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ABSTRACT

A red-pigmented bacterial strain was isolated from indoor cultures of the marine microalga
Tetraselmis suecica Butcher (Prasynophyceae) and identified as belonging to the genus Alteromonas
(strain CECT 4800). Pigment composition was analyzed by means of high-performance liquid
chromatography (HPLC), and spectral characteristics of three major pigments with reddish and yellowish
colorations were determined. Changes in pigment composition during growth in liquid medium
containing either ferric citrate, sodium citrate, glucose or glucose plus iron, as well as in relation to the
oxygen concentration in the liquid medium were investigated. Pigment production was found to be
enhanced with culture aging, the highest enhancement occurring in iron-deprived cultures. An increase in
the major pigment (a red pigment) content of 70% in relation to the initial one took place when a culture
fed with ferric citrate was bubbled with molecular oxygen. In contrast, red pigment content decreased to
about 50% of the initial content when the culture was sparged with nitrogen. Other pigments did not
exhibit substantial modifications. Increase in the red pigment content was also observed after the
different cultures were exposed to diverse oxygen concentrations for one hour. Similar results were
obtained in cultures submitted to both strong aeration and agitation (5 mL min~ air and 500 rpm,
respectively). Findings of this study suggest that pigment production by Alteromonas sp. (strain CECT
4800), in particular that of the red pigment, could rely on the oxygen concentration in the culture medium
due to antioxidative reactions.

Key words: marine bacteria, Alteromonas sp., molecular oxygen, pigment, HPLC.
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RESUMEN

Se ha aislado una cepa bacteriana de color rojo a partir de cultivos de laboratorio de la microalga
marina Tetraselmis suecica Butcher (Prasynophyceae), siendo identificada taxonémicamente como perte-
neciente al género Alteromonas (cepa CECT 4800). Su composicién pigmentaria fue analizada mediante
cromatografia liquida de alta resolucién (HPLC), y se determinaron las caracteristicas espectrales de
sus tres pigmentos mayoritarios, que presentaban coloraciones roja y amarilla. Asimismo, se investigaron
los cambios pigmentarios durante el crecimiento en medio liquido que contenia ya sea citrato sodico,
citrato férrico, glucosa o glucosa mas hierro, asi como en relacion con la concentracion de oxigeno
disuelto en el medio liquido. Se observo que la produccion de pigmento se incrementaba con la edad del
cultivo, siendo las producciones mas altas en cultivos carentes de hierro. Se detecté un incremento del
70% en el contenido del pigmento mayoritario (de color rojo) en relacién con el contenido inicial cuando
un cultivo suplementado con citrato férrico se burbujeaba con oxigeno molecular. Por el contrario, la
concentracion de pigmento rojo sufrié un descenso del 50% con relacion a la concentracién original
cuando el cultivo fue burbujeado con nitrégeno. El resto de los pigmentos no mostraron variaciones
substanciales. Asimismo, se produjo un incremento de la concentracion del pigmento rojo tras la exposi-
cidn de distintos cultivos a diversas concentraciones de oxigeno durante una hora. Resultados similares se
obtuvieron en cultivos sometidos a aireacion fuerte y agitacion (5 mL min—ty 500 rpm, respectivamente).
Los resultados de este estudio sugieren que la produccién de pigmentos por parte de Alteromonas sp.
(cepa CECT 4800), en particular la produccion de pigmento rojo, podria estar relacionado con la cantidad
de oxigeno disuelto debido a reacciones antioxidativas.

Palabras clave: bacterias marinas, Alteromonas sp., oxigeno molecular, pigmento, HPLC.

INTRODUCTION INTRODUCCION

Evidence exists on associations between Existen evidencias acerca de la asociacion
algal and bacterial populations in both natural entre algas y bacterias, tanto en ambientes
environments and cultures (Caldwell, 1977; naturales como en cultivos (Caldwell, 1977;
Jones, 1982; Paerl and Pinckney, 1996) and the Jones, 1982; Paerl y Pinckney, 1996) y se ha
interactions involved in those associations have demostrado que las interacciones implicadas en
been shown to be mainly assimilation by  tales asociaciones son principalmente la
bacteria of organic compounds released by asimilacion por parte de las bacterias de
algae (Bell, 1983), while bacteria might supply compuestos organicos liberados por las algas
CO, to algae (Marshall, 1989). In fact, it has (Bell, 1983), mientras que las bacterias podrian
been found that a number of algae grow in proporcionar CO, a las algas (Marshall, 1989).
bacteria-contaminated cultures better than in De hecho, se ha comprobado que un gran
axenic ones (Berland et al., 1970; Fitzsimons nimero de algas crecen mejor en cultivos
and Smith, 1984; Tranvik, 1990; Sundh, 1992). contaminados con bacterias que en cultivos
Molecular oxygen is the main product released axénicos (Berland et al., 1979; Fitzsimons y
by algae during photosynthetic activity, and Smith, 1984; Tranvik, 1990; Sundh, 1992). El
consumption by associated bacteria of this oxigeno molecular es el principal producto
photosynthetically produced oxygen has been excretado por las algas durante la actividad
proposed as an important factor in regulating fotosintética y se ha propuesto que el consumo
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photosynthesis of the alga due to reduction of
oxygen tension within the microenvironment of
the algal cells (Caldwell, 1977; Escher and
Characklis, 1982; Mouget et al., 1995). How-
ever, at higher rates of photosynthesis, oxygen
could result harmful for the associated bacteria
as well.

Species of the genus Alteromonas are com-
mon in the marine environment but appear to
be rare or absent in most terrestrial habitats
(Baumann et al., 1984; Andrykovitch and
Marx, 1988). They are chemoorganotrophs
capable of respiratory but not fermentative
metabolism with molecular oxygen as univer-
sal electron acceptor. Some species show
pigmentation from lemon-yellow to violet. So,
coloration is due to prodigiosin in Alteromonas
rubra (Gerber and Gauthier, 1979), to violacein
in A. luteoviolacea (Gauthier, 1976), to uniden-
tified non-carotenoid pigments in A. citrea and
A. aurantia (Gauthier and Breittmayer, 1979),
and melanins in A. hanedai, A. nigrifaciens and
the novel strain MMB-1 (CECT 4803)
(Baumann et al., 1984; Solano et al., 1997).
Species of Alteromonas have deserved
attention because they are producers of com-
pounds with antibiotic or inhibitory properties,
including some of the aforementioned pig-
ments (Gauthier and Flatau, 1976; Ballester et
al., 1977; Wratten et al., 1977; Lemos et al.,
1985), and siderophores (Reid et al., 1993;
Riquelme, 1996). Interestingly, antibiotics and
growth inhibitory compounds from species of
the genus Alteromonas have been shown to act
through increasing oxygen uptake, with con-
current deficient reduction and formation of
radicals (Gauthier and Flatau, 1976; Austin,
1988).

From diverse microalgae cultures, red bac-
terial colonies were isolated at our laboratory
(Gonzélez-del Valle, 1997) that were identified
as belonging to the genus Alteromonas. In
this paper, we report changes in pigment
composition of one of them during its growth
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de este oxigeno por parte de las bacterias
asociadas es un factor importante en los
procesos de regulacion de la fotosintesis,
debido a la reduccidn de la tension de oxigeno
en el microambiente adyacente a las células
algales (Caldwell, 1977; Escher y Charaklis,
1982; Mouget et al., 1995). Sin embargo, a
tasas altas de fotosintesis el oxigeno puede
resultar también perjudicial para las bacterias
asociadas.

De entre las bacterias marinas pigmen-
tadas, son comunes las especies del género
Alteromonas, que parecen estar ausentes o
encontrarse raramente en la mayoria de los
habitats terrestres (Baumann et al., 1984;
Andrykovitch y Marx, 1988). Son quimio-
organotrofas con un metabolismo respiratorio
pero no fermentativo, que utilizan el oxigeno
como aceptor universal de electrones. Algunas
especies muestran coloraciones desde amarillo
hasta violeta. Asi, la coloracidn se debe al pig-
mento prodigiosina en Alteromonas rubra
(Gerber y Gauthier, 1979), a la violaceina en A.
luteoviolacea (Gauthier, 1976), a pigmentos
no carotenoides no identificados en A. citrea y
A. aurantia (Gauthier, 1977, Gauthier y
Breittmayer, 1979), y melaninas en A. hanedai,
A. nigrifaciens y la cepa nueva MMB-1 (CECT
4803) (Baumann et al., 1984; Solano et al.,
1997). Ciertas especies de Alteromonas han
atraido la atencion debido a su produccion de
compuestos con actividad antibiotica, inclu-
yendo algunos de los pigmentos anteriormente
mencionados (Gauthier y Flatau, 1976;
Ballester et al., 1977; Wratten et al., 1977;
Lemos et al., 1985) y sideréforos (Reid et al.,
1993; Riquelme, 1996). Es interesante observar
que tanto los antibi6ticos como los compuestos
inhibidores del crecimiento obtenidos de espe-
cies del género Alteromonas acttan incremen-
tando la incorporacion de oxigeno, provocando
una reduccion deficiente y la formacion de
radicales (Gauthier y Flatau, 1976; Austin,
1988).
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in culture and under different oxygen-involving
treatments.

MATERIALS AND METHODS
Culture

The bacterium used in this study was iden-
tified as belonging to the genus Alteromonas
(Alteromonas sp., strain CECT 4800)
(Gonzélez-del Valle, 1997), and was isolated
from cultures of the marine microalgae
Tetraselmis suecica (Prasynophyceae), which
was obtained from the Microalga Culture
Collection of the Instituto de Ciencias Marinas
de Andalucia (CSIC, Cadiz, Spain). A stock
bacteria culture was kept at 4°C on marine agar
2216 medium (DIFCO) and renewed monthly.
In all experiments, 2 L of liquid medium was
inoculated with cells from the stock bacterial
culture in the exponential growth phase. The
medium was prepared in artificial seawater,
with the following salt concentration (w/v):
2.43% NaCl, 0.01% CaCl,, 0.40% MqgCl,,
0.007% NaBr, 0.06% KCI, 0.002% KHCO,,
and 0.63% MgSO,, to which 0.1% yeast
extract, 0.5% protease peptone and a carbon
source were added. Bacterial cell density was
achieved by determining the number of colony
formation units (CFU), according to the
methodology described by Buck (1979).

Experimental

Pigment content was determined during
bacterial growth in cultures to which citrate,
either as sodium or ferric salt, and glucose,
either alone or implemented with iron (FeCl,),
were added as carbon source, all of them to a
final concentration of 0.01% (w/v).

In order to verify the hypothesis on the
existence of a relationship between oxygen
saturation level and pigment content, three
independent experiments were conducted in a
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A partir de diversos cultivos de microalgas,
en nuestro laboratorio se aislaron colonias de
bacterias de color rojo (Gonzélez-del Valle,
1997) que se identificaron como pertenecientes
al género Alteromonas. En este trabajo se des-
criben cambios en la composicion pigmentaria
de una de ellas, durante su crecimiento en cul-
tivo y bajo distintos tratamientos, relacionados
con la concentracion de oxigeno en el medio.

MATERIAL Y METODOS
Cultivos

La bacteria utilizada en este estudio se
identific6 como perteneciente al género
Alteromonas (Alteromonas sp., cepa CECT
4800) (Gonzalez-del Valle, 1997), y fue aislada
a partir de cultivos de la microalga marina
Tetraselmis suecica (Prasinophyceae), obte-
nida de la Coleccion de Microalgas Marinas del
Instituto de Ciencias Marinas de Andalucia
(CSIC, Cédiz, Espafia). Un cultivo bacteriano
stock se mantuvo a 4°C en medio agar marino
2216 (DIFCO), sujeto a renovacién mensual.
Para todos los experimentos se inocularon 2 L
de medio liquido con células obtenidas a partir
del stock bacteriano en fase de crecimiento
exponencial. EI medio se prepard en agua de
mar artificial con la siguiente composicion
salina (p/v): 2.43% NacCl, 0.01% CaCl,, 0.40%
MgCl,, 0.007% NaBr; 0.06% KCI, 0.002%
KHCO;,, y 0.63% MgSO,, adicionada con 0.1%
de extracto de levadura y 0.5% de proteasa
peptona, ademas de una fuente de carbono. La
concentracion de bacterias se evalud por deter-
minacion de las unidades formadoras de colo-
nias (CFU), segln el método mostrado en Buck
(1979).

Experimentacion

El contenido en pigmentos durante el creci-
miento bacteriano se determind en cultivos a
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bench-top fermentor system equipped with a
2-L capacity cuvette. Temperature was main-
tained constant at 35°C (the optimal tem-
perature for growth) by means of circulating
water connected to a recirculation cooler. In a
first experiment, a culture grown for 24 hours
at a cell density of 5.0 [10¢ cells mL~! was
bubbled with oxygen at 100% saturation
for one hour. A 250-mL sample was then
taken for pigment analysis. Afterwards, the
remaining culture was bubbled with N, for
up to 24 hours and samples for pigment analy-
sis were taken at time intervals of 2, 12 and
24 hours (cell densities were 5.7 0108, 1.4 0108
and 2.0 (1108 cells mL?, respectively). The aim
of N, bubbling was to check whether removal
of oxygen brought about a depletion in pigment
content. In a second experiment, cultures fed
with citrate and with glucose (see above) were
exposed to a fixed saturation of oxygen,
namely 20%, 50% and 100% for one hour, and
induced-changes in pigments then determined.
In a third experiment, two cultures were
aerated with atmospheric air (air flows were
0.5 and 5 mL min); two other cultures were
maintained without aeration but agitated at
50 or 500 rpm; and, finally, a culture was
submitted to an air flow of 0.5 mL min~* and
agitated at 50 rpm (soft conditions), and
another culture was submitted to 5 mL min™ of
air flow and agitated at 500 rpm (strong
conditions). A culture with neither aeration nor
agitation was used as control. Pigment analy-
sis was carried out after 48 hours of growth
(about 108 cells mL1). In this latter experiment,
cultures (2 L) were inoculated with an
appropriate volume of the stock culture to
yield a cell density of about 10¢ cells mL™.
Oxygen saturation level and pH were measured
on-line with an Ingold O, sensor and an
Ingold 405-OPAS/200 electrode, respectively,
immersed in the culture cuvette, and values
registered every 15 minutes.
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los que se afiadio citrato, como sal sddica o sal
férrica, o glucosa, tanto sola como suplemen-
tada con hierro (FeCl;), como fuente de car-
bono, siempre a una concentracion final de
0.01% (p/v).

Con objeto de verificar la hip6tesis de la
existencia de una relacion entre el nivel de
saturacion de oxigeno y el contenido en pig-
mentos, se desarrollaron tres experimentos
independientes en un fermentador equipado
con una cubeta de 2 L de capacidad. La tempe-
ratura se mantuvo constante a 35°C (tempera-
tura dptima de crecimiento) mediante agua
circulante conectada a un sistema refrigerante.
En un primer experimento, un cultivo crecido
durante 24 horas con citrato férrico a una densi-
dad de 5.0 - 10° células mL* se burbujeé con
oxigeno hasta saturacion durante una hora,
después de la cual se tom6 una alicuota de
250 mL para su andlisis pigmentario. El resto
del cultivo se burbujeé con N, durante 24 horas
y se tomaron muestras para anélisis pigmen-
tario a las 2, 12 y 24 horas (las densidades celu-
lares en esos tiempos fueron 5.7 - 106, 1.4 - 108
y 2.0 - 108 células mL-, respectivamente). El
objeto de burbujear con nitrégeno fue compro-
bar si la remocién de oxigeno conllevaba una
disminucién en los contenidos pigmentarios.
En un segundo experimento, cultivos suple-
mentados con citrato y con glucosa (ver
descripcion anterior) se expusieron a una con-
centracion fija de oxigeno (20%, 50% y 100%
de saturacién) durante una hora y se determi-
naron los cambios inducidos en los pigmentos.
En un tercer experimento, se burbujearon dos
cultivos con aire atmosférico con flujos de 0.5
y 5 mL min-, respectivamente; otros dos culti-
VO0S Se mantuvieron sin aireacion pero sujetos a
agitacion orbital de 50 y 500 rpm, respectiva-
mente; y finalmente un cultivo se sometié a un
flujo de aire de 0.5 mL min- y agitacién de
50 rpm (condiciones suaves), mientras que otro
se someti6 a un flujo de aire de 5 mL minty
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Pigment analysis

For high-performance liquid chromatogra-
phy (HPLC) analysis of pigments, 250-mL
samples of a 48-hour grown culture were cen-
trifuged at 4500 rpm for 30 minutes; the super-
natant was discarded and pellet sonicated with
2 mL chloroform for pigment extraction. After
a new centrifugation, the supernatant was col-
lected, solvent evaporated to dryness and pig-
ments resuspended in an appropriate volume of
methanol. Analyses were performed with a
WATERS 600E Multisolvent Delivery System,
equipped with a RP-C18 column packed
with Spherisorb ODS-2 (15 cm X 4 mm i.d.
and 5-um particle size). Samples were filtered
through a 0.22-pm nylon membrane and 20 pL
then injected. Elution was according to the
gradient system developed by Minguez-
Mosquera et al. (1992), at a constant flow of
1.0 mL min-! during 30 minutes. A Program-
mable Photodiode Array Detector (PDA,
WATERS 991) was used for pigment detec-
tion, with data being acquired three-
dimensionally  (absorbance-time-wavelength)
over the wavelength range of 350 to 750 nm.

Pigments were quantified using the spe-
cific extinction coefficients (E*,.,) of
125L gt cm for pigments 1 (red pigment)
and 2, and of 11.7 L g cm for pigments
3 (yellow pigment) and 4. These coefficients
were determined spectrophotometrically from
the slope of the linear regression between the
absorbance of 100% acetone solutions con-
taining a known amount of the red pigment and
their concentration in percent (w/v).

RESULTS

HPLC and spectrophotometrical analyses of
pigments

A typical HPLC-chromatogram of pig-
ments from Alteromonas sp. (strain TSHRS3,
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agitacion de 500 rpm (condiciones fuertes). Se
usé un cultivo sin aireacion ni agitacion como
control. Se llevd a cabo el anélisis de pigmen-
tos tras 48 horas de crecimiento (alcanzandose
entonces una densidad celular de 108 células
mL-1). En este Gltimo experimento, los cultivos
de 2 L se inocularon con un volumen apropiado
de cultivo stock para alcanzar una densidad
celular de alrededor de 106 células mL™. El
nivel de saturacion de oxigeno se midi6
polarograficamente mediante un sensor de O,
Ingold y el pH se midi6 con un electrodo
Ingold 405-OPAS/200, ambos sumergidos en
la cubeta de cultivo, con registros de ambas
variables a intervalos de 15 minutos.

Analisis de pigmentos

Para el andlisis de pigmentos mediante
cromatografia liquida de alta resolucion
(HPLC), se centrifugd en cada caso una mues-
tra de 250 mL de cultivo durante 30 minutos a
4500 rpm tras 48 horas de crecimiento. Se
descarté el sobrenadante y el residuo sélido se
sonico con 2 mL de cloroformo para la extrac-
cion de los pigmentos. A continuacion se
volvié a centrifugar y una vez recogido el
sobrenadante, se evaporo el disolvente a seque-
dad y los pigmentos se resuspendieron en un
volumen apropiado de metanol. Los analisis se
llevaron a cabo con un sistema multisolvente
WATERS 600E, equipado con una columna
RP-C18 empaquetada con Spherisorb ODS-2
(15 cm X4 mm d.i. y 5 pm de tamafio de parti-
cula). Las muestras se filtraron por una mem-
brana de nylon de 0.22 um de tamafio de poro,
y después se inyectaron 20 pL. La elucion se
llevd a cabo segin un sistema en gradiente
desarrollado por Mosquera et al. (1992), a
un flujo constante de 1.0 mL min-! durante
30 minutos. Para la deteccion de los pigmentos
se us6 un detector PDA (Programmable Photo-
diode Array Detector, WATERS 991). Los
datos se adquirieron de forma tridimensional
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CECT 4800) is shown in figure 1a. A red pig-
ment, corresponding to the chromatographic
peak 1, always predominated in content over
the other pigments. A second major pigment
corresponding to the chromatographic peak 3
presented a yellow coloration. These pigments
could not be identified. Spectra of these pig-
ments and of pigment 2 (peak 2 in fig. 1a) are
shown in figure 1b. Pigments 1 and 2, on the
one hand, and pigments 3 and 4, on the other,
presented similar spectral characteristics.
Maximum absorption wavelengths of the red
and yellow pigments in different solvents are
given in table 1. The red pigment only
exhibited a maximum at about 475 nm in every
solvent, apart from in benzene and in
chloroform, which was at 491 and 488 nm,
respectively. In contrast, the yellow pigment
spectrum exhibited three maxima, peaking at
similar wavelengths in all solvents.

Pigment variations during culture growth

The contents (in pg CLO® cells) of pigments
1, 2 and 3 at different time intervals during
culture growth are depicted in figure 2 for the
cultures fed with sodium citrate, ferric citrate,
glucose and glucose plus iron. No significant
(P < 0.01) differences in the growth pattern
were observed among the diverse cultures (data
not shown). In all of them, red and yellow pig-
ment contents per cell rose to a maximum after
an eight-hour time interval of growth, this rise
coinciding with the onset of the log phase. The
pigment contents then fell close to zero and,
with culture aging, the pattern of evolution of
each pigment was dependent on the culture
type. So, after 48 hours of culture growth, the
red pigment content augmented in all of them,
the maximum value being obtained with
sodium citrate and the minimum value with
glucose plus iron; the yellow pigment content
only rose in both iron-deprived cultures, and
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(absorbancia-tiempo-longitud de onda) sobre el
intervalo de longitudes de onda entre 350 y
750 nm.

Los pigmentos se cuantificaron aplicando
los coeficientes especificos de extincion
(E*,,) de 12.51 L gt cm™ para los pigmen-
tos 1y 2 (pigmento rojo), y de 11.7 L gt cm™
para los pigmentos 3 (pigmento amarillo) y 4.
Estos coeficientes de extincion se determinaron
espectrofotométricamente a partir de la pen-
diente de la regresion lineal entre la absorban-
cia de una cantidad conocida de pigmento
disuelta en acetona y la concentracion de pig-
mento expresada en porcentaje (p/v).

RESULTADOS

Analisis espectrofotométrico y por HPLC de
los pigmentos

Un cromatograma tipico de los pigmentos
de Alteromonas sp. (CECT 4800) obtenido
mediante HPLC se muestra en la figura la. El
pigmento de color rojo, que corresponde al
pico cromatogréafico 1, siempre fue mayoritario
respecto al resto de los pigmentos. El segundo
en importancia desde el punto de vista cuantita-
tivo corresponde al pico cromatografico 3 y
mostrd un color amarillo. Ninguno de los dos
pigmentos pudo ser identificado. Los espectros
de estos dos pigmentos, asi como el correspon-
diente al pico 2, se muestran en la figura 1b.
Los pigmentos 1y 2 presentaron caracteristicas
espectrales similares y, aunque no se ha repre-
sentado el espectro correspondiente al pico 4,
su espectro de absorcion es muy similar al del
pico 3. Los maximos de absorcion para los pig-
mentos rojo y amarillo en diferentes disolven-
tes se muestran en la tabla 1. EI pigmento rojo
presentd un Gnico pico sobre 476 nm en los sol-
ventes ensayados excepto en benceno y cloro-
formo, en los que los méximos de absorcion
fueron a 491 y 488 nm, respectivamente. Por el
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Figure 1. (@) Chromatographic and (b) spectrophotometric characteristics of pigments from Alteromonas
sp. (strain CECT 4800). (For details see text.)

Figura 1. Caracteristicas (a) cromatograficas y (b) espectrofotométricas de los pigmentos de Alteromonas
sp. (cepa CECT 4800). (\Ver texto.)

Table 1. Maximum absorption wavelengths (nm) in different solvents of the two major pigments (peaks 1
and 3 in the chromatogram of fig. 1) from Alteromonas sp. (strain CECT 4800).

Tabla 1. Maximos de absorcién (nm) en diferentes disolventes de los dos pigmentos mayores (picos 1y 3
en el cromatograma de la fig. 1) de Alteromonas sp. (cepa CECT 4800).

Solvent Peak 1 Peak 3
Trichloromethane 488 -
Diethyl ether 476 444/470/502
n-Hexane 476 -
Bencene 491 -
Acetone 477 448/473/505
Ethanol 477 442/472/503
Methanol 475 446/469/500
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Figure 2. Changes in main pigment contents during 48 hours of growth of cultures of Alteromonas sp.
(strain CECT 4800) in liquid medium and fed with sodium citrate (square), ferric citrate (circle), glucose
(triangle) or glucose plus iron (inverted triangle). (a) Peak 1 (red pigment) in figure 1, (b) peak 2 in
figure 1 and (c) peak 3 (yellow pigment) in figure 1. Values are the mean of three independent

experiments. (Note the different y-axis scales.)

Figura 2. Cambios en los contenidos de los pigmentos principales de Alteromonas sp. (cepa CECT 4800)
durante 48 horas de crecimiento en medio liquido suplementado con citrato sédico (cuadrado), citrato
férrico (circulo), glucosa (triangulo) o glucosa mas hierro (triangulo invertido). (a) Pico 1 (pigmento rojo)
en la figura 1, (b) pico 2 en la figura 1 y (c) pico 3 (pigmento amarillo) en la figura 1. Los valores repre-
sentan la media de tres experimentos independientes. (Ndtese la diferencia de escala en las ordenadas.)

pigment 3 content rose in the glucose-fed
culture.

Oxygen-induced variations in pigment
contents

Red pigment content (expressed in pg (10~
cells) rose with increasing oxygen concentra-
tions in all the experiments. In the first experi-
ment, after sparging with molecular oxygen for
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contrario, el espectro del pigmento amarillo
mostré tres picos a longitudes de onda simila-
res en todos los disolventes utilizados.

Variaciones de los pigmentos durante el
crecimiento del cultivo

Los contenidos (en pg [10° células) de los
pigmentos 1, 2 y 3 en diferentes intervalos de
tiempo durante el crecimiento del cultivo se
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one hour, the red pigment content had risen
about 1.7-fold in relation to the initial content
(fig. 3). Even though a minimal increase in the
red pigment content was still detected after two
hours of nitrogen bubbling, it dropped to about
15% and 9% of the initial content following
12 and 24 hours, respectively, of bubbling
with nitrogen. Pigment 3 did not augment with
oxygen but dropped after bubbling with nitro-
gen for 12 hours. Pigment 2 underwent similar
variations to those of the red pigment, though
to a lesser extent.

Figure 4 illustrates the results of the second
experiment. The oxygen saturation level in the
cultures before the treatment ranged between
8% and 12%. Initial contents of the red
pigment were in the order of 1.83 + 0.22 pg
pigment (105 cells. Increases in the red pig-
ment content were related to the increase in
oxygen levels in both glucose-fed cultures,
but they did not differ substantially in the
citrate-fed cultures among the three oxygen
saturations assayed.

The contents of pigments 1 and 2, as well
as the sum of both pigments, in a glucose-fed
culture under different regimes of aeration and
agitation are shown in figure 5. The higher
contents were obtained in the experiment com-
bining agitation and aeration; however, under
soft conditions (0.5 mL min-! of air flow and
agitation at 50 rpm), it was about 50% of the
content under strong conditions (5 mL min
of air flow and agitation at 500 rpm), where
the red pigment content accounted for more
than 95% of the total. In general, aeration
raised the pigment pool content more than
agitation.

Evolutions of oxygen saturation and pH of
the medium over the course of these experi-
ments are displayed in figure 6. From initial
levels of 90% to 100%, oxygen saturation
levels soon fell to zero in cultures without or
soft aeration, while in cultures submitted to
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detallan en la figura 2 para los cultivos suple-
mentados con citrato sddico, citrato férrico,
glucosa y glucosa més hierro. No se observaron
diferencias significativas (P < 0.01) entre los
parametros de crecimiento de los diferentes
cultivos (datos no mostrados). En todos ellos,
el contenido de los pigmentos rojo y amarillo
por célula creci6 durante las primeras ocho
horas, coincidiendo con el inicio de la fase
logaritmica. A continuacion los contenidos en
pigmentos disminuyeron hasta casi cero y, a
partir de las 24 horas, conforme envejece el
cultivo, la variacion de cada pigmento depen-
dié del tipo de cultivo. Asi, tras 48 horas de
crecimiento, el pigmento rojo aumenté en
todos ellos, obteniéndose el valor méximo en
medios suplementados con citrato sddico,
mientras que el minimo se obtuvo en medios
suplementados con glucosa mas hierro. El con-
tenido en el pigmento correspondiente al pico 2
s6lo aumentd en los cultivos carentes de hierro
y el contenido del pigmento amarillo lo hizo en
los cultivos suplementados con glucosa.

Variaciones en los pigmentos inducidas por
el oxigeno

En todos los experimentos realizados, el
contenido del pigmento rojo (expresado en
pg - 105 células) aumenté con el incremento de
la concentracion del oxigeno. En el primer
experimento, tras burbujear el cultivo con oxi-
geno molecular durante una hora, el contenido
celular de pigmento rojo aumenté alrededor de
1.7 veces en relacion con el contenido inicial
(fig. 3). A partir de este momento se burbujed
con nitrégeno y aunque se detecté un pequefio
incremento tras dos horas, la concentracion
celular del pigmento disminuyé hasta el 15% y
el 9% respecto al contenido inicial al cabo de
12 y 24 horas, respectivamente. El pigmento
correspondiente al pico 3 no aumentd con el
oxigeno, pero cayo0 tras 12 horas de burbujeo
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Figure 3. Changes in major pigment contents induced by bubbling the culture with molecular oxygen for
one hour and with nitrogen for up to 24 hours. Pigment number corresponds to the peak number in

figure 1.

Figura 3. Cambios en los contenidos de los pigmentos mayoritarios inducidos por el burbujeo de oxigeno
molecular al medio durante una hora y de nitrégeno durante 48 horas. Los nimeros de los pigmentos

corresponden a los nimeros de los picos en la figura 1.

strong aeration (5 mL min-t) oxygen dropped
initially but rose to about 90% saturation with
prolonged treatment. In cultures without aera-
tion, as in control cultures, pH values always
kept below 7 during the experimental period,
while pH values gradually rose to about 8.0 in
cultures with aeration.

DISCUSSION

Despite the important number of reports on
Alteromonas species isolated from natural
marine waters, few deal with Alteromonas
species inhabiting indoor cultures of micro-
algae. In addition, little information exists on
pigments from Alteromonas species apart from
prodigiosin, violacein and melanin (Harwood
and Russell, 1984; Margalith, 1992). Uniden-
tified non-carotenoid pigments were also
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con nitrégeno. El pigmento 2 siguié variacio-
nes similares a las del pigmento rojo aunque en
menor medida.

La figura 4 muestra los resultados obteni-
dos en el segundo experimento. El nivel de
saturacion de oxigeno en los cultivos antes del
tratamiento se hallaba entre 8% y 12%. El con-
tenido inicial de pigmento rojo fue de 1.83 +
0.22 pg de pigmento - 1078 células. Los aumen-
tos en los contenidos de pigmento se relaciona-
ron con el incremento de los niveles de oxigeno
en los dos cultivos suplementados con glucosa,
pero no difirieron substancialmente en los
cultivos suplementados con citrato en las tres
saturaciones de oxigeno ensayadas.

Los contenidos de los pigmentos 1y 2, asi
como la suma de ambos pigmentos en un cul-
tivo con glucosa bajo diferentes regimenes de
aireacion y agitacion se muestran en la figura 5.
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Figure 4. Sum of pigments 1 and 2 contents in pg - 1076 cells (mean value * standard deviation with n = 3)
from Alteromonas sp. (strain CECT 4800) in cultures fed with ferric citrate (FC), sodium citrate (SC),
glucose (G) and glucose plus iron (GFe), and submitted to different oxygen saturation levels (20%, 50%
and 100%). Oxygen saturation in the initial cultures ranged between 8% and 12%. Pigments 1 and 2
correspond to peaks 1 and 2, respectively, in figure 1.

Figura 4. Suma de los contenidos de los pigmentos 1y 2 expresados en pg - 1075 células (valores medios
+ desviacion tipica con n = 3) extraidos de Alteromonas sp. (cepa CECT 4800) en cultivos con citrato
férrico (FC), citrato sodico (SC), glucosa (G) y glucosa con hierro (GFe), y sometidos a distintos niveles
de saturacion de oxigeno (20%, 50% y 100%). Los niveles de saturacién de oxigeno en los cultivos
iniciales variaron entre 8% y 12%. Los pigmentos 1y 2 corresponden a los picos 1y 2, respectivamente,

en lafigura 1.

reported for A. citrea and A. aurantia (Gauthier
and Breittmayer, 1979). In this study, spectro-
photometrical and chromatographic character-
istics of the major pigments from Alteromonas
sp. are shown, even though they do not coin-
cide with those reported in the literature for
known pigments and pigments could not be
thereby identified. Similarity in these charac-
teristics between pigments 1 and 2, on the one
hand, and between pigments 3 and 4, on the
other, suggests that they could be related
chemically and, perhaps, biosynthetically.
Pigment production was always found to
increase with enhanced oxygen concentration
in the medium, while the red pigment content
dropped when oxygen was removed from the
medium by bubbling with nitrogen. Hence, it
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Los contenidos mas altos se obtuvieron en los
experimentos que combinaban agitacion y
aireacion, pero bajo condiciones suaves los
contenidos de pigmentos fueron de un 50% res-
pecto a los obtenidos bajo condiciones fuertes,
en las cuales el contenido de pigmento rojo
correspondié a mas del 95% del total. En
general, la aireacion increment6 el contenido
pigmentario mas que la agitacion.

Las evoluciones de la saturacion de oxi-
geno y del pH en el medio durante el curso de
estos experimentos se muestran en la figura 6.
Desde niveles iniciales de 90% a 100%, los
niveles de saturacién de oxigeno pronto
cayeron a cero en cultivos sin aireacion o con
aireacion débil, mientras que en cultivos
sometidos a aireacion fuerte, el oxigeno cayd



Gonzalez-del Valle et al.: Oxygen-induced pigment variations in Alteromonas sp.

50

()
40

pg pigment/lo6 Cells

4 Hj%l il |

Air flow (ml min'l)
50

(b)
40

30

20

pg pigment/lO6 Cells

10

I T 1

0 50 500
Agitation (rpm)

50

(©)

pg pigment/lo6 Cells

L 17

I f T
0/0 0.5/50 5/ 500

Air flow (ml min'l)/Agitation (rpm)

Figure 5. Changes in pigments 1 (white bars) and 2 (hatched bars) (peaks 1 and 2 in the chromatogram of
fig. 1) and in the sum of both pigments (dark bar) from Alteromonas sp. cells under different treatments
with aeration and/or agitation: (a) aeration, (b) agitation, and (c) aeration + agitation.

Figura 5. Cambios en los pigmentos 1 (blanco) y 2 (rayado) (picos 1y 2 en la fig. 1) y en la suma de
ambos pigmentos (sombreado) obtenidos de células de Alteromonas sp. bajo diferentes tratamientos de
aireacion y/o agitacion: (a) aireacion, (b) agitacion y (c) aireacion + agitacion.
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Figure 6. Evolution of oxygen saturation level (left panel) and pH (right panel) in the culture medium
during the agitation/aeration treatments. (a) Aeration: circle = control, square = 0.5 mL air min-, and
triangle = 5.0 mL air min. (b) Agitation: circle = control, square = 50 rpm, and triangle = 500 rpm.
(c) Aeration + agitation: circle = control, square = 0.5 mL air min~! + 50 rpm, and triangle = 5.0 mL
air min=t + 500 rpm.

Figura 6. Evolucion de los niveles de saturacion de oxigeno (panel izquierdo) y de pH (panel derecho) en
el medio de cultivo durante los tratamientos de agitacion/aireacion. (a) Aireacion: circulo = control,
cuadrado = 0.5 mL de aire min~%, y triangulo = 5.0 mL de aire min~'. (b) Agitacion: circulo = control,
cuadrado = 50 rpm, y triangulo = 500 rpm. (c) Aireacion + agitacion: circulo = control, cuadrado =
0.5 mL de aire min~t + 50 rpm, y triangulo = 5.0 mL de aire min=t + 500 rpm.
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seems likely that pigment production by
Alteromonas cells is related to an enhancement
in oxygen concentration. Respiratory capacity
has been shown to decrease strongly during the
senescence growth phase as compared with that
during the exponential growth phase (Packard
et al., 1996), and Kjeldgaard (1963) pointed
out that biosynthetic abilities diminish with the
growth rate. Therefore, higher pigment content
with culture aging seems to be bound to oxygen
oversaturation inside the cell during late
growth stages as a consequence of a reduced
metabolic capacity and, consequently, sub-
optimal substrate metabolization. Otherwise,
since one of the known mechanisms of dis-
solved organic removal implies hydroxylation
of substrate in cell membrane lipid through the
action of membrane bound oxygenases
(Button, 1994), the observed differences in
pigment content between the cultures fed with
glucose and with citrate suggest that pigment
formation could be related to substrate intake.
Indeed, cultures in solid medium also exhibited
deep reddish coloration after seven days of
growth.

Molecular oxygen may inhibit nutrient
metabolization and oxidize membrane lipids
(Krieg and Hoffman, 1986; Fay, 1992; Paerl
and Pinckney, 1996); consequently, survival in
the aquatic environment may rely on the ability
to ameliorate the harmful potentialities of oxic
conditions. Indeed, the function of non-
photosynthetic pigments seems to be defense
against oxidants and free radicals (Harwood
and Russell, 1984; Margalith, 1992). So, taking
into account that bacteria associated with
microalgae may have to cope with excessive
oxic conditions due to oxygen released in pho-
tosynthesis, the red pigment could be the result
of a mechanism to avoid a possible damage
from those oxic conditions, either as a direct
agent or as a secondary metabolite.

In conclusion, our results show that the red
pigment production by Alteromonas sp. (strain
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inicialmente pero se incrementd hasta cerca de
90% de saturacion tras prolongarse el trata-
miento. En cultivos sin aireacion, los valores de
pH siempre se mantuvieron por debajo de 7
durante el periodo experimental, al igual que en
los cultivos control, mientras que los valores de
pH se incrementaron gradualmente hasta cerca
de 8.0 en cultivos con aireacion.

DISCUSION

A pesar de que existe un nimero impor-
tante de informes acerca de especies del género
Alteromonas aisladas a partir de muestras de
agua de mar natural, pocos trabajos se ocupan
de especies del citado género que crezcan en
cultivos microalgales de laboratorio. Ademas,
existe poca informacion acerca de los
pigmentos producidos por Alteromonas, a
excepcion de la prodigiosina, la violaceina y
la melanina (Harwood y Russell, 1984,
Margalith, 1992). También se ha citado la
presencia de pigmentos no carotenoides sin
identificar en A. citrea y A. aurantia (Gauthier
y Breittmayer, 1979). En este estudio se mues-
tran las caracteristicas espectrofotométricas y
cromatogréficas de los pigmentos mayoritarios
para Alteromonas sp., si bien no coinciden con
ninguno de los descritos en la bibliografia y no
han podido ser identificados. Las similitudes
entre los pigmentos 1y 2, por un lado, y entre
los pigmentos 3 y 4, por otro, sugieren que
podrian estar relacionados quimicamente v, tal
vez, biosintéticamente.

Cuando se elevaron los niveles de oxigeno
del medio se incrementd la produccion de pig-
mento rojo, mientras que su contenido decreci
cuando se retiré el oxigeno del medio mediante
burbujeo con nitrégeno. Asi, parece que la pro-
duccion de pigmentos por Alteromonas esta
relacionada con un incremento de la concentra-
cion de oxigeno. Se ha observado un fuerte
detrimento de la capacidad respiratoria durante
la fase de envejecimiento en comparacion
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CECT 4800) depends upon the oxygen concen-
tration in the medium, which leads to enhanced
production with culture aging. Therefore,
pigment formation is interpreted in terms of
deficiencies during substrate metabolization
and/or uptake. On the other hand, the red
pigment could be involved in a protective
mechanism against excessive oxic conditions.
Elucidation of its chemical structure by means
of instrumental analysis techniques may help to
clarify this issue; however, one of the main
problems that we encountered is the achieve-
ment of the purity grade necessary to accom-
plish these analyses.
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