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Resumen

RESUMEN

Los alginatos bacterianos son exopolisacaridos conformados por los acidos a-D-manurénico y B-
L-gulurénico, y pueden presentar O-acetilacion en las posiciones O-2 y/o O-3 de los residuos de
acido manurénico. Estos polimeros se caracterizan por su capacidad de formar geles o
soluciones de alta viscosidad; la presencia de grupos acetilo le proporciona propiedades
importantes al polimero ya que incrementa la viscosidad de las soluciones de alginato, asi como
la turgencia de los geles.

Una alternativa para conseguir alginatos con una composicién quimica definida es obtenerlos a
partir de cultivos de Azotobacter vinelandii bajo condiciones de cultivo controladas. Esta bacteria
del suelo es aerobia estricta y tiene la capacidad de sintetizar alginato y poli-(3-hidroxibutirato)
(P3HB). La composicion de los alginatos sintetizados por A. vinelandii depende principalmente
de las condiciones de cultivo; en el caso de la acetilacién del alginato en estudios previos en
matraces agitados, se observo que en condiciones de baja aireacion la acetilacion del alginato
se incrementa con respecto al alginato que se produce en cultivos en alta aireacién. Sin
embargo, bajo estas condiciones de cultivo no es posible definir si los cambios observados en el
grado de acetilacién son resultado de la disponibilidad de oxigeno y/o de los cambios en la
velocidad especifica de crecimiento (u).

El objetivo del presente trabajo fue estudiar el efecto de la tensién de oxigeno disuelto (TOD) y/o
la p sobre el grado de acetilaciéon del alginato producido por A. vinelandii ATCC9046.

En una primera etapa se evaluo el grado de acetilacion del alginato en cultivos en matraces
agitados bajo dos condiciones de disponibilidad de oxigeno, denominadas de alta y baja
disponibilidad de oxigeno, en los que ademas se evallo el flujo de carbono empleando [*C,]-
Glucosa.

En esta etapa se demostrd que la disponibilidad de oxigeno tiene un efecto importante sobre los
flujos y la distribucién de carbono. El flujo relativo en el ciclo de los acidos tricarboxilicos (TCA)
disminuy6 hasta en un 68 %, en nodos como la isocitrato deshidrogenasa y la a-cetoglutarato
deshidrogenasa, en la condicion denominada de baja disponibilidad de oxigeno con respecto a
la condicion de alta disponibilidad de oxigeno. En la condicidén de baja disponibilidad de oxigeno
los flujos de carbono relacionados con las vias de generacion del acetil-CoA y sus precursores,
el piruvato (PYR) y el fosfoenolpiruvato (PEP) se incrementaron entre 17 y 44 % con respecto a
las condiciones de alta disponibilidad de oxigeno. De forma relevante, se observd un impacto
significativo en el flujo metabdlico, en el ciclo del glioxilato, en el cual se incremento el flujo
relativo hasta 2.8 veces en condiciones de baja disponibilidad de oxigeno. Cabe resaltar que
estas tres vias participan en el metabolismo del acetil-CoA, donador de grupos acetilo para la

acetilacion del alginato y la biosintesis de P3HB, lo cual se reflejé en un incremento en el grado
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Resumen

de acetilacion del alginato (2.6 veces) y en la produccion de P3HB, la cual solo se observo en la
condicion de baja disponibilidad de oxigeno.

En la segunda etapa del estudio, en cultivos en quimiostato limitados por glucosa, con un control
estricto de las variables de cultivo se estudio el efecto independiente de la TOD (1, 5y 9 %) y la
u (0.02 - 0.15 h™") sobre la acetilacién del alginato. Con esta estrategia fue posible identificar el
efecto de la TOD y la p sobre la acetilacién de los alginatos producidos por A. vinelandii. En lo
que se refiere al efecto de la TOD, Se demostré que el grado de acetilacion del alginato fue
mayor en condiciones de alta TOD (9 %); en contraste, se observé que el grado de acetilaciéon
disminuye al incrementarse la u, independientemente de la TOD. Por lo que, en este estudio el
valor mas alto del grado de acetilacion del alginato (6.88 %) se obtuvo en condiciones de alta
TOD (9 %) y baja p (0.04 h™"). Bajo estas condiciones de cultivo se observaron dos respuestas
fisiolégicas importantes que afectan positivamente el grado de acetilacion del alginato: a) el
incremento en la TOD impacté negativamente la produccién de P3HB, por lo cual en los cultivos
a 9 % de TOD el contenido de P3HB fue despreciable independientemente de la p; y b) la
disminucion en la u (a 0.04 h™) se reflejo en una disminucién en la velocidad especifica de
consumo de oxigeno hasta en un 46 %, con respecto a los cultivos desarrollados a 9 % de TOD
y u de 0.15 h™'. Estas dos respuestas, la sintesis de P3HB y la velocidad de consumo de
oxigeno, estan estrechamente relacionadas con el metabolismo del acetil-CoA (donador de
grupos acetilo para la acetilacion del alginato). Lo anterior indica que a 9 % de TODy = 0.04
h™', al disminuir la sintesis de P3HB y el consumo especifico de oxigeno, se incrementa la
disponibilidad de acetil-CoA para el proceso de acetilacion del alginato. Adicionalmente, bajo
estas condiciones de cultivo (9 % de TODy p = 0.04 h™") se favorecié la sintesis de alginato,
reflejandose en rendimientos elevados de alginato con base a biomasa (3.4 gag g™"), sugiriendo
una estrecha relacion entre el proceso de acetilacién y la canalizacion del carbono hacia la

biosintesis del alginato.
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Abstract

ABSTRACT

Bacterial alginates are exopolysaccharides conformed by a-D-mannuronic and (-L-guluronic
acids, and may present O-acetylation at O-2 and O-3 positions of the mannuronic acid. Alginates
are important due their capability as viscosifier and gel-forming agents. It has been demonstrated
that O-acetylation increases the viscosity of alginate solutions and the gel swelling capability.
Azotobacter vinelandii cultures are one alternative to obtain alginates with a defined composition.
A. vinelandii is a soil bacterium, which produce alginate and poly-(3- hydroxybutyrate) (P3HB),
an intracellular polymer. The chemical composition of alginates synthesized by A. vinelandii
depends on culture conditions. In previous studies in shaken flasks cultures described that
degree of acetylation of alginates increased under low aeration conditions with respect to the
cultures under high aeration conditions; however, under those culture conditions it was not
possible to define if changes in the acetylation degree were the result of oxygen availability
and/or the changes on the specific growth rate (u).
The main objective of the present study was to understand the effect of dissolved oxygen tension
(DOT) and/or specific growth rate (u) on the degree of acetylation of alginates produced by A.
vinelandii ATCC9046.
The experimental strategy was divided in two stages: during the first approach, acetylation
degree of alginates was evaluated in shaken flasks cultures under two different oxygen
availability conditions, in addition at this stage the carbon flux was evaluated using ['°C4]-
Glucose. On the second stage the acetylation degree of alginates was evaluated in chemostat
cultivations at different DOT (1, 5 and 9 %) and p (0.02 - 0.15 h™).
Under conditions without control of DOT and p (shaken flasks cultures), it was demonstrated that
oxygen availability has an important effect on the carbon fluxes. The main differences at flux
level were found at the tricarboxylic acid (TCA) cycle; in this pathway there was a reduction of
up to 68 % under low aeration condition, at nodes such as isocitrate dehydrogenase and a-
ketoglutarate dehydrogenas, in contrast to the fluxes observed under the high aeration condition.
Secondly, under the low aeration condition the relative metabolic fluxes involved in the acetyl-
CoA, pyruvate (PYR) and phosphoenolpyruvate (PEP) generation were higher (17 and 44 %)
than those observed under the high aeration condition. Finally, the third pathway affected by
changes in the oxygen availability was the glyoxylate shunt, the metabolic fluxes through this
pathway increased up to 2.8 times fold under the low aeration condition as compared to the
cultures developed under high aeration. It must be emphasized that these pathways are involved
on the acetyl-CoA metabolism, donor of acetyl groups for alginate acetylation and P3HB
production, and it was reflected on the acetylation degree of alginate that increased up to 2.6
IX
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times fold under the low aeration condition as well as on the P3HB production. However, at this
stage it was not possible to differentiate between the effect of DOT and p.

On the second stage of this study, using chemostat cultures with a strict control of the DOT and
M we were able to evaluate the role of these parameters on the degree of acetylation of
alginates. It was found that alginate acetylation increased on the cultures developed at high
values of DOT (9 %); on the other hand, the acetylation degree of alginates were higher in those
cultivations carried out at low values of p independently of the DOT value. The highest value of
the acetylation degree of alginates (6.88 %) was reached at 9 % of DOT and u = 0.04 h™, under
these conditions three important physiological responses, related with the increased of alginate
acetylation, were found: at these conditions P3HB production was negligible due to the high
DOT, besides there was a reduction (46 %) of the specific oxygen consumption rate as a
response of the low value of p (0.04 h™'). These responses are related with acetyl-CoA
metabolism, suggesting that at these culture conditions acetyl-CoA availability for alginate
acetylation increased. Finally, under these growth conditions alginate biosynthesis was favored
reaching high values of alginate yields based on biomass (3.4 gaqg g"), suggesting a correlation

between alginate acetylation process and alginate biosynthesis.



Antecedentes

1. INTRODUCCION

Los alginatos son polisacaridos lineales conformados por los acidos -D manurénico (M) y su
epimero en el carbono C-5 el acido a-L gulurénico (G) unidos por enlaces glicosidicos 1- 4
(Tielen et al., 2005). Los residuos M y G se distribuyen en bloques heteropoliméricos (MGMG) o
bien en bloques homopoliméricos (MMMM o GGGG) (Draget y Taylor, 2011). Los alginatos se
producen por algas marinas de la clase Phaeophyceae y por bacterias de los géneros
Pseudomonas y Azotobacter (Draget y Taylor, 2011). En el caso de los alginatos de origen
bacteriano estos pueden presentar O-acetilacion en las posiciones C-2 y C-3 de los residuos de

acido manuronico (Franklin et al., 2011).

Los alginatos se caracterizan por sus propiedades como agentes viscosificantes y gelificantes,
por lo que son empleados en diversas industrias entre las que se encuentran la de alimentos,
textil, cosmética y farmacéutica (Hay et al., 2010). En afios recientes, estos polimeros, han
adquirido importancia en la medicina y la biomedicina debido a sus usos potenciales para la
inmovilizacion de células o farmacos (Draget y Taylor, 2011; Pefia et al., 2011a); asi como
material de soporte en procesos de trasplante de tejidos (Re'em et al., 2010). Es importante
resaltar que la capacidad gelificante y/o viscosificante de los alginatos y por lo tanto, los usos
potenciales de estos polimeros dependen principalmente de su composicién quimica: peso
molecular promedio (PMP), el indice de polidispersion, la relacion del contenido de acido
gulurénico y manuronico (G/M), asi como el grado de acetilacion. Especificamente, en el caso
de la acetilaciéon de los alginatos se ha demostrado que la presencia de grupos acetilo
incrementa la viscosidad de las soluciones de alginato, independientemente del PMP del
polimero (Pefa et al., 2006; Tielen et al., 2005). En el caso de la gelificacién, se ha observado
que la presencia de grupos acetilo incrementa la interaccion alginato-solvente (Windhues y
Borchard, 2003) aumentando la turgencia de los geles de alginato acetilado (Skaej-Braek,
1989).

El empleo de cultivos bacterianos para la produccién de alginato permiten que la composicién
quimica del polimero se pueda manipular mediante las condiciones de cultivo (Galindo et al.,
2007; Hay et al.,, 2010; Pefia et al., 2011a). En el caso de los alginatos producidos por
Azotobacter vinelandii, diversos autores han reportado el efecto de la composicion del medio de
cultivo, la disponibilidad de oxigeno y la velocidad especifica de crecimiento sobre la produccion
y composicion quimica del alginato, principalmente en lo que se refiere al PMP vy la relacion G/M
de la molécula (Pena et al., 1997; 2000, Sabra et al., 1999; 2000; Trujillo-Roldan, 2004; Diaz-

1



Antecedentes

Barrera, 2010; 2012). En cuanto al posible efecto de las condiciones de cultivo sobre la
acetilacion de los alginatos sintetizados por A. vinelandii, se ha reportado que puede ser
afectada por la composicién del medio de cultivo, como es la adicién de amortiguadores de pH
como el acido 3-(morfolino) propanosulfunico (MOPS) (Pefa et al., 2006); asi como la
concentraciéon de Ca®" y PO, (Annison y Couperwhite, 1986). Ademas, se ha descrito que los
cambios en la disponibilidad de oxigeno (Cardenas, 1997; Pefia et al., 2011b) y la velocidad
especifica de crecimiento (Annison y Couperwhite, 1986), también afectan la acetilacién de los

alginatos.

Ademas de la produccién de alginato, A. vinelandii se caracteriza por su capacidad de producir
poli-(3-hidroxibutirato) (P3HB), el cual es un poliéster de la familia de los polihidroxialcanoatos
(PHAs). Este polimero ha adquirido importancia comercial, como sustituto de los plasticos
derivados del petréleo, debido a que es un polimero biodegradable con propiedades mecanicas
similares a las del polipropileno (Galindo et al., 2007; Pefa et al.,, 2011a). La biosintesis de
P3HB en A. vinelandii se favorece principalmente en condiciones de limitacion de oxigeno (Pefa

et al., 2011a) y durante la fase estacionaria (Hernandez-Eligio et al., 2011).

En el caso de la acetilacion de los alginatos se ha propuesto que el acetil-CoA es el principal
donador de grupos acetilo (Clarke et al., 2000), y este cofactor es también el precursor de la
biosintesis de P3HB (Galindo et al., 2007). Por lo que diversos autores han propuesto que el
incremento en la produccion de P3HB, asi como en el grado de acetilacién del alginato
observado en condiciones de limitacion de oxigeno podria estar relacionado con un incremento

en la disponibilidad de acetil-CoA.

Con base en lo anterior, en el presente estudio se evaluo el efecto de la TOD vy la velocidad
especifica de crecimiento sobre el grado de acetilacion del alginato producido por A. vinelandii.
Con la finalidad, de identificar las condiciones de cultivo que afectan el grado de acetilacion de
los alginatos, y de esta manera, en un futuro poder disefiar estrategias de produccion y de
ingenieria de rutas metabdlicas para la obtencion de alginatos con grados de acetilacion

definidos.
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2. ANTECEDENTES

2.1 Estructura, propiedades y aplicaciones de los alginatos

El alginato es un polimero con carga aniénica, de estructura lineal conformado por el B-D- acido
manuroénico (M) y su epimero, en el C-5, el acido a-L- gulurénico (G) unidos por enlaces 1, 4
glicosidicos (Augst et al., 2006). En el caso de los alginatos obtenidos a partir de fuentes
bacterianas estos pueden presentar O-acetilacion en las posiciones C-2 y/o C-3 de los residuos
de acido manuroénico (Tielen et al., 2005; Franklin et al., 2011; Fig.2.1). La distribucién de los
monomeros puede presentarse en bloques homopoliméricos (MMMM o GGGG) o bien en

bloques heteropoliméricos (MGMGMG).
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Figura 2.1. Estructura quimica caracteristica de los alginatos bacterianos (Pefia et al., 2011a).

Las soluciones de alginato presentan caracteristicas reoldgicas no-Newtonianas de tipo
pseudoplasticas (Clementi, 1997). La capacidad viscosificante de estas soluciones depende de
la concentracién del polimero, de la relacion G/M, del peso molecular promedio (PMP) y su
polidispersion, asi como del porcentaje de grupos acetilo presentes en las moléculas de alginato
(Clementi, 1997; Pena et al.,, 2006). Observandose un incremento en la viscosidad de las
soluciones de alginato, principalmente, al incrementarse el PMP y/o la presencia de grupos
acetilo (Galindo et al., 2007; Pena et al., 2006; Tielen et al., 2005).

Oftra caracteristica importante de los alginatos es su capacidad de formar geles, este proceso se
presenta principalmente por la interaccion de los grupos carboxilo de los mondmeros del acido
gulurénico con cationes divalentes (Ca** o Ba?*). La rigidez y la capacidad de hidratacién de los
geles depende principalmente de la relacion G/M, asi como del porcentaje de grupos acetilo en

el polimero (Hay et al., 2010); de esta forma, la rigidez de los geles se incrementa conforme la
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proporcion de bloques G es mayor y disminuye en los alginatos acetilados. En contraste, la
presencia de los grupos acetilo incrementan la interaccién de las moléculas del polimero con el
solvente, incrementando la turgencia en los geles de alginato acetilado (Skaej-Braek, 1989;
Windhues y Borchard, 2003).

Por sus caracteristicas reoldgicas, los alginatos han sido empleados, en diversas industrias
como agentes viscosificantes, emulsificantes y estabilizantes, principalmente en las industrias

de alimentos, farmacéutica, cosmética y textil (Tabla 2.1).

Tabla 2.1. Aplicaciones de los alginatos

Industria Caracteristica Aplicaciones especificas Referencia
Alimentos Estabilizador Estabilizador de espuma en la industria Gacesa, 1988; Rehm y
cervecera Valla, 1997
Viscosificante Espesante de salsas, jugos, mermeladas, lacteos, Gacesa, 1988; Rehm y
etc. Valla, 1997
Gelificante Reconstituyente de alimentos Gacesa, 1988
Farmacéutica Viscosificante Emulsionante en preparaciones cosméticas y Gacesa, 1988; Rehm y
/ cosmética farmacéuticas Valla, 1997
Gelificante Preparacion de moldes dentales Gacesa, 1988; Rehm y
Valla, 1997
Fibras/Peliculas Recubrimiento de tabletas; material para el Gacesa, 1988; Rehm y
recubrimiento de heridas Valla, 1997
Biomédica Gelificante Micro y nano encapsulacion de farmacos o Augst et al, 2006;
proteinas. Hamidi et al, 2008;
Peia et al., 2011a; Hay
etal., 2013
Gelificante Soporte de células y tejidos en procesos de Re'em et al., 2010; Hay
trasplantes etal., 2013
Ambiental Gelificante Inmovilizaciéon de microorganismos para el Covarrubias et al,
tratamiento de aguas residuales 2012
Textil Viscosificante / Impresion de pinturas Gacesa, 1988; Rehm y
estabilizador Valla, 1997

En afios recientes, estos polimeros han adquirido importancia debido a que son compuestos no
téxicos, hidrofilicos, biocompatibles, que no generan respuesta inmune (Pefia et al., 2011a). Por
lo que, se han propuesto por su capacidad gelificante como un sistema de micro y nano
encapsulacion para la liberacion controlada de farmacos y/o proteinas en tratamiento de
enfermedades como tuberculosis, cancer y diabetes (Augst et al., 2006; Hamidi et al., 2008), o

como soporte de células durante los procesos de trasplante de tejidos (Re'em et al., 2010).
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Los alginatos se producen en algas marinas de la clase Phaeophyceae y en bacterias de los
géneros Pseudomonas y Azotobacter. Sin embargo, la funcién de los alginatos difiere de forma
importante en cada uno de estos organismos. En las algas marinas el alginato es un
componente estructural de la pared celular de estos organismos proporcionando soporte y
flexibilidad (Draget y Taylor, 2011).

En contraste, los alginatos bacterianos se secretan al medio. En el caso de la especie patdgena
oportunista P. aeruginosa, el alginato se ha descrito como un factor de virulencia importante
durante los procesos de infeccién en los pacientes con fibrosis quistica, siendo un componente
fundamental de estructuras tridimensionales denominadas biopeliculas. Por otra parte, en A.
vinelandii el alginato forma parte estructural del recubrimiento de los quistes, estructuras
resistentes a la desecaciéon; no obstante, en condiciones de crecimiento vegetativo también
tiene lugar la produccién de alginato (Remminghorst y Rehm, 2006a). Bajo estas condiciones de
crecimiento se ha propuesto que el alginato podria formar una barrera que protege a las células
de la exposicion a elevadas concentraciones de oxigeno (Sabra et al., 2000) y/o metales

pesados (Clementi, 1997).

El proceso mas empleado para la produccion de alginatos, por su bajo costo y rentabilidad es la
extraccion a partir de algas de las especies Macrocystis pyrifera, Ascosphyrillum y Laminaria
hyperborea (Augst et al., 2006; Hay et al.,, 2010); sin embargo, mediante este sistema de
produccion no es posible manipular y controlar la composicién quimica de los alginatos debido a
que esta es dependiente de las condiciones ambientales en los ecosistemas marinos en donde

se producen y cosechan este tipo de algas (Galindo et al., 2007).

En contraste, el empleo de cultivos bacterianos, como A. vinelandii, permite la manipulacion de
la composicién quimica de los alginatos mediante el control de las condiciones de cultivo, con la
ventaja adicional de que los alginatos producidos en cultivos bacterianos pueden presentar,
como se ha descrito previamente, O-acetilacion en los C-2 y/o C-3 de los residuos de acido

manuronico (Galindo et al., 2007).

2.2 Azotobacter vinelandii como modelo de produccion de alginato
2.2.1 Generalidades de A. vinelandii

A. vinelandii es una bacteria de vida libre, no patégena, Gram negativa de la clase de las
gamma-proteobacterias, que habita principalmente en suelos. A. vinelandii presenta

caracteristicas metabdlicas relevantes, entre las que se encuentra la capacidad de fijar
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nitrégeno. La fijacion de nitrégeno es un proceso mediante el cual el nitrégeno atmosférico (N,)
es convertido en amonio (NH3) (Curatti et al., 2005). Para la fijacion de nitrogeno, A. vinelandii
posee tres clases de nitrogenasas, las cuales se clasifican dependiendo del tipo de cofactores
metalicos que contienen, los cuales pueden ser: Molibdeno - Fierro (Mo-Fe), Vanadio (Va) y/o
Fierro (Fe). La expresion de estas enzimas es dependiente de la disponibilidad de los iones

metalicos en el medio de cultivo (Setubal et al., 2009).

El proceso de fijacion de nitrogeno es dependiente de una elevada cantidad de energia en
forma de ATP (se requieren 16 moléculas de ATP por cada molécula de N,) y equivalentes
reductores (8 moléculas de NADH por cada molécula de N,) (Igarashi et al., 2004). Cabe
mencionar, que las nitrogenasas son metaloproteinas sensibles al oxigeno, lo cual podria ser
contradictorio con otra caracteristica relevante de A. vinelandii, debido a que es una bacteria
estrictamente aerobia. La capacidad de A. vinelandii, de fijar nitrdgeno en condiciones de
aerobiosis ha sido ampliamente estudiada y se han reportado diversos mecanismos fisioldgicos
que permiten la proteccion de los sistemas nitrogenasa cuando A. vinelandii es expuesta a
elevadas concentraciones de oxigeno (Poole y Hill, 1997; Oelze, 2000; Bertsova et al., 2001;
Setubal et al., 2009).

Entre los mecanismos de proteccidon de los sistemas nitrogenasa descritos en A. vinelandii se
encuentran, la proteccién conformacional o inactivacion reversible asi como la proteccion
respiratoria. Esta ultima consiste en el incremento del consumo de oxigeno conforme aumenta
la concentracion de oxigeno disuelto en los cultivos de A. vinelandii, para lo cual emplea una
cadena respiratoria desacoplada conformada por la citocromo oxidasa bd (cyt,q) que permite
mantener concentraciones bajas de O, en el espacio citoplasmico (Poole y Hill, 1997; Oelze,
2000; Bertsova et al., 2001; Setubal et al., 2009).

Otra caracteristica fisiolégica importante de A. vinelandii, es que en condiciones de limitacion
nutricional, principalmente ausencia de fuente de carbono, A. vinelandii puede diferenciarse en
quistes (Fig. 2.2) los cuales se caracterizan por ser estructuras resistentes a la desecacion asi
como a factores de estrés ambiental ya sea quimicos y/o fisicos (Setubal et al., 2009; Romero et
al., 2013). La estructura de un quiste maduro consiste en un cuerpo central, conformado por un
nucleo protoplasmico central, la membrana citoplasmatica y una delgada pared celular de acido
muramico. En el cuerpo central, durante el proceso de enquistamiento se presenta una mayor

acumulacion de lipidos entre los que se encuentran el poli-(3-hidroxibutirato) (P3HB), el cual es
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un poliéster de la familia de los polihidroxialcanoatos que en A. vinelandii se acumula como

material de reserva de carbono y energia.

Figura 2.2. Microfotografia de un quiste maduro de A. vinelandii (Sadoff, 1975)

El cuerpo central estd rodeado por una cubierta interna denominada intina y una envoltura
externa conformada por varias capas de lipoproteinas y lipopolisacaridos conocida como exina.
Ambas estructuras, intina y exina, se caracterizan por su elevado contenido de alginato, el cual
representa alrededor del 72 % de los carbohidratos presentes en la intina y el 40 % de los
carbohidratos presentes en la exina (Sadoff, 1975). Es importante sefialar que la composicion
quimica de los alginatos difiere entre ambas estructuras principalmente en lo que se refiere a la
relacion G/M (Tabla 2.2), observandose que en la fraccion correspondiente a la intina el
contenido de acido manuronico es mayor con respecto al contenido de acido gulurdnico. En
contraste, en la fraccion de exina el contenido de acido gulurénico es mayor, lo que incrementa
la rigidez y resistencia mecanica de esta estructura (Sadoff, 1975). Otra caracteristica
importante de los alginatos presentes en los quistes, es que estos son acetilados y se ha
observado en cepas mutantes algF (-), que producen alginatos no acetilados, que la eficiencia
de enquistamiento, asi como la viabilidad de los quistes se veia disminuida considerablemente

con respecto a la cepa silvestre (Vazquez et al., 1999).

Tabla 2.2. Composicion de los alginatos en quistes de A. vinelandii (Sadoff, 1975)

Fraccion Relacion M/G Contenido de acidos urénicos (%)
MG MM GG

Capsula de la célula (etapa 1.8 62.6 33.5 3.9

vegetativa)

Exina 0.5 52.8 4.6 42.6

Intina 1.8 51.3 38.8 9.1

Sin embargo, es importante resaltar que la produccién de alginato y P3HB en A. vinelandii, no

solo se presenta durante el proceso de enquistamiento, sino que también se observa durante el
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crecimiento vegetativo, lo cual representa otra caracteristica relevante de este organismo, como

una fuente potencial para la produccion de estos polimeros de interés industrial y comercial.

Figura 2.3. Rutas metabdlicas en A. vinelandii (Base de datos Kyoto encyclopedia of genes and
genomes KEGG)

2.2.2 Metabolismo de A. vinelandii
La via Entner-Doudoroff (ED) es la principal via metabdlica para la asimilaciéon de glucosa en A.
vinelandii (Fig. 2.3) (Still y Wang, 1964; Lynn y Sokatch, 1984; Beale y Foster, 1996), esta via se
caracteriza por ser una via de bajo rendimiento energético comun en bacterias Gram negativas.
Adicionalmente, A. vinelandii también cuenta con las enzimas necesarias para emplear la via de
las pentosas fosfato (PP) (Base de datos KEEG, 2010; Still y Wang, 1964). En A. vinelandii, la
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glucosa se internaliza a través de la glucosa permeasa Glu-1 (Wong et al., 1995). En el interior
de la célula, la glucosa es fosforilada en el C-6 por la glucosa cinasa para dar lugar a la glucosa-
6-P (G-6-P). Posteriormente la G-6-P es transformada en 6-fosfogluconato por las enzimas
glucosa-6-fosfato deshidrogenasa y 6-fosfogluconolactonasa (Daddaoua et al., 2009). El 6-
fosfogluconato es el precursor inicial de la via E-D, en donde es transformado en 2 -ceto-3-
deoxifosfogluconato (KDPG por sus siglas en ingles), el cual es hidrolizado por la enzima 2-ceto-
3- deoxi-6-fosfogluconato aldolasa en gliceraldehido-3-P (GAP) y piruvato (PYR) (Beale y
Foster, 1996).

El PYR es transformado en acetil-Coenzima A (acetil-CoA) por la enzima piruvato
deshidrogenasa; posteriormente el acetil-CoA es desviado a tres destinos principalmente (Fig.
2.3): la generacion de energia al incorporarse al ciclo de los acidos tricarboxilicos, principal via
de generacion de NADH y NADPH; la produccion de P3HB y adicionalmente, se ha propuesto
que el acetil-CoA es el donador de grupos acetilo para la acetilacién del alginato (Vazquez et al,
1999; Franklin y Ohman, 2002).

La otra triosa resultante de la via ED, el GAP, se condensa con una molécula de
dihidroxiacetona (DHA) para dar lugar a la fructosa-6-P (F-6-P), principal precursor de la

biosintesis de alginato.

2.2.3 Biosintesis del alginato en A. vinelandii

La ruta de biosintesis de alginato en A. vinelandii y P. aeruginosa, puede dividirse en tres etapas
(Fig. 2.4) (Galindo et al., 2007; Franklin et al., 2011): la formacién del precursor el acido GDP-

manuronico, la polimerizacion y finalmente, la modificacion y transporte del polimero.

La biosintesis del alginato inicia en el citoplasma (Fig. 2.4) en donde tiene lugar la formacién del
precursor, el acido GDP-manuroénico, a partir de la F-6-P. En esta etapa participan tres enzimas,
la enzima bifuncional fosfomanosa isomerasa / GDP-manosa pirofosforilasa (AlgA), la
fosfomanosa mutasa (AlgC) y finalmente la GDP-manosa pirofosforilasa (AlgD). La primera
etapa es la isomerizacion de la F-6-P en manosa-6-P (M-6-P) por la enzima bifuncional AlgA.
Posteriormente, la enzima AlgC transfiere el grupo fosfato de la M-6-P al C-1 dando como
resultado manosa-1-P (M-1-P). La siguiente etapa, es la activacion por la enzima AlgA, de la M-
1-P en GDP-manosa por la incorporacion del grupo GDP; y finalmente la oxidacién de la GDP-
manosa en acido GDP-manurdnico por la enzima AlgD, esta reaccion libera dos moléculas de
NADH.
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Espacioextracelular:
modificacion
AlyA3 g
Periplasma: modificacion
AlyA2 OCH,
AlyAl
AlgX AlgK
AlgG COCH,
AlgF
Membrana perispldmica: polimerizacion
AlgV Algl
Algs Al
CoA ~COCH,
AlgD DP
Citoplasma: generaciondel
AlgC precursor

Figura 2.4. Modelo de la biosintesis de alginato en A. vinelandii: ubicacion espacial y
proteinas participantes. Elaborado en el ambiente www. ProteinLounge.com.

La siguiente etapa de la sintesis del alginato es la polimerizacion del acido polimanuronico. Esta
etapa tiene lugar en la membrana periplasmica (Fig. 2.4), y en ésta participan las enzimas Alg8
y Alg44, las cuales se ha demostrado en A. vinelandii (Mejia-Ruiz et al., 1997) y P. aeruginosa
(Franklin et al., 2011) son esenciales para la produccion de alginato y que cepas mutantes alg8

(-) y alg44 (-) no producen alginato.

La proteina Alg8 en P. aeruginosa tiene cuatro dominios transmembranales (TM) y una region
glicosiltransferasa citoplasmica (GT) (Franklin et al., 2011). Esta proteina se ha clasificado
dentro de la familia de las B - glicosiltransferasas Clase Il. Remminghorst y Rehm (2006b)
observaron en P. aeruginosa que en cepas mutantes la sobreexpresion del gen alg8,
incrementaba la produccion de alginato hasta 20 veces con respecto a la produccion de la cepa
nativa. En estas cepas mutantes ademas se observé un incremento en el grado de acetilacion y

una disminucion en la relacion G/M (Remminghorst y Rehm, 2006b).
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La proteina Alg44, tiene un dominio TM y una region citoplasmica con un dominio PilZ, afin al
segundo mensajero c-di-GMP, el cual se ha observado es necesario para la polimerizacién del
alginato, aun cuando se desconocen los mecanismos moleculares que regulan este proceso
(Franklin et al., 2011). Adicionalmente, se ha propuesto que el extremo carboxilo terminal forma
parte de un complejo proteico que sirve de andamiaje durante el transporte del alginato a través

del periplasma.

La tercera etapa de la biosintesis de alginato consiste en la modificacion y transporte del acido
polimanurénico a través del periplasma hacia el exterior de la célula. En esta etapa se lleva a
cabo la O-acetilacion de algunos residuos de acido manurdnico, proceso en el que participan
tres proteinas esenciales para la acetilacion, las cuales se ha propuesto forman un complejo en
donde se lleva a cabo el proceso de acetilacion. Los genes que codifican para este complejo se
han descrito en A. vinelandii (Vazquez et al., 1999) y P. aeruginosa (Franklin y Ohman 2002;
Franklin et al., 2004); en P. aeruginosa se ha descrito la localizacién y funcion de cada una de

estas proteinas.

El complejo acetil-transferasa esta compuesto por las proteinas Algl/AlgV/AIgF. La primera
proteina del complejo es Algl, la cual en P. aeruginosa se ha demostrado tiene siete dominios
TM. En P. aeruginosa, se ha propuesto que esta proteina, homéloga a las proteinas acil-
acarreadoras es la responsable de transportar los grupos acetilo del citoplasma hacia el
periplasma, donde se lleva a cabo la acetilacién (Franklin et al., 2004). Las otras dos proteinas
del complejo acetil-transferasa son AlgV (AlgJ en P. aeruginosa), la cual se ha descrito como
una proteina periplasmica anclada a la membrana citoplasmica y finalmente AlgF que es una
proteina periplasmica (Franklin et al., 2004). Aun cuando se desconocen los mecanismos
moleculares que ocurren durante la acetilacion del alginato, se ha propuesto que este complejo
actua al nivel del polimero (el acido polimanurénico) y que podria interactuar con las proteinas
de transporte y polimerizacion. La acetilacion de los alginatos se ha propuesto como una etapa

en la edicion del alginato que protege al polimero de las actividades alginato liasa y epimerasa.

Ademas de la acetilacion, el alginato es susceptible a otros procesos de edicion por las enzimas
alginato liasas y epimerasas. Cabe destacar que es en estos procesos en los que se han
reportado mayores diferencias entre A. vinelandii y P. aeruginosa. En lo referente a las alginato
liasas, en las dos especies se ha reportado actividad alginato liasa periplasmica. En el caso de
P. aeruginosa esta actividad se debe Unicamente a la proteina AlgL, la cual se ha sugerido

forma parte del andamiaje periplasmico que transporta y protege al alginato en el periplasma.
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En contraste, en A. vinelandii ademas de AlgL se han identificado las proteinas AlyA1 y AlyA2
en periplasma (Gimmestad et al., 2009), y en el espacio extracelular se han descrito dos
proteinas con actividad alginato liasa, la proteina AlyA3 (Gimmestad et al., 2009) y la epimerasa
AIgE7 (Svanem et al., 2001).

En el caso de las enzimas con actividad epimerasa sobre el C-5 de los residuos manurénicos en
P. aeruginosa unicamente se ha reportado la epimerasa periplasmica AlgG, que ademas de la
actividad epimerasa forma parte del complejo proteico de transporte del alginato en el espacio
periplasmico. En A. vinelandii, ademas de la proteina AlgG se han reportado siete enzimas con
actividad epimerasa presentes en el espacio extracelular denominadas AIgE1 - AlgE7 (Skaej-
Braek y Larsen, 1985; Svanem et al., 2001; Galindo et al., 2007).

Se ha propuesto que en el proceso de transporte del alginato a través del periplasma participan
las proteinas AlgX y AlgK, las cuales podrian facilitar el transporte del alginato y protegerlo de la
degradacién (Hay et al.,, 2012). Especificamente AlgK es una lipoproteina asociada a la
membrana externa y existe evidencia que sugiere que AIgK podria relacionarse con la
localizacién de la proteina responsable de exportar el alginato al espacio extracelular (Alg E en
P. aeruginosa). Adicionalmente, en P. aeruginosa se ha observado que las proteinas AlgX y
AlgK podrian formar un complejo con la proteina MucD, la cual se ha demostrado puede actuar

como regulador positivo o negativo de la sintesis de alginato (Hay, et al 2012).

Finalmente, el alginato es exportado al espacio extracelular por la proteina Algd, (homdloga de
la proteina AIgE en P. aeruginosa). AlgJ es una proteina de membrana externa, que forma un
canal anionico especifico para la exportacion del alginato (Rehm, 1996). Recientemente, en P.
aeruginosa se observé que las proteinas AIgE y AlgK podrian interactuar, al presentar esta
ultima, una fraccion lipidica que le permite anclarse a la membrana externa y que podria actuar

como sitio de reconocimiento de AlgE (Franklin et al., 2011).

2.2.4 Genes estructurales de la biosintesis del alginato en A. vinelandii:
localizacién y regulacién.
En A. vinelandii, los genes estructurales de la biosintesis de alginato, a excepcién de algC se
localizan en la misma regién del genoma (Galindo et al., 2007; Muhammadi y Ahmed, 2007).
Hasta el momento se han descrito las siguientes regiones promotoras (Fig. 2.5): tres promotores
"rio arriba" de algD (algDp1, algDp2 y algDp3), un promotor "rio arriba" de alg8, otro promotor

localizado "rio arriba" de algG (Galindo et al., 2007) y uno mas "rio arriba" de algA (Vazquez et
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al.,, 1999). En lo que se refiere a algC se han descrito dos regiones promotoras (algCp1 vy
algCp2). La expresién de los genes de la biosintesis de alginato es compleja e involucra
factores de transcripcion globales como AlgU y RpoS (Nufiez et al, 2012). El factor
transcripcional AlgU (ot en Escherichia coli), reconoce los promotores algDp2 y algCp1; este es
codificado por el gen algU el cual se localiza en el "cluster" conformado por algumucABCD. La
expresion de algU es regulada negativamente por las proteinas MucA y MucB, descritas como

factores anti-sigma E (Nufiez et al., 2000; Galindo et al., 2007).

Por otra parte, la transcripcion de algD también es dependiente del sistema de dos
componentes GacS-GacA (Castaneda et al., 2001). En donde GacS es una proteina cinasa que
fosforila a la proteina GacA, la cual en su forma fosforilada activa la transcripcion de algD
(Castaneda et al., 2000; Galindo et al., 2007). Adicionalmente, el regulador global GacA
promueve la expresion del gen rpoS que codifica para el regulador global RpoS que a su vez

reconoce la regién promotora algDp1 (Castaneda et al., 2000; Galindo et al., 2007).

GacA —P

alg44 w algG walgl ﬂ algF [\ [algA -

Figura 2.5. Modelo de la regulacion de la expresion de los genes estructurales de la biosintesis
de alginato en A. vinelandii. Las lineas verdes representan regulacion positiva y las
lineas rojas regulacion negativa. Adaptado de Galindo et al. (2007).

Es importante sefalar que tanto Algu como RpoS, son factores transcripcionales globales que

participan durante el proceso de enquistamiento en A. vinelandii. Proceso durante el cual, RpoS
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también regula la expresion de los genes estructurales de la biosintesis de otros componentes

de los quistes, el P3HB vy los alquilresorcinoles (Romero et al., 2013).

2.2.5 Biosintesis de poli-(3-hidroxibutirato) en A. vinelandii

El P3HB es un poliéster conformado por unidades de 3-hidroxibutirato, que presenta
caracteristicas quimicas y fisicoquimicas semejantes al polietileno y al polipropileno. EI P3HB se
caracteriza por ser un compuesto biodegradable y biocompatible. En los ultimos afos este
polimero ha adquirido importancia comercial e industrial, como sustituto potencial de los

plasticos derivados del petréleo (Galindo et al., 2007; Pyla et al., 2009).

El P3HB es empleado por A. vinelandii y otras especies bacterianas, como un material de
reserva de carbono y energia. En general, la acumulaciéon de este polimero tiene lugar cuando
existe un desbalance nutricional; debido a la limitacion de oxigeno, foésforo o nitrégeno, en
presencia de un exceso de la fuente de carbono. No obstante, en A. vinelandii la acumulacion
de P3HB se observa principalmente en condiciones de limitacion de oxigeno (Senior et al.,
1972).

La biosintesis de P3HB inicia con la condensacion de dos moléculas de acetil-Co en acetoacetil-
CoA por la B-cetotiolasa. El acetoacetil-CoA se reduce en B-hidroxibutiril-CoA por la acetoacetil-
CoA reductasa dependiente de NADPH. ElI mondémero activado, el B-hidroxibutiril-CoA,
posteriormente es polimerizado por la P3HB sintasa (Galindo et al., 2007; Pyla et al., 2009). Se
ha propuesto que la biosintesis de P3HB se regula por la relacion de los cofactores
NADPH/NADP, asi como por la relacién acetil-CoA/CoA (Senior et al., 1972).

Los genes estructurales de la biosintesis de P3HB se localizan en el operén phbBAC,
conformado por los genes phbB, que codifica para acetoacetil-CoA reductasa; phbA que codifica
la B-cetotiolasa; y finalmente, el phbC que codifica la PHB sintasa. En la region "rio arriba" de
este operon se localiza el gen phbR, el cual codifica la proteina PhbR, el cual es un factor
transcripcional. La expresion del operdn se regula por dos promotores: pB1 y pB2; el primero es
reconocido por PhbR y el factor transcripcional global RpoS reconoce al promotor pB2 (Galindo
et al., 2007; Pyla et al., 2009).

2.3 Factores de cultivo que afectan la produccién y composicion del alginato
producido por A. vinelandii
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La principal ventaja que presenta la produccion de alginato en cultivos de A. vinelandii, es el
hecho de que es posible la modificacion de la composicidn quimica del polimero mediante la

manipulacién de las condiciones de cultivo.

Entre las variables de cultivo que tienen un impacto sobre la composicién quimica del alginato
se han descrito: la composicion del medio de cultivo, la disponibilidad de oxigeno (tensién de
oxigeno disuelto y/o velocidad de transferencia de oxigeno), asi como la velocidad especifica
de crecimiento (u) (Annison y Couperwhite, 1986; Diaz-Barrera, 2007, 2010, 2011, 2012; Flores
et al., 2013; Lozano et al., 2011; Pena et al., 2000, 2006; Sabra et al., 1999, 2000;Trujillo-Roldan
et al., 2004; Tabla 2.3).

Como se observa en la Tabla 2.3, diversos autores han demostrado que estas variables de
cultivo afectan tanto los rendimientos de alginato como sus caracteristicas quimicas; y en
trabajos mas recientes se ha descrito como estas variables de cultivo podrian impactar en la
expresion de los genes estructurales de la biosintesis de alginato (Diaz-Barrera et al., 2012;
Paletta y Ohman, 2012; Flores et al., 2013), o bien en la actividad de algunas enzimas como las

alginato liasas (Trujillo-Roldan et al., 2004; Flores et al., 2013).

En lo que se refiere al grado de acetilacion del alginato producido por A. vinelandii, Annison y
Couperwhite (1986), demostraron en cultivos en quimiostato que la concentracion de calcio, en
un amplio intervalo de concentraciones (0.068 - 2.72 mM) tenia un impacto importante en el
grado de acetilacion de los alginatos. Adicionalmente, estos autores observaron que
independientemente de la concentracion de calcio, el grado de acetilacion del alginato se
incrementaba a una mayor tasa de dilucién (D) de 0.32 h™", obteniendo el grado de acetilacién
mas alto (0.35 mol,ce moIA.g'1) a una concentracién de calcio de 1.5 mM y una D = 0.32 h”
(Annison y Couperwhite, 1986). No obstante, este estudio se realizé sin un control estricto de la
TOD, la cual oscil6 entre 20 y 30 %.

Ademas del calcio, otro componente del medio de cultivo que se ha reportado tiene un efecto
importante en el grado de acetilacion de los alginatos es el acido 3-(N-morfolino)
propanosulfénico (MOPS). Pefia et al. (2006), observaron que en cultivos en matraces agitados
la adicion de MOPS en un intervalo de 0 a 14 mM, se reflejaba en un incremento de hasta 2
veces en el grado de acetilacién del alginato en los cultivos con una mayor concentracion  de

MOPS con respecto a aquellos que no contenian MOPS, sin que se afectara el PMP del
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alginato. Estos autores sugirieron que el MOPS permitia mantener un pH adecuado para la

actividad acetil-transferasa en la region periplasmica (Pefia et al., 2006).

Tabla 2.3. Factores de cultivo que afectan la produccion y composicion del alginato producido
por A. vinelandii.

Factor Variable de  Parémetros Tipo de Principales aportaciones Referencia
cultivo evaluados cultivo
evaluada
Composicion Ca Y GA Quimiostato La concentracién de calcio tiene un  Annison y Couperwhite,
del medio efecto importante sobre el G.A. 1986
PO, Y alg; PMP; Lote en La limitacion de fosfatos favorece la  Sabra et al., 1999
G/M biorreactor biosintesis de alginato.
MOPS Y aig; PMP; Lote en El incremento en la concentraciéon de Peia et al., 2006
G.A. matraces MOPS favorece el G.A.
Fuente de Y ate; PMP Lote en En condiciones diazotroficas los Zapata-Vélez y Trujillo
nitrégeno matraces rendimientos de biomasa y PMP del Roldan, 2010
alginato disminuyen.
Concentracion Y ate; PMP Quimiostato La concentracion de sacarosa en el Diaz-Barrera et al.,
de la fuente de flujo de entrada afecta Y, y el PMP  2012.
carbono del alginato.
Disponibilidad TOD/agitacion Y a1g; PMP Lote en En cultivos lote la produccion de Peiia et al., 2000
de oxigeno biorreactor alginato y su PMP se favorecen para
valores de TOD entre 1y 5 %. A baja
agitacion (300 rpm) el valor de PMP
mas elevado se obtuvo a 5 % de
TOD. A 700 rpm el PMP present6 un
valor maximo a 3 % de TOD.
TOD Y alg; PMP; Lote en Se observé una correlacion en la  Trujillo-Roldan et al.,
actividad biorreactor disminucion del PMP del alginato y 2004
alginato liasa un incremento de la actividad alginato
liasa extracelular, la cual es
dependiente de la TOD.
VTO Y alg; PMP Lote en La disminucion de la VTO Diaz-Barrera et al.,
biorreactor incrementa el PMP del alginato. 2007
VTO/TOD Y alg; PMP Lote en La VTO afecta el PMP del alginato Lozano et al., 2011
biorreactor independientemente de la TOD.
VTO/potencia Y alg; PMP; Lote en El G.A. del alginato y el PMP se Pefiaetal,2011b
volumétrica G.A. matraces incrementan conforme disminuyen la
VTO.x ¥ la potencia volumétrica.
VTO Y ate; PMP; Quimiostato A Dbajas VTOs se observd una Diaz-Barrera et al.,
alg8;algL correlacion entre el incremento enel  2011,2012
PMP del alginato y la expresion del
gen alg8.
TOD Y aig; PMP; Lote en A 1% de TOD se observa un Floresetal., 2013
alg8/alg44; biorreactor incremento en el PMP,
algL/algE7/ correlacionando un incremento en la
alyA1-A3: expresion de los genes alg8/alg44.
actividad’ En contraste, a 5 % de TOD se

alginato liasa

observd una mayor actividad
alginato liasa. No existe una
correlacion entre la expresion de los
genes estructurales de las alginato
liasas y el PMP del alginato.

En dénde: G.A: Grado de acetilacion del alginato; PMP: Peso molecular promedio del alginato
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Tabla 2.3. Factores de cultivo que afectan la produccion y composicion del alginato producido
por A. vinelandii. (Continuacion)

Factor Variable de  Parédmetros TiF_)O de Principales aportaciones Referencia
cultivo evaluados  cultivo
evaluada
Velocidad D Yag GA Quimiostato A una concentracion de calcio 1.5 Annisony
especifica de mM, el G.A. se incrementa al Couperwhite,
crecimiento incrementarse la tasa de dilucion. 1986
D Y aig; PMP; Quimiostato El PMP méas alto se alcanza en Sabraetal.,
G/M cultivos a altas TOD (10 %) y una D 2000
=0.08h™".
u Y alg; PMP Lote con Yae y el PMP del alginato se Priego-Jiménez

alimentacion incrementan conforme p disminuye et al., 2007
exponencial hasta 0.03 h''.

D Y alg; PMP Quimiostato En cultivos en quimiostato limitados Diaz-Barrera et
por oxigeno, el PMP del alginato es al., 2010
dependiente de D y la concentracion
de sacarosa en la alimentacion. A una
concentracion de sacarosa de 5 gL,
el PMP se incrementa a bajas D (0.05
h™"), en contraste, a 20 gL'l el PMP se
incrementa al aumentar la D.

En dénde: G.A: Grado de acetilacion del alginato; PMP: Peso molecular promedio del alginato

Recientemente, en cultivos de P. aeruginosa Paletta y Ohman (2012) empleando diferentes
medios de cultivo, observaron que el incremento en el grado de acetilacién del alginato,
correlacionaba con el incremento observado en la expresion de los genes algD, algA y algl. De

los cuales, algl codifica para la proteina Algl del complejo acetil-transferasa.

En lo que se refiere al efecto de la disponibilidad de oxigeno sobre el grado de acetilacion del
alginato producido por A. vinelandii, Cardenas (1997) y Pefia et al. (2011b), observaron en
cultivos en matraces agitados que el grado de acetilacién era mayor en sistemas en donde la
velocidad de transferencia de oxigeno (VTO) fue baja. Cardenas (1997), reporté que en cultivos
realizados en matraces convencionales, el grado de acetilacion fue hasta 2 veces mayor con
respecto al que se obtenia en cultivos en matraces bafleados en los se incrementa la VTO.
Posteriormente, Pena et al. (2011b), en cultivos bajo diferentes condiciones de agitacién (100 y
200 rpm), reportaron que la disminucion en la VTO,x de 6 a 2.6 mmol L"h' se reflejaba en un

incremento en el grado de acetilacion del alginato de 3.5 a 5.8 %.

Es importante mencionar que en condiciones de limitacion de oxigeno como las descritas por
Cardenas (1997) y Pena et al. (2011b), no s6lo se favorece la acetilacion del alginato, también
se favorece la sintesis del P3HB. Como se describid previamente el precursor del P3HB es el
acetil-CoA (Galindo et al., 2007), el cual también puede participar como donador de grupos
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acetilo durante la acetilaciéon del alginato (Franklin y Ohman, 2002); por lo que se ha propuesto
que en condiciones de limitacion de oxigeno (bajas VTOna.y), el flujo de carbono hacia el ciclo
de los acidos tricarboxilicos podria disminuirse incrementando la disponibilidad de acetil-CoA
para la biosintesis de P3HB (Senior et al., 1972) y la acetilacion del alginato (Pefa et al.,
2011b). No obstante, estos estudios se realizaron en cultivos en matraces en donde no es

posible controlar variables de cultivo como TOD y p.

Considerando lo anterior, en el presente trabajo se estudié el efecto la tensiéon de oxigeno
disuelto y la velocidad especifica de crecimiento, sobre el grado de acetilacién del alginato. Este
estudio se realizd con la finalidad de identificar como estas condiciones de cultivo afectan el
grado de acetilacion de los alginatos sintetizados por A. vinelandii, y ofras respuestas

fisiolégicas relacionadas con el proceso de acetilacion de los alginatos.

De esta manera, se pretende contribuir en la generacion de conocimiento relacionado con el
proceso de acetilacion de los alginatos sintetizados por A. vinelandii; para poder disefiar en un
futuro estrategias de produccion y de ingenieria de rutas metabdlicas para la obtencion de

alginatos con grados de acetilaciéon definidos.
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3. HIPOTESIS Y OBJETIVOS
3.1. Hipotesis

El grado de acetilacién del alginato producido por A. vinelandii se favorece en condiciones de

bajas tensiones de oxigeno disuelto y bajas velocidades especificas de crecimiento.

3.2. Objetivos
3.2.1. Objetivo General

Estudiar el efecto de la velocidad especifica de crecimiento y de la tension de oxigeno disuelto

sobre la acetilacién del alginato sintetizado por A. vinelandi ATCC9046.

3.2.2 Objetivos especificos
Estudiar en condiciones diazotréficas el efecto de la disponibilidad de oxigeno sobre la
acetilacion del alginato sintetizado por A. vinelandii y su relacién con los cambios en el flujo de

carbono.
Entender en cultivos en quimiostato bajo condiciones de fijacidon de nitrégeno, el papel de la

tensiéon de oxigeno disuelto y la velocidad especifica de crecimiento sobre la acetilacion del

alginato sintetizado por A. vinelandii.
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4. ESTRATEGIA EXPERIMENTAL

Para lograr los objetivos propuestos en este estudio, la estrategia experimental se dividié en dos

etapas.

En una primera etapa se evalulo, en cultivos diazotroficos y empleando glucosa como fuente de
carbono, el efecto de los cambios en la disponibilidad de oxigeno sobre el grado de acetilacion
del alginato producido por A. vinelandii. Esta fase de la estrategia experimental se realizd
empleando dos tipos de matraces agitados: bafleados y convencionales. En estos cultivos se
evaluo el grado de acetilacion del alginato y paralelamente se analizé el flujo de carbono

empleando ["°C4]-Glucosa.

Una vez, que en la primera etapa se confirmd (en cultivos diazotroficos) el efecto de
disponibilidad de oxigeno sobre la acetilacion del alginato producido por A. vinelandii, se
procedié al estudio, en condiciones controladas, del efecto de la TOD y p sobre la acetilacién del
alginato. Con la finalidad de controlar la y, la segunda fase de la estrategia experimental, se
realizé en cultivos quimiostato de 2 L (limitados por glucosa) considerando que en estos cultivos
M es equivalente a D. En esta etapa se evaluaron tres condiciones de TOD (1, 5y 9 %), en un
intervalo de tasas de dilucién (D) de 0.02 a 0.15 h™. Ademas de la cuantificacion del grado de
acetilacion del alginato, se realizé un seguimiento de otras respuestas fisioldgicas relacionadas

con el grado de acetilacion del alginato, como la produccion del alginato y del P3HB.
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5. MATERIALES Y METODOS
5.1 Cepa

Se utilizé la cepa nativa de A. vinelandii ATCC9046. La cepa se mantuvo en medio Burk sélido

sin fuente de nitrégeno en tubos inclinados (slants) a 4 °C. La cepa se resembré mensualmente.

5.2 Medio de cultivo

En la Tabla 5.1 se describe la composicién del medio Burk, empleado para el crecimiento y
mantenimiento de la cepa de A. vinelandii ATCC9046. Las sales de potasio, la glucosa vy el
MOPS, se disuelven en agua destilada (900 mL) y se ajusta el pH del medio a 7.2 con NaOH
1N. El sulfato de calcio (50 mL) y las sales restantes (50 mL) se disuelven y esterilizan por
separado. Las tres soluciones se esterilizan a 121 °C durante 20 minutos. Una vez estériles se

mezclan en la campana de flujo laminar (Pefia et al., 2000).

Tabla 5.1. Composicion del medio de cultivo (Pefia et al., 2000)

Componente Concentracion
[gL™"]
Glucosa 20
K;HPO, 0.66
KH,PO, 0.16
CaSOq4 0.05
NaCl 0.2
MgSO4 0.2
Na;Mo0O4*2H,0 0.0029
FeSO4*7H,0 0.027
MOPS 1.42

5.3 Sistemas de cultivo
5.3.1 Cultivos en matraces

5.3.1.1 Preparacion del in6culo

Para la evaluacioén del efecto de la disponibilidad de oxigeno en matraces agitados, el indculo se
preparé en matraces Erlenmeyer "bafleados" de 500 mL con 50 mL de medio Burk libre de

nitrogeno, se empled esta condicién de cultivo para evitar la acumulacion de P3HB en las
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células del inéculo. Los matraces se inocularon con dos asadas de células crecidas previamente

en caja Petri. Los matraces se incubaron a 30 °C y 200 rpm de agitacién durante 24 h.

5.3.1.2 Condiciones de cultivo

Para realizar las cinéticas de crecimiento en matraces, se evaluaron dos cultivos paralelos para
cada una de las condiciones de cultivo evaluadas. La disponibilidad de oxigeno se manipulé
mediante el tipo de matraz y el volumen de llenado. Para la condicion denominada de "baja
disponibilidad de oxigeno" se emplearon matraces convencionales de 500 mL con 100 mL de
volumen de llenado y, en la condiciéon de "alta disponibilidad de oxigeno" se utilizaron matraces
"bafleados" de 500 mL con 50 mL de volumen de llenado. Cada matraz se inoculé con la décima
parte de su volumen final. Durante el desarrollo de estos cultivos se tomé una muestra cada
hora durante la fase exponencial y cada 4 o 6 horas en el transcurso de la fase estacionaria. Se
tomaron muestras de 2 mL para cada punto; 1 mL de cada muestra se utilizdé para cuantificar
peso seco y 1 mL para cuantificar alginato, P3HB y glucosa. Sélo en esta etapa y debido a la

disponibilidad de equipo los matraces se incubaron a 30 °C y 200 rpm.

5.3.1.3 Medicién de la TOD en los cultivos en matraces

La medicion de la TOD en los cultivos en matraces se realizé empleando sensores de oxigeno
no-invasivos (PRESENS GmbH, Regensburg, Alemania) descritos por Schneider et al., (2010).
Este sistema consiste en sensores 6pticos de TOD a base de fluoréforos, los cuales son
adheridos al fondo de los matraces. La medicion de TOD en este sistema se basa en la
excitacion de los fluoréforos a 505 nm y la desactivacion de la emision de fluorescencia, la cual
es proporcional a la presencia del oxigeno. La calibracién del sistema se realizdé para cada

matraz empleando aire (100 %), en agua, a 200 rpm y 30°C.

5.3.2 Cultivos en fermentador

5.3.2.1 Preparacion de inoculo
Para el cultivo en fermentador se preparé el inéculo en matraces Erlenmeyer de 500 mL con 100
mL de medio Burk libre de nitrogeno. Los matraces se inocularon con dos asadas de células

crecidas previamente en caja Petri. Los matraces se incubaron a 29 °C y 200 rpm de agitacion
durante 24 h.
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5.3.2.2 Condiciones de cultivo

Se empleo un fermentador Applikon (Schiedam, Netherlands), de 3 L de volumen nominal con
un volumen de trabajo de 2 L, equipado con dos impulsores tipo turbina Rushton (4.5 cm de
diametro) y un difusor de 7 orificios. Se utilizaron 4 puertos del reactor: uno para inoculacion y
adicion de sales, otro para muestreo, uno mas para la adicion de NaOH y finalmente otro para la

adicién de antiespumante.

La tension de oxigeno disuelto (TOD) se controlé a 1, 5 y 9%, estos valores se establecieron
con base en trabajos previos (Pefia et al., 2000; Sabra et al., 1999,2000; Trujillo-Roldan et al.,
2004), en los que se describié que bajo estas condiciones de TOD se favorecia la biosintesis de
alginato. Para el seguimiento de la TOD se empleé un electrodo polarografico marca Applisens
(Applikon, USA). EIl control de la TOD se realizdé en linea por mezcla de gases (O, y N»)
empleando dos controladores de flujo masico. El control de la mezcla del flujo de alimentacion
se llevd a cabo empleando un controlador proporcional integral derivativo (PID) (Controlador
Digital Universal UDC 1200 MICRO PRO), en la Tabla 5.2 se presentan los valores de las
constantes P, | y D. El flujo total entregado por el equipo fue de 1 L min™, equivalente a 0.5 vvm

para 2 L de medio. Los perfiles de TOD caracteristicos se presentan en el Anexo Il.
La agitacion se mantuvo constante a 300 rpm. El control de pH se realizé mediante la adicién de
NaOH 2 N con una bomba peristaltica, la temperatura se controlé a 29 °C con una chaqueta

térmica (Applikon).

Tabla 5.2. Valores de las constantes P, | y D del Controlador Digital Universal UDC 1200

MICRO PRO
Constante Valor
P 850 %
D 0.31 min
I 2.04s

5.3.2.3 Cultivos en quimiostato
Los cultivos en quimiostato se realizaron en el fermentador Applikon descrito en el apartado
5.3.2.2. Para mantener el cultivo en quimiostato se emplearon dos puertos adicionales, uno para
la alimentacion de medio y otro para la cosecha del caldo de fermentacion, el cual se adapto

como nivel para el control del volumen dentro del reactor. La alimentacion y la cosecha se
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realizaron con una bomba peristaltica de doble cabezal. El flujo se controlé por la linea de

alimentacion, empleando una manguera de silicon Masterflex L/S 14 (1.6 mm DI).

Cada cultivo inici6 con un periodo de cultivo en lote, llevandose el seguimiento del crecimiento
celular cada hora durante la fase exponencial. Una vez que las lecturas de absorbancia a 560

nm alcanzaron valores entre 0.8 y 1.0 se inicié la alimentacién y cosecha del cultivo.

Los cultivos se mantuvieron durante al menos seis tiempos de residencia (t). Durante los
primeros tres se siguid el crecimiento celular y en los ultimos tres se realizé el muestreo para
analizar el grado de acetilacién, concentracién de alginato y P3HB. Para cada tasa de dilucion

se tomaron muestras cada .

5.4 Determinaciones analiticas
5.4.1. Crecimiento celular

El crecimiento celular se evallo por densidad 6ptica a 560 nm (5.4.1.1) y peso seco (secciones
541.2y5.4.1.3)

5.4.1.1. Evaluacién del crecimiento celular por densidad 6ptica

Se realiz6 el seguimiento de la densidad celular en un espectrofotometro a 560 nm. Las
muestras se diluyeron entre 10 y 50 veces dependiendo de la fase del cultivo, para garantizar

que las lecturas fueran inferiores a 1.0 (Castillo et al., 2013b).

5.4.1.2. Evaluacion del crecimiento celular por peso seco en tubos
Eppendorf.

Se secaron tubos Eppendorf de 1.5 mL en una estufa a 80° C durante 20 h, hasta alcanzar
peso constante. Los tubos secos se pesaron y se les adicioné 1 mL de muestra, posteriormente
los tubos se centrifugaron a 16,100 x g durante 15 min a 4° C. El sobrenadante se recuperd
para la cuantificacién de alginato y glucosa. Los tubos con biomasa se secaron en la estufa a
80° C durante 20 h hasta alcanzar un peso constante. Finalmente, los tubos con biomasa se
pesaron y se determind el peso seco por diferencia de peso entre los tubos con muestra y los
tubos vacios (Castillo et al., 2013b).

5.4.1.3. Evaluacién del crecimiento celular por peso seco en membranas
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Se recuperaron 10 mL de caldo de cultivo, los cuales se centrifugaron a 10,552 x g durante 15
minutos. El sobrenadante se separd para la cuantificacion de alginato por peso seco, y la
pastilla celular se filtr6, en membranas de acetato de celulosa (0.2 ym, Sartorious Biolab

Products), las membranas se secaron a 80 °C durante 20 h y finalmente se pesaron.

5.4.2. Cuantificacion de glucosa y acidos organicos en el caldo de cultivo

Para la cuantificacion de glucosa y acidos organicos, se recuperé 1 mL de caldo de cultivo en
tubos Eppendorf de 1.5 mL, se separo6 el sobrenadante de la biomasa y se recuperd, como se
describidé en el apartado 5.4.1.2. La cuantificacion de glucosa y acidos organicos, se realizd por
HPLC empleando una columna Aminex HPX-87H (300 X 7.8 mm) (Biorad, Hércules, CA, USA) y
H,SO, 7mM como fase mévil. Las muestras se diluyeron en agua Milli Q para alcanzar
concentraciones dentro de la curva de calibracion (1-50 mM). En la Tabla 5.3 se describe el
meétodo cromatografico (Delis, 2009). Cabe mencionar, que bajo ninguna de las condiciones de
cultivo evaluadas en el presente estudio se detectaron acidos organicos en el caldo de cultivo,
en el Anexo lll se incluyen los cromatogramas caracteristicos de glucosa, acetato y una muestra

de sobrenadante.

5.4.3. Cuantificacion de alginato

La cuantificacion del alginato se realiz6 por el método colorimétrico y por peso seco (Castillo et
al., 2013a, 2013b).

5.4.3.1 Cuantificacion de alginato por el método colorimétrico

La cuantificacion del alginato se realizé directamente en el sobrenadante empleando el método
de Carbazol modificado (Knutson y Jeanes, 1967). La técnica se adapté para los siguientes
volumenes: 1.2 mL de H,SO4-Borato, 140 yL de muestra y 40 yL de la solucién de carbazol -
etanol absoluto. EI método fue linear de 0 a 300 ug mL™ de alginato. Las muestras se diluyeron
hasta alcanzar concentraciones dentro de este intervalo. La curva de calibracion se elaboré con

alginato algal de viscosidad media (Sigma-Aldrich).

5.4.3.2 Cuantificacion de alginato por peso seco

La recuperacion del sobrenadante para cuantificar la concentracion de alginato por peso seco,
se llevd a cabo como se describid en la seccion 5.4.1.3. Posteriormente, a los 10 mL de

sobrenadante se le adicionaron 3 volumenes de isopropanol frio para precipitar el alginato, el
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cual se filtr6 en membranas de acetato de celulosa (0.2 ym, Sartorious Biolab Products), las

membranas se secaron a 80 °C durante 20 h y se pesaron.

5.4.4. Cuantificacion del grado de acetilacion del alginato
Para cuantificar el grado de acetilacién, se adapté la técnica descrita por Cheetman vy
Punruckvong (1985). Para recuperar el alginato, se centrifugaron 10 mL de caldo de cultivo a
10,552 x g durante 15 minutos, se recuperé el sobrenadante, y se le adicionaron 3 volimenes
de isopropanol frio para precipitar el alginato. El alginato se separd y se secé a 70°C durante 12
h. Posteriormente, se pesaron en un tubo Eppendorf de 2 mL, entre 3 y 10 mg de alginato seco
y se solubilizaron en 500 pL de agua Milli Q. A la solucién de alginato se le adicionaron 500 pL
de NaOH 1 N y la mezcla se incubo a 80 °C, a 700 rpm durante 2 h. Al finalizar la reaccion la
mezcla se dejo enfriar a temperatura ambiente y se adicionaron 625 yL de H;PO, 1.5 M para
acidificar el extracto final. El extracto acidificado se centrifugo a 11,160 x g durante 15 min para
separar al alginato residual del extracto. El extracto filtrado se analiz6 por HPLC, con una
columna Aminex HPX-87H (Biorad). En la Tabla 5.3 se detalla el método cromatografico

empleado para la cuantificacion de los acetilos.

Tabla 5.3. Descripcion del método cromatografico para la cuantificacion de glucosa, acetilos y

P3HB.

Condiciones Acetilos P3HB Glucosa/acidos
cromatograficas organicos
Flujo (mL min™") 0.65 0.65 0.8
Temperatura (°C) 50 50 40

Volumen de inyeccion (ul) 40 20 20

Detector PDA PDA IR/PDA
Longitud de onda (nm) 210 220 210

Fase movil H,SO, 7mM H,SO, 7mM  H,SO4 7TmM

5.4.5. Cuantificacion de P3HB
La cuantificacion de P3HB, se baso en la conversién de P3HB en acido crotdnico por hidrdlisis
con H,SO,4 concentrado. En tubos Eppendorf de 1.5 mL se pesaron entre 1 y 3 mg de biomasa
liofilizada, posteriormente se adicioné 1 mL de H,SO, concentrado. La mezcla se calenté a 90

°C durante 1 h. Se recuper6 el extracto después de la digestion y se diluyo (1:10) con agua Milli
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Q. El analisis se realizé por HPLC empleando una columna Aminex HPX-87H (Biorad). En la

Tabla 5.2 se detalla el método cromatografico empleado.

5.5 Experimentos con marcaje isotopomerico

El analisis de flujo metabdlico (AFM), es una herramienta que permite conocer y entender los
flujos intracelulares de carbono y su regulacién (Wittman y Heinzle, 2002). EI AFM proporciona
un mapa de flujo donde se describen las principales reacciones intracelulares de los organismos
y da un estimado de la velocidad con la que cada reaccion ocurre (Wiechert, 2001). Una de las
ventajas del AFM, es que permite evaluar la rigidez o flexibilidad de los nodos de ramificacion

metabdlica bajo diferentes condiciones de cultivo.

El empleo de sustratos marcados con isétopos por ejemplo,>C, permite realizar el AFM. En este
tipo de andlisis, se evalia mediante la adicion de un sustrato marcado ('*C) a un sistema
bioldgico, la incorporacion y distribucion de los atomos marcados en la red metabdlica.
Posteriormente, el enriquecimiento isotopomérico de los metabolitos sintetizados de novo se
puede medir empleando cromatografia de gases — espectrometria de masas (GC-MS) o

resonancia magnética nuclear (NMR) (Wiechert, 2001).

En el presente trabajo, el AFM in vivo se realizé empleando [°C-1]-Glucosa como fuente de
carbono. La evaluacion de las rutas metabdlicas in vivo y de la distribucién de carbono a lo largo
del metabolismo central se realiz6 siguiendo el patron de marcaje de los aminoacidos

proteinogénicos por GC/MS. En el Anexo |V se presentan los aminoacidos evaluados.

5.5.1 Hidrdlisis de proteina

Para realizar la evaluacion por cromatografia de gases - espectrometria de masas, se tomaron
muestras en dos puntos de la fase exponencial para cada condicién, la concentracion de
biomasa fue de 0.8 y 0.9 gL' para los cultivos en matraces convencionales, y de 1.0y 1.5 g L™
en los cultivos desarrollados en matraces bafleados. Las células se centrifugaron durante 10 min
a 16,100 x g a 4 °C. La biomasa se recuperé y se lavdo dos veces con agua Milli Q.
Posteriormente, en tubos Eppendorf de 1.5 mL, las células se hidrolizaron con HCI 6 M (50 pyL X
g de células) a 100 °C durante 24 h, la incubacion se realizé en una estufa. Las muestras
hidrolizadas se neutralizaron (pH 6-7) con NaOH 6 M. Las muestras neutralizadas se filtraron
con filtros Ultrafree-MC (0.22 ym) durante 10 min a 16,100 x g a 4 °C vy finalmente se liofilizaron
(Delis, 2009; Castillo et al., 2013a).
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5.5.2 Derivatizacion
Los liofilizados celulares se disolvieron en 50 L de Dimetilformamida/piridina 0.1 % y 50 uL del
reactivo de derivatizaciéon N-metil-N-tert-butildimetilsilil-trifluoroacetamida (MBDSTFA) y se
incubaron a 80 °C. Posteriormente, los extractos se centrifugaron a 16,100 x g durante 10 min a
4 °C para retirar las sales resultantes de la neutralizacion. Los extractos libres de sales se

transfirieron a viales para el analisis de GC-MS (Delis, 2009; Castillo et al., 2013b).

5.5.3. Cromatografia de gases —espectrometria de masas

Para el analisis cromatografico se empleo un cromatégrafo de gases-espectrometro de masas
HP6890 con una columna HP-5-MS. La temperatura en el inyector fue de 300 °C. Las
condiciones de separacion fueron las siguientes: la temperatura inicial fue de 120 °C durante 5
min, con un incremento de temperatura a 4 °C por minuto hasta alcanzar los 270 °C.
Posteriormente, la temperatura se incrementé a una velocidad de 20 °C por minuto hasta
alcanzar los 320 °C. La deteccion se realizé con un detector de cuadrupolo a 320 °C. El volumen
de inyeccién fue de 1 yL en modo "splitless" (Delis, 2009; Castillo et al., 2013b). La adquisicion
de datos del espectrometro de masas se realizé en modo SIM (monitoreo selectivo de iones por
sus siglas en inglés), en el Anexo IV se especifican los iones que fueron monitoreados en los

aminodacidos proteinogénicos evaluados.

La integracion de los espectros de masa se realizd con el programa en ambiente MATLAB
R2008b (The MathWorks Inc., Nattick, MA, USA) descrito por Yang et al., 2008.

5.5.4. Andlisis de flujo metabdlico (in silico)
El analisis de flujo metabdlico se realizé empleando el modelo de simulacion numérica descrito
por Yang et al., 2008, en ambiente MATLAB R2008b (The MathWorks Inc., Nattick, MA, USA).

En el Anexo IV, se presentan las reacciones empleadas para el analisis de flujo metabdlico.

5.6. Analisis estadistico

El andlisis estadistico, de los datos que se presentan se realizé empleando el programa
Microsoft Excel 2007. Se evaluo por la prueba "t de Student" dentro un intervalo de confianza
del 95 %.

En el caso de los experimentos realizados en matraces los cultivos para cuantificacion de
biomasa, alginato, grado de acetilacion del alginato y P3HB se realizaron por triplicado. Los

analisis de flujo metabdlico se realizaron por duplicado.
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Los estudios en quimiostato se realizaron en tres cultivos independientes para cada condicion y
se evaluaron los ultimos tres tiempos de residencia, una vez alcanzado el estado estable, para

cada cultivo.

5.7. Expresiones matemaéticas
5.7.1 Expresiones matematicas empleadas en los cultivos en lote

5.7.1.1 Velocidad especifica de crecimiento

La velocidad especifica de crecimiento se calculé con base en la ecuacion (Quintero, 1981;

Stanbury et al., 2003):

dx
= = ux Ec.5.7.1.
dt

Al integrar la ecuacién y expresarla en funcion de p (Quintero, 1981; Stanbury et al., 2003):

Inx—Inxg

L= f Ec.5.7.2

Considerando p (h™) como la pendiente de la recta al graficar Ln(x) vs t, en donde x representa

ala biomasa (g L") y t el tiempo (h).

5.7.1.2 Velocidad especifica de consumo de glucosa

La velocidad especifica de consumo de glucosa se calculé con base en la ecuacion descrita por
Delis (2009):

__ 41 Ec.5.7.3
Gz = o c.5.7.

Considerando dG/dt (g L™'h™") como la pendiente de la recta al graficar la concentracién de

glucosa (G; g L") vs t (h); siendo x (g L") la biomasa promedio en ese periodo de tiempo.

5.7.1.3 Velocidad especifica de produccién de alginato

La velocidad especifica de produccién de alginato se calculé con base en la ecuacion descrita
por Delis (2009):

dAlg 1
dt o«

Qaig = Ec.5.7.4
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Considerando dAlg/dt (g L™'h™") como la pendiente de la recta al graficar la concentracién de

alginato (g L") vs t (h); siendo x (g L") la biomasa promedio en ese periodo de tiempo.

5.7.1.4 Rendimiento de biomasa
dx
Yxf;{; = Ec.5.7.5
Considerando dx/dG como la pendiente de la recta al graficar la concentracién de biomasa

(g L) vs concentracién de glucosa (g L) (Delis et al., 2009).

5.7.1.5 Rendimiento de alginato

_ ddig
1";1:9.“.-6 = E Ec. 5.7.6

Considerando dAlg/dG como la pendiente de la recta al graficar la concentracion de alginato

(g L) vs concentracién de glucosa (g L) (Delis et al., 2009).

5.7.2 Expresiones matematicas empleadas en los cultivos en quimiostato

Los cultivos continuos en quimiostato, son cultivos a los que se les adiciona medio fresco a un
flujo constante y se extrae caldo de cultivo a la misma velocidad, por lo que el volumen dentro
del reactor permanece constante a lo largo del cultivo. En estos cultivos en donde el mezclado
garantiza que la biomasa y los sustratos son homogéneos en todo el sistema, el crecimiento de
biomasa es determinado por un sustrato (denominado sustrato limitante), el cual se encuentra a
una concentracion inferior con respecto a los otros sustratos presentes en el medio (Quintero,
1981).

5.7.2.1 Tasa de dilucién, concentracion de biomasa y sustrato en el estado
estable: teoria del quimiostato

En los cultivos en quimiostato, el control del flujo del suministro del sustrato permite establecer
estados metabdlicos definidos, con base en la ecuacion de Monod que establece la relacion

entre la velocidad especifica de crecimiento y la concentracion del sustrato (Quintero, 1981).
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£
p = tmax = Ec.5.7.7
S+Ks

Siendo pmax (W) la velocidad especifica de crecimiento maxima y K (g L) la constante de

afinidad por el sustrato.

Considerando que en los cultivos en quimiostato la biomasa presente esta determinada por la

relacion:

V% =Vux — Fx Ec.5.7.8

En dénde Vdx/dt es la biomasa en el sistema, Vux es el crecimiento y Fx es la biomasa en el

flujo de salida, siendo V el volumen (L) y F el flujo (L h™).

Para un infinitesimal de tiempo la ecuacion 5.7.8 se puede expresar como:
Vdx = Vuxdt — Fxdt Ec.5.7.9

Dividiendo la ecuacion anterior entre el volumen se obtiene:

F
dx = pxdt — ;xdt Ec. 5.7.10
En dénde la tasa de dilucién D (h™) se define como:
F
D= > Ec.5.7.11

Por lo que los cambios en la biomasa en estos sistemas se puede expresar como:

dx

- =x(u—D) Ec.5.7.12

Una vez que en los cultivos en quimiostato se alcanza el estado estable, la biomasa es

constante por lo que:

% =x(u=D)= 0 Ec.5.7.13

En resumen en los cultivos en quimiostato en estado estable se considera que:
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u= D Ec. 5.7.14

Finalmente el tiempo de residencia en el reactor (t; h) se define por la ecuacion:

Ec. 5.7.15

[~ =

Por otra parte, los balances de sustrato limitante y biomasa estan determinados por la ecuacion

5.7.16:

£ _Dps,— DS —1ux Ec. 5.7.16
di ¥

Siendo D la tasa de dilucién (h™), S, la concentracién de sustrato inicial (g L"), S la

concentracion de sustrato residual (g L), y Y el rendimiento de biomasa con base al sustrato

(gbio gg-1 )

Considerando que en el estado estable:

ds
=0
dt

El balance de biomasa y sustrato se define como:
x =Y(S,— 9) Ec.5.7.17

Expresando el sustrato residual, en funcion de la ecuacion de Monod (Ec. 5.7.7) se obtiene que

en el estado estable (Quintero, 1981):

Ks D

fmax +D

§= Ec. 5.7.18

Reemplazando esta ecuacién en la expresion de la biomasa (x; g L™") se obtiene (Quintero,

1981):
Kg D

x =Y(S, — Ec. 5.7.19

Emax + D
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Sin embargo, es importante resaltar que se ha observado que en cultivos reales, estas
consideraciones pueden presentar limitaciones y dependeran del sustrato empleado como
sustrato limitante. En el caso particular de la limitacién por fuente de carbono se ha descrito que
el rendimiento es altamente dependiente de la tasa de dilucién, observandose una disminucion
en los rendimientos de biomasa a bajas tasas de dilucion. Este comportamiento se ha sugerido
se debe al requerimiento energético empleado para realizar funciones de mantenimiento celular.
Por lo que en el balance de consumo de sustrato se incluyen las siguientes consideraciones
(Quintero, 1981):

Velocidad de consumo de glucosa = Consumo de glucosa para el crecimiento + Consumo de

glucosa para el mantenimiento

Definiendo el consumo para el mantenimiento como:

dSm
dt

= mx Ec. 5.7.20

En donde m (g guis ' h™") es el coeficiente de mantenimiento.

o2 mx Ec. 5.7.21

¥ ¥e
Considerando Y¢ como el rendimiento tedrico maximo (gsiog™) y que u =D

En los cultivos quimiostato se tiene:

—=—+— Ec. 5.7.22
Y

Al incorporar el concepto de energia de mantenimiento para calcular el crecimiento en los

cultivos en quimiostato se obtiene (Quintero, 1981):

x = 26 Go =5) Ec. 5.7.23
D+m¥.5
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5.7.2.2 Velocidad de transferencia de oxigeno y consumo especifico de

oxigeno
En los cultivos en biorreactor, las velocidades de transferencia de oxigeno y de consumo
especifico de oxigeno se calcularon tomando las siguientes consideraciones: a) el flujo de la
mezcla de gases, oxigeno y nitrégeno, fue constante, b) en estado estable la composicion de la
mezcla de gases se mantuvo constante para cada condicién evaluada, y c) la concentracion
molar del oxigeno al equilibrio en el flujo de entrada (Cq4; mmol L™") fue proporcional al flujo de
oxigeno (Fo2; mol L") con respecto al flujo total gases (Fr; mol L™).

Por lo que la ecuacién para calcular la concentracion molar del oxigeno al equilibrio fue:

_ r=Foz
Cg = Cg 5 Ec.5.7.24

En dénde Cg* (mmol L™) es la fracciéon molar del oxigeno en el aire.

A partir de estas consideraciones la velocidad de transferencia de oxigeno (VTO; mmol L™ h™)

se calculo a partir de la ecuacion:

En dénde: kia = 25 h™', es el coeficiente de transferencia de oxigeno por unidad de area, el cual
se calculé empleando el método de gassing out con nitrégeno (Stanbury et al., 2003). C_ (mmol
L™") es la concentraciéon oxigeno, presente en el reactor, equivalente a la concentracién molar
de oxigeno para las tres condiciones de TOD evaluadas (1, 5y 9 %).

Para los cultivos en quimiostato en condiciones de TOD constantes y en estado estable, la VTO
es igual a la velocidad de consumo de oxigeno (VCO) (Stanbury et al., 2003), por lo que la
velocidad especifica de consumo de oxigeno qo, (mmol g'h™") se calculé empleando la siguiente

ecuacion:

vco  VToO
Qo, = — = —— Ec. 5.7.26

X X
En dénde x (g L) es la concentracién de biomasa en el estado estable.

Finalmente, conociendo la VTO también fue posible calcular el coeficiente respiratorio (RQ; -),

para lo cual se plantearon las siguientes consideraciones: a) el sustrato residual en todas las
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condiciones de cultivo fue cercano a cero y b) el sustrato fue distribuido en: biomasa, P3HB y
alginato, por lo que %C-mol que no se empled en estos productos fue transformado en CO,. A

partir del % C-mol de CO, se estimo la velocidad de produccién de CO, (VPC; mmol L™), siendo
la ecuacion que define el RQ:

VeC

RQ = Voo Ec. 5.7.27
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6. RESULTADOS Y DISCUSION

6. 1 Estudio de la acetilacién de los alginatos sintetizados por A. vinelandii sin
control de la tensién de oxigeno disuelto y la velocidad especifica crecimiento
(cultivos en matraces agitados bajo diferentes condiciones de disponibilidad de
oxigeno)

6.1.1 Condiciones de estudio: alta y baja disponibilidad de oxigeno

Con la finalidad de evaluar el efecto de dos condiciones extremas de disponibilidad de oxigeno
sobre el grado de acetilacion del alginato producido por A. vinelandii en cultivos diazotroficos se
utilizaron matraces agitados. El uso de matraces agitados para el cultivo celular ha sido
ampliamente utilizado debido a que son sistemas sencillos que permiten la evaluacion de
cultivos en paralelo, siendo una herramienta de gran utilidad para la caracterizacion de cepas,
seleccion de medios de cultivo y en estudios de analisis de flujo metabdlico (Schneider et al.,
2010). Entre las estrategias que se emplean para manipular la disponibilidad de oxigeno en este
tipo de cultivos se encuentran: el uso de diferentes tipos de matraces, "bafleados" y
convencionales, (Buchs, 2001); asi como la variacion del volumen de llenado y la frecuencia de

agitaciéon (Maier y Blichs, 2001).

En el caso del tipo de matraces, la introduccion de "bafles" (matraces bafleados) genera un
patrén de flujo predominantemente turbulento (Kléeckner y Bichs, 2012), lo cual se refleja en un
incremento considerable de la velocidad de transferencia de oxigeno maxima (VTOna.) aun a
bajas frecuencias de agitacion (Buchs, 2001). Por otra parte, la disminucion en el volumen de
llenado se refleja en un incremento en el area de transferencia gas-liquido (a), impactando
positivamente la VTO,,o (Maier y Bichs, 2001). En este sentido Pena et al (2007), reportaron en
cultivos de A. vinelandii que la disminucion del volumen de llenado de 100 a 25 mL en matraces

de 500 mL incrementaba la VTO,., de 5 mmol L™ h" a 20 mmol L™ h™.

Cabe mencionar, que tanto el tipo de matraz como el volumen de llenado no solo afectan la
VTOnmax SiN0 que también tienen un efecto sobre la potencia volumétrica (Blichs et al., 2000;
Cyrill et al., 2006), siendo este un parametro critico en cultivos de células sensibles al estrés
hidrodinamico como son las células animales y vegetales (Blichs et al., 2000). Sin embargo, en
el caso especifico de A. vinelandii se ha observado que tanto en condiciones de TOD
controladas (Lozano et al., 2011), como en cultivos sin control de TOD en matraces (Pefia et al.,
2011b) y en fermentador (Diaz-Barrera et al., 2006, 2011), la disponibilidad de oxigeno
expresada como VTO.x, ¥ NO el estrés hidrodinamico, es la variable que podria tener un mayor

impacto sobre la biosintesis de alginato. Por lo tanto la discusion se centrara en el efecto de la
36



Resultados y Discusion

disponibilidad de oxigeno sobre el metabolismo de A. vinelandii y su posible relacion con el

grado de acetilacion del alginato.
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Figura 6.1. Perfil de oxigeno disuelto de los cultivos de A. vinelandii ATCC 9046 bajo
condiciones de baja (a) y alta disponibilidad de oxigeno (b). La calibracién del
sensor de oxigeno se realiz6é con saturacion de aire.

Con base en lo anterior se evaluaron dos condiciones de cultivo, las cuales se establecieron
modificando el tipo de matraz y el volumen de llenado. La primera condicion denominada de
"alta disponibilidad de oxigeno" se logré empleando matraces “bafleados” de 500 mL con 50 mL
de volumen de llenado; la segunda condicion denominada de "baja disponibilidad de oxigeno",
se logré6 empleando matraces convencionales de 500 mL con 100 mL de volumen de llenado.
En la Figura 6.1 se presentan los perfiles de tension de oxigeno disuelto que se alcanzaron bajo
estas condiciones de cultivo. En esta se observa que en la condicion denominada de "baja
disponibilidad de oxigeno" (matraces convencionales), la TOD fue cercana a 0 % por un periodo
de 40 h; en contraste en la condicién denominada de " alta disponibilidad de oxigeno" durante

las primeras 8 horas de cultivo los valores de TOD fueron mayores a 0 %.
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6.1.2 Crecimiento y consumo de glucosa

Como se observa en las Figuras 6.2a y b, las condiciones de aireacion impactaron el
crecimiento y el consumo de glucosa, asi como los parametros cinéticos y estequiométricos
(Tabla 6.1). En lo que se refiere a la velocidad especifica de crecimiento (), esta fue de
0.08 + 0.01 h™ para los cultivos desarrollados en los matraces convencionales y de 0.17 + 0.01
h™' para los cultivos en los matraces "bafleados". En trabajos previos en cultivos de A. vinelandii
ya se habia descrito un comportamiento semejante en lo que se refiere a los valores de u. Pefia
et al., (1997) reportaron valores de pu de 0.09 h™ en matraces convencionales y de 0.15 h™" en

matraces bafleados.

Tabla 6.1 Pardametros cinéticos de los cultivos en matraces agitados bajo diferentes condiciones
de disponibilidad de oxigeno.

Condicién de U Yxis s
cultivo [hl] [gbiomasa gglucosa-l] [g h-l gbiomasa-l]
Matraces 0.17+0.01 0.10+0.01 1.15+0.02
bafleados
Matraces 0.08 £0.01 0.36 £0.01 0.12+0.01
convencionales

La velocidad especifica de consumo de glucosa (gs) también se vio afectada por los cambios en
la disponibilidad de oxigeno, alcanzando un valor casi 10 veces mayor en los cultivos en los
matraces bafleados con respecto a los cultivos desarrollados en condiciones de baja
disponibilidad de oxigeno. Se observé en los cultivos desarrollados en los matraces
convencionales que la glucosa no se agotd aun cuando el cultivo llegd a la fase estacionaria,
siendo este un comportamiento caracteristico de los cultivos de A. vinelandii en condiciones de
limitacion de oxigeno (Pefa et al., 2011b). En contraste, en los cultivos desarrollados en los

matraces bafleados, la fase estacionaria se alcanzé al agotarse la fuente de carbono.

En lo que se refiere a los rendimientos de biomasa (Yxs), estos fueron mas altos en aquellos
cultivos desarrollados en condiciones de baja disponibilidad de oxigeno. Este comportamiento
puede deberse al hecho de que los cultivos se desarrollaron en condiciones de fijacion de
nitrégeno; y en A. vinelandii se ha descrito que en condiciones de alta aireacion el proceso de
fijacion de nitrogeno requiere un gasto energético adicional en lo que se conoce como
"proteccion respiratoria” del sistema nitrogenasa (Oelze, 2000; Setubal et al., 2009), lo cual se
refleja en los bajos rendimientos de biomasa, en los cultivos desarrollados en matraces

bafleados.
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Figura 6.2. Cinéticas de crecimiento de A. vinelandii ATCC 9046 (a) y de consumo de glucosa
(b) bajo condiciones de baja (¢) y alta (e) disponibilidad de oxigeno. Las lineas
indican la etapa del cultivo en la que se calcularon Yys y Qs en los matraces
convencionales (azul) y bafleados (rojo). Los puntos en negro indican los puntos de
muestreo para el analisis de flujo metabdlico.

6.1.3. Produccién de P3HB

La produccién de P3HB (Fig. 6.3), solo se observo en los cultivos desarrollados en condiciones
de baja aireaciéon. El P3HB es un polimero intracelular que se acumula en diversas especies
bacterianas en condiciones de limitacidon nutricional, en el caso de A. vinelandii, se acumula

principalmente cuando existe limitacién por oxigeno (Pefia et al., 2011a).
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Figura 6.3. Cinética de produccién de P3HB en condiciones de baja disponibilidad de oxigeno.

6.1.4 Grado de acetilacion del alginato y produccién de alginato

En la Figura 6.4 se presenta el grado de acetilacion del alginato, en donde se observa que las
diferencias en la disponibilidad de oxigeno, no solo afectaron los parametros cinéticos descritos
previamente, también se reflejaron en el grado de acetilacién del alginato producido por A.
vinelandii, el cual fue mayor (2.6 veces) en los cultivos desarrollados en condiciones de baja
disponibilidad de oxigeno (4.7 £ 0.5 %) con respecto a la acetilacién de los alginatos obtenidos
en cultivos desarrollados en condiciones de alta disponibilidad de oxigeno (1.8 + 0.7 %). Estos
resultados coinciden con lo descrito previamente por Pefa et al. (2011b), con respecto a que la
acetilacion del alginato es mayor en condiciones de baja transferencia de oxigeno. No obstante,
es importante sefalar que el presente trabajo se realizé en condiciones de fijacién de nitrégeno,
las cuales como describieron previamente Zapata-Vélez y Trujillo-Roldan (2010), tienen un

impacto importante sobre el comportamiento de otros parametros como el PMP del alginato.

La produccion de alginato (Fig 6.5), al igual que el grado de acetilacion del alginato, fue mayor
en la condicidon de baja disponibilidad de oxigeno, en la que se obtuvo una concentracion final
de alginato de 1.69 + 0.36 g L™; en contraste con los cultivos en alta aireacién (matraces
bafleados) en los cuales la concentracién de alginato no fue mayor a 0.23 + 0.02 g L. Este
comportamiento corresponde con lo descrito previamente por Pena et al. (1997), quienes
encontraron que la produccion de alginato por A. vinelandii en cultivos desarrollados en
matraces convencionales fue mayor con respecto a la produccion de este polimero en matraces

bafleados. Sin embargo, si se observd una disminucion importante en lo que se refiere a las

40



Resultados y Discusion

Grado de acetilacion del
alginato (%)

Altaaireacion Baja
aireacion

Figura 6.4. Grado de acetilacion del alginato en condiciones de alta y baja disponibilidad de
oxigeno.

concentraciones de alginato (4 g L™ en la condicion de baja aireacién y 1 g L™ en la condicién de
alta aireacion) reportadas por Pena et al. (1997), quienes emplearon extracto de levadura como
fuente nitrogenada. No obstante, los bajos rendimientos de alginato en condiciones diazotréficas
ya habian sido previamente observados por Zapata-Vélez y Trujillo-Roldan (2010), quienes
reportaron en cultivos diazotréficos de A. vinelandii, en matraces convencionales una

concentracién maxima de alginato de 1.7 g L.
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Figura 6.5.Cinéticas de produccién de alginato en condiciones de baja (¢) y alta (e)
disponibilidad de oxigeno
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6.1.5. Andlisis de flujo metabdlico

Adicionalmente, la disponibilidad de oxigeno también tuvo un impacto importante en el flujo
metabdlico como se observa en la Figura 6.6. Las vias metabdlicas en donde se observé un
mayor impacto, debido a las diferencias en la disponibilidad de oxigeno, fueron: el ciclo de los
acidos tricarboxilicos, los puntos de generacion y regeneracion de fosfoenol piruvato (PEP),
piruvato (PYR) y acetil-CoA, asi como el ciclo del glioxilato. Es importante mencionar que las
diferencias observadas en el flujo metabdlico podrian estar impactando respuestas como la
acetilacion del alginato y la produccién de P3HB. A continuacion se describen aquellas vias en

donde se observo un mayor impacto en el flujo metabdlico.

El metabolismo de la glucosa en A. vinelandii, se basa en la via Entner-Doudoroff (Lynn y
Sokatch, 1984; Beale y Foster, 1996), y con el analisis de flujo metabdlico (AFM) fue posible
confirmar que el flujo de carbono hacia esta via es superior al 90 %, independientemente de la

condicion de aireacion.

Ademas de la via ED, se confirmd que la via de las pentosas fosfato (PP) es una via activa
como previamente lo habian descrito Beale y Foster (1996). Sin embargo, el flujo de carbono
hacia esta via fue mayor, hasta 2.3 veces en los cultivos desarrollados en condiciones de baja
disponibilidad de oxigeno, en comparacion con los cultivos desarrollados en matraces
bafleados. Esta via provee a la célula de precursores metabdlicos como la Ribulosa-5-P (R-5-P),
asi como de NADPH. La recirculacion de carbono por esta via se ha descrito en otros
microorganismos como Acetobacter, Agrobacterium, Pseudomonas, Zymomonas y Rhizobium
entre otros, los cuales al igual que A. vinelandii metabolizan la glucosa por la via ED y producen
exopolisacaridos (Portais y Delort, 2002).

A. vinelandii es un organismo aerobio estricto (Setubal et al., 2009); siendo el ciclo de los acidos
tricarboxilicos la via principal para la generacién de poder reductor (NADH y FADH.,), para la
produccion de ATP (Mailloux, et al. 2007), y esta fue una de las vias en donde se observéd un
mayor efecto de los cambios en la disponibilidad de oxigeno sobre el flujo de carbono. En esta
via se observé una disminucién considerable en el flujo de carbono en las condiciones de baja
disponibilidad de oxigeno (matraces convencionales) con respecto a los cultivos desarrollados
en condiciones de alta disponibilidad de oxigeno (matraces bafleados); principalmente en los
nodos comprendidos entre el oxaloacetato (OAA) e isocitrato (ICT) con una disminucién en el
flujo relativo del 40 %; del ICT hacia el a-cetoglutarato (a-KG) y del a-KG al succinato (SUC) con

un decremento en el flujo metabdlico del 68 %, hacia ambos nodos. Cabe mencionar que estos
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Figura 6.6. Mapa de flujo metabdlico de A. vinelandii ATCC 9046 en [1-"°C] - glucosa bajo
condiciones de baja y alta disponibilidad de oxigeno. Los flujos de carbono
relativos (%-mol) se basaron en el consumo especifico de glucosa (100%). La
biomasa empleada para calcular el flujo metabdlico fue: 0.81+0.00 gcpw Y
0.95+0.03 gcpw para los cultivos en condiciones de baja disponibilidad de oxigeno;
1.00+0.00 gcpw y 1.52+0.00 gcpw para los cultivos en condiciones de alta
disponibilidad de oxigeno. Los flujos metabdlicos para alginato y P3HB se
calcularon con base en el peso molecular de los monédmeros de acido manurénico
(194.4 g mol™) y el acido 3-hidroxibutirico (104.1 g mol”) respectivamente. Los
valores de flujo relativo representan el promedio de 100 iteraciones.
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tres nodos son susceptibles de ser regulados negativamente por niveles de NADPH y/o NADH
(Mailloux, et al. 2007). Finalmente el flujo relativo de carbono del fumarato (FUM) hacia el OAA
disminuyd un 41 % en la condicion de baja aireacién. Cabe mencionar que la disminucién en el
flujo relativo hacia la via de los acidos tricarboxilicos en los cultivos desarrollados en los
matraces convencionales tendrian un impacto importante sobre la produccién neta (mol molg™”)
de NADPH y NADH los cuales disminuirian hasta 76.9 y 35.1 % (Fig. 6.6), respectivamente, al

compararse con los cultivos desarrollados en la condicion de alta disponibilidad de oxigeno.

La segunda via en donde se observaron diferencias importantes en el flujo de carbono entre las
dos condiciones evaluadas, fueron los nodos de generacidon y regeneracion de fosfoenol
piruvato (PEP) y piruvato (PYR). EI PYR es un nodo metabdlico importante entre las reacciones
para la generacion de energia y la biosintesis de otros compuestos metabdlicos. En general, el
flujo relativo de carbono hacia esta via fue mayor en los cultivos desarrollados en condiciones
de baja disponibilidad de oxigeno. Las reacciones involucradas en este ciclo comprenden la
formacion de PYR a partir del PEP, reaccion catalizada por la enzima piruvato quinasa (PYK)
con un incremento del 17.5 % en los cultivos en baja aireacidon. Posteriormente, en la reaccion
catalizada por la enzima piruvato deshidrogenasa, en la que el PYR es transformado en acetil-
CoA el flujo relativo presentd un incremento de tan solo un 10 % en los cultivos en baja
aireacion. Finalmente, también hubo un incremento importante (43.9 %) en la reaccién
anaplerdtica catalizada por la enzima fosfoenolpiruvato carboxiquinasa (PEPCK) que permite la
regeneracion de PEP a partir de OAA; esta enzima estd involucrada en el reciclaje de PEP y
PYR hacia OAA por la enzima piruvato carboxilasa (PYC); sin embargo, en este nodo el

incremento en el flujo relativo de carbono fue solo de 11.8 % en la condicidon de baja aireacion.

Finalmente, la tercera via en la que se observaron diferencias importantes entre las dos
condiciones de cultivo evaluadas fue el ciclo del glioxilato. En este ciclo anaplerético tienen lugar
dos reacciones enzimaticas. En la primera reaccion, catalizada por la isocitrato liasa (ICL), el
isocitrato se divide en SUC vy glioxilato posteriormente la malato sintasa (MS) condensa el
glioxilato y el acetil-CoA en malato. Este ciclo provee a las células de oxaloacetato (OAA), y su
funciébn en otros organismos como Escherichia coli, Mycobacterium tuberculosis y
Coryneobacterium glutamicum se ha asociado al crecimiento con fuentes de carbono C,, como
el etanol, el acetato y acidos grasos. En estas bacterias se ha observado que la expresion del
gen aceA, que codifica para la ICL, se regula positivamente en presencia de acetato como
fuente de carbono y que en presencia de glucosa, su expresién disminuye o no esta presente

(Kretchmar et al., 2008). Por otra parte, en P. aeruginosa, se ha observado que en cepas sobre-
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productoras de alginato como la FRD1, la expresion del gen aceA es constitutiva en contraste
con cepas no productoras de alginato (PAO1), en las que este gen y la actividad ICL se regulan
positivamente en presencia de acetato y otras fuentes C, (Hagins et al.,2010). Sin embargo, en
A. vinelandii este ciclo se encuentra activo aun cuando la fuente de carbono es glucosa,
observandose un incremento del flujo relativo hacia esta ruta de 2.79 veces en condiciones de
baja aireacién en comparacion con el flujo obtenido en los cultivos en alta aireacién. Lo anterior
sugiere que en A. vinelandii, en condiciones de baja disponibilidad de oxigeno, el ciclo del
glioxilato es una via alternativa para la reposicion de (OAA), el cual puede también ser

empleado para la regeneraciéon de PYR y acetil-CoA.

Es importante resaltar que el comportamiento observado en los flujos relativos de carbono en
los cultivos desarrollados en condiciones de baja aireacién sustentan estudios previos
relacionados con la sintesis de P3HB (Senior et al.,, 1972), en los que se propone que en
condiciones de baja aireacion, la acumulacién de NADH y/o NADPH, inhiben alostéricamente
algunas enzimas del ciclo de los &cidos tricarboxilicos, favoreciendo la desviacion del acetil-CoA
hacia la sintesis de P3HB (Senior et al., 1972).

Con el analisis de flujo metabdlico fue posible comprobar que en condiciones de baja aireacion
el flujo de carbono hacia el ciclo de los acidos tricarboxilicos disminuye, y que adicionalmente
los flujos de carbono relacionados con la regeneracion de acetil-CoA y sus precursores se
incrementaron. Estas respuestas tuvieron un impacto importante no solo en la produccion de
P3HB el cual, como se describié previamente, sbélo se sintetizé bajo condiciones de baja
disponibilidad de oxigeno; sino que estos cambios también podrian estar impactando en el
grado de acetilacion del alginato debido a que el acetil-CoA es el donador de grupos acetilo para
la acetilacion del alginato (Franklin y Ohman, 2002). Como se describié previamente en
condiciones de baja disponibilidad de oxigeno el grado de acetilacion del alginato se incremento
2.6 veces con respecto al grado de acetilacidon del alginato sintetizado en condiciones de mayor
disponibilidad (Fig. 6.6).

En esta etapa fue posible demostrar que los cambios observados en la acetilacién del alginato
en cultivos bajo diferentes condiciones de disponibilidad de oxigeno estan relacionados con
cambios en el flujo de carbono hacia las principales vias metabdlicas involucradas en el
metabolismo de acetil-CoA (donador de grupos acetilo para la acetilacion del alginato). Sin
embargo, en este tipo de cultivos no fue posible definir el papel de la TOD y la velocidad

especifica de crecimiento (4); por lo que, en la siguiente etapa del estudio se emplearon
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cultivos en condiciones controladas de TOD y p con la finalidad de identificar el efecto de estas

variables sobre el grado de acetilacion de los alginatos.

6.2. Estudio de la acetilacion del alginato producido por A. vinelandii en
condiciones controladas de TOD y velocidad especifica de crecimiento

6.2.1. Intervalo de evaluacion de TOD

Diversos autores han observado que la TOD y la p tienen un papel importante en el proceso de
biosintesis del alginato, afectando los rendimientos del polimero y su composicién quimica,
siendo el parametro mas estudiado el PMP del alginato (Lozano et al., 2011; Pefa et al., 2000;
Sabra et al., 1999; 2000; Priego-diménez et al., 2007). En estos estudios se observo que el
principal efecto de la TOD sobre el PMP del alginato se observaba entre 1 y 10 % de TOD
(Pena et al., 2000; Sabra et al., 2000). Por lo que en el presente estudio se evaluaron tres
valores de TOD: 1, 5y 9 %. En la Figura 6.7, se presenta el perfil de TOD caracteristico para

cada una de las condiciones evaluadas.

La evaluacién del efecto de la tensién de oxigeno disuelto (TOD) y la velocidad especifica de
crecimiento (u) se realizd en cultivos en quimiostato limitados por glucosa, en un intervalo de
tasas de dilucion (D) de 0.02 2 0.15h™.
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Figura 6.7. Perfiles de TOD caracteristicos de los cultivos en quimiostato desarrollados a 1, 5y
9%

46



Resultados y Discusion

6.2.2. Crecimiento y produccién de P3HB

En la Figura 6.8a se presentan los perfiles de concentracion de biomasa en el estado estable.
En general, los valores de concentracion de biomasa fueron mas altos en los cultivos
desarrollados a 1 % de TOD independientemente de la D evaluada, obteniéndose una
concentracion promedio de 0.61+0.02 g L™. Observandose una disminucién en los valores de
concentracién de biomasa conforme se incremento la TOD, con valores de 0.49+0.02 g L'a5%
de TOD y 0.44+0.08 g L™ para 9% de TOD. Estas diferencias se deben principalmente a la
acumulacion de P3HB el cual, como se observa en la Figura 6.8b, en los cultivos a 1 % de TOD
representé entre el 9 y el 33 % del peso seco para valores de D de 0.08 y 0.02 h™,
respectivamente; en contraste en los cultivos a 9 % de TOD la acumulacion de P3HB no fue

mayor al 5 % del peso seco, en cualquiera de las D evaluadas.

Como se describié previamente, ha sido ampliamente documentado que en las especies de
Azotobacter, el P3HB se acumula preferencialmente bajo condiciones de limitacion de oxigeno
(Pena et al., 2011a) y a bajas velocidades de crecimiento (Senior et al., 1972; Hernandez-Eligio
et al., 2011); debido entre otros factores, a procesos de regulacion enzimatica por la relacién de
cofactores como el NADPH/NADP vy acetil-CoA/CoA (Senior et al., 1972), asi como por la
regulacién a nivel transcripcional de los genes phbBAC, dependientes del factor transcripcional

global RpoS (Hernandez-Eligio et al., 2011).

En lo que se refiere a la tendencia de la biomasa residual, definida como la diferencia entre la
biomasa y el P3HB (Heinzle y Lafferty, 1980), en las tres condiciones de TOD se observa una
disminucion de la concentracion de biomasa residual a bajas D (Fig. 6.8c). Dicho
comportamiento es caracteristico de los cultivos en quimiostato limitados por carbono y esta
disminucion esta asociada al consumo energético empleado para el mantenimiento celular
(Quintero, 1981). Es importante resaltar que en lo que se refiere a la concentracion de biomasa

residual, no se observaron diferencias (a bajas D) entre los cultivos a 1y 5 % de TOD. En
contraste, en los cultivos a 9 % de TOD las concentracion de biomasa residual a D = 0.04 h™
son inferiores (30 %) con respecto a la concentracion de biomasa residual obtenida a esa D en
los cultivos a 1 y 5 % de TOD. Estas diferencias podrian estar relacionadas con otra
caracteristica importante de A. vinelandii, su capacidad para fijar nitrdgeno aun en presencia de
altas concentraciones de oxigeno, debido a que posee mecanismos que le permiten proteger el
sistema nitrogenasa (Oelze, 2000). Entre los mecanismos propuestos para la proteccién del
sistema nitrogenasa se encuentra el denominado "proteccion respiratoria”, el cual consiste en la

regulacion del consumo de oxigeno para mantener bajas las concentraciones de oxigeno en el
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citoplasma. Sin embargo, este mecanismo de proteccion implica un elevado consumo

energético y, por lo tanto bajos rendimientos de biomasa.
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Figura 6.8. Concentracion de biomasa total en los cultivos en quimiostato desarrollados a 1 (¢),
5 (o) y 9% (m) (a); contenido de P3HB (p/p %) en los cultivos a 1 (¢), 5 (e) y 9 % (m)
de TOD (b); concentraciéon de biomasa residual (biomasa - PHB) a 1 (¢), 5 (e)y 9 %

(m) (c).

6.2.3. Produccién de alginato en funcién de la TOD y la velocidad especifica de

crecimiento: concentracion, rendimientos y peso molecular promedio
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En la Tabla 6.2 se presentan los valores de la concentracion, los rendimientos y el peso
molecular promedio de los alginatos obtenidos en los cultivos en quimiostato de A. vinelandii. Se
debe enfatizar que en estos pardmetros, asi como en el grado de acetilacién del alginato, no se
observaron diferencias significativas (p>0.05) entre los cultivos a 1 y 5 % de TOD,
independientemente de la tasa de dilucion, por lo que los resultados y discusion se centraran en
los cultivos a 1y 9 % de TOD (Fig. 6.9).

Tabla 6.2. Concentracion promedio, rendimientos y peso molecular promedio del alginato a 1, 5
y 9 % de TOD. Los valores en paréntesis se calcularon con base en la biomasa
residual (biomasa-PHB)

TOD (%) D (h?) Alginato Y aigix Y Algic PMP
L™ (O 9c)  (Gaig 97 (KDa)
1 0.02 1.04£0.22  1.96+1.03 0.26+0.05 1140+270
(2.93+1.58)
0.04 0.89+0.13 1.490.19 0.22+0.03 1286+510
(1.93+0.29)
0.06 0.86+0.16  1.32+0.32 0.21+0.04 830+272
(1.45+0.32)
0.08 0.79+0.04  1.26+0.08 0.20+0.01 10094215
(1.40+0.11)
0.02 0.97 1.90 0.24 1903
5 (2.55)
0.04 0.77+0.15 1.66+0.45 0.19+0.04 5524137
(1.86+0.46)
0.06 0.65+0.13 1.28+0.23 0.16+0.03 1293+490
(1.4120.24)
0.08 0.64+0.18  1.41+0.53 0.17+0.06 1418+448
(1.5120.57)
9 0.04 1.1940.22  3.44+0.82 0.300.06 761+195
(3.90+1.11)
0.08 0.86£0.22  1.77+0.70 0.22+0.05 1385+316
(1.79+0.69)
0.15 0.74+0.04  1.61+0.12 0.19+0.01 819+274
(1.660.14)
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En el caso de la produccion volumétrica de alginato no se observaron diferencias significativas
en los valores de concentracion de alginato en el estado estable entre las diferentes condiciones
de cultivo evaluadas (Fig. 6.9a), con un valor promedio de (0.84 + 0.17 g L™"). Es importante
resaltar que los rendimientos de alginato en base a biomasa (Yaqgx), €n todos los casos fueron
superiores en comparacion con aquellos reportados previamente por otros autores para cultivos
en lote y quimiostato (Pefa et al., 2000; Sabra et al., 2000; Diaz-Barrera et al., 2010)
alcanzando valores que oscilaron entre 1.3 + 0.32 gayg g'y3.4+0.82 JAlg g, obteniéndose este
ultimo valor en la condicién de 9 % de TOD y 0.04 h™" (Fig. 6.9b).
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Figura 6.9. Concentracién de alginato en cultivos en quimiostato desarrollados a 1 (¢) y 9 % (m)
de TOD (a); rendimientos de alginato con base en biomasa (Yagx) en cultivos en
quimiostato desarrollados a 1 (¢) y 9 % (m) de TOD (b).

En lo que se refiere al PMP del alginato (Tabla 6.2), no se observaron diferencias significativas

(p>0.05) entre las diferentes condiciones evaluadas, con un valor promedio de 1033.40 + 245.19
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KDa. Este comportamiento contrasta con lo descrito previamente por otros autores (Pefia et al.,
2000; Trujillo-Roldan et al., 2004; Flores et al., 2013; Sabra et al., 2000; Diaz-Barrera et al.,
2010), quienes observaron un efecto importante tanto de la TOD como de la velocidad
especifica de crecimiento sobre el PMP del alginato. Sin embargo, otros autores como Lozano
et al. (2011) y Diaz-Barrera et al. (2007; 2011), han propuesto que es la velocidad de
transferencia de oxigeno (VTO), independientemente de la TOD, la variable que podria afectar
el proceso de polimerizacion del alginato. En este sentido, se ha reportado que en los cultivos
de A. vinelandii desarrollados en condiciones de bajas VTOs (2 - 6 mmol L"'h™ en cultivos sin
control de TOD vy de 20 - 40 mmol L™ h™ en cultivos con control de TOD) se obtienen alginatos
de alto PMP, con valores superiores a 500 KDa (Diaz-Barrera et al., 2007; 2011; Lozano et al.,
2011). En el presente estudio los valores de VTO (VCO) (Tabla 6.3), oscilaron dentro de este
intervalo (2 - 40 mmol L™ h™), lo que podria sugerir que en las condiciones de cultivo evaluadas
(cultivos diazotréficos en quimiostato) la VTO tuvo un efecto importante sobre el PMP del
alginato, independientemente de las condiciones de TOD o D. Sin embargo, se debe resaltar
que hasta el momento no es posible dar una explicacibn completa con respecto al
comportamiento observado en relacion al PMP de alginato bajo las condiciones de cultivo

estudiadas.

Tabla 6.3. Velocidad de consumo de oxigeno, velocidad especifica de consumo de oxigeno y
coeficiente respiratorio en los cultivos a 1y 9 % de TOD.

TOD (%) D (h?) VCO Joz RQ (-)
(mmol L*h™)  (mmol g*h™)
1 0.02 2.90 4.00 0.57
0.04 5.46+0.40 8.50+1.40 0.61
0.06 7.82+0.29 12.20+1.70 0.63
0.08 13.38+2.70 21.60+5.00 0.50
9 0.04 6.97+1.09 21.70+4.60 0.47
0.08 10.71+1.04 21.50+1.00 0.65
0.15 18.36+2.60 39.70+5.00 0.79

6.2.4. Grado de acetilacion del alginato en funcion de la TOD

En contraste con los resultados obtenidos en los cultivos en matraces agitados y lo reportado

previamente por otros autores en cultivos en matraces (Pefa et al., 2011b), el grado de

51



Resultados y Discusion

acetilacion del alginato fue significativamente mayor (p<0.05) en aquellos cultivos expuestos a
una elevada TOD (9 %), con respecto al grado de acetilacion de los alginatos obtenido en
cultivos a 1 % de TOD. Sin embargo, este comportamiento sélo se observd dentro de un
intervalo de p entre 0.04 y 0.08 h™' (Fig. 6.10).

Se ha propuesto que el acetil-CoA es el donador de grupos acetilo para la acetilacion del
alginato (Clarke et al., 2000; Franklin y Ohman, 2002) y ademas es el precursor de la biosintesis
de P3HB (Senior et al., 1972). En condiciones de limitacion de oxigeno, como las descritas en
los cultivos en matraces con baja aireacién, se ha propuesto que la reduccién del flujo de acetil-
CoA hacia el ciclo de los acidos tricarboxilicos incrementa la disponibilidad de acetil-CoA, para

la acetilacion del alginato (Pefia et al., 2011b) y la produccion de P3HB (Senior el al, 1972).
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Figura 6.10. Grado de acetilacion del alginato en cultivos en quimiostato desarrollados a 1 (¢) y
9 % (m) de TOD.

En el caso de los cultivos en quimiostato desarrollados a 9 %, para un intervalo de p entre 0.04
y 0.08 h™', también se observa una disminucién en la velocidad especifica de consumo de
oxigeno (qo2), asi como en los valores de RQ, ambos parametros se presentan en la Tabla 6.3;
sugiriendo que a pesar de que no existe una limitacién de oxigeno si hay una reduccién en el
flujo de carbono hacia el ciclo de los acidos tricarboxilicos, incrementando la disponibilidad de
acetil-CoA.

Otra caracteristica importante de los cultivos a 9 % de TOD es que en comparaciéon con los

cultivos desarrollados a 1 % de TOD en el mismo intervalo de , la acumulacion de P3HB fue
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despreciable, y como se observa en la Figura 6.11 existe una relacion inversa entre la

produccion de P3HB y el grado de acetilacion del alginato.

Grado de acetilacién del alginato (%)
o = N w ~ (62} » ~ 0]
——i

0 5 10 15 20 25 30 35 40
Contenido de PHB (%)

Figura 6.11. Relacion del grado de acetilacién del alginato y la concentracion de P3HB en
cultivos en quimiostato desarrollados a 1 (¢), 5 (e) y 9 % (m) de TOD.

En la Tabla 6.4 se presenta la distribucién de carbono (% C-mol), entre ambas condiciones de
TOD. En esta se observa, que en los cultivos desarrollados a 1 % de TOD y 0.04 h™ el % C-mol
destinado a la sintesis de P3HB (3.8 %) fue mayor en comparacién con % C-mol empleado para
la acetilacion del alginato el cual fue de tan solo 1.5 %. En contraste, en los cultivos a 9 % de
TOD el % C-mol empleado para la biosintesis de P3HB fue despreciable (0.3 - 0.5 %); siendo

2.8 el % C-mol destinado a la acetilacion del alginato.

Tabla 6.4. Distribucion de carbono. Para calcular el % C-mol se realizaron las siguientes
consideraciones: 24.6 gcpw = 1C-mol para % C-mOlyiomasa; 26.0 g Acido hidroxibutirico = 1C-
mol para % C-molngB; 32.3 J Manurénico = 1C-mol para % C'm0|A|g; 21.5 J Acetil = 1C-mol
para % C-molaceti.

TOD (%) D (h_l) % CA|g-m0| % CAce-mOI % CBio-mOI % Cp3HB' % Ccoz
mol
0.04 19.5 1.5 14.2 3.8 61.1
1 0.08 17.6 1.0 17.2 1.7 62.5
0.04 25.7 2.8 9.3 0.5 61.8
9 0.08 18.8 1.5 14.9 0.3 64.5
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Otra caracteristica importante de los cultivos desarrollados a 9 % de TOD y bajas ,
principalmente 0.04 h™", fue que bajo estas condiciones de cultivo los rendimientos de alginato
con respecto a la biomasa fueron los mas altos (Fig. 6.9). Con base en lo anterior es posible
proponer que bajo estas condiciones de cultivo, se favorece todo el proceso de biosintesis del

alginato, no sélo la acetilacion.

A pesar de que el efecto de la TOD sobre la produccion del alginato ha sido estudiada por
diversos autores (Lozano et al., 2011, Pefia et al., 2000, Sabra et al., 1999, 2000), la regulacion
de la biosintesis de este producto es compleja por lo que se desconocen las respuestas
fisiolégicas que pueden ser afectadas positivamente por la TOD; sin embargo en P. aeruginosa,
Leitao y Sa-Correia (1997) observaron que la expresion de los genes algA, algC y algD, asi
como las actividades de las enzimas que codifican, se regulaban positivamente al incrementarse
la TOD (1 -10 %).

6.2.5. Grado de acetilacion del alginato en funcién de la velocidad especifica
de crecimiento

Es importante resaltar que el grado de acetilacién del alginato no sélo se vio afectado por la
TOD. En la Figura 6.10 se observa el efecto de la y sobre esta variable. Para las dos
condiciones de TOD evaluadas, los valores mas altos de grado de acetilacion (p<0.05) se
obtuvieron a bajas p (0.04 h™"). Adicionalmente, los rendimientos de alginato (Y.gx) presentaron
un comportamiento similar, al obtenerse los valores mas altos de este parametro conforme la
velocidad especifica de crecimiento disminuy6 (Fig. 6.9b). Observandose una correlacion entre
el grado de acetilacion y los rendimientos de alginato (Fig. 6.12.). Este comportamiento sugiere
gue existe una estrecha relacion entre el proceso de biosintesis y el proceso de acetilacién del

alginato.

En estudios previos, Sengha et al. (1989) en cultivos en quimiostato de Pseudomonas
mendocina, y Priego-Jiménez et al. (2005) en cultivos exponencialmente alimentados de la cepa
mutante SML2 de A. vinelandii observaron un incremento en los rendimientos alginato a bajas p.
Por lo que, los resultados obtenidos en el presente trabajo confirman que a bajas velocidades
especificas de crecimiento, la fuente de carbono se dirige de forma importante hacia la
formacion del alginato (Tabla 6.4). Este comportamiento podria estar relacionado con las
funciones biologicas del alginato: la formacién de quistes en A. vinelandii y biopeliculas en
Pseudomonas. En donde, ambos procesos se caracterizan por presentarse en condiciones de

limitacion nutricional y a bajas velocidades especificas de crecimiento.

54



Resultados y Discusion

o N W A~ O o N ©
L

Grado de acetilacién del alginato (%)

0.5 1 15 2 25 3 3.5 4 4.5 5

o

Rendimiento de alginato con base a biomasa (gaig 9 bio ™)

Figura 6.12. Relacion del grado de acetilacion del alginato y el rendimiento de alginato (Y aigx) €n
cultivos en quimiostato desarrollados a 1 (¢),5 (e) y 9 % (m) de TOD.

En sintesis, a partir de los resultados obtenidos en esta etapa del estudio, se demostré que en
cultivos en quimiostato de A. vinelandii, la TOD y la y determinan el grado de acetilacion de los
alginatos. Debido entre otros factores, al efecto que estas variables tienen sobre procesos como
la biosintesis de alginato y P3HB, los cuales podrian afectar (directa o indirectamente) el

proceso de acetilacion de los alginatos.
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7. CONCLUSIONES

A partir de los resultados obtenidos en el presente trabajo se demostré que:

En cultivos diazotréficos los cambios en la disponibilidad de oxigeno, aun en condiciones no

controladas de TOD y y, tienen un efecto importante en los flujos metabdlicos de A. vinelandii,

principalmente en aquellos relacionados con: el TCA, las vias de sintesis de acetil-CoA y sus

precursores, asi como con el ciclo del glioxilato.

e En el caso de los cultivos en condiciones de baja disponibilidad de oxigeno, el flujo de
carbono hacia el TCA disminuyd, en comparacion con los flujos de carbono observados
en la condicion de alta aireacion.

¢ En contraste, en las condiciones de baja disponibilidad de oxigeno se incrementé el flujo
de carbono hacia los puntos de generacién de acetil-CoA y sus precursores, asi como
hacia el ciclo del glioxilato.

o Estas respuestas a nivel de flujo metabdlico, relacionadas con la disponibilidad de acetil-
CoA, tienen un impacto importante en el grado de acetilacion del alginato el cual fue

mayor en la condicion de baja disponibilidad de oxigeno.

En cultivos en quimiostato limitados por glucosa bajo condiciones de diazotrofia, la TOD y la
M determinan el grado de acetilacion de los alginatos sintetizados por A. vinelandii. El
incremento de la TOD afecta positivamente el grado de acetilacion del alginato; en contraste,
el grado de acetilaciéon del alginato se incrementa conforme la y disminuye. Por lo que, el
valor mas alto del grado de acetilacién del alginato se obtuvo en los cultivos desarrollados a 9
% de TODy u=0.04 h™,

La TOD y la y tienen un impacto importante sobre la sintesis de alginato y PHB, asi como,
sobre la velocidad especifica de consumo de oxigeno; estas tres respuestas fisiologicas
afectan indirectamente el grado de acetilacion del alginato. El grado de acetilacién del
alginato presenta una relacion inversa con respecto a la concentracién de PHB vy la velocidad
especifica de consumo de oxigeno, sin embargo, es directamente proporcional a la sintesis

de alginato.

La acetilacion del alginato depende de la disponibilidad de acetil-CoA y esta estrechamente

relacionada con el proceso de biosintesis del alginato.
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8. APORTACIONES Y PERSPECTIVAS

8.1. APORTACIONES

Las principales aportaciones de este estudio fueron:

e Se realizd por primera vez el analisis de flujo metabdlico en A. vinelandii bajo dos

condiciones de aireacion, con lo que fue posible:

o Identificar las principales vias involucradas en el metabolismo del acetil-CoA en A.
vinelandii.

o Evaluar el efecto de las condiciones de aireacién sobre los flujos de carbono
relacionados con el metabolismo del acetil-CoA y su impacto sobre el grado de

acetilacion de los alginatos.

o El conocimiento generado en el presente estudio, permite plantear el desarrollo
de mutantes especificas de A. vinelandii, para evaluar los cambios que se ocasionan
manipulado las vias metabdlicas que permiten generar acetil-CoA y precursores
metabdlicos de los alginatos, asi como para la obtencion de alginatos con

caracteristicas quimicas definidas.

e Se estudié por primera vez en cultivos en quimiostato, el efecto de la TOD y la y sobre el

grado de acetilacion de los alginatos, con lo que fue posible establecer el papel de estas

variables y su impacto sobre algunas respuestas fisioldgicas involucradas en el proceso de

acetilacion del alginato.

o Este conocimiento permitira el desarrollo de estrategias de cultivo para la

produccién de alginato con caracteristicas quimicas definidas.

8.2. PERSPECTIVAS

En aquellas condiciones de cultivo en las que se identificaron diferencias importantes en
el grado de acetilacion del alginato, se propone evaluar el efecto de estas condiciones
sobre la expresion de los genes que codifican para las proteinas Algl, AlgV y AlgF, con
la finalidad de identificar si existe correlacion entre la expresion y el grado de

acetilacion.

Adicionalmente, se propone el estudio del comportamiento de una cepa mutante no
productora de P3HB bajo estas condiciones de cultivo para comprobar la competencia
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que podria existir entre el proceso de biosintesis de P3HB y el proceso de acetilacion

del alginato por el acetil-CoA.

e Aun cuando en la etapa de cultivos en quimiostato fue posible identificar el papel de la
TOD vy la y, sobre la acetilacién del alginato, estos resultados se limitan a condiciones
diazotréficas; por lo que, en estudios futuros seria interesante evaluar si los

mecanismos aqui descritos se conservan en condiciones de no fijaciéon de nitrégeno.
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The aim of this study was to evaluate carbon flux in Azotobacter vinelandii using metabolic flux analy-
sis (MFA) under high and low aeration conditions to achieve an improved understanding of how these
changes could be related to alginate acetylation and PHB production. Changes in oxygen availability had
a considerable impact on the metabolic fluxes and were reflected in the growth rate, the specific glu-
cose consumption rate, and the alginate and PHB yields. The main differences at the metabolic flux level
were observed in three important pathways. The first important difference was consistent with respira-
tory protection; an increase in the flux generated through the tricarboxylic acid (TCA) cycle for cultures
grown under high aeration conditions (up to 2.61 times higher) was observed. In the second important
difference, the fluxes generated through pyruvate dehydrogenase, phosphoenol pyruvate carboxykinase
and pyruvate kinase, all of which are involved in acetyl-CoA metabolism, increased by 10, 43.9 and 17.5%,
respectively, in cultures grown under low aeration conditions compared with those grown under high
aeration conditions. These changes were related to alginate acetylation, which was 2.6 times higher in the
cultures with limited oxygen, and the changes were also related to a drastic increase in PHB production.
Finally, the glyoxylate shunt was active under both of the conditions that were tested, and a 2.79-fold

increase was observed in cultures that were grown under the low aeration condition.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Alginates are polysaccharides that are produced by brown algae,
such as Laminaria hyperborea, and bacteria of the genera Azotobac-
ter and Pseudomonas. Alginates are linear unbranched copolymers
of 3-p-mannuronic acid (M) and its C5 epimer, a-L-guluronic acid
(G). Bacterial alginates may also contain O-acetyl groups located
at 0-2 and/or O-3 of mannuronate residues [1,2]. Alginates are
widely used in the food and pharmaceutical industries because of
their viscosifying, stabilizing and gelling properties [2]. The chem-
ical structure of alginates including the G/M relation, the degree
of acetylation and the mean molecular weight (MMW) determines
their functional properties. Although alginate can be obtained from
brown algae, the main advantage of the alginates produced by
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bacteria is that their chemical composition can be modified by
changes in the culture conditions [3].

In the case of alginate acetylation, the presence of O-acetyl
groups affects the physical properties of alginates by changing
the conformation of the polymer [4], reducing the interactions
with divalent cations and increasing the solubility in aqueous solu-
tions [5]. It has been observed that small changes in the degree
of acetylation have important effects on the viscosity of alginate
solutions, independent of the MMW [6]. The swelling capabilities
of acetylated alginates are also improved, yielding softer and more
hydrated alginate gels [5].

Alginate acetylation also has important biological functions in
Azotobacter vinelandii and Pseudomonas. For example, Pseudomonas
aeruginosa is an opportunistic pathogen that requires acetylated
alginate to form stable biofilms during infection processes; in
addition, the acetylation of alginates enhances the resistance of
this bacterium to complement-mediated and opsonic antibody-
mediated phagocytosis [7,8]. On the other hand, A. vinelandii is
capable of differentiating into cysts under conditions of desicca-
tion, and alginate is an important component of the mature cyst
structure [9]. Vazquez et al. [9] reported that a mutant strain of
A. vinelandii (AJ34), which produces unacetylated alginates, had
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an important reduction (5-fold) in its encystment efficiency. The
mutant strain’s resistance to desiccation (measured as viability)
after 35 days was also lower with respect to the wild type [9].
Additionally, it has been reported that the acetyl group protects
the mannuronate residues from guluronate epimerization [4] and
protects the polymer from alginate lyase activities [9)].

In Azotobacter, the main pathway for glucose catabolism is the
Entner-Doudoroff (ED) pathway [10]. Glucose is internalized by
an inducible Glu-1 permease [11] and phosphorylated by glucok-
inase to form glucose-6-phosphate (G-6-P). G-6-P is transformed
into 6-phosphogluconate by the combined action of glucose-6-
phosphate dehydrogenase [12] and 6-phosphogluconolactonase
[13]. Then, 6-phosphogluconate enters the ED pathway, where it
is converted into 2-keto-3-deoxyphosphogluconate (KDPG) by 6-
phosphogluconate dehydratase (Edd). Finally, KDPG is hydrolyzed
into glyceraldehyde-3-phosphate (GAP) and pyruvate (PYR) by 2-
keto-3-deoxy-6-phosphogluconate aldolase [13].

For alginate biosynthesis, GAP is directed to begin gluco-
neogenesis and forms fructose-6-phosphate (F-6-P) [14]. F-6-P
is isomerized by the bifunctional enzyme phosphomannose iso-
merase/guanosine diphosphomannose pyrophosphorylase (AlgA)
to produce mannose-6-phosphate (M-6-P). Phosphomannomu-
tase (AlgC) transforms M-6-P into mannose-1-phosphate (M-1-P),
which is converted into GDP-mannose by the enzyme AlgA.
GDP-mannose dehydrogenase (AlgD) oxidizes GDP-mannose into
GDP-mannuronic acid [14]. All of the above reactions take place in
the cytoplasm of the bacteria. GDP-mannuronic acid is then poly-
merized by the inner membrane proteins Alg8 and Alg44 [14]. In
the periplasmic space alginate is susceptible to acetylation, and it
is finally exported out of the cell [14].

Acetyl-Coenzyme A (acetyl-CoA) is the primary acetyl donor
during acetylation processes catalyzed by a wide number of acetyl
transferases, and acetyl-CoA has been proposed as the acetyl donor
for alginate acetylation [15]. The O-acetylation of alginates takes
place in the periplasmic space of A. vinelandii by the action of a
protein complex composed of Algl, AlgV and AlgF [9]. These pro-
teins show high sequence identities with the Algl, Alg] and AlgF
proteins, respectively, in P. aeruginosa [9]. In P. aeruginosa, it has
been proposed that the Algl and Alg] proteins are responsible for
the transport of O-acetyl groups from their cytoplasmic precursors
across the inner membrane, while AlgF transfers the acetyl groups
to the alginate [15].

A. vinelandii also produces poly(3-hydroxybutyrate) (PHB), a
typical bacterial reserve of carbon and energy, which has potential
industrial and commercial uses as a substitute for oil-derived plas-
tics [14]. In Azotobacter species, PHB biosynthesis and its regulation
are well known [16,17]. Acetyl-CoA is the key precursor during PHB
biosynthesis, which begins with the condensation of two acetyl-
CoA molecules by the enzyme [3-ketothiolase. This condensation is
positively regulated by acetyl-CoA, and it is competitively inhibited
by free Coenzyme A (CoA) [17].

The role of the oxygen supply in the production of alginate and
PHB has been widely studied [3,14]. In the case of alginate, it has
been observed that oxygen availability affects not only yields of the
polymer but also its chemical structure, primarily its MMW and
degree of acetylation [3]. On the other hand, although the process
of PHB accumulation in several microorganisms is promoted under
conditions of essential nutrient limitation (i.e., NH3 or PO4) with an
excess of a carbon source, in Azotobacter vegetative cells, PHB accu-
mulation mainly occurs under oxygen limitation, and it is promoted
preferentially during the stationary growth phase [16,17].

A. vinelandii has been widely studied for several decades, not
only because of its potential to carry out oxygen-sensitive processes
even in the presence of oxygen, particularly nitrogen fixation [18],
but also due to its ability to produce alginate and PHB [14,18]. How-
ever, currently there are no studies utilizing metabolic flux analyses

(MFAs) in A. vinelandii. MFA aids the understanding of intracellular
carbon fluxes and their regulation [19,20]. MFA also provides a flux
map describing the reactions involved in metabolism and an esti-
mate of the steady-state rate at which every reaction occurs [19,20].
In addition, MFA could be used to evaluate the rigidity or flexi-
bility of metabolic branch points according to changes in growth
conditions, such as oxygen availability [19,20].

Due to the biological and commercial relevance of A. vinelandii
and its products, the carbon flux distribution in this bacterium was
evaluated under high and low aeration conditions to elucidate how
these changes could be related to alginate and PHB production.

2. Materials and methods
2.1. Microorganism

Experiments were carried out using wild type A. vinelandii ATCC 9046 (American
Type Culture Collection). This strain was maintained through monthly subculture
on Burk’s agar slopes and stored at 4°C.

2.2. Growth conditions

Two growth conditions (high and low aeration) were evaluated in shaken flasks.
The first condition was achieved using conventional 500 mL Erlenmeyer flasks filled
with 100 mL of media, and the second condition was studied using 500 mL baffled
flasks filled with 50 mL of media. The dissolved oxygen tension (DOT) was moni-
tored with PRESENS optical sensors [21]. The cultures under both conditions were
incubated at 30°C at 200 rpm and were monitored for 64 h.

2.3. Culture medium

Burk’s media was used [22] with no nitrogen source and with the following com-
position: 20gL-! glucose, 0.66 gL' K;HPO4, 0.16 gL' KH,PO4, 1.42gL~" MOPS,
0.05gL-! CaS04-2H,0,0.2gL~! NaCl, 0.2 gL' MgS04, 0.0029 gL' Na,Mo0,-2H,0
and 0.027 gL-! FeSO4-7H,0. The initial pH was adjusted to 7.2 using NaOH (1 N)
before autoclaving.

2.4. Cultures

For each condition, three replicates were performed to quantify the growth,
degree of alginate acetylation and production of alginate and PHB. Each experimen-
tal flask was inoculated with 10% of its total volume. Pre-cultures were grown for
15 h under high aeration conditions in 500 mL baffled flasks with 50 mL of culture
media. Under this growth condition, cells did not accumulate PHB. Samples were
taken every 1 or 2 h during the exponential growth phase and every 4 or 6 h dur-
ing the stationary phase. All samples were immediately centrifuged at 13,000 rpm
and 4°C to separate the biomass from the supernatant. The samples were stored at
—20°C for future analyses.

2.5. Cell growth

Microbial growth was evaluated by optical density (O.D.) at a wavelength of
560 nm. Measurements of absorbance were performed in duplicate at each time
point. In addition, dry weight measurements were carried out using 1 mL of culture.
The samples were placed in 1.5 mL Eppendorf tubes that had been previously dried
and weighed. Then, samples were centrifuged at 13,000 rpm for 15 min at 4°C, and
the supernatant was recovered for alginate and glucose quantification. Cells were
washed twice with distilled water and dried at 80°C until they reached a constant
weight. The optical density and dry weight were correlated to produce a standard
curve.

2.6. Glucose and organic acids quantification

Quantification of the glucose levels in the supernatant was performed by HPLC
using an Aminex HPX-87H column (300 mm x 7.8 mm) (Biorad, Hercules, CA, USA).
The eluent was H,SO,4 (7 mM) and was eluted at a flow rate of 0.8 mLmin—'. Glucose
was detected using a refractive index (RI) detector (ERC-7515A, ERC Inc., Alte-
golfsheim, Regensburg, Germany) [19]. The supernatant was also tested for the
presence of organic acids, using the same chromatographic method, followed by
UV absorption at 210 nm using a photodiode array detector (ERC Inc., Altegolfsheim,
Regensburg, Germany) [19]. However, under both aeration conditions evaluated, no
organic acids were detected in the supernatant.

2.7. Alginate quantification
Alginate was quantified using a modified carbazole method [23]. Uronic acids

were quantified directly from the supernatant. The volume of H,SO4-borate used
was 1.2 mL instead of the 6 mL that was used in the original technique, and 140 L
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of supernatant sample and 40 L of carbazole solution were used. This method was
linear when alginate concentrations were between 10 and 100 wg mL~1, and there-
fore, samples were diluted with Milli Q water to reach concentrations within this
range. The calibration curve was generated with algal alginate (Sigma-Aldrich).

2.8. Quantification of alginate acetylation

The degree of acetylation was quantified by HPLC [24]. The lyophilized alginate
sample (5-10 mg) was weighed, placed in an Eppendorf tube, and dissolved with
500 pL of Milli Q water. Then, 500 nL of NaOH (1 N) was added, and the sample
was mixed by vortex. This mixture was incubated at 80°C for 2 h. Later, samples
were cooled and acidified using 625 wL of H3PO4 (1.5 M). The samples were then
centrifuged at 11,000 rpm for 15 min, and the aqueous phase was recovered for
acetate quantification. Acetyl groups were quantified by HPLC using an Aminex HPX-
87H column (300 mm x 7.8 mm) (Biorad, Hercules, CA, USA) at 50°C, with H,SO4
as the eluent (7mM), at a flow rate of 0.65mLmin~'. Acetic acid detection was
performed by UV absorption at 210 nm using a photodiode array detector (Waters
2996).

2.9. PHB extraction and quantification

PHB was quantified by HPLC after its conversion into crotonic acid. For this
purpose, the biomass was dried under vacuum at 60 °C. The biomass was weighed
(3mg)in 1.5 mLEppendorftubes, and then 1 mL of H,SO4 was added, and the sample
was heated at 90°C for 1 h. Later, the sample was cooled to room temperature and
diluted with Milli Q water to reach concentrations within the range of the calibra-
tion curve. PHB quantification was performed via HPLC using an Aminex HPX-87H
column (300 mm x 7.8 mm) (Biorad, Hercules, CA, USA) at 50°C, with H,SO;4 as the
eluent (7mM), at a flow rate of 0.65mLmin~'. Crotonic acid was detected as UV
absorption at 220 nm (HPLC 535, Biotek, Neufahrn, Germany). The standard used
was hydroxybutyric acid (Sigma-Aldrich), which was treated in the same manner
as the samples.

2.10. Labeling experiments

The analysis of in vivo metabolic fluxes was conducted using [1-3C] glucose as
the carbon source. The evaluation of the in vivo activities of the metabolic pathways
and the carbon distribution throughout central metabolism was performed after the
labeling of proteinogenic amino acids and PHB through GC-MS analysis.

2.11. Cultivation and protein hydrolysis

The labeling experiments were developed using the same conditions described
above, with two parallel flasks for each condition. The pre-culture and the main
culture were grown with [1-13C] glucose to reduce the effect of naturally labeled
carbon stored in the initial population of the main culture. The cells were harvested
at two different points during the exponential growth phase for each flask. The
cells were centrifuged for 10 min at 13,000 rpm and 4°C (Biofuge, Fresco, Heraus,
Hanau, Germany), and then the cell pellet was washed twice with Milli Q water.
Later, the cells were hydrolyzed with 6 M HCI (50 ungsW) at 100°C for 24 h, and
the samples were cooled down at room temperature and neutralized with 6 M NaOH
(38l ga;w). The neutralized samples were filtered (Ultrafree-MC Centrifugal Filter
Devices, 0.22 wm, Amicon Bioseparations, Bedford, MA, USA) to remove any cell
debris, and the samples were lyophilized [25].

2.12. Derivatization

Derivatization was performed prior to GC-MS analysis. The lyophilized
cell extracts were dissolved in 50pL of 0.1% dimethylformamide
(DMF)/pyridine (v/v) and 50 nL of the derivatization reagent N-methyl-N-t-
butyldimethylsilyltrifluoroacetamide, and the mixture was incubated at 80°C.
After incubation, the samples were centrifuged for 15min at 13,000rpm and
4°C (Biofuge, Fresco, Heraus, Hanau, Germany) to eliminate the salts resulting
from the neutralization. The supernatant was recovered and transferred to glass
chromatographic vials for GC-MS analysis [19].

2.13. Gas chromatography-mass spectrometry

The GC-MS instrument used for the analysis of the isotopomer distribution of
proteinogenic amino acids was an HP 6890 gas chromatograph (Hewlett Packard,
Palo Alto, California, USA) with a HP-5-MS column. The chromatographic separation
was performed under the following conditions: a temperature gradient of 120 °C was
held for 5 min followed by an increase of 4°C min~! to 270 °C; then, the temperature
was increased at 20°Cmin~" until 320°C was reached. The inlet temperature was
300°C, and detection was performed by a quadrupole detector at a temperature of
320°C. The volume of the sample injected was 1 pL, and the sample was injected in
splitless mode, using a split/splitless injector [19].

Table 1
Reactions of the metabolic network used for metabolic flux analysis [26].
vinp: GLCy,p — G6P
vl: F6P — GAP + DHA
v2: DHA — GAP
v3: GAP — 3PG
v4: 3PG — PEP
v5: PEP — PYR
v6: PYR — ACA+CO;
v7: PYR+CO; — OAA
v8: OAA — PEP+CO,
v9 G6P — P5P +CO,
v10[r]: 2P5P — GAP+S7P
v11[r]: GAP +S7P — F6P + E4P
v12[r]: P5P + E4P — F6P + GAP
v13: OAA+ACA—ICT
v14: ICT — aKG + CO,
v15: aKG — SUC+CO,
v16][r]: SUC — FUM
v17: FUM — OAA
v18: ICT — GOX +SUC
v19: ACA+GOX — OAA
v20: G6P — KDPG
v21: KDPG — PYR + GAP
v22: F-6-P — MAN-6-P
Vlext MAN-6-P — alginateex
V2in ACA — PHB;,
Table 2
Metabolite balances using reactions of Table 4 including anabolic reactions [26].
G6P vinp — (v9+v20 +vg.cep) =0
KDPG v20-v21=0
F6P (v11+v12)—(v1+v11[r]+v12[r]+Vv22+Vp.rep)=0
DHA vl-v2=0
GAP (v2+v10+v11[r]+v12)—(v3+v10[r]+v11+v12[r] +vp.cap)=0
3PG V3—(V4+VB;3pg)=0
PEP (v4+v8) — (V5 +Vvp.pep)=0
PYR (v5+v21)—(v6+Vv7 +Vg.pyr) =0
KDPG v20-v21=0
MAN-6P v22 —vlext=0
ACA v6 — (V13 +v19+v2ext+vp.aca)=0
OAA (v7+v17+v19) — (v8+Vv13 +Vp.0an)=0
ICT v13—(v14+v18)=0
AKG V14—(V]5+VB;AKG)=0
suc (v15+v16[r]+v18)-v16=0
FUM v16 —(v16[r] -v17)=0
GOX v18 -v19=0
P5P (v9+2v10[r]+v12[r]) — (v12+2v10+vgpsp) =0
E4P (v11+v12[r]) — (v11[r] +v12 +Vp.gap)=0
S7P (v10+v11[r])—(v10r+v11)=0

2.14. Automatic integration and isotope GC-MS data correction

The GC-MS data sets obtained in SIM mode were integrated by a program based
on MATLAB R2008b (The MathWorks Inc., Natick, MA, USA) to measure the mass iso-
topomers of every amino acid, and the mass isotopomer abundances were corrected
for the occurrence of natural isotopes [25].

2.15. Metabolic flux analysis

The metabolic flux analysis was performed using a numerical simulation
model [25] executed by MATLAB R2008b (The MathWorks Inc., Natick, MA, USA).
Tables 1 and 2 show the reaction metabolite balances used for the metabolic flux
analysis [26]; alginate and PHB reactions were also included in the model.

3. Results and discussion
3.1. Dissolved oxygen profile and growth rate

Oxygen availability has been described as an important param-
eter that determines the production of alginate and PHB in A.
vinelandii, affecting not only the yields of the polymers but also
their chemical structures [14,27,28].
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Table 3
Growth parameters of A. vinelandii under different growth conditions. Values in brackets are calculated using the residual biomass (total biomass - PHB) [43].
Growth condition w(h=1) Yxss (Zcow MOl coqe) gs (mol h™" gl )
High aeration 0.17 £ 0.01 18.4 £ 0.57 7.83 £ 0.32
Low aeration 0.08 £+ 0.00 66.0 £ 1.30(19.54+0.14) 0.69 + 0.07 (0.83+0.11)
Table 4
Carbon usage of A. vinelandii grown under different growth conditions. CO2est, NADPHest and NADHe; indicate the amount of these compounds calculated from MFA.
Growth condition % C-mOlpiomass % C-molpyp % C-molginate % C-molco,,,, NADPHgs: (mol mol;ﬂmse) NADHe: (mol mol;l}mse)
High aeration 12.5 £ 0.38 - 22 +06 86.27 1.56 7.35
Low aeration 44.7 + 0.90 21 + 0.00 11.0+£23 62.77 0.36 4.77

In shaken flask systems, oxygen availability can be modified by under both low (a) and high aeration (b) conditions are shown in
manipulating the flask geometry. It can also be adjusted by altering Fig. 1. The DO profiles were determined using the system described
the gas-liquid mass transfer area and changing the ratio between by Schneider et al. [21].

the media volume (filling volume) and the flask volume [22,29]. To Although in both conditions a period of oxygen limitation was
achieve different degrees of oxygen supply in the shaken flasks, two observed (when the oxygen levels were close to zero), the maxi-
conditions were evaluated. A low aeration condition was achieved mal oxygen transfer rate (OTRmax) could be up to 4 times higher in

using conventional 500 mL Erlenmeyer flasks with a filling volume the baffled flasks, according to previous studies [22,29]. In addi-
of 100mL; and a condition of high aeration was achieved using tion, the period of limited oxygen was shorter in the cultures
500 mL baffled flasks with a filling volume of 50 mL. The dissolved developed in baffled flasks and was observed during the last 8 h
oxygen (DO) profiles that were obtained in the shaken flask cultures of the exponential growth phase (Fig. 1b and d), ending once the
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Fig. 1. The growth kinetics of A. vinelandii ATCC 9046 cultures under low aeration (a, ¢ and e) and high aeration (b, d and f). The oxygen profile was monitored with PRESENS
optical sensors [21] and its calibration was carried out with air saturation (a and b). Kinetic growth curves (c and d) and the glucose consumption for cultures of A. vinelandii
ATCC 9046 (e and f) are shown. Solid lines divide the oxygen limitation periods (oxygen near zero) and dotted lines divide the exponential and stationary growth phases.
Arrows indicate the sample points for the metabolic flux analysis. Cultures were carried out in duplicate. The error bars represent standard deviation values.
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Fig. 2. Metabolic flux maps of parallel cultures of A. vinelandii ATCC 9046 grown on [1-'3C] glucose under low and high aeration conditions. The relative carbon fluxes (mol.%)
are related to glucose uptake rates (100%). The biomasses used for MFA were as follows: 0.81 £0.00 gcpw and 0.95 +£0.03 gepw for cultures grown under low aeration and
1.00 £ 0.00 gcpw and 1.52 £ 0.00 gepw for cultures grown under high aeration. The metabolic fluxes for alginate and PHB were calculated based on the MW of the monomers
of mannuronic acid (194.4gmol ') and B-hydrohybutyric acid (104.1 gmol-1), respectively.

stationary phase was reached. In contrast, in the cultures developed
in conventional flasks, the oxygen limitation began at the start of
the exponential growth phase and lasted up to 40 h (Fig. 1a and
c).

The differences in oxygen availability had an important
effect on growth, as is shown in Fig. 1c and d. When A.
vinelandii was cultivated under high aeration (baffled flasks),
the specific growth rate (u) was 2-fold higher (0.17+0.01h~1)
than that obtained for the cultures grown under low aeration
(0.081+£0.00h~1).

The changes in the aeration condition affected not only the
growth rate but also the specific glucose consumption rate (gs) and
the biomass yield (Yx/s) (Table 3). The specific glucose consump-
tion rate under the high aeration condition (baffled flasks) was
7.83+0.32mmol h™! ga%w, while in cultures grown under low
aeration, the gs dropped to 0.69 + 0.07 mmol h™! g&l)w (10-fold
lower).

The biomass yield was lower in the cultures grown in baf-
fled flasks (18.4 + 0.6 gcpw mol;! ) than the yield of 66.0 +

glucose
1.3 gcow molg‘lhcosq that was achieved in cultures grown with low
aeration (conventional flasks) (Table 3). Moreover, when these
data are converted to % C-molpiomass C—mol‘lhcoSe (Table 4), it
was observed that for the cultures grown at iigh aeration, only

12.5+0.4% C-mol was used for biomass production. This percent-
age increased for the cultures grown at low aeration to 44.7 + 0.9%
C-mol, of which 21.0 +£0.0% C-mol corresponds to PHB accumula-
tion.

3.2. Metabolic flux analysis

A. vinelandii has been widely studied [14,18], but there has
not been MFA studies reported for this bacterium when cultured
under two different aeration conditions. MFA provided informa-
tion that confirmed some of the main physiological responses that
were previously described by other authors for A. vinelandii, and
MFA generated new knowledge related to the metabolism of this
microorganism.

The primary changes found in the A. vinelandii metabolic fluxes,
expressed as mol.% with respect to the glucose uptake rates (100%),
are shown in Fig. 2. These results indicate that oxygen availabil-
ity primarily affected the tricarboxylic acid cycle (TCA cycle), the
phosphoenol pyruvate (PEP) and pyruvate (PYR) nodes and the
glyoxylate cycle. It must be emphasized that these changes were
reflected not only in the growth rate, biomass yields and specific
glucose consumption rate, as has been previously described, but
also in the production of alginate and PHB.
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Fig. 3. The evolution of alginate production (closed symbols) and poly-B-
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conditions in cultures of A. vinelandii ATCC9046. The error bars represent standard
deviation values.

3.3. Entner-Doudoroff pathway

Glucose metabolism in A. vinelandii is based on the
Entner-Doudoroff (ED) pathway [10,13]. The metabolic flux
analysis confirmed this fact, showing that the fluxes through this
pathway were higher than 90%. The flux through the ED pathway
was very similar under both conditions, with a slightly higher
value (a difference of 3.7%) for the cultures growing under high
aeration (96.7+£0.7%) than those growing under low aeration
(93.1+£2.2%).

It is important to note that alginate biosynthesis is linked to
the ED pathway [13] which provides the GAP that is then redi-
rected through gluconeogenesis to form F-6-P, the main precursor
of alginates [13]. Although alginate production was observed under
both aeration conditions, the flux toward alginate was present only
under the low aeration condition (2.7 4+ 1.48%). Alginate production
is shown in Fig. 3a and b. In agreement with the results observed
by MFA, the alginate production was very low when A. vinelandii
was grown under high aeration (Fig. 3b), reaching a maximal aver-
age concentration of 0.23 + 0.02 g;jginate L-1(2.2% C-mol, Table 4) at
the beginning of the stationary growth phase. In contrast, a maxi-
mal alginate concentration of 1.69 4 0.36 gjginate L ™! (11.0% C-mol,
Table 4) was obtained in the conventional flasks (low aeration, Fig. 3
a) at the end of the stationary growth phase (60 h). Tables 4 and 5
summarize the alginate yields.

It has been well documented that alginate production is
enhanced under conditions of low aeration in conventional flasks.
Previously, Pefla et al. [27] observed important changes among
cultures carried out under different aeration conditions, achieving
up t0 4.5 g,iginate L1 using conventional flasks and 1.5 g,iginate L~
in baffled flasks. The fact that alginate production was positively
affected by low aeration conditions, even though the flux toward
the ED pathway was practically the same for both conditions
tested, could be related to the biological role of alginates in A.
vinelandii. Alginates are produced as part of the cyst structure
that develops in desiccation conditions [9], and in cysts, oxygen
limitation would be expected. In addition, it must be emphasized
that alginate biosynthesis is a complex process that involves
several molecular mechanisms, the regulation of which are poorly

understood [14,28]. Finally, the differences observed between the
concentrations reported by Pefia et al. [27] and those obtained in
the present work could be explained by the use of yeast extract as
the nitrogen source in Pefia et al. [27], while in the present study,
A. vinelandii was grown under N,-fixing conditions.

In addition to the ED pathway, the oxidative branch of the pen-
tose phosphate pathway (PPP) was active, as has been previously
suggested by Beale and Foster [13]. The PPP provides the cell with
metabolites, such NADPH and ribose-5-phosphate (R-5-P), which
are required for anabolic reactions and for stress resistance mecha-
nisms [13]. Clear differences between the cultures that were grown
in baffled flasks (high aeration) and those that were grown in con-
ventional flasks (low aeration) were found. In the cultures with low
aeration, the flux was nearly 2.3 times higher (6.4 4+ 2.2%) than the
flux of the cultures with high aeration (2.8 £0.7%). Nevertheless,
the flux to the PPP oxidative branch is apparently not sufficient to
provide all of the precursor demands. Therefore, the lower part of
the PPP (the non-oxidative branch) was also active and operated in
the reverse direction to supply erythrose-4-phosphate (E-4-P), R-
5-P and other glycolytic precursors [30]. The relative flux through
these branches was 1.81% for cultures grown under low aera-
tion and 0.59% for cultures grown in baffled flasks. Carbohydrate
cycling via the non-oxidative branch of the PP pathway has been
described in other microorganisms such as Acetobacter, Agrobac-
terium, Pseudomonas, Rhizobium, Paracoccus, Sinorhizobium meliloti
and Xanthomonas [30]. These microorganisms show metabolic sim-
ilarities to A. vinelandii: they preferentially use the ED pathway and
are characterized by their ability to produce exopolysaccharides.
Although the relationship between polysaccharide biosynthesis
and carbohydrate cycling is not clear, carbohydrate cycling has been
observed under conditions favorable for polysaccharide production
(i.e. during the non growth phase) [30].

3.4. TCA cycle

Aerobic organisms, such as A. vinelandii, depend on the TCA cycle
to generate NADH and FADH, from acetyl-CoA. NADH provides the
reductive potential for ATP generation [31]. The fluxes affected in
the TCA cycle were (Fig. 2) from oxaloacetate (OAA) to isocitrate
(ICT). The flux from OAA to ICT includes the condensation of one
molecule of acetyl-CoA with OAA to form citrate (CIT) via citrate
synthase and CIT isomerization to ICT via cis aconitase. The flux of
OAA to ICT was 66% higher in the cultures grown under high aera-
tion using baffled flasks (172.2 + 3.6%) than those grown under low
aeration (103.2 +3.5%). It is important to note that in A. vinelandii,
CIT formation is the first regulation point in the TCA cycle, and this
node is down-regulated by the accumulation of NADH [31,32].

After CIT formation, the main increases to relative flux in the
cultures grown at high aeration were observed in the fluxes from
ICT to a-ketoglutarate (aKG) and from aKG to succinate (SUC). The
first reaction is catalyzed by NADP*-dependent isocitrate dehy-
drogenase (ICDH), while the second is catalyzed by the enzymes
a-ketoglutarate dehydrogenase (aKGDH) and succinyl-CoA syn-
thetase (SCS). Under high aeration conditions, the flux from ICT
to aKG (157.2 £5.9%) was 2.56 times higher than that observed
under low aeration conditions (61.3 +4.6%). There was a 2.61-
fold increase in the flux from aKG to SUC for cultures grown in
baffled flasks (155.1 +6.2%) compared to the results obtained for
cultures grown under low aeration (59.2 +4.7%). Both steps are
also important regulation points for the TCA cycle and can be
down-regulated by NADPH and NADH levels [32-34]. Finally, the
relative flux from fumarate (FUM) to OAA, which involves the
enzymes succinate dehydrogenase (SDH), fumarate hydratase (FH)
and malate dehydrogenase (MDH), increased by 68% when the cul-
tures were grown with high aeration (170.1+£3.9%) versus low
aeration (101.1 £ 3.5%).
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A.vinelandii is a strict aerobe that is characterized by high respi-
ration rates when exposed to high oxygen concentrations [35]. For
this reason, although TCA cycle reactions were present in both con-
ditions, the fluxes through this pathway were markedly higher in
the cultures grown under high aeration (baffled flasks). The val-
ues were up to 2.6-fold higher for the fluxes through the ICDH
and aKGDH/SCS nodes, as has been previously described. These
flux increases throughout the TCA cycle during cultivation with
high aeration could have an important effect on the availability of
reducing power (NADPH and NADH), as is shown in Table 4.

On the other hand, one of the most important characteristics of
this bacterium is its potential to carry out oxygen-sensitive pro-
cesses, particularly nitrogen fixation, even in the presence of high
oxygen concentrations [19]. It has been suggested that such pro-
cesses are possible because A. vinelandii has mechanisms to protect
its oxygen sensitive nitrogenases [18,35] and that these mecha-
nisms require high energy levels for maintenance and cause low
biomass yields when the bacterium is exposed to high oxygen con-
centrations [35]. One mechanism widely proposed is the regulation
of oxygen consumption to maintain low concentrations of cytoplas-
mic oxygen [35]. Oelze [35] also suggested that N, fixation under
aerobic conditions requires higher quantities of ATP and reducing
equivalents to keep the nitrogenase system in a reduced state.

Such a proposed mechanism could be the reason that
low biomass and product yields were obtained under the
high aeration condition (18.4+ 0.57 gcpw mol ! and 4.26 +

glucose
g&mose) in contrast to those obtained under the

low aeration condition (66.0 & 1.30 gcpyy mol;l}mse and 21.24+
-1

4.48 8aiginate molglucose), even though there was an increase in the
flux through the TCA cycle in the cultures under the high aeration
condition.

1.08 galginate mol

3.5. Phosphoenol pyruvate and pyruvate nodes

Pyruvate is located at an important metabolic node between
carbohydrate catabolism for energy generation and the biosynthe-
sis of other metabolic compounds. In facultative organisms, such
as Escherichia coli, pyruvate is a switch point between respiratory
and fermentative metabolism [36]. Although A. vinelandii is a strict
aerobe, in contrast to E. coli, there were clear differences in the
metabolic fluxes related to pyruvate between the two oxygen con-
ditions tested (Fig. 2).

The first reaction of this cycle is the conversion of phosphoenol
pyruvate (PEP) to pyruvate (PYR), which is catalyzed by pyruvate
kinase (PYK). The metabolic flux at this point showed an increase
of 17.5% in the cultures grown under the low aeration condition
in conventional flasks (160.6 +4.3%) compared to those grown in
higher aeration conditions in baffled flasks (132.4 +1.8%). PYR then
can be converted to acetyl-CoA by the pyruvate dehydrogenase
complex (PDHC). At this point, an increase was observed in cul-
tures grown with low aeration, although this change was only a
10% increase (low, 213.7 +6.0% versus high, 193.1 +2.6%).

Finally, important differences were observed in the anaplerotic
reaction from OAA to PEP, which is catalyzed by phosphoenol pyru-
vate carboxykinase (PEPCK). An increase of 43.9% was observed
in the flux of the cultures grown under low aeration conditions
(70.9 +3.1%) over that obtained in cultures grown in baffled flasks

Table 5

(39.7 £2.2%). It must be emphasized that although the enzymes
PYK and PEPCK were involved in recycling PEP and PYR via OAA, the
flux from PYR to OAA via pyruvate carboxylase (PYC)was only 11.8%
higher in those cultures grown in conventional flasks (34.5 4+ 2.6%)
compared with the flux observed in cultures grown under high
aeration (30.4 + 0.9%).

PHB is accumulated under conditions of excess carbon and
limited oxygen [17]. Senioretal.[17] proposed aregulation scheme
for PHB biosynthesis based on the hypothesis that with limited
oxygen there is an accumulation of reducing power (NADH and
NADPH) that leads to the allosteric down-regulation of some TCA
cycle enzymes, such as citrate synthase and ICDH. Then, acetyl-CoA
can be diverted from the TCA cycle to PHB biosynthesis [17,33].

MFA confirmed this behavior, showing a remarkable reduction
of the fluxes in the TCA cycle under the low aeration condition
(conventional flasks). In addition, these cultures showed increased
metabolic fluxes for PEPCK, PK and PDH, which are involved in
acetyl-CoA metabolism. These increased fluxes had an important
impact on the metabolic flux for PHB synthesis (31.44 0.2%) under
low aeration conditions, while in the high aeration condition the
metabolic flux for PHB synthesis was zero.

PHB production is shown in Fig. 3a. In agreement with the
results of the MFA, PHB production was present only in cells grown
under low aeration conditions (conventional flasks). PHB reached
a maximum concentration of 2.27 +0.31gpyp L~! after approxi-
mately 49 h of culture time. After that point, the PHB concentration
dropped, reaching 1.5 gpyg L~! at the end of the culture (60 h). It
appears that PHB was being degraded after 49 h, although at that
culture stage the glucose was not entirely exhausted (2.5gL !,
Fig. 1e), which suggests a higher depolymerization activity. This
behavior has been described previously in Rhizobium, Pseudomonas
and Cupriavidus necator, where the intracellular content of PHB
reaches a peak concentration that is followed by a decrease during
the stationary growth phase [37].

However, acetyl-CoA is not used solely for PHB production -
it is also the donor of the acetyl groups that are needed for algi-
nate acetylation [15]. The degree of alginate acetylation was 2.6
times higher in the cultures grown under low aeration conditions
(conventional flasks), where an acetylation degree of 4.7 + 0.5% was
observed compared with an acetylation degree of only 1.8 & 0.6% for
cultures grown in the baffled flasks (Table 5). These changes support
the hypothesis that acetyl-CoA availability for alginate acetylation
increases under low aeration conditions in the same way that has
been described for PHB production.

3.6. Glyoxylate cycle

Previously, Segura and Espin [38] observed that a mutant strain
of A. vinelandii (AJ1678) with an inactivated pycA (the gene that
encodes a subunit of the pyruvate carboxylase enzyme) was unable
to grow on liquid minimal Burk’s medium with glucose or sucrose
as the sole carbon source. They proposed that pyruvate carboxylase
was the only enzyme responsible for providing OAA to A. vinelandii.
Surprisingly, the results of the MFA in the present study demon-
strated that the glyoxylate shunt, which is an anaplerotic pathway
that also provides OAA, was active under both aeration conditions.

The glyoxylate shunt involves two enzymes, isocitrate lyase
(ICL), which catalyze the cleavage of ICT to SUC and glyoxylate, and

Alginate production parameters of A. vinelandii grown under different growth conditions. Values in brackets are calculated using the residual biomass concept (total biomass

— PHB) [43].

. 1
Growth condition Yalginate/glucose (8aiginate MOlgjycose )

1 -1
Gaiginate (Saiginate ' 8cpy)

Degree of acetylation (g,cer,1 100 g;l]gmte)

4.26 + 1.08
21.24 £+ 4.48

High aeration
Low aeration

0.010 + 0.003
0.053 + 0.012 (0.055+0.011)

1.8+ 0.6
4.7 £ 0.5
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malate synthase (MS), which catalyze the condensation of acetyl-
CoA and glyoxylate to form malate [39]. A 2.79-fold increase was
found in the flux through this pathway with low aeration, where
the flux was 41.9 4+3.9%, when compared with a relative flux of
15.0+3.0%, which was obtained for the high aeration condition
(baffled flasks).

The glyoxylate cycle is a metabolic pathway that replenishes
the C4 compounds of the TCA cycle [39]. The glyoxylate cycle has
been reported to be essential for an organism'’s growth on C, car-
bon sources such as ethanol and acetate, as well as on fatty acids
[39]. The expression of ICL in organisms such as E. coli, Mycobac-
terium tuberculosis and Coryneobacterium glutamicum depends on
the type of carbon source on which the organism is grown. In those
microorganisms, ICL is up-regulated when acetate is used as the
carbon source, and it is weakly or not expressed when glucose is
used [39]. Although the carbon source in the present study was glu-
cose, a metabolic flux through this cycle was present under both
conditions tested. To confirm these results, the specific activity of
ICL was measured, and ICL was detected under both aeration con-
ditions (data not shown). Previously, Nagai et al. [40] also reported
ICL activity for this strain of A. vinelandii. These results suggest
that under low aeration conditions, the glyoxylate cycle replen-
ishes OAA, which in turn can be directed to PYR and acetyl-CoA,
increasing the availability of acetyl-CoA for PHB biosynthesis and
alginate acetylation.

In addition, in this bacterium, the glyoxylate shunt could have
roles other than those described previously. In E. coli, some authors
have proposed that the glyoxylate shunt can be used to equilibrate
the NADPH/NADP" ratio [41], which could be the modulating factor
for ICT flux in the TCA cycle and the glyoxylate shunt [42].

4. Conclusions

In the present work, metabolic fluxes in A. vinelandii that
was cultured under two aeration conditions (high and low) were
described. Changes in the aeration conditions clearly affected the
metabolic fluxes in A. vinelandii, primarily those related to the
TCA cycle, the PEP/PYR/acetyl-CoA nodes and the glyoxylate shunt.
Under the low aeration condition, it was found that the TCA cycle
was down-regulated, while the PEP/PYR/acetyl-CoA nodes and the
glyoxylate shunt were up-regulated. Those responses exerted an
important effect on both alginate and PHB production, as well as
on alginate acetylation. The results obtained in this study provide
new information related to the metabolism of A. vinelandii that
would be useful for designing mutant strains with improved char-
acteristics, such as mutants that overproduce alginate or PHB or
produce alginates with a higher degree of acetylation. In addition,
this study establishes a basis for future metabolic flux evaluations
of this bacterium.
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Abstract Alginates are polysaccharides that may be used
as viscosifiers and gel or film-forming agents with a great
diversity of applications. The alginates produced by bac-
teria such as Azotobacter vinelandii are acetylated. The
presence of acetyl groups in this type of alginate increases
its solubility, viscosity, and swelling capability. The aim of
this study was to evaluate, in glucose-limited chemostat
cultivations of A. vinelandii ATCC9046, the influence of
dissolved oxygen tension (DO) and specific growth rate (1)
on the degree of acetylation of alginates produced by this
bacterium. In glucose-limited chemostat cultivations, the
degree of alginate acetylation was evaluated under two
conditions of DO (1 and 9 %) and for a range of specific
growth rates (0.02-0.15 h_l). In addition, the alginate
yields and PHB production were evaluated. High DO in the
culture resulted in a high degree of alginate acetylation,
reaching a maximum acetylation degree of 6.88 % at 9 %
DO. In contrast, the increment of u had a negative effect on
the production and acetylation of the polymer. It was found
that at high DO (9 %) and low u, there was a reduction of
the respiration rate, and the PHB accumulation was neg-
ligible, suggesting that the flux of acetyl-CoA (the acetyl
donor) was diverted to alginate acetylation.
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Introduction

Alginates are a family of linear copolymers conformed by
(1-4)-linked B-p-mannuronic acid (M) and o-L-guluronic
acid (G) [9]. These polymers are covalently linked in dif-
ferent sequences, which may be found as homopolymeric
blocks (MMMMM, GGGGG) or heteropolymeric blocks
(MGMGMG) [2, 23]. Alginates are obtained from brown
algae and bacteria of the genera Azotobacter and Pseudo-
monas [10]. Alginates isolated from bacteria differ from
those obtained from algae because these polymers are
acetylated on the C-2 and/or C-3 residues of the mannu-
ronic acid units [30]. Alginates have been used in several
industries as viscosifiers and gel- or film-forming agents. In
recent years, these polymers have been used as matrices for
cell immobilization and controlled delivery systems for
drugs [2, 23].

The chemical structures of alginates influence their
properties and potential applications. Specifically, the
presence of O-acetyl groups modifies the alginates con-
formation [32]. The acetylation of alginates increases their
solubility in aqueous solutions and reduces the interaction
with divalent cations [31]. Small changes in the degree of
acetylation positively affect the viscosities of alginate
solutions independent of the effects of mean molecular
weight (MMW) [21, 32]. In addition, the gels of acetylated
alginates show high swelling capabilities resulting in softer
and more-hydrated gels [31, 35].

It has been observed that alginate acetylation plays
important biological functions in A. vinelandii and
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Pseudomonas. In the case of A. vinelandii, this bacterium
produces cysts resistant to desiccation, and alginate is an
important component of these structures [34]. In a mutant
strain of A. vinelandii (AJ34) that produces unacetylated
alginates, Vazquez et al. [34] observed important reduc-
tions in encystment efficiency and resistance to desiccation
when compared with the wild type. In the case of Pseu-
domonas aeruginosa, an opportunistic pathogen, it has
been observed that the organism requires acetylated algi-
nate for the formation and stability of biofilms during its
infection processes; in addition, the acetylation of alginates
enhances the resistance of this bacterium to complement-
mediated and opsonic antibody-mediated phagocytosis [3,
17, 33]. It must be emphasized that cysts and biofilms
occur in environments under nutrient limitations [36] and,
therefore, low specific growth rates [15]. In addition, it has
been proposed that the acetyl groups confer protection to
the polymer from the activities of alginate lyases and
epimerases [19, 32].

A. vinelandii also produces poly(3-hydroxybutyrate)
(PHB), which is an intracellular polymer belonging to the
family of polyhydroxyalkanoates (PHAs). This product is
accumulated under unbalanced growth conditions, mainly
oxygen limitation, as a carbon and energy reserve material.
Recently, PHB has acquired importance because it is a
biodegradable and biocompatible thermoplastic that can be
used in a wide variety of products as a substitute for
plastics derived from oil [10].

The effects of dissolved oxygen tension (DO) and spe-
cific growth rate (1) on the production of alginate and its
chemical composition, mainly its MMW, have been widely
studied in batch and chemostat cultivations of A. vinelandii
[16, 20, 24-26].

Nevertheless, it is important to note that the fermenta-
tion parameters that affect the degree of acetylation of
alginates produced by A. vinelandii have been little studied.
It has been reported that changes in the medium compo-
sition, such as the addition of pH buffers such as MOPS
[21], as well as changes in calcium and phosphate con-
centrations [1] impact the degree of alginate acetylation.

Other studies have described the effect of p on the
acetylation degree of alginates [1]. Those authors observed
that the acetylation degree of alginates increased from
0.05 MOlpcery1 Molxfy, obtained at p=0.16h"", to
0.35 molpcetyl molgfg, when u was 0.32 h !, using calcium
and phosphate concentrations of 1.5 and 2 mM,
respectively.

Recently, Pefia et al. [22] showed that in cultures
developed in shake flasks at low shaking frequency, in
which the oxygen transfer rate (OTR) was low, the acety-
lation degree of the polymer was higher (5.8 + 0.3 %)
compared with the values obtained (3.5 + 0.3 %) at a
higher shaking rate and therefore higher OTR. However, in
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those experiments, it was not possible to discriminate
between the influence of oxygen in the bulk liquid and that
of the specific growth rate on the degree of acetylation of
the alginates.

The aim of this study was to evaluate how dissolved
oxygen (DO) and specific growth rate (i) affect the degree
of acetylation of alginates produced by A. vinelandii
ATCC9046 in chemostat cultures.

Materials and methods
Microorganism

Experiments were carried out using wild-type A. vinelandii
ATCC 9046 (American Type Culture Collection). This
strain was maintained using monthly subcultures on Burk’s
agar slopes and stored at 4 °C.

Culture medium

The medium used was the nitrogen-free modified Burk’s
medium [20] with the following composition (in g 17 '):
K,HPO, 0.66, KH,PO,4 0.16, MOPS 1.42, CaSO,4-2H,0
0.05, NaCl 0.2, MgSO,4 0.2, NaMoOy4-2H,0 0.0029, and
FeSO4-7H,O 0.027. The glucose concentration used for
batch stage cultivation was 6 g 17", and for chemostat
stage cultivation, it was 4 g17'. The initial pH was
adjusted to 7.2 with 1 N NaOH before autoclaving.

Chemostat cultures

Chemostat experiments were performed in a 3-1 bioreactor
(Applikon Schiedam, Netherlands) using a 2-1 working
volume. The pH was kept constant at 7.2 & 0.1, and it was
controlled by the addition of 1 N NaOH. Temperature was
maintained at 29 °C. The bioreactor was equipped with two
Rushton turbines (D1/T = 1/3, where Dt was the turbine
diameter, and T the bioreactor diameter), and it was agi-
tated at 300 rpm. The aeration rate was 0.5 vvm. The
working volume was kept constant by feeding fresh med-
ium and withdrawing culture broth through a continuously
operating peristaltic pump (Easy load Masterflex, USA).
Three DO conditions were evaluated (1, 5 and 9 %). Based
on the chemostat theory, we considered u = D (where u
was the specific growth rate and D the dilution rate). The
range of D evaluated for the cultivations conducted at 1 and
5% DO were from 0.02 to 0.08 h™'. The cultivations
conducted at the DO of 9 % were evaluated for values of
D of 0.04, 0.08, and 0.15 h™!. The upper limits of D used
for the experiments (0.08 and 0.15 h™!, respectively), were
80 % of umax for each DO. The values of u,,x were pre-
viously determined in batch cultivations of A. vinelandii at



J Ind Microbiol Biotechnol

the different DOs using the same culture conditions
(pH = 7.2, 29 °C, 300 rpm and 0.5 vvm). DO was mea-
sured using a polarographic oxygen probe (Applikon
Schiedam, Netherlands), and it was controlled at the
operational temperature (29 °C) by gas blending, auto-
matically varying the proportions of nitrogen and oxygen
in the inflowing gas through two 5850F mass flow con-
trollers (Brook Instruments B.V., Netherlands) and using a
system based on a PID control that has been previously
described [16]. The steady-state condition was achieved
after three residence times, when biomass concentration
remained constant (<10 % variation). For each condition,
three independent cultures were run, and three independent
samples were taken during three residence-time after the
steady state was reached. For all the conditions, there was
no detected residual glucose (the limiting substrate).

Analytical methods

Cell growth, alginate, and glucose concentration
assessments

Microbial growth was evaluated using optical density
(O.D.) at a wavelength of 560 nm. Measurements of
absorbance were performed in duplicate for each time
point. In addition, dry-weight measurements were per-
formed using 10-ml samples of culture broth. Each sample
was centrifuged at 11,000 rpm for 15 min, the pellet was
recovered and filtered, dried and weighed using cellulose
acetate filters (0.2-um pore size, Sartorius Biolab Products)
as detailed by Pefa et al. [20]. Alginate quantification was
performed by dry weight as described previously by Pefia
et al. [20]. From each sample used for biomass dry weight
determination, the supernatant was recovered, and alginate
was precipitated by adding three volumes of propan-2-ol.
The precipitated alginate was filtered and dried at 80 °C for
24 h, to a constant weight, as was described previously
[20]. Glucose quantification was performed by HPLC using
an Aminex HPX-87H column (300 x 7.8 mm) (Bio-Rad,
Hercules, CA, USA). The eluent used was H,SO, (7 mM)
at a flow rate of 0.8 ml min~'. Glucose detection was
achieved using a refractive index (RI) detector (Waters
2414 detector).

Quantification of alginate acetylation

The degree of acetylation was quantified using HPLC [4].
Each lyophilized alginate sample (5—10 mg) was weighed
and placed in an Eppendorf tube, and it was dissolved with
500 pl Milli Q water. Subsequently, 500 pl of 1 N NaOH
were added, and the sample was mixed by vortexing. This
mixture was incubated at 80 °C for 2 h. Later, the sample
was cooled and acidified by the addition of 625 pl of 1.5 M

H3;PO,. The sample was centrifuged at 11,000 rpm for
15 min, and the aqueous phase was recovered for acetate
quantification. Acetyl groups were quantified by HPLC
using an Aminex HPX-87H column (300 x 7.8 mm) (Bio-
Rad, Hercules, CA, USA) at 50 °C and using H,SO,
(7 mM) as the eluent with a flow rate of 0.65 ml min~'.
The acetic acid concentration was determined by UV
absorption at 210 nm using a photodiode array detector
(Waters 2996), under these chromatographic conditions,
acetate eluted at 13.17 £ 0.05 min (Fig. la). Figure 1b
shows a chromatographic profile for the acetate quantifi-
cation of an acetylated alginate sample after hydrolysis
with 1 M NaOH, in which the acetate peak is separated
from those of other, unknown, hydrolysis products of
alginate (Fig. 1c).

Poly(3-hydrohybutyrate) (PHB) quantification

PHB content was quantified by HPLC, after its conversion
into crotonic acid. Firstly, the biomass was dried under
vacuum at 60 °C. For each sample, 3 mg of biomass was
weighed in a 1.5-ml Eppendorf tube; 1 ml of H,SO,4 was
added, and the sample was heated at 90 °C for 1 h. Sub-
sequently, the sample was cooled at room temperature and
diluted with Milli-Q water to concentrations within the
range of the calibration curve. The PHB quantification was
performed using an HPLC system with an Aminex HPX-
87H column (300 x 7.8 mm) (Bio-Rad, Hercules, CA,
USA) at 50 °C and using H,SO,4 (7 mM) as the eluent with
a flow rate of 0.65 ml min~". Crotonic acid was quantified
using UV absorption at 220 nm. The standard was a
commercial PHB (Sigma-Aldrich) that was treated identi-
cally as the samples.

Oxygen transfer rate and specific oxygen uptake rate
determinations

Equations used for determinations of specific oxygen
uptake rates were as follows:

_ Fo,
G, = Fr (O] (1)
OTR = ka(C, — C1) 2)
OTR
90, =~ (3)

where C, (mmol 17") was the dissolved oxygen concen-
tration at equilibrium, calculated based on the proportion of
the flux of oxygen at the inlet (Fo,; 1 h™') of the system
and the total flux of gas at the inlet (Fr; lh_l), OTR
(mmol 1! h_l) was the OTR, kja (h_l) was the volumetric
oxygen transfer coefficient, Cp (mmol 1_1) was the dis-
solved oxygen concentration, go, (mmol g "h™Y the
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Fig. 1 Acetate standard

0.05 mM (a). Chromatographic
profile of acetylated alginate
hydrolyzed with 1 M NaOH at
80 °C (b). Chromatographic
profile of algal alginate
hydrolyzed with 1 M NaOH at
80 °C, negative control (c)

specific oxygen uptake rate and X (g 17') was the biomass
concentration. For chemostat cultures at constant DO and
for conditions of steady state, the OTR is equal to the
oxygen uptake rate (OUR).

Results

Dissolved oxygen profiles, biomass, and PHB
production

To evaluate the effect of DO on the acetylation of algi-
nates, three DO conditions were tested: 1 %, which is
known as a condition that promotes production of alginate
and PHB by A. vinelandii [20], and two conditions, 5 and
9 % DO, under which there are no oxygen limitations and
alginate production is present [25]. Figure 2a shows dis-
solved oxygen profiles for the DOs evaluated in this study.
The oxygen control during cultivations at the different
dilution rates (D) was achieved with coefficients of varia-
tion of <15 %.

Figure 2b shows the steady-state biomass concentrations
in the chemostats and Table 1 summarizes the biomass and
product yields on glucose. The highest biomass concentration
was of 0.61 = 0.02 g 17! and this was obtained at 1 % DO,
regardless of the y employed (Fig. 2b) and this was coinci-
dent with the high PHB content observed under these set of
experiments (Fig. 2c). The PHB content in the cultures grown
at 1 % DO reached up to 33 % of the total biomass at
D = 0.02 hfl; while the lowest PHB content for the three
DO evaluated was obtained at 9 % (3.1 &+ 1.5 % w/w).

@ Springer

Oxygen uptake rate (OUR) and specific oxygen
consumption rates (go,)

Figure 3a, b shows the OUR and the go, for the different
conditions evaluated. For the three DO conditions, these
parameters showed increases when the specific growth rate
was higher. Significant lower values of OUR and g¢o,,
(OUR = 2.9 mmol 1! h_l; qo,, = 4 mmol g_1 h_l) were
obtained at 1 % DO and D = 0.02 h™' as compared with the
culture developed at 5 % at the same dilution rate (Fig. 3b).
In contrast, the highest values for the two parameters were
obtained at 9 % DO and D = 0.15 h™! (OUR = 18.36 m-
mol "' h™'; go, = 39.7 mmol g~ h™").

Alginate production and the acetylation degree
of alginates

Because there were no significant differences in alginate
production parameters, including alginate acetylation,
between the cultivations at 1 and 5 % DO (data not shown),
the following discussion will be based on the results at 1
and 9 % DO. For the cultivations conducted at 1 % DO,
the alginate concentrations and alginate yields based on
glucose (Yalgg) and biomass (Yajgx) did not show sig-
nificant differences among the dilution rates evaluated
(Fig. 4 a, b; Table 1). In contrast, in the cultures conducted
at 9 % DO, the highest values of alginate concentration
(1.19 £ 0.22 ga 17", Yajge (0.30 £ 0.06 gaie £6') and
Yaigx (3.4 £ 0.82 gaje g_l) were achieved for the culti-
vations developed at u = 0.04 h™'. These values dropped
to 074 £004 g1 (Yajwe = 0.19 £ 0.01 gay 26
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Fig. 2 Dissolved oxygen profiles of the chemostat cultivations of A.
vinelandii at 1, 5, and 9 % DO (a). Steady-state biomass concentra-
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diamond), 5 % (filled circle), and 9 % (filled square) of DO in
chemostat cultivations of A. vinelandii at different dilution rates

Yaigx = 1.61 £ 0.12 gpjo g_l) when the p was increased
to 0.15h~ "

Figure 4c shows the degree of acetylation of alginates as
a function of u and DO. This was higher in the cultivations
developed at 9 % DO, as compared with the degree of
acetylation obtained at 1 % DO for the same dilution rates.
For both conditions of DO (1 and 9 %), the highest value of
acetylation degree of alginates was achieved for
D = 0.04 h™!; however, they showed different trends. A
bell-shaped trend was observed for the condition at 1 %
DO, with a maximal value at D = 0.04 h™'; whereas a
decreasing profile was evident for the case of 9 %,
decreasing acetylation degree from 6.94 £ 0.81 % to
2.25 + 0.07 % at D = 0.15 h™" (Fig. 4c).

Table 1 Biomass, PHB, and alginate yields

DOT D Yxig Yous/G YalgG Global

%) (7" (gga) (gale 86 (gag gG)  yields

1 0.02 0.15 £ 0.05 0.048 026 £ 0.05 041
0.04 0.15 £ 0.02 0.033 0.22 +£0.03 0.37
0.06 0.16 £ 0.01 0.015 0.21 £0.04 0.35
0.08 0.16 £ 0.00 0.015 0.20 +£ 0.01 0.34

5 0.02 0.13 0.030 0.24 0.37

0.04 0.12 £ 0.01 0.013 0.19 £0.04 031
0.06 0.13 £0.01  0.008 0.16 £0.03 0.29
0.08 0.12 £ 0.01  0.007 0.17 £ 0.06 0.29
9 0.04 0.09 £ 0.01  0.004 03 £0.06 0.39
0.08 0.12 £ 0.02  0.002 022 £0.05 034
0.15 0.12 £ 0.01  0.003 0.19 £ 0.01  0.31

Discussion
Effect of the dissolved oxygen

The results of the present study show (Fig. 4c and 5a) that
DO (under constant agitation rate and D) plays an impor-
tant role in the acetylation of alginate by A. vinelandii. The
acetylation degree of alginates was higher in the cultiva-
tions conducted at 9 % DO (within a range of u between
0.04 and 0.08 h™") than in those developed at the low DO
(1 %). Although the molecular mechanisms involved in the
regulation of alginate acetylation as a function of DO are
not completely understood, the following explanation may
be given.

It has been proposed that acetyl-Coenzyme A (acetyl-
CoA) is the acetyl donor for alginate acetylation [5], and it is
also the precursor for PHB biosynthesis [29]. Under low
oxygen concentration and therefore low oxygen-consumption
rate conditions, some enzymes of the tricarboxylic acid cycle
(TCA), such as citrate synthase and isocitrate dehydrogenase
(ICDH), could be down-regulated by the accumulation of
NADPH' and NADH" reducing the flux of acetyl-CoA
through the TCA cycle [13, 28] and increasing the availability
of acetyl-CoA for processes such as PHB synthesis [13, 28]
and alginate acetylation [22]. In our study, the highest algi-
nate acetylation was obtained at 9 % DO and low pu
(0.04 h™"); under those conditions, the oxygen uptake rate
was very low (6.9 + 1.1 mmol 17! h™"), a similar value to
that obtained from the cultivations at 1 % (Fig. 3a). It is
possible that under those conditions, a reduction of the flux of
acetyl-CoA through the TCA cycle could be occurring, which
would increase the availability of acetyl-CoA for PHB bio-
synthesis and acetylation degree.

On the other hand, the % C-mol distribution showed
remarkable differences between the cultivations at 1 and
9 % DO (Table 2). In the cultivations conducted at 1 %
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Fig. 3 Oxygen uptake rate (a) and specific oxygen consumption rate
(b) for cultivations at 1 % (filled diamond), 5 % (filled circle), and
9 % (filled square) of DO in chemostat cultivations of A. vinelandii at
different dilution rates

DO, the % C-mol that was channeled into PHB biosyn-
thesis (mainly provided by acetyl-CoA) was higher (3.8 %)
compared with that used for alginate acetylation (1.5 %).
In contrast, in the cultures developed at 9 % DO, the %
C-mol used for PHB biosynthesis was negligible
(0.3-0.5 %), suggesting that acetyl-CoA could be diverted
to alginate acetylation, because the % of C-mol used for
this purpose was of 2.8 % (Table 2). The fact that content
of PHB was higher in the cultivations conducted at 1 %
DO could have been the result of the increased levels of
NADPH/NADP [28] under low DO. However, it would
be of interest to evaluate alginate acetylation in mutant
strains of A. vinelandii unable to produce PHB to confirm
this behavior.

In the cultivations conducted at 9 % DO, not only were
the highest levels of alginate acetylation achieved but also
increases in alginate yields were obtained relative to the
other conditions evaluated, and this behavior was reflected
in the % C-mol used for alginate, mainly at D = 0.04 h™'
(Table 2). It must be emphasized that the values of Yajg/x
reached under such growth conditions were much higher
than those reported previously for batch [20] and some
chemostat cultures of A. vinelandii [6-8, 26]. Our results
suggested that under high DO (9 %), the whole process of
alginate biosynthesis was favored, including the alginate
acetylation. In this line, previously Leitao and Sa-Correia
[15] in P. aeruginosa found that expression of the genes
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algA, algC, and algD and the activities of their encoded
enzymes (the bifunctional enzyme phosphomannose
isomerase/guanosine diphosphomannose pyrophosphory-
lase, the phosphomannomutase, and the GDP-mannose
dehydrogenase, respectively) were up-regulated by
increases in oxygen concentration within a range of
0-10 % DO.

Effect of the specific growth rate

The acetylation degree was also affected by the dilution
rate (1) (Fig. 5b). The highest values were achieved at a
very low D (0.04 h™'). This is highly relevant because,
even though the behavior of A. vinelandii in chemostat
cultivations has been widely studied, in general, the values
of D evaluated by other authors were higher than 0.05 h™"
[1, 6, 8, 12, 14, 26]. Previously, Annison and Couperwhite
[1] evaluated alginate acetylation in chemostat cultures of
A. vinelandii at different values of D. In contrast to the
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results found in the present study, those authors observed
that the acetylation degree of alginates increased a high
dilution rate (0.32 h™'). However, the conditions and
experimental range reported by Annison and Couperwhite
[1] were considerably different to those used in the present
study. Firstly, a strict control of DO at 1 and 9 % DO was
achieved in our study; while in the mentioned study, the
DO oscillated between 20 and 30 %. Another important
difference was the range of D evaluated; Annison and
Couperwhite [1] tested values of D of 0.16, 0.18, and
0.32 h™', in contrast to the present study in which the range
of D evaluated was lower (0.02-0.15 h™").

It should be emphasized that the highest values for
alginate acetylation were achieved under low dilution rates,
mainly at 9 % DO, correlating with the increase in the
alginate yields observed under such conditions (Fig. 5b).
Previously, other authors have reported that the highest
alginate yields (Yaig/x and Yaieg) were obtained at low
values of p in cultivations of the A. vinelandii mutant strain

Table 2 Carbon usage

DOT D % % % % %
(%) (™Y C-mol Alg  C-mOlaceyt  C-mOlgjomass  C-molpap  Cugea
1 0.04 195 1.5 14.2 3.8 38.9
0.08 17.6 1.0 17.2 1.7 37.5
9 0.04 257 2.8 9.3 0.5 38.2
0.08 18.8 1.5 14.9 0.3 355

For the calculation of each % C-mol, the following considerations were
done: 24.6 gcpw = 1C-mol for % C‘mOlbiomass; 26.0 & Hydroxybutiric
acia = 1C-mol for % C-molpyp; 32.3 & Mannuronic = 1C-mol for %
C-molyjg; 21.5 g acetyt = 1C-mol for % C-molaceryi-

SML2 using exponential, fed-batch cultivations [24], and
in chemostat cultivations of Pseudomonas mendocina [27].
In A. vinelandii, alginate production is involved in cyst
formation under desiccation conditions in which nutrient
limitations are occurring and therefore very low specific
growth rates might be obtained. The results obtained in the
present study support the hypothesis that low specific
growth rates may have an important role in alginate bio-
synthesis. Although the regulation of alginate biosynthesis
is a complex process that is not completely understood, it is
well known that alginate biosynthesis could be positively
regulated at the gene expression level by sigma factors
such AlgU and RpoS [18]. The latter is a central regulator
present during the stationary growth phase (in which
growth rates are close to zero) in bacteria, and it also
participates in transcriptional regulation of the PHB bio-
synthetic genes (phbBAC) [11], in agreement with the
increased PHB accumulation observed at the lowest dilu-
tion rates at 1 % DO.

Conclusions

It has been demonstrated in glucose-limited chemostat
cultivations of A. vinelandii, that DO and u determine the
degree of acetylation of alginates produced by this bacte-
rium. Changes on DO and p affect the carbon fluxes used
for respiration and PHB production and indirectly the
degree of acetylation of alginates, suggesting that alginate
acetylation is highly dependent of the acetyl-CoA avail-
ability. In addition, alginate acetylation was also affected
by the alginate biosynthetic process, showing that the
increased alginate acetylation correlated with increased
alginate yields.
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1. Introduction

Industrial interest in microbial polymers has been stimulated by their unique properties and
the opportunity to develop new materials, which can be used for specific applications in
medical and pharmaceutical industries. Azotobacter vinelandii produces two polymers of
biotechnological importance; alginate, an extracellular polysaccharide, and poly-p-
hydroxybutyrate (PHB), an intracellular polyester of the polyhydroxyalkanoates (PHAs)
family (Galindo et al., 2007). Alginates are linear polysaccharides composed of variable
amounts of (1-4)-p-D-mannuronic acid and its epimer, a-L-guluronic acid. Alginates present
a wide range of applications, acting as stabilizing, thickening, gel or film-forming agents, in
various industrial fields. Currently, new applications are being discovered for these
polymers, such as their use as a source of soluble fiber, or in medical products. One example
is found in the use of alginate gel beads as entrapment devices for transplantation of e. g.
insulin producing cells and tissue engineering (Hernandez et al., 2010).

The intracellular polyester PHB and other PHAs have been drawing attention because
they are biodegradable and biocompatible thermoplastics, which can be processed to
create a wide variety of consumer products, including plastics, films, and fibers (Aldor &
Keasling, 2003). Recently, and based on their properties of biocompatibility and
biodegradability, new attractive applications for PHAs have been proposed in the medical
field, where the chemical composition and product purity are critical (Williams & Martin,
2005).

The subjects covered in this chapter include research concerning the production of alginate
and PHB by A. vinelandii, particularly the molecular regulation of the production of these
polymers, the influence of fermentation parameters on the production and composition of
alginate and PHB, some reports about the scaling-up of the process and downstream
processing, and finally, novel fermentation strategies that could be applied for the
production of alginate and PHAs by A. vinelandii.
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2. Structure and physical properties of alginate and PHAs

Alginates are polysaccharides constituted by variable amounts of f-D-mannuronic acid and
its C5-epimer a-L-guluronic acid linked by 1-4 glycosidic bonds (Figure 1). The monomers
are distributed in blocks of continuous mannuronate residues (M), guluronate residues (G)
or alternating residues (MG) (Smidsrod & Draget,1996). Azotfobacter alginates are true block
co-polymers, composed of homopolymeric regions of M and G residues, separated by
regions of alternating structure (Clementi, 1997). Unlike alginates produced by algae,
bacterial alginates are acetylated to a variable extent at positions O-2 and/or O-3 of the
mannuronate residues (Skjak-Braek et al., 1986). The variability in molecular mass,
monomer block structure and acetylation influence the physicochemical and rheological
characteristics of the polymer.

The capability of alginate to confer viscosity in solution is dependent on its molecular mass
(MM). The MM of algal alginates has been found to range from 48 to 186 kDa (Donnan &
Rose, 1950). In contrast, some alginates isolated from A. vinelandii present MM in the range
of 80 to 4,000 kDa (Galindo et al., 2007).

The gelling properties of alginate are based on the affinity of the molecule towards certain
ions, especially Ca**, and the ability to bind these ions selectively and cooperatively.
Selective ion binding is related to the content of G residues, in particular the length of the G-
blocks. Alginates rich in G residues show an increased ionic binding, resulting in enhanced
mechanical rigidity (Grant et al., 1973). Alginates with a low M/G ratio form strong and
brittle gels, while alginates with a high M/G ratio form weaker and softer, but more elastic
gels (Skjak-Braek et al., 1986).

Bacterial alginates which are O-acetylated, have a polyelectrolyte behaviour different from
that of the non-acetylated algal alginates. This is because acetyl groups strongly perturb
stereoregular sequences and produce significant conformational effects. In addition, the
presence of acetyl groups diminishes the binding capacity and the selectivity coefficient for
cations, affecting the gelling properties of alginate. The presence of O-acetyl groups in
bacterial alginates might represent an advantage for certain applications, as it has been
demonstrated that they improve the viscosity and enhance the swelling ability of the
polymer (Clementi, 1997; Pefia et al., 2006).

On the other hand, polyhydroxyalkanoates (PHAs) are aliphatic polyesters generally
composed of B-hydroxy fatty acid monomers in which the carboxyl group of one monomer
forms an ester bond with the hydroxyl group of the neighboring monomer (Madison &
Huisman, 1999; Figure 1). The MM of PHAs is dependent on the bacterial species used and
culture conditions but is generally on the order of 50 to 1,000 kDa (Madison & Huisman,
1999). At present, more than 150 different hydroxyalkanoate constituents have been
reported in PHAs, as homopolyesters or as copolyesters (Steinbuchel & Lutke-Eversloh,
2003). These highly diverse polymers can be classified according to the size of the
comprising monomers. PHAs containing monomers with C4-C5 atoms are categorized as
short-chain-length PHAs (scl-PHAs). In contrast, medium-chain-length PHAs (mcl-PHAs)
are composed of C6-C14 B-hydroxy fatty acids (Lee, 1996). Most bacteria synthesize either
scl-PHAs or mcl-PHAs (Madison & Huisman, 1999). scl-PHAs have properties close to
conventional plastics, while the mcl-PHAs are regarded as elastomers and rubbers
(Suriyamongkol et al., 2007).

Polyhydroxybutyrate (PHB) is the more abundant PHA and has been studied extensively.
This polymer has some mechanical properties similar to conventional plastics like
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polypropylene or polyethylene, although it is highly crystalline and stiff, leading to
brittleness and low elongation to break (Khanna & Srivastava, 2005). Initial biotechnological
developments were aimed at making PHAs easier to process. Because the monomeric
composition of a PHA is crucial for its mechanical properties, the incorporation in the PHB
polymer of secondary monomer units(s) such as B-hydroxyvalerate (3HV) improves the
characteristics of the material obtained. For example, a random copolymer of 3HB and 3HV
is more ductile, easier to mold, and tougher than PHB homopolymer (Taguchi & Doi, 2004),
and it can be used to prepare films with excellent water and gas barrier properties
reminiscent of polypropylene, and can be processed at a lower temperature while retaining
most of the other mechanical properties of PHB.
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Fig. 1. Chemical structure of PHAs (a) and Alginate (b). M, mannuronic acid; G, guluronic
acid; Ac, acetyl. R, alkyl group.

3. Novel applications of alginate and PHAs

3.1 Novel applications of alginates

Novel alginates applications have been focused on pharmaceutical and biomedical fields,
because they are non-toxic, biocompatible, non-immunogenic, hydrophilic and
biodegradable material (Augst et al., 2006; Hernandez et al., 2010). Alginate hydrogels can
be used as bulking materials for in vivo and in vitro cell immobilization, like drug controlled
delivery system, for tissue engineering (Augst et al., 2006; Herndndez et al., 2010), and
alginate conjugates have also been tested as antigens to control cystic fibrosis (Kashef et al.,
2006), and other bacterial infections (H. Sun et al., 2007). During the last three decades,
microencapsulation using alginate has been investigated to deliver and protect from the
host immune system, not only drugs, but also transplanted cells (Hoesli et al., 2011). The
materials used for these molecular/cell immobilization require to be biocompatible and bio-
inert, with certain size and shape. In addition, alginates have been used as scaffold for tissue
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engineering, and chemical modifications that increase alginate biocompatibility or cell
adhesion have been developed. The polysaccharide can be modified by coupling proteins
and peptides, allowing the control of cell attachment (Augst et al., 2006; Hernandez et al.,
2010). The biomimetic gel design provides in vivo long-term functionality and higher
mechanical stability (Herndndez et al., 2010).

Some therapeutic applications of alginate microencapsulation are related with drug
delivery. For low-molecular weight drugs, regulating drug-alginate interactions in alginate
gels allows the control of drug release. This is especially important for drugs that have
severe side effects, like antineoplastic agents. Besides, some proteins with therapeutic
activities can be alginate-microencapsulated to improve their efficacy and targeting, because
alginate encapsulation facilitate a localized delivery without adverse side effects. Alginate
microencapsulation has been proven with basic fibroblast growth factor (bFGF) and
vascular endothelial growth factor (VEGF). The release of VEGF is controlled by the
dissolution of the ionic binding complex between alginate and VEGF and subsequent
diffusion, showing a constant release rate for several weeks (Augst et al., 2006).

Alginate has been successfully used for cell microencapsulation, which is of great
importance for Diabetes Mellitus type 1 treatment, where several efforts have been made for
regulated insulin supply for treating insulin-dependent patients (Hernandez et al., 2010).
Moreover, there are several new strategies developed to improve the cell-alginate
immobilization process (Hoesli et al., 2011), as well as immune protection and oxygen
supply to avoid hypoxia problems during transplants (Ludwig et al., 2010). In the tissue
engineering field, alginate has been used for bone regeneration therapy using co-
immobilization of human osteoprogenitors and endothelial cells in studies in vivo and in
vitro (Hernandez et al., 2010). Other important applications of alginate for tissue engineering
are related to neurological and cardiologic tissue regeneration (Hernandez et al., 2010).
Pseudomonas aeruginosa is the most common pathogen responsible for morbidity and
mortality in cystic fibrosis patients. During infection, this bacterium produces alginate,
which is an important virulence factor (Kashef et al., 2006). For this reason, alginate has been
used for vaccine design, against P. aeruginosa. Vaccines based on purified alginate bring
poor immunogenicity (Dorig & Pier, 2008); however, when alginate is conjugated with
proteins, the immune response could be enhanced (Dérig & Pier, 2008; Kashef et al., 2006).
Kashef et al., (2006) designed an alginate-tetanus toxoid conjugate non-toxic, non pyrogenic,
which was able to protect mice against a lethal dose of mucoid P. aeruginosa. It is important
to point out that alginate viscosity plays an important role for the P. aeruginosa protection
during the infection process. Because of this, it has been proposed to induce changes in the
rheology of the alginate by addition of alginate olygoelectrolytes conformed by G blocks
only (Draget & Taylor, 2011). These oligoguluronates reduce the mechanical response of the
polymer synthesized by P. aeruginosa in patients diagnosed with cystic fibrosis (Draget &
Taylor, 2011).

Alginates have also been studied for development of novel immunotherapy strategies for
cancer treatment using dendritic cells which are potent initiators of immune response. Calcium
cross-linked alginate gels carrying dendritic cells initiated the immune response and allowed
the migration of the immune cells through the alginate gel (Hori et al., 2008, 2009).

3.2 Novel applications for PHAs
PHAs have received much attention as candidates to produce biodegradable plastics
compatible with the environment, due to their material properties (similar to those of well-
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known plastics such as polypropylene), their production from renewable sources, and their
inherent biodegradability in various environments (Taguchi & Doi, 2004). These
biopolyesters are attractive to replace non-biodegradable plastics, especially for those
products that usually have single-use applications, such as food packaging.

Material Application Desirable properties Reference
Drug delivery Gel formation/ Augst et al., 2006
Alginate Biocompatible/
Bioinert/ Biodegradable/
Drug alginate interaction
Cell Gel formation/ Hernandez et al.,, 2010
immobilization Biocompatible/ Hoesli et al., 2011
Bioinert/ Diffusion
Tissue Engineering Gel formation/ Hernandez et al., 2010
Biocompatible/
Bioinert/ Diffusivity
Vaccines  against Immunogenicity Kashef et al., 2006
Pseudomonas
aeruginosa
Mucus alteration Low Viscosity Draget & Taylor, 2011
Cancer therapy Gel formation/ Hori et al., 2008
Biocompatible/
Bioinert/ Diffusivity
Bioplastics Thermoplasticity, physical and Chen, 2009
PHA mechanical resistance/
Biodegradable
Tissue Engineering Thermoplasticity, physical and Wu et al., 2009
mechanical resistance/ Grage et al., 2009
Biocompatible
Drug delivery Biocompatible/ Biodegradable Chen, 2009
Cell Biocompatible/ Biodegradable Grage et al., 2009
microencapsulation
and
nanoencapsulation
Affinity support Biocompatible Lee et al., 2005
Wang et al., 2008
Affinity Biocompatible
chromatography
Biomarkers/ Biocompatible Grage et al., 2009
Biosensors
Biofuels Biodegradability/ Methyl Zhang et al., 2009

esterification capability

Table 1. Novel applications of Alginate and PHAs.
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Some of the monomers present in PHAs are known to be present in human and animals. For
example, the monomeric component of PHB (B-hydroxybutyrate) is a ketone body normally
found in human blood (Williams & Martin, 2005). The biocompatibility, together with the
adjustable mechanical properties, and controllable biodegradability of PHAs have raised
interesting applications in the medical field. These polymers have been used in artificial
organ construction, drug delivery, tissue repair, and nutritional/therapeutic uses (Chen &
Wu, 2005; Freier, 2006; Grage et al., 2009; Valappil et al., 2006; Williams & Martin, 2005; Wu
et al., 2009; Zinn et al., 2001). Because several PHAs are available now in sufficient quantity,
some of them have been used in biocompatibility studies in vivo (Valappil et al., 2006). Some
of the medical devices tested with different degrees of success include meniscus repair
devices, staples, screws, bone plating systems, cardiovascular patches, stents and nerve
guides (Wu et al., 2009).

Very interesting applications for PHAs are found in the fabrication of drug delivery devices.
Their biocompatibility, combined with their biodegradation, make them good candidates for
this purpose (Chen, 2009). The possibility to create PHAs of various monomeric
compositions and molecular weights makes possible the fine control of their degradation
rate (Wu et al., 2009). Several drugs have been entrapped or microencapsulated in PHA
homopolymers or copolymers, such as, anticancer agents, antihypertensives, hormones,
vaccines, etc. (Williams & Martin, 2005).

More recently, new applications have been reported for PHAs, not just as a material but for the
PHA granules themselves as micro-nano beads, resulting in applications for protein
purification and specific drug delivery (Grage et al., 2009). Affinity protein purification
methods make use of an affinity tag fused to the protein of interest. The interaction of the
tagged protein with an immobilizing matrix allows the separation of the protein. PHA
granules have been used as an inexpensive affinity support, while the phasins, PHA synthase,
or PHA depolymerase, proteins naturally associated with the granules, work as the affinity tag
for the purification or immobilization of proteins (Lee et al, 2005, Wang et al., 2008).
Combining the fusion of the protein of interest with the phasin protein (PhaP), intein mediated
self-cleavage, and PHA synthesis in recombinant Escherichia coli, specific proteins can be
produced together with their insoluble matrix, and after cell disruption, precipitation and self-
cleavage, the purified protein is released (Banki et al., 2005; Mee at al., 2008). A similar method
using Cupriavidus necator instead of E. coli has been developed (Barnard et al., 2005).

PHA nanoparticles have also been used in drug delivery, target specific therapy and as
biomarkers or biosensors (Grage et al., 2009). Using the same principle of affinity binding of
PHA synthase to PHA granules, Brockelbank et al., (2006) demonstrated the display of
antigen fragments at the surface of PHA beads, showing their potential to be used in
immunoglobulin G (IgG) purification from human serum. The functional display of antigen
or antibodies fragments at the bead surface can be used for diagnostic or therapeutic
applications (Grage et al., 2009). Fusion of PHA synthase with streptavidin has shown that
these PHA beads can also be used for ELISA, DNA purification, enzyme immobilization and
flow cytometry (Peters & Rhem, 2008). Engineered proteins for inorganics, like gold or silica,
or IgG, have also been fused to the PHA synthase, and displayed at the surface of PHA
granules, so these biobeads can be used for medical bioimaging procedures as inorganic
contrast agents (Grage et al., 2009; Jahns et al., 2008).

With respect to targeted drug delivery, Yao et al., (2008) demonstrated that phasins can be
fused to ligands recognized by tissue specific receptors, and that the ligand-PhaP-nanobeads
are taken up by the correct tissue in vivo, delivering drugs loaded in the PHA beads.
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Other applications for PHAs include their use as fine chemicals. A high diversity of
carboxylic acids, all in the (R)- configuration, can be obtained by depolymerization or by
chemical degradation of PHAs, and these can be bulk chemicals for various applications
(Chen, 2009). Some of them have been used as starting material for the synthesis of
antibiotics, vitamins, aromatics and pheromones (Ruth et al., 2007).

A new field of application for PHAs has been devised in the energy industry. These
polymers can be used as biofuels (Chen, 2009). The conversion of PHB or mcl-PHAs to their
methyl ester derivatives by acid catalyzed hydrolysis, allowed their use as fuels in blends
with ethanol, gasoline, and diesel, with reasonable combustion heats (Zhang et al., 2009).

4. Azotobacter vinelandii

A. vinelandii is a gamma Proteobacteria having a strictly respiratory type of metabolism with
oxygen as the terminal electron acceptor. Nitrogen is fixed at either microaerobic or fully
aerobic conditions. Its growth is heterotrophic where sugars, alcohols and salts of organic
acids are used as carbon source (Kennedy et al., 2005). Sugars are metabolized trough the
Entner-Doudoroff pathway (Conway, 1992). The genus Azotobacter is distinguished by the
ability to form metabolically dormant cyst in stationary phase or upon induction of
vegetative cells with 0.2% of n-butanol. The cysts are significantly more resistant than
vegetative cells to desiccation (Socolofsky & Wyss, 1962). Alginate is a component of the
envelope that protects the cyst, and is essential for the resistance to desiccation (Campos et
al, 1996). Upon induction of encystment intracellular accumulation of poly-p-
hydroxybutyrate (PHB) occurs at an exponential rate; however recent data demonstrated
that PHB was not essential for the formation of mature cysts (Segura et al., 2003a).

The majority of nitrogen fixing bacteria are capable of reducing N> only in anaerobic or
microaerobic conditions. In contrast, A. vinelandii is an obligate aerobe capable of fixing N»
even at high concentration of O,. This is possible because this bacterium can adjust oxygen
consumption rates to help maintain low levels of cytoplasmic oxygen, which is otherwise
detrimental not only for nitrogenase, but also to other oxygen-sensitive enzymes, a process
that has been called respiratory protection (Poole & Hill, 1997). In addition to the respiratory
protection of the nitrogenase, another way to keep the cytoplasm anaerobic is to prevent the
O, transfer into the cell. The polysaccharide alginate is believed to form a coating around the
cell, acting as a physical O, barrier (Sabra et al., 2000). This barrier has also been reported to
protect the cell from heavy metals toxicity, as an ion-exchange system with high affinity to
Ca**, or to provide a negatively charge coating which creates a barrier against attack and
adverse environmental conditions (Clementi, 1997).

5. Genetics and biosynthesis of alginates and PHAs in A. vinelandii

5.1 Biosynthesis of alginates by A. vinelandii

The pathway for alginate synthesis has been well established and it is conserved among
brown algae, Pseudomonas and Azotobacter spp. (Lynn & Hassid, 1966; Pindar & Bucke, 1975).
Fructose 6-P, the precursor of this metabolic pathway, is converted by four enzymatic
reactions to GDP-mannuronic acid (for a detailed review see Galindo et al., 2007;
Remminghorst & Rehm 2006). Polymerization of GDP-mannuronic acid is conducted by an
inner membrane mannuronate polymerase (Alg8) and its activity is regulated by another
inner membrane protein (Alg44), essential for alginate biosynthesis (Galindo et al., 2007).
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The resultant poly-mannuronic acid is then modified by a periplasmic O-acetylase complex
(Algl, AlgV, AlgF) and some of the non-acetylated mannuronate residues are epimerized to
guluronate by a periplasmic mannuronate epimerase (AlgG). The polymer is then exported
through the outer membrane via the pore-forming protein Alg] where the activity of several
extracellular C-5 epimerases (AlgE1-7), present only in A. vinelandii generate alginates with
different amounts of alternating structures and/or G-block lengths (Ertesvag et al., 1999).
The molecular factors determining the molecular mass of the alginate remain largely
unknown, but it has been suggested that it is the result of the polymerase and/or lyase
activities on the polymer. In A. vinelandii, the existence of five alginate lyases showing
different sequence cleavage specificity and cellular locations have been reported
(Gimmestad et al., 2009; Trujillo-Roldan et al., 2003). The periplasmic AlgL protein is
involved in the biosynthesis of the polysaccharide, while the extracellular AIgE7 (a bi-
functional alginate lyase and C-5 epimerase) and AlyA3 enzymes are involved in the release
of the polymer from the cell surface and in the rupture of the cyst coat during germination,
respectively. The function of the lyases AlyAl and AlyA2 remains unknown. However,
AlyA2 activity was shown to be essential for vegetative growth (Gimmestad et al., 2009).
The algD gene encodes the key enzyme catalyzing the generation of the alginate monomer
GDP-mannuronic acid (for a recent review see Galindo et al., 2007). Expression of algD is
highly controlled by several global regulators such as the stress response sigma factor AlgU
and the signalling transduction cascade conformed by the two-component system
GacA/GacS and the stationary growth phase sigma factor RpoS protein, which also
positively control PHB synthesis (Castafieda et al., 2000; 2001). A. vinelandii mutants have
been constructed with the aim of generating alginates with different physicochemical
properties. An algL. mutant was shown to produce an alginate with a molecular mass higher
than that of the wild type strain (Trujillo-Roldan et al., 2003). Furthermore a mutation in the
algF gene, encoding one of the subunits of the O-acetylase complex, resulted in the
production of a non-acetylated alginate, similar to that of algal origin (Vazquez et al., 1999).
As the polymers PHB and alginate compete for the supplied carbon source we generated
mutants with a total blockade in PHB synthesis and in which the production of alginate was
increased several fold. The contrary was also true for the production of PHB as a total
blockade in the synthesis of alginate increased the accumulation of PHB (Segura et al.,
2003b).

5.2 Biosynthesis of PHAs by A. vinelandii

PHB in A. vinelandii, as in most bacteria, is synthesized in three steps from acetyl-CoA
(Figure 2; Manchak & Page 1994). p-Ketothiolase catalyzes the first reaction, i.e. the
condensation of two molecules of acetyl-CoA to form acetoacetyl-CoA. This product is
subsequently reduced by an NADPH dependent acetoacetyl-CoA reductase to
stereoselectively produce (R)-B-hydroxybutyryl-CoA. Finally, PHB synthase catalyzes the
polymerization of (R)-p-hydroxybutyryl-CoA releasing free CoA.

In A. vinelandii, the genes coding for these enzymes are contained in the PHB biosynthetic
operon phbBAC, which codes for the acetoacetyl-CoA reductase, B-ketothiolase, and PHB
synthase respectively (Peralta-Gil et al., 2002; Segura et al., 2000, 2003a). In the same DNA
region, other genes related to PHB synthesis were also found: phbR, which codes for a
transcriptional regulator; phbP, a putative granule-associated protein; and phbF, a putative
regulator of phbP (Peralta-Gil et al., 2002; Segura et al., 2003a).
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When A. vinelandii UWD is grown on medium supplemented with n-alkanoates, such as
valerate, heptanoate or nonanoate, a copolymer of poly(Hydroxybutyrate-Co-
Hydroxyvalerate) (PHBV) is synthesized (Page et al., 1992). The recent analysis of the A.
vinelandii genome sequence (Setubal et al., 2009) demonstrated the presence of pha, a gene
coding for a (D)-specific enoyl-Coenzyme A hydratase that is responsible for the channeling
of enoyl-CoA derivatives from the fatty acid oxidation pathway to PHAs synthesis in
several pseudomonads (Fukui et al., 1998). Thus, this enzyme would be producing the
hydroxyvalerate precursors for PHBV synthesis in A. vinelandii (Figure 2).
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i
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i Valerate
ED
Fructose-6-P*+—Fructose-1,6-BP
R-oxidation .
, Dihydroxy- ., Glyceral 1
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Fig. 2. Metabolic pathways involved in the synthesis of alginate and PHAs in A. vinelandii.
PMI, phosphomannose isomerase; PMM, phosphomannose mutase; GMPP, guanosine
diphosphomannose pyrophosphorylase; GMD, GDP-mannose dehydrogenase; MP,
mannuronate polymerase; ED, Entner-Doudoroff pathway.

The control of PHB biosynthesis in Azotobacter was one of the first to be studied (Senior et
al., 1972; Senior & Dawes, 1971, 1973). The main condition triggering PHB synthesis is
oxygen limitation, which leads to high concentrations of NADH and NADPH, that in turn
inhibit TCA cycle enzymes, increasing the concentration of acetyl-CoA available for PHB
biosynthesis (Manchak & Page, 1994; Senior et al., 1972; Senior & Dawes, 1973).

The regulation of PHB synthesis in A. vinelandii is complex and additional regulatory
systems are involved. PhbR, a regulator of the AraC family of transcriptional regulators,
activates transcription of the phbBAC operon, and the stationary growth phase sigma factor
RpoS is involved in the control of transcription of phbR (Peralta-Gil et al., 2002). The
nitrogen-related phosphotransferase system (PTSNtr), formed by proteins EINtr, Npr, and
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IIANt regulates PHB synthesis through a phosphorelay from phosphoenolpyruvate, where
the IIANtr protein acts as negative regulator of PHB synthesis in its non-phosphorylated
state (Segura & Espin, 1998; Noguez et al., 2008). It has also been reported that the FNR-like
regulatory protein called CydR (Wu et al., 2001) and the iron-regulatory small RNA named
ArrF (Pyla et al.,, 2009) control PHB synthesis in response to the redox state of the cell
(oxygen), and the availability of iron respectively.

6. Fermentation parameters affecting the production and the composition of
alginate

For several decades the synthesis of alginate and PHB by A. vinelandii has been the subject of
study, either in batch (Clementi et al., 1997; Page & Cornish 1993; Parente et al., 2000; Pefia et
al., 2000,2011; Sabra et al., 1999; Trujillo-Roldén et al., 2004), continuous (Diaz-Barrera et al.,
2009, 2010; Sabra et al., 2000), fed batch cultures (Chen & Page, 1997; Mejia et al., 2010;
Priego-Jiménez et al., 2005) and systems with immobilized cells in membrane reactors
(Saude & Junter, 2002). In the following sections we will describe and discuss the most
recent advances regarding the influence of fermentation parameters, which determine the
production and composition of alginate and PHAs.

6.1 Influence of the dissolved oxygen tension (DOT) and the oxygen transfer rate
(OTR) on the quantity and quality of alginate

Many studies have shown that aeration and mixing are critical parameters for optimizing
the production of microbial polysaccharides (Galindo et al., 2007). It is known that under
low dissolved oxygen tension (DOT), the organism accumulates the intracellular storage
polymer, PHB; whereas at high DOT, A. vinelandii uses the carbon source mainly for
biomass production. Efficient conversion of sucrose to alginate is achieved only if the
oxygen is accurately controlled between 1 and 10% of oxygen saturation (Parente et al., 2000;
Pefia et al., 2000; Sabra et al., 2000; Trujillo-Roldéan et al., 2003). The DOT also affects the
composition and molecular mass of the alginate produced by A. vinelandii. Studies in
bioreactor, under oxygen controlled conditions (Pefia et al., 2000; Sabra et al., 2001; Trujillo-
Roldan, 2004), indicate that the mean molecular mass (MMM) of the polymer, is strongly
influenced by the DOT and the stirring speed of the culture. For example, in cultures
conducted at low agitation speed (300 rpm) and DOT of 5 % the MMM of the polymer
reached a maximum of 680 kDa. In contrast, at high agitation speed (700 rpm), the MMM
increased to a plateau at low DOT (1- 3 %) and then decreased at higher DOT (5 %) (Pefia et
al., 2000). On the other hand, Sabra et al.,, (2000) reported that in phosphate-limited
continuous culture, both the MM and the L-guluronic acid content increased with the DOT,
reaching a maximal MM of 800 kDa and a guluronic acid content of 50 % in the cultures
conducted at 10 % of air saturation. Those authors proposed that under nitrogen- fixing
conditions, the bacterium builds a slimy layer or alginate capsule around the cells, to
overcome the oxygen stress and to protect the nitrogenase system, causing a decrease in
alginate biosynthesis.

A. vinelandii is known for its high respiratory activity (Post et al., 1983) and in cultures
without DOT control, the oxygen transfer becomes the limiting factor for growth. Without
DOT control, the cultures operate at DOT near zero. Under this condition, a parameter that
has been used for studying alginate production is the oxygen transfer rate (OTR). In this
line, Diaz-Barrera et al., (2007, 2009) reported that the alginate yield and the MMM of the
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polymer were linked to the OTR of the culture. They found that the MMM of the alginate
increased as OTRmax decreased, observing that the MMM obtained at 3.0 mmol L1 h-! was
7.0 times higher (1560 kDa) than at 9.0 mmol L1 h (220 kDa; Figure 3). It is important to
quote that in previous reports the cultures were oxygen limited and under such conditions
the carbon source was only partially oxidized, which forced the cells to follow anaerobic
pathways with the consequent production of PHB.

More recently, Lozano et al., (2011) reported a study about the evolution of the MMM of the
alginate produced by A. vinelandii ATCC 9046 in terms of the maximum oxygen transfer rate
(OTRmax) in cultures where the dissolved oxygen tension (DOT) was kept constant. An
increase in the agitation rate (from 300 to 700 rpm) caused a significant increase in the
OTRmax (from 17 to 100 mmol L1 h-1 for DOT of 5 %, and from 6 to 70 mmol L1 h-1 for DOT
of 0.5 %). This increase in the OTRmax improved alginate production, as well as the specific
alginate production rate. In contrast, the mean molecular mass (MMM) of the alginate
isolated from cultures developed under non-oxygen limited conditions increased by
decreasing the OTRmax reaching a maximum of 550 kDa at an OTRpax of 17 mmol L h' .
However, in the cultures developed under oxygen limitation (0.5 % DOT), the MMM of the
polymer was practically the same (around 200 kDa) at 300 and 700 rpm and it remained
constant throughout the cultivation (Lozano et al., 2011).

Fig. 3. Mean molecular mass of alginate as a function of the oxygen transfer rate in cultures
of A. vinelandii in shake flasks and stirred fermentor.

6.2 Influence of the medium components

It is widely known that the components of the culture medium play an important role in the
production of alginate by A. vinelandii. Most studies have focused on assessing the influence
of calcium, phosphate and nitrogen on alginate yield and its molecular mass (MM) (Parente
et al., 2000; Sabra et al. 1999). Sabra et al., (1999) found that an excess of phosphate in the
culture medium (400 mg L) caused a decrease in alginate yield. In the case of nitrogen the
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results reported are contradictory, probably because the strain and medium composition
used were different (Clementi, 1997; Sabra et al., 2001). Recently, Zapata-Vélez & Trujillo-
Roldan (2010) reported that in cultures of A. vinelandii in shake flasks, the best nitrogen
sources for alginate production were peptone, tryptone, and yeast extract, yielding a
maximal alginate concentration of 4.0+0.4 g L-1. Those authors found that the highest MMM
was obtained in cultures grown with peptone (1,520 + 110 kDa), whereas cultures grown
with yeast extract, tryptone, ammonium acetate, and ammonium sulphate, showed values
between 1,400 and 1,100 kDa. On the other hand, a lower MMM was obtained under N»-
fixing conditions (625 * 110 kDa).

Our group reported the influence of (3N-morpholino)-propane-sulfonic acid (MOPS), a
component used in the medium to keep a constant pH, on the quality of the alginate in
terms of the chemical composition and rheological behaviour of alginate-reconstituted
solutions (Pefa et al., 2006). This compound had an important effect on the acetyl content
and physicochemical properties of this polymer. A two-fold higher acetylation degree of
alginate was obtained when 13.6 mM MOPS was supplemented to the medium. The higher
acetylation resulted in greater viscosity of the alginate solutions, but it exhibited less
pronounced pseudoplastic behaviour. These changes in the functional properties of the
polymer can have great value in terms of specific applications of alginate in food and
pharmaceutical fields.

6.3 Effect of the specific growth rate

Another important culture parameter for the synthesis of alginate is the specific growth rate
(Diaz-Barrera et al., 2009, 2010; Priego-Jiménez et al., 2005). Priego-Jiménez et al., (2005)
using exponentially fed-batch cultures, found that the specific growth rate of A. vinelandii
negatively affects the MM of the alginate and to some extent, the alginate/biomass and
alginate/sucrose ratio. This effect was particularly pronounced at very low specific growth
rates (0.03 h), where the Yp/x, Yp/s and the MMM were up to 2.3, 10 and 14 times higher,
respectively, than those obtained at a specific growth rate of 0.21 h? (the value found in
conventional batch cultures). More recently, Diaz-Barrera et al, (2010) reported, in
chemostat cultures, that the alginate MM increased from 800 to 1800 kDa when the dilution
rate increased from 0.05 to 0.1 h-! at a low inlet sucrose concentration (5 g L-1). In contrast, at
high sucrose concentration, the MM increased from 1230 to 2500 kDa when the dilution rate,
and therefore, the specific growth rate were decreased in the same range. According to the
authors, this behaviour is linked to changes in the specific sucrose uptake rate (Diaz-Barrera
et al., 2010).

7. Parameters that affect PHAs production in A. vinelandii

Commercial production of PHAs requires not only high yields and productivities, but also a
well defined chemical composition. Fermentation parameters affect the amount of PHAs
produced by Azotobacter, and their chemical characteristics, such as the kind of polymer
produced (PHB homopolymer or PHBV heteropolymer); the MM; and finally, the monomer
ratio and distribution along the PHA heteropolymer chain.

PHAs production in different organisms is induced under nutrient limitation (Verlinden et
al., 2007). For Azotobacter species, oxygen limitation is the most efficient way to induce PHB
production (Galindo et al., 2007; Senior & Dawes, 1971, 1973; Verlinden et al., 2007). Besides
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oxygen limitation, changes in the carbon and nitrogen sources can affect PHB biosynthesis
by Azotobacter (Myshkina et al., 2008; Page, 1992). Also, the addition of alkanoates to the
medium allows the synthesis of PHAs with different monomer composition (Myshkina et
al., 2010; Page et al., 1992).

7.1 Oxygen limitation

When Azotobacter grows under oxygen limitation there is a reduction in the activity of the
tricarboxylic acid cycle (TCA), and the molecules of acetyl-CoA are channeled to PHB
production, and the synthesis of PHB acts like an electron sink (Page & Knosp, 1989; Senior
et al., 1972). The positive effect of oxygen limitation on PHB production (based on yield and
PHB content), has been reported for A. vinelandii in batch cultures, using wild type strains
UW (Page & Knosp, 1989) and ATCC9046 (Pena et al., 2011), and the PHB overproducer
mutant strain UWD (Page & Knosp, 1989). Changes in oxygen concentration have been
successfully used in fed batch cultures of A. vinelandii UWD (Chen & Page, 1997; Page et al.,
2001). Chen & Page (1997), enhanced biomass production of this strain using high aeration
during the first stage of the culture and then, at the second stage, aeration was lowered,
promoting PHB formation. At the end of the culture, PHB concentration reached 36 g L1 of
PHB, in contrast to 25 g L1 of PHB reported by Page & Cornish (1993) in fed-batch cultures
without aeration changes.

On the other hand, there are few reports related to the effect of oxygen on the composition
of the PHB produced by Azotobacter. Quagliano & Miyazaki (1997) observed in
fermentations of A. chroococcum 6B that changes in the aeration rate from 0.5 to 2.5 vvm
could negatively impact the molecular weight of the PHB with a 10 fold decrease from 1100
to 111 kDa. Myshkina et al., (2008) observed, in cultures of A. chroococcum 7B in shake flasks,
that the MM increased from 1480 to 1670 kDa when the agitation rate decreased from 250 to
190 rpm. In contrast, the yields of PHB (Ypus/Biomass) at both agitation rates were the same
(0.75 g puB glbiomass)- These authors also evaluated the effect of strict microaerobic and
anaerobic conditions during stationary phase, on PHB yield and on its MM. Under these
conditions, the PHB content decreased to 2.6 and 1.7 g L7, respectively, but the MM
increased, reaching 2215 kDa at the strict anaerobic condition (Myshkina et al., 2008).

7.2 Medium composition: carbon and nitrogen sources

The high production cost is the main limiting factor for the use of PHAs for commercial
purposes. An alternative to reduce costs is the use of cheaper feedstock (Page, 1992). Several
attempts have been made to improve the culture media composition which depends on the
microorganism (Table 2). Although Azotobacter is a nitrogen fixing bacteria, addition of a
fixed nitrogen source can improve PHAs production. Quagliano & Miyasaki (1997), found
that increasing the C:N ratio improved PHB yields, although the MM of the polymer
dropped eight fold. Page & Cornish (1993) observed that organic nitrogen sources like fish
peptone improved PHB production. In addition to the use of low cost nitrogen sources, the
use of low price carbon sources is a good alternative to reduce production costs (Page, 1992;
Verlinden et al., 2007). Page (1992) found that in shake flasks cultures the addition of 0.5 %
(P/V) of beet molasses, increased the PHAs content in A. vinelandii UWD to 7 g L1, in
contrast to the 1 g L1 obtained when using sucrose at 2%(P/V) as a sole carbon source.
Although beet molasses were the best carbon source, this strain was also able to grow and
produce PHAs using cane molasses, malt extract or corn syrup. However, Myshkina et al.,
(2008) observed that for A. chroococcum 7B, molasses did not improve growth or PHB
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production, while the best PHB yields were obtained with commercial sugar and vinasses.
These authors also reported that the MM of the PHB could be affected by the carbon source,
reaching the highest MM when using glucose, food sugar or starch (1660, 1490 and 1310
kDa).

Strain Carbon Nitrogen PHB (gL?) Ypss Mw  Type of Referenc

source source (kDa) culture e
A. Glucose (1%) NHa* 2.37 0.25 N.D Flasks Page &
vinelandii  and acetate Knosp,
UWD (15mM) 1989
A. Beet NH4* 7 0.35 N.D Flasks  Page, 1992
vinelandii Molasses
UWD (5%) and
sucrose (2%)

A. Glucose (5%) NHa* 25 0.65 1700  Fed batch  Page &
vinelandii acetate Fish peptone culture  Cornish,
UWD (15mM) (1%) 1993

A. Glucose (4%) ~  -——-- 4 0.1 1660 Flasks =~ Myshkina
chroococcum et al., 2008

7B

A. Glucose (2%) - 4 0.2 1100 Flasks =~ Myshkina
chroococcum Acetate etal., 2008

7B (20mM)

A. Molasses - 1 0.05 N.D. Flasks ~ Myshkina
chroococcum (4%) et al., 2008

7B Sucrose (2%)

Table 2. PHB production by Azotobacter grown with different sources of carbon and
nitrogen.

7.3 Addition of alkanoates

For several Azotobacter spp., the addition of alkanoates to the growth media for PHAs
production allows the synthesis of polymers with specific composition (Durner et al., 2000;
Gonzalez-Lopez et al., 1996, Myshkina et al., 2010; Page et al., 1992; Sun et al., 2007; Zinn et
al.,, 2003). The effect of alkanoates addition is dependent on the strain and its metabolism. In
cultures of A. vinelandii UWD, the addition of odd alkanoates (Cs-Co) allowed the
biosynthesis of the copolymer PHBV. Although there was copolymer production using the
three different substrates (valerate, heptanoate and nonaoate), the highest proportion of HV
was achieved with valerate (Page et al., 1992).

For A. chroococcum the biosynthesis of PHBV by addition of not only five carbon valeric acid
but of other organic acids (propanoic and hexanoic), was reported. However the best yields
and the highest HV content were obtained with valerate (Myshkina et al., 2010). The
addition of alkanoates with more than five carbons to Azotobacter cultures did not allow
biosynthesis of hydroxyalkanoates of a higher monomer chain length (Myshkina et., al 2010;
Page et al., 1992). Although Azotobacter and Pseudomonas are genetically related (Setubal et
al., 2009), the PHAs metabolism in Azotobacter differs completely from that observed in most
Pseudomonas species which are efficient producers of mcl-PHAs (Durner et al., 2000;
Hartmann et al., 2005; Sun et al., 2007). However, the close genetic relationship between
Pseudomonas and A. vinelandii could be useful for genetic improvement of A. vinelandii
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strains for the biosynthesis of mcl-PHAs, as has been successfully reported for E. coli (Sun et
al., 2007; Verlinden et al., 2007).

8. Scaling up of alginate and PHAs production

Trying to reproduce in agitated tank the results obtained in plates or in shake flasks, is
troublesome and the variables involved are poorly understood. This is particularly
important, because the MM of the polymer drops dramatically when the alginate process is
scaled up from shake flasks to fermentors (Pefa et al., 1997, 2000). Both, the power input
(P/V) and the oxygen transfer rate (OTR), have been used as scaling up parameters (Pefia et
al., 2008; Reyes et al., 2003). Recently, our group has studied both the evolution of the
specific power consumption and oxygen transfer rate, occurring in shake flasks cultures of
A. vinelandii (Pefia et al., 2007).

These studies have revealed that the power consumption increased exponentially during the
course of the fermentation (up to 1.4 kW m?3) due to an increase in the viscosity of the
culture broth. Taking these data as a starting point, a scale-up strategy based on the
evolution of the power input observed in shake flasks has been evaluated, trying to
reproduce in a stirred fermentor culture the MMM of the alginates obtained in shake flasks
(Pefia et al., 2008). Simulating the evolution of the power input in 14 L fermentors, allowed
us to reproduce the MMM and molecular mass distributions of the alginate obtained in
shake flasks (Figure 4), a situation that had not been possible to achieve before using other
criteria (i.e., initial power input (Reyes et al., 2003)).

Fig. 4. Scaling-up of alginate production using the evolution of power input as a criterion.

Currently PHAs bacterial production, at industrial scale, is mainly conducted using the
strain C. necator, until now the most cost-effective fermentative process for the copolymer
PHBV (Verlinden, 2007; Wang et al., 2011). In addition, several species of Pseudomonas have
been described as potential producers of mcl-PHAs (Durner et al., 2000; Hartmann et al.,
2005; Sun et al., 2007; Wang et al., 2011). For both fermentation processes the scaling up
strategies have focused not only on increasing biomass and polymer content using low cost
feedstock, but also on improving chemical properties of the biopolymer. The main strategies
proposed in this line are related to the use of fed batch and continuous cultures (Sun et al.,
2007; Verlinden et al., 2007;). The PHAs production is usually operated as fed batch cultures,
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with an initial growth phase in rich medium in order to obtain a high cell density culture,
followed by a product accumulation phase usually under substrate limiting conditions
(Verlinden et al. 2007; Sun et al., 2007). It is worthy to point out that for fed batch
cultivations it is important to define the composition of the media used for starting the
culture, the feeding composition, the type of limitation used for inducing PHA synthesis,
and the time at which the feeding should be started. The adequate selection of these
parameters can improve the yields and composition of the PHA produced.

Fed batch cultures of A. vinelandii UWD using beet molasses have successfully improved
PHAs content from 7 g L1 obtained in flasks, to up to 25-36 g L in fed batch cultures,
reaching a maximum yield of 0.65 g pra g carbon source (Chen & Page, 1997; Page et al., 2001).
Continuous fermentation is an alternative to increase PHAs productivity (Sun et al., 2007).
These fermentations have been successfully used to improve mcl-PHAs production
parameters with Pseudomonas (Sun et al., 2007) and scl-PHAs with C. necator (Zinn et al.,
2003). Using C. necator DSM 428, Zinn et al., (2003) evaluated the PHBV copolymer
production under dual (CN) limitation in chemostat cultures, obtaining controlled
composition of the polymer in the range of 0-62 mol % HV. The cultivations in chemostat
allowed a constant production of PHB/HV and an accurate control of the polymer
composition.

In the case of mcl-PHAs production, Hartmann et al., (2005) evaluated chemostat cultures of
Pseudomonas putida GPol under dual (C, N) limitation. They found, that the monomeric
composition of mcl-PHAs was independent of the C:N ratio in the feed media, but it was
dependent on the dilution rate. They also found that at low dilution rates, the fraction of
aliphatic monomers in the mcl-PHAs was slightly higher than at high dilution rates.

9. Design of novel processes to improve alginate and PHA production

Alginate production by fermentation using the A. vinelandii bacterium could be a feasible
strategy; however, polymer concentrations in batch cultures reported so far are very low,
with maximum concentrations of alginate in the range of 3-5 g L-1 (Parente et al., 2000; Pefia
et al., 2000; Sabra et al., 2000). It is important to point out that the final alginate
concentration is the most important parameter in determining the economics of the process,
as it is related to the recovery cost, especially during the precipitation step (Pefa et al., 2008).
Several fermentation strategies have been reported in the literature with the aim of
improving the quantity and/or quality of the alginate (Asami et al., 2004; Cheze-Lange et
al., 2002; Mejia et al., 2010; Saude & Junter, 2002). For example, Cheze-Lange et al., (2002)
reported the advantages of continuous production of bacterial alginate by A. vinelandii,
coupled to a system of membranes of varying nominal pore sizes. According to these
authors, the yields of alginate with respect to sucrose were significantly higher compared to
the batch process. However, the MM of the polymer and the polydispersity were very
similar to those of the alginate obtained from batch experiments. Asami et al., (2004) found
that the productivity and the fraction of GG-blocks of the alginate produced by A. vinelandii
in a bubble column were higher than those obtained in shake flasks. They observed that the
production of GG-blocks in the late exponential growth phase was higher than that obtained
in the stationary phase. However, the authors did not explain the reasons for the difference
in the fraction of GG blocks under varying conditions.

Our research group has carried out studies in fed-batch and multistage fermentation
processes (Mejia et al.,, 2010; Priego-Jiménez et al,, 2005) that are able to achieve high
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biomass concentration, in order to take advantage of the higher specific-alginate production
capacities of mutant such as the AT6 strain. Employing a high oxygen concentration (10%)
allowed obtaining a maximum biomass concentration of 7.5 g L1 in the first stage of the
cultivation. In the second stage, the cultures were limited by oxygen (oxygen close to 0%)
and fed with a sucrose solution at high concentration. Under those conditions, the growth
rate decreased considerably and the cells used the carbon source mainly for alginate
biosynthesis, obtaining a maximum concentration of 9.5 g L-, after 50 h of cultivation.
Alginate concentration obtained from the AT6 strain was two fold higher than that obtained
using the wild-type strain (ATCC 9046) and was the highest reported in the literature (Mejia
etal., 2010).

Most of the studies using Azotobacter spp. for PHA production have been implemented
using batch cultures. Because PHAs are intracellular products and their synthesis occurs
under growth limiting conditions, like oxygen limitation, fed-batch fermentation or
multistage cultures have been the methods used to achieve high cell densities containing the
highest possible amount of PHA with several PHA producers (Akaraonye et al., 2010). On
the other hand, continuous cultivation is an interesting alternative strategy because a high
productivity can be reached, especially for strains with a high specific growth rate
(Akaraonye et al., 2010). However, it is difficult to balance biomass concentration, PHAs
content and productivity, because changes in the dilution rate can have opposite effects on
cell growth and PHAs synthesis. This is due to the requirement for a nutrient limitation to
induce polymer synthesis, at growth rates below the maximum specific growth rate. The
ability to produce PHAs under non limiting growth conditions of some A. vinelandii strain
could represent an advantage to establish continuous culture processes (Page & Knosp,
1989).

Two-stage continuous cultures can help establishing a good growth/PHAs synthesis
compromise. Jung et al., (2001) used a two-stage continuous cultivation system with two
fermentors connected in series, producing cells at a specific growth rate in the first
compartment, and establishing conditions to accumulate PHA at higher rates in a second
compartment, with a relatively long residence time. Dilution rates of 0.21 h-! in the first
fermentor and 0.16 h! in the second fermentor yielded a volumetric PHAs productivity of
0.06 gpra L1 h1, a high productivity for cultures grown on alkanes.

Processes using cheaper substrates have the potential to lower the production costs of PHAs
production, but for the use of some of these substrates additional processing is needed.
Cerrone et al., (2010) reported an interesting strategy to simultaneously produce PHB and
treat olive mil wastewater using A. vinelandii UWD, A. vinelandii ATCC 12387, or A.
chroococcum. It consisted on a phase of anaerobic digestion of the olive mil wastewater
during 27 h, in order to produce short-chain fatty acids, to later inoculate the Azotobacter
strains for the aerobic PHA producing stage. Similar strategies could be implemented for the
utilization of other agro-industrial residues allowing the use of cheap substrates and
additionally reducing costs by linking PHA production with waste disposal processes.

10. Down stream processes

Alginate and PHAs have been proposed for novel applications in pharmaceutical and
biomedical fields. However, for these applications it is necessary to ensure products with a
high purity, and in most cases with a defined chemical composition. Chemical composition
of these polymers can be controlled by the fermentation stage, but their purity will be
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determined by the down stream processing. Moreover, costs and efficiency of purification
procedures could affect the whole process feasibility.

The extraction process of alginate from Azotobacter, starts with the supernatant recovery
from the fermentation broth by centrifugation. Afterwards, the supernatant is treated with
NaCl,, followed by an acidification-hydration step, and finally it is precipitated with
isopropanol. This final product could be dried and milled (Sabra & Zeng, 2009). However,
alginates for applications in the biomedical and pharmaceutical fields need to be non-
immunogenic, and this extraction process does not ensure a high purity of the product. The
immunogenic response could be due to the presence of polyphenols, endotoxins or proteins
(Ménard et al., 2010). With the purpose of removing these impurities Ménard et al., (2010)
proposed the introduction of size exclusion chromatography (SEC). Using this method, the
authors observed a reduction of up to 90 % of residual protein contaminants in commercial
alginate and therefore a decrease in the immunogenicity of the alginate beads prepared.
Once that alginate is purified, it could be modified to enhance or change its physicochemical
properties, by either chemical (Yang et al., 2011) or enzymatic methods (Morch et al., 2008).
Alginate downstream modifications could include, acetylation, addition of aminoacids
and/or proteins, deacetylation, epimerization, oxidation, sulfation and copolymerization.
The PHAs extraction processes require the separation of the cells containing the polymer by
centrifugation. The recovery of intracellular PHAs could be carried out by solvent extraction
using acetone, chloroform, methylene chloride or dichloroethane. Although this method is
the most used, it is also expensive and environmentally unfriendly (Verlinden et al., 2007;
Yasotha et al., 2006). Besides, several alternative methods have been developed to improve
PHAs purification. Enzymatic digestion does not need hazardous solvents and it shows
high selectivity. Yasotha et al., (2006) proposed an enzymatic method coupled to an
ultrafiltration system and achieved a final PHAs purity of 92.6 % with a recovery of almost
90 %. However, this method could be very expensive. Another interesting alternative for
PHAs recovery was proposed by Page & Cornish (1993), using fish peptone like nitrogen
source for the growth of A. vinelandii. Fish peptone enhanced PHB production and led to the
production of pleomorphic and osmotically sensitive cells. They took advantage of this cell
fragility to simplify PHAs extraction method using NH4;OH at 45°C. With this method PHB
was recovered with a 94% of purity. Finally, Hejazi et al., (2003), developed a method based
on supercritical fluid disruption of the cells using supercritical CO; at 200 atm, with a PHB
recovery of 89%. Although this method also uses organic solvents, it requires less than the
traditional extraction method.

11. Conclusions

Based on a better understanding of the biosynthesis and regulation of alginate and PHAs in
A. vinelandii, as well as on the development of new cell culture systems for biopolymers
production, it is possible to propose new fermentation strategies to obtain alginate and
PHAs with specific chemical characteristics and more defined material properties. These
materials could be used in specific applications in pharmaceutical and biomedical fields. In
summary, this chapter has shown that the use of a multidisciplinary approach, integrating
molecular and bioengineering aspects, would allow the optimization of both alginate and
PHAs production using A. vinelandii.
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ANEXO Il

PERFILES DE TENSION DE OXIGENO DISUELTO
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Anexo 111

ANEXO I

CROMATOGRAMAS CARACTERISTICOS DEL
SOBRENADANTE EN LOS CULTIVOS EN
CONDICIONES DIAZOTROFICAS CON GLUCOSA
COMO FUENTE DE CARBONO



Anexo 111

Estandar de glucosa-acetato a 220 nm

Acetato20mM —>

0.06
Muestra de sobrenadante a 220 nm
004
7
002
o.0on T T T T T T T
2.00 4.00 E.00 3.00 10.00 12.00 14.00 16.00
Minutes

- Estandar de glucosa-acetato IR

2 jomd Glucosa20 mM

1= —/\—

S L FL L HL L N I I I I L
100 200 200 400 500 g0 700 ann anm o Mo 42000 1300 400 1500 1600
Minutes

0. Muestra de sobrenadante IR

= 1000

T T T 1 T T T T T T T T
1.00 200 300 400 500 £.00 700 800 900 1000 11.00 12.00 13.00 1400 15.00 16,00
Winutes




ANEXO IV

MATERIAL ADICIONAL DEL ANALISIS DE FLUJO
METABOLICO
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Tabla IV.1. Relacion masa-carga (m/z) de los iones primarios [M] y los iones de

fragmentacion generados durante la ionizacion ([M-57], [M-85] y [M-

159]) de los aminoacidos proteinogénicos evaluados en el andlisis de flujo

metabdlico (Delis, 2009)

Aminoécido M[m/z] M-57[m/z] M-85[m/z] M-159[m/z]
Alanina 317 260 232 158
Glicina 303 246 218 144
Valina 345 288 260 186
Leucina 359 302 274 200

Isoleucina 359 302 274 200
Serina 447 390 362 288
Fenilalanina 393 336 308 234
Aspartato 475 418 390 316
Glutamato 489 432 404 330
Lisina 488 431 403 329
Arginina 499 442 414 340
Histidina 497 440 412 338
Tirosina 523 466 438 364

En donde, la relacién masa/carga de los iones primarios [M] equivale a la masa total del aminoacido

derivatizado con el MBDSTFA.
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Tabla 1V.2. Reacciones empleadas para el andlisis de flujo metabolico

vinp:
vl:
v2:
v3:
v4:
v5:
v6:
v7:
v8:
v9

v10[r]:
vI1[r]:
v12[r]:

v13:
v14:
v15:

v16[r]:

v17:
v18:
v19:
v20:
v21:
v22:
Ve

V2,»n

GLCap
F6P

DHA
GAP

3PG

PEP

PYR
PYR+CO,
OAA

Go6P

2 R5P
GAP+S7P
R5P+E4P
OAA+ACA
ICT

aKG

SUC
FUM

ICT
ACA+GOX
GoP
KDPG
F-6-P
MAN-6-P
ACA

>

V20 200 28 2N 2N 2N 200 2 20 20N 20N N N 2 N N N 2 2N N N 2

Go6P

GAP + DHA

GAP

3PG + NADH

PEP

PYR

ACA+ CO,+ NADH
OAA

PEP + CO,

R5P + CO,+ 2 NADPH
GAP+S7P

F6P+E4P

F6P+GAP

ICT

oKG + CO,+ NADPH
SUC + CO,+ NADH
FUM + FADH

OAA + NADH
GOX+SUC

OAA

KDPG

PYR+GAP
MAN-6-P

Acido manurénico + 2 NADH

PHB;,
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