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RESUMEN

El incremento de la ocurrencia de floraciones de cianobacterias toxicas en ecosistemas
limnicos ha impulsado el desarrollo de nuevos métodos de deteccion de estos
organismos. La fluorescencia de pigmentos in vivo brinda informaciéon cuantitativa en
tiempo real, permitiendo desarrollar modelos predictivos. Sin embargo, esta
metodologia ain se utiliza con alcance local, generalmente con equipos costosos,
limitando su implementacion con multiples equipos y ecosistemas. El objetivo de esta
tesis fue desarrollar y evaluar un modelo de prediccion de la concentracion de la
clorofila a de fitoplancton total y de cianobacterias basado en la fluorescencia de
pigmentos (clorofila a y ficocianina) para ser implementado por instituciones publicas
en monitoreos de calidad de agua en Uruguay. Se buscd que el modelo fuera de uso
simple y aplicable a multiples equipos de bajos costos. El trabajo integré las fases de
investigacion, validacion e implementacion biotecnologica. Para desarrollar el modelo
se trabajo con experimentos con cultivos unialgales y mixtos de diversas cianobacterias
y microalgas y el modelo se puso a prueba con muestras naturales de fitoplancton (Rio
de la Plata, campafias de verano: 2014 a 2016, n= 1227). Se evalud el efecto de la
turbidez y la materia organica disuelta coloreada (MODC) en la matriz y el efecto de la
aclimatacion y regulacion luminica de los organismos en las respuestas de
fluorescencia.

Tras diversas pruebas de ajuste, la fluorescencia fue intercomparable entre 7
fluorometros de mano. A partir de los experimentos (n=66, R’=0.985) se logré ajustar
un modelo lineal simple de prediccion de la clorofila a total y de cianobacterias en
funcion de la fluorescencia de los dos pigmentos. El modelo tuvo una alta capacidad de
prediccion para concentraciones de clorofila a <57 pg L en el laboratorio, y resultados
variables segun el ambiente acuatico (fluvial, estuarino o marino), en concordancia con
otros indicadores cuantitativos de cianobacterias. Las interferencias Opticas de la matriz
no fueron significativas en la cuantificacion de cianobacterias, mientras que la MODC
presentd su mayor efecto sobre la clorofila a total. Exponiendo la muestra a 3 minutos
en oscuridad antes de la medicion se logro eliminar el efecto fisiologico de regulacion
de la fluorescencia. Para avanzar en la transferencia tecnologica de este tipo de
métodos, se realizaron talleres de capacitacion dirigidos a técnicos de DINAMA e
intendencias departamentales (red FREPLATA). Se puso a punto un protocolo de uso
de los equipos y una matriz electronica interactiva, permitiendo la obtencion de los
resultados predichos en forma sencilla. El modelo desarrollado en esta tesis es
innovador ya que permite la cuantificacion de cianobacterias en tiempo real, con
multiples equipos, contribuyendo a mejorar significativamente la obtencion de datos en
programas de monitoreos a gran escala en nuestro pais. Este trabajo es el primer
esfuerzo para superar obstaculos técnicos entre el uso de la fluorescencia de pigmentos
en investigacion y su aplicacion biotecnoldgica.



Development and application of an in vivo pigment fluorescence method to track
phytoplankton and cyanobacteria biomass in water bodies of Uruguay

ABSTRACT

Increasing occurrences of toxic cyanobacterial blooms in limnic environments have
pushed the development of new methods to detect these organisms. /n vivo pigment
fluorescence delivers quantitative information in real time, allowing the development of
predictive models. However, this methodology is still used with local reach, generally
with expensive equipment, limiting its implementation across multiple instruments and
ecosystems. The objective of this thesis was to develop and evaluate a predictive model
of total and cyanobacterial chlorophyll a concentrations based on pigment fluorescence
(chlorophyll @ and phycocyanin), to be implemented by public institutions in water
quality monitoring in Uruguay. We sought a simple model applicable to multiple, low
cost instruments, integrating biotechnology research, validation and implementation. To
fit the model, we used mono specific and mixed cultures of diverse cyanobacteria and
microalgae, after which the model was tested with natural phytoplankton samples (Rio
de la Plata, summer campaigns: 2014 to 2016, n=1227). We evaluated the effect of
turbidity and colored dissolved organic matter (CDOM) in the aqueous matrix on the
fluorescence response, as well as the effect of organism light acclimation and
photoregulation.

After an intercalibration test, 7 field fluorometers recorded comparable fluorescence
measurements. From the mixed culture experiments (n=66, R*=0.985), we fitted a linear
model of total and cyanobacterial chlorophyll a as a function of the two pigments’ in
vivo fluorescence. The model showed a high prediction capacity for chlorophyll a
concentration below 57 pg L™ in lab samples, and mixed results for field samples from
different aquatic environments (fluvial, estuarine or marine), in concordance with other
quantitative cyanobacterial indicators. Matrix effects did not interfere significantly with
the optical quantification of cyanobacteria, while CDOM had the biggest effect on total
Chl a. Keeping the sample in the dark for 3 minutes before measurements relaxed the
photo regulation effect on fluorescence. For technology transfer, we organized training
workshops aimed at technicians of DINAMA and the municipalities of the FREPLATA
network. Protocols were developed for fluorometer use and an interactive spreadsheet
allowing the simple application of the models was made. The model developed in this
thesis allows the quantification of cyanobacteria in real time, with multiple instruments,
innovatively improving data acquisition in large-scale monitoring programs in Uruguay.
This research is one of the earliest efforts to overcome the technical obstacles between
the use of pigment fluorescence for research and its biotechnological application.



CAPITULO 1. INTRODUCCION

1.1 Floraciones de cianobacterias y métodos de monitoreo

Las floraciones fitoplanctonicas nocivas se definen como el incremento subito en la
biomasa de una o pocas especies de fitoplancton (Reynolds 1984) y pueden
comprometer los recursos hidricos. Las floraciones mas frecuentes en ecosistemas
limnicos son producidas por cianobacterias (Cyanobacterial harmful algal bloooms:
CyanoHABs) que pueden producir potentes toxinas para animales y el ser humano
(Carmichael 2001). Las cianobacterias son un clado de microorganismos procariotas
que surgieron en el precambrico (ca. 2.700 millones de afios) y que realizan fotosintesis
oxigénica, siendo muy exitosos actualmente en los cuerpos de agua limnicos, formando

parte del fitoplancton (Whitton & Potts 2002).

Las floraciones de cianobacterias limitan o impiden el uso del agua destinada al
consumo, recreacion y actividades productivas porque producen metabolitos que
confieren mal olor o sabor al agua (geosmina y 2-metilisoborneol) (Izaguirre et al.
1982), provocan mortandad de peces por anoxia (Chellappa et al. 2008) y
principalmente porque producen toxinas que afectan la salud humana y animal
(Carmichael 2008). Ademas, las paredes celulares bacterianas son inmunogénicas
pudiendo generar alergias y erupciones en la piel al contacto (Stewart et al. 2006). Las
cianotoxinas son metabolitos con efectos nocivos en la salud humana tanto agudos
como cronicos, produciendo muertes en animales terrestres (ganado, aves) (Chorus et al.
1999). Las cianotoxinas incluyen diferentes familias segliin su estructura quimica y
modo de accidon: microcistinas y nodularina (hepatotoxinas), cylindrospermopsina
(citotoxina), anatoxinas y saxitoxinas (neurotoxinas), entre otras (Leflaive & Ten-Hage

2007).

La apariciéon de CyanoHABs usualmente responde a la eutrofizacion, que es el conjunto
de fenomenos resultantes del aumento en el aporte de nutrientes a los cuerpos de agua y
el subsiguiente aumento de la produccion primaria (Paerl & Otten 2013). En ambientes
limnicos este aumento responde positivamente al fésforo y nitrégeno, principales
nutrientes reguladores del crecimiento del fitoplancton (Smith & Schindler 2009). Por

otro lado, el cambio climatico podria ocasionar un aumento en la frecuencia de



floraciones de cianobacterias dadas las predicciones de aumento de la temperatura y sus
efectos asociados, como cambios en el régimen hidrologico, transparencia del agua y

disponibilidad de materia organica disuelta coloreada (MODC) (Paerl & Paul 2012).

En Uruguay, las floraciones de cianobacterias toxicas son frecuentes en numerosos
cuerpos de agua (Bonilla 2009; Bonilla et al. 2015) y, de acuerdo a las predicciones de
cambio climatico para la regiéon (IPCC 2007), se puede esperar que este fendmeno sea
mas frecuente y de mayor duracion en el futuro. Para implementar planes fiables de
monitoreo de cianobacterias en ecosistemas acudticos se requieren indicadores de la
biomasa de fitoplancton en general y de cianobacterias a diferentes escalas temporales y
espaciales, para generar alertas tempranas (Koreiviené et al. 2014). Los indicadores
cuantitativos mas utilizados y recomendados por la OMS son la concentracion de
clorofila a por extraccion (indicador indirecto de la biomasa total del fitoplancton) y el
nimero de células totales y el biovolumen de cianobacterias (Chorus et al. 1999). A
partir de estos indicadores la OMS ha establecido niveles guia y niveles de alerta de
peligrosidad de exposicion a cianobacterias para la toma de decisiones de acuerdo al uso
del agua (recreacidon y potabilizacion, respectivamente) (Chorus et al. 1999), las que
luego se han adaptado segun las legislaciones ambientales de los diferentes paises
(Chorus 2012). Los métodos de analisis de estos bioindicadores requieren tiempo y
personal altamente capacitado, lo que puede limitar su uso en monitoreos ambientales

(Fig.1.1, Tabla 1.1).

Mas recientemente, la presencia de pigmentos marcadores de ciertos grupos de
fitoplancton ha surgido como un nuevo bioindicador. Los pigmentos pueden ser una
herramienta quimiotaxondmica poderosa para rastrear cianobacterias, permitiendo su
uso biotecnologico para desarrollar métodos de deteccion y cuantificacion aplicables en
programas de monitoreo de calidad de agua (Jeffrey & Humphrey 1997). Las moléculas
de clorofila y de las ficobilinas son fluorescentes, es decir que se excitan al absorber un
foton y se relajan, emitiendo un foton de mayor longitud de onda y menor energia. Esta
propiedad la cumplen tanto en solucién como in vivo dentro de las células (Wright et al.
2005), lo que hace posible el desarrollo de métodos basados en fluorescencia. Ademas,
la fluorescencia in vivo ocurre en tiempo real, convirtiéndola en una herramienta
innovadora para la biotecnologia ambiental y que la distingue de los bioindicadores

clasicos anteriormente mencionados (Fig. 1.1). Recientemente han surgido las primeras
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propuestas para incluir la fluorescencia in vivo de pigmentos como herramienta para el
monitoreo de cianobacterias e la gestion de cuerpos de agua (Chang et al. 2012a;

Koreiviené et al. 2014; Kong et al. 2014).

@ Clorofila a por extracciéon

® Ficocianina por extraccion

©® Numero de células (cianobacterias)
® HPLC/CHEMTAX

® Biovolumen

® Fluorescencia multicanal

Informacién

Tiempo

Figura 1.1: Bioindicadores de cianobacterias utilizados en monitoreos de calidad de agua segln la
cantidad de informacion que brindan en funcion del tiempo que se requiere obtener la informacion. El
tamafio de circulo indica la precision de la informacion obtenida. Cianos: cianobacterias,
HPLC/CHEMTAX: cuantificacion de pigmentos lipidicos por cromatografia liquida de alta definicion
(HPLC) y estimacion de biomasa por modelo matematico (CHEMTAX), clo-a: clorofila a, FC:

ficocianina. Dibujo: Bruno Cremella.

Tabla 1.1: Ventajas y desventajas de los diferentes bioindicadores de cianobacterias y los diferentes

niveles de alerta (agua para consumo humano) y de guia (agua de recreacién) basados en dichos

indicadores.
Aguas
para consumo Aguas recreativas
Indicador de Nivel de Nivelde  Nivelde  Nivel Nivel
biomasa Ventajas Desventajas vigilancia  alerta1  alerta2 guia1 guia2 Fuente
) - No aporta OMS (Chorus
Czorole!?)a s?r?cri)lll(:) ° g;gg?l))‘le informacion sobre 0.1 1 50 10 50 & Bartram
Mg ' cianobacterias 1999)
Pobre indicador por
Numerode  Rapido (horas) varigcién en OMS (Chorus
células (células  sencillo, mayor  12mano celular; 200 2000 100000 20000 100000 o ?gggam
L especificidad necesarios )
conocimientos
taxonémicos
Necesarios
Biovolumen Lento, complejo, conocimientos OI\&/ISB;?traoI;us
. informacién axonomicos; . .
(mmd L) inf i6 t Jul 0.02 0.2 10 2 10 1999)
detallada complejo
procesamiento
L Especificidad en Complejo N
Ficocianina ; procesamiento de Koreiviené et
p cianobacterias de . 30 700
(Mg L) aqua dulce la muestra; dificil al. (2014)
g extraccion

11



1.2 Bases bioldgicas de la fluorescencia in vivo

La fluorescencia de pigmentos in vivo tiene su origen en estructuras y procesos
relacionados a la fotosintesis. En particular, est4 relacionada con los fotosistemas 1y 11
(PSI y PSII), complejos proteicos conformados por un Centro de Reaccion (RC) y la
antena interna (core antennae), mas una antena periférica mas variable y asociada
débilmente a los fotosistemas (Hohmann-Marriott & Blankenship 2011). El foton
absorbido excita a las moléculas de pigmentos de las antenas periféricas e internas, que
transfieren la energia a clorofilas a del PSII donde luego puede tener destinos diferentes.
De esta forma, la energia de excitacion del foton se puede disipar por tres vias
principales: 1-Pérdida por calor, 2- Reacciéon fotoquimica (pares especiales p680 y
p700) y 3- Emision de fluorescencia (a 685 nm) (Fig. 1.2). Las constantes cinéticas de
los tres procesos son muy diferentes entre los fotosistemas, siendo la fluorescencia en el
PSII mucho mas importante que en el PSI, donde es usualmente insignificante (Krause

& Weis 1991).

460 nm PSII 1- Fotosintesis
LHC

Fotosintesis

Figura 1.2: Principio de la fluorescencia de pigmentos in vivo en el PSII. El foton absorbido por los
pigmentos de los complejos antena (onda azul) tiene tres destinos posibles: 1- Separacion de cargas por
reaccion fotoquimica (fotosintesis); 2- Disipacion de energia por vibraciones (calor); 3- Emision de un
foton con menor energia que la original (fluorescencia, onda roja). Dibujo: Bruno Cremella, modificado

de diversas fuentes.
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Las antenas periféricas varian de acuerdo al fotosistema, al grupo filogenético y al nicho
luminico de los organismos (Stomp et al. 2007), pudiendo contener clorofilas,
carotenoides y ficobilinas (Wright et al. 2005). La mayoria de las cianobacterias
presentan ficobilisomas (PBS) como principal complejo antena. Los PBS estan
compuestos de ficobiliproteinas, que se clasifican segiin su contenido en ficobilinas, en
ficoeritrinas, C-ficocianina y aloficocianina (Bryant 1982). La estructura modular del
PBS consiste en un nucleo de aloficocianina (maxima absorbancia, max. abs., a A=650
nm) anclada al PSII, al que se unen "bastones" de ficocianina (max. abs. a A=620 nm) y
ficoeritrinas (usualmente ausente en cianobacterias de agua dulce, max. abs. en el rango
de 500-600 nm) (Grossman et al. 1993). Por otro lado, el fitoplancton eucariota
(microalgas) presenta una gran diversidad de pigmentos que refleja la historia evolutiva
del cloroplasto (Falkowski et al. 2004). Algunos presentan PBS como las cianobacterias
(glaucofitas, rodofitas), y la mayoria, a diferencia de las cianobacterias, tienen
complejos antena de membrana llamados LHCs (light harvesting complex, complejos de
captura de luz) con clorofilas y carotenoides como pigmentos accesorios, con su
maxima absorbancia en el rango de 400-500nm (Mackey et al. 1996; Durnford et al.
1999; Beutler et al. 2000; Seppélé et al. 2005; Johnsen & Sakshaug 2007; MacIntyre et
al. 2010).

Ademas de sus diferencias filogenéticas, las algas y las cianobacterias pueden modificar
sus pigmentos en cuestion de dias, de acuerdo a los cambios en la intensidad y calidad
luminica, modificando el nimero de fotosistemas y las concentraciones de sus
complejos antena y de pigmentos accesorios. Particularmente las cianobacterias pueden
realizar la aclimatacion cromdtica mediante cambios en las concentraciones de
ficobiliproteinas (Dubinsky & Stambler 2009). Las grandes diferencias pigmentarias
entre eucariotas y procariotas resultan en divergencias fisiologicas. En general, las
cianobacterias son mas eficientes en la captura de luz y crecen mejor a intensidades de

luz mas bajas que las algas eucariotas (Schwaderer et al. 2011).

La variabilidad en la composicion pigmentaria de los complejos antena genera sefales
(“fingerprints”) de fluorescencia que permiten la discriminacion de grupos
fitoplanctonicos segun sus espectros de excitacion (Fig. 1.3) (Yentsch & Yentsch 1979;
Simis et al. 2012). Los eucariotas presentan su mayor fluorescencia con excitacion entre

400 y 500 nm y emisiéon desde el PSII (685 nm). Las cianobacterias responden
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emitiendo fluorescencia con longitud de onda de excitacion entre 590 y 620 nm debido
a la ficocianina, emitiendo a 650 (ficocianina) y 685 nm (PSII) (Millie et al. 2002). Si
bien las cianobacterias tienen clorofila a, ésta se encuentra principalmente en el PSI, lo
que, sumado a la ausencia de LHCs, genera una baja emision de fluorescencia de la

clorofila a (Beutler et al. 2003; Suggett et al. 2004).
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Figura 1.3: Espectros de fluorescencia de cultivos de cianobacterias (M. aeruginosa y y P. agardhii,
arriba) y algas (S. obliquus, clorofita y P. tricornutum, cromofita). En las abscisas se indica la longitud de
onda de excitacion (350-740 nm), en las ordenadas la longitud de onda de emision (360-750 nm). En
escala cromatica, colores mas calidos indican mayor intensidad de emision. La linea en diagonal se
genera por la coincidencia de las longitudes de onda de excitaciéon y emision (Cremella et al., datos no

publicados).
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Por simplicidad, las sefiales o “fingerprints” de eucariotas y cianobacterias se llaman
fluorescencia de la clorofila ¢ y de la ficocianina, respectivamente (Fig. 1.4). La
fluorescencia de la clorofila @ fue sugerida como indicador de fitoplancton eucariota
(Lorenzen 1966) y luego la fluorescencia de la ficocianina como indicador de
cianobacterias (Watras & Baker 1988). Ambas pueden ser combinadas para diferenciar

las proporciones de microalgas y cianobacterias a la clorofila a total (Lee et al. 1994).

Figura 1.4: Senales de fluorescencia in vivo de eucariotas y cianobacterias, incluyendo las diferencias
espectrales y los complejos antena. A, C: Espectros de excitacion (verde, A emisién a 685 nm) y emision
(rojo, A de excitacion a 460 nm en eucariotas y 620 nm en cianobacterias), y de fluorescencia de la
clorofila a y la ficocianina (barras verticales). B, D: Diferencias entre los complejos antena de eucariotas
(verde rayado, LHC) y las cianobacterias (PBS, azul: alloficocianina, violeta: ficocianina, fucsia y rojo:
ficoeritrina), asociados al PSII (verde liso), incluyendo los colores de los respectivos fotones de
excitacion y emision. A, B: eucariotas. C, D: cianobacterias. Dibujo: Bruno Cremella, modificado de

diversas fuentes.

Sin embargo, la fluorescencia no es constante y varia de acuerdo a los procesos
involucrados en la fotosintesis. El PSII presenta fluorescencia variable (Fy) debido a
que la reaccion fotoquimica esta limitada cinéticamente. Esto implica que a intensidades
de luz de saturacion los PSII "se cierren" produciendo un maximo de emision de
fluorescencia (Fy), mientras que si todos los PSII estuvieran abiertos la fluorescencia
serda minima (Fy). La fluorescencia variable se ve afectada por procesos regulatorios
como son las transiciones de estado (a bajas irradiancias), el apagado dependiente de la

energia (qE, a altas irradiancias) y el fotodafio (a irradiancias muy altas) que pueden
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interferir con las mediciones en el campo. Estos procesos se denominan colectivamente
NPQ (Non-photochemical quenching, apagado no fotoquimico) (Huot & Babin 2010).

Las transiciones de estado son mecanismos rapidos que se dan en minutos y consisten
en el cambio en el fotosistema al que los complejos antena transfieren su energia,
resultando en cambios en la fluorescencia. Este mecanismo es divergente entre
cianobacterias y eucariotas. Mientras que en las cianobacterias puede ser muy
importante a bajas irradiancias (Campbell et al. 1998; Xu et al. 2012), en eucariotas
ocurre con menor intensidad (Gibbs & Biggins; Biggins & Bruce 1989; Cheregi et al.
2015) o estd ausente (Owens 1986; Kanazawa et al. 2014; Lavaud & Goss 2014). El
apagado dependiente de la energia (qE) ocurre a altas irradiancias y consiste en una
serie de mecanismos regulatorios que permiten la disipacion de la energia en forma de
calor. Las cianobacterias presentan un qE de relajacion rapida (Boulay et al. 2008) en

comparacion con los eucariotas (Goss & Lepetit 2015).
1.3 Fluorescencia in vivo aplicada al monitoreo de ecosistemas

acuaticos

La fluorescencia de pigmentos puede ser utilizada como un indicador de la biomasa de
fitoplancton y sus diferentes grupos (Yentsch & Yentsch 1979), por lo que se ha
comenzado a utilizar como herramienta biotecnoldgica para programas de monitoreo
desde la ultima década. Las sefiales de fluorescencia deben ser convertidas a otro
indicador de biomasa (clorofila @, nimero de células, biovolumen) debido a su
naturaleza no absoluta. Ademas, mediante el uso de diferentes combinaciones de
longitudes de onda se puede estimar la particion de la clorofila a entre los diferentes
grupos pigmentarios del fitoplancton a través de algoritmos matematicos (Lee et al.

1994; Beutler et al. 2002; MacIntyre et al. 2010).

Se han disefiado fluorémetros especificos para el monitoreo de fitoplancton, de menores
costos que los espectrofluorometros de laboratorio y de mayor adecuacion para su
implementacion en el campo. Los fluorémetros se basan en el uso de lamparas LEDs y
fotodetectores con filtros que se asocian a marcadores pigmentarios de los diferentes
grupos (Fernandez-Jaramillo et al. 2012). Debido a las diferencias en la fluorescencia
entre cianobacterias y algas eucariotas, los fluorometros deben contar minimamente con

dos canales (para la excitacion de los LHCs y de los PBS) (Lee et al. 1994). Se pueden
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clasificar de acuerdo a su aplicabilidad en fluorémetros de mesa, de mano “handheld”,
sondas sumergibles y sistemas online in sifu usualmente instalados en boyas (Pires &
Deltares 2010). Algunas sondas poseen mas canales, permitiendo identificar diferentes
grupos eucariotas (Beutler et al. 2002; Yoshida et al. 2011), e incluso algunos pueden
medir fluorescencia variable (Schreiber et al. 2012). Los fluorometros de mano
(“handheld”) son facilmente transportables y de uso simple para técnicos y operarios.
Por otro lado, algunos fluorémetros vienen pre-calibrados por el fabricante con cultivos
y con los algoritmos incorporados, proporcionando una concentracion de clorofila a de
los diferentes grupos taxondmicos como resultado directo en la pantalla del equipo
(Beutler et al. 2002; Richardson et al. 2010). Sin embargo, esta configuracion tipo “caja
negra” impide el seguimiento del rendimiento del equipo y por lo tanto los usuarios
dependen del fabricante para las pruebas regulares de rutina y la calibracion. Existe una
notoria falta de estandarizacion de las configuraciones Opticas de los equipos,
impidiendo la comparaciéon de monitoreos realizados con diferentes modelos de

fluorémetros sin una calibracién conjunta.

La calibracion de los fluorometros y el tipo de estdndar seleccionado son dos factores
que afectan las mediciones y son muy variables entre diferentes articulos cientificos y
protocolos. Ademas, la fluorescencia de pigmentos también varia mucho entre extractos
con pigmentos en solucion organica o acuosa y muestras naturales con células intactas
(in vivo), por lo que no existen estandares para la calibracion de los fluorometros. Esto
requiere utilizar estandares secundarios, compuestos estables que fluorescen en los
mismos canales que los pigmentos (Earp et al. 2011), y calibraciones con curvas de
dilucion de cultivos (células, biovolumen o clorofila a). Se ha utilizado ficocianina
purificada como estandar, pero su fluorescencia difiere de la de la muestra in vivo (Ahn

et al. 2007), por lo que igualmente se requiere una calibracion con cultivos.

El efecto de las condiciones luminicas inmediatas a la medicion debe ser tenido en
cuenta a la hora de la implementacion biotecnoldgica de esta metodologia. La
exposicion del fitoplancton a altas intensidades luminicas dispara las respuestas de qE
(Huot & Babin 2010; Kong et al. 2014), ypuede llegar a disminuir hasta un 50% de la
fluorescencia de comunidades naturales (Serra et al. 2009). Este efecto se puede corregir

imponiendo un tiempo de 1 a 10 minutos de aclimatacion a la oscuridad (Ruban et al.
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2004; Bailey et al. 2005; Grouneva et al. 2008) para relajar el qE previo a la lectura de

la fluorescencia.

Otro factor importante que interfiere en la fluorescencia medida es la caracteristica
optica de la matriz. Las aguas naturales son matrices complejas, y sus componentes
tienen diversas propiedades Opticas que pueden interferir con las mediciones de los
fluorometros. Los componentes predominantes son la turbidez y la materia organica
disuelta coloreada (MODC) (Brient et al. 2008; Chang et al. 2011; Ferreira et al. 2012).
El espectro de absorcion y fluorescencia de la MODC disminuye exponencialmente con
la longitud de onda (Nelson & Siegel 2013), emitiendo en el canal de la clorofila. El
efecto de la turbidez es mas dificil de aislar debido a la amplia variacién en el tamano
de las particulas (limos y arcillas). Algunas sondas fluorométricas son insensibles a la
turbidez (Zamyadi et al. 2012) y otras tienen correcciones para el efecto de la MODC
por fluorescencia UV (Catherine et al. 2012). Sin embargo, si la sonda es susceptible a
la turbidez y la MODC, los algoritmos post-lectura deben incluir factores de correccion

basados en la concentracion de estos componentes (Ferreira et al. 2012).

En resumen, existen tres grupos principales de factores ajenos a los organismos que
afectan el resultado de la fluorescencia in vivo medida por los fluorometros y que
pueden ser atendidos: 1- propios del equipo y la calibracién; 2- propios de las
condiciones luminicas locales; y 3- propios de la matriz acuosa. Esto hace que la
implementacion de esta metodologia necesite de etapas previas de investigacion con
cultivos y con muestras naturales de los lugares de interés (Chang et al. 2012b;
Koreiviené¢ et al. 2014; Kong et al. 2014). En cuanto a su implementacion, actualmente
existen algunos protocolos en etapa de validacién y prueba que proponen valores guias
incluyendo la fluorescencia para la cuantificacion de cianobacterias en el ambiente
(Chorus 2012). Al presente no existen métodos para monitoreos en amplia extension
geografica y de bajos costos, y la fluorescencia in vivo de pigmentos es una herramienta

innovadora en la biotecnologia ambiental que puede cumplir ese papel.

1.4 Situacion en Uruguay

En Uruguay multiples instituciones realizan monitoreos de calidad de agua, siendo las
mas importantes DINAMA, DINAGUA, OSE, intendencias departamentales, UTE
(embalses), CARU y LATU. Con respecto a la cuantificaciéon del fitoplancton, se
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realizan conteos en OSE, CARU, LATU y UTE y se cuantifica la clorofila a por
extraccion en la Intendencia de Montevideo, DINAMA, LATU, UTE y mas
recientemente en OSE. Hasta 2013, el monitoreo estival y semanal de playas del Rio de
la Plata y oceanicas (desde Colonia a Rocha), realizado por las intendencias
departamentales y coordinado por DINAMA-FREPLATA, no incluia ningtn indicador

de presencia de cianobacterias (ni visual ni cuantitativo).

Recientemente, distintas instituciones publicas responsables del monitoreo de la calidad
de agua como DINAMA y OSE adquirieron numerosos equipos de fluorescencia de
mano para mejorar la deteccion de las cianobacterias e implementar un sistema de
alertas tempranas de floraciones en aguas recreacionales y para potabilizar (DINAMA y
OSE, respectivamente). Esto generd un antecedente y un desafio para la investigacion
ya que no existian métodos que permitieran intercomparar los resultados de varios
equipos utilizados en simultdneo en una gran area geografica. Hasta el presente no hay
antecedentes de la implementacion de la fluorescencia in vivo en planes de monitoreo,
lo que implica ademas la intercalibracion de multiples equipos para su aplicacion
simultanea en un amplio rango de tipos de cuerpos de agua, y la formacion y

capacitacion de personal técnico.

1.5 Justificacion y objetivos

1.5.1 Justificacion:

Las floraciones de cianobacterias nocivas (CyanoHABs) son uno de los efectos mas
notorios de la eutrofizacion (Paerl & Otten 2013). Ademas, es un fendmeno complejo
que podra verse potenciado por el efecto sinérgico del cambio climatico y la
eutrofizacion (Paerl & Paul 2012). En Uruguay numerosos cuerpos de agua eutrofizados
registran eventos frecuentes de CyanoHABs, comprometiendo el uso del agua con fines
recreacionales y para consumo (Bonilla et al. 2015). Por lo tanto, es fundamental para el
pais generar nuevas metodologias de monitoreo que permitan adaptarse rapidamente a

los cambios ambientales y mejorar las alertas de la presencia de CyanoHABs.

Si bien la OSE sigue las recomendaciones de la OMS (Vidal & Britos 2012), al presente
Uruguay no cuenta con legislacion ambiental para el monitoreo de CyanoHABs. El uso

de la fluorescencia in vivo e in situ resulta una herramienta crucial para complementar
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otros indicadores y optimizar la toma temprana de decisiones. Para ello, es necesario
considerar equipos de bajos costos, de uso y transporte simple y operable por técnicos
de diversas instituciones luego de un entrenamiento sencillo. Los fluorémetros
“handheld” (de mano) son adecuados para técnicos y muestreadores de capacitacion
media, principales destinatarios del resultado de este proyecto. La extension de las
playas en la costa uruguaya hacen apropiado el uso de la fluorescencia in vivo estimada
con equipos pequeios, facilitando el monitoreo de numerosos cuerpos de agua en una
sola jornada. Por lo tanto, el desarrollo de modelos de prediccion de la biomasa basados
en la fluorescencia in vivo, incluyendo la intercalibracion, protocolos de medicion y

evaluacion de las interferencias, tendrian necesariamente aplicabilidad inmediata.

1.5.2 Objetivo general:
Desarrollar y validar un método de fluorescencia in vivo como indicador de clorofila a
de fitoplancton total y de cianobacterias para su aplicacion en monitoreos de calidad de

agua a nivel nacional.

1.5.3 Objetivos especificos:

1- Determinar la correlacion entre la fluorescencia in vivo e indicadores de biomasa de
algas y cianobacterias para intercalibrar multiples equipos.

2- Desarrollar un modelo de prediccion de clorofila a total y de cianobacterias a partir
de la fluorescencia in vivo de clorofila a y ficocianina.

3- Determinar la interferencia Optica en la matriz debido a la turbidez y la materia
disuelta coloreada sobre la fluorescencia in vivo.

4- Determinar la interferencia de la exposicion a luz solar/oscuridad en la fluorescencia
in vivo.

5- Evaluar el rendimiento del modelo con muestras naturales.

6- Generar un protocolo adecuado para ser utilizado en programas de monitoreo y
generar una matriz electronica interactiva para la aplicacion sencilla del modelo.

7- Realizar la transferencia de conocimiento brindando talleres de capacitacion para el

uso del modelo dirigidos a técnicos de entidades publicas.
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1.6 Aproximacion:

Se trabajé combinando cuatro fases:

1- Ajustes entre equipos Yy calibracion. Se analizaron comparativamente las
mediciones de fluorescencia de diferentes equipos del mismo fabricante para evaluar su
variabilidad y consecuencias en las mediciones utilizando diversos cultivos de
concentraciones conocidas. Se probd la calibraciéon con uno y multiples estandares

solidos universales y el efecto de la apertura de la ventana de los mismos. (Objetivo 1).

2- Desarrollo del modelo predictivo y aplicacion en campo. Se ajustaron modelos
lineales multiples de prediccion de la clorofila a total y de cianobacterias a partir de las
sefales de fluorescencias in vivo, en experimentos con cultivos simples y mixtos de
cianobacterias y microalgas en un gradiente de concentraciones conocidas. Se realizaron
mediciones de clorofila a por extraccion y de muestras obtenidas de las campafias de
muestreo de DINAMA y FREPLATA en las que se midi6 la fluorescencia de pigmentos

para probar el valor predictivo del modelo con muestras naturales. (Objetivos 2 y 5).

3- Ponderacion de las interferencias de la matriz y la fluorescencia variable. Se
evaluo el efecto de las interferencias oOpticas en la fluorescencia de diferentes cultivos
mediante experimentos con curvas de dilucion en aguas con diferentes concentraciones
de MODC vy turbidez de fuentes artificiales, y se compard su magnitud con MODC y
turbidez en el campo. Mediante experimentos se evalu6 la fluorescencia variable y los
parametros fotosintéticos de mulitples cultivos aclimatados a un gradiente de luz y su

respuesta a la exposicion a crecientes intensidades de luz. (Objetivos 3 y 4).

4- Transferencia del conocimiento. Se realizaron talleres de trabajo con técnicos y
gestores para implementar el uso de los fluorometros de acuerdo a su metodologia
establecida de monitoreo. Se prepararon protocolos de uso de fluorometros para

instituciones estatales (i.e.: DINAMA). (Objetivos 6 y 7).
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1.7 Estructura de la tesis:

Los resultados obtenidos en esta tesis se presentan ordenados como se indica en la

siguiente tabla:

Objetivos
Seccion o capitulo especificos Péaginas
2- Articulo en prep.: “A simple
quantitative model based on in vivo
. , 1,2,3,5 27 a 63
pigment fluorescence to monitor
phytoplankton and cyanobacteria”
3- Articulo en prep.: “Dark step corrects
phytoplankton photoregulation effect on 4 64a77
in vivo chlorophyll a fluorescence”
4- Talleres de capacitacion y transferencia
6,7 78 a 85

biotecnoldgica
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2.1 Abstract

In vivo pigment fluorescence methods allow simple and real-time detection and
quantification of cyanobacteria in freshwaters. Available predictive models are still
limited due to high-cost fluorometers and restricted to individual water bodies,
impeding comparisons of data between fluorometers and thus their use in large
geographic monitoring programs. Moreover, few models have corrections for optical
interference (water turbidity and colored dissolved organic matter, CDOM). We develop
a simple, in vivo fluorescence model for the prediction of phytoplankton and
cyanobacteria chlorophyll a (chl a) concentration, based on chl a and C-phycocyanin
fluorescence, that can be applied with low-cost fluorometers and is consistent between
multiple instruments. We aimed to: 1—perform several experiments with cyanobacterial
and microalgal cultures to select the algorithms, 2- inter-calibrate seven units of the
same model fluorometer, 3—correct for CDOM and turbidity interference and 4—test
the performance of the model with natural samples. We achieved comparable results
between instruments after intercalibration corrections, allowing the simultaneous use of
multiple fluorometers. The selected linear model fulfilled the linear regression
assumptions up to 57 pg chl @ L', and showed a good performance (n = 268, R* = 0.85,

root mean square error, RMSE = 6.3 pg chl @ L") using culture experiments but
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performed less well when applied to natural samples (n = 106, R* =0.71, RMSE = 14 pg
chl a L"), suggesting the presence of additional interference or sources of variability
that needs further evaluation. We developed an algorithm to correct for the significant
interference of CDOM and turbidity in total phytoplankton chl a quantification. The
new model allows the detection and quantification of total phytoplankton and
cyanobacteria chl a in real time with multiple low-cost fluorometers and will contribute

to the implementation of large scale monitoring programs.

2.2 Introduction

Eutrophication and climate change effects promote toxic cyanobacteria blooms that
threaten drinking and recreational water sources (Chorus and Bartram 1999; Paerl and
Otten 2013). Monitoring programs include cyanobacteria biomass surveillance in order
to implement early warning alerts of these organisms or to select appropriate mitigation
actions (Chorus 2012). The most used biomass indicators, the total phytoplankton chl a
concentration and cyanobacteria total cell abundance and biovolume (Chorus &
Bartram, 1999), are time consuming, training intensive and costly techniques (Ahn et al.
2007). Marker pigments are molecules that can be used to detect and quantify
phytoplankton. Because of major evolutionary differences, fluorescence “fingerprints”
allow the discrimination of algal groups by their excitation spectra. Freshwater algae
have peripheral antennae called light harvesting complexes (LHCs) composed of
chlorophylls and carotenoids with an excitation range of 400 to 500 nm. These pigments
share/transfer their excitation energy to chlorophyll a molecules within the antenna and
part is fluoresced near 685 nm. Cyanobacteria have phycobilisomes (PBS) containing
mainly phycocyanin, with an excitation range from 590 to 620 nm and emission at 650
nm (Millie et al. 2002). Separate excitation and emission measurements in these two
band sets, called chlorophyll a and phycocyanin in vivo fluorescence (from eukaryotic
LHCs and cyanobacterial PBSs, respectively) are wuseful for predicting the
cyanobacterial fraction of the total Chl a phytoplankton, due to the cross residual
fluorescence of cyanobacteria (low fluorescence of their Chl @) and algae (residual
excitation of chlorophylls-based antennae in the C-PC channel) (Lee et al. 1995). Some
cryptophytes contain phycocyanin, but they emit fluorescence mostly in the Chl a
channel (Van Der Weij-De Wit et al. 2006; Hoef-Emden 2008) and thus do not overlap

with cyanobacterial phycocyanin signals.
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In vivo fluorescence of phytoplankton photosynthetic pigments is a tool increasingly
used to quantify phytoplankton and cyanobacteria due to its simplicity and real-time
diagnostic capacity (Ghadouani and Smith 2005; Seppélé et al. 2007; Ye et al. 2014;
Kong et al. 2014; Zamyadi et al. 2016). Although these methods are still under
evaluation, their use has been introduced in water management regulations (Ibelings et
al. 2012). C-PC in vivo fluorescence is a promising indicator of cyanobacteria in water
monitoring programs and has been suggested as an integral part in alert systems
frameworks (Ahn et al. 2007; Izydorczyk et al. 2009; Koreivien¢ et al. 2014). However,
the lack of standardization between equipment and the variability in pigment
composition and variable fluorescence kinetics currently limit the use of this
methodology (Zamyadi et al. 2016). In addition, only a few available Chl a prediction
algorithms include corrections for major water interferences (absorption and scattering)
(Beutler et al. 2000; Ferreira et al. 2012). Despite the increasing number of publications
using this approach, each method corresponds to an individual instrument (Zamyadi et
al. 2012, 2016). Implementation of this technique in large scale monitoring programs
requires the use of multiple, intercalibrated fluorometers, which has not been achieved
yet. In addition, large scale programs result in high operational cost, and the use of
simple low cost instruments becomes critical, although no methods are available for

simple handheld fluorometers.

Scattering, absorption and fluorescence by non-algal substances in the water can cause
significant interference with measurement of pigment fluorescence. In natural waters
the turbidity, generated by particle scattering, and colored dissolved organic matter
(CDOM; see Table 2.1 for abbreviations, symbols and units) fluorescence can affect the
in vivo cell fluorescence measurements (Brient et al. 2008; Chang et al. 2011; Ferreira et
al. 2012). CDOM is a complex mix of colored organic molecules whose absorption
decreases exponentially with wavelength. It contains a variable fluorescent fraction
(FDOM), also with intensity decreasing exponentially with wavelength (Nelson and
Siegel 2013). Non-algal particles (NAP) can have absorption properties similar to
CDOM, and in inland waters could reach the same magnitude of interference as CDOM
(Kirk 1994; Gilerson et al. 2007). Turbidity is caused by biological and abiotic particles
in suspension, which are hard to isolate. Some fluorometers are largely insensitive to

turbidity (Zamyadi et al. 2012), while others have CDOM corrections using UV excited
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fluorescence in their algorithms (Catherine et al. 2012). However, if the probe is
susceptible to turbidity and CDOM, post-measurement corrections could be applied
(Ferreira et al. 2012). There are no methods with algorithm to correct both turbidity and
CDOM effects for handheld, low cost fluorometers.

We developed an in vivo fluorescence model to predict the total phytoplankton Chl a
concentration and the cyanobacterial Chl a concentration using multiple low cost
fluorometers of the same model. To achieve this, we defined four main goals: 1) to
calibrate and compare multiple fluorescence probes of the same model; 2) to establish
an algorithm for total and cyanobacterial Chl a based on the in vivo fluorescence of Chl
a and C-PC; 3) to empirically determine and quantify the optical interferences of the
matrix; and 4) to evaluate the performance of the new method in field sampling

campaigns.
2.3 Materials and methods

We designed our study in three steps. First, we inter-calibrated seven handheld
Aquafluor fluorometers (Turner Designs) configured with two channels (chlorophyll a
and phycocyanin). Second, we developed new algorithms to predict total phytoplankton
and cyanobacterial chlorophyll a based on the fluorescence readings of mixed
cyanobacteria and algal cultures, including corrections for optical interferences (CDOM
and turbidity). Third, we tested the new algorithms on the results of monitoring
campaigns (84 natural samples, 2014-2016) along a gradient of 35 beaches from fresh

to marine waters of the la Plata river and Atlantic ocean.

2.3.1 Cultures and equipment

Eight strains of cyanobacteria (4) and microalgae (4) were grown in modified full BG-
11 medium. Experiments took place at Seccion Limnologia (Facultad de Ciencias,
Universidad de la Republica, Uruguay) and Laboratoire d'Analyses Environnementales,
(Université de Sherbrooke, Canada) (Table 2.2). Cultures in Uruguay were grown at
25+1°C and 16:8h light:dark photoperiod; light was provided by white LED tubes (GR-
T8-418LI-55C-NWRV2, Green Ray), with irradiances varying from 60 for
cyanobacteria to 80 umol quanta m? s for algae. Cultures in Canada were grown at
20+1°C and 12:12h light:dark photoperiod; light was provided by white fluorescent
tubes (Silhouette F14T5/841/ALTO, Phillips), with irradiances ~80 pmol quanta m™s™.

30



In vivo fluorescence was measured with Aquafluor fluorometers (Turner Designs), with
two channels corresponding to the in vivo fluorescence of Chl a (part number: 8000-
406; excitation 460 nm, emission > 660 nm, longpass), and the in vivo fluorescence of
C-PC (part number: 8000-412; excitation 590 nm, emission 673 nm with 85 nm
bandpass, covering C-PC and Chl a emission bands). Measurements were made in

polystyrene cuvettes, at room temperature (~20 °C) and dim light.

2.3.2 Raw fluorescence

To develop a new model we needed to work from raw fluorescence signals. The
Aquafluor fluorometer reports fluorescence values that are already standardized against
stored calibration values. The instrument has a two-point calibration system (0 and an
arbitrary value, StdVal). These are stored in the fluorometer’s internal raw scale as
%blk and %std respectively; the calibration is such that the fluorometer returns a value

F equal to StdVal when the standard is read:

% StdVal
F=F (%Std —%blk) ' (M
Where F* is the raw fluorescence (percentage of the saturation value of each channel),

and F (RFU) is the measurement returned by the fluorometer. By reorganizing eq. 1,

one can obtain the raw fluorescence measured by the fluorometer.

Fluorometers were calibrated with Red Adjustable Solid Secondary Standards
(RASSS). The RASSS is a fluorescent plastic embedded in a black enclosure with four
perpendicular adjustable windows, which allow the passage of excitation and emission
light. The RASSS window was manually adjusted by a top screw, modifying its
fluorescence proportionally to the window opening. We followed the manufacturer’s
suggestions of selecting a ratio between the %Std and %Blk values between 5 and 30 to

obtain the best linear range.

2.3.3 Cross calibration of fluorometers and culture dilution series
experiments

We evaluated the effect of using different RASSS window openings during calibration

on the fluorescence reported and raw values between fluorometers (Supp. fig. 1). To test

the RASSS opening effect, we ran a set of experiments with culture dilution series and

with 3 Aquafluor units calibrated with a single RASSS (serial number 0815) as a
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reference standard and a StdVal=100. Three RASSS window openings were defined for
the test (Open, Intermediate and Closed). A series of three dilutions (1/10, 1/100 and
1/1000 of cultures of the cyanobacterium Cyanobium spp. and the chlorophyte
Chlamydomonas reinhardtii were used for the test. For each set of fluorescence
measurement (three for each dilution, total = 9 readings per strain), each fluorometer
was calibrated as described above with a standard and blank. One of the fluorometers
calibrated with an intermediate RASSS opening was used as a reference from which to

standardize each set of culture-dilution readings. To test the effect of the RASSS

was used as an opening indicator.

. . 1
opening, the ratio YeStd 9Bl

To test the comparability of measurements between fluorometers, we performed a series
of experiments with seven Aquafluor units (named as: DINAMA, Colonia, San José,
Montevideo, Canelones, Maldonado and Rocha). We first compared the performance of
the seven instruments, calibrated with the same RASSS (serial 0815), and second, with
the 7 individually assigned RASSSs (Supp. fig. 1). For these tests we used the
cyanobacteria P. agardhii and Cyanobium spp., and the chlorophyte C. reinhardtii. Chl
a and C-PC fluorescence of culture dilution series (1, 1/5, 1/10, 1/50 and 1/100) were
measured with each fluorometer calibrated with the same RASSS. For the multiple
RASSS calibration test, seven RASSS (Table 2.3, Supp. fig. 1) were manually adjusted
to closely match the reference fluorometer and RASSS (DINAMA, RASSS serial
0815). Pigment fluorescence was measured on the three culture strains using 3 serial
dilutions (1,1/10, and 1/50) in triplicate. Post calibration values were determined

following Eq. (2) and (3):

PostCal; = median (L) 2)
Fpinama
Fr* = — 3)

"~ PostCal i

Where F;; is the F*of dilution j measured with the fluorometer 7, Fpyama ; is the F* of
dilution j measured with the DINAMA's fluorometer; PostCal; is the post calibration
value for the fluorometer i and F** is the post-calibrated corrected fluorescence. Each
PostCal; parameter was determined from 27 measurements (3 cultures * 3 dilutions * 3
replicates). PostCal; estimated from the single and multiple RASSS calibrations were
compared using a linear regression. For both tests, culture subsamples were taken to

quantify the Chl a concentration by spectrophotometry following ISO 10260:1992.
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2.3.4 A new model to predict total phytoplankton and cyanobacterial Chl a

We developed an algorithm to predict the total phytoplankton Chl @ and the
cyanobacterial Chl a concentrations based on in vivo fluorescence of Chl a and C-PC.
We obtained the algorithms by fitting multiple linear regressions between fluorescence
data generated from experiments with single and with mixed cultures and the Chl a
concentration measured on extracts. We used factorial combinations to simulate
different cases of algal and cyanobacterial relative contribution. We ran the experiments
by combining one cyanobacteria (M. aeruginosa) and one algae (either S. obliquus or P.
tricornutum) (simple mixed), and two cyanobacteria plus two algae (complex mixed, M.

aeruginosa, P. agardhii, S. obliquus and P. tricornutum) cultures (Tables 2.4 and 2.5).

We first quantified the Chl a concentration of the four cultures mentioned above by
direct extraction of 0.2 ml pipetted into 1.8 ml of acetone 90%:DMSO, 3:2 v:v,
following the fluorometry technique described by Andersen (2005) and reading the
extracts in a fluorometer. Multiple linear regressions to predict total and cyanobacterial

Chl a, as a function of in vivo fluorescence, were fitted according to:

[Chla] = A * FcZpc + B * Fey 4 (4)

Where the response variable [Chl a] is the measured Chl a concentration (total or
cyanobacterial), F-"pc is the cross-calibrated fluorescence of the C-PC channel, Fgy, ,
is the cross-calibrated fluorescence of the Chl a channel, and A, B are the regression
coefficients. Distribution of the response variables (predicted total and cyanobacteria
Chl a concentration) were tested for normality and homoscedasticity (Shapiro-Wilk and
Breusch—Pagan tests, respectively) (Breusch and Pagan 1979). Models with and without
intercept were compared and selected by analyzing their variance and applying the
Akaike Information Criteria (AIC). Prediction intervals were determined using the
fluorescence corrected by a post-calibration factor (**) and fitting the 5 and 95%
quantile linear regressions (Cade and Noon 2003), according to: [Chl a] (ug L™)=A
F**cpc + B F**¢p , + C (Table 2.6, Fig. 2.3), using 389 measurements (all strain
dilution quantified Chl @ are listed in Table 2.2, except for P. tricornutum and

Cyanobium spp.).
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2.3.5 Effects of CDOM and turbidity on total and cyanobacterial chlorophyll
a predictions
To evaluate the interference of CDOM and turbidity on fluorescence signals we
performed a series of experiments using culture dilution series (two cyanobacteria and
one green algal strains) with different CDOM and turbidity conditions. C. raciborskii
and S. capricornutum were used to test individual impacts of CDOM and turbidity.
Cyanobium spp. was used to examine the interaction between CDOM and turbidity, for
allowing to test the cyanobacterial Chl @ model and a lower range of Chl a
concentrations (due to it being a picocyanobacteria, the dilutions have have more spatial
homogeneity and less variation). All treatment solutions (control, CDOM, turbidity and
CDOM+turbidity) were prepared with 10% BG-11 diluted culture media to prevent

osmotic shock in cells.

Single interference experiments consisted of series of C. raciborskii and R. subcapitata
culture dilutions, two CDOM and two turbidity levels and one control. Each series was
composed of triplicates of six culture diluted to have the following [Chl a]: 0, 5, 10, 20,
30 and 50 pg L' for C. raciborskii; and 0, 2.5, 5, 10, 15 and 25 ng L' for R

subcapitata.

Interaction experiments consisted of series of Cyanobium spp. culture dilutions in each
of control, CDOM, turbidity, and CDOM-+turbidity treatments. Each series was
composed of triplicates of six culture dilutions, aimed to have the following chlorophyll
a concentrations: 0, 1, 2, 5, 10 and 20 pg L. Three milliliters subsamples of each
dilution were taken to measure the in vivo fluorescence, and the remaining volumes
were filtered through glass fiber filters to measure [Chl a]. Chl a was extracted
according to the ISO 10260 method and measured in a fluorometer (Trilogy, Turner
Designs, extracted Chl a module p/n 7200-040) calibrated with a Chl a standard
(Sigma) dissolved in 90% ethanol in the concentration range 3 to 500 pug L. All
treatments were left for 40 minutes in the dark at room temperature before the in vivo

fluorescence measurements.

We used commercial black tea (Lipton Yellow Label) solutions as a CDOM analog,
since it is a complex mix of oxidized plant compounds with similar absorption and

fluorescence spectrum (Seetohul et al. 2006; Dong et al. 2014) as natural freshwater
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CDOM (McKnight et al. 2001; Helms et al. 2008; Fellman et al. 2010; Nelson and
Siegel 2013). We first prepared a working solution by putting a commercial tea bag in
450 mL of pre-heated distilled water at 75 °C let it cool at room temperature for 20
minutes. The solution was then filtered through a fiberglass filter (MGF Munktell), and
absorbance measured at 440 nm on a spectrophotometer (Evolution 60, Thermo) (the
absorbance at 750 nm was subtracted) with an optical path of 1 cm, to be used as a
CDOM proxy. Two concentrations were prepared by first diluting the working solution
with distilled water to reach ~0.500 AUg40nm, and then further diluting this 1/10 to
obtain the second level (Table 2.7). For the turbidity levels we used commercial
kaolinite powder (Drogueria Paysandu, Uruguay), a major silicate mineral component
of suspended clay sediments in natural waters, commonly used as a turbidity source to
test fluorometer performance (Chang et al. 2011; Zamyadi et al. 2012). Initial working
solution was prepared by adding 0.275 g of kaolinite to 1 L of a 10% solution of BG-11
(~500 NTU) in distilled water. The second level was a 1/10 dilution of the working
solution in BG-11 10% (Table 2.7). Turbidity was quantified as TNU with a Horiba®

U-50 multiparameter probe.

To evaluate the effect of optical interactions in natural samples, CDOM and turbidity of
river filtered water were analyzed and compared with the previous experimental results.
River water was filtered through a glass fiber filter (MGF, Munktell), and total and
cyanobacterial Chl a were calculated by applying eq. 4 to the fluorescence signals (C-
PC and Chl a). Absorbances of the filtered water at 440 nm and/or the fluorescence
measured with a fluorometer (Trilogy, Turner Designs, CDOM module p/n 7200-069)
were transformed to absorption coefficients (in m™) to be used as a CDOM proxy.
CDOM fluorescence readings were transformed to 440 nm absorbance by applying a
linear regression between CDOM fluorescence and absorbance. Water samples from
Santa Lucia river was selected to evaluate the turbidity effect on the predicted total and
cyanobacterial Chl a. Filtered water fluorescence was subtracted, and only data with <1

ng L™ of Chl a was used.

2.3.6 Application of the new in vivo fluorescence model in natural
phytoplankton samples
To test the new algorithms we measured the fluorescence of natural phytoplankton

samples from the Rio de la Plata estuary in a joint monitoring program (Ministry of
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environment, DINAMA-FREPLATA, Universidad de la Republica and San José,
Colonia, Montevideo, Canelones, Maldonado and Rocha municipalities) during summer
2014, 2015 and 2016 (November to March, each year), totaling 188 fluorescence
readings associated to 84 analytically quantified Chl a data. Water temperature was also
recorded. Thirty-five sampling sites along the fluvial-marine gradient of La Plata river--
Atlantic coast (Fig. 2.6) were classified in four regions according to the salinity average
in fluvial (salinity <0.5 ppt), estuarine (mean salinity <15 ppt) and marine (mean
salinity >15 ppt) regions. From these results we excluded the Chl a > 57 pg L' (outside
the prediction limit), and two subsets of data corresponding to estuarine (bad calibration
on C-PC channel) and marine (high Chl a with very low fluorescence due to a
heterogeneously dispersed bloom) sections. The remaining dataset consisted of 106
fluorescence readings, 63 quantified Chl a and 27 sites. Since temperature can affect the
resulting in vivo pigment fluorescence, data were corrected by water temperature with
the coefficients from Kasinak et al. (2015) for C-PC and from Lorenzen (1966) for in
vivo Chl a. The prediction capacity of our model for natural samples was tested by
comparing modeled to measured Chl a concentration with simple linear regressions

fitted to each salinity region.

2.3.7 Statistical analysis

All statistics and data analyses were performed with R software (R Core Team 2015),
with the packages doBy, nls and quantreg for group-wise analysis, non-linear least
squares curve fitting and quantile regressions, respectively. Total and cyanobacterial
Chl a prediction models were subjected to a residual analysis to determine the

fulfillment of linear regressions assumptions (Dunn and Smyth 1996).

2.4 Results

2.4.1 RASSS opening and calibration

The Chl a raw fluorescence showed strong linearity with cultures dilution for all
fluorometers and was not modified by the RASSS window openings in the range tested.
The C-PC raw fluorescence, in contrast, deviated from linearity and it was affected by
RASSS opening, restricting the validity of the calibration to a narrow RASSS opening
margin. Despite being collinear, the culture fluorescence measurements differed widely
between the fluorometers calibrated with the reference RASSS at a single window

opening, indicated by the low correlation between fluorescence vs. dilution series (R*=
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0.44 and 0.35 for Chl @ and C-PC channels, respectively) (Figs. 2.1A and 2.1C). F*
showed a very good fit with dilution (R*= 0.995 for Chl ¢ and R* = 0.987 for C-PC
when excluding the points corresponding to the Maldonado probe calibrated with a
RASSS with intermediate opening. Unlike fluorescence reported by default (F) by the
fluorometers, F* is intercomparable between fluorometers and RASSS openings. There
were no significant differences between fluorometers for C-PC F* within for
%Std/%Blk between 2.5 and 15 (df=3, F=1.289, p=0.29). However, Chl a F* was
significantly different for each fluorometer with no interaction effect between
instruments (ANOVA, RASSS: df=3, F=1.289, p=0.29, Fluorometer: df=3, F=20.681, p
<0.001, interaction: df=4, F=0.657, p=0.623).

2.4.2 Comparison of independently calibrated fluorometer measurements
Significant differences (p<0.05) were found in the F* fluorescence for both Chl a and
C-PC measured with the seven fluorometers, either calibrated with the reference
RASSS cell (ANOVA of Chl a-weighted F*cpc, df=7, F=14.362, and F*cy 4, df=7,
F=6.867, p<0.05 for both tests), or with the different RASSSs (ANOVA, Chl a-
weighted F*c_pc, df=6, F=5.858, n= 105, and F*cy 4, df=6, F=10.792, n=105, p<0.05 for
both tests). The data dispersion was not a consequence of any particular fluorometer or
calibration method (post-hoc Tukey's HSD test, p > 0.05) (data not shown). The use of
F** with the fluorometer-specific PostCal; values (Table 2.3) improved the fit of the
regression (R?) between fluorescence and Chl a concentration, for both channels and for
calibration performed with the reference (serial 0185) or the individual RASSS (Fig.
2.2).

The use of PostCal;-corrected values significantly improved the regression fit between
F** and Chl a concentration in both channels (Fig. 2.2), decreasing the variability
between instruments. There was a significant correlation of the PostCal; values between
the two calibration methods, individual RASSS PostCal = 1.031 (single RASSS
PostCal) - 0.018 (R? = 0.935) for C-PC, and individual RASSS PostCal = 1.041 (single
RASSS PostCal) - 0.082 (R? = 0.882) for Chl a.

2.4.3 New model to predict total and cyanobacterial chlorophyll a
concentration based on in vivo fluorescence signals
We obtained a set of multiple linear models that could accurately predict the total and

cyanobacterial Chl a concentration regardless of species and pigment composition. The
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models were developed with simple and mixed cultures, with defined prediction
intervals. The addition of an intercept showed no statistical support (t-test, p=0.945;
AAIC < 2) (Table 2.8), and thus, the best linear models did not include the intercept
(Table 2.8, Fig. 2.3), neither for predicting total Chl a nor for cyanobacteria Chl a,
lowering the degrees of freedom and simplifying the models. The response variable
[Chl a] was homoscedastic (Breusch-Pagan test, p > 0.05) after a [Chl a] cut-off below
56.5 pg L. Although [Chl a] data did not follow a normal distribution even after
testing the upper cut-off limits (Shapiro-Wilk test, p>0.05), the normality of the
response variable is not an assumption for the linear model regression (Poole and
O’Farrell 1971), and the results were statistically robust with minor deviation from
normal distribution. The model was linear up to [Chl a] of 80 pg L™ (Fig. 2.3), and the
residuals showed normal distribution (Shapiro-Wilk normality test, W = 0.981, p-value

= 0.060).

For the cyanobacterial [Chl a] model, data did not fulfill the assumptions neither for
normality or homogeneity of variance (Shapiro-Wilk test, and Breusch-Pagan test,
respectively, p<0.05) at any Chl a threshold value (tested in the full range of
concentrations in increments of Ipug L' of Chl @). The residuals did not have a normal
distribution (Shapiro-Wilk test). However, applying the principle of parsimony, we
applied the same cut-off defined for the total Chl a model (56.5 pg L). A similar
model for eukaryotic Chl a was fitted, but it was identical to the difference between

total Chl a and cyanobacterial Chl a, making the model redundant.

2.4.4 Effects of CDOM and turbidity on fluorescence

CDOM and turbidity interfered with the fluorescence signals incrementing the
concentration of predicted Chl a in both models (total and cyanobacteria) (Fig. 2.4).
CDOM affects the measurements by adding a background fluorescence signal. The
magnitude of the signal was directly proportional to the concentration of CDOM or
turbidity (Table 2.9, Fig. 2.4). CDOM decreased the slope of predicted vs. measured
total Chl a by 30% and cyanobacterial Chl a by 21% per absorbance unit (AU) at 440
nm, while turbidity showed no significant effect on the slope in both models (Table
2.9). Chl a background generated by CDOM solutions had a linear relation with
absorbance at 440 nm below 0.1 AU440nm.
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There was a significant interaction between CDOM and turbidity (Fig. 2.4) that affected
the predicted total and cyanobacterial Chl a. This effect was mostly due to the non-

linear response of fluorescence to CDOM over 0.1 AU440pm.

2.4.5 Comparison with natural samples

Natural CDOM and turbidity interfered in the fluorescence generating a “background”
signal, resulting in an increment of the modeled Chl a concentration (Fig. 2.5). Natural
CDOM, ranging from almost 0 to 20 m™', was within the absorption coefficients of the
tested tea solutions (up to 115 m'l, 0.5 AUggonm). The regression between the
background predicted Chl a (total and cyanobacteria) and the absorption coefficient at
440 nm showed similar linear slopes when comparing natural CDOM and tea solutions
up to 20 m™ tested in the previous section (Fig. 2.5, Table 2.10). For turbidity, the
background predicted Chl a/NTU slope was similar between kaolinite experiments and
filter river water and both were very low compared to CDOM effect (Fig. 2.5, Table
2.10).

2.4.6 Test of the new model on field measurements

The prediction capacity of the new chlorophyll a models was tested with natural
phytoplankton samples taken from 35 sampling sites along a fluvial-marine coastal
gradient. Low Chl a concentrations (<10 pg L) were determined in most of the sites.
The regression fit of modeled Chl a versus extracted Chl a concentration varied
depending on the origin of the fluorescence data. Field data showed a higher root mean
square error (RMSE) than the training dataset (mixed culture experiments) and
laboratory datasets (including all cultures measured), along with a higher slope and
intercept (Table 2.11). The fluvial, estuarine and marine region data varied in their slope
but showed similar intercepts and RMSE. The marine section data showed a very low
R” (0.36), and in the other end the fluvial section showed a very strong linearity
(R*=0.95) (Table 2.11). There was a significant linear fit between the modeled Chl a
and analytical Chl a concentration (Fig. 2.6).

2.5 Discussion

Monitoring of freshwater cyanobacteria requires fast, simple, low cost and reliable
methods. Furthermore, the comparability of data between instruments is necessary to
implement large geographic monitoring programs. We developed new quantitative

models to predict Chl a (total phytoplankton and cyanobacteria) allowing to use simple,

39



low cost fluorometers. Our models allow the simultaneous use of multiple fluorometers,
which can significantly facilitate freshwater monitoring over large regions. Our models

are not restricted to be used with the handheld fluorometer used in this study.

2.5.1 C(alibration and secondary standards:

We found that using F*, instead of the default reported fluorescence (F), the
comparability of measurements between instruments significantly improved, being the
first step toward a data full intercomparison. The alignment of the RASSS with the
probe’s optics led to slight differences between instruments, despite the differences in
the standard values (StdVal) and therefore the F* correction was needed to remove this
effect. However, another type of standard solution could improve calibration and
simplify data intercomparison. For instance, b-rhodamin, a stable fluorescent
compound, could be a better standard than RASSS, avoiding the transformation steps
F* and F**, simplifying the model data transformation. A simplified procedure could fit
the ISO 17025 (International Standard Organization 2005) quality control requirements

for new method validation.

2.5.2 Measurements withy cross-calibrated fluorometers

The post-calibration correction to obtain F** significantly improved the comparability
of the data of the 7 tested instruments, with any calibration procedure. The simultaneous
use of multiple fluorometers is essential to include in vivo fluorescence techniques in
water monitoring programs at large scale. Few published quantitative fluorescence
methods work with multiple intercalibrated instruments (Guinet et al. 2013; Xing et al.
2014), and most of them are restricted to single fluorometer units or to the comparison
of different models/brands (i. e. Gregor and Marsalek 2004; Zamyadi et al. 2016). A
simple calibration step introduced in our procedure (post-calibration for each RASSS
and probe) was enough to make the data intercomparable between different instruments.
Even if the instruments used in our study were manufactured by the same company,
minor differences in their optics affected the fluorescence results, and thus the post-

calibration corrections should be added to the algorithms.

2.5.3 Chlorophyll a concentration prediction models
We developed two novel simple algorithms to predict total and cyanobacterial Chl a

concentration based on in vivo fluorescence to be used with multiple handheld
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fluorometers. We developed algorithms fitting two models based on data from single
and mixed cultures (algae and cyanobacteria) to mimic the realistic partitioning of Chl a
concentrations of natural phytoplankton. Our algorithms have the strength of being easy
to implement and modified by the user. Further, the algorithms are adaptable to two-
channel low-cost fluorometers, including self-assembled ones. Other models that
differentiate between cyanobacterial and eukaryotic Chl a based on fluorescence have
been previously proposed but using tabletop spectrofluorometer (Lee et al., 1995), or
costly probes like the Algaetorch or the Fluoroprobe (Beutler et al. 2003). In this work,
we extend the application of the method developed by Lee et al. (1995), modifying
several steps in the methodological approach. Main improvements in our method in
comparison to Lee et al (1995) are: 1- the use of multiple fluorometers, a crucial aspect
for the implementation of monitoring methods; 2- the use of more parsimonious
algorithms (allowing total and cyanobacterial Chl a estimation); 3- the modeling of
major optical interferences, an aspect poorly addressed in the literature (usually only
one effect studied, CDOM or turbidity); and 4- the relevant range of Chl a
concentrations (0 - 50 pg L") where the model has a good prediction capacity,

becoming useful for early cyanobacteria warnings.

WHO guides for cyanobacteria monitoring in recreational water are based on total
phytoplankton chlorophyll @ and cyanobacterial cell abundance and biovolume (Chorus
& Bartram 1999). Our model can complement this approach because it predicts total chl
a as well as cyanobacterial chl a concentrations. Some fluorometers are configured to
detect and quantify phytoplankton groups and cyanobacterial biomass, as the series of
high performance bbe Moldaenke fluorometers (i.e.. AOA, Fluoroprobe and
Algaetorch) (Beutler et al. 2002, 2003). However, high cost and the dependence on the
manufacturer for calibration (Pires and Deltares 2010), limit the routine use of this kind
of instrument in developing countries and in large scale monitoring programs. Our low-
cost alternative models are the first developed to be used with simultaneously multiple
fluorometers and ready to be implemented in monitoring programs. A cross-calibration
between several fluorometers of the same model has been reported only for marine Chl
a fluorescence profiles with a one channel instrument (Guinet et al. 2013; Xing et al.
2014). Our model is innovative since it is applicable to freshwater and estuarine waters

and it was developed with a two-channel instrument.
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In vivo pigment fluorescence has to be transformed into a phytoplankton and/or
cyanobacteria biomass indicator for monitoring purposes. Total cyanobacteria cell
abundance and biovolume and phytoplankton chlorophyll a are among the most used
quantitative bioindicators (Chorus and Bartram 1999). To develop our models, we
selected Chl a as the bioindicator because is the universal photosynthetic pigment in
phytoplankton; the best indicator tied to pigment fluorescence; widely implemented in
monitoring programs; and finally, because our models discriminate between total and
cyanobacterial Chl a. By applying our models is possible to easily determine changes in
the proportion of cyanobacteria in the total phytoplankton, which can be an early
warning of a future bloom. Other biomass indicators show limitations that also favors
the use of Chl a. For instance, the use of extracted C-PC, as a cyanobacterial biomass
indicator, have contradictory results in fluorometry (Kong et al. 2014; Kasinak et al.
2015; Macério et al. 2015), and does not give information about the proportion of
cyanobacteria in the total phytoplankton biomass. Biovolume is the most accurate
indicator of phytoplankton biomass, although is highly variable between main
phylogenetic groups (Reynolds 1984), and does not always correlate well with pigment
in vivo fluorescence (Alvarez et al. 2017). For instance, chl a/biovolume ratios (both
extracted and in vivo) are highly variable between phylogenetic algal clades, like
chlorophytes and red line groups (diatoms and dinoflagellates) (Catherine et al. 2012;
Deblois et al. 2013). Besides, cyanobacteria cell volume span more than 2 orders of
magnitude, while organism volume (cells, colonies and filaments) spans 11 orders of
magnitude (Beardall et al. 2009; Edwards et al. 2012), which significantly affects
pigment cellular package and in vivo fluorescence response. In consequence,
cyanobacteria cell abundance poorly correlates with biovolume, pigment concentration
or with toxin concentration (Chorus and Bartram 1999; Kong et al. 2014; Macério et al.
2015). Although chl a concentration can vary with organism volume, the selection of
this bioindicator, to transform our in vivo fluorescence signals, is a good compromise to

generate a reliable quantitative indicator of cyanobacteria and algae.

2.5.4 Optical interferences

CDOM contributed significantly to generate background fluorescence only in the Chl a
channel, suggesting that the detection of cyanobacteria is less affected by CDOM than
that of eukaryotic algae. We found a small interference effect for cyanobacterial Chl a

(< 2.5 ug L"), given the lower CDOM fluorescence in the C-PC channel (Fellman et al.
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2010). We suggest two alternative corrections to remove the CDOM interference in the
fluorescence signals: 1- to directly subtract the fluorescence measured in the filtered
water from the pigment fluorescence data, or 2- to calculate the final Chl a
concentration by applying an algorithm based on a CDOM concentration proxy
(absorbance 440 nm or UV fluorescence). Some studies have corrected the CDOM
interference on pigment fluorescence in freshwaters by the two options mentioned
above, directly subtracting filtered water Fcy, (Carlson and Shapiro 1981; Keller et al.
1990), and indirectly adding a CDOM-proportional parameter to the Chl a prediction
algorithm (Ferreira et al. 2012). Since both of these options can increase complexity and
costs of field work, the Forel-Ule scale of a water color could be applied to visually
estimate the CDOM (Novoa et al. 2014), as a simple and affordable procedure. Most of
the published methods do not include any correction to the fluorescence generated by
natural CDOM. In our dataset the background Chl a added by the CDOM effect was up
to 11 pug L', which is in the same order of magnitude of the modeled Chl a
concentration for some natural ecosystems (i.e.: Elbe river: ~10pug L™, and Pawcatuck
river: 6.87 pg L', Beutler et al. 2000 and Keller et al., 1990, respectively) but lower to
the values found in Minnesota high-CDOM forest lakes (Carlson and Shapiro 1981).
Background Chl a detected in our study falls within WHO guides for cyanobacterial
risk exposition in recreational waters (chlorophyll a: 1, 10 and 50 ug L™, low, moderate
and high risk, respectively) (Chorus and Bartram 1999). In consequence, the CDOM
effect can be important in the final predicted Chl a concentration, and those models
without algorithms to remove the CDOM effect can result in false signals of high risk of
exposition to cyanobacteria. This interference is also particularly relevant for
monitoring phytoplankton in floodplain rivers since the rainfall regime could

substantially change the CDOM content in short time (Teixeira et al. 2011).

Our results showed a linear response between fluorescence and tested CDOM
concentrations < 0.1 AU440nm Or an absorption coefficient at 440 nm of 20 m™'. The non
linearity of this trend above 0.1 AUusonm could respond to the exponential relation of
absorbance to transmittance, and thus, to the excitation (and emission) light intensity. At
0.5 AUssaonm, 44% of the 440 nm excitation light is absorbed in 0.5 cm (half of the
cuvette width), which roughly corresponded to the 50.8 £ 10.1% reduction of the C.
raciborskii (cyanobacteria) and S. capricornutum (chlorophyte) in vivo Chl a

fluorescence in the high CDOM (~0.5 AUu4nm) treatment (Table 2.9). Conversely, the
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low interference found in the in vivo C-PC channel responded to the low CDOM
absorption and fluorescence at ~600 nm, explaining the lack of slope change and small

background addition in the modeled cyanobacterial Chl a.

Our experimental results demonstrated that turbidity had a higher effect on predicted
cyanobacteria Chl ¢ and a similar effect on total Chl @ than CDOM. Kaolinite solution
probably affected the C-PC fluorescence by scattering the excitation light to the
detector, since the excitation and the emission wavelengths of C-PC slightly overlap.
Thus, part of the scattered excitation light could be redirected to the emission
measurement slit, resulting in a background fluorescence signal. Fluorescence probes
had different responses to turbidity depending on their specific optical configuration
(Zamyadi et al. 2016). Some probes showed a positive trend in background fluorescence
with increasing turbidity (Yoshida et al. 2011; Chang et al. 2011), while others showed
an opposite trend per Chl a slope (Beutler et al. 2002; Brient et al. 2008; Zamyadi et al.
2012), independently of the type of sediment (kaolinite, bentonite or sand). The
fluorometers used in our study had the former type of effect, consisting in an increase of
basal fluorescence proportional to the turbidity concentration in both channels (although
of small magnitude). Optical geometry configuration differences between instruments

can explain a variable response to turbidity.

In our study the magnitude of the kaolinite effect on fluorescence mimics well the
natural effect of fluvial turbidity. Sand resuspension, due to wind action, is a common
factor for high turbidity in floodplain rivers, including the coastal waters of the Rio de
la Plata (Marcelo Acha et al. 2008), although sand has a small effect on pigment
fluorescence (Brient et al. 2008). Other types of NAP (non algal particles) may also
affect instrumental fluorescence measures (Gilerson et al. 2007). Further studies are
needed to isolate the effects of different sediment types of fluvial-estuarine

environments on pigment fluorescence.

Turbidity and CDOM effects mainly contribute independently to background Chl a
measurements. There was a significant interaction between the effects of CDOM and
turbidity on the predicted/measured Chl a slopes and the intercept (basal predicted Chl
a), but the magnitude of such interaction was very low and it could be attributed to the

non linear CDOM effect. Instruments provided with an optical geometry insensitive to
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scattering (turbidity), or with a turbidity sensor, and an additional CDOM fluorescence
channel can significantly improve the measurement reliability in field samples without

relying on additional instruments or sample manipulation (filtering, turbidimeter, etc.).

2.5.5 Prediction of field phytoplankton and cyanobacteria chl a

The model was tested in a wide range of environments without operational constraints,
reinforcing its simplicity and readiness to be implemented in monitoring programs. The
overall result of the field samples test was satisfactory (by R* and RMSE values).
Although optical interferences due to CDOM and turbidity were not addressed in field
samples, we can infer that the fitted intercept indicated a background Chl a due to a
CDOM effect. Samples from the fluvial region showed a slope higher than the
theoretical 1:1, probably due to the phytoplankton composition, while samples from the
marine region showed a very low goodness of fit. More data covering the range between
10 and 50 pg L' Chl g, isolating the CDOM and turbidity effects are needed to gain

understanding of the model performance on the field.

2.6 Final remarks

In summary, we present a new, simple quantitative model that contributes to bridge the
gap between the use of pigment in vivo fluorescence for research purposes and its
implementation in low-cost monitoring programs. Seven instruments were successfully
cross-calibrated with a solid standard and using different culture dilutions. For data
inter-comparison, individual fluorometer coefficients should be used for post-calibration
corrections. A set of multiple linear models based on the Chl a and C-PC in vivo
fluorescence can accurately quantify and discriminate total and cyanobacteria Chl a
concentration. Interference from CDOM and turbidity can be addressed by the addition
of appropriate algorithms. Our models show great potential for low-cost monitoring of

water bodies.
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2.8 Tables and Figures

Table 2.1: List of abbreviations used in this study.

Abbreviation Units Meaning
In vivo phycocyanin fluorescence, channel A, as reported by
Fepc R.F.U.
Aquafluor (Turner) fluorometers
In vivo chlorophyll a fluorescence, channel B, as reported by
Fena R.F.U.
Aquafluor (Turner) fluorometers
B+ RE.U. (%) Fluorescence (Fc.pc or Feypy ) corrected for F <aval (as %
of saturation intensity)
- REU. F* corrected by a post—calibratiqn fa}ctor ff)r each fluorometer (as
% of saturation intensity)
04Std o Calibration value stored by t'he f'luoror.neter as a percentage of
saturation intensity
o4Blk o Blank value stored by the'ﬂuc’)rome.ter as a percentage of
saturation intensity
StdVal - Assigned value to the calibration range in fluorometers
- R.F.U. Relative Fluorescence Units
- AU440nm Absorbance units at 440nm
- NTU Natural Turbidity Units
Chla Chlorophyll a
Chlorophyll a concentration calculated by analytical method,
[Chl «] ug L' extraction in ethanol 90% following spectrophotometry or
fluorometry methods
[Chl acyano] pg L Cyanobacterial fraction of chlorophyll a concentration
[Chl alfuers L Predicted total or cyanobacterial chlorophyll a concentration
[Chl acyano]ﬂuor He according to: [Chl a] fluor (“g L_I)ZA F**C—PC +B F**Chl a
C-PC - Phycocyanin
PSI - Photosystem [
PSII - Photosystem II
RASSS - Red Adjustable Solid Secondary Standard
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Table 2.2: Strains used in this study. UdelaR: Universidad de la Republica, Uruguay.

Cellular
Strain Origin Classification organization
Cyanobium spp. Facultad de Ciencias, Cyanobacteria .
1lul
MVCC22*% UdelaR (Synechococcales) Unicellular
Microcystis aeruginosa Canadian phycological Cyanobacteria Unicellular/
CPCC 299t culture collection (CPCC) (Chroococcales) Colonial
Planktothrix agardhii Facultad de Ciencias, Cyanobacteria Filamentous
MVCCI11*7 UdelaR (Oscillatoriales)
Cylindrospermopsis Facultad de Ciencias, Cyanobacteria Filamentous
raciborskii MVCC35* UdelaR (Nostocales) "
Chlamydr}r;ozigzzl;emhardm UTEX (University of Texas) Chlorophyta Unicellular
icellul
Se.lenastrum Intendencia de Montevideo Chlorophyta Unicellu ar./
capricornutum*§ Small colonies
Scenedesmus obliquus Canadian phycological Unicellular/
Chl h; .
CPCC5¥ culture collection (CPCC) orophyta Small colonies
Phaeodactylum tricornutum Canadian phycological e .
CPCC162+ culture collection (CPCC) Bacillariophyta Unicellular

* Cultured in Seccion Limnologia, Facultad de Ciencias, Universidad de la Republica, Uruguay
1 Cultured in Laboratoire d'Analyses Environnementales, Université de Sherbrooke, Canada

I Unspecified strain
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Table 2.3: Calibration parameters for each instrument calibrated with the reference standard (# 0815)
(above) and with the individual solid standard of each instrument (below) and the post-calibration factors,

showing mean + standard deviation, with median between brackets.

Relative Relative
Fluorometer %Std  %Blk  %Std  %Blk post-calibration post-calibration
(Standard#) (C-PC) (C-PC) (Chla) (Chla) n factors (C-PC) factors (Chl a)
DINAMA (0815)*  6.102 0.265 31.076 0.151 15 - -

Colonia (0815) 12.402 0.178 19.38 0.132 15 0.93+0.20(0.92) 0.84+0.05 (0.82)
San José (0815) 13.104 0.208 25.738 0.133 15 0.82+0.11(0.84) 0.98+0.08 (0.98)
Montevideo (0815)  5.724 0.284 21.13 0.131 15 0.92+£0.126(0.97) 0.87 +0.05 (0.85)
Canelones (0815) 2.611 0.146 24.155 0.144 15 0.81+£0.15(0.82) 0.94+0.11(0.92)
Maldonado (0815)  2.604 0.223 31.894 0.158 15 0.78+0.16(0.78)  0.91+0.07 (0.89)
Rocha (0815) 3.814 0.154 26.124 0.128 15 0.80+£0.13(0.83) 0.96+0.08 (0.97)
DINAMA (1411-1)* 4313 0.264 29.28 0.085 27 1.00+0.04(1.00) 1.00+0.02 (1.000)
Colonia (1411-2) 6.808 0.161 13.875 0.085 27 1.02+£0.21(0.97) 0.85+0.09 (0.82)
San José (1411-3) 1091 0.192 20.712 0.078 27 0.90+0.07 (0.90) 0.97 +0.06 (0.97)
Montevideo (1411-4) 5.491 0.267 22.891 0.077 27 1.04+0.23(1.00) 0.93+0.20 (0.88)
Canelones (1411-5)  2.278 0.135 25923 0.084 27 0.83+0.05(0.82) 0.95+0.08 (0.93)
Maldonado (1411-6)  2.546 0.201 29.285 0.104 27 0.79+0.04 (0.78)  0.96+0.17 (0.90)
Rocha (1411-7) 3376 0.145 24474 0.077 27 0.89+£0.06(0.87) 1.04+0.13(1.01)
DINAMA (0815) 3.989 0.245 23.819 0.069 27 1.03+0.05(1.02) 1.20+0.38(1.05)

* Reference set
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Table 2.4: Chlorophyll a concentration of each strain used in single- and mixed species experiments.

Left: M. aeruginosa CPCC299 x S. obliquus CPCCS5. Right: M. aeruginosa CPCC299 x P. tricornutum

CPCC162.
M. aeruginosa  S. obliquus M. aeruginosa P. tricornutum
CPCC299 CPCC5 Mix CPCC299 CPCCl162 Mix
(ugChlaL") (ugChlaL") (ugChlaL™) (ugChlaL") (ugChlaL') (ugChlaL™)
0 0 0 0 0 0
52 0 52 4.5 0 4.5
10.5 0 10.5 9.1 0 9.1
26.2 0 26.2 22.6 0 22.6
52.4 0 524 453 0 453
0 8.1 8.1 0 4.8 4.8
52 8.1 13.4 4.5 4.8 9.3
10.5 8.1 18.6 9.1 4.8 13.8
26.2 8.1 343 22.6 4.8 27.4
0 16.2 16.2 0 9.6 9.6
5.2 16.2 21.5 4.5 9.6 14.1
10.5 16.2 26.7 9.1 9.6 18.6
26.2 16.2 424 22.6 9.6 322
0 40.6 40.6 0 24 24
52 40.6 45.8 4.5 24 28.5
10.5 40.6 51.1 9.1 24 33
26.2 40.6 66.8 22.6 24 46.6
0 81.2 81.2 0 48 48
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Table 2.5: Chlorophyll a concentration of strain used in multiple- and mixed species experiments.

M. aeruginosa CPCC299 + S. obliquus CPCC5 +
P. agardhii MVCCL11 (1:1)  P. tricornutum CPCC162 (1:1) Mix
(ug Chla L™ (ug Chla L™ (ug Chla L™
0 0 0
9 0 9

18.1 0 18.1

45.2 0 45.2

90.4 0 90.4

0 11.6 11.6

9 11.6 20.6

18.1 11.6 29.7

45.2 11.6 56.8

0 232 23.2

9 232 322

18.1 232 41.3

45.2 232 68.4

0 58 58

9 58 67.1

18.1 58 76.1
45.2 58 103.2

0 116 116
M. aeruginosa CPCC299 101.7 101.7
P. agardhii MVCCI11 98.6 98.6
S. obliguus CPCC5 134.1 134.1
P. tricornutum CPCC162 115.6 115.6

Table 2.6: Prediction intervals for total and specific chlorophyll a prediction models based on in vivo
fluorescence. Prediction intervals were estimated as 5% and 95% quantile linear multiple regressions with
the form : [Chl a] (ng L™)=4 F**cpct+ B F**,, based on chlorophyll a concentrations < 100 pug L™
(n=350) excluding Cyanobium spp. MVCC22.

Prediction Intercept F**c pc slope F**cp , slope
limit models (ugChla L") (RF.U./ugChlaL™) (R.F.U./ug Chla L'
(Chl a] 95% 0.375 69.097 14.687
a uor
! 5% -0.876 29.698 9.079
95% 3.186 70.535 2732
[Chl acyano] fluor

5% -3.000 31.357 -1.790
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Table 2.7: Optical properties of the different water matrices and strain used.

Test Treatment Strain used Abs 440 nm (AU) Turbidity (NTU)
R. subcapitata -0.009 0
Control
C. raciborskii MVCC35 -0.002 0
R. subcapitata 0.056 0
CDOM eftect Low CDOM
C. raciborskii MVCC35 0.035 0
) R. subcapitata 0.383 0
High CDOM
C. raciborskii MVCC35 0.392 0
R. subcapitata -0.004 0
Control

C. raciborskii MVCC35 -0.005 0

R. subcapitata -0.009 63.7
Turbidity effect ~ Low Turbidity
C. raciborskii MVCC35 -0.001 66.5
) R. subcapitata -0.003 509
High Turbidity

C. raciborskii MVCC35 0.008 517

Control -0.009 0

) CDOM 0.219 0

Interaction effect o Cyanobium spp. MVCC22

Turbidity 0.002 265
CDOMxTurbidity 0.236 270
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Table 2.8: Multiple regression models of total and cyanobacterial chlorophyll a concentration as a
function of in vivo fluorescence. Only concentrations of chlorophyll a lower than 56.5 pg L were
selected. For modeled total chlorophyll @ a comparison of functions with and without intercept were done

(AIC criterium). Models were not significantly different (ANOVA, p > 0.05).

Model R’ AIC Parameter Value (+SE) t value Pr(>[t])

C(ugChlaL™") -0.02+0.57 -0.027 0.945
Linear model

total [Chl a] (ugL")=  0.945 714991 A (R.F.U/ugChlaL') 599+1.6 38209 <Ix10~

AF**cpe+ B F**¢ ,+C
B (RF.U/ugChlaL")y 7.97+025 31.917 <1x10”

Linear model without intercept ARFU/ugChlaL") 59.8+12 51.37 <Ix10~
[Chla] (ug L™= 0.985 713.140
A F** e+ B F¥g, B(RF.U/ugChlaL’) 7.96+021 3806 <1x10”
Linear model without intercept A (RF.U./ug Chl Geyano L) 62412 5035 <1x107
[Chl deyan] (ng LT)= 0985 -
A F¥* e + B F¥* B (R.F.U./ug Chl @eyano L) -2.57 £0.22 -11.55 <1x10~
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Table 2.9: Effect of turbidity and CDOM on modeled chlorophyll a [Chl a]g,,; reported as percentage..

The parameters of multiple regression models: [Chl a]gy, = A*[Chl a] + B* Matrix effect (CDOM
Turbidity) + C*Matrix effect * [Chl «], are shown.

Experiment Parameter Estimate tvalue Pr(>t|)
Basal [Chl a]guer (g L)) 0.85+023  3.799 2.45x10™
[Chl a]guer / [Chl a] (%) 944+12  80.671 <Ix107
CDOM effect on
[Chl @] uor CDOM basal [Chl dlnuor 44410 44485 <1x107
R’=0.992 (ng LA U 400™))
CDOM effect on [Chl a]gyer /[Chl a] 5
299+51  -5826 <lIxl
(% change per AU 440nm) 9.9%5 >-826 x10
Basal [Chl @eyano)fiuor (1€ L)) 1.13+£0.19 5869 <I1x10”
Chl deyanolvor / [Ch Geyane] (% 1044+1.1 96475 <Ix107
CDOM effect on [ yanol [ yano] (%6)
[Chl Geyano] fuor CDOM basal [Chl deyano Juor 11.38+£0.86 13.289 <Ix10”
R’=0.993 (ng LA U.gs0mm )
CDOM effect on [Chl @cyanolfuor /[Chl deyano) -5
21.1+47  -445 2.13x10
(% change per AU y40nm) x
Basal [Chl a]quer (Lg L)) 1.11£026 4275 4.24x10°
Turbidity effect on [Chl a]guor / [Chl a] (%) 71.0+£ 1.3 54799 <1x107
[RCZhloa;%ui)r Turbidity basal [Chl a]gue (ng L' NTU™)  0.012£0.001  13.811 <1x107
' Turbidity effect on [Chl ]guy /[Chl a]
-0.005+0.004 -1.275  0.205
(% change per NTU)
Basal [Chl @eyanoliuor (Lg L)) 1.03+0.18  5.875 <Ix10”
[Ch @eyano]ituor / [Chl deyano] (%) 74214097 76235 <Ix107
Turbidity effect on
[Chl aeyano] tuor Turbidity basal [Chl eyanoJor 0.007+0.001 11.798 <Ix10~
R’=0.989 (g L'NTU ™)
Turbidity eff hl a. hl
urbidity effect on [Chl deyanolnuor IChY deyanel - 504 4 0003 1153 0.251

(% change per NTU)
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Table 2.10: Modeled total [Chl a]ge and cyanobacterial [Chl acyano] auor €hl a per optical interference
factor (tea, river water. Parameters of simple linear regression models are shown. CDOM is measured in

absorption coefficient (m™) at 440 nm.

Model Matrix CDOM (pg Chl a L' m) tvalue  Pr(>[t]) R’
Tea 0.222+0.019 12 <0.05 0.88
[Chl a]ﬂuor
River water 0.355+£0.007 49 <0.05 0.93
Tea 0.003 £ 0.005 0.61 0.55 0.018
[Chl acyanc] fluor
River water 0.019 +£0.003 5.8 <0.05 0.15

Turbidity (ug Chla L' NTU™")  tvalue  Pr(>t)) R’

Kaolinite 0.0100 £+ 0.0002 45 <0.05 0.99
[Chl a]ﬂuor
River water 0.016 = 0.002 10 <0.05 0.71
Kaolinite 0.0048 + 0.0002 32 <0.05 0.97
[Chl acyano] fluor
River water 0.008 = 0.002 4.9 <0.05 0.37

Table 2.11: Regression parameters (+ standard errors) and RMSE (root mean square error) of predicted
chlorophyll a from in vivo fluorescence versus extracted chlorophyll a from the different datasets tested

from culture and field measurements, sections of the Rio de la Plata estuarine gradient.

RMSE

Data set n R® (ugChlalLl) Parameter Parameter value (+SE) t value Pr(>t|)

Training data set 134 0.95 5.8 intercept (ug Chl a L™ 0.67+0.47 14 0.15
slope 0.806+0.016 50 <0.05

All cultures data 270 0.85 6.3 intercept (ug Chl a L™ 0.97+0.55 1.8  0.08
slope 0.822+0.021 38 <0.05

All field data 106 0.71 14 intercept (ug Chl a L™) 10.36+0.8 13 <0.05
slope 1.415+0.089 16  <0.05

Fluvial section 54 0.95 15 intercept (ug Chl a L™ 9.01+0.54 17 <0.05
slope 2.014+0.063 32 <0.05

Estuarine section 14 0.73 13 intercept (ug Chl a L) 13.7£1.6 8.7 <0.05
slope 0.68+0.12 5.7 <0.05

Marine section 38 0.36 14 intercept (ug Chla L) 12.2+1.5 8.4 <0.05
slope 0.91+0.2 4.5 <0.05
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Figure 2.1: Effect of calibration correction on fluorescence values. Comparison of culture dilution in vivo
fluorescence before and after transformation (F*), for each fluorometer and RASSS opening combination.
Dilution (A-D) indicates the dilution factor of the original stock culture. A, B: Measured fluorescence
values (F). C, D: Raw fluorescence (F*). A, C: C. reinhardtii B2246 chlorophyll a fluorescence. B, D:
Cyanobium spp. phycocyanin fluorescence Primary colors (green, red and blue) indicate the instrument
unit, while intensity of the colors showed the opening of the opening of the standard (open, intermediate,

closed). For the phycocyanin raw fluorescence, the R? is shown in parenthesis (excluding Maldonado
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probe with intermediate opening). E, F: Optimum ranges of solid standard opening. Dilution-corrected F*
(relative to DINAMA instrument calibrated with an intermediate window opening) for each combination
of fluorometer and solid standard opening, vs. the %Std / %BIk, ratio. E: Phycocyanin fluorescence of
MVCC22 strain and F: Chlorophyll a fluorescence of B2246. Black lines in panels A, B, C, D represent
the linear regression line. Dotted lines in F represent the “safe range” of RASSS window opening for C-

PC channel.

A B
1 5 n 9/ a Chlamydomonas R 22099 14 = Chlamydomonas R 2=0.993 L4
@ @ CyanobiumR %= 0.996 8 Cyanobium R 2 = 0.992
: ® Planktothrix R * = 0.995 12 —| ™ PlanktothrixR * = 0.989
° 8
10
S 10 m —
w . E 8 7
o
- ° S e
5 ° S 4
i il
2 -
W
0 0
T T T T T T T T T T
0 100 200 300 400 0 100 200 300 400
[Chl ] (Wg/L) [Chl a](pg/L)
c D
15 ' @ Chlamydomonas R 2 = 0.999 15 7 ® Chlamydomonas R 2 = 0.999 B
B Cyanobium R = 0.999 @ Cyanobium R ? = 1.000
= Pfankzomrix R ?=0.998 = F'}Vankfo!hn‘xR ?=0.997
8
—~ 10
5 10 5
(T [T
4 8 3
@ (6]
*5 5 a 'Fg 5 |
L il
’.-f)‘/A/*
Q
0 0
T T T T T T T T T T
0 100 200 300 400 0 100 200 300 400
[Chl a] (uglL) [Chl a](ug/L)

Figure 2.2: Effect of the post calibration correction by individual fluorometer factors. Raw fluorescence
(F) measured with seven instruments calibrated with the reference standard (#0815) versus chlorophyll a
concentration quantified by analytical methods. A, B: raw F* fluorescence; C, D: F**. Cyan: Cyanobium
spp. MVCC22; blue: P. aghardii MVCCI11; green: C. reinhardtii B2246. A and C show the Chl a

channel while B and D show the phycocyanin channels.

59



O Blank ) B ]
120 e 8 015 -
: N
100 >
8 Z
~ 80 ° 50.10 —
5 8
2 60 2
- °
S ©
= 40 '§0.05 .
§ 20
0 -8 0.00 -
T T T T T T T T T T \
0 20 40 60 80 100 -10 -5 0 5 10
[ChI ] (ug/L) residuals ([Chl a] ug/L)
Cc
8gla;:obacleria 8 D 1
120 g7 © 0107 u
—_ 5]
5 °g 0.08 -
% 80 4 © %‘
= < 0.06 -
'_g 60 &
&) >
© 40 o ';::30.04 n
5 ©
=209, 8 0.02
o) 50
0 _
0.00 5 — 3.
T T T T T T T T T T T l
0 20 40 60 80 100 -156 -10 -5 0 5 10
[Chl agyano] (HO/L) residuals ([Chl agyanol, HG/L)
F
120 . C relnhardtu B2246 -8 [ J o2 remhardm B2246 o |
S agcar ﬁskﬂﬂ\%chqas // @ 120 + : S gaggr Pkﬂﬂ\%‘,\/&q ,:’
100 - * M. aeruginosa CPCC299 /6 4 H M. aeruginosa CPCC299 e
§ bpravgEge 0 @7 100 | § Bpmutum,HEgCies 6 -
e S capncomu{um e 0.~ L] capncomutum
80 - Mixture . -~ 0 . Mixty
- = 80 -
2 2
iyt g 60 7 ]
5 "8 40 A
S S 20 -
S}
0 -
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
[Chl a] (ug/L) [Chl ayano] (HO/L)

Figure 2.3: Modeled versus measured chlorophyll a concentrations, using themultiple regression model
of in vivo fluorescence: [Chl a] (ug L")=4 F**cpct B F**q, .. The different colors represent the
composition of the sample. A) Total chlorophyll a prediction model; B) normal residual distribution
(Shapiro-Wilk test, W = 0.981, p-value = 0.06); C) predicted versus measured cyanobacterial chlorophyll
a concentration; D) Not normal residual distribution (Shapiro-Wilk test, W = 0.960, p-value < 0.01) and
E-F) performance of the models with all culture data and with prediction intervals, for total (E) and

cyanobacterial (F) chlorophyll a concentrations.
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3.1 Abstract

Pigment in vivo fluorescence is increasingly used as a real time and reliable tool for
predicting phytoplankton biomass and algal bloom events in water bodies. However,
there are biological interferences that could deplete the outcome fluorescence,
especially in field measurements. The cellular photosynthetic regulatory (qE) effect to
light irradiance is one of the most important and overlooked biological interferences.
Most in situ probes do not address qE effects, underestimating the predicted
phytoplankton biomass. We tested the effect of acclimation and regulation on in vivo
pigment fluorescence using fast repetition rate (FRRF) fluorometry on five
phytoplankton species (3 cyanobacteria and 2 eukaryotes), as well as the fluorescence
recovery after a dark incubation time. We found that the differences in species response
indicated their divergent eco-physiology although changes between cyanobacteria were
smaller than in microalgae. Our results clearly showed that exposing the samples to 3
minutes in darkness, previous to the fluorescence measurement, is enough to correct the
qE effects, one of the most common errors found in field work using fluorometry

techniques.
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3.2 Introduction

Pigment in vivo fluorescence is a biotechnological tool for detection and quantification
of microalgae and cyanobacteria with growing applications in water monitoring
programs. Fluorescence in living photosynthetic cells is driven by the light absorption
by the peripheral antennae pigments, the transfer of the excitation energy to the
photosystem II (PSII) core, and the emission of light at 685 nm by the PSII-bound
chlorophyll a (Chl @) molecules (Huot & Babin 2010). Most eukaryotic algae have
antennae complex comprising chlorophylls and carotenoids (excitation at 400-500nm)
while cyanobacteria have antennae complexes called phycobilisomes (PBS), with
excitation at 500—650 nm and independent fluorescence emission (Millie et al. 2002).
The set of accessory pigments varies significantly between phytoplankton groups,
resulting in different fluorescence fingerprints (Maclntyre et al. 2010). Based on the in
vivo pigment fingerprints is possible to calculate the contribution of phytoplankton
groups to total Chl a concentration, assuming that the fluorescence of a given quantity
of pigments (fluorescence yield) is constant. However, the fluorescence yield is
naturally variable and affected by acclimation responses to nutritional stress and daily
irradiance (daily scale) (Parkhill et al. 2001; Johnsen & Sakshaug 2007) and regulatory
responses to changes in the light intensity (minute to hour scale) (Campbell et al. 1998;

Nikolaou et al. 2015).

The different timescales of environmental perturbations of cellular homeostasis trigger
regulation or acclimation responses (Giordano 2013). In photosynthetic organisms light-
induced responses are called photoacclimation (to changes in the daily light regime) and
photoregulation (to rapid changes of irradiance). Photoacclimation conducts
modifications of the antennae pigments content. High irradiance, over many hours to
several days, can result in an increase of the proportion of photoprotective carotenoids
and a decrease of photosynthetic accessory pigments relative to Chl a, leading to
changes in the apparent (including excitation by accessory pigments) in vivo
fluorescence yield (Stomp et al. 2008; Deblois et al. 2013). These changes naturally
occur among all photosynthetic organisms, but the magnitude of change is highly
variable and related to their eco-physiological adaptations. Photoregulation is a series of
processes triggered by changes in the light irradiance lasting minutes to hours and

resulting in changes of the fluorescence yield (Campbell et al. 1998; Ihnken et al. 2010).
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This occurs mostly by two processes: 1) the state transitions, a selective transfer of
excitation energy to PSII or to PSI (photosystem I) (Mullineaux & Emlyn-Jones 2005;
Wlodarczyk et al. 2016), and 2) the energy-dependent non-photochemical quenching
(qE), a set of activated PSII photoprotection mechanisms when irradiance in excess
results in excitation energy dissipation (Goss & Lepetit 2015). Although state
transitions and qE can strongly alter the Chl a fluorescence yield (Maclntyre et al.
2010), PBS fluorescence show very little variation (Beutler et al. 2003; Simis et al.
2012), making cyanobacterial fluorescence changes less prominent. The evaluation of
the qE effects is possible with instruments designed to measure variable fluorescence,
such as PAM (pulse amplitude modulated fluorescence) or FRRF (fast repetition rate
fluorescence) (Huot & Babin 2010). Most fluorometers used for water monitoring do
not address the qE photosynthetic regulatory effects, resulting in an underestimation of

the predicted phytoplankton biomass.

qE can diminish up to 50% of the in situ fluorescence measured in natural
phytoplankton (Serra et al. 2009). This limitation can be solved by modeling the qE
effect on in situ deployed probes (Sackmann et al. 2008; Xing et al. 2014), or by
quantifying the variable fluorescence in the field (Simis et al. 2012). To link the
fluorescence signal with the biomass of the organisms present in a sample, the qE
effects have to be removed. Few minutes in the dark allows the cells to reach a
common, dark-photoregulated state removing the qE effects and then fluorescence will
reflect the actual phytoplankton pigment content in the sample (Serodio et al. 1997).
Usually, qE could be relaxed by incubating the sample between 1 to 10 minutes in
darkness (Ruban et al. 2004; Bailey et al. 2005; Grouneva et al. 2008). Although not
generally addressed in routine monitoring protocols, the implementation of a “dark
regulation step” before the measurement of the in vivo fluorescence could increase the
reliability of field measurements. Since phytoplankton species widely differ in size and
pigment composition, more studies comparing species with different fluorescence
characteristics are needed to determine the time for the dark regulation step. The
objective of this work was to determine the light irradiance exposure effects on the chl a
in vivo fluorescence, and to determine the ability to recover after adding a dark period.
Our approach consisted in analyzing the fluorescence response of a set of strains

representing common freshwater phytoplankton groups.
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3.3 Materials and methods

Five strains of cyanobacteria (Cyanobium MVCC22, Planktothrix agardhii MVCCI1,
and Microcystis aeruginosa CPCC299,) and microalgae (Scenedesmus obliquus
CPCCS5, chorophyte, and Navicula pelliculosa CPCC552, diatom) were grown in
modified full BG-11 medium, at the Laboratoire d’Analyses Environnementales,
Université de Sherbrooke, Canada. The three cyanobacteria differed in their size and
organization level; Cyanobium sp. is a picocyanobacteria (~ 1 um diameter), M.
aeruginosa had cells ~ 5 to 6 um diameter and can form large colonies (> Imm) and P.
agardhii is a filamentous species (~100 um long). M. aeruginosa and P. agardhii are
common bloom forming species in eutrophic freshwaters around the world (Reynolds
1984). For the diatom, the culture medium was supplemented with silicate (Andersen
2005). Before the experiments, stock cultures were grown at 20 + 1 °C, 80 pmol
quantam” s’ provided by white fluorescent tubes (Silhouette F14T5/841/ALTO,
Phillips) and with a 12:12h light:dark photoperiod. We evaluated the effect of long
(days) and short (minutes) time exposure to varying irradiance on the in vivo
fluorescence signals. To achieve this goal we performed a series of experiments with the

five strains previously acclimated to a gradient of 5 irradiance intensities.

We analyzed the variable fluorescence evolution response with a programed light curve
composed of increasing light irradiance with a fast repetition rate fluorometer (FRRF).
We used this equipment to track the in vivo fluorescence changes in real time (1 pus
resolution) and to perform a programmable light-fluorescence curve. The basal-state
fluorescence, Fy, was used to evaluate the fluorescence response. Fy is a good proxy of
pigment concentration (Serodio et al. 1997) and similar to the fluorescence measured
with the handheld portable instruments (Turner Aquafluor) used in Chapter 2. These
handheld fluorometers work with low excitation irradiance that cannot saturate the PSII,

and therefore the fluorescence represents the quantity of the actual pigments in the cell.

For the acclimation, the five strains were grown semi-continuously in 50 ml flasks, at
five increasing irradiance from 8.91 to 266.51 pmol quanta m™s’ obtained by
combinations of neutral density filters (Lee Filters ®) assembled in the culturing device.
The light was provided by white fluorescent tubes illuminating from the bottom of the
flasks. The photoperiod was 12:12 (dark:light) with a variable intensity through the day
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to simulate the sinusoidal daily cycle (average daily irradiance = daily maximum
irradiance * 0.64). Five acclimation irradiance levels were defined (max., mean, for
each level): 13.92, 8.91; 49.79, 31.86; 115.23, 73.75; 198.81, 127.24; and 416.42,
266.51 pmol quanta m™s™'. Cultures were grown in a controlled temperature (25 + 1°C)
chamber. The acclimation time was defined as 7 days or when a stable growth rate was
achieved, whichever happened first. The growth rate was measured as Eq. 1:

(d—l) — ln( [Ch] a]i) _ln( [Ch] a]i—l) (1)

ti—ti—1

Where t, represents the time; i, the day; [Chl a], the chlorophyll a concentration and p,
the growth rate. After acclimation, each experimental unit flask was sampled on three
different moments, at 120, 160 and 200 minutes after lights turned on (three temporal
subreplicates on different days). The samples were kept for 20 minutes in the dark to
reach the dark- regulated state. Then, subsamples were taken for the light curve
experiments and for Chl a quantification following the direct extraction method

(Andersen 2005).

Acclimated culture subsamples were exposed to a light curve of 10 actinic
(photosynthesis-inducing) lights of incremental irradiance, lasting in total ~ 40 minutes
(Fig. 3.1). Each of the 10 steps included 12 induction cycles, composed of 1 pus
alternating saturating flashes (Fig. 3.1). The first and the last steps have irradiance 0
(darkness). From each induction cycle Fy was calculated. The last step of the light curve
consisted in a 3 minutes longdark step tested as a recovery treatment. Then, Fy from the
last and the first dark step incubation were compared to evaluate the fluorescence
recovery capacity in 3 minutes, which was reported as a percentage of recovery (100 *

Foinitial / Fofinal)-

Three milliliters dark-acclimated subsamples were analyzed in a fast fluorometer model
FL3500 (PSI, Czech Republic), with blue and red excitation wavelengths (455 and 627
nm for eukaryotes and cyanobacteria, respectively) and a far red filter for measuring
fluorescence. The FL3500 has a resolution of 1 pus and 1 ps ultrahigh irradiance
(>10000 pmol quanta m™ s™") saturating flashes, conditions requested to adjust a FRRF
protocol (Kolber et al. 1998). The FL3500 was set with a fluorescence protocol of 10
actinic light steps of varying irradiance provided by the sum of 3 balanced LEDs (455

nm, 532 nm, and 627 nm). The light curve was composed of the following sequentially
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increasing irradiance, 0 (dark), 4.5, 8.9, 31.9, 73.8, 127.2, 266.5, 393.7, 800.0 and a
final 0 pmol quantum m™s™ step. Each actinic light step lasted for 3 minutes, and every
15s an induction cycle was performed. Each of these induction cycles consisted of 90
alternating 1 ps saturating pulses (180 us total duration) of 19054 umol quanta m™s™
for the red excitation, and 23104 pumol quanta m?s” for the blue excitation. A
simplified protocol, consisting on one step of actinic light, was applied to a BG-11
culture medium solution for blank subtraction and to a rhodamine-b solution for

normalization (21.6 mg L™ for red excitation and 1 mg L™ for blue excitation).

Fy was calculated from each induction cycle fitting a model based on Eq. 7 of Kolber et
al. (1998) by non linear least squares (Fig. 3.1f) and then averaging the Fy of the last

three induction of each light step. Fp was normalized by the Chl a concentration (Fo/Chl

a).

All statistics and data analyses were performed in the R software (R Core Team 2015),
with the packages doBy and nis for group-wise analysis and non-linear least squares

curve fitting, respectively.

3.4 Results

Fy varied widely between species and irradiances. S. obliquus (green algae) fluorescence
increased positively with exposure irradiance but decreased with acclimation irradiance,
while the diatom N. pelliculosa showed an opposite trend (Fig. 3.2). Within
cyanobacteria, changes in fluorescence response to the actinic light steps were smaller
than those of algae (Fig. 3.2). Cyanobacteria strains showed a similar fluorescence
response pattern, except for P. agardhii, although Cyanobium spp. had almost twice the
Fy than the corresponding treatment of M. aeruginosa. These two cyanobacteria had a
similar acclimation response and showed a ~ 50% decrease in Fy between the lowest
and the highest irradiance (Fig. 3.2). For the whole range of acclimation irradiance,
Cyanobium F, was nearly twice higher than the one of M. aeruginosa, while the other
cyanobacterium, P. agardhii, showed different response pattern and values (U-shaped

increase in F at higher irradiance).

Cyanobacterial Fy was more variable than eukaryotes Fy (by a factor of ~4.5, and ~2.5

for cyanobacteria and eukaryotes, respectively). P. agardhii did not grow at acclimation
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midday irradiance (115.23 pumol quanta m™ s™). The maximum F, was found in the
lowest irradiance, except for P. agardhii which showed the highest Fy in both extreme
acclimation irradiances (Fig. 3.2). The full recovery treatment (3 minutes of darkness),
was effective to revert the culture physiological conditions to the initial dark-regulated
state. The recovery trace (30-210 seconds) dynamics varied between strains, with
eukaryotes showing a rebound higher than 100% and a posterior tendency to 100%
(Fig. 3.3). Three treatments showed recoveries lower than 90% of the initial dark-
regulated state (Cyanobium spp. at the lowest and N. pelliculosa at the last two highest
irradiances) (Fig. 3.4).

3.5 Discussion

Our experiments showed clear differences in the nature and magnitude of the Fy
response between organisms, reflecting their ecophysiological diversity. The ~2.5 times
difference in the F, between dark-acclimated cyanobacteria and eukaryotes also
evidence their evolutionary differences in pigment composition and photosynthetic
structure (Falkowski et al. 2004; Goss & Lepetit 2015). The 3 minutes darkness
exposure was enough to restore the Fy to basal values in most cases. An exception was
found for high irradiance acclimated N. pelliculosa cultures, probably related to the
diatom stronger qE mechanisms in comparison with other algal groups (Ruban et al.

2004).

Among the studied cyanobacteria, the picoplanktonic Cyanobium sp. had the highest F
and the largest M. aeruginosa had the lowest, highlighting that morphological and
ecophysiological differences affect physiological responses. The high Cyanobium spp.
growth rate (Cremella et al. unpublished data) and its higher phycobilin per Chl a ratio,
in comparison with other cyanobacteria, are in line with its higher Fy. Furthermore,
based on the F curve results, Chl a prediction models need algorithms with particular
parameters to successfully estimate picocyanobacteria biomass, different from the
algorithms used in our model (Cremella et al, Chap. 2). We suggest that the higher Fy
found in Cyanobium spp., in comparison with the other two larger counterparts, are in
line with the higher amounts of phycobilins present in picocyanobacteria. This small
sized-cyanobacteria dominates oligotrophic lakes and usually does not develop blooms
(Pick 1991; Stockner et al. 2000; Callieri 2007), while eutrophic ecosystems usually

have large sized bloom forming cyanobacteria (nano and microplankton). In Uruguayan
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eutrophic freshwaters, most frequent bloom forming cyanobacteria are large filamentous
and colonial species, such as P. aghardii and M. aeruginosa (Bonilla 2009; Vidal &
Britos 2012). The major difference in the Fy between picocyanobacteria and the larger
species determined in our study, could be extended to other common large sized species
(i.e.: of the genera Dolichospermum, Aphanizomenon, Raphidiopsis, Sphaerocavum).
The contrasting responses between the diatom N. pelliculosa (low Fy, high qE) and the
chlorophyte S. obliqguus (high Fy, low qE), are aligned with the differences in their light
tolerances (low light intensity with high variability and high constant light intensity, for
diatoms and chlorophytes, respectively) (Litchman 2000; Schwaderer et al. 2011;
Serodio J; Lavaud 2011; Lavaud & Goss 2014).

We found that after the light curve fluorescence response, Fy could be restored to basal
fluorescence values with 3 minutes in darkness, except for the high light acclimated
diatoms. This is in agreement with qE relaxation times (1 to 3 min) reported elsewhere
for cyanobacteria, green algae (1 to 3 min) and diatoms (3 to 10 minutes) (Ruban et al.

2004; Bailey et al. 2005; Grouneva et al. 2008).

In a longer temporal scale (>30 min to 24 hours) cells exposed to high irradiance can
experience photo damage, resulting in a decrease in the fluorescence signal per Chl a
(Falkowski et al. 1994; Vonshak et al. 1996). This change is more permanent than the
qE and it cannot be solved by a dark exposition of the sample before the in vivo
fluorescence measurement. In cyanobacteria, the strong autofluorescence of PBS greatly
diminish the magnitude of changes in the Fy (Simis et al. 2012), making the in situ
measurements in the field less affected by irradiance. Although it is not possible to
remove the more permanent effects of photo damage, the 3 minutes dark step will
significantly improve the quality of the information and the accuracy of the chl a
estimation. Based on our results we suggest the addition of a simple step for
fluorescence monitoring protocols in the field. By applying the 3 dark-minutes-step
before the fluorescence measurement in the field, the modeled chlorophyll a can be
significantly increased (up to 50%), correcting one of the most common errors found in

field fluorometric techniques.
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3.7 Figures and tables
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Figure 3.1: Experimental design. A) Growth device showing the 50 ml culture flasks. B) Scheme of the 5
growth irradiances applied to each strain. C) Light curves of 10 irradiance steps (3 minutes each) applied
to each of the acclimated cultures; dark steps are indicated in grey. D) Temporal pattern of the induction
cycles (every 15 seconds, 12 cycles). E) Each induction cycle was composed of 90 flashes of 1 us
separated by 1 ps (180 ps total). F) Induction fluorescence data example (from N. pelliculosa

experiments) and the curve fit (Eq. 7 of Kolber et al., 1998) showing the estimated response parameters
Fyand F,,.
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Figure 3.2: Effect of light exposure and acclimation on in vivo fluorescence of three cyanobacteria
(MVCC22, CPCC299 and MVCCI1) and two algae (CPCC5 and CPCC552) cultures. In vivo
fluorescence (Fy) was normalized by chlorophyll a concentration. Data are average (n=3) with standard

deviation (vertical lines). The five different irradiances (from 13.92 to 416. 42 umol photon m?s™) are
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indicated by colors (average and deviation in brackets). Excitation wavelength are 627 nm (phycocyanin,

for cyanobacteria) and 455 nm (chlorophyll a for algae).
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Figure 3.3: Recovery time to dark regulated states of algae and cyanobacteria in percentage of FO/chl a

(%) in the dark. Colors represent the different acclimation irradiances. For cyanobacteria, phycocyanin

excitation (627 nm) was used, for algae chlorophyll a excitation (455 nm) was used.

76



110

Organism

Cyanobium spp.
_____ . 34 pp

MVCC22
B M. aeruginosa

CPCC299
A N. pelliculosa

CPCC552
@ P agardhii MVCC11

v S. obliguus CPCC5

—_

o

<o
|
1
]
1

% of FO recovery
8
1

80+

70 -

1 ] i I 1 I .
0 50 100 150 200 250 300
Acclimation Irradiance (umol quanta m2s™")

Figure 3.4: Recovery to dark regulated states in percentage of FO/chl a (%), after three minutes of dark

exposure, in a gradient of acclimation irradiances. Colors represent the different strains. For
cyanobacteria, phycocyanin excitation (627 nm) was used, for algae chlorophyll a excitation (455 nm)

was used. Dotted line indicates 100% basal fluorescence recovery.
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CAPITULO 4. IMPLEMENTACION Y TRANSFERENCIA

TECNOLOGICA

4.1 Introduccion

Uno de los principales desafios de las nuevas técnicas biotecnoldgicas es su
implementacion final para su utilizacion por los destinatarios. Muchas veces este es un
aspecto que no se tiene en cuenta a la hora de desarrollar una nueva metodologia
biotecnoldgica, lo que luego dificulta su uso, en especial en paises emergentes
(Cominelli et al. 2009). A diferencia de la transferencia de conocimiento, la
transferencia tecnoldgica es un acercamiento mas adecuado ya que conlleva el
aprendizaje colectivo entre los expertos y los usuarios, lo que puede resultar en una
gestion mas sustentable de los ecosistemas (Roux et al. 2006). Por ejemplo, para la
implementacion de nuevas tecnologias de monitoreo de la calidad de agua, la directiva
marco del agua de la Union Europea (DMA UE) sugiere que las instituciones
responsables vinculen la investigacion con la implementacion mediante el
asesoramiento complementario en la validacion de los métodos, la demostracion de sus
usos potenciales y a través de programas de entrenamiento hechos a medida (Dworak et
al. 2005). El método de deteccion y cuantificacion de fitoplancton mediante
fluorescencia de pigmentos in vivo, desarrollado en esta tesis (cap. 2), es una nueva
herramienta tecnoldgica para el pais. Sin embargo, hasta el presente no existen
antecedentes en el pais de experiencias de transferencia tecnologica en este tipo de
biotecnologias. Por lo tanto, se busco el trabajo interactivo con los técnicos destinatarios
del método desde el comienzo. En este capitulo se abordan los siguientes objetivos de la
tesis: generar un protocolo adecuado para ser utilizado en programas de monitoreo, y
generar una matriz electronica e interactiva para la aplicacion sencilla del modelo (Ob;.
6); y realizar la transferencia tecnologica brindando talleres de capacitacion para el uso

del modelo dirigidos a técnicos de entidades publicas (Obj. 7).

4.2 Materiales y métodos

Se llevaron adelante diversas actividades para efectivizar la transferencia tecnologica a
entes responsables del monitoreo de calidad de agua. Las actividades consistieron en

brindar talleres de capacitacion dirigidos a técnicos, generar un protocolo adecuado para
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ser utilizado en los programas de monitoreo, y generar una matriz electronica interactiva
para la aplicacion sencilla de los modelos de prediccion de clorofila a total y

cianobacterias.

Se dictaron tres talleres de capacitacion técnica dirigidos a personal de las intendencias
departamentales y de la DINAMA (Tabla 4.1, Fig. 4.1). En los mismos se brindaron las
bases conceptuales de la fluorescencia de pigmentos in vivo, asi como el uso,
mantenimiento y calibracion de los equipos (Tabla 4.1). Se utiliz6 la metodologia de
muestreo ya existente en la DINAMA como insumo para elaborar el primer protocolo
de trabajo en campo. En el taller I se ensefiaron las bases de la fluorescencia y se
realizaron salidas de campo en donde los técnicos usaron los fluorémetros por primera
vez. Los subsiguientes talleres (II y III) permitieron evaluar el uso del protocolo e

incorporar modificaciones practicas que simplificaron el uso de los equipos.

Se genero6 un protocolo en dos formatos: una version corta para la consulta rapida de los
técnicos, y una version larga para ser ingresada a los protocolos de rutina de DINAMA.
Los mismos se fueron actualizando de acuerdo a los avances en nuestro conocimiento
de la fluorescencia in vivo, aclarando dudas frecuentes de los usuarios, y también con
aportes de los técnicos, ajustando los protocolos a sus procedimientos de muestreo

existentes.

A partir de los datos provenientes de las campafias de monitoreo (veranos 2014 al 2016)
de las intendencias, se procedid a realizar una planilla electronica indexada que
facilitara la comparacion y el andlisis de los datos en software de hojas de célculo
(utilizable con Microsoft Excel, LibreOffice Calc, etc.). Los datos y la nomenclatura
utilizada para identificar la informacion ingresada fue discutida con los técnicos. La
informacion ingresada a la planilla incluia el sitio, la fecha de la medicion en campo y
una serie de datos concernientes a la calibracion, el equipo utilizado y el resultado de
fluorescencia obtenido. Dicha informacion debia ser ingresada por el técnico. Luego en
la planilla se ingres6 el modelo desarrollado en el capitulo 2 de forma que el usuario
pudiera obtener automaticamente el resultado final de la concentracién de la clorofila a
total y la de cianobacterias predichas. La planilla se puso a prueba ingresando datos
tomados en el campo por los diferentes equipos técnicos de las intendencias

municipales. Dichos datos fueron verificados identificando en algunos casos errores en
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las celdas de ingreso de los valores medidos en el campo (el mds comun fue el ingreso
erroneo de los valores de calibracion del estandar y del blanco), o datos que se alejaban
notoriamente de la tendencia general. En la planilla esto se indica con el color de la

celda (amarillo).

4.3 Resultados

4.3.1 Talleresy protocolos

En los talleres los técnicos incorporaron conocimientos basicos sobre la fluorescencia
de pigmentos in vivo, lo que les permitido comprender mas facilmente aspectos
operativos del uso de los equipos. A partir del intercambio con los técnicos en el primer
taller, se incorporaron sugerencias y modificaciones en los protocolos de trabajo y en la
operativa del uso de los equipos. En particular en el segundo taller (II) se evaluaron
aspectos operativos de los procedimientos generales de monitoreo y del uso de los
equipos en el campo, mediante un cuestionario con preguntas cuali y cuantitativas que
respondieron los técnicos. Tomando en cuenta las diferencias en los procedimientos
(Tabla 4.2) se generd un consenso para incorporar en el protocolo. Como producto final
de esta etapa (talleres II y I1I) se desarrollaron dos protocolos de trabajo, uno corto para
usar en el campo (Anexo II) y otro extendido para hacer las calibraciones de los equipos
en el laboratorio. La colaboracion cientifico-técnica permiti6 enriquecer

significativamente la elaboracion de dichos protocolos.

La version corta del protocolo incluyd procedimientos y recomendaciones para la
calibracion del fluorometro, y la medicion de las muestras y mantenimiento de las

cubetas (Anexo 1):

1- Procedimientos y recomendaciones para la calibracion del fluorometro:
Para realizar cada dia de uso del equipo. Se explica sucintamente la sucesion de
comandos de operacion del fluorometro, la naturaleza del blanco y del estandar, la
verificacion de la calibracion (chequeando el cociente %STd / %BIk), y los valores que

deben ser registrados (%Std, %Blk, y StdVal)
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Tabla 4.1: Contenidos de los talleres de capacitacion dirigidos a técnicos de la DINAMA y de las

intendencias municipales, realizados en la Facultad de Ciencias. Cada taller tuvo una carga horaria entre 8

y 10 horas.
Taller Contenido
1- Bases para el uso de Tedrico: bases conceptuales de la fluorescencia de pigmentos,
fluorémetros de campo para la distribucion de pigmentos en los grupos algales y cianobacterias.

deteccion de fitoplancton in situ ~ Practico: calibracion de fluorometros, medicion de fluorescencia de
cultivos, utilizacion de los equipos en campo, observacion al

microscopio, y discusion de resultados.

2-Evaluacion y analisis de Evaluacion de los resultados obtenidos en la campafia de verano y
resultados obtenidos con ajuste de la metodologia de uso de los equipos buscando minimizar
fluorémetros de campo en playas diferencias de procedimiento. Se colectaron problemas y y

diferencias de muestreo entre los técnicos en una tabla, a partir de la

cual se elabord el primer protocolo de uso del equipo en campo.

3:- Taller formativo y puesta a Calibracion de los estandares con sus respectivas celdas y medicion
punto del protocolo de uso del de 3 cultivos (2 cianobacterias y un alga). Transformacion de los
fluorémetro de campo datos para que sean intercomparables entre los distintos equipos.

Ejercicios practicos. Medicion de muestras naturales aplicando la
calibracion y las transformaciones de los datos. Analisis de los
resultados. Espacio para consultar dudas del protocolo. Ejercicios.

Entrega de estandares s6lidos. Recomendaciones.

2- Procedimiento de medicion:
Se describe la toma, acondicionamiento, y homogeinizacién de la muestra, asi como la
medicion de la fluorescencia por triplicado. Como complemento se sugiere incorporar
una descripcion visual de la presencia de cianobacterias (0, ausencia de colonias; 1,
colonias dispersas; y 2, espuma o floracion desarrollada) como variable complementaria

de monitoreo.

3- Mantenimiento de las cubetas:
Se describen los cuidados para la re-utilizacion de las cubetas (normalmente
descartables), la prevencion de rasgufios, procedimiento de lavado y solventes no

permitidos (orgdnicos y detergentes).

81



Figura 4.1: Talleres de capacitacion dirigidos a técnicos de la DINAMA y de las intendencias
municipales, realizados en la Facultad de Ciencias durante el desarrollo de esta tesis. Fotografias:

Malvina Masdeu.

Tabla 4.2: Evaluacion de aspectos operativos del uso de los fluorometros de mano por parte de los
técnicos durante el Taller II. Entre paréntesis se indica el nimero de intendencias que aplico cada una de

las opciones en el procedimiento.

Procedimiento Variantes (niimero de intendencias que la aplicaron)
Correccidon por blanco de agua destilada No (4)
Si (1)
Numero de cubetas usadas durante el muestreo  Una (4)
Dos (1)
Papel de secado de la cubeta Papel tissue (3)

P. higiénico (2)

Lavado de cubeta entre muestreos Agua destilada (1)
Agua de la muestra (2)
Agua destilada + agua de la muestra (2)

Recipiente de toma de muestra Balde (2)
Frasco de boca ancha (4)

Tiempo de muestreo por sitio 5 minutos (4)
10 minutos (1)

Llenado de cubeta mediante Pipeta (1)
Jeringa (1)
llenado directo (3)

Réplicas de muestreo o réplicas de medicion 3 réplicas de muestreo (1)
3 réplicas de medicion (1)
2 réplicas de medicion (1)
Sin réplicas (1)

El protocolo extenso cuenta con una estructura formal acorde al sistema de gestion de
procedimientos interno de la DINAMA. La misma incluy6: los destinatarios y
responsables, los objetivos del mismo, la descripcion instrumental de los equipos y
accesorios, el procedimiento de calibracion diario, el procedimiento de toma de medidas

(incluyendo muestreo y medicion con el equipo), la especificacion de datos a incluir en
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los registros tras la medicion, las precauciones y cuidados de los equipos, y un anexo

describiendo el ajuste de los estandares solidos.

4.3.2 Implementacion de los modelos en planilla electronica interactiva

Se elabor6é una planilla electronica para la comparacion y el andlisis de los datos
(utilizable con Microsoft Excel, LibreOffice Calc, etc.) (Tabla 4.3). El técnico debe
ingresar informacion en 12 columnas concernientes a la fecha, lugar, caracteristicas del

equipo y datos de calibracion y las lecturas de fluorescencia de la muestra (Tabla 4.3).

Tabla 4.3: Informacion que los técnicos deben ingresar a la planilla interactiva relacionados a la

medicion de la fluorescencia.

Nombre de columna Significado
Sitio, Fecha, etc. Identificadores de muestra
Fecha Calibracion Fecha de intercalibracion del fluorémetro

Equipo Fluorémetro utilizado
celda RASSS (estandar secundario sélido rojo ajustable) utilizado
blk.a Valor registrado del blanco de calibracion (%FS-BIk), canal de ficocianina
std.a Valor registrado del estandar de calibracion (%FS-Std), canal de ficocianina

stdval.a Valor asignado al estandar (StdVal), canal de ficocianina
fluo.a Fluorescencia de la ficocianina
blk.b Valor registrado del blanco de calibracion (%FS-Blk), canal de clorofila a
std.b Valor registrado del estandar de calibracion (%FS-Std), canal de clorofila a

stdval.b Valor asignado al estandar (StdVal), canal de clorofila a
fluo.b Fluorescencia de la clorofila

Para aplicar los modelos de prediccion de la clorofila a desarrollado en esta tesis, en la
planilla se agregaron varias columnas que incluyen los algoritmos de calibracion y post-
calibracion de los datos (Tabla 4.4). A partir del ingreso de los datos (columnas 1 a 12
de la planilla), la aplicacion de los modelos es automaticay brindan los resultados de la
prediccion de la clorofila a total y la clorofila a de cianobacterias, el porcentaje de
clorofila a de cianobacterias (estimado a partir de las dos anteriores), y los limites de
prediccion (5 y 95%) de los dos modelos. Los coeficientes de post-calibracion de cada
fluorometro, y los modelos de prediccion de clorofila a provienen de los resultados del

capitulo 2 de esta tesis.
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La planilla interactiva se cargd con datos de campo obtenidos por los técnicos de las
intendencias (al 14 de setiembre de 2016, tenia 1227 registros, desde el 28 de enero de
2014 al 6 de abril de 2016). De este conjunto de datos, se seleccionaron aquellos que

tenian asociada la informacion de la clorofila por extraccion para estudiar el desempefio

de los modelos (Cap. 2).

Tabla 4.4: Factores de correccion de los datos de fluorescencia, algoritmos y resultados obtenidos de los

modelos de prediccion de clorofila a de la planilla interactiva.

Nombre de
columna Significado Algoritmo
fnorm.a Fluorescencia "bruta" de la ficocianina fluo.a*(std.a-blk.a)/stdval.a
fnorm.b Fluorescencia "bruta" de la clorofila fluo.b*(std.b-blk.b)/stdval.b
o final fnorm.a corregida por los coeficientes de fnorm.a*PostCal . pc

post-calibracion para cada fluorometros

fnorm.b de la clorofila corregida con los
b.final cieficientes de post-calibracion para fnorm.b*PostCal; ¢y 4
cada fluorémetro

Modelo clorofila  Clorofila a total estimada a través del

* €
total (ug/L) modelo: 50,0*a.final+11,4*b.final

Modelo clorofila Clorofila a de cianobacterias estimada a

* - *
cianos (pg/L) través del modelo: 54,3*a.final-2,8*b.final

Porcentaje de clorofila a

%ciano . . .
correspondiente a cianobacterias

100 * (Clo a cianos / Clo a total)

Limite de prediccion inferior (5%)del

modelo clo-a 05 modelo de clorofila a total

29,7*a.final+9,1*b.final-0,9

Limite de prediccion superior (95%) del

modelo clo-a 95 modelo de clorofila a total

56,3*a.final+13,4*b.final+10,8

Limite de prediccion inferior (5%)del

modelo-ciano 05 modelo de clorofila a de cianobacterias

31,4*a.final-1,8*b.final-3,0

Limite de prediccion superior (95%) del

modelo-ciano 95 modelo de clorofila a de cianobacterias

70,5*a.final-2,7*b.final+3,2

4.4 Discusion

Se realizo la transferencia tecnolédgica del uso de los fluorometros y la aplicacion de los
modelos de cuantificacion y prediccion de la clorofila a total y de cianobacterias basado
en la fluorescencia in vivo. Para ello se instrumentaron talleres de capacitacion, la
elaboraciéon de un protocolo, y la implementacion de los modelos en una planilla
electronica interactiva. Desde el inicio se buscd la interaccion con los técnicos
responsables del uso de los equipos lo que permitié optimizar los protocolos, ahorrar

tiempo y ganar en claridad técnica en los aspectos operativos. La transferencia
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tecnologica es un acercamiento mas adecuado y moderno que la transferencia del
conocimiento, logrando mejores resultados en la instrumentaciéon de nuevos métodos
(Roux et al. 2006). Por lo tanto, los pasos de implementacion se seleccionaron en esta
tesis siguiendo ese concepto. El proceso de transferencia tecnoldgica descrito en esta
tesis siguid un esquema muy similar al de otras tecnologias para monitoreo de playas:
una sesion de formacion tedrica de los técnicos, varias jornadas de formacion préactica,
la elaboracion de un manual préctico, el ajuste de la metodologia propuesta de acuerdo a
los procedimientos de monitoreo existentes, la elaboracion de una planilla interactiva en
la que los técnicos ingresen los datos y obtengan directamente los resultados, y el

analisis de resultados provenientes de su implementacion (Griffith & Weisberg 2011).

Entre las limitaciones para implementar el uso de la fluorescencia en monitoreos, se
encuentran aspectos técnicos y aspectos de normativa. Dentro de los aspectos técnicos
se debe trabajar mas en lograr la independizacion de los modelos de los fluorémetros
(mediante calibracion con compuestos fluorescentes de concentracion conocida), y en la
caracterizacion de la CDOM vy turbidez in situ en los sitios de muestreo. Dentro de los
aspectos de normativa se destaca la ausencia de un marco regulatorio en el pais para la
presencia y biomasa de cianobacterias. La implementacion de tecnologias de este tipo
pueden contribuir a superar las limitaciones econdmicas y de capital humano
subyacentes en la gestiéon del medio ambiente tanto en Uruguay como en otros paises

emergentes.
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CAPITULO 5. DISCUSION  GENERAL, CONCLUSIONES Y

PERSPECTIVAS

5.1 Discusion general

Para cumplir con los requerimientos de las politicas ambientales es necesaria la
implementacion de nuevas tecnologias que brinden informacién precisa y en tiempo
real, de la calidad del agua (Chorus 2012). El monitoreo de cianobacterias requiere de
métodos rapidos, simples, de bajo costo y fiables. La fluorometria es una herramienta
que cada vez mas utilizada para cuantificar fitoplancton in situ. A pesar de los
numerosos trabajos que se llevan adelante, hasta el desarrollo de esta tesis no se habian
descrito modelos para ser utilizados con multiples fluorometros de mano en forma
simultanea (Zamyadi et al. 2016). El método desarrollado en esta tesis cumple con
dichos requerimientos y estd en sintonia con las recomendaciones de vanguardia en el
uso de la biotecnologia aplicada al medio ambiente (Dworak et al. 2005; Griffith &
Weisberg 2011). La puesta a punto de ésta técnica llevada a cabo, integrd las etapas de
viabilidad de la calibracion, intercalibracion, desarrollo de modelos de prediccion,
evaluacion de las interferencias, evaluacion del despempefio en el campo, e

implementacion (Fig. 5.1).

Las interferencias Opticas mas comunes en la fluorescencia, generadas por la MODC y
la turbidez (Keller et al. 1990; Zamyadi et al. 2016), son corregidas en nuestro modelo
por algoritmos desarrollados en base a la experimentacion, aspectos que son
generalmente poco considerados en los estudios de fluorometria. Por lo tanto, la técnica
de fluorometria de pigmentos in vivo para determinar la clorofila a del fitoplancton y de
la fraccion correspondiente a las cianobacterias desarrollada en esta tesis es innovadora.
Se desarrollaron los modelos de prediccion de clorofila @ en base a resultados con
experimentos de mezclas complejas de cultivos simulando condiciones naturales, a
diferencia de la mayoria de los métodos ya publicados. Ademads, se incluyo la
intercalibracion de multiples equipos del mismo modelo, correcciones de las
interferencias Opticas producidas por la matriz (Cap. 2), y del efecto fisioldgico de la
exposicion a la luz (Cap. 3). Al abarcar estos aspectos, se logr6 avanzar

significativamente hacia la implementacion de la fluorometria de pigmentos in vivo en
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monitoreos ambientales. Este método tiene especial utilidad para establecer sistemas de
alertas tempranas debido a la obtencion de resultados en tiempo real, a y su bajo costo,
como ya han sido sugeridos para otros fluorémetros (Izydorczyk et al. 2009). Ademas,
se obtiene el dato de la clorofila a de cianobacterias (y su proporcion en el total), lo que
facilita identificar cambios de biomasa y tendencias en el tiempo. Los modelos de
prediccion, incluyendo las correcciones para las interferencias Opticas de la matriz
acuosa y el paso de 3 minutos de oscuridad, son modificables o ajustables por los
propios usuarios, lo que amplia el uso del modelo a otros fluorometros con canales

similares, requiriendo solamente una calibracion con cultivos de cianobacterias y algas.

Fluordmetros

Ajustes entre equipos y calibraciéon (Objetivo 1)

Fluorometros intercalibrados

Desarrollo del modelo predictivo y aplicacién en

campo (Objetivos2 y 5)

Biomasa modelada

Ponderacién de las interferencias de la matrizy la
fluorescencia variable (Objetivos 3 y 4)

Interferencias modeladas

Transferencia tecnolégica (Objetivos 6y 7)

Fluorescencia implementada

Figura 5.1: Aproximacion integral de la puesta a punto y validacion de la fluorescencia de pigmentos in
vivo. Instancias metodologicas realizadas, la obtencion de sucesivos estados intermedios y su

relacionamiento con los objetivos planteados.

Si bien los principales aspectos técnicos de la puesta a punto de la metodologia fueron
abordados en los capitulos 2, 3 y 4, otros aspectos técnicos se discuten a continuacion.
Con respecto a la calibracion con el estdndar solido (RASSS), durante el desarrollo de
las investigaciones se encontré que no fue un buen estdndar universal, y por lo tanto se
debid realizar una serie de célculos para corregir este punto. Si bien el equipo brinda
valores calibrados por defecto, éstos debieron ser transformados a fluorescencia “bruta”,

y luego estandarizados (correcciones post-calibracién). La limitacion de los RASSS,
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que no funcionan como un estandar secundario universal, es atribuible a la variacion en
la alineacion entre los LEDs de excitacion y las ventanas del mismo. Por lo tanto, se
deberia utilizar en estudios futuros estdndares basados en soluciones de compuestos
fluorescentes estables (rodamina, fluoresceina, etc.). Esto haria que los RASSS pasen a
cumplir solamente la funciéon de seguimiento y control de calidad diaria de la
calibracion (Earp et al. 2011). En cuanto al efecto de la exposicion a la luz previo a la
medida en campo, se demostrd que la aplicacion de 3 minutos de oscuridad a la muestra
es suficiente (Cap. 3) Esto fue tratado en los talleres con los técnicos y se debera

agregar a futuras ediciones del protocolo de trabajo (Cap. 4).

Para facilitar la implementacion de esta metodologia se realizd un proceso de
transferencia tecnologica en base a talleres de capacitacion y evaluacion conjunta,
desarrollo de protocolos, y elaboracion de hojas de célculo que incluian los modelos
para su aplicacion directa e inmediata (Cap. 4). El método desarrollado en esta tesis
cubre los pasos de implementacion demarcados por la guia de la DMA UE: 1-
asesoramiento complementario en la validacion de los nuevos métodos; 2- estudios de
su impacto socioecondmico y demostracion de su potencial; 3- fomento del desarrollo
de metodologias innovadoras de bajos costos, asi como su validacion; 4- oferta de
programas de entrenamiento a medida; y 5- vinculacion de la investigacion con la

implementacion (Dworak et al. 2005).

Una implementacion exitosa de nuevas tecnologias de monitoreo debe ir de la mano del
establecimiento de normativas de gestion ambiental (Hering et al. 2010). El uso de
bioindicadores cuantitativos permite establecer valores umbrales de peligrosidad de
exposicion a cianobacterias, para elaborar sistemas de alertas tempranas como los
sugeridos por la OMS (Chorus & Bartram 1999). En esta tesis se utilizdo la
concentracion de la clorofila a total y especifica de cianobacterias estimada a partir de la
fluorescencia in vivo como indicador, lo que ha sido utilizado por otros autores para
generar umbrales de alerta (Izydorczyk et al. 2009; Kalaji et al. 2016). Otros trabajos
han propuesto sistemas de alertas basados en otros bioindicadores alternativos como la
observacion visual (Oyama et al. 2015) y la ficocianina (Ahn et al. 2007; Koreiviené et
al. 2014; Macario et al. 2015), que podrian ser utilizados como complemento a la
aplicaciéon de nuestro modelo. La concentraciéon de clorofila @ de cianobacterias,

estimada mediante fluorescencia in vivo, ya estd siendo implementada por el Consejo
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Nacional del Agua en Holanda en conjunto con la clasificacion visual (Ibelings et al.
2012). Estos primeros sistemas de alertas tempranas basados en la fluorescencia in vivo
utilizan fluorémetros de altos costos y calibrados de fabrica (ejemplo: Fluoroprobe, bbe-
Moldanke) (Ibelings et al. 2012), por lo que nuestro modelo marca una diferencia
significativa. Por su aporte hacia una implementacion mas accesible de la fluorescencia
in vivo, el método propuesto en esta tesis es innovador y puede favorecer la elaboracion
de sistemas de alertas de cianobacterias basados en la fluorescencia de pigmentos para

Uruguay.
5.2 Conclusiones globales

En resumen, se presenta una aproximacion novedosa que permitid integrar
conocimientos de la fluorescencia de pigmentos in vivo con fines de investigacion con
la implementacion en programas de monitoreo. Las conclusiones que se extraen de esta

tesis se enumeran a continuacion:

1- Se desarrollé6 un modelo de prediccion de la concentracion de clorofila a total y
de cianobacterias a partir de las fluorescencias in vivo de la ficocianina y la

clorofila a.

2- Se demostrd que es posible transformar los valores reportados por los equipos

para hacerlos intercomparables e independientes del estandar sélido.

3- Por primera vez se realizd una intercalibracion entre varios fluorometros de
mano de bajos costos, utilizando multiples estandares secundarios y aplicando

calculos de post-calibracion.

4- Se logro corregir los efectos de interferencia optica de la materia organica
coloreada disuelta (CDOM) y de la turbidez, mediante coeficientes, y el efecto
de los mecanismos de disipacion de exceso de energia (qE), mediante un paso de

3 minutos de oscuridad previo a la medicién de la fluorescencia.

5- Se innovo en las técnicas de monitoreo de la calidad de agua del pais aplicando
por primera vez la fluorescencia in vivo en el monitoreo de playas de toda la

costa, obteniendo buenos indicadores de desempefio del modelo. Como parte de

89



esto se logro realizar la transferencia tecnologica a los destinatarios finales de la
metodologia, mediante talleres de capacitacion, protocolos de uso de los
equipos, y una matriz interactiva para la aplicacion de los modelos de

prediccion.
5.3 Perspectivas

Esta tesis abarco desde el aprendizaje de las bases tedricas de la fluorescencia in vivo, a
la transferencia tecnoldgica a los técnicos y la implementacion de un nuevo método
biotecnoldgico, pasando por las etapas de calibracion, evaluacion de las interferencias y
modelado, lo que requirié que diversas etapas con alcances diferentes se realizaran en
paralelo. Esto constituye un primer paso que da lugar a nuevas investigaciones para

mejorar el método y generar recursos complementarios, como se detalla a continuacion.

El estindar que utilizamos en esta tesis es un plastico fluorescente y regulable
manualmente, pero no se puede asociar a una concentracion establecida por otros
métodos. El uso de otro tipo de estandares basado en soluciones de compuestos
fluorescentes y asociables a una concentracion, p.ej. rodamina, permitiria independizar
los modelos propuestos en esta tesis. De esta forma, se podria extender la
intercalibracion a equipos de diferentes fabricantes o con diferentes prestaciones, como
por ejemplo fluordmetros sumergibles con servicio remoto on-line de adquisicion de
datos, que ampliarian la aplicabilidad del modelo. El desarrollo en el pais de
subsiguientes estudios en fluorescencia también permitiria la fabricacion de
fluorometros de electronica mas sencilla, como el disefiado por Leeuw et al. (2013).
Estos fluorometros de fabricacion local se podrian utilizar en monitoreos de
participacion ciudadana y educativa, por ejemplo en observatorios de escuelas rurales

(E.F.L. Cruz de los Caminos 2013) o a través del Plan Ceibal (Duglio et al. 2014).

Otros aspectos que se pueden continuar a partir de los resultados obtenidos en esta tesis
incluyen la implementacion de las correcciones por CDOM vy turbidez y de la
exposicion previa de la muestra a 3 minutos de oscuridad en los monitoreos de rutina.
La aplicacién de estos tres factores de correccion permitira mejorar la fiabilidad del
modelo en el campo. Estudios que se focalicen en la naturaleza de las interferencias
opticas de la matriz in situ y segun las caracteristicas propias de cada ambiente

permitirdn también mejorar la correccion de los resultados post-calibracion, ya que en
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esta tesis se modelaron sus efectos en el rio Santa Lucia, que puede ser muy diferente a
las playas del Rio de la Plata (Cap. 2). Por ejemplo, un efecto de la matriz que no fue
abarcado en este estudio fue el de las particulas no-algales (NAP), que pueden llegar a
presentar un comportamiento similar a la CDOM (Kirk 1994; Babin et al. 2003) e

interferir con las sefiales de fluorescencia in vivo.

La implementacion de la fluorescencia in vivo en programas de monitoreos de calidad
de agua abre la puerta a nuevas tecnologias que utilicen esta propiedad de los pigmentos
fitoplanctonicos, ampliando las capacidades de monitoreo en Uruguay. Entre las
tecnologias de uso creciente basadas en fluorescencia se destacan el sensoramiento
remoto (satelital) de floraciones de cianobacterias (Simis et al. 2005; Stumpf et al.
2016), y las boyas fluorométricas con envio remoto de la informacion en alta frecuencia
temporal (Izydorczyk et al. 2005; Ye et al. 2014; Kong et al. 2014). El uso de
tecnologias moviles como teléfonos inteligentes (“smartphones”) con aplicaciones in
situ para el uso de los modelos facilitaria la implementacion al disminuir el
equipamiento necesario, ademds de permitir el uso de imdgenes y escalas de colores
mediante fotografias en monitoreos participativos (Kotovirta et al. 2014) o a través de
aplicaciones que usan la camara del teléfono como sensor (Friedrichs et al. 2014). La
experiencia de implementacion de la fluorometria de pigmentos in vivo podria
extenderse a la integracion de estas nuevas metodologias, ampliando significativamente

las capacidades de monitoreo ambiental en Uruguay.
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ANEXO 1: DISENO EXPERIMENTAL DE LAS PRUEBAS
CALIBRACION
A
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Supplementary Figure 1: Calibration experiments scheme. A) RASSS (gray boxes with red dots)
opening test. Two cultures in three serial dilutions were measured with three fluorometers each calibrated
with the same RASSS and three window opening positions: closed, intermediate and open. Reported and
raw fluorescence were compared to test the RASSS reliability as a standard. B) Fluorometer
intercalibration with a single RASSS. Three cultures in four serial dilutions measured with seven
fluorometers calibrated with the same RASSS and a pre-established opening defined in A. C) Fluorometer
cross-calibration with individually assigned RASSS for each instrument. Three cultures in three dilutions
were measured with the seven fluorometers. Individually assigned RASSS were adjusted to match the
opening of the reference RASSS used in B. Results were compared across fluorometers, and with the
measurements obtained in B. Chlorophyll a concentration was measured (green circles), and results

compared across fluorometers (A and B).
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ANEXO II: INSTRUCTIVO REDUCIDO PARA LA CALIBRACION
DIARIA, TOMA DE MUESTRA Y MEDICION CON EL FLUOROMETRO

MODELO AQUAFLUOR, MARCA TURNER

Canal A=mide ficocianina—>presente en todas

las cianobacterias v Criptofitas

CALIBRACION

Canal B= mide clorofila a =todos los

Aroaniamna del fitanlanctan 7 nlantac

La calibracién del fluorémetro
esrecomendable realizarla cada dia que se vaya a utilizar. Para calibrar el fluorémetro se usa un
estandar secundario que estd hecho de un plastico especial. La calibracién se debe realizar para los 2
canales (A y B, Ficocianina y Clorofila a respectivamente).

1- Presionar la tecla A/B para elegir el canal que se quiera calibrar. En la pantalla del equipo aparecera
indicado a la izquierda que canal es el que esta seleccionado en ese momento.

2-Verificar el valor del estandar value para ese canal. Para ello presionar el botén “STD VAL”. Registrar el
valor. Debe estar en 100 a menos que se haya indicado otro valor. Si no lo estuviera cambiarlo a 100 con
las flechas “1” y “|”.

3- Presionar CAL, presionar ENTER. .

4- En la pantalla se visualizara “Insert Blank”. Colocar cubeta con blanco (agua destilada) y presionar
ENTER. Mediante esta accion el fluorémetro mide el blanco que se le ha introducido.

5-Una vez que se ha medido el blanco, en la pantalla se visualizara “Insert Cal Soln”. Retirar la cubeta
con el agua destilada y colocar estandar sdlido (cubeta negra), empujelo hacia abajo levemente con el
dedo y presionar ENTER. Mediante esta accion el fluorémetro mide el estandar sélido que se le ha
introducido.

6- El display mostrara “Cal Complete”, y preguntara si aceptamos la calibracién. Presionamos ENTER.

7- Una vez terminada la calibracion presionamos DIAG, luego de unos segundos la pantalla mostrara dos
valores, uno superior que dice “%FS-BIk” y uno inferior que dice “%FS-STD”. Registrar ambos valores de
cada canal cada vez que se calibre.

8- Para fluorémetros cuyos estandares sélidos fueron intercalibrados (ej. fluorometros de intendencias y
DINAMA): dividir el %FS-STD sobre el % FS-Blk para ambos canales. Registrar este cociente en la planilla,
y comprobar que: 1) Este cociente no se reduzca a la mitad o se duplique con respecto al muestreo
anterior. Il) El cociente para el canal (B) sea mayor que el del canal (A). Ill) El %FS-STD sea mayor que %
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FS-Blk. Si alguna de éstas condiciones no se cumpliera, repetir nuevamente el procedimiento de
calibracién, chequear que las pilas estén bien, que el agua destilada se encuentre en buenas condiciones
y/o que la cubeta no esté rayada. Si el problema persiste comunicarlo a DINAMA.

8- Cambiar de canal con el boton A/B y repetir los pasos.

NOTA: si en algin momento en la pantalla se visualiza “Abort cal”, presionar NO (en este caso es con la
flecha hacia abajo) “|”.

PROCEDIMIENTO DE MEDIDA

Pasos para tomar las medidas:

1-Obtener la muestra de agua con un frasco blanco de boca ancha. Observar la muestra a simple vista.
Registrar el estado del agua: “0” (ausencia de colonias), “1”: presencia de colonias (pocas o muchas)
y“2”: floracién desarrollada (espuma).

2-Si se observaran colonias, la muestra debera agitarse enérgicamente con el frasco cerrado, con el fin
de homogeneizar la muestra. Las medidas para cada canal deberan realizarse y registrarse 3 veces. Para
esto se saca la cubeta del equipo y se la gira (tapandola con el dedo) entre cada medida.

3-Evitar la luz directa sobre la muestra. Colocar el equipo en posicion horizontal, bien apoyado.
4-Colocar la muestra en la cubeta sin volcar en sus caras (con una pipeta p. ej). Secar con papel tissue.
Colocar la cubeta en la celda del equipo. Tapar.

5-Seleccionar el canal A (boton A/B) y presionar READ. Registrar.

6-Seleccionar el canal B (botdn A/B) y presionar READ. Registrar. 7-No dejar la cubeta demasiado tiempo
quieta porque las cianobacterias flotan y algunas algas sedimentan.

Cuidados de la cubeta:

* No tomarla por las caras. De preferencia esquinas superiores.

* No lavarla con nada que pueda raspar. De preferencia lavar con abundante agua destilada y dejarlas
invertidas que se sequen al aire.

* No lavar con solventes (alcohol, acetona, detergente).

*  Sitiene manchas o polvo en las caras, secar con papel tissué.
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