, la nueva reivindicaciéon 1, detalla el nimero y
fecha de depdsito de la cepa bactetiana antes recitado en la otiginal clausula 1; y,
donde también, se han precisado las concentraciones de la cepa bacteriana en
virtud de los medios ahora claramente definidos. En particular se aprecia que la
solucién tampoén es fosfato de sodio 5-100 mM (pH 7), y si bien los medios de
cultivo se describen con detalle en el texto (Tabla 3), se limita el medio de

cultivo a un medio minimo con fuente de carbono (succinato) en un rango de
0,5 a 30 mM.

Por otra parte, las antetiores clausulas 4 y 5, ahora reenumeradas 2 y 3; sélo
fueron modificadas en su dependencia para guardar consistencia con las
enmiendas a las retvindicaciones precedentes. Por otra parte, la clausula 3 ahora
precisa que el alginato de sodio usado puede variar en un rango de 0,5-5%.
Sustento para esta inclusion se puede encontrar en la descripcién de la solicitud,
donde se menciona (pagina 25, renglones 8-11 y figura 7) “El proceso de
encapsulacién con alginato de sodio 1% permite el crecimiento de Psexdomonas
sp- MHP41, no afectando negativamente su viabilidad”.

También se han fusionado las clausulas 6 y 8 originales, dirigidas a un método
para la bioremediacién de un ambiente contaminado con s-triazinas, para
formar una nueva reivindicacion 4. Consecuentemente la original clausula 8 fue
cancelada del Pliego. De esta manera queda clato que el método que se pretende
proteger no cotresponde tan sélo al uso del producto antes treivindicado. Por el
contatio, el método precisa que se debe agregar el producto, luego esperar por
un determinado periodo de tempo, y ahota, claramente se establecen las
concentraciones de la bacteria en el ambiente contaminado, que es
habitualmente suelo.

Por otra parte, las antetiores clausulas 7, y 9-12, ahora reenumeradas 5 y 6-9,
respectivamente; sélo fueron modificadas en su dependencia para guardar
consistencia con las enmiendas a las reivindicaciones precedentes.

Sobte este particular, nos permitimos manifestat que las modificaciones
anteriormente mencionadas no amplian el alcance original de la invencion y se
dan con el 4nimo de subsanar las objeciones de claridad, establecidas por el sefior
examinador en su concepto técnico del oficio No. 12154.

Teniendo en cuenta el concepto técnico emitido por el Sefior Superintendente
Delegado para la propiedad intelectual GianCarlo Marcenaro Jiménez a la doctora
Ana Maria Castto Wey, que da alcance a las comunicaciones No. 09-001524 y 09-
012566, no se ptesenta una tasa adicional, toda vez que la solicitud fue presentada
con anterioridad al 1 de enero de 2009.



2. No es una invencion

Se ha cancelado la clausula 1, dirigida a una nueva cepa bacteriana, como fue
originalmente presentada, al estar excluida de patentabilidad.

3. Reivindicaciones relativas al uso

En relacién con las objeciones planteadas por el sefior examinador, atentamente
nos permitimos decit que con el nuevo capitulo reivindicatorio se superan dichas
objeciones, toda vez que el nuevo pliego reivindicatorio no contiene esta clase de
clausulas.

4. Respuestas a los puntos de la Accion Oficial

4.1 Punto 3. Objeto de la Invencion

El solicitante acepta la propuesta del problema técnico planteado por el
examinadot. Sin embargo, es deseo aclarar que la solucién al dicho problema
técnico planteado proveer un producto nuevo e inventivo para la
biotremediacién de ambientes contaminados con compuestos s-triazinas, no solo
comprende un inéculo bactetiano de la cepa Pseudomonas sp MHP41, con
depésito bajo el acceso NRRL B-30908; sino que ademas incorpora un medio de
cultivo definido (succinato 0,5-30 mM), o un medio buffer definido (5-100 mM
fosfato de sodio, pH 7), o alginato de sodio (0,5-5%). En este sentido quedara
claro que el producto que se desea proteger viene a ser una composicién de otros
elementos adicionales, ademas de la cepa bacteriana antes indicada.

4.2 Punto 4. No es una Invencion [Art 15 D 486 literales (b)]

Parrafo 1. El examinador plantea “El objeto de la reivindicaciéon 1 no se
considera una invencién, de acuerdo con el Articulo citado, ya que corresponde al
aislamiento de un microorganismo existente en la naturaleza y que no ha sido
modificado por el solicitante”.

El solicitante acepta que la reivindicacién 1, que se refiere a una bacteria aislada
del suelo y que no ha sido modificada genéticamente por los inventotes, no se
considere una invencién en Colombia. De acuerdo a esto, dicha clausula 1
original ha sido eliminada del Pliego de Reivindicaciones pendientes.

Parrafo 2. El examinador también plantea “El objeto de la reivindicaciones 2-
5 no se considera una invencién, de acuetdo con el Art citado, ya que si bien se
tefiere a un producto, tanto la descripcién como las reivindicaciones definen el



producto como un inéculo de la bacteria, en el cual el solicitante no ha
aportado a la composicién ningun excipiente, por lo que el producto se reduce
a el aislamiento de la bacteria de interés”.

Sobre este particular, es deseo del solicitante manifestar que se encuentra en
respetuoso desacuerdo respecto a dicha opinién. En particular, tal como se
constatd antes, quisiéramos indicar al examinador las reivindicaciones 2-5 de
la presente solicitud de patente se refieren a productos que si constituyen una
invencién. Dicho productos, si bien se basan en un inoculo bactetiano; este no
es el componente Gnico de tal producto.

En particular la nueva cliusula 1 se refiere al producto para la bioremediacion
que contiene un indculo de la bacteria Psexdomonas sp. cepa MHP41 NRRL B-
30908 y un medio de cultivo, una soluciéon tampén o alginato de sodio, que
pemmiten mantener la actividad degradadora de la cepa bactetiana. De esta
manera tanto el medio de cultivo, el medio tampdn y/o el alginato de sodio
pueden tenetse como componentes adicionales y necesarios en el producto que
petmite y favorece la actividad degradadora de la bacteria. La preparacion del
producto que contiene la bacteria con el medio de cultivo, el medio tampon y
alginato de sodio son desctitos en la descripcién de esta solicitud.

Por su parte, la nueva clausula 2 se refiere al producto para la bioremediacion
que contiene células liofilizadas de la cepa Psesdomonas sp. MHP41 NRRL B-
30908 en un medio protector complejo estéril. El medio protector complejo
estéril puede ser definido como un excipiente que favorecen la viabilidad y la
actividad degradadora de la bacteria en el iempo. La preparacién del producto
que contiene la bacteria con el medio protector estéril se desctibe en la
descripcidn de esta solicitud.

Ademas, la nueva clausula 3 se refiere al producto para la bioremediacién que
contiene células encapsuladas en alginato de sodio de la cepa Pseudomonas sp.
MHP41 NRRL B-30908. Células encapsuladas en alginato de sodio poseen una
mayor viabilidad celular y preservan la actividad degradadora de s-trazinas de
Pseudomonas sp. MHP41 NRRL B-30908. La preparacion del producto que
contiene células encapsuladas en alginato de sodio de la cepa Pseudomonas sp.
MHP41 NRRL B-30908 también se desctibe en la descripcion de esta solicitud.
Por otra patte, en el estado del arte se considera que células encapsuladas en
alginato de sodio efectivamente constituyen un producto.

Cabe mencionar, que el encapsulamiento con alginato de sodio protege a
bacterias de la invencién, tanto de la predacién por protozoos, como de
posibles toxicos presentes en la adaptacién al suelo, o de condiciones
extremas como por ejemplo resequedad, atas concentraciones de sales u otros



que puedan estar presentes en el suelo a tratar. Evidencia de esto se puede
encontrat en la publicacién de Morgante et al (Ver documento D6, adjunto)
publicada en su versién online el pasado 2-noviembre-2009. Los medios
minimos y las soluciones tampones protegidos bajo el alcance de la nueva
reivindicaciéon 1 enmendada, permiten mantener una alta actividad de los
enzimas catabdlicas, dado que sus genes se expresan en estas condiciones. La
determinacién de las concentraciones éptimas de estos medios de cultivo,
solucién tampén o alginato de sodio no puede tenerse por obvia, ya que
fueron determinadas especificamente pata la cepa de la invencién. Ademas
no puede establecerse @ priori que ciertas concentraciones de medios de
cultivo, soluciones tampoco o alginato de sodio para un tipo de bacteria, sean
directamente aplicables a otras.

4.3 Punto 5. Reivindicaciones relativas a un uso o a un segundo uso
[Art 14 v 21 D 486]

El examinador plantea en este punto “El uso de las de la reivindicaciones 6 a 12
no es patentable, de acuerdo con el Art 14, ya que dichas reivindicaciones se
refieren a2 métodos que sélo constituyen el dispersar en indculo de Psexdomonas
sp. MHP41 NRRL B-30908 en un ambiente contaminado. Ademis, el
resultado del método cotresponde a un proceso esencialmente biologico, ya que
Pseudomonas sp. MHP41 NRRL B-30908 es un microorganismo aislado, sobte el
cual el solicitante no realizd ninguna modificaciéon y que tiene dentro de sus
actividad natural la degradacién de s-triazinas™.

Nuevamente, el solicitante manifiesta que se encuentra en tespetuoso
desacuerdo respecto a dicha opinién. En patticular, la materia bajo el alcance
antes cubierto pot las clausulas 6-12 (ahora correspondientes a las
reivindicacidén 4-9) de la presente solicitud se refieren a métodos de aplicacion
de un producto, con pasos y condiciones definidas, y por tanto constituyen
materia patentable.

En particular la clausula principal de método (n° 4) desea proteger
cotresponde a la aplicacién de un producto, en base a un inéculo, a un suelo
contaminado, en intervalos de tiempo (incubar por 1 semana a 12 meses)
determinados, como cortesponde a un método. Es mas, en razén de las
enmiendas realizadas, la concentracién del indculo del producto en dicho suelo
ahora es recitada en dicha reivindicacién 4. Por consiguiente, el método recitado
en la nueva reivindicaciéon 4 enmendada no constituye un método esencialmente
biolégico ni tampoco el simple uso del inéculo bacteriano. Luego, en las
reivindicaciones dependientes (n°® 5-9) enmendadas se establecen limitaciones
respecto al iempo de incubacién, y sobre los contaminantes presentes en el suelo
contaminado. En otras palabras, las reivindicaciones de método claramente



involucran, dentro de su alcance, la determinacién de parametros de aplicacion
relevantes (desarrollo por parte de los inventores) pues tales demuestran
que el procedimiento ha sido optimizado, y en consecuencia ya no trata del uso
de un método esencialmente biolégico. En el estado del arte, es conocido que el
éxito de un método de bioremediacién depende de multiples factores bidticos y
abidticos, y su eficacia debe ser demostrada expenimentalmente. Los métodos
rervindicados se describen en la descrpcidon de esta solicitud.

Cabe recalcar que los experimentos de bioremediacién disefiados y realizados
en la presente solicitud, corresponde a ensayos con suelos “reales” y en suelos
esterilizados. Dichos suelos “reales” del campo utlizados se encuentran
efectivamente contaminados. Tal como se define en la presente solicitud, “Los
“microcosmos” representa a un cierto volumen de suelo dispuesto en un
recipiente, cuyas variables relevantes tales como la humedad, la temperatura y la
presencia 0 ausencia de microorganismos y/o contaminantes Organicos son
conocidas y controladas.” En este sentido, el uso de microcosmos es de amplio
conocimiento en el area téenica, y no debe quedar duda que los suelos donde se
ensayo el producto de la invencién, que han sido estandarizados para evidenciar
sus efectos, son suelos contaminados “reales”. Especificamente, la estenlizacion
buscaba evitar la posible degradacién de simazina por otro microorganismo
presente naturalmente en el suelo. Una evidencia del uso de suelo “real”, se
puede entontrar en la Descripcion, pagina 8, donde se divulga: “La figura 9
muestra la cinética de degradacion de Psexdomonas sp. MHP41 en experimentos
de biorremediacién en microcosmos de suelos con historial de aplicacién de
simazina...” Es decit, el suelo utllizado en el ejemplo se obtuvo de una zona
agraria donde se habia utilizados simazina en mas de una oportunidad.

4.4 Comentarios Adicionales

El examinador finaliza en la accién oficial con “A pesar de que el capitulo
reivindicativo corresponde a materia no patentable, se aclara al solicitante
que en el estado de la técnica se encontraron los siguientes documentos que
anticipan la presente solicitud.
[se incluye una tabla con los detalles de los documentos:D1 W(O03025627; D2
Appl. Environ. Microbiol 70(4): 1907-1912]

D1 divulga un producto de bioremediaciéon de ambientes contaminados con s-
triazina, que incluye un inéculo de Pseudomonas sp. y alginato de sodio, dicho
in6culo puede estar o no liofilizado en un complejo protectivo estéril.

D2 divulga una cepa de Pseudomonas sp. ADP que es capaz de degradar
atrazina como unica fuente de nitrégeno”.



En relacidén con estos argumentos, respetuosamente nos permitimos decir que los
inventores de la presente solicitud no se encuentran de acuerdo con los
mismos. IEn particular, se acompafian los siguientes argumentos patra
reafirmar que la solicitud de patente presenta novedad, y no es anticipada D1 ni
tampoco por D2.

El documento D1 corresponde a la patente WO 03025627 de Reardon y Das
que reivindica un biosensor para la deteccién de contaminantes oOrganicos
halogenados, que podtia contener enzimas y células completas de que
degradan s-triazinas como las células de bacterias tales como Psexdomonas sp.
ADP, Ralstonia sp. M91-3, Clavibacter michiganese sp. ATZ1, Agrobacterium sp.
J14a, Alaligenes sp. SG1, Rhodococeus spp. N186/21 y TEA, Pseudononas spp. 192 y
194, y Streptomyces sp. PS1/5. Reardon y Das retvindican un biosensor, pero no
se reivindica la aplicacién de las bacterias para la bioremediacién. Mientras
que la presente solicitud de patente en Colombia reivindica un producto para
la bioremediacién de suelos contaminados y aguas. Asi, los productos de
ambas solicitudes de patentes tienen aplicaciones diferentes.

Por otro lado, Pseudomonas sp. cepa MHP41 es genéticamente diferente que las
bacteras indicadas en el documento de la patente WOO03025627. Pseudomonas sp.
MHP41 cepa pertenece a un grupo filogenético diferente que las cepas de los
géneros Ralstonia, Clavibacter, Agrobacterium, Alcaligenes, Rhodococcus y Streptomyces.
La cepa Pseudomonas sp. MHP41 es genéticamente diferente que la bacteria
degradadora de atrazina Psendomonas sp. ADP y Pseudomonas spp. cepas 192 y
194. Psendomonas sp. MHPA41 se diferencia en su perfil molecular ARDRA del
gen RNAr 16S y en su secuencia del gen RNAr 16S de Pseudomonas sp. ADP.
Esto se describe en la solicitud de patente: perfil molecular ARDRA del gen
RNAr 16S (Figura 5) y en su secuencia del gen RNAr 16S (en el texto de la
secciéon “Descripcién de la cepa Pseudomonas sp. MHP4?). Las diferencias
moleculares de ambas cepas MHP41 y ADP permiten llegar a la conclusion
que son especies difetentes. Asimismo, Psexdomonas sp. cepa MHP41 esta
estrtechamente relacionada con P. witroredncens (Ver Hemiandez et al. 2008,
documento D3 adjunto). Por lo tanto, Pseudomonas sp. MHP41 es una cepa de
una especie diferente que las cepas 192, 194 y ADP. En resumen, Pseudomonas
sp. MHP41 es una cepa genéticamente diferente que las bacterias incluidas en
la patente WO03025627 de Reardon y Das. De esta manera Psewdomonas sp.
MHP41 es una cepa bacteriana que presenta novedad y no es anticipada por el
documento D1.

El documento D2 se refiete a la bacteria Pseuxdomonas sp. cepa ADP y su
degradacién simultanea de atrazina y fenol. Psewdomonas sp. cepa MHP41 se
diferencia y presenta ventajas frente a dicha cepa ADP. Psendomonas sp. MHP41



se diferencia en su perfil molecular ARDRA del gen RNAr 16S y en su
secuencia del gen RNAr 16S de Psendomonas sp. ADP, como se indicd
anteriormente. Esto se descabe en la solicitud de patente: perfil molecular
ARDRA del gen RINAr 16S (Figura 5) y en su secuencia del gen RNAr 165 (en
el texto de la seccidn “Descripcion de la cepa Psexdornonas sp. MHP417). Las
diferencias moleculares de ambas cepas MHP41 y ADP permiten llegar a la
conclusién que son especies diferentes.

Se presentan algunas ventajas de la aplicacién para procesos de bioremediacion de
Psendomonas  sp. cepa  MHP41 sobre Psendomonas sp. cepa ADP. Ia
bioaumentacién de suelos agricolas del valle de Aconcagua mediante el
producto que comprende la cepa MHP41, cepa que presenta novedad, y que
por ende, provee novedad al producto que lo comprende; permitié una
remocién casi completa del herbicida simazina (100 ppm) a los 28 dias. Esto se
describe en la solicitud de patente (en texto de la descripcién y Figura 8). De
esta manera se demuestra experimentalmente la capacidad del producto de la
invencién de bioremediar suelos contaminados con el herbicida. En contraste,
la bioremediacién de simazina en suelos agricolas del valle de Aconcagua
mediante Pseudomonas sp. ADP no fue exitosa (Moran et al., 2006, documento D4
adjunto). Como indican los autores del estudio, en suelos agticolas del valle de
Aconcagua bioaumentados con la cepa ADP no se obsetvd un ncremento de la
remocién de simazina (40 ppm) respecto al suelo control no mnoculado a las
28 dias (Ver documento D4).

La bactetia Pseudomonas sp. cepa MHP41 mantiene una importante capacidad de
degradacién de s-triazinas en presencia de otras fuentes de nitrégeno como
nitrato, urea y amonio. Esto se describe en la solicitud de patente (en texto de
la descripcién y Tabla 4). En contraste, Pseadomonas sp. ADP, pierde su
capacidad de degradar atrazina al ser cultivada en presencia de amonio, urea
o nitrato (Ver documento D5 adjunto), lo que limita sus aplicaciones en
bioremediacién de suelos. Por consiguiente, el producto de la invencion que
comprende la cepa MHP41 puede ser un excelente biocatalizador para set
empleado en estrategias de bioremediacién en suelos, principalmente de
uso agricola, los que estin rutinatiamente expuestos a procesos de
fertilizacion con fuentes exdgenas de nittdgeno como urea, nitrato y amonio.

Hacemos notar que la presente solicitud, en reivindicaciones similares a las
ahora enmendadas en la presente solicitud, obtuvo la aprobaciéon y
concesién en Canadi en la patente CA 2636856 y en Estados Unidos (pot
publicar); confirmandose la novedad y altura inventiva no solo de la bacteria
Pseudomonas  sp. cepa  MHP41 sino que ademis del producto para
bioremediacion que la comprende.



Habiendo atendido cabalmente las objeciones ptesentadas pot ese despacho,
atentamente solicitamos se conceda el privilegio de patente de invencidn a la
solicitud en estudio o si el sefior examinador consideta que subsisten razones
para objetar la presente invencién, rogamos expedir otro examen de fondo con
los debidos motivos y razones que sustenten su objecién con el fin de que
nuestro mandante tenga la posibilidad de exponer sus argumentos con base en la
interpretacion de los articulos 45 de la Decision 486 -el cual otorga la facultad al
examinador para emitir los eximenes de fondo-, 35 y 59 del Cédigo Contencioso
Administrativo que sefiala que: “habiéndose dado oportunidad a los interesados para
expresar sus opiniones, y con base en las pruebas e informes disponibles, se tomard la decision
que serd motivada al menos en _forma sumaria si afecta a particulares”y “(..) deberd proferirse
la decision definitiva. Esta se motivard en sus aspectos de hecho y de derecho, y en los de
conventencia 5t es el caso”, respectivamente (El subrayado es nuestro).

En consecuencia, solicitamos a ese despacho pronunciarse en relacién con todos
los argumentos presentados en este memorial dando estricta aplicaciéon al
principio del debido proceso consagrado en el articulo 29 de la Constitucion
Nacional.

Sefior Superintendente,

DILIA MARIA RQDRIGUEZ
C.C. 41.654.882 deBogota
T.P. 20824 del C.S.J.

notificaciones@clarkemodet.com.co_
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PLIEGO DE REIVINDICACIONES

1. Un producto para la biorremediacién de
ambientes contaminados con compuestos s-triazinas,
CARACTERIZADO porque comprende un inéculo bacteriano de la
cepa Pseudomonas sp. MHP4l, depositada bajo el numero de
acceso NRRL B-30908 con fecha 17 de marzo de 2006, en una
concentracién desde 1 x 10° UFC/ml hasta 1 x 10 UFC/ml de
medio de cultivo con 0,5-30 mi de succinato (fuente de
carbono) o de solucién tampdén con 5-100 mM de fosfato de
sodio (pH 7), o desde 1 x 10° UFC/g hasta 1 x 10'% UFC/g de

alginato de sodio.

2. El producto para la Dbiorremediacidén de
acuerdo a la reivindicacién 1, CARACTERIZADO porque dicho
inéculo contiene células liofilizadas de la cepa
Pseudomonas sp. MHP41 NRRL B-30908 en un medio protector

complejo estéril.

3. El producto para la Dbiorremediacién de
acuerdo a la reivindicacién 1, CARACTERIZADO porque dicho
indculo contiene células encapsuladas en alginato de sodio

(0,5-5%) de la cepa Pseudomonas sp. MHP41 NRRL B-30908.



.

4. Un métod@ para la biorremediaciédn de un
ambiente contaminado con s-triazinas, CARACfERIZADO porque
dicho método comprende:

a) agregar un producto de acuerdo con
cualquiera de las reivindicaciones 1 a 3 a dicho ampbiente
contaminado con s-triazinas, vy

b) incubar dicho producto gque contiene el
inéculo dé la cepa Pseudomonas sp. MHP41 NRRL B-30908 en
este ambiente contaminado, y dejar que este actue durante
un periodo de tiempo suficiente, desde al menos 1 semana
hasta alrededor de 12 meses, para permitir la degradacidn
de dicho compuesto s-triazina contenido en dicho ambiente
donde la concentracién de la cepa Pseudomonas sp. MHP41
NRRL B~30908 en dicho ambiente contaminado, el que es
habitualmente suelo, es desde alrededor de 1 x IOZUFC/g de

suelo hasta alrededor de 1 x 10*® UFC/g de suelo.

5. Un método para la biorremediacién de un
ambiente contaminado con s-triazinas de acuerdo a la
reivindicacién 4, CARACTERIZADO porque dicho periodo de

tiempo comprende un periodo desde 1 semana hasta 4 semanas.

6. Un método para la biorremediacién de un
ambiente contaminado con s-triazinas de acuerdo a la
reivindicacién 4, CARACTERIZADO porque dicha s-triazina

presente en el ambiente contaminado es seleccionado del

¥



grupo que consiste de simazina, hidroxisimazina,
deetilhidroxisimazina, atrazina, hidroxiatrazina,
deetilatrazina, deetilhidroxiatrazina, deisopropilatrazina,
fluofoatrazina, propazina, terbutilazina, &cido cianidrico y

cianazina.

7. Un método de acuerdo a la reivindicacién 6,
CARACTERIZADA porque dicha s-triazina es una molécula que

contiene un atomo de cloro.

8. Un método de acuerdo a la reivindicacién 7,

CARACTERIZADA porque dicha s-triazina es simazina.

9. Un método de acuerdo a la reivindicacidn 8,

CARACTERIZADA porque dicha s-triazina es atrazina.

[2-
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mentation with MHP41 cells enhanced simazine degradation and increased the
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number of simazine-degrading microorganisms in the two soils. In highly

contaminated NS soil, bicaugmentation with strain MHP4] was essential for
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simazine removal. Comparative analysis of 165 rRNA gene clone libraries from NS
and AS soils revealed high bacterial diversity. Bioaugmentation with strain MHP41
promoted soil bacterial community shifts. FISH analysis revealed that bioaugmen-
tation increased the relative abundances of two phylogenetic groups (Acidobacteria

and Planctomycetes) in both soils. Although members of the Archaea were
metabolically active in these soils, their relative abundance was not altered by

bioaugmentation.

Introduction

Simazine [2-chloro-4,6-bis(ethylamine) -s-triazine) is a mem-
ber of the s-triazine herbicides and has been used worldwide
for the control of broadleaved weeds in agriculture, forestry
and noncrop soils (i.e. roadsides, railways). Simazine and
related s-triazines, such as atrazine, may persist in the environ-
ment for years, depending on climatic and edaphic factors
such as temperature, soil moisture and organic carbon
content, and the degradation activity of the soil native
microbiota (Gunasekara et al., 2007). As a consequence of its
widespread application, this pesticide is frequently detected as

© 2009 Federation of European Microbiological Societies
published by Blackwell Publishing Ltd. All rights reserved

a pollutant in both surface and groundwater (Rousseaux et al.,
2003). s-Triazines are potential human carcinogens and endo-
crine disrupters (Birnbaum & Fenton, 2003; Hayes et al.,
2006), and recently, their use has been banned in EU member
states (European Union, 2004). However, in America, these
herbicides are still commonly used for the control of annual
weeds in fruit plantations such as avocado, citruses and
vineyards, and in forestry (Flores et al., 2009).
Microorganisms play an important role in the removal of
persistent organic pollutants (POPs) from the environment
(Philp et al., -2005). Natural microbial degradation of
s-triazines has been reported in soils that have a history of

FEMS Microbiol Ecol 71 (2010) 114-126
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s-triazine herbicide application (Ostrofsky et al., 1997; Yassir
et al., 1999; Rousseaux et al, 2003; Moran et al,, 2006).
However, the decontamination of previously unexposed
soils requires the enhancement of the natural degradation
(Rousseaux et al., 2003). Bioaugmentation has been pro-
posed as an effective and low-cost bioremediation technol-
ogy to remove POPs, such as simazine and atrazine, and to
minimize their dispersion to nonagricultural environments.
In this respect, s-triazine-degrading bacteria have been
isolated from soil, but only a few of these strains have been
used for bioaugmentation (Struthers et al., 1998; Newcombe
& Crowley, 1999; Topp, 2001; Rousseaux et al, 2003).
Selection of the bacterial strain is critical for the success of
bioaugmentation. A good candidate for bioaugmentation is
Pseudomonas sp. strain MHP41, which is one of the most
efficient s-triazine-degrading bacterial strains described
(Hernandez et al, 2008). Bioaugmentation is often not
successful (Gentry et al., 2004; Thompson et al., 2005),
a main problem being the survival of cells added in the
soil. To protect the inoculated bacteria and to improve
bioremediation, encapsulation of cells has been pro-
posed (Bouchez et al, 2000; Vogel & Walter, 2002
Gentry et al., 2004).

Microbial communities involved in the natural restoration
of polluted environments have been analysed using culture-
independent techniques (Nogales et al; 1999; Paul et al.,
2006). Approaches such as 165 rRNA gene clone library
construction and in situ hybridization with specific oligonu-
cleotide probes (FISH) have proved useful for assessing the
extent of soil microbial diversity and its dynamics (Nogales
et al., 2001; Barra-Caracciolo et al., 2005). Although bior-
emediation of contaminated sites has been applied as an
attractive, low-cost alternative to physical remediation tech-
niques, the changes occurring in native microbial commu-
nities as a response to environmental perturbation or the
impact of microorganisms introduced remain poorly known.
A study of the structure of the autochthonous microbial
communities and their shifts is required to understand the
effects of exogenously added microorganisms on the existing
microbial community composition.

In the present study, Pseudomonas sp. strain MHP41 was
used to evaluate the bioaugmentation processes in agricul-
tural soils contaminated with simazine. Strain MHP4]
efficiently degrades simazine and is capable of growing
rapidly using simazine as the sole nitrogen source, yielding
a high biomass (Hernandez et al, 2008). This strain
possesses the s-triazine catabolic atzA, atzB, atzC, atzD, atzE
and atzF genes. Experiments were carried out in microcosms
using two soils with different histories of s-triazine applica-
tion, and strain MHP41 was introduced as an encapsulated
biocatalyst. Simazine attenuation was followed in parallel
by monitoring the bacterial community structure by 16S
fRNA gene clone libraries and their changes by FISH
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analysis. Archaea were also quantified by FISH in the
two soils.

Materials and methods

Chemicals

Commercial simazine (Gesatop 90WG, 90% pure) was
purchased from Syngenta (Greensboro, NC). Simazine
(99% pure) and analytical standard simazine (> 99% pure)
were purchased from Atanor S.A. (Buenos Aires, Argentina)
and Dr Ehrensdorfer-Schifers GmbH (Augsburg, Germany),
respectively.

Bacterial growth and encapsulation procedure

Pseudomonas sp. strain MHP41 was grown in minimal
medium using 100mgL™" of simazine as the sole nitrogen
source (Hernandez et al., 2008). The minimal medium (pH
7.0) contained (L™'): 10mL of phosphate-buffered saline
(PBS) stock solution (70 g Na;HPO, - 2H,0, 28 g K;HPO,,
5g NaCl), 2.95gL™" sodium succinate as the sole carbon
source and 1mL of trace element stock solution (5g
MgSO4 . 7H20, 0.5 g FCSO4 . 7H20, 0.25 g MnSO4 . HQ_O,
0.32g ZnCly, 0.033 g CaCly - 2H,0, 0.018 g CuSO, - 5H;0,
0.015g CoCl, - 6H,0, 0.325g H3BO3, 0.5g EDTA, 7.3mL
HC] 37%). Cultures were incubated at 28 °C with agitation
(180 r.p.m.). Bacterial growth was monitored by measuring
the turbidity at 600 nm (turbiditysoonm)- Viability was
determined by counting CFUs on trypticase soy agar (Difco,
MD). Encapsulation of strain MHP41 was performed using
an alginate matrix. Cells of strain MHP41, grown until
turbidityson nm~0.8 (1.52 X 108 CFUmL™"), were harvested
by centrifugation (10000 g for 20 min at 4°C) and washed
twice with 20mL of saline buffer solution (50 mM sodium
phosphate, pH 7.0; 0.5 gL' NaCl). Finally, the cells
(turbiditysoonm~0.8) were resuspended in 1% w/v sterile
sodium alginate solution (Loba Chemie Ltd, Mumbai, India).
The mixture was added drop by drop into 400 mL of 50 mM
CaCl, sterile solution using a 25-mL sterile syringe. Alginate
beads containing cells of the strain MHP41 were hardened in
the CaCl, solution for 30 min. Beads were recovered and
washed with sterile water before addition to soil.

Soil characterization and bioaugmentation
experiments in microcosms

Soil samples were collected from the surface stratum
(020 cm depth) of two agricultural fields located in central
Chile (Quillota province, Aconcagua valley). Both soils have
been characterized by Flores et al. (2009). A soil was
collected next to a flowering plant (Dianthus caryophyllus)
plantation from an orchard without a history of s-triazine
application (NS soil). This is a neutral (pH 7.2) and
clay-loam soil, with a nitrogen content of 1.8gkg™, a C/N
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ratio of 11.5 and an organic matter (OM) content of 3.5%.
A second soil was collected from an avocado (Persea
americana) plantation that has been annually treated
for > 20 years with simazine (3.5kgsimazine ha™), as a
pre-emergent herbicide (AS soil). AS soil is a slightly acidic
(pH 6.4) and loam soil with a nitrogen content of
2.0gkg™" soil, a C/N ratio of 12.8 and a higher OM content
(8.5%). At the time of collection, residual simazine was
not detected either in NS or in AS soil. For microcosms,
each soil was homogeneously treated with commercial
simazine to obtain different initial concentrations of
3.5kg simazineha™" (~10mgkg™', low level), according to
standard farming ' practices, and 35kg simaziné ha™'
(~100mgkg™", high level). Each microcosm contained
150 g of soil in a 500-mL ‘sterile flask. Microcosms were
bioaugmented by inoculating encapsulated strain MHP41
(0.5¢g of alginate beads containing cells of strain MHP41
were added to 150 g soil to reach a final concentration of
1 x 10®cells g™ dry soil) every 3—4 days. The soils and the
alginate beads were thoroughly mixed using a sterilized
spatula. In order to reduce contamination risks due to

manipulation, all flasks were covered with a polyethylene -

foil and sampled under aseptic conditions. Microcosms were
incubated at room temperature for 28 days. In control
microcosms, soil was inoculated with sterile alginate beads.
All treatments were performed in triplicate. Soil moisture
was periodically controlled using an infrared absorption
mass balance {Sartorius MH30) and maintained by sprink-
ling sterile water at 40-50% of the water-holding capacity.
For microbial and chemical analysis, soil samples (50 g) were
maintained at 4 °C. For bacterial community analysis, soil
samples (10 g) were collected in sterile tubes and kept frozen
at — 20°C, Statistical analysis was performed using two-way
ANOVA with treatment and incubation time as factors
(systar 6.1 for Windows). Differences were considered to be
significant at P < 0.05.

Herbicide quantification in soil

Simazine in soil was quantified using HPLC (Agullé et al.,
2007; Martinez et al., 2007). For simazine extraction from
soil samples, 10 g of each soil sample was mixed with 20 mL
of methanol solution (80% v/v, pH 2) and incubated for 2 h
at room temperature. The soil particles were then separated
by centrifugation (10000¢ for 1 min) and the supernatant
(20 tL) was analysed for simazine quantification using a
System Gold chromatograph  (Beckman, Germany)
equipped with'a diode array detector and an RP-C18/
Lichrospher 5-um column (Supelco). Simazine was identi-
fied and quantiﬁed by comparison with an authentic stan-
dard (Flores et al., 2009). The simazine removal data in soil
were fitted to mathematical models using SIGMAPLOT 10.0
software (Science Software GmbH, Germany). i
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Enumeration of simazine-degrading
microorganisms

The aerobic cultivable s-triazine catabolic potential of soil
microbiota was determined using the respiration indicator
2,3,5-triphenyl-2H-tetrazolium chloride (TTC) and the
most-probable-number (MPN) enumeration in microtitre
plates, as described previously (Dinamarca et al., 2007), but
with some modifications. Briefly, 1g of soil sample was
added to 9 mL of mineral medium (without simazine) and
the tubes were vigorously shaken for 2h at room tempera-
ture. Tenfold serial dilutions to extinction were prepared (in
triplicate), and 100-uL aliquots of each dilution were used to
inoculate the MPN microplates. Pseudomonas sp. strain
MHP41 was used as a positive control. Cells of strain
MHP41 previously killed by heating at 100 °C for 10min
were used as a negative control. The microtitre plates were
incubated at 30 °C without shaking for 5 days. TTC (20 uL
of a 1% w/v, TTC solution) was then added to each well,
After 24h "of incubation at 30°C, positive wells were
determined based on the visualization of TTC formazan
production (red colour). The number of cells per gram of
dry soil was calculated using an MPN calculator program as
described (Dinamarca et al., 2007).

DNA extraction from soils

Community DNA was obtained from bulk soil (10g of soil
was collected in sterile tubes and kept frozen at — 20 °C).
DNA was extracted from 1g of a thawed and homogenized
soil sample, as described previously (Nogales et al., 2001),
but with some modifications. Briefly, cells were disrupted by
grinding the soil sample embedded in liquid nitrogen in a
ceramic mortar. Subsequently, DNA was purified using a
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) follow-
ing the manufacturer’s instructions. Extracted DNA (con-
centrations of 70-90 uguL™") was frozen at —20°C until
PCR amplification. Aliquots of purified DNA were analysed
by electrophoresis on a 0.8% (w/v) agarose gel and com-
pared with mass standards.

Amplification, cloning and sequence analysis of
16S rRNA genes

For library construction, the universal primer pair for
Bacteria GM3 (5'-AGAGTTTGATCMTGGC-3') and GM4
(5'-TACCTTGTTACGACTT-3') was used, DNA was diluted
(1:50) and three independent PCR reactions were carried
out as reported previously (Zaballos et al., 2005), decreasing
the annealing temperature to 44 °C. Reconditioning reac-
tions of 16S rRNA gene amplicons were performed as
described (Thompson et al, 2002). PCR products were
mixed and purified using a Qiaquick PCR purification kit
(Qiagen). Clone libraries were constructed using the pGEM-
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N ;
T Easy Vectors System (Promega, MD) according to the
manufacturer’s recommendations. The plasmids of positive
clones were extracted directly from a colony and amplified
using the primer pair pUC/M13F and pUC/M13R provided
with the kit. Finally, positive. PCR products were purified
(Qiaquick PCR purification kit, Qiagen) and sequenced
using the primer pair GM3, 518F (5'-CCAGCAGCCGCGG
TAAT-3') and GM4, according to BigDye Terminator v3.1
Cycle Sequencing Kit procedures (Applied Biosystems, CA).
Ninety-nine 16S rRNA gene clones (51 from NS soil and 48
from AS soil) were partially sequenced (500-800bp).
Twenty-one almost-complete 165 rRNA gene sequencés
were obtained (1200-1500bp). The sequences were sub-
mitted to the GenBank Nucleotide Sequence Database.
Sequencing was performed by the ‘Servicios Cientifico-
Técnicos’ of the Balearic Islands University (Mallorca,
Spain) using an ABI 310 bapillary DNA Sequencer (Applied
Biosystems). o

Sequence analyses

Sequences were revised and corrected using SEQUENCHER 4.8
software (Gene Codes Corp., MI). The RDP CHIMERA-CHECK
program (Cole et al.:? 20:03) was used to predict chimeta
clones. Sequences were automatically aligned and manually
corrected using the aRs software package (Ludwig et al.,
2004). The aligned seqdence ‘dataset of the ARB-SILVA
project (Pruesse et al.‘. 2007) was used as a reference. Partial
sequences were inserted using the Ars parsimony tool into'a
previously reconstructed, neighbour-joining tree of repre-

_ sentative almost-complete 165 rRNA gene sequences. Se-

quences were groupéd'ipto operational taxonomic units
(OTUs), assuming that one OTU includes sequences with
similarity values 297'%‘(Zaballlos et al., 2005).

N 4

! .
FISH analysis and quantification of total
microorganisms l |

From each soil microcosm, 10 g of soil was fixed in 1 x PBS /
formaldehyde 4% for 2-6h at.4°C. In order to eliminate
formaldehyde, the suspension was washed twice with
1 x PBS by repeated centrifugation (6000g for 5 min). The
pellet was resuspended in 1 x PBS/ethanol 1:1 and kept at
—~20°C, until used for 4',6-diamidino-2-phenylindole
(DAPI) counts and l'fyb'ridizatién experiments. Microorgan-
isms were detached from soil particles by sonication using a
Soniprep 150 (MSE Scientific Instruments, Fisons Limited,
UK) operating at 20 kHz and applying five pulses of 10s
cach. Then, samples were diluted in 20 mL of 1 x PBS for
homogenization, and subsequently filtered throughout a
0.22-pm pore size, 16-rrt1m-diameter filter (Isopore GTTP,

Millipore, MA). For FISI}{ analysis, a piece of filter was cut

(usually one-quarter) and hybridization with oligonucléo-
tide probes (Table 1) was performed as described (Zatda
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et al,, 1997). Briefly, filters were incubated in 18 pL of the
hybridization buffer [0.9M NaCl, 20 mM Tris-HCI, 0.01%
sodium dodecyl sulphate (SDS)] in the presence of
5.5nguL™" of each probe and the probe-specific formamide
concentration (Table 1) at 46 °C for 2 h. After hybridization,
the filters were washed in 50 mL of buffer 'solution contain-
ing 20 mM Tris-HCl, 5mM EDTA, 0.01% SDS and either
900, 450 or 80mM NaCl depending on the formamide
concentration during hybridizatidn (0-5%, 10% and 35%,
respectively), for 15 min at 48 °C, subsequently rinsed with
distilled water and air-dried. Probes, competitor probes and
formamide concentrations are specified in Table 1. Probe
specificities were analysed using the PROBE MATCH tool of the
RDP project 11 (http://rdp.cme.msu.edu/), and probe hybri-
dization conditions were verified via the ProbeBase database
(http://Www.microbial-ecology.net/probebase). For quanti-
fication of total microbial abundances, a piece of filter was
cut and stained with DAPI (1 pgmL™") for 90s and further
washed with distilled water (5s). Filters were finally im-
mersed in absolute ethanol (5s) in order to remove un-
specific DAPI binding to avoid background colour. The
filters were mounted onto microscope slides and a 4:1
mixture of Citifluor (Citifluor Ltd, UK) and Vecta Shield
solutioﬁ (Vector Laboratories, CA) was added. The prepara-
tions were stored at — 20°C until visualization. An epi-
fluorescence microscope (Zeiss Axiophot AX10, Germany)
was used for counting. Values are reported as means
calculated from 15 to 20 randomly chosen microscopic
fields corresponding to 600-800 DAPI-stained cells and
expressed as cellsg™ dry soil.

Results and discussion

To remediate POP-con,taminatéd soils, bioaugmentation
may be based on the introduction of either autochthonous
or allochthonous microorganisms. These microorganisms
can be used as biocatalysts for the degradation of the
pollutants (Vogel, 1996; Gentry et al., 2004). However, the
success of a bioremediation process is restricted by various
factors that often result in low efficiencies. Abiotic factors
such as pH, extremes in temperature, water content and
nutrient availability may influence the survival of intro-
duced microorganisms. In addition, predation and compe-
tition by indigenous microbiota could decrease the added
organisms (Bouchez et al, 2000; Gentry et al., 2004;
Thompson et al., 2005; Manzano et al., 2007). In this report
the effectiveness of Pseudomorias sp. strain MHP41 as a
biocatalyst for the removal of simazine in two agricultural
soils was studied. To prevent stress or predation of bacterial
inocula, cells of strain MHP41 were encapsulated in alginate
beads (Bouchez et al., 2000; Gentry et al., 2004; Vancov et al.,
2007). In fact, in one of these soils (AS soil), predation of
added bacteria by protozoa was reported previously
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Table 1. List of oligoflucleptide probes and hybridization conditioins used for FISH v !

y V. Morgante et al,
i
1

: ! Target i i Formamide Accession

Probe Sequence (5'-3")" RNA gene! Specifidty ‘ Competitor (% VAV) Reference no.t

EUB()  GCTGCGTCCCGTAGGAGT 165 Most bicteria ; No 35 - Daimsetal.  pB-00159
b ' ! i (1999)

EUB (1N GCAGC&;ZAC_('iCGTAGGTGT Supp!er;nent to EUB 338: pB-00160
. Planctomycetales i

EUB (1) GCTGCCACCCGTAGGTGT Supplement to EUB 338: pB-00161
: ‘ Verrucomicrobiales

ALF1B CGTTCGYTCJI'GAGC'CAG 165 Alphaproteobacteria, some No 10 . Manz et al. pB-00017
! other Proteobacteria and (1992)

| | Verrucémicrobiales

BET42a GCCTTCCCACTTCGTTT 235 Betaproteobacteria | GAMA423 35 Manz et al. pB-00034
P ' . (1992)

GAMA42a GCCTTCCCACATCGTTT 23S Gammaproteobacteria BET42a 35 Manz et al. p8-00174
| o i ; (1992)

PLABB6E GCCTTGCGACCATACTCCC 165 Planctomycetales ' cPLABB6E 35 Neef et al. pB-00284

| : 1 - (1998)
HoAc1402 CTTTC QTGATGTGACGGG 165 Acidobacteria cHoAc1402 0-5' Juretschko pB-00183
. ' et al. (2002)
PSS6a GCTGG'CCTAI«GCCTTC . 238 Pseudomonadales ! No 0-5 Schénduve pB-00289
i ' ; ! i etal. (1996)
ARCHI15 GTGCTCCCC‘CGCCAATTCCT 165 Archaea No 10 Stahl & Amann pB-00027

I i ]

g ( (1991)

*All probes were marked with the Cy3 fluorochrome (Thermo Eléctron Corporatién, Germany).
1

1165 or 235 rRNA genes of Escherichia coli

Accession numbers ;were obtainéd from the ProbeBase database; (http://www‘mi‘crobial-ecology.net/probebase/).

(Manzano et al.i, 26b7). Bioaugmentation was studied in
agricultural soils with different physical properties and a
history of herbicide ?pplicgtion. NS soil is a clay-loam soil
with 2 3.5% OM content and that not have been treated with
s-triazine herbicides, whereas AS soil is a loam soil with an
8.5% OM content and a long history of s-triazine applica-
tion, Clay minerals and OM are involved in the retention of
pesticides in soill', influencing their bioavailability and bio-
logical degradation (Florés et al, 2009). In both soils,
sorption of simazine was moderate and reversible (Flores
et al, 2009), qnd ‘theref:orc simazine was availal;)le for
microbial degradation. | !

| | 3
Effect of bioaugmentlation with strain MHI¢41 on
simazine renioval in soils ;

=

In a first approalch, bioaugmentation trials were catried out
in microcosms using NS and AS soils spiked with
~10mgkg™ simazine, actording to the standard farming
practices for weed control. Figure 1a shows the dynamics of
simazine attenuation in NS soil contaminated with
~10mgkg™" simazine and the improvement in removal
due to bioauglmen‘tation. In the control treatment, the
simazine concehtr'a{ion décreased ~55% within 28days at
a degradation rate of 0.20 mgkg™ day™'. Bioaugmentation
with Ps»zudomo;ms| $p. MHP41 increased simazine femoval
to 89%. Addition of strain MHP41 significantly reduced the

) ' ’ 5
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hal;f-life of simazine and increased the degradation rate
twofold (0.40mgkg™ day™") (P < 0.05). The numbers of
aerobic cultivable simazine-degrading microorganisms in
thiése soil microcosms are shown in Fig. 1b. Application of
a low level of simazine (~10mgkg™') did not increase the
number of cultivable simazine-degrading cells in NS soil
during the first 3 weeks of the experiment. Only after 4
weeks were cultivable simazine-degrading cells detected. Of
note, bioaugmentation with encapsulated strain MHP41
sig'niﬁcantly increased (P < 0.05) the number of cultivable
simazine-degrading microbial cells (4.5 x 10%cellsg™). In
agreement, a low number o;f indigenous atrazine-degrading
microorganisms was reported by Struthers et al. (1998) in
soils nonadapted to atrazine, but these microorganisms
increased after inoculation of a biocatalyst into the soil.
Figure 2a shows simazine removal and the dynamics
of the cultivable simazine-degrading microorganisms in the
AS soil during bioaugmentation experiments. Simazine
attenuation was observed in this soil (degradation rate of
0.45 mgkg™" day™). However, bioaugmentation reduced the
simazine half-life from 11 to 3 days and increased the
simazine removal rate to 0.80 mgkg ™' day™’ (P < 0.05).
Simazine application increased the cultivable simazine-
degrading microorganisms in the AS soil from undetectable
(day 0) to 2.3 x 10> cellsg™" after 23 days (Fig. 2b). This
increase of simazine-degrading microorganisms was much
higher than that observed in NS soil. This might be an
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Fig. 1. Effect of bloaugmentatlon with Pseudomonas sp. strain MHP41
in a soil without a history of s-triazine application (NS). The soil was
spiked with ~10mg kg"‘snmazme. (3) Simazine removal as determined
by HPLC. Control treatments (O) were performed using sterile alginate
beads. Inoculation treatments-( W) were performed with encapsulated
cells of the strain MHP41, b) Simazine-degrading microbiota as esti-
mated by MPN. Each point represents the average of three independént
experiments. Vertical bars indicate SD! |

b ; |

o z
indication that the jautochthonous-degrading microbiota
thrives in detectable’ numbers in the soil with a previous
treatment history, but probably remains dormant, These
results are in agreement withprevious reports mdlcatmg
that the s-triazine treatmem history of soils determines
the intrinsic s- tr1azme degradmg potential (Yassir et dl.,
1999; Rhine et al., 2003 ‘Moran et al., 2006). Bioaugmenta-
tion with encapsulated strain MHP41 in the AS soil showed
a significant increasg (P '< !< 0. 05) in the cultivable mmazme-
degrading microorganisms, reaching values of 7.1x
10° cells g™" at the final sfages of the experiment.

In agreement with dur reéults, previous reports the
demonstrated that bj oaugmentatlon with Pseudammobacter
sp. strain C147, Nocard:ozdes sp. C190 and Chélatobacter
heintzii Citl increased atrazine removal in soils without a
history of herbicide treat:ment (Topp, 2001; Rousseaux et ?zl.,

i ) |

119

Simazine (mg kg™

0 ; X
"o 5 10 15 20 25 30
| Time (days)

]

by .

5' 7 = oday ‘
_ .| o3days '
= 4 - _
w a 9days
> {
D 34 @17days
'm | = 23days
z
o 2 - i
> .
o
9 1

|

0

Control , Inoculated

I Microcosm

Fig. 2. Effect of bicaugmentation with Pseudomonas sp. strain MHP41
in a soil wnth a history of simazine application (AS). The soil was spiked
with ~10mg kg™' simazine. (a) Simazine removal as determined by
HPLC. Contro! treatments (O) were performed using sterile alginate
beads. Inoculatlon treatments (M) were performed with encapsulated
cells of the strain MHP41. (b) Simazine-degrading microbiota as esti-
mated by MPN. Each point is an average of three independent experi-
ments. Vlertical bars indicate SD.

'

2003). In addition, Agrobacterium radiobacter J14a acceler-
ated the atrazine degradation rate in soils without and with
prevxous herbicide application (Struthers et al., 1998). Con-
versely, Pseudomonas sp. strain ADP was unable to increase
atrazme or simazine degradation in s-triazine-polluted soil
(Topp, 2001; Moran et al., 2006). NS and AS soils have a
nitrogen content of 1.8 and .2.0gkg™ !soil, respectively.
Althodgh nitrogen sources in soﬁs can influence simazine
degradation by bacteria (Garcia- Gonzalez et al.,, 2003; Barra-
Caracciolo et al., 2005), in this study, simazine removal by
strain MHP41 was found in both soils.

Despite the fact that the two agricultural soils harbour
autochthonous mitroorganisms with simazine catabolic
potential, simazine removal was significantly increased after

bioaugmentation with strain MHP41. Allochthonous
l
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microorganisms that are reu}troduced in soils show unsatis-
factory broremedratlon potential (Atlas & Unterman, 1999;
Rousseaux et al.; 2003). However, strain MHP41 is an
autochthonous bacterium (Herndndez et al., 2008). In
this study, the use of an autochthonous bacterial strain,
together with the encapsulatron of cells in alginate (Vogel &
Walter, 2002; Va'ncov et 4l, 2005), could explaini the
enhanced simazine iremoval rates in inoculated soils.
In contrast, it has l|)een reported that broaugmentatron
with free cells of the allochthonous bacterium Pseudormonas
sp. strain ADP |m AS sorl was not successful (Moran
et al., 2006). l {
i
"1 [ ;
Effect of bloaug entation with strain MHP41 on
simazine attenuatlon in soil contaminated with
a high concentratlon of simazine

As the results showed that bioaugmentation successfully
removed ~10mg kg ! simazine in the two soils, invéstiga-
tion was further focued on the effectiveness of bicaugmen-
tation with straid MEP41, using the nonperturbed NS soil,
experimentally contammated with a 10-fold higher simazine
concentration. In this case, 'natural attenuation of simazine
was not observed in nonmoculated treatments (Fig. 3a).
This is in agrecmem wrth the low number of simazine-
degrading mrcror)rgamsms .detected after 21 days (F1 3b).
Remarkably, bioremediation with the encapsulated strain
MHP41 was successful in achieving complete simazine
removal (99%) dfter|28 days, with a high degradation rate
of 4.15mgkg™" day™! (Fig.'3a). It has been reported that in
highly contamm?ted soils, A, radiobacter stram J14a was able
to remove almost 50% of the 200 mgkg™" atrazine, whereas
in control soils the natural attenuation was lower (296/0) By
contrast, in soil} contammated with ~160-300 mg kg of
atrazine, removal of the herbicide by Pseudomonas sp: strain
ADP (2 % 107 cells g ) was limited (Struthers et al., 11998).
The present besults indicate that broaugmentatlon
with cncapsulated strain MHP41 was successful with a
10-fold higher |conkentration of contaminant in 1a soil
that had an intribsic, but low potential of simazine
attenuation. Our fesults reinforce the use of broaug-
mentation as an| approprlate bioremediation strategy, espe-
cially when natural attenuation in the soil is low or
undetectable. ' | |
' : ‘ 1

Assessment of the bacterial community diversity
and structur’e ir\E agritl:ultural soils

The bacterial commumties of the two original sampled

agricultural soils were chatacterized through 16S rRNA gene

clone library analyses before the microcosm experiments.

Two 165 rRNAlgene clone libraries were constructed with

NS and AS soil DNA Nmety nine 165 rRNA gene clones (51
b i

| j ,
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F|gI . Effect of btoaugmentatlon with Pseudomonas sp. strain MHP41
in NS soil contaminated with a hlgh concentration of simazine. The soil
was spiked with ~100mg kg™' simazine. (a) Simazine removal as
determined by HPLC. Control treatments (D) were performed using
sterile alginate beads. Inoculation ‘treatments (M) were performed with
encapsulated cells of the strain MHP41 in alginate. (b) The simazine-
degrading microbiota as estlmated by MPN. Each point is an average of
three independent experiments. Vertlcal bars indicate SD.

{

from NS soil and 48 from AIS soil) were partially sequenced
(500—800 bp) {Table 2). Thé affiliations of clone sequences
with those of the descrlbed taxa indicated the presence of
mainly aerobic organisms. The degree of similarity of these
sequences to their closest relatives in the database was in the
rahge 80-99%. Sequence srmrlarrty to cultivated species was
between 80% and 90% in most cases, whereas similarity to
uﬂcultured clones was often close to 99%. In addition, 21
clones of representative phylogenetic groups from the two
clone libraries were fully sequenced (Table 2). Bacterial
d1versrty coverage achieved by clone sequencing was evalu-
ated using rarefaction analyses, assuming that one OTU is
formed by the sequences that present a similarity >=97%
(Zaballos et al., 2005). The analysis indicated high bacterial
séquence diversity, as no asymptotrc curves could be ob-
served. Additional sequencmg would be necessary to achieve

i
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Table 2. List of partial and nearly complete sequenced phylotypes obtalned through clone ligrary studies on 165 rRNA genes

121

I

l i Nearl& Best match
Partial clones Percentage  complete  Accession Percentage " or closest related Database
" Clone cluster (%) :accelssion no.* per soil type’ clone 1D no.* © identity type strain accession no.!
Acidobacteria 'FJSGHSAS-FJ561554 19.5M coo3 FJ468373 94.0  Acidobacteria bacterium AY234751
b } : Ellin6099
l ! ‘ co64 FJ468380 89.2 Acidobacteria bacterium AM749787
| l Elin7246 |
{F)561497-FI561510  29.5%5 POTT F1468386 87.5 Acidobacteriaceae AM749787
‘ i i ; bacterium K22
l P028 Fl468392 83.2 Holophaga fdetida strain X77215
Lo . ' ' " TMBS4T (DSM 65917)
Actinobacteria £J561555-FI561560 12" | | |
'FIS61511-FI561513  6.5%5 PO21 F}468388 70.8 Georgenia muralis EF154258
Alphaproteobacteria ;FJSQ1561—F1561572 23N C063 FJ468379 90.5 Stella vacuolata, strain  AJ535711
[ ! | ; DSM 5901
' ) €078 FJ468382 93.0 Mesorhizobium Y14161
' 1 plurifarium strain
! : ; : ORS10056 |
|FIS61514-FI561522  19%% i f. '
Betaproteobacteria | FIS61573-FI561577 10" .
[ F1561523-)561527  10°° PO0E F1468384 91.9 Burkholderia sp. strain  AB208548
. NK8
Gammaproteobacteria [FJSA1578—FJ561S79 4 i ;
IFJ561528—F1561531 8.5 P02§ FJ468399 88.2 Legionella pneumophila  CR628337
| P04? FJ46839:3 93.3 Xanthomonas campestris AE012505
| | ’ strain ATCC 33913
Deltaproteobacteria ‘ FI561580 | PAS |
| FI561532- #1561534 6.5"% P07 FJ468385 81.2 Syntrophus | CP000252
| . | | aciditrophicus SB
| j PO12 FI468387 85.6 Geobacter | AE017180
| | ' : sulfurreducehs PCA
! P024 F1468389 88.6 Haliangium tepidum AB062751
Bacteroidetes F15%1581—nss1583 hs cod2 Fl468377 81.8 Thermonema rossianum  Y08956
Lo l strain NR-27T (DSM
! : 103000
FI561535 | 248 | '
Chioroflexi FJS61584-F1561586 &S €053 F1468378 82.0 Dehalococcoides Al431246
‘ [ i ! J . sp. strain BHI80-15
Firmicutes FISb1587-FIS61592 12" coc;7 F1468376 81.3 Desulfosporosinus AJ493052
o ! j orientis
Nitrospirae ! F15;61593—;Hss1594 4ns J :
| F)561536 28 P045 F)468394 95.3 Nitrospira sp. A)224039
Planctomycetes I F}S%1595 2N co074 FI468381 94.2 P/anctomyce'-tessp‘ AY673410
; F15:61537—iFJS61541 1078 PO27 FI468391 87.5 Planctomyces maris X62910
! | P029 Fi468393 873 Pirellula sp. X81947
Verrucomicrobia | F)561543 e POO1 FI468383 84.6 Prosthecobacter AJ966882
Ll ' ; debontii (DSM 14044)
Gemmatimonadetes ' F1561542 208 | ! :
Unknown Bacteria FI561544 248 !
Total clones 21 l

The list provides the accessnon numbérs of the representative clones from both soils and the closest match or type straln available in the SILVA database
(http:/mww arb-silva. de) Cldnes retrieved from agricultural soil with different hlstory of simazine application are indicated. Accession numbers of the

{
| 99 |
|

partial and nearly complete sequences have been listed along with aécessnon numbers of the closest best match. |

*GenBank database.

NS, soil not previously exposed to s-tnazmes AS, soil with a long hlstory of s-triazine appllcatlon
1SILVA-SSU database access:o‘n number. |

|
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"better coverage of thc drversrty of the amplified 165 rRNA

genes. Howevet, i was assumed that in this case, the most
abundant phylotypes {hrrvmg in the agricultural soils 'were
identified. bl
I . ;
|

| |
Bacterial diversity and community structure
changes in NS soil due to bioaugmentation|

The bacterial drvcrsrty in NS soil is shown in Fig. 4a. The NS
clone library was | dofinatéd by members of the phylum
Proteobacteria (39%] moslt of them affiliated wrtllr the
Alphaproteobacterra and Betaproteobacterza Twenty-three
per cent of the clones were affiliated with the Alphaplroteo-
bacteria, most of'them (60%) relatives associated wrtlh the
family Rhizobiales. The betaproteobacterial OTUs detected
were dominated by rlnembé:rs of the order Burkorderiales,
while Gammaprcteobacterra and Deltaproteobacteria_were
much less well represented Acidobacteria comprrsecf 19%
of the library, with most of the sequences afﬁhatmg with
uncultured strains (> 96% identity). Other repredented
groups were Actnlobacterra( 129%), Firmicutes (12%), Chiloro-

.
| :

(a) l Nilrrospr'rae

I 4%q

Chioroflexi
6° (-]

Bacteroldstes il

Planctomycetes
Fe 2% |

28 (Inoculatlon)

28 (Control)
Days

Fig. 4. Bacterial community diversity and dynamics during biodugmen—
tation in NS soil. (a} Representative phylogenetic groups retrieved from
NS soil by the clong library. Values are shown as per cent of the total
clones in each cloné l|br$ry (b) FISH analysis of the microbial commumty
from the NS soil amended with simazine (~100mgkg~ b) and bioaug-
mented with Pseudomonas sp. strain MHP41. Each valueisan a\llerage of
three independent! experiments. Vertical bars indicate SD. Total (DAPI
stain), total microbial abundances Eub, Bacteria; Alpha, Alphaproteo
bacteria; Beta, Betaproreobactena Gamma, Gammaproteobacterla
Acido, Ac:dobacrer'/a Pseudom; Pseudomonas; Plancto, Planctomycetes
Arch, Archaea. | ' ‘

I j |
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|
ﬂexi1(6%) Bacteroidetes (6%) Nitrospirae (4%) and Plancto-
mycetes (2%).

Bacterial community structure dynamics during the
biodugmentation with encapsulated strain MHP41 was
studied using FISH analysis. The selection of the phyloge-
netrc probes for FISH was based on the major representa-
tive' groups found in the clone libraries. In addition, an
Archaea specific probe (Arch915) was used. The total
bacterral abundances estimated by DAPI counts were
relatrvely high in NS sorl ranging from 15 to
2. 1i>< 10'%cells g™ dry soil. rll\t time 0 of the bioremedia-
tiort experiment in NS soil, 50% of the cell abundance was
assrgned to the Bacteria domain (EUB338 probe mixture;
Frg 4b). This value increased by a factor of 1.5 in the
broaugmented soil after 28 days of inoculation. In the
control soil, a similar increase (factor of 1.3) in the
baclterral fraction was observed. Archaea (Arch915-stained
cells) accounted for only 5% of the total abundance
(6-7 x 10 cellsg™ Y in control and inoculated soils, and
no changes were observed Idue to the bicaugmentation.
Bacteria hybridizing with probes Alf1b (targeting Alpha-
proteobacteria), HoAc1402 (targetmg Acidobacteria) and
Pla886 (targetirig Planctomycetes) were detected in large

nuinbers in NS soils. At time 0, the Alphaproteobacteria
dominated (10-20%), followed by Planctomycetes (about

1%)) Acidobacteria (9%),'Betaproteobacteria (9%) and
Gammaproteobacteria (1-2%) (Fig. 4b). In these soils,
pseudomonad populations (tested with probe PS56a)
were detected sporadically and only in numbers that
remained around the detection limit (set at 1% of the
DAPI-stained cells). No increase was observed after
either bioaugmentation or simazine application treat-
ment.

IfI‘he addition of simazine only produced a clear increase
in the alphaproteobacterial fraction (about 2.5- fold).
Broaugmentatron with strain MHP41 promoted changes in
soine of the most abundant groups detected by FISH (Fig.
4b), most notably the Planctomycetes and Acidobacteria
(iricreasing almost threefold after 28 days of incubation),
followed by Gammaproteobacteria (twofold).

These results suggest that Acidobacteria and Planctomy-
cefes could be active simazine-degrading bacteria or may
play an important role in the functionality of the bacterial
co‘mmumty in' these soils; Despite their abundance in
the biosphere, knowledge of the Planctomycetes and Acid-
obacteria is limited by the fact that the majority of these
microorganisms are uncultured (Quaiser et al., 2003; Buck-
ley et dl., 2006). To understand the role of Planctomycetes
and Acidobacteria in agricultural soils, a novel insight into
the phenotypic or the physiological characterization of these
bacterial groups is desirable.

'In the present study, a srgnrﬁcant increase in pseudo-
monads after repeated introduction of 10%cellsg™

' i
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of MHP41 in the soils was nét observable. This is no

surprising as pseudornonads do not generally account fo
a significant part of sorl communities (Nogales et al., 1999;
Lloyd-Jones et al., 2005, Martin-Laurent et al., 2006).
However, Pseudomonas 'strains have commonly beeh
isolated from such dnvifonments (Cho & Tiedje, 2000;
Lloyd-Jones et al., 20&;)5).! [ . f
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Simazine bioaugmentation'and bacterial community changes i
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b | '
Bacterial dlversm} an‘H community structure |
changes in AS sonl due to bioaugmentation

In AS soil, bacterial drvershty waé dominated by members o6f
the phylum Proteobacterta, most of them affiliated with
Alphaproteobacteria and Betaproteobacteria (around 29%)
as described prevrously for NS soil. Thus, Gammaproteobac-
teria and Deltaproteobacteria were not abundant. Acidobat-
teria and Actinobacteria were represented in the AS clode
library, comprising 2§% and 7% of the clones, respectlvely
Members of the phylum'Planctomycetes were much mote
abundant in AS soil rhad in NS soil (10% vs. 2%). Somle
other minor phylogenetic groups such as Bacteriodetes,
Nitrospirae, Verrucdmrcrobra | and Gemmatimonadetes
were observed. Frrmzdutes and Chloroflexi were not detectéd
in soil AS (Fig. Sa) The total bacterial abundance m
AS soil (DAPI counts? ranged fd)m 2.1t03.0 x 10" cells gl
dry soil, and on]y|40% was assigned to the Bacterra
domain at time 0} | (Fig. Sb) After 28 days, Bacterlra
cells counts (EUB338 probe mlxture) increased in bloaug-
mented soil by a ﬁactor of 18 compared with 1.3 in
the control soil. Thé AS sorl| which has a long history
of simazine treatment,_cxpenenced similar changes in
the bacterial commumw by bioaugmentation as the
NS soil (Fig. 5b). After 28 days, inoculations of the
strain MHP41 mcreased 'the relative abundances of Alpha-
proteobacteria (almost threefold), Planctomycetes (almdst
2.5-fold), and Ac:dobacterla (almost 1.5-fold) wherdas
simazine app]xcatroq promoteld only a slight increase in
Alphaproteobacteria and 'Planctomycetes cells after 28 days
(both < 1.5-fold). The relative abundance of Archaea did
not change as a reshilt of biodugmentation (remaining jat
~5% of the total). ! ;
The results indicated that despite the fact that pseudo-
monads (and, in thlS case, the inoculated Pseudomonas Sp

strain MHP41) are ot present in significant numbers in.

these soils, broaugmentatlon with strain MHP41 promoted
bacterial community shlfts in both AS and NS soils. These
changes at the bacterial community level could not be linked
to the intrinsic agticultural soil composition or to the
previous history of simazine application, but rather to the
introduction of the lsimhzine- -degrading strain MHP41. To
our knowledge, this is the first report showing bacterial
community structure changes due to biocaugmentation, in
simazine-contaminated sorl In a previous report, FISH | as

1
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Fig. 5. Bactenal community diversity and dynamics during bioaugmen-
tation in AS soil. (3) Representatlve phylogenetic groups retrieved from
AS soil by the clone Ilbrary Values are shown as per cent of total clones in
each clone library. (b) FISH analysis of thle microbial community from AS
soil spiked with simazine (~10mg kg") and bioaugmented with Pseu-
domonas sp. strain MHP41. Each valueiis an average of three indepen-
dent expenments Vertical bars indicate SD. Total (DAPI stain), total
mxcroblal abundances; Eub, Bacteria; Alpha, Alphaproteobacteria; Beta,

Betaproreobacrer/a Gamma, Gammaproteobacteria; Acido, Acidobac-
teria; Pseudom, Pseudomonas; Plancto, Planctomycetes; Arch, Archaea.

| ;

used to describe shifts in the existing community structure
caused by the addition of the herbicide simazine and urea to
soil (Barra-Caracciolo et al., 2005). In this case, the groups
most inﬂuenced wete the Alphaproteobacteria and Betapro-
teobacteria. The fact that in our study the major changes
occurred after bioaugmentation, rather than by simazine
apphcatxon, may indicate that the response is mainly due to
the inoculated strain. In this respect, the bioavailability of
nitrogén will probably be enhanced after simazine degrada-
tion into more soluble nitrogen- 'contammg products (Cook
& Hiitter, 1981; Mandelbaum et al., 1995; Rhine et al., 2003)
and may thus directly influence the community structure
changes.

| |
Conclusions

Bloremedlatron using Pseudomonas sp. strain MHP41 was
successful for the removal of simazine at the scale of
mrcrocosms Removal of simazine by bioaugmentation was
mdependent of the previous history of soil contamination.
of note strain MHP41 was essential for simazine removal in
hrgh]y contaminated NS soil. The autochthonous bacterial

|
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communities in the soil were also clearly influenced as a
result of b:oaugmcntatlbn Planctomycetes and Acidobacteria
showed detectable Jncreased humbers via FISH as a com-
mon response to the treatment, independent of the quallty
and the history of ‘the! soil. However, the presence of|the
introduced strain could not be detected in the soils, and
their numbers remamed at the limits of FISH detection. The
presence of archaeal lmeages as metabolically active mem-
bers of microbial ccbmrr&umtles in the two soils 1nd1cates the
ecological 51gn1ﬁcqncc of Archaea in agricultural spils.
Together, the results JLdlcatc that bioaugmentation with
strain MHP41 mghlﬁcantly and effectively mcreased[lthe
rates of bloremedlatxAn over the native autochthonous
catabolic activity, and the sonl_ bacterial community changes
may respond to calalysis of the contaminant rather than to
distortion due to additxlon of cell biomass. ‘
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Pseudomonlzs sp. strain ADP uses the herbici%le atrazine as the sole nitrogen source. We have devised a
simple atrazine degradation assay to determine the effect of other nitrogen sources on the atrazine degradation
pathway. Thef atrazine 3egradation rate was greatly decreased in cells grown on nitrogen sources that support
rapid growth of Pseudomonas sp. strain ADP compared to cells cultivated on growth-limiting nitrogen sources.
The presence of atrazine in addition to the nitrogen sources did not stimulate degradation. High degradation
rates obtained in' the presence of ammonium plus the glutamine synthetase inhibitor MSX and also with an
Nas™ mutant derivative grown on nitrate suggest that nitrogen regulation operates by sensing intracellular
levels of some key nitrogen-containing metabolite] Nitrate amendment in soil microcosms resulted in decreased

atrazine mineralization by the wild-type strainfbut not

by the Nas™ mutant. This suggests that, although

nitrogen repression of the atrazine catabolic pathway may have a strong impact on atrazine biodegradation in
nitrogcn-fert;lizcd soils, the use of selected mutant variants may contribute to overcoming this limitation.

I
i

Atrazine (2-chloro-4-cthylamiho-6-isopropylamino-1,3,5-tri-
azine) is a herbicide of the' s-triazine family used for broadlleaf
weed control in both crop‘; and noncrop lands. Its widesplf'ead
use and high mobility iin $0il hav!e Jed to its frequent detection
in surface water and groundwater at concentrations exceeding
the maximum levels allowed (21, 22, 30, 37). The high inci-
dence of atrazine-confaminated water and the increasing con-
cern about the toxicological and ecotoxicological properties of
atrazine (3, 6, 16, 17) have boosted research directed toward
bioremediation of atrhzine-polluted sites. !

A few laboratories: have reported the isolation of bacteria
with the ability to utilize atrazine, achieving in some cases the
complete mineralization of the herbicide (see reference 29 and
references therein). The ‘best-charactcrized atrazine-min:eral-
izing bacterial straini is Pseudomonas sp. strain ADP (23),
which uses atrazine a§ thé sole nitrogen source by means of a
catabolic pathway comprising six enzymatic steps (25, 40). The
complete degradative] pathway is encoded in the 108-kbpicon-
jugative catabolic plasmid pADP-1, which was recently se-
quenced (25). The atz4, &1zB, and atzC genes, responsible for
the conversion of atfazirde to cyanuric acid, are harbored at
three distant positions within a large (>40 kbp) unstable re-
gion in pADP-1. Loss of one or more of these genes is the
cause of the fzrequen[t ap'pearance of Atr~ (unable to utilize
atrazine) mutants in nonselective medium (10). The genes
involved in the s-triazine ring cleavage and ammonium release
are clustered at a different location in pADP-1, to forth the
atzDEF operon (25). The atzA, atzB, and atzC genes have been
shown to be widesp}ead: and plasmid borne in a numb'ler of

i
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|
independent isolates from different parts of the world (9, 10,

31, 39, 40). |
The influence of nitrogen compounds on the efficiency of
atrazine catabolism has been the focus of a number of studies,
sincé most atrazine-degrading bacteria use it as a nitrogen
sourte and agricultural soils are often rich in nitrogen due to
routilnc fertilization. Nitrogen amendments have been shown
to have a negative effect on dtrazine biodegradation by indig-
enous populations in soils (1, 2, 4, 12). The effect of nitrogen
sources on atrazine degradation has also been tested in pure

cultures of degrading organisms, and both nitrogen-repressed .

and nonresponsive strains have been described (15, 28, 36).
Pseudomonas sp. strain ADP has been shown to metabolize
atrazine rapidly when previously grown on atrazine or glycine
while degradation was significantly slower with cells grown on
ammonium, nitrate, or urea (5, 19).

In this paper, we use a simple atrazine degradation assay in
resting cell suspensions to characterize nitrogen control of the
atrazine catabolic pathway in' Pseudomonas sp. strain ADP. In
addition, we determine the effect of nitrate amendment in soil
on atrazine mineralization by Pseudomonas sp. strain ADP and
describe a mutant that, by overriding nitrogen control, miner-
alizes atrazine efficiently in nitrate-amended soil.

| !

MATERIALS AND METHODS

Bacterial strains and growth media. Minimal medium for Pseudomonas sp.
strain ADP was previously described (24). Sodium succinate (1 g liter™") was
always used as a carbon source. Nitrbgen sources were added at a final concen-
tratidn of 4 mM nitrogen, except for atrazine, which was supplied at the satu-
rating concentration from a reservoir. Briefly, 0.15 ml of a 20-mg liter™" atrazine
solution in methanol was added to the cap of a microcentrifuge tube. The open
side of the cap was topped with a piece of cellulose dialysis membranc (Sigma-
Aldrich Chemie, Steinheim, Germany), which was sealed in place with the top
ring of the same micracentrifuge tube, The sealed reservoir was added to the
water in the medium and sterilized by autoclaving. This method provides a
continuous supply of atrazine without the problems derived from its low water
solubility (31 mg liter™*). Minimal agar plates were prepared as described above
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but with the addition of 20 g of agar noble (Difco, Detroit, Mich.) liter™".
Minimal atrazine agar plates in cludéd 0.4 g of atrazinc liter™*, added from a 20-g
liter™ solution in methanol. Precipitation of atrazine crystals gives these plates
a turbid appearance. Lutia-Bertani (LB) agar was used as rich solid medium and
was supplemented with atrazine (0.4 g liter™") when required. Cells were grown
at 30°C, and shaking (~180 rpm) was used to acrate liquid cultures. .

Pseudomonas sp. strain ADP (23) was used as a mode! atrazinc-degrading
bacterium. This strain is naturally resistant to ampicillin (40 mg/liter). Spo'nta-
neous Atr~ (deficient in atrazine tilizatidn) mutants were isolated by taking
advantage of the intrinsic inst}abilitgl of the atrazine-degradative phenotype (10).
Pscudomonas sp. strain ADP was grown to saturation in liquid LB medium
containing 1 ¢ of NH,Cl liter 7' and then subcultured in the same medium, After
three scrial dilutions, cells were plated on LfB agar containing 0.4 g of crystallized
atrazine liter™", Colonies not surrounded by clear halos were streaked on min-
imal agar plates containing cy{anuric acid as the sole nitrogen source to test for
the cyanuric acid utilization phenl)lypc (Cya). Both Cya™ and Cya” colonics
were cxamined for the preserice of atrazine catabolic genes by PCR and restric-
tion analysis of the pADP-1 plasmid. Two derivatives, named MPO100 and
MPO101, were chosen for f\;:rthc’{ study. MPO100 is cured from pADP-1, as
inferred from its Atr~ Cya™ phenotype, lack of amplification with specific dtzA4,
atzB, and aizC primers (see reference 9 for primer sequences), absence of
plasmid bands in plasmid préparat;ions, and 100-fold-increased conjugation fre-
quency as a recipient of IncP'plasmids (incompatible with pADP-1). MPO101 is
Atz™ Cya*, and PCR 2and restriction analysis revealed that it harbors a deletion
derivative of pADP-1 that lacks virltually the entire unstable region, including the
otzA, atzB, and atzC genes 'and {ntervening sequences. A spontancous Nas™
(deficient in nitrate assimilation) mutant derivative, named MPO102, was iso-
lated based on chiorate resistance (14) by plating Pscudomonas sp. strain ADP
on minimal medium containing KClO; (10 g liter™") and then scoring for slow
growth on minimal agar pla'lcs containing nitrate as the sole nitrogen source.
Spontancous rifampin-resistant (Rif") derivatives of these strains were isolated
when required by mass plating on LB agar containing rifampin (20 mg liter™).

Plasmid pADP-1 DNA pnlcpar%ltion mlld manipulation. Small-scale p]ésmid
preparations from Pscudomonas sp. strain ADP were performed by a simple
alkaline lysis method, followed by one phenol-chloroform (24:1, vol/vol) extrac-
tion and cthanol precipitation (32). Preparations displayed one single slow-
migrating band when run on'0.89 agarose gels. Digestion with BamHI, EcoRV,
or Hindlll yiclded band patterns consistent with those expected for pADP-1
according to the published s'cquelhcc (25).

Resting cell assay of atrazine’ degradation. A simple resting cell assay was
devised to measure the atrézincldcgradation of Pseudomonas sp. strain ADP
based on a spectrophotometric atrazinc chlorohydrolase assay described previ-
ously (7). Preinocula were g{'own'(o saturation by shaking overnight at 30°Cin 3
ml of minimal medium, with ammonium as the sole nitrogen source. Cells were
harvested by centrifugation, washed three times with phosphate-buffered saline
solution (60 mM sodium-pdtassi\flm phosphate [pH 7.0], 0.5 g of NaCi liter™"),
and resuspended in minimal medium with NH,Cl, NaNO,, L-proline, urea,
L-serine. biuret, cyanuric acid, or atrazine as a nitrogen source. In some exper-
iments, atrazine was added as a'sccond nitrogen source. Cultures were subse-
quently shaken at 30°C for 16 to 20 h to early exponential phase (optical density
at 600 nm {ODgqp}, ~0.3).:Cells were harvested by centrifugation, and pellets
were washed three times with U buffer (10 mM sodium phosphate [pH 7], 0.1
mM MgS0,) and resuspended it the same buffer to an ODjggq of 0.25. Aliquots
(5 mi) were placed in a watkr bath at 30°C and incubated for 2 min, and then 50
ul of 6 mM atrazine was added. Samples (0.5 ml) were withdrawn at 5-min
intervals and centrifuged fmmejdiately for 3 min in a microcentrifuge at full
speed. The atrazine concentration was determined from the absorbance at 225
nm (Ayys) of the supernatants by using an experimentally derived molar extinc-
tion cocfiicient of 2.71 x 10 liter cm ™" mol™". '

Effect of MSX on ntrazine d&grndati'on. The glutamine synthetase inhibitor
L-methionine sulfoximine (MSX') was used to inhibit nitrogen assimilation. To
determine the appropriate‘concentration of MSX, Pseudomonas sp. strain ADP
was grown in minimal medium with ammonium (1 g of NH,Cl liter™") as the sole
nitrogen source to an ODggq Of ~0.2. Then the culture was split between five
flasks and cxposed to 0, 0.2, 0.5'r 0.8, or;l mM MSX. The effect of the inhibitor
on bacterial growth was dgtcrm‘incd by monitering the ODjgqp of the cultures.

To test the effect of MSX on atrazine degradation, Pseudomonas sp. strain
ADP was grown as described above to an ODgpo of 0.2. Then the culturc was split
between two flasks, and MSX was added to one of them to a final concentration
of 0.5 mM. After 6 h of incubation, cells were harvested and resting cell assays
of atrazine degradation were performed.

Atrazine mincralization assay in soil microcosms. Microcosm assays of
atrazine mincralization inlsoit \&lrerc performed by using 25-ml airtight glass vials
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containing 5 g (equivalent dry weight) of field-moist sicved (<2.8-mm pore siz¢)
agricultural surface soil (38). This soil has a low nitrate content (0.016 mg of
nitrogen g of soil™*), as dctermined by a direct colorimetric method (13). When
required, soil was amended with KNO;I (0.5 mg of nitrogen g of soil™!). Spon-
taneous Riff derivatives of thc Pseudomonas sp. strain ADP wild-type and
MPO102 strains were grown to mid-cxponential phase in minimal medium with
atrazine as the sole nitrogen source. Celis were harvested, washed three times in
sterile phosphatc-buffered saline solution, and inoculated at a density of 108
CFU g of soil ~!. Noninoculated controls received the same volume of autoclaved
cell suspension. Water content was adjusted to 60% of the holding capacity of the
soil. Uniformly ring-labeled [**Clatrazine was subsequently added to the soil (40
g of atrazine g of s0il =1, 250 Bq g of soil™"). A test tube containing 1 ml of 1
M NaOH was placed inside each vial before sealing. Soil microcosms were
incubated at 25°C. In acclimation experiments, atrazine-grown Pseudomonas sp.
strain ADP cells were incubated in the soil for 6 days prior to the addition of

atrazinfc. At defined time intervals, tht% vials were opened, and the amount of
1400, evolved was determined by scintillation counting of the NaOH solution.

Before resealing and further incubation, fresh NaOH (1 ml) was added to each
{est tube. Scintillation was performed by using a Beckman 1.S6000TA liquid
scintillétion system. To monitor the change in bacterial numbers, a parallel set of
microchsms was set up, but radiolabeled atrazine was replaced with cold atrazine.
Viable Pseudomonas sp. strain ADP counts were determined by plating dilutions

at selegted time points on LB plates containing 20 mg of ampicillin liter™! and

10 mg of rifampin liter™".

Chemicals. Uniformly ring-labeled atrazine (7.8 mCi/mmol), cyanuric acid,
biuret, urea, and MSX were purchased from Sigma-Aldrich-Ricdel de Hien.
Technical grade atrazine (>98% purity) was a gift from Novartis (Greensboro,
N.C.).'All other chemicals uscd were of reagent grade or better.

! I

: RESULTS

A §imple assay to measure atrazine degradation by Pseudo-
monds sp. strain ADP. We have devised a simple method to
measure atrazine degradation by resting cells of Pseudomonas
sp. strain ADP. Our assay monitors the evolution of atrazine
concentration in cell supernatants by means of A,,s measure-
ments (see Materials and Methods for further details). Several
control experiments were performed to test the validity of this
method. A decrease in A,,s was not observed when (i) wild-
type atrazine-grown cells were killed by boiling prior to the
addition of atrazine; (i) a Pséudomonas sp. strain ADP deriv-
ative (MPO100) cured for the pADP-1 plasmid grown on
serinie as the sole nitrogen source was used; and (iii) another
mutant derivative (MPO101) that lacks the atz4, atzB, and
atzC genes in pADP-1 grown on serine or cyanuric acid as the
sole;nitrogen source was used (data not shown). Living cells of
wild-type Pseudomonas sp. strain ADP caused a significant
decrease in A,,s under all of these conditions (see below).
Thebe results indicate that the decrease in A,,s correlates with
the activity of plasmid-borne genes involved in atrazine catab-
olism. ;

Effect of nitrogen sources on atrazine degradation. We have
used the resting cell assay to address the effect of growth on
different nitrogen sources on atrazine degradation by Pseudo-
monas sp. strain ADP. As expected, atrazine-grown cells ex-
hibited considerable atrazine degradation in our assay (Fig. 1).
Cells grown on ammonium as the sole nitrogen source failed to
reduce the atrazine concentration in the supernatant signifi-
cantly (Fig. 1A). This was not a short-term effect of ammonium
on ‘atrazine transport or atrazine metabolizing enzymes, since
addition of ammonium to, the assay buffer did not affect
atrazine degradation by atra'zine-grown cells (data not shown).
The presence of atrazine in addition to ammonium in the
growth medium did not stimulate atrazine degradation, sug-
gesting that ammonium-mediated repression operates regard-
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FIG. 1. Atrazine degradati'on in resting cells of Pseudomonas sp. strain ADP grown on different nitrogen sources. The percentage of the initial

atrazine concentration remaining in the supernatant at each time point is plotted against time. Each panel represents the results obtained with a
different nitrogen source| (A) Ammonium; (B) urea; (C) nitrate; (D) proline; (E) cyanuric acid; (F) biuret; (G) serine. The plot obtained with
atrazine-grown cells is displayed in all panels for reference. Closed circles, cells grown on each compound as the sole nitrogen source; open circles,
cells grown on cach compound plus atrazine as nitrogen sources; closed squares, cells grown on atrazine ds the sole nitrogen source. Symbols
represent the averages olf the' results from three to four independent experiments. Error bars represent standard errors of the averages.
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less of the presence of thle herbicide in the culture medium.
The effect of ammonium was nét due to the loss of the cata-
bolic genes, since eﬁicien}t atrazine dcgradation‘ was evident
when cultures were 5!10\}/ed to exhaust the ammonium by
growing to stationary phase (data not shown). Several other

nitrogen sources were tested with the same approach, The rate -

of atrazine dcgradatibn Liyy cells grown on urea, proline, or
nitrate was low regardles$ of the presence of atrazine in the
growth medium (Fig. 1B to D). However, cyanuric acid, biuret,
and serine failed to pepréss atrazine degradation both in the
presence and in the absence of atrazine (Fig. 1E to G). Inter-
estingly, nitrogen souyces:(amm\onium, urea, and proline) that
supported fast growth of' Pseudomonas sp. strain ADP (dou-
bling time, ~2 h) repressed atrazine degradation while degra-
dation was cfficient jwith those nitrogen sources on which
Pseudomonas sp. strain ADP exhibited slower growth (dou-
bling time, >6 h), su;ch as biuret, atrazine, or serine. Pseudo-
monas sp. strain ADP had similar doubling times (~3 h) when
grown on nitrate and cyanuric acid, but degradation was ob-
served with cyanuric acip-groWn cells and not with nitrate-
grown cells. However, this mdy relate to a specific positive
effect of cyanuric acid on'the degradative pathway (V. Garcia-
Gonzalez, unpublished data). Taken together, our results sug-
gest that one or more steps in atrazine utilization are repressed
under nitrogen-sufficient' growth conditions and activated un-

| '

]
|
)
I!'
|
|

| !

der nitrogen limitation. Activation does not appear to require
atrazine or any of its metabolites (Fig. 1G). In addition,
atrazine does not stimulate its own catabolism when a repress-
ing nitrogen source is present (Fig. 1A to D).

throgen incorporation to carbon backbones is required for
repression of atrazine degradation. To test whether nitrogen
control of atrazine degradation requires assimilation of the
nitrogen source, we used MSX, an inhibitor of glutamine syn-
thetase. Treatment of cells growing on ammonium with suble-
thal concentrations of MSX has been shown to provoke nitro-
gen starvation in several bacterial species by slowing down
ammonium incorporation into carbon backbones and deplet-
ing the internal pools of glutamine (8, 34). A concentration of
0.5 mM MSX was chosen, since it had a severe effect on the
growth rate but did not cause a complete inhibition of bacterial
growth (Fig. 2A). Atrazine degradation by ammonium-grown
cells; was greatly stimulated when 0.5 mM MSX was also
present in the growth medium, as assessed by resting cell assays
(Fig. 2B), indicating that slow assimilation is sufficient to over-
ride ammonium-mediated repression of the pathway.

A an alternative means to test nitrogen signaling in Pseudo-
monas sp. strain ADP, a gen‘ctic approach was used. A Nas™
mutant (MPO102) was isolated that grows slowly on nitrate but
exhibits a growth rate similar to that of the wild type on am-
monium (Fig. 3A) and other nitrogen sources (data not
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FIG. 2. Effect of MSX orl growth and atrazine degradation by rest-
ing cells of Pseudomonail‘ sp. strain ADP. (A) Growth curves of Pseudo-
monas sp. strain ADP jgrowing ol ammonium as the sole nitrogen
source with the addition of 1 mM MSX (closed triangles), 0.8 mM
MSX (open squares), 0.5 mM MSX (closed squares), 0.2 mM MSX
(open circles), or no MSX i(closed circles, —MSX). The arrowhead
indicates the time of Addition of MSX. (B) Resting cell assay of
atrazine degradation by Pseudomonas sp. strain ADP grown on am-
monium (closed circles, ~MSX) or ammonium and 0.5 mM MSX
(open circles). Symbols represent the averages of the results from four
indcpendent experiments. Error bars represent standard errors of the
averages. -
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shown). Unlike the \%'ild %type, MP0102 degraded atrazine ef-
ficiently in resting cell assays when grown on nitrate alone or
on nitrate and atrazine as nitrogen sources (compare Fig. 3B
with 1C). These results strongly suggest that the signaling path-
way responsible for'nitrogen control of atrazine catabolism
requires intracellular iricorporation of nitrogen to carbon
backbones. In additibn, growth-limiting nitrogen assimilation
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FIG. 3. Growth and atrazine degradation by resting celis of the
Nas™ MPO102 strain. (A) Growth curve of wild-type (wt) Pseudomo-
nas sp. strain ADP (circles) and MPO102 (squares) growing on am-
monium (closed symbols) or nitrate (open symbols) as the sole nitro-
gen source. (B) Resting cell assay of atrazine degradation by MPO102
grown on nitrate (closed circles), nitrate and atrazine (open circles),
and atrazine (closed squares) as nitrogen sources. Symbols represent
the averages of the results from threc to four independent experi-
ments. Error bars represent standard errors of the averages.

is sufficient to induce atrazine degradation, regardless of the
chemical nature of the nitrogen source tested.

Nitrate addition inhibits atrazine mineralization by Pseudo-
monas sp. strain ADP in soil. Nitrogen control of atrazine
utilization may pose a limitation to degradation of the herbi-
cide by Pseudomonas sp. strain ADP in nitrogen-rich agricul-

tural soils. To address this issue, soil microcosm experiments

were designed in which the rate of radiolabeled atrazine min-
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Cells were grown on atrazine as the sole nitrogen source and were
inoculated directly to unamended soil (circles) or heat killed prior to
addition (squares). (B)t Atrazine mineralization by wild-type Pseudo-
monas sp. strain ADP after 6 days of adaptation to unamended (closed
circles) or nitrate-amended'(0.5 mg of NO;N g™") soil {open circles).
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eralization by Pseudomonas sp. strain ADP was determined in
nonsterile low-nitrogen soil samples. In initial control experi-
ments, the addition of wild-type atrazine-grown Pseudomonas
sp. strain ADP to unamended soil greatly stimulated atrazine

mineralization compared to a control to which heat-killed cells -

were added (Fig. 4A). Interestingly, a low level of atrazine
mineralization was evident in the control vials, indicating that
atrazine-mineralizing organisms were part of the natural flora
in the soil. Atrazine mineralization by Pseudomonas sp. strain
ADP was rapid, with more than 50% of the label released
within the first 24 h after atrazine addition. Similar results were
obtained with the MPO102 mutant (Fig. 4A). To determine
the effect of nitrate on atrazine mineralization in soil, Pseudo-
monas sp. strain ADP cells, were inoculated into nitrate-
amended and unamended soil microcosms and allowed to ac-
climate to the soil environmenit for 6 days prior to the addition
of atrazine (Fig. 4, B). Atrazine mineralization by Pseudomo-
nas sp. strain ADP in the amended soil was decreased three-
fold compared to the unamended control, indicating that

atrazine mineralization in soil is repressed by nitrate. Miner-
.. : i . ? . ;
alization rates were lower than in the previous experiment,

likely due to the decrease in the Pseudomonas sp. strain ADP
population in the soil during the acclimation period (half-life,
~3.1 days). !

Atrazine mineralization by the MP0O102 mutant is not re-
pressed by added nitrate. To test whether atrazine degradation
by the MPO102 mutant is affected by the presence of nitrate in
a soil environment, atrazine!grown MPO102 was aiso accli-
mated for 6 days in unamended and nitrate-amended soil mi-
crocosms. Radiolabeled atrazine was then added, and miner-
alization was monitored (Fig. 4C). The atrazine mineralization
rate in the unamended soil was similar to that observed with
wild-type Pseudomonas sp. strain ADP (compare unamended
controls in Fig. 4B and C). Interestingly, there was no signifi-
cant difference between mineralization rates in unamended
and nitrate-amended soils when MPO102 was used. This dif-
ference between the wild-typé and mutant strains is not due to
increased survival of MPO102, since its half-life in nitrate-
amended soil was slightly lower than that of the wild-type
strain (2.3 days). These results indicate that atrazine degrada-

tion by MPO102 is not repressed by nitrate in the soil.

|
{

DISCUSSION

In this study, we have found that the presence of preferential
nitrogen sources in the environment is detrimental to atrazine
degradation by Pseudomonds sp. strain ADP. These results
confirm and extend the observations of Bichat et al. (5). These
authors noted that atrazine degradation by cells previously
grown on ammonium, nitrate, or urea as the sole nitrogen
source was slow compared tb atrazine- or glycine-grown cells.
Our data clearly show that certain nitrogen sources have an
inhibitory effect on the catabolic pathway that is not prevented

(C) Atrazine mineralization by MPO102 after 6 days of adaptation
to unamended (closed squares) or nitrate-amended (open squares)
soil. Symbols represent the averages of the results from three inde-

pendent experiments. Error bars represent standard errors of the av-

erages.
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by the simultancous pre senl&c of atrazine in the medium. This
and the fact that efficierit atrazine degradation can be achieved
with compounds unrelziltcd'to the atrazine degradative path-
way, i.c., serine (Fig. 1G) origlycine (5) as sole nitrogen sources
indicate that neither atrazine nor any of its metabolites are
required for induction of the pathway.

General nitrogen control is a well-characterized regulatory
phenomenon in a numl;jer qf gram-positive and gram-negative
organisms (26). Our reFults suggest that atrazine degradation
may be subjected to general nitrogen control resembling that
described in enterobacteria: (i) regulation is likely to occur
primarily at the gene -xprlession level, since addition of am-
monium to the assay buffer'had no inhibitory effect on atrazine
removal by atrazine-gfowr‘) cells; (ii) atrazine catabolism is
repressed in the presen'ce of nitrogen sources that support fast
growth of the strain, suggesting preferential nitrogen assimila-
tion from these nitrogen sources; and (iii) nitrogen status is
sensed from changes lin intracellular pools of metabolites,
rather than from the nitrogen species present in the medium
(11, 18, 33). Nitrogen cpntrbl in the enterobacteria requires an
alternative form of RNA pélymerasc holoenzyme that contains
o>* (the product of rpéN) (26). Interestingly, an rpoN mutant
of Pseudomonas putida KT2440 can grow normally on the
atrazine degradation-repressing nitrogen sources ammonium,
urea, and proline but fails to grow on the nonrepressing nitro-
gen sources serine and| glyc}ine (20). The only exception to this
correlation is nitrate, Which cannot be utilized as a nitrogen
source by the P. putida rpoN mutant but represses atrazine
degradation in Pseudomor{as sp. strain ADP. However, com-
parison of the growth gateél of the two organisms suggests that
nitrate may be a growth-limiting nitrogen source for P. putida
KT2440 but not for Pse‘udo;norzas sp. strain ADP. It is tempting
to speculate that a conserved ¢°*-dependent mechanism is
responsible for genera:l nitrogen control in the enterobacteria
and the pseudomonads. In that regard, it is worth noting that
genes homologous to the signal transduction and regulatory
elements for general !nitrbgen control in the enterobacteria
have been found in the sequenced genomes of Pseudomonas
aeruginosa PAO1 and P. putida KT2440 (27, 35).

Many xenobiotic-degrading bacterial strains that perform
well in laboratory media turn out to be poor degraders in a
natural sctting (42). Ohe piossible explanation for this phenom-
enon is the presence é)f environmental traits that have a neg-
ative impact on the expression of the degradative pathway. Our
results indicate that ni‘trogen control of atrazine metabolism is
functional under soil conditions and may therefore limit the
potential of Pseudomonas sp. strain ADP for atrazine biore-
mediation in nitrogen+fertilized agricultural soils. On the other
hand, the absence of ritrate repression in the MPO102 mutant
and the fact that nitrate is the major nitrogen species in well-
aerated soils (41) suggest that MPO102 may be a more suitable
strain for bioremediatiorl of atrazine-contaminated agricul-
tural soils with a highi:‘ nitriogen content.
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Abstract

s-Triazine herbicides are used extensively in South America in agriculture and
forestry. In this study, a bacterium designated as strain MHP41, capable of
degrading simazine and atrazine, was isolated from agricultural soil in the
Quillota valley, central Chile. Strain MHP41 is able to grow in minimal
medium, using simazine as the sole nitrogen source. In this medium, the
bacterium exhibited a growth rate of £=0.10 h7!, yielding a high biomass of
4.2 % 108 CFUmL™". Resting cells of strain MHP41 degrade more than 80% of
simazine within 60 min. The atzA, atzB, atzC, atzD, atzE and atzF genes
encoding the enzymes of the simazine upper and lower pathways were detected
in strain MHP41. The motile Gram-negative bacterium was identified as a
Pseudomonas sp., based on the Biolog microplate system and comparative
sequence analyses of the 165 rRNA gene. Amplified ribosomal DNA restriction
analysis allowed the differentiation of strain MHP41 from Pseudomonas sp.
ADP. The comparative 16S rRNA gene sequence analyses suggested that strain
MHP41 is closely related to Pseudomonas nitroreducens and Pseudomonas
multiresinovorans. This is the first s-triazine-degrading bacterium isolated in
South America. Strain MHP41 is a potential biocatalyst for the remediation of
s-triazine-contaminated environments.

i
the standard acceptable levels of 0.1 and 3.0ugL™" allowed
by the European Union and USA regulatory authorities,

s-Triazine herbicidgs, such as simazine [2-chloro-4,6-
bis(ethylamino)-s-triazine], have been used extensively
for the control of weeds in many regions of the world
(Mandelbaum e)% al.,|1995; Radosevich et al., 1995; Santiago-
Mora et al., 2005). These agrochemicals are used mainly as
pre- and postemergence herbicides. They ate strong inhibi-
tors of photosynthesis, interrupting the electron transport
chain in photosystem II (Foth, 1999; Rousseaux et al,, 2001;
Tappe et al, 2(502).! The mobility of s-triazine in soil has
contributed to tHe contamination of surface- and groundwater.

s-Triazines have been detected in drinking water, exceeding
P
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respectively (Mandelbaum ‘et al., 1995; Rousseaux et al,
2001). Atrazine has been classified as a class C carcinogen
(Ralebitso et al., 2002; Talﬁpe et al., 2002). Simazine and
atrazine are the herbicides applied most frequently in Chile,
where 350 tonnes were sold in 2004 (Dinamarca et al., 2007).
s-Triazine herbicides persist in soils, as well as in aquifers.
Chemical and biological processes are involved in the
dissipation of atrazine and simazine in soil (Gunasekara
et al,, 2007). However, microbial degradation is probably
the main mechanism for 'removing s-triazine' from soils
(Ralebitso et al., 2002). Bacteria able to degrade s-triazine
i
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herbicides have been i:solatled (Mandelbaum et al., 1995; Topp
et al, 2000a,b; Rousseaux et al, 2001) and the
s-triazine degradation'patﬁways of Pseudomonas sp. ADP have
been characterized ('Martinez et al, 2001). The ‘upper’
degradation pathway for s-triazine catabolism to cyanuric acid
is encoded by the atzA, atzB and atzC genes (De Souza et al.,
1998a). Cyanuric acid is Lninerélized to carbon dioxide and
ammonia by three enzymes of the lower’ degradation pathway,
encoded by the atzD, htzE'and atzF genes (Strong et al., 2002).
Here, we present the report of a novel simazine-degrading
bacterium isolated from! agricultural soil of central Chile,
Pseudomonas sp. strain MHP41, which is able to efficiently
degrade simazine, to: use it for growth as the sole nitrogen
source and could represent an important biocatalyst for the
remediation of s-trialzine-contaminated environments.

Materials and _lnethods
|

Materials !

|

Commercial simazine (Gesatop WP90) used for selective
enrichment cultivation| was | purchased from Syngenta
(Greensboro, Uniteh States). Simazine (99% pure) and
standard simazine l‘(> 99% pure) were purchased from
Atanor (Buenos Ajlres,!Argentina) and Dr Ehrenstorfer
GmbH (Augsburg, Germany), respectively.

|
Soil sampling

Soils were samplec? frg')m an avocado agricultural field
located in the Quillota valley, central Chile. These soils have
been subjected to continuous simazine application for more
than 20 years, Surface so:il samples (0~20 cm) were collected
adjacent to 10 randomly selected avocado trees in December
2002, air-dried and stored at 4 °C until analysed.

Enrichment andl ba?:terial isolation

Bacterial strains were isolated by selective enrichment. Ten
grams of soil (dry, weight) was added to 90mL of AM
medium (AM) (Roussea'ux et al,, 2001) with added simazine
as the sole nitrogen source. The medium contained (Lh:
1.6g K,HPO,; 0.4'g KH,PO4 0.2g MgSO,-7H;O; 0.1¢g
NaCl; 0.02 g CaCl,; and 30 mg simazine. The medium pH
was adjusted to 7.0 and, after autoclaving, the medium was
supplemented with filter-sterilized solutions of sodium citrate
(10mLL™" of a 100gL™" solution) as a carbon source; trace
elements (1 mLL™! bfa dolution containing 2 g L~ boric acid;
1.8gL™" MnSO,- ﬁzo‘; 02gL™" ZnSO,-7H,0; 0.1gL™"
CuSO,-5H,0; and 0.25gL”' NaMoO,-2H;0); vitamins
(1mLL™ of a solukionl containing 100 mg L™ of thiamine-
HCland 40mg ™! of biotin); and FeSO, - 7H,0 (1mLL™" of
asg L' solution). ;Cyc1:oheximide (50 mg L'y was included
in the medium to inhibit eukaryotic cell growth (Rousseaux

v
i
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et al, 2001). Enrichments were incubated at 28 °C with
agitation (150 r.p.m.). Enrichment cultures were subcul-
tured on the same medium at 2-week intervals, Isolates were
obtained by spread plating on AM agar with simazine
(2.5 mM) and subsequently purifying by streak plating. AM
agar cultures were incubated at 28 °C. Strain MHP41 was
deposited in the Culture Collection, University of Géteborg
(CCUG), with the accession number CCUG 50378.

Bacterial growth

Bacteria were grown in AM brotlil, supplemented with sima-
zine as the sole nitrogen source, Bacterial growth was analysed
by measuring turbidity at 600 nm and by CFU counting, Strain
MHP41 was cultivated on Tryptic Soy (TS) broth for determi-
nation of the optimal growth temperature measured between 5
and 42 °C. AM agar with simazine (3.0 mM) and TS agar with
atrazine (2.5mM) were used to observe clearing zones of
bacterial colonies indicating degradation of s-triazines.

Simazine degradation by resting cell assays

Bacterial cultures were grownF at 30°C as described by
Garcia-Gonzalez et al. (2003) to the exponential phase
(turbiditygao nm~0.3). Cells weré harvested by centrifugation
and washed three times with a phosphate buffer saline
solution [60mM sodium phosphate (pH 7.0), 0.5gL™
NaCl]. Finally, cells were resusp%:nded to a turbiditysponm Of
0.25-0.30 using 10 mM sodium phosphate (pH 7.0), supple-
mented with 0.1 mM MgSO,. Simazine was added to cell
suspensions, to a final concentration of 0.06 mM, and in-
cubated further at 30 °C. Aliquots of cell suspensions were
taken after different incubation times and centrifuged for
1 min at 16000g. The simazine concentration was deter-
mined by measuring the Adsnm Of the supernatants.
Degradation assays were performed in triplicate. -

'
[
H

Analyses of atz genes

The atzA, atzB, atzC, atzD, atzE and atzF genes were assessed
using PCR, with specific primers as described (De Souza
et al., 1998b; Devers et al, 2004). Genomic DNA was
prepared from single colonies resuspended in 100 pL Tris-
EDTA buffer, heated to 95°C for 5min and centrifuged
briefly. The supernatant (2.0 "L.L) was used for PCR (25pL

final volume). ;

Substrate-oxidation analyses

Strain MHP41 was characterized, using the BIOLOG micro-
plate system (Biolog Inc., Hayward, CA), according to the
protocol of the manufacturer. The GN2 microplate was
incubated for 24 h in the dark at 30 °C.
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Amplified ribosomal DNA restriction analysis
{(ARDRA) 2

ARDRA was pcrformecl on the bacterial strains MHP41 and
Pseudomonas sp. ADP (Mandelbaum et al.,, 1995). A bacter-
ial colony was suspended in 100 uL sterile deionized H,0O
and heated at 94 °C for 10 min. The 165 rRNA genes were
amplified by PCR usmg bacterial primers 27f (5'-AGAG
TTTGATCMTGGCTCAG 3') and 1492r (5'-TACGGYTAC

CTTGTTACGACTT-3!) (Weisburg et al, 1991). PCR pro- '

ducts were dlgested with two restriction endonucleases, Mspl
or Hhal (Fermentas, Ontario), accordmg to the protocols of
the manufacturer. lARDRA profiles (2-5 pL of digested 168
rRNA gene products) were separated by electrophoresis
(MiniProtean, Biorad) in an 8% polyacrylamide gel in Tris
borate EDTA buffer, at 130V, for 60 min, and stained with
ethidium bromide!
N :

16S rRNA gene sequence analysis

Genomic DNA wés ptepared using the FastDNA® Kit for
bacteria and the protocols of the manufacturer (Bio 101
Systems, Q-BioGene). The 165 rRNA genes were amplified
by PCR, in dupllcalte, using bacterial primers: 16F27 (5'-AG
AGTTTGATCCTGGCTCAG 3') and 23R458 (5'-CCCCT
TTCCCTCACGGTAC 3", complementary to nucleotide
positions 7-27 of the 16S rRNA gene and positions 458—476
of the 235 rRNA gene (Escherzclua coli rRNA gene sequence
numbering), respectwely, and the protocols described pre-
viously (Hauben et al., 1997). PCR products were sequenced
directly, using thels sequencing primers described previously
(Hauben et al., 597) and the Tag DyeDeoxy Terminator
Cycle Sequencmg kit, version 3.1, an ABI model 3100
DNA Sequencer, a'ccor‘dmg to the protocols of the manufac-
turer (Applied Biosystems Inc., Foster City, CA). Sequence
data were edited {manually and compared with reference
165 rRNA gene sequence data, including those of type
strains of specieslwith validly published names, using the
FastA3 algorithm l(htq’)://www.ebi.ac.uk/fasta?)/) (Pearson &
Lipman, 1988).

Results l

I
Isolation and chall'acterlzatlon of a novel
simazine-degrading bacterium

1

Bacterial strains able to grow on AM agar with simazine as
the sole nitrogen source were isolated from soil samples
from agricultural fields with long-term simazine treatments.
One of these strains, obtained from the fourth subculture,
was analysed in :detéil for its degradation capacity and
designated as strain MHP41

Strain MHP41 was a Gram- -negative, motile bacterium
that formed round, srnooth and convex colonies on TS agar.

]

3
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This bacterium was able to grolw on TS broth at a wide range
of temperatures, with an optimum temperature of c. 30 °C.
Strain MHP41 was able to grow using simazine or atrazine
as the sole nitrogen source. To visualize s-triazine degrada-
tion ability on agar plates, strain MHP41 was grown on AM
agar plates supplemented with simazine (3.0mM) as the
sole nitrogen source and on plates of TS agar supplemented
with atrazine (2.5mM). The clearmg zones observed around
the colonies indicated s-triazine degradation.

The strain, grown in AM broth supplemented with citrate
as a carbon source and simazine as the sole nitrogen source, at
30°C, attained a turbidity of 1.03 at 600 nm and a biomass
of 4.2 x 10 CFUmL™ (data not shown). In this medium,
the bacterium exhibited a growth rate of p=0.10h"".

Resting cells of strain MHP41, cultivated on minimal
medium with simazine as the only nitrogen source, were
observed to degrade 80% of available simazine in 1h (Fig. 1).

Detection of atz catabolic genes

The atzA, atzB and atzC genes, encoding the ‘upper’
s-triazine catabolic pathway, were detected by PCR amplifica-
tion using a specific set of primers (De Souza et al., 1998b).
The expected sizes of PCR products were observed: atzA:
0.5kb; atzB: 0.5kb; and azC; 0.6kb (Fig. 2). Additionally,
the atzD, atzE and atzF genes, encodmg the ‘lower’ s-triazine
catabolic pathway, were also detected in strain MHP41. The
PCR products, atzD: 0.5kb; atzE: 0.2kb; and atzF: 0.3kb

atzF, are shown in Fig, 2.

Taxononiic characterization and identification

Strain MHP41 was determilned to be a Gram-negative,
motile, rod-shaped bacterium. It was catalase positive and
oxidase negative. It used glucose and fructose as carbon

sources but did not use sucrose, galactose, lactose or

120 ] !
£ 100 — .
2 |
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8 40
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Fig. 1. Simazine degradation by Pseudomonas sp. MHP41. Resting cells
of a culture previously grown in AM broth with simazine were incubated
with simazine (0.06 mM). The control was phosphate buffer supplemen-
ted with MgSQ4. Each value represents an average of three independent

experiments.
t
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maltose. The isolate MHP41 was tentatively identified as a
Pscudomonas sp. by the Biolog identification system, with a
similarity index of 0.76 with Pseudomonas nitroreducens and
Pscudomonas azelaica (> 0.50 is considered to be an accep-
table match) (Table 1). ARDRA electrophoretic profiling
(using restriction en:donﬁcleases Mspl or Hhal) was used

for comparing strain MHP41 with the atrazine-degrading
strain Pseudomonas, sp., ADP. ARDRA patterns showed

important differences in' the 165 rRNA gene sequences of

the two organisms ahd allowed the differentiation of strain
MHP41 from Pseudo}mon:as sp. ADP (Fig. 3).

Comparative 165 tRNA gene sequence analysis identified
strain MHP41 as a s;‘)eciés of Pseudormonas, with a sequence
most similar to th(%se !)f Pseudomonas multiresinovorans
(99.8%) and P nitrcl)redﬁcens (99.7%) (Table 2). The 16S
rRNA gene sequencejof s;train MHP41 was submitted to the
EMBL Nucleotide Sequence Database (Kulikova et al,
2007), under the accession number AM922106.

Fig. 2. Detection by Pcﬁ of atzA, atzB, atzC, atzD, atzf and atzF genes
for simazine degradation,in Ps'eudomonas sp. MHP41. PCR-amplification
products: atzA (lane 1), atzB (lane 2); atzC (lane 3); atzD (lane 4); atzE
(lane 5); and atzF (lane 6). X molecular mass (MM) markers (Roche,
Basel). Negative control (C). :

o
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Discussion

Strain MHP41 was identified as a species of the genus
Pseudomonas, based on the analysis of phenotypic and
biochemical characteristics. Because of their similar pheno-
typic characteristics and their active simazine degradation

_mspt
"3 4

Fig. 3. ARDRA patterns of Pseudomonas sp. MHP41 and Pseudomonas
sp. ADP 165 rRNA gene PCR-amplification products of Pseudomonas sp.
ADP (lines 1 and 3) and Pseudomonas sp. MHP41 (lines 2 and 4) were
digested with Hhal and Msp!. One hundred base pair molecular mass
(MM) markers (Fermentas, ON) are shown on the left side.

| v . . . . . !
Table 1. Compounds usfed aé carbon sources for metabolism (respiration) of Pseudomonas sp. MHP41 in Biolog microplates

i Carbon sources

!
.

Carboxylic acids | Amino acids Polymers Amides and Amines
Acetic acid . o-Alanine Dextrin ) L-Alaninamide
cis-Aconitic acid ! L-Alanine Glycogen Phenylethylamine
Citric acid ; L-Alanyl-glycine Tween 40 ' Putrescine
Formic acid [ -Asparagine Tween 80 2-Aminoethanol
o-Gluconic acid | " L-Aspartic acid !
a-Hydroxybutyric acid L -Glutamic acid Carbohydrates '
p-Hydroxybutyric acid i Glycyl-i-aspartic acid N-Acetyl-o-glucosamine !

o 1 o |
Itaconic acid Glycyl-i-glutamic acid o-Fructose |
a-Keto butyric acid Hydroxy-L-proline «-0-Glucose
a-Keto glutaric acid | t-Leucine '
a-Keto valeric acid L-Ornithine Esters '
o,.-Lactic acid t-Proline Pyruvic acid methyl ester ‘
Propionic acid I L-Serine Succinic acid mono-methyl-ester
Quinic acid -Threonine t
Sebacic acid ‘ oL-Carnitine '
Succinic acid y-Amino butyric acid .

Bromosuccinic acid

Urocanic acid

FEMS Microbiol Lett 286 (2008) 184-190
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Table 2. Sequence sirpilarities of Pseudomonas nitroreducens MHP41
165 rRNA gene (EBI A;ccesgion number: AM922106) to the respective
sequences from other .f’seudomonas species

P nitroreducens MHP41 (CCUG 50378)
F—

| 16S rRNA gene
P multiresino- (IpA-1=CCUG 51655-T)
vorans | | :

P nitroreducens  (DSM 14399 = CCUG 12538-T) AMO088474 99.7
Pseudomonas sp. (AQP = C'CUG 53068) AM088478 98.9
P citronellosis (DSM 50332 =CCUG 17933-T) Z76659 98.4
P alcaligenes (LMG 1224 =CCUG 1425-T) 276651 97.3
P aeruginosa (ATCC 27853=CCUG 17619)  AY268175 96.9
R pseudoalcali- (ATCC 17440 =CCUG $1525-T) 276666 96.7
genes !

Pseudomonas species Estrain' design‘ations are in parentheses. Accession
numbers and similarit)'/ valﬁes are indicated for 165 rRNA genes. 165
rRNA gene sequence similarities were calculated from alignments of nearly
complete gene sequences: 462 nlcleotide positions, corresponding to
Escherichia coli 165 rRNA gene sequence positions 28-1490.

activities, strains MHP41 and Pseudomonas sp. ADP were
analysed by ARDRA profiling and were observed to exhibit
significantly different 165 rRNA gene sequence restriction
patterns (Fig. 3). Subsequently, on the basis of 16S rRNA
gene sequence data, §tram MHP41 was confirmed as a
species of the genus Pseudomonas. The comparative 168
rRNA gene sequenlce apalyses further suggested that strain
MHP41 is closely related to the species P. nitroreducens and
P multiresinovorars and distinct from P. citronellolis as well
as from strain Pse&damonas sp. ADP. These data indicated
that strain MHP41 is 'not a strain of the same species as
Pseudomonas sp. ADP'and that a new simazine- degrading
Pseudomonas specx!es had been isolated. The levels of simila-
rities observed between the 165 rRNA gene sequences of
strain MHP41 andzP. nitroreducens and P. multiresinovorans
suggest that strain MHP41 could be a strain of one of
those species. However, it is accepted that 16S rRNA gene
sequence comparisons 'may indicate species-level identifica-
tions with probability but are not considered to be defini-
tive. Thus, strain iMHP41 should be considered to be a
Pseudomonas sp., with a close phylogenetic relationship with
P. nitroreducens.

The recognition: that soil organisms can influence ecosys-
tem processes has led t<f> increased soil environmental studies
(Ralebitso et al., 2002). Microorganisms are reported to be
the primary players res‘ponsilﬁle for the removal of s-triazine
herbicides in soili (Ralebitso et al., 2002; Santiago-Mora
et al., 2005). Isola&ion' of s-triazine-degrading bacteria has
been reported in Europe, North America and central Asia. In
this study, we have destr:bed the isolation and characteriza-
tion of a novel simazine- degradmg bacterium, Pseudomonas
sp. strain MHP41, which was isolated from simazine-treated
agricultural soil in Chile. This is the first report of an

i
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s-triazine-degrading bacterial strain isolated in South America.
This study further establishes the world-wide distribution of
s-triazine-degrading bacteria.

A diverse range of microbial taxa capable of aerobic
degradation of xenobiotic compounds have been reported
(Seeger et al., 1999, 2001; Wackett, 2003; Camara et al., 2004;
Chain et al., 2006; Agull et al.i, 2007; Martinez et-al,, 2007).
Among them, Pseudomonas species are significant catabolic
‘players, due to their capabilities of degrading a variety of
different contaminants (Diaz, 2004). The genus Pseudo-
monas is present in ecologically diverse niches, playing
important roles in the biogeochemical cycles. Bacteria
belonging to this genus are well known for their metabolic
versatility and their active function in aerobic degradation.
They play key roles in biodegrédation processes of xenobio-
tic compounds, e.g., polychlorobiphenyls, trinitrotoluene,
aromatic hydrocarbons, azo dyes and pesticides (Zylstra
et al., 1988; Gobel et al., 2002; Barreiros et al., 2003; Teitzel
& Parsek, 2003; Wackett, 2093). Strains of Pseudomonas
able to degrade atrazine and to use it as the sole nitrogen
source have been isolated previously (Cook & Hiitter, 1984;
Mandelbaum et al., 1995).

Interestingly, this study shows that the novel Pseudomo-
nas sp. MHP41 attains a high biomass using simazine as
the sole nitrogen source (turl;)idityﬁoo,‘m of 1.03). In con-
trast, in similar media, other s-triazine-degrading bacteria
attain lower biomass., Gram- negatlvc strains M91-3 and
CDB21 and Gram-positive Arthrobacter strain TC1 attain
a turbidityeponm < 0.6, whereas Arthrobacter strain AD1
attains a turbiditygoonm < 0.9 (Radosewch et al., 1995; Strong
et al., 2002; Cai et al., 2003; Iwasaki et al., 2007). Although
Pseudomonas sp. MHP4I, thh simazine as the sole N
source, showed a relatively hlgh growth rate (p=0.10 ™Y,
Pseudomonas sp. ADP, using atrazine as an N source, showed
faster growth (pn=10.22 Y (Iﬂeumann et al., 2004). Addi-
tionally, resting cells of strain MHP41 degrade more than
80% of the simazine within 60 min. Other bacterial strains
demonstrated lower simazine degradation rates (Topp et al.,
2000b; Iwasaki et al., 2007).

In this study, it was shown that Pseudomonas sp. MHP41
possesses the s-triazine catabolic atzA, atzB, atzC, atzD, atzE
and atzF genes. Relatively few s-triazine-degrading strains
have been described that possess the six genes encoding the
enzymes for mineralization of these herbicides (Mandelbaum
et al., 1995; Rousseaux et al., 2001; Devers et al., 2007). These
atz genes are highly conserved.among a taxonomic range of
bacteria, A relationship between the presence of all the atz
genes and the mineralization aibilities of bacterial strains has
been described previously (Rousseaux et al., 2001; Santiago-
Mora et al., 2005; Devers et al.,; 2007). Pseudomonas sp. ADP
possesses the complete atrazine degradation pathway en-
coded by the atzA, atzB, atzC, atzD, atzE and atzF genes
(Mandelbaum et al., 1995) and is able to mineralize atrazine.

FEMS Microbiol Lett 286 {2008) 184-190
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Some strains able to dcgradc atrazine and simazine possess
only the ‘upper’ degradatnve pathway encoded by the
atzABC genes, such as Pseudoaminobacter sp. C147 and
Chelatobacter heintzii Cltl (Topp et al., 2000b; Rousseaux
et al., 2001) The atzB uand atzC genes have been described
in Arthrobacter crystallopatetes Cit2 and Arthrobacter aures-
cens TC1 (Rousseaux; et al, 2001; Strong et al, 2002).
Stenotrophomonas maltophilia Lous3-4 and Aminobacter
aminovorans Ep2-Ic possess only atzA and atzB, respectively
(Rousseaux et al., 2001) On the other hand, in Ralstonia
pickettii strain D and Agrobacterzum radiobacter ]14a, only
the ‘lower’ degradative pathway (atzDEF) has been detected
(Cheng et al., 2005). As diverse s-triazine degrading micro-

organisms have scvcral catabolic atz gene combinations, the

atz genes appear to be Ithc result of a recent evolution.

In this work, we have reported the isolation and char-
acterization of Pseudononas sp. MHP41 from Chilean soils.
This novel s-triazine- 'degradmg bacterium efficiently de-
grades simazine, is capable of growing fast using simazine
as the sole nitrogen source and yielding a high biomass.
Pseudomonas sp. MHP41 possesses all atz genes of the upper
and lower catabolic pathways for simazine degradation and
is an interesting bactériurh for studles on the bioremedia-
tion of s-triazine-contaminated soils.
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Introduction

Atrazine and Limazine are s-triazine herbicides used
worldwide in agriculture, since the 1950s. These herbi-
cides interact w:ith the qu:inone-binding protein in photo-
system 1I, thus preventing the electron transport in
susceptible weetds (Wackett et al. 2002). Atrazine half-life
in soils ranges between 4! and 57 weeks (Best and Weber
1974). This relatively long time of persistence and its
possible threats for health lead to extensive investigations
on atrazine degradation in contaminated soils, which is
mostly performed by micro-organisms. Several atrazine-

removal was much higher in previously exposed soils than in unexposed ones.
Terminal restriction fragment length polymorphism analysis and multivariate
analysis showed that soils previously exposed to simazine contained bacterial
communities that were significantly impacted by simazine but also had an
increased resilience. The biodegradation potential was also related to the pres-
ence of high levels of the atz-like gene sequences involved in simazine degrada-
tion. Bioaugmentation with Pseudomonas sp. ADP resulted in an increased
initial rate of simazine removal, but this strain séarcely survived. After 28 days,
residual simazine removals were the same in bioaugmented and not bioaug-
mented microcosms. ;

Conclusions: In soils with a history of simazine treatment bacterial communi-
! ties were able to overcome subsequent impacts with the herbicide. The success
of bioaugmentation was limited by the low survival of the introduced strain.
Significance and Impact of the Study: Conclusions from this work provided
insights on simazine biodegradation potential of soils and the convenience of

degrading microbial associlations and monocultures able
to utilize atrazine as nitrogen and/or carbon source have
been isolated from treated, soils (Behki et al. 1993; Man-
delbaum et al. 1995; Struthers et al. 1998; Topp et al.
2000; Rousseaux et al. 2001, 2002; Ghosh and Philip
2004; Singh et al. 2004). Among them, Pseudomonas sp.
ADP has become a useful model to elucidate the aerobic
catabolic pathway, encoded by the atzA, -B, -G, -D, -E
and -F genes (Ralebitso et al. 2002; Wackett et al. 2002).
These genes are located on the 109-kb, self-transmissible,
broad host-range plasmid pADP-1 (de Souza et al. 1998b;
Martinez et al. 2001). Although several works about
l
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atrazine biodegradatic!)n in soil and the effect of inocula-
tion with atrazine-de‘vgrading strains have been reported,
only recently literature re‘fers to simazine, a very close but
less soluble analogue 'of atrazine which has also been used
worldwide (Strandberlg and Scott-Fordsmand 2002; Alister
et al. 2005; Barra-Caracéiolo et al. 2005; Sénchez et al
2005; Santiago-Mora et al. 2005). Therefore, in this work
we study the microbial degradation of simazine in soils
with different biodeéradétion potentials and the effect of
bicaugmentation with the Pseudomonas sp. ADP strain.

|
Materials and methods

| ;
Bacterial strain and Lrthh conditions

Pseudomonas sp. AD:P (P-ADPI) was cultured in a min-
imal medium (Krockel and Focht 1987), without ammo-
nium sulfate and supplemented with 10gI"' of
trisodium citrate dil:'xydnate as carbon source. For liquid
and solid cultures, 01 and 0:5 g I"' of simazine as nitro-
gen source were added, respectively.

!

Soil sampling |

Soil samples were taken'from a 28-year-old avocado (Per-
sea americana) plantation, located in central Chile that
had been treated fc:)r the last 10 years with commercial
simazine to control annual weeds, The samplings inclu-
ded soils treated withlherbicide according to standard
farming practices, and 4 control soil from a zone in the
limit of the avocado plantation which had no agricultural
use, nor herbicide|exposure history. Samples of about
1 kg were taken frdm t;he first 20 cm of depth, at a dis-
tance of 0-5 m from 10 randomly selected avocado trees,
and then pooled and sieved through a 5-mm stainless
steel sieve, air dried and stored in polyethylene bags at
4°C. The agricultural soil and the control soil were sandy
silty loamy- and silty loamy, with pHs of 655 and 642,
respectively. Carbon and nitrogen content were 2:6% and
0:20% for the agri‘cult\'.lral s0il and 1:3% and 0:10% for
the control soil, respectively (E. Moore, personal commu-
nication). Sampleslo,f 10- and 11-year treated soils were
taken in December 2002, 6 months after simazine field
application (soil A), ztmd in June 2003, 1 month after
treatment (soil B),! respectivély. The first had no detect-
able simazine and the latter contained about 2 ppm sima-
zine at the time of sampling (F. Cereceda and M. Seeger,
personal communication).
i
|
Soil microcosm experiments

f
Previous to microcosm  set-up, the stored soils were

sieved through a 2-mm sieve and air dried. For the first

;
P
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series of microcosms, control soil and the agricultural soil
A were used. Both soils had been sampled 3 weeks before
the start of the experiment. Microcosms were prepared in
50-ml glass beakers with 5 g of soil. Simazine (Gesatop,
90% purity; Syngenta, Santiagé, Chile) was added by
pipetting 3:5 ml of agitated simazine aqueous suspensions
containing 7-14 or 57°1 mg I"! to reach final concentra-
tions of 5 and 40 ppm. The same amount of distilled
water was added to 0 ppm microcosms. Beakers were
covered with polyethylene foil ahd incubated at 22 % 5°C.
In order to assess the extent of biological degradation,
poisoned controls of the 40 ppfm microcosms were pre-
pared by adding 1200 ppm of HgCl, (Stroetmann et al.
1994). Sterile distilled water was added twice a week to
keep the moisture of soil. At dalys 0 and 60, two replicate
samples for each condition were collected for DNA analy-
sis and three replicates for residual simazine determina-
tions. Each sample consisted of a complete microcosm.
For a second series of experiments, agricultural soil A
(amended with 0 or 40 ppm Simazine) or B (amended
with 40 ppm simazine) were used to prepare microcosms
as described above. This experiment started 3 weeks after
the sampling of soil B. For microcosms testing bioaug-
mentation, Pseudomonas sp. ADP was cultured in the
conditions described above, for 72 h. Cells from a 150-ml
culture were harvested by centrifugation at 10 000 g for
5 min, washed once with NaCl 85 g I"!, and then resus-
pended in 10 ml of NaCl 85 g I"!. Colony-forming units
(CFU) were counted on R2A agar plates. A volume of
100 I of the 10ml cell concentrate contained
5 % 10° CFU, the amount required to inoculate 10® cells
per gram of soil in microcosms prepared with soil A.
Two microcosms for DNA analysis and three for simazine
determinations were collected after 0, 14 and 28 days.

Simazine concentration measurement

For extracting simazine from' soil samples, 15 ml of a
3. 1 methanol/water solution were added to each micro-
cosm. The mixture was transferred to a Teflon 50-ml bot-
tle, agitated in a shaker at 200 cycles min~"' for 30 min,
left to stand overnight, and then agitated again for
30 min. Soil particles were allowed to settle for approx.
15 min and 2 ml of extract were clarified by centrifuga-
tion at 20 000 g, for 5 min. Simazine concentration was
measured in these extracts, properly diluted in water,
using the Rapid Assay® Kit: (Strategic Diagnostics Inc.,
Newark, NJ, USA). ,

Soil DNA isolation

The extraction of DNA from each sample was carried out
using the ‘Ultra Clean Soil DNA Kit’ (MoBio Laborator-
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ies, Inc. Solana Beach, CA, USA). After the lysis step, per-
formed following the, manufacturer’s protocol, a cetyl-tri-
methylammoniur'n bromide (CTAB) purification step was
included, which iconsisted of the addition of 5 mol I"!
NaCl (07 mol I"! final concentration), and then CTAB
(10% CTAB in 07 mol 17! NaCl) to a final concentration
of 1% CTAB. The ;sample was incubated at 65°C for
20 min, extracted with orie volume of chloroform : iso-
amyl alcohol (24:1) and centrifuged at 6000 g for
10 min. This prgtoc:ol yielded DNA concentrations ran-
ging from 003 to 0-06 ug "', Extracted DNA was visu-
alized in 0-8% agarose gels.'

Terminal rcstrict':ion ifragment length polymorphism
(T-RFLP) analysis

Soil community DNA was used as template for PCR with
the primers 8F: -AGA GTT TGA TCC TGG CTC AG-
3, labelled with, the fluorochrome NED, and 1392R: 5'-
ACG GGC GGT GTG TAC-3, designed for eubacterial
165 rRNA gene 'sequences (Amann et al. 1995). For each
DNA sample, three 50-ul reactions were performed,
containing 5 ullof 10x PCR buffer (200 mmol I"" Tris—
HCl pH 8, 500 hmol ' KCI), 3 mmol1™ MgCh,
02 pmol I"* of each primer, 02 mmol "' dNTP,
0-2 mg mI™' boviné seroalbumine, ¢. 10-50 ng of soil
DNA and 1 U of Taq polymerase. Reaction conditions
were as follows: 94i°C for 5 min, 25 cycles at 94°C for
455, 57°C for 45s, and 72°C for 2 min, and finally,
7 min at 72°C.|The pooled PCR products were purified
with the Wizard PCR Preps DNA Purification System
(Promega, Madison, WI, USA) and digested with Mspl or
Hhal (Promegaj. After desalting, the DNA fragments were
separated by c!apil\ary electrophoresis using a Perkin-
Elmer (Foster bity,' CA, USA) ABI Prism 310 Sequence
Detection System. - The fragment sizes were estimated
using as reference the internal standard ROX 1000.

|
T-RFLP data h:lmdl!ing and multivariate analyses

Raw data sets consisted of peaks reflecting the size of ter-
minal restriction fragments (T-RFs), measured in base
pairs, and the hrea,and height of each peak measured in
fluorescence units. iT-RFs_ from 50 to 600 bp were inclu-
ded in the ané]ysig except those representing <0-5% of
the total area. [Data were: standardized by calculating the
area of each peak as a percentage of the total area. The
T-RF relative ?reas weré analysed with the multivariate
statistical softwate' Primer 5 (Primer-E Ltd, Plymouth,
UK). Principall component analyses were used to group
data from T-:RFL'P profiles. Similarity matrices were
calculated using the Bray-Curtis coefficient (Rees
et al. 2004). With, those; matrices, analysis of similarity

!
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(ANOSIM), a multivariate randomization procedure anal-
ogous to ANOVA, was carried out to examine the statisti-
cal significance of grouping. The output statistics, the
global R takes a value of 0 if there is no separation of the
community structure due to the factor analysed, and 1 if
total separation takes place (Clarke 1993). Values higher
than 05 account for high, differences, whereas between
0-25 and 05 differences are considered as moderate. Clus-
ter analysis based on similarity matrices were performed
using the group average method. The T-RFLP Phylo-
genetic Assignment Tool (Kent et al. 2003) was used to
construct taxonomic profiles, by assigning the peaks
obtained with Mspl and Hhal-T-RFLPs to bacterial phyla.
Within Proteobacteria and’ Bacteroidetes phyla, bacterial
classes were considered. About 99% of Mspl peak areas
matched with known 165 rRNA gene sequences whereas
for Hhal peaks the average area assignment percentage
was 90%. Then, Mspl-T-RELP peaks were used to calcu-
late the relative abundance percentages of each group by
assigning a fraction of the area of the peak to each poss-
ible bacterial phylum or class matching a particular frag-
ment length. '
|
Detection of catabolic genes

The atzA and atzC gene séquences were detected in soil
samples by PCR amplification with the primers described
by de Souza et al. (1998a). Each PCR was performed in a
total volume of 20 yl, containing 2 ul of 10x PCR buffer
(200 mmol I"* Tris-HCl pH 8, 500 mmol It KaQ,
3 mmol I"' MgCl,, 02 pmolI™' of each primer,
0-2 mmol I dNTP, ¢. 10-50 ng of soil DNA and 1 U of
Taq polymerase. Reaction conditions were as follows:
94°C for 5 min, 30 cycles at 94°C for 45 s, 50°C for 45 s,
and 72°C for 30 s, and finally, 7 min at 72°C. The pres-
ence of the trzN gene sequence was investigated by PCR
using the primers and amplification conditions set up by
Mulbry et al. (2002). PCR products for atzA and atzC
sequences obtained from community DNA were cloned
into the pCR2:1 vector (TOPO TA Cloning System; Invi-
trogen, Carlsbad, CA, USA) and sequenced using a PRISM
sequencing kit (Perkin-Elmer) on a 373 stretch automated
sequencer (Applied Biosystems, Foster City, CA, USA).
For competitive PCR of atzA gene sequences, a com-
petitor DNA was constructed by cloning a 527-bp PCR
atzA product from Pseudomonas sp. ADP (pADP-1) into
the pCR2:1 vector and deleting an internal fragment with
the enzyme Bsml. The resulting vector produced a 357-bp
PCR product with the atz;‘i primers. The concentration of
the vector used as competitor was measured by UV spec-
trophotometry. Amplification conditions for competitive
PCR were as described above, but with 25 cycles. PCR

products were visualized in 2% agarose gels.
i
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Results

i, ) .
Simazine treatment l|xisto'ry determines simazine
biodegradation potential in soils

Simazine biodegrada_{ion'poten‘tial in soil was assessed by
preparing microcosnfls with bgth, previously treated and
nontreated soils, amended with 5 ppm simazine, the con-
centration reported %or soils after a regular simazine field
application, or 40 ppm, an eightfold higher concentration.
Residual simazine p!:rccr'qtages; shown in Fig. 1, illustrate
the effect of the treatment history on the ability to
degrade simazine. If can be observed that in both soils
exposed to 5 ppm simazine, most of the added herbicide
was removed after 60 days. In' contrast, in soils amended
with 40 ppm simazi:ne, iclcar differences in the degrada-
tion potential of the soil previously treated with simazine
(soil A) and the untr:eated Isoils were observed. The
removal levels obtained' with the untreated control soil
were similar to that' observed in soil microcosms treated
with HgCl,, a common-use germicide (Strandberg and
Scott-Fordsmand 2002). The treatment with HgCl;
decreased to one-tenth the number of soil micro-organ-
isms, as judged byI the CFU ml™' on R2A agar plates.
These results clearly indicate that microbial removal of
simazine in these soil microcosms is affected by simazine
level and the previous simazine treatment of soils.
Bacterial commuriitiesI were ’assessed by T-RFLP in these
microcosms and ANOSIM of Mspl-T-RFLP data was used
to evaluate the effect of experimental variables on the struc-
ture of bacterial communities. The type of soil (10-year
treated vs control) laff(:ctecl Bacterial communities more

100 )
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B 40F o
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5 ppm SMZ 40 ppm SMZ 40 ppm SMZ +
HgCl,
Figure 1 Residual sima;zine measured in soil microcosms prepared
with 10-year treated soil A (@ or, control soil (O) after 60 days of
incubation. SMZ = simazine: Error bars represent standard deviations
for measurements of three replicate samples.
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than the addition of simazine or'the soil incubation, with a
global R = 0-815 (P = 0-001) for the first factor, and low
and not significant values of R (}5 > 0-05), for the other fac-
tors. To assess the effect of the other factors, the data for
different soils were considered separately. Principal compo-
nent analysis (PCA) of Msp]l-T-RFLP data revealed that the
main ordinating component (PC1) in the case of 10-year
treated soil was related with the incubation time (Fig. 2a).
This fact was also supported by ANOSIM, which yielded an
R-value of 076 (P = 0:036) for the incubation time
whereas the factor simazine gave a low and not significant
(P> 005) value of R. Conversely, for control soils
(Fig. 2b), PC1 was related with simazine amendment and
ANOSIM showed that this factor, with an R = 0:813 (P =
0:029), affected bacterial communities more than incuba-

tion time. ‘

Exposure to simazine affects bacterial degradation
potential for simazine in soils .

In a second series of microcosms, we compared the kinet-
ics of simazine removal in microcosms amended with

(a) 15
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Figure 2 Principal component analysis (PCA) of Mspl-T-RFLP profiles.
(a) Ten-year treated soil A or (b) contro! soil microcosms at 0 (e) or
60 days of incubation amended with 0 (4), 5 (0)) or 40 ppm simazine
(m). The lines around data points indicate the groups formed in clus-
ter analysis.
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40 ppm 51mazme and prepared with the 10-year treated
soil (hereafter sonl A) and the same soil sampled 1 month
after the cleventh yearly herb1c1de application in the field
(soil B). The residual simazine concentration could be
adjusted.to an exponential kinetics ([simazine] = e —kn)
corresponding to a first-order reaction (Fig. 3). The con-
stants (k) calculated for soils A and B were 006 and
023 day™', respcctlvely, indicating that soil B has a more
active degradmglmlcrobxal population. For bioaugmented
microcosms prepared thh soil A, the highest initial rate
of removal was observed, but data could not be fitted to
an exponential d;ecgy. After 28 days of incubation, resid-
ual levels of simdzine were similar for all microcosms.

ANOSIM of the Mspl-T-RFLP data showed that the
time of incubation’was the main factor affecting the
structure of bacterial communities (R =0528, P=
0-001). Therefore, data for 14 and 28 days were analysed
separately. At 14 ciays of incubation (Fig. 4a), PCA
showed that PCl was related with simazine amendment
whereas at 28 days (Fig. 4b) simazine amendment was
related with PC2. Moreover, the R-value from ANOSIM
considering the |fact0r simazine amendment’, was equal
to 1 (P = 0:036) at 14 days and decreased to 0:813 (P =
0036) after 28 days,of incubation. As it can be observed
in Fig. 4, data of inoculated microcosms did not differ
from the non-inoculated microcosms. The 73-bp MspI-T-
RFLP peak corresponding to Pseudomonas sp. ADP
(pAPD-1), which had about 16% of relative area just after
inoculation, decreased to <1% after 14 days of incuba-
tion. | { |
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Figure 3 Time course flor simazine degradation in microcosms pre-
pared with soil A (W, soil A bioaugmented with 108 CFU of Pseudo-
monas sp. ADP (pADP -1) (®), ;and soil B (@), all amended with an
initial concentratlon of 40 ppm simazine. The lines correspond to the
equation of data ﬁltted to an exponential decay, with R? values of
0-99 for the continyous lines, and 062 for the dotted line which cor-
respond to the data of ' bioaugmented microcosms. SMZ = simazine.
Error bars represent standard deviations for measurements of three
replicate samples. :
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To identify bacterial groups whose relative abundance
could be affected by simazine amendment, we compared
bacterial groups from soil A microcosms amended with 0
and 40 ppm simazine after 14 days of incubation, the
condition for which the highest effect of simazine amend-
ment on.the structure of bacterial communities was
observed (Fig. 4a). The bacterial groups were assigned
based on Mspl and Hhal-T-RFLP data using the Phylo-
genetic Assignment Tool and results are shown in Fig. 5.
The groups which mcreased with simazine amendment
were fB- and y- -Proteobacteria, as well as less abundant
groups as Sphingobacteria and Chlorobi, whereas §-Pro-
teobacteria and Fusobacteria, clearly decreased after herbi-
cide treatment. The pair-wise comparisons of T-RFLP
profiles from 14-day samples showed that the clearest dif-
ference was in the 488-bp Mspl signal, which increased
from 4:5% to 12:3%. Among several matches found for
this signal with the Phylogenetic Assignment Tool, some
of the possible Hhal matches that were also increased
with simazine treatment, corresponded to bacterial genera

(a) 12
9

PGC2 (24-7%)
o

12 9 -6 -3 0 3 6 9 12

- :
?-12 -9 -6 3 0 3 6 9 12

PC1 (32.6%)

Figure 4 PCA .of Mspl-T-RFLP profiles of microcosms after (a) 14 or
(b) 28 days of incubation, and prepared with scil A + 0 ppm SMZ (A),
soil A + 40 ppm SMZ (@, soil /?+ 40 ppm SMZ bioaugmented with
108 CFU of Pseudomonas sp. ADP (pADP-1) (), and soil B + 40 ppm
SMZ (®). The lines around data pomts indicate the groups formed in

cluster analysis.
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Figure 5 Relative abuncJIancef of bacterial groups detected by assignation of Mspl and Hhal-T-RFLP signals obtain'ed for soil A microcosms amen-
ded with 0 (m) and 40 ppm simazine () after 14 days of incubation. Error bars represent standard deviations for assignation of signals of two

replicate samples. | i
i '

Table 1 Copies of aTzA] gen'e sequences per gram of soil measured

by competitive polymeralLe chain reaction*

Soil A + Soil A+SMZ+  Soil B+
Soil A kmzi | app SMZ
0 days <105 <108 77 x 107 . <10°
] i
1adays <105 Sx107 | 11x 10 17 x 107
28 days <108 <10° . <108 <108

*The detection limit wa!s approx. 10° copies of atzA gene sequences
per gram of soil. Standard deviations were about 10%. SMZ, sima-
zine; ADP, Pseudomona§ sp. ADP.

!

i ‘
'
¢

of the y-Proteobacteria class as Pseudomonas, Acineto-
bacter and Acidovoréizx. j i

Catabolic atz genes!are 'detected in soils actively
degrading simazine,

The presence in soilt mifcrobiai DNA of the atrazine degra-
dation gene sequences atzA, atzC, and trzN, was investi-
gated by PCR. In micrécosms prepared with soils A or B
and amended with 40'ppm 'simazine, we detected PCR
products of the exﬂ)ected size for the atzA and the arzC
gene, only at time| intervals ‘in which simazine is being
removed (data not,shown). The relative amount of atzA
genc sequences in 'the soil microbial population of the
second series of microcosms was determined by competit-
ive PCR detection: (Table 1). Results indicated that the
atzA gene scquence levels were clearly related to the
removal rates reported 'in Fig. 3. Interestingly, in the first
series of microcosms, no atz sequences were found in
microcosms prepared with control soil. It should be men-
tioned that both genes encoding s-triazine dechlorinating
activities, atzA an(il tr:zN, had been detected in treated
soils shortly after field: sampling, but only atzA gene was
detected in soil ll'nicrlocosm_s. Six atzA and two atzC
t ‘

@© 2006 The Authors !
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cloned PCR products obtained from the soil microbial
community DNA were seq'uenced. The sequencing
revealed high similarity (>99%, in nucleotides) to the
atzA and atzC genes from Pseudomonas sp. ADP.

Discussion

This study showed that history of simazine treatment
increased the soil self-remediation potential, as it was
reported for s-triazines and other pollutants (Shapir et al.
2000; Tuxen et al 2002; Watanabe et al. 2002; Rhine
et al. 2003). The usefulness of ‘a soil with no agricultural
history as the control soil may be questioned. However,
the C/N ratio of these two solils, a parameter that could
influence the degradation of a nitrogenated herbicide
(Garcia-Gonzalez et al. 2003; Barra-Caracciolo et al.
2005), is the same. Then, the biodegradation potential
that differentiated these soils seemed to be intrinsic to
bacterial communities, which varied in structure, as was
evidenced by ANOSIM of T-RFLP data, and the presence
of catabolic genes related to s-triazine degradation. The
biodegradation potential of sbils is usually assessed by
cultivation of bacteria able to degrade the target xeno-
biotic (Ahn et al. 1999; Runes et al. 2003). However, cul-
ture-dependent approaches are clearly biased (e.g.
Marchesi and Weightman 2001) and in the case of sima-
zine, cultivation is based on a very demanding selective
condition, the ability to use this low solubility herbicide
as sole nitrogen source (Topp et al. 2000; Rousseaux et al.
2001). Therefore, culture-inhependent approaches are
more adequate to predict biodegradation potential. The
presence in soil microbial DNA of atzA gene sequences,
which encode the enzyme performing dechlorination of
s-triazines, the first step in atrazine or simazine degrada-
tion (de Souza et al. 1996), is' considered an indicator for
the biodegradation potential of s-triazines (Shapir et al.
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2000). In our study,. the genes atzA and atzC were detec-

ted by PCR in conditions where high simazine removal
rates were observed which agree with their use as biodeg-
radation potentlal indicators. We additionally investigated
the presence of ter gene from Nocardioides sp. strain
C190, a different gene encoding an enzyme able to de-
chlorinate atrazine and simazine (Mulbry et al. 2002; Piu-
tti et al. 2003; Sa])aphan et al. 2004). However, we did
not detect this gene’ in soil microcosms, although it had
been detected shortly after soil field sampling. This fact
would suggest that, in spite of the reliability of most con-
clusions arisen from' microcosm studies, some bias occurs
with respect to field simazine degradation. Moreover, in
microcosms amendéd with the simazine concentration
used in the ﬁe]d (S ppm), catabolic genes could not be
detected. A hxgher [concentratlon of simazine (40 ppm)
may have resu]ted in favourmg AtzA-mediated simazine
degradation over processes involving different s-triazine
catabolic genes | reported |in the literature (Shao et al.
1995; Mulbry et'al. 2002; ‘Piutti et al. 2003). Highly con-
served atz sequencés have been frequently observed in
herbicide- po]lutéd environments (de Souza et al. 1998a;
Martin-Laurent et al. 2003; Devers et al. 2004). The high
conservation of' atz sequences may be explained by the
use of primers %hat|are based on the atz sequences from
Pseudomonas sp. ADP, but it has been also suggested that
the strong sequénce‘ conservation in atz genes is a result
of the recent evolution of these sequences due to the rel-
atively recent use iof these herbicides (Seffernick and
Wackett 2001). On the other hand, the fact that atz genes
are encoded m the broad host range, self-transmissible
plasmid pADP'l and therefore, allowing fast spread of
these sequences into the bacterial community, may also
explain the conservation of atz sequences detected in soils
(de Souza et al| 1998b). In our microcosms exposed to
high levels of sxmaﬂnc, a relatively higher efficiency of
atzA gene products and the ability of atz genes harbour-
ing plasmids to' spread these genes in the bacterial com-
munity would be the factors determining its prevalence
with respect to braN. [

Soil communities have been reported as highly resilient
to acute perturbation, due to the high degree of func-
tional redundancies (Griffiths et al. 2004; Pesaro et al.
2004; Girvan et al. ’2005). Simazine degradation potential
acquired by rep[eated herll)icide treatment may also confer
to bacterial communities a higher of resilience to the
impact of the h‘erb1c1de ThlS is well illustrated in Fig. 2b,
where data from 5'and 40 ppm simazine amended con-
trol soil micracosts appeared clustered. Although the
herbicide in the 5 ppm cbntrol soil microcosms had been
removed to thé same extent than in the 5 ppm 10-year
treated soil mlcrocosms (I‘lg 1), bacterial communities
remained as Jmpact as those of the 40 ppm control soil
|
|
!
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microcosms, where a high residual simazine was detected
after 60 days of incubation.lThe functional redundancy of
this control soil community seems not to be enough to
overcome the impact of a récalcitrant compound as sima-
zine, for which a low dxversny of genes involved in its
degradation has been reported (de Souza et al 1998a),
compared with the diversity of genes involved in degrada-
tion of less persistent herbicides as 2,4-D (Top et al.
1995; Itoh et al. 2002). In' contrast, the 10-year treated
soil microcosms showed a ‘signiﬁcant impact of simazine
after 14 days of mcubatlon (Fig. 4a), but this effect
decreased after 28 days, ‘where the factor ‘simazine
amendment’ was no longer related to the PC1.

Simazine biodegradation potential in these soils might
be related to the ability of §- and y-Proteobacteria to
proliferate during active herbicide removal, as judged by
Mspl and Hhal-T-RELP assignation. Interestingly, bacter-
ial genera that increased with simazine included bacterial
strains already reported as atrazine degraders, such as
Pseudomonas (Yanze- Konichou and Gschwind 1994;
Mandelbaum et al. 1995), Acinetobacter (Singh et al.
2004), and Acidovorax, strains formerly classified as Pseu-
domonas (Willems et al. 1992; Karns 1999; Seffernick
et al. 2001).

Studies on the kinetics ‘of simazine degradation have
shown first-order decays for this herbicide (Strandberg
and Scott-Fordsmand 2002; Alister et al. 2005). In our
soil microcosms, soil B, containing a more recently
exposed bacterial community to this herbicide, showed a
higher first-order degradation constant than soil A. Bio-
augmentation with the degrading strain Pseudomonas sp.
ADP (pADP-1) did result in a highly increased initial rate
of simazine removal, which correlated well with the high
amount of atzA gene sequences detected at day 0
(Table 1). However, low survival of this strain was evi-
dent in the T-RFLP profiles obtained after 14 days of
incubation (data not shown). Moreover, the atzA gene
levels in bioaugmented soil microcosms rapidly decreased
during incubation (Table 1), indicating that the inoculum
did not survive or was unable to spread the plasmid
pADP-1 to other bacteria. This low survival explains the
lack of fit of residual snmazlne data to an exponential
decay. In soils exposed to atrazine, success with inocula-
tion of Pseudomonas sp. ADP has been reported but also
a low survival of the inoculated cells was observed (Zhao
et al. 2003). A repeated inoculation strategy (Newcombe
and Crowley 1999), or the combination with biostimula-
tion (Silva et al. 2004) has been applied to improve bio-
augmentation performance in atrazine polluted soils. Our
study indicates that to- remove simazine in 1 or 2 months
bicaugmentation is not re'quxred However, bioaugmenta-
tion would be very helpful for efficient removal of
most of the herbicide in thorter times. Then, the use of

i
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bicaugmentation or 4lternatives such as the use of a killed
" recombinant produclmg 'AtzA 1described by Strong et al
(2000), would be adv1sable in the case of a herbicide spill
to avoid herbicide lcachmg to the groundwater (Strand-
berg and Scott- Ford'smand 2002), which constitutes one
of the main environmental concerns about using s-tria-
zine herbicides. |
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