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RESUMEN

La agricultura es una de las actividades mas importantes para los seres humanos, sin
embargo, la superficie agricola ha tenido que ser ampliada a zonas poco aptas, como son los
ecosistemas desérticos, debido al continuo crecimiento poblacional y la necesidad de
incrementar la productividad agricola. Para aumentar la productividad agricola, se emplean
insumos externos, como fertilizantes minerales y plaguicidas, lo cual trae consecuencias
como ladegradacion y pérdida de fertilidad de suelos, causada por diversos factores incluidos
los cambios en la estructura y actividad de las comunidades microbianas del suelo. Por lo
anterior, es necesario determinar los efectos de diferentes fertilizantes y plaguicidas, asi como
buscar estrategias que ayuden a reducir el grado de degradacion de los suelos agricolas. Una
alternativa de manejo es la adicién de materia organica, pues es una importante fuente de
energia para que los microorganismos se mantengan activos y produzcan enzimas
despolimerizadoras y mineralizadoras, aumentando la disponibilidad de N y P para las
plantas. Sin embargo, es importante tomar en cuenta la composicion de esta materia organica
afladida para mejorar la disponibilidad de nutrientes. Ademas de los fertilizantes, los
herbicidas son otro de los insumos agricolas mas utilizados. Este tipo de compuestos han
generado diversos efectos nocivos en el ambiente, influyendo en la degradacion de los
suelos, y en particular, en los organismos que lo habitan. Uno de los herbicidas con
mayor demanda es el glifosato, una molécula con un grupo fosfonato que se caracteriza
por su enlace directo carbono-fosforo (C-P), el cual es mas estable que el de otras

moléculas organicas que contienen P y le confiere mas resistencia a la degradacion.

En México, las zonas aridas abarcan cerca del 50% de la superficie agricola de nuestro pais.
Las zonas aridas y semiaridas en México se encuentran principalmente en los desiertos
Chihuahuense, Sonorense, y en la regiéon del complejo del valle de Tehuacan-Cuicatlan.
Dentro del desierto Chihuahuense se encuentra el Valle de Cuatro Ciénegas, Coahuila
(VCC), un sitio caracterizado por su baja disponibilidad de nutrientes, destacando su bajo
contenido de P en suelo. A pesar de la escasez de agua y de la poca disponibilidad de

nutrientes, los suelos del VCC han sido ampliamente utilizados para actividades agricolas,



principalmente para producir alfalfa, lo que ha contribuido a la degradacién del suelo debido

al uso excesivo de agroquimicos y a los grandes volimenes de agua requeridos.

Debido a lo anterior, la presente tesis tuvo como objetivo analizar el efecto de fertilizaciones
de compuestos organicos e inorganicos fosfatados y de un herbicida fosfatado (glifosato) en
la dindmica de C, N, P y en la actividad microbiana de suelos agricolas del VCC. Como
resultados importantes se obtuvo que las fertilizaciones de compuestos organicos labiles con
fésforo, como acido ribonucleico (ARN) y adenosina monofosfato (AMP), aumentan la
mineralizacion potencial de C llevada a cabo por los microorganismos del suelo, ademas, los
compuestos organicos fosfatados, independientemente de su estructura, estimulan la
actividad de la enzima fosfodiesterasa en comparacion con la adicion de fertilizantes
inorgénicos, como fosfato de calcio y fosfato de amonio. La adicién de fertilizantes con
fosforo influye en otros ciclos de nutrientes, como el Cy el N, pues las moléculas organicas
labiles desencadenan un “efecto primming”, permitiendo que los microorganismos degraden
el C organico restante, y al no suministrarlo de manera continua, existe menor competencia
por parte de los microorganismos heterotrofos, permitiendo el crecimiento y aumento de
actividad de los microorganismos quimioautétrofos capaces de realizar el proceso de

nitrificacion.

Ademas de los fertilizantes fosfatados, el glifosato y una formulacion comercial de este
herbicida, también alteran aspectos de la dindmica de C y P, ya que ambos compuestos
disminuyen la mineralizacion potencial de C de los microorganismos del suelo, ademas, la
formulacién comercial induce un aumento en la actividad de fosfodiesterasas y fosfonatasas
e influye en la sorcion no bioldgica del P. El herbicida produce cambios en la dominancia de
algunos &cidos grasos, disminuyendo la dominancia de &cidos grasos pertenecientes a hongos
y actinobacterias y de algunos relacionados a bacterias Gram negativas. Los efectos
colaterales mas fuertes, se presentaron al aplicar la formulacion comercial del herbicida y en
un sitio donde el glifosato no habia sido aplicado previamente, en comparacion con un sitio
con historial de 5 afios de uso continuo de glifosato. Aun asi, se obtuvieron aislados

bacterianos capaces de utilizar, tanto el glifosato puro como su formulacion comercial como



Unica fuente de fosforo, los cuales podrian ser estudiados en un futuro para biorremediar

sitios contaminados con el herbicida.
ABSTRACT

Agriculture is one of the most important activities for human beings, however, the
agricultural area has been expanded to unsuitable areas, such as desert ecosystems, due to
continuous population growth and the need to increase agricultural productivity. To increase
agricultural productivity, external inputs are used, such as mineral fertilizers and pesticides,
which has consequences such as soil degradation and loss of fertility, caused by various
factors including changes in the structure and activity of soil microbial communities.
Therefore, it is necessary to determine the effects of different fertilizers and pesticides, as
well as seek strategies that help reduce the degree of degradation of agricultural soils. A
management alternative is the addition of organic matter, since it is an important source of
energy for microorganisms to remain active and produce depolymerizing and mineralizing
enzymes, increasing the availability of N and P for plants. However, it is important to
consider the composition of this added organic matter to improve nutrient availability. In
addition to fertilizers, herbicides are another of the most widely used agricultural inputs.
These kinds of compounds have generated several effects on the environment, influencing
the degradation of soils, and in particular, the organisms that inhabit it. One of the most
demanded herbicides is glyphosate, a molecule with a phosphonate group, characterized by
its direct carbon-phosphorus (C-P) bond, which is more stable than that of other organic

molecules that contain P and confers more resistance to degradation

In Mexico, drylands cover about 50% of the agricultural area of our country. Desert areas in
Mexico are found primarily in the Chihuahuan, Sonoran, and Tehuacan-Cuicatlan valley
complex region. Within the Chihuahuan desert is the Cuatro Ciénegas Basin, in Coahuila
(CCB), a site characterized by its scarcity of nutrients, highlighting its low content of P in
the soil. Despite the scarcity of water and the limited availability of nutrients, the soils of the
CCB have been widely used for agricultural activities, mainly to produce alfalfa, which has
contributed to soil degradation due to the excessive use of agrochemicals and large volumes

of water required.



Due to the above, this thesis aims to analyze the effect of fertilization of organic and inorganic
phosphate compounds and a phosphate herbicide (glyphosate) on the dynamics of C, N, P
and on the microbial activity of agricultural soils of the CCB. As important results, we
obtained that the fertilizations of labile organic compounds with phosphorus, such as
ribonucleic acid (RNA) and adenosine monophosphate (AMP), increase the C mineralization
performed by soil microorganisms, in addition, phosphate organic compounds, regardless of
their structure, stimulate the phosphodiesterase enzyme activity compared to the addition of
inorganic fertilizers such as calcium phosphate and ammonium phosphate. The addition of
fertilizers with phosphorus influences other nutrient cycles, such as C and N, since labile
organic molecules triggered a "priming effect”, allowing microorganisms to degrade the
remaining organic C, and when C is not supplied continuously, there is less competition from
heterotrophic microorganisms, allowing the growth and increased activity of autotrophic

microorganisms capable of carrying out the nitrification process.

In addition to phosphate fertilizers, glyphosate and a commercial formulation of this
herbicide also alter aspects of C and P cycling since both compounds decreased soil microbial
C mineralization. In addition, the commercial formulation induces an increase in the activity
of phosphodiesterases and phosphonatases and influences the non-biological sorption of P.
The herbicide produces changes in the dominance of some microbial fatty acids, decreasing
the dominance of fungi and actinobacteria and of some fatty acids related to Gram negative
bacteria. The strongest side effects occurred with the application of the commercial
formulation of the herbicide and at a site where glyphosate had not been previously applied,
compared to a site with a 5-year history of glyphosate use. Even so, bacterial isolates capable
of using both pure glyphosate and its commercial formulation as the only source of
phosphorus were obtained, which could be studied in the future to bioremediate sites

contaminated with the herbicide.



INTRODUCCION GENERAL

La agricultura es una de las actividades mas importantes para los seres humanos, sin
embargo, la superficie agricola ha tenido que ser ampliada, muchas veces a zonas poco aptas
para esta actividad como son los ecosistemas desérticos, debido al continuo crecimiento
poblacional y la necesidad de incrementar la productividad agricola (SEMARNAT, 2012).
Los ecosistemas desérticos cubren aproximadamente 45% de la superficie terrestre de nuestro
planeta (Pravilie et al., 2019) y se estima que en estos ecosistemas habitan mas de 2 mil
millones de personas (Pravalie, 2016). A pesar de que en estos ecosistemas existe poca
disponibilidad de agua, energia y nutrientes en el suelo, el 25% de la superficie de estos sitios

esta destinado a la agricultura (Pravalie, 2016).

La alta demanda de los productos agricolas ha conllevado a la intensificacion de métodos
para realizar esta actividad, los cuales implican utilizar mayores volumenes de agua, energia,
fertilizantes, plaguicidas, herbicidas y especies no nativas (Rey Benayas & Bullock, 2012).
Los ecosistemas aridos y semiaridos tienen condiciones climaticas y edaficas dificiles para
llevar a cabo las practicas agricolas, debido a las cortas y variables temporadas de lluvia, la
degradacion del suelo, el bajo contenido de materia organica del suelo y la alta salinidad
(Garcia-Palacios et al., 2019; Kassam et al., 2012); sin embargo, después de la revolucion
verde durante la segunda mitad del siglo 20, la utilizacion de fertilizantes sintéticos y
plaguicidas ayudaron a mejorar el rendimiento de los cultivos, aunque esto ha tenido diversos
impactos ambientales (Garcia-Palacios et al., 2019). Los cultivos agricolas no son 100%
eficientes para utilizar los nutrientes proporcionados por fertilizantes minerales; se estima
que la adquisicion de nitrogeno (N) por las plantas es de un 30 a 50%, mientras que la
adquisicion de fosforo es de 10 a 25% del aplicado (Lubkowski, 2016). Los nutrientes que
no son absorbidos por las plantas pasan por procesos que llevan a disminuir su disponibilidad,
como la lixiviacion, volatilizacion, precipitacion y transformaciones microbianas. Algunos
de estos procesos, como la lixiviacion y la volatilizacion, producen la dispersion ambiental
del exceso de fertilizantes, ocasionando la contaminacion de otros ecosistemas, como los

acuaticos, provocando problemas como la eutrofizacion (Lubkowski, 2016). Ademas, las



cantidades excesivas de fertilizantes en el suelo, pueden cambiar tanto el nivel de salinidad,

como el pH del suelo, conduciendo a su degradacion gradual (Lubkowski, 2016).

El fésforo, es uno de los principales nutrientes limitantes para la productividad primaria en
los ecosistemas deserticos (Cross & Schlesinger, 2001). La fertilizacién mineral con fésforo,
por lo general resulta en la acumulacion de este elemento en formas no disponibles o en su
pérdida por lixiviacion. En ecosistemas desérticos dominan tipos de suelo ricos en calcio,
como los Calcisols y Gipsisols (Koohafkan & Stewart, 2008), lo que propicia que ocurran
reacciones de precipitacion de fosforo con calcio, formando compuestos insolubles (Chapin
Il etal., 2011; Cross & Schlesinger, 1995, 2001). EI P también es susceptible a procesos de
adsorcion y oclusion en particulas del suelo, convirtiéndose en un nutriente no disponible
para las plantas de cultivo. Sin embargo, las plantas necesitan el P para producir compuestos
esenciales para la vida, como los fosfolipidos de membrana, el ATP, y los &cidos nucleicos
(White & Metcalf, 2007).

Los insumos agricolas, como fertilizantes minerales y plaguicidas, no solo tienen efectos en
las caracteristicas fisicas y quimicas del suelo o por su dispersion a otros ecosistemas,
también pueden tener efectos en los microorganismos del suelo, los cuales a menudo son
pasados por alto. Estos efectos pueden medirse como cambios en la riqueza y abundancia de
microorganismos, en la biomasa microbiana del suelo, o en la actividad bioldgica, como la
respiracion del suelo y las actividades enzimaéticas (E. K. Biinemann et al., 2006). Los efectos
de la aplicacion de fertilizantes minerales sobre los microorganismos suelen variar entre
diferentes estudios y estas variaciones estan relacionadas con la disminucion del pH del suelo
por fertilizaciones de N 0 S, y con cambios en la concentracion de C organico, que puede
Ilegar a aumentar en experimentos en campo y en macetas debido al aumento de biomasa de
los cultivos lo que propicia la liberacion de C organico al suelo (E. K. Blinemann et al., 2006;
Moore et al., 2000). También se ha determinado que fertilizaciones con P pueden cambiar la
estructura de la comunidad microbiana del suelo, aumentando la abundancia de bacterias
copiotrofas (de répido crecimiento) debido a la facilidad de adquisicion del P inorganico, y a
que al no tener limitacion por P, la produccion de enzimas para obtencion de carbono

organico (energia) es mas eficiente (Fanin et al., 2015).



Es importante también estudiar el efecto que puede tener la aplicacion de fertilizantes sobre
las funciones de los microorganismos del suelo. Los microorganismos son esenciales en el
reciclaje de nutrientes en el ecosistema y en la disponibilidad de nutrientes, debido a que
realizan procesos como la fijacion de N, la mineralizacion de P organico y la solubilizacion
de P (Prashar et al. 2014). Debido a que las plantas necesitan obtener nutrientes como el P de
forma inorganica y soluble, es importante mantener la abundancia y actividad de los
microorganismos capaces de realizar procesos como la mineralizacion de fosforo orgénico
(Macik etal., 2020). La mineralizacion de P es realizada por la accion de enzimas
hidroliticas, como las fosfatasas, fosfodiesterasas, fitasas y fosfonatasas (Turner et al., 2003;
Cade-Menun 2005). La produccién de fosfatasas esta regulada por el regulén Pho que ademas
expresa genes para transportar y asimilar P; sin embargo, se conoce que muchos genes
pertenecientes a este regulon pueden inhibir su expresion cuando hay altas concentraciones
de P en el ambiente (Vershinina & Znamenskaya, 2002), por lo que la aplicacion continua de
fertilizantes fosfatados en suelos agricolas podria resultar en la pérdida de funciones
microbianas. También se ha demostrado la disminucién de copias del gen phoD encargado
de la produccién de fosfatasas debido a fertilizaciones con P inorganico (Ikoyi et al., 2018),
asi como el cambio en la estructura de comunidades flngicas, bacterianas y micorricicas
(lkoyi et al., 2018; Macik et al., 2020).

Debido a los efectos descritos que tienen las fertilizaciones minerales en las practicas de
agricultura intensiva, es necesario buscar alternativas que ayuden a realizar una agricultura
mas sustentable, en el contexto de alcanzar los objetivos de produccién sin comprometer el
futuro en términos de degradacién o agotamiento de los recursos naturales (Matson et al.,
1997). Una de estas alternativas son las précticas de agricultura orgéanica, que en vez de
utilizar fertilizantes inorganicos, promueven el uso de fertilizantes y enmiendas organicas

como compostas y abonos (Garibaldi et al., 2017).

El uso de enmiendas orgénicas puede proporcionar al suelo caracteristicas deseables como
mayor capacidad de retencién de agua y capacidad de intercambio cationico, ademas de

promover el crecimiento de organismos benéficos (Bulluck etal., 2002), aumentar el
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contenido de biomasa microbiana del suelo, la actividad de los microorganismos (Bastida et
al., 2008; Fernandez-Getino et al. 2012; Ros, Hernandez, and Garcia 2003; Scotti et al. 2015),
ademas de la proteccion de los nutrientes como N y P, por el aumento de P y N en biomasa
microbiana, evitando pérdidas por lixiviacion (Bulluck et al., 2002; Mader et al., 2002),

mejorando de esta manera la fertilidad y calidad del suelo.

La adicion de materia organica es también un método para recuperar suelos degradados en
zonas éaridas y semiaridas que han perdido su fertilidad debido a practicas agricolas, que
ayuda a mejorar las caracteristicas del suelo, en especial el ciclaje de nutrientes (Ros et al.,
2003). Diversos estudios han demostrado que la utilizacion de enmiendas organicas, como la
utilizacién de abonos y abonos verdes pueden reducir las condiciones salinas del suelo; sin
embargo, la disminucion de sodicidad edéafica es variable (Seenivasan, Prasath, y Mohanraj
2016; Badia 2000), ademas han demostrado que la adicion de materia organica proporciona
un suministro de energia y nutrientes a los microorganismos resistentes a la salinidad, y ayuda
a la activacion de su metabolismo que suele ser bajo, debido a las condiciones de bajo
contenido de C organico que tienen por lo general los suelos salinos (Wong, Dalal, y Greene
2009).

No obstante, la materia organica es altamente compleja y heterogénea, contiene compuestos
organicos que varian desde biomasa microbiana labil y material vegetal fresco hasta
compuestos que pueden permanecer en el suelo por miles de afios (Townsend et al. 1995).
Es importante conocer el contenido de nutrientes de las enmiendas organicas, pero la
concentracion total de un nutriente (C, N o P) en una enmienda no garantiza que este se
encuentre en una forma quimica disponible para ser utilizado por el cultivo en un tiempo
determinado. Por lo tanto, la concentracion total de nutrientes no es un indicador adecuado
de la calidad de abonos o enmiendas organicas (Wang et al., 2004). La influencia de la
materia organica en las propiedades del suelo y en los microorganismos depende de la

cantidad, calidad y del tipo de los materiales afiadidos (Barzegar et al., 2002).

Ademas de los fertilizantes inorganicos, los plaguicidas también son insumos agricolas

ampliamente utilizados, ya que se estima que a nivel mundial se utilizan 2 millones de
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toneladas de plaguicidas anualmente (Sharma et al., 2019). Los herbicidas representan cerca
del 60% del tipo de plaguicidas méas usados (Duke & Dayan, 2018). El glifosato, es el
herbicida méas utilizado globalmente, en términos de kilogramos por afio (Duke, 2020). El
glifosato (N-fosfonometil glicina) es un compuesto quimico cuya estructura molecular
contiene un grupo fosfonato, un atomo de carbono unido directamente a un atomo de fésforo
por medio de un enlace covalente, que a diferencia de los esteres de fosfato, tiene mayor
resistencia a la degradacion (Hayes et al., 2000). El grupo fosfonato le da al glifosato
caracteristicas respecto a su movilidad en el suelo, ya que tiene la capacidad de formar
enlaces con minerales del suelo, de forma similar a las moléculas de ortofosfato (PO4*)
compitiendo por los mismos sitios de adsorcién (De Jonge et al., 2001), por lo que las
fertilizaciones con fosforo inorganico en campos agricolas pueden influenciar la
biodisponibilidad y transporte del glifosato en el suelo (Gimsing & Borggaard, 2002). El
glifosato ha sido estudiado en cuanto a su ecotoxicidad en organismos acuaticos, macrofauna
del suelo, aves y humanos (Blake & Pallett, 2018; Duke, 2020); sin embargo, los efectos en
los microorganismos del suelo son menos conocidos y varian dependiendo de caracteristicas
como el pH del suelo y las dosis de glifosato aplicadas (Nguyen etal., 2016). Los
microorganismos del suelo son ademas la clave para la degradacion del glifosato, ya que
algunas bacterias, producen enzimas como la fosfonatasa y el complejo enzimatico C-P liasa
que son capaces de romper el enlace directo C-P de los fosfonatos con el fin de utilizar estas
moléculas como fuente de fosforo (Shushkova et al., 2012; Sviridov et al., 2015), por lo que
el uso de microorganismos se ha considerado una opcion viable y eficiente para la
restauracion de ecosistemas contaminados con herbicidas organofosforados (Singh &
Walker, 2006).

Algunos de estos microorganismos Utiles para la biorremediacicon de compuestos
organofosforados, pueden encontrarse en sitios con oligotrofia de P. Las concentraciones mas
bajas de P total en suelos, han sido reportadas en ecosistemas aridos (Tapia-Torres & Garcia-
Oliva, 2013). En México, las zonas aridas abarcan cerca del 50% de la superficie agricola de
nuestro pais (SEMARNAT, 2012). Las zonas aridas y semiaridas en México se encuentran
principalmente en los desiertos Chihuahuense y Sonorense, en la region del complejo del

valle de Tehuacan-Cuicatlan, ubicado en los estados de Puebla y Oaxaca y en el semidesierto
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Queretano-Hidalguense. Dentro del desierto Chihuahuense, se encuentra el valle de Cuatro
Ciénegas, Coahuila (VCC), un sitio caracterizado por su bajo contenido de P en el suelo,
donde se presentan concentraciones hasta 5 veces menores del P total a las reportadas en
otros desiertos norteamericanos (Tapia-Torres & Garcia-Oliva, 2013). Aunado a la limitacion
por P, el N también es un elemento limitante debido a la baja productividad de este
ecosistema por las condiciones de aridez, ya que la disponibilidad de este nutriente en el suelo
depende en gran medida de los microorganismos que llevan a cabo su fijacion biologica y la
descomposicion de la materia organica (Augusto et al., 2017). Sin embargo, a pesar de la
escasez de agua y de la poca disponibilidad de nutrientes, los suelos del VCC han sido
ampliamente utilizados para actividades agricolas, principalmente para la produccion de
alfalfa, la cual ocupa mas del 71% de la superficie sembrada en esta region (Beltran, 2017).
El cultivo de alfalfa es uno de los factores que méas ha contribuido a la degradacion del suelo,
por el uso de fertilizantes quimicos, plaguicidas (Challenger, 1998) y los grandes voliumenes
de agua requeridos por este cultivo (aproximadamente 219 L kg de alfalfa; Rios-Flores
etal., 2011).

Entre los principales cambios de la dinamica de nutrientes del suelo debido a la actividad
agricola en el VCC se encuentra el aumento de nitrificacion (Hernandez-Becerra et al. 2016;
Martinez-Piedragil 2013), que aumenta la susceptibilidad del suelo a la pérdida del N por
lixiviacion y desnitrificacion. Las actividades agricolas también han modificado la
composicién de la comunidad de microorganismos edaficos; por ejemplo, se ha reportado la
desaparicion del phyla Cyanobacteria en un cultivo de alfalfa de Cuatro Ciénegas, y reducido
la abundancia de phyla Proteobacterias y de Actinobacterias (Hernandez-Becerra et al.,
2016). Estos tres phyla contienen grupos de bacterias con distintas funciones importantes en
el ecosistema, como la fotosintesis (Cyanobacteria), la fijacién de nitrégeno, nitrificacion,
desnitrificacidn y solubilizacion de fosforo (algunas bacterias del phyla Proteobacteria), la
degradacion de compuestos organicos complejos como celulosa o quitina y la produccion de
antibidticos (algunas bacterias del phyla Actinobacteria; Prescott, Harley, y Klein 2004; Paul
2014).
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Por todo lo anterior, es necesario buscar estrategias que ayuden a reducir el grado de
degradacion de los suelos agricolas en el VCC, como la utilizacién de enmiendas organicas
y la busqueda de microorganismos capaces de degradar compuestos contaminantes, como los
herbicidas. De los trabajos previos, se sabe que en condiciones naturales del VCC, existen
microorganismos capaces de favorecer la disponibilidad de nutrientes, pues tienen diversas
estrategias para liberar el P de diferentes moléculas organicas y de moléculas inorganicas
estables como los fosfatos de calcio (Tapia-Torres et al., 2016) en las condiciones quimicas
que presentan sus suelos (pH alcalino, superior a 8; Tapia-Torres et al. 2015) y al aplicar
materia organica en suelos agricolas reduciendo las fertilizaciones minerales, estos
microorganismos podrian disponer de energia para mantenerse activos, pero es necesario
conocer las necesidades energéticas y nutricionales de estos que permiten facilitar el
suministro de nutrientes a las plantas de cultivos agricolas. Ademas, trabajos previos han
demostrado que los microorganismos del VCC tienen la capacidad de obtener el fosforo a
partir de fosfonatos utilizando este tipo de compuestos para crecer, que existe actividad de la
enzima fosfonatasa en suelos, y que hay presencia de bacterias con los genes phn, que
codifican para importadores de fosfonatos, permeasas y C-P liasas (Alcaraz etal., 2010;
Tapia-Torres etal., 2016), por lo que los microorganismos de Cuatro Ciénegas, podrian

degradar compuestos con grupos fosfonato como lo es el glifosato.
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Prequnta de investigacion

¢Como afecta la adicion de fertilizantes organicos e inorganicos con fésforo y de herbicidas
organofosforados a la actividad microbiana y dindmica de nutrientes de suelos agricolas del

valle de Cuatro Ciénegas?

Objetivo General

Analizar el efecto de la adicion de fertilizaciones de compuestos organicos e inorganicos
fosfatados y de un herbicida fosfatado (glifosato) en la dindmicade C, Ny Py en la actividad

microbiana de suelos agricolas del valle de Cuatro Ciénegas, Coahuila.

Objetivos especificos

1. Realizar una revision bibliografica sobre el papel de los microorganismos y sus enzimas
en la descomposicion de la materia organica del suelo.

2. Determinar el efecto de fertilizaciones con moléculas de fosforo organicas e inorganicas
en la actividad microbiana (respiracion y actividad enzimatica) de suelo agricola del VCC,
en la dindmica de los nutrientes C, N y P, y en las relaciones estequiométricas entre los
microorganismos del suelo y sus recursos.

3. Determinar el efecto de un herbicida organofosforado (glifosato) en la actividad
microbiana de suelo agricola del VCC, la dindmica de los nutrientes C, Ny P y la capacidad
de las bacterias del suelo para degradar el glifosato y una formulacion comercial de este

herbicida.

Estructura de la tesis

Para cumplir con los objetivos descritos, la presente tesis se compone de 3 capitulos, los

cuales se resumen a continuacion:
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Capitulo 1. El papel de los microorganismos en la produccion de exoenzimas clave para la
liberacion de nutrientes (N y P) a partir de la materia organica del suelo:

Este capitulo consiste en una revision de la literatura que retne informacién sobre el papel
que juegan los microorganismos en la descomposicion de la materia organica del suelo, las
enzimas involucradas y los distintos procesos que realizan para promover el reciclado de

nutrientes organicos en suelos agricolas.

Capitulo 1. How inorganic and organic phosphorus molecules modify microbial activity,
stoichiometry, and nutrient dynamics in an agricultural soil:

Este capitulo tuvo como objetivo probar experimentalmente los efectos de la incorporacion
de compuestos organicos e inorganicos fosfatados en la transformacién de nutrientes y en la
actividad microbiana de suelos agricolas del VCC. Se utilizaron los compuestos organicos
gue mas comunmente estan presentes en el suelo y en la materia organica, los cuales son
acido fitico, diésteres de fosfato (el compuesto utilizado fue ARN) y monoésteres de fosfato
(el compuesto utilizado fue adenosin monofosfato); en cuanto a los compuestos inorganicos
se utilizaron dos fertilizantes de uso agricola, el fosfato de amonio (MAP) y el fosfato de
calcio. Se realizd un experimento de incubaciones del suelo obtenido de una parcela de alfalfa
del VCC para aplicar los conceptos de estequiometria ecoldgica y determinar como las
diferentes fuentes de P modifican las limitaciones de nutrientes para los microorganismos del
suelo y su eficiencia de uso de carbono; ademas se midi6 la actividad microbiana a partir del
potencial mineralizacion de C y las actividades de exoenzimas despolimerizadoras y

mineralizadoras.

Capitulo I11. Glyphosate-based herbicides alter soil carbon and phosphorus dynamics and
microbial activity:

Este capitulo se enfocé en investigar el efecto del glifosato, un herbicida organofosforado,
en su forma pura y comercial, en la dinamica de nutrientes y actividad microbiana de suelos
agricolas con uso previo de glifosato y suelos abandonados sin uso previo de glifosato. En
este capitulo especificamente se buscaron los posibles efectos del glifosato y de su
formulacién comercial en la adsorcién de fésforo en el suelo y en la disponibilidad de

nutrientes, tomando en cuenta los almacenes de nutrientes organicos, nutrientes
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inmovilizados en biomasa microbiana, la actividad enzimatica, los andlisis estequiométricos
de adquisicion de nutrientes y la mineralizacion potencial del C, ademas se midieron los
cambios en la estructura de la comunidad microbiana del suelo por medio de un perfil de
acidos grasos y el potencial de las bacterias del suelo para degradar el herbicida comercial y

en su forma pura para utilizarlo como fuente de fosforo.
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RESUMEN

La materia organica del suelo es un almacén importante de energia y nutrientes, por
esto, su manejo puede ser una herramienta importante para el aumento de la fertilidad de
suelos agricolas, por lo tanto es necesario conocer los factores que afectan a la
descomposicion de la MO y que promueven la liberacion de nutrientes esenciales como el
nitrégeno (N) y el fésforo (P). La presente revision estd enfocada en uno de los factores
biodticos que afecta la descomposicion de la MO, que es la diversidad, actividad y funcién de
la comunidad microbiana del suelo. Los microorganismos del suelo, para cumplir sus
demandas nutricionales, tienen la capacidad de producir enzimas extracelulares (también
conocidas como exoenzimas 0 ecoenzimas) que realizan procesos de despolimerizacion de
las macromoléculas que forman la materia organica del suelo y procesos de mineralizacién,
donde se liberan nutrientes en forma inorganica como NH4*, y HPO4?, Este articulo, se centr6
principalmente en las enzimas B-Glucosidasa, lacasa, N-acetil glucosidasa, fosfodiesterasa,
fosfomonoesterasa, fitasa y fosfonatasa, en las reacciones que realizan estas enzimas, en la
informacidn actual sobre su distribucion en los diferentes grupos microbianos del suelo, y en

cémo su produccidn es regulada a partir de la estequiometria entre nutrientes disponibles del
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suelo y nutrientes en la biomasa microbiana (C, N y P). La revisién realizada para este
articulo hizo notar ademas, la falta de estudio sobre enzimas encargadas de la
descomposicion de moléculas organicas con P. A pesar de que este es un nutriente
comunmente limitante en el suelo y por lo tanto, se necesitan conocer los distintos
mecanismos que existen para su reciclaje a partir de la MO, diversos estudios se enfocan en
el estudio de fosfatasas en general sin abordar otras enzimas encargadas de la obtencion de

P, como fosfodiesterasas, fitasas alcalinas y fosfonatasas.

Palabras clave: bacterias; disponibilidad de nutrientes; estequiometria; fésforo; nitrégeno

SUMMARY

Soil organic matter is an important pool of nutrients, and its management can be an
important tool for increasing the fertility of agricultural soils. For this reason, it is necessary
to know the factors that affect its decomposition and promote the release of essential nutrients
such as nitrogen and phosphorus. This review is focused on one of the biotic factors that
affects the decomposition of organic matter, which is the activity and function of the soil
microbial community. Soil microorganisms, to meet their nutritional demands, produce
extracellular enzymes (exoenzymes) that carry out processes of depolymerization of
macromolecules that form the organic matter of the soil and mineralization processes, which
leave free nutrients in inorganic form such as NH4*, and HPO4?. In this article, we focus
mainly on the enzymes B-Glucosidase, laccase, N-acetyl glucosidase, phosphodiesterase,
phosphomonoesterase, phytase and phosphonatase, in the reactions that these enzymes carry
out, in what is currently known about their distribution in the different groups soil microbes,
and how their production is regulated from the stoichiometry between available nutrients in

the soil and nutrients in the microbial biomass (C, N and P).

Index words: bacteria; nitrogen; nutrient availability; phosphorus; stoichiometry

INTRODUCCION
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La materia organica del suelo (MOS) es uno de los componentes principales que
define la calidad del suelo, ya que regula su humedad, estructura, suministro de nutrientes
disponibles y la actividad microbiana (McLauchlan, 2006). En particular, la MOS es la
principal fuente de energia para los microorganismos heterdtrofos, asi como también de
nutrientes contenidos en las moléculas organicas, tales como el Ny el P (Lehmann y Kleber,
2015). Sin embargo, los sistemas agricolas intensivos han utilizado los fertilizantes
inorganicos para satisfacer las grandes cantidades de nutrientes que demandan, reduciendo
de esta manera la cantidad y modificando la composicion quimica de la MOS (Voroney et
al., 1981). Algunos autores consideran que aumentar la cantidad de MOS es una alternativa
para mejorar la calidad de los suelos agricolas (Tiessen et al., 1992; Badia, 2000; Ding et al.,
2013).

Sin embargo, la MO utilizada como abonos y enmiendas organicas, tiene una gran
variabilidad en su composicién quimica, en su estabilizacion en el suelo y en el tipo y
cantidad de nutrientes que puede liberar en el suelo al ser degradada (Sikora y Szmidth,
2001). Para poder hacer un manejo adecuado de la MOS en sistemas agricolas, es por lo tanto
importante conocer los mecanismos de su descomposicion y su estabilizacion en el suelo, asi
como los principales factores que determinan estos dos procesos. Los microorganismos del
suelo, su diversidad y su capacidad metabdlica, son los principales actores bioticos que
controlan la transformacion de la MOS (Schimel y Weintraub, 2003). Por esto mismo, el
presente trabajo tuvo como objetivo realizar una revision de la literatura sobre el papel que
juegan los microorganismos en la descomposicion de la materia organica del suelo, y los
procesos microbianos que favorecen el reciclado de nutrientes en suelos a partir de la
degradacion de la MOS, por medio de la produccion de enzimas extracelulares. En este
trabajo se abordan los procesos de descomposicion y estabilizacion de la MOS, los procesos
realizados por microorganismos para degradar los compuestos mas abundantes en la MO,
como celulosa, lignina, quitina, ésteres y diésteres de fosfato por medio de la produccién de
enzimas extracelulares (exo-enzimas), la distribucion de las principales exo-enzimas
encargadas del reciclaje de nutrientes en los distintos phyla microbianos edaficos y

finalmente se aborda el tema de estequiometria, donde se intenta entender como la sintesis
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de exo-enzimas esta relacionada con el mantenimiento de la estequiometria entre los

cocientes de nutrientes en la biomasa microbiana y los cocientes de nutrientes en la MOS.

DESARROLLO DEL TEMA

Fracciones de la materia organica, procesos de estabilizacion y descomposicion

La materia organica del suelo es altamente compleja y heterogénea, contiene
compuestos organicos que varian desde la biomasa microbiana labil y material vegetal fresco
hasta compuestos que pueden permanecer en el suelo por miles de afios (Townsend et al.,
1995). Por lo anterior, la MOS se divide en diferentes fracciones o almacenes. Las fracciones
fisicas en las que la MOS se divide para su estudio en laboratorio, son la materia organica
particulada (MOP) y la materia organica unida a minerales (MOM), dentro de la cual se
encuentra la materia organica disuelta (MOD). Cada una de estas fracciones tiene
caracateristicas distintas, mientras que la MOP consiste en fragmentos pequefios de MO y
forma parte de la MO que no esta protegida contra la descomposicion (Six et al., 2002), la
MOM consiste en moléculas o fragmentos microscopicos de material organico que ha sido
transformado, los cuales estan mas protegidos contra la descomposicion debido a su
asociacion con minerales, convirtiéndose en una fraccion de la MOS mas persistente
(Lavallee et al., 2020). La MOD, forma parte de esta Gltima fraccion y es una fraccion en la
MOS altamente dindmica (Lavallee et al., 2020).

La MOD se define como la fraccion soluble de la MO que puede pasar a través de
filtros de 0.45 um (Bolan et al., 2011). A pesar de que la MOD, representa solo una pequefia
fraccion, es altamente mdvil y activa, por lo que tiene gran influencia en los ciclos
biogeoquimicos, ademas de que las concentraciones de MOD son altamente susceptibles a
cambios inducidos por humanos, como la agricultura (Bolan et al., 2011).

Sin embargo, la MOS tambien se puede dividir en distintas fracciones de acuerdo a
su tiempo de recambio: una fraccion 1abil o activa (5%) que contiene microorganismos Vvivos
y productos microbianos, ademas de residuos y exudados vegetales y animales con un tiempo
de recambio entre 1 y 5 afios; una fraccién intermedia (60-85% del total) donde la materia
organica se encuentra fisicamente protegida y/o en formas quimicas con mas resistencia a la

descomposicion, con un tiempo de descomposicion que va de afios a décadas; y una fraccion
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pasiva (10-40% del total), la cual es quimicamente recalcitrante y puede estar también
protegida fisicamente, de la cual su tiempo de descomposicién puede ser de cientos a miles
de afios (Townsend et al., 1995; Parton et al., 1987).

La formacion de los almacenes intermedios y pasivos se atribuye principalmente a la
preservacion selectiva de sustancias recalcitrantes que se obtienen de la descomposicion del
material vegetal (Litzow et al., 2008), ademas de la interaccion de la materia organica con
minerales y de sus propiedades hidrofobicas; que forman parte de los mecanismos de
estabilizacion de la MOS (Sollins et al., 1996).

La estabilizacion de la MOS se define como la disminucién de la MOS que puede
potencialmente perderse por respiracion (Sollins et al., 1996) y es efecto de tres principales
mecanismos: ElI aumento en la recalcitrancia de las moléculas, las interacciones

organominerales y la disminucion de su accesibilidad (proteccion fisica).

Se consideran moléculas recalcitrantes a aquellas que presentan mayor resistencia a la
degradacion (Lutzow et al., 2008). Las moléculas recalcitrantes pueden ser de origen vegetal
(residuos de las plantas y rizodepésitos; Litzow et al., 2006), de origen microbiano, como
mureina, quitina, melanina y algunos lipidos o de origen animal, como la quitina y la
queratina (Lutzow et al., 2008). Algunos de estos compuestos son menos degradables debido
a su composicion estructural, por factores como tamafio de la molécula, polaridad, enlaces
ester, atomos de C cuaternarios, grupos nitrogenados fenil- y heterociclicos e hidrocarbonos
de cadenas largas (hidrofébicos; Golchin et al., 1997). Los compuestos macromoleculares
méas facilmente degradables son aquellos que tienen enlaces hidrolizables, que pueden
romperse por medio de enzimas hidrolasas (Litzow et al., 2008), mientras que los méas
recalcitrantes contienen anillos aromaticos en su estructura, como la lignina; y moléculas
ricas en C alquilo, como los lipidos, ceras, cutina y suberina (Kogel-Knabner, 2002). Asi
mismo, son recalcitrantes los compuestos derivados del proceso de humificaciéon. Los
polimeros hamicos se forman por la descomposicion parcial de polimeros, seguido de
reacciones de condensacion y polimerizacion, las cuales son extracelulares y espontaneas,

posiblemente catalizadas por exoenzimas o enzimas que provienen de la autdlisis celular
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(Sollins, et al., 1996). La recalcitrancia inherente o adquirida de las moléculas organicas, es
un mecanismo de proteccion bioquimica contra la descomposicion y estas moléculas pueden

considerarse parte del almacén pasivo de la MOS (Six et al., 2002)

A pesar de que la estructura quimica es un factor importante en las primeras etapas de la
descomposicion de la MO, a largo plazo pueden tomar més importancia otros mecanismos
de estabilizacion. La MOS interactta con superficies minerales del suelo, como las arcillas,
y puede someterse a procesos de precipitacion, sorcion y formacion de complejos, lo cual
disminuye su disponibilidad para ser utilizada por microorganismos (Sollins et al., 1996), a
pesar de que las moléculas sean pequefias y facilmente degradables (Litzow et al., 2008),
constituyendo un mecanismo de estabilizacion quimica (Six et al., 2002). La disminucién en
la accesibilidad a la MOS, es ocasionado por procesos de agregacion de la MOS formando
un almacen de MO fisicamente protegida (Six et al., 2002). Los procesos de precipitacion,
sorcion y formacién de complejos anteriormente explicados también influyen en los procesos
de agregacion. Los macroagregados del suelo (mayores a 250 micras) pueden ocluir
compuestos macromoleculares como la lignina, quitina, melaninay polisacaridos (LUtzow et
al., 2008), sin embargo, los microagregados protegen fisicamente a la MOS de forma més
estable y por un mayor periodo de tiempo contra la descomposicion, y pueden formar parte
del almacen intermedio/lento de la MOS (Six et al., 2002). Los procesos de estabilizacion
debido a la falta de accesibilidad de la MO y las interacciones organominerales, dominan en
las fases posteriores de la descomposicion y operan a escalas mayores de tiempo, en
comparacion con la estabilizacion relacionada a la recalcitrancia quimica (Sollins et al.,
1996).

La descomposicion de la materia orgénica esté altamente relacionada a los procesos de

estabilizacion, y se puede dividir este proceso en tres etapas (Berg, 2000):
Etapa 1. Depende de la calidad del sustrato (Berg, 2000) y consiste en la descomposicién

de sustancias solubles y holocelulosa no lignificada. En esta fase, la tasa de degradacion

aumenta cuando existe una mayor concentracion de nitrégeno (N), fésforo (P) y azufre (S;
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Berg 2014). En esta etapa existe nula o poca degradacion de compuestos lignificados (Berg,

2000). Esta etapa esta relacionada a la descomposicién de la fraccién activa o labil de la MO.

Etapa 2. Domina la degradacion de tejidos lignificados y lignina (Berg, 2014); durante
la degradacién de estos compuestos aumenta las concentracion de N y P en el suelo (Berg,
2000). Las altas concentraciones de N pueden llegar a inhibir la produccion de enzimas
lignoliticas, pero el Mn tiene un efecto estimulante en la degradacion de lignina, ya que este
elemento es esencial para la actividad de la enzima Mn-peroxidasa, y también esta
involucrado en la regulacion de otras enzimas como la lacasa y la lignina peroxidasa que se
encarga de oxidar compuestos de lignina (Berg, 2000; Perez y Jeffries, 1992). Los procesos
de estabilizacion de la MOS relacionados a sorcion, oclusion y agregacion de la MO
empiezan a tomar mayor importancia en esta etapa y a disminuir la disponibilidad de gran

cantidad de MO que no fue degradada en las primeras etapas (Sollins et al., 1996).

Etapa 3. Es la etapa final, donde hay un aumento de la concentracion de N y por
consecuencia, la inhibicion de enzimas lignoliticas; ademas, la MO mas vieja se encuentra
estabilizada en agregados o superficies organominerales, por lo que la tasa de
descomposicion de la MOS es cercana a cero (Sollins et al., 1996; Berg, 2014) y los niveles
de lignina llegan a mantenerse constantes debido a que llegan a un valor limite de

descomposicion (Berg, 2000).

La descomposicion de la MO esta controlada por factores bidticos y abioticos (Fig 1).
Dentro de los factores abioticos se encuentran la textura del suelo y el pH, que influyen en
los procesos de oclusion, adsorcion, agregacion, precipitacion, y por lo tanto, la estabilizacion
de la MO (Sollins et al., 1996), y los factores climaticos, como temperatura, precipitacion, y
radiacion solar (Austin y Vivanco, 2006; Parton et al., 1987; Sierra et al., 2015). La
temperatura es un factor de interés, ya que la sensibilidad de la MO a la temperatura puede
aumentar cuando aumenta la recalcitrancia quimica de la MO (Davidsson et al., 2006; von
Lutzow y Kogel-Knabner, 2009; Plante et al., 2010; Craine et al., 2010), obteniendo valores
de Qo0 de 1 para la MOP labil y de 7.46 para la fraccion recalcitrante de la MO (Jia et al.,
2020). Esto sucede debido a que las reacciones enzimaticas necesarias para descomponer
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MO quimicamente compleja, requieren de una mayor energia de activacion, por lo que se
favorecerian con el aumento de temperatura (Fierer et al., 2005). Un controlador biético muy
importante de la descomposicion de la MO es la actividad de los microorganismos del suelo
(Fig. 1) con la producion de exoenzimas (Schimel y Weintraub, 2003).

Factores que
determinan la
descomposicién de la
materia orgdnica

|

Factores biéticos Factores abiéticos

Comunicad de Caracteristicas fisicas y

microorganismos del Comunidad vegetal quimicas del suelo Factores climéticos
suelo
Exoenzimas que realizan Textura (porcentaje de Temperatura: sensibilidad a la
procesos de " arcillas, limos y arena), temperatura de acuerdo ala
Maipnieaipy Calidad de la MO H idad d 3 . PP
despolimerizacion y _ PN, capacdad de recalcitrancia; precipitacion (o
mineralizacién de la MO intercambio cationico, falta de esta); fotodegradacién en
composicion mineral ecosistemas aridos

BG, NAG, Fosfatasas
(Fm, Fd, Fitasa, Fn),
aminopeptidasas,
proteasas, lacasas, etc.

Figura 1. Factores de la descomposicion de la MOS. Los principales factores que controlan la degradacién de la materia
organica se pueden clasificar en bidticos y abidticos. Las abreviaciones de las enzimas en esta figura corresponden a BG:
B-glucosidasa, NAG: N-acetil glucosaminidasa, Fm: fosfomonoesterasa, Fd: Fosfodiesterasa, Fn: Fosfonatasa.

Figure 1. MOS decomposition factors. The main factors that control the degradation of organic matter can be classified
in biotic and abiotic factors. The abbreviations for the enzymes in this figure correspond to BG: f -glucosidase, NAG: N-
acetyl glucosaminidase, Fm: phosphomonoesterase, Fd: Phosphodiesterase, Fn: Phosphonatase.

Diversidad y funcion de los microorganismos del suelo

Debido a la importancia de los microorganismos en los procesos de descomposicién de
la MO; es importante conocer la diversidad taxondmica y funcional de estos. En el suelo y la
rizésfera se pueden encontrar diversos organismos, como bacterias, hongos, oomicetos,
nematodos, protozoos, algas, virus, archaeas y artropodos (Mendes et al., 2013) y se estima
que se pueden registrar hasta 1011 células microbianas por gramo de raiz (Gams, 2007) y

hasta mil millones de células (10°) por gramo de suelo (Roesch et al., 2007).
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Roesch et al. (2007), en un muestreo de diferentes suelos a lo largo del continente
americano, estimaron que en 1 g de suelo se pueden encontrar desde 10,000 hasta 21,000
OTUS bacterianos. Sin embargo, la diversidad bacteriana varia a través de diferentes grupos
de suelo y ecosistemas. Delgado-Baquerizo y Eldridge (2019) encontraron que los
predictores mas fuertes de la diversidad bacteriana a escala mundial, dentro y entre diferentes
biomas, fueron el pH (relacion positiva), el C del suelo (relacion negativa, a excepcion de
climas aridos), la radiacion ultravioleta (relacion negativa) y tipo de vegetacion, con mayor
diversidad en pastizales que en bosques, debido a un efecto negativo indirecto relacionado a
menor pH en suelos de bosques y mayor contenido de C en el suelo. Un estudio realizado por
Rousk et al. (2010) determiné que diferentes grupos bacterianos dominaban de acuerdo a
diferentes valores de pH del suelo, por ejemplo, las Acidobacterias disminuian cuando el pH

aumentaba, mientras que las Gamma-Proteobacteria aumentaban con el aumento de pH.

De acuerdo a Fierer et al. (2012), en un estudio realizado en suelo de 16 sitios de biomas
distintos, los phyla bacterianos que dominan en suelos y se consideran ubicuos de suelo son:
Acidobacteria, Actinobacteria, Bacteroidetes, Proteobacteria y Verrucomicrobig;
coincidiendo con Roesch et al. (2007), que encontré como phyla dominantes Bacteroidetes,
Betaproteobacteria y Alphaproteobacteria presenetes en 4 sitios diferentes analizados (Brasil,
Florida, Iliniois y Canada), seguidos por otros phyla tambien abundantes pero en menores
proporciones que fueron Acidobacteria, Actinobacteria, Firmicutes, Gemmatimonadetes,
Nitrospira y Verrucomicrobia. Algunos microorganismos predominan en ciertos biomas, por
ejemplo, en los desiertos calidos, también se encontraron como phyla dominates a
Chloroflexi, Cianobacteria, Firmicutes y Gemmatimonadetes (Fierer et al., 2012). En cuanto
a las Archaeas, Thaumarchaeota fue el grupo mas dominante encontrado por Fierer et al.
(2012). Particularmente, en sitios agricolas, dominan el grupo Crenarcheota, dentro de las
cuales se destacan las archeas oxidadoras de amonio, que llevan a cabo el proceso de
nitrificacion (Fulthorpe et al., 2008); este Ultimo grupo, se caracteriza por estar presente en
mayor medida en muestras de rizosfera en comparacién con muestras de suelo libre de
vegetacion (Bomberg et al., 2003). A pesar de que en los suelos dominan phyla determinados,

esto no quiere decir que entre diferentes tipos de suelos se comparta la mayoria de especies
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0 de OTUS. Fulthorpe et al. (2008) determinaron que menos del 5% de OTUS bacterianos
se comparten entre suelos de sitios separados por mas de 9000 km.

Los hongos también son componentes importantes del suelo y la rizésfera. Un muestreo
global de suelos, reveld que los phyla mas dominantes de hongos son Basidiomycota (dentro
de los cuales domina el grupo taxonémico Agaricomycetes), Ascomycota,
Mortierellomycotina y Mucoromycotina; sin embargo, los phyla de hongos con més riqueza
de OTUS son Ascomycota, Basidiomycota, Chytridiomycota y Criptomycota (Tedersoo et
al., 2014). En este mismo estudio, se determind que existen factores que determinan la
riqueza global de hongos en el suelo, los cuales son la precipitacion media anual y la
concentracion de calcio, pero existen diferentes predictores de riqueza de acuerdo a los
grupos filogenéticos y funcionales de hongos. El pH, por ejemplo, afectd a las comunidades
de hongos de forma variable, la riqgueza de hongos ectomicorricicos era mayor en suelos
neutros a ligeramente acidos, los hongos micorricicos arbusculares también aumentaron su
riqueza con el aumento de pH. Sin embargo, los hongos saprotrofos fueron mas diversos

conforme el pH del suelo disminuia (Tedersoo et al., 2014).

Funciones relacionadas a la descomposicion de la MOS

Los microorganismos que se encuentran en el suelo juegan un papel importante, debido
a que estos realizan funciones benéficas en las plantas y aumentan la calidad y fertilidad de
suelos. Los microorganismos pueden promover el crecimiento y desarrollo de las plantas por
medio del aumento de disponibilidad de nutrientes, proteccion contra patdgenos,
estimulacion de la respuesta inmune, produccion de hormonas que promueven el crecimiento
vegetal y mecanismos que ayudan a la planta a tolerar estrés abiotico (Mendes et al., 2013).
Una de las funciones mas importantes de los microorganismos en los suelos agricolas, es la
produccién de exoenzimas para descomponer la MO, con el objetivo de obtener C, Ny P
para su propio crecimiento, pero que a su vez aumentan el almacén disponible de N y P para

los cultivos.

La disponibilidad de N y P en el suelo, se da por medio de procesos realizados por

microorganismos como la fijacion de nitrdégeno, la solubilizacion de P (Prashar et al., 2014)
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y la descomposicion de la materia organica del suelo, que incluye los procesos de
despolimerizacion y mineralizacion que generan N y P inorgéanicos a partir de moléculas
organicas. Las plantas requieren que los nutrientes, como N y P, se encuentren de forma
disuelta y principalmente inorgénica en el suelo para poder obtenerlos (Richardson et al.,
2009). Sin embargo, anualmente, la mayoria de nutrientes requeridos por las plantas son
suministrados por los procesos de descomposicion de la materia orgénica del suelo realizados

por microorganismos (Schlesinger y Bernhardt, 2013).

La mayor parte del nitrégeno en el suelo se encuentra en moléculas complejas, como
proteinas, acidos nucleicos y quitina, que no pueden pasar directamente por las membranas
celulares de plantas y microorganismos. Los microorganismos entonces secretan
exoenzimas, como proteasas, ribonucleasas y quitinasas para descomponer estos polimeros
en sus subunidades, como aminoacidos, nucleotidos y mondmeros de N-acetil glucosamina,
gue son mondmeros organicos solubles en agua (Nitrégeno organico disuelto) y pueden pasar
por las membranas celulares, tanto de plantas (algunas especies, con la ayuda de
ectomicorrizas) como de microorganismos (Chapin et al., 2011). Este proceso es conocido
como despolimerizacion y es uno de los pasos clave en el ciclo del N, ya que regula la
transformacion de los polimeros con N contenidos en la materia organica hasta una forma de
N biodisponible (Schimel y Bennett, 2004). El nitrogeno orgéanico disuelto (NOD) puede ser
posteriormente inmovilizado por microorganismos o puede ser mineralizado en amonio
(NH4*), el cual posteriormente se puede nitrificar, pero tanto el amonio como el nitrato, son
una fuente de N disponible para las plantas (Richardson et al., 2009). Cuando el sistema se
encuentra limitado por C, los microorganismos pueden inmovilizar moléculas de NOD para
usarlas como fuente de C, y liberar el N inorganico en exceso en forma de NH4*, dejandolo
disponible para las plantas, en caso contrario, los microorganismos inmovilizan el N en sus
células (Chapin et al., 2011).

En el caso del fésforo (P), el anién ortofosfato (PO4*) procedente del intemperismo de la
apatita es la forma principal de P inorgénico disponible para la biota (plantas y
microorganismos); sin embargo, esta forma quimica de P es poco abundante en el suelo, ya

que es muy reactiva, y puede pasar por procesos de precipitacion y oclusion que disminuyen
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su disponibilidad (Frossard et al., 2000). En las etapas del desarrollo del suelo posteriores al
interperismo, estos procesos dan lugar a que dominen formas de fésforo ocluido y fosforo
organico (Po) en el sistema, siendo este ultimo, la principal fuente de P disponible (Walker
y Syers, 1976).

El Po en los suelos se encuentra principalmente en formas de monoésteres, dentro de los
cuales esta el fosfato de inositol, y en forma de diésteres de fosfato (Turner et al., 2003; Cade-
Menun, 2005). No obstante, también se pueden encontrar otros compuestos como los
fosfonatos, los que pueden representar una fuente alternativa de P disponible en condiciones

de deficiencia de P inorgénico (Kolowith et al., 2001).

La obtencion de ortofosfatos inorganicos a partir de moléculas organicas ocurre por el
proceso de mineralizacion, llevado a cabo por exo-enzimas hidroliticas producidas por
bacterias, plantas y hongos (Paul, 2014). Sin embargo, al igual que ocurre con las moléculas
nitrogenadas, muchos compuestos organicos fosfatados necesitan ser degradados o
despolimerizados antes de poder mineralizarse. Los diésteres de fosfato son compuestos en
los que el grupo ortofosfato (PO4*) esta unido a dos atomos de carbono por medio de dos
enlaces ester (RO-(PO2)-OR; McMurry, 2008). Ejemplos de diésteres son los fosfolipidos y
acidos nucleicos, que consitituyen una gran proporcion de las entradas de P organico al suelo,
y su degradacion es un proceso secuencial en el que debe de actuar una fosfodiesterasa
seguida de una fosfomonoesterasa (Turner y Haygarth, 2005). Los acidos nucleicos deben
ser hidrolizados por fosfodiesterasas que liberan nucleétidos (Nannipieri et al., 2011),
mientras que los fosfolipidos como la lecitina, se degradan por un tipo de fosfodiesterasas
Ilamadas fosfolipasas para producir diacil glicéridos y fosforilcolina (dependiendo del tipo
de fosfolipido), que necesita posteriormente de una fosfomonoesterasa para ser mineralizado
(Kuroshima y Hayano, 1982). La produccion de fosfodiesterasas se considera un paso clave

para el reciclaje de Po (Nannipieri et al., 2011; Turner y Haygarth, 2005).

A diferencia de los diésteres de fosfato, los monoeésteres de fosfato son moléculas en las
que el grupo ortofosfato unido Unicamente a un grupo organico por medio de un enlace ester

(C-O-P) y pueden ser mineralizadas directamente por la accion de exoenzimas como
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fosfomonoesterasas. Dentro de las enzimas fofomonoesterasas, podemos encontrar fosfatasas
acidas y alcalinas, de acuerdo al pH del suelo de donde provienen o a su pH Optimo. Las
fosfatasas acidas son producidas por plantas y microorganismos, pero no se ha detectado que
las plantas produzcan fosfatasas alcalinas, por lo la actividad de esta enzima se le atribuye

principalmente a los microorganismos del suelo (Nannipieri et al., 2011).

El hexakifosfato de myo-inositol (acido fitico) es un tipo de fosfato de inositol, el cual
puede representar alrededor de 80% del del almacén de fosforo organico del suelo y prevalece
debido a su estabilidad (Greaves y Webley, 1969; Quiquampoix y Mousain, 2004). La
hidrolisis de acido fitico o fitato es un proceso que responde a la deficiencia de fésforo
(Konietzny y Greiner, 2004) a pesar de que algunas fosfomonoesterasas poco especificas
pueden degradar fosfatos de inositol mas simples, el acido fitico es una molécula donde la
hidrolisis de un grupo fosfato es mas especifica para las enzimas fitasa (Quiquampoix y
Mousain, 2004).

Ademas de los ésteres de fosfato, otro grupo de compuestos organofosforados que
podemos encontrar en el suelo y que son utilizados como fuentes de P por los
microorganismos, son los fosfonatos, estos son compuestos con un enlace directo carbono-
fosforo y que pueden encontrarse de forma natural en el suelo o debido a la adicion de
organofosfonatos sintéticos como insecticidas, herbicidas, y retardantes de flamas (Cook et
al., 1978). En estos compuestos, el enlace C-P les confiere mayor estabilidad en comparacion
con el enlace C-O-P de los ésteres de fosfato y por lo tanto, son més resistentes a la
degradacion por factores quimicos, térmicos y fotoliticos (Hayes et al., 2000) por lo que son
degradados por enzimas especificas como las fosfonatasas (fosfonoacetaldehido hidrolasa),
fosfonoacetato hidrolasas, fosfonopiruvato hidrolasas y el complejo enziméatico menos
especifico, la C-P liasa (Kononova y Nesmeyanova, 2002; Obojska et al., 1999). La hidrdlisis
del enlace C-P de algunos fosfonatos puede requerir pasos previos, como la accion de una
aminotransferasa en el 2-aminoetil fosfonato y la accion de mutasas en la degradacion del

fosfoenolpiruvato (Kononova y Nesmeyanova, 2002).
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Distribucion de las principales enzimas despolimerizadoras y mineralizadoras en los
distintos grupos microbianos

Las enzimas encargadas de los procesos de despolimerizacion de compuestos organicos
para obtener moléculas organicas de bajo peso molecular con C, Ny P y de mineralizacion
para obtener Pi, se encuentran ampliamente distribuidas entre los microorganismos del suelo.
A continuacion, se menciona la distribucién y diversidad filogenética de los
microorganismos que contienen las enzimas B-glucosidasa (BG), N-acetil glucosaminidasa
(NAG), fosfodiesterasa (Fd), fosfomonoesterasa (Fm), fitasa, fosfonatasa y Polifenol oxidasa

o lacasa.

La Figura 2 muestra la distribucion de las enzimas NAG, Fm, Fd, fitasay BG en los phyla
bacterianos (Lim et al., 2007; Berlemont y Martiny, 2013; Zimmerman, Martiny y Allison,
2013; Ragot, Kertesz y Bunemann, 2015; Cotta et al., 2016).Todas las enzimas estan

presentes en miembros de los phyla Proteobacteria, Actinobacteria, y firmicutes.

B-Glucosidasas. Las enzimas BG forman parte de la superfamilia de enzimas glicosido
hidrolasas (GH), que participan en la degradacion de la celulosa. Las familias GH contienen
al menos 3 tipos de proteinas que actlan sobre enlaces 1,4-glucosidicos, dentro de las cuales
se encuentran las B-glucosidasas, que participan en el paso final de la despolimerizacion de
celulosa, y producen glucosa a partir de la hidrélisis de B-glucdsidos (BRENDA: EC3.2.1.21;
Hayano y Tubaki, 1985). Berlemont y Martiny (2013), encontraron que las B-glucosidasas
eran encontradas principalmente en las familias de genes GH1 y GH3 las cuales estaban
ampliamente distribuidas filogenéticamente, ya que se encontraron en un 79% de 5123
genomas bacterianos analizados provenientes de la base de datos PATRIC (Pathosystems
Resource Integration Center). De este porcentaje, un 80% tenia genes para B-glucosidasa
distribuidos principalmente en 10 phyla bacterianos (Fig. 2). Berlemont y Martiny (2013)
clasificaron a las bacterias como oportunistas cuando solamente tenian el gen para la enzima
BG, pero no para la enzima celulasa, y estos organismos constituyeron el 70%; y a las
bacterias que contenian genes tanto de la enzima celulasa y la enzima BG las clasificaron

como verdaderos degradadores de celulosa, los cuales constituyeron el 30%.
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N-acetil glucosaminidasa. De acuerdo a andlisis bioinforméticos realizados por
Zimmerman et al. (2013) identificando secuencias de amino&cidos procariontes, la enzima
NAG (EC 3.2.1.52) estuvo presente en el 36.9% de un total de 3058 genomas analizados; y
en 19 de 30 phyla (Fig. 2). Esta enzima ademas de estar presente en bacterias, tambien se

encuentra en organismos Archaea, en los phyla Euryarchaeota y Crenarchaeota.

Fosfomonoesterasa. La enzima fosfatasa alcalina Fm (EC 3.1.3.1), analizada por
Zimmerman et al. (2013) por medio de la busqueda de la secuencia de aminoacidos, y se
encontrd en el 31.9% de los genomas analizados, correspondientes a 22 phyla de 30 (Fig. 2).
También se reportaron en el phyla de Archaeas Euryarchaeota. Tanto para la enzima Fm
como para la enzima NAG, su presencia en el genoma era consistente para algunos géneros
bacterianos como Bulkholderia (NAG y Fm) y Vibrio (NAG); sin embargo, para otros
géneros bacterianos, como Escherichia y Enterococcus hay variacion entre especies en
cuanto al potencial de produccién de enzimas. La fosfomonoesterasa también ha sido
estudiada a partir del gen PhoA por Siles et al., (2022), quienes por medio del estudio de
metagenomas y genomas de la base de datos de Integrated Microbial Genomes and
microbiomes (IMG), separando los datos por uso de suelo (forestal, agricola, pastizal),
encontraron un ndmero mayor de copias de este gen en los phyla bacterianos
Verrucomicrobia, Proteobacteria, Planctomycetes, Firmicutes y Acidobacteria; en los phyla
de archeas Thermoproteota y Euryarcheota y en los phyla flngicoas Ascomycota y
Basiodiomicota, con una mayor abundancia de este gen en pastizales comparado con los otros

dos tipos de uso de suelo.

Fosfodiesterasa. Las familias de genes PhoX y PhoD codifican para fosfodiesterasas no
especificas, sin embargo los genes PhoX se han encontrado principalmente distribuidos en
bacterias marinas (Sebastian & Ammerman, 2009). Las proteinas codificadas por los genes
PhoD son proteinas unidas a periplasma o secretadas extracelularmente y han demostrado
tener actividad tanto de fosfomonoesterasa como fosfodiesterasa, con especificidad similar
para cada sustrato (km= 3.38 para fosfomonoesterasa y km= 3.13 para fosfodiesterasa;
Kageyama et al., 2011), por lo que es dificil estudiar de forma aislada la distribucion

bacteriana de fosfodiesterasas por medio de la presencia de estos genes, sin embargo aun asi,
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la distribucion de la enzima Fd en suelo ha sido estudiada principalmente a partir del gen
PhoD. Ragot et al. (2015) encontraron este gen en 63 secuencias pertenecientes al dominio
Archaea, mientras que en el dominio Bacteria se encontraron 6469 secuencias y en el dominio
Eucaria (Fungi) fueron encontradas 73 secuencias. En Archaea, el gen phoD fue encontrado
en Euryarchaeota, mientras que en Bacteria, el gen se distribuy6 en 20 phyla (Figura 2),
dentro de los cuales hubo mayor presencia de estos genes en los phyla Proteobacteria (11522
copias de los genes), Firmicutes (9353), Actinobacteria (3475), y Bacteroidetes (1034). Se
encontraron homdélogos phoD en el reino Fungi en los phyla Ascomycota (68),
Basidiomycota (14) y Blastocladiomycota (20). Las fosfodiesterasas incluyen un amplio
conjunto de enzimas dentro de las cuales se encuentran las nucleasas, ampliamente
distribuidas, ya que son esenciales para degradar acidos nucleicos y las fosfolipasas,
encargadas de la degradacion de fosfolipidos (Nannipieri et al., 2011). Estas Gltimas, sin
embargo, suelen estar mas relacionadas con microorganismos considerados patdgenos, pues
tienen la capacidad de romper membranas celulares de organismos vivos (Kameyama, 1996;
Koy Hora, 1970).

Fitasa. Esta enzima se encarga de mineralizar el &cido fitico (myo-inositol 1,2,3,4,5,6-
hexakis dihidrogeno fosfato) y es una de las enzimas que presenta menor distribucion entre
los phyla bacterianos presentes en el suelo (Figura 2), debido a que a pesar de que existen
diferentes tipos de fitasas, solo las enzimas conocidas como fitasas hélice- p (FHB; Genes
BPP) estan activas en pH neutros a alcalinos (Cotta et al., 2016; Gontia-Mishra y Tiwari,
2013), y se ha reportado que son el Unico tipo de fitasa producido por microorganismos del
suelo (Lim et al., 2007). Los otros tipos de fitasas operan en pH acidos que van desde 4 hasta
6.5 (Gontia-Mishra y Tiwari, 2013) y estan presentes en bacterias y hongos. Sin embargo las
FHB o fitasas alcalinas, son producida principalmente por bacterias pertenecientes a las
Gammaproteobacterias, y bacterias del género Bacillus (Gontia-Mishra y Tiwari, 2013;
Jorquera et al., 2008; Lim et al., 2007). Ademaés de estos grupos bacterianos, Cotta et al
(2016) encontraron en la rizosfera del maiz, bacterias con genes BPP pertenecientes a los
géneros Pseudomonas, Caulobacter, Idiomarina y Maricaulis; y relacionado a la rizésfera

de otras plantas, se han encontrado los genes BPP en microorganismos rizosfericos aislados
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de los géneros Klebsiella, Rahnella, Pseudomonas, Enterobacter y Serratia (Meena et al.,
2017).

Fosfonatasa y C-P liasa: A pesar de que hay una amplia presencia de microorganismos
capaces de degradar fosfonatos, no hay un grupo taxonémico especifico de microorganismos
capaz de hacerlo; la degradacion de fosfonatos es mas especifica para ciertas cepas de
especies de microorganismos (Kononova y Nesmeyanova, 2002). En un estudio realizado en
suelos de bosque, se detectd que el gen phnX se encontraba en dos phyla (Proteobacteria y
Firmicutes) y 13 dérdenes distintos (Bergkemper et al., 2016). En cuanto a la C-P liasa, existe
un conjunto de genes principales o core (phnGIJK) para producir las proteinas necesarias de
dicho complejo enzimatico, pero se cree que la proteina codificada por el gen phnJ, podria
ser la proteina clave para el complejo C-P liasa (Morales et al., 2020). De acuerdo a Morales
etal (2020), en las bases de datos Gen-Bank, EMBL-EBI y egg-Nog, este gen esta distribuido
en los phyla Actinobacteria, Proteobacteria, Firmicutes, Chloroflexi y Cianobacteria (Fig. 2).
Huang, Su y Xu (2005) proponen que los genes phnX 'y el cluster de genes para la C-P liasas
estan ampliamente distribuidos en grupos bacterianos poco relacionados, debido a que han

estado sometidos a la transferencia horizontal de genes.
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Figura 2. Distribucion de enzimas en grupos bacterianos. Distribucion de las NAG, Fm, Fd, fitasa alcalina (fitasa hélice

B) y BG en los distintos phyla bacterianos. Los rectangulos azules indican la produccion de enzimas por el grupo bacteriano.
Las abreviaciones de las enzimas en esta figura corresponden a BG: B-glucosidasa, NAG: N-acetil glucosaminidasa, Fm:
fosfomonoesterasa, Fd: Fosfodiesterasa, Fn: Fosfonatasa

Figure 2. Enzyme distribution in bacterial groups. Distribution of NAG, Fm, Fd, alkaline phytase (B propeller phytase)
and BG in the different bacterial phyla. Blue rectangles indicate enzyme production by the bacterial group. The
abbreviations for the enzymes in this figure correspond to BG: B-glucosidase, NAG: N-acetyl glucosaminidase, Fm:
phosphomonoesterase, Fd: Phosphodiesterase, Fn: Fosfonatasa.

Lacasas. Las enzimas denominadas lacasas (polifenolexidasa), han sido descritas en
hongos, plantas y bacterias (Valderrama et al., 2003). Estas enzimas participan en la
despolimerizacion de la lignina y son inducidas por compuestos fenolicos relacionados o
derivados de la lignina, pero no estan presentes en la Figura 2, debido a que las “lacasas
verdaderas” son encontradas principalmente en hongos (Gianfreda et al., 1999). Las lacasas
son enzimas que forman un amplio subgrupo dentro de las enzimas denominadas Multicobre

Oxidasas (MCOs; Hoegger et al., 2006), estas se encuentran distribuidas en hongos de los
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grupos Basidiomycetes, Ascomycetes y Deuteromycetes (Gianfreda et al., 1999).
Valderrama et al. (2003) encontraron estas enzimas distribuidas en los géneros de hongos
Agaricus, Ceriporiopsis, Coprinus, Coriolopsis, Coriolus, Filobasidiella, Lentinula,
Marasmius, Phlebia, Pleurotus, Polyporus, Pycnoporus, Rhizoctonia, Schizophyllum vy
Trametes, pertenecientes a la clase Basidiomycota; y en Aspergillus, Colletotrichum,
Myceliophthora, Neurospora y Podospora pertenecientes a la clase Ascomycota. Hoegger et
al. (2006) encontraron de 361 secuencias de aminoacidos de MCOs, 259 pertenecientes a
hongos. La construccion de arboles filogenéticos dio como resultado la separacién de
organismos con diferentes tipos de proteinas MCOs, que se agruparon unicamente en los
Basidiomicetos y Ascomicetos con las enzimas pertenecientes a las Laccasas sensu stricto.
Hoegger et al. (2006) encontraron que las secuencias bacterianas se separaron claramente de
las secuencias de proteinas eucarioticas. Se cree que las lacasas encontradas en algunas
bacterias como Azospirillum lipoferum y Bacillus subtillis tienen funciones distintas a las
lacasas flngicas, y participan en procesos de melanizacion y la formacién de pigmentos de
las esporas; también se han encontrado enzimas denominadas ‘“pseudolacasas” en las

bacterias Pseudomonas syringae y Xantomonas campestris (Hoegger et al., 2006).

Estequiometria de las necesidades nutricionales de los microorganismos y su
relacion con la produccion de enzimas

Los microorganismos producen las enzimas antes mencionadas cuando requieren obtener
nutrientes del suelo y estos no estan disponibles de la manera en que los requieren. Las
necesidades nutricionales de los microorganismos se pueden definir por el cociente
estequiométrico de su biomasa. Cleveland y Liptzin (2007) reportaron que el promedio global
de este cociente para microorganismos del suelo era 60:7:1 (C:N:P). El requerimiento de
nutrientes y la produccion de enzimas esté determinada por esta estequiometria (Sinsabaugh
et al., 2009) es decir, los microorganismos heterétrofos no tienden a adquirir la composicion
estequiométrica de los recursos de donde obtienen nutrientes, si no intentan mantener su
estequiometria regulando la produccion de enzimas, manteniendo su composicion guimica
celular constante y a esto se le llama homeostasis (Sterner y Elser 2002). Cuando cambia la
estequiometria de un organismo al cambiar la estequiometria del recurso, se considera que

los organismos no son homeostaticos (Tapia-Torres et al., 2015). A pesar de que el grado de
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homeostasis puede variar entre autdtrofos y heterdtrofos, para los organismos como
individuos es esencial mantener la homeostasis (Sterner y Elser 2002), sin embargo, al
evaluar una comunidad microbiana, se pueden obtener aparentemente comunidades no-
homeostaticas (que cambien su cociente estequiométrico de biomasa microbiana al cambiar
los cocientes estequiométricos de los recursos), y esto no es resultado del desbalance en la
homeostasis de organismos aislados, sino el reflejo de cambios en la estructura de la
comunidad microbiana (Fanin et al., 2013). Por ejemplo, al aumentar la dominancia de
estrategas R en una comunidad microbiana, los cocientes C:N:P de biomasa microbiana
disminuyen (Heuck et al., 2015), o al modificar la dominancia de bacterias (caracterizadas
por cocientes estequimeétricos bajos en biomasa microbiana) y hongos (cocientes
estequiomeétricos mas altos) dentro de una comunidad microbiana (Fanin et al., 2013). Los
microorganismos homeostaticos regulan su crecimiento por el nutriente més limitante, y
responden a la disponibilidad de nutrientes con cambios en la produccion de ecoenzimas
(Fig. 3), lo cual contribuye a la homeostasis (Tapia-Torres et al., 2015). Si en el suelo existen
concentraciones bajas de N o P, o los cocientes estequiométricos del suelo son muy altos, los
microorganismos tienen que producir enzimas como NAG, Fm, Fd, Fn, fitasas, proteasas y
aminopeptidasas (Fig. 3b). Sin embargo, al momento que los microorganismos invierten
recursos para obtener estos nutrientes, disminuyen los recursos disponibles para C, por lo que
los microorganismos comienzan a invertir en enzimas para obtener monémeros de glucosa,
como las enzimas BG o lacasas, en caso de que los compuestos organicos del suelo se
encuentren en formas complejas. Por esto, las actividades enzimaticas también estan
correlacionadas entre si y las pendientes que se obtienen en las relaciones de actividades
enzimaticas de los ecosistemas (INnBG/INNAG+InLAP (leucin aminopeptidasa) para C:N y
InBG/InFm para C:P) tienen una relacion BG:NAG+LAP:Fm 1:1:1 (Sinsabaugh et al., 2009;
Tapia-Torres et al., 2015).

La estequiometria de la actividad enzimatica, a diferencia de la estequiometria de la
biomasa microbiana, si esta relacionada con los recursos del suelo, ya que se ha determinado
que las actividades de BG, NAG, celobiohidrolasa, aminopeptidasa y Fm aumentan con la

concentracion de C organico del suelo en una relacion cercanaa 1.0 (Sinsabaugh etal., 2014).
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Figura 3. Los microorganismos regulan la produccion de exoenzimas para aumentar la disponibilidad de los

Crecimiento y metabolismo

nutrientes C, N y P. En un escenario de disponibilidad de nutrientes (A) con C, N y P de formas labiles (por ejemplo,
glucosa para C, n-acetil glucosamina, aminoacidos y NH4* para N, y iones ortofosfato para P), estas moléculas pueden ser
transportadas al interior de las células con ayuda de transportadores de membrana, sin necesidad de producir enzimas
extracelulares. Sin embargo, cuando hay limitacion de nutrientes (B), los microorganismos producen exo-enzimas, como f-
glucosidasa, para la obtencion de glucosa a partir de celulosa, N-acetil glucosaminidasa para la obtencién de N-acetil
glucosamina a partir de quitina, fosfodiesterasa, para la obtencion de monoésteres de fosfato a partir de diésteres y
fosfomonoesterasa para la obtencién de ortofosfatos inorganicos, utilizando la materia organica del suelo como fuente de
estos elementos. Estas moléculas pueden entrar a la célula y ser utilizadas para crecimiento y metabolismo, pero también
parte de estos nutrientes son utilizados para la produccion de mas exoenzimas que se requieren para satisfacer las demandas
nutricionales. La regulacion de la produccién de estas exoenzimas por los microorganismos es esencial para mantener su

estequiometria elemental y regular la homeostasis.
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Figure 3. Microorganisms regulate exoenzymes production to increase C, N and P availability. In a scenario of nutrient
availability (A) with C, N and P labile forms (for example glucose for C, n-acetyl glucosamine, amino acids and NHa+ for
N, and orthophosphate ions for P), these molecules can be transported inside the cells with the help of membrane
transporters, without the need of the production of extracellular enzymes. However, when there is nutrient limitation (B),
microorganisms produce exo-enzymes, such as -glucosidase, to obtain glucose from cellulose, N-acetyl glucosaminidase
to obtain N-acetyl glucosamine from chitin, phosphodiesterase, to obtain phosphate monoesters from diesters and
phosphomonoesterase to obtain inorganic ortophosphates, using soil organic matter as a source of these elements. These
molecules can enter the cell and be used for growth and metabolism, but also part of these nutrients is used for the production
of more exoenzymes that are required to satisfy nutritional demands. The regulation of these exoenzymes production by

microbes is essential to maintain their elemental stoichiometry and for homeostasis regulation.

CONCLUSIONES

La composicion de la materia organica del suelo depende de su origen, y es un factor
importante en etapas tempranas de la descomposicion. La descomposicion de la MOS esta
controlada por factores bioticos y abioticos, de los cuales un controlador biético muy
importante es la actividad de los microorganismos del suelo con la produccion de
exoenzimas. La produccidn de estas enzimas modifica la disponibilidad de N y P en el suelo,
que son requeridos por las plantas y microorganismos en forma de moléculas solubles. La
disponibilidad del nitrogeno esté regulada principalmente por procesos de despolimerizacion,
puesto que los mondémeros de N se consideran moléculas biodisponibles para los
microorganismos, por esto es importante la accion de enzimas como la N-acetil
glucosaminidasa, que se encarga de hidrolizar polimeros de Quitina. En cuanto al fésforo, su
disponibilidad esta mediada tanto por la accion de enzimas despolimerizadoras, como las
fosfodiesterasas, como por la acciébn de enzimas mineralizadoras, como las
fosfomonoesterasas, fitasas y fosfonatasas, pues los microorganismos y las plantas, requieren
de este nutriente en forma inorganica y soluble. Ademas de estas enzimas, otras enzimas
como la B-glucosidasa y la lacasa son requeridas, ya que despolimerizan celulosa y lignina,
generando moléculas que son fuente de energia y carbono para los microorganismos
heterétrofos del suelo, y son esenciales para que estos puedan producir otras enzimas. La
diversidad microbiana del suelo es esencial para mantener los procesos de descomposicion
de laMQOS, ya que a pesar de que la mayoria de las enzimas estudiadas en el presente articulo

estan ampliamente distribuidas entre distintos phyla microbianos, es dificil determinar esto a
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nivel de especie, y a pesar de que entre distintos suelos se pueden encontrar grupos
microbianos en comun a nivel Phyla, menos del 5% de los OTUs bacterianos son
compartidos. En este trabajo se identifico la falta de méas estudios que se enfoquen en la
distribucion 'y presencia de las enzimas fosfomonoesterasa y fosfodiesterasa en
microorganismos del suelo, relacionando la presencia de estos genes a la actividad enzimatica
debido a la baja especificidad de las fosfatasas y fosfodiesterasas codificadas por los genes
PhoD. Esto es importante debido a que el P es un elemento cominmente limitante en los
ecosistemas, pero puede ser obtenido promoviendo los procesos de despolimerizacién y
mineralizacion de la MOS. Los diésteres de fosfato, a pesar de ser poco estudiados, son una
forma importante de P en la materia organica, presentes en dos tipos de biomoléculas; los
fosfolipidos y los &cidos nucleicos, por lo que son un regulador clave de la disponibilidad de
P. Ademas de esto, es importante tomar en cuenta que aungue los microorganismos tengan
los genes de las enzimas mencionadas, la estequiometria entre su biomasa y los recursos
disponibles, es un regulador importante para la produccién de estas, pues son el regulador
para el mantenimiento de la homeostasis, utilizando las enzimas para obtener nutrientes

cuando los cocientes nutricionales del suelo (C:N:P) son muy diferentes a sus necesidades.
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Abstract
The dynamics of C, N and P in soils determine their fertility and the growth of agricultural
crop plants. These dynamics are highly dependent on microbial metabolism that in turn
depends on the nutrients present in the soil. Farmers typically carry out fertilizations with
either mineral or organic matter to increase the availability of nutrients in soils. One of the
most applied nutrients in fertilizations is phosphorous, usually a limiting nutrient for plant
growth. To degrade different substrates and increase nutrient availability, microorganisms
require a combination of C, N and P. However, our knowledge is limited on how different
forms of phosphorus molecules added as organic or inorganic fertilizations impact the
activity of soil microorganisms, including their ability to produce the enzymes required to
release nutrients from the different substrates. A soil incubation experiment was carried out
adding 5 different phosphate molecules as treatments: three organic molecules (RNA,
adenine monophosphate (AMP) and phytate), two inorganic molecules (calcium phosphate
and ammonium phosphate) and a control, to which no phosphorus was added. Nutrient
dynamics and soil microbial activity were measured at 19 days of incubation. Potential
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microbial C mineralization (CO2-C) was affected by the different P molecules added.
Specific enzyme activities were also affected, specifically by organic treatments. P remained
immobilized in the microbial biomass regardless of the source of P added (Pmic fraction).
This suggested that soil microorganisms were clearly limited by phosphorus. Higher
mineralization rates with organic compounds depleted available sources of C, such as
dissolved organic carbon, which resulted on an increase of nitrification. C:N:P stoichiometry
of microbial biomass denoted a change in the microbial community. These differences
affected carbon use efficiency (CUE), threshold elemental ratio (TER), and homeostasis. We
conclude that different organic and inorganic sources of P affect soil microorganisms
differently modifying the dynamics of soil N and C. Labile organic phosphorus increases
microbial activity because it is also a carbon source for heterotrophic microorganisms;
however, in the course of incubation, this energy source decreases. The different sources of
P notably impact microbial metabolism from the production of enzymes and influences the
immobilization of P and N. These results denote that it is important to consider the phosphate
compounds used in agriculture, since by affecting the microbial activity of the soil, this can
affect plant productivity.

Keywords: Phosphorus, microbial activity, enzyme activity, nutrients dynamics, C dynamic,

N dynamic, microbial stoichiometry, soil microcosms, fertilization

1. Introduction
Phosphorus is an essential element for the metabolism of living organisms (Tapia-Torres &
Garcia-Oliva, 2013). It is a fundamental element of biomolecules such as ATP, nucleic acids

and phospholipids (Ashley et al., 2011). In the soil, phosphorus (P) originates from the
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weathering of minerals that contain phosphates, mainly from apatite, which contains calcium
phosphate minerals (Paul 2014; Schlesinger, 1991). The orthophosphate anion (HPO4?) from
the weathering of apatite is the main source of inorganic P available to biota. However, this
chemical P form is not very abundant in soil since it is very reactive and can generate different
types of molecules by precipitation, dissolution, and sorption processes (Doolette and
Smernik, 2011). Another important source of P in the soil is organic P (Turner et al., 2003).
The main organic P compounds found in soil are usually inositol phosphates, that can amount
to one third to one half of the total organic P in the soil, followed in abundance by nucleic
acids and phospholipids (Dalai, 1977; Stewart & Tiessen, 1987). Organic phosphate
molecules must be made available to plants and soil microorganisms, through action of
secreted enzymes (exoenzymes) produced by soil microorganisms. For example,
macromolecules such as nucleic acids can be depolymerized by the action enzymes such as
phosphodiesterases, or mineralized by phosphomonoesterases, phytases, and phosphonatases

(Paul, 2014).

Through the production of different enzymes, microorganisms can regulate their phosphorus
demand in response to the availability of nutrients in the soil (Tapia-Torres, Elser, et al.,
2015). However, the production of enzymes involved in the acquisition of P not only depends
on the availability of the organophosphate substrate and inorganic phosphorus (PO4%), but it
is also linked to the availability of carbon or energy (Luo et al., 2019), and of nutrients such
as N and other elements (Olander & Vitousek, 2000). Enzymes that serve for the acquisition

of C and N (3-glucosidases and N-acetyl glucosaminidases, respectively) are therefore also
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produced by microorganisms (Sinsabaugh et al., 2010), to balance the requirement of all

nutrients.

Therefore, for microorganisms the allocation of energy and nutrients for the production of
enzymes and for growth depends on the relative quantities of the different available elements,
that is, the stoichiometry of elements in the microbial biomass and the availability of nutrients
in the soil; that is, the relationships between the essential elements C:N:P (Sinsabaugh et al.,
2002; Elser and Sterner 2002). The parameter Threshold Elemental Ratio (TER) helps us
find the C:N or C:P ratios at which microbial metabolism changes from being controlled by
the supply of energy (C) to being controlled by the supply of nutrients such as N and P
(Sterner and Elser, 2002; Sinsabaugh and Follstad Shah, 2011). TER analyzes have been
reported for natural terrestrial ecosystems in studies that address nutrient limitations (Tapia-
Torres et al., 2015; Montiel-Gonzalez et al., 2017; Cui et al. 2018a; Cui et al., 2018b). Other
studies have analyzed TER in managed ecosystems to determine the effect that deforestation
and change in land use have on microorganisms (Jiaoyang Zhang et al., 2020). Ecological
stoichiometric analysis in agricultural systems is important to better understand the effect of
fertilizers on soil microbial communities and the coupling of nutrient cycles. This is valuable
information to perform sustainable food production practices that avoid the loss of diversity
of soil microorganisms and therefore the loss of ecosystem services (Van de Waal et al.,

2018).

The efficiency with which bacterial populations convert organic carbon substrates into

biomass is generally termed Carbon Use Efficiency (CUE) and is quantified as carbon
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accumulation in biomass (biomass production or sequestration) relative to carbon released
from organic matter. CUE is an important physiological measure that ultimately determines
the rate at which whole microbial communities decompose organic matter and release CO2

(Manzoni et al., 2012; Moorhead et al., 2012; Sinsabaugh and Follstad Shah, 2012).

Sinsabaugh and Follstad Shah (2012) suggest that CUE is a function of the microbial
community's ability to regulate enzyme expression and biomass composition to reduce the
difference between nutrients in environmental resources and growth requirements and be able
to maximize growth rate. Microbial CUE varies with environmental conditions such as
resource stoichiometry and availability and it therefore depends to a great extent on the
composition of the organic matter (OM) that serves as a carbon and nutrient resource for soil
microorganisms, decreasing when OM is made up of recalcitrant compounds, because it
increases the cost of cell catabolism (Sinsabaugh et al., 2013). Understanding how CUE is
influenced by the organic molecules’ complexity present in soil amendments is crucial, since
depending on their chemical composition different fertilizers can affect the microbial
community differently. Studies about the composition of composts and other organic
amendments have been approached by nuclear magnetic resonance (NMR) of C*2principally
to assess which chemical groups in OM predict its decomposition rates and nitrogen
mineralization (Flavel and Murphy, 2006; Rowell et al., 2001). Rowel et al. (2001) found
that the alkyl group was highly correlated to N mineralization, probably reflecting the
presence of proteins, which are a particularly labile fraction of the organic pool, while the
phenolic index, representing lignin or phenolic acids, was a factor which reduced N

mineralization. However, Flavel and Murphy (2006) did not find a correlation with a specific
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group of the *C-NMR spectra but found that N mineralization was related positively to initial
total C and N of the amendments, as well as cellulose and lignin content, while C
mineralization was correlated positively to total C, cellulose and NH4* concentrations. Other
studies have focused on C:N ratios of organic amendments as an indicator for quality and
complexity, and asses their effect on soil fertility (Agrawal and Ghoshal, 2016; Mohanty et
al., 2013; R. Scotti et al., 2015;Scotti et al., 2015; Riccardo Scotti et al., 2016), as a predictor
of C and N mineralization rates and N immobilization by microorganisms. Hodge et al.
(2000) and Scaotti et al. (2015) reported that microbial growth can be limited by C:N ratio
between 25-30 of organic amendments, promoting temporal N immobilization and impairing

crop growth,

There are few studies that characterize phosphorus compounds in fertilizers. Most studies
do not take this nutrient into account and do not assess how the organic and inorganic
phosphorus molecules contained in the OM effect organic matter decomposition, its
relationships with other nutrients such as C and N mineralization or immobilization

processes, or in soil microbial activity.

Since P is an important fertilizer applied in agricultural fields and an essential element for
soil microorganisms, but also dependent on C and N for its acquisition, in this work we
analyzed how different inorganic and organic phosphate compounds with different
complexity modify the stoichiometry and microbial activity in soil. We used an agricultural
soil from the Cuatro Cienegas Basin in Coahuila, Mexico (CCB), a desert characterized by

its low phosphorus availability in soil (Tapia-Torres et al., 2016; Tapia-Torres & Garcia-
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Oliva, 2013). In these soils microorganisms develop various adaptive strategies to obtain

phosphorous, related to the production of ecoenzymes (Tapia-Torres et al., 2016).

In this work we evaluated using soil mesocosms, the effects of the incorporation of some of
the most common organic compounds found in organic matter (OM) on the transformation
of nutrients and microbial activity in soil. We evaluated inositol phosphates (phytic acid),
nucleic acids in their macromolecular form (RNA) and a monophosphate ester such as
adenosine monophosphate (AMP), as well as the effects of inorganic P molecules commonly
used in mineral fertilizers, such as monoammonium phosphate (MAP) and calcium
phosphate. Applying the concepts of ecological stoichiometry (CUE and TER), we also
determined how the different sources of P modify the nutrients limitations for
microorganisms and the efficiency of carbon use. We hypothesize that labile organic P
molecules (monoester phosphate AMP and diester phosphate RNA) can improve nutrient
availability by stimulating microbial community activity since these molecules are a source
of C, N and P. On the other hand, since phytic acid molecule can be a source of carbon but
not a source of N, its effect on microbial community will depend on the capacity of microbes
to produce enzymes (phytases) to degrade it. Application of inorganic P (MAP and calcium
phosphate) was expected to benefit microbial community growth and activity only to the

point they become limited by energy or by nitrogen (in the case of calcium phosphate).
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2. Materials and Methods

2.1 Study site

This study was carried out with samples obtained from an alfalfa farming plot located in
the western side of the Cuatro Cienegas Basin (26°58°57” N, 102°5°10” W). The climate
at Cuatro Cienegas (CCB) is hot and arid, with an average yearly temperature of 21.9°C
and an average annual precipitation of 253 mm (Montiel-Gonzélez et al., 2021). The
dominant parent material in the west of CCB is calcium carbonate (Lehmann et al., 1999)

and the dominant soil groups are Calcisols (Garcia-Oliva et al., 2018).

The management at the farming plots consist of fertilization every 25 days, principally
with MAP (monoammonium phosphate) technical grade, NPK 20-20-20 fertilizers, or
with NPK 11-42-0 fertilizers. Vermicompost leachate is often applied at a dose of 100
L ha'!. Insecticides are used based on the current problems and herbicides with the active

compound clethodim are used for grasses.

2.2 Soil sampling

Soil sampling of an alfalfa crop was carried out in August 2018. We established 50 x 50
m plot within the alfalfa crop. Soil samples were taken in 5 transects chosen randomly
in one side of 50 m. A subsample was taken each 10 m inside each transect, obtaining 5
subsamples that were mixed homogeneously, obtaining a composite soil sample per
transect. At the end, 5 composite samples were obtained. Soil samples were taken from
the top 15 cm of mineral soil with a soil core sampler, placed in black plastic bags and

stored at 4°C until laboratory analyses.
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2.3 Experimental design and incubation

An incubation experiment was done with soil amended with different phosphorus
compounds as fertilizers (Fig 1). The experimental design consisted of one factor, which
included six different treatments: five phosphate compounds and one control. For each
treatment, we included five replicates, corresponding to each composite soil sampled
obtained from the field. Soil incubations were carried out in a period of 19 days, at 28°C
(time defined by the obtained C mineralization rate data). A soil sample of 100 g was
added into sterilized PVC tubes with an extreme closed with a mesh (pore diameter
<0.05mm). Water was added to samples until 90% water holding capacity, determined
according to Montiel-Gonzalez (2018). During the incubation period, water in samples
were maintained by weight measurements. PVC tubes were placed into 1 L glass flasks

and sealed during the incubation, as shown in Fig. 1.

The added phosphorus compounds were chosen on the basis of the most common organic
P compounds found in farming soils, like phosphate monoesters, phosphate diesters and
phytic acid. As a phosphate monoester, we used adenosine monophosphate (AMP), and
as a phosphate diester we used torula yeast RNA (Sigma-Aldrich). We used also two
inorganic phosphate compounds: monoammonium phosphate (MAP; used at the study
site as fertilizer) and monobasic calcium phosphate (Ca(H2POa4)2), known as triple
superphosphate and used commonly for fertilizer production. Phosphate compounds
concentrations added to soil, were calculated according to the maximum P concentration

used as a fertilizer in the sample site (16.5 kgP ha!). A concentration of 27.8 pug P g'! of
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soil was added, corresponding to 89.87 pumol P (Table 1), calculated based on the PVC

area of 0.0018 m?2. Phosphorus sources were added in the water used to adjust samples

to water holding capacity.

2.4 Potential C mineralization

Carbon mineralization was measured periodically along the 19 days of incubation. For
this analysis, CO2 traps were placed inside the glass flasks. These traps consisted of a
vial with 10 ml of NaOH 1N, which was titrated periodically each third day with HCI
IN and BaClz, and replaced with new NaOH solution. The HCI used for titration was
used to calculate C mineralization rates (Coleman et al., 1978). The metabolic quotient
for CO2 (qCO2) was determined according to Anderson y Domsch (1993) dividing the

accumulated CO2-C by microbial biomass C after incubation (Cmic).

2.5 Biogeochemical and enzymatic activity analyses

Before and after the incubation, biogeochemical analysis and enzymatic activities were
performed. Soil moisture content was determined by gravimetric analysis, drying the
samples at 100°C at constant weight. The active soil pH in deionized water (1:10 w / v)
was measured using a digital potentiometer (Thermo Scientific Orion 3star Plus). The
weight of the samples in all the analyses was corrected with the fraction of dry soil

obtained with the moisture content determination.

Total C, N and P were quantified (TC, TN and TP) using dry soil grounded in an agate

mortar. The total C (TC) and total inorganic C (TIC) were determined by coulometric
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detection (Huffman, 1977) in a total Carbon Analyzer (UIC model CM5012). The total
organic C (COT) was calculated with the difference between TC and TIC. The TN and
TP were determined after acid digestion, the TN was determined by the Kjeldahl macro
method (Bremmer, 1996) and the TP by the reduction of molybdate with ascorbic acid
method (Murphy and Riley, 1962). Both nutrients were measured by colorimetry in

Braun-Lubbe Auto Analyzer 3 (Norderstedt, Germany).

The available forms of nitrogen (NH4" and NO3") were extracted with 2 M KCl according
to the method of Robertson et al. (1999) and were determined by the phenol-hypochlorite
method, while the available inorganic P (HPO4*) was quantified following the
methodology of Tiessen and Moir (1993) of P fractionation, using as extractant a
solution of NaHCO3 0.5M and adjusted at pH 8.5 and was determined colorimetrically

(Murphy and Riley, 1962).

The dissolved organic nutrients were determined by the difference between the total
dissolved nutrient (C, N or P) and the dissolved inorganic nutrient. Dissolved organic C,
N and P (DOC, DON, and DOP) were extracted with deionized water (1:4 w/v) according
to Jones and Willett (2006) and filtered through a Millipore 0.45 pum filter. Filtrate was
used directly to measure inorganic dissolved N and P, and total and inorganic dissolved
C. For total dissolved N and P, the filtrate was acid digested. Total and inorganic forms
of dissolved N and P were quantified in a Bran-Luebbe Auto analyzer 3 (Norderstedt,
Germany). For the determination of the DOC, the total dissolved C (TDC) and dissolved

inorganic C (DIC) were measured in a Carbon Autoanalyzer (TOC CM 5012).
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Nutrients C, N and P within microbial biomass (Cmic, Nmic and Pmic) were obtained
by the method of fumigation with chloroform and incubation for 24 h at 27 °C (Vance
et al., 1987). Cmic and Nmic were extracted using 0.5 M K2SO4 according to Brookes
et al. (1985) and filtered with Whatman No. 42 and No. 1, respectively. Cmic was
quantified using a Carbon Auto Analyzer (TOC CM 5012). C concentration was
measured from each extract as total carbon (TCmic) using the module for liquids (UIC -
COULOMETRICS), and as inorganic carbon (ICmic) determined by the acidification
module CM 5130. For Nmic, the filtrate was acid digested and determined as TN by the
Macro-Kjeldahl method (Brookes et al., 1985). The Pmic was extracted according to
Cole et al. (1977), using a solution of NaHCO3 0.5M and adjusted at pH 8.5, shaken for
16 h and filtered through Whatman No. 42 filters. Filtrates were digested using 11 N
H2SO4 and a 50% w/v solution of ammonium persulfate and neutralized after the acid
digestion. Microbial P was determined colorimetrically by the molybdate-ascorbic acid
method using an Evolution 201 Thermo Scientific Inc. spectrophotometer, at a

wavelength of 880 nm (Murphy and Riley, 1962).

Nutrients in microbial biomass were calculated subtracting data of the no-fumigated
samples to fumigated samples data, and then, divided by its corresponding conversion
factor. kEC (0.45) and kEN (0.54) determined by Joergensen (1996) and Joergensen and
Mueller (1996) were used to calculate Cmic and Nmic, respectively, and Kp correction

factor of 0.4 (Hedley et al., 1982; Lajtha & Jarrell, 1999) was used for Pmic calculations.
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Differences (A) between biogeochemical variables before and after the incubation was
calculated by a subtraction of the values at the beginning of the incubation, from the
values at the end of the incubation. Therefore, net nitrification was calculated subtracting

the values of available NO3™ after incubation minus available NO3™ before incubation.

Enzymatic activities of phosphomonoesterase (Phm), phosphodiestherase (Phd), Phytase
(Phy) Beta-glucosidase (BG), N-acetyl glucosaminidase (NAG), polyphenol oxidase
(POX) were quantified. For this analysis, 2 g of fresh soil and 30 ml of modified
universal buffer (MUB) at pH 8 were used for the ecoenzymes extraction. Three
replicates and one control (sample without substrate) were prepared per sample. Three
substrate controls (substrate without sample) were also included per assay, and all were
incubated at 30 °C. The tubes were centrifugated after the incubation period and then

750 pl of supernatant were diluted in 2 ml of deionized water and 75 pl NaOH IN.

The measurements of the enzymatic activity of Phm, Phd, BG and NAG are based on
spectrophotometric determination of p-nitrophenol (pNP) released from substrates
linked to pNP, per time unit (umol pNP [g SDW]-! h'!; Tabatabai and Bremner, 1969;
Verchot and Borelli, 2005; Fioretto et al., 2009), measured at 410 nm on an Evolution
201 spectrophotometer (Thermo Scientific, Inc.). The POX activity was determined by
oxidation of the substrate 2,2'-azinobis-(-3 ethylbenzothiazoline-6-sulfononic acid)
diammonium salt (ABTS), and it was measured directly at a wavelength of 460 nm. Phy
was quantified according to the method of phosphonatase enzymatic activity

measurement described by Tapia-Torres et al. (2016), using phytic acid as substrate and
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quantifying released Pi by the ascorbic acid reduction method (Murphy and Riley, 1962)
measured at a wavelength of 882 nm. Phy activity was expressed as micromoles of

inorganic P released per gram of soil dry weight per hour (umol Pi [g SDW]!' h-!).

Specific enzyme activities (SEA) were calculated to determine how much enzyme is
synthetized per concentration of nutrient immobilized in microbial biomass. The SEA

was calculated according to Chavez-Vergara et al. (2016) and Waldrop et al. (2000)

(1) SEA= Enzymatic activity / Carbon in microbial biomass

Where enzymatic activity was in units of umol g SDW-'h'! and C in microbial biomass

was on units of mg C g SDW-!,

2.6 Homeostasis and the threshold element ratio (TER)

With the biogeochemical and enzymatic results obtained from the incubation experiment
where different phosphate compounds were applied to agricultural soil samples from the
CCB, a homeostasis analysis was performed, performing simple linear regressions
between the natural logarithm of DOC:DOP and the natural logarithm of Cmic:Pmic for
C:P and between the natural logarithm of DOC:DON and the natural logarithm of
Cmic:Nmic for C:N. Taking the linear regression, it was tested if the slope was different
from 0, which would mean a non-homeostatic microbial community. The elemental ratio
thresholds (TER) were calculated in relation to the elements C:P (TER) and C:N
(TERc:N) according to Sinsabaugh et al. (2009) using the following equations :
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Ec. 1)

TERc:p= ((BG/(Phm+Phd))Bc:p)/po

Ec. 2)

TERc:N= ((BG/NAG)Bc:N)/no

Where TERc:p is the threshold elemental quotient for elements C and P; BG / (Phm + Phd)
is the quotient of enzymatic activity for B-1,4-glucosidase (BG) and the sum of
phosphomonoesterase plus phosphodiesterase (Phm + Phd); BC: P is the C: P ratio for
microbial biomass (Cmic / Pmic) and po is a normalization constant. For elements C and N,
the TERc:~ (Ec. 2) is the threshold elemental ratio (dimensionless), (BG / (NAQG)) is the ratio
of enzymatic activity for B-glucosidase (BG) and N-acetyl glucosaminidase (NAG) , Ben is
the C: N ratio for microbial biomass (Cmic:Nmic), and no is a normalization constant. The
normalization constants are the intercept calculated with a standardized major axis regression
type II (SMATR). For the constant po, the regression is performed between the natural
logarithm of the BG enzyme and the natural logarithm of the sum of the enzymes Phm and
Phd. In contrast, for the constant no, the regression is calculated between the natural logarithm
of the BG enzyme and the natural logarithm of the NAG enzyme. Equation 1 is a modified
equation from Sinsabaugh et al. (2009), since only the Phm enzyme is used in the original
equation, however the Phd enzyme has been included due to its importance and high activity
in the soils of Cuatro Cienegas (Tapia-Torres et al., 2016). The TERc:p and TERc:N results,
converted to natural logarithms, were compared with the resource ratios (soil nutrients,
DOC:DOP and DOC:DON) using a Student’s t-test. This can tell us if the soil

microorganisms are limited by energy (carbon) or by nutrients (N or P).
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2.7 Carbon Use Efficiency

Carbon use efficiency (CUE) can be measured from ecological stoichiometry. In this work,
we perform the calculation of the efficiency of carbon use in relation to N and P (CUEc:~
and CUEc:p) using the formulas developed in Sinsabaugh et al. (2013) and Sinsabaugh et al.
(2016):

Ec. 3)

CUEc:x= CUEMax(Sc:x/(Sc:x+Kx))

Where X represents element N or P; Kx is the mean saturation constant, which has a
value of 0.5; CUEwmax is the upper limit for the efficiency of microbial growth, which
has a value of 0.6 based on thermodynamic constraints, and Sc:x is calculated as follows:
Ec. 4)

Sc:x= (1/EEAc:x)(Be:x/Le:x)

Where EEAc:x is the quotient of the enzymatic activities related to the nutrients C:X;
Lc:x is the quotient of the substrates consumed, which in this case were the dissolved
organic nutrients of the soil and Bc:x the quotient of elements in microbial biomass.
From the data obtained from CUEc:p and CUEc:N, the CUE calculation was performed,
using the formula suggested by Sinsabaugh and Follstad Shah (2012) and Sinsabaugh et
al., (2016) as a best estimate for the CUE of the microbial community:

Ec. 5)

CUE = /CUE¢y X CUE..p
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2.8 Statistical analysis

A one-way ANOVA was performed to determine the effect of the treatment on C
mineralization, and on the biogeochemical and enzymatic variables, as well as on the
differences between the beginning and the end of the incubation for enzymes activities
and DOC, DON, DOP, NOs-, PO4", NH4", Cmic, Pmic and Nmic. Residual frequency
distribution was assessed with Kruskal-Wallis test, to probe a normal distribution
(Garcia-Oliva & Maass, 1998). A Tukey HSD test was performed after the ANOVA to
identify differences between treatments. An ANOVA was also made for the results of

SEA, and LSD test was performed after the ANOVA for SEA obtained with Cmic.

A Pearson correlation was performed between biogeochemical post incubation variables,
enzymatic activities (post incubation), accumulated C mineralization, qCO2, and

nitrification.

A Principal Component Analysis (PCA) was carried out to determine which variables
explained result variance, and to see the grouping of the different treatments. The data
matrix was made using all biogeochemical and enzymatic data from all the samples,
excluding SEA and qCO:. The analysis was carried out using the function “prcomp” on
R software. All statistical analysis were performed using R software (R core team, 2020).
One-way ANOV As were performed to compare the results of TERc:p, TERc:N (using the
natural logarithm of TER), CUEc.p, CUEc:n and CUE between treatments. Residual
frequency distribution was assessed with Kruskal-Wallis test, to probe a normal

distribution (Garcia-Oliva & Maass, 1998). The Tukey HSD test was performed to
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identify the treatments with significant differences, with the exception of the analysis
done for the CUE in which no results were obtained with the Tukey HSD test and an
LSD analysis was performed. To identify differences between the TER values and the
ratios between dissolved organic nutrients, Student's t-tests were performed. For the TER
calculation, type II linear regressions were performed between enzyme activities using
the SMATR package. All statistical analyzes were performed using R software (R Core

Team, 2019).

3. Results

3.1 Incubation experiment and metabolic quotient for CO2 (qCQO2)

In order to obtain data on the potential C mineralization performed by soil
microorganisms we measured the accumulated CO2-C by microbial biomass (Cmic) after
incubation with different substrates. All soil parameters measured before incubation are
shown in table 2; they were descriptive of the studied site and used further to compare
changes between before and after the fertilization experiment. After 19 days of
incubation, it was observed that adenosine monophosphate (AMP) and RNA additions
of P organic treatments had the highest C mineralization (950 and 863 pg CO2-C g°!,
respectively), while the Ca(H2POa4)2 addition and the control treatments had the lowest
C mineralization values (781 and 739 pg CO2-C g!, respectively; Table 3.). Cmic was
lowest for the phytic acid treatment and therefore the qCO2 calculated was higher for
this phosphate ester treatment (1.9 £ 0.56) compared with the control (0.59 + 0.03),
suggesting a lower metabolic efficiency of the soil microbial community fertilized with
phytate (Table 3).
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3.2 Post-incubation biogeochemical analysis: Changes in C, N and P organic and

inorganic pools and microbial P immobilization

In order to determine the effect of organic and inorganic P amendments, we evaluated
dissolved organic and inorganic available C, N and P concentrations, and nutrients
immobilized in microbial biomass in soil after 19 days. Nutrient availability analyses
demonstrated that the AMP and RNA additions on P organic treatments resulted in
higher NO3™ concentrations than the other treatments, as well as nitrification (Table 3).
In contrast, NH4" and HPO4?- had no significant differences among treatments (Table 3).
Dissolved organic C (DOC) was significantly greater for the treatment with Ca(H2PO4)2
than for the RNA and AMP treatments (Table 3). Additionally, the Ca(H2PO4)2and RNA
treatments had higher dissolved organic N (DON) concentration than the other

treatments (Table 3).

Dissolved organic P (DOP) had greater concentration in the samples of Ca(H2POa)2,
AMP and RNA treatments in comparison with the control samples (Table 3). Therefore,
the control samples had higher DOC:DON and DOC:DOP ratios than the AMP and RNA
treatments (Table 4); as well as the control had higher DON:DOP ratio than the
monoammonium phosphate (MAP), AMP, RNA and phytic acid treatments (Table 4).
The control, MAP, and Ca(H2POa): treatments had higher Cmic concentration than in
the AMP, RNA and phytic acid treatments (Table 3). In contrast, treatments with RNA,

AMP and Ca(H2PO4)2 immobilized significantly more P compared to control (Table 3).
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Additionally, organic treatments favored N immobilization in microbial biomass given
that the Cmic:Nmic ratio was lower in these P organic treatments (RNA, AMP and phytic
acid) than in the control treatment (Table 4). These results suggest that P organic
treatments favored P and N immobilization in microbial biomass (Pmic) and high

dissolved organic P (DOP) as well as higher available nitrate.

3.3 Enzyme activity and specific enzyme activity

Given that C, N and P dynamics depends on microbial enzymatic activity, therefore we
measured the activities of PB-glucosidase (BG), n-acetyl glucosaminidase (NAG),
polyphenol oxidase (POX), phosphomonoesterase (Phm), phosphodiesterase (Phd) and
phytase (Phy) under different organic and inorganic P amendments; this activity was
normalized by dividing it between Cmic, obtaining specific enzyme activity (SEA), but
non normalized enzyme activities are shown in Table S1. After 19 days of incubation,
significant differences were only observed in the specific activity of POX, NAG and Phd

(Table 5).

Our experiments showed that RNA and phytic acid treatments had higher POX SEA than the
inorganic P treatments (MAP and Ca(H2POa4)2). Some organisms use extracellular phenol
oxidases to degrade lignin and humus to gain carbon and other nutrients and to mitigate the
toxicity of phenolic molecules and metal ions. Organic treatments also resulted in higher Phd
SEA than the inorganic P treatments and the control (Table 5) suggesting that microbes used

phosphodiesterase to obtain P from such substrates.
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Regarding NAG SEA values, the phytic acid treated samples had the highest values while
the RNA, AMP and control treatments had the the lowest (Table 5). N-acetyl
glucosaminidase is one of three enzymes that catalyze the hydrolysis of chitin, important in
carbon (C) and nitrogen (N) cycling in soils. It participates in chitin conversion to amino
sugars, which are major sources of mineralizable N in soils. The fact that in the presence of
either of these two organic molecules that contain N, NAG was not produced, suggests that

no more N was required.

3.4 Increases of DOC, DOP and Pmic after incubation regarding to soil samples
before the incubation experiment

In order to evaluate differences after 19 days of incubation, we subtracted the final data
with the data at the start of the experiment. The differences for organic dissolved
nutrients and microbial nutrients post and pre incubation (A) are shown in Table 6. The
Ca(H2PO4)2 and the AMP treatments had the highest and lowest increase of DOC
concentration after incubation, respectively. Similarly, the Ca(H2POa4)2 treatment had the
highest DON increment, but the lowest increment was in the MAP treatment. In contrast,
the Ca(H2POs4)2, RNA and AMP treatments had higher increment of DOP than the

control, which had negative values.

Among microbial nutrients, only Pmic had a significant increment after incubation,
among treatments the RNA and the Control had the highest and lowest values,

respectively (Table 6).
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3.5 A complex dynamics observed from the application of inorganic and organic P
fertilization

In order to visualize the impact that the inorganic and organic sources of P had on the
overall dynamics of the incubated soils, we carried out a principal component analysis
of the obtained data. The first and second component explained 26 % and 17 % of
variance, respectively (Table S1). The NO3™ and NAG enzyme were the variables with
higher weight in the first component, while the HPO4?- and POX enzyme were explained
better the variance of second component (Fig. 2). The treatments were observed to
cluster in three groups: only control in the left side of the first component and negative
values of the second component, the Ca(H2POa4)2, MAP and phytic acid treatments in the
middle of the figure, and the AMP and RNA organic treatments in the right side of the

first component (Fig. 2).

Given that three separate groups were observed in the PCA, Pearson correlation tests
(Fig. 3) were done separately for each group. For the control samples, our results
indicated that the microbial community seemed to require more energy to acquire
phosphorus as shown by the positive correlation between microbial P and the enzymes
BG (r= 0.88, p=0.046 ), POX (r= 0.89, p= 0.044 ) and Phy (r= 0.97, p= 0.007; Fig 2a).
These correlations were no longer observed in the other groups of treatments (the MAP,
Ca(H2POs4)2, and phytic acid group and the AMP and RNA group) (Fig. 3b, ¢); however,
POX activity was correlated with the Phm activity in the AMP and RNA group (r= 0.89,

p=0.004 ,Fig 3c¢).
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The correlations of the cluster with treatments with Ca(H2PO4)2, MAP and phytic acid
are showed in Fig 3b. Samples show greater microbial growth when they were able to
immobilize more phosphorus, as shown by the positive correlation of Cmic with Pmic
(r=0.58, p= 0.037). Pmic also correlated negatively with qCO2 (r=-0.58, p= 0.046),
which is an indicator of less metabolic efficiency of microorganisms when there is not
enough phosphorus in their biomass. However, for this cluster of treatments, a
phosphorus acquiring enzyme, the Phd, correlated negatively with Cmic (r= -0.61, p=

0.017).

Finally in the third group, negative correlations between qCO2 and Pmic were also
significant for the AMP and RNA group samples (r=-0.63, p= 0.041 Fig. 3¢); also, Nmic
and qCO: presented the same correlation for these treatments (r=-0.72, p= 0.017). For
the same treatment group, a negative correlation was found between DOC and NO3™ (r=-
0.85, p= 0.0035) and a positive correlation between NO3™ and CO2-C (r=0.8, p= 0.04).
The later also correlated negatively with NAG enzyme (r=-0.61, p= 0.04) and with DOC

(r=-0.73, p= 0.018; Fig. 3¢).

3.6 Homeostasis, Threshold Element Ratio and Carbon Use Efficiency

The microbial community, in most treatments, is a homeostatic community estimated by a
standarized linear regression. This was suggested by a slope not different from 0 (p>0.05)
according to the standarized linear regression performed for the control treatments,
monobasic ammonium phosphate (MAP), calcium phosphate (Ca(H2POa4)2), RNA and

adenosine monophosphate (AMP) treatments as shown in figures 4 and 5. In contrast, the
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samples treated with phytic acid (phytate) as a source of P turned out to be a non-homeostatic
community, given that in the regressions carried out, it exhibits a slope different from zero
(Fig. 4E and Fig. 5E). The microbial community of these soil samples has a tendency to
decrease the C:P and C:N ratio of its microbial biomass (immobilization of nutrients) while

increasing the C:P and C:N ratio of the resource.

The TERc:p analysis showed significant differences in this value between treatments. The
TERcr was higher for the samples with control and MAP treatments, followed by the
treatments with Ca(H2POa4)2and RNA, while the TER was lower for the samples with AMP
and phytic acid treatments (Fig. 6). Compared with the dissolved nutrient ratios (DOC:DOP),
the TERc:p turned out to be less than this ratio for the control treatments, Ca(H2POa4)2, AMP,

RNA and phytic acid, but it turned out to be the same in the treatment with MAP.

The TERc:n was higher for the control, followed in equal measure by the samples treated
with AMP, Ca(H2POa)2, MAP, phytic acid, and lower for the samples treated with RNA
(Figure 7). Compared to the dissolved nutrient ratios, the TERc:n was less than the
DOC:DON ratio for MAP- and RNA-treated soil while the TERc:n was higher for the control
treatment. For the other treatments (AMP, Ca(H2POa4)2and phytate), the TERc:nwas the same

as the DOC:DON ratio.

The value of carbon use efficiency in relation to phosphorus (CUEc:) turned out to be
statistically the same for all treatments (Figure 8A). However, the value of carbon use

efficiency in relation to nitrogen (CUEc:n) turned out to be different between treatments
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(Figure 8B). The CUEc:n was higher for the samples treated with Ca(H2PQOa4)2, it was
intermediate for the samples treated with MAP and phytate, and lower for the samples treated
with AMP, RNA and for the control samples (Fig. 8B). The total CUE (Figure 9) showed a

similar trend to CUEc:n.

4. Discussion
In this work, we seek to evaluate the effects of the incorporation of different organic
compounds found in organic matter, such as inositol phosphates (phytic acid) and
phosphate monoesters (AMP), and diesters (RNA), as well as the effects of inorganic P
molecules commonly used in mineral fertilizers, such as monoammonium phosphate
(MAP) and calcium phosphate on nutrient transformation and microbial activity in the
soil. We also aimed to determine how different sources of P modify nutrients limitations
for microorganisms applying concepts of ecological stoichiometry, such as the

Threshold Element Ratio (TER) and Carbon Use efficiency (CUE).

4.1 Phosphorus sources effect on soil C and N dynamics

The soil that was chosen for the experiment, was a soil used for agriculture with conventional
management, located at Cuatro Cienegas Basin (CCB), a desert characterized by its low
concentrations of phosphorus in soils. In this work, we found that all of the evaluated
phosphorus sources stimulated microbial C mineralization compared to the control,
suggesting that the P was in fact the main limiting element for the activity and growth of
microbial communities in the selected soil, as reported in previous studies for the study site

(Perroni et al., 2014; Tapia-Torres, Elser, etal., 2015). As hypothesized, labile organic
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treatments, such as adenosine monophosphate (AMP) and RNA promoted microbial C
mineralization. It has been reported previously that soil bacteria from CCB prefer DNA as
phosphorus substrate over inorganic phosphorus such as potassium phosphate and calcium
phosphate when isolates are growth in culture media (Tapia-Torres etal., 2016). The
degradation of DNA requires phosphodiesterase enzymes, as well as our substrate RNA,
while the substrate AMP can be seen as a monomer from decomposition of nucleic acids and
requires phosphomonoesterase (Lehninger et al., 2005). Both treatments contain not only P
but also C and N, which suggest phosphorus colimitations with C and N in soil, and when
these nutrients are added, microbial activity is promoted. However, the other organic

treatment, phytic acid, did not have the same expected effect.

The microbial community and nutrient dynamic response to phytic acid, it was similar to
inorganic substrates, as shown with the principal component analysis and with the
accumulated C mineralization results. Moreover, the phytic acid treatment had the highest
metabolic quotient (qCO2) value, which can suggest that the microbial community is
undergoing metabolic stress (Anderson & Domsch, 1993) or a microbial community with
high energy requirements (Carpenter-Boggs et al., 2010). The metabolic quotient (qCOz2) also
shown a negative correlation with Pmic in the principal component group of inorganic
treatments and AMP and RNA group, suggesting that metabolic stress has an inverse relation
with the amount of P immobilized in microbial biomass. These results suggest phytic acid is
not a readily available source of P and C for soil microorganisms. Higher energy
requirements may be due to phytic acid interactions with soil, as it is strongly bound to soil

clays, soil organic matter and can react with soil minerals, such as calcium, favoring
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precipitation and adsorption reactions (Dalai, 1977; McKercher & Anderson, 1989; Stewart
& Tiessen, 1987; Wan et al., 2016), becoming less susceptible to microbial attack. This is
important to CCB soils due to their high sorption capacity, which is greater when higher
concentrations of organic compounds are found (Perroni et al., 2014), which tend to be higher
in agricultural fields than in natural soils, because the continuous water and nutrient inputs
increase total organic carbon and organic dissolved phosphorus in soils, compared to native
grasslands (Hernandez-Becerra et al., 2016). In consequence, phosphorus acquisition from
phytic acid molecules is a two-step process, which demands more energy for soil
microorganisms. First, insoluble and mineral-bounded phytate compounds need to be
solubilized by bacteria or fungi capable of synthesizing organic acids and chelates (Hill &
Richardson, 2007). Then free and soluble phytic acid can be hydrolyzed by phytases (Lim
etal., 2007); specifically, B-propeller phytase, the active kind of phytase in neutral and
alkaline soils, which break down each monoester bound to release inorganic phosphate (Cotta
et al., 2016; Gontia-Mishra & Tiwari, 2013). Only after the complete dephosphorylation of
the molecule, phytic acid is transformed into myo-inositol, which can be used as a carbon
source by soil microbes (Cosgrove et al., 1970). These results suggest that the molecular
structure play an important role in its decomposition, rather than only the concentration of C,

N or P.

However, the addition of labile organic molecules treatments (AMP and RNA) can also affect
soil N dynamics, promoting the nitrification rate, and therefore, increasing the susceptibility
of soil N losses (Tapia-Torres, Lopez-Lozano, et al., 2015). Two processes can explain this

result. The first processes could be due to an apparent priming effect by the addition of these
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labile organic molecules. A priming effect is caused when fresh organic matter (OM) inputs
activate soil microorganisms and promote the degradation of soil organic matter (Garcia
etal., 2017), even the more stable organic C fractions (Scotti, Bonanomi, et al., 2015). In our
case, the organic treatments AMP and RNA acted as these OM inputs and served as an initial
energy source to those microorganisms capable of mineralizing soil OM. Therefore, the
measured DOC concentration was lower in the AMP and RNA treatments at the end of
experiment, probably because of a high rate of depletion of C sources, as well as Cmic for
both treatments; while the treatment Ca(H2PQOa4)2, contained the greater concentration of DOC
at the end of the experiment. We hypothesize that lower DOC results from higher C
mineralization rates since it is correlated negatively, resulting in the depletion of labile
organic matter in the soil. As a consequence, the carbon use efficiency in relation with
nitrogen (CUEc:n) was lower in the AMP and RNA treatments than in monobasic calcium
phosphate (Ca(H2POa)2), These CUE results can be explained by the biogeochemical analysis
performed at the end of the incubation period, when the DOC was consumed by microbial
community. CUEc:n is expected to decrease when C is a limiting resource and the remaining

organic matter to decompose has higher recalcitrance (Robert L. Sinsabaugh et al., 2013a).

The second process is related with the increment the activity of nitrifiers in the AMP and
RNA treatments as a result of the DOC decrease at the end of incubation. Our results showed
that the DOC concentration correlated inversely with nitrate in these both treatments, which
point to enhanced activity of nitrifiers. This kind of microorganisms consist of
quimioautotrophic bacteria and archaea; which obtain energy from NHa, oxidating it to NO2

and then take the energy from NOz, yielding NOs (Fenchel et al., 2012); besides, these
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bacteria have optimum activity in neutral to alkaline pH (Prosser, 1990), which is coincident
with our soils. A decrease of COD at the end of the incubation in these soils could make these
bacteria rise and be competitive among the heterotrophic bacteria. In a pulse of carbon, such
as that created by the application of organic treatments AMP and RNA, rapid growing
heterotrophic microbes (r strategist) immobilize nutrients and grow faster, which may be
happening during the first days of the incubation. However, enhanced growth of these
organisms may induce a rapid depletion of labile carbon sources, giving place to a reduction
of r strategist, an increase of k strategist and quimioautotrophic bacteria (Montafio and
Sanchez-Yafez, 2014), explaining also reductions in microbial C. A decrease of NOD in the
AMP treatment while NOs increase, is an indicator that heterotrophic bacteria are
mineralizing organic matter containing N, and yielding NH4", due to organic C limitation
(Chapin I11 et al., 2011); subsequently, the NH4* is rapidly used as a substrate for nitrifiers.
These two processes suggest that while organic labile substrates such as ARN and AMP may
benefit microbial respiration, it might be important to consider a constant supply of organic

amendments in agricultural practices to avoid the soil N losses.

4.2 Effect of phosphorus addition on Phosphorus availability

In this work, we hypothesized that AMP and RNA treatments would promote soil nutrient
availability, mainly phosphorus. However, we did not find a rise in available HPO43
concentrations at the end of incubation, but we found higher DOP and Pmic concentrations
in both labile organic treatments (RNA and AMP). The increases on Pmic are crucial because
the microbial community is retaining labile forms of P in actively cycling biological pools,

and lowering the rate at which labile inorganic P would be otherwise permanently lost via
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adsorption into soil particles or leaching (Cleveland et al., 2002). On the other hand, organic
phosphorus compounds are an essential fraction of soil total phosphorus, since in CCB
grasslands, it can represent about 50% of total P (Perroni et al., 2014); and dissolved organic
phosphorus is composed principally of products of microbial metabolism (Cleveland et al.,

2002).

Besides the changes in organic and microbial P pools, the specific enzyme activity (SEA) of
phosphorus enzymes differed among treatments. Organic treatments, either AMP, RNA or
phytic acid, stimulated phosphodiesterase activity per unit of microbial biomass, as shown
with the SEA of Phd, but phosphomonoesterase enzyme was not affected. Both
phosphomonoesterases and phosphodiesterases are part of the Phosphate Regulon (Pho) in
bacteria, responsible for phosphorus uptake, and responding to P starvation (Santos-Beneit,
2015). The lower concentration of inorganic phosphate but higher availability of organic P
in organic treatments at the beginning of the experiment may have enabled the production of
Phd enzyme, and as it is known, extracellular enzymes can persist in soil, associate with clay
and organic matter particles and remain active (Nannipieri et al., 2011). Therefore, Phd may

have persisted until the end of the experiment and have been measured.

Nucleic acids such as RNA and DNA are released by dead cells in the environment and are
an important labile source of nutrients such as C, N and P (Tani & Nasu, 2010), particularly
for bacteria from oligotrophic environments (Tapia-Torres et al., 2016). It had been shown
in other studies in CCB soils, Phd activity tended to be higher than Phm (Montiel-Gonzalez

etal.,, 2017; Tapia-Torres et al., 2016), demonstrating that phosphodiester uptake plays a
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prominent role in phosphorus cycling in these soils (Tapia-Torres et al., 2016). These studies
agree with Turner and Haygarth (2005), who determined that in pasture soils,
phosphodiesterase activity is the rate-limiting step that regulates P turnover because P
availability depends on the degradation of fresh organic materials, which are abundant in

phospholipids and nucleic acids, cellular components that are phosphate diesters.

Phosphorus turnover is highly important in agricultural systems, because inorganic
phosphorus tend to be lost or unavailable to crops due to lixiviation or occlusion processes.
Although inorganic P is the immediate phosphorus source for vegetation, it is necessary to
promote the increase of labile organic P molecules and microbial P pools to avoid these
losses, and the increase of enzymes that hydrolyze organic P compounds, such as
phopomonoesterases, phosphodiesterases, phytases and phosphonatases, to allow a slow but

constant release of inorganic P.

4.3 Effect of phosphorus addition on C, N and P stoichiometry

The microbial community, in most treatments, is homeostatic; that is, the C:N:P ratios in
microbial biomass remains constant despite changes in these ratios of the resources (Elser
and Sterner, 2002). Nevertheless, the microbial community in the phytic acid treatment
resulted to be non-homeostatic. A known premise broadly used in ecological stoichiometry
studies is that heterotrophs organisms are strictly homeostatic, while autotrophs can have a
changing stoichiometry (Fanin et al., 2013; Persson et al., 2010) although, there are some
scenarios in which a microbial community can change their stoichiometry according to the

stoichiometry of their resource, becoming non homeostatic. A non-homeostatic behavior is a
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mechanism to reduce stochiometric imbalances between the resources and the microbial
biomass (Mooshammer et al., 2014), because it can occur through the microbial storage of
nutrients in excess or by shifts in microbial community structure and therefore shifts in
biomass stoichiometry (Mooshammer et al., 2014). In this work, we reported a lower value
of Cmic:Pmic ratio compared to the control, suggesting more phosphorus immobilization
with P addition; however, this difference was present in all phosphorus treatments, not only
in phytic acid treatment. Fanin et al. (2013) suggested that non-homeostatic behaviors are
due to changes in microbial community composition instead of shifts on microbial biomass
of individual microbes, since they found the ratios bacteria:fungi and gram positive:gram
negative change along with changes in homeostasis. For example, the reported C:N:P ratio
for fungi is 250:16:1 (Ji Zhang & Elser, 2017), while the bacterial C:N:P ratio is 46:7:1
(Cleveland & Liptzin, 2007). In the phytic acid treatment, the average C:N:P ratio was 58:5:1,
closest to bacterial biomass ratio, or to the average soil microbial biomass ratio (60:7:1),
suggested by Cleveland and Liptzin (2007) but in the pre-incubation samples, microbial
biomass stoichiometry was closest to fungal biomass stoichiometry (246:16:1, Table 1), as
well as in the control samples (310:10:1; Table 4). This can lead us to hypothesize that
homeostasis imbalances are due to a changing microbial community to different microbial
groups when fertilizers are added. Regarding to phytic acid treatment, B-propeller phytase,
the active kind of phytase in neutral and alkaline soils, is mainly produced by bacteria, while

acid phytases are produced by fungi (Jain et al., 2016).

The threshold element ratio (TER) is the elemental proportion corresponding to a balanced

microbial growth, without limitation by C or nutrients (Robert L. Sinsabaugh et al., 2016);
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representing the critical ratio when organisms transition from net nutrient immobilization to
net nutrient mineralization (Mooshammer et al., 2014), and it defines if the community is
limited by nutrients (N or P) or by energy (C). When resource ratio C:N or C:P are greater
than the TER, the system is limited by nutrients and immobilization processes dominate;
when the resource ratio are lower than the TER, then the system is limited by energy, and
nutrient mineralization occurs (Robert L. Sinsabaugh etal., 2013b). At this work, the
treatment MAP, which was selected because it was used as a fertilizer in the agricultural plots
where the soil was obtained, did not show differences between DOC: DOP ratio and TER,;
therefore it can be considered that the soil microbial community is co-limited by phosphorus
and energy (Sterner & Elser, 2002). In contrast, for the Ca(H2PO4)2, AMP, RNA, and phytic
acid treatments, there is a limitation by P for the soil microbial community, because TER is
lower than their soil DOC:DOP ratios; here, the microbial community is inclined to
immobilize available phosphorus. This coincides with previous studies made at non managed
soils from CCB, at the eastern side of the valley (Pozas Azules), where low concentrations
of DOC were found as well as a trend for phosphorus limitation, and low values of TERc:p

(Tapia-Torres, Elser, et al., 2015).

Regarding nitrogen, the TERc:n was lower than the DOC:DON ratio for MAP and RNA
treated soil, suggesting that the microbial community is limited by N, which suggests a
tendency to immobilize N, although it is not shown in microbial biomass. In CCB, it was
also found that a site from the western side of the valley (Churince) with higher DOC
values, as well as our MAP treatment, was limited by N (Tapia-Torres, Elser, et al.,

2015). On the other hand, the TERc:N was higher for the control treatment, implying a
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limitation by C or energy and a preference for mineralizing organic nitrogen compounds
to obtain C and release NH4", while immobilizing more C and lowering its losses by
mineralization. This carbon limitation was also reflected in the CUEc:Nn previously
discussed (section 5.1), because the AMP and RNA treatments had the lowest CUE. All
these results, suggest that the addition of labile organic molecules with P (MAP and
RNA) increase microbial N limitation, probably by the increment of N demand by the
growing microbial community as a consequence of primming effect discussed previously

(section 5.1).

The results of this work show that the soil microbial community responds differently to
different phosphorous molecules; these effects show differences both between organic and
inorganic molecules, and between the same groups of molecules with different chemical
composition. This can have implications when carrying out fertilizations with organic matter
in crop fields since the chemical structure of the molecules that make up composts and
manures are usually unknown. Although the most labile organic compounds (AMP and
RNA) favored C mineralization, they also showed a rapid decrease in DOC, which implied
a reduction in microbial biomass and an increase in chemoautotrophic microorganisms such
as nitrifying, indicating that when fertilizing with labile organic sources, the periodicity of

application must be taken care of for avoid soil N losses.

5. Conclusions
Despite having carried out this experiment using soil from an agricultural field with

conventional management, the soil microorganisms show a limitation by phosphorus, and by
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carbon, which is shown in the control samples. These carbon limitations and low CUE levels
are indicators of highly soil recalcitrant C compounds, and this is also reflected in microbial
biomass ratios, which are similar to soil fungi biomass ratios. Carbon limitations were
overcome with phosphorus fertilizations; besides, P treatments promoted the immobilization
of this nutrient in microbial biomass and in some treatments (AMP, RNA and Ca(H2POa4) 2)
it promoted the increase in DOP. All fertilizations reduced the soil microbial biomass ratios
which can be an indicator of a changing microbial community, and an increase of bacterial
biomass over fungal biomass. Although P in microbial biomass might not be available to
crop plants temporarily, it is an organic phosphorus pool that is quickly recycled and can
protect P from losses due to leaching and adsorption in soil minerals. The labile organic
treatments (AMP and RNA) increased the availability of N; however, this nutrient was
quickly nitrified. Even so, nitrate is an available form of N to plants, but it is vulnerable to
be lost from the soil. This work shows that organic matter composition of diverse composts
and manures added to crop is highly important, because not all organic phosphorus
compounds have the same effect on microbial community and nutrient cycling; here we
exemplify that phytic acid despite being an organic molecule of P, showed an inorganic
molecule behavior and microorganisms that grew in this substrate were less efficient in terms

of the mineralization of C (qCO2).

Acknowledgments

This paper is presented by Pamela Chavez Ortiz as partial fulfillment of a doctoral degree
at the “Programa de Posgrado en Ciencias Biologicas, UNAM”. Chavez Ortiz thanks the

“Consejo Nacional de Ciencia y Tecnologia” for the scholarship provided during her

80



doctoral studies (CONACYT 630699). We thank also to Velazquez-Rodrigo for their
assistance during chemical analyses. This research was funded by the PAPITT-DGAPA,

UNAM (IN207721).

References

Alcaraz, L. D., Moreno-Hagelsieb, G., Eguiarte, L. E., Souza, V., Herrera-Estrella, L., &
Olmedo, G. (2010). Understanding the evolutionary relationships and major traits of
Bacillus through comparative genomics. BMC  Genomics, 11(1), 332.
https://doi.org/10.1186/1471-2164-11-332

Almendros, G., Friind, R., Gonzalez-Vila, F. J., Haider, K. M., Knicker, H., & Liidemann,
H. D. (1991). Analysis of 13C and 15N CPMAS NMR-spectra of soil organic matter
and composts. FEBS Letters, 282(1), 119-121. https://doi.org/10.1016/0014-
5793(91)80458-F

Anderson, T., & Domsch, K. H. (1993). The metabolic quotient for CO2 (qCO2) as a specific
activity parameter to assess the effects of environmental conditions, such as ph, on the
microbial biomass of forest soils. Soil Biology and Biochemistry, 25(3), 393-395.
https://doi.org/10.1016/0038-0717(93)90140-7

Ashley, K., Cordell, D., & Mavinic, D. (2011). A brief history of phosphorus: From the
philosopher’s stone to nutrient recovery and reuse. Chemosphere, 84(6), 737-746.
https://doi.org/10.1016/j.chemosphere.2011.03.001

Badia, D. (2000). Straw management effects on organic matter mineralization and salinity in
semiarid agricultural soils. En Arid Soil Research and Rehabilitation (Vol. 14, Numero

2, pp. 193-203). https://doi.org/10.1080/089030600263111

81



Barzegar, A. R., Yousefi, A., & Daryashenas, A. (2002). The effect of addition of different
amounts and types of organic materials on soil physical properties and yield of wheat.
Plant and Soil 2002 247:2, 247(2),295-301. https://doi.org/10.1023/A:1021561628045

Beltran, O. (2017). Dindmica de nutrientes del suelo bajo cultivo intensivo de alfalfa en la
region ganadera del valle de Cuatro Ciénegas, Coahuila. Universidad Michoacana de
San Nicolas de Hidalgo.

Blake, R., & Pallett, K. (2018). The Environmental Fate and Ecotoxicity of Glyphosate.
Outlooks on Pest Management, 29(6), 266—-269. https://doi.org/10.1564/v29 dec 08

Bolan, N. S., Adriano, D. C., Kunhikrishnan, A., James, T., McDowell, R., & Senesi, N.
(2011). Dissolved Organic Matter. Biogeochemistry, Dynamics, and Environmental
Significance in Soils. En Advances in Agronomy (la ed., Vol. 110, Numero C). Elsevier
Inc. https://doi.org/10.1016/B978-0-12-385531-2.00001-3

Bremmer, J. M. (1996). Nitrogen--Total. Methods of Soil Analysis, Part 3. Soil Science
Society of America Book Series, 5, 1085—1121.

Brookes, P. C., Landman, A., Pruden, G., & Jenkinson, D. S. (1985). CHLOROFORM
FUMIGATION AND THE RELEASE OF SOIL NITROGEN : A RAPID DIRECT
EXTRACTION METHOD TO MEASURE MICROBIAL BIOMASS NITROGEN IN
SOIL. Soil Biology and Biochemistry, 17(6), 837-842.

Bulluck, L. R., Brosius, M., Evanylo, G. K., & Ristaino, J. B. (2002). Organic and synthetic
fertility amendments influence soil microbial, physical and chemical properties on
organic and conventional farms. Applied Soil Ecology, 19(2), 147-160.
https://doi.org/10.1016/S0929-1393(01)00187-1

Biinemann, E. K., Schwenke, G. D., & Van Zwieten, L. (2006). Impact of agricultural inputs

82



on soil organisms - A review. Australian Journal of Soil Research, 44(4), 379-406.
https://doi.org/10.1071/SR05125

Cade-Menun, B. J. (2005). Characterizing phosphorus in environmental and agricultural
samples by 31P nuclear magnetic resonance spectroscopy. Talanta, 66(2 SPEC. ISS.),
359-371. https://doi.org/10.1016/j.talanta.2004.12.024

Carpenter-Boggs, L., Kennedy, A. C., & Reganold, J. P. (2010). Organic and Biodynamic
Management. Soil Science Society of America Journal, 64(5), 1651.
https://doi.org/10.2136/sss2j2000.6451651x

Challenger, A. (1998). Utilizacion y conservacion de los ecosistemas terrestres de México.
Pasado, presente y futuro. Comision Nacional para el Conocimiento y Uso de la
Biodiversidad/Instituto de Biolog{\’\ila, UNAM/Agrupacion Sierra Madre, Meéxico,
DF.

Chapin II1, F. S., Matson, P. A., & Vitousek, P. (2011). Principles of terrestrial ecosystem
ecology. Springer Science & Business Media.

Chavez-Ortiz, P. (2017). Efecto del uso del glifosato en la dindmica de nutrientes y actividad
microbiana de suelos agricolas en el valle de Cuatro Ciénegas, Coahuila. Universidad
Nacional Auténoma de México.

Chévez-Vergara, B., Rosales-Castillo, A., Merino, A., Vazquez-Marrufo, G., Oyama, K., &
Garcia-Oliva, F. (2016). Quercus species control nutrients dynamics by determining the
composition and activity of the forest floor fungal community. Soil Biology and
Biochemistry, 98, 186—195. https://doi.org/10.1016/].50i1bi0.2016.04.015

Cleveland, C. C., & Liptzin, D. (2007). C:N:P stoichiometry in soil: Is there a “Redfield

ratio” for the microbial biomass? Biogeochemistry, 85(3), 235-252.

83



https://doi.org/10.1007/s10533-007-9132-0

Cleveland, C. C., Townsend, A. R., & Schmidt, S. K. (2002). Phosphorus Limitation of
Microbial Processes in Moist Tropical Forests: Evidence from Short-term Laboratory
Incubations and Field Studies. Ecosystems, 5(7), 0680-0691.
https://doi.org/10.1007/s10021-002-0202-9

Cole, C. V, Elliott, E. T., Hunt, H. W., & Coleman, D. C. (1977). Trophic interactions in soils
as they affect energy and nutrient dynamics. V. Phosphorus transformations. Microbial
Ecology, 4(4), 381-387.

Coleman, D. C., Cole, C. V., Hunt, H. W., & Klein, D. A. (1978). Trophic interactions in
soils as they affect energy and nutrient dynamics. 1. Introduction. Microbial Ecology,
4(4), 345-349. https://doi.org/10.1007/BF02013277

Cosgrove, D., Irving, G., & Bromfield, S. (1970). Inositol Phosphate Phosphatases of
Microbiological Origin. The Isolation of Soil Bacteria Having Inositol Phosphate
Phosphatase Activity. Australian Journal of Biological Sciences, 23(2), 339.
https://doi.org/10.1071/B19700339

Cotta, S. R., Cavalcante Franco Dias, A., Seldin, L., Andreote, F., & van Elsas, J. D. (2016).
The diversity and abundance of phytase genes (b-propeller phytases) in bacterial
communities of the maize rhizosphere. Letters in Applied Microbiology, 62, 264-268.

Cross, A. F., & Schlesinger, W. H. (1995). A literature review and evaluation of the. Hedley
fractionation: Applications to the biogeochemical cycle of soil phosphorus in natural
ecosystems.  Geoderma,  64(3—4), 197-214.  https://doi.org/10.1016/0016-
7061(94)00023-4

Cross, A. F., & Schlesinger, W. H. (2001). Biological and geochemical controls on

84



phosphorus fractions in semiarid soils. Biogeochemistry, 52(2), 155-172.
https://doi.org/10.1023/A:1006437504494

Cui, Y., Fang, L., Guo, X., Wang, X., Wang, Y., Li, P., Zhang, Y., & Zhang, X. (2018).
Responses of soil microbial communities to nutrient limitation in the desert-grassland
ecological transition zone. Science of the Total Environment, 642, 45-55.
https://doi.org/10.1016/j.scitotenv.2018.06.033

Cui, Y., Fang, L., Guo, X., Wang, X., Zhang, Y., Li, P., & Zhang, X. (2018). Ecoenzymatic
stoichiometry and microbial nutrient limitation in rhizosphere soil in the arid area of the
northern Loess Plateau, China. Soil Biology and Biochemistry, 116(June 2017), 11-21.
https://doi.org/10.1016/j.s011b10.2017.09.025

Dalai, R. C. (1977). Soil Organic Phosphorus. Advances in Agronomy, 29(C), 83—117.
https://doi.org/10.1016/S0065-2113(08)60216-3

De Jonge, H., De Jonge, L. W., Jacobsen, O. H., Yamaguchi, T., & Moldrup, P. (2001).
Glyphosate sorption in soils of different pH and phosphorus content. Soil Science,
166(4), 230-238. https://doi.org/10.1097/00010694-200104000-00002

Duke, S. O. (2020). Glyphosate: Environmental fate and impact. Weed Science, 65(3), 201—
207. https://doi.org/10.1017/wsc.2019.28

Duke, S. O., & Dayan, F. E. (2018).  Herbicides. els, 1-9.
https://doi.org/10.1002/9780470015902.A0025264

Elser, R. W., & Sterner, J. (2002). Stoichiometry and Homeostasis. 1-464.

Fanin, N., Fromin, N., Buatois, B., & Hittenschwiler, S. (2013). An experimental test of the
hypothesis of non-homeostatic consumer stoichiometry in a plant litter-microbe system.

Ecology Letters, 16(6), 764—772. https://doi.org/10.1111/ele.12108

85



Fanin, N., Hattenschwiler, S., Schimann, H., & Fromin, N. (2015). Interactive effects of C,
N and P fertilization on soil microbial community structure and function in an
Amazonian rain forest. Functional Ecology, 29(1), 140-150.
https://doi.org/10.1111/1365-2435.12329

Fenchel, T., Blackburn, H., King, G. M., & Blackburn, T. H. (2012). Bacterial
biogeochemistry: the ecophysiology of mineral cycling. Academic press.

Fernandez-Getino, A. P., Pérez, J., del Mar Albarran, M., Lammerding, D. M., & Walter, I.
(2012). Restoration of Abandoned, Degraded Agricultural Soil Using Composted
Biosolid: Influence on Selected Soil Properties. En Arid Land Research and
Management (Vol. 26, Numero 3, pp- 200-210).
https://doi.org/10.1080/15324982.2012.680657

Fioretto, A., Papa, S., Pellegrino, A., & Ferrigno, A. (2009). Microbial activities in soils of a
Mediterranean ecosystem in different successional stages. Soil Biology and
Biochemistry, 41(10), 2061-2068. https://doi.org/10.1016/j.s011bi0.2009.07.010

Flavel, T. C., & Murphy, D. V. (2006). Carbon and nitrogen mineralization rates after
application of organic amendments to soil. Journal of Environmental Quality, 35(1),
183—-193. https://doi.org/10.2134/jeq2005.0022

Garcia-Oliva, F., & Maass, J. M. (1998). Efecto de la transformacion de la selva a pradera
sobre la dinamica de los nutrientes en un ecosistema tropical estancional en México.
Botanical Sciences, 62, 39—-48. https://doi.org/10.17129/BOTSCI.1549

Garcia-Palacios, P., Alarcon, M. R., Tenorio, J. L., & Moreno, S. S. (2019). Ecological
intensification of agriculture in drylands. Journal of Arid Environments, 167(June

2018), 101-105. https://doi.org/10.1016/j.jaridenv.2019.04.014

86



Garcia, C., Hernandez, T., D Coll, M., & Ondofo, S. (2017). Organic amendments for soil
restoration in arid and semiarid areas: a review. AIMS Environmental Science, 4(5),
640—-676. https://doi.org/10.3934/environsci.2017.5.640

Garibaldi, L. A., Gemmill-Herren, B., D’ Annolfo, R., Graeub, B. E., Cunningham, S. A., &
Breeze, T. D. (2017). Farming Approaches for Greater Biodiversity, Livelihoods, and
Food Security. Trends in  Ecology and  Evolution, 32(1), 68-80.
https://doi.org/10.1016/j.tree.2016.10.001

Gimsing, A. L., & Borggaard, O. K. (2002). Effect of phosphate on the adsorption of
glyphosate on soils, clay minerals and oxides. International Journal of Environmental
Analytical Chemistry, 82(8-9), 545-552.
https://doi.org/10.1080/0306731021000062964

Gontia-Mishra, I., & Tiwari, S. (2013). Molecular characterization and comparative
phylogenetic analysis of phytases from fungi with their prospective applications. Food
Technology and Biotechnology, 51(3), 313-326.

Hayes, V. E. ., Ternan, N. G., & McMullan, G. (2000). Organophosphonate metabolism by
a moderately halophilic bacterial isolate. FEMS Microbiology Letters, 186(2), 171-175.
https://doi.org/10.1111/j.1574-6968.2000.tb09099.x

Hedley, M. J., Stewart, J. W. B., & Chauhan, B. S. (1982). Changes in inorganic and organic
soil phosphorus fractions induced by cultivation practices and by laboratory
incubations. Soil Science Society of America Journal, 46(5), 970-976.
https://doi.org/10.2136/sss2j1982.03615995004600050017x

Hernandez-Becerra, N., Tapia-Torres, Y., Beltran-Paz, O., Blaz, J., Souza, V., & Garcia-

Oliva, F. (2016). Agricultural land-use change in a Mexican oligotrophic desert depletes

87



ecosystem stability. Peer.J, 2016(8). https://doi.org/10.7717/peerj.2365

Hill, J. E., & Richardson, A. E. (2007). Isolation and assessment of microorganisms that
utilize phytate. En B. L. Turner, A. E. Richardson, & E. J. Mullaney (Eds.), Inositol
phosphates: linking agriculture and the environment (pp. 61-77). CABL
https://doi.org/10.1079/9781845931520.0061

Hodge, A., Robinson, D., & Fitter, A. (2000). Are microorganisms more effective than plants
at competing for nitrogen? Trends in Plant Science, 5(7), 304-308.
https://doi.org/10.1016/S1360-1385(00)01656-3

Huffman, E. W. D. (1977). Performance of a new automatic carbon dioxide coulometer.
Microchemical Journal, 22(4), 567-573. https://doi.org/10.1016/0026-265X(77)90128-
X

Ikoyi, I., Fowler, A., & Schmalenberger, A. (2018). One-time phosphate fertilizer application
to grassland columns modifies the soil microbiota and limits its role in ecosystem
services.  Science of the Total Environment, 630(2018), 849-858.
https://doi.org/10.1016/j.scitotenv.2018.02.263

Jain, J., Sapna, & Singh, B. (2016). Characteristics and biotechnological applications of
bacterial phytases. Process Biochemistry, 51(2), 159-169.
https://doi.org/10.1016/j.procbio.2015.12.004

Joergensen, R. G. (1996). The fumigation-extraction method to estimate soil microbial
biomass: Calibration of the Kec value. Soil and Tillage Research, 28(1), 25-31.

Joergensen, R. G., & Mueller, T. (1996). The fumigation-extraction method to estimate soil
microbial biomass: Calibration of the kEN value. Soil Biology and Biochemistry, 28(1),

33-37. https://doi.org/10.1016/0038-0717(95)00101-8

88



Jones, D. L., & Willett, V. B. (2006). Experimental evaluation of methods to quantify
dissolved organic nitrogen (DON) and dissolved organic carbon (DOC) in soil. Soil
Biology and Biochemistry, 38(5), 991-999.
https://doi.org/10.1016/j.s011bi0.2005.08.012

Kassam, A., Friedrich, T., Derpsch, R., Lahmar, R., Mrabet, R., Basch, G., Gonzalez-
Sanchez, E. J., & Serraj, R. (2012). Conservation agriculture in the dry Mediterranean
climate. Field Crops Research, 132, 7-17. https://doi.org/10.1016/j.fcr.2012.02.023

Koohafkan, P., & Stewart, B. A. (2008). Water and Cereals in Drylands.

Lajtha, K., & Jarrell, W. M. (1999). Soil phosphorus. Standard soil methods for long-term
ecological research, 115—142.

Lavallee, J. M., Soong, J. L., & Cotrufo, M. F. (2020). Conceptualizing soil organic matter
into particulate and mineral-associated forms to address global change in the 21st
century. Global Change Biology, 26(1), 261-273. https://doi.org/10.1111/gcb.14859

Lehninger, A. L., Nelson, D. L., & Cox, M. M. (2005). Lehninger’s Principles of
biochemistry (4th editio). W.H. Freeman.

Lim, B. L., Yeung, P., Cheng, C., & Hill, J. E. (2007). Distribution and diversity of phytate-
mineralizing bacteria. ISME Journal, 1(4), 321-330.
https://doi.org/10.1038/isme;j.2007.40

Lubkowski, K. (2016). Environmental impact of fertilizer use and slow release of mineral
nutrients as a response to this challenge. Polish Journal of Chemical Technology, 18(1),
72-79. https://doi.org/10.1515/pjct-2016-0012

Luo, G., Sun, B., Li, L., Li, M., Liu, M., Zhu, Y., Guo, S., Ling, N., & Shen, Q. (2019).

Understanding how long-term organic amendments increase soil phosphatase activities:

89



Insight into phoD- and phoC-harboring functional microbial populations. Soil Biology
and Biochemistry, 139(May), 107632. https://doi.org/10.1016/j.s011b10.2019.107632

Macik, M., Gryta, A., Sas-Paszt, L., & Frac, M. (2020). The status of soil microbiome as
affected by the application of phosphorus biofertilizer: Fertilizer enriched with
beneficial bacterial strains. International Journal of Molecular Sciences, 21(21), 1-36.
https://doi.org/10.3390/ijms21218003

Mider, P., FlieBbach, A., Dubois, D., Gunst, L., Fried, P., & Niggli, U. (2002). Soil fertility
and biodiversity in organic farming. Science, 296(5573), 1694-1697.
https://doi.org/10.1126/science. 1071148

Martinez-Piedragil, C. (2013). Dinamica de nutrientes en parcelas agricolas abandonadas
en el valle de Cuatro Ciénegas, Coahuila. Universidad Nacional Auténoma de México.

Matson, P. A., Parton, W. J., Power, A. G., & Swift, M. J. (1997). Agricultural intensification
and ecosystem properties. Science, 277(5325), 504-509.
https://doi.org/10.1126/science.277.5325.504

McKercher, R. B., & Anderson, G. (1989). Organic phosphate sorption by neutral and basic
soils. Communications in Soil Science and Plant Analysis, 20(7-8), 723-732.
https://doi.org/10.1080/00103628909368112

Montafio-Arias, N. M., & Sénchez-Yafiez, J. M. (2014). Nitrificacion en suelos tropicales,
asunto de competencia microbiana: un modelo basado en la teoria de Lotka-Volterra.
Ecosistemas, 23(3), 98—104. https://doi.org/10.7818/ECOS.2014.23-3.13

Montiel-Gonzalez, C. (2018). Vulnerabilidad de la dinamica de nutrientes a escenarios de
cambio climdtico global en un ecosistema desértico de México. Universidad Nacional

Autdnoma de México.

90



Montiel-Gonzalez, C., Garcia-Oliva, F., Bautista, F., & Sanchez-Meneses, O. (2021). The
global climate change footprint in a Mexican desert ecosystem: The increasing
frequency of extreme climatic events. Tecnologia y ciencias del agua, 12(4), 219-268.
https://doi.org/10.24850/J-TY CA-2021-04-05

Montiel-Gonzalez, C., Tapia-Torres, Y., Souza, V., & Garcia-Oliva, F. (2017). The response
of soil microbial communities to variation in annual precipitation depends on soil
nutritional status in an oligotrophic desert. PeerJ, 2017(11), 1-28.
https://doi.org/10.7717/peerj.4007

Moore, J. M., Klose, S., & Tabatabai, M. A. (2000). Soil microbial biomass carbon and
nitrogen as affected by cropping systems. Biology and Fertility of Soils, 31(3—4), 200—
210. https://doi.org/10.1007/s003740050646

Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., & Richter, A. (2014).
Stoichiometric imbalances between terrestrial decomposer communities and their
resources: Mechanisms and implications of microbial adaptations to their resources.
Frontiers in Microbiology, 5(FEB), 1-10. https://doi.org/10.3389/fmicb.2014.00022

Murphy, J., & Riley, J. P. (1962). A modified single solution method for the determination
of phosphate in natural waters. Analytica Chimica Acta, 27(C), 31-36.
https://doi.org/10.1016/S0003-2670(00)88444-5

Nannipieri, P., Giagnoni, L., Landi, L., & Renella, G. (2011). Role of Phosphatase Enzymes
in Soil. En Else K. Blinemann, A. Oberson, & E. Frossard (Eds.), Phosphorus in Action
(pp. 215-243). Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-15271-
99

Nguyen, D. B., Rose, M. T., Rose, T. J., Morris, S. G., & van Zwieten, L. (2016). Impact of

91



glyphosate on soil microbial biomass and respiration: A meta-analysis. Soil Biology and
Biochemistry, 92, 50-57. https://doi.org/10.1016/j.s01lb10.2015.09.014

Olander, L. P., & Vitousek, P. M. (2000). Regulation of soil phosphatase and chitinase
activity by N and P availability. Biogeochemistry, 49(2), 175-190.
https://doi.org/10.1023/A:1006316117817

Paul, E. A. (2014). Soil microbiology, ecology and biochemistry. Academic press.

Perroni, Y., Garcia-Oliva, F., Tapia-Torres, Y., & Souza, V. (2014). Relationship between
soil P fractions and microbial biomass in an oligotrophic grassland-desert scrub system.
Ecological Research, 29(3), 463—472. https://doi.org/10.1007/s11284-014-1138-1

Persson, J., Fink, P., Goto, A., Hood, J. M., Jonas, J., & Kato, S. (2010). To be or not to be
what you eat: regulation of stoichiometric homeostasis among autotrophs and
heterotrophs. Oikos, 119(5), 741-751. https://doi.org/10.1111/J.1600-
0706.2009.18545.X

Prashar, P., Kapoor, N., & Sachdeva, S. (2014). Rhizosphere: Its structure, bacterial diversity
and significance. Reviews in Environmental Science and Biotechnology, 13(1), 63-77.
https://doi.org/10.1007/s11157-013-9317-z

Pravilie, R. (2016). Drylands extent and environmental issues. A global approach. Earth-
Science Reviews, 161, 259-278. https://doi.org/10.1016/j.earscirev.2016.08.003

Pravilie, R., Bandoc, G., Patriche, C., & Sternberg, T. (2019). Recent changes in global
drylands: Evidences from two major aridity databases. Catena, 178(July 2018), 209—
231. https://doi.org/10.1016/j.catena.2019.03.016

Prescott, L., Harley, J., & Klein, D. (2004). Microbiologia (5a ed.). McGrawHill.

Prosser, J. I. (1990). Autotrophic Nitrification in Bacteria. Advances in Microbial Physiology,

92



30(C), 125-181. https://doi.org/10.1016/S0065-2911(08)60112-5

R core team. (2020). R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing.

Rey Benayas, J. M., & Bullock, J. M. (2012). Restoration of Biodiversity and Ecosystem
Services on Agricultural Land. Ecosystems, 15(6), 883-899.
https://doi.org/10.1007/s10021-012-9552-0

Rios-Flores, J. L., Ruiz-Torres, J., Torres-Moreno, M. T., & Martinez-Rodriguez, Y. M.
(2011). PRODUCTIVIDAD FiSICA Y ECONOMICA DEL METRO CUBICO DE
AGUA DE RIEGO POR BOMBEO EN EL CULTIVO DE ALFALFA FORRAJERA
(Medicago sativa) EN LA COMARCA LAGUNERA, MEXICO, DE 1990 A 2009.
Nivel de agregacion: ambos tipos de tenencia del suelo, Ejido y Pequeiia Prop. Revista
Chapingo Serie Zonas Aridas, X(1), 1-10.

Robertson, G. P., Coleman, D. C., Sollins, P., Bledsoe, C. S., & others. (1999). Standard soil
methods for long-term ecological research (Vol. 2). Oxford University Press on
Demand.

Ros, M., Hernandez, M. T., & Garcia, C. (2003). Soil microbial activity after restoration of
a semiarid soil by organic amendments. Soil Biology and Biochemistry, 35(3), 463—469.
https://doi.org/10.1016/S0038-0717(02)00298-5

Rowell, D. M., Prescott, C. E., & Preston, C. M. (2001). Decomposition and Nitrogen
Mineralization from Biosolids and Other Organic Materials: Relationship with Initial
Chemistry.  Journal  of  Environmental  Quality,  30(4), 1401-1410.
https://doi.org/10.2134/jeq2001.3041401x

Santos-Beneit, F. (2015). The Pho regulon: A huge regulatory network in bacteria. En

93



Frontiers in Microbiology (Vol. 6, Numero APR, p. 402). Frontiers Media S.A.
https://doi.org/10.3389/fmicb.2015.00402

Scotti, R., Bonanomi, G., Scelza, R., Zoina, A., & Rao, M. . (2015). Organic amendments as
sustainable tool to recovery fertility in intensive agricultural systems. Journal of soil
science and plant nutrition, 15(ahead), 0-0. https://doi.org/10.4067/s0718-
95162015005000031

Scotti, R., D’Ascoli, R., Gonzalez Caceres, M., Bonanomi, G., Sultana, S., Cozzolino, L.,
Scelza, R., Zoina, A., & Rao, M. A. (2015). Combined use of compost and wood scraps
to increase carbon stock and improve soil quality in intensive farming systems.
European Journal of Soil Science, 66(3), 463—475. https://doi.org/10.1111/ejss.12248

Seenivasan, R., Prasath, V., & Mohanraj, R. (2016). Sodic Soil Reclamation in a Semi-Arid
Region Involving Organic Amendments and Vegetative Remediation by Casuarina
equsetifolia and Erianthus arundinaceus. Environmental Processes, 3(2), 431-449.
https://doi.org/10.1007/s40710-016-0155-1

SEMARNAT. (2012). Informe de la Situacion del Medio Ambiente en México. Compendio
de cuentas ambientales.

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., Kohli, S. K.,
Yadav, P., Bali, A. S., Parihar, R. D., Dar, O. 1., Singh, K., Jasrotia, S., Bakshi, P.,
Ramakrishnan, M., Kumar, S., Bhardwaj, R., & Thukral, A. K. (2019). Worldwide
pesticide usage and its impacts on ecosystem. SN Applied Sciences, 1(11), 1-16.
https://doi.org/10.1007/S42452-019-1485-1/TABLES/4

Shushkova, T. V., Ermakova, 1. T., Sviridov, A. V., & Leontievsky, A. A. (2012).

Biodegradation of glyphosate by soil bacteria: Optimization of cultivation and the

94



method  for active  biomass  storage.  Microbiology, 81(1), 44-50.
https://doi.org/10.1134/S0026261712010134

Singh, B. K., & Walker, A. (2006). Microbial degradation of organophosphorus compounds.
FEMS Microbiology Reviews, 30(3), 428-471. https://doi.org/10.1111/5.1574-
6976.2006.00018.x

Sinsabaugh, R. L., Carreiro, M. M., & Repert, D. A. (2002). Allocation of extracellular
enzymatic activity in relation to litter composition, N deposition, and mass loss.
Biogeochemistry, 60(1), 1-24. https://doi.org/10.1023/A:1016541114786

Sinsabaugh, Robert L., & Follstad Shah, J. J. (2012). Ecoenzymatic Stoichiometry and
Ecological Theory. Annual Review of Ecology, Evolution, and Systematics, 43(1), 313—
343. https://doi.org/10.1146/annurev-ecolsys-071112-124414

Sinsabaugh, Robert L., Manzoni, S., Moorhead, D. L., & Richter, A. (2013a). Carbon use
efficiency of microbial communities: Stoichiometry, methodology and modelling.
Ecology Letters, 16(7), 930-9309. https://doi.org/10.1111/ele.12113

Sinsabaugh, Robert L., Manzoni, S., Moorhead, D. L., & Richter, A. (2013b). Carbon use
efficiency of microbial communities: stoichiometry, methodology and modelling.
Ecology Letters, 16(7), 930-9309. https://doi.org/10.1111/ele.12113

Sinsabaugh, Robert L., Turner, B. L., Talbot, J. M., Waring, B. G., Powers, J. S., Kuske, C.
R., Moorhead, D. L., & Shah, J. J. F. (2016). Stoichiometry of microbial carbon use
efficiency in soils. Ecological Monographs, 86(2), 172—189. https://doi.org/10.1890/15-
2110.1

Six, J., Conant, R. T., Paul, E. A., & Paustian, K. (2002). Stabilization mechanisms of soil

organic matter: Implications for C-saturation of soils. Plant and Soil, 241(2), 155-176.

95



https://doi.org/10.1023/A:1016125726789

Sterner, R. W., & Elser, J. J. (2002). Ecological stoichiometry : the biology of elements from
molecules to the biosphere.

Stewart, J. W. B., & Tiessen, H. (1987). Dynamics of soil organic phosphorus.
Biogeochemistry, 4, 41-60.

Sviridov, A. V., Shushkova, T. V., Ermakova, I. T., Ivanova, E. V., Epiktetov, D. O., &
Leontievsky, A. A. (2015). Microbial degradation of glyphosate herbicides (review).
Applied Biochemistry and Microbiology, 51(2), 188—195.
https://doi.org/10.1134/S0003683815020209

Tabatabai, M. A., & Bremner, J. M. (1969). Use of p-nitrophenyl phosphate for assay of soil
phosphatase  activity. Soil  Biology —and  Biochemistry, 1(4), 301-307.
https://doi.org/10.1016/0038-0717(69)90012-1

Tani, K., & Nasu, M. (2010). Roles of Extracellular DNA in Bacterial Ecosystem. 25-37.
https://doi.org/10.1007/978-3-642-12617-8 3

Tapia-Torres, Y., Elser, J. J., Souza, V., & Garcia-Oliva, F. (2015). Ecoenzymatic
stoichiometry at the extremes: How microbes cope in an ultra-oligotrophic desert soil.
Soil Biology and Biochemistry, 87(October 2016), 34-42.
https://doi.org/10.1016/j.s01lbi0.2015.04.007

Tapia-Torres, Y., & Garcia-Oliva, F. (2013). La disponibilidad del fosforo es producto de la
actividad bacteriana en el suelo en ecosistemas oligotroficos: una revision critica.
TERRA, Latinoamericana, 231-242.

Tapia-Torres, Y., Lopez-Lozano, N. E., Souza, V., & Garcia-Oliva, F. (2015). Vegetation-

soil system controls soil mechanisms for nitrogen transformations in an oligotrophic

96



Mexican  desert. Journal  of  Arid  Environments, 114, 62-69.
https://doi.org/10.1016/j.jaridenv.2014.11.007

Tapia-Torres, Y., Rodriguez-Torres, M. D, Elser, J. J., Islas, A., Souza, V., Garcia-Oliva, F.,
& Olmedo-Alvarez, G. (2016). How To Live with Phosphorus Scarcity in Soil and
Sediment: Lessons from Bacteria. Applied and Environmental Microbiology, 82(15),
4652—4662. https://doi.org/10.1128/AEM.00160-16

Tiessen, H., & Moir, J. O. (1993). Characterization of available P by sequential extraction.
Soil sampling and methods of analysis, 7, 5-229.

Townsend, A. R., Vitousek, P. M., & Trumbore, S. E. (1995). Soil organic matter dynamics
along gradients in temperature and land use on the island of Hawaii. Ecology, 76(3),
721-733. https://doi.org/10.2307/1939339

Turner, Benjamin L., Cade-Menun, B. J., & Westermann, D. T. (2003). Organic phosphorus
composition and potential bioavailability in semi-arid arable soils of the Western United
States. Soil Science Society of America Journal, 67(4), 1168-1179.
https://doi.org/10.2136/sssa2j2003.1168

Turner, Benjamin L., & Haygarth, P. M. (2005). Phosphatase activity in temperate pasture
soils: Potential regulation of labile organic phosphorus turnover by phosphodiesterase
activity. Science of the Total Environment, 344(1-3 SPEC. ISS.), 27-36.
https://doi.org/10.1016/j.scitotenv.2005.02.003

Van de Waal, D. B., Elser, J. J., Martiny, A. C., Sterner, R. W., & Cotner, J. B. (2018).
Editorial: Progress in ecological stoichiometry. Frontiers in Microbiology, 9(SEP), 1—
5. https://doi.org/10.3389/fmicb.2018.01957

Vance, E. D., Brookes, P. C., & Jenkinson, D. S. (1987). An extraction method for measuring

97



soil microbial biomass C. Soil Biology and Biochemistry, 19(6), 703-707.
https://doi.org/10.1016/0038-0717(87)90052-6

Verchot, L. V., & Borelli, T. (2005). Application of para-nitrophenol (pNP) enzyme assays
in degraded tropical soils. Soil Biology and Biochemistry, 37(4), 625-633.
https://doi.org/10.1016/j.s01lbi0.2004.09.005

Vershinina, O. A., & Znamenskaya, L. V. (2002). The Pho regulons of bacteria.
Mikrobiologiya, 71(5), 581-595.

Waldrop, M. P., Balser, T. C., & Firestone, M. K. (2000). Linking microbial community
composition to function in a tropical soil. Soil Biology and Biochemistry, 32(13), 1837—
1846. https://doi.org/10.1016/S0038-0717(00)00157-7

Wan, B., Yan, Y., Liu, F., Tan, W., Chen, X., & Feng, X. (2016). Surface adsorption and
precipitation of inositol hexakisphosphate on calcite: A comparison with
orthophosphate. Chemical Geology, 421, 103—111.
https://doi.org/10.1016/j.chemgeo.2015.12.004

Wang, W. J., Baldock, J. A., Dalal, R. C., & Moody, P. W. (2004). Decomposition dynamics
of plant materials in relation to nitrogen availability and biochemistry determined by
NMR and wet-chemical analysis. Soil Biology and Biochemistry, 36(12), 2045-2058.
https://doi.org/10.1016/j.s01l1bi0.2004.05.023

White, A. K., & Metcalf, W. W. (2007). Microbial metabolism of reduced phosphorus
compounds. Annual Review of Microbiology, 61, 379-400.
https://doi.org/10.1146/annurev.micro.61.080706.093357

Wong, V. N. L., Dalal, R. C., & Greene, R. S. B. (2009). Carbon dynamics of sodic and saline

soils following gypsum and organic material additions: A laboratory incubation.

98



Applied Soil Ecology, 41(1), 29—40. https://doi.org/10.1016/j.aps0il.2008.08.006

Zhang, Ji, & Elser, J. J. (2017). Carbon: Nitrogen: Phosphorus stoichiometry in fungi: A
meta-analysis. Frontiers in Microbiology, 8(JUL), 1-9.
https://doi.org/10.3389/fmicb.2017.01281

Zhang, Jiaoyang, Yang, X., Song, Y., Liu, H., Wang, G., Xue, S., Liu, G., Ritsema, C. J., &
Geissen, V. (2020). Revealing the nutrient limitation and cycling for microbes under
forest management practices in the Loess Plateau — Ecological stoichiometry.
Geoderma, 361(November 2019), 114108.

https://doi.org/10.1016/j.geoderma.2019.114108

99



TABLES

Table 1. Phosphorus content and concentration of each chemical compound added to the

fertilization experiment

P content
[ Grams of reactant added per sample P added per pmol P per
mol*on
g ) (25% water weight) sample (g) sample
dry basis
Phytic acid sodium
185.82 0.013 0.0028 90
salt hydrate
Adenosine
30.97 0.033 0.0028 90
monophosphate
RNA from torula
9.8% 0.035 0.0028 90
yeast
Monoammonium
30.97 0.0103 0.0028 90
phosphate
Calcium  phosphate
61.94 0.011 0.0028 90

monobasic
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Table 2. Soil physic and chemical, biogeochemical and enzymatic activity values obtained

from the alfalfa crop soil before the incubation fertilization experiment.

Variable Mean (Standar Error)
Soil moisture (%) 29 (+0.006)
pH in water 8.1 (x0.017)
TOC (mg gl) 26 (x1.2)
TN (mg g?) 2.6 (0.15)
TP (mg g}) 0.6 (+0.045)
DOC (ug g™ 28 (2.9)
DON (ug g2) 1.64 (+0.51)
DOP (ug g 0.28 (+0.084)
NH, (g g) 0.22 (+0.216)
NOs (ug g™) 15 (£1.5)
HPO. (ug g?) 3.4 (x1.479)
Cmic (ug g% 1190 (+192)
Nmic (ug g% 70 (#5.4)
Pmic (ug g%) 5 (x0.86)
Cmic: Nmic 17 (x3)
Cmic: Pmic 246 (£33)
Nmic: Pmic 16 (x3)
Phm (umolPNP h't g ) 0.030 (+0.015)
Phd (umolPNP ht g 1) 0.157 (+0.041)
Phy (umolPi h't g 1) 0.056 (+0.056)
NAG (umolPNP ht g 1) 0.008 (+0.003)
BG (umolPNP h'lg 1) 0.005 (+0.002)

POX (umol ABTShtg) 0.196 (x0.046)
TOC: Total organic carbon, TN: Total nitrogen, TP: Total phosphorus, DOC: Dissolved organic carbon, DON: Dissolved

Organic Nitrogen, DOP: Dissolved organic phosphorus, NH4: Available ammonium, NOs: Available nitrate, HPO4:
Available inorganic phosphate, Cmic: Carbon immobilized in microbial biomass, Nmic: Nitrogen immobilized in
microbial biomass, Pmic: Phosphorus immobilized in microbial biomass Phm: Phosphomonoesterase enzyme activity,
Phd: Phosphodiesterase enzyme activity, Phy: Phytase enzyme activity, NAG: N-acetyl glucosaminidase enzyme activity,
BG: B-glucosidase enzyme activity, POX: Polyphenol oxidase (laccase) enzyme activity. Standard error values are shown

inside parenthesis.
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Table 3. Data obtained for the different treatments and the control after 19 days incubation

Variable Control MAP Ca(H:PO,), RNA AMP Phytic acid E
(Pi) (P) (Po) (Po) (Po)

pH (H.0 1:5) 8.1 (x0.12) 8.1 (x0.060) 8.1 (x0.050) 8.2 (x0.040) 8.1 (x0.030) 8.1 (x0.060) 0.66
Cmic (ng g™) 1283 (£76)* 1027 (+69)”® 1057 (+78)"8 673 (+99)°5¢ 690 (+93)°5¢ 611 (£134)C  8.3***

Nmic (ug gb) 45 (£9) 39 (+4) 43 (+6.000) 58 (+6) 46 (5) 50 (+12) 0.82
Pmic (ug g™) 456 (x0.79)° 1544 (+3)BP 20.01 (+4.470)%¢ 36.95 (5" 27.22 (x¥1)"8 10 (#2)<P 13.5%**
DOC (ug g™t 164 (+24)78 95 (+12)48¢ 189 (x67)" 50 (+6)"¢ 30 (#4)¢ 64 (+5)4BC  4.7x**
DON (ng g) 0.74 (#0.15)¢ 057 (0.120)¢ 2.81 (+0.080)" 2.17 (x0.160)°® 0.68 (+0.160)° 0.69 (+0.060)¢ 57.2***
DOP (ug g?) 0.13 (0.02)B 038 (£0.060)"® 057 (£0.110)*  0.72 (+0.070)* 0.7 (+0.080)* 0.5 (+0.12048 7.1 **=*

NH, (ug g™) 0 (0) 0.004 (%0.004) 0 (0) 0.062 (+0.062) 0 (0) 0 (x0) 0.97
NOs (ug g™ 57 (+6)¢ 69 (+9)° 51 (+6)¢ 102 (x7)® 135 (x7)” 58 (7)€ 22 4%

HPO, (ng gb) 6.3 (+0.96) 152 (£2) 17.3 (45) 10.6 (+1.43) 11.9 (+1.35) 10.8 (1) 2.3
Nitrification (ugNO3 g™ 37 (¢6)€ 54 (+8)¢ 36 (+5)¢ 87 (x7)B 120 (x6)* 43 (x6)°€ 29.4%**
C0,-C (1gCO--C g?) 739 (+6)° 831 (x11)B¢ 781 (x17)P 863 (+9)° 950 (#17)* 802 (+4)¢ 39.2%**

qcCo, 0.59 (+0.032)®  0.82 (£0.049)"®  0.83 (+0.084)"® 152 (+0.244)"®  1.60 (+0.216)"® 19 (£0.557)" 4**

Data are means of pH and biogeochemical variables after incubation per treatment. AMP: Adenosine monophosphate,

MAP: Monoammonium phosphate, DOC: Dissolved organic carbon, DON: Dissolved Organic Nitrogen, DOP: Dissolved

organic phosphorus, NHa4: Available ammonium, NOs: Available nitrate, HPO4: Available inorganic phosphate, Cmic:

Carbon immobilized in microbial biomass, Nmic: Nitrogen immobilized in microbial biomass, CO.-C: Carbon from CO2

produced in mineralization, g-CO2: Metabolic quotient; Pi: Inorganic phosphorus source; Po: Organic phosphorus source.

Standard error in parentheses. Letters (A, B, C, D) show significant differences between treatments. p: *<0.05, **<0.01,
**%<0.001.
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Table 4. Data for nutrient immobilization obtained from dissolved nutrients and biomass

ratios
Variable c MA-\P Ca(Hzl-:’O‘;)z RNA AMP Phytic acid F

(Pi) (Pi) (Po) (Po) (Po)
DOC:DON  295° (+99) 225%B (+84) 68"8  (+25) 248 (+3.80) 528 (+10) 95%B  (+6.0) 3.4**
DOC:DOP 1792% (£720) 3128 (+94) 36748 (+126) 748 (£12) 438 (+6.8) 1938 (+82)  4.1**
DON:DOP 81" (#¥35) 158 (x0.14) 5.7°8  (£1.20) 318 (x0.31) 0.816% (0.16) 1.9 (x0.66) 2.7*
Cmic:Pmic  310° (+44) 828 (+18) 688 (+20) 188 (+1.20) 258 (+3.3) 588 (+3.8) 25.8***
Cmic:Nmic ~ 34° (¥7.4) 28° (+4.3) 26°BC  (+2.9) 11 (+0.99) 158¢  (+0.93) 14BC (+2.1) 5.6%**
Nmic:Pmic 10 (+¥2.7)  2.98 (+0.55) 258 (+0.41) 1.668® (+0.20) 1.7 (+0.16) 468 (+0.48) 8.7%**

Means of dissolved nutrient ratios and nutrient within microbial biomass ratios, which denotes higher nutrient
immobilization in microbial biomass the lower the value of the ratio Cmic:Nmic and Cmic:Pmic. Standard error is shown
in parenthesis. Letters (A, B, C, D) indicate significant differences between treatments with the Tukey test. AMP:

adenosine monophosphate, and MAP: monoammonium phosphate. p: *<0.05, **<0.01, ***<0.001.

Table 5. Specific Enzyme activities (SEA) after 19 days incubation

Variable MAP Ca(H,PO.), RNA AMP Phytic acid
Control (Pi) (Pi) (Po) (Po) (Po) F

SEA BG (umol pNP mgCmic™ ht) 0.069 (+0.02) 0.06 (+0.014) 0.049 (+0.012)  0.102 (+0.038)  0.139 (+0.057)  0.132 (+0.074) 0.8
SEA POX (umol tyr mgCmic™ h?) 0.244(+0.04)#®  0.171 (+0.050)® 0.082 (+0.052)® 0.493 (+0.082)# 0.371 (+0.195)*® 0.540 (+0.134)*  2.9*
SEA NAG (umol pNP mgCmict h')  0.014(+0.006)® 0.027 (+0.006)“® 0.030 (+0.007)*® 0.004 (+0.001)® 0.001 (+0.001)® 0.066 (+0.033)*  2.8*
SEA Phm (umol pNP mgCmicth?)  0.013(+0.007)  0.025 (+0.015)  0.16 (+0.134)  0.068 (+0.017)  0.097 (+0.054)  0.052 (x0.017) 0.8
SEA Phd (umol pNP mgCmic™ h?) 0.164(+0.01)® 0.171(£0.018)® 0.167 (+0.015)® 0.429 (+0.123)" 0.408 (+0.078)* 0.480 (+0.13)*  3.5*
SEA Phy (umol Pi mgCmic® h'%) 0.896 (+0.31)  0.403 (+0.207)  0.793 (+0.415)  0.696 (+0.373)  1.213(+0.61)  0.497 (+0.32)  0.55

Means of specific enzyme activities per treatment, obtained with the division between enzymatic activity and Cmic. The
standard error is indicated between parentheses. Letters (A, B, C, D) indicate significant differences between treatments as
obtained from the Tukey test. AMP: adenosine monophosphate, and MAP: monoammonium phosphate. BG: 3-
glucosidase, NAG: N-acetyl glucosaminidase, POX: Polyphenol oxidase (laccase, Phm: Phosphomonoesterase, Phd:
Phosphodiesterase, Phy: Phytase. p: *<0.05, **<0.01, ***<0.001.
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Table 6. Dissolved organic nutrients (DOC, DON and DOP) and nutrients immobilized in

microbial biomass (Cmic,

Nmic and Pmic) after organic or inorganic P fertilization

treatment.
Variable control MA.P Ca(HZI.DOA,)Z RNA AMP Phytic acid .
(Pi) (Pi) (Po) (Po) (Po)

ADOC (ug gh) 136 (*24)78 67 (*13)78C¢ 160 (+67)A 22 (*4.5)8C 15 (x2.1)¢ 36 (*7.7)4BC 4.7 **
ADON (ugg?') -0.90 (+0.45)B¢ -1.07 (+059)¢ 117 (+0.54)» 053 (+0.48)"8 -0.96 (+0.64)C -0.95 (+0.55)B° 3.12*
ADOP (ugg?) -0.15 (+0.07)®  0.06 (+0.14)"8 030 (+0.12)* 045 (¥0.08)» 041 (£0.06)  0.23 (+0.14)"8 G
ACmic (ug g% 94 (+218) -163 (¥217) -133  (¢154) 517 (+254) 500 (+228) 32 (+278) 1.4
ANmic (nggl)  -26 (*12) 32 (+6.4) 27 (+7.3) 12 (+10) -25 (£7.1) -0.15 (+16) 0.43
APmic (ugg') -0.48 (+1.4)° 10 (3.5)5¢P 15 (+4.9)5¢ 32 (¥5.2)% 22 (x1.1)%8 55 (x2.1)<P 11.6%**

Means of the differences (A) between post and pre incubation values for dissolved organic nutrients (DOC, DON and

DOP) and nutrients immobilized in microbial biomass (Cmic, Nmic and Pmic). The standard error is indicated between

parentheses. AMP: adenosine monophosphate, and MAP: monoammonium phosphate.
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FIGURES
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Figure 1. Methods summary. Soil laboratory analysis are described in the yellow box, which
is related to pre-incubation and post-incubation analysis. Calculations made from chemical
and enzymatic variables are specified in the blue box.
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Figure 2. PCA analysis for biogeochemical and enzymatic variables obtained after the
fertilization incubation experiment. Each color represents a treatment: Blue for AMP, yellow
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for Ca(H2PO4)2, green for phytic acid, purple for MAP, pink for RNA. The control is shown
in red. AMP: adenosine monophosphate, and MAP: monoammonium phosphate. This figure
was made using using the “factoextra” package (Kassambara and Mundt, 2020) with R
software (R core team, 2020).
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Figure 3. Pearson Correlation Test in different treatments group. Pearson correlation test was
performed using biogeochemical and enzymatic variables, C mineralization, qCO:2 and
nitrification (ANOs) measured after incubation fertilization experiment. The circles represent
significant correlations (p<0.05). The color scale indicates the correlation coefficient, and
whether the correlation is positive (blue) or negative (red). The correlation analyses are
divided by treatment groups according to principal component analyses: A) Control, B)
MAP, Ca(H2POa)s and phytic acid group, C) AMP and RNA group. AMP: adenosine
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monophosphate, and MAP: monoammonium phosphate. This figure was made using the
“ggcorrplot2” package (Cai and Matheson, 2021) in R software (R core team, 2020).
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Figure 4. Soil microbial community homeostasis related to P acquisition estimated by an
standardized linear regression. a) control, treatments: b) ammonium phosphate (MAP), c)
Calcium phosphate (CaHPO4), d) Adenosine monophosphate (AMP), e) Phytic acid (phytate)
and f) Ribonucleic acid (RNA). These values represent strong homeostasis for all treatments
because the slope is not different from 0, and there is not a relationship between the microbial
biomass quotient and the substrate quotient (DOC:DOP) except for phytate (p=0.04). The
equations for each figure are A) y=0.05x+5.3, R?=-0.32. B) y=0.05x+3.87, R>=-0.5. C)
y=0.13x+3.35, R?=-0.27. D) y=-0.2+3.99, R?>= -0.37. E) y=-0.2x+5.04, R?=0.88. F)

y=0.05x+2.67, R?=-0.3.
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Figure 5. Soil microbial community homeostasis related with N acquisition estimated by an
standardized linear regression.for the treatments a) control, b) ammonium phosphate (MAP),
c) Calcium phosphate (CaHPO4), d) Adenosine monophosphate (AMP), e) Phytic acid
(phytate) and f) Ribonucleic acid (RNA). These values represent strong homeostasis for all
treatments because the slope is not different from 0, and there is not a relationship between
the microbial biomass quotient and the substrate quotient (DOC:DON), except for phytate
(p=0.04). The equations for each figure are A) y=0.7x-0.37, R?>=0.66. B) y=-0.005x+3.3,
R2=-0.33. C) y=0.17x+2.6, R?=0.15. D) y=0.085+2.4, R?>=-0.25. E) y=-2.5x+14.11, R?=0.9.
F) y=0.12x+2.05, R?=-0.26.
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T-test, p = 1.3e-08 T-test, p = 0.024 T-test, p = 0.025 T-test, p=0.12 T-test, p = 3.1e-07 T-test, p = 0.003
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Figure 6. Mean of natural logarithms of DOC:DOP ratio and TERc:p of all treatments.
Significant differences for the comparisons between DOC:DOP ratio (CODPOD, black bars)
and the TERc:p (gray bars) values of each treatment are marked with uppercase letters, while
the significant differences of the TERc:p or DOC:DOP values between treatments are marked
with lowercase letters.
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Figure 7. Means of natural logarithms of DOC:DON ratio and TERc:n of all treatments.
Significant differences for the comparisons between DOC:DON ratio (CODNOD, black
bars) and the TERc:n (gray bars) values of each treatment are marked with uppercase letters,
while the significant differences of the TERc:n or DOC:DON values between treatments are
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Figure 8. Means for A) CUEcry B) CUEc:. Letters show significant differences between
treatments obtained with the Tukey HSD test. The p value from the ANOVA analysis is

shown on top of the figures.
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Figure 9. Means of CUE calculated with equation 5. Letters show significant differences
between treatments obtained with an LSD test. The p value from the ANOVA analysis is
shown on top of the bars.
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Figure 10. Main effects on soil microbial activity and nutrient dynamics caused by
fertilization with different compounds containing phosphorus. DOC is dissolved organic
carbon, CUE is carbon use efficiency, SEA Phd is specific enzyme activity of
phosphodiesterase, Cmic and Pmic are carbon and phosphorus immobilized in microbial

biomass respectively and TER is the threshold element ratio.
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SUPPLEMENTARY MATERIAL

Table S1. Means and standard error of enzyme activities measured for each treatment after

the 19 days of the incubation experiment.

MAP Ca(H,POy), RNA AMP Phytic acid
Control (Pi) (Pi) (Po) (Po) (Po) p

Variable

BG (umol pnp hi g ) 0.086 (x0.02)  0.059 (+0.012)  0.053 (+0.015) 0.056 (+0.015)  0.08 (+0.028)  0.051 (x0.018)  0.673
POX (umol tyr h g %) 0.3(x0.031)  0.181(0.061)  0.093 (+0.06)  0.306 (+0.028) 0.206 (+0.098) 0.302 (+0.072)  0.129
NAG (umol pnphgl)  0.02(+0.008)"8 0.027 (+0.004)“8 0.032 (+0.008)" 0.003 (0.001)® 0.001 (x0.001)® 0.023 (x0.01)*® 0.0079**
Phm (umol pnp i gY)  0.016(+x0.008)  0.023 (+0.013)  0.186 (x0.157)  0.041 (+0.006)  0.052 (+0.028)  0.04 (+0.017)  0.486
Phd (umol pnphg1)  0.212(x0.021)  0.172 (£0.013)  0.174 (+0.014) 0.262 (+0.091)  0.258 (+0.029) 0.224 (+0.009)  0.477
Phy (umolpi ht g %) 1.085(x0.32)  0.464 (+0.251)  0.87 (0.476)  0.418 (:0.182) 0.665 (+0.311) 0.361 (x0.225)  0.521

Means of enzyme activities per treatment. The standard error is indicated between parentheses. Letters (A, B, C, D)
indicate significant differences between treatments as obtained from the Tukey test. AMP: adenosine monophosphate, and
MAP: monoammonium phosphate. BG: -glucosidase, NAG: N-acetyl glucosaminidase, POX: Polyphenol oxidase

(laccase, Phm: Phosphomonoesterase, Phd: Phosphodiesterase, Phy: Phytase.

Table S2. Percent of variance explained by the first two components (Eigenvalue) and weight

of analized variables in the two first components (Eigenvector).

PC1 PC 2
Eigenvalue 3.69 2.32
Percent (%) 26.36 16.57
Accumulated percent (%) 26.36 42.93

Eigenvector of the variables

DOC -0.74 -0.0074
DON 0.082 0.46
DOP -0.69 0.476
Cmic -0.557 -0.263
Nmic 0.482 -0.436
Pmic 0.74 0.026
NO3 0.802 -0.22
PO4 -0.048 0.676
Phm -0.049 0.125
Phd 0.439 -0.021
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Phy -0.468 -0.473

NAG -0.707 0.457
BG -0.074 -0.416
POX 0.045 -0.704
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Glyphosate is among the most used herbicides worldwide. However, both the active ingredient and additives of
the commercial formulations may adversely affect chemical and biological processes in soil. Therefore, the aim of
this work was to evaluate the effect of glyphosate and the commercial formulation (CH) on soil C, N and P
dynamics, and microbial enzyme activity in two soil management conditions: a nopal plot (NP) with an history of
5 years of glyphosate application, and in an abandoned plot (AP) with a history of previous agricultural man-
agement without glyphosate applications. We performed three experiments: a) glyphosate and CH effects on
phosphorus sorption by performing a non-biological P fixation experiment; b) glyphosate and CH effects on
microbial activity, C, N and P dynamic, and the biodiversity of soil microorganisms in terms of biomarker fatty
acids after a 27 day incubation experiment; and c) glyphosate and CH degradation was tested isolating bacteria
from the incubated soil samples and growing in a defined media with potassium phosphate, glyphosate or CH as
sole source of P. Our results suggested that other compounds from CH may be affecting P sorption, because when
the herbicide was applied, P sorption was reduced in the NP, but in AP soil no significant effects were observed.
In contrast, in the AP soil both glyphosate and the CH reduced C mineralization. Besides, CH application reduced
Pmic concentration and laccase activity, but increased the specific activity of phosphonatase and phosphodies-
terase in the AP soil. Additionally, the microbial community in NP soil revealed higher diversity index than the
AP soil, but major changes in microbial groups were shown only when CH was applied. In vitro assay with native
bacterial isolates confirmed their susceptibility to the commercial herbicide in both NP and AP soils. In
conclusion, our results demonstrated changes on some processes related to soil C and P dynamics when pure
glyphosate and a commercial glyphosate were applied, along with changes in microbial activity and community
structure, being stronger the effects with the commercial formulation used. Further research should be done for
test the effects of glyphosate on microbial stoichiometry and enzyme stoichiometry.

1. Introduction cleaved by the enzymatic complex C—P lyase, producing sarcosine and
phosphate (HPO42), an available form of inorganic phosphorus used not
only by microorganisms, but also by plants (Pipke et al., 1987; Sviridov

et al., 2015).

Pesticides belonging to the group of organophosphates are among
the most used pesticides worldwide. Phosphorus in these compounds

sometimes occurs as molecules of phosphonates (Singh and Walker,
2006). Among the pesticides composed of phosphonates, glyphosate (N-
phosphonomethyl glycine) stands out, a compound characterized by
being one of the most used herbicides worldwide for about two decades
(Duke et al., 2018). Fortunately, glyphosate can be degraded by different
microbial enzymes (Kononova and Nesmeyanova, 2002). When phos-
phonate is used as a microbial phosphorus source, the C—P bond can be

* Corresponding author.
E-mail address: fgarcia@cieco.unam.mx (F. Garcia-Oliva).

https://doi.org/10.1016/j.apsoil.2021.104256

However, glyphosate degradation in soils is highly variable. Several
studies report that glyphosate is being rapidly inactivated in soils
(Sprankle et al., 1975a, 1975b; Hensley et al., 1978), while other studies
have also shown that biodegradation of glyphosate depend on soil
physicochemical properties as soil mineral composition, soil texture and
soil pH (Gimsing et al., 2004a; Gimsing et al., 2004b; Borggaard and
Gimsing, 2008). This can be because organophosphorus pesticides
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widely used in agriculture such as glyphosate can be adsorbed to soil
particles in similar way to soil organic compounds (De Jonge et al.,
2001; Borggaard and Gimsing, 2008). Glyphosate is strongly adsorbed
by soil minerals, compared with other herbicides (Mamy and Barriuso,
2005).

In soil, with pH range between 4 and 8, glyphosate is found as a
mono or divalent anion, with high affinity to trivalent cations such as
A", Fe®" and divalent cations in alkaline pH, such as Ca". Addition-
ally, the phosphonic acid fraction of the glyphosate molecule promotes
the occlusion of this herbicide to clays and hydroxides (Sprankle et al.,
1975b), giving it an adsorption behavior similar to the adsorption of
HPO4%, whereby the herbicide can compete with this molecule for the
same occlusion sites in the soil matrix (De Jonge et al., 2001). Therefore,
applications of HPO4%" associated with soil fertilization, can exclude the
glyphosate from soil occlusion sites, hence increasing its bioavailability
and mobility in the soil (De Jonge et al., 2001; Gimsing and Borggaard,
2001).

Commercial formulations of glyphosate contain other compounds
listed as inert ingredients that fulfill the functions of surfactants, carrier,
antifreeze, antifoam, dye and suction and whose chemical composition
is not mentioned. However, these ingredients may also affect the
adsorption processes of the herbicide in the soil. Additionally, the
adsorption processes also depend on soil pH and mineral characteristics.
Mobility of glyphosate in soil and how glyphosate is affected by phos-
phate additions have been widely studied (Sprankle et al., 1975a;
Sprankle et al., 1975b; De Jonge et al., 2001; Gimsing et al., 2004a;
Munira et al., 2016), but there are few reports focusing on how phos-
phate availability and occlusion in soils are affected by glyphosate, and
by commercial formulations of the herbicide. Understanding these
processes are key to generate strategies for the combined use of herbi-
cides and fertilizers, while trying to preserve or favor biological activity
in soils.

Glyphosate and glyphosate-based herbicides may also affect the soil
microbial community. Glyphosate can affect soil microorganisms by
inhibiting the pathway of shikimic acid, which is carried not only in
plants, but also in some bacteria and fungi (Bentley and Haslam, 1990;
Ratcliff et al., 2006). Some surfactants used in glyphosate herbicide
formulations have also been reported as harmful to microorganisms, for
example, the surfactant polyoxyethylene amine (POEA) has shown to be
genotoxic for Escherichia coli (Nobels et al., 2011). It is known that mi-
crobes are important drivers of biogeochemical cycles (Falkowski et al.,
2008), and the effects of glyphosate and its commercial formulations
could lead to alterations in nutrient cycling. Some studies have shown
how glyphosate affects the carbon cycling, increasing the number of
substrates that microbial community can use as a carbon source when
high doses of glyphosate are applied (Ratcliff et al., 2006) and increasing
the activity of the B-glucosidase enzyme (Panettieri et al., 2013). Effects
on the nitrogen cycle also have been reported, for example, Stratton
(1990) published those high doses of commercial glyphosate formula-
tions can stimulate the nitrification process in soils with neutral pH.
Also, Nguyen et al. (2018) showed increases in organic N degrading
enzymes, such as N-acety- glucosaminidase and aminopeptidase after
27 days of soil incubations amended with a glyphosate commercial
formulation. Regarding phosphorus cycling functions mediated by mi-
crobes, Platkowski and Telesinski (2016) reported that alkaline phos-
phomonoesterases and phosphodiesterases activities decreased when
pure glyphosate and its commercial formulations were added to soil. The
differences found between studies show that the effect of glyphosate on
microbial activity and their metabolic processes that alter biogeo-
chemical cycles can differ between soils (Dennis et al., 2018).

Naturally, sites with extreme soil pH facilitate analyzing possible P
occlusion effects from glyphosate sorption processes. Because the soil in
Cuatro Cienegas Basin (CCB) have alkaline pH (values between 8 and
9.5; Tapia-Torres et al., 2015) and high presence of Ca®* (soil concen-
tration between 0.67 mg Ca g™ in agricultural soils to 0.9 mg Ca g™ in
abandoned agricultural sites; non-published data) that favors P
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occlusion, they provide an in-situ laboratory to understand the glyph-
osate sorption processes. Additionally, Perroni et al. (2014) reported
that more than 80% of the soil P concentration is in occluded forms.
Therefore, the soils of CCB are ideal for analyzing competition between
inorganic phosphates and other organophosphorus compounds, for
sorption sites in alkaline soils.

CCB is also characterized by its low P concentration in soil, but high
proportion of organic P (Tapia-Torres and Garcia-Oliva, 2013), a con-
dition that can trigger microbial production of enzymes to cleave
different organophosphorus molecules, such as phosphonates; an alter-
native source of available P (Tapia-Torres et al., 2016). Phosphorus
starvation can induce genes for different enzymes such as the C—P lyase
complex and phosphonatase (Sviridov et al., 2012), both important to
glyphosate degradation. It has been reported that CCB bacteria obtained
from non-managed soils can obtain phosphorus from different phos-
phonates such as 2-aminoethyl phosphonate (2-AEP), phosphonoace-
taldehyde (2-PA); Tapia-Torres et al.,, 2016) and pure glyphosate
(Moron-Cruz, 2014), besides, some specific bacteria from CCB, like
Bacillus sp. M3-13 have been studied and it has been reported to contain
Phn genes, coding for importers of phosphonates, permeases and C—P
lyases (Alcaraz et al., 2010). However, the glyphosate degradation ca-
pacity of bacteria is unknown for microorganisms belonging to agri-
cultural soil of CCB, where glyphosate is used.

Here we investigated the effect of glyphosate and the commercial
formulation Faena on soil nutrient dynamics and microbial activity.
Specifically, we aimed to elucidate possible effects of glyphosate and the
commercial herbicide on soil phosphorus sorption in soils under nopal
cultivation with constant addition of the herbicides (NP) and soils
without previous additions of glyphosate (AP). We also analyzed the
effect of glyphosate and the commercial herbicide on soil biogeochem-
istry, addressing nutrient availability, organic nutrients pools, microbial
nutrient immobilization, enzyme activity, and potential C mineraliza-
tion in soil incubation assays. Additionally, this work is also aimed to
understand the effect of glyphosate and the commercial herbicide on the
biodiversity of soil microorganisms and the ability of bacteria to use
glyphosate and its commercial formulation as a sole P source.

We tested the main hypotheses that glyphosate and its commercial
formulation would decrease the soil P occlusion capacity because
glyphosate competes with inorganic P for soil sorption sites. Addition-
ally, we expected that glyphosate and the commercial herbicide would
decrease soil microbial activity when microorganisms are not adapted to
the herbicide as in the abandoned plots, therefore, affecting the trans-
formation of soil nutrients. We also hypothesize that due to the oligo-
trophic origin and capacity of CCB bacteria to use phosphonates, a wide
range of bacterial isolates from an agricultural field would be able to use
pure glyphosate as the sole source of P, but commercial formulations of
glyphosate can be harmful to these isolates.

2. Materials and methods
2.1. Study site

The study site was in farming plots within the Cuatro Cienegas Basin
(CCB), located in the Chihuahuan desert, Mexico (27°1’ N 102°6’ W).
The climate is hot and arid, with an average yearly temperature of
21.9 °C, and the average annual precipitation is 211 mm (Montiel-
Gonzalez et al., 2018). The dominant parent material in the west and
east sides of the valley are gypsum (Calcium sulphate) and limestone
(calcium carbonates), respectively, both from the Cretaceous period
(Lehmann et al., 1999). Therefore, according to the WRB classification
(IUSS Working Group WRB, 2007), the dominant soil groups are Gyp-
sisols and Calcisols in the west and east side, respectively. Additionally,
the native main vegetation types are grassland, dominated by Sporobolus
airoides and Allenrolfea occidentalis; and desert shrubs, dominated by
Jatropha dioica and Larrea tridentata (Perroni et al., 2014; Tapia-Torres
et al., 2015).
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Despite of the low annual precipitation, agriculture is an important
activity in this valley, with alfalfa (Medicago sativa L.) as the principal
crop (Hernandez-Becerra et al., 2016; Tapia-Torres et al., 2018).
Because alfalfa is a crop with high water requirements, new crop al-
ternatives have been implemented, such as fodder nopal (Opuntia sp.),
because of its lower water demand. At the time the soil samples were
taken, the farmer had been growing nopal for five consecutive years, but
the field had been previously used for alfalfa production. The nopal crop
was grown under greenhouse conditions. The crop replacement not only
implied a change in the irrigation practices, but also in the chemical
supplies used for nopal production. Previously, the herbicides Select
(cyclohexadiene), Cedrus (cyclohexadiene) and Pivot (imazethapyr)
were used for alfalfa crops, but for nopal production, farmers started to
use herbicides with glyphosate as the active agent as Faena® herbicide
(Tapia-Torres et al., 2018), so the soil of the nopal crops had been
exposed to glyphosate for 5 years, but bare soil with previous alfalfa use
was not exposed to this herbicide.

2.2. Field sampling

A first soil sampling was carried out in September 2014 in the east
side of CCB under two management conditions: nopal crop plot (NP)
within a greenhouse and five years abandoned alfalfa crop plot (AP)
outside the nopal greenhouse, covered by grasses. For the NP, soil
samples were taken in 10 transects. A sample was taken each 5 m of each
transect, obtaining 10 subsamples that were mixed homogeneously for
obtaining a composite soil sample per transect, providing a total of 10
composite samples. We also took a soil sample outside the greenhouse in
the AP, making parallel transect to the greenhouse transects, and a
subsample was taken each 5 m, obtaining one composite sample.

A second soil sampling was carried out in June 2015 in the same
plots. In this second sampling, three composite samples were taken from
outside the greenhouse (the AP), and 5 composite samples were taken
from the NP. Soil samples were taken from the top 15 cm of mineral soil
with a soil core sampler, placed in black plastic bags and stored at 4 °C
until laboratory analyses.

2.3. Phosphorus sorption experiment

A phosphorus sorption experiment was performed. The experimental
design was triple factorial that had as factors the plot, the fertilizer
concentration and the herbicide treatment. The plot factor contained
two levels (NP and AP); Fertilizer concentration had three levels of
different P concentrations (1.09 mg P ml"}, 2 mg P ml'}, and 4 mg P ml™),
and the herbicide treatment factor had three levels (a control without
herbicide, glyphosate 96% pure, commercial herbicide Faena®). The
factor combinations resulted in 18 treatments (2x3x3) each with six
replicates giving a total of 108 experimental units. Soil from the first
sampling was used. For the AP sample, the composite sample of the
transect was divided into 6 samples. For the NP soil, the 10 composite
samples were mixed between them to create 6 samples; each sample was
a mixture of two samples randomly selected.

The procedure for measuring the non-biological P fixation reported
by Perroni et al. (2014) on the basis of (Lajtha and Jarrell, 1999) was
carried out. The glyphosate concentration used was based on the rec-
ommended concentration of 4 L of herbicide ha™l. The different P con-
centrations (working solutions) were obtained from a stock solution of
17.56 g KHoPO4 l'l, dissolved on KCl 0.01 M and with two drops of
chloroform for inhibiting microbial growth. Glyphosate and the com-
mercial herbicide Faena® were added to separate working solutions
with the three P concentrations. Then, 30 ml of a working solution with
a known concentration of P were added to aliquots of fresh soil (3 g).
Tubes were shaken for 24 h. After shaking, samples were centrifuged at
3500 rpm for 30 min, then they were filtered through Whatman No. 42
and measured as HPO,42 in a Bran-Luebbe III autoanalyzer (Bran-Luebbe
AA3, Norderstedt, Germany). To avoid the effect of herbicide treatments
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on Pi solubilization, the Pi data of all fertilization treatment was cor-
rected with the Pi concentration in samples of each herbicide treatments
without P fertilization, which was determined using the same method of
fertilized treatments. The occluded P was calculated by the following
equation (Perroni et al., 2014):

Xs=F—(c—5) (@9)]

Where Xs refers to the occluded P, c is the total available P and s is
the available P without fertilization. F is obtained with the Eq. (2):

F = [Pfert|*v/m*dry soil weight, (2)

where Pfert refers to the concentration of P used to fertilize the sample, v
is the volume used in the test which is 30 ml and m are the fresh soil (g)
used, which were 3 g.

2.4. Incubation experiment

To test the effect of glyphosate and commercial herbicide Faena® on
the soil microbial community and nutrient dynamics, soil incubations
were performed with soil samples from the NP and the AP of the second
sampling. Samples from the AP were mixed between them and then 5
subsamples were taken. Each site was analyzed separately, so the
experimental design had only one factor. This factor contained three
levels: 1) a control without herbicide, 2) a treatment with technical
grade glyphosate (n-phosphonomethyl glycine with 96% purity) and 3)
a treatment with the commercial herbicide Faena ®, with glyphosate as
the active ingredient. Each treatment per site had five replicates. The
experiment consisted of adding 100 g of soil to previously sterilized PVC
tubes with the extreme ends closed by a fine mesh. Glyphosate and the
commercial herbicide treatments were added to their corresponding
treatments. The glyphosate concentration used was calculated using the
maximum rate recommended for the herbicide Faena ® corresponding
to 1.452 kg of active ingredient ha' (where the active ingredient is the
glyphosate acid), a soil density of 1.16 g cm™ and a glyphosate mobility
in soil of 1 cm deep according to Ratcliff et al. (2006); obtaining a
glyphosate concentration of 12.517 pg g soil. Using this calculation,
1.251 mg of glyphosate (equivalent to 7.399 pmol of glyphosate) were
added to 100 g of soil, dissolved in 400 pl of water for each sample.
Deionized water was added to soil at field capacity in all samples.

After the treatment preparations, samples were incubated in previ-
ously sterilized glass flasks for 28 days at 28 °C, measuring CO5 pro-
duced by C-mineralization, which is an indicator of microbial activity.
After the incubation period, biogeochemical and enzymatic analyses
were performed (total C, N and P; microbial biomass C, N and P,
available HPO42‘, NH;" and NO3™ and enzymatic activities as B-gluosi-
dase(BG), N-acetyl glucosaminidase (NAG), phosphomonoesterase
(Phm), phosphodiesterase (Phd), phosphonatase (Phn) and laccase
(LAC) with the methods described below.

2.4.1. Carbon mineralization measurement

PVC tubes with soil were placed inside 1 L glass flasks with a vial
containing 10 ml NaOH serving as a C-CO; trap. Different NaOH con-
centrations were used depending on the sample; NaOH was used initially
with a concentration of 0.2 N. At the first lecture of C mineralization,
NaOH traps of samples NP1, NP2 and NP3 showed saturation. This can
be noticed when low volume of HCl is necessary to change the pH of the
solution. Due to this, NaOH normality was adjusted for this samples to
0.4 N for NP1 and NP3 and to 0.6 N to NP2. For further lectures, HCl
concentration used to titrate was also adjusted to the correspondent
normality. C-mineralization was assessed every two days titrating the
NaOH vial with HCI at the corresponding normality of the NaOH for
each sample and using BaCls.

Samples were incubated at 28 °C for 27 days, and this procedure
were performed every 2 days.
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2.4.2. Biogeochemical analyses

Soil pH was measured in deionized water (1:10 w:v) with a digital pH
meter (Thermo Scientific Orion 3star Plus). For soil moisture determi-
nation, a subsample was oven-dried at 80 °C to constant weight, in order
to allow nutrient concentrations and enzymatic activities to be corrected
using dry soil mass.

Total nutrients were determined using oven-dried soil. Total carbon
(TC) and inorganic carbon (IC) were determined by coulometric detec-
tion (Huffman, 1977) in a total carbon analyzer (UIC model CM5012,
Chicago, USA). Total organic carbon (TOC) was calculated subtracting
IC from TC. For total N (TN) and total P (TP) determination, acid
digestion at 360 °C was performed using HySO4, H202, K2SO4 and
CuSO4. N was determined by the macro Kjeldahl method (Bremmer,
1996), while P was determined by the molybdate colorimetric method
after ascorbic acid reduction (Murphy and Riley, 1962). N and P were
determined colorimetrically in a Bran-Luebbe Auto analyzer 3 (Nor-
derstedt, Germany).

Available forms of N and P, dissolved and microbial forms of C, N,
and P, were extracted from field moist soil samples. Available forms of
inorganic nitrogen (NH; ™ and NO3) were extracted from soil using 10 g
of fresh samples with 2 M KCl, followed by filtration through a Whatman
No. 1 paper filter (Robertson et al., 1999), and determined colorimet-
rically by the phenol-hypochlorite method in a Bran-Luebbe Auto
analyzer 3 (Norderstedt, Germany). Available phosphate (HPO42') was
extracted from soil using 0.5 M NaHCO3 (pH 8.5 adjusted with NaOH
5M), followed by filtration through a Whatman No. 42 paper filter, ac-
cording to Hedley sequential P fractionation (Tiessen and Moir, 1993)
and determined colorimetrically by the molybdate-ascorbic acid method
(Murphy and Riley, 1962) in a Bran-Luebbe Auto analyzer 3 (Norder-
stedt, Germany).

Dissolved nutrients were extracted from soil using deionized water
(1:4 w:v), shaking for 45 min and then, the samples were filtered
through a Millipore 0.45 pm filter (Jones and Willett, 2006). The filtrate
was used to determine dissolved ammonium (D-NH4") and dissolved
inorganic phosphate (D-HPO4>). To determine total dissolved nitrogen
(TDN), acid digestion was made, using the macro-Kjeldahl method.
Total dissolved P (TDP) was also acid digested and determined by
colorimetry. Dissolved N and P forms were determined using a Bran-
Luebbe Auto analyzer 3 (Norderstedt, Germany). Total dissolved car-
bon (TDC) was measured with a Carbon Auto Analyzer (TOC CM 5012)
using the module for liquids (UIC-COULOMETRICS). Dissolved inor-
ganic carbon (DIC) was determined in an acidification module CM5130.
Dissolved organic carbon (DOC), dissolved organic nitrogen (DON) and
dissolved organic phosphorus (DOP) was calculated by the subtraction
of the inorganic dissolved forms from the total dissolved forms.

Microbial C (Cmic) and microbial P (Pmic) concentrations were
determined by the chloroform fumigation-extraction method (Vance
et al., 1987). For Cmic, aliquots of 20 g of fumigated and non-fumigated
samples were incubated for 24 h at 27 °C and constant moisture. Cmic
were extracted from fumigated and no-fumigated samples with 80 ml of
0.5 M K3SO4 (Brookes et al., 1985). Samples were filtered using Milli-
pore filters of 0.45 pm. C concentration was measured from each extract
as total carbon (TCmic) and inorganic carbon (ICmic) by the method
described before (dissolved carbon). The organic C concentration was
calculated by the subtraction of ICmic from TCmic, and the organic C
was used for the Cmic calculations. Cmic was the difference between the
extracted organic carbon in fumigated samples and the organic carbon
from no-fumigated samples, and the result was divided by a conversion
factor, kg (extractable part of microbial biomass C), of 0.45 (Joergen-
sen, 1996).

Microbial P was extracted using NaHCO3 0.5 M at pH 8.5 after the
chloroform fumigation-extraction technique described above was per-
formed (Cole et al., 1978), using 5 g of soil for each fumigated and no-
fumigated sample. Samples were shaken for 16 h, then centrifugated at
6000 rpm 25 min (Thermo Scientific SL 16), filtered through Whatman
No. 42 paper filters and then digested using 11 N H,SO4 and a 50% w/v
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solution of ammonium persulfate. After digestion, samples were
neutralized with 5 M, 1 M, and 0.5 M NaOH. Microbial P was calculated
as for Cmic and converted using a K, value (the extractable part of mi-
crobial biomass P after fumigation) of 0.4 (Lajtha and Jarrell, 1999).
Microbial P was determined colorimetrically by the molybdate-ascorbic
acid method using an Evolution 201 Thermo Scientific Inc. spectro-
photometer, at a wavelength of 880 nm (Murphy and Riley, 1962).
Finally, Cmic and Pmic values were normalized on a dry soil basis.

2.4.3. Engymatic analyses

The activity of six enzymes associated to C, N and P acquisition was
determined. These enzymes were phosphomonoesterase (Phm), phos-
phodiesterase (Phd), Beta-glucosidase (BG), N-acetyl glucosaminidase
(NAG), laccase and phosphonatase (Phn). The first four enzymes were
determined from a spectrophotometric determination of p-nitrophenol
(pNP) using pNP-substrates according to (Tabatabai and Bremner, 1969;
Verchot and Borelli, 2005) . Laccase was measured using an ABTS
substrate (Johannes and Majcherczyk, 2000; Chavez-Vergara et al.,
2014) and phosphonatase was determined by the colorimetric quanti-
fication of the inorganic P released by the enzyme (Murphy and Riley,
1962) using (2-Aminoethyl) phosphonic acid (2-AEP) as substrate
(Tapia-Torres et al., 2016).

For this analysis, 2 g of fresh soil and 30 ml of modified universal
buffer (MUB) at pH 8 were used for the enzyme extraction. Three rep-
licates and one control (sample without substrate) were prepared per
sample. Three substrate controls (substrate without sample) were also
included per assay, and all were incubated at 30 °C. The tubes were
centrifugated after the incubation period and then 750 pl of supernatant
were diluted in 2 ml of deionized water and 75 pl of NaOH 1 N were
added to stop the enzymatic reaction, having a final volume of 2.825 ml.
For enzymes with substrates linked to pNP, the absorbance of pNP was
measured at 410 nm on an Evolution 201 spectrophotometer (Thermo
Scientific, Inc.), enzyme activities (EA) were expressed as micromoles of
PNP formed per gram of soil dry weight per hour (umol pNP [g SDW]-1
h-1). The laccase activity was determined after extraction with MUB and
oxidation of ABTS. The assay was carried out as described above, except
that the supernatant resulting from centrifugation was measured
directly (without the addition of NaOH or dilution in deionized water) in
an Evolution 201 spectrophotometer (Thermo Scientific Inc., USA) at a
wavelength of 460 nm. Control samples were prepared as described
above and results are expressed in units of pmol-pNP [g SDW]! h'! for
Phm, Phd, NAG and BG and in units of pmol of Tyrosine [g SDW] ™! h™! for
the laccase enzyme (Chavez-Vergara et al., 2014). Phn was determined
by the molybdate-ascorbic acid method (Murphy and Riley, 1962)
quantifying colorimetrically the inorganic P released by the enzyme,
using 2-Aminoethyl phosphonic acid (2-AEP) as substrate, according to
(Tapia-Torres et al., 2016). The absorbance of the inorganic P released
was measured at 882 nm. Phn activity was expressed as micromoles of
phosphate released per gram of soil dry weight per hour (umol PO, [g
spw1 ! hh.

Specific enzyme activities (SEA) were calculated to determine how
much enzyme was synthetized per concentration of nutrient immobi-
lized in microbial biomass. The SEA was calculated according to Wal-
drop et al., 2000.

SEA = Enzymatic activity/Nutrient in microbial biomass 3)

Where enzymatic activity was in units of pmol pNP gSDW™! h'l; and
nutrient in microbial biomass could be C, N or P, and their units where
mgC g SDW!, mgN g SDW! and mgP g SDW! respectively. All enzyme
activities were divided with microbial C. Phd, Phm and Phn activities
were divided also between microbial P to determine P immobilization
efficiency.

2.5. Homeostasis and threshold element ratio

For the soil incubation results, a soil microbial homeostasis analysis
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was made, performing simple linear regressions between Log.(DOC:
DOP) vs Loge (Cmic:Pmic), and testing if the slope was no different from
0, which indicates strong microbial community homeostasis (Elser and
Sterner, 2002).

We followed Sinsabaugh et al. (2009) to calculate the Threshold
Element Ratio for C:P using the following modified equation:

TERcsp = ((BG/Phm + Phd)Bcs ) /p, @

Where TERc.p is the threshold ratio (dimensionless), BG/Phm+Phd is
the ecoenzymatic activity ratio for B-1,4-glucosidase and the addition of
phosphomonoesterase and phosphodiesterase activities, Bc.p is the C:P
ratio for microbial biomass (Cmic:Pmic) and p, is the dimensionless
normalization constant. This normalization constant is the intercept
calculated with a Type II regression using SMATR (SMATR, R Core
Team, 2020) for Log.(BG) vs Log.(Phm). Data were log.-transformed
prior to regression analysis to conform to the conventions of stoichio-
metric analyses and to normalize variance (Elser and Sterner, 2002;
Sinsabaugh and Follstad Shah, 2012). To see a detailed analysis of the
derivation of the TER equations see Sinsabaugh et al., 2009. Because of
the importance of the phosphodiesterase enzyme in CCB, TER calcula-
tions where performed using the addition of the activities of Phd and
Phm, in Eq. (3) and in the corresponding SMATR analysis.

2.6. Fatty acids profile

A fatty acid profile analysis was performed for the soil samples ob-
tained from the incubation experiment, to assess changes in soil mi-
crobial community. For this analysis, an aliquot of 3 g of soil from each
sample was stocked at -20 °C; then, samples were lyophilized and
pulverized.

For the fatty acid extractions, 1 g of lyophilized soil was used for each
replicate, and a saponification was performed using NaOH, methanol
and water. Later, a methanol methylation was performed to increase
fatty acids volatility for the gas chromatography. A liquid-liquid
extraction process was performed with a 1:1 v/v hexane:terbutilic
ether methyl solution; after that, an alkaline wash was made to eliminate
free fatty acids and residuals agents, with a NaOH solution.

Fatty acids were identified with Agilent 7890B gas chromatograph,
using the Sherlock software. Quantification of the individual fatty acids
was done with an internal standard 19:0 in a volume of 100 pl per
sample in a concentration of 0.025 pg pl'!. The molecular weight of the
standard is 312 g mol}, so each sample contained 8.013 nmol of stan-
dard. This standard was used to calculate the concentration of the fatty
acids obtained with the chromatography analysis.

The Simpson's index and equitability calculations were made with
the results from fatty acids analysis, using each fatty acid obtained as a
specie, using the formula of Simpson's diversity index (D) and equita-
bility (E) from Begon et al. (2006).

2.7. Isolation of glyphosate degrading bacteria

To identify the capacity of soil bacteria to use glyphosate as a sole P
source, microorganisms from the soil incubations were cultured and
isolated, growing them in media with glyphosate and the commercial
herbicide as sole source of P.

The extraction of bacteria from the soil was based on the procedure
carried out by Tapia-Torres et al. (2016). To obtain microorganisms
from the soil, 6.6 g of soil from the incubations were weighed and 30 ml
of previously sterilized Modified Universal Buffer (MUB) were added.
The samples were shaken for 60 min (Tapia-Torres et al., 2016) and 33
ul of the extract, and serial dilutions 1:10 and 1:100 of the extract, were
placed in Petri dishes containing marine medium (MM), a complex
medium that includes peptone, yeast extract and dibasic sodium phos-
phate (Cerritos et al., 2008) spreading the extract with glass beads. Petri
dishes were incubated at 28 °C for 3 days.
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To evaluate the use of glyphosate herbicides as P source, a defined
medium was used (DM) whether without P added or containing different
P sources. The base DM was prepared according to Tapia-Torres et al.
(2016) and contained Tris-base, 6.057 g adjusted to pH 8; NH4NOs3, 0.26
g; MgS0y, 0.48 g; disodium citrate, 1.99 g; ZnCl,, 0.000136 g; NaCl 5 g;
FeCl3, 0.27 g; KCl, 0.1 g; MnCl2, 0.2 g; CaCl, 0.4 g; glucose, 9 g and an
amino acid mixture, 0.93 g; heat-labile substrates (vitamin B complex)
were filter sterilized and added aseptically after autoclaving (Tapia-
Torres et al., 2016).

The DM was added to Petri dishes divided into numbered squares
and 20 colonies per sample were selected from MM to be cultured in DM,
inoculating one colony per square, obtaining pure cultures (most of the
chosen colonies were taken from the 1: 100 dilution), having a total of
600 isolates. These bacteria were incubated at 28 °C for 7 days because
their growth was slower. The objective of this step was to carry out a
cleaning pass so that the microorganisms used up their phosphorus
reserves.

DM was prepared using different P sources for bacteria including: i)
Potassium phosphate 2 mM,; ii) Glyphosate 96% pure, iii) Commercial
herbicide containing glyphosate. For all P sources the concentration was
calculated to be 2 mM of P. Isolates from DM were plated in DM with all
P sources and DM without P as a negative control. Colonies were placed
so that colony in Square No. 1 from one sample was the same bacterial
colony in all DM plates with each P source for the specific sample. Plates
were incubated at 28 °C for 7 days. After this, bacteria were re-
inoculated in the same media they grew, to test that effectively, these
bacteria can use the P sources examined, and the same growth condi-
tions were used. After 7 days, isolates on each media were counted and a
data base with each treatment from incubation (commercial herbicide,
glyphosate and control), phosphorus source (without P, KH3POj,
glyphosate and commercial herbicide), and a binary indicator for
growth (1 if the bacteria grew, O if growth did not occur) was made.

2.8. Statistical analyses

For the non-biological P fixation, a two-way ANOVA was performed
with P occlusion as response variable (X; in the Eq. (1)), and using as
factors the treatment with three levels (control, glyphosate and com-
mercial herbicide) and the fertilizer concentration with three levels
(1.09 mg P ml'}, 2 mg P mI"! and 4 mg P ml'). This analysis was per-
formed for each site separately. When significant differences were ob-
tained a Tukey's HSD test was performed. All statistical analyzes were
made with the software STATISTICA (StatSoft, 2000). and the R statis-
tical program (R Core Team, 2020). For the C mineralization results,
one-way ANOVA was performed, using as response variable the accu-
mulated C mineralization (the addition of all the C mineralization
measurements per treatment, per site), and the treatments as factors
(control, glyphosate and commercial herbicide). When significant dif-
ferences were obtained, a Tukey HSD test was performed. Using the
same factors, one-way ANOVAs were performed for each biogeochem-
ical variable and enzyme activity (EA) measured for the incubation
experiment; Tukey HSD Test was performed when significant differ-
ences were found. LSD Test was performed when ANOVA shown sig-
nificant differences, but Tukey's HSD test did not, which was the case of
the SEA of phosphodiesterase. A t-test between the two plots (AP and
NP) was performed to compare biogeochemical variables after the in-
cubation experiments.

A multiple linear regression was performed, using the data from the
incubation experiment to explain the factors affecting C mineralization,
which was the independent variable of this analysis. As dependent
variables, the relationships BG:Cmic (SEA BG), NAG:Cmic (SEA NAG),
Phd:Cmic (SEA Phd), Phm:Cmic (SEA Phm), DOC:DON, DOC:DOP,
DON:DOP and Cmic:Pmic were used.

For bacterial growth data, all isolates that grew without P in the
second pass, were subtracted and accounted as bacteria without growth.
A logistic regression was performed with the results of bacterial growth,
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where the independent variable was bacterial growth represented as 1
when bacterial growth occurred and 0 when bacteria did not grow. The
dependent variables where the herbicide treatment for soil incubation
(control, glyphosate treatment and commercial herbicide treatment),
the P source added to the culture media (KH,POy, glyphosate or com-
mercial herbicide) and the interaction of the two variables (Treatment
x P source). These analyses were performed using STATISTICA soft-
ware. A Pearson's correlation analyses were made between Simpson's
Index, Equitability, C mineralization and growth of bacteria in the three
P sources (KH;PO,4, glyphosate and CH). Separate correlations were
made for each treatment inside the AP data, while one correlation was
made using the data obtained for the NP, without separation between
treatments.

A redundancy analysis (RDA) was made to relate bacterial growth
with biogeochemical characterization. The number of isolates that grew
in each sample with each P source (KHyPO4, glyphosate, and commer-
cial herbicide) was used as the response variable, and DOC, DON, DOP,
NH4*, NOg, HPO42', DOC: DON, DOC:DOP and DON:DOP were used as
independent variables.

3. Results
3.1. Phosphorus occlusion

In the NP soil, the P occlusion was lower in the treatment with the
commercial herbicide (27.6 + 2.9 mg P g"l) than in the control (29.3 £+
3.4 mg P g'1), while treatment with glyphosate had similar values than
the other two treatments (29.5 + 3.4 mg P g'; p = 0.027). Additionally,
the P occlusion was higher with the increase of fertilizer concentration
(p < 0.0001), independently of the herbicide treatment. However, in the
AP soil, the P occlusion was not significantly different between treat-
ments (values ranged between 20.1 and 21.0 mg P g'!), while for the
factor fertilization P occlusion increased with the fertilization level (p <
0.0001) (Fig. 1a and b).

Treatment =-e= CH

[5]
[=]

P Sorption (mgP *dry soil g”')
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3.2. Soil incubation experiment

3.2.1. Carbon mineralization

In the AP soil, the soil microbial community had higher C mineral-
ization in the untreated soil than in soil treated with glyphosate or the
commercial herbicide (3.14 + 0.317 mg CO»-C, 1.41 + 0.107 mg CO,-C
and 1.54 + 0.10 mg CO3-C, respectively; p < 0.0001), while the mi-
crobial community in NP soil did not show any differences between
treatments (5.44 + 0.46 mg CO,-C for the control, 5.11 + 0.46 mg CO,-C
for glyphosate treatment and 5.51 + 0.56 mg CO»-C for the commercial
herbicide treatment). The accumulation of CO,-C evolved in the incu-
bation experiment is shown in Fig. S1.

3.2.2. Biogeochemical analysis

The NP soil had higher nutrient concentrations (TN, TP, DON, NO3
and HP042') and activity of three enzymes (Phd, Phm and Lac) than that
of AP soil, but soil pH was higher in AP soil than in NP soil (Table 1).
Also, the Cmic:Pmic ratio was higher in NP soil suggesting that micro-
organisms had low P content in their biomass (Table 1). However, no
differences were found between herbicide treatments in the NP soil with
respect to biogeochemical values (Table S2); but in the AP soil, soil
applied with the commercial herbicide (6.2 + 3.4 pg P g'!) had lower
microbial P values than the soil with glyphosate and soil from untreated
samples (19 + 5.5 and 18.7 + 3.4 pg P g, respectively; p = 0.014;
Table S3).

3.2.3. Engymatic analysis

No differences were found between treatments in NP soil and only
laccase activity had significant effects in AP soil (p = 0.01), where the
control soil and soil with commercial herbicide had the highest and the
lowest values (0.094 + 0.022 and 0.019 + 0.006 pmol of tyrosine [g
SDW]'1 h'! for the control soil and soil with the commercial herbicide),
respectively (p = 0.01; Table S4).

In AP soil, the SEA PhD/Cmic and SEA PhN/Cmic were higher in the
soil with the commercial herbicide than in the control soil (Fig. 2b and
c). However, the SEA BG/Cmic had no different among treatments
(Fig. 2a). In contrast in NP soil SEA BG/Cmic was higher with the
commercial herbicide than the control treatment (Fig. 2d), but the SEA

control glyphosate
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Fig. 1. Soil phosphorus sorption capacity (Y axis) for the three phosphorus fertilization concentrations added (X axis; 1.09 mgP ml?, 2 mgP ml! and 4 mgP ml_;) in
the A) abandoned plot (AP) and the B) Nopal plot (NP). Each line represents the applied herbicide treatments (control, glyphosate and commercial herbicide CH; n

= 6).
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Table 1

Means and standard error of biogeochemical variables in each site obtained after
the incubation experiment; p values showing significant differences (p < 0.05)
are showing with an asterisk (*).The letters AP are for samples from abandoned
plot, while NP is for samples from nopal plot.

Variable AP NP p

pH 8.31 (+0.018) 8.15 (£0.04) 0.001*

TOC (mg gSDW™) 26.7 (0.97) 74.3 (+6.74) 5.13E-
06*
TN (mg gSDW) 36.3 (+1.42) 106 (+10.4) 1.01E-
05*
TP(mg gSDW ) 33.4 (+0.93) 107 (+7.29) 7.06E-
08*
DOC (ug gSDW™) 146 (+28.5) 94 (+21) 0.15
DON (g gSDW™1) 6.119  (+0.86) 11.3 (+1.02) 0.0006*
DOP (ug gSDW™) 4664  (£1.06) 4.8 (+1.40) 0.93
Cmic (ug gSDW™) 403 (+113.73) 593 (+83.74) 0.19
Pmic (ug gSDW™) 13.4 (+2.86) 8.9 (+2.50) 0.25
NH,* (ug gSDW™) 2.3 (+0.68) 1.87 (+0.56) 0.62
NO3™ (ug gSDW™) 22.7 (+1.57) 138 (£34.21)  0.005*
HPO,? (ug gSDW™) 2.2 (+0.37) 26.8 (+3.94) 2.10E-
05*
BG (umol PNP [g SDW]"  0.035  (+0.01) 0.069  (+0.02) 0.097
1 h»l)
NAG (umol PNP [g 0.059  (£0.04) 0.047  (£0.01) 0.77
SDW] 1 hl)

Phd (umol PNP [g 0.101  (+0.01) 0.231  (+0.02) 4.81E-
SDW]™ h) 05*
Phm (umol PNP [g 0.052  (£0.01) 0.124  (+0.01) 6.95E-
SDW]™' h'h) 07*

Phn (umol Pi [g SDW]?  0.033  (+0.003) 0.039  (+0.01) 0.35
hh)

Lac (pmol tyrosine [g 0.051 (+0.012) 0.150 (4+0.021) 0.0004*
SDWI! h'h

DOC:DON 188 (+164) 8.28 (+1.9) 0.29

DOC:DOP 45.6 (+18) 32.0 (£9.4) 0.54

DON:DOP 2.27 (+0.8) 5.59 (+2.02) 0.16

CMIC:PMIC 47.0 (+£12.956) 270 (+80) 0.015*

[TOC = Total Organic Carbon, TN = Total Nitrogen, TP = Total Phosphorus,
Cmic = C in microbial biomass, Nmic = N in microbial biomass, Pmic = P in
microbial biomass, NH;" = Available ammonium, NO3; = Available nitrate,
PO,%> = Available phosphate, DON = Dissolved Organic Nitrogen, DOP = Dis-
solved Organic Phosphorus, DOC = Dissolved Organic Carbon, * = significant p
values].

PhD/Cmic and SEA PhN/Cmic was not significantly different between
treatments (Fig. 2e and f).

SEA and dissolved organic nutrient stoichiometry where important
factors determining differences in C mineralization in AP soil (adjusted
R? = 0.7 and p = 0.089). This analysis show that the CO,-C is explained
by the specific enzyme activity of Phm:Cmic, Phd:Cmic, the dissolved
organic nutrient ratios DOC:DON, DOC:DOP and DON:DOP, and the
microbial ratio Cmic:Pmic (Table 2). However, the model was not sig-
nificant for NP soil (p = 0.13 and adjusted R? = 0.54).

3.3. Homeostasis and threshold element ratio

When samples were tested for homeostasis, the linear regression
analysis did not show any slopes different from 0, which indicates that
the soil microbial community in both AP soil and NP soil with and
without herbicide applications showed a homeostatic behavior (Fig. S1).

When TERc:p was analyzed to see differences between treatments, no
differences were found. However, when the TERcp analysis was
compared with the ratio of DOC:DOP to test if microbial community was
limited by nutrients (P in this case) or energy (organic carbon), we
observed significant results in the samples associated to NP soil. Fig. 3
shows the Log. TERc:p for both sites (AP and NP); values of Log. TERc.p
were higher than the Log. DOC:DOP in the NP soil for the three treat-
ments, while the Log. TERc:p did not differ from the Log. DOC:DOP in
the AP soil. These results suggest that the microbial community was
limited by C in both sites.
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3.4. Fatty acid profiles

The amount of fatty acids was higher in NP soil than in AP soil,
indicating more total microbial biomass (1.18 nmol and 0.36 nmol of
fatty acids per gram, respectively; Tables S4 and S5). However, no sig-
nificant differences were shown when fatty acids were compared among
the three incubation treatments in both sites.

Fatty acids were clustered in four microbial groups: i) Gram positive
bacteria, ii) Gram negative bacteria, iii) Actinobacteria and iv) Sapro-
trophic Fungi. Soil microbial community resulted significantly higher in
Gram + bacteria and Gram - bacteria, followed by Actinobacteria and
fungi in both sites (p < 0.00001for AP and NP; Fig. S2). Microbial
community structure determined using fatty acids did not show any
effect in fatty acid concentration for each microbial group when
glyphosate and commercial herbicide were applied. Despite this, the
relative abundances of fatty acids were different when comparing the
control to the glyphosate and commercial herbicide treatments in AP
soils (Fig. 4a). In the control, the group of fatty acids Summed feature 3
(General biomarker) was the most abundant, but in treatments with
herbicides the relative abundance of these fatty acids decreased and the
saturated fatty acid 16:0 increased and became the most abundant. The
group of fatty acids Summed Feature 5, which is a fungal fatty acid
became less abundant in the soil with commercial herbicide. The fatty
acid 16:0-20H, a Gram-negative bacterial biomarker, was the second
most abundant in the control, and decreased in abundance in both
glyphosate and commercial herbicide treatments. In contrast, the rela-
tive abundances of fatty acids were not affected by the treatments in the
NP site (Fig. 4b).

Simpson's index and equitability values were calculated for both soil
(Fig. 5). NP soil showed a greater Simpson's index than the AP soil (8.35
+ 0.27 and 6.9 + 1.68 for the NP and the AP, respectively; p < 0.01),
suggesting more diversity of fatty acids in the first site, however the
comparisons between treatments did not show any significant difference
within both sites. Similarly, the equitability values were higher in AP
soil than in NP soil (0.53 £ 0.03 and 0.4 + 0.01, respectively; p = 0.004),
suggesting that the microbial community in NP soil is dominated by
fewer groups than the AP.

3.5. Isolation of glyphosate degrading bacteria

We accounted a total of 511 isolates that grew using KH,PO4 as P
source in the defined media (DM). Among these isolates, 252 were ob-
tained from AP soil, and 259 from the NP soil. A total of 442 isolates
(86.5%) grew using glyphosate as sole P source of which 209 isolates
came from the AP soil and 233 from NP soil. Microbial growth using the
commercial herbicide as sole P source was less successful with only 152
(30%) of the isolates able to use this. Among these isolates 57 came from
AP soil and 95 from NP soil.

The logistic regression made for each soil, demonstrated the factors
that affected bacterial growth. For AP soil the factors with significant
results were the P source (p < 0.00001) and the treatment of the soil
incubation (p = 0.000019). The results showed that bacterial growth
was higher when bacteria came from herbicide treatments and lower
when isolates came from control soils (Fig. 6B). Concerning the P source
added to DM, we accounted more isolates growing when KH;PO4 was
used, followed by glyphosate as P source, and less isolates grew when
the commercial herbicide was used (Fig. 6A).

For NP soil, the P source was the only significant factor (p < 0.0001).
Bacterial growth was greater when KHyPO4 or glyphosate were used in
DM as P source, but fewer bacteria were able to grow when the com-
mercial herbicide was used as P source (Fig. 7).

The redundancy analysis (RDA) tested for the number of bacterial
isolates in each P source, showed that for the AP soil, organic and
inorganic nutrient concentrations in incubation soils (DOC, DOP, DON,
NH, ", NO3” and HPO4%) and nutrient ratios (DOC:DON, DOC:DOP and
DON:DOP) significantly affected bacterial growth (RDA model
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Fig. 2. Specific enzyme activity (SEA) from the Abandoned Plot (AP; figs. A, B and C) and the Nopal Plot (NP; figs. D, E, F) calculated dividing the enzymatic activity
between Cmic, for the enzymes B-glucosidase (A and D), Phosphodiesterase (B and E) and Phosphonatase (C and F). Letters showing significant differences when p <
0.05. (c = control, CH = commercial herbicide, g = glyphosate) and vertical lines denote 0.95 confidence intervals. Means and ANOVA were calculated with n = 5.

Table 2

Variables used in the multiple linear regression analysis and p-value of each
variable in the AP site. b* is the regression coefficient of each variable of this
model.

b* Std. Error of b* p-Value
Intercept 0.107
SEA BG 0.61 0.3 0.14
SEA NAG —0.24 0.2 0.282
SEA Phd 0.81 0.3 0.0495*
SEA Phm —-1.4 0.4 0.0325*
DOC:DON 2.3 0.75 0.0383*
DOC:DOP —2.2 0.6 0.0215*
Cmic:Pmic —2.23 0.6 0.0241*
DON:DOP 2.4 0.6 0.0168*

significant p = 0.034; Fig. 8a) and components RDA1 and RDA2
explained 77.6% of the variance, while these variables did not affect
bacterial growth in NP soil (p = 0.38; Fig. 8b).

In the AP soil, the number of bacteria isolates growing in with
glyphosate had only a marginal significant negative correlation with the
Simpson's Index (-0.88; p = 0.05) in the samples coming from the soil
incubation with glyphosate. Also, the number of bacteria growing with
KH,PO4 had only a significantly negative correlation with that of bac-
teria growing with the commercial herbicide as P source (-0.95; p =
0.01) in the samples coming from the soil incubation with the com-
mercial herbicide. In contrast, the number of isolates growing with
KH,PO4 correlated positively with the number of bacteria growing with
glyphosate in the NP soil (0.55; p = 0.03).

4. Discussion
Here we show that glyphosate alter soil nutrient dynamics as well as

soil microbial community structure and activity providing useful infor-
mation when evaluating non-target effects and environmental impacts

of this pesticide commonly applied to most agroecosystems worldwide.
Overall, our results confirmed the main hypotheses, which will be dis-
cussed in the corresponding sections below.

4.1. Phosphorus sorption is affected by herbicide formulations

Our results suggest that glyphosate herbicides affect P sorption
differently in agricultural soils (NP soil) compared to non-managed soils
(AP soil) with less capacity to adsorb P. A gradient of phosphorus
sorption was obtained for the NP soil in the following way, commercial
herbicide < glyphosate < control. The observed decrease of adsorbed P
when the commercial formulation of glyphosate was applied in the
samples with the highest level of fertilization can be attributed to the
adjuvants contained in the herbicide formulation. Adjuvants are defined
as ingredients in the prescription of the herbicide that facilitate or
modify the action of the main ingredient (Foy, 1989; Krogh et al., 2003).
In general, adjuvants are added to increase the effectiveness (bioavail-
ability) of the pesticide, increasing the solubility or compatibility of the
active ingredients (Krogh et al., 2003) and comprise a large group of
substances among which surfactants are widely used (Foy and Pritchard,
1996). In addition to surfactants, glyphosate-based-herbicides contain
several minor components that include anti-foaming and coloring
agents, biocides, and inorganic ions to adjust the pH (Bradberry et al.,
2004). In glyphosate-based-herbicides, various surfactants belonging to
the ethoxylated alkylamine group are often used (Krogh et al., 2003).
Ethoxylated alkylamines (ANEOs) can bind to soil particles in different
ways. ANEOs have hydrophobic alkyl chains that can be adsorbed to the
organic matter by hydrophobic bonds. These compounds also have hy-
drophilic ethoxy chains, which contain oxygens linked by ether bonds
(RO-R ) bound by hydrogen bonds to polar clay minerals on the soil
(Krogh et al., 2003). Also, in the ANEOs, the hydrophilic and hydro-
phobic portions are connected by an N atom. This N can be protonated
depending on the dissociation constant (pKa) value of the molecule and
the surrounding pH; agricultural soils of CCB tend to have pH values
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Fig. 4. Relative abundance of fatty acids in the treatments control, g (glyphosate) and CH (commercial herbicide) for the samples of the A) abandoned plot and B)

nopal plot.

around 8, so ANEOs are deprotonated; therefore, these molecules can
form complex bonds with minerals, making a strong bind between
ANEOs and soil minerals (ICI, 1987; Krogh et al., 2003).

Within the ANEOs, one of the most used surfactants in glyphosate
herbicide formulations is polyoxyethylene tallow amine (POEA). This
non-ionic surfactant consists of a mixture of polyethoxylated long-chain
alkylamines (Tush et al., 2013), synthesized from fatty acids derived
from animals (Williams et al., 2000). Studies about the mobility of this
compound in soil are limited. However, it has been found that the POEA
is strongly adsorbed to the soil (Tush et al., 2018), and in addition,
cations in the soil such as Na and Ca increase the soil adsorption of POEA
(Tush and Meyer, 2016), both cations are abundant in CCB's soils
(Perroni et al., 2014). The adsorption of surfactants in soil particles can
affect the mobility of other chemicals, such as pesticides (Krogh et al.,
2003; Rodriguez-Cruz et al., 2006). Tush et al. (2013) suggested that

POEA could change the sorption and desorption of glyphosate in soil
similarly to other pesticides and surfactants, but there is a lack of studies
about this. It has been determined that the addition of inorganic P dis-
places pure glyphosate from sorption sites (Gimsing and Borggaard,
2001; Padilla and Selim, 2019) and that the application of commercial
formulation of glyphosate does not affect phosphate sorption (Munira
et al., 2018), but few studies have shown that at certain conditions, such
as high glyphosate application rates, the herbicide can displace inor-
ganic P from sorption sites (Barret & McBride, 2005). If the POEA could
increase glyphosate occlusion in soil, as occurs with the increased
adsorption of other pesticides with the addition of surfactants (Rodri-
guez-Cruz et al., 2006), it means that POEA could promote greater
competitiveness for the soil sorption sites by glyphosate, affecting P
sorption rates as occurred in the NP samples of the present study.
More studies about how surfactants like POEA can influence P and
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-&-AP control (D= 7.3; E= 0.72)
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®-AP CH (D= 6.133, E= 1.9)
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Fig. 5. Rank-Abundance graphic using fatty acids profile results. In this graph, the relative abundance of fatty acids was converted to log values. In the legend of this
graphic, Simpson's index values (D) and equitability values (E) are shown for each treatment. Arrows point to the fatty acid Summed feature 5, corresponding to

fungal groups, in the three treatments of AP.
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Fig. 6. Mean of bacterial growth for logistic regression with confidence interval lines for the AP site regarding to A) Phosphorus source of the DM (KP = KH,PO,4, g =
Glyphosate, CH = Commercial herbicide) and B) Treatment of the soil incubation (c = control treatment, g = glyphosate, CH = Commercial herbicide). Vertical lines

denote 0.95 confidence intervals.

glyphosate mobility are required, nevertheless, in this study, we show
that in soil with agricultural use and glyphosate history (NP soil),
inorganic phosphate is less adsorbed in soil particles when the herbicide
is used, probably due to the ingredients in its formulation.

4.2. Effect of glyphosate on biogeochemical variables

Glyphosate and the commercial herbicide had strong effects on mi-
crobial activity and soil nutrient dynamics in AP soil. We suggest that
this can be related to the reduction of soil sorption capacity with com-
mercial herbicide in the NP soil, but most likely can also be explained
with the continuously fertilization of this soil in this site, thus increasing

10

the soil P bioavailability.

Glyphosate and the commercial herbicide decreased microbial soil
carbon mineralization in AP soil obtained from a field without glypho-
sate use. This suggest that when soils have no previous history of
glyphosate use, application of glyphosate negatively affect soil microbial
activity. Some authors have reported an increase of C mineralization
after glyphosate applications (Aratijo et al., 2003; Haney et al., 2000;
Lane et al., 2012), however, a meta-analysis about glyphosate effects on
microbial respiration, suggest that glyphosate concentrations below
200 mg kg! and a soil pH higher than 7.5 resulted in negative effects on
soil respiration (Nguyen et al., 2016). Our glyphosate concentration of
12.5 mg kg! is smaller than this value and the pH of both plots was
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Fig. 7. Means for bacterial growth for logistic regression with error bars for the
phosphorus source (KP = KH,POy4, g = Glyphosate, CH = Commercial herbi-
cide) in the NP site. Vertical lines denote 0.95 confidence intervals.

higher than 7.5 (Table 1).

Additionally, multiple regression analysis (Table 2) showed that in
the AP soil, C mineralization was explained by the specific enzymatic
activity (SEA of Phm and Phd), available nutrient organic ratios (DOC:
DON, DOC:DOP, DON:DOP) and C:P ratio within microbial biomass. In
particular, the C mineralization in soil from this site had negative
regression coefficients of three variables associated with soil P dynamic
(SEA Phm, DOC:DOP and Cmic:Pmic; Table 2). These results suggest
that application with commercial herbicide to AP soil affect microbial P
acquisition. For example, soil with the commercial herbicide had lower
Pmic (Table S4) than the other two treatments, but higher SEA of both
Phn and Phd (Fig. 2B and C). Several authors have reported that the
microbial community must produce soil extracellular enzymes for P
mineralization from organic molecules when soil P availability is low
(Sinsabaugh et al., 2009; Sinsabaugh and Follstad Shah, 2012). When
the SEA is higher, it indicates P limitation, because microorganisms must
invest their carbon resources (their energy reservoirs) on enzyme pro-
duction for organic P mineralization (Raiesi and Beheshti, 2014), which
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is consistent with the lower Pmic concentration found in the samples
treated with commercial herbicide in the AP soil (Table S4).

The higher SEA of phosphonatase (Phn) in the AP soil can be an
indicator of enzyme production for glyphosate degradation stimulated
by the commercial herbicide, as a result of microbial adaptation (De
Andréa et al., 2003). Glyphosate can be metabolized through the CP-
lyase enzyme, breaking the C—P bond in the molecule and producing
sarcosine, or it can be oxidated through glyphosate oxidoreductase with
the production of aminomethyl phosphonic acid (AMPA), which is later
hydrolyzed by a C—P lyase (Singh et al., 2020), or by a phosphonatase,
yielding formaldehyde and inorganic phosphorus (Sviridov et al., 2012;
Singh et al., 2020).

In contrast, the enzymatic activity of Laccase was negatively affected
by the commercial herbicide in AP soil (Table S6). Laccases depoly-
merize lignin compounds and they are mainly produced as extracellular
enzymes by fungi (Gianfreda et al., 1999; Dwivedi et al., 2011).
Although the abundance of total fungal fatty acid biomarkers was not
affected by glyphosate, lower relative abundance of fungal biomarker
fatty acids was observed in soil with the commercial herbicide (Fig. 4;
Log of relative abundance in control = -1.45; in glyphosate = -1.49; in
CH = -1.8). It has been reported that glyphosate formulations can be
toxic to some culturable fungal species (Busse et al., 2001; Morjan et al.,
2002; Tanney and Hutchison, 2010), however this is not often shown in
the whole soil fungal community composition (Busse et al., 2001). No
studies of glyphosate affecting laccase activities were found; on the
contrary, fungal laccases have been tested for glyphosate oxidation, with
positive results when other compounds like ABTS, Tween 80 and MnSO4
are present (Pizzul et al., 2009).

These results suggest that the commercial herbicide soil addition
constraints the release of glucose from recalcitrant molecules, as lignin,
reducing the available organic C for microbial activity as indicated by
the TERp values (Fig. 3). Similarly, in NP soil, C mineralization was not
affected by glyphosate or the commercial herbicide applications, but
SEA BG increased in the commercial herbicide treatment, suggesting
that the microbial community must invest to obtain glucose. This result
is consistent with the TERcp values, which suggest also energy
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Fig. 8. Results for RDA analysis in the a) AP and in the b)NP, showing RDA1 and RDA2 axis with the proportion of variance explained by each axis between
parentheses. Each sample from each treatment is represented by the figures circle for control, triangle for glyphosate and square for commercial herbicide. In the

figure, the variables in black represent the response variables, and they refer to number of bacterial growth in KH,PO, defined media (bacteria KH2PO4), number of

bacterial growth in glyphosate DM (bacteria Gly), number of bacterial growth in commercial herbicide (bacteria CH). Variables in blue represent independent
variables where HPO4 is available phosphorus (HPO42'), NH4 represents available ammonium, NO3 is available nitrate, DOC, DON and DOP represents dissolved
organic carbon, nitrogen and phosphorus respectively and DOC:DON, DOC:DOP and DON:DOP dissolved organic nutrient ratios. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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limitation for this soil. We can conclude that in soils without previous
glyphosate application as the AP site, the mechanism for microbial P
acquisition is disturbed when the commercial herbicide was added;
while agricultural soils with a previous history of glyphosate use, the
main constrains for microbial community is the limitation of soil
available C molecules.

4.3. Microbial community diversity and glyphosate degrading bacteria

Our results suggest that glyphosate effects on soil nutrient dynamics
are tightly linked with the microbial community composition within the
soil from both sites. It has been determined that constant application of
glyphosate can select microbial populations capable of using it as a
nutrient source (De Andréa et al., 2003; Lancaster et al., 2010), so mi-
croorganisms from the NP soil, after 5 years of applications may be
adapted to the herbicide and did not show differences regarding their
metabolic activity as mentioned in Section 4.2.

For example, the microbial community structure in the NP soil did
not show major rank-abundance changes among treatments regarding to
biomarker fatty acids (Fig. 5). Additionally, the NP soil showed a higher
diversity index than the AP soil (Fig. 5.), suggesting a more resistant
microbial community, probably with higher functional redundancy,
which is consistent with the results that soil application with the com-
mercial herbicide and glyphosate had no effect on soil nutrient trans-
formations and microbial activity, discussed in Section 4.2. In contrast,
the microbial community was affected by the herbicide when added to
the AP soil. For example, the commercial herbicide treatment reduced
the dominance of fungi and two Gram negative bacteria groups (the
fatty acid 16:0 2-OH and 10:0 3 OH), while another Gram negative
bacteria fatty acid (16:1 w5c) increased in relative abundance after
application of glyphosate and the commercial herbicide (Fig. 4).
Moreover, the actinobacteria group (fatty acid 19:0 10 methyl) was not
found in soil with glyphosate and the commercial herbicide applica-
tions. These results suggest that the herbicide applications induce
changes in microbial functional groups in soil without glyphosate use
(AP soil), but these treatments did not affect the structure of microbial
functional groups in soils with a previous history of glyphosate use (NP
soil), because the constant application of glyphosate favors certain mi-
crobial populations (De Andréa et al., 2003; Lancaster et al., 2010;
Rainio et al., 2021) and may eliminate gradually glyphosate-sensitive
species (Zabaloy et al., 2012).

Assay with bacteria isolated from CCB soil confirmed the adverse
effect of commercial herbicide on soil bacteria in both AP and NP soil,
whereas glyphosate had no significant effect on bacterial growth.
Instead, most bacteria had the ability to use glyphosate as a sole P
source. Tapia-Torres et al. (2016) reported that some of the CCB bacteria
have the enzymatic tools to breakdown phosphonate compounds, as
well as they also reported phosphonatase activity in CCB soils. Glyph-
osate utilization as P source is an indicator of the presence of C—P lyase
enzymes (Pipke and Amrhein, 1988; Sviridov et al., 2015) or phospho-
natases (Sviridov et al., 2012, 2015) of these bacteria. However, the 60%
of growth reduction in media with the commercial herbicide in com-
parison to glyphosate suggest the presence of harmful ingredients in this
formulation for soil bacteria. Tsui and Chu (2003) reported that the
median lethal dose of POEA (10.2 mgL-1) is lower than the dose for
glyphosate (LD50 = 17.5 mg 1"!) for the bacteria Vibrio fischeri, being a
more toxic substance. However, this bacterium was the least sensitive to
POEA toxicity compared with other organisms. More recent studies
(Sihtmae et al., 2013) had shown that both glyphosate and glyphosate
with POEA formulations are able to inhibit growth of some soil indige-
nous Gram positive bacteria, and that herbicide formulations with POEA
are more toxic for soil bacterial strains than for water strains. Other
studies have determined that in E. coli, the surfactant POEA can cause
cellular membrane damage, general cellular injuries, oxidative stress
and DNA damage (Nobels et al., 2011) leading to the induction of certain
DNA markers (RecA, UmuDC, and SfiA) that are part of the bacterial SOS
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response, a repair mechanism in bacteria that is activated so that bac-
teria can survive sudden increases in DNA damage (Michel, 2005),
which coincide with the genotoxicity of the surfactant. These results
suggest that several bacteria have the capacity to breakdown the
glyphosate molecule in our study soil, but this capacity was strongly
reduced when the commercial herbicide was used. However, the bac-
teria that could use the commercial herbicide as P source, are of
biotechnological importance, since experiments could be carried out
with these to be used for bioremediation of sites affected by glyphosate
herbicides.

Lack of molecular taxonomic identification of the isolated cultivable
bacteria growing on glyphosate and the commercial herbicide is a lim-
itation of the present study, which should be further addressed in future
work. This would provide information about possible differential effects
of the commercial herbicide on bacterial species as well as identification
of bacteria able to degrade and grow on glyphosate-based herbicides.

5. Conclusions

Our results show that glyphosate and one of its commercial herbicide
alter some aspects of soil nutrient cycling, especially related to C and P
soil dynamics and the performance of microorganisms participating in
biogeochemical cycles measured as soil respiration and enzyme activ-
ities involved in organic P decomposition. The observed collateral non-
target effects were strongest with the commercial herbicide, especially
in soil without previous herbicide exposure indicating some degree of
microbial adaptation to the herbicide. Indeed, soil bacteria mainly from
soil exposed to glyphosate were able to grow in-vitro on glyphosate as
sole P source, which could be further explored for bioremediation of
soils polluted with glyphosate-based herbicides.

We suggest that further research should be done about the adsorp-
tion of commercial formulations of glyphosate with soil particles, its
drivers and conditions, and how glyphosate molecules interact with the
rest of the formula, as this can alter its adsorption and consequently,
phosphorus mobility. Also, further research is needed on the effects of
glyphosate on microbial stoichiometry and enzyme stoichiometry;
because previous research about how glyphosate and its commercial
formulations affect microorganisms, has primarily been focused on C
mineralization, microbial growth and microbial community composi-
tion changes. Novel biochemical pathways of glyphosate degradation
are also of major interest, specifically, how different enzymes, like
phosphonatases, can be used on the breakdown of glyphosate, and their
biotechnological potential to bioremediation.
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CONCLUSIONES

El trabajo realizado en la presente tesis permitio resaltar la importancia de las comunidades
microbianas del suelo en procesos que regulan la disponibilidad de nutrientes, como es la
descomposicion de la materia organica, un proceso importante para mantener la fertilidad de
suelos agricolas. A pesar de que la mayoria de las enzimas encargadas de procesos de
despolimerizacién  (B-glucosidasa, N-acetil glucosaminidasa, fosfodiesterasa) vy
mineralizacion (Fosfomonoesterasa) estan ampliamente distribuidas entre distintos phyla
microbianos, es dificil determinar su distribucion a nivel especie, y menos del 5% de los
OTUs bacterianos son compartidos entre sitios separados. Ademas, la revision bibliografica
mostrd que existen pocos estudios sobre la enzima fosfodiesterasa, su actividad y distribucion
entre los microorganismos del suelo, a pesar de que los diésteres de fosfato son una molécula
importante de P en la materia organica. Aunque los microorganismos cuenten con los genes
para producir las enzimas necesarias para descomponer la materia organica, la estequiometria
entre su biomasa y los recursos disponibles es un regulador critico para la produccién de
estas. Por esto mismo, en los capitulos 2 y 3, se considerd que los anélisis estequiométricos
brindan informacion importante, pero son poco utilizados en estudios realizados en suelos

agricolas.

En el presente trabajo, ademas se pudo determinar las diferencias entre fertilizaciones
organicas e inorganicas con P, y dentro de las fertilizaciones organicas, las diferencias entre
diferentes moléculas. Se comprobé que moléculas labiles con fdésforo aumentan la
respiracion microbiana (mineralizacion potencial de C), pero no cualquier molécula organica
funciona de la misma manera, pues el &cido fitico o fitato, tiene efectos similares a las
fertilizaciones inorganicas. Los microorganismos del suelo agricola del VCC, donde se
realizé el muestreo del capitulo 2, mostraban una fuerte limitacién por C y por P, a pesar de
ser suelos fertilizados y de que los suelos naturales del VCC suelen tener concentraciones
muy bajas de C organico y fésforo disponible. Sin embargo, se observé que, al fertilizar con
cualquier compuesto fosfatado, los microorganismos respondieron a la limitacion

inmovilizando fésforo en su biomasa, siendo mayor este proceso en suelos con tratamientos
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de RNA y AMP. No obstante, al revisar las relaciones estequiométricas de biomasa
microbiana, se observo que en todos los tratamientos distintos del control, se inmovilizé la
misma proporcion de P con respecto al C microbiano. Ademas, se observd que las
fertilizaciones organicas desencadenaron un “efecto priming”, el cual se presenta cuando al
fertilizar con compuestos organicos sencillos, les da a los microorganismos la energia para
degradar materia organica mas recalcitrante. Este efecto influyd en la disminucion del
carbono organico disuelto y, al no continuar con mas aplicaciones de moléculas labiles con
C, la biomasa microbiana finalmente disminuy6. ElI C organico es el alimento de
microorganismos heterétrofos, y al no obtenerlo facilmente, propicio el aumento de
microorganismos autétrofos que eran capaces de realizar procesos de nitrificacion. El nitrato
(NOs) es una forma de N disponible para plantas y microorganismos, pero en comparacion
con el amonio (NH4*) es una molécula méas susceptible para perderse por lixiviacion o por
desnitrificacion, por lo que es importante estudiar los factores que desencadenan el aumento

de la nitrificacién y como se puede reducir.

La adicion de otro tipo de compuestos organofosforados, el herbicida glifosato, tanto en
forma pura como en formulacion comercial, desencadend efectos negativos en los
microorganismos del suelo principalmente en un suelo abandonado donde el glifosato no
habia sido aplicado previamente, en comparacion con un suelo agricola con nopal con un
historial de 5 afios de uso del herbicida. Existen otros trabajos que evaltan el efecto del
glifosato en microorganismos de suelo donde se utiliza el herbicida, los cuales han
demostrado que la mineralizacion potencial de C llevada a cabo por microorganismos del
suelo se mantiene constante o incluso aumenta; sin embargo, muy pocos trabajos evaltan el
efecto del herbicida sobre suelos donde no ha sido aplicado con anterioridad. El articulo
presentado en el capitulo 3 de la presente tesis, demuestra la importancia de estos trabajos
debido a que se obtuvieron resultados contrastantes entre el comportamiento de la comunidad
microbiana en la parcela de nopal con previo uso de glifosato (5 afios) y la del sitio
abandonado sin historial de uso del herbicida. En la presente tesis también se determiné que
los efectos son mayores al utilizar la formulacion comercial del herbicida, probablemente por
otros ingredientes como los surfactantes utilizados, que actualmente se conoce que tienen un

grado mayor de toxicidad que el glifosato. Estos efectos se observaron principalmente en la
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mineralizacion potencial de C en el suelo, la cual disminuy6 notablemente, y en los aislados
bacterianos, pues al cultivar microorganismos en medio de cultivo con glifosato o herbicida
comercial como Unica fuente de fésforo, se observo que la gran mayoria de microorganismos
crecieron, lo que significa que la mayoria de las bacterias cultivadas podia producir las
enzimas necesarias para romper el enlace directo C-P del glifosato. Sin embargo, el nimero
de aislados obtenido en medio de cultivo con herbicida comercial como fuente de P,
disminuy6 notablemente, pues mientras que el 85% de los microorganismos cultivados podia
crecer utilizando el glifosato puro, s6lo el 30% logr6 crecer en medio con formulaciones
comerciales. En este trabajo también se estudié como el glifosato y su formulacion, afectan
a la adsorcion de P, ya que debido al grupo fosfonato en la molécula de glifosato, este
compuesto compite con los iones ortofosfato que se encuentran en el suelo por los sitios de
adsorcion, lo que es importante para suelos fertilizados con P. Los efectos obtenidos se dieron
también con la formulacién comercial, que, en fertilizaciones altas de fésforo inorganico,
disminuye la adsorcion de P, esto probablemente relacionado con la interaccién de los
surfactantes en el suelo. Es necesario realizar méas investigaciones sobre como los
componentes de las formulaciones comerciales de herbicida interactian con las particulas y

minerales del suelo, asi como con nutrientes como el fésforo.
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