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RESUMEN

La presente investigacion esta constituida en dos etapas: en la primera etapa se
realizd la caracterizacion de acidos humicos (AH) aislados de lombricompostas
mediante las técnicas de potencial Z ({), punto de carga cero (pHpzc),
espectroscopia de infrarrojo con transformada de Fourier con reflexién total
atenuada (FTIR-ATR), microscopia electronica de barrido (SEM) y espectroscopia
de rayos X con dispersion de energia (EDS) para conocer las propiedades fisicas
y quimicas de los AH, con la finalidad de elucidar el tipo de interacciones que
podrian llevarse a cabo con la molécula de aflatoxina B; (AFB;). Adicionalmente,
se utilizé un modelo in vitro que simula el tracto digestivo de las aves de engorda
para evaluar la capacidad de los AH de adsorber AFB;. La inclusion de AH
evaluada fue de 0.2% en una dieta contaminada con AFB; (100 pg/kg). En la
segunda etapa experimental se evalu6 el efecto de los AH sobre los conteos
bacterianos de Salmonella entérica serotipo Enteritidis (SE), Escherichia coil (EC),
Clostridium perfringens (CP), Bacillus subtilis (BS) y Lactobacillus salivarius (LS)
en un modelo in vitro. Se realizaron pruebas independientes para cada bacteria
con inclusiones ascendentes de AH: 1) Control negativo (sin bacteria), 2) Control
positivo (bacteria), 3) 0.1% de AH + bacteria, 4) 0.2% de AH + bacteria, 5) 0.5% de
AH + bacteria, y 6) 1% de AH + bacteria. Los resultados de la caracterizacion
revelaron que los grupos funcionales primarios en los AH son los acidos
carboxilicos y fendlicos. Ademas, se determind una superficie con una fuerte carga
negativa en los pH simulados (3, 5 y 7). El porcentaje de adsorcién de AFB; fue
del 97.6% en comparacion con el 81.5% de la zeolita utilizada como referencia (P
<0.05). Finalmente, en los conteos bacterianos se observd un aumento
significativo de todas las bacterias utilizadas (P < 0.0001) en el dltimo
compartimiento simulado del modelo in vitro. En conclusion, los resultados de la
presente investigacion sugieren que los AH pueden ser utilizados como
adsorbentes de aflatoxinas por su gran capacidad para unirse a la AFB;, y como
prebioticos por su capacidad estimulante del crecimiento bacteriano.

Palabras clave: Pollos de engorda, caracterizacion, acidos humicos, AFB1,

retos bacterianos.



ABSTRACT

The present investigation is constituted in two phases: in the first phase , the
characterization of humic acids (HA) isolated from vermicomposts was carried out
using the techniques of potential Z (), point of zero charge (pHpzc), Fourier
transform infrared spectroscopy with attenuated total reflection (FTIR-ATR),
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) to determine the physical and chemical properties of HA, in order to
elucidate the type of interactions that it could lead carried out with the aflatoxin B
(AFB1) molecule. Additionally, an in vitro model that simulates the digestive tract of
broiler chickens was used to evaluate the capacity of HA to adsorb AFB;. The
inclusion of HA evaluated was 0.2% in a diet contaminated with AFB; (100 pg/kg).
In the second experimental stage, the effect of HA on the recovery of bacterial
counts of Salmonella enterica serovar Enteritidis (SE), Escherichia coil (EC),
Clostridium perfringens (CP), Bacillus subtilis (BS) and Lactobacillus salivarius
(LS) was evaluated in an in vitro model. Independent tests were performed for
each bacterium with ascending HA inclusions: 1) Negative control (no bacteria), 2)
Positive control (bacteria), 3) 0.1% HA + bacteria, 4) 0.2% HA + bacteria, 5) 0.5%
HA + bacteria, and 6) 1% HA + bacteria. The characterization results revealed that
the main functional groups in HA are carboxylic and phenolic acids. Additionally, a
surface with a strong negative charge was determined at the simulated pH (3, 5
and 7). The percentage of adsorption of AFB; was 97.6% compared to 81.5% of
the zeolitic material used as reference (P <0.05). Finally, in the bacterial counts, a
significant increase of all the bacteria used (P < 0.0001) was observed in the last
simulated compartment of the in vitro model. In conclusion, the results of the
present investigation suggest that HA can be used as aflatoxin adsorbents due to
their strong capacity to bind AFB;, and as prebiotics due to their capacity to
stimulate bacterial growth.

Keywords: Broilers, characterization, humic acids, AFB;, bacterial challenges.
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CARACTERIZACION DE ACIDOS HUMICOS PROVENIENTES DE
LOMBRICOMPOSTAS Y SU USO EN MODELOS IN VITRO QUE SIMULAN EL
TRACTO DIGESTIVO DE LAS AVES DE ENGORDA

I. INTRODUCCION

Las sustancias humicas (SH) son el componente principal de la materia organica
del suelo, son macromoléculas organicas granulares de color marrén-negro
resultantes principalmente de la descomposicion de la materia vegetal (lignina,
celulosa y hemicelulosa) y animal (lipidos y proteinas). Debido a su solubilidad, las
SH se pueden dividir en acidos humicos (AH), acidos fulvicos (AF) y huminas. Los
AH son solubles en medios alcalinos pero insolubles en medios &cidos. Los AF
son solubles en ambos medios alcalinos y &cidos. Por otro lado, las huminas no
son solubles en medios alcalino ni &cido. Sin embargo, la presencia de productos
de descomposicion asociados a la materia organica y minerales dificultan su
aislamiento y caracterizaciéon (Pefia-Méndez et al., 2005; Gomez-Rosales y

Angeles, 2015).

Los AH consisten principalmente de unidades alquilo/aromaticas, enlazadas por
grupos carboxilos (COOH), fendlicos-OH, alcoholes-OH y carbonilo-OH (Saar y
Weber 1979), ademéas de la presencia de grupos amino y otros grupos funcionales
de menor abundancia. La presencia de grupos carboxilicos y fendlicos son la
principal razon por la cual los AH exhiben propiedades de intercambio catidnico
(Gadad et al., 2007; Aeschbacher et al., 2011). Esta funcién en combinacion con

las propiedades coloidales, hacen a los AH agentes efectivos para enlazar y



transportar una gran variedad de agentes organicos e inorganicos (Piccolo, 2002)

El potencial del uso de AH como agentes antivirales, antiinflamatorios,
estrogénicos, profibrinoliticos y anticoagulantes, entre otras aplicaciones atraen el
interés en la medicina y en la industria farmacéutica (Steinbiichel y Marchessault,
2005). En medicina veterinaria, han sido observadas propiedades
antiinflamatorias, antioxidantes, antiparasitarias, antivirales y antibacterianas en

diversas especies animales (Pefia-Méndez et al., 2005; Aeschbacher et al., 2011).

Se han realizado numerosos estudios de los efectos de diversas concentraciones
de AH sobre el peso vivo, el consumo de alimento, las caracteristicas de la canal y
las caracteristicas gastrointestinales en pollos de engorda. La mayoria de los
pardmetros productivos, incluido el aumento de peso diario y el peso final de las
canales de pollos de engorda, se mejoran al agregar AH al agua de bebida o al
alimento (Kocabagli et al., 2002; Karaoglu et al., 2004; Rath et al., 2006; Ozturk

et al., 2010; Arif et al., 2019).

El proceso por el cual los AH mejoran el rendimiento en las aves no es claro.
Shermer et al (1998) propusieron la hipotesis de que los AH pueden afectar el
desempefio de las aves al modificar la microbiota del tracto gastrointestinal,
favoreciendo una mayor actividad enzimatica y mejorando la digestibilidad de los
nutrientes. En una investigacion reciente, se descubrié que los AH aumentan la
viscosidad intestinal, reducen la translocacion bacteriana al higado y la

permeabilidad intestinal, influyendo de manera positiva a mantener la integridad



del epitelio intestinal (Maguey-Gonzalez et al., 2018 a). La evaluacion de las
propiedades fisicoquimicas de los AH es fundamental para el entendimiento de la
interaccion de estas sustancias con otros compuestos como las aflatoxinas. Por lo
que en este trabajo se realiz6 la caracterizacion de los AH extraidos de
lombricompostas, empleando diversas técnicas con la finalidad de elucidar las
posibles interacciones con las bacterias y la aflatoxina B; en modelos in vitro que

simula el tracto digestivo de las aves de engorda.



II. ANTECEDENTES

Sustancias humicas

Origen

Las SH son el componente principal de la materia organica, son macromoléculas
organicas amorfas de color marrdn-negro resultantes de la descomposicion
principalmente de la materia vegetal (lignina, celulosa y hemicelulosa) y animal
(lipidos y proteinas). Las SH se forman por una serie de procesos fisicos,
quimicos y biolégicos complejos y no del todo esclarecidos, en los cuales,
principalmente las eucariotas (detrivoros y hongos) y las procariotas (bacterias
aerobicas) descomponen la materia organica (Pefia-Méndez et al., 2005; Gomez-

Rosales y Angeles, 2015).

Las SH estan presentes en suelos, arroyos, lagos y océanos, constituye alrededor
del 80% del carbon en suelos y el 60% del carbén disuelto en medios acuaticos
(Lehmann y Kleber, 2015). Su presencia es generalizada a nivel mundial, se
pueden encontrar desde las regiones tropicales hasta las articas, como
componente principal de grandes depdsitos de turba, leonardita, carbdn y esquisto

bituminoso (Tan, 2003).

Caracteristicas generales de las sustancias humicas

La composicion elemental, la constitucién de los principales grupos funcionales y

las propiedades estructurales son técnicas comunmente utilizadas para la



caracterizacion de las SH. Los principales elementos presentes en las SH son el C
(55-59%), H (4.7-6.3%), O (33-41%), N (1.8-3.2%) y S (<1%). La composicion
elemental relativa en las SH se ve afectada por el origen, grado de maduracion y
técnica de aislamiento/extraccion (Senesi et al., 1989; Ait Baddi etal., 2003;

Giovanela et al., 2010; Xavier et al., 2012; Liu et al., 2020).

Senn y Kingman (1973) definieron que las SH son moléculas complejas con alto
peso molecular de naturaleza hidréfila y acida; ademas, precisaron la forma
molecular de las SH por primera vez, determinando que las cargas negativas se
atribuyen a la disociacion de protones de los principales grupos funcionales en la

molécula de las SH (Figura 1).

OH O OH O
N/ N/

c C CH, 0
HO ¢ e
= c/
R-OH ~OH
0O N / N\
0" o o
HO + 2 3 + i/
OH CH 0 OH
0
NH
1
R-CH
c=0

Figura 1. Estructura quimica de las sustancias himicas (Senn y Kingman, 1973).

Las SH consisten de unidades alquilo/aromaticas, enlazadas principalmente por
grupos carboxilos (COOH), fenolicos-OH, alcoholes-OH y carbonilo (Saar y
Weber, 1979), ademas de la presencia de grupos amino y otros grupos

funcionales de menor abundancia. La presencia de grupos carboxilicos y fendlicos



son la principal razon por la cual las SH exhiben propiedades de intercambio
cationico (Gadad et al., 2007; Aeschbacher et al., 2011). Estos grupos carboxilicos
disocian sus atomos de hidrogeno alrededor de un pH 3.0, mientras que los
grupos fendlicos disocian sus protones alrededor de un pH 9.0. En general, estos
dos principales grupos funcionales dan a las SH su comportamiento
electroquimico (Stevenson y Schnitzer, 1982). Estas caracteristicas quimicas en
las SH les confieren sus principales funciones de adsorcion, intercambio cationico,
reacciones de quelacion y reacciones complejas. En un rango de pH 4 a 8, las SH
demuestran una carga negativa en su superficie. Cuando los grupos carboxilo y
fendlico se encuentran disociados, da lugar a una funcion surfactante con la
habilidad de unirse a diferentes compuestos que forman complejos quimicos
hidrofébicos e hidrofilicos (Gaffney et al., 1996). Esta funcién en combinacion con
las propiedades coloidales, hacen a las SH agentes efectivos para transportar y

ligar agentes organicos e inorganicos (Piccolo, 2002).

Otras caracteristicas interesantes de las SH son los altos rangos de peso
molecular, que oscilan desde los cientos hasta varios miles de daltons, debido a
procesos intermoleculares e intramoleculares de auto-organizacion. Factores
como el pH, la fuerza ibnica, la densidad de carga, el grado de ionizacion de los
grupos acidos, la concentracion y las interacciones intermoleculares afectan la
conformacion estructural de las SH (Senesi et al., 1989; Ait Baddi et al., 2003). A
un pH por debajo de 4, la estructura de las SH se encuentra protonada, dando

como resultado una estructura agregada o compacta. A valores de pH entre 4 y 6,



la carga superficial es cercana a cero, minimizando la repulsién intramolecular y
promoviendo una macro-estructura mas extendida y dispersa (Sarlaki et al., 2020).
A pH superior a 7, se puede observar una estructura abierta y completamente

desplegada (Giovanela et al., 2010).

Importancia de las sustancias humicas en la medicina veterinaria

Las SH se han utllizado en humanos durante afios como suplementos
nutricionales y con fines terapéuticos. Actualmente, los diferentes atributos de las
SH atraen el interés de su uso en la medicina y la industria farmacéutica por su
potencial como agentes antivirales, antiinflamatorios,  estrogénicos,

profibrinoliticos, anticoagulantes, entre otros (Steinbiichel y Marchessault, 2005).

En medicina veterinaria, han sido observadas propiedades antiinflamatorias,
antioxidantes, antiparasitarias, antivirales y antibacterianas (Pefia-Méndez et al.,
2005; Aeschbacher et al., 2011). Se ha documentado el uso profilactico de las SH
con dosis de 500 a 2000 mg/kg de peso en caballos, perros, cerdos y aves en
terapias antidiarreicas o para aliviar dolencias gastrointestinales (EMEA, 1999).
Cabe resaltar su uso como antidoto en la intoxicacién por metales pesados como
mercurio, cadmio y zinc en peces, ratones y aves (Tan, 2003). Pruebas clinicas
sobre la seguridad y toxicologia de las SH han demostrado que la dosis letal es de
10 g/Kg de peso vivo de los animales. Por lo tanto el uso de las SH es seguro

(Islam et al., 2005).

En estudios in vitro sobre las propiedades antioxidantes de las SH, se encontro

10



gue ayudan a mantener el equilibrio en las reacciones de 6xido-reducciéon de las
mitocondrias de ratas, ademas de auxiliar en la eliminacion de los radicales libres
y de los radicales superoxido (Vaskova et al., 2011). Yasar et al (2002),
encontraron una ganancia de peso significativa asociada con una mayor superficie
epitelial, aumento en el largo de las vellosidades intestinales y profundidad en las

criptas cuando se suministraron las SH en el agua de bebida de ratas.

Aves de engorda

Se han realizado diversos estudios para determinar como las SH afectan el peso
vivo, el consumo de alimento, los principales parametros de la canal y las
caracteristicas gastrointestinales en pollos de engorda. La mayoria de los
pardmetros productivos, incluido el aumento de peso diario y el peso final de las
canales de pollos de engorda, se mejoran al agregar SH al agua de bebida o al
alimento (Arif et al., 2019; Kocabagli et al., 2002; Karaoglu et al., 2004; Rath et al.,

2006; Ozturk et al., 2010).

Yorik et al (2004), reportaron que el indice de conversicion alimenticia no se alterd
a los 21 dias, y mejor6 después de los 42 dias, lo que sugiere que el aumento en
la ganancia de peso y la eficacia en la conversion alimenticia pueden ser
causados por el efecto estimulante de las SH en el sistema digestivo, mejorando la

utilizacion de nutrientes y los procesos metabdlicos.

Debido a su capacidad adsorbente, las SH se han utilizado para reducir la

micotoxicosis en las aves de corral (van Rensburg et al., 2006; Ghabhri et al., 2010;
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Arafat et al.,, 2017) ademas, diversos estudios han demostrado que las SH
reducen las emisiones de amoniaco al medio ambiente (Henderson, 2005; Ji y

Kim, 2006; Zraly et al., 2008).

El proceso por el cual las SH mejoran el rendimiento en las aves no es del todo
claro. Shermer et al. (1998) propusieron la hipétesis de que las SH pueden afectar
el desempefio de las aves al modificar la microbiota del tracto gastrointestinal,
favoreciendo una mayor actividad enzimatica y mejorando la digestibilidad de los
nutrientes al aumentar la biodisponibilidad de minerales y otros compuestos
mediante la quelacion. De acuerdo con Hayirli et al. (2005), varios elementos traza
presentes en las SH pueden servir como cofactores que aumentan la actividad de

diferentes enzimas necesarias para la digestion y el transporte de nutrientes.

Finalmente, debido a sus caracteristicas coloidales y la propiedad de formar
agregados dentro de las soluciones, se ha propuesto que las SH tienen la
capacidad de crear capas protectoras sobre la membrana mucosa epitelial del
tracto digestivo, impidiendo la penetracién de bacterias patdégenas o sustancias
toxicas producidas por estas (EMEA, 1999; Islam et al., 2005; Maguey-Gonzalez
et al.,, 2018 b). La capacidad de las SH para formar barreras protectoras, se
atribuye a la creacion de cadenas poliméricas en un medio con un pH ligeramente
alcalino, como el intestino (Cozzolino y Piccolo, 2001; Piccolo, 2002). Las SH
también interactian con biomoléculas como el colageno, promueven la resistencia
y madurez de sus fibras, lo que resulta en un aumento de la integridad de las

vellosidades intestinales (Yasar et al., 2002).
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En una investigacidn reciente, se descubrié que las SH aumentaron la viscosidad
intestinal, reduciendo la translocacion bacteriana al higado y la permeabilidad
intestinal (Maguey-Gonzalez et al., 2018 a). Ademas, se ha demostrado que las
SH influyen positivamente en la expresion del gen mucine-2 (MUC-2) en la
mucosa del ciego (Mudronova et al.,, 2020). MUC-2 es una mucina crucial que
forma geles y funciona como el componente de barrera principal de las capas del

glucocalix, asi como un sitio de almacenamiento de inmunoglobulina A secretora

(IgA).

Uso de sustancias humicas provenientes de lombricompostas en aves de

engorda

Gomez y Angeles (2015) demostraron que la composta y los lixiviados
provenientes de lombricompostas poseen niveles adecuados de SH. Los
resultados de esta investigacion muestran efectos positivos en la digestibilidad
ileal de la energia y el rendimiento en los pollos de engorda. En un experimento
posterior, se afiadio lixiviado de humus de lombriz pasteurizado a los pollos para
eliminar cualquier impacto potencial de los microorganismos en el lixiviado. Sin
embargo, en este experimento solo se encontré un mayor rendimiento de la canal
y pechuga de los pollos experimentales (Gomez-Rosales et al., 2021). Siguiendo
la misma linea de investigacion, fue fundamental crear una alternativa mas sencilla
de suplementar en la dieta de las aves, reduciendo los niveles de inclusion vy

amplificando los beneficios de los AH (Maguey-Gonzalez et al., 2018 a).
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El aislamiento y extraccion de los diferentes componentes de las SH (AH, AF vy

huminas) mediante el uso de una extraccién alcalina con NaOH es una técnica

estandar utilizada para muestras provenientes de suelos y compostas (de Souza,

2018). Mediante técnicas de caracterizacion para materiales se estimaron las

principales propiedades quimicas (Cuadro 1) y las estructuras planas de las SH

con aromaticidad (Figura 2) utilizando el software de quimica ACD Lab v.12

(Advanced Chemistry Development, Toronto, Canada) (Angeles et al., 2022).

Cuadro 1. Propiedades quimicas estimadas de las moléculas de las sustancias

hamicas provenientes de lombricompostas.

Acido hamico Acido falvico
Formula Ci110H105N70s0 C25H17NoO1s
Peso molecular 2325.02 619.39

C (56.82), H (4.55),

Composicion elemental (%)
N (4.22), O (34.41)

C (48.48), H (2.77),
N (2.26), O (46.49)

Densidad, g/cm® 1.870 £ 0.10

1.935 + 0.06
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Figura 2. Representacion de la estructura plana de una molécula de acido humico
con aromaticidad (a) y la estructura plana de una molécula de acido fulvico con

aromaticidad (b).

Recientemente se han establecido diversos modelos in vitro e in vivo para evaluar
el comportamiento de diferentes sustancias quimicas utilizadas como suplementos
para aves de engorda (Tellez et al., 2014, Latorre et al., 2015; Vicufa et al., 2015;
Kuttappan et al., 2015; Menconi et al., 2015; Baxter et al., 2017). Con la ayuda de
estos modelos de investigacion, se ha podido dilucidar algunos efectos de los AH.

En primer lugar, se realizaron dos experimentos para evaluar los efectos de los AH

15



sobre los conteos bacterianos de Salmonella Enteritidis (SE) (Maguey-Gonzalez et
al., 2018 b); no se encontraron efectos en la reduccién de los conteos bacterianos
en el modelo in vitro, 0 en la colonizacion intestinal, y tampoco se encontraron
diferencias estadisticas en los conteos de coliformes y bacterias acido lacticas

(BAL) en el ciego de los pollos de engorda.

Adicionalmente, se realiz6 un segundo experimento con un modelo de restriccion
de alimentacion de 24 horas, con el objetivo de investigar como los AH afectan la
viscosidad y permeabilidad intestinal, asi como la excrecion de amoniaco en pollos
de engorda. El grupo experimental que recibi6é 0.2 % de AH aumento la viscosidad
y disminuyé la permeabilidad intestinal, la translocacion bacteriana al higado, y la
presencia amoniaco en las excretas. Por primera vez se confirmé que los AH
tienen la capacidad de mejorar la viscosidad, y por ende, la integridad intestinal

(Maguey-Gonzalez et al., 2018a).

En investigaciones posteriores en pollos de engorda suplementados con un
extracto de SH, se observé un aumento del rendimiento de la canal y conteos de
BAL, ademas se observl una reduccién de la excrecion de ooquistes de coccidia
(Dominguez-Negrete et al., 2019). En un estudio recientemente realizado en pollos
de engorda alimentados con niveles crecientes de SH, las aves mostraron un
menor consumo de alimento, asociado a una mejor tasa de conversion alimenticia,
ademas se observd una reduccion de la mortalidad en comparacion con las aves
no suplementadas con SH y las suplementadas con antibioticos (Dominguez-

Negrete et al., 2021).
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La suplementacién liquida de SH en el agua de bebida mostr6 la capacidad de
qguelar minerales, efecto asociado a la mejora de la mineralizacion 6sea de tibias

en pollos de engorda a los 21 y 42 dias (Angeles et al., 2022).

Adicionalmente, aves de engorda de 28 dias de edad suplementadas con SH
fueron sometidas a un cambio drastico en la dieta y a estimulo inmunolégico
mediante vacunacion. Las SH aumentaron el niumero de células caliciformes y
probablemente aumentaron la viscosidad del contenido intestinal, aunque no se

observé reduccion de la atrofia de la mucosa intestinal (Lopez-Garcia et al., 2023).

El efecto adsorbente de micotoxinas de los AH ha sido ampliamente estudiado
(van Rensburg et al., 2006; Ghahri et al., 2010; Arafat et al., 2017), demostrando
una reduccion significativa en el efectos adversos causados por las micotoxinas en
las aves de engorda. Cabe resaltar que el uso de SH en la mayoria de los estudios
relacionados al efecto adsorbente de micotoxinas provenien de fuentes minerales.
Hasta el momento no existe en la literatura disponible el efecto de adsobente de

micotoxinas por AH provenientes de lombricompostas.

. JUSTIFICACION

Debido a la prohibicion del uso de antibiéticos promotores del crecimiento como
aditivos en los alimentos de los animales, desde hace varias décadas se
empezaron a evaluar un sinnumero de aditivos promotores del crecimiento no-
farmacoldgicos. Uno de los productos que se ha estudiado desde hace algunos

afios como mejorador de la salud intestinal de los animales son los AH. La
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mayoria de los AH comerciales son derivados de elementos minerales (lignitos),
cuya fuente humica fue purificada. Una de las fuentes alternas procede de las
lombricompostas, de donde se obtiene composta y lixiviados con una buena
concentracion de AH. Algunos estudios sugieren que los AH utilizados con
practicas adecuadas de nutricion, manejo y bioseguridad mejoran la integridad
intestinal y el rendimiento productivo de las aves de corral. No obstante, los
efectos positivos observados, se desconoce la forma en cémo actian dentro del
organismo. Los posibles mecanismos de accidén se remiten a la modulacion de la
microbiota intestinal y a la proteccion del epitelio intestinal, mecanismos que solo
han sido teorizados. Recientemente, con el uso de un modelo que induce
inflamacion intestinal, se prob6é de forma experimental que los AH influyen de
manera positiva para mantener la integridad del epitelio intestinal a través del
aumento de la viscosidad intestinal. Actualmente, se requiere la ayuda de
metodologias de caracterizacion para analizar los AH extraidos de
lombricompostas y conocer mas sobre sus interacciones con bacterias y aflatoxina

B1 en modelos in vitro que simulan el tracto digestivo de las aves de engorda.

IV. HIPOTESIS

La inclusién de un extracto de acidos humicos procedente de lombricompostas en
dietas que no incluyan promotores del crecimiento y adsorbentes de micotoxinas,
reducira los conteos bacterianos, ademas de disminuir la AFB; libre en un modelo

in vitro que simula el tracto digestivo de las aves de engorda.
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V. OBJETIVOS

Objetivo general

Caracterizar acidos humicos provenientes de lombricompostas y evaluar su efecto

en modelos in vitro que simulan el tracto digestivo de las aves de engorda

Objetivos particulares

I.  Caracterizar los acidos humicos mediante las técnicas de potencial Z (),
punto de carga cero (pHpzc), espectroscopia de infrarrojo con transformada
de Fourier con reflexion total atenuada (FTIR-ATR), microscopia electronica
de barrido (SEM) y espectroscopia de rayos X con dispersion de energia

(EDS).

Il.  Evaluar la capacidad adsorbente de los 4cidos humicos sobre Aflatoxina B,

en un modelo in vitro que simula el tracto digestivo de las aves de engorda.

lll.  Evaluar los efectos de los acidos humicos en un modelo in vitro que simula
el tracto digestivo de las aves de engorda bajo diferentes retos bacterianos
(Salmonella Enteritidis, Escherichia coli, Clostridium perfringens, Bacillus

subtilis y Lactobacillus salivarius).
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Abstract: Vermicompost was used for humic acid (HA) preparation, and the adsorption of aflatoxin
B1 (AFBi1) was investigated. Two forms of HA were evaluated, natural HA and sodium-free HA
(SFHA). As a reference, a non-commercial zeolitic material was employed. The adsorbents were
characterized by attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR),
energy-dispersive X-ray spectroscopy (EDS), zeta potential (C-potential), scanning electron micros-
copy (SEM), and point of zero charge (pHpzc). The adsorbent capacity of the materials when added
to an AFBi-contaminated diet (100 ug AFBi/kg) was evaluated using an in vitro model that simu-
lates the digestive tract of chickens. Characterization results revealed the primary functional groups
in HA and SFHA were carboxyl and phenol. Furthermore, adsorbents have a highly negative (-
potential at the three simulated pH values. Therefore, it appears the main influencing factors for
AFB1 adsorption are electrostatic interactions and hydrogen bonding. Moreover, the bioavailability
of AFBi in the intestinal section was dramatically decreased when sorbents were added to the diet
(0.2%, w/w). The highest AFB1 adsorption percentages using HA and SFHA were 97.6% and 99.7%,
respectively. The zeolitic material had a considerable adsorption (81.5%). From these results, it can
be concluded that HA and SFHA from vermicompost could be used as potential adsorbents to re-
move AFBi1 from contaminated feeds.
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Keywords: adsorption; aflatoxin By; humic acids; in vitro digestion model

Key Contributien: Humic acid and sodium-free humic acid are highly effective in the adsorption
of AFB1 and could be used as potential adsorbents to remove aflatoxins from contaminated feeds.

1. Introduction

Some toxigenic fungi can synthesize mycotoxins as secondary metabolites; mycotox-
ins have a wide range of chemical structures and a low molecular weight and threaten
human and animal health [1]. The most common way to consume mycotoxins is through
food contamination; however, expesure can also happen when speres are directly con-
tacted or inhaled [2]. Of all the mycotoxins, aflatoxin B: (AFB1) is the most harmful. Two
closely related fungi, Aspergillus flavus and Aspergillus parasiticus, produce primarily afla-
toxins. For instance, A. fogoensis only synthesizes AFBy; A. flavus and A. pseudotamarii syn-
thesize AFB1and aflatoxin B2 (AFB2), while A. aflatoxiformais, A. arachidicola, A. austwickii,
A. cerealis, A. luteovirescens, A, minisclerotigenes, A. mottag, A. nomius, A. novoparasiticus, A.
parasiticus, A. pipericola, A. pseudocaelatus, A. pseudonomius, A. sergii, and A. transmontanei-
sis produce AFB1, AFBy, aflatoxin Gi1 (AFG1), and aflatoxin Gz (AFG2) [3]. The toxic effects
of AFB1 on poultry are well known. Low production and a high vulnerability to illness are
hazards of AFB1 in poultry [2]. Hepatotoxic consequences include reduced liver-to-body
weight ratios, changes in liver enzymes, abnormal blood-clotting pattern, and histological
abnormalities, such hepatocellular necrosis and biliary hyperplasia [4].

The detoxification of mycotoxin-contaminated grains can be accomplished using a
variety of procedures, including physical removal, chemical conversion to less toxic prod-
ucts, enzymatic detoxification, and microbial degradation, among others [5]. A better ap-
proach to reducing the harmful effects of mycotoxins on animal health would be to in-
clude more natural active ingredients in the feed. In the study of mycotoxin binders, sub-
stances derived from plants play a significant role [5,6]. Additionally, decontamination
procedures must be integrated into animal diets in a simple, affordable, and safe manner
Physical methods of removing or inactivating mycotoxins are less expensive and ecasier to
use than chemical methods [7]. The effectiveness of adsorbents is related to their structure,
charge distribution, and surface arca. The shape and polarity of mycotoxins also affect
their binding affinity [8].

Humic substances (HS), mainly composed of humic acids (HA), fulvic acids (FA),
and humins, are heterogeneous macromolecules with numerous negatively charged func-
tional groups, primarily carboxyl and phenol [9]. These groups are thought to be potential
pollutant-binding sites, such as metallic species, herbicides, and pesticides [10], as well as
complex formations with metal cations [11]. Recently, our research group studied an ex-
tract of HA from vermicompost under different experimental conditions to clarify its
mechanism of action [12-14]. In previous in vitro and in vivo studies, several sources of
HS containing mixtures of HA and FA have been used as mycotoxin binders [15]; how-
ever, purified HA from vermicompost has never been tested against AFB.. HAs extracted
from vermicompost are still in an early humification process and are considered imma-
ture; this factor may cause structural differences compared to HA extracted from lignites,
leonardites, or other HA-aged sources

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR},
energy-dispersive X-ray spectroscopy (EDS), zeta potential ({-potential), scanning elec-
tron microscopy (SEM), and point of zero charge (pHpzc) are some important techniques
for characterizing mycotoxins binders [16]. These techniques involve little material and
are casily repeatable, non-destructive, and reasonably straightforward. These techniques
may help to characterize the main chemical components of HA extracted from vermicom-
post, which may help to elucidate the possible mechanisms of action of HA as potential
aflatoxin binder. As a result, the purpose of this study was to prepare and characterize
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HA from vermicompost and evaluate its adsorptien capacity for AFB1 in an in vitro poul-
try digestive model.

2. Results and Discussion
2.1. Characterization
2.1.1 ATR-FIIR

Figure 1 shows the ATR-FTIR spectra of HA, SFHA, and the zeolite. The main FTIR
bands and their corresponding assignments are shown in Table 1. In general, both HA
adsorbents have a wide variety of functional groups, and their spectra showed high in-
tensity for five principal bands: (A} 3238-3267 cnr! asseciated with OH-stretching vibra-
tions, (B} 2926-2927 cm related to aliphatic groups, (C) 1571-1957 cm™ associated with
carboxyl, amide, and aromatic vibrations, (E) 1412-1420 cm™! associated with carboxyl,
aromatic, and phenol vibrations, and (G) 1120-1123 cm! associated with C-O carbonyl.
Furthermore, HA shows two distinctive bands at (I} 846 cm? and (J) 620 cm™ assigned te
the aromatic and aliphatic groups. The lack of certain bands in the FTIR spectra indicates
a lower content of functional groups. Therefore, the absence of some bands in the SFHA
spectra indicates HA has higher quantities of aromatic and aliphatic groups. On the other
hand, SFHA exhibits three specific bands at (D) 1508 em™ (carboxyl, amide, and aromatic
groups), (F) 1215 em™ (carboxyl vibrations), and (H) 1030 cm™ (aromatic groups). The
band located between 1100 cm and 1035 em™ corresponds to the 5i-O stretching of sili-
cate [17]. Its presence is attributed to impurities of aluminosilicates not eliminated during
the HA extraction process from soils. However, the non-commercial zeolitic material also
exhibited the distinctive band associated with Al*-OH at (A} 3621 cm. Significant water
absorption at the B (3387 cm?) and C bands (1630 cm) proved the zeclite was also hy-
drated. These bands (B and C) are commenly associated with water molecules linked with
Na*and Ca* in the channels and cages of the zeolitic material. The band at (D) 1000 cm™
corresponds to the stretching vibration of T-O in TO* tetrahedra (T = 5i and Al). Further-
more, the bands at (E) 793 em™ and (H) 444 e are related to the stretching vibration of
O-T-0 and the bending of T-O bonds, respectively [17]. Finally, the absorption band at
(F) 600 cm is associated with the presence of heulandite [18]. These results are in accord-
ance with those obtained by other researchers [19-23]. In general, HA contains a wide
variety of acidic functional groups, such as carboxylic, carbonyl, hydroxyl, and phenolic
(hydrophilic domains), as well as methyl, aliphatic, and aromatic moieties (hydrophobic
domains}. These functienal groups are considered potential sites for binding pollutants
[11,24], and for building complexes with certain metal cations [10]. Other studies indicate
OH, C-0, C=0, and phenolic groups form hydrogen bonds with certain pollutants
[17,25,26]. For instance, Vazquez-Duran et al [27] indicated OH could establish hydrogen
bends with the oxygen atoms in the methoxy, carbonyl, and ether groups of the AFB:
molecule.
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Figure 1. Comparative Fourier transform infrared spectra of: {A) humic acids, (B) sodium-free hu-

mic acids, and (C) the inorganic mycotoxin binder (zeolite).

Table 1. Band assignments of the vibrational frequencies in the humic acids and the inorganic my-
cotoxin binder {zeolite).

Wavenumber (cm-1)

Band HA SEHA Associated Functional Group
A 3267 3238 O-H stretching vibrations and partially N-H stretch
B 2926 2927 Aliphatic CH> and CHs
C 1571 1597 COOr, amides (NHz of NH bonding)
D 1508 C=0 of carboxylic groups and amide; N-H stretch;

aromatic C=C
COO- C=C stretch (aromatic ring), O-H and C-O of

E 1412 1420 phenolic; C-N; C-H of CHs, CHz and CH
F 1215 C-0 and O-H stretch of COOH and phenol
c 1120 1123 C-0O stretch of alcohols, carbonyl, esters and ethers, O-H of
phenol and carbohydrates
H 1030 Aromatic ethers, C-O of carbohydrates; 5i-O of silicate
1 846 Aromatic groups
] 620 Aliphatic -CHz
Zeolite
A 3621 O-H stretching (Al3-OH)
B 3387 O-H stretching vibrations
C 1630 H-O-H bending (water}
D 1000 5i-0-5i antisymmetric stretch
E 793 5i-0O-5i stretching symmetric
F 600 Si0s and AlOs tetrahedral
G 515 5i-O bending vibration
H 444 5i-0 bending mode (-5i04)
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2.1.2. SEM

The surface morphology and microstructure of the sorbents were evaluated using a
series of acquired SEM images (Figure 2). The surface morphology of the zeolite is amor-
phous, and large clumps cover the pores. On the other hand, HA and SFHA had rough
and uneven surfaces with aggregates of different shapes and sizes. Specifically for HA,
most of the aggregated particles were approximately 163.42 +20.14 um in size. Moreover,
grooves on the particle surface with the trace of granules were also observed. These results
are consistent with the granular structure of several HAs extracted from various sources
[28,29]. HA’s physical and chemical compositions differ considerably depending on its
source, environmental conditions, and extraction procedure [20,24]. Several variables, in-
cluding concentration, pH, ionic strength, charge density, acidic group ionization degree,
and intermolecular interactions, influence the structural conformation of HA [30,31]. The
HA structure is protonated at low pHs (below 4), resulting in a more condensed structure
due to the establishment of H-bonds and van der Waals interactions. However, at pH
levels between 4 and 7, HA adopts a more expanded and scattered macrostructure due to
intra and intermolecular repulsion. Furthermore, at pH greater than 11, a condensed
structure can also be observed [32]. According to this research, certain HA molecules en-
gage in supramolecular interactions through dispersive forces, such as hydrogen bonds,
van der Waals interactions, and -7t interactions [28,33].

AccY ﬁwiu& Dot WO F———{ 20pm AccV  Spot MagaDel W

200xv
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Figure 2. Structure of (A) humic acids, (B) sodium-free humic acids, and (C) the zeolite under SEM
at x1000. Measurements (D) of humic acids at x100.
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2.1.3. EDS

Figure 3 shows the energy-dispersive X-ray spectroscopy (EDS) spectra of the HA,
SFHA, and the zeolite. Moreover, the elemental compositions of HA, SFHA, and the zeo-
lite are shown in Table 2. Results indicated the principal elements in HA and SFHA were
C with 35.42% and 43.13%, and O with 20.32% and 46.43%, respectively. The Na content
of SFHA considerably dropped, decreasing from 27.68% to 1.78% due to its reduction by
washing. Other minor elements were involved in HA materials, such as Al, Si, K, P, S, and
Cl. Meanwhile, Mg and Fe were not detected. Parameters are found within published
ranges in the literature [34,35]. Information on the elemental composition of HA is not
particularly conclusive due to their complexity and a wide range of other factors [36]. In
addition, the main elements in the zeolite were Si (40.93%), C (31.99%), O (14.13%), and
Al (7.46%), and minor contents of Na (0.25%), K (1.80%), Mg (1.12%), Ca (1.45%), and Fe
(0.87%). Furthermore, Cl, P, and S were not detected. Similar chemical compositions for
this kind of material have been reported by other researchers [37-39].
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Figure 3. Representative energy-dispersive X-ray spectroscopy (EDS) spectra of (A) humic acids, (B)
sodium-free humic acids, and (C) the zeolite.

Table 2. The elemental composition (%) of humic acids (HA), sodium-free humic acids (SFHA) and
the zeolite.

Adsorbent

Element HA SFHA Zeolite SEM p-Value
c 35420 43.13= 31.99¢ 0.20 <0.0001
(0] 20.32° 46.43 14.13 < 0.61 <0.0001
Na 27.68* 1.78 % 0.25¢ 0.11 <0.0001
Al 0.26 ¢ 0.78"% 746 0.17 <0.0001
Si 0.82¢ 1.60® 40.93 = 0.08 <0.0001
K 6.66 * 017« 1.80° 0.04 0.03
P 1.532 0.59° ND 0.24 0.02
S 3.00° 4.80 ND 0.21 0.004
Cl 3.77 0.71°b ND - -

Mg ND ND 1.12a
Ca 0.54° ND 1452 - 0.02
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Fe ND ND 0.87 - -

e Means with non-matching superscripts within rows indicates a significant difference at p < 0.05.
ND = Not detected.

2.1.4. {-Potential

In colloidal systems, the {-potential is frequently employed to track the behavior of
particles suspended in a liquid. Additionally, the magnitude of the -potential indicates
the strength of the electrostatic attraction or repulsion between particles; therefore, it may
be used to describe the surface of charged particles [40]. Figure 4 shows the relationship
between pH and C-potential of HA, SFHA, and the zeolite. The three adsorbents generally
show the same behavior: as the pH increases (from 2 to 11), the (-potential value becomes
more negative. The pH values used for the determination of Z-potential were 2, 5, and 7,
each one according to the simulated compartment (crop, proventriculus, and intestine) in
the in vitre digestive model. At pH 2, values of —46.44 mV and —30.75 mV were observed;
at pH 5 of -50.16 mV and —49.2 mV; and at pH 7 of —54.46 mV and —40.93 mV for HA and
SFHA, respectively. As a result, at all three pH values tested, HA was more negative, fol-
lowed by SFHA and the zeolite. Our findings are consistent with those reported by Hamza
ct al [41] who state as the pH rises, the acidic functional groups of HA deprotonate, re-
sulting in a more negative surface. Moreover, Deng and Bai [42] also found when pH ex-
ceeds 1.9, HA has a negative {-potential. Omar et al. (2014) and Coles and Yong [43] also
reported C-potential values of HA of -20 mV at pH 3 and 44 mV at pH 10. Finally, Loesli
ct al. [44] reported strong negative charge with (-potential values ranging from -30.2 mV
at pH 3 to —69.0 mV at pH 11. Even at low pH, HAs are negatively charged because of the
dissociation of their acidic functional groups (mainly carboxylic and phenolic hydroxyl)
[26,45]. Instead of aromatic components, variations in acid group conformation can be
used to explain how the interactions are pH-dependent [32]. The first decrease (pH 3) of
Z-potential corresponds to the dissociation of carboxylic acid groups, while the second
(pH 6} corresponds to the start of ionization of phenolic acid groups [46]. Our findings
show the three adsorbents have a highly negative {-potential at the three simulated pH
levels of the in vitro model, particularly at pH 7. As a result, the AFB1 molecule and the
HA particle surface might be attracted by electrostatic forces since HAs are anionic poly-
electrolytes that can interact with the positively charged AFB1 molecules [47].

——HA
—F— SFHA
——ZEO

Zeta potential (mV)

Figure 4. Relationship between zeta potential {{-potential) and pH of humic acids, sodium-free hu-
mic acids, and the zeolite. Mean of five replicates + standard error.
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2.1.5. pHpzc

Understanding the surface charge of the particles is greatly aided by the pHpzc,
which stands for the point of zero charge where the sum of positive and negative charges
is equal. Figure 5 shows the pHpzc of HA, SFHA, and the zeolite. It has been hypothesized
that the surface of the adsorbent will be positively charged if pH < pHpzc and negatively
charged if pH > pHpzc [47]. From the curves, the pHpzc for HA, SFHA, and the zeolite
were 10.4, 2.2, and 8.8, respectively. According to Coles and Yong [43], the pHpzc of HA
was less than 0.5. Moreover, Gjessing [48] reported pHpzc values for HA ranging from 1.2
to 1.8, which is very similar to the value of SFHA in our study. Furthermore, Giasuddin
et al [49] reported the HA’s surface charge was negative over a pH range of 5 to 9.3. How-
ever, the presence of organic matter in the HA determines whether the pHpzc decreases
or increases [43].

Interestingly, compared to the pHpzc of HA, which was 10.4, the SFHA reduced their
pHpzc value to 2.2 after washing. This significant change in the pHpzc value could be
attributed to a change in organic matter composition or to the purification process used
to reduce the sodium salts in the HA. In this context, AFB1 adsorption is expected to be
significant because SFHA has a negatively charged surface in all compartments simulated
in the in vitro study. HA and the zeolite, on the other hand, have a positive surface charge
on all three gastrointestinal sections, indicating electrostatic interactions do not govern
AFB1 adsorption. It is well known that other mechanisms, such as weak electrostatic in-
teractions and moderate electron donor-acceptor attraction, contribute to the adsorption
of aflatoxins into inorganic binders [37].

—— HA
—— SFHA
-6 ——ZEO

ApH
n

Figure 5. Point of zero charge {pHpzc) of humic acids, sodium-free humic acids, and the zeolite,
Mean of five replicates + standard error.

2.2. In Vitro Digestive Model

Figure 6 depicts the percentage of AFB1 adsorption of the three tested sorbents. At
the end of the in vitro model (the intestinal section), HA and SFHA adsorbents had 97.6%
and 99.7% AFB1 uptake, respectively. Using the zeolite, a moderate sorption uptake of
81.5% was reached. In contrast, controls (without the addition of sorbent materials) show
a marked lack of AFB1 adsorption (<3%). Following our findings, it was reported an in
vitro model with 100 mg/mL of HA inclusion at 20 ng AFB1/g achieved 90.50% of AFB:
adsorption [50]. Moreover, Ye et al. [51] investigated the AFB: adsorption capacity in the

27



Toxins 2023, 15, 83

9 of 17

presence of sodium humate inclusions, various pH levels, interaction times, and AFB:
concentrations. The highest AFB1 adsorption percentages reported were 88.12% at pH 7
and 76.36% at pH 8. Furthermore, Vazquez-Duran et al. [27], using a dynamic in vitro
model to assess the AFB:1 adsorption capacity of a non-commercial zeolite at 5% (w/w)
inclusion, reported an adsorption percentage of 75.5%, which is consistent with this re-
search.

100+

80 I

<3
601
g
e
b
7 401
g
<
20
[
04 =
T T T T
CONTROL HA SFHA ZEO

Figure 6. The adsorption capacity of humic acids (HA), sodium-free humic acids (SFHA), and the
zeolite against AFB1 using an in vitro digestive poultry model. Mean values + standard error. *<
Means with different letter are statistically different (Tukey p < 0.05).

2.3. The Mechanism for AFB1 Adsorption onto HA

Because HA possesses highly hydrophobic surfaces and a wide variety of negatively
charged functional groups [9], interactions between HA and AFBi may involve different
mechanisms. Tan [52] lists seven potential ways HA might bind to gaseous, liquid, and
solid components: (i) physical forces, (ii) chemical forces, (iii) hydrogen bonds, (iv) hydro-
phobic interactions, (v) electrostatic interactions, (vi) cocrdination reactions, and (vii) lig-
and exchange. The most important interactions between HA and AFB1 are electrostatic
interactions and hydrogen bonding. Nevertheless, other interactions could be considered,
such as m—m stacking [53] and hydrophobic interactions {due to the many bond indices
related to hydrophobic groups, including CHe, CHs, and C=C) [54] (Figure 7). Although
this phenomenon is still net fully understeod, aromatic structures and functional groups,
such as OH and COOH, contributed to HA’s high AFB: adsorption capacity [55]. Several
techniques have been proposed to investigate the adsorption of different molecules onto
HA. For example, physical modelling (Langmuir isotherm), kinetic modelling (Elovich
kinetic model), surface complexation modelling, and Ligand and charge distribution
model, among others [54]. However, to elucidate the nature of the molecular interactions
between HA and AFBi, future theoretical simulations using density functional theory
(DFT) may be considered [56].
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Hydrogen CHy”
bonding

Electrostatic

-1t stackin p :
9 o interaction

Hydrophobic
interaction

Figure 7. The hypothetical mechanism by which humic acids bind the AFB: molecule.

Nevertheless, because in vitro tests cannot fully simulate the conditions of a bird’s
digestive tract to determine the effectiveness of HA derived from vermicompost in reduc-
ing the harmful effects of AFBi, in vivo experiments must be conducted. Data on the ef-
fectiveness of HA extracted from vermicompost to reduce the impact of AFBi in broilers
are still meager. However, previous research has demonstrated the effectiveness of vari-
ous humic substances as mycotoxins binders in in vivo trials. For instance, the addition of
oxihumate (3.5 g/kg) was found to have a protective effect against liver, stomach, and
heart damage in diets contaminated with AFB1, and a significative decrease in several se-
rum, and hematological biochemical indicators linked to aflatoxin toxicity was also seen
in broilers [57]. Adding HA to chicken feed in amounts ranging from 0.2% to 0.4% (w/w)
improved feed efficiency, reduced liver and bursa damage, and improved serum bio-
chemical profiles associated with aflatoxin toxicity [58]. Additionally, adding HA (0.3%
w/w) decreased AFB1 residues in the liver and enhanced broiler antibody production
against Newcastle disease [59].

3. Conclusions

In this study, two forms of HAs extracted from vermicompost were prepared, further
characterized, and tested in AFB1 adsorption experiments using an in vitro poultry diges-
tive model. Despite differences in the microstructure, elemental composition, surface
functional groups, pHpzc, and C-potential, both adsorbents demonstrated significant
AFB1 adsorption capacities when using an in vitro poultry digestive model. As a result, it
can be concluded HA derived from vermicompost is highly effective in the adsorption of
AFB1. However, more in vivo studies will enhance our comprehension of HA efficacy to
reduce the toxic effects of AFB1in poultry. There is now research being conducted in this
area.
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4. Materials and Methods
4.1. Humic Acids

As previously described [12], HAs were extracted and isolated from a vermicompost.
HAs were extracted with a sodium hydroxide solution (1M NaOH) in compost:alkali ratio
of 1:4, then stirred for 2 h. A Whatman grade 40 filter paper was used to filter the suspen-
sion after it had been at room temperature for 24 h. The supernatant was then separated
by decantation after the filtrate had been centrifuged for 15 min at 3500x ¢. The HA-con-
taining supernatant was acidified with 10% HCl and agitated continuously until pH 2 was
achieved, allowing the HA to precipitate. Centrifugation at 3500 g for 15 min separated
HA from FA. Finally, the precipitate (HA) was normalized with 1M NaOH until pH 10
was achieved, then oven-dried at 60 °C. A black powder was preduced as a result. To
produce the second adsorbent material, hereinafter referred to as sodium-free humicacids
(SFHA), HAs were redispersed in deionized water and neutralized with 10% HCI until
pH 7 was reached, then washed (centrifugation and redispersion) ten times to remove
excess sodium and subsequently oven-dried at 60 °C.

4.2, Characterization of HA
4.2.1. ATR-FTIR

Using a Fourier transform infrared spectrophotometer Frontier SP8000 (Perkin
Elmer, Waltham, MA, USA) equipped with an attenuated total reflection (ATR) attach-
ment (DuraSamplIR II, Smiths Detection, Warrington, UK), functional groups on the sur-
face of the adsorbent materials were analyzed. Samples were deposited on the ATR dia-
mond crystal, and spectra were collected in transmittance mode by combining 32 scans
with a resolution of 4 cm™ in the 4000400 cm™ region.

4.2.2. Scanning Electron Microscopy (SEM)

Utilizing a scanning electron microscope (JSM-6010LA, Jeol Inc., MA, USA), the ad-
sorbents” size and morphology was examined. A thin gold coating was applied to the
samples to improve electron conductivity and image quality. Using a 20 kV accelerating
voltage, microscopy was carried out. Secondary electron imaging mode was used to cap-
ture the images at a 1000x magnification.

4.2 3. Energy-Dispersive X-ray Spectroscopy (EDS)

Using an energy-dispersive X-ray spectrometer with an environmental scanning
electron microscope (Phillips XL30, EDS-ESEM, Eindhoven, The Netherlands), the multi-
element analysis was carried out. A high-performance X Trace micro-spot X-ray source
was used to analyze each sample three times, and an attached XFlash® 6/10 silicon drift
detector was used to quantify the X-ray fluorescence spectrum it produced (Bruker Nano
GmbH, Berlin, Germany).

4.2.4. Zeta Potential (C-Potential)

The ZetaSizer Pro (Malvern Instruments, Worcestershire, UK) was used to determine
zeta potential. The samples used for the measurements (20 mg dissolved in 10 mL distilled
water) were adjusted to various pH levels using either HC1 (0.1 M) or NaOH (0.1 M). To
minimize the effects of viscosity and scattering, 100 uL of the aqueous phase were col-
lected and diluted with 2 mL deionized water. Then, diluted samples were examined in a
disposable capillary cell DTS1070 at room temperature with a 120-s equilibration time.
Each measurement included eleven runs and three replicates of each sample to obtain a
consistent result. The Z5 Xplorer software was used to examine the results.
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4.2 5. Point of Zero Charge (pHpzc)

In accordance with the instructions of Zavala-Franco et al [37], the pHpzc was meas-
ured. Briefly, equal quantities of sorbents were introduced to a series of flasks filled with
distilled water at various pH levels (2, 5, 7, 9, and 11). The pH of the supernatant was
measured after samples were agitated at 250 rpm for 195 min. The pH was measured us-
ing a combination glass electrode (Conductronic PC-45, Puebla, Mexico). The plot of ApH
against pH was used to determine the pHpzc.

4.3. In Vitro Adsorption Studies
Preparation of the AFBi-Contaminated Diet

Aflatoxin (100 ug AFBi/mL) was made as a main stock in dimethyl sulfoxide. After
that, distilled water was used to dilute the AFB: solution to 1 ug AFBi/mL. An experi-
mental maize-soybean meal diet was made to closely match the nutritional needs of
broiler chickens, as suggested by the National Research Council [60]. There were no anti-
biotics or anticoccidial drugs in the diet (Table 3; adapted from Solis-Cruz et al. [61]). To
achieve 100 ug AFBi/kg, the diet was contaminated with 0.5 mL of the AFB: solution.
Thereafter, five samples were chosen at random, and the content of AFB1 was determined
using the immuneaffinity column dean-up and liquid chromatography with fluorescence
detection methodology. Levels of B-aflatoxins (AFB: and AFBz), total fumonisins (FB1, FBz,
and FBs), and ochratoxin A (OTA) were also determined in the diet using monoclonal
antibody-based affinity columns (VICAM Science Technology, Watertown, MA, USA)
and fluorescence detection. In general, the experimental diet had no detectable levels of
B-aflatoxins and total fumonisins; assayed contents of these mycotoxins were below the
detection limits of the immunoaffinity column techniques employed (<1 ng/g and <0.016
mg/kg, respectively). OTA was present at a level of 7 ng/g.

Table 3. Ingredient composition of the experimental poultry diet.

Ingredient %o
Maize 55.07
Soybean meal 36.94
Vegetable oil 3.32
Dicalcium phosphate 1.58
Calcium phosphate 1.44
Salt 0.35
DL-Methionine 0.25
Choline chloride 60% 0.20
L-Lysine HCL 0.10
Vitamin premix ! 0.30
Mineral premix 2 0.30
Antioxidant ® 0.15
Protein 19.5%
Metabolizable energy 13 MJ/kg

1Vitamin premix supplied the following per kg: vitamin A, 2000 IU; vitamin D3, 600, IU; vitamin E,
7.5 IU; vitamin K3, 9 mg; thiamine, 3 mg; riboflavin, 8 mg, pantothenic acid, 18 mg; niacin, 60 mg;
pyridoxine, 5 mg; folic acid, 2 mg; biotin, 0.2 mg; cyanocobalamin, 16 mg; and ascorbicacid, 200 mg.
2 Mineral premix supplied the following per kg; manganese, 120 mg; zinc, 100 mg; iron, 120 mg;
copper, 10-15 mg; iodine, 0.7 mg; selenium, 0.4 mg; and cobalt, 0.2 mg. * Ethoxyquin.
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4.4, In Vitro Digestive Model

The AFB1 adsorptive capacity of the tested materials was assessed using a previously
described in vitro gastrointestinal poultry model [62] with minor medifications. The assay
was carried out with one control (zeolite) and two different treatments (HA and SFHA).
This model simulated the physiological conditions of broiler chicken crop, proventriculus,
and intestine. Every tube was incubated at 40 °C while being shaken at 19 rpm at an angle
of 30°. For each compartment, the pH, enzymes, and time windows were adjusted. In the
beginning, 5 g of the AFBi-contaminated feed and 10 mg of each adsorbent material were
placed in polypropylene tubes (50 mL). Each tube received 10 mL of 0.03 M HCl to imitate
the crop environment (pH reached values ~5.2). For 30 min, the tubes were incubated. A
pH range of 1.4 to 2.0 was attained by adding 2.5 mL of 1.5 M HCI and 3000 U of pepsin
{(Merck KGaA, Darmstadt, Germany) per gram of feed in each tube following the incuba-
tion time. For a further 45 min, each tube was incubated. To simulate the third and final
gastrointestinal compartment, 6.84 mg of 8x-pancreatin (Merck KGaA, Darmstadt, Ger-
many) per gram of feed was added to 6.5 mL of 1.0 M NaHCO:. The pH in this region was
reached, between 6.4 and 6.8. Tubes were incubated for an additional 120 min. The entire
in vitro digesting process took 195 min. Afterward, the supernatant from all tubes was
collected and stored at —20 °C for further analysis after centrifuging them all at 7000x g for
30 min. To determine the real AFB1 concentrations in each tube, controls (without the ad-
dition of adsorbent materials) were also prepared. The entire experiment was carried out
in quintuplicate. The adsorption percentage of AFB1 for each tested material was calcu-
lated as follows:

(Ci—Cs)
o <1

where (i is the concentration of AFB1in the control (ng/mL); and Cs is the concentration
of AFB1 in the supernatant of the treatments (ng/mlL).

Adsorption (%) = 00 (1}

4.5, Aflatoxin Assay

Using monoclonal anti-body-based immunoaffinity columns (Afla-B, VICAM Sci-
ence Technology, Watertown, MA, USA), AFB: was removed from the supernatants and
then utilized for ultraperformance liquid chromatography (UPLC). A modified version of
the procedure that Hernandez-Ramirez et al [63] previously described was employed. A
UPLC system (Waters ACQUITY H-class} was used, equipped with a quaternary solvent
manager and a reverse phase column (2.1 mm x 100 mm, 1.7 um particles). A mobile phase
of water, methanol, and acetonitrile (64:18:18) was used to elute AFBL. Samples (1 pL)
from the anti-body-based immunoaffinity columns were injected and eluted with a flow
rate of 700 uL/min. A fluorescence detector with settings of 365 nm excitation and 429 nm
emissicn was used to detect the toxin. The AFB1 concentration was estimated using a cal-
ibration curve with a standard reference (AFB1, Merck KGaA, Darmstadt, Germany).

4.6. Method Validation

The performance of the clean-up procedure was tested by measuring the percentage
of AFB1 recovery using the UPLC methedology, spiking four replicates of the experi-
mental poultry diet with six different aflatoxin contents over the range of 8 to 250 ng
AFBy/g, attaining a toxin recovery of 92% with a standard deviation of 3.4, standard error
of 1.7, and a coefficient variation value of 4.4%. Moreover, the validation of the UPLC
method was performed based on the guidelines for single-laboratory validation of analyt-
ical methods for trace-level concentraticns of organic chemicals elaborated by the
AOAC/FAO/TAEA/TUPAC [64]. The following parameters were evaluated: limit of detec-
tion (LOD), limit of quantificaticn (LOQ), and linearity. For linearity, a six-point calibra-
tion curve was plotted at concentrations over the range of 10 to 1000 ng AFBy/L. In general,
detection and quantification limits were found to be 2.0 and 6.7 ng AFB1/L, respectively.
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The linearity estimated with the coefficient of determination (R?) was 0.9984. These results
indicated the methodology used was acceptable.

4.7. Experimental Design and Statistical Analysis

Data was subjected to one-way analysis of variance (one way-ANOVA} as a com-
pletely randomized design. Significant differences among the means were determined by
the Tukey test. A value of p=0.05was used to detect significant differences between treat-
ments.
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ARTICLE INFO ABSTRACT

Keywords: Humic acids (HA) have been | d as growth p rs in poultry, but their effects on the gut microbiota
"““"“ acids remains controversial using in vitro and in vivo models. The objective of this study was to determine the effect of
In vitro HA d from a wor post on the recovery of bacteria: Salmonella Enteritidis (S. Enteritidis), Escherichia

Digestive model, chickens
pH conditions
Bacterial strains

coli (E. coli), Clostridium perfringens (C. perfringens), Bacillus subtilis (B. subtilis) and Lactobacillus salivarius
(L. salivarius) using an in vitro chicken digs system. Independent in vitro trials were run for each bacteria
using six treatments: 1) Negative control with no bacteria added (Control-), 2) Positive control added with
bacteria (Control+), 3) 0.1% HA + bacteria, 4) 0.2% HA + bacteria, 5) 0.5% HA + bacteria and 6) 1% HA +
bacteria. Data was subjected to analysis of variance and linear regression. In the crop, S. Enteritidis was lower, C.
perfringes and B. subtilis were not affected by HA, while E. coli and L. salivarius were higher at 0.5 and 1% HA
inclusion (P < 0.0001). In the proventriculus, S. Enteritidis, E. coli and B. subtilis were higher at 0.5 and 1% HA
inclusion (P < 0.0001); C. perfringens and L. salivarius were not affected by HA. In intestine, significant increases
of all bacteria strains were observed (P < 0.0001). In conclusion, the results suggests that HA can be used as
biotic, but their h of action to stimulate the growth of gut bacteria remains to be elucidated.

P

1. Introduction 2017; Ashbolt et al., 2013). Consequently, in 2006 the European Union

completely banned the use of growth-promoting antibiotics in animal

Antibiotics have been used in poultry at sub-therapeutic dosages for
growth promotion purposes to improve the performance and health of
poultry by the control of pathogenic bacteria, modifying the immune
status (Lee et al,, 2012) and their anti-inflammatory effects (Niewold,
2007). However, scientific evidence suggests that the overuse of anti-
microbials at sub-therapeutic doses in animal production promotes
bacterial resistance. An increase in numbers of antibiotic resistant bac-
teria has been observed in fecal samples, slaughter facilities and envi-
ronments. Therefore, antibiotic-resistant bacteria may adversely affect
human health (Apata, 2009; Van den Bogaard et al., 2001; Zhang et al.,
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E-mail address: gomez sergio@inifap gob.mx (S. Gomez-Rosales).
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production and, more recently, in 2017, the United States of America
adopted the same restriction (Salim et al.,, 2018). Likewise, the World
Health Organization guidelines on use of medically important antimi-
crobials in food-producing animals recc led cc restriction
of all antibiotics in food-producing animals for growth promotion
(Aidara-Kane et al., 2018).

This restriction has forced the poultry industry to investigate alter-
natives to replace or reduce de use of antibiotics growth promoters while
maintaining high production efficiency and producing safe products.
Among some of the alternatives evaluated in poultry diets are probiotics,
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prebioties, enzymes, herbal products, organic acids (Ferket, 2004) and
other feed additives as Humic Substances (HS) (Arif et al., 2019).
However, the use of HS in poultry nutrition as an alternative to growth
promoting has gained inereasing importance (Galip et al., 2010). HS are
the main component of soil organic matter and are divided into three
principal fractions: humic acids (HA) (acid-insoluble fraction), fulvic
acids (alkali- and acid-soluble fraction) and humin (alkali- and acid-
insoluble fraction) (Pena-Méndez et al,, 2005; Abd El-Hacl, 2016), HA
represent the principal fraction of HS (Schnitzer and Khan, 1972).

Despite the fact that humic acids have been reported to have
promising advantages in poultry production as growth promoters given
their antioxidant, antifungal and immunestimulant properties, mainly,
there are conuasting results regarding their antimicrobial activity
(Riede et al,, 1991; Yarkova, 2011; Mudrovnova et al., 2020); Shermer
et al., 1008; Maguey-Gonzalez et al,, 2018a,b) Therefore, the objective
of this study was to determine the effect of HA extracted from a
wormeompost on the recovery of Salmonella Enteritidis, Escherichia coli,
Clostridium perfringens, Bacillus subiilis and Lactobacillus salivarius using
an in vitro chicken digestive system.

2. Material and methods
2.1, Humic acids

The extraction and isolation of HA from a wormeompost was per-
formed as described by Parsons (1983). The HA were extracted in a
proportion 1:4 (compost:alkali) using a sodium hydroxide solution (1 M
NaOH), followed by stimring for 2 h. The suspension was allowed to stand
for 24 h at room temperature and was filtered using a Whatman grade 40
filter paper. Then, the filrate was centrifuged for 15 min at 3500g, and
the supernatant was separated by decantation. The supernatant, which
contained the HA, was acidified adding hydrochloric acid (10% HCL)
with constant stirring until a pH 2 was reached to precipitate the HA.
Which, were then separated from fulvic acids by centrifugation at 3500g
for 15 min, Finally, the precipitated (HA) was alkalinized until a pH 10
was reached with 1 M NaOH, and dried at 60 °C. The result was a black
powder with a pH of 10.

2.2, Bacterial strains and culture conditions

The organisms used in the experiments were: Salmonella enterica
subsp. enterica serovar Enteritidis (S. Enteritidis) derived from ATCC®
13076™ (Catalog no. 0345P); Escherichia coli (E. coli) derived from
ATCC® 35218™ (Catalog no. 0495P) and Clostridium perfringens
(C. perfringens) derived from NCTC® 8678™ (Catalog no. 0547PF), ob-
tained from Microbiologics. Furthermore, Bacillus subtilis (B. subtilis) and
Lastobasillus salivarius (L. salivarius) isolated in our laboratory (identi-
fication by 168 rRNA sequence analyses, Midi labs, Newark, DE 19713,
USA) from broiler chickens, and potentially used as probiotics were
tested. One hundred pL of each bacterium from a frozen aliquot was
added to 10 mL of nutrient broth (BD Bioxin, Edo. de México, México)
for SE, EC, BS and LS; or 10 mL of reinforced clostridial medium (Acu-
media, Neogen, MI, USA) for CP. Each organism was incubated at 37 °C
for 24 h, and passed three times every 8 h to ensure that all bacteria were
in log phase. After incubation, bacteria were centrifuged at 1864g for 10
min, washed 3 times with sterile 0.9% saline, and reconstituted in saline,
quantified by densitometry, using a spectrophotometer (Genesysm 10s
UV-Vis, ThermoFisher Scientific) and diluted to obtain an approximate
concentration of 10° CFU/mL. Bacterial concentration was verified by
serial dilution and plating on specific agar for each organism.

2.3. Experimental design
The experiment consisted of five independent in vitre tials by

quintuplicate, considering each bacteria strain (S. Enterica, E. coli, C.
perfringens, B. subiilis and L. salivarius). Treatments for each in vitro trail
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were: 1) Negative control with no bacteria added (Control-), 2) Positive
control added with bacteria (Control+), 3) 0.1% of HA + bacteria, 4)
0.2% of HA + bacteria, 5) 0.5% of HA + bacteria and 6) 1% of HA +
bacteria.

2.4. In vitro chicken digestive model

Antimicrobial activity of HA was measured using a previously
described chicken digestive model with minor modifications (Latorre
et al., 2015), the model simulated the three main compartments of the
gastrointestinal tract of broilers, To simulate the first compartment
(erop), 5 g of sterile starter chicken feed (Table 1) were placed in 50 mL
polypropylene centrifuge tubes, each of the treatments at their proper
concentation, 9 mL of 0.03 M HCl and 1 mL of a suspension of bacteria
with a concentration of 10° CFU/mL, reaching a pH value around 5.20.
The tubes were incubated for 30 min at 40 °C in an incubator-shaker
(MaxQ 4450 Benchtop orbital shakers, ThermoFisher Scientific) with
constant movement at 20 rpm in a 30° degrees inclination position to
facilitate proper blending of the content. The next compartment simu-
lated was the proventriculus, 2.5 mL of 1.5 M HCl and 3000 U of pepsin/
g of feed (Sigma-Aldrich, St Luois, Mo, USA) were added to each tube, to
achieve a pH between 1.4and 2.00, then all tubes were incubated for 45
min. Finally, the last simulated compartment was an intestinal section;
6.5 mL of 1.0 M sodium bicarbonate (NaHCO3) and 6.84 mg of 8-x USP
pancreatin (Sigma-Aldrich, St Luois, Mo, USA) per g of feed were added
to the tubes, the pH ranged between 6.4 and 6.8; all the tubes were
incubated for 2 h. After the incubation time in each simulated
compartment, 1 mL sample was collected, diluted, and plated on specific
agar to enumerate the different microorganisms. The complete in vitro
digestion model tock 3 h and 15 min.

2.5. Enumeration of bacteria

Ten-fold dilutions from each sample were made in a sterile 96 well
Bacti flat bottom plate, plated and incubated according to the micro-
organism to evaluate the total number of bacteria. S. Enteritidis was

Table 1

Composition of the starter diet.
Ingredients %
Corn 63.72
Soybean meal 29.40
Vegetable oil 2.10
Calcium orthophosphate 1.70
Calcium carbonate 1.60
Salt 0.32
DL-Methionine 0.24
L-Lysine HCL 0.26
Threonine 0.08
Sodium bicarbonate 0.20
Vitamin premix® 0.10
Mineral premix” 0.10
Choline chloride 0.09
Total 100.00
Calculated composition
ME, keal /kg 3000
Dig. Lys, % 1.10
Dig. Met, % 0.52
Dig. Thr, % 0.71
Total Ca, % 1.00
AV. P, % 0.50

® Vitamin premix per Kg: vitamin A, 6500 IU; vitamin D,
32000 IU; vitamin E, 15 IU; vitamin K,1.5 mg; thiamine,
1.5 mg; riboflavin, 5 mg; niacin, 35 mg; pyrixodine, 3.5 mg;
pantothenic acid, 10 mg; choline, 1500 mg; Folic acid, 0.6
mg; biotin, 15 mg; .vitamin b12, 15 mg;

® Mineral premix per Kg: manganese, 100 mg; zinc, 100
mg; iron, 50 mg; copper, 10 mg; iodine, 1 mg.
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plated on Xylose Lysine Deoxycholate agar (XL.D, BD Bioxin); E. coli on
Eosin Methylene Blue Agar Levine (EMB, BD Bioxin); C. perfringens on
Reinforced Clostridial Agar (Acumedia); B. subtilis on Tryptic Soy Broth
(TSB, BD Bioxin) + Bacteriological agar (BD Bioxin); and L. salivarius on
de Man, Rogosa and Sharpe agar (MRS, BD Difeo).

2.6. Data and statistical analysis

Logio CFU/g of each bacterium, as well as the pH was subjected to
analysis of variance as a completely randomized design, using the
General Linear Models procedure of SAS (SAS. SAS Users Guide, 2002),
Statistical differences among the means were determined by the least
statistical difference test at p < 0.05. Simple lineal regression analysis
were used to determine linear (L), quadratic (Q), and cubic (C) effects of
HA addition on recovery of bacteria. Significant differences were
considered with a value of P < 0.05.

3. Results

Table 2 summarizes the results of the effect of HA on S. Enteritidis
counts and pH under an in vitro poultry digestive model. In the Control-
treatment (standard diet only) no S. Enteritidis was detected in any of the
simulated compartments. In the crop, the S. Enteritidis counts were
similar between the Control+ and the 0.1 and 0.2% HA, while a sig-
nificant reduction on the §. Enteritidis counts was observed at 0.5 and 1%
HA inclusion (Cubic effect, P < 0.0001). In the proventriculus, the
S. Enteritidis counts were also similar between the Control+ and the 0.1
and 0.2% HA inclusion, but a significant increase at 0.5 and 1% HA was
observed (Lineal effect, P < 0.0001). In the intestine, a linear increase of
S. Enteritidis counts were observed at each levels of HA inclusion up to
0.5%, and then a plateau was observed between 0.5 and 1% HA inclu-
sion (Quadratic effect, P < 0.0001).

In the crop, the Control-, Control+ and 0.1% HA had similar pH, but
it linearly increased from 0.1 to 1% HA inclusion (Quadratic effect, P <
0.0001). In the proventiculus, the pH was similar between the Control-
and Control+ groups, it increased at 0.1 to 0.5% HA, but it dropped at
1% HA inclusion eompared to the rest of the treatments (Cubic effect, P
< 0.0001). In the intestine, the pH was higher from 0.1-0.5% HA in-
clusion eompared to the Control- and Control4- groups, then the pH
significantly dropped at 1% HA inclusion (Quadratic effect, P < 0.0001).

Table 3 summarizes the results of the effect of HA on E. coli counts
and pH under an in vitro poultry digestive model. In the Control- no
E. coli was detected in any of the simulated compartments. In the ¢rop,
proventriculus and intestine, the E. coli counts were lower in the Con-
trol+ compared to the HA groups, with the highest E. coli counts at 0.5
and 1% HA inclusions (Quadratic effect, P < 0.0001).

The pH in the crop was similar between the Control4- and 0.1% HA
and then linearly increased as the addition of HA increased (Quadratic

Research in Veterinary Science 145 (2022) 21-28

effect, P < 0.0001), while in the proventriculus the pH increased linearly
up to the 0.5% HA addition, and then dropped at 1% HA (Cubic effect, P
< 0,0001). In the intestine, the pH was similar between the Control- and
Control+ compared to the treatments with 0.1, 0.2 and 0.5% HA, but at
1% HA the pH significantly dropped (Quadratic effect, P < 0.0001).

The results of the effect of HA on the counts of C. perfringens and pH
under an in vitre poultry digestive model are summarized in Table 4. In
the Control- no C. perfringens was detected in any of the simulated
compartments. No differences were observed on the C. perfringens counts
between the Control+ and the reatments added with HA in the crop and
proventriculus. In the intestine, the C. perfringens counts were lower in
the Control+ and the 0.1 HA and were higher at 0.5 and 1% HA, while at
0.2% HA the counts were intermediate (Quadratic effect, P < 0.0001).

In the crop, the pH was similar between the Control- and Control+
compared to 0.1% HA, then a linear increase was observed up to 1% HA
(Quadratic effect, P < 0.0001). In the proventriculus, the pH was similar
between the Control- and Control+ and 0.1% HA, then it increased at
0.2 and 0.5% HA, and suddenly dropped at 1% HA (Quadratic effect, P
<0.0001). In the intestine, the pH was similar between the Control- and
Control+ and the 0.1, and 0.2 HA inclusion, it increased at 0.5% HA and
then dropped at 1% HA (Cubic effect, P <0 0,0001).

Table 5 shows the results of the effect of humic acids on counts of
B. subtilis under an in vitro poultry digestive model. In the Control- no
B. subtilis was detected in any of the simulated compartments. In the
crop, the B. subtilis counts were lower at 0.5% HA compared to the
Control+ and the HA levels of 0.1, 0.2 and 1%; between the Control+
and 0.1, 0.2 and 1% HA no differences were detected (Quadratic effect,
P < 0.0001). In the proventriculus, similar B. subtilis counts were shown
in the Conmol+ and 0.1, 0.2 and 0.5% HA levels, but the counts were
higher at 1% HA (Cubic effect, P < 0.0001). In the intestine, similar
B. subtilis counts for the Control4+ and 0.1 and 0.2% HA levels were
observed, but the counts were higher at 0.5 and 1% HA (Cubic effect, P
< 0.0001).

In the crop, the Control- and Contrel+ had similar pH, and it
increased from 0.1 to 1% HA inclusion (Lineal effect, P < 0.0001). Inthe
proventriculus, the pH was similar between the Control- and Control+,
and it inereased from 0.1 to 0.5% HA, but it dropped at 1% HA inclusion
compared to the rest of the reatments (Cubic effect, P < 0.0001). In the
intestine, the Control, Control+ and from 0.1-0.5% HA had similar pH,
then it significantly fell at 19 HA (Quadratic effect, P < 0.0001).

The effect of HA on the counts of L. salivarius under an in vitro poultry
digestive model is summarized in Table 6. In the Control- no L. salivarius
was detected in any of the simulated compartments. In the crop, the L.
salivarius counts were lower in the Control+ and 0.1% HA, then signif-
icant increases were observed at 0.2, 0.5 and, then a further increase was
observed at 1% HA addition (Cubic effect, P < 0.0001). In the proven-
wiculus, all the HA supplemented groups and the Control+ had similar
counts. In the intestine, the L. salivarius counts were higher at 1% HA

Table 2

Effect of humic acids on the counts of Salmonella Enteritidis* and pH under an in vitro poultry digestive model.**
Treatment Crop Proventriculus Intestine

Counts pH Counts pH Counts pH

Control- 0.00* 5.23° 0.00* 2.15° 0.00* 6.84°
Control + 7.18" 5.23* 2.30° 2.21° 6.41" 6.73"
Humic acid, 0.1% 7.07° 5.24° 2.30° 2.45° 6.82° 6.94°
Humic acid, 0.2% 7.18° 5.36" 2.59° 2.49° 7.494 6.90°
Humic acid, 0.5% 6.79° 5.47° 3.73° 2.46° 8.15° 6.94°
Humic acid, 1.0% 6.89° 5.697 4727 1.98° 8.15° 6.16¢
SEM*** 0.069 0.014 0.303 0.077 0.136 0.079
Fit of the regression model Quadratic Quadratic Lineal Cubic Quadratic Quadratic
R? 0.89 0.98 0.98 0.99 0.99 0.98

a-e Values in columns with different letters differ significantly (P < 0.0001).
* The initial inoculum of §. Enteritidis in the feed was 10° CFU/g.
** Data are expressed as log;y GFUL
“** standard error of the mean.
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Table 3

Effect of humic acids on the counts of Fscherichia coli* and pH under an in vitro poultry digestive model.**
Treatment Crop Proventriculus Intestine

Counts pH Counts pH Counts pH
Control- 0.00° 5.09% 0.00° 2.09* 0.00° 6.93%
Control+ 7.18" 5.21° 2.32° 2.15° 6.43" 6.94°
Humic acid, 0.1% 7.54° 5.29° 2,48 2.35%°° 6.82° 6.95°
Humic acid, 0.2% 7.52° 5.46° 2.84° 236" 7.24° 6.94°
Humic acid, 0.5% 772 559 3.48% 2.43° 7.68° 6.94°
Humic acid, 1.0% 7.88¢ 6.14% 4.06% 2.02% 8.40° 6.27°
SEM* 0.104 0.040 0.189 0.079 0.112 0.035
Fit of the regression model Cubic Quadratic Quadratie Cubic Quadratic Quadratie
2 0.94 0.97 0.99 0.97 0.98 0.99

a-f Values in columns with different letters differ significantly (P < 0.0001).
* The initial inoculum of Escherichia coli in the feed was 10° GFU/g.
™ Data are expressed as log;q CFU.
"™ Standard error of the mean.

Table 4
Effect of humic acids on the counts of Clostridium perfringens” and pH under an in vitro poultry digestive model**.
Treatment Crop Proventriculus Intestine
Counts pH Counts pH Counts pH
Control- 0.00° 5.42° 0.00° 2.14% 0.00* 6.78%
Control+ 2.19° 5.45° 1.12° 213° 1.61" 6.77°
Humic acid, 0.1% 2.16° 5.49° 1.18° 2.21* 1.81% 6.81°
Humic acid, 0.2% 2.34° 5.66° 1.18° 2.30° 1.94° 6.84°
Humic acid, 0.5% 2.28° 5.73° 1.12° 2.41° 2214 7.03°
Humic acid, 1.0% 2.36° 6.11° 1.16° 2.03% 2274 6.22°
SEM* 0.126 0.046 0.072 0.035 0.076 0.037
Fit of the regression model - Quadtratic - Quadratic Quadratic Cubic
R® 0.97 0.99 0.99 0.99
a-d Values in columns with different letters differ significantly (P < 0.0001).
* The initial inoculum of Clostriditan perfringens in the feed was 10% CFU/g.
™ Data are expressed as log;q CFU mean + SE,
™ Standard error of the mean.
Table 5 Table 6
Effect of humic acids on the counts of Bacillus subtilis* and pH under an in vitro Effect of humic acids on the counts of Lactobaciilus salivarius” and pH under an in
poultry digestive model**. vitro poultry digestive model.**
Treatment Crop Proventriculus Intestine Treatment Crop Proventriculus Intestine
Counts pH Counts pH Counts pH Counts pH Counts  pH Counts pH
Control- 0.00% 5.47% 0.00* 2.13° 0.00° 6.90° Control- 0.00* 5.563 0.00° 2.17% 0.00* 6.90°
Control+ 6.72° 551 1.46° 2.12° 433" 6.89% Control + 4.64° 553 2.51° 2.18*  7.49° 6.89°
Humic acid, 6.69> 555" 1.67° 2.19°  4.30° 6.89° Humic acid, 4.50° 558 245 220  7.50° 6.90°
0.1% 0.1%
Humic acid, 6.57 5.62° 1.68" 32.20°  4.40° 6.00° Humic acid, 513 5.61° 3.52° 2.20°  7.54° 6.89°
0.2% 0.2%
Humic acid, 6.52¢ 5.68° 1.70%  230°  5.00° 6.02° Humic acid, 512 572 252° 233"  7.58° 6.91°
0.5% 0.5%
Humic acid, 6.71° 5867  1.89° 204  501° 6.20° Humic acid, 5.49¢ 6.04° 2.49° 207 816" 6.73°
1.0% 1.0%
SEM*## 0.054 0.019 0.079 0.021 0.065 0.011 SEM##% 0.140 0.014 0.079 0.016 0.096 0.013
Fit of the Quadratic Lineal Cubie Cubic GCubic Quadratie Fit of the Cubic Lineal - Cubie Quadratie Quadratie
regression regression
model model
R? 0.94 0.97 0.97 0.98 0.99 0.98 B2 0.81 0.98 0.99 0.99 0.97
a-d Values in columns with different letters differ significantly (P < 0.0001). a-e Values in columns with different letters differ significantly (P < 0.0001).
* The initial inoculum of Bacillus subtilis in the feed was 10° CFU/g. “ The initial inoculum of Lactobacillus safivarius in the feed was 10° CFU/g.
" Data are expressed as log;q CFU mean + SE, “* Data are expressed as log;; CFU mean + SE.

* standard error of the mean. * Standard error of the mean.

inclusion compared to the rest HA levels and the Control+ (Quadratic inclusion compared to the rest of the treatments (Cubic effect, P <

effect, P < 0.0001). 0.0001). In the intestine, the Control-, Control+ and from 0.1-0.5% HA
In the crop, the Ceontrol- and Contol+ had similar pH, and it had similar pH, then it significantly dropped at 1% HA (Quadratic effect,

increased from 0.1 to 1% HA inclusion (Lineal effect, P < 0.0001). In the P < 0.0001).

proventriculus, the pH was similar between the Control- and Control4-

and 0.1 and 0.2% HA, it increased at 0.5% HA, and then fell at 1% HA
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4. Discussion

Humic acids are the principal components of humic substances,
which are produced during the humification of decomposing organic
matter, particularly from amino acids, lignins, pectins or carbohydrates
of plants, leading to the formation of complex macromolecular strue-
tures, and are natural components of drinking water, soils and lignite
(Islam et al., 2005; Pena-Méndez et al,, 2005), HS are fundamentally
composed by an aromatic backbone made of nitrogenous heterocycles
surrounded by different functional groups such as quinones, ketones,
alcohols, phenols, carboxylic and carbenic acids (Stevenson, 1994;
Calace et al,, 2001). Due to this polyfunctionality, HS interact with an-
ions through positively charged groups and with cations through
negatively charged groups (Pefla-Mendez et al, 2005). It has been
described that a low pH values HA are positively charged, but at pH
greater than 4.7 they are negatively charged due to dissociation of
protons from carboxylic acids or alcohols, favoring jonic interactions
(Kimmiburgh et al,, 1998; Shao et al,, 2013).

In this regard, and assuming that the in vitro digestion model used
considered enzymatic conditions and three pH, 1.2-2, 5.2 and 6.4-6.8
(Latorre et al., 2015), the effect of HA on the counts of bacteria of
importance in poultry as S. Enteritidis, E. coli, C. perfringens, L. salivarius
and B. subtilis was evaluated. The results of the present study showed
significant increases in the counts of all five species of bacteria evaluated
in the compartment that simulated the intestine in an in vitro chicken
model (Figs. 1-5).

In the simulated crop the counts of each of the bacteria were different
due to their differences on the nutritional and environmental conditions,
as well as, their specific growing time to each bacterium. Although the
general trend in bacterial counts was upward, there was a significant
decrease in S. Enteritidis counts as the concentration of HA increased. Ina
previous experiment, using 0.1 or 0.2% HA the recovery of 8. Enteritidis
in the same compartment under the same in vitro digestive model was
not affected by the addition of HA (Maguey-Gonzalez et al,, 2018b)
which agree with the present results.

In the proventriculus, bacterial counts were significantly reduced
compared to those observed in the intestine and crop. Thisreduction can
be explained considering the low pH since it is an important factor for
bacterial growth (Jin and Kirk, 2018). However, the counts of Gram-
negative bacteria were less affected (S. Enteritidis and E. coli)
compared to Gram-positive bacteria (C. perfringens, B. subtilis and L.
salivarius). This could be due to the presence of the outer wall in Gram
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negative bacteria, which can protect the bacteria from its acidic envi-
ronment. Another possible reason could be associated with the amphi-
philic characteristics of HS since they can act as natural surfactants
absorbing on different surfaces including biological membranes of
bacteria, being stronger at low pH (Fein et al., 1999; Visser, 1985; Pflug,
1982). Protective properties of HS against the cell-wall disruption of
Micrococcus luteous by the enzyme lysozyme (Pflug, 1982) and to the
exposure of bacterial and cultures of human cells to UV-B radiation
(Klocking et al,, 2013) have been reported. Whether HA is able to pro-
tect certain type of bacteria from acidifying in the proventriculus by
interacting with the bacterial wall remains to be clarified.

In the simulated intestine S. Enteritidis, E. coli, C. perfringens and
B. subilis counts linearly increased due to the additions of HA, The
higher bacterial counts found in the simulated intestine may be due to
better environmental conditions such as a close to neutral pH and the
very high availability of nutrients released from the feed components. In
line with our results, it has been reported that in the small intestine
reside bacterial communities, dominated by the phyla Firmicutes, pre-
dominating the genus Lactobacillus with 70% of the total, and Clos-
widiales (Yadav and Jha, 2019), Other phyla commonly found in the
small intestine are the Bacteroidetes (Bacteroides), Actinobacteria
(Bifidobacterium) and Proteobacterias that includes the enter-
obacteriacea family (such as E. coli and Salmorella spp). (Clavijo and
Flarez, 2018; Shang et al., 2018; Diaz Carrasco et al,, 2019).

Although the effect of HA on the growth of microorganisms present
in the digestive tract are unclear, in an in vitro study, in which natural
and synthetic HA were tested, the spectrum and degree of antimicrobial
activity against several human pathogenic bacteria varied according to
the origin and mode of extraction of natural HS (Ansorg and Rochus,
1978), as well as the modifications made at the structural level since it
has been reported that they can decrease from 78 to 80% and from 58 to
70% the number of E. coli and S. Enteritidis, respectively, compared to
natural HA (Yarkova, 2011).

In the present study HA increased bacterial counts. It has been re-
ported that HA can be used as substrates providing organic carbon or
nutrient such as nitrogen, phosphorus, trace elements and vitamins in
plants, fungi and bacteria, as well as, enhancing nutrient supply by
increasing the uptake of nitrogen, minerals and micronutrients (Filip
and Demnerova, 2000; Kulikova et al., 2005; Tan, 2014). In addition,
some reports indicate that HS stimulates the growth and diversity of
bacterial communities in the soil and the enviromment (Ueno et al,,
2016; Yang and Antonietti, 2020; Visser, 1985), Based on this, it could
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Fig. 1. Effect of humic acids on the counts of Salmonella Enteritidis* and pH under an in vitro poultry digestive model.
*The initial inoculum of 5. Enteriticis in the feed was 10® CFU/g. *® Values in columns with different letters differ significantly (7 < 0.0001).
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#d yalues in columns with different letters differ significantly (P < 0.0001).

be mentioned that HA are improving the assimilation of nutrients found
in the feed that was used in the in vitro digestion model, which is causing

an increase in bacterial counts in the intestinal compartment.

One main difference when comparing our results with other in vitro
studies is that real digestive environmental conditions were used in
which pH and transit time through the digestive wact was closely
simulated. Pepsins and pancreatic enzymes added to the proventriculus
and intestine probably released in the medium different types of dietary
components ready to be used by bacteria which are also commonly
available in real situations. In vitro experiments, a cytotoxic effect of HS
against many mammalian and bacterial cells have been demonstrated
due to the accumulation of free-radieals during long-term culture times,
indueing lower oxygen uptake, lower electron transfer to acceptors and
lipid peroxidation in cell membranes (Hassett et al,, 1987; Ho et al,,

2003).

It is probably that in some long-term in vitre experiments the anti-
microbial activity of HS was due to the accumulation of toxic
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metabolites in the culture, It is probably that in our simulated digestive
systemn the rapid wransit time through the digestive compartments, the

addition of the buffering solutions and the presence of several dietary

components in the intestine overcome the possible accumulation of toxic
substances or neutralize the effects of free-scavenging radicals. This is a
topic that remains to be clarified.

When comparing these in vitro results with in vive studies conducted
in our laboratory, it isa fact that the inclusion concentration of HA in the
diets is important to increase the counts of beneficial bacteria and have
marked effects on the productive parameters since the differences
observed are only numerical (Maguey-Gonzalez et al., 2018a,b; Domi-
nguez-Negrete et al,, 2019).

It should be considered that other mechanisms of action have been
proposed to explain the benefits observed in broiler chickens supple-

mented with HS, including the ability to create protective layers over the

26

epithelial mucosal membrane of the digestive tract against the pene-
ration of toxic and other bacterial contaminated substances (Kiihnert
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et al,, 1001; Maguey-Gonzalez et al,, 2018b), These effects have been
associated to the macro colloidal structure of HA ensuring a good
shielding on mucous membranes of the stomach and gut, but also to the
induction of higher mucins production in the GIT (Mudrovnova et al.,
2020).

As growth promoters HA improve nutrient absorption and could
alter the intestinal microbiota by stimulating their growth, providing a
protective barrier against the penewation of pathogens and other toxic
substances in the intestine, which translates into better intestinal health
(Pukalchik et al., 2019).These effects have been associated to the macro
collpidal structure of HA ensuring a good shielding on mucous mem-
branes of the stomach and gut, but also to the induction of higher mucins
production in the GIT (Mudrovnevd et al., 2020),

5. Conclusions

In conelusion, the addition of HA extracted from worm compost inan

27

in vitro chicken digestive system caused a trend of increasing bacterial
counts in the crop as the concentration of HA increased, with the
exception of S. Enteritidis. Bacterial counts in the proventriculus were
significantly lower than in the intestine and crop, but Gram-negative
bacteria (8. Enteritidis and E. coli) were less affected than Gram-
positive bacteria (C. perfringens, B. subtilis and L. salivarius). The addi-
tion of HA increased the counts of S. Enteritidis, E. coli, Clostridium per-
fringens, and Bacillus subtilis in the simulated intestine. It is clear that HA
can be used by bacteria as substrates since they are organic sources of
carbon, nitrogen, phosphorus and other nutrients. However, they can
also improve nuwrient assimilation, as probably occurred during our
experiments as bacterial counts were increased. The mechanisms by
which HA enhanced the growth of the different bacterial strains and the
PH changes in every simulated compartment need to be clarified.
Further studies to evaluate the changes in structure, composition and
colloidal properties of HA under different pH conditions are currently
being conducted.
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VIl. DISCUSION

Caracterizacion de los acidos himicos

Composicion elemental

Respecto a la composicion elemental, el espectro de la EDS indica que el carbon
representa el 35.42% de los AH. Seguido por el oxigeno (20.32%) nitrégeno
(27.18 %), potasio (6.66 %) y otros elementos menores como el cloro (3.77 %),
azufre (3.00 %), fésforo (1.53 %), silicio (0.82 %), aluminio (0.26 %) y calcio (0.54
%). Los parametros coinciden con los rangos publicados por Giovanela et al
(2010) y Liu et al (2020). Los principales elementos utilizados en el analisis de los
AH son el carbono, hidrégeno, oxigeno y nitrdgeno. Las proporciones de estos
elementos puede variar de acuerdo a la fuente y la forma de extraccion, pero
manteniendo una proporcion de estos principales elementos. Aungue la presencia
de elementos traza dificulta la caracterizacion, la identificacion de los principales
grupos funcionales sigue siendo la forma mas adecuada para el estudio de los AH

(Doskocil et al., 2018).

Principales grupos funcionales

En general, los espectros FTIR-ATR mostraron que los AH contienen una amplia
variedad de grupos funcionales acidos como carboxilicos, carbonilos, hidroxilos y
fendlicos (dominios hidrofilicos), asi como grupos alifaticos, aromaticos y metilo
(dominios hidrofobicos). Estos grupos funcionales se consideran sitios potenciales

para la unién de contaminantes (Rupiasih y Vidyasagar, 2009; Jiménez-Gonzélez
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et al., 2019), y para la formacion de complejos con ciertos cationes metalicos (Guo
et al., 2019). Otros estudios indican que los grupos fendlicos asociados a OH, C-
O, C=0 forman enlaces de hidrégeno con ciertos compuestos organicos e
inorganicos (Vermeer et al., 1998; Xu et al., 2005; zZhang etal., 2009). Por
ejemplo, Vazquez-Duran et al (2021) indicaron que el OH podria establecer
enlaces de hidrégeno con los atomos de oxigeno en los grupos metoxi, carbonilo y

éter de la molécula de AFB;.

Microestructura

La morfologia superficial y la microestructura de los AH se observé utilizando
microscopia electronica de barrido (SEM). La superficie de los AH es rugosa e
irregular con la presencia de agregados en diversas formas y tamafios. La mayoria
de las particulas tienen un tamafio promedio de 163 + 20,1 um. Ademas, se
observaron surcos en la superficie de las particulas con trazas de granulos. Estos
resultados son consistentes con la estructura granular de varios AH extraidos de
diversas fuentes (Prado et al., 2011; Yang et al., 2019). La composicion fisica y
quimica de los AH difiere segun su fuente, las condiciones ambientales y el
procedimiento de extraccién (Chen et al., 2007; Rupiasih et al., 2009; Manzak et
al., 2017). Asimismo, diversas variables, como la concentracion, el pH, la fuerza
i0nica, el grado de ionizacion de los grupos acido y las interacciones
intermoleculares, influyen en la conformaciéon estructural de los AH (Tarasevich
et al., 2013; Sarlaki et al., 2020). La estructura de los AH se protona a un pH

inferior a 4, lo que da como resultado una estructura agregada. Mientras que la
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carga superficial es casi nula a niveles de pH entre 4 y 6, lo que reduce la
repulsion intramolecular y promueve una macroestructura mas expandida y
dispersa (Prado et al., 2011). A pH superior a 7, se puede observar una estructura
abierta y completamente desplegada (Kluc¢akova et al., 2017). Ciertas moléculas
de AH participan en interacciones supramoleculares a través de fuerzas
dispersivas como enlaces de hidrégeno, interacciones de Van der Waals e
interacciones 11-m, 0 que da lugar a diferentes configuraciones estructurales que

pueden presentar estos compuestos (Baigorri et al., 2007; Prado et al., 2011).

Carga eléctrica superficial

El potencial { se emplea con frecuencia para conocer el comportamiento de las
particulas suspendidas en un liquido. Ademas, la magnitud del potencial ¢ indica la
fuerza de la atraccion o repulsion electrostatica entre particulas; por lo tanto,
puede usarse para describir la superficie de particulas cargadas (Lin et al., 2003;
Butt et al., 2013). Los valores de pH que se utilizaron para la determinacién del
potencial ¢ fueron 2, 5y 7, cada uno de acuerdo con el compartimento simulado
del tracto intestinal (buche, proventriculo e intestino) en el modelo in vitro. En
ambos materiales utilizados el valor del potencial { se volvi6 mas negativo a
medida que el pH se aumento. Respecto a los AH el valor del potencial ¢ fue de -
46.44 mV, -50.16 mV, -54.46 mV, respectivamente a cada compartimiento.
Nuestros hallazgos son consistentes con los informados por Hamza et al (2019),
quienes afirman que a medida que aumenta el pH, los grupos funcionales acidos

de los AH se desprotonan, lo que da como resultado una superficie con una mayor
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carga negativa. Ademas, Deng y Bai (2003) también encontraron que cuando el
pH excede 1.9, los AH tienen un potencial { negativo. Coles y Yong (2006),
informaron valores de potencial ¢ de -20 mV a pH 3y -44 mV a pH 10. Finalmente,
Loosli et al (2013) informaron una fuerte carga negativa con valores de potencial ¢
gue oscilan entre -30.2 mV a pH 3y -69.0 mV a pH 11. Incluso a pH bajo, los AH
tienen carga negativa debido a la disociaciéon de sus grupos funcionales acidos
(principalmente carboxilicos y hidroxilo fendlico) (Vermeer etal.,, 1998; lllés y
Tombacz, 2003). Las variaciones en la conformaciéon de los grupos acidos pueden
usarse para explicar como las interacciones dependen del pH (Klu¢akova et al.,
2017). Se reconoce que la primera disminucién del potencial ¢ (pH 3) corresponde
a la disociacion de los grupos &acido carboxilico, mientras que la segunda
disminucién del potencial ¢ (pH 6) corresponde al inicio de la ionizacién de los
grupos acido fendlicos (Alvarez-Puebla et al.,, 2005). En este trabajo de
investigacién se encontr6 que los AH tienen un potencial { altamente negativo en
los tres compartimientos del modelo in vitro, particularmente a pH 7. Por lo tanto,
la molécula de la AFB; y la superficie de los AH podrian interactuar por fuerzas
electrostéticas, ya que los AH son polielectrolitos aniénicos que pueden interactuar
con las moléculas AFB; cargadas positivamente (van Rensburg etal. 2006;

Vazquez-Duran et al., 2016; Hamza et al., 2019).

El pHpzc representa el punto de carga cero, donde la suma de las cargas positivas
y negativas es igual, esta técnica ayuda a comprender la carga superficial de las

particulas. Se ha reportado que la superficie del adsorbente estara cargada
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positivamente si el pH < pHpzc y negativamente si el pH > pHpzc (Ramales-
Valderrama et al., 2016). El pHpzc para los AH fue a pH 10.4. De acuerdo con
Coles y Yong (2006), el pHpzc de los AH que analizaron fue inferior a 0.5. De la
misma forma, Volk (1976) informé valores de pHpzc que oscilan entre 1.2 y 1.8.
Por otro lado, Giasuddin et al (2007) informaron que el pHpzc de los AH se
encuentra en un rango de pH de 5 a 9.3. Sin embargo, se conoce que la presencia
de materia organica o impurezas en los AH determina si el pHpzc disminuye o
aumenta (Coles y Yong, 2006). Teniendo en cuenta lo anterior, los AH
provenientes de lombricompostas tienen una carga superficial positiva en las tres
secciones gastrointestinales simuladas, lo que indica que las interacciones
electrostaticas no gobiernan la adsorcion de la AFB;. Otros mecanismos, como la
atraccion moderada entre donador y aceptor de electrones, contribuyen a la
adsorcion de micotoxinas en adsorbentes inorganicos, mecanismos que

posiblemente pueden llevarse acabo por los AH (Zavala-Franco et al., 2018).

Capacidad adsorbente de AFB;

Los AH tuvieron una capacidad adsortiva de AFB; en el modelo in vitro del 97.6%,
en comparacion al 81.5% de adsorcién de la zeolita utilizada como control. En un
estudio in vitro con 100 mg/ml de inclusion de AH y un reto de 20 ng de AFB,/g de
alimento, se observo una adsorcion de AFB; del 90.50 % (El-Shafea, 2014).
Ademas, Ye et al (2009) investigaron la capacidad adsortiva de AFB; en presencia
de diferentes niveles de AH, bajo diferentes pH, tiempos de interaccion y

concentraciones de AFB;. Los mayores porcentajes de adsorcion fueron 88.12 %
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apH7y76.36 % a pH 8. Mientras tanto, Vazquez-Duran et al (2021) informaron
un porcentaje de adsorcién del 75.5 %, cuando utilizaron un modelo dinamico in
vitro para evaluar la capacidad de adsorcion de AFB; de una zeolita no comercial
con una inclusion del 5 % (p/p), lo cual es consistente con los resultados de esta

investigacion.

Potencial mecanismo de absorcion

Debido a que los AH poseen superficies altamente hidrofébicas y una amplia
variedad de grupos funcionales cargados negativamente (Kabak et al., 2006), las
interacciones entre los AH y la AFB; pueden involucrar diferentes mecanismos.
Tan (2003) enumera siete posibles formas en que los AH podrian interactuar con
componentes gaseosos, liquidos y sélidos: (1) fuerzas fisicas, (2) fuerzas
quimicas, (3) enlaces de hidrégeno, (4) interacciones hidrofébicas, (5)
interacciones electrostaticas, (6) reacciones de coordinacion, y (7) intercambio de
ligandos. Las interacciones mas importantes entre los AH y la AFB; son las
electrostéaticas y los enlaces de hidrégeno. Sin embargo, podrian considerarse
otras interacciones, como el apilamiento -1 (Tikhonov etal., 2019) y las
interacciones hidrofébicas debido a los numerosos enlaces relacionados con
grupos hidrofébicos, incluidos CH,, CH3z y C=C (Islam et al., 2020). Aunque el
mecanismo por el cual la union AH-AFB; ain no se comprende completamente, se
reconoce que las estructuras aromaticas y los grupos funcionales como -OH vy -
COOH contribuyen a la alta capacidad de adsorcion de los AH (Zhou et al., 2019).

Se han propuesto diversas técnicas para investigar la absorcion de los AH en
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diferentes moléculas. Por ejemplo, los modelos fisico (isotermia de Langmuir),
cinético (modelo cinético de Elovich), de complejacion de superficies y de
distribucion de ligandos y cargas, entre otros (Islam et al., 2020). Para dilucidar la
naturaleza de las interacciones moleculares entre HA y AFB1, se pueden
considerar futuras simulaciones tedricas utlizando la teoria funcional de la

densidad (DFT) (Vazquez-Duran et al., 2022).

Conteos bacterianos

Aunque se ha demostrado el efecto promotor del crecimiento de las SH
provenientes de lombricompostas en la produccién de pollos de engorda, sus
efectos antimicrobianos son inconsistentes. Se evaluo el efecto de los AH sobre
los conteos bacterianos de Salmonella Enteritidis (SE), Escherichia coli (EC), C.
perfringens (CP), Bacillus subtilis (BS), y Lactobacillus salivarius (LS) con el uso

de un modelo in vitro que simula el tracto digestivo de las aves de engorda.

En general, los conteos bacterianos de los cinco microorganismos utilizados
aumentaron en el Ultimo comportamiento simulado (intestino) conforme se
aumento la inclusion de AH. Estos hallazgos pueden deberse a que en el intestino
simulado, se dan condiciones ambientales favorables para cada uno de los
microorganismos utilizados, ademas de una alta disponibilidad de nutrientes
liberados de los componentes del alimento. Se ha reportado que en el intestino
delgado residen comunidades bacterianas dominadas por los filos Firmicutes, en

los que predomina el género Lactobacillus con el 70%, y Clostridiales con el 10%
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del total de las poblaciones bacterianas (Yadav y Jha, 2019). Otros filos que se
encuentran comunmente en el intestino delgado son Bacteroidetes (Bacteroides),
Actinobacteria (Bifidobacterium) y Proteobacterias que incluye la familia de las
enterobacterias (como E. coli y Salmonella spp) (Clavijo y Florez, 2018; Shang
et al.,, 2018; Diaz-Carrasco et al., 2019). Adicionalmente, los AH pueden ser
utilizados como sustrato por plantas, hongos y bacterias, ya que proporcionan
nutrientes como carbono, nitrégeno, fésforo, oligoelementos y vitaminas. Ademas,
se ha observado que los AH mejoran la absorcion de minerales y micronutrientes
en las plantas (Tan, 2003; Kulikova et al., 2005; Filip y Demnerova, 2009). Algunos
estudios indican que las SH estimulan el crecimiento y la diversidad de
comunidades bacterianas en el suelo y en el ambiente (Visser, 1985; Ueno et al.,

2016; Yang y Antonietti, 2020).

Actualmente, se ha estudiado el efecto prebidtico de los AH en conjunto con
diferentes microorganismos benéficos para la salud intestinal de las aves. Ceylan
et al (2003) mencionan que el uso de AH y probiéticos mejoré la conversién
alimenticia y la microbiota intestinal de las aves de engorda. Arpasova et al (2016)
indican que la suplementacion de 0.5% de AH en la dieta de aves de postura
mejord significativamente la produccion y la calidad de los huevos. Es claro que
los AH pueden ser utilizados por los microorganismos como substrato, ya que son
una fuente rica en carbon, nitrégeno, fosforo y otros nutrientes. El mecanismo por
el cual los AH promueven el crecimiento bacteriano en las aves de engorda

necesita ser aclarado.
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VIIIL.CONCLUSIONES

En la primera parte de este estudio, se puede concluir que los AH derivados de
lombricomposta son altamente efectivos en la adsorcion de AFB;. Sin embargo,
las pruebas in vitro no pueden simular completamente las condiciones del tracto
digestivo de las aves de engorda. Por lo tanto, es necesario realizar experimentos
in vivo para mejorar nuestra comprension sobre la eficacia de los AH para reducir
los efectos toxicos de la AFB; en aves y posiblemente en otras especies. De la
misma forma, se pueden considerar futuras simulaciones tedricas para conocer al

detalle las interacciones fisicas y quimicas entre los AH y la AFB;.

Respecto al efecto de los AH sobre el comportamiento de los microorganismos
utilizados en el modelo in vitro, se podria mencionar que los AH mejoran la
asimilacion de los nutrientes que se encuentran en el alimento que se utilizé
provocando un aumento en los conteos bacterianos en el compartimento intestinal.
Por lo tanto, se puede concluir que los AH podrian ser utilizados como sustrato por
la microbiota intestinal y mejorar la disposicion de nutrientes, promoviendo el
desarrollo de una microbiota beneficiosa para las aves de engorda. Es importante
esclarecer como influyen los AH en grupos bacterianos de interés para la industria
avicola. Actualmente se estan realizando investigaciones para conocer a detalle

como influyen los AH en la microbiota intestinal en aves de engorda.
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