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RESUMEN

La inmovilizacion celular (IC) es un método que restringe a las células a un area delimitada preservando sus
actividades metabdlicas. La biodegradacion de plaguicidas es una de las aplicaciones de la IC. En este
trabajo se recopilan los aspectos mas importantes de la IC microbiana como estrategia para la degradacién
de plaguicidas. Discutimos las principales sustancias empleadas, los microorganismos, materiales y técnicas
utilizadas, asi como sus ventajas y limitaciones. De acuerdo con la revisién de literatura, reportamos que la
IC es una técnica en etapa experimental en la que generalmente aumentos en el porcentaje de degradacion,
mayor estabilidad, proteccion y tolerancia a plaguicidas se logran al implementar algin método de
inmovilizacidn, especialmente la encapsulacién con polimeros. Sin embargo, identificamos la necesidad de
evaluar la IC con organismos rizosféricos tolerantes; asi como de generar alternativas con posibles

aplicaciones in situ para la degradacién de plaguicidas.

Bajo dicho contexto, se propuso evaluar el efecto de la rizobacteria Azotobacter vinelandii ATCC
12837 inmovilizada en cépsulas de alginato-Na como inoculante de pléntulas de tomate (Solanum
Lycopersicum L). Se realizaron dos tratamientos de inoculacién: liquido y encapsulado, y el control sin
microorganismos. Se determinaron variables de creciemiento vegetal, la viabilidad microbiana de A.
vinelandii mediante métodos microbiolégicos y moleculares. La inoculaciéon con A. vinelandii en forma
liquida e inmovilizada favorecié el crecimiento de las plantulas. Empleando el inéculo encapsulado
aumentaron significativamente el porcentaje de germinacién, el didmetro del tallo, la altura, longitud de las
raices, la concentracion de NO3 y Na, en comparacion con el control. La viabilidad de la bacteria se mantuvo
durante 28 dias utilizando ambos métodos de inoculacién. En este trabajo destacamos el uso del alginato-
Na como material para la encapsulacién de A. vinelandii y sugerimos el desarrollo de formulaciones de facil
manejo y escalamiento. Dichos resultados proporcionaron una base para optimizar el crecimiento de A.
vinelandii y evaluar el efecto del plaguicida clorpirifés (CP) en su desarrollo in vitro. Al respecto, evaluamos
el crecimiento, la tolerancia y biodegradacién de CP; asi como un proceso de microencapsulacién con
alginato-Na utilizando A. vinelandii ATCC 12837. Se desarrollé una estrategia basada en la modificacién de
los medios de cultivo (fuente de carbono y relacién C:N) y de las condiciones de aireacion, con el fin de
aumentar la concentracién celular de la bacteria y determinar su tolerancia y eficiencia en la degradacion de
CP. El cultivo en matraces agitados de la cepa ATCC 12837, utilizando sacarosa como fuente de carbono (C),
mejord significativamente el crecimiento en comparaciéon con medios con manitol. Cuando la cepa se cultivd
en condiciones limitadas de oxigeno (5,5, 11,25 mmol L' h-") y sin limitacién de oxigeno (22 mmol L™ h'),

los pardmetros de crecimiento no se vieron afectados. En los cultivos en medio liquido con CP, las bacterias



toleraron una alta concentracion del plaguicida (500 ppm) y los pardametros de crecimiento (nimero de
unidades formadoras de colonias, biomasa y proteina total) aumentaron incluso en condiciones con una
fuente de C reducida (sacarosa 2 g L™"). La cepa degradé el 99.6% de CP en 60 h en medio liquido con
sacarosa y redujo el 50% de la concentracién inicial (DTsp) en 6 h. Por otro lado, la microencapsulacién con
alginato-Na mediante secado por aspersién mantuvo una viabilidad de 4x10? UFC g' de la formulacién en

polvo.

Nuestros resultados demostraron que el organismo modelo A. vinelandii ATTC 12837, identificada
como promotora de crecimiento vegetal, es también una cepa tolerante y eficiente en la degradacién de CP
in vitro, y con el potencial de desarrollarse como una candidata prometedora para la biorremediacién de CP

con aplicaciones en la inoculacién de microorganismos rizésfericos inmovilizados.
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ABSTRACT

Cell immobilization (Cl) is a method that restricts cells to a delimited area while preserving their metabolic
activities. Pesticide biodegradation is one of the applications of CI. This study highlights the most important
aspects of microbial Cl as a strategy for pesticide degradation. We discuss the main substances employed,
the microorganisms, materials and techniques used, as well as their advantages and limitations. According
to the literature review, we report that Cl is a technique in experimental stage in which generally increases in
the percentage of degradation, a higher stability, protection and tolerance to pesticides are achieved by
implementing some immobilization method, especially encapsulation with polymers. However, we identified
the need to evaluate Cl with tolerant rhizospheric organisms; as well as to generate alternatives with possible

in situ applications for pesticide degradation.

In this context, we proposed to evaluate the effect of the rhizobacterium Azotobacter vinelandii
ATCC 12837 immobilised in alginate-Na beads as an inoculant for tomato (Solanum Lycopersicum L)
seedlings. Two inoculation treatments were carried out: liquid and encapsulated, and the control without
microorganisms. Plant growth variables, microbial viability and the presence of A. vinelandii were determined
by microbiological and molecular methods. Inoculation with A. vinelandii in liquid and encapsulated form
favored seedling growth. Plants with the encapsulated inoculum significantly increased germination
percentage, stem diameter, height, root length, NO3; and Na concentration, compared to the control.
Bacterial viability was maintained for 28 days using both inoculation methods. In this study, we highlight the
use of alginate-Na as a material for encapsulation of A. vinelandii and suggest the development of easy to
handle and scale-up formulations. These results provided a basis to optimize the A. vinelandii growth and to
evaluate the effect of the pesticide chlorpyrifos (CP) on its in vitro development. In this regard, we evaluated
the growth, tolerance and CP biodegradation, as well as a microencapsulation process with alginate-Na using
A. vinelandii ATCC 12837. A strategy based on the modification of the culture media (carbon (C) source and
C:N ratio) and aeration conditions was developed in order to increase the bacteria cell concentration and
determine their tolerance or CP degradation. Shake flask culture of strain ATCC 12837, using sucrose as C
source, significantly improved growth compared to media with mannitol. When the strain was grown under
oxygen-limited (5.5, 11.25 mmol L-'h"') and non-oxygen limited conditions (22 mmol L' h'), growth
parameters were not affected. In cultures in liquid medium with CP, the bacteria tolerated a high
concentration of the pesticide (500 ppm) and growth parameters increased even under conditions with a
reduced C source (sucrose 2 g L"). The strain degraded 99.6 % of CP in 60 h in liquid medium in co-
metabolism with sucrose and reduced by 50% the initial concentration (DTsg) in 6 h. On the other hand,
microencapsulation with Na-alginate by spray drying maintained a viability of 4 x10° CFU g™ in a powder

formulation.



Our results demonstrated that the model organism A. vinelandii ATTC 12837, identified as a plant
growth promoter, is also a highly tolerant and efficient strain in the degradation of CP in vitro, and with the
potential to develop as a promising candidate for CP bioremediation and applications in the inoculation of

immobilized rhizospheric microorganisms.
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1. INTRODUCCION

La produccién agricola se ha caracterizado por el uso intensivo de insumos tanto quimicos como bioldgicos
(Munoz et al. 2008). Los insumos empleados con mayor frecuencia son los plaguicidas, principalmente el
grupo de los organofosforados (POF’s) (Firozjaei et al. 2015). Después de la prohibicién de la mayoria de los
plaguicidas organoclorados, los POF’s comenazaron a sustituirlos y la tendencia de su uso ha crecido

exponencialmente pese a ser agentes altamente toxicos.

México es considerado uno de los paises con mayor uso promedio de plaguicidas y en las Ultimas
décadas su empleo ha incrementado de forma exponencial (Zhang 2018). En el caso particular del estado
de Puebla, se ha reportado mayor uso de plaguicidas inhibidores de acetilcolinesterasa como los carbamatos
(carbofuran), ditiocarbamatos (mancozeb) y POF’s como clorpirifés (CP), este dltimo clasificado como
moderadamente téxico y altamente persistente; mismos que son aplicados bajo condiciones de amplia
exposicion e intervalos de aplicacidon frecuentes provocando mayor persistencia y residualidad en el

ambiente (Ortega et al. 2014).

Los POF’s son derivados del acido fosférico, fosfénico y fosfortioico. Su mecanismo biocida es a
través de la inhibicién por fosforilacién de la la enzima acetilcolinesterasa. Lo anterior provoca una
acumulacién del neurotrasmisor acetilcolina, lo que conlleva a una sobreestimulacion del sistema nervioso,

provocando la muerte de insectos y organismos no objetivo (Abraham y Silambarasan 2016).

Ademés, producen efectos adversos en la salud humana, desde nauseas hasta afectaciones
musculares, dafios en la regulacién de la espermatogénesis, alteraciones en el sistema nervioso central y
estrés oxidativo (Pasiani et al. 2012, Firouzajaei et al. 2015). A pesar de esto, debido a su eficacia y relativo
bajo costo, los POF’s son constantemente empleados en diversos sistemas de produccién agricola (Costa et

al. 20006).

Algunos de los problemas causados por el uso de plaguicidas aumentan gracias al manejo
inadecuado, la mezcla de productos y carencia de criterio técnico (Ortega et al. 2014), mismos que llevan a
intoxicacion (Herndndez-Ledn et al. 2010), resistencia a plagas (Badii y Varela 2008), contaminacion de aire,

aguay suelo, asi como a la pérdida de microbiota edéfica benéfica (Ipsilantis et al. 2012).

En este sentido, se han reportado serias afectaciones en la biologia del suelo que involucran
cambios cualitativos y cuantitativos en el microbioma, cambios en las actividades enziméticas, alteraciones

en los balances de nitrégeno y efectos adversos en los organismos simbidticos rizosféricos (Badii y Varela



2008, Hussain et al. 2009, Ipsilantis et al. 2012), por lo que resultan afectados directa o indirectamente los
microorganismos y las propiedades del suelo requeridas para mantener la fertilidad, y por lo tanto, el 6ptimo

crecimiento y produccién de los cultivos (Ipsilantis et al. 2012; Das et al. 2016).

Aunque los plaguicidas pueden ser degradados por via bidtica y abidtica, la biorremediacién
representa una alternativa efectiva para transformarlos en compuestos més simples y menos tdxicos a través
del potencial metabdlico de los microorganismos para degradarlos o mineralizarlos completamente (Ortiz-

Hernandez et al 2013).

La biorremediacion depende de diversos factores; sin embargo, dicho proceso se puede acelerar
mediante el uso de diferentes tecnologias (Cycon et al. 2017). La bioaumentacion representa un método
ventajoso de descontaminacién y una de las dreas de mayor interés para el tratamiento de agua y suelos

contaminados con POF’s (Cycon et al. 2017).

No obstante, la seleccién de microorganismos para biorremediacion de plaguicidas requiere de
especial cuidado, ya que se deben considerar factores como el potencial de degradacién, facilidad de cultivo
microbiano, la capacidad de sobrevivir en altas concentraciones del plaguicida, su capacidad para adaptarse
en suelos en competencia con microorganismos nativos, asi como las posibles interacciones benéficas con

plantas y otros microorganismos de la rizésfera (Mrozik y Piotrowska-Saget 2010).

En este sentido, se ha evaluado la tolerancia y la degradacion de plaguicidas por rizobacterias
promotoras de crecimiento vegetal (RPCV) en los géneros Azospirillum (Santos et al. 2020), Bacillus (Praveen
Kumar et al. 2014), Klebsiella (Rani et al. 2019a), Pseudomonas (Giri y Rai 2012), Serriata (Cycén et al. 2013),

Ochrobactrum (Abraham y Silambarasan 2016) y Azotobacter (Chennappa et al. 2018a).

Las Azotobacter spp. destacan en la fijacién asimbidtica de Ny, solubilizacion de P (Sethi y Gupta,
2013), produccién de hormonas vegetales (Chobotarov et al. 2017), sideréforos (Shahid et al. 2019),
vitaminas (Revillas et al. 2000), sintesis de compuestos antimicrobianos (Nagaraja et al. 2016), produccién de
metabolitos de interés industrial como el alginato, el polihidroxibutirato (PHB) y alquilresorcinoles (Gurikar
etal. 2016, Castillo et al. 2017, Suaza-Garcia y Coy-Barrera 2014), asi como en procesos de degradacién de

sustancias toxicas (Chennappa et al. 2019).

Algunas especies de Azotobacter pueden degradar compuestos aromaticos como insecticidas,
fungicidas y herbicidas (Castillo et al. 2011; Chennappa et al. 2016). Estas bacterias han mostrado
particularmente tolerancia al endosulfan, forato, carbendazima, CP, entre otros (Castillo et al. 2011,

Chennappa et al. 2014a; Gurikar et al.2016; Raniy Kumar et al. 2017).



Sin embargo, la incorporacion de Azotobacter y otras RPCV directamente al suelo como inoculantes
puede verse disminuida. Para hacer frente a esa limitante, se ha sugerido el uso de estrategias que brinden
proteccién y prolonguen la viabilidad de los microorganismos en diferentes condiciones, incluido el estrés

severo por plaguicidas (Lenart 2012; Barman et al. 2019; Kumar et al. 2019; Sarker et al. 2021).

Algunas investigaciones se han concentrado en el uso de microorganismos y consorcios
inmovilizados en diversos materiales que les permitan mantener sus actividades metabdlicas. En este
sentido, la inmovilizacién celular (Cl) tiene la finalidad de proteger a los microorganismos de las condiciones
adversas del ambiente, prolongar su supervivencia y efectividad ante condiciones de estrés (Yafiez-Ocampo

et al. 2009; Colla et al 2014).

A continuacién se describen algunos aspectos generales sobre plaguicidas, técnicas de IC, asi como

antecedentes particulares de la degradaciéon de plaguicidas empleando microrganismos inmovilizados.
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1. INTRODUCTION

Pesticides are substances used to prevent, destroy, repel, or mitigate pests that represent a high
economicrisk in the agricultural sector[1,2]. They can be classified according to the organism in which
they act, their mode of action, or their chemical composition [3]. Based on the latter, pesticides are

classified into several groups notably organochlorines, organophosphates, carbamates, pyrethroids,

10



triazines, and neonicotinoids [4]. In recent years, the use of pesticides has increased alarmingly;
according to Zhang [5], during the period from 2010 to 2014, the average cost/benefit was 0.645 g of
total pesticides per kg of crop production and average annual use of 2,784 kg. ha'. The countries
with the highest average consumption of pesticides during 2010-2014 (kg. ha'') were Japan (18.94),
followed by China (10.45), Mexico (7.87), Brazil (6,166), Germany (5,123), France (4,859), United
Kingdom (4,034), USA (3.886), and India (0.261). These quantities were used despite the fact that
some of these substances have been restricted or banned in various countries. Pesticides are
considered mutagenicand carcinogenic[6,7], aswell as causative agents of intoxication [8], and loss of
beneficial soil microbiota [?]. They pollute air, water and soil, and induce resistance in pests and

microorganisms [10,11].

Pesticides can be degraded through biological and abiotic routes; however, bioremediation
represents the most effective alternative to transform them into simpler and less toxic compounds,
through the metabolic potential of microorganisms. However, this process can be affected by
factors such as the microrganism’s potential for degradation, ease of cultivation, inoculum size, its
ability to survive in high concentrations of the pesticide; as well as its ability to adapt and compete
with native microorganisms; and to survive possible interactions in the rhizosphere and other
environmental factors [12]. To reduce such limitations, it has been sought to accelerate the
decontamination process through the use of different bioremediation technologies [13,14]. Recent
studies have focused on the use of microbial cellular immobilisation (Cl) techniques in various
materials and support to protect the microorganisms from adverse environmental conditions. This
allows prolonging the survival of microbes introduced to contaminated sites [15-17], which has turned

out to be an attractive method for the degradation of pesticides [18-20].

The Clis a method characterised by the restriction to a delimited area, where the cells maintain their
metabolic, catabolic, and catalytic activities [21]. The Cl has been used mainly in the treatment of
wastewater [22] although it is an area of study under development. To this use, it is required to
improve and understand the processes associated with immobilisation methods, mainly when the

sites to remedy are intended for the production of food.

The investigations oriented to the degradation of pesticides using Cl have reported an increase in
the efficiency of removal in comparison with the degradation by free cells. However, most of the work
has been carried out on an in vitro scale. In this sense, information about the effect of different
environmental factors is necessary to propose safe and economically acceptable applications for the

removal of pesticides in situ [23].

While the use of Cl for the degradation of xenobiotics have been previously reviewed [24]. the

information regarding the use of this technology for the specific degradation of pesticides is scarce.
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The aim of this work was to compile the most important aspects of Cl as a strategy for the degradation
of pesticides with a special emphasis on the main targeted compounds, the used microorganisms,
materials, and techniques; as well as issues related to the advantages and limitations of their application

in situ.

2. PESTICIDES, GENERALITIES AND THEIR RESIDUALITY

Pesticides are chemical substances, antagonistic biological agents or disinfectants used for the
prevention and control of pests in crops of interest [25], which has been an indispensable tool to
ensure agricultural production. Due to its effectiveness and relative low cost, compared to others of
natural origin, the pesticides belonging to different chemical groups (e.g. organochlorines,
organophosphates, carbamates, pyrethroids, tria- zines, neonicotinoids) have been used for decades
in the agricultural sector to control the infestation of insects, fungi, nematodes, and herbs [26]. Several
substances with biocidal activity are classified as toxic and persistent[21] and have been banned due
to their harmful effects that intensify with constant and inappropriate use [27]. Despite the ban, the
need to increase yields in food production has encouraged the demand for pesticides. They are still
used annually in large quantities, and there is no tendency to stop using them [28]. It is estimated that
about 85% of the pesticides used in the world are intended for agricultural purposes [29]. However,
the continuous and irrational application has caused contamination and damage to unforeseen
systems or organisms [30]. Itis estimated that only 1 to 10% of pesticides reach their target organism
[3], which means that the remaining contamination is a problem of global dimension [31] thatimpacts
beneficial insects, mammals, and vertebrates [32]. Pesticides cause contamination of various systems
such as water, air and soil [33], development of resistance caused by high levels of residuality [11,34],
loss of the beneficial soil microbiota [?], phytotoxic effects, accumulation in the food web [35],
alteration in nitrogen balance (N), and adverse effects in symbiotic organisms [9,36,37]. All those
effects directly or indirectly impair the microbiota responsible for its degradation [38], the

rhizospheric interactions and physical-chemical characteristics of the impacted sites.

Among the anthropogenic chemicals administered as pesticides that have been evaluated, we can
list chlorpyrifos, endosulfan, glyphosate, atrazine, among many others. The disruptive effect of these
pesticides on the endocrine system is known [39], as well as its carcinogenic effect in humans and
other mammals [40,41]. Also, contamination by pesticides is aggravated by its persistence and

residuality [42].

The routes through which these enterthe environmentcan be by directapplication, by spill spraying

foliar treatments and concentrated by irrigation [43]. Moreover, they can pass through different

12



pathways after the entering to the environment and undergo transformation, degradation,

biodegradation, adsorption, volatilisation, bioaccumulation, or runoff [44].

Given the diversity of chemical groups of pesticides, the factors that modify the presence, transport,
and mobility of pesticides are complex and difficult to predict. Phenomena of adsorption-desorption,
biodegradation, volatilisation, photodegradation, and decomposition are determined by both extrinsic
and intrinsic factors and mediate the presence, transport and mobility of pesticides. Among the extrinsic
factors are the environmental conditions at the time of application such as moisture content, amount and
type of organic matter, pH, physical and chemical characteristics of the medium in which they are found.
Furthermore, other factors are the type of soil, texture, acidity [45]; as well as the presence of fertilisers,
bioavailability, and their access to underground or surface water and adsorption level [3]. Typically, soils
with abundant organic matter decrease the availability of pesticides by adsorption in a greater proportion

than sandy soils, presumably because of the amount of intraparticle surface and ionic interactions [46].

On the other hand, intrinsic factors include chemical composition, the strength of the chemical
bonds, water solubility, dissociation constant (pKa) and half-life [47]. In this regard, the composition
and chemical structure is a critical feature in the mobilisation and availability of pesticides because they
determinetheirsolubility, volatility, degradability or ability to become a compound of greater or lesser
toxicity. In the case of one of the most used chemical groups in the world (organophosphates), it has
been observed that its enzymatic degradation decreases as the molecular weight of the pesticide
increases [48]. Notably, the dissociation of the phosphotriester bonds is affected, while, under
aerobic conditions, the breaking of the aromatic rings is favored. However, some residues of these

substances are practically present in all environments, especially in surface water, groundwater, and soils.

The persistence of pesticides in the soil is estimated by a parameter known as half-life (the time it takes
a pesticide to be reduced to half its initial concentration) [49]. Table 1 shows the classification and average
life of some pesticides. The longer the half-life, the more likely it is that these substances will contaminate
and move to non-target sites. Because of this effect, the half-life is one of the main aspects to be considered
during degradation. Due to the decay pattern of the original molecule, it is estimated that 50% reach to
decompose at the half-life, the remaining 25% remains after two half-lives, and about 12% persists after
three half-lives [49]. The classification of persistence is divided into persistent, non-persistent, moderately
persistent, and permanent [50]. Therefore, recalcitrant contaminants can be classified as those that have
values of half-life from months to years, depending on the edaphoclimatic conditions and the

ecotoxicological damage that they cause both individually, or in combination with other agrochemicals.
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Pesticide Biocidal activity Toxicity Persistence Half-life
2,4-D Herbicide Il Shortly persistent 1 week
Aldicarb Insecticide la Shortly persistent 2 weeks
Atrazine Herbicide % Shortly persistent 8to 14 weeks
Carbaril Insecticide Il Shortly persistent 1to 4 weeks
Carbendazim Fungicide v Shortly persistent 1to 25 months
Carbofuran Insecticide I Shortly persistent 4 to 8 weeks
Carbofuran phenol Insecticide ND ND
Cypermethrin Insecticide Il Slightly persistente 1 to 4 weeks
Chlorferon ND ND ND ND
Chlorpyrifos Insecticide Il Highly persistent 2to 81 days
Coumaphos Insecticide I Highly persistent 42 months
DDT Insecticide Il Highly persistent 5.3 years
Diethylthiophosphate DETP ND ND ND ND

Diazinon Insecticide/acaricide Il Shortly persistent 2 to 6 weeks
Difenoconazole Fungicide % Shortly persistent 3 weeks
Diuron Herbicide % Highly persistent 1monthto 1year
Endosulfan Insecticide/acaricide |l Shortly persistent 7 weeks
Imidacloprid Insecticide Il Mediately persistent 7 to 27 weeks
Lindane Insecticide Il Highly persistent 15 months
Mesiotrione Herbicide % Shortly persistent 3to 5 weeks
Methyl parathion Insecticide la Slightly persistent 1to 30 days
Methomyl Insecticide I Slightly persistent 2 weeks
Pentachlorophenol Funguicide-insecticide |l Shortly persistent 7 weeks
Profenofos Insecticide Ml Slightly persistent 2 to 3 days
Prometrina Herbicide vV Shortly persistent 40 to 70 days
Propanil Herbicide vV Slightly persistent 4 days
Tetrachlorvinphos Insecticide vV Slightly persistent 2 to 3 weeks

Slightly persistent: less than 4 weeks. Shortly persistent: from 4 to 26 weeks. Mediately persistent: from 27 to 52 weeks.
Highly persistent: more than 1yearand lessthan 20. Permanent: more than 20 years. ND: notdetermined. la: extremely
toxic. Ib: highly toxic. II: mildly toxic. ll: slightly toxic. IV: low probability of presenting acute danger.

Regarding the half-life, the concern for environmental impact has focused efforts to investigate and
design strategies for pesticide degradation by methods that mitigate the pollution caused by its excessive
use [51]. The selection of appropriate technologies for such purposes depends on the consideration of

circumstances as the concentration, the type of pesticide, and the final use of the contaminated media.

However, pesticides can be degraded via biological and abiotic procedures. There are
physicochemical methods such as oxidation with ozone, photolysis, photooxidation, ultrasonic
degradation, incineration, and adsorption that allow the removal of the pesticides; but they are usually
more expensive, less effective and less viable compared to biological methods [52]. Generally, its
application in agricultural fields or soils destined for agricultural production is restricted due to the

possibility of causing undesirable effects [14].

Although currently, most regulated pesticides are less persistent than their predecessors, they can
remain as derivatives and exist even for longer periods to the parent compound [53]. Also, residual
products are often even more toxic than the original components. For example, methyl parathion is
susceptible to degradation by different routes; some of them result in the production of its

intermediate paraoxon, a substance more toxic than its predecessor. In contrast, with biological
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methods, it is possible that microorganisms adapt or are naturally adapted to grow and degrade

polluting compounds using them as a source of carbon (C) and energy [32].

Microbial degradation is the primary mechanism for preventing the accumulation and persistence
of pesticides in the environment. In this sense, bioremediation represents an effective and innovative
alternative by reducing the concentrations or toxicity of the compounds, transforming them into
simpler and less toxic compounds, and even restoring the initial conditions through the metabolic
potential of the microorganisms [21]. Bioremediation is currently considered the most appropriate
and the best-accepted method for decontaminating matrices contaminaded with pesticides because
it is efficient and affordable [54,55]. Different authors affirm thatitis an ideal and flexible technique for
the complete degradation of pesticides such as carbamates [32]. Bioremediation technologies are
classified basically in situ and ex situ; the latter is the most attractive although challenging to
implement because they depend on the present microbiota and its activity to achieve complete

mineralisation [56].

Compared to the list of compounds used as pesticides, there are few microorganisms, consortiums and
their metabolic pathways characterised to ensure the degradation in situ to fewer pollutant compounds
[21]. While some claim that the main reason for the persistence of pesticides in the environment is the lack
of suitable microorganisms or enzymes for complete degradation since pesticides are mostly substances

synthesised by man [57].

3. MICROORGANISMS INVOLVED IN THE DEGRADATION OF PESTICIDES

Microbial degradation uses living organisms to eliminate contaminants in soil, water, and waste. The
degradation of pesticides using microorganisms has been extensively reported [58]. It has been also
reported how the complexity of polluting substances are transformed by the microbiota when they
are used as the only energy source [32,59]. In this regard, multiple microbial strains are capable of
using pesticides as a carbon (C), nitrogen (N) source, and other elements such as phosphorus (P).
Many of these strains were identified and characterised to expand the knowledge of the processes
required to reduce the ecological footprint of existing biocidal compounds [36,60]. The use of
bacteria is highlighted as the main microorganisms evaluated for degradation, description of some
of the metabolic routes, as well as the conditions in which the rupture and mineralisation processes are

carried out[61].

Among the main microorganisms studied for this purpose are bacteria belonging to the genera
Arthrobacter, Flavobacterium, Micrococcus, Pseudomonas, Rhizobium and Sphingomonas [62], which have
demonstrated their capacity to consume pesticides as the only C and N source [32]. On the other hand,

the use of fungi for these purposes is scarce. Among the fungi recently evaluated for the degradation of
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pesticides are Phanerochaete chrysosporium, Pleurotus ostreatus, and Trametes versicolor [63], as well as

Penicilillium that uses reactive oxygen species as the primary mechanism [64].

The efficiency of some microorganisms has been demonstrated to transform pesticides into less
toxic substances or reduce them to non-toxic components has been demonstrated. Also, the
complexity of the interactions to which they are exposed make the strains with degradation activity
and catabolically competent rarely survive and proliferate in the soil or they fail to express their

required catabolic potential in bioremediation in situ [65,66].

Interestingly, the activity of the microbiota is regulated by various conditions such as temperature,
pH, humidity, concentration, and bioavailability of the contaminant. These conditions intervene with
the degradation efficiency, the metabolic potential, the size of the inoculum, the ability to survive in
high concentrations of the pesticide, its ability to adapt in competition with autochthonous
microorganisms, as well as possible interactions, and other environmental factors [12]. Based on this,
the techniques used should consider such conditions for the optimal establishment of the microbial
growth, since sites contaminated with pesticides generally contain complex mixtures of different
compounds instead of a single contaminant [32]. Therefore, the degradation of pesticides can be a
complicated process for pure cultures. In this sense, microbial consortiums have a higher potential in
the degradation of pesticides [22]. A significantly higher percentage of degradation has been
reported with microbial consortia compared to isolated microorganisms [67]. This is due to life in a
consortium contributes to a better survival and, in turn, increases the number of catabolic pathways
available for the degradation of pesticides by adding up their metabolic potentials (metabolic
synergism) [68]. In nature, microbiomes interact in this way [69], in comparison with the limits of the
metabolism of a single species [59]. However, when using free cells for the degradation of toxic
substances there have been problems such as difficulty in handling, decrease in cell density,

competition and reduction of adaptation and infiltration rates [66].

To reduce the limitations of the metabolism of a single species, the decontamination process has been
accelerated by using additional treatments to potentiate the degradation and to ensure the survival and
viability of the microorganisms [13,70]. In this sense, some works are focused on the use of Cl techniques
as a potential alternative in areas such as bioremediation, since it provides protection against adverse
environmental conditions and prolongs the survival of microorganisms introduced to contaminated sites
[15-17]. Clis an attractive method for the degradation of pesticides[18,20]. In recent years, it has increased
the number of researches dedicated to the study for degrading microorganisms of a great variety of

pesticides, which respond efficiently when some method of immobilisation is applied (see Table 2).

It has been mainly reported the use of bacteria of the genera Agrobacterium, Arthrobacter, Bacillus,

Brevibacterium, Burkholderia, Enterobacter, Flavobacterium, Flavimonas, Micrococcus, Pseudomonas,
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Sphingomonas and Streptomyces [17,20,32,66,70,75-79]. Additionally, some fungi species such as
Trichoderma longibrachiatum, Aspergillus oryzae [80] and Trametes versicolor [42] have been used. All of
them have shown the ability to degrade different pesticides according to the specific chemical groups that
distinguish them, using extracellular and intracellular enzymes that allow them to use the residues of
pesticides as a source of C and their conversion into simpler products, or even to arrive at its complete

mineralisation [81].

4. CELLULAR IMMOBILISATION, TECHNIQUES AND MATERIALS

To carry out the Cl, different techniques are used according to the objectives such as flocculation,
adsorption to a porous surface or matrix, covalent bonding, entrapment, natural aggregation and

encapsulation (the most used technique) [17].

The main uses of Cl have been applied in industrial and medical processes whose purpose is the
efficient procurement of products (amino acids, organic acids, antibiotics, and enzymes) [82-84]. In recent
years, the interest in the use of Cl has returned, especially in areas such as bioremediation, biological
control, and application of agrochemicals, among others. On the other hand, the biodegradation of
pollutants is one of the most recent and potential applications of the Cl oriented to favour the processes
of degradation of diverse toxic substances [17], because in the environmental area is common to find
limitations for the incorporation of free microorganisms in the sites to be remedied. That is why there was
a renewed interest for the use of Cl techniques to increase the productivity and viability of cells, as well as
maintain their catalytic activity for extended periods [85]. The use of this technology should provide
desirable, appropriate, and prolonged conditions for cell development, zero toxicity or potential

contaminant and constant properties to be used in water and soil.

The Cl technique has emerged as an environmental, technological alternative due to Cl of
degrading microorganisms is used in the processes of removal and or degradation of pollutants; thus,
higher yields and percentages of removal are commonly achieved by incorporating them under the
protection of immobilisation. However, one limitation ofthe use of Cl in situ for remediation has been
the survival of the microorganisms in confinement conditions, their interaction with the support or

entrapment materials and the mechanical stability of the materials used in the immobilisation.

To date, only some reports has focused on the search for alternatives for the optimisation of
biological treatments in the degradation of pesticides using Cl methods. Mainly two types of processes
are used, those based on physical retention (such as entrapment in porous matrices or membrane

encapsulation) and those in which a chemical bond is used (e.g. biofilm formation).

The encapsulation is the most studied method for the practical application of Cl. This is a simple and

effective method [86], in which different materials, mostly polymeric gels that keep the cells protected
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inside a membrane are used. However, some restrictions related to the stability of the matrix that is
formed can occur, as well as the mass transfer through function as a slow-release system [87]. In
contrast, techniques that employ the formation of biofilms or cellular entrapment take advantage of
the natural aggregation and the ionic interactions that bind them to improve degradative pathways

[88].

In this sense, because the structure of the materials for Cl is deeply related to adherence, microbial
degradation activity and conservation of this activity, the selection and search of suitable supports is
fundamental [23,89]. Different matrices and supports have been evaluated to enhance the degradation
efficiency to adequate to the conditions in which they will be required [23,68]. It is expected that Cl
materials have characteristics like null toxicity, mechanical stability, efficiency, practicality, and low cost, as

well as the ability to form porous surfaces to provide ideal immobilisation conditions [20].

The materials of support or matrices that have been used for the encapsulation and trapping of cells in
the degradation of pesticides are very varied. Some examples of inorganic materials are clays, silicates,
crystals, ceramics, diatomaceous earth, polyurethane foam, sol-gel, polyacrylamide, agarose, polyvinyl
alcohol, porous volcanic stones, and nylon fibre. Whereas materials of organic origin are cellulose, agar,
alginates, k-carrageenan, chitin, collagen, activated charcoal, sponge of Loffa cylindrica, biochar, fibres of

vegetable debris, and grains (see Table 2).

In most studies, the use of polymeric gels increases the capacity of degradation due to factors
related to diffusion phenomena [15,90] and allows the cells an adequate exchange to support high
pollutants concentrations. Mathematical models have been used to establish the optimum diameter
for the intermembrane diffusion of the contaminants (with an optimum of between 2-3 mm) for the
entrapment in gels (polyacrylamide gel-chitosan and sol-gel) in the formation of encapsulating

matrices [91].

Immobilisation by Ca-alginate entrapment (D-acid-mannuronic and L-guluronic acid copolymer) is
the most common and efficient non-toxic natural polymer, successfully used to immobilise microbial
cultures in vitro [22]. It is characterised by its physical properties, ease of formation of the cover for
the encapsulation, and capacity of modification of the polymeric matrix. Furthermore, under this
system, the microorganisms are released slowly by dissolving the gel formed once the contact with
calcium chelating agents such as sodium citrate and potassium phosphate is reached [92]. The use
of chelating agents is beneficial under certain circumstances since slow release is convenient in
degradation processes in continuous systems, in which to preserve metabolic activity for prolonged

periods is necessary [89,93].
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However, despite the effectiveness of the use of encapsulation in algae for the removal of pesticides in
liquid media, its use has not been recommended for application in soils since the susceptibility to
degradation and the low mechanical stability of this material [67]. Alternatively, it has been suggested
increasing the percentage of alginate in the preparation of the capsules or supplementing the matrix with
the addition of other polymers or particles such as polyvinyl alcohol, polysulphones, bentonite clay, agar,
or polyacrylamide [32,64,77,89,94,95]. These modifications would also alter other physical properties
related to degradation. For example, phosphorylated polyvinyl alcohol (PVA) in combination with Ca-
alginate forms a more durable matrix that can interact to improve the properties of the matrix, without

negative risks to the microorganisms or to the environment [70].

Conversely, in terms of Cl due to entrapment or biofilm formation, matrices or natural supports have
been evaluated more frequently [23]. proposed the use of fibres as a support for the aggregation of cells
capable of degrading contaminants, and since then other materials, vegetable or synthetic fibres have

been evaluated [17].

Among the synthetic fibres, polyurethane foam stands out, whose removal efficiency of carbofuran
phenol and cypermethrin reached 100% when used as a support[87,93]. Regarding natural supports,
the lignocellulosic residues are the most frequently used [17,42,80], which offer advantages for their
biostructural characteristics such as reusability, mechanical stability, and non-toxicity. Luffa cylindrica
L. (loofa) has been used as natural support of a cross-linked fibre network for Cl of microorganismes,
which is optimal for cell adhesion. The loofa sponge has been considered the best support for its
characteristics of renewability, biodegradability, and simple use in the degradation of

organophosphates [28].

In the same way, it has been proposed the use of coconut fibre [23], microniches of green coffee beans
[76], sugarcane bagasse [66], biolayers of straw, peat, and soil [42], fibres of Opuntia spp., and Agave sp
[17]., to adsorb and facilitate the dissipation of pesticides such as carbendazim, DDT, 2,4-D, mesotrione,
atrazine, and MP. These biostructures allow the enzymatic activities required for microbial degradation
[42] and offer advantages as reusability, zero toxicity, mechanical stability, and interstructural space that
allows the growth of microorganisms without problems of rupture or loss of diffusion, which could occur

in capsules formed by polymers.

Organic amendments are immobilisation strategies that reduce the bioavailability of pesticides by
chemical interaction [?6], which provide organic matter for the sorption of the contaminant and
stimulation of plant growth. Thus, for example [66], tested the use of sugar cane bagasse as a support
for the immobilisation of Bacillus pulmilus in the degradation of mesotrione. The use of this
biomaterial promoted the rapid adaptability of the bacterium and its growth in soil. On the other hand,

biocharincreasesthe sorption of hydrophobic organic compounds by entrapment in their micropores
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and condensed structures [97]; furthermore, it reduces the bioavailability of pesticides [98]. Biochar is
the result of a process called pyrolysis in which organic matter undergoes thermal decom-position in
the absence of air [99]. It is differentiated from charcoal by its use as a soil amendment[99]. Biochar
indirectly increases the content of organic matter, total C, total N, and C/N ratio, causing changes in
the composition and abundance of the biological community and creating higher soil fertility. Organic
amendments such as biochar create interactions between microorganisms and plants that allow the

effective removal of soil contaminants such as difenoconazole [78].

Moorman et al. [100] used organic amendments to improve the degradation of herbicides in
contaminated soils. The use of available organic amendments, such as compost, plant residues, and
green manure, can be an effective way to improve the degradation and removal of pesticides if they

are used in the Cl of degrading microorganisms.

It has been reported the metabolism and sorption for pesticides such as atrazine, carbofuran, carbaryl,
among others, by communities in aggregates in biofilms in rivers [99]. In these environments, the time of
exposition of the biofilm to the contaminant (methomyl) increases the modification of the bacterial
community, due to changes induced by natural selection [101]. Interestingly, it has been demonstrated
that microorganisms added in the form of biofilms are less susceptible to environmental changes such as
pH, temperature, the presence of toxic substances and its derivatives [66,102,103]. Thus, biofilms are
useful in the treatment of wastewater due to its simplicity of use and stability [104]. [85] used brick particles
as an inert material, whose characteristics allow the formation of biofilm. This is a low-cost material with
desirable mechanical properties compared to alginate, which is characterised by low robustness, low
durability, and apparent loss of biological activity. Based on this, it has been proposed the use of alginate
with PVA (2 - 4%) to improve its physical properties and promote the stability of the material in the removal

of atrazine.

5. ADVANTAGES AND LIMITATIONS OF THE MICROORGANISM CI

Different Cltechniques have emerged as an alternative to improve some difficulties in the degradation
of pollutants by free cells, as the low yields of these cells. Despite this, some of the effects caused by
immobilisation on physiology, microbial metabolism, and their interaction in different environments

and conditions are still unknown [105].

The use ofimmobilisation confers advantages such as the facilitated separation of the cells from the
medium since the cells are confined to a specific space. Also, the immobilisation allows the repeated
or continuous use of cells without loss of biological activity [67]. After reuse, the cells have adapted
betterto the conditions of the reaction compared to free cells, which increasesthe operational lifetime,

stability, and survival of microorganisms. However, some authors have suggested that cells could suffer
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the effect of restricting the diffusion of the substrate to the interior of the membrane (diffuse

resistance), thereby significantly reducing the degradation rate [86].

Furthermore, immobilisation increases cell density, which could lead to an increase of the metabolic
activity, productivity, stability, protection against acidification, and other environmental factors such as

nutritional deficiency, water stress, variations in pH, and temperature [86].

In contrast, few reports indicate that immobilisation reduces microbial activity due to the low
intraparticular diffusion of contaminants [106]. Most publications do not report adverse alteration [67]. In
addition, it has been argued that the permeability is sufficient for the transfer of substrate to the interior of
the cell [18], which provides resistance to heavy metals and greater tolerance to high concentrations of
pollutants. Additionally, the permeability leads to prolonging the stability and decreasing the washes in
continuous processes by retaining metabolic activity for longer (cycles) [105]. In addition, immobilisation
allows operating at higher flow rates in bioreactors [93] increasing removal rates with the establishment of
microsites for microorganisms [86], cellular protection at low cost, and decreasing loss of microorganisms

by leaching [70].

Therefore, immobilised cells have the potential to degrade pesticides at a higher concentration
compared to free cells [67], although its use could be limited by mass transfer, adsorption, and properties
of the supports, as well as the characteristics of the microorganism, and its adaptation to the matrix and

environmental conditions [77].

Regarding cell changes, some authors have suggested that immobilisation of cells in Ca-alginate,
alters the physiology by increasing the permeability of the membrane by arisein 1,2-epoxypropane
production[70]. Others indicate thatthe impurities presentin commercial alginate are responsible for
the physiological changes in the cells, their tolerance to toxic compounds [107], and protection
against inhibitory factors [67]. In addition, greater degradation rates have been obtained with the
immobilisation evenin comparison with those obtained by using immobilised enzymes despite
their specific activity for the degradation of pesticides [75]. On the other hand, one of the limitationsin
the use of Ca-alginate is the ease of dissolution by polyphosphates and citric acid, as well as by
competition with other ions such as Na*. These limitations do not guarantee the conservation of its
properties, which leads to no-degradation of the pollutant during the active phase of bioremediation
[91]. Additionally, the fact of oxygen restriction for microorganisms in the entrapment with alginate
beads could diminish or slow down the activity and proliferation of the degrading microorganisms

[22].

In this sense, amendments such as biochar have been used for carbon sequestration with

applicationsin remediation. With the use of this material, pesticides such as difenoconazole have been
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degraded by 99% in soil with or without cellular culture. Also, biochar altered the composition of the
bacterial community in the soil and reduced the bioavailability of pollutants [78], suggesting its use as

a method that decreases the concentration of persistent pesticides in arable soil [108].

The above, promotes the use of agricultural waste in remediation processes, as they can provide
both nutrients and support to microorganisms; coffee residues and other crops can be reused, whose
porosity and composition are efficient because have been added with microbiota in the form of
microniches[76]. However[109], consider thatthe materials used as supports interfere in the diffusion

of oxygen in the process.

It has been reported that some pesticides adsorb more than others in the same support, this
suggests that the supports can interact with the contaminant either by decreasing its concentration

or limiting its bioavailability depending on chemical characteristics [15].

Regarding the environmental context, the methods of encapsulation and biofilm formation have
been mainly suggested, butitis necessary to mention that the majority of studies and characterisation
of these have been carried out on a laboratory scale and designed for use in the remediation of

wastewater.

6. DEGRADATION OF PESTICIDES USING Cl

The first works on the use of Cl with environmental applications focused on the degradation of phenolic
compounds and their derivatives [110,111]. Since then, this technique has been tested in the degradation
of a large number of compounds, including pesticides, achieving the complete degradation of many of
the most used and persistent substances [47]. In this regard, the vast majority of studies agree that there
is an increase in the percentage of removal and efficiency when Cl is used compared to free cells. For
example, it has been reported the degradation of pesticides such as atrazine [22,42,94], carbofuran,
carbaryl [32,86], cypermethrin [93], chlorpyrifos [110; 68], difenoconazole [111], endosulfan [84],
mesotrione [66], parathion-methyl [17], among others. The advantages of using Cl are independently

corroborated of the method or material used for the immobilisation.

On the other hand [67], used cells immobilised in Ca-alginate for the detoxification and
biodegradation of coumaphos and their hydrolysis products, chloroform and diethylthio-phosphate
(DETP). The degradation rate of the immobilised consortium of degrading bacteria was five times
higher respect to freely suspended cells. The authors statedthat the enhanced degradation was due
to the protection provided by the immobilisation against inhibitory substances present in the culture

medium.
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Bazot and Lebeau [70] developed a mixed microbial consortium immobilised in PVA
phosphorylated in asand column atin vitro scale. The results suggested that both immobilised and free
cells maintained their ability to degrade atrazine in a similar way (45-65%). However, the free cells were
leached more than the immobilised cells. The latter provided a constant elimination efficiency of
atrazine in a long-term experiment and higher viability, while in the treatment with free cells, the
degradation decreased due to the gradual loss of bacterial cells. In this sense, in the remediation of
residual contaminated water, the rate of degradation increases and allows the reuse of cells without

decreasing degradative activity.

Yafiez-Ocampo et al. [15] used an immobilised bacterial consortium for the removal of methyl
parathion (MP) and Tetrachlorvinphos (TCV). The authors analysed the kinetics of removal in
comparison with a liquid medium, supplemented with MP (25 mg L™") and glucose (1 g L 7') as a co-
substrate. The results showed that both the viability of the consortium and the percentage of removal of
MP and TCV were significantly higher when using alginate beads, and especially with the formation of

biofilm in particles of tezontle (72% and 65%), in relation with the cells in suspension.

Fernandez-Lépez et al. [17]tested different methods of immobilisation to increase the degradation
of MP by the bacterium Burkholderia cenocepacia in three different supports: zeolite powder, Opuntia
sp., and fibres of Agave sp. The results revealed a significant increase in the hydrolysis of MP and the
degradation of p-nitrophenol (PNP) with immobilised cells compared to free cell cultures.
Additionally, the immobilised cells were able to resist and degrade higher concentrations of PNP
compared to cell suspension cultures. Viability in free cultures, as well as degradation of PNP, were
affected at concentrations higher than 25 mg L™". Nevertheless, the immobilisation of bacterial cells
in Opuntia sp. and in Agave sp. fibres lead to the complete degradation of 100 mg L™! of MP and PNP.
However, the sorption percentage of the immobilisation materials (natural fibres) as control
treatments was 50 to 70%. According to this, the conclusion is that the adsorption of the pesticide
was a determining factor in the decontamination process, without involving precisely the

microorganisms, although collectively these factors make the degradation more efficient.

Other techniques of immobilisation were evaluated by [?4]. Entrapment and biofilm formation
were tested to determine the toxicity of the effluent, product of the degradation of atrazine by
germination of rice plants (Oryza sativa). Removal of atrazine using colonised cells in biofilm on brick
particles was higher than the removal achieved by cells trapped in a Na-alginate-PVA matrix (initial
concentrations of 1000 mg L™"). This result indicates that despite the irregularities of the matrices for

entrapment, this method may be even more effective than encapsulation in polymeric gels.

In contrast [112], reported that the degradation of atrazine using alginate beads was ineffective

due to their low shelf life. Rhodococcus erythropolis encapsulated in Na-alginate beads was able to
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degrade atrazine in liquid and soil, but due to decreased cell viability during storage, wet alginate
beads were not convenient. On the other hand, the encapsulation with bentonite and 1% skimmed
milk powder improved cell viability, maintaining its ability to degrade the compound. Other results
suggest that both immobilised and free systems have the same removal efficiency, although the

immobilised ones have higher stability and consistency in long-term use [53].

lzcapa-Trevifio et al. [63] evaluated the degradation of atrazine in mineral medium, soil, and
wastewater. The immobilisation of a consortium in Na-alginate was effective in the degradation of
atrazine, allowing its survival for more than 90 days based on the count of colony forming units (CFU).
The alginate was stable and effective in the degradation due to the prolongation of its activity, for that

reason, they recommend its use on free cells in remediation studies.

The results of scientific works indicate that the degradation is determined not only by the activity
and efficiency of the microorganisms but also depends on the stability and conservation ofthe activity
under different conditions. Regarding this, some authors have suggested that the Cl efficiency also
corresponds to cellular and genetic variations induced by the immobilisation method [113].
Presumably, the processes of biodegradation in immobilised systems are determined by
intraparticular diffusion and biochemical reactions [89], while the degradation capacity improves
when adsorbent matrices are used. This result is explained by the reversible sorption of the pollutant
[28]that modifies its diffusion, availability, and reduces toxicity by minimising saturation; which allow
microorganisms (either alone or in metabolic synergy) to be less exposed to pollutant and be able to

actin degradation.

Partovinia and B. Rasekh [23] were one of the first authors who proposed to study physical medium
toenhance the degradation and the factors that affect the capacity of the consortium immobilised in
them. Also, he included the study of changes in the microbial population in response to
environmental variations, and concentrations of N and P. He recommended materials such as loofa
sponge and coconut fibre as natural alternatives, as well as the reuse of activated carbon, and
polyesters from non-textile factories as accessible alternatives. With these alternatives for
immobilisation, it was reported a higher cell concentration thatincreased up to an order of magnitude
in comparison with free cultures, in addition to a higher and more rapid degradation, mainly when
loofa sponge was used, standing out as one of the most suitable supports for biodegradation of

pesticides such as carbendazim and 2,4-D.

Regarding the effect of different factors such as pH, temperature, as well as the concentrations of
NH4* -N and PO,* that produce changes in the population of microbiota degrading the pesticide; it
has been observed that pH valuesin the range 6-9 favour degradation without losing effectiveness for

several cycles [93]. In contrast, the degradation ability of immobilised consortiums decreases
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considerably at low pH, as well aslow concentrations of PO,3. The effect of pH is probably related to
the formation of intermediate products that at low pH values, can strongly inhibit growth or cause cell
death, while incubation at different temperatures does not have a significant effect. Changes in P and
N concentrations can be modified in response to the amount of fertiliser applied; dueto P and N are
essential nutrients, changes in their concentrations affect the degradation capacity. According to [23],
low levels of P affect the ability to degrade pesticides, while low concentrations of N have no
significant effects; however, when both elements are at low levels, pesticides such as carbendazim

are degraded considerably.

Concerning the degradation efficiency, increases in the percentage of removal are generally
reported when any method of immobilisation is used, regardless of the type of pesticide. The effect of
the immobilisation canresultfrom anincreaseinreactionratesdue to the high cellular density, as well as
by adsorption processes. Thus, the natural aggregation methods arethe mostefficientduetothe ability

ofbacteriatoform biofilmsnaturally as

a capacity for survival [114]. The biofilm is formed for the production of exopolysaccharides, lipids, proteins,
and surfactant agents. These molecules allow them to be held together by mechanisms that are regulated
by the genotype, the growth phase of the microorganism, the nutrients, and their availability, as well as by

environmental factors, which together confer to microorganisms adaptative and metabolic advantages

[22,115].

Several studies have shown that biofilms formed on substrates or supports are less sensitive to
environmental changes compared to suspension cultures [15,53,94,111,116]. They describe how the
supports provide the conditions for the formation of microbial aggregates, and they also function as
efficient methods of contaminant sorption on its own, thereby contributing to the adsorption and removal
of pesticides. This suggests that the abiotic loss of pesticides can be attributed to the adsorption in the

support material rather than to the microbial degradation [17].

The most successful cases have been tested primarily in systems restricted to in vitro conditions,
either in flasks or in small bioreactors with controlled conditions that favour the survival and prolong
the biological activity of the degrading microorganisms [117]. In this sense, the current methods for
decontamination thatrequire the removal or processing of a large amount of soil are expensive, slow,
or notviable [21]. Generally, these methods are not applicable in agricultural fields because they can
lead to problems that affect the necessary conditions for the establishment of crops such as soil
erosion, loss of fertility, or nutrient leaching. Therefore, commercial remediation approaches are still

being studied to reduce risks and to accomplish the requirements to protect human and ecological

health.
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The in situ application of Clin soils is a new alternative that could be profitable for the remediation
of sites contaminated with pesticides. However, as mentioned, works with this approach are scarce
[53] and do not elucidate the mechanisms that are carried out in the immobilisations, as well as the
effect that the Cl could have on microorganisms and their bioaugmentation under conditions of the

real systems.

It is considered that Cl effects may vary for different reasons, such as the taxonomic and genetic
differences of the microorganisms, as well as the variety of techniques, culture conditions, and activity
between interfaces. There are no proposals that satisfy the demand, and some promising alternatives do

not have conclusive or homogeneous results.

In the efforts to reduce these limitations, the work of [53] is highlighted due to the study about the
survival of Pseudomonas sp. in sterile soil and its ability to retain atrazine degradation functionality. The
evaluation was carried out with free bacteria and immobilised in the zeolite incorporated in the soil. Their
results showed an increase in the number of cells when both free and immobilised bacteria were
inoculated in soil. Only those subjected to Cl in zeolite, retained full functionality to degrade atrazine after
ten weeks. This activity of degradation was observed regardless of the medium used to the culture of the
strain when they were recultivated in plates with the contaminant. However, they did not determine the

percentage of degradation.

The following is a summary of some papers that report different Cl techniques for the degradation of

pesticides, their main characteristics and most important considerations in terms of degradation.
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Table 2. Selected studies on the biodegradation of pesticides using immobilised cells.

Degrading microorganisms Nomenclature IUPAC Generic name Structural formula Class Biocidal action
Microciccus sp. SMN-1 1-methyl-2-nitrobenzene 2- nirotoluen o Intermediary in the  NA
L nos synthesis of
U \v pesticides
Enterobacter cloacae TA7 2-Methyk2-(methyithio)propanal O-(N-  Aldicarb N-methylated Insecticide
methylcarbamoyljoxime Carbofuran ﬁ W Y carbamates
2,2-Dimethyl-2,3-dihydro-1-benzofuran-  Carbaril e
7-yl methylcarbamate
metilcarbamato de 1-naftilo T O~
-
o
)
Pseudomonas sp. ADP 2-cloro4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3,5-triazina T'h
AL
Pichia kudriavzevii Atz-EN-01 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3,5-triazina
Microbial consortium (Massilia, Stenotrophomonas, Klebsiella, Sphingomonas, 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
Ochrobactrum, Arthrobacter, Microbacteriu, Xanth y Ornithinimicrobium) 1,3,5-triazina f
NTSN
/\“/&N')\“/\
H W
(Continued)
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Table 2. (Continued).

Degrading microorganisms Nomenclature IUPAC Generic name Structural formula Class Biocidal action
Microbial consortium (Bacillus, Pseudomonas y Burkholderia) 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3 5-triazina b
N SN
N : N’)\I\/\
H H
Stereum hirsuturn Ru-104, Inonotus sp. SP2, Trametes versicolor HLO1 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3 5-triazina T
N SN
A A A A
N N
H Ll
Pseudomonas sp. 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3 5-triazina 7
S 1 Y A
A e
H L]
Agrobacterium radiobacter J14a 2-cloro-4-(etilamina)-6-(isopropilamina)-  Atrazine Triazine Herbicide
1,3 5-triazina T
M/‘\‘N
A A A A
N N
H -
Leucobacter sp. JW-1 N2,N4-di-isopropil-6-metiltio-1,3,5- Prometryny s- . S-triazines Systemic herbicide
triazina-2,4-diamina, triazines o NN Ch
L B L) : u a CHy
Bacterial consortium Methyl-2-benzimisadole carbamato Carbendazim o Carbamate Fungicide
2,4-dichlorophenoxyacetic acid 24-D l,'\\__.n\. Yocw,  Organochlorine Herbicide
N Nf_m
(Continued)
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Table 2. (Continued).

Degrading microorganisms Nomenclature IUPAC Generic name Structural formula Class Biocidal action
Pseudomonas fluorescens 2 4-dichlorophenoxyacetic acid 24D o Organochlorine Herbicide
1,1 -(2,2.2-Tricloroetano-1,1-diyl)bis4-  DDT P o
clorobenceno) Dichloro diphenyl APy
trichloroethane
Klebsiella pneumoniae ATCC13883T 2,2-Dimethyl-2,3-dihydro-1-benzofuran-  Carbofuran phenol ° Carbamate Insecticide
7-ol a0 N
R OM
v} (%]
Micrococeus sp. strain CPN 1 (1RS)-cis, trans-3-(2,2-diclorovinil)}-2 2- Cypermethrin . Pyrethroid Insecticide
dimetilciclopropano carboxilato de y*
(RS)-ciano-3-Fenoxibencilo 11
Bacterial consortium 0, O-dietil 0-3,5,6-trichloropyridin-2-il Chlorpyrifos . Organophosphorus  Insecticide
fosforotioato |
Streptomycess sps. 0, O-dietil 0-3,5,6-trichloropyridin-2-il Chlorpyrifos Organophosphorus  Insecticide
fosforotioato Pentachlorophenol Organochlorine insecticide, herbicide,
2,345 6-pentaclorofenol contact fungicide
O, 0
oW cr:_n;»

(Continued)
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Table 2. (Continued).
Degrading microorganisms Nomenclature IUPAC Generic name Structural formula Class Biocidal action
Microbial consortium 3-cloro-7-dietoxifosfinotioiloxi-4-metil-2- - Coumaphos o Organophosphorus  Insecticide
cromenona Chlorferon 1 [ %0 =  Coumaphos by-
3-Chloro-7-hydroxy-4-methylcoumarin  Dietyithiophosfate o - product
0,0-Dietil-0-4-nitrofeniktiofosfato (DETP) Coumaphos by-
OH product
(=} l (v ]
o &'T”"\ a
Cl
% [ oo :*; .
Streptomyces sp. AC1-6 0,0-Diethyl O-[4-methyl-6-(propan-2-yl)  Diazinon Organophosphorus  Isecticide
pyrimidin-2-yl] phosphorothioate
Delftia acidovorans WDL34 (WDL34) y Arthrobacter sp. N4 (N4) CgHy0Cl5N;0, 3-(3 4-diclorofenil)-1,1- Diuron Urea, chlorinated  Herbicide
dimetilurea i
r’"
Pseudomonas aeruginosa y Flavimonas oryzihabitans, 1,1 -(22,22-Tricloroetano-1,1-diyl)bis(4-  Dichloro diphenyl . Organochlorine Insecticide
clorobenceno) trichloroethane pe ) Organochlorine Insecticide-acaricide
6,7,8,9,10,10-hexacloro-1,5,536,9 9a- (DDT) ey i C.Tu
hexahidro-6,9-metano-2,4,3- Endosulfan -
benzodioxatiepina-3-6xido |
(Il’T o "II °
(Continued)

IV 13 VIIAV-3ANOD ‘A (®) ¢

30



Table 2. (Continued).

Degrading microorganisms Nomendature IUPAC Generic name Structural formula Class Biocidal action
Sphingomonadaceae 1-[2-[4-(4-clorofenoxi)-2-clor ofenil}-4- Difenoconazole . Triazole Fungicide
Pseudomonadaceae metil-1,3-dioxan-2-ilmetil]-1H-1,2,4- a l a
triazol, = T ::-‘
o = o
Pseudomonas aureaginosa 6,7,8,9,10,10-hexacloro-1,55a,6,9 9a- Endosulfan o Organochlorine Insecticide-acaricide
hexahidro-6,9-metano-2,4,3- o K,
benzodioxatiepina-3-6xido \i o /:71 7
e
Pseudomonas fluorescens 6,7,8,9,10,10-hexadoro-1,5,52,6 9 9a- Endosulfan Organochlorine Insecticide-acaricide
hexahidro-6,9-metano-2,4,3-
benzodioxatiepina-3-6xido P ey |
Microbial consortium Trichoderma longibrachiatum y Aspergillus oryzae N-{1-[(6-Chloro-3-pyridyl)methyl}-4,5- Imidacloprid S Neonicotiniod Systemic insecticide by
dihydroimidazol-2-yljnitramide R \{ o contact and
\ /J’ y ingestion
Z 0/ (_ ‘1‘
Bl -
Microbial consortium Streptomyces sp. A2, A5, A11 and M7 1,2,3,4,5,6-hexadlorociclohexano Lindane o 2 Organochlorine Insecticide
N
0 ALl a
3, —
oA
Y o
Bacillus pumilus HZ-2 2-[4-(Methylsulfonyl)}-2-nitrobenzoyl] Mesotrione ., dionaortriketon  Selective herbicide (pre
cyclohexane-1,3-dione N 7 (or tri-acetone) and post
A 2 HPPD inhibitor emergency)
(Continued)
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Table 2. (Continued).

Degrading microorganisms Nomencdlature IUPAC Generic name Structural formula Class Biocidal action
Burkholderia sp. 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion . Organophosphorus Contact Insecticide
phosphorothioate S (stomach,
AN respiratory, non-
“ systemic)
Flavobacterium ATCC 27,551, E.coliRAZEK 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion . Organophosphorus  Contact Insecticide
phosphorothioate L (stomach,
o respiratory, non-
systemic)
Microbial consortium 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion Organophosphorus  Contact Insecticide
phosphorothioate o s..° (stomach,
N« o © respiratory, non-
o= systemic)
Bacterial consortium 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion Organophosphorus  Contact Insecticide
phosphorothioate Tetrachlorvinphos o 5.0 (stomach,
Tcv) N o © respiratory, non-
° systemic)
s o
[} P,
CN‘—« B E—O o
Bacterial consortium 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion Organophosphorus  Contact Insecticide
phosphorothioate Tetrachlorvinphos o s, (stomach,
(Z)-2-Chloro-1-(2,4,5-trichlorophenyl) mov) Nl o © respiratory, non-
vinyl dimethyl phosphate v systemic)
cl “ o .
PO @
a” Y Ta
03,0
479
HCT™ CH,
(Continued)
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Table 2. (Continued).

Degrading microorganisms Nomenclature IUPAC Generic name Structural formula Class Biocidal action
Bacterial consortium 0,0-Dimethyl O-(4-nitrophenyl) Methyl parathion Organophosphorus  Contact Insecticide
phosphorothioate Coumaphos 5 5,0 (stomach,
3-cloro-7-dietoxifosfinotioiloxi-4-metil-2- vd Y0 © respiratory, non-
cromenona o systemic)
s " ’ cl ".
L Cl
o
Bacterial consortium S-metil (EZ)-N-(metilcarbamoiloxi) Methomyl Carbamate Insecticide
(Sphingomonas sp.) tioacetimidato a s.°
N V-0 ©
0 =
Rhizopus oryzae ENH 2,3,4,5,6-pentaclorofenol Pentachlorophenol Organochlorine insecticide, herbicide,
oo~ ola . contact fungicide
Microbial consortium Acidovorax sp, Luteibacter (rhizovicinus), Xanthomonas sp, 3" A’ dicloropropionanilida Propanil n Anilide, post-emergent contact
Flavobacte- rium sp., Variovorax sp, Acinetobacter (calcoaceticus), Pseudomonas e N.l A chlorinated herbicide
sp., Rhodococcus sp., and Kocuria sp o o
= O,
(Continued)
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Table 2. (Continued).

Degrading microorganisms Nomendature IUPAC Generic name Structural formula Class Biocidal action
Pseudo. s is strain HNM 0-(4-Bromo-2-clorfenil) O- etil S — propil ~ Profenofos o Organophosphorus  Broad spectrum non-
fosforotioato) a Ao systemic insecticide
o™ T’A a
€

Method and/or immobilisation

Initial concentration of

Monitoring/quantification

Degrading microorganisms material pesticide Removal efficiency Growing conditions and/or scale technique Reference
Microciccus sp. SMN-1 Entrapment polyurethane foam 15-30 mM 90% Cl In vitro HPLC 7.
(PUP), Na alginate (SA), Ca Cultivation in batch and batch-fed
alginate, polyvinyl alcohol (SA-
PVA), agar and polyacrylamide.
Enterobacter cloacae TA7 Entrapment on agar (cubes) 50mg L™ 100% CI In vitro liquid medium HPLC B2].
50 ppm 85% free cells (FC) UV-detector
Pseudomonas sp. ADP Entrapment in zeolite 1gL! NA Sterile soil NA [53].
Pichia kudriavzevii Atz-EN-01 Encapsulation in Na-alginate and 500 mg L™ >99% In vitro HPLC [93].
PVA 1000 mg L' Cultivation in batch and batch fed
Matrix and biofilm formation in
brick particles
Microbial consortium (Massilia, Packed bed biofilm 100 mg L 99.9% In vitro HPLC [71].
Stenotrophomonas, Biofilm bioreactor packed bed UV-detector
Kiebsiella, Sphingomonas,
Ochrobactrum, Arthrobacter,
Microbacteriu, Xanthomonas y
Ornithinimicrobium)
Microbial consortium (Bacillus, Entrapment in Na-alginate 4mg L' 100% MM, soil and wastewater HPLC [63].
Pseudomonas y Burkholderia) UV-detector
Stereum hirsutum Ru-104, biobed 80 mgKg™' 93% In vitro HPLC [42).
Inonotus sp. SP2, Trametes biobed
versicolor HLO1
Pseudomonas sp. Zeolite 100 mg L™ Nd ;7 Revisar In vitro (liquid medium) Colorimetry [65].
100 ppm
(Continued)
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Table 2. (Continued).

Method and/or immobilisation Initial concentration of Monitoring/quantification
Degrading microorganisms material pesticide Removal efficiency Growing conditions and/or scale technique Reference
Agrobacterium radiobacter J14a  Phosphorylated polyvinyl alcohol 15mgL™ 45-65% In vitro HPLC [70].
(sand column)
Leucobacter sp. JW-1 Na alginate-PVA 50mg L' 99.9% atrazine, 99.9%  In vitro 72
ametryn, 97.8% Pure crops and residual water
propazine, 100.0%
simetryn, 77.9%
simazine, 98.9%
terbuthylazine
95.2% prometon, 98.9%
atraton, 31.6%
terbumeton
Bacterial consortium Adsorption in Luffa cylindrica, 20 pM MBC MBC In vitro (biorreactor) HPLC [23].
activated carbon, coconut fibre, 2mM 24D 80-95%en Cl and 12% en
polyester fibre and Fabios® FC
2,4-D 100% CI 24h, 100%
FC 48h
Pseudomonas fluorescens Tezontle particles 100-500 mg L 99% GC-MS [73].
150 mg L™ 55-99%
Kiebsiella pneumoniae Polyurethane foam (PUF), 20 mM 100% PUF In vitro TLC [86).
AT(C13883T polyacrylamide, agar, alginate 30 mM (Batch and semi-continuous bioreactor)
and alginate-bentonite day
(PAC).
Micrococcus sp. strain CPN 1 Polyurethane foam (PUF), 10 mM 100% PUF In vitro HPLC [92].
polyacrylamide, agar, Na- 20 mM Batch and semi-continuous bioreactor)
alginate
Bacterial consortium Ca-alginate + polysulfon 100- 600 mg L' > 96% In vitro GC-MS and GC-ECD [68].
microsphere entrapment
Streptomycess sps. Entrapment in Na-alginate beads 166 mg L' 0.17% and 71.05% In vitro HPLC [110].
5.24% and 14.72%,
Microbial consortium Entrapment in Ca-alginate beads 600 mg L™ 100% In vitro HPLC [67].
50mgL”™" Continuous bioreactor
250 mg L~
Streptomyces sp. AC1-6 Entrapment in alginate beads 60% > Cl
Delftia acidovorans WDL34 Entrapment in Ca-alginate beads 20mg L™ 53% In vitro HPLC [75].
(WDL34) y Arthrobacter sp. N4 Conical liquid flasks
(N4)
Pseudomonas aeruginosa y Microniches in coffee beans 50mg L' 32-37% In vitro GC/MS [76].
Flavimonas oryzihabitans, Aureaginosa Conical liquid flasks
51%
30% with glucose
(Continued)
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Table 2. (Continued).
Method and/or immobilisation Initial concentration of Monitoring/quantification
Degrading microorganisms material pesticide Removal efficiency Growing conditions and/or scale technique Reference
Microbial consortium Acidovorax  Biofilm in volcanic stones 249 mg L' 100% In vitro Spectrophotometrically HPLC [116].
sp., Luteibacter (rhizovicinus), Continuous bioreactor
Xanthomonas sp, Flavobacte-
rium sp., Variovorax sp.,
Acinetobacter (cakoaceticus),
Pseudomonas sp., Rhodococcus
sp., and Kocuria sp
Pseudozantomonas suwonensis Na-alginate, 3-6mM 95% Cl In vitro HPLC-UV detector (88].
strain HNM Na-alginate- alcoholpolyvinyl 85% FCat 25°C Continuous and semi-continuous GC-MS

alcohol,
Na-alginate-bentonite clay

bioreactor

NA: Not applicable; ND: not described; HPLC: High Performance Liquid Chromatography; GC-MS: Gas Chromatography-Mass Spectrometry; TLC: Thin-Layer Chromatography; GC-EDC: Gas

Chromatography - Electron Capture Detector; LC-MS: Liquid chromatography-mass spectrometry.
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CONCLUSION

The immobilisation gives characteristics to the cells that favour the degradation capacity of pesticides
through the increase of their metabolic activity, their rate of growth, stability, and protection against toxicity
or environmental conditions. However, additional studies are needed to specify the mechanisms
responsible for the particular physiology of immobilised cells in different methods and conditions. This
will allow for implementing the use of immobilisation techniques in the biodegradation of pesticides in
situ on a large scale. Notably, it is necessary to emphasise the description of degradation processes, soil
diffusibility, elucidation of the mechanisms by which pesticides suffer sorption or desorption in matrices
or materials for entrapment, or support; as well as if they are degraded or retained in the supports and to
what extent, as well as the kinetic, molecular and transfer phenomena. The resolution therefore of these
questions would, therefore, make it possible to adapt their use, technical, and economic feasibility, to
formulate recommendations for the degradation of pesticides in target sites, and not only under liquid
culture conditions. Therefore, we agree with the idea that it is still an area of opportunity for future

research.
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INDICE

CAPITULO Il

3.1 PLANTEAMIENTO DEL PROBLEMA

El uso continuo de POF’s, especialmente clorpirifés (CP) ha provocado problemas de contaminacién
ambiental, efectos nocivos a la salud humana, afectaciones en las propiedades del suelo y pérdida de
microbiota edafica benéfica (Walvekar et al. 2017). Pese a que CP es suceptible a degradacién microbiana,
usualmente altas concentraciones del compuesto inhiben el crecimiento bacteriano, reduciendo la cantidad
de organismos que pueden tolerarlo y degradarlo bajo diferentes condiciones (Abraham y Silambarasan
2016), especialmente en suelos donde la adicién de microorganismos suele verse afectada por factores

edafocliméticos y exclusion competitiva.

La encapsulacion de bacterias en polimeros no téxicos como el alginato, es una alternativa a las
formulaciones de inoculantes con potenciales aplicaciones en la degradaciéon de plaguicidas (Talwar y
Ninnekar 2015; Nagaraja et al. 2016). La encapsulacién suele aumentar la tolerancia y las tasas de
degradacion (Krell et al. 2017). Sin embargo, dicha tecnologia es generalmente experimental y aiin presenta

inconvenientes para su aplicacion in situ.

En este contexto, la busqueda de microorganismos tolerantes y degradadores; asi como estrategias que
favorezcan su inoculacion son reelevantes para que plaguicidas como CP se eliminen por biorremediacién
(Bose et al. 2021). Al respeto, la evaluacién de la tolerancia y degradacién de plaguicidas por rizobacterias
promotoras de crecimiento vegetal (RPCV), particularmente empleando organismos modelo como A.
vinelandii, ha cobrado interés ya que son bacterias naturalmente adaptadas al suelo y producen multiples
metabolitos que favorecen el desarrollo de cultivos (Chennappa et al 2019). Sin embargo, existen escasos
reportes que empleen rizobacterias para tal propésito; y se desconocen muchos de los efectos de CP sobre

las principales RPCV o del uso de técnicas de inmovilizacién para su inoculacién.
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3.2 JUSTIFICACION

Pese a que existen algunos estudios centrados en el papel de las RPCV en la tolerancia y degradacién de
plaguicidas, particularmente especies de Azotobacter, la informaciéon aun es limitada respecto a la
inmovilizacién y el efecto de los POF’s como el CP sobre organismos modelo como Azotobacter vinelandii,
incluidos los métodos de encapsulacién para favorecer su inoculaciéon o establecimiento. En tal sentido, el
presente trabajo pretende aportar informacién sobre la evaluacion de la rizobacteria A. vinelandii ATCC
12837 inmovilizada; asi como su desepmefio en la tolerancia y degradacién de CP como estrategia
multipropdsito para la implementacion de préacticas agricolas sostenibles que favorezcan la eliminacion de
contaminantes; ya que cepas tolerantes mantendrian su capacidad de promover el crecimiento, reducir la
aplicacién de fertilizantes, establecerse en sitios contaminados, e incluso utilizarse como potenciales agentes

descontaminantes.

3.3 HIPOTESIS

e Lainoculacién de A. vinelandii ATCC 12837 inmovilizada en alginato-Na mantiene su viabilidad y

mejora el desarrollo de plantulas de tomate.

e A vinelandii ATCC 12837 tolera y degrada clorpirifés (CP) en condiciones de cultivo in vitro.
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3.4 OBJETIVOS

3.4.1. OBJETIVO GENERAL

Evaluar el efecto de Azotobacter vinelandii ATCC 12837 inmovilizada en alginato sobre el desarrollo
de pléntulas de tomate, asi como su crecimiento in vitro en presencia de clorpirifés, mediante

técnicas microbioldgicas, moleculares, respirométricas y andliticas.

3.4.2 OBJETIVOS ESPECIFICOS

Determinar el efecto de A. vinelandii inmovilizada en alginato-Na como inoculante sobre el
desarrollo de pléntulas de tomate.

Comparar la presencia y viabilidad de A. vinelandii inoculada en suelo de forma libre e inmovilizada
en alginato-Na.

Determinar condiciones de cultivo para el crecimiento y microencapsulaciéon de A. vinelandii.
Identificar el efecto de CP en el desarrollo in vitro de A. vinelandii.

Cuantificar la degradacién de CP in vitro por A. vinelandiii.

47



3.5 ESTRATEGIA METODOLOGICA

Objetivos 1y 2

H
Azotobacter vinelandii
=
ATCC12837
L=
v ¥
A. vinelandii libre Testigo sin A. vinelandii encapsulada en Na-
inéculo alginato
|
¥ ore v
Viabilidad
RT-PCR Indicadores crecimiento vegetal

Recuento en placa

Toma de muestra

Solanum lycopers:cum

t
Extraccién de ADN / sculentum e N
e p A
Amplificacién del gen Perlas de "" .\k "‘ NE
N (Iien an.fH alginato ‘S
itrogenasa alternativa
UFC/ml
N205 Anélisis de punto de “ 0 0
5'CTC CAC GCA CTG GAT GTC CAG -3’ disociacion
5'CCC AGA ATA CTG CCG CAG CGC -3
) % de germinacién
N ( Altura raices y pléntulas ]
Diametro del tallo
) [ Concentracién de iones &
3 Ca— 0 Ca— en savia 10)
Objetivos 3,4y 5
H
A. vienlandii o s
©
ATCC 12837 £ L o .. ..
9 ] = s 8 —
. 3 w = 8
— E 8 2
2 3 3 2
| =
‘ = 5 S - 0ppm
— S
-— - 50mL 20mL 10mL )
S L]
\ £
7]
[ £ 500 ppm
(
de i de
oxigeno (OTR) Protelna Biomasa UPLC/MS-MS \
Cociente resplratono (rQ)
!ml E fa@s
A\
6 12 24 4860 h
S
centrifugaciéon ~
% -/‘\ - ) \ I microcapsula
\ - /
) - GO
é A. vienlandii en medio S~—_" Soluéi;n / o
BS alginato-Na polvo

48



INDICE

CAPITULO IV

ENCAPSULATION OF AZOTOBACTER VINELANDII'IN ALGINATE-NA BEADS AS
ATOMATO SEEDLING INOCULANT

Victoria Conde-Avilal, Luis Daniel Ortega-Martinez!", Octavio Loera?, Beatriz Pérez-Armendarizt, Carmen

artinez Valenzuela2, Belisario Leyva*
Mart Val la3, Bel L 4

"Facultad de Biotecnologia, Universidad Popular Auténoma del Estado de Puebla, México. 13 Poniente No.
1927 Col. Barrio de Santiago, C.P.72410, Puebla, Pue. México. ?Metropolitana - Unidad Iztapalapa. Av. San
Rafael Atlixco 186, Leyes de Reforma 1ra Secc. 09340 Ciudad de México, CDMX.2Unidad de Investigacion en
Ambiente y Salud, Universidad Auténoma de Occidente, Los Mochis, Sinaloa, México.*Universidad
Auténoma de Occidente, Unidad Guasave, Sinaloa México. Avenida Universidad S/N, Fraccionamiento Villa
Universidad, C.P. 81048, Guasave, Sinaloa, México.

*Corresponding autor luisdaniel.ortega@upaep.mx

Victoria Conde Avila: victoria.conde@upaep.mx ORCID: 0000-0003-2700-8603

Octavio Loera: Joera@xanum.uam.mx ORCID 0000-0002-8194-1608

Beatriz Pérez Armendariz: beatriz.perez@upaep.mx ORCID: 0000-0002-2287-8338
Carmen Martinez Valenzuela: camava9@gmail.com ORCID: 0000-0003-1784-9986
Belisario Leyva: NEO1702@gmail.com ORCID:0000-0001-6149-7506

Luis Daniel Ortega Martinez: luisdaniel.ortega@upaep.mx ORCID:0000-0003-4672-8809

ABSTRACT

Encapsulation is an immobilization method characterized by restricting microbial cells to a delimited area
while preserving their metabolic viability. This technique represents an alternative to improve the adaptive
capacity of bacteria in the face of interactions with native microorganisms and environmental factors that limit
their inoculation. This work aimed to evaluate the effect of Azotobacter vinelandii encapsulated in alginate-
Na beads as an inoculant of tomato (Solanum Lycopersicum L) seedlings. Two inoculation treatments were
carried out: liquid and encapsulated, and the control without microorganisms. Physiological variables,
microbial viability, and presence of A. vinelandii were determined by gPCR. Inoculation with A. vinelandii in
liquid and encapsulated form favored seedling growth. Plants with the encapsulated inoculum significantly
increased germination percentage (20%), stem diameter (38%), seedling height (34%), root length (69%),
NOj3 concentration (41%), and Na (30%); compared to the control. Encapsulation of A. vinelandii in alginate-
Na macrocapsules allowed its establishment in the rhizosphere and was corroborated by viable count and

molecular methods. The viability of the bacteria was maintained for 28 days using both inoculation methods.
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INTRODUCTION

Inoculation of plants with bacteria and other symbionts to improve crop yield is a frequently employed
technology [P¢'*%, highlighting Azotobacter species belonging to the plant growth-promoting rhizobacteria
(PGPR) group 12l The genus Azotobacter has the ability to produce different types of secondary metabolites,

such as amino acids, polymers, phytohormones, antibiotics, antifungals, and siderophores 3.

Azotobacter vinelandii, is a bacterium noted for its efficiency in asymbiotic nitrogen (N,) fixation,
production of growth and biological control substances, as well as generation of products of industrial
interest [, It produces B vitamins (niacin, riboflavin, and biotin) and amino acids (aspartic acid, glutamic acid,
glycine, histidine, arginine, proline, etc.) that are key in the cellular processes of plant metabolism of fats,
carbohydrates, and proteins Pl It also releases auxins such as indoleacetic acid (IAA), responsible for plant
cell division, differentiation, and growth !¢}, as well as hormone-acting growth regulators such as gibberellic
acid (GA)U1. It also excretes, antifungal compounds (azotobacin, azotochelin, aminochelin, protochelin, and
2,3-dihydroxyacidbenzoic acid 18], as well as volatile substances such as hydrogen cyanide (HCN) that inhibit

the growth of phytopathogenic microorganisms, especially fungi of the genera Aspergillus and Fusarium 2.

Despite the potential beneficial effects, the incorporation of PGPRs, such as A. vinelandii, directly
into the soil can present difficulties related to their survival, colonization, and long-term effectiveness [?1%. In
general, when PGPR suspensions are inoculated without a suitable carrier, the population declines
rapidly!"l.This phenomenon, combined with the low production of bacterial biomass, the difficulty to maintain
their metabolic activities in the face of abiotic stress, and the physiological state at the time of application,
limit their stabilization in the rhizosphere soil. A determining factor in the survival of these microorganisms is
the competition with the native microbiome, often better adapted, and to withstand predation by soil

microfauna. Therefore, inoculation of PGPR in the form of liquid cell dilutions in the soil is not recommended

(],

Consequently, an important function to consider in the formulation of microbial inoculants is to
provide a suitable microenvironment, combined with physical protection for a prolonged period to prevent
a rapid decline in their viability ['?. Cell immobilization is a technique that aims to favor the colonization of
beneficial microorganisms and increase their viability by providing protection to external factors, tolerance

to contaminants, as well as improving the properties of formulations to be applied either in water or soil 13141,

Microbial encapsulation (the most common of the immobilization methods), is characterized by
trapping alive and metabolically active microorganisms in a polymeric matrix ['5l. Such a technique employs

different materials intending to ensure the establishment of microorganisms in the soil and maintain their
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16,17

metabolic activity prolonged %71, For agricultural and environmental uses, encapsulation of microorganisms

has been tested with materials such as agar, A, and « carrageenan, pectin, chitosan, and alginate, the latter

being one of the most widely used 1181920211,

The advantages of alginate formulations are their non-toxic nature, biodegradability, affordability,
slow release of microorganisms trapped by the polymeric structure 2], and their ability to generate both wet
and dry formulations 12324, When alginate is employed as an encapsulation material, higher yields and
colonization percentages are commonly achieved, suggesting it to be an alternative with potential

applications 8, although its use is generally experimental (2531

Some limitations in the evaluation of encapsulation as an inoculation technology for agricultural
purposes have been the variability of use conditions, soil heterogeneity, survival of microorganisms in
confined conditions, difficult scaling methods or drying processes, interaction with support and trapping

materials, the mechanical stability of the materials used, effectiveness times, among others.

Finally, few investigations evaluate the survival of encapsulated PGPR using microbiological and
molecular techniques to monitor the viability of microorganisms inoculated in soil and not only their effect on

response variables in selected crops 9.

This study aimed to evaluate the viability in the soil of A. vinelandii encapsulated in alginate-Na beads
using confirmatory molecular methods and its effect as an inoculant on tomato (Solanum Lycopersicum L)

seedling development.

MATERIALS AND METHODS

Microorganism

The experiments were carried out using the strain A. vinelandii ATCC12837. Cells were cryopreserved at -70
C using a 4% glycerol solution. For propagation in both plate and liquid culture, NBRC medium was used
(composition in gL-1: yeast extract, 1; D-mannitol, 5; K2HPO4, 0.7; KH2PO4 ,0.1; MgSO47H20, 1;

bacteriological agar (for plates), 15). The initial pH was adjusted to 7.2 using a 2N NaOH solution.
Obtaining the inoculum

A. vinelandii cells were grown at 28°C in 500 mL Erlenmeyer flasks with 100 mL of NBRC medium at 150 rpm.
The flasks were incubated until a concentration of 1.61x107 CFU mL" was reached (72h). The biomass was
collected by centrifugation at 1000 x g for 10 min and the supernatant was discarded. The recovered biomass

was mixed with sterile saline (NaCl 0.09%) and used as liquid inoculum for subsequent experiments.
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Encapsulation in alginate-Na

For encapsulation of A. vinelandii, the biomass obtained by centrifugation, after culturing as described above,
was mixed in a sterile alginate-Na solution at a final concentration of 2% (w/v) [2¢1. An aliquot of the alginate-
Na and A. vinelandii suspension was added by drip to a sterile 0.1 M calcium chloride (CaCly) solution (Fig.1),

from which an average of 20 beads mL" of 3-5 mm in diameter was obtained.
Location and conditions of the experiment

The experiment was conducted at the Center for Technological Innovation in Protected Agriculture - UPAEP
located at a latitude of 20°50', south 17°52" north latitude; east 96°43', west 99°04' west longitude. Under
greenhouse conditions, special polyethylene trays were used for seedling production with 50 cavities
(2.5x2.5x7cm), which were disinfected for 24 h with a 5% NaClO solution and then washed with water and
filled with the commercial substrate of Dutch peat Sunshine® sun agro Horticulture Inc., agrolite and

vermiculite in a 50:35:15 ratio, respectively.
Soil inoculation

Two inoculation treatments were prepared, the first with A. vinelandii in liquid solution and the second with
A. vinelandii encapsulated in alginate-Na as described above. A cell density of 1.61x10? CFU mL"" was used
for both treatments. Inoculum density was estimated by serial dilution of base 10 with saline by placing 100
ul on NBRC agar plates in triplicate, incubated for 48 h at 28 °C and the colony-forming units (CFU mL™)

developed were quantified.

Substrate inoculation was performed with 2 mL of A. vinelandii inoculum in liquid solution and its
equivalent encapsulated in alginate-Na beads per seedling, with ten replicates per treatment. A control
treatment without inoculum was added to which 2 mL of distilled water was applied. In the end, irrigation was

added until the field capacity of the substrate was reached in all treatments.
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Figure 1. Representation of encapsulation and inoculation with A. vinelandii in soil.
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Sowing

After inoculation with the corresponding treatments, tomato seeds (S. Lycopersicum L.) variety Sun 7705 were
sown at 5 mm depth, placing one seed per cavity in seedbeds with 10 replicates per treatment. Finally,

irrigations were applied every 24 h by sprinkling manually (10 mL per cavity).
Determination of plant morphological parameters

Independent measurements were taken from 10 seedlings per treatment. To estimate the germination
percentage, radicle emergence at 3 and 4 days after sowing (das) was evaluated as an indicator. Seedling
emergence was evaluated from day 4 to 15 days. For this purpose, the number of seedlings whose cotyledons
were seen crossing the substrate surface was quantified daily. At 28 das, seedling height, roots, and stem
diameter were evaluated using a millimeter tape (with a reading error of 0.05 cm). The reference points for
height were the base of the stem and the apical bud from the base of the stem to the coping. Stem diameter

measurements were taken at 5 cm from the base of the stem with a vernier (67150 mm®).
Determination of NO3, Na, K, Ca

The sample consisted of 25 petioles per experimental unit. The cell extract was obtained by maceration until
four to six drops were obtained, which were placed on ion sensors using the ion-selective electrode method

1271 using portable Horiba LAQUA twin® (Horiba Europe, Leichlingen, Germany) lons NO3, Na, K and Ca.
Azotbacter vinelandii cell count.

To determine the number of CFU mL", a plate count was performed as described above, starting from 1 g
soil samples for each treatment. Subsequently, cultures were made with the bacteria recovered from the soil

from the plates and the samples were analyzed by real-time PCR (gPCR) to verify the presence of A. vinelandii.
DNA extraction and qPCR for the detection of A. vinelandlii

DNA extraction from soil samples was performed at 7, 14, and 28 days post-inoculation (dpi) using the Quick-
DNATM Fecal/Soil Microbe Miniprep kit (Zymo Research) according to the manufacturer's instructions.
Genomic DNA extract was quantified by UV-Visible spectrophotometry using a NanoDrop 2000 kit (Thermo

Scientific™).

Real-time PCR amplification of A. vinelandii DNA was carried out on a Rotor-Gene Q thermal cycler
using the Rotor-Gene SYBR® Green PCR Kit (Qiagen) and the A. vinelandii-specific primers N205F (5'-
CCCAGAATACTGCCGCAGCGCGC-3") and N205R (5-CTCCACACGCACTGGATGTCCAG-3') 1281,
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The reaction mixture contained: 12.5 uL 2x Rotor-Gene SYBR Green PCR Master Mix, 2.5 pL of the
N205F and N205R 10 pM primer mix, 1 pL (5 ng) of genomic DNA extracted from soil samples, and 9 pL of
molecular biology grade water (Millipore) to obtain a final reaction volume of 25 pL. The cycling program was
as follows: 1) 95°C for 5 min, 2) 95°C for 10 s, 3) 60°C for 10 s, 4) repeat steps 2 and 3 45 times. To verify the
specificity of the amplicons, a dissociation curve was generated by applying an increasing temperature

gradient from 55°C to 99°C.
Design and statistical analysis

A randomized design with 10 replicates per treatment was used, the data obtained were examined for
normality and homogeneity of variance using the Anderson-Darling and Levene test respectively. A one-way
ANOVA and Tukey's multiple comparisons test were applied with the Graphpad prism program. alpha <0.05

was considered. Data are presented as mean values and standard deviations.
RESULTS

Plant morphological parameters

The germination percentage of tomato seeds increased by 20% when using the encapsulated inoculum with
respect to the treatment without A. vinelandii and 10% with the liquid inoculum. Seedling height was greater
in the treatments with A. vinelandii with liquid inoculum (27 cm) and encapsulated in alginate-Na beads (26.67
cm) compared to the treatment without inoculum (19.87 cm). Similarly, greater stem diameter was obtained,
as well as a higher concentration of NO; and Na in the seedlings. There were no significant statistical

differences in the rest of the variables (Table 1).

Table 1. Germination percentage and morphological variables of tomato seedlings inoculated with A.

vinelandii.
N Stem . . - .
Treatments Germination . Seedling height Root size NO; K* Na Ca*
diameter
% mm cm ppm
Noinoculum g 2152015  19.8°% 1.1 104082 816.8°=-46 114.6°+4  124°+10  4075.6°= 65
Liquid 80° 2.8°:05  27°%30 13.8°:0.57 985°=11  122.6°=12 129.8°+11 4136°=54
inoculum
Alginate-Na
beads 90° 2.9°+0.10 26.6°+3.4 17.6*+ 1.1 11532+ 45 126.2° + 11 161.8°+5 4144.4° = 11

inoculum

The mean is presented in bold + standard deviation. Different letters in the same columns indicate significant

statistical differences, according to Tukey's test (p < 0.05).
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Viability in the soil of encapsulated A. vinelandii

Screening of A. vinelandii by microbiology showed the presence of the bacterium at different sampling times
after inoculation for both liquid and encapsulated inoculum. Particularly, the number of CFU was higher in
the treatment with alginate-Na beads at 7, 14, and 28 dpi (Table 2). With both free and encapsulated

inoculum, CFU decreased over time.

Table 2. Colony-forming units (CFU mL-1) of A. vinelandii recovered from soil samples.

Treatments CFU mL"
7 dpi 1adpi 28 dpi
No inoculum 0 0 0
Liquid inoculum 1.3 x10£0.03° 0.9 x106+0.05° 0.5 x106+0.1°
Alginate-Na beads inoculum 2.1 x10%+0.1°2 1.6 x100=0.072 1.1 x100+0.092

The mean is presented. Different letters in the same columns indicate significant statistical differences
according to Tukey's test (p<0.05).

Real-time PCR

The gPCR result was analyzed using the amplification and dissociation curves of samples extracted at 7, 14,
and 28 dpi. At 7 dpi, the presence of A. vinelandii DNA was detected. Amplification curves were observed
for both the A. vinelandii positive control and the liquid-inoculated and encapsulated inoculated soil samples
(Fig. 2a). Analysis of the dissociation curve to verify the specificity of the amplicons (Fig. 2b) presented a
narrow and defined dissociation peak corresponding to A. vinelandii control, and one for each sample
extracted from soil inoculated with liquid A. vinelandii and encapsulated in alginate-Na beads. The
dissociation curves of both the positive control and the A. vinelandii soil extraction samples showed a peak
between 89°C and 91 °C, thus indicating the specificity of the reaction corresponding to the dissociation
temperature (Tm) of the PCR products expected for the bacterium ?8. On the other hand, at 14 dpi,
amplification of the positive control and soil extraction samples of A. vinelandii was observed (Fig. 3a), in the
treatments with the liquid and encapsulated inoculum the Ct was reached after 30 cycles, indicating a
possible decrease in the amount of DNA in the sample. In the dissociation point analysis (Fig. 3b), the Tm of
the peak of the control and soil samples were slightly different and showed unspecificities for detecting A.
vinelandii in soil. Finally, at 28 dpi (Fig. 4a and 4b), amplification was observed but was not specific for A.
vinelandii, so the bacterium was undetectable in soil regardless of the inoculation treatment using this

technique.
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Fig. 2. a) Amplification curves of soil samples at 7 dpi. A. vinelandii control (-), soil inoculated with liquid A. vinelandii (-) and
soil inoculated with A. vinelandii in alginate-Na beads (-). b) Dissociation curves of samples with A. vinelandii in axenic culture
(control) (-) and soil inoculated with liquid A. vinelandii (-) and encapsulated in alginate-Na beads (-).
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Fig. 3 a) Amplification curves of soil samples at 14 dpi. A. vinelandii control (-), soil inoculated with liquid A. vinelandii (-) and
soil inoculated with A. vinelandii in alginate-Na beads (-). b) Dissociation curves of samples with A. vinelandii in axenic culture

(control) (-) and soil inoculated with liquid A. vinelandii (-) and encapsulated in alginate-Na beads (-).
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Fig. 4 a) Amplification curves of soil samples at 28 dpi. A. vinelandii control (-), soil inoculated with liquid A. vinelandii (-) and

soil inoculated with A. vinelandii in alginate-Na beads (-). b) Dissociation curves of samples with A. vinelandii in axenic culture
(control) (-) and soil inoculated with liquid A. vinelandii (-) and encapsulated in alginate-Na beads (-).
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DISCUSSION

Inoculation with encapsulated microorganisms can improve their performance due to protection from
external factors. It has been demonstrated that PGPRs produce different types of secondary metabolites
under optimal conditions of development. These substances directly influence the overall plant growth of

different crops, which explains their effectiveness as inoculants [29:2:301,

In this regard, as in our work, benefits have been obtained with both free and encapsulated

[29) reported increases in fruit N content (0.32%) when using

inoculation for tomato plants. Ahmad et al.
treatments with Azotobacter and 3 solubilizing strains of K. On the other hand, Saima et al. 3" concluded that
among different inoculants with mycorrhizae and N- and K-solubilizing bacteria; Azotobacter sp. showed to
be superior in increasing tomato growth, yield, and quality. Similarly, Vassilev et al. 3?2l demonstrated that the
inoculation of the fungus Glomus deserticola and the phosphorus (P)-solubilizing yeast Yarrowia lipolytica
encapsulated in alginate were effective for the establishment and growth of tomato plants in nutrient-
deficient soils. In our case, the NO; content in tomato seedlings was 20 and 40% higher with A. vinelandii free
and encapsulated in alginate-Na, respectively, in relation to the control without bacteria. This is related to the

capacity of A. vinelandii to fix N, by the nitrogenase complex under diazotrophic conditions since no

additional N sources or chemical fertilization were added.

About germination, Ayala-Villegas et al. 33 found that seeds that germinate in a shorter time are
more homogeneous and vigorous, while those that germinate slowly produce heterogeneous and small
seedlings. In this sense, our results are similar to those shown by Delgado et al. B¥who concluded that using
Azotobacter paspali accelerated the germination percentage between 61.7 and 55 % in Coffea arabica L. For

[35Imention that, in paprika plants, inoculation with rhizospheric isolates increased

their part, Marquina et al.
the germination percentage of seeds up to 23 %, besides, they induced more homogeneous and resistant
seedlings. In our case, the percentage of germination increased by 20% with encapsulated A. vienalandii and
10% with the free bacterium. Some authors attribute this effect to the GA produced by bacteria of the genus
Azotobacter 7). A vinelandii is capable of producing GA and has been associated with increases in
germination, new cell growth, and participation in flowering and cell division processes 4. In our work, the

speed and efficiency in germination with A. vinelandii inoculation were enhanced by adding the polymeric

protection of alginate-Na.

Regarding vegetative growth and plant morphology, our results coincide with those obtained by
Escobar et al. 7], who indicate that four native Azotobacter spp. strains, AlA-producing, N-fixing, and rock
phosphate solubilizing, positively influenced tomato vegetative development. Some authors have mentioned
that the agrobiological effectiveness of PGPR is related to the growth stimulus exerted by a high population

[38

level in the rhizosphere of inoculated plants 38, However, it has also been reported that, under inoculation
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with microorganisms encapsulated in alginate, plant growth parameters were the same in treatments
inoculated with free microorganisms *2l. Such is the case of G. deserticola free and encapsulated in alginate,
which required double inoculation to obtain significant statistical differences in all the variables analyzed. The
highest growth rates were obtained in co-immobilization, that is when two fungal microorganisms were

trapped on a carrier increasing mycorrhization of tomato plant roots 22

In our results, root size increased 32% with the addition of free A. vinelandii and the roots were 69%
larger when the encapsulated inoculum was added. This was possibly related to auxins such as AlA,
characteristic of A. vinelandii, which increase root length by stimulating the division and differentiation of root

cells.

On the other hand, the viability of the inoculated microorganisms is affected by the method and
material of encapsulation. Particularly by employing alginate beads, encapsulation of the fungus Metarhizium
brunneum promoted selective mycelium formation by a combination of osmotic pressure and viscosity,
improvements in drying survival of encapsulated mycelium, increased endophytism in tomato stem tissue
after mycelium application to roots, as well as colonization, stabilization in the rhizosphere, and symbiotic
effect 3. Also, some changes in formulations (such as drying techniques in the formation of alginate beads
for encapsulation) allowed, the growth of the fungus in various soil types. Sabaratnam and Traquair 14°! used
alginate beads (1-5 mm in diameter) to encapsulate PGPR and mycorrhizal fungi such as Streptomycetes sp.
Their wettable dry powder formulation improved fungal survival and showed efficacy in biological control of
the fungal pathogen Rhizoctonia in tomato. While encapsulation of the PGPR Bacillus subtilis in alginate beads
enriched with humic acid increases viability, with minimal cell loss for five months, constant cell release, and

beneficial effects on lettuce production 14,

Friel and McLoughlin 1421 suggested that the wet alginate encapsulated inoculum using Agaricus
bisporus had a shorter adaptation period and higher growth rate, relative to liquid medium and conventional
inoculum. The improvements were attributed to the high biomass carrying capacity of the beads, mycelial
protection in the microenvironment of the capsules, and spatial distribution on the substrate. On the other
hand, alginate formulations (macro beads with and without skim milk and seed coating) of B. subtilis and
Pseudomonas corrugata were found to be superior to liquid inoculants or carbon-based inoculants for maize
plants at low temperatures, improving their permanence in extreme environments 43, Similarly, Rekha et al.
44 found that encapsulation in dry alginate beads prolonged the survival of PGPR Azospirillum brasilense and
Pseudomonas fluroescens, immobilized in two types of alginate-bead inoculants (with and without skim milk

supplementation).

Finally, although there are few works in which, in addition to the effect on plant variables, the viability

of the inoculated microorganisms with any immobilization method was evaluated by microbiological and
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molecular methods, Krell et al.B? demonstrated by microscopy and gPCR that at 21 dpi the fungus M.
brunneum encapsulated in alginate-Ca remained in roots of tomato plants in different types of soil; 64% of
the plants inoculated with the encapsulate presented higher endophytism particularly when using wet beads.
In our case, A. vinelandii showed a different behavior during the sampling times, since 7 dpi gPCR results
showed its establishment in the rhizosphere with both liquid and encapsulated inoculum. However, at 14 dpi
its presence in the soil decreases, to finally not be detected in both treatments by molecular methods after
28 dpi despite the significant observable effects on agronomic and microbiological variables during the

seedling stage.

CONCLUSIONS

In this work we highlight the use of alginate-Na as a material for the encapsulation of the PGPR A. vinelandii
and that its performance in the inoculation of tomato seedlings improved important agronomic variables,
such as germination, stem diameter, seedling, and root size, as well as NO3 content. The encapsulation of A.
vinelandii in alginate-Na beads, although spatially restricting its distribution in the soil, does not limit its
metabolic activities, allowing its release and establishment during the first phenological stage of the crop.
Finally, we show evidence on the encapsulation of A. vinelandii in tomato crops as an inoculant for growth
promotion and chemical fertilization reduction purposes. These findings provide a basis for testing the
encapsulation of this and other PGPRs as inoculants. The development of formulations that enhance
colonization in the rhizosphere soil and maintain viability during the complete production cycle is
recommended, since in this work the viability of the bacterium was maintained for 28 days, regardless of the
inoculation method employed. It is suggested to consider different ways to evaluate the viability of the

inoculated microorganisms to corroborate the permanence times and effectiveness in the crops.
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ABSTRACT

The aim of this study was to evaluate the growth, biodegradation of chlorpyrifos and microencapsulation
using Azotobacter vinelandii ATCC 12837. This strategy was based on the modification of culture media and
aeration conditions to increase the cellular concentration of A. vinelandii and determine its pesticide
tolerance and degradation ability. The culture in shaken flasks, using sucrose as a carbon source, significantly
improved the growth compared to media with mannitol. When the strain was cultivated under oxygen-
limited (5.5, 11.25 mmol L-" h-") and no-oxygen-limited conditions (22 mmol L' h"), the growth parameters
were not affected. In cultures in a liquid medium with chlorpyrifos, the bacteria tolerated a high pesticide
concentration (500 ppm) and the growth parameters were improved even under conditions with a reduced
carbon source (sucrose 2 g L™"). The strain degraded 99.6 % of chlorpyrifos at 60 h of cultivation, in co-
metabolism with sucrose; notably, A. vinelandii ATCC 12837 reduced by 50% the initial concentration (DTs)
in only 6 h. On the other hand, microencapsulation using Na-alginate by spray drying maintained the viability

of 4x10? UFC g™ in a powder formulation.
KEYWORDS
Microencapsulation, Oxygen consumption rate, Pesticide degradation, Rhizobacteria
KEY POINTS

e Azotobacter vinelandii ATCC 12837 tolerates, grows, and degrades high concentrations of
chlorpyrifos in vitro.

e Respirometric parameters of Azotobacter vinelandii ATCC 12837 were not adversely affected by
chlorpyrifos.

e Spray drying with a protective polymer promotes microencapsulation.

1. INTRODUCTION

One of the ecotoxicological problems caused by the intensive use of organophosphate pesticides (OP) is
damage to non-target organisms. Pesticides can inhibit the growth of beneficial microorganisms, such as
plant growth-promoting rhizobacteria (PGPR) (Walvekar et al. 2017), or reduce metabolic capacities related

to their efficacy as inoculants (Sethi and Gupta 2013; Abo-amer et al. 2014; Muttawar and Wadhai 2014).

The evaluation of the effects of the most widely used OP worldwide on PGPR has gained interest because
tolerant organisms could maintain their promoting activities, establish in contaminated sites, even used as
potential decontaminating agents (Abraham and Silambarasan 2016; Shahid et al. 2019; Sumbul et al. 2020;

Chitara et al. 2021). Tolerance and degradation to various pesticides by PGPR have been evaluated in the
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genera Azospirillum (Santos et al. 2020), Bacillus (Myresiotis et al. 2012; Praveen Kumar et al. 2014), Klebsiella
(Rani et al. 2019a), Pseudomonas (Giri and Rai 2012), Serriata (Cycén et al. 2013), Ochrobactrum (Abraham
and Silambarasan 2016) and Azotobacter (Chennappa et al. 2018a), the latter being one of the most

important for agricultural proposes.

Azotobacter spp. are efficient in asymbiotic N, fixation, P solubilization (Sethi and Gupta, 2013), production
of phytohormones (Chobotarov et al. 2017), siderophores (Shahid et al. 2019), vitamins (Revillas et al. 2000),
synthesis of antimicrobial compounds (Nagaraja et al. 2016), production of metabolites of industrial interest
such as the alginate and polyhydroxybutyrate (PHB) (Gurikar et al. 2016), as well as in the synthesis of enzymes

involved in degradation processes of toxic substances (Chennappa et al. 2019).

Some Azotobacter species degrade aromatic compounds such as insecticides, fungicides, and herbicides
(Castillo et al. 2011; Chennappa et al. 2016). These bacteria have particularly shown tolerance to endosulfan,
phorate, carbendazim, chlorpyrifos (CP), pendimethalin, among others (Castillo et al. 2011; Chennappa et al.
2014a; Gurikar et al.2016; Rani and Kumar et al. 2017), without showing growth inhibition (Chennappa et al.
2016). Also, there are reports describing the degradation of lindane (Andupama and Paul, 2009), phorate
(Moneke et al. 2010), endosulfan (Castillo et al. 2011), pendimethalin (Chennappa et al. 2014b; Chennappa
et al.2018a), glyphosate (Mousal et al. 2021), and CP by Azotobacter isolates (Chennappa et al. 2019).

In contrast, other authors have reported adverse effects for Azotobacter spp. (Askar and Khudhur 2013;
Chennappa et al. 2013; Walvekar et al. 2017; Kumar et al. 2019); e.g. reduced growth rate in the presence of
CP (Menon et al. 2004), glyphosate (Moneke et al. 2010) and endosulfan (Castillo et al. 2011), inhibition of
diazotrophic activity (Menon et al. 2004; Chennappa et al. 2019), reduced respiration rate with glyphosate,
pendimethalin and fomesafen (Chennappa etal. 2013, Wu et al. 2014; Chennappa et al. 2014b), cell damage

and loss of viability after exposure to different concentrations of glyphosate and atrazine (Shahid et al. 2019)

The genus Azotobacter can exhibit varied behaviors depending on the species and strains, growth
conditions, type of pesticide, and contaminant concentrations; therefore, it is useful to evaluate the effect of
these factors on model organisms such as Azotobacter vinelandii (Noar and Bruno-Barcena, 2018); A.
vinelandii is a strictly aerobic free-living bacterium with growth and metabolite production, both in vitro and
in soil, closely related to physicochemical parameters (Lenart 2012; Plunkett et al. 2020), nutrient
concentration and availability (essentially carbon and nitrogen sources) (Tejera et al. 2005; Then et al. 2016),
microbial interactions (Bhosale et al. 2013), exposure to toxic substances (Chennappa et al. 2019) and
oxygenation levels (Pefia et al. 2007; Castillo et al. 2013), the latter being one of the critical parameters
because of the high oxygen rate consumption of Azotobacter spp. On this regard, some aspects of the
respiration in A. vinelandii have been evaluated widely concerning its growth and polymers synthesis (Lozano

etal.2011; Castillo et al. 2020). Culture factors such as the oxygen transfer rate (OTR) and respiratory quotient
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(RQ) are crucial in describing the physiological state under different growth conditions. They are related to
parameters such as the specific growth rate and metabolite production (Gémez-Pazarin et al. 2015).
Additionally, it can be useful for monitoring degradation processes (Kahraman and Altin 2020). However,

information on the effects of pesticides on the growth and respirometric profile of A. vinelandii is scarce.

On the other hand, the use of A. vinelandii and other PGPR as inoculants requires the evaluation of growth
conditions, standardization of formulations, increases in their viability (Nagaraja et al. 2016; Strobel et al.
2018), and the validation of the production and inoculation methods for possible large-scale implementation
(Rani et al. 2019b). The use of strategies that provide protection and prolong the viability of microorganisms
under varying conditions, including severe pesticide stress, has been suggested (Lenart 2012; Barman et al.

2019; Kumar et al. 2019; Sarker et al. 2021).

Currently, inoculation of microorganisms, either for agricultural or environmental purposes, employs liquid
formulations that have limited lifetimes, low effectiveness, and high transportation costs (Nakkeeran et al.
2005; Bashan et al. 2014; Aasfar et al. 2021). To reduce those drawbacks, methods like encapsulation, which
is characterized by trapping live, metabolically active microorganisms in a polymeric matrix have been
proposed (Mustapha et al. 2018). Encapsulation of bacteria in non-toxic polymers such as alginate, naturally
produced by A. vinelandii, is an alternative to inoculant formulations with potential applications in pesticide

degradation (Talwar and Ninnekar 2015; Nagaraja et al. 2016).

Although its use is generally experimental, encapsulation of bacteria in alginate wet macro-alginate beads
(diameter >1mm) has shown to provide protection, increase in the viability and improve plant growth,
compared to free organism inoculums (Young et al. 2006). In the presence of pesticides, encapsulation
increases tolerance and removal rates by degrading bacteria (Krell et al. 2017; Conde-Avila et al. 2020).

However, such technology still presents drawbacks for large-scale production and application.

Spray drying is a technique well established and scalable for obtaining dry formulations of viable
microorganisms. It has been mainly employed for the microencapsulation of enzymes, lipids, and
microorganisms in the industry (Strobel et al. 2018). However, in agri-environmental applications, it is
necessary to optimize process conditions to improve yields and decrease the mortality of microorganisms

due to heating and dehydration conditions during the process.

Although there are some studies focused on the role of Azotobacter species in tolerance and degradation
of pesticides, the information about the effect of OP like CP in the A. vinelandii growth and respiratory activity
is scarce, including the encapsulation methods. Therefore, the objective of this study was to evaluate the in
vitro growth and chlorpyrifos-tolerance and degradation of A. vinelandii ATCC 12837, for its use as a

microencapsulated inoculant. It was developed a strategy based on the modification of culture media and
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aeration conditions to evaluate and increase the cellular concentration of A. vinelandii and also determine its
CP tolerance and degradation; in addition, the treatment of microencapsulation by spray drying was

evaluated.
2. MATERIALS AND METHODS
2.1 Microorganism

Experiments were carried out using A. vinelandii ATCC 12837. Cells were cryopreserved at =70°C in 40 %
(w/w) glycerol solution and maintained by monthly subculture on Burk’s-sucrose (BS) agar slopes and stored

at 4° C (Penaetal. 2011).
2.2 Preparation of inoculum

The inoculum was prepared as follows: A. vinelandii cells were grown at 29 °C in 250 mL Erlenmeyer flasks,
containing 50 mL of BS medium for 24 h at 200 rpm. Flasks were incubated until they reached a biomass
concentration of 1 g L™" (measured by dry weight). The liquid culture was diluted at 10 % with a fresh BS liquid

medium. This suspension was used as inoculum. Each flask was inoculated with 0.1 g L™" of biomass.
2.3 Culture media

Four different media were used for A. vinelandii culture with the following composition (g L™"): 1) BS: sucrose
20, yeast extract (Difco) 3, KoHPO, 0.66, KH,PO4 0.16, NaCl 0.2, MgSO47H,O 0.2, CaSO, 0.05,
NapMoO,4-2H,0 0.0029, FeSO4-7H,0 0.027, MOPS [50 mmol]. 2) BS2: the same BS composition except by
sucrose (2 g L"). 3) NBRC: Mannitol 5, yeast extract (Difco) 3, K;HPO, 0.7, KH,PO, 0.1, MgSO4-7H,0 1, MOPS
[50 mmol]. 4) NBRCm: the same composition except by mannitol (21.3 g L"). The initial pH was adjusted to
7.2 using NaOH 2N solution. To avoid precipitation during autoclaving, the FeSO,4-7H20 and Na;MoQ,4-2H,0O
solutions were separated from the other medium components during sterilization (121 °C, 35 min). The C: N

ratio (g mol/g mol) of the BS, BS2; NBRCm, and NBRC media were 29, 5.9, 29, and 21, respectively.
2.4 Culture conditions

Cultures were carried out in 250 mL Erlenmeyer flasks at 200 rpm and maintained at 29 °C for 72 h in an
orbital incubator with a shaking diameter of 2.5 cm. In addition to the flasks used for online measurements of
respiration activity, cultures were developed in some parallel flasks, three of which were regularly withdrawn
(every 6, 12, or 24 h) and submitted to off-line analytical measurements. Cells of A. vinelandii were grown in
250 mL Erlenmeyer flasks containing 50 mL of BS, NBRC, and NBRCm media and the culture conditions
previously described. The effect of different aeration conditions was evaluated by growing the cells of A.

vinelandii in 250 mL Erlenmeyer flasks at different filling volumes, containing 10, 20, and 50 mL of BS medium
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and cultivated as previously described. In order to evaluate the CP effect, cultures were carried out in 250 mL
Erlenmeyer flasks containing 50 mL of BS and BS2 culture media with 0, and 500 ppm of technical grade CP
(Clorver® 480 EC from Versa Agrochemicals) and cultivated under the conditions previously described.

Uninoculated media with the same concentration of CP were used as a control.
2.5 Measurements of respiration activity

Oxygen transfer rate (OTR) and respiratory quotient (RQ) were determined by a respiration activity
monitoring system (RAMOS) (Anderlei and Blichs 2001). During the measuring phase, this device measures
the decrease of oxygen partial pressure in the gas phase of closed 250 mL flasks with a sensor mounted in
the neck of each flask. From the slope of the oxygen partial pressure curve, the system calculates the OTR
(Gomez-Pazarin et al. 2015). RQ was estimated from the quotient between the molar ratio of cumulative CO,
production to cumulative O, utilization (Anderlei et al. 2004). The specific oxygen uptake rate (qO,) was
obtained from the quotient between the OTR,,.x value and the total protein content as previously described

by Diaz-Barrera et al. (2011; 2021).
2.6 Analytical determinations

Biomass and alginate concentrations were determined gravimetrically (Pefia et al. 1997). The number of
colonies forming units mL (CFU) was estimated by plate count (Strobel et al. 2018). Sucrose was assayed for
reducing power with DNS reagent (Miller 1959). Samples were previously hydrolyzed using B-
fructofuranosidase as described by Pefa et al. (2011). The protein concentration was determined by the

Lowry method using bovine serum albumin as standard (Lowry 1951).

All experiments were carried out by triplicate, and the results presented are the averages of independent
samples. When needed, figures and tables show the mean values and standard deviations among replicates.

Statistical analysis was carried out using an ANOVA with a multiple comparison Tuckey test (alpha<0.05).
2.7 Determination of chlorpyrifos (CP) and 3,5,6-trichloro pyridine-2-phenol (TCP)

The extracts resulting from the CP experiments described above (subsection 2.4. culture conditions) were
evaluated to identify and quantify CP and its main metabolites (3,5,6-trichloro pyridine-2-phenol (TCP),
Diethyl Phosphorothioate (DETP) and chlorpyrifos oxon). The samples were filtered through a 25 mm and a
0.22-pm PVDF membrane and then were diluted 100 and 1000 times with mobile phase prior to CP and TCP

detection.

Each standard (Chlorpyrifos 99.5 % N-11459 ChemService, Inc; 3,5,6-trichloro-2-piridinol (TCP) 99.5 %
(33972-BCBZ8746) Sigma Aldrich) and sample were automatically injected through a Sample-Manager

system-FTN Acquity of Waters to equipment of Ultra Performance Liquid Chromatography (UPLC Acquity
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Serie H) equipped with a column Brand Waters Acquity UPLC BEH C18 1.7um, 2.1 x 50 mm, in a volume of
5.0 pL. The column temperature was kept at 40 °C. The chromatographic conditions were as follows: The
mobile phase A was ammonium formate 5 mM, pH 3.0, and mobile phase B was methanol + ammonium
formate 5 mM + 0.1 % of formic acid at a constant flow rate of 0.35 mL min~", with the following gradient:
starting with 83 % of solvent A and 17 % of solvent B, reaching the 90% of solvent B at 5.5 min and remaining
there for 2 min and returning to its first constitution at 7.51 min and remaining there for 2.5 min. With a total
running time of 10 minutes. The autosampler injection needle was rinsed with a mobile phase after each
injection. Nitrogen was used as the desolvation gas at a flow rate of 1000 Lh~". The desolvation temperature
was 600 °C and the source temperature was 150 °C. Argon was used as the collision gas at a flow rate of 0.14

mL min~".

The identification and quantification were performed by means of ESI* (CP) and ESI-(TCP) mode in a Mass
Spectrometer Xevo TQ-S of Waters and workstation MassLynx. lons were monitored using Multiple Reaction

Monitoring (MRM) (Table 1).

Table 1. Tandem MS conditions.

Chlorpyrifos 349.90 97.00 0.115 27 32
198.00 0.115 27 20
TCP 196.00 196.00 0.200 30 5|
198.00 198.00 0.200 30 5|
200.00 200.00 0.200 30 5|

2.8 Mathematical analysis

The specific growth rate (u) was calculated considering the growth from 0 h to 12 h of cultivation, the period
at which the culture was growing exponentially. The equation used was: dX/dt=pX; where p is the specific
growth rate (h~")and Xis the cell concentration (g L™") (Klimek and Ollis 1980). The percentage of degradation
and the time in which the pesticide concentration was reduced by 50 % (DTsg values) was calculated (Abraham
and Silambarasan 2016). The CP concentration profiles in each of the experiments were fitted to a pseudo-
first-order degradation equation Ct=C0*e-kt where Ct is the concentration of the component at time t, CO is

the initial concentration, k is the degradation constant, and t is the time.
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2.9 Microencapsulation by spray-drying

Azotobacter vinelandii alginate microcapsules were prepared by spray drying using Bowen Engineering BE-
1448 equipment. A mixed suspension of 2.0 % (w/w) Na-alginate and A. vinelandii cells obtained by
centrifugation from liquid cultures were prepared in 2 L Erlenmeyer flasks with 600 mL of BS medium. The
mixture (6 L) was pumped into the dryer under identical operating conditions: the inlet air temperature was
setat 130 °C and an inlet flow rate of 160 mL min~". Under these conditions, outlet temperatures ranged from
60 to 69 °C. Spray-dried powders were stored at room temperature in clear glass vials with exposure to

ambient light for viability determinations.

3. RESULTS

3.1 In vitro growth

3.1.1 Growth and respirometric activity of A. vinelandii under different culture media

The respiratory activity parameters of A. vinelandii developed in NBRC, NBRCm, and BS media are shown in
Fig. 1. Both the OTR and RQ profiles were different depending on the amount and type of carbon source
presentin the different media evaluated. In the three evaluated media, there were notable differences during
cultivation time and presented characteristic profiles of oxygen limiting conditions distinguished by a higher
sustained OTR value during the cell growth period (OTR,,,). For the NBRC medium with mannitol as carbon
source and a C:N ratio 21 (Fig.1, a), variations in OTR were observed at the begging of cultivation until
reaching an average OTR .., of 2.65 mmol L' h"" between 24 h and 55 h of culture. With the NBRCm medium
(Fig.1, b), increasing the mannitol content (ratio C: N 29), the OTR., increased at 5.87 mmol L' h"' as
expected because of the increase of the carbon source, indicating a high respiration activity and extending
the culture time up to 80 h. Finally, in the BS medium (with sucrose as carbon source and a C: N ratio of 29)
(Fig.1, c), an exponential increase in OTR was observed from 0 to 12 h, reaching an average OTR,,s of 5.52
mmol LM h! until 36 h, when it decreased and then increased again until 48 h. Concerning the RQ values, in
the NBRCm and BS media, similar values were obtained, both above 1 (1.2 and 1.1, respectively) indicating
a less oxidative metabolic activity; whereas, the medium with a lower carbon concentration (NBRC) reached

an average RQ of 0.7.
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Fig. 1. Evolution of the oxygen transfer rate (OTR) and respiration quotient (RQ) in cultures of A.
vinelandii grown in NBRC (a), NBRCm (b), and BS (c) media.

The growth of A. vinelandii determined by CFU and total protein in the different culture media is shown in
Fig. 2. The maximum values of CFU mL" were 1.4 x10'° at 48 h in the BS medium, followed by NBRCm
medium (9.16 x10%) and NBRC (1.25 x107) at 72 h (Fig. 2 a). Similarly, total protein content (Fig. 2 b) increased
exponentially up to 48 h and it was higher in BS medium compared to NBRCm medium using the same C: N
ratio (29); whereas, the cultures where the NBRC medium (low carbon concentration) was employed showed

notably lower growth.
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Finally, the kinetic and respirometric parameters of A. vinelandii culture on the different media are
summarized in Table 2. It is clear from the values of the table that a higher u, number of CFU, and protein
content were reached in the cultures with the BS medium when the OTR.x was 5.52 mmol L' h'. It is
important to point out that the highest alginate content was obtained in the NBRCm medium, indicating that
with mannitol as a carbon source, compared to sucrose medium (BS), the alginate synthesis was improved

(5.17 g L"); whereas in BS medium, the alginate production was lower (0.97 g L '"alginate).
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Figure 2. Growth of A. vinelandii in different culture media. CFU (a) and protein growth (b) of A.
vinelandii cultures in shake flasks in BS (¢), NBRCm (¢), and NBRC (m) medium. Data are presented as
the mean and standard deviation from three experiments.
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Table 2. Kinetic and respirometric parameters of A. vinelandii cultured in shake flasks in different
culture media. Experiments were carried out in triplicate and the results presented are the means and
standard deviation of independent runs.

NBRC 0.03 9.45 1.25x107 0.14+0.01 2.65 18.92 0.49+0.03
NBRCm 0.08 6.30 9.16x10° 1.12+0.06 5.87 5.24 5.17£0.56
BS 0.12 5.55 1.4x10"° 1.79+0.02 5,52 3.08 0.97 £0.12

3.1.2 Growth and respirometric activity of A. vinelandii under oxygen and non-oxygen-limited conditions

Figure 3 shows the respiratory activity parameters of A. vinelandii developed in BS medium with different
filling volumes 10 (a), 20 (b), and 50 mL (c). As it was expected, the OTR.x values increased considerably,
decreasing the filling volume, obtaining values of 5.5, 11.45, and 22 mmol L' h"" with 50, 20, and 10 mL,

respectively. With 50 and 20 mL, a typical oxygen limitation OTR profile was obtained for A. vinelandii cells.

On the other hand, in the cultures with 10 mL of filling volume, a typical non-oxygen-limited profile was
observed. In that case, the OTR,,,x was reached at 20 h of culture, followed by a drop in the respiration rate,
indicating the decrease in oxidative activity due to the rapid depletion of the sucrose. In the case of the
cultures using 20 mL of filling volume, the same drop was presented at 20 h but increased again from 20 to
27 h. Finally, with 50 mL of filling volume, a previously described oxygen limitation profile was exhibited,
showing an exponential increase in OTR during the first 6 h of culture and a stationary stage that remained
until the carbon source in the medium was exhausted, prolonging the culture until 55 h. In contrast, the RQ

was not modified by the filling volume, being in all cases RQ of 1.02-1.07.

74



25 OTR,,,,= 22 2 a)

OTR (mmol L' h'")
o 1=
j\
T8 R &5 &
RQ

25

20

RQ=1.07 |

OTR, = 11.45

OTR (mmol L-"h1)

20 |} 1.6

=05 \ RQ=1.07 e Cobe
- g N
E o
E 1z
£
=
g | 0.8
3
0.6
OTR,=5.5
5 | 0.4
/\H/\’_/_/‘\ 0.2
0 0
0 12 2 36 a8 60

Cultivation time (h)

Fig. 3. Evolution of the oxygen transfer rate (OTR) and respiration quotient (RQ) in cultures of A.
vinelandii grown in BS liquid medium with 10 (a), 20 (b), and 50 mL (c) of filling volumes.

As it is presented in Figure 4, the maximum growth values determined by the parameters of maximum
biomass (9.7 gL ™), CFU mL" (1x10'°), and total protein (2.78 mg mL") were obtained in the lowest OTR
condition, i.e., in the BS medium with 50 mL filling volume between 48 to 72h of culture. Similarly, the kinetic
parameters (Table 3) with that condition showed a higher growth rate of 0.12 h"' and thus a shorter doubling
time (5.7 h) even under O,-limiting conditions (5.5 mmol L' h'"). It is clear that, the growth of strain ATCC
12837 in BS medium under limited oxygenation conditions did not significantly affect growth, and also

presented better cell viability, protein content, and lower qO,.
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Figure 4. Biomass (a), Protein (b), and CFU growth kinetics (c) of A. vinelandii cultures in 250 mL shake
flasks in BS medium at different filling volumes 10 mL (¢), 20 mL (¢) and 50 mL (m). Data are presented

as the mean and standard deviation from three experiments.
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Table 3. Kinetic and respirometric parameters of A. vinelandii cultured in shake flasks with BS medium
at different filling volumes. Experiments were carried out in triplicate and the results presented are
the means and standard deviations of independent runs.

50 0.12 5.77 9.77 £0.65 2.78+0.26 1x101° 5.9 1.97
20 0.08 6.30 4.67 £0.18 1.04 £0.28 8.2x108 11.45 11
10 0.11 8.66 5.90 £0.95 2.12 #0.05 9.4x10° 22 10.37

3.1.3 Growth and respirometric activity of A. vinelandii in media with chlorpyrifos

The respiratory activity parameters of A. vinelandii developed in BS and BS2 media with and without CP are
shown in Fig. 5. In the first case, when the bacterium was cultured without a decrease in the carbon source
(sucrose) in both BS medium without the contaminant (a) and BS with CP (b), clear differences at OTR in the
first 12 h of culture were observed. Particularly in the BS medium with CP (Figure 5b), the increase in the OTR
until reaching the maximal was slower compared to the medium without pesticide (BS) (Figure 5a) in which
during the first 6h the maximum OTR was reached. However, the OTR ., values were higher in the medium
with CP (7.9 mmol L' h") in contrast to the BS medium (5.88 mmol L' h"), and a prolongation of the
respiratory activity up to more than 60h of culture was observed, suggesting a higher metabolic activity. The
average RQ values for the medium with CP were slightly lower (1.07) compared to the BS medium (1.12), in
both cases greater than 1. In the second case, by decreasing the concentration of the carbon source (BS2)
10-fold and with the addition of the pesticide (B2+CP) (Fig. 5, c and d) a similar behavior to the previous one
was obtained in terms of the increase in OTR ., for the medium with pesticide (6.9 mmol L' h"') compared
to the BS2 medium (5.38 mmol L' h'') and a delayed activity in the increase of OTR in the first hours of culture,
possibly linked to the adaptation of the bacteria to the presence of the contaminant. Finally, the RQ values

for BS2 and BS2+CP media were 0.90 and 0.89, respectively.

77



a) ) A

OTR,,,=5.38

RQ

RQ=1.12

OTR (mmol L' h)
OTR (mmol L h-)

RQ=0.90

b)

OTR,,= 7.9

OTR,,.= 6.9 N
| i /

RQ

OTR (mmol L' h)
=

RQ=1.07

OTR (mmol L' h'")
IS

)

RQ=0.89

0 ) -
0 6 12 18 24 30 36 2 48 4 6
6 12 18 2430 36 4 48 54 60 g ? '

Cultivation time (h}
Cultivation time (h) ultivation time (h)

Fig. 5. Evolution of the oxygen transfer rate (OTR) and respiration quotient (RQ) in cultures of A.

vinelandii grown in media: BS (a), BS+500 ppm CP (b), BS2 (c), and BS2+500 ppm CP (d).

Regarding the growth of A. vinelandii in BS medium with and without CP, Fig. 6 shows the biomass (a), protein
(b), and CFU (c) content, as well as sucrose consumption of all treatments. The BS+CP and BS2+CP media
obtained higher biomass production in relation to the controls without pesticide. The media with 20 gL
sucrose showed exponential growth until 60h of culture, while with 2 gL sucrose, the exponential phase
ended at 12h of culture. Similarly, the higher total protein content and CFU mL" were recorded in the media

with CP at 60 and 24 h for BS+CP and BS2+CP media, respectively.

On the other hand, sucrose consumption (d) was slightly faster in the media without pesticide compared to
the media with CP, indicating the use of alternative sources present in the medium with pesticide. Finally, the
kinetic parameters showed a growth rate without statistical differences for the media with pesticide and their

respective controls, as well as a lower qO; in the BS+CP medium (Table 4).

78

©)

d)

RQ

RQ



Biomass (gL")

4.0 )
a
£
o
£
=
K
H
[
1.3E+10 c)
4.5E407
1.OE+10 4.0E+07
3.5EH07
I 7.5E+09 3.0EH07
=
:E> 258107 E
= 2
o &
5.0E+09 2.0E+07 ©
L5E+07
2.5E+09 LOE+07
5.0E+06
0.0E+00 L 0.0E+00
20
18 )
16
14
o2
=
&
2 10
£
S
@ 8
6
4
2
().g:\\;\g\
0 6 12 18 24 30 36 42 48 54 60

Culture time (h)
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Table 4. Kinetic and respirometric parameters of A. vinelandii cultured in shake flasks in BS and BS

with 0 and 500 ppm of chlorpyrifos (CP). Experiments were carried out in triplicate and the results

presented are the means and standard deviation of independent runs.

BS 0.26 8.9+0.1 1.82+ 0.21 9 x107 5.88 2.66
BS+CP 0.26 10.4+ 0.05 332+ 0.18 1x10" 7.9 2.37
BS2 0.14 227+ 02 0.59+ 0.06 2.1 x107 538 9.1
BS2+CP 0.19 293+ 0.02 0.63+0.04 2.51x107 6.9 10.9

3.1.4 Tolerance and biodegradation of chlorpyrifos

The tolerance and biodegradation of CP and its major metabolite TCP were assessed using A. vinelandii
ATCC 12837 in liquid culture. Although the ATCC 12837 strain was exposed to a concentration of 500 ppm
of CP, this demonstrated not only tolerance to the compound but also increased growth and respirometric

activity as described above in both BS and BS2 media (section 3.1.3).

According to the analysis of detection and quantification of CP and its intermediates in the supernatants of
A. vinelandii cultures, both in BS and BS2 medium, a decrease in the concentration of the pesticide was
determined in the medium (Fig. 7). Strain ATCC 12837 completely degraded the pesticide (500 mg L of CP)
with a DTso of 6 h with BS medium. Whereas in the BS2 medium, when sucrose was reduced, the strain
degraded 330 mg L' of CP and the time to reach DTsq was 30 h. The above, clearly was influenced by the
decrease in growth in response to the reduction of sucrose concentration in the BS2 medium. Therefore, the
degradation percentages of the strain after 60 h of culture were 99.5 % and 66.8 % in BS and BS2 media,

respectively.

According to our results, no accumulation of TCP or formation of other metabolites (DETP or chlorpyrifos

oxon) was detected in A. vinelandii growth supernatants with 500 ppm CP. This suggests that, under the
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conditions tested, the bacteria apparently can metabolize CP and use it for growth and energy. In addition, a

higher percentage of degradation was observed when grown on a nutrient-rich medium (BS medium).

Given thatin our screening analysis of CP and TCP by UPLC/MS-MS no other intermediate compounds were
detectable during in vitro culture development, we show a possible degradation pathway that A. vinelandii
could follow (Bose et al. 2021) (Fig. 8). The hydrolysis of CP to TCP followed by reductive dechlorination of
TCP and incorporation of the pyridine ring into the Krebs cycle which completes the degradation of CP; or
the formation of DETP which is rapidly degraded to ethanol and phosphorothioic acid molecules and can be

used as S, N, and P sources.
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3.1.5. Microencapsulation by spray-drying, and powder A. vinelandii viability

In order to propose a powdered inoculant formulation with potential agro-environmental applications under

an easily scalable method, microencapsulation of A. vinelandii with Na-alginate was carried out. The viability

of A. vinelandii was monitored during the microencapsulation process. The microbial population was

calculated in the shake flask cultures, in the input suspension containing the cell pellet dispersed in Na-

alginate solution, and in the spray-dried powder. The shake flask cultures grew to approximately 5.2x10° CFU

mL", and the microbial population was not significantly reduced when the cell pellet was resuspended in the

same volume of alginate solution (5x10? CFU mL").

The resulting viability of the spray-dried cells was 4x10? CFU g™', which represents a 20 % reduction within

the same order of magnitude relative to the population in the spray-dryer input suspensions (5x10? CFU mL

"). Spray drying under the conditions evaluated did not compromise the survival of the microencapsulated
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bacteria because A. vinelandii cells in solution with sodium alginate survived the drying process with a well

viable count and the advantage of avoiding alginate cross-linking at some stage.
4. DISCUSSIONS
4.1 Growth and respirometric activity of A. vinelandii in different culture media

Regarding to the respiratory activity parameters of A. vinelandii grown under different culture media, the OTR
and RQ were dependent on the amount and type of carbon source available (Fig. 1), a similar behavior that
has been observed previously (Noguez et al. 2008). This is explained because both parameters are substrate-
dependent (Kahraman and Altin et al. 2020). Factors such as oxygen availability and the amount or type of
carbon source modify the metabolic response of aerobic organisms to oxidize compounds and produce CO,

which can be monitored by OTR and RQ values (Gomez-Pazarin et al 2015).

In this context, characteristic profiles of oxygen limiting conditions were observed in the three evaluated
media, similar to those previously reported for A. vinelandii (Pefia et al. 2011). Those profiles are characterized
by maintaining a sustained OTRy,., value during the culture time and RQ values of 1 or higher, as those
obtained in the NBRCm and BS media. RQ values higher than 1 are generally attributed to anaerobic or
microaerophilic conditions, where the oxygen availability is not sufficient to oxidize the carbon source present

in the media, whereas, values below 1 are related to aerobic processes (Dilly 2001, 2003; Lamy et al. 2013).

In our results, the OTR,.x values and the growth of A. vinelandii determined by CFU and total protein in the
different culture media were higher when C:N ratio of 29 was used (Fig. 2). It is known that high concentrations
of organic carbon in the form of sugars, alcohols, and organic acids (25%) are used to improve the growth of
Azotobacter (Tejera et al. 2005). In contrast, Castillo et al. (2017) found that using ratios between16 and 32
gC gN, there were no significant differences in the growth of A. vinelandii when using sucrose and yeast
extract as carbon and nitrogen sources, respectively. In our results with A. vinelandii ATCC 12837, the type
of C source and the increase of the C:N ratio, positively impacted the cell growth, viability, and respirometric

parameters as expected, even in oxygen limiting conditions.

In this line, recently Diaz-Barrera et al. (2021) reported that, under oxygen limitation conditions (5.0 = 0.9
mmol L' h™') and no-nitrogen fixation, similar to those carried out in our work, A. vinelandii ATCC 9046

channeled the carbon source mainly to the production of biomass and intracellular polymers like PHB.

The above is consistent with that reported by Pefa et al. (2007; 2011), who obtained higher viability,
biomass production, and specific growth rate with the increase in the OTR in cultures in shaken flasks (OTR .
6 mmol L h" compared to an OTR. of 2.5 mmol L™ h'). Also, when A. vinelandii was grown at OTR,, of

5.5 mmol L' h', (similar to that obtained in our study for BS and NBRCm medium) the carbon source was
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mainly directed to growth with an increase in the biomass concentration, polymer and CO; production, which
may be affected by the strain qO; (Diaz-Barrera et al. 2011). That is coherent with our results because a lower

gO; was obtained in the BS medium, the same with the higher growth and respirometric activity.
4.2 Growth and respirometric activity of A. vinelandii under oxygen and non-oxygen-limited conditions

As it was expected, the OTR,a, valuesin the cultures of A. vinelandii in BS medium increased considerably by
decreasing the filling volume (Fig. 3), obtaining a typical oxygen limitation and non-oxygen limitation profiles
as previously reported in cultures of A. vinelandii in stirrer tank and shaken flasks (Pefa et al. 2007; Diaz-
Barrera et al. 2007; Moral et al. 2016). In contrast, the RQ values were not modified by the filling volume.
These data contrast with those previously reported for A. vinelandii ATCC 9046 (Pefia et al. 2011), where at
higher OTR, RQ values are less than 1 and conversely at low OTR, higher than 1. This could be related to a
lower respiration rate observed in the strain ATCC 12837 used in the present study. For the case of A.
vinelandii ATCC 9046 strain, it has been documented that it possesses mechanisms that regulate its
respiration efficiency depending on the modifications of its respiratory chain by the activation or deactivation
of terminal oxidases. These oxidases respond to environmental and nutritional changes such as oxygen
availability to maximize energy conservation or produce intracellular or extracellular polymers and it may vary

slightly among strains (Castillo et al. 2020).

On the other hand, previous studies with A. vinelandii in shaken flasks, under high and low aeration
conditions, showed that changes in oxygen availability had a considerable impact on the growth profiles
(Castillo et al. 2013), especially on growth, measured as biomass, and protein production (Pefia et al. 2011).
In the study of Garcia et al. (2018), the highest protein yield of A. vinelandii (0.15 g protein g glucose™) was
obtained in the cultures developed under the lowest OTR (2.4 mmol L'" h'"). In our case, the maximum growth
values were also obtained at the lowest OTR condition (Fig. 4). Other authors have reported that when OTR 5,
was reduced, the y value also decreased, although without changes in the final biomass concentration (Pefia
et al. 2007; Pefia et al. 2011; Diaz-Barrera et al. 2021). In our study, the growth of strain ATCC 12837 in BS
medium under limited oxygenation conditions did not significantly affect growth, and also presented better
cell viability, protein content, and lower qO,. The last is a relevant characteristic to consider as a scale-up
criterion, owed to the high requirements that characterize other strains like A. vinelandii ATCC 9046, and are

usually a limiting condition for process scale-up.
4.3 Growth and respirometric activity of A. vinelandii in media with chlorpyrifos

Due to the typically high respiration rates of A. vinelandii, oxygen limitations and preferences for carbon
sources usually occur in the early stages of fermentation (Pefia et al. 2007). Besides, in the presence of toxic

substances, a period of adaptation or reduced respiration rates could occur early in the culture (Chennappa
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et al. 2013). In our case, we observed differences in OTR values in the cultures of A. vinelandii developed in
BS and BS2 media with CP at the first 12 h of cultivation, in OTR.,, and the prolongation of respiratory activity,

relative to their respective control conditions (Fig. 5).

It is important to point out that, this is the first time when OTR and RQ online values have been estimated
for A. vinelandii in response to the presence of CP in a liquid medium with sucrose. The OTR,.x values
recorded were significantly higher in media with the pesticide, and prolongation of respiratory activity was
observed in both conditions (BS and BS2). The above suggested an increase in metabolic activity related to

the addition of the pesticide as a carbon source.

Regarding the RQ values, the average values were slightly lower by decreasing 10-fold the carbon
concentration (BS2) with and without the addition of pesticide. The latter was related with the decrease of the
carbon availability and presence of pesticide, which resulted in an oxygen non-limiting condition, where the
lower metabolic activity and CO, production was reflected in the RQ value (Lamy et al. 2013). All the above

was also then supported by growth parameters.

In the cultures of A. vinelandii in the presence of CP, the growth was better than when the pesticide was not
used (Fig. 6). This suggests the use of CP as a carbon source by A. vinelandii ATCC 12837, since it not only
tolerated the high concentration of the pesticide (500 ppm) but also had a significantly higher growth
compared to the reference treatments, as well as a lower qO; in the BS+CP medium. This is consistent with
other Azotobacter strains that did not show any in vitro growth impairment in the presence of CP (Chennappa
etal. 2014a). On the other hand, slightly faster sucrose consumption in the media without pesticide, indicating

the use of alternative sources present in the medium with CP.

Although other Azotobacter strains have shown tolerance to CP (Gurikar et al. 2016; Chennappa etal. 2019),
this is the first time that respirometric parameters are measured and related to the growth of A. vinelandii in
presence of a pesticide. In the present study, we highlight that strain ATCC 12837 growth in a high CP
concentration in contrast with previously reported (100 ppm and 1-5 %) (Mac-Rae and Celo 1974; Chennappa
et al. 2019); without adversely affecting its growth or respiratory activity. In contrast, according to Mac-Rae
and Celo (1974), despite showing tolerance, the oxygen consumption rate of A. vinelandii was considerably
reduced when using 100 ppm of OP (Naled, Terracur-P, coumaphos, malathion, CP). This could be related to
the strain ATCC 12837 high tolerance to the pollutant, since decrease in its respiration activity is not observed

as a result of exposure to CP.

4.4 Tolerance and biodegradation of chlorpyrifos

The tolerance and biodegradation of toxic compounds by Azotobacter spp. have not been fully addressed,

especially concerning pesticides. Recently, it has been suggested that strains of this genus can show

85



tolerance to compounds such as CP, and even degrade it (Chennappa et al. 2014a; Chennappa et al. 2019).
In the present study, even though the strain was exposed to a concentration of 500 ppm of CP, higher than
those used in other reports for Azotobacter spp. and other genera (from 10 to 300 ppm) (Maya et al. 2011;
Rayu et al. 2017; Akbar and Sultan et al. 2016; Liu et al. 2011: Yang et al. 2005; Abraham and Silambarasan
2016; Shi et al. 2019), the strain ATCC 12837 demonstrated not only tolerance to the compound, but also

increased growth and respiration activity.

Commonly, some microorganisms can be tolerant to low concentrations of pesticides such as CP, thanks to
primary protective mechanisms mediated by oxidative enzymes as cytochrome p450, peroxidases, and
polyphenol oxidases (Abraham and Lambarasan 2018), but high CP concentrations could strongly affect the
bacterial growth (Singh et al. 2011) and drastically decrease the number of tolerant organisms at

concentrations above 100 ppm (Hernédndez-Ruiz et al. 2017).

In addition, one of the limiting factors in the complete degradation of CP is usually the generation of
secondary metabolites such as TCP. TCP is the main degradation product of CP and tends to be resistant to
biodegradation or bactericidal due to its composition, as it contains a pyridinol ring with 3 chlorine atoms
(Jabeen et al. 2015). The above limits the number of organisms capable of fully mineralizing the compound
(Abraham and Silambarasan 2016). Some strains, such as Pseudomonas sp. and Bacillus megaterium, have
been able to degrade CP (100 mgL™) but not completely TCP (Barman et al. 2014: Zhu et al. 2019). This
situation may be reflected with the accumulation of TCP and other intermediates, which prevents the
complete elimination of the parent compound (Barman et al. 2014) and may allow further dissipation of
contaminants, as e.g. TCP is more soluble than the parent molecule (John and Shaike 2015) and acts as an

endocrine disruptor (Fishel 2013).

In our study, A. vinelandii tolerated, grew, and efficiently degrade a high CP concentration in vitro, both in
BS and BS2 media, without the accumulation of TCP or formation of other metabolites (DETP or chlorpyrifos
oxon). This suggests that, under the conditions tested, the bacteria can completely metabolize CP and use it
for growth and energy. However, the mechanisms of CP degradation or the involvement of enzymes
associated with its degradation (such as organophosphate hydrolases (Li et al. 2007; Barman et al.2014)) have

not yet been fully elucidated or reported for Azotobacter spp.

One of the closest genera to Azotobacter that has shown efficiency in CP degradation is Pseudomonas, as
it can use it as a carbon source and energy (Gilani et al. 2016); and it has been particularly documented in
strains such as ATCC 700113 (Feng et al 1988). Pseudomonas syringae was able to degrade 99.1 % of 100
mg L' of CP in 5 d also presenting degradation-associated phosphoesterase enzymatic activity (Zhu et al.
2019). However, the initial concentration is important and another limiting factor in CP degradation. e.g.,

although Pseudomonas spp. can degrade CP, it decreases its growth or stops degrading TCP at

86



concentrations higher than 200 ppm (Li et al. 2007). In contrast, A. vinelandii ATTCC 12837 strain showed

higher tolerance (500 ppm) and degradation efficiency compared to Pseudomonas spp.

On the other hand, Pseudomonas putida is among the most efficient strains in CP degradation (Gilani et al.
2016). Especially when it was developed under optimal growth conditions in glucose supplemented medium
(Vijayalakshmi and Usha 2012). In the case of A. vinelandii, a higher percentage of degradation was observed
when grown on a nutrient-rich medium (BS medium) (Fig. 7). This is consistent with what was also reported
by Gilani et al. (2010), who point out that the degradation of CP in the presence of nutrients increases due to
better cell growth by greater availability of easily metabolizable compounds, which allows the pesticide

degradation in a co-substrate condition.

Furthermore, it has been described that, under neutral pH conditions, as our experiment was conducted,
CP can be hydrolyzed and follow different biodegradation pathways; and under aerobic conditions, the

breaking of the aromatic rings is favored (Jayasri et al. 2014).

Given that in our screening analysis and the fact that no other intermediate compounds were detectable
during in vitro culture development, A. vinelandii could follow two possible degradation pathways (Fig. 8)
(Bose et al. 2021). The hydrolysis of CP to TCP, followed by reductive dechlorination of TCP and incorporation
of the pyridine ring into the Krebs cycle which completes the degradation of CP and this has also been
identified in Pseudomonas (Vijayalakshmi and Usha 2012); or the formation of DETP which is rapidly
degraded to ethanol and phosphorothioic acid molecules and can be used as a S, N, and P source for

microorganisms (Rokade and Mali 2013).

Regarding efficiency, in our study, A vinelandii degraded CP 10 times faster (200 mg L' in 4.8 h in BS
medium), compared to the bacterium Cupriavidus nantogensis (200 mg L' in 48 h) and similarly could
tolerate up to 500 mg L' (Shi et al. 2019). On the other hand, the fungus Cladosporium cladosporioides
degraded only 50 ppm of CP in 5 d and tolerated 500 mgL" as well, and although it generated TCP as an
intermediate, it degraded rapidly without leading to accumulation; and similar to our results, they did not

detect traces of compounds in chromatographic analysis (Chen et al. 2012).

The elimination of CP in the medium suggests that the strain utilizes the pesticide as a carbon source and
energy efficiently compared to other strains in addition to being highly tolerant so it could maintain its
activities as a PGPR. This has been previously described in Azotobacter salinestris which maintained the
highest production of indoleacetic acid (auxin) on medium supplemented with 1 mg tryptophan and CP (1%),

indicating that CP did not negatively affect its growth or phytohormone synthesis (Chennappa 2016).

It is worth noting that, decades of research on the effect of pesticides such as CP on the development of

Azotobacter spp. generally reported growth impairment, respiratory inhibition, changes in oxygen
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consumption rate and no degradation (Mac-Rae and Celo 1974; Omar and Abd-Alla 1992). Recent studies
have identified that certain strains have shown greater tolerance to different compounds, particularly to CP
(Chennappa et al. 2014a; Farhan et al. 2021). This is attributable, according to some authors, to the fact that
rhizospheric microorganisms that have been chronically exposed to pesticides have created resistance and
accumulated adaptations to use them as a carbon source and energy (Roy et al. 2020); while, maintaining

and even favoring their PGPR activities (Shahgoli and Ahangar 2014; Pant et al. 2016).

This allows that A. vinelandii ATTCC 12837 to be an excellent candidate to be used in CP remediation, both
in vitro and in situ, since microorganisms that can degrade pesticides in vitro usually maintain this capacity in
soil (Vidya Lakshmi et al. 2009); although considering a decrease in the speed and efficiency of degradation

(Deng et al. 2015) due to multiple edaphoclimatic factors that may vary their behavior (Aasfar et al. 2021).
4.5. Microencapsulation by spray-drying, and powder A. vinelandii viability

The viability of A. vinelandii after the microencapsulation process by spray-drying without alginate cross-
linking was 4x10? CFU g™ It was achieved in the experimental conditions proposed, with a relatively low
reduction (20 %) of the population in the spray-dryer input suspension. This resulted in a higher viability in
contrast to other studies e.g., Pseudomonas fluorescens-putida which suffered a decrease of 2 logarithmic
units in its viability after spray drying for microencapsulation with a methacrylic copolymer, modified starch,
and ethyl cellulose (Amiet-Charpentier et al. 1998). In addition, the microencapsulated viable cells obtained
in this report present advantages over liquid formulations (Albareda et al. 2008) and inoculants encapsulated
in alginate by the conventional gelation method (Bashan et al. 2014). This study employed an easily scalable
method, an easily handled dry formulation, and maintained an acceptable viable count compared to other
reports (Amiet-Charpentier et al. 1998; Digat 1991; Strobel et al. 2016) and in contrast with the usual viability

of A. vinelandii in soil (<10 4 UFC g-1 soil) (Kennedy et al. 2004).

Few reports in the literature have suggested the use of microencapsulation with alginate by spray drying
for agricultural and environmental purposes (John et al. 2011). Similar to our results, Enterobacter cells
microencapsulated with maltodextrin and alginate maintained their survival after spray drying, even when the
polymer was also not cross-linked (Campos et al. 2014). In the present study, spray drying under the
conditions evaluated did not compromise the survival of the microencapsulated bacteria, contrary to claims
that it is an aggressive process for preparing viable formulations of agri-environmental inoculants (John et al.
2011; Schoebitz et al. 2013). This could be explained by the conditions tested in this report, the cell density
achieved in the culture, the alginate protection, and the drying conditions, especially the outlet temperature
(60 to 69°C) and the feed rate (160 mL min™'). Regarding the latter, it has been reported that increases in the
feeding rate improve viability due to the increased entry of cells subjected to rapid desiccation of the matrix

at time zero of the process (John et al. 2011).
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Finally, cross-linking of alginate to form gels is often an additional step during microencapsulation or taken
inside the equipment to favor the formation of microcapsules to provide further protection (Strobel et al.
2016); but excessive crosslinking also reduces cell viability by limiting intermembrane interactions and
diffusibility phenomena (Park and Chang 2000). In our case, A. vinelandii cells in solution with sodium alginate
survived the drying process with a well viable count and the advantage of avoiding alginate cross-linking at

some stage.

5. CONCLUSIONS

The excessive use of pesticides as CP is related to multiple environmental alterations. Degradation strategies
using rhizospheric microorganisms that also favor the development of crops have become more interesting
in the search for alternatives that contribute to the reduction of fertilizers and toxic agents. In this context, we
proposed a cultivation strategy to evaluate the growth of A. vinelandii ATTC 12837 and degradation of CP;
as well as the development of a microencapsulated formulation as an inoculant for agricultural and
environmental purposes. Our strategy to optimize bacterial growth allowed us to confirm that sucrose as a
carbon source favored the in vitro development of A. vinelandii ATCC 12837, as well as the degradation of
CP. Furthermore, despite the high oxygen consumption rates that are often a limiting step for large-scale
production of Azotobacter spp., oxygen-limiting conditions did not affect the growth of strain ATTC 12837.
Also, this is the first time when online respirometric parameters have been estimated in response to the
presence of CP for this bacterium. On the other hand, the results demonstrate that the model organism A.
vinelandii ATTC 12837 (deeply studied as a PGPR), is also highly tolerant and efficiently degraded
chlorpyrifos, without accumulation of toxic secondary metabolites, and with the potential to develop into a

promising candidate for improving the productivity of crops in pesticide-contaminated soils.

Finally, microencapsulation of the bacteria with Na-alginate by spray drying did not compromise their
viability and this was achieved without the need to implement an alginate cross-linking step. This report
proposes the development of practical applications for A. vinelandii ATTC 12837 as a decontaminating agent.
From a technological point of view, the above is very relevant since it would allow the generation of a

formulation for large-scale inoculation.
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