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Production of metabolites from Scenedesmus sp. and a microalgal consortium
cultured in unconventional media
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ABSTRACT. Growth comparisons were made between a microalgal consortium and Scenedesmus sp. cultivated in treated wastewater (TWw)
enriched with 1 mL-L™! Bayfolan Forte fertilizer (BM), TWw enriched with (NH,),HPO, (PAM), TWw enriched with NH,HCO, (BCAM), tap
water with piggery wastewater (PEM), tap water with piggery wastewater digestate (PDM), and raw wastewater (Ww). Nitrogen (N) content in
the media, except for TWw, was adjusted to 80 mg-L~' N (NH,"-N and NO,™-N). Unconventional low-cost media with lower nutrient contents
(BM and TWw) showed adequate productions of biomass and lipids. PEM was the most advantageous medium, showing the highest biomass
productivity with the consortium (191.25 + 6.25 g-L-'-d™") and a lipid productivity of 36.75 + 9.90 mg-L'"-d"". The fatty acid profile was com-
posed mainly of C16 and C18. PAM, PEM, and PDM showed a higher proportion of saturated fatty acids (60%—69%), whereas the composition
of unsaturated fatty acids was in the range of 31% to 38%. In PEM and PDM the removal of NH," was 100%; however, there were NH," losses
(as NHj;) due to volatilization (46%). Unconventional media, especially Ww, are an option for growing microalgae.

Key words: fertilizer, microalgae-bacteria consortium, Scenedesmus sp., wastewater.

RESUMEN. Se compard el crecimiento de un consorcio de microalgas y de Scenedesmus sp. cultivados en aguas residuales tratadas (ART)
enriquecidas con 1 mL-L™' de fertilizante Bayfolan Forte (MB), ART enriquecidas con (NH,),HPO, (MPA), ART enriquecidas con NH,HCO;
(MBCA), agua del grifo con aguas residuales porcinas (MEP), agua del grifo con digestato de aguas residuales porcinas (MDP) y aguas resi-
duales sin tratar (AR). El contenido de nitrogeno (N) de los medios, excepto el medio AR, se ajusto a 80 mg-L' de N (NH,"-N y NO,~-N). Los
medios no convencionales con menor contenido de nutrientes y costo (MB y AR) presentaron buenas producciones de biomas y lipidos. MEP
fue el medio mas ventajoso al presentar la mayor productividad de biomasa con el consorcio (191.25 £ 6.25 g-L™'-d™") y una productividad de
lipidos de 36.75 + 9.90 mg-L'-d™". El perfil de acidos grasos estuvo constituido principalmente de C16 y C18. MPA, MEP y MDP mostraron
una mayor proporcion de acidos grasos saturados (60%—69%), mientras que la composicion de los acidos grasos insaturados oscilo entre 31% y
38%. En MEP y MDP, la eliminacion de NH," fue del 100%; sin embargo, hubo pérdidas de NH," debido al arrastre por aire (46%). Los medios
no convencionales, especificamente las AR, son una opcion para el cultivo de microalgas.

Palabras clave: fertilizante, consorcio de microalgas-bacterias, Scenedesmus sp., aguas residuales.

INTRODUCTION INTRODUCCION

The production of biofuels from microalgae is prom- La produccion de biocombustibles a partir de micro-
ising because microalgae do not compete for food crops or algas es prometedora, debido a que las microalgas no
arable land, present high growth rates, and are capable of compiten por cultivos alimenticios ni por tierras arables,
fixing CO, through photosynthesis and releasing O, into the presentan altas tasas de crecimiento y son capaces de fijar
atmosphere. Nitrogen (N) is a key nutrient for the growth CO, mediante fotosintesis y liberar O, a la atmoésfera. El
and biochemical composition of microalgae, and the accu- nitrogeno (N) es un nutriente clave para el crecimiento y la
mulation of lipids and carbohydrates increases under N lim- composicion bioquimica de las microalgas, y la acumula-
itation (Liu et al. 2017, Huy et al. 2018). cion de lipidos y carbohidratos aumenta en condiciones de

One of the main problems of large-scale microalgal limitacion de N (Liu et al. 2017, Huy et al. 2018).
biomass production is the supply of N and phospho- Uno de los principales problemas en la producciéon a
rous (P). N fertilizers require enormous amounts of gran escala de biomasa microalgal es el suministro de N y
fossil energy (Metz et al. 2007), the main contributor fosforo (P). Los fertilizantes de N requieren de una enorme
to the carbon footprint (Hillier et al. 2009). Moreover, cantidad de energia fosil (Metz et al. 2007), el principal
the use of fertilizers for culturing microalgae competes contribuyente a la huella de carbono (Hillier et al. 2009).
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with their use in agriculture (Chisti 2013). One of the
obstacles to large-scale production of microalgae for
energy purposes is still the high cost of production,
especially the availability and cost of feedstock (Acién
et al. 2012).

The use of organic fertilizers such as animal excreta,
sludge from wastewater, and anaerobic digestate with
high nutrient contents has been proposed as an eco-
nomical alternative for microalgae culture (Nayak et al.
2016, Wang et al. 2016a, El Shimi and Moustafa 2017,
Liu et al. 2017, Huy et al. 2018). The use of wastewater
(Gongalves et al. 2017, Ho et al. 2019, Rodriguez-Mata
et al. 2019) and wastewater enriched with inorganic fer-
tilizers, composed of N, P, and potassium (K), is an eco-
nomical alternative for large-scale cultivation (Nayak et
al. 2016).

Microalgae can remove N and P from municipal
wastewater, leaving very low concentrations, while con-
verting these nutrients into biomass (Boelee et al. 2011).
The microalgae genera Chlorella and Scenedesmus are
the most studied in regards to their culture in waste-
waters, particularly the species Chlorella vulgaris
and Scenedesmus obliquus (Park et al. 2010, Ji et al.
2013, Xu et al. 2015, Wang et al. 2016b). Scenedesmus
obliquus has been used to treat wastewater and to obtain
valuable biomass in bubble-column photobioreactors.
Scenedesmus obliqguus grown in a culture medium sup-
plemented with 40% of piggery wastewater effluent
showed biomass and lipid productivities of 15.5 and 0.13
mg-L'-d!, respectively, and removals of 96.1 mg total
N and 2.48 mg total P were observed (Ji et al. 2013).
Removal of 79% of NH," and 43% of PO,* from a mix-
ture of wastewater (containing 145.2 mg-L~' NH," and
21.1 mg-L' PO,>) and 7% of landfill leachate was
achieved with S. obliquus, which accumulated 12%-16%
of lipids in cells (Hernandez-Garcia et al. 2019). When
Scenedesmus sp. AMDD was grown in treated municipal
wastewater in chemostats under different dilution rates
or hydraulic retention times, biomass composition was
strongly controlled by the rate of wastewater nutrient
removal, and total fatty acids were only accumulated
when growth rates were very low or when a prolonged
nutrient starvation regime was imposed (Dickinson et al.
2013). Microalgae production using secondary treated
wastewater decreases process costs by minimizing the
use of freshwater and fertilizers while contributing to
the water purification process, greatly enhancing process
sustainability (Gomez et al. 2013).

The present work compares the effect of 6 unconventional
media (3 inorganic and 3 organic), some of which were used
and compared for the first time, on the growth and produc-
tivity of a microalgal consortium and Scenedesmus sp. and
proposes different media for scaling microalgae culture in a
sustainable way.
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Asimismo, el uso de fertilizantes para el cultivo de micro-
algas compite con su utilizacion en la agricultura (Chisti
2013). Uno de los obstaculos para la produccion de micro-
algas a gran escala con fines energéticos sigue siendo el alto
costo de produccion, especialmente la disponibilidad y el
costo de la materia prima (Acién et al. 2012).

Se ha propuesto la utilizaciéon de fertilizantes orga-
nicos como excretas animales, lodos de aguas residuales
y digestatos anaerobios con alto contenido de nutrientes
como una alternativa econdmica para el cultivo de micro-
algas (Nayak et al. 2016, Wang et al. 2016a, El Shimi y
Moustafa 2017, Liu et al. 2017, Huy et al. 2018). La utili-
zacion de aguas residuales (Gongalves et al. 2017, Ho et al.
2019, Rodriguez-Mata et al. 2019) y aguas residuales enri-
quecidas con fertilizantes inorganicos, compuestos por N, P
y potasio (K), es una alternativa econdmica para el cultivo
a gran escala (Nayak et al. 2016).

Las microalgas pueden remover N y P de las aguas
residuales municipales hasta dejar concentraciones muy
bajas, al tiempo que convierten estos nutrientes en biomasa
(Boelee et al. 2011). Los géneros de microalgas Chlorella 'y
Scenedesmus son los mas estudiados en cuanto a su cultivo
en aguas residuales, particularmente las especies Chlorella
vulgaris y Scenedesmus obliquus (Park et al. 2010, Ji et
al. 2013, Xu et al. 2015, Wang et al. 2016b). Scenedesmus
obliquus se ha utilizado para el tratamiento de aguas resi-
duales y la obtencion de biomasa en fotobiorreactores de
columna de burbujeo. El cultivo de esta especie en un
medio suplementado con 40% de efluente de aguas resi-
duales de porqueriza mostré productividad de biomasa y
lipidos de 15.5 y 0.13 mg-L'-d"!, respectivamente, y se
observo una remocion de 96.1 mg de N total y 2.48 mg de P
total (Ji et al. 2013). La remocion del 79% de NH," y 43%
de PO,* de una mezcla de aguas residuales (contenido de
145.2mg-L'de NH,"y 21.1 mg-L ' de PO,*) y 7% de lixi-
viado de relleno se logro con S. obliquus, que acumulo del
12% al 16% de lipidos en las células (Hernandez-Garcia
et al. 2019). Al cultivar Scenedesmus sp. AMDD en aguas
residuales municipales tratadas en quimiostatos con dife-
rentes tasas de dilucion o tiempos de retencion hidraulica,
la composicion de la biomasa estuvo fuertemente relacio-
nada con la tasa de eliminacion de los nutrientes de las
aguas residuales, y los acidos grasos totales solo se acumu-
laron cuando las tasas de crecimiento fueron muy bajas
o cuando se impuso un régimen prolongado de privacion
de nutrientes (Dickinson et al. 2013). La produccion de
microalgas utilizando aguas residuales con tratamiento
secundario permite disminuir los costos del proceso, al
minimizar la utilizacion de agua dulce y fertilizantes,
y contribuye al proceso de purificacion del agua, lo que
mejora, en gran medida, la sostenibilidad del proceso
(Gomez et al. 2013).

El presente trabajo compara el efecto de 6 medios no
convencionales (3 inorganicos y 3 organicos), algunos de
ellos utilizados y comparados por primera vez, sobre el
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MATERIALS AND METHODS

Pretreatment and characterization of treated water,
wastewater, and piggery wastewater

The wastewater (Ww) and the secondary treated
wastewater (TWw) were obtained from the “San Juan
Ixhuatepec” treatment plant located in Tlalnepantla, Mexico
(19°31'13.8" N, 99°0727.8"” W). Ww and TWw were not fil-
tered or sterilized. Piggery wastewater and piggery waste-
water digestate were obtained from Productora Porcina
Nopaltepec, located in Nopaltepec, Mexico (19°47'03.5" N,
98°43'41.6" W). Both piggery wastewater and piggery waste-
water digestate were centrifuged at 6,000 rpm for 5 min to
remove the solids, and the supernatant was used as substrate.
The compositions of the TWw, piggery wastewater, piggery
wastewater digestate, and Bayfolan fertilizer used to prepare
the culture media are described in Table 1.

Culture media

The 6 proposed media used in this work for culturing
were (1) Bayfolan medium (BM), formulated with 1 mL
of Bayfolan Forte per liter of TWw; (2) TWw enriched
with 0.3303 gL' (NH,),HPO, (PAM); (3) TWw supple-
mented with 0.1977 g-L-! NH,HCO, (BCAM); (4) tap water
with 23.5% of piggery wastewater (PEM); (5) tap water
with 39.75% of piggery wastewater digestate (PDM); and
(6) Ww. N content in BM, PAM, and BCAM was adjusted
to 80 mg-L' N (NH,*-N and NO,-N), according to conven-
tional media BBM and BG 11 with 500 mg-L™" of sodium
nitrate. N sources for BCAM and PAM were chosen based
on their availability on the market, and NH,HCO, and
(NH,),HPO, served as sources of carbon (C) and P, respec-
tively. For PEM and PDM, tap water treated in a purification
plant was used instead of Ww or TWw because when scaling

crecimiento y la productividad de un consorcio de micro-
algas y Scenedesmus sp., y propone diferentes medios para
escalar el cultivo de microalgas de forma sostenible.

MATERIALES Y METODOS

Pretratamiento y caracterizaciéon de aguas tratadas,
aguas residuales y aguas residuales porcinas

Las aguas residuales sin tratar (AR) y las aguas resi-
duales tratadas secundarias (ART) se obtuvieron de la planta
de tratamiento San Juan Ixhuatepec ubicada en Tlalnepantla,
México (19°31'13.8" N, 99°07'27.8"” W). Las AR y las ART
no se filtraron ni esterilizaron. Las aguas residuales porcinas
y los digestatos de aguas residuales porcinas se obtuvieron
de la Productora Porcina Nopaltepec, ubicada en Nopaltepec,
Meéxico (19°47'03.5" N, 98°43'41.6" W). Tanto las aguas
residuales porcinas como los digestatos de aguas residuales
porcinas se centrifugaron a 6,000 rpm/5 min para eliminar
los sélidos, y se utilizd el sobrenadante como sustrato. Las
composiciones de ART, aguas residuales porcinas, digestato
de aguas residuales porcinas y Bayfolan empleadas para
la preparacion de los medios de cultivo se describen en la
Tabla 1.

Medios de cultivo

Los 6 medios propuestos en este trabajo y utilizados
para los cultivos fueron (1) medio Bayfolan (MB), formu-
lado con 1 mL de Bayfolan Forte por litro de ART; (2) ART
enriquecidas con 0.3303 g-L! de (NH,),HPO, (MPA);
(3) ART suplementadas con 0.1977 g-L!' de NH,HCO,
(MBCA); (4) agua del grifo con 23.5% de aguas resi-
duales porcinas (MEP); (5) agua del grifo con 39.75%
de digestatos de aguas residuales porcinas (MDP);
y (6) AR. El contenido de N en MB, MPA y MBCA

Table 1. Composition of the wastewater, treated wastewater, piggery wastewater, and Bayfolan fertilizer used for culture media formulation.

Data are presented as mean values and standard errors.

Tabla 1. Composicion de las aguas residuales, las aguas residuales tratadas, las aguas residuales porcinas y el medio Bayfolan utilizados para la
formulacion de los medios de cultivo. Los datos se presentan como la media y el error estandar.

TWw Ww PEM PDM BM
Parameter (mg'L) (mg'L") (mg'L") (mg-L™T) (g'Lh
N-NH,* 3.10+0.14 37.53+0.18 2,605.80 + 67.26 1,540.82 +43.49 44,75 +0.30
N-NO;~ 6.10 £ 0.46 0.20 £ 0.06 7.82+2.72 25.95+4.63 14.41+£0.73
PO, 15.81+0.05 15.45+0.18 851.28 £ 0.61 259.30 £5.22 10.60 £0.17
COD 17.00 £4.15 239.00 +5.50 16,877.30 £397.61 2,368.67 + 186.23 92.36 £ 1.67
TSS 0.00 + 0.00 198.00 + 14.00 50,000.80 + 560.32 3,000.50 + 420.25 0.00 +0.00
pH 7.80 8.42 7.13 8.22 7.01

TWw, treated wastewater; Ww, raw wastewater; PEM, tap water with 23.5% of piggery wastewater; PDM, tap water with 39.75% of piggery
wastewater digestate; BM, Bayfolan medium formulated with 1 mL of Bayfolan Forte per liter of TWw; COD, chemical oxygen demand;

TSS, total suspended solids.
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to 2,000 L or higher, water transportation from the closest
treatment plant implied logistic issues and higher opera-
tional costs. Piggery wastewater and the piggery wastewater
digestate were selected because of their high NH," content
(Hu et al. 2013, Luo et al. 2016) and low cost.

Microorganisms and pre-culture conditions

The microalgae Scenedesmus sp. was obtained from the
microalgae collection of the Center for Scientific Research
and Higher Education at Ensenada, Baja California, Mexico.
The microalgal consortium was obtained from treated
water and was mainly composed of Scenedesmus sp. and
Chlorella sp. The consortium was obtained by growing the
native microflora of the treated water from the plant in a 1-L
photobioreactor under the conditions described below. The
culture was maintained and reinoculated in treated water.
Cultures were carried out in 1-L cylindrical photobioreactors
(101 mm diameter x 203 mm height), with working volume
of 0.9 L, illuminated on one side by cold-cathode fluores-
cent lamps (127 uE-m2-s™!) under a 12:12 (light:dark) pho-
toperiod, with aeration of 0.4 vvm and a temperature of 24 +
1 °C. Water losses due to evaporation were amended daily by
adding sterile distilled water.

Prior to the experimentation, the consortium and
Scenedesmus sp. were cultured in the 6 media. To synchro-
nize the pre-cultures, 3 consecutive cultures were carried out
during 13 d each, and the last one was used as the inoculum
of the experiments. All the pre-inocula were adjusted to an
oxygen demand of 0.8 (600 nm) and all the photobioreactors
were inoculated at 10%, with the corresponding pre-inoculum.

Culture conditions

Microalgae were cultivated for 13 d in BM, PAM, BCAM,
and Ww. In PEM and PDM media, microalgae were culti-
vated during 8 d because they grew faster in these media.
NH,", PO,*, and NO; contents in the supernatant and pro-
ductions of biomass, carbohydrates, and proteins were deter-
mined every 3 d; pigments, lipids, and the lipid profile were
determined at the end of the culture. In addition, the chem-
ical oxygen demand (COD) was determined at the beginning
and at the end of the PEM and PDM cultures. NH," losses by
volatilization (as NH;) in PEM and PDM were quantified by
passing the outlet of the gas stream from the photobioreac-
tors through a 0.5 M H,SO, solution, and dissolved NH; was
determined by a colorimetric method (APHA 1998).

Analytical methods
Determination of biomass, metabolites, and media composition
Biomass was determined by measuring absorbance at

750 and 600 nm with a spectrophotometer (DR3000 UV/
Vis Spectrophotometer, HACH; USA). Biomass (dry weight
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se ajusté a 80 mg-L™' de N (NH,"-N y NO;-N), segun
medios convencionales BBM y BG 11 con 500 mg-L' de
nitrato de sodio. Las fuentes de N para MBCA y MPA se
eligieron en funcion de su disponibilidad en el mercado,
y NH,HCO; y (NH,),HPO, sirvieron como fuentes de
carbono (C) y P, respectivamente. Para los medios MEP y
MDP, se us6 agua del grifo tratada en una planta de puri-
ficacion en lugar de AR o ART porque cuando se escalan
a 2,000 L o mas, el transporte de agua desde la planta
de tratamiento mas cercana implica problemas logisticos
y mayores costos operativos. Las aguas residuales y el
digestato de aguas residuales porcinas fueron seleccio-
nados por su alto contenido de NH," (Hu et al. 2013, Luo
et al. 2016) y bajo costo.

Microorganismos y condiciones de precultivo

La microalga Scenedesmus sp. se obtuvo de la colec-
cion de microalgas del Centro de Investigacion Cientifica
y de Educacion Superior de Ensenada, Baja California,
Meéxico. El consorcio de microalgas se obtuvo a partir
de agua tratada, y estuvo compuesto, principalmente, por
Scenedesmus sp. y Chlorella sp. Este consorcio se obtuvo
cultivando la microflora nativa del agua tratada de la planta
en un fotobiorreactor de 1 L en las condiciones que se
describen a continuacion. El cultivo se mantuvo y reinocul6
en agua tratada. Los cultivos se realizaron en fotobiorreac-
tores cilindricos de 1 L (101 mm de diametro x 203 mm de
altura), con volumen de trabajo de 0.9 L, iluminados de un
lado por lamparas fluorescentes de luz fria (127 pE-m2-s™!)
en fotoperiodo de 12:12 (luz:oscuridad), con aireacion de
0.4 vvm y una temperatura de 24 + 1 °C. Las pérdidas de
agua por evaporacion se restituyeron diariamente adicio-
nando agua destilada estéril.

Antes de la experimentacion, el consorcio y
Scenedesmus sp. se cultivaron en los 6 medios. Para
sincronizar los precultivos, se realizaron 3 cultivos conse-
cutivos durante 13 d cada uno, y el tltimo se utilizé como
in6éculo de los experimentos. Todos los preindculos se
ajustaron a una densidad o6ptica de 0.8 (600 nm), y todos
los fotobiorreactores se inocularon al 10%, con el preino-
culo correspondiente.

Condiciones de cultivo

Las microalgas se cultivaron durante 13 d en MB, MPA,
MBCA y AR. En MEP y MDP se cultivaron durante 8 d
debido a que crecieron mas rapido en estos medios. Cada
3 d se determiné el contenido de NH,", PO,* y NO; en el
sobrenadante y la produccién de biomasa, carbohidratos
y proteinas; los pigmentos, los lipidos y el perfil lipidico
se determinaron al final del cultivo. Adicionalmente, se
determiné la demanda quimica de oxigeno (DQO) al inicio
y al final de los cultivos en MEP y MDP. Las pérdidas de
NH," por volatilizaciéon (como NH;) en MEP y MDP se
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basis) was determined in a moisture analyzer thermobalance
using a glass microfiber membrane (Ahlstrom, 4.7 cm diam-
eter, 1.1 um pore size). Cells were counted using a Neubauer
cell chamber. Protein contents were determined following
the Lowry method (Lowry et al. 1951); carbohydrates, by
the Dubois method (DuBois et al. 1956); and pigments, by
the Wellburn method (Ritchie 2006). NH,*, PO,*, and COD
were determined following APHA methods (1998) in APHA
(1998), and total suspended solids were measured according
to standard methods (APHA 2005). NO;~ was analyzed
according to the modified method reported by Keeney and
Nelson (1982).

Determination of lipids and fatty acid methyl esters

Lipid extraction was performed as described by Ramirez-
Loépez et al. (2016). The composition of fatty acid methyl
esters (FAMEs) was determined in an Agilent gas chromato-
graph (Technologies 7890B; Santa Clara, CA, USA) coupled
to mass spectrometry (Agilent Technologies 5977A Series
GC/MSD System; Santa Clara, CA, USA). A VF-MAXms
column (30 m x 0.25 mm, 0.50 pm) was used and Helium
was the carrier gas at a flow rate of 2.4 mL-min'. Injector
temperature was maintained at 230 °C. Oven temperature was
adjusted to 140 °C for 5 min and gradually increased 8 °C
every minute to 250 °C for 15 min. The temperature of the
transfer line (MSD) was maintained at 180 °C. The tempera-
tures of the source and the quadrupole were 230 and 150 °C,
respectively. Each peak of FAME was identified and quanti-
fied with the standard Supelco 37 Component FAME Mix.

Data analysis

Factor analysis (analysis of variance, P < 0.05) and the
Tukey HDS test were used to compare differences between
treatment mean values. All the experiments were performed
in triplicate.

RESuULTS

Effect of the medium on the production and productivity
of biomass

The culture medium that yielded the highest biomass
concentration (dry weight) of the microalgal consortium
and Scenedesmus sp. was BM with 1.79 + 0.05 and 1.77 +
0.10 g-L!, respectively. These concentrations were signifi-
cantly higher than those obtained in the other 5 culture
media. The media that yielded the highest biomass concen-
trations after BM were Ww and PEM, and there was a sig-
nificant difference in biomass concentrations with respect
to BCAM, PAM, and PDM (Fig. 1). Therefore, given the
significant differences in biomass production and the
increasing trend in biomass productivity, the media can be
grouped as follows: BM > (Ww and PEM ) > (BCAM, PAM,
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cuantificaron pasando la corriente de gas de la salida de
los fotobiorreactores a través de una solucion 0.5 M de
H,SO,, y el NH; disuelto se determin6 por el método colo-
rimétrico (APHA 1998).

Métodos analiticos

Determinacion de biomasa, metabolitos y composicion de
los medios

La biomasa se determind por absorbancia a 750 y
600 nm con un espectrofotdémetro (DR3000 UV/Vis,
HACH; EUA). La biomasa (con base en el peso seco) se
determind en una termobalanza analizadora de humedad
utilizando una membrana de microfibras de vidrio
(Ahlstrom, 4.7 cm de didmetro, 1.1 pm de tamafio de
poro). El recuento de células se realizo utilizando una
camara de Neubauer. El contenido de proteinas se deter-
min6 siguiendo el método de Lowry (Lowry et al. 1951); el
de carbohidratos, mediante el método de Dubois (DuBois
et al. 1956); y el de los pigmentos, mediante el método de
Wellburn (Ritchie 2006). El NH,", PO,* y DQO se deter-
minaron siguiendo los métodos de APHA (1998), y los
solidos suspendidos totales se midieron de acuerdo con
los métodos estandar (APHA 2005). El NO; se analiz6 de
acuerdo con el método modificado reportado por Keeney
y Nelson (1982).

Determinacion de lipidos y ésteres metilicos de dcidos grasos

La extraccion de lipidos se realiz6é segun lo descrito
por Ramirez-Lopez et al. (2016). La composicion de
los ésteres metilicos de acidos grasos (EMAG) se deter-
min6 en un cromatografo de gases Agilent (Technologies
7890B; Santa Clara, CA, EUA) acoplado a espectrometria
de masas (Sistema GC/MSD Agilent Technologies 5977A
Series; Santa Clara, CA, EUA). Se utiliz6 una columna
VF-MAXms (30 m x 0.25 mm, 0.50 um) y el gas portador
fue el helio a una velocidad de flujo de 2.4 mL-min™!. La
temperatura del inyector se mantuvo en 230 °C. La tempe-
ratura del horno se ajusté a 140 °C durante 5 min y se
increment6 gradualmente 8 °C cada minuto hasta 250 °C
durante 15 min. La temperatura de la linea de transfe-
rencia (MSD) se mantuvo a 180 °C. Las temperaturas de
la fuente y del cuadrupolo fueron de 230 y 150 °C, respec-
tivamente. Cada pico de EMAG se identificé y cuantifico
con la mezcla estandar de EMAG de 37 componentes de
Supelco.

Analisis de los datos

Se utilizo el analisis factorial (analisis de varianza, P <
0.05) y la prueba de Tukey HDS para comparar las diferen-
cias entre las medias de los tratamientos. Todos los experi-
mentos se realizaron por triplicado.
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and PDM), BM being the medium that yielded the highest
biomass productivity.

Effect of the medium on lipid productivity and fatty acid
methyl esters

The content of lipids in biomass in both the consortium
and Scenedesmus sp. was 15%—-16% in BCAM, 16%—-22%
in PAM, 9%-13% in BM, 21%-23% in Ww, 19%-32%
PEM, and 30%-52% in PDM (Fig. 2). Lipid productivity
in both cases, the consortium and Scenedesmus sp., fluctu-
ated between 34.25 and 36.75 mg-L'-d"! in PEM, 32.83 and
38.67 mg-L'-d"' in PDM, and 24.87 and 26.41 mg-L'-d"!
in Ww, all significantly higher than the lipid productivities
obtained in BM, BCAM, and PAM (Table 2). In Ww, BCAM,
PAM, PEM, and PDM, 90%—-100% of NH," was removed
from day 3 and, consequently, there was N limitation.

The fatty acid profiles for the microalgal consortium and
Scenedesmus sp. in the different media consisted of palmitic
acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0),
oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid
(C18:3) (Table 3), which are suitable for the production of
biodiesel (Anand et al. 2018, May-Cua 2019). The culture
media PAM, PEM, and PDM exhibited a higher proportion
of saturated fatty acids (60%—-69% of total FAMEs) than
BCAM, BM, and Ww (39%—48% of total FAMEs).

Effect of the medium on the productivity of proteins,
carbohydrates, and total pigments

The productivities of proteins in the microalgal con-
sortium and Scenedesmus sp. cultures with BM and PEM
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RESULTADOS

Efecto del medio de cultivo en la produccién y la
productividad de biomasa

El medio de cultivo con la mayor concentracion de biomasa
(peso seco) del consorcio de microalgas y Scenedesmus sp.
fue MB con 1.79+0.05y 1.77+0.10 gL', respectivamente.
Estas concentraciones fueron significativamente superiores
a las obtenidas en los otros 5 medios de cultivo. Los medios
que dieron la mayor concentracion de biomasa después de
MB fueron AR y MEP, con una diferencia significativa en la
concentracion de biomasa respecto a MBCA, MPA y MDP
(Fig. 1). Por tanto, dadas las diferencias significativas en
la produccion de biomasa y la tendencia del aumento de la
productividad de la biomasa, los medios se pueden agrupar
de la siguiente forma: MB > (AR y MEP) > (MBCA, MPA y
MDP), con MB como el medio que produjo la mayor produc-
tividad de biomasa.

Efecto del medio sobre la productividad lipidica y los
ésteres metilicos de acidos grasos

El contenido de lipidos en la biomasa tanto en el
consorcio como en Scenedesmus sp. fue del 15%-16% en
MBCA, 16%-22% en MPA, 9%—13% en MB, 21%-23% en
AR, 19%-32% en MEP y 30%-52% en MDP (Fig. 2). La
productividad de los lipidos en ambos casos, el consorcio
y Scenedesmus sp., fluctud entre 34.25 y 36.75 mg-L'-d!
en MEP, 32.83 y 38.67 mg-L'-d' en MDP y 2487 y
26.41 mg-L'-d"' en AR, cantidades significativamente supe-
riores a las productividades lipidicas en MB, MBCA y MPA

I

BCAM PAM BM
Microalgal consort|um

PDM | BCAM  PAM BM Ww PDM |

Scenedesmus sp.

Figure 1. Biomass production with the microalgal consortium and Scenedesmus sp. cultured in different media. BCAM, secondary treated
wastewater added with 0.1977 g-L-' NH,HCO,; PAM, secondary treated wastewater enriched with 0.3303 g-L-' (NH,),HPO,; BM, Bayfolan
medium; Ww, wastewater; PEM, tap water with 23.5% of piggery wastewater; PDM, tap water with 39.75% of piggery wastewater digestate.

Figura 1. Produccion de biomasa con el consorcio de microalgas y Scenedesmus sp. cultivadas en diferentes medios. BCAM, aguas residuales
tratadas secundarias suplementadas con 0.1977 g-L' de NH,HCO,; PAM, aguas residuales tratadas secundarias enriquecidas con 0.3303 g-L!
de (NH,),HPO,; BM, medio Bayfolan; Ww, aguas residuales sin tratar; PEM, agua del grifo con 23.5% de aguas residuales porcinas; PDM,

agua del grifo con 39.75% de digestatos de aguas residuales porcinas.



Gonzalez-Falfan et al.: Microalgal metabolites produced in low-cost unconventional media

100 0.85
= 16 =
> 174 =
= 80 =
o 1.41 0.66 0.85
= 2.15 2.29 31.65 o
‘@ 0.70 _ e | 2078 — .
= 601 22 &f 23.43 o il 12.87 20.90 i

1922 | = T ==
g 15.07 e 83 | b= | __ 16.00 230 -+ ==
h - T — 16.02 . 12.46 =
o 40 == = T 13.92 T == 5 T 28.24
% 18.43 €L I 19.49 1 16.14 I L S 18.46
@ - 25.80 - oL T — ==
g 2091 L+ - 34.68 .61 - 34.25 - 27.30 34.78 -
2 22.00 - 22.81 2211 23.44 25.67 2221
m 15.02
0 T T T T T 537 T T T T
BCAM PAM BM Ww PEM PDM | BCAM PAM BM Ww PEM PDM
Microalgal consortium Scenedesmus sp.
| [ Carbohydrates [ Proteins [ Lipids [ Total pigments |

Figure 2. Biochemical composition of the biomass (percent yield) of the microalgal consortium and Scenedesmus sp. cultured in different
media. BCAM, secondary treated wastewater added with 0.1977 g-L' NH,HCO,; PAM, secondary treated wastewater enriched with
0.3303 gL' (NH,),HPO,; BM, Bayfolan medium; Ww, raw wastewater; PEM, tap water with 23.5% of piggery wastewater; PDM, tap

water with 39.75% of piggery wastewater digestate.

Figura 2. Composicion bioquimica de la biomasa (porcentaje de rendimiento) del consorcio de microalgas y Scenedesmus sp. cultivadas
en diferentes medios. BCAM, aguas residuales tratadas secundarias suplementadas con 0.1977 g-L~' de NH,HCO,; PAM, aguas residuales
tratadas secundarias enriquecidas con 0.3303 g-L™! de (NH,),HPO,; BM, medio Bayfolan; Ww, aguas residuales sin tratar; PEM, agua del
grifo con 23.5% de aguas residuales porcinas; PDM, agua del grifo con 39.75% de digestatos de aguas residuales porcinas.

were significantly higher with respect to those obtained
with BCAM, PAM, Ww, and PDM (Table 2). The protein
productivities obtained with the microalgal consortium and
Scenedesmus sp. were, respectively, 32.34 +2.36 mg-L!-d!
and 36.32+2.10mg'L'-d'inBM and 37.28 £5.33 mg-L'-d!
and 32.68 + 5.18 mg-L!-d! in PEM, and while they were
significantly lower in BCAM, PAM, Ww, and PDM, the pro-
ductivity in PAM was 4 times lower than that obtained in
PEM and BM.

The highest productivity of carbohydrates from the
microalgal consortium was obtained in BM (48.13 +
3.38 mg-L!-d ') and that from Scenedesmus sp. was obtained
in Ww (43.95 + 3.32 mg-L!'-d"!), both significantly higher
than those in BCAM, PAM, PEM, and PDM (50% lower than
BM) (Table 2). In BM, Ww, and PDM, up to 35% of carbo-
hydrates were obtained in the biomass (Fig. 2).

Regarding the productivities of total pigments, no sig-
nificant differences were observed between the microalgal
consortium and Scenedesmus sp. in the BM and PEM. On
the other hand, in BCAM, PAM, Ww, and PDM, the produc-
tion of total pigments was up to 18 times lower than in BM
(Table 2).

Nutrient removal

In BCAM, PAM, and Ww, NH," removal was 60% and
95% on the third and sixth day, respectively, whereas in
PEM and PDM, 100% of NH," had already been removed
by day three. In BCAM, NH,*, NO,", and PO,* removals
were higher than 92%. The initial concentration of PO,*
was 12-14 mg-L! with a removal percentage of 92%,
whereas in BM, 93% removal was achieved (Table 4). In
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(Tabla 2). En AR, MBCA, MPA, MEP y MDP se eliminé el
90%—-100% del NH," desde el dia 3 y, en consecuencia, hubo
una limitacion de N.

Los perfiles de acidos grasos para el consorcio de micro-
algas y Scenedesmus sp. en los diferentes medios consis-
tieron en acido palmitico (C16:0), acido palmitoleico
(C16:1), acido estearico (C18:0), acido oleico (C18:1), acido
linoleico (C18:2) y acido linolénico (C18:3) (Tabla 3), que
son aptos para la produccién de biodiesel (Anand et al. 2018,
May-Cua et al. 2019). Los medios de cultivo MPA, MEP
y MDP exhibieron una mayor proporciéon de acidos grasos
saturados (60%—69% del total de EMAG) que MBCA, MB y
AR (39%—48% del total de EMAG).

Efecto del medio sobre la productividad de proteinas,
carbohidratos y pigmentos totales

Las productividades de proteinas obtenidas en los
cultivos del consorcio de microalgas y Scenedesmus sp. con
MB y MEP fueron significativamente mayores con respecto a
aquellas obtenidas con MBCA, MPA, AR y MDP (Tabla 2).
Las productividades proteicas obtenidas con el consorcio
de microalgas y Scenedesmus sp. fueron, respectivamente,
3234 +£236 mg'L''d'y3632+2.10 mg'L''d'en MBy
37.28 £533 mg-L!-d!'y 32.68 +£5.18 mg-L'-d"! en MEP,
y mientras que en MBCA, MPA, AR y MDP fueron signifi-
cativamente menores, la productividad en MPA fue 4 veces
menor que la obtenida en MEP y MB.

La mayor productividad de carbohidratos del consorcio de
microalgas se obtuvo en MB (48.13 £3.38 mg-L '-d ) y lade
Scenedesmus sp. se obtuvo en AR (43.95 +3.32 mg-L!-d"),
ambas significativamente mads altas que las encontradas en



Ciencias Marinas, Vol. 47, No. 2, 2021

BCAM, NO; removal was 99%, whereas in PAM it was
only 59% with the microalgal consortium and null with
Scenedesmus sp. In BM, NH," and PO,*~ removals were 90%
and 93%-94% with the microalgal consortium and Scene-
desmus sp., respectively, whereas the removal of NO,~ with
Scenedesmus sp. was 30% lower than that obtained with the
consortium (Table 4). Regarding COD, in PEM, 1,043 mg-L!
of COD were removed with Scenedesmus sp. (86%), whereas
in PDM only 26 mg-L' of COD (10%) were removed.

NH," losses by stripping

The highest loss of NH," by volatilization (as NH;) was
recorded in PDM, that is, 33% (8.70 = 1.78 mg-L'-d"' NH,")
for the consortium and 46% (11.53 = 0.32 mg-L'-d"' NH,")
for Scenedesmus sp. at pH of 9.93 and 10.03, respectively,
with no significant difference between them. In PEM the
loss was significantly lower than in PDM, with 2% (2.24 +
0.58 mg-L'-d!' NH,") for the consortium and 7% (0.56 £
0.42 mg-L'-d' NH,") for Scenedesmus sp. at an average pH
0f 9.68.

DiscussioN

Biomass production in Ww was 15.33% lower with the
microalgal consortium compared with that obtained with
Scenedesmus sp., whereas in PEM, biomass production with
Scenedesmus sp. was 40% lower than that obtained with the
microalgal consortium. Lam et al. (2017) cultured C. vulgaris
in non-sterilized wastewater (2.70 and 24.19 mg-L! of total
N and P, respectively), obtaining 40.76 mg-L!-d! (dry
weight) of biomass; this productivity was 3 times lower than
that obtained in Ww in the present study (initial concentra-
tion of 32.20 and 8.84 mg-L! of total N and P, respectively).
Unlike in the other 5 media, in BM, which was formulated
with the commercial fertilizer Bayfolan, the main source of N
was NO,; moreover, P contents varied significantly between
media (Table 4). Since the main goal of the present work was
to identify a nonconventional medium that could be used at
large scale, the C/P and COD/N/P ratios were not adjusted.
However, particular care was given to N concentrations
during the preparation of the media. The results obtained
from the experimentation with all the media showed that
the 2 best options to produce biomass were Ww and PEM,
both of which involve residue treatment and are available at
low cost.

Nayak et al. (2016) reported the growth of Scenedesmus
sp. in a 500-mL Erlenmeyer flask with 200 mL of medium,
prepared with 1 gL' of a NPK fertilizer (10:26:26) and
0.10 gL' of urea, obtaining a biomass productivity of
45 mg-L'-d! (peso seco). A 2-fold biomass production and
2.8 times higher productivity were obtained in the present
study with Scenedesmus sp. and the consortium in BM. The
Bayfolan fertilizer (N:P:K, 11:1:1) is a foliar fertilizer that
contains micronutrients, vitamins, and indoleacetic acid
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MBCA, MPA, MEP y MDP (50% mas bajas que en MB)
(Tabla 2). En MB, AR y MDP se obtuvo hasta un 35% de
carbohidratos en la biomasa (Fig. 2).

Con respecto a las productividades de los pigmentos
totales, no hubo diferencias significativas entre el consorcio
de microalgas y Scenedesmus sp. en MB y MEP. Por otro lado,
en MBCA, MPA, AR y MDP, la produccioén de pigmentos
totales fue hasta 18 veces menor que en MB (Tabla 2).

Eliminacion de nutrientes

En MBCA, MPA y AR, la remociéon de NH," fue del
60% y 95% al tercer y sexto dia, respectivamente, mientras
que en MEP y MDP, al tercer dia, ya se habia eliminado el
100% de NH,". En MBCA, las remociones de NH,*, NO,"
y PO fueron superiores al 92%. La concentracion inicial
de PO, fue de 12-14 mg-L!, con un porcentaje de remo-
cion del 92%, mientras que en BM se logré una remocion del
93% (Tabla 4). En MBCA, la remocién de NO; fue del 99%,
mientras que en MPA fue solo del 59% con el consorcio de
microalgas y nulo con Scenedesmus sp. En MB, la remocion
de NH," y PO fue del 90% y 93%-94% con el consorcio
de microalgas y Scenedesmus sp., respectivamente, mien-
tras que la remocion de NO;™ con Scenedesmus sp. fue 30%
menor que la obtenida con el consorcio (Tabla 4). En cuanto
ala DQO, en MEP, se eliminaron 1,043 mg-L' de DQO con
Scenedesmus sp. (86%), mientras que en MDP solo se elimi-
naron 26 mg-L™' de DQO (10%).

Pérdidas de NH,* por stripping

La mayor pérdida de NH," por volatilizaciéon (como NHj)
se registro en MDP, es decir, 33% (8.70 £ 1.78 mg-L'-d"' de
NH,") para el consorcio y 46% (11.53 + 0.32 mg-L'-d"! de
NH,") para Scenedesmus sp., a pH de 9.93 y 10.03, respecti-
vamente; no hubo diferencia significativa entre estos dos. En
MEP la pérdida fue significativamente menor que en MDP,
con 2% (2.24 £ 0.58 mg-L'-d"' de NH,") para el consorcio y
7% (0.56 £ 0.42 mg-L-'-d"! de NH,") para Scenedesmus sp. a
un pH promedio de 9.68.

DISCUSION

La produccion de biomasa con el consorcio de microalgas
en AR fue 15.33% menor con el consorcio de microalgas en
comparacion con la obtenida con Scenedesmus sp., mientras
que en MEP, la produccion de biomasa con Scenedesmus sp.
fue 40% menor que la obtenida con el consorcio de micro-
algas. Lam et al. (2017) cultivaron C. vulgaris en aguas resi-
duales no esterilizadas (2.70 y 24.19 mg-L! de N total y P,
respectivamente) y obtuvieron 40.76 mg-L!-d! (peso seco)
de biomasa; esta productividad fue 3 veces menor que la
obtenida en AR en el presente estudio (concentracion inicial
de 32.20 y 8.84 mg-L! de N total y P, respectivamente). A
diferencia de los otros 5 medios, en MB, que fue formulado
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(phytohormone). This auxin regulates growth in higher plants,
and in several species of microalgae, it increases growth rate,
stress tolerance, lipid content, and biomass productivity (Lu
and Xu 2015). Muriellopsis sp. and Pseudokirchneriella
subcapitata grown in 300-mL bubble-column glass bioreac-
tors containing freshwater with 40%-50% concentrate from
a wastewater treatment plant, under controlled conditions
(temperature of 25 °C, aeration of 0.2 vvm, CO, injected on
demand, artificial illumination under a 12:12 h light:dark
cycle, 1,850 pE-m s '), reached biomass productivity values
up to 1.13 and 1.02 g-L'-d"!, respectively (Morales-Amaral
et al. 2015). Moreover, Gomez et al. (2013) cultured Muriel-
lopsis sp. in the same bubble-column, using TWw as medium
and controlled conditions (temperature of 23 + 2 °C, 8.0 +
0.1 pH, on-demand CO, injection into the airflow entering
the reactors, and artificial illumination 12:12 h light:dark
cycle, 800 pE-m?*'s'), and the maximum biomass produc-
tivity they obtained was 0.5 g-L-'-d"". In the 2 latter reports,
productivities were much higher than those obtained in the
present study.

Chlorella vulgaris tolerates high NH," concentrations.
However, when NH," exceeds 110-130 mg-L!, cell growth
inhibition occurs (Sanz-Luque et al. 2015). The inhibition of
microalgal growth caused by NH," becomes severe when the
NH," content reaches 1,030.36 mg-L ' (Park et al. 2010). In
the present study, the NH," concentration in the medium was
below 90.61 mg-L' (Table 4).

Lipid concentrations in cells increase when the source of
nitrogen is limited (Eroglu et al. 2015, May Cua et al. 2019).
N is a critical factor for regulating algal cell lipid content;
lipid accumulation increases when nitrogen becomes the
growth limiting factor (Chen et al. 2011). However, N lim-
itation minimizes algal growth; the 2 conditions of high lipid
content and high algal productivity are mutually exclusive.

Nam et al. (2017) cultivated C. vulgaris in residual water
of pig excreta with a total N concentration of 307.2 mg-L™!
for 16 d, obtaining a biomass and lipid concentration of 3.96
and 1.072 g-L', respectively. In the present work, the pro-
duction of biomass and lipids was approximately 61% and
72% lower in PEM, respectively, with total N concentration
being ~5 times lower (Fig. 1). In the case of Ww, the con-
centration of biomass and lipids was of 58% and 68% lower,
respectively, and the total N concentration was 9 times lower.
Regarding BM, the production of biomass and lipids was
54% and 85% lower, respectively, having the same total N
concentration as PEM.

The loss of NH," can be caused by several factors, such
as assimilation by microalgae, denitrification processes
by bacteria, and NH," stripping at high pH levels in the
medium. In the case of P, the removal is due to assimilation
by microalgae and precipitation in the form of calcium phos-
phate at pH levels close to 9 (Walker 2015). In this study, the
initial pH of Ww and BM was 8.5 and it increased during the
growth of the consortium and Scenedesmus sp., reaching a
value of 11.5.
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con el fertilizante comercial Bayfolan, la principal fuente de
N fue el NO;7; ademas, el contenido de P vario significati-
vamente entre los medios (Tabla 4). Dado que el objetivo
principal del presente trabajo era identificar un medio no
convencional que pudiera utilizarse a gran escala, no se ajus-
taron las relaciones C/P y DQO/N/P. Sin embargo, se presto
especial atencion a la concentracion de N durante la prepa-
racion de los medios. Los resultados obtenidos de la experi-
mentacion con todos los medios mostraron que las 2 mejores
opciones para producir biomasa fueron AR y MEP, que invo-
lucran el tratamiento de residuos y estan disponibles a bajo
costo.

Nayak et al. (2016) reportaron el crecimiento de
Scenedesmus sp. en matraz Erlenmeyer de 500 mL con
200 mL de medio, preparado con 1 g-L™! de fertilizante NPK
(10:26:26) y 0.10 g-L! de urea, y la productividad de biomasa
fue de 45 mg-L'-d! (peso seco). En el presente estudio se
obtuvo una producciéon de biomasa 2.0 veces mayor y una
productividad 2.8 veces mayor con Scenedesmus sp. y el
consorcio en medio MB. El fertilizante Bayfolan (N:P:K,
11:1:1) es un fertilizante foliar que contiene micronutrientes,
vitaminas y acido indolacético (fitohormona). Esta auxina
regula el crecimiento en plantas superiores y aumenta la
tasa de crecimiento, la tolerancia al estrés, el contenido de
lipidos y la productividad de la biomasa en varias espe-
cies de microalgas (Lu y Xu 2015). Muriellopsis sp. y
Pseudokirchneriella subcapitata cultivadas en agua dulce
con 40%-50% de un concentrado de una planta de trata-
miento de aguas residuales en biorreactores de vidrio de
columna de burbujas de 300 mL, bajo condiciones contro-
ladas (temperatura de 25 °C, aireacion de 0.2 vvm, inyec-
cion de CO, a demanda, iluminacion artificial bajo ciclo de
12:12 h luz:oscuridad, 1,850 uE-m~2s™"), alcanzaron valores
de productividad de biomasa de hasta 1.13 y 1.02 g-L"'-d"!,
respectivamente (Morales-Amaral et al. 2015). Ademas,
Gomez et al. (2013) cultivaron Muriellopsis sp. en la misma
columna de burbujeo utilizando como medio ART, bajo
condiciones controladas (temperatura de 23 + 2 °C, pH de
8.0 £ 0.1, inyeccion de CO, en el flujo de aire que ingresa a
los reactores a demanda, iluminacion artificial bajo ciclo de
12:12 h luz:oscuridad, 800 pE-m?%-s™), y la productividad
maxima de biomasa que obtuvieron fue de 0.5 g-L"'-d"". En
estos 2 ultimos informes, las productividades fueron muy
superiores a las obtenidas en el presente trabajo.

Chlorella vulgaris tolera altas concentraciones de NH,".
Sin embargo, por encima de 110-130 mg-L~' de NH," hay
una inhibicioén del crecimiento celular (Sanz-Luque et al.
2015). La inhibicion del crecimiento de microalgas causada
por NH," se vuelve severa cuando el contenido de NH,"
alcanza 1,030.36 mg-L' (Park et al. 2010). En el presente
trabajo, la concentracion de NH," en el medio estuvo por
debajo de 90.61 mg-L' (Tabla 4).

La concentracion de lipidos en las células aumenta cuando
existe una limitacion de la fuente de N (Eroglu et al. 2015,
May-Cua et al. 2019). E1 N es un factor critico para regular el
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The preference for the type of N source varies from one
strain of microalgae to another. NH," is the most easily assim-
ilated N source, followed by NO;™ and NO,. NH," is directly
assimilated by the cell, whereas NO,™ and NO;™ are trans-
ported to the inner part of the cell and reduced to NH," by
nitrite and nitrate reductases (Liao et al. 2018). In Ww, PEM,
and PDM the concentration of NO;~ was up to twice the ini-
tial one (Table 4). The processes of N removal in waste-
water and activated sludge, the nitrification of NH,", which
is oxidized to NOy, and the denitrification of NO;, which is
reduced to N,, have been widely studied (Larsdotter 2006).
These processes involve nitrifying and denitrifying bacteria:
the former are autotrophic, do not need organic carbon, and
consume large amounts of oxygen; the latter are anaerobic
heterotrophs or aerobic autotrophs and require a source of
carbon. The first step in the nitrification process is the oxi-
dation of NH," to NO, by bacteria belonging to the genus
Nitrosomonas. In the second step, the oxidation of NO,™ to
NO;™ occurs by bacteria belonging to the genus Nitrobacter.
In denitrification, bacteria reduce NO;~ or NO,™ to N, gas
(Jia and Yuan 2016). In mixed cultures of microalgae and
bacteria in wastewater, microalgae can produce organic com-
pounds that bacteria can assimilate; on the other hand, some
bacteria produce hormones that promote microalgal growth
(Liu et al. 2017). Approximately 60% of NH," is oxidized by
nitrifying bacteria, while microalgae assimilate 40% (Vargas
et al. 2016).

High pH levels can promote NH; volatilization (removal
of NH4-N) and P removal through PO,* precipitation with
ferric iron, calcium, and magnesium (Park et al. 2011). In
PDM, a medium in which greater ammonium loss due to vol-
atilization was observed, pH values were more basic than
in PEM; in addition, PEM contained a higher quantity of
organic matter that could have minimized NH; losses. For
example, Wu et al. (2017) reported losses of 5% of NH," by
stripping during 4 d in wastewater without microalgae (ini-
tial concentration of 30.26 mg-L™' NH,").

The present study demonstrated that the cultivation of
the microalgal consortium and Scenedesmus sp. with pig-
gery wastewater as the medium is suitable to produce bio-
diesel given the productivity of biomass and lipids and the
high content of saturated fatty acids that were obtained.
These productivities were reached due to the nutrient supply
attributed to piggery wastewater, which in addition is readily
available. Furthermore, cultivation with PEM showed effi-
cient nutrient removal within the first 3 d. As a whole, the
results of the present study provide insight on low-cost alter-
natives to culture microalgae, coupled with valorization of
waste as an approach to the eventual production of biodiesel.
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contenido de lipidos de las células de las algas; el aumento de
la acumulacion de lipidos se produce cuando N se convierte
en el factor limitante del crecimiento (Chen et al. 2011).
Sin embargo, la limitaciéon de N minimiza el crecimiento de
algas; las 2 condiciones de alto contenido de lipidos y alta
productividad de algas son mutuamente excluyentes.

Nam et al. (2017) cultivaron C. vulgaris en agua resi-
dual de excretas porcinas con una concentracion de N total
de 307.2 mg-L' durante 16 d y obtuvieron concentraciones
de biomasa y lipidos de 3.96 y 1.072 g-L"!, respectivamente.
En el presente trabajo, la produccion de biomasa y lipidos
fue aproximadamente 61% y 72% menor en MEP, respecti-
vamente, con una concentracion de N total ~5 veces menor
(Fig. 1). En el caso de AR la concentracion de biomasa y
lipidos fue de 58% y 68% menor, respectivamente, y la
concentracion de N total fue 9 veces menor. Con respecto
a MB, la produccion de biomasa y lipidos fue 54% y 85%
menor, respectivamente, con la misma concentraciéon de N
total que en MEP.

La pérdida de NH," puede deberse a varios factores, como
asimilacion por microalgas, procesos de desnitrificacion por
bacterias y stripping de NH," a pH elevado del medio. En el
caso del P, la eliminacion se debe a la asimilacion por micro-
algas y la precipitacion en forma de fosfato calcico a pH
cercano a 9 (Walker 2015). En este estudio, el pH inicial de
AR y MB fue de 8.5 y aumento6 durante el crecimiento del
consorcio y Scenedesmus sp. hasta alcanzar un valor de 11.5.

La preferencia por el tipo de fuente de N varia de una cepa
de microalgas a otra. El NH," es la fuente de N de mas facil
asimilacion, seguida de NO;~ y NO,". El NH," es asimilado
directamente por la célula, mientras que el NO, y el NO;
se transportan al interior de la célula y se reducen a NH,"
mediante la nitrito y nitrato reductasa (Liao et al. 2018).
En AR, MEP y MDP, la concentracion de NO;~ fue hasta el
doble de la inicial (Tabla 4). Los procesos de remocion de
N en aguas residuales y lodos activados, la nitrificacion de
NH,", que se oxida a NO5, y la desnitrificacion de NO;, que
se reduce a N,, han sido ampliamente estudiados (Larsdotter
2006). Estos procesos involucran bacterias nitrificantes
y desnitrificantes: las primeras son autotrofas, no nece-
sitan carbono organico y consumen grandes cantidades de
oxigeno; las segundas son heterotrofos anaerdbicos o auto-
trofos aerdbicos y requieren una fuente de carbono. El primer
paso en el proceso de nitrificacion es la oxidacion del NH,*
a NO, por bacterias pertenecientes al género Nitrosomonas.
En el segundo paso, la oxidacion de NO,™ a NO;™ ocurre por
bacterias pertenecientes al género Nitrobacter. En la desni-
trificacion, las bacterias reducen el NO;~ o el NO,™ a gas N,
(Jia'y Yuan 2016). En cultivos mixtos de microalgas y bacte-
rias en aguas residuales, las microalgas pueden producir
compuestos organicos que las bacterias pueden asimilar;
por otro lado, algunas bacterias producen hormonas que
promueven el crecimiento de microalgas (Liu et al. 2017).
Aproximadamente el 60% del NH," es oxidado por bacterias
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