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ABSTRACT

Climate Change is considered one of the main global changes facing by humanity,
and is the result of the exacerbated increase in the emission of carbon dioxide (CO3) into
the atmosphere from the pre-industrial stage. The vegetation is one of the components of
the ecosystem with greater vulnerability to this phenomenon, having described possible
alterations on its distribution, phenology, productivity, etc. In this context, it is very
important to study how the interactions of different factors associated with climate change
(high CO., rising temperatures and sea level, extreme climatic events, etc.) affect the
ecophysiology of plants.

Halophytes are plant species that have developed a series of mechanisms that
allow them to complete their life cycle in highly stressful environments. In addition, many
halophytes have demonstrated an enormous technological potential for their use as
resources of different nature or in phytoremediation of pollutants. However, little is
known about the response of these species to the interaction of factors associated with
Climate Change or how these interactions affect their phytoremediation capacity; and this

is the knowledge gap that tries to fill this Doctoral Thesis.

Our results shown how the increase in CO2 (700 ppm) improved the tolerance of
a halophyte model, Salicornia ramosissima, against salinity (510 mM NaCl). The
improvement in tolerance was reflected in the maintenance of the CO> assimilation rate
and the functionality of the photosystems. This positive effect became apparent even
under conditions of permanent soil flooding. Regarding the impact of extreme thermal
events of short duration (40-28°C and 12-5°C during three days), a thermo-dependent
response was observed, so that S. ramosissima was more sensitive to low temperatures
for the two levels of salinity studied (171 and 1040 mM).

On the other hand, the results of this Thesis showed a specific effect on the
phytoremediation capacity of the halophytes Spartina densiflora and Juncus acutus.
Thus, in the case of S. densiflora, high CO2 (700 ppm) increased its tolerance to Cu
excess, maintaining the ability to phytostabilize Cu in its roots. For J. acutus, its greater
tolerance to Zn was largely mediated by the reduction of the concentration of Zn in its
tissues in the presence of salt (85 mM NacCl).

In conclusion, halophytes grown in an atmosphere enriched in CO2 in combination
with other environmental factors of stress shown a better physiological response than
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those subjected only to high salinity, flood or the toxic effect of a heavy metal. The
interaction of factors generates synergistic effects that differ from the responses that are
recorded when the factors are analyzed separately. Therefore, in order to predict the

response of plants to climate change it is necessary to address the trials considering the
interaction of factors.



RESUMEN

El Cambio Climético esta considerado como uno de los principales cambios
globales a los que se enfrenta la humanidad, y es consecuencia del incremento exacerbado
de la emision de dioxido de carbono (CO.) a la atmosfera desde la etapa preindustrial. La
vegetacion es uno de los componentes del ecosistema con mayor vulnerabilidad frente a
este fendmeno, habiéndose descrito posibles alteraciones sobre su distribucién, fenologia,
productividad, etc. En este contexto, es de gran importancia estudiar como afectan a la
ecofisiologia de las plantas las interacciones de distintos factores asociados al Cambio
Climaético (elevado CO», aumento de las temperaturas y nivel del mar, eventos climaticos

extremos, etc.).

Las halo6fitas son especies vegetales que han desarrollado una serie de mecanismos
que les permiten completar su ciclo vital en ambientes altamente estresantes. Ademas,
muchas hal6fitas han demostrado un enorme potencial tecnoldgico para su empleo como
recursos de diferente naturaleza (alimentacion, farmacos, etc.) o en fitorremediacion de
contaminantes. Sin embargo, poco se sabe sobre la respuesta de estas especies frente a la
interaccion de factores asociados con el Cambio Climatico o como estas interacciones
afectan a su capacidad fitorremediadora; y este es el vacio de conocimiento que trata de

llenar esta Tesis Doctoral.

Nuestros resultados mostraron como el aumento del CO2 (700 ppm) mejoré la
tolerancia de una haléfita modelo, Salicornia ramosissima, frente a la salinidad (510 mM
NaCl). La mejora de la tolerancia se reflejé en el mantenimiento de la tasa de asimilacion
de CO. y la funcionalidad de los fotosistemas. Este efecto positivo se hizo patente incluso
bajo condiciones de inundacion permanente del suelo. Respecto al impacto de eventos
térmicos extremos de corta duracion (40-28 °C y 12-5°C durante tres dias), se observo
una respuesta termo-dependiente, de forma que S. ramosissima fue mas sensible a las
bajas temperaturas que a las altas para los dos niveles de salinidad estudiados (171 y 1040
mM).

Por otro lado, los resultados de esta Tesis mostraron un efecto especifico en la
capacidad fitorremediadora de las hal6fitas Spartina densiflora y Juncus acutus. Asi, en
el caso de S. densiflora, el elevado CO (700 ppm) aument6 su tolerancia frente al exceso

de Cu, manteniendo la capacidad para fitoestabilizar Cu en sus raices. Para J. acutus su



mayor tolerancia frente al Zn estuvo en gran parte mediada por la reduccion de la

concentracion de Zn en sus tejidos en presencia de sal (85 mM NaCl).

En conclusion, las haléfitas crecidas en una atmosfera enriquecida en CO2 en
combinacién con otros factores ambientales de estrés mostraron mejor respuesta
fisioldgica que aquellas sometidas solamente a alta salinidad, inundacion o al efecto
toxico de un metal pesado. La interaccion de factores genera efectos sinérgicos que
difieren de las respuestas que se registran cuando se analizan los factores por separado.
Por tanto, para poder predecir la respuesta de las plantas frente al Cambio Climatico es

necesario abordar los ensayos considerando la interaccion de factores.



Capitulo 1: INTRODUCCION

1.1 Las marismas, su relevancia ecoldgica y socio-econémica

Las marismas mareales son ecosistemas, que se localizan en los estuarios de los
rios, con unas caracteristicas muy especiales debido a su posicionamiento entre el medio
terrestre y el marino. El efecto de la marea crea en estos ecosistemas un fuerte gradiente
de diferentes factores ambientales, como las horas de inundacion o la salinidad. Asi, se
conforman los diferentes habitats, generalmente paralelos al limite de la marea (Figura
1), que son dominados por diferentes especies vegetales con caracteristicas especiales de
gran interés (Adams, 1963; Chapman, 1974).
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Figura 1. Esquema de los diferentes habitats paralelos al limite de la marea (visto
en:
©Rolling College)

Ademas, las marismas sirven como zona de cria para numerosas especies de
animales (Castillo, 2001; Castellanos et al., 2004; Sanchez et al., 2006) lo cual aumenta
su valor ecol6gico. También poseen una gran importancia medioambiental y socio-
econdmica (Zharikow et al., 2005). Son uno de los ecosistemas con mayores niveles de
produccion en el mundo, siendo base de las redes troficas de los sistemas fluviales y
marinos cercanos (Delaune y Gambell, 1996). Su valor econémico y social reside en los
nacleos familiares de ambito costero, que desarrollan actividades de explotacion
tradicionales en las marismas, y su puesta en valor como zonas ideales para realizar
turismo natural, especialmente en el sur de Espafia donde son zonas de avistamiento de
aves (Farhad et al., 2015). Ademas, muchas especies con gran interés comercial tienen en
ellas sus lugares de cria y refugio (Zharikow et al., 2005; Morzaria-Luna et al., 2014), es
el caso de los peneidos (Hart et al., 2018), entre los que se encuentran los langostinos,

gambas o camarones. También brindan una funcion de proteccion frente a temporales y


https://saltmarshesofsouthjersey.weebly.com/what-is-a-salt-marsh.html

crecidas fluviales (DeLaune y Gambell 1996; Luque et al., 1999; Fagherazzi et al., 2013;
Bonemetto et al., 2019).

A pesar de los servicios que brindan estos ecosistemas, la actividad humana ha
generado grandes presiones sobre las marismas, tanta que aproximadamente el 50% de
las marismas existentes sufren un deterioro grave derivado de acciones humanas (Barbier
et al., 2011), y esto ha provocado una situacion en la que su conservacion se ha visto

comprometida.

1.2 Principales amenazas para la conservacion: Cambio Global y Cambio
Climético

Cambio Global y Cambio Climéatico son dos conceptos que, a menudo, se usan de
forma err6nea como sinénimos. Sin embargo, mientras que el Cambio Climatico hace
referencia a las variaciones atmosféricas que suponen una modificacion en el clima de la
tierra, el Cambio Global es un concepto mas amplio que incluye ademas las
modificiaciones que ocurren a nivel de usos de suelo, pérdida de biodiversidad y de
recursos en general (IPCC, 2007). Por lo tanto, el Cambio Climatico es uno de los
diferentes tipos de Cambio Global que estan ocurriendo en la actualidad (Rockstrom et
al., 2009).

El Cambio Climéatico se debe, principalmente, a un rapido aumento de la
concentracion de gases de efecto invernadero en la atmésfera en los Gltimos afios debido;
como el dioxido de carbono (CO2), cuya concentracion ha ido aumentado
exponencialmente desde la etapa preindustrial y se estima que pueda llegar a duplicarse
con respecto a la actual (apréx. 760 ppm) a finales de este siglo (Figura 2; IPCC, 2007).
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Figura 2. Concentracion atmosférica de CO2 (ppmv) predicha desde el afio 2007
hasta el 2100 por seis modelos de Cambio Climatico diferentes, representados cada
uno con un color distinto (IPCC, 2007).

Los gases de efecto invernadero permiten que parte de la radiacion del sol que
penetra la atmdsfera hasta la superficie terrestre no pueda volver a salir hacia el exterior,
reflejandose de nuevo hacia la superficie de la tierra, aumentando la temperatura de la
misma. Este efecto invernadero permite que la temperatura media del planeta sea de unos
15°C y no de -18°C, posibilitando la vida en su superficie (Popescu y Luca, 2017). El
problema radica en la emisién descontrolada de este tipo de gases debido a la accion del
hombre, asi las predicciones de Cambio Climéatico pronostican un aumento de la

temperatura media del planeta entre 2.4-6.4°C para el afio 2100 (Figura 3).
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Figura 3. Tendencia de la temperatura del aire en el Artico del afio 1900 al 2100

realizada por 7 modelos de Cambio Climético diferentes diferentes (IPCC, 2007).

El aumento de la temperatura tendra una serie de consecuencias de dificil
prediccién a nivel global. Una de las mas consensuadas seria la del aumento del nivel del
mar debido al deshielo de los polos y a la expansion térmica de los océanos por un
aumento en su temperatura, lo que supondria una pérdida de recursos del litoral, pondria
en peligro las playas y las marismas y podria contribuir a la salinizacion de los suelos
(IPPC, 2007; Lu et al., 2018). También se prevé un aumento de la duracién e intensidad
de las sequias, inundaciones, largos periodos estivales con veranos térridos y disminucién
del caudal de los rios, lo que aumentaria la presion sobre los acuiferos (IPCC, 2007). En
definitiva, una mayor frecuencia de eventos climaticos extremos que contribuiran a la
degeneracion de los suelos, mediante la salinizacion o la pérdida de nutrientes (IPCC,
2007). No obstante, sucesos meteorologicos extremos, como las olas de calor o de frio
también tienen efectos directos sobre las especies vegetales. Entre estos efectos podemos
observar limitaciones en su desarrollo y distribucién, debido a alteraciones en la

fenologia, reproduccion o fisiologia de las plantas (Orsenigo et al., 2014). Ademas, las
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modificaciones climaticas globales afectaran a las respuestas fisioldgicas basales de las
especies vegetales, a corto y largo plazo, pudiendo generar cambios en la estructura y
funcionamiento de los ecosistemas (Curtis et al., 1995), afectando a la productividad de
las comunidades vegetales (Naudts et al., 2014). En este futuro escenario, no solo las
comunidades naturales como las de marismas se veran afectadas, también los cultivos
estardn bajo la influencia de complejas interacciones: incremento de la concentracion
atmosférica de CO2, aumento de la temperatura, sequias y salinizacion de los suelos (Peng
et al., 2004). Los eventos de salinizacion derivados del Cambio Climatico suponen una
de las mayores amenazas para la conservacion de los ecosistemas pero también para la
seguridad alimentaria, ya que conlleva la degradacion de los suelos y la pérdida de
terrenos cultivables (IPCC, 2007). El Panel Interguvernamental sobre Cambio Climatico
(IPCC) establece que los efectos del Cambio Climético sobre los cultivos pueden ser
mayores en Espafia y la zona Mediterrdnea que en otros paises de la Union Europea por

su localizacion geogréfica (IPCC 2007, 2014; Figura 4).

En consecuencia, el Cambio Climético aparece como uno de los grandes desafios
que debe afrontar la humanidad para sostener la produccion agricola en niveles adecuados
a la creciente demanda de alimentos, la cual debe aumentar en un 70% para mitades de
siglo (Tester y Langridge, 2010). Esto hace que sea fundamental buscar soluciones, como
el uso de cultivos alternativos. Estos cultivos deberian ser capaces de crecer y producir
recursos en ambientes hostiles. Por ello, numerosas haléfitas han sido propuestas como
cultivos alternativos, por su gran capacidad de tolerar diversas condiciones adversas,
gracias a sus mecanismos de proteccion frente al estrés, asi como por su alta
producitividad y sus valores nutricionales excepcionales (Ventura y Sagi, 2013; Ventura
etal., 2015).
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Figura 4. Impacto del Cambio Climatico sobre el porcentaje de produccion de los
cultivos en dos predicciones diferentes de Cambio Climatico (PESETA I, 2016).

Por otro lado, este cambio en las condiciones climéticas del planeta no es el Unico
reto para la conservacion de los ecosistemas pues, como anteriormente se ha comentado,
se encuentra dentro de un marco de Cambio Global. Dentro de este marco el cambio en
el uso del suelo es uno de los principiales problemas para la conservacién. Ademas de la
pérdida de habitats y biodiversidad, el uso de suelos para la agricultura, la industria y la
urbanizacion generan una serie de residuos que, al no ser tratados correctamente, se
distribuyen por los diferentes ecosistemas (Lu et al. 2018). Se prevé que la generacion de
residuos por persona sigan aumentando durante este siglo (Figura 5; Hoornweg et al.
2013).
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Figura 5. Evolucién predicha de la produccion de residuos por tres modelos
diferentes (Hoornweg et al., 2013)

Entre estos residuos se pueden encontrar metales pesados como cobre, zinc, plomo
o cadmio (Lu et al. 2018; Tabla 1), aunque la tendencia general de la contaminacion por
metales es dificil de predecir. Hay estudios que aseguran un incremento de algunos
metales y otros que se mantendran estables (Lu et al., 2018). La contaminacion de los
suelos por metales pesados derivados de la actividad humana es otra de las amenazas
principales que afecta a la conservacion de los ecosistemas (Occhipinti-Ambrogi, 2007).
Especialmente en ecosistemas marinos como estuarios y marismas, que sirven como
barrera de los contaminantes antes de que lleguen a los ocednos desde los continentes (Lu
et at., 2018). Ademas, estas zonas suelen estar mas pobladas debido a la cantidad de
recursos que generan, por lo que son mas vulnerables a los contaminantes antropogénicos,
asi como a ciertos factores de Cambio Climético anteriormente comentados (IPCC, 2007;
Luetal., 2018).
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Tabla 1. Principales fuentes de contaminacion por metales pesados de los
ecosistemas (Lu et al. 2018)

Metal Fuente

Referencias

Cu

Zn

Pb

Cd

Cr

Ni

As

Hg

Mineria, manufacturas de pinturas,
siderurgia, pinturas de barcos, aguas
residuales industriales o urbanas,
maderas, vertidos de petrdleo

Mineria, manufactura de pinturas,
siderurgia, pinturas de barcos, aguas
residuales industriales o urbanas,
vertidos de petréleo

Refinerias, produccion de metales,
guema de carbdn, produccion de
cemento, astilleros, vertidos de petréleo

Mineria, coque, litogénico, fertilizantes
de fosfato

Manufactura de pinturas, quema de
combustibles fosiles, fuentes
geogénicas, navegacion, vertidos de
petroleo

Quema de combustibles fosiles, fuentes
geogénicas

Manufactura de pinturas, refineria de
metales, quema de carbdn, industria
quimica

Mineria, coque, manufactura de pintura,
residuos de materiales calcinados,
industria del papel, pesticidas y
erupciones volcanicas

Osher et al., 2006; Nieto et al., 2007;
Moreno et al., 2011; Popadic et al.,
2013; Brady et al. 2014

Osher et al., 2006; Nieto et al., 2007;
Moreno et al., 2011; Popadic et al.,
2013; Brady et al., 2014

Moreno et al., 2011; Popadic et al.,
2013; Chae et al., 2014

Osher et al., 2006; Nieto et al., 2007;
Dou et al., 2013; Brady et al., 2014

Osher et al., 2006; Moreno et al.,
2011; Popadic et al., 2013; Brady et
al., 2014; Keshavarzi et al., 2015

Brady et al., 2014; Keshavarzi et al.,
2015

Popadic et al., 2013; Brady et al.,
2014; Chae et al., 2014

Osher et al., 2006; Choi et al., 2007;
Nieto et al.,2007; Popadic et al.,
2013; Brady et al., 2014; Looi et al.,
2015
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1.3 La vegetacion de marisma: Las halofitas

En las marismas encontramos vegetacion adaptada a condiciones de alta salinidad
en el suelo, debido a la influencia mareal (Flowers et al., 2008; 2015). Las plantas con
capacidad de crecer y completar su ciclo vital en estos suelos, con una concentracion de
al menos 200 mM NacCl, son conocidas como halofitas (Flowers et at., 1986). Dentro de
las especies halofitas podemos encontrar diferentes efectos de la sal sobre el creimiento
(Flowers et al., 2008), desde las que simplemente toleran crecer en estos ambientes,
aunque también pueden crecer en suelos con concentraciones mas bajas de sal o en
ausencia de la misma, hasta las que aumentan la produccion de biomasa cuando son
expuestas a concentraciones de sal elevadas (Flowers et al., 2008). Ademéas de su
potencial para vivir en ambientes salinos, estas plantas son interesantes por su alta
produccidn, equiparable a la de algunos cultivos (Flowers et al., 2008). Para poder crecer
con éxito en estas condiciones han desarrollado una serie de adaptaciones, muchas de
ellas todavia por conocer en profundidad (Flowers et al., 2008). Entre estas adaptaciones
tenemos: glandulas que exudan la sal, tejidos suculentos o la compartimentacién de los
iones Na" y CI" (Munns and Tester, 2008; Flowers et al., 2008; 2015). Saslis-Lagoudakis
et al. (2015) sugirieron que la adaptacion a altas salinidades de las hal6fitas puede haber
dado lugar a mecanismos que les permiten tolerar otros tipos de estrés abiotico. Esto
podria explicar la resistencia a la presencia de metales pesados en el medio de estas
plantas (Lutts y Lefevre, 2015). Ventura et al. (2015) discutieron ampliamente la
posibilidad de aprovechar estas plantas como recursos alimentarios o0 como fuentes de
metabolitos con interés farmacoldgico, incluso su aplicacién como plantas ornamentales.
Aln asi, todavia falta mucho para tener una idea completa sobre el funcionamiento de
estas especies (Flowers et al., 2015) y, sobre todo, acerca de su respuesta ante las posibles

condiciones climaticas del futuro proximo.

Muchos estudios han demostrado el efecto beneficioso que puede tener el aumento
del CO2 atmosférico en haléfitas Cs (Ghannoum et al., 2000) y C4 (Mateos-Naranjo et al.,
2010a; b). Pero este efecto esta altamente influenciado por otros factores abi6ticos como
la salinidad. Lenssen et al. (1993) encontraron en la especie con metabolismo Cs Elymus
athericus que una atmosfera enriquecida en CO2 aumentaba la biomasa seca y que este
aumento era mayor en condiciones de alta salinidad. También encontraron para la especie
Spartina anglica que concentraciones altas de CO. atmosférico reducian la biomasa,

aunque en condiciones de alta salinidad no se producia ese decrecimiento. Lenssen et al.

15



(1995) observaron un efecto positivo de las altas concentraciones de COz en Aster
tripolium y Puccinellia maritima, que en las raices era solo evidente cuando las plantas
estaban anegadas, y estos efectos eran incluso mayores en presencia de sal. Duarte et al.
(2014) comprobaron que la inundacion completa de las hojas no afectaba el efecto
positivo del CO> sobre la fotosintesis, que incrementaba la actividad de la Rubisco en
Halimium portulacoides y Spartina maritima. Sin embargo, también se comprob6 que A.
tripolium en condiciones de alto CO- y presencia de sal invertia el excedente fotosintético
en generar mas defensas de estrés oxidativo y no en acumular mas biomasa (Geissler et
al., 2009; Geissler et al., 2010). Rozema (1993) estudio el efecto de la salinidad en
combinacién con una atmdsfera de elevado CO; en la fotosintesis y el uso del agua en
diferentes especies, entre ellas Spartina patens. Observo que la alta salinidad mejoraba
aun mas el uso del agua que ocurria a concentraciones de CO; elevadas, algo que también
demostraron otros estudios posteriores (Geissler et al., 2009; 2010). También se ha
comprobado que la concentracion de CO. alta paliaba los efectos perjudiciales de la
salinidad elevada en Spartina maritima, Spartina densiflora (Mateos-Naranjo et al.,
2010a; b) y Aster tripolium (Geissler et al., 2009; 2010). No obstante, todavia quedan
muchas incognitas sobre como afectara el Cambio Climéatico a la fisiologia y el

crecimiento de las hal6fitas.

Para responder a todas las cuestiones que todavia quedan por resolver (por qué
disminuye el crecimiento de las hal6fitas a altas salinidades, cémo funcionan sus
mecanismos, como se veran afectados estos mecanismos por las futuras condiciones del
planeta) lo idéneo seria trabajar con plantas modelo. Flower et al. (2008) sugieren estudiar
plantas que tengan una amplia tolerancia a la sal y que sean un grupo taxonémico con una
buena representacion entre las haléfitas. Una familia que cumple estas condiciones seria
Chenopodiaceae, dentro de la cual se encuentra el género Salicornia. La especie
Salicornia ramosissima J. Woods ha sido propuesta como un cultivo alternativo en
regiones aridas o semi-aridas (Lu et al., 2010) y actualmente esta siendo utilizada en
paises como Espafia o Francia, junto con otras hal6fitas, como un ingrediente de la cocina
gourmet (Barrerira et al., 2017). Ademas, varias especies del género Salicornia han
demostrado la capacidad de poder acumular compuestos de interés econémico (Singh et
al., 2014). Por ello, S. ramosissima es una especie interesante como modelo de las
haléfitas, para estudiar como responderia frente a las condiciones climaticas predichas

para los proximos afios.
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Como ya se ha comentado, la respuesta de las plantas a condiciones de alto CO>
estan influidas por otros factores abidticos. Asi, por ejemplo, la presencia de metales
pesados derivados de la actividad humana junto con el aumento del CO2 atmosférico
debido al Cambio Climatico pueden tener importantes consecuencias sobre las especies
vegetales. Tian et al. (2014) encontraron que en condiciones de alto CO2 atmosférico las
plantas que no toleraban la presencia de metales pesados veian disminuido los efectos
negativos de estos. Li et al. (2012) describieron mayores tolerancia y capacidad de
fitoremediacion en plantas tolerantes a metales pesados cuando eran crecidas a altas

concentraciones de CO..

Entre las hal6fitas originarias de ecosistemas costeros encontramos también varias
especies con capacidad de tolerar y acumular metales pesados (van Oesten et al., 2015;
Pérez-Romero et al., 2016; Liang et al., 2017; Feng et al.; 2018). La especie C4 Spartina
densiflora, por ejemplo, demuestra gran tolerancia al cobre (Mateos-Naranjo et al., 2008).
La contaminacion por Cu es una de las mas comunes y preocupantes en ecosistemas
costeros debido a que esta presente en los residuos de aguas agricolas y urbanas (Kessel
etal., 2008; Lu et al., 2018). También encontramos especies C3 como Juncus acutus con
capacidad de tolerancia a diferentes metales pesados como el zinc (Mateos-Naranjo et al.,
2014; Santos et al., 2014; Christofilopoulos et al., 2016). No obstante, se desconoce cOmo
se verian afectadas la tolerancia y la capacidad de fitorremediacién de estas halofitas

frente a factores derivados del Cambio Climético.

En definitiva, hay un gran vacio de conocimiento respecto a la respuesta de las
haldfitas frente a las interacciones de factores de estrés abiotico, relacionados con los
cambios globales que experimenta el planeta. Los estudios en los que interaccionan mas
de dos factores son muy limitados (Lenssen et al., 1995). El escenario previsto de
Cambio Climatico y la propuesta de haléfitas como cultivos alternativos, para responder
a la demanda de alimentos de la creciente poblacion, hacen aiin mas necesarios estudios
que cubran ese vacio de conocimiento. En esa linea es en la que se ha desarrollado la

presente Tesis Doctoral.
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OBJETIVOS

En esta Tesis Doctoral se pretende mejorar el conocimiento sobre la respuesta
fisiologica de las haldfitas frente a las condiciones climéticas previstas en el escenario de

Cambio Climatico. Con tal fin se establecieron dos objetivos principales:

1) Comprobar los efectos que diferentes factores derivados del Cambio Climatico podrian
tener sobre la fisiologia de una hal6fita modelo. Para ello, se realiz6 un andlisis fisioldgico
profundo sobre el efecto de las interacciones de factores abidticos relacionados con el
Cambio Climatico en la especie Salicornia ramosissima (familia Chenopodiaceae);
debido al interés, anteriormente mencionado, que presenta esta especie como cultivo
alternativo y a su potencial como planta modelo. Para la consecucién de este primer

objetivo se estudio:

1. Larespuesta fisioldgica de S. ramossisima frente a un incremento de CO- en
interaccion con diferentes salinidades en el medio de crecimiento.

2. Larespuesta fisiologica de S. ramossisima frente a un incremento de CO2en
interaccion con un aumento de la salinidad y una situacion de inundacion.

3. El efecto de eventos extremos cortos de alta y baja temperatura, en presencia
de distintas concentraciones de sal, sobre la fisiologia de S. ramossisima.

2) Analizar el efecto de la interaccion de factores derivados del Cambio Climatico y
factores relacionados con otro tipo de Cambio Global, la contaminacién, en hal6fitas.
Para ello, se estudid la respuesta fisiolégica de dos haléfitas de probada capacidad
fitorremediadora, Spartina densiflora y Juncus acutus (Mateos-Naranjo et al., 2008;
2014; Santos et al., 2014; Christofilopoulos et al., 2016), frente a la interaccion de factores
abidticos relacionados con el Cambio Climatico. Para la consecucion de este segundo

objetivo se realizaron dos ensayos diferentes:

1. Estudio del efecto de distintas concentraciones de CO; atmosférico sobre la
capacidad fitorremediadora de cobre de Spartina densiflora.
2. Estudio del efecto de diferentes concentraciones de sal sobre la capacidad

fitorremediadora de zinc de Juncus acutus.

La consecucion de estos dos objetivos principales ha posibilitado profundizar en

el conocimiento general de las haléfitas, incorporando medidas de parametros
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fisioldgicos pocas veces usados en este tipo de plantas. Ademas, los estudios realizados

contribuyen a establecer a S. ramossisima como hal6fita modelo de estudio.
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ARTICLE INFO ABSTRACT

Keywords: A mesocosm experiment was designed to assess the effect of atmospheric CO, increment on the salinity tolerance
Atmospheric CO; enrichment of the C; halophyte Salicornia ramosissima. Thus, the combined effect of 400 ppm and 700 ppm CO, at 0, 171 and
C“:“ﬂtc change 510 mM NaCl on plants growth, gas exchange, chlorophyll fluorescence parameters, pigments profiles, anti-
Halophyte

oxidative enzyme activities and water relations was studied. Our results highlighted a positive effect of atmo-
spheric CO. increment on plant physiological performance under suboptimal salinity concentration (510 mM
NaCl). Thus, we recorded higher net photosynthetic rate (Ay) values under saline conditions and 700 ppm CO.,
being this effect mainly mediated by a reduction of mesophyll (g,,) and biochemical limitation imposed to salt
excess. In addition, rising atmospheric COz led to a better plant water balance, linked with a reduction of
stomatal conductante (g,) and an overall increment of osmotic potential (W) with NaCl concentration incre-
ment. In spite of these positive effects, there were no significant biomass variations between any treatments.
Being this fact ascribed by the investment of the higher energy fixed for salinity stress defence mechanisms,
which allowed plants to maintain more active the photochemical machinery even at high salinities, reducing the
risk of ROS production, as indicated an improvement of the electron flux and a rise of the energy dissipation.
Finally, the positive effect of the CO, was also supported by the modulation of pigments profiles (mainly
zeaxhantin and violaxhantin) concentrations and anti-oxidative stress enzymes, such as superoxide dismutase
(SOD) and ascorbate peroxidase (APx).

Gas exchange
Chlorophyll fluorescence
salinity

1. Introduction

Climatic change and salinization of soil are two of the greatest
problems that will threat the conservation of the ecosystems worldwide
(Occhipinti-Ambrogi, 2007), being soil degradation one of its main
consequences (IPCC, 2007). In addition together with this conservation
problem, it is expect that these environmental changes could alter the
economy and health of the people (Peng et al., 2004; Naudts et al.,
2013). Among the main economy activities, it seems that the pro-
ductivity of agricultural systems will be severely affect by these changes
(Yadav et al., 2011). Thus, climate change emerges as one of the biggest
challenges for sustaining global agriculture production, being therefore
crucial to find options to mitigate its effects on agricultural production.

One of such options is the use of alternative crops, species capable of
growing in hostile environments (salinity and water deficit). In this
regard, halophyte species have been proposed, since these plants spe-
cies present tolerance mechanisms against environmental stress, high
productivity and exceptional nutritional values (Ventura et al., 2015;
Ventura and Sagi, 2013). Some studies have assessed the response of
halophytes to NaCl salinity conditions and atmospheric CO; enrichment
(Geissler et al. 2009a, 2009b, 2015; Hussin et al., 2017) indicating an
overall improvement of photosynthetic rate and water use efficiency.
However, this information is limited for a small number of species.
Being necessary to increase this knowledge for a great number of spe-
cies and especially for those, which are valuable resources for human
activities.
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Abbreviations

RGR Relative growth rate

RWC Relative water content

Y, Osmotic potential

An Net photosynthetic rate

2s Stomatal conductance

Ci Intercellular CO2 concentration
iWUE Intrinsic water use efficiency
ETRyax  Maximum electron transport rate
gm Mesophyll conductance

RuBP Ribulose-1,5-biphospate carboxylase/oxygenase

Vemax Maximum carboxylation rate allowed by ribulose-1,5-bi-
phospate carboxylase/oxygenase

PSIL Photosystem II

F../Fn Maximum quantum efficiency of PSII photochemistry

Dpgyp PS II Operational and Maximum Quantum Yield

CAT Catalase enzymatic activity

APX Ascorbate peroxidase enzymatic activity

SOD Superoxide dismutase enzymatic activity

ROS Reactive oxygen species

Salicornia ramosissima J. Woods is a C; halophyte species which has
been proposed as an alternative crop especially in arid and semiarid
regions of the world (Lu et al, 2010). Nowadays this species is re-
cognized as a multifunctional cash crop, since it is being used as
gourmet ingredient in many countries like Spain or France along with
others halophytes (Barreira et al., 2017). In addition, it possible use for
feed the cattle due its edible characteristic (Isca et al., 2014) and as
phytoremediation tool; (Sharma et al., 2010; Zhang et al., 2013; Pedro
et al.,, 2013; Nunes da Silva et al., 2014; Perez-Romero et al., 2016). In
addition, few species of Salicornia genus have demonstrated the ability
to accumulate a broad variety of compounds (metabolites) with eco-
nomic interest (Singh et al., 2014). However, for its efficient exploita-
tion it is necessary to assess the evolution of this species of special in-
terest in the near future climatic conditions. Up-to-day, the effect of the
incipient rising CO, atmospheric concentration in this specie has not
been study. Being a C3 specie our hypothesis is that atmospheric CO,
enrichment could lead to an increase in the photosynthetic efficiency
and a better capacity to use the water with a consequent increment in
biomass, as has been described for other plants species (Ghannoum
et al., 2000). Despite the positives evidences, there is not a consensus
about this. Since this response is specie dependent and highly influ-
enced by others abiotic factors, such as salinity (Lenssen et al., 1993;
Lenssen et al., 1995; Rozema, 1993; Geissler et al,, 2009b; Geissler
et al., 2010; Mateos-Naranjo et al., 2010a; b) or drought (Calvo et al.,
2017). Therefore, this study was designed and conduced to: (1) de-
termine the growth S. ramosissima plants in salinity treatments ranging
from O to 510 Mm NaCl at two CO, concentrations (400 and 700 ppm
CO.); (2) assess the relation between the growth and photosynthetic
apparatus responses, in terms of CO, fixation, isotopes signature PSII
efficiency, photosynthetic pigments, electron transport rate energy
fluxes; and (3) in the modulation of its antioxidant defence abilities.

2. Material and methods
2.1. Plant material

Seeds of S. ramosissima, which were collected in September 2014
from Odiel marshes (37°15'N, 6°58’0; SW Spain), were moved into a
germinator (ASL Aparatos Cientificos M-92004, Madrid, Spain). There,
the seeds were subjected to a day-night regime of 16 h of light (photon
flux rate, 400-700 nm, 35 prrn:)lrrf2 s~ 1) at 25°C and 8 h of darkness at
12°C, for 15 days. Then, seedlings were planted in individual plastic
plots (9em high x 11em diameter) using perlite as substrate, and
placed in a greenhouse with controlled conditions (temperature be-
tween 21 and 25 °C, relative humidity 40-60% and natural daylight of
250 pmolm ™2 s~' as minimum and 1000 pmolm™2 s™! as maximum
light flux). The pots were allocated in shallow trays watering with 20%
Hoagland's solution (Hoagland and Arnon, 1938) and 171 mM NacCl.
Plants were kept under the previously described conditions until the
experimental setup.
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2.2. Experimental treatments

In October of 2015, after 3 months of seedling culture, plants with
an initial height of 17 cm were randomly divided in six blocks of 10
plants. Then, they were subjected to three NaCl concentrations (0, 171
and 513 mM NaCl) in shallow trays. These salt treatments were chosen
based on the concentrations that can be found in the natural distribu-
tion of the specie (Redondo-Gémez et al, 2006), being 171 mM the
optimal concentration for the growth of this specie (Perez-Romero
et al., 2016). The three salinities were combined with two atmospheric
CO; concentrations (400 ppm and 700 ppm) in controlled-environment
chambers (Aralab/Fitoclima 18.000 EH, Lisbon, Portugal) for 30 days.
Being an annual specie, this period of time was used to avoid a de-
creased in the physiology variables due to age. The high level of CO,
concentration was selected following the data from the IPCC (2014) for
the next century. Chamber environmental conditions were: alternating
diurnal regime of 14 h of light and 10 h of darkness, light intensity of
300 pmol m™Z s™!, temperature between 21 and 25°C and 40-60%
relative humidity. Atmospheric CO, concentrations in chambers were
continuously recorded by CO, sensors (Aralab, Lisbon, Portugal) and
maintained by supplying pure CO, from a compressed gas cylinder (Air
liquide, B50 35K).

2.3. Growth analysis

At the beginning and at the end of the experiment belowground and
aboveground fractions of 10 plants for each time were separated, dried
at 80°C for 48 h and weighed. The relative growth rate (RGR) was
calculated using the formula:

RGR = (n (Bf) -1n (B1)) D~' (g g~ day™")

Where Bf = final dry mass (an average ten plants per treatment),
Bi = initial dry mass (an average of the plants dried at the beginning of
the experiment) and D = duration of experiment (days).

In addition, before and after the treatments, the height of the main
branches and the number of branches longer than 1 cm were measured.

2.4. Water content

Relative water content (RWC) of primary branches (n = 10 per
treatment) were calculated after 30 days of treatment as follow:

RWC = ((FW - DW) / (FW - TW)) 100

Where FW = fresh weight of the branches, DW = dry weight after
oven-drying at 80°C for 48h and TW = turgid weight after being in
water at 4 °C for 24 h.

2.5. Osmotic potential
The osmotic potential (¥,) of primary branches (n = 6) was de-

termined after the 30 days of the treatments, using psychrometric
technique with a Vapor Pressure Osmometer (5600 Vapro, Wescor,
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Logan, USA).

2.6. Measurement of gas exchange

Gas exchange measurements were taken on random primary bran-
ches using an infrared gas analyser in an open system (LI-6400, LI-COR
Inc., Neb., USA) after 30 days of treatment (n = 7). Net photosynthetic
rate (Ay), stomatal conductance (g;) and intercellular CO, concentra-
tion (G;) were determined. With following conditions: a photosynthetic
photon flux density (PPFD) 1000 pmolm™2 s~ (with 15% blue light to
maximize stomatal aperture), vapour pressure deficit of 2.0-3.0 kPa
and air temperature of 25 + 2 °C. The ambient CO, concentration (C,)
was of 400 ppm air or 700 ppm air depending on the concentration that
plants were exposed to during the experiment.

Photosynthetic area was approximated as half the area of the cy-
lindrical branches, as only the upper half received the unilateral illu-
mination in the leaf chamber (Redondo-Goémez et al., 2010). Intrinsic
water use efficiency ((WUE) was also calculated as the ratio between Ay
and g.. In addition, ETR,.c/Ax ratio was calculated with the values
obtained from fluorescence rapid light curves (see below) and gas ex-
change measurements.

Furthermore, mesophyll conductance (g,,) and maximum carbox-
ylation rate allowed by ribulose-1,5-biphospate (RuBP) carboxylase/
oxygenase (V. max) were obtained by the curve-fitting method (Ethier
and Livingston, 2004) using the software package developed by
Sharkey et al. (2007). To attain this approach, we performed four Ay/C;
curves on random primary branches at the same environmental con-
ditions used previously for instantaneous gas exchange measurements.
An infrared gas analyser in an open system (LI-6400, LI-COR Inc., Neb.,
USA) equipped with a light leaf chamber (Li-6400-02B, Li-Cor Inc.) was
used. When the steady-state was reached the curves were performed by
decreasing C, stepwise until 50 pmol mol~'. Therefore, to complete the
curve the chamber conditions were restored to the initial C, and in-
creased stepwise until 2000 ppm (Flexas et al., 2009; Pons et al., 2009).
For each curves, 12 different C, values were used. At each step, gas
exchange was allowed to equilibrate for less than 120s to reduce
changes in Rubisco activity (Long and Bernacchi, 2003).

On the same branches dark respiration rate (Rg, pmol CO, m~%s™ 1)
measurements were performed after curves assessment as CO, efflux.
Branches chamber was darkened for 30 min to avoid transient post-il-
lumination bursts of CO, releasing (Flexas et al., 2013). Leakage of CO,
in and out of the leaf chamber was determined with photosynthetically
inactive primary branches and corrected in all curves (Flexas et al.,

Table 1
Summary of fluorometric analysis parameters and their description.
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2013).

2.7. Carbon and nitrogen content and stable isotope analysis

At the end of the experiment, carbon isotopic composition of the
pulverized dry branches samples randomly collected (n = 5) was de-
termined according to Duarte et al. (2014), using a Flash EA 1112 Series
elemental analyser coupled on line via Finningan conflo III interface to
a Thermo delta V S mass spectrometer. Using the formula: 8'°C or 8
"N = [(Rsample/Rstandara) '] - 10%, where R is "*C/"*C or "*N/"N, the
carbon and nitrogen isotope ratio were calculated. They were expressed
in delta (8) notation, explained as the parts per thousand (%,) deviation
from a standard material (PDB limestone for 8'>C in air for §'°N). The
analytical precision for the measurement was 0.2%o. Carbon and ni-
trogen contents (%) were assessed simultaneously using the same
method.

2.8. Measurement of chlorophyll fluorescence

Chlorophyll fluorescence measurements were performed using a
FluorPen FP100 (Photo System Instruments, Czech Republic) in the
same branches of gas exchange analysis at the end of the experiment
(n = 7). Branches were dark-adapted for 30 min with special pliers
designed for that purpose before the measurement. All the parameters
were measured again in light adapted branches. As Schreiber et al
(1986) described, light energy yields of Photosystem II (PSII) reaction
centers were determined with a saturation pulse method. To estimate
the maximum fluorescence signal across time, a saturating light pulse of
0.8 s with an intensity of 8000 pmol m~% s~ was used. A comparison of
the minimum fluorescence (F’0), the maximum fluorescence (Fm) and
the operational photochemical efficiency values were made with the
values of light and dark adapted branches. Quantum yield of PS II (QY)
and relative Quantum yield of PS II (Q’Y) were calculated as F,/F,, and
®pgyp respectively. Following (Duarte et al., 2015a), maximum electron
transport rate (ETR,,.,) and the chlorophyll a fast kinetics, or JIP-test
(or Kautsky curves), which depicts the rate of reduction kinetics of
various components of PSII, were also measured in dark-adapted leaves
(n = 5 for each one) according to Duarte et al. (2015a), using the pre-
programmed QJIP protocols of the FluorPen. All derived parameters for
both RLC and OJIP were calculated according to Marshall et al. (2000)
and Strasser et al. (2004) respectively (Table 1).

Photosystem Il Efficiency

Fv/Fm

PS I Operational and Maximum Quantum Yield
(DPSID)

Maximum quantum efficiency of PSII photochemistry
Light and dark-adapted quantum yield of primary photochemistry, equal to the efficiency by which a PS II trapped
photon will reduce Qa to Q4

Rapid Light Curves (RLCs)
ETRumax

Maximum ETR after which photo-inhibition can be observed

Energy Fluxes (Kautsky curves)

Area Corresponds to the oxidized quinone pool size available for reduction and is a function of the area above the Kautsky plot
We Amplitude of the K-step.

P Probability that an absorbed photon will move an electron into the electronic transport chain

@Ry Electron movement efficiency from the reduced intersystem electron acceptors to the PSI and electron acceptors.
N Reaction centre turnover rate

Sm Relative pool size of PQ.

Mg Net rate of PS II RC closure.

ABS/CS Absorbed energy flux per leaf cross-section.

TR/CS Trapped energy flux per leaf cross-section

ET/CS Electron transport energy flux per leaf cross-section

DI/CS Dissipated energy flux per leaf cross-section.

RC/CS Number of available reaction centres per leaf cross section

Grouping Probability (Pg)

The grouping probability is a direct measure of the connectivity between the two PS Il units (Strasser and Stribet, 2001)
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2.9. Gauss peak-spectra pigment analysis

At the end of the experimental period, branches samples were
randomly collected (n = 5), flash-frozen in liquid N, and freeze-dried
for 48 h in the dark to avoid photodegratation processes (Duarte et al.,
2015a). Then, samples were subsequently grinded in pure acetone and
pigments extracted at —20°C during 24 h in the dark to prevent its
degradation, centrifuged at 4000 rpm during 15 minat 4°C and the
resulting supernatant scanned in a dual beam spectrophotometer (Hi-
tachi Ltd., Japan) from 350 to 750 nmat 1 nm step. The resulting ab-
sorbance spectrum was use for pigment quantification by introducing
the absorbance spectrum in a Gauss-Peak Spectra (GPS) fitting library,
using SigmaPlot Software (Kiipper et al., 2007).

4.0
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2.10. Anti-oxidant enzymatic activity

Enzyme extraction was done following the methodology used by
Duarte et al. (2015a). At the end of experiment, 500 mg of fresh
branches samples were grounded in 8 ml of 50 mM sodium phosphate
buffer (pH 7.6) with 0.1 mM Na-EDTA and were cenfrifuged at
10,000 x g for 20 min at 4 °C to obtained the soluble proteins. Three
samples per treatment were used and three measurements per sample
were registered. Protein content in the extracts was obtained according
to Bradford (1976) protocol, using bovine serum albumin as a standard.

To quantify catalase (CAT) activity, the decrease in absorbance at
240 nm due to the consumption of H,0, was measured according to
Teranishi et al. (1974). The reaction mixture contained 50 mM of so-
dium phosphate buffer (pH 7.6), 0.1 mM of Na-EDTA, and 100 mM of

I 400 ppm CO,
[ 700 ppm CO,

0.06

—0.05

—0.04

—0.03

—0.02

(,-Aep .6 B) ¥oy

—0.01

—

{w9) JyBiay jo 8susIELIA

T T T

0 171 510

NaCl concentration (mM)

Fig. 1. Growth of Salicornia ramosissima in response to treatment with a range of NaCl concentrations at 400 and 700 ppm CO,, for 30d. Relative growth rate (RGR)
(A), height differences (B), ramification difference (C) and total dry mass (D). Values represent mean + SE, n = 10. Different letters indicate means that are

significantly different from each other (LSD test, P < 0.05).
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Fig. 2. Net photosynthetic rate, Ay (A), stomatal conductance, g. (B) mesophyll conductance, gm (C), intercellular CO= concentration, Ci (D), maximum carbox-
ylation rate, Ve, (E) and intrinsic water use efficiency (iWUE) (F) in randomly selected, primary branches of Salicornia ramosissima in response to treatment with a

range of NaCl concentrations at 400 and 700 ppm CO- after 30d of treatment. Values represent mean * SE, n = 4. Different letters indicate means that are
significantly different from each other (LSD, P < 0.05).
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Fig. 3. Carbon percentage in leaves, %C (A), nitrogen percentage in leaves, %N
(B) and carbon an nitrogen concentrations ratio, C/N (C) in randomly selected,
primary branches of Salicomnia ramosissima in response to treatment with a
range of NaCl concentrations at 400 and 700 ppm CO: after 30d of treatment.
Values represent mean = SE, n = 5. Different letters indicate means that are
significantly different from each other (LSD, P =< 0.05).

H,0,. Ascorbate peroxidase (APX) activity was measured by mon-
itoring the decrease in the absorbance at 290 nm. The reaction mixture
contained 50 mM of sodium phosphate buffer (pH 7.0), 12mM of >0,
0.25mM l-ascorbate (Tiryakioglu et al., 2006). Molar coefficient of
2.8mM~'cm™! was used to calculated the amount of ascorbate oxi-
dized. For all this enzymatic enzymes 100puL of vegetal extract was
added at the reaction mixture to begin with the reaction. Superoxide
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dismutase (SOD) activity was assayed according to Marklund and
Marklund (1974) by monitoring the reduction of pyrogallol at 325 nm.
The reaction mixture was 50 mM of sodium phosphate buffer (pH 7.6),
0.1 mM of Na-EDTA, 3mM of pyrogallol, Mili-Q water. The reaction
was started with the addition of 10 pL of enzyme extract. The auto-
oxidation of the substrates was evaluated by control samples without
the enzyme extract.

2.11. Statistical analysis

All the statistic tests were performed by a statistical software
package R. The differential effect of NaCl and atmospheric CO, con-
centrations treatments were determined by Two-way analysis of var-
iance. Multiple comparisons were analyzed by a Tukey test. Before
statistical analysis, Kolmogorov-Smirnov and Levene tests were used to
verify the assumptions of normality and homogeneity of variances,
respectively.

3. Results
3.1. Growth analysis

Salinity and atmospheric CO, concentration had not any significant
effect on the growth of S. ramosissima after 30 day of treatments (Two-
way ANOVA, p = 0.05). Thus total dry mass and RGR values did not
significantly vary between each specific treatment, although overall
plants grown at 700 ppm of CO, showed higher values than their non-
CO- supplied counteracts (Fig. 1A and B). In addition, there were no
statistical differences in the height and the number of branches (Fig. 1C
and D).

3.2. Plant water state

The RWC values did not show any significant differences between
salinity or CO, treatments (Two-way ANOVA, p > 0.05), ranging be-
tween 83 and 89% for all treatments. Contrary, in ¥, we found an in-
creased with the raise of NaCl concentration in similar degree for both
CO; levels (Two-way ANOVA: salinity, p > 0.05), with values c. —2.4,
—2.7 and —4.2MPa for 0, 171 and 510 mM NacCl, respectively (data
non-presented).

3.3. Gas exchange measurements

There was a significant effect of salinity and atmospheric CO»
concentration on the gas exchange parameters of S. ramosissima after 30
day of treatments (Two-way ANOVA: salinity x CO,, p > 0.05). Thus,
Ay values decreased considerably in presence of NaCl in plants grown at
ambient atmospheric CO, concentration, while it did not vary with
salinity increment at elevated level of CO, (Fig. 2A). g; values decreased
considerably in plants grown at the highest salinity concentration
compared with those exposed to low and middle NaCl concentrations
and at ambient atmospheric CO.. The values from gs were a 31% lower
in plants grown at 700 ppm compared with those expose to 400 ppm at
0 and 171 mM NacCl, while it did not vary between both CO; levels at
the highest NaCl concentration (Fig. 2B).

On the other hand, g, values decreased considerably in presence of
NaCl in plants grown at 400ppm CO,. In addition, g, values were
lower at elevated CO and absence of NaCl addition, while it increased
under saline conditions (Fig. 2C). Vmax decreased c. 22.5% for all
treatments in presence of NaCl in the solution compared with those
without NaCl supplementation (Fig. 2E). However, it was higher in
plants grown at 700 ppm CO5, Furthermore, C; values were significantly
greater in plants grown at 700 ppm for all salinity concentrations
(Fig. 2D). Finally, overall WUE did not vary between NaCl treatments,
although it was considerably greater under elevated atmospheric CO»
concentration (Fig. 2F).
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3.4. Carbon and nitrogen content and stable isotope analysis

Carbon content did not highly vary between salinity and CO,
treatments, showing in all cases values c. 29% (Fig. 3A). While N
content decreased significantly with the presence of NaCl in the grown
medium in similar degree for both atmospheric CO, levels, and it was
higher in plants grown at 700 ppm in absence of NaCl addiction (Two-
way ANOVA: salinity x CO,, p > 0.05; Fig. 3B). On the other hand,
C'3/N'® ratio increased with the presence of NaCl in the solution and
were higher for the treatments grown at 400 ppm CO, (Two-way
ANOVA: salinity x CO,, p > 0.05; Fig. 3C).

3.5. Fluorescence measurements

F,/F, and ®pg;; did not show a clear pattern of variation concerning
to CO- and salinity treatments at the end of the experiment, showing
closely similar values in all experimental treatments (Two-way ANOVA:
salinity x CO,, p > 0.05; Fig. 4A and B). Similarly, ETR,,,,, values did
not vary between treatments, showing mean values c. 40. However, the
ETRhax/An remained constant for plants grown at 700 ppm CO,_ While
it increased with NaCl concentration augmentation in those grown at
400 ppm CO5 concentration (Fig. 4C).

Focusing on derived-parameters from the Kautsky curves, there is to
notice that overall there was certain significant effect of CO, and NaCl
concentrations in several variables (Two-way ANOVA: salinity x COo,
p = 0.05). Thus, Wk, M,, N, Sm, Pg, and @R, values were lower and
EOCs higher in presence of NaCl in the grown medium, and overall
these values did not differ between both atmospheric CO, concentration
treatments (Fig. 5A and B,C,EF). Contrary Area was not significant
influenced by NaCl concentration, but was 35% greater in plants grown
at 700 ppm and 510 mM NaCl compared those expose to 400 ppm CO2
(Two-way ANOVA: CO,, p < 0.05; Fig. 5D). On the other hand, the
energetic fluxes on a leaf cross-section basis (phenomological fluxes)
showed that ABS/CS, TR/CS, ET/CS and DI/CS did not present any
statistical relationship with NaCl concentration, but these values were
significantly higher in plants grown at 700 ppm CO. at the highest
salinity concentration treatment (Two-way ANOVA: CO,, p < 0.05;
Fig. 6A-D).

3.6. Pigment concentration

Pigments concentration analysis showed that chlorophyll a and b
concentrations did not vary between the different NaCl treatments, but
overall these values were significantly higher at 700 ppm than at
400 ppm CO, (Two-way ANOVA: CO, p < 0.05; Table 2). Being the
differences more accused at 0 and 171 mM NaCl. A similar trend could
be seen in neoxanthin values, while violaxanthin and zeaxanthin con-
centration only varied between CO, levels at 0 mM NaCL

3.7. Anti-oxidant enzymatic activity

CAT enzyme activity did not show a clear trend regarding salinity
and CO, increment (Fig. 7A). While we found that APx and SOD en-
zymes activities were higher in plants grown at 700 ppm at 171 and
510 mM NacCl, and decreased in plant exposed to 0 mM NaCl compared
with those plants grown at 400 ppm CO, (Two-way ANOVA: salinity x
COz, p = 0.05; Fig. 7B and C).

4. Discussion

This study indicated that atmospheric CO, enrichment improved the
physiological performance of S. ramosissima under suboptimal salinity
concentration (NaCl excess), which becomes relevant for the future
development of this interesting multifunctional cash crop in a context
of future global climate change scenario. According to these results,
Geissler et al. (2009a,b; 2015) found that the rising atmospheric CO,
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concentration had an ameliorative effect on salinity stress experienced
by the halophytes Cz Aster trifolium and C, Atriplex numularia, but
without a positive effect on the biomass production. Accordingly, we
found that S. ramosissima biomass did not highly vary with the atmo-
spheric CO2 increment, which could be linked with the investment of
certain amount of the energy fixed during the photosynthetic process in
several mechanisms for defense against salinity excess, as was
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Fig. 4. Maximum quantum efficiency of PSII photochemistry, F./Fu (A), Light
and dark-adapted quantum yield of primary photochemistry, equal to the ef-
ficiency by which a PS 1II trapped photon will reduce Qa to Qa, ®psu (B) and
Maximum ETR after which photo-inhibition can be observed net photosynthetic
rate ratio, ETR /Ay (C) in dark adapted randomly selected, primary branches
of Salicornia ramosissima in response to treatment with a range of NaCl con-
centrations at 400 and 700 ppm CO, after 30d of treatment. Values represent
mean * SE, n = 5. Different letters indicate means that are significantly dif-
ferent from each other (LSD, P < 0.05).
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Table 2

Photosynthetic pigments concentrations (ug/g) and DES state in randomly selected branch of Salicornia ramosissima in response to treatment with a range of NaCl
concentrations at 400 and 700 ppm CO, after 30d of treatment. Values represent mean * SE, n = 5. Different letters indicate means that are significantly different
from each other (LSD, P < 0.05).

[NaCl] (mM) [CO.] (ppm) Chla Chl b Phe a b-carotene Lutein Neoxanthin  Violaxanthin  Zeaxanthin DES

0 700 247.2 + 152 915 + 67°° 134 + 23* 75 + 0.4° 224+ 23 89+ 06 86+ 11° 87 + 1.6 050 + 0.03*
400 2059 + 16.7° 826 = 51° 160 £ 25 62+ 03° 172+ 24" 48+ 12" 71 = 16 7.9 £ 1.6 045 = 0.11°

171 700 161.8 = 6.5° 514 £ 1.9° 53 £02° 5103 136= 08 56 04" 57 +03° 48 £ 03° 054 = 0.01®
400 121.8 = 162" 444 = 1.6° 87 + 25" 73+ 12° 131 = 26" 40=08" 79 =18 59 = 1.2°" 054 = 0.027

510 700 166.6 + 8.8 540 = 31" 44 05" 53 +03° 134+ 08" 58 04> 57 07 51 03" 052 0.02®
400 166.1 + 7.5 583 = 45" 70 £ 15% 55 03° 142+ 09" 49+ 04> 68 £ 0.8 55 04> 056 = 0.02°°
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ches of Salicornia ramosissima in response to treatment with a range of NaCl
concentrations at 400 and 700 ppm CO, after 30d of treatment. Values re-
present mean * SE, n = 3. Different letters indicate means that are sig-
nificantly different from each other (LSD, P < 0.05).

previously suggested for other halophytes (Geissler et al., 2015).
Among physiological processes, photosynthetic metabolism has
demonstrated to be especially sensible to salt excess (Flexas et al.,
2004). Thus, it has been described that salinity affects photosynthetic
metabolism mainly in terms of diffusion of CO, in leaves through a
decrease in stomatal and mesophyll conductance (Flexas et al., 2004;
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Fanourakis et al., 2015). This could lead to a reduction in C; with the
consequence decrease in Ay (Verena et al.,, 2016). In this regard, our
study indicated that at elevated salinity and ambient atmospheric CO
level photosynthetic responses of S. ramosissima were clearly impaired,
as indicated the reduction of several parameters. Thus, Ay values de-
creased with NacCl supplementation, together with a sharply decrease in
gm for both salinity treatments and reduction in g, only in the highest
salinity concentration. However, although overall salinity involved a
simultaneous reduction in Ay, g, and g, there would not have a clear
direct relation between them, since contrary to be expected C; values
did not change with increasing NaCl concentration. A decline in both
CO, assimilation (A,) and diffusion through leaf (i.e g, and g,,) without
a corresponding reduction in C; may be interpreted as a direct effect of
NaCl on the carbon fixation apparatus (Brugnoli and Lauteri, 1991).
Thereby, salinity effects are related to alterations in metabolic functions
such as protein synthesis, which determine photoinhibition levels
(Ohad et al., 1984), and they may lead to biochemical limitations that
affect carboxylase activity of RuBisCO (Antolin and Sanchez-Diaz,
1993). Therefore, the decrease of Ay could be linked by alteration of
Rubisco activity, as it has been previously described for other halo-
phytes, such as S. densiflora in response to NaCl stress (Mateos-Naranjo
et al., 2015). Hence, we found that V., values decreased in plants
grown in presence of NaCl addition compared with those without NaCl
supplementation.

Despite the evident impact of salinity excess on some of the essential
steps of S. ramosissima photosynthetic pathway, we found that rising
atmospheric CO, had a positive effect on its photosynthetic apparatus
performance. A stimulation of photosynthesis in C; species is a general
response to CO, atmospheric concentration enrichment (Duarte et al.,
2014, Geissler et al., 2015), varying between species and environmental
conditions (Hussin et al., 2017). The results of this experiment were in
concordance with that trend, since at 700 ppm CO- Ay values remained
at the same level as the non-salinized plants. Furthermore, g, values
were considerably lower at the higher atmospheric CO, concentration
and it was not affected by salinity increment; being this reduction ex-
plained by the increase of C; originated by the elevated CO, con-
centration, which could promote partial stomatal closure, although the
mechanism whereby stomata respond to the CO2 signal remains un-
known (Robredo et al., 2007). However, there is to notice that g re-
duction would contribute to preserve the trade-off between CO, ac-
quisition for photosynthetic process and water losses in S. ramosissima
plants. Hormaetxe et al. (2006) indicated that an increment in ¥, to-
gether with a decrease in g, as was also reported in our study, would
contribute to a better water balance under stress, idea that was sup-
ported by the overall higher ;WUE values under rising atmospheric CO,
conditions. According to our study, several authors have reported an
increment of ;WUE in enrichment CO, atmosphere combined with NaCl
salinity in the grown medium (Geissler et al., 2009a; b; Mateos-Naranjo
et al., 2010b; Reef et al., 2015). Furthermore, the beneficial effect of
CO,, enrichment in Ay could be ascribed to the reduction on mesophyll
CO, diffusion and biochemical limitations imposed by salinity stress
aforementioned. So we found that overall maximum V., and gq,
values of S. ramosissima tended to increase with atmospheric CO;
concentration under saline conditions; so we could hypothesized that
the resistance to CO, diffusion imposed by the stomatal resistance
under saline conditions (as indicated the lower g values), could be in
certain degree counterbalance through reducing mesophyll and bio-
chemical limitations, as indicated the maintenance of RuBisCO car-
boxylation and g,, in values close to control plants. In fact, Centritto
et al. (2003) indicated that the main limitation to CO, diffusion in
presence of salt NaCl stress was caused by a reduction in the mesophyll
conductance, rather than stomatal effects. Furthermore, the lower C/N
and C"3/N'® ratios recorded in S. ramosissima under elevated CO,
supported our hypothesis. These lower values were related with an
increment in N acquisition and could be linked with the maintenance of
RuBisCO functions. Since the activity of the Rubisco enzyme is in
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relation with the photosynthetic capacity along with N content, as great
amounts of N are supplied in Rubisco protein (Evans, 1989; Makino
et al., 1992).

On the other hand, the ameliorative effect of rising atmospheric CO,
concentration on the deleterious impacts of NaCl excess on the photo-
synthetic apparatus of S. ramosissima was ascribed by variations of PSII
photochemistry, which would improve its functionality in terms of
energy harvesting, transport and dissipation. It has been stated that
salinity excess could impaired PSII photochemistry in different ways;
thus several studies have indicated that the electron transport chain
efficiency decrease along with the ability to use the incident photons
(Panda et al., 2006; Mateos-Naranjo et al., 2007; Duarte et al., 2015b).
Causing a decrease in the maximum yield for primary photochemistry
(Kalaji et al., 2011). Also, Duarte et al. (2015b) indicated that salinity
excess contributed to decline the reaction centers available for photon
harvesting in the halophyte Spartina patens. However, our fluorescence
data showed that the reduction of N and the ¢gg in presence of salt was
in certain degree attenuated by the high CO, concentration. In addition,
M,, ABS/CS, TRy/CS and ET/CS values were higher for those plants,
indicating that energy harvesting and the electron flux were more ef-
ficient and active in presence of salt when S. ramosissima plants were
exposed to 700 ppm CO-, despite of the higher Py values showed at
ambient CO, concentration. Moreover, we found that the DI;/CS in-
creased at the highest salinity concentration, this trend similar to TR,/
CS and ET,/CS could be explained by the higher values for ABS/CS.
Being this parameter related with the activation of some defense me-
chanism to protect the photochemical apparatus through the dissipa-
tion of energy excess as heat (including NPQ that is correlated with the
xanthophyll cycle) along with the photorespiration (Duarte et al.,
2017). Thus we found several signs of the activation of this cycle, such
as the greater concentration of zeaxhantin and violaxhantin at higher
atmospheric CO, concentration and the rise observed at DES with NaCl
supplementation (Duarte et al., 2015b). This cycle is activated as a
consequence of an excess of light energy that decrease the lumen pH
dissipating excessive energy and reducing the PSII and associated pro-
teins excessive protonation (Duarte et al., 2015b). Therefore the posi-
tive impact of atmospheric CO, enrichment on photochemical appa-
ratus of S. ramosissina was also linked with the enhanced of the
efficiency for energy excess dissipation, which could contribute to re-
duce the accumulation of reactive oxygen species (ROS). Being the
lower risk of ROS production supported by the decrease in ETR . /Ax
ratio recorded in S. ramosissima plants grown at elevated NaCl and CO,
concentrations, since this ration has been considered an indicator of
ROS production in plants in response to several stress (Salazar-Parra.
2012; Hussin et al., 2017). Finally another mechanism to reduce the
accumulation of ROS is the modulation of the anti-oxidative stress en-
zymes machinery (Geissler et al., 2009a). Our results indicated that
SOD enzyme activities tended to be higher in plants grown under ele-
vated NaCl and atmospheric CO, concentration compared with their
non-CO, supplied counterparts. The H,0, created in presence of many
types of stress due to photorespiration or the SOD activity had two ways
to be reduced, through the catalase and the ascorbate peroxidase ac-
tivities (Pérez-Lopez et al., 2009). Our data showed that APx enzyme
activities followed the SOD activity trend in plants grown at 700 ppm
COs, which indicated the CO, increment would modulated APx enzyme
activity in order to cope with salinity stress.

5. Conclusion

This study indicates that atmospheric CO, enrichment would in-
crease the tolerance of the halophyte S. ramosisima to suboptimal sali-
nity concentration (NaCl excess). Thus, we found that plants grown
under elevated CO, and salt were able to maintain greater values of Ay
than their non-CO2 supplied counterparts. This positive effect was in
certain degree linked with a reduction on g, and V n. limitations
imposed by salinity excess. Also, these plants showed a better water
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balance, as indicated the greater ;WUE values, due to its lower values of
g, together with an overall enhance on W, with NaCl concentration
increment. However the positive effect on the carbon assimilation ca-
pacity did not results to a significant biomass variation, being this lack
of correlation ascribed by the investment of part of the energy fixed for
salinity stress defense mechanisms, such as pigments productions or
anti-oxidative stress enzymes modulation. This fact was supported by
the greater values obtained of zeaxhantin and violaxhantin concentra-
tions and SOD and APx enzymes activities, which could have led to the
capacity of maintaining active the photochemical machinery even at
high salinities, in terms of light energy harvesting, transport and dis-
sipation, reducing in this way the risk of ROS production, as indicated
the lower values ETR,,../Ay ratio values. For all these reasons, we can
conclude that this multifunctional cash crop specie could be an inter-
esting suitable natural resource to be cultivated in a future climate
change scenario, where an increment of soil salinity concentration it is
expected together with the atmospheric CO, enrichment.
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ARTICLE INFO ABSTRACT

Keywords: A 45-days long climatic chamber experiment was design to evaluate the effect of 400 and 700 ppm atmospheric
Climate change CO, treatments with and without soil water logging in combination with 171 and 510 mM NaCl in the halophyte
Fluorescence Salicornia ramosissima. In order to ascertain the possible synergetic impact of these factors associate to climatic
Gas exchange change in this plant species physiological and growth responses. Our results indicated that elevated atmospheric
?;;fgyte CO, concentration improved plant physiological performance under suboptimal root-flooding and saline con-
Water logging ditions plants. Thus, this positive impact was mainly ascribed to an enhancement of energy transport efficiency,

as indicated the greater P, N and Sm values, and the maintaining of carbon assimilation capacity due to the
higher net photosynthetic rate (Ay) and water use efficiency GWUE). This could contribute to reduce the risk of
oxidative stress owing to the accumulation of reactive oxygen species (ROS). Moreover, plants grown at 700 ppm
had a greater capacity to cope with flooding and salinity synergistic impact by a greater efficiency in the
modulation in enzyme antioxidant machinery and by the accumulation of osmoprotective compounds and sa-
turated fatty acids in its tissues. These responses indicate that atmospheric CO, enrichment would contribute to
preserve the development of Salicornia ramosissima against the ongoing process of increment of soil stressful

conditions linked with climatic change.

1. Introduction

The most recent climate change predictions indicate that it will
impose significant increases in the global average air and sea surface
temperatures by about 2.5°C (IPCC, 2001) together with an increase of
atmospheric CO, concentration to value of c. 760 ppm by 2100. Due to
this global warming, sea level rise (SLR) and soil salinization will be
some of the major side-effects, as a result of polar ice meltdown and the
increment of surface water evaporation, respectively (IPCC, 2001).
There is a consensus on the direct physiological impact of increasing
CO, concentration on plant photosynthesis and metabolism, stimu-
lating growth and development in hundreds of plants species
(Ghannoum et al., 2000). However, the information is very scarce in
relation with the effect of atmospheric CO, enrichment on photo-
synthesis in plants subjected to a complex environmental matrix.

Therefore, the majority of studies that have tried to address this concern
were designed to explore as much two environmental factor interac-
tions; i.e. the effect of rising CO, along with salinity (Lenssen et al.,
1993; Rozema, 1993; Geissler et al., 2009a, 2015, 2009b; Mateos-
Naranjo et al., 2010a, 2010b; Pérez-Romero et al, 2018), drought
(Yang et al., 2014; Slama et al., 2015; Calvo et al., 2017), temperature
(Bernacchi et al., 2006) or flooding (Duarte et al., 2014), ete. Only few
studies have addressed the impact of more than two coexisting factors
(Lenssen et al., 1995). Although the majority of them only performed
shallow physiological evaluations being difficult to find a complete
analysis of photosynthetic responses taking into account carbon as-
similation capacity and energy use efficiency together with other me-
tabolism processes, such as antioxidant enzyme modulation, involved in
the plants responses to environmental stress.

Salicornia ramosissima J. Woods (Chenopodiaceae), represent a

* Corresponding author. Dpto. Biologia Vegetal y Ecologia, Facultad de Biologia, Universidad de Sevilla, Av Reina Mercedes s/n, 41012, Sevilla, Spain.

E-mail address: jperez77@us.es (J.A. Pérez-Romero).

https://doi.org/10.1016/j.plaphy.2018.12.003

Received 14 August 2018; Received in revised form 13 November 2018; Accepted 3 December 2018

Available online 06 December 2018
0981-9428/ © 2018 Elsevier Masson SAS. All rights reserved.

35



J.A. Pérez-Romero et al

Abbreviations

WL Water logging

RGR Relative growth rate

WcC Water content

W, Osmotic potential

Ay Net photosynthetic rate

8s Stomatal conductance

C; Intercellular CO4 concentration
iWUE Intrinsic water use efficiency
ETRmax Maximum electron transport rate
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PSII Photosystem II

Fo./F Maximum quantum efficiency of PSII photochemistry
Dpgy PS II Operational and Maximum Quantum Yield
GPX Guaiacol peroxidase enzymatic activity

SOD Superoxide dismutase enzymatic activity

ROS Reactive oxygen species

SFA Saturated fatty acids

UFA Unsaturated fatty acids

MUFA  Monounsaturated fatty acids

PUFA Poliunsaturated fatty acids

DBI Double bond index

suitable model plant to study in detail the effect of atmospheric CO,
enrichment on the physiological responses of a plant species under co-
existing suboptimal environmental conditions, such as soil flooding and
salinity conditions. Since this species is a C; halophyte which inhabits
salt marshes and inland salty habitats like shores of salt lakes being able
to tolerate a wide range of salinity and a certain degree of immersion
(Davy et al., 2001). However, these estuarine areas will be particularly
vulnerable to SLR (Reed, 2002; Duarte et al., 2014) and salinization
events (IPCC, 2007). Our recent study showed that CO» enrichment
improves S. ramosissima response to suboptimal salinity conditions
through an overall protection of its photosynthetic pathway (Pérez-
Romero et al., 2018), but non-attention have been paid in SLR risk.

Therefore, this study was designed and conducted to fill this gap of
knowledge. In particular, we asked the following questions: (i) Would
atmospheric CO, enrichment have a positive impact on S. ramosissima
physiological performance under co-occurrence of different stress fac-
tors, such as prolonged soil flooding and salinity? (ii) Would this effect
be different to previous described only in presence of salinity, especially
at the level of specific steps of photosynthetic pathway? (iii) Would
other metabolism processes, such as antioxidant enzyme machinery or
fatty acids profiles modulation, be involved in these differential re-
sponses?

2. Material and methods
2.1. Plant material

Seeds of S. ramosissima were collected in September 2016 from a
well stablished population located in Odiel marshes (37°15‘N, 6°58°0;
SW Spain). Then, collected seed were placed into a germinator (ASL
Aparatos Cientificos M-92004, Madrid, Spain) and subjected to a day-
night regime of 16h of light (photon flux rate, 400-700nm,
35umolm ™2 s~ 1) at 25°C and 8 h of darkness at 12°C, for 15 days.
After germination, seedlings were planted in individual plastic plots
(9cem high x 11 em diameter) filled with pearlite as substrate, and
moved to a greenhouse with controlled conditions (temperature be-
tween 21 and 25 °C, 40-60% relative humidity and natural daylight
250-1000 pmol m 2 s ! light flux). The pots were placed in shallow
trays watering with 20% Hoagland's solution (Hoagland and Arnon,
1938) and 171 mM NaCl (Pérez-Romero et al., 2016). Plants were kept
under the previously described conditions until the beginning of the
experiment.

2.2. Experimental treatments

After 3 months of seedlings culture, when plants had a mean height
c. 13 cm, pearlite was washed off and plants were transferred to in-
dividual plastic pots of 0.25] containing an organic commercial sub-
strate (Gramoflor GmbH und Co. KG.) and sand mixture (2:1) in order
to facilitate water level treatment. Pots were randomly divided in eight
experimental blocks with eleven plants in each one, as follow: two at-
mospheric CO, concentrations (400 ppm and 700 ppm) in combination
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with two water levels (water logging, WL and no water logging, noWL)
and two salinity concentrations (171 and 510 mM NaCl). These condi-
tions were kept for 45 days in order to obtain a more realistic ap-
proximation about the maximum permanent inundation period that we
have observed during field surveys in natural populations of S. ramo-
sissima which inhabits inland salty habitats (data not published). In
addition, being an annual specie, this period was used to avoid a de-
creased in the physiology variables due to age because after the 3
months of seedlings culture the plants where around 135 days old.

Salinity treatments, 171 and 510 mM NaCl, were established by
using tap water and NaCl of the appropriate concentration. In addition,
these solutions were added to each tray to get water treatments. Thus,
for the WL treatment, water level was continuous maintained at soil
surface level, and for no WL treatment water level was continuous
covering 2 cm from the bottom of the tray. Finally, for the atmospheric
COs concentration treatments pots were placed in controlled-environ-
ment chambers (Aralab/Fitoclima 18.000 EH, Lisbon, Portugal) with
alternating diurnal regime of 14 h of light and 25°C and 10h of dark-
ness and 18 °C and relative humidity between 40 and 60% and atmo-
spheric CO, control. Atmospheric CO, concentrations in chambers were
continuously recorded by CO, sensors (Aralab, Lisbon, Portugal) and
maintained by supplying pure CO, from a compressed gas cylinder (Air
liquide, B50 35K). As well as the salinity and water levels to avoid
changes due to evaporation.

2.3. Growth analysis

At the beginning of the experiment just before treatments imposi-
tion belowground and aboveground fractions of 10 randomly selected
plants were separated, dried at 80 °C for 48 h and weighed. At the end
of the essay, 8 plants per treatment were processed in the same way.
The relative growth rate (RGR) was calculated using the formula:

RGR = (InBf -In B) D' (g g " day™ ")

Where Bf = final dry mass (an average eight plants per treatment),
B; = initial dry mass (an average of the ten plants dried at the beginning
of the experiment) and D = duration of experiment (days).

2.4. Plant water status

Water content (WC) of primary branches (n = 8, per treatment)
were calculated after 45 days of treatment as follow:

WC = ((FW - DW) / FW) 100

Where FW = fresh weight of the branches and DW = dry weight after
oven-drying at 80 “C for 48 h.

On the other hand, the osmotic potential (%,) of primary branches
(n = 5, per treatment) was determined 45 days after the onset of the
treatments, using psychrometric technique with a Vapour Pressure
Osmometer (5600 Vapro, Wescor, Logan, USA).
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2.5. Measurement of gas exchange

Instantaneous gas exchange measurements were taken on randomly
selected primary branches of individual plants (n = 7, per treatment)
using an infrared gas analyser in an open system (LI-6400, LI-COR Inc.,
Neb., USA) equipped with a light leaf chamber (Li-6400-02B, Li-Cor
Inc.) after 45 days of treatment. Net photosynthetic rate (Ay), stomatal
conductance (g), intercellular CO, concentration (C;) and intrinsic
water use efficiency (;WUE) were determined under the follow leaf
cuvette conditions: a photosynthetic photon flux density (PPFD)
1000 umol photon m 2 s~* (with 15% blue light to maximize stomatal
aperture), vapour pressure deficit of 2.0-3.0kPa, air temperature of
25 + 2°C, relative humidity of 50 = 2% and CO, concentration sur-
rounding leaf (C,) of 400 and 700 pmol mol ™ 1 air for plants exposed to
400 and 700 ppm COg, respectively. Photosynthetic area was calculated
as half the area of the cylindrical branches, as only the upper half re-
ceived the unilateral illumination in the leaf chamber (Redondo-Gémez
etal., 2010). Intrinsic water use efficiency GWUE) was calculated as the
ratio between Ay and g.

2.6. Chlorophyll fluorescence

Modulated chlorophyll fluorescence measurements were performed
at the same time as gas exchange measures on the same branches of gas
exchange using a FluorPen FP100 (Photo System Instruments, Czech
Republic) on light and 30 min dark-adapted primary branches after 45
days of treatment (n = 7, per treatment). Light energy vields of pho-
tosystem II (PS II) reaction centres were determined with a saturation
pulse method as Schreiber et al. (1986) described. The maximum
fluorescence signal across time was estimated by using a saturating
light pulse of 0.8s with an intensity of 8000 pumolm™2 s~ '. The
minimum fluorescence (F’g), the maximum fluorescence (F'y,) and the
operational photochemical efficiency values of light and dark adapted
branches were compared. Quantum yield of PS II (QY) and relative
Quantum yield of PS I (Q’Y) were calculated as F,/Fy, and ®pgy re-
spectively. Maximum electron transport rate (ETRyax) and the Kausky
curves, or JIP-test, which depicts the rate of reduction kinetics of var-
ious components of PSII, were also measured in dark-adapted branches
(n = 5, per treatment) according to Duarte et al. (2015). For this pur-
pose, the pre-programmed RLC and OJIP protocols of the FluorPen
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were used. All derived parameters for both RLC and OJIP were calcu-
lated according to Marshall et al. (2000) and Strasser et al. (2004) re-
spectively (Table 1). Finally, ETRyax/Ax ratio was calculated with the
values obtained from fluorescence rapid light curves, RLC (see below)
and instantaneous gas exchange measurements.

2.7. Anti-oxidant enzymatic activity

Enzyme extraction was done following the method used by Duarte
et al. (2015). At the end of experiment, 500 mg of fresh branches
samples were grounded in 8 ml of 50 mM sodium phosphate buffer (pH
7.6) with 0.1 mM Na-EDTA and were centrifuged at 10.000 rpm for
20minat 4°C to obtained the soluble proteins. Three samples per
treatment were used and three measurements per sample were regis-
tered. Protein content in the extracts was obtained according to
Bradford (1976), using bovine serum albumin as a standard.

Guaiacol peroxidase EC 1.11.1.7 (GPX) was calculated as Bergmeyer
(1974) indicated. With a reaction mixture made of 50 mM of sodium
phosphate buffer (pH 7.0), 2mM of H,0, and 20 mM of guaiacol. For
all this enzymatic activities 100 pL of vegetal extract was added at the
reaction mixture to start the reaction. Superoxide dismutase EC 1.15.1.
1 (SOD) activity was assayed by monitoring the reduction of pyrogallol
at 325nm following Marklund and Marklund (1974) work. The reac-
tion mixture was 50 mM of sodium phosphate buffer (pH 7.6), 0.1 mM
of Na-EDTA, 3 mM of pyrogallol, Mili-Q water. The reaction was started
with the addition of 10puL of enzyme extract. Auto-oxidation of the
substrates was evaluated by control samples with the reaction mixture
but without the enzyme extract.

2.8. Betain concentration

Betain were determined as the main osmocompatible solute present
in succulent halophytes (Duarte et al., 2013). To quantify the betain
concentration 500 mg samples of fresh branches were collected at the
end of the essay and freeze-dried for 48 h. Then, the samples were
grinded and left in ultra-pure water for 24 h. After that, the sample
extract was diluted 1:1 with 2N H3S04. Cold KI-I» reagent (0.20 ml)
was mixed with 0.5ml of the diluted sample. The tubes were stored at
4°C for 16 h and then centrifuged at 10.000 rpm for 15 min at 0 °C. The
supernatant was carefully aspirated with a fine tipped glass tube. The

Table 1
Summary of fluorometric analysis parameters and their description.
Photosystem I Efficiency
Fv/Fm Maximum quantum efficiency of PSII photochemistry

PS 11 Operational and Maximum Quantum Yield (®PSII)

Rapid Light Curves (RLCs)
ETRmax

Energy Fluxes (Kautsky curves)

Light and dark-adapted quantum yield of primary photochemistry, equal to the efficiency by which a PS II trapped
photon will reduce Q4 to Qa

Maximum ETR after which photo-inhibition can be observed

Area Corresponds to the oxidized quinone pool size available for reduction and is a function of the area above the Kautsky
plot

Ppo Maximum yield of primary photochemistry

Pro Probability that an absorbed photon will move an electron into the electronic transport chain

Pno Quantum yield of the non-photochemical reactions

Yy Probability of a PS II trapped electron to be transported from Q4 to Qg

3R Electron movement efficiency from the reduced intersystem electron acceptors to the PSI and electron acceptors.

N Reaction centre turnover rate

Sm Relative pool size of PQ.

My Net rate of PS II RC closure.

ABS/CS Absorbed energy flux per leaf cross-section.

TR/CS Trapped energy flux per leaf cross-section

ET/CS Electron transport energy flux per leaf cross-section

DI/CS Dissipated energy flux per leaf cross-section.

RC/CS Number of available reaction centres per leaf cross section

Grouping Probability (Pg)

The grouping probability is a direct measure of the connectivity between the two PS II units (Strasser and Stribet,
2001)
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periodide crystals produced were dissolved in 9.0ml of 1,2-di-
chloroethane (reagent grade). After 2-2.5h, the absorbance was mea-
sured at 365 nm with a Hitachi Spectrometer model 100-20 (Grieve and
Grattan, 1983).

2.9. Faity acid profile

At the end of the experiment, 150 mg samples of fresh and green
branches were taken to determine the fatty acids composition. The
method used was the direct acidic trans-esterification previously de-
scribed by Matos et al. (2007). A gas chromatograph (3900 Gas Chro-
matograph; Varian, Palo Alto, CA, USA) equipped with a hydrogen
flame-ionisation detector was used to separate the fatty acid methyl
esters (FAME) with a fused silica 0.25mm i.d. x 50 m capillary column
(WCOT Fused Silica, CP-Sil 88 for FAME; Varian). The internal standard
was heptadecanoate (C17:0). Double-bond index (DBI) was calculated
as:

DBI = ((16:1t% + 18:1%) + (218:2%) + (3%18:3%)) * 100

Where 16:1t% was the percentage of palmitoleic fatty acid, 18:1% the
percentage of oleic fatty acid, 18:2% the percentage of linoleic fatty
acid and 18:3% the percentage of omega-3 fatty acid.

2.10. Statistical analysis

Statistical software package R was used to perform the entire sta-
tistic. A multivariate statistical approach using a principal component
analysis model was performed to get an overview of the plant devel-
opment, physiological and biochemical status in response to the dif-
ferent experimental treatments. Then, a downscaling assess was carried
out through to generalized linear models (GLM) to analyze the inter-
active effects of atmospheric CO, concentration, water level and NaCl
concentrations (as categorical factors) on the growth, physiological and
biochemical parameters (as dependent variables) of S. ramosissima
plants. Multiple comparisons were analysed by a LSD (post hoc) test.
Before statistical analysis, Kolmogorov-Smirnov and Levene tests were
used to verify the assumptions of normality and homogeneity of var-
iances, respectively.

3. Results

3.1. Multivariate approach: global overview of physiological and
biochemical status

PCA ordination provided an overall picture of the physiological/
biochemical condition of S. ramosissima during the experimental setup
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Table 2

Relative growth rate (RGR), water content (WC) and absolute value of osmotic
potential (¥,) (MPa) state in randomly selected branches of Salicornia ramo-
sissima in response to treatment with two atmospheric CO. concentrations
(400 ppm and 700 ppm) in combination with two water levels (water logging,
WL and no water logging, noWL) and two salinity concentrations (171 and
510 mM NaCl) for 45 days. Values represent mean = SE, n = 8 for RGR and
WC and n=75 for ¥,. (GLM, [CO,] x WILx [NaCl]; LSD test, P < 0.05).
[CO.2]1,WL, NaCl or [CO,]xWLxNaCl indicate main or interaction significant
effects (P < 0.01,P < 0.001,*P < 0.0001).

[CO,]  Water level [NaCl] RGRW™ wC \p, [CO2]=[NaCl] ++
400 no WL 171 0104 + 0.01 87.1 + 1.0  3.38 + 0.06
510 0.093 + 0.01 858 = 0.3 4.94 = 0.09
WL 171 0.095 + 0.01 86.9 + 0.8 4.14 + 0.08
510 0.096 = 0.01 87.8 = 0.3 4.24 = 0.06
700 no WL 171 0113 + 0.01 86.0 + 0.4 3.05 + 0.18
510 0.118 = 0.00 849 = 0.9 471 = 0.11
WL 171 0.098 + 0.01 87.0 + 0.8 299 + 0.07
510 0.100 = 0.01 86.3 = 0.3 4.14 = 0.07

explaining 64% of the proportion of variation of the recorded data (i.e.
Axis 1 and Axis 2 a 43% and a 21%, respectively; Fig. 1). Hence, the
bidimensional plot revealed a certain divergence between both atmo-
spheric CO; concentration treatments along axis 2, with most of non-
CO» enrichment plants located in the upper part (Fig. 1A). This se-
paration by CO, treatment was mainly explained by higher Ay, C;,
iWUE, W, SOD activity and SFA accumulation at 700 ppm CO, com-
pared to 400 ppm CO- (Fig. 1B). In addition, PCA analysis reflected a
clear divergence of plants grown at 700 ppm CO, + WL + 510 mM
NacCl in the left part of the plot linked with the greater Pg, N, Sm, @py,
DI/CS and Betain concentration compared with the rest of treatments
(Fig. 1A and B).

3.2. Growth analysis

RGR values were greater overall in plants exposed to 700 ppm CO»
than their non-CO, enrichment counterpart, obtaining the highest va-
lues in plants grown at 700 ppm CO2 + noWL at both NaCl con-
centrations; however this positive effect was in certain degree mitigated
under WL conditions (GLM: y;, p < 0.05; Table 2).

3.3. Plant water status

Water content (WC) did not vary with atmospheric CO, con-
centration, water logging and salinity, showing in all cases values c.
86% (Table 2). Contrarily, there were significant effects of atmospheric
CO, concentration and salinity on the osmotic potential (W,) but no
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Fig. 1. PCA biplot of the physiological and biochemical data of Salicornia ramosissima plants in the experimental set-up. Loading plots for the first axis (explained

variation is 42.97%) and second axis (explained variation is 20.78%).
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significant interactions (GLM: [coz;, p < 0.001; [naci;, p < 0.05;
Table 2). Thus, W, increased at 510 mM NaCl being this increment
overall reduced at elevated CO, concentration, independently of WL
level (Table 2).

3.4. Gas exchange measurements

There were significant effects of atmospheric CO, concentration, WL
and salinity on net photosynthetic rate (Ay) after 45 d of treatment, but
no synergistic effect could be identified (GLM: (coz), wi, [Nacil
p < 0.05). Thus, plants grown at higher CO5 concentration showed
slightly higher values of Ay than their 400-ppm CO, counterparts; being
this augmentation more evident under water logging conditions com-
pared with the remaining treatments. In addition, there was a decrease
in Ay at 510 mM NaCl, but less pronounced at high CO; concentration
and in presence of water logging (Fig. 2A). Furthermore, stomatal
conductance (g;) values were lower at elevated atmospheric CO, con-
centration and at 510 mM NacCl in noWL plants (GLM: [coz), wr, [Nac1)s
p = 0.05; Fig. 2B). Overall, intercellular CO, concentration (C;) values
were greater in plants grown at 700 ppm CO, independently of saline
and water logging conditions (GLM: [¢og;, p < 0.01; Fig. 2C). Finally,
iWUE was only affected by CO, concentration with higher values for
plants grown at 700 ppm COz (GLM: [¢o2;, p < 0.01; Fig. 2D).

3.5. Fluorescence measurements

Fo/Fy, and ®pgy values did not show any significant differences
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between atmospheric CO, concentration, WL or salinity treatments
showing mean values of between 0.68-0.63 and between 0.64 and 0.65
for Fy/F,, and ®pgyy, respectively (data not shown). However, there was
a significant effect of atmospheric CO, concentration on ETR,,,, with
higher values at 700 ppm COz (GLM: [coz;, p < 0.001; Fig. ZE). Also,
there was a synergistic effect of the three factors studied on ETR;,,,/Ax,
thus this ratio increased in plants grown at 510 mM NaCl but this in-
crement was mitigated at elevated atmospheric CO, concentration and
plants exposed to WL conditions (GLM: [coz) x wi x nacip P = 0.01;
Fig. 2F).

Focusing on the derived-parameters from the Kautsky curves, there
was not a clear pattern of response to atmospheric CO; concentration,
WL and salinity treatments. This lack of pattern was seeing at the oxi-
dized quinone pool size available for reduction (Area), net rate of PS II
RC closure (M), electron movement efficiency from the reduced in-
tersystem electron acceptors to the PSI and electron acceptors (8Rg),
maximum yield of primary photochemistry (¢ppg), probability of a PS IT
trapped electron to be transported from Qa to Qp (W), probability that
an absorbed photon will move an electron into the electronic transport
chain (@go), quantum yield of the non-photochemical reactions (¢@pg)
(Fig. 3A, B, E, F and Fig. 4A-D). Nevertheless, grouping probability
(Pg), reaction centre turnover rate (N) and relative pool size of PQ (Sm)
values increased markedly in plants grown at 700 ppm CO, and ele-
vated water and salinity levels compared with the rest of treatments
(GLM: [co2) x wi. x mvacty> P < 0.05; Fig. 3B, C, D). Finally, regarding the
energetic fluxes on a leaf cross-section basis (phenomological fluxes)
showed that absorbed (ABS/CS), trapped (TR/CS), dissipated (DI/CS)

8 — - 65 Fig. 2. Net photosynthetic rate, Ay (A), stomatal
7 EI?ILO:] . Alco,r [ 171 mM NaCl Bl 60 conductance, g, (B), intercellular CO, concentration,
[NaCI[* }’I‘L,:CI]* B 510 MM Nacl B gg C; (Q), intrinsic water use efficiency (WUE) (D),
_— 61 I - maximum ETR after which photo-inhibition can be
t\“ g ‘|’ B :3 L2 observed (ETRmax) (E) and ETRg.. net photo-
= I o : a5 ‘e synthetic rate ratio, ETR,.,/Ay (F) in randomly se-
5 4 Lag © lected, primary branches of Salicornia ramosissima in
% 3 ] L o5 E response to treatment with two atmospheric CO-,
= 2o concentrations (400 ppm and 700 ppm) in combina-
< 24 L 15 © tion with two water levels (water logging, WL and no
14 10 water logging, noWL) and two salinity concentra-
5 tions (171 and 510 mM NaCl) for 45 days. Values
45?) Jicor — clco — D 0 n?present mean * SE, n =.7.. Differer.lt letters in-
2 - 225 dicate means that are significantly different from
400 ~ a8 T 200 each other (GLM, [CO.] x WLx [NaCl]: LSD test,
o~ 350 o T L1475 ™ 5 P < 0.05). [CO-],WL, [NaCl] or [CO»] x WL x
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and electron transported (ET/CS) for cross section had very similar
values in all treatments with no relevant differences between them
(Fig. 5A-D).

3.6. Anti-oxidant enzymatic activity and osmocompatible solutes

GPx enzyme activity did not vary between the plant exposed to the
different experimental treatment (Fig. 6A), but SOD presented a clear
tendency to be higher when S. ramosissima was grown at 700 ppm of
CO2 (GLM [coz), p < 0.001; Fig. 6B): although without WL or salinity
treatment variations.

On the other hand, there was a synergistic effect of the three ex-
perimental factors in betain concentration (GLM: [coz2] x wr x [Naclls
p < 0.05). Thus, betain concentration increased considerable at
700 ppm CO, in plants grown at 510 mM NacCl at both WL treatments
(Fig. 6C).

3.7. Fatty acid composition

Percentage of palmitic acid (C16:0) and linolenic acid (C18:3) were
significantly affected by CO, (GLM: [coz;, p < 0.01). Hence, overall
16:0 percentage was greater at elevated CO; concentration for all
salinity and WL treatments; while the percentage of C18:3 decreased
(Fig. 7A). In both cases, the differences were less evident for low sali-
nity and water level being statistically significant the interactions for
palmitic acid (GLM: [coz) x wr x [Naci; P < 0.05). For the remaining

fatty acids analysed there were no significant differences between ex-
perimental treatments (Fig. 7A). The relative abundance of the sa-
turation classes showed an increase in saturated fatty acid (SFA) and a
decrease in the unsaturated classes (UFA, PUFA and MUFA) owing to
the increment in atmospheric COs (GLM: [coz;, p < 0.01) (Fig. 7B).
Unsaturated /saturated ratio (UFA/SFA) (Fig. 7C) showed a significant
slightly decrease at high CO, atmospheric concentration along with
510 mM NaCl at both WL treatments (GLM: [coz) x wi x [Nacll,
p < 0.05). Nevertheless, there were no significant effect in PUFA/SFA,
18:2/18:3 and DBI for any of the variables studied (Fig. 7C).

4. Discussion

Understanding the effects of possible interactions between atmo-
spheric CO, enrichment and other ecosystems factors on plants species
physiological performance is essential for designing more realistic
models about the impact of climatic change on plant species develop-
ment (Bernacchi et al., 2006). This information is particularly im-
portant in the most vulnerable ecosystems such as coastal areas and its
vegetation, owing to its elevated risk of SLR (Reed, 2002; Duarte et al.,
2014) and salinization events (IPCC, 2007).

This study showed that atmespheric CO; enrichment could ame-
liorate the deleterious impact of co-existed water logging and salinity
suboptimal growth conditions on the physiological performance of S.
ramosissima. Thus, plants grown at 700 ppm CO,, WL and at both
salinity levels surpassed the Ay values obtained by the plants grown in
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optimal conditions (i.e no WL and low salinity). Furthermore, g; values
decreased at 510 mM NaCl in no WL plants and overall were lower at
elevated CO, atmospheric concentration. This reduction could be ex-
plained by the increase of C; originated by the elevated CO, con-
centration; this could promote partial stomatal closure (Robredo et al.,
2007). In addition, it is worth to mention that g, values did not vary
respect to values registered in plants grown at noWL+171 mM NaCl
contrary to the drop recorded in Ay at high salinity and WL levels in not
CO, enrichment plants. This mitigation effect fot g; of water logging has
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been previously described by Ullah et al. (2017). Ullah et al. (2017)
ascribed it to the water excess which would stimulates the stomatal
aperture ameliorating the stomata closure effect of high salinity. This
effect was also evident at 700 ppm CO, for our treated plants. The
general g reduction at 700 ppm CO, would contribute to preserve the
trade-off between CO, acquisition for photosynthetic process and water
losses in S. ramosissima as indicated the higher ;WUE values, being this
impact especially important at 510 mM NaCl since these plants would
be able to cope with the stress derived from salt excess. Robredo et al.
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Fig. 6. Betain (A), superoxide dismutase (SOD) (B) and guaiacol peroxidase
(GPx) (C) enzymatic activities in randomly selected, primary branches of
Salicornia ramosissima in response to treatment with two of NaCl concentrations
(171 and 510 mM) and with water logging (WL) and with no water logging (no
WL) at 400 and 700ppm CO, after 45d of treatment. Values represent
mean *+ SE, n = 3. Different letters indicate means that are significantly dif-
ferent from each other (GLM, [COs] x WLx [NaCl]; LSD test, P < 0.05).
[CO,],WL, [NaCl] or [CO-] x WL x [NaCl] in the corner of the panels indicate
main or interaction significant effects (‘P < 0.01, *P < 0.001,
P o< 0.0001).

(2007) previously highlighted, the increment in CO, atmospheric con-
centration allow plants to acquire the carbon needed with less stoma
aperture rising the efficiency in the use of water for them. A very si-
milar trends have been previously reported in S. ramosissina and in
other halophytes (Geissler et al., 2009a, 2009b; 2015; Mateos-Naranjo
et al.,, 2010a, 2010b; Pérez-Romero et al., 2018) in response to NaCl
excess and in combination with soil flooding conditions (Lenssen et al.,
1995). Nevertheless, to our knowledge, this is the first study where CO,
enrichment beneficial effects under coexisted root flooding conditions
could be also ascribed to up-regulation of some component involved in
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PSII energy transport chain, accumulation of osmoprotective com-
pounds and the modulation of fatty acids profiles, as indicated our
multivariate statistical approach.

Despite the existence of widely documented deleterious effect of
prolonged water logging (Mateos-Naranjo et al., 2007; Cao et al., 2017;
Ullah et al., 2017) and NaCl concentration excess (Flexas et al., 2004;
Mateos-Naranjo and Redondo-Gomez, 2016) on photochemical appa-
ratus our results showed a different scenario. It could be seen that in
general PS Il and its antennae complex were not affected by any of the
tested stressful treatments. As it was indicated by the similarities in F,/
Fm, Opsn, Area, 8RO, @pg, Yo, @ro, ABS/CS, TR/CS and ET/CS values
between all experimental treatments. Nevertheless, plants exposed to
700 ppm COz + WL + 510 mM NaCl presented the higher Pg, N and
Sm values, which indicate that their reaction centres had lower re-
oxidation rates and thus were able to generate electrons from photons
in higher amounts per unit of time (Duarte et al., 2017). Moreover, the
lack of difference in electron transport flux (ET/CS) suggests that the
electron transport chain can deal with this increased number of elec-
trons, derived from higher Pg, N and Sm values, and therefore under
normal conditions it would be working at sub-saturated conditions.
Hence, the positive impact of atmospheric CO, enrichment on photo-
chemical apparatus of S. ramosissima could be ascribed to the enhanced
of the efficiency for energy transport, avoiding the accumulation of
energy excess, which could contribute to reduce the risk of oxidative
stress due to the accumulation of reactive oxygen species (ROS). In fact,
the lower risk of ROS production was supported by the decrease in
ETRmax/An ratio recorded in S. ramosissima plants grown at 700 ppm
CO, + WL + 510 mM NaCl compared with their non-CO, supplied
counterparts. This ratio could be considered as an indicator of the po-
tential ROS stress that plants are subjected to and derived from a pos-
sible lack of carbon units correspondent to the number of electrons
generated (Salazar-Parra et al., 2012; Hussin et al., 2017). Together
with the maintenance of energy transport efficiency, the accumulation
of different protection compounds as osmocompatible solutes or the
modulation of the anti-oxidative stress enzymes machinery was also in
the basis of the redox-balance maintenance. Therefore, compounds
such as betain are known to be produced by plants to cope with salinity
or drought stress (Moradi et al., 2017). In this study, betain con-
centration showed a clear pattern of increment in relation with the
atmospheric CO, in plants grown under stressful conditions. In addi-
tion, there was modulation effect, driven from an atmospheric CO,
enrichment, in certain anti-oxidant enzymes of S. ramosissima as SOD.
This enzyme showed higher activity levels compared their 400-ppm
CO, counterpart contributing to cope with oxidative stress in greater
extent.

Finally, the ameliorative effect of atmospheric CO, fertilization on
S. ramosissima physiological responses under coexistence of water log-
ging and salt excess was also supported by fatty acids profiles. Fatty
acids profile has been suggested as useful biomarker for abiotic stress in
halophytes species, such as Spartina maritima, Spartina patens, Halimione
portulacoides and Sarcocomia fruticosa, and its levels are highly related
to the photosynthetic functioning of these species (Duarte et al., 2017,
2018a; 2018b). Our results revealed that generally at elevated CO,
concentrations there was a decrease in unsaturated/saturated ratio for
all WL and salinity treatments, due to a major decrease in C18:3. A
direct action of ROS production during stress exposition with the aug-
mentation of the membrane lipid peroxidation has been described,
which could led to a decrease in the C18:2 and C18:3 relative contents
(Ouariti et al., 1997; Upchurch, 2008). In addition, it is well known that
in photosynthetic tissues the C18:3 fatty acid is mostly associated with
the galactolipids monogalactosyldiacylglycerol (MGDG) and diga-
lactosyldiacylglycerol (DGDG), which are fundamental for the correct
function of photosynthesis (Mizusawa and Wada, 2012). Hence, tissues
with low amount of these kind of lipids (and consequently low C18:3
content) have disrupted photosynthetic membranes and a complete
impairment of photochemical processes (Kobayashi et al, 2007;
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Aronsson et al., 2008). However, according to Duarte et al. (2017) in
the halophyte Aster tripolium we found that there was not a correlation
between the decrease in C18:3 and photosynthetic apparatus perfor-
mance. The lack of relationship was ascribe to an adaptation in which
the polyunsaturated fatty acids (more specific the C18:3) decrease to
cope with salinity stress (Duarte et al., 2017). In addition, we found that
plants grown at 700 ppm CO, showed higher values for the fatty acid
C16:0. This increment would be associated to an improvement in the PS
IT function since this fatty acid presents an important role in this
component of the photosynthetic pathway (Gounaris and Barber, 1985;
Duarte et al., 2017).

5. Conclusion

This experiment confirmed previous work that had demonstrated
atmospheric CO, enrichment ameliorative effect on salinity tolerance of
S. ramosissima (Pérez-Romero et al., 2018). Nevertheless, we found that
this positive effect under synergistic root-flooding was mainly owing to
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upregulation its energy sink capacity, as indicated the increment in the
rate of reaction centre turnover, relative pool size of PQ and the con-
nectivity beween PSII units, together with the already previously de-
scribed increment in carbon assimilation and water balance capacity. In
addition, our results indicated that the beneficial effect of CO, con-
centration was ascribed to a better modulation of the antioxidant en-
zyme machinery and of the betain accumulation on tissues to cope with
oxidative stress, as well as to a great presence in saturated fatty acids,
which would be associated with the aforementioned improvement in
the PSII function.
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Increasing extreme temperature climatic events could exert an important effect on plant

: photosynthetic performance, which could be modulated by the co-occurrence with other environmental

. factors, such as salinity, in estuarine ecosystems. Therefore, a mesocosm experiment was designed to

i assessthe impact of temperature events for three days (13/5°C, 25/13 °C and 40/28°C) in combination
with two NaCl concentrations (171 and 1050 mM NaCl) on the physiological performance of Salicornia
ramosissima. Extreme temperature events had a negative impact on S. ramosissima photosynthetic
efficiency, this effect being more marked with cold wave at both salinities, compared with heat wave,
even in presence of NaCl excess. This differential thermotolerance in the photosynthetic apparatus was
ascribed to the greater integrity and functioning of its photosynthetic pathway at high temperature,
as indicated by constant g,, V, ...x values at optimal salinity and the higher values of those parameters
and g, recorded in combination with NaCl excess. Moreover, 5. ramosissima was able to upregulate
the energy sink capacity of its photochemical apparatus at elevated temperature and salinity by a
greater energy excess dissipation capacity. This could have contributed to reducing the risk of oxidative
stress, along with the recorded higher capacity for antioxidant enzyme activity modulation under these
conditions.

Together with the recognized atmospheric CO, enrichment and temperature increment, climate change models
indicate that extreme climatic events, such as salinization, floods, drought and cold and heat waves are likely
to increase, not only in intensity but also in frequency, especially in the Mediterranean area'. To date, there
have been increasing reports investigating the effect of the main slower environmental changes related to climate
change, such as atmospheric CO, enrichment or temperature increment, on plants species composition, structure
and distribution®. In spite of this increasing number of reports, not many studies have addressed the impact of
short extreme climatic events, such as heat and cold waves on plant species, despite the fact that it has been stated
that in many cases these phenomena might have an important selective effect on plant species, limiting its devel-
opment and distribution by dysfunction of essential biological processes such a plant phenology, reproduction,
physiology, etc.. Furthermore, the few existing studies only assessed the impact of a single extreme climatic event,
not taking into account the co-occurrence with other important environmental factors that are likely to limit
species survival, development and distribution. This is the case of estuarine ecosystems, where plant species sur-
vival and distribution is highly modulated by stressful abiotic factors such salinity, flooding, redox potential, etc.*,
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Figure 1. Osmotic potential, I, (A) and relative water content, RWC (B), in randomly selected, primary
branches of Salicornia ramosissima in response to treatment with three temperature ranges (13/5°C, 22/15°C
and 40/28°C) and two NaCl concentrations (171 and 1050 mM) after 3 days. Values represent mean =+ SE,
n= 10. Different letters indicate means that are significantly different from each other.

Therefore, assessing the response of these plants species to extreme thermal climate events, in co-occurrence with
medium salinity level variations, is of paramount importance for understanding the future fitness of these species.
This experiment was thus designed and conducted to fill these gaps in knowledge.

Salicornia ramesissima ]. Woods (Chenopodiaceae) is a C; species which has been considered an alternative
multifunctional cash crop for many arid and semiarid regions of the world®, due to its edibility® and its high
physiological versatility, which allows it to tolerate a wide range of environmental factors, pollution’, salinity®,
etc. Recently, like for other halophytes species®!3, some authors have emphasized the positive impact of rising
atmospheric CO, linked with climate change on S. ramosissima performance under sub-optimal salinity condi-
tions®. Accordingly, we hypothesize that extreme short climatic events, such cold and heat waves, would lead to
differential photochemical responses in S. ramosissima under optimal and suboptimal salinity conditions, with
the consequent effect on the primary productivity and development of this important multifunctional cash crop
species. Therefore, this study aimed to: (1) ascertain the extent to which photosynthetic apparatus (PSII chem-
istry), gas exchange characteristics (CO, diffusive and biochemical component) and photosynthetic pigments
profiles determine plant tolerance to cold (13/5°C) and heat (40/28 °C) waves under optimal (171 mM NaCl) and
suboptimal saline conditions (1050 mM NaCl); and (2) examine possible role of antioxidant enzyme machinery
in these responses.

Results
Osmotic potential and water content measurements.  Overall, ¥, values increased in plants grown at
1050 mM NaCl compared with their non-high salinity treated counterparts, this increment being more marked
in those exposed to 40-28°C (Two-way ANOVA,,, F, ,,=70.123; Fig. 1A). Contrarily, there were not signifi-
cant effects of salinity and temperature ranges treatments on RWC, in all cases the values being between 75-80%
(Fig. 1B).

Gas exchange measurements and photosynthesis limitation analysis. There were significant
effects of both salinity and temperature range treatments on the gas exchange characteristics of S. ramosissima
after 3 d of treatment (Two-way ANOVAy ¢, F| |35= 33.333; Two-way ANOVA F| |5, =21.578; Fig. 2A-F). Thus,
Ay values decreased considerably by NaCl excess in the grown medium and in plants grown at both extreme
temperature ranges respect to the control, this temperature effect being more marked at low-temperature range
and with salinity excess at both temperature range treatments. Hence, compared to the control (i.e medium tem-
perature range and optimum salinity concentration) A decreased 31% and 71% in plants grown at 171 mM
NaCl and temperature range of 40/28 °C and 13/5 °C, respectively; while at 1050 mM NaCl these reductions were

SCIENTIFIC REPORTS | (2019) 9:659 | DOI:10.1038/s41598-018-37346-4 2

48



www.nature.com/scientificreports/

14 250
d A[C—J 171 mM NaCl b B
12 4 B 1050 mM Nacl T 225
- b L 200 &
n I (%]
w104 ¢ - 175 o
£ = s E
R 150 S
b - 125 £
= 6 b —
o} L 100 ©
E ab b E
2 44 c 7 E
a ©
< 2 4 ac ¢ F50  of
i IT a i - 25
o T T T C T i b L} L) D D
c - 275
300 - b ] 1 - 250
i = 225 ‘o
'S 250 4
2 b - 200 ¢
o i a Cc - 175 o
o' 200 a o
13} a c - 150 O
5 150 - L 125 5
§ L 100 £
= 100 - F75 L
Q a a a c§
50 - - 50
- 25
0 T T T E Ta T T F 0 _
~ 1751 - 120 "o
o 150 1 2 k L0 T
IS b b IS}
~ 125 4 b b E
O - 80 o
o (@]
2 100 - 3
g % 3
5 754 c g
~ < L4 =
g 50+ a s
S a u
> 25 - m i - 20 E
0 1 L T U U T 0
1315 22/15 40/28 13/5 2215 40/28
Temperature range (°C) Temperature range (°C)

Figure 2. Net photosynthetic rate, Ay (A), stomatal conductance, g, (B), intercellular CO, concentration, C;
(C), mesophyll conductance, g, (D), maximum carboxylation rate, V_ .., (E) and intrinsic water use efficiency
(WUE) (F) in randomly selected, primary branches of Salicornia ramosissima in response to treatment with
three temperature ranges (13/5°C, 22/15°C and 40/28 °C) and two NaCl concentrations (171 and 1050 mM)
after 3 days. Values represent mean £ SE, n= 10 for Ay, g, C;and , WUE and n=4 for g, and V. Different
letters indicate means that are significantly different from each other.

of 71% and 82% for those temperature ranges. Very similar trends were recorded for g, g, V. .., and C; but
high-temperature range treatment did not affect g, V., and C; in plant grown at 171 mM NaCl. In addition,
Vi max Values were not affected by NaCl excess in plants grown at 25/13°C and by high-temperature range in those
grown at 171 mM NaCl compared with their non-high salinity and temperature treated counterparts (Fig. 2E).
Contrarily, WUE values were higher in plant expose to 1050 mM NaCl and decreased with temperature range
increment (Fig. 2F).

Regarding the photosynthesis quantitative limitation analysis (Fig. 3A,B), indicated that the observed
decreases of Ay after 3 d of treatment, were mainly due to diffusional limitations, although the relative importance
of stomatal (SL) and mesophyll conductance limitation (MCL) varied depending of medium salinity concentra-
tion and temperature range treatment. Thus, SL accounted for the highest percentage of photosynthetic limitation
under sub-optimal salinity concentration (e.i. 1050 mM NaCl) in plants grown at low and medium temperature
ranges, but the relative importance of MCL was higher in plants grown at 40/28 °C in both salinity concentrations
and in those subjected to 13/5°C and 171 mM NacCl. In addition, there is to notice that biochemical limitation
(BL) augmented in both extreme temperature ranges, this increment being more marked at 13/5 °C, regardless of
the medium NaCl concentration.

Fluorescence measurements. Chlorophyll fluorescence parameters were also affected by salinity and
temperature ranges treatments after 3 d. F,/F, values decreased at both low and high temperatures ranges, this
reduction being more marked at low-temperature range but without significant differences between salinity treat-
ments (Two-way ANOVAy, F ¢, =21.393; Fig. 4A). Contrarily, ETR,,, did not remarkably vary between salinity
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Figure 3. Quantitative limitation of photosynthesis in randomly selected, primary branches of Salicornia
ramosissima in response to treatment with three temperature ranges (13/5°C, 22/15 °C and 40/28 °C) and with
171 mM NaCl (A) and 1050 mM NaCl (B) after 3 days. SL, MCL and BL denote for stomatal, mesophyll and
biochemical limitations, respectively. Values represent mean 4+ SE, n=4.

and temperature ranges treatments, except in plants grown at 1050 mM NaCl and 13/5°C, which showed the
lowest values (Two-way ANOVA ¢, F=5.554; Fig. 4B). As a consequence, ETR__ /Ay values were higher in
plants grown at 1050 mM NaCl compared with their non-NaCl supplied counterparts in all temperature ranges
treatments, and tended to increase in plants grown at 13/5 °C in both salinity concentration treatments (Fig. 4C).

Focusing on the energetic fluxes on a leaf cross-section basis (phenomological fluxes), since reaction cen-
tres per cross section (RC/CS) varied between salinity and temperature range treatments (data not pre-
sented), our results showed that absorbed energy flux per leaf-cross section (ABS/CS) was significantly higher
at high-temperature range, with no significant differences between NaCl treatments (Two-way ANOVA;,
F\ 54=37.892; Fig. 5A). Moreover, trapped energy flux (TR/CS) values increased at high-temperature range and
171 mM NaCl, together with dissipated energy flux per cross section (DI/CS) values in plants grown at both salin-
ity treatments. This effect, however, was more marked at 1050 mM NaCl (Two-way ANOVA . c1.p, Fy 30 =14.654;
Fig. 5B,D). Finally, electron transport energy per leaf cross section (ET/CS) did not vary with salinity and tem-
perature treatments except in plants grown at 1050 mM NaCl and 40/28 °C, which showed the lowest values
(Two-way ANOVA 1o Fy54=3.243; Fig. 5C).

Photosynthetic pigment concentration. Chlorophyll @ and b concentrations did not vary between
salinity and temperature ranges treatments, except in plants grown at 1050 mM and 40/28 °C, for which the lowest
values were recorded, compared with the other treatments (Two-way ANOVA, ¢p Fy 4= 24.573, F, 5, = 16.104;
Table 1). Very similar trends were recorded in pheophytine a, 3-carotene, neoxanthin and zeaxanthin concentra-
tions; while lutein concentration did not vary between experimental treatments and violaxanthin concentration
was significantly lower in plants grown at 13/5°C independently of salinity treatment (Table 1). Finally, the great-
est DES values were recorded in plants grown at high-temperature range and 1050 mM (Table 1).

Anti-oxidant enzymatic activity measurements. CAT activity tended to increase in plants grown at
high-temperature range but without significant differences between experimental treatments (Fig. 6A). While
APx activity was overall higher in plants exposed to additional NaCl supplementation for all temperature range
treatments, except at 40/28°C, where this activity also increased in plants grown at 171 mM NaCl (Two-way
ANOVAy ciop Fa o= 12.675; Fig. 6B). Finally, GPx enzyme activity was invariably high for all salinity and tem-
perature treatments compared to the optimum grown conditions (i.e. medium temperature range and optimum
salinity concentration; Fig. 6C).

Discussion
Increasing frequency and magnitude of short extreme thermal climatic events resulting from anthropogenic
activities! will induce loss of carbon assimilation'*, with the consequent deleterious effect on the development
and survival of many plant species. However, it has been described that plant species could present differential
thermotolerance or sensitivity to cold or heat induced stress, these responses being species specific and dependent
on the thermal characteristics of the niche they inhabit. The development of particular adaptation mechanisms
could also allow them to cope with these extreme thermal conditions'. In this study we have explored the ways in
which different short extreme thermal events could affect photosynthesis, the basis of plant bio-chemical system,
in the halophytic species S. ramosissima. In addition, we have assessed if and how this impact could be modulated
by the co-ocurrence of other stressful factors, such as the characteristic salt excess present in the original habitat
of this species.

Our study showed that extreme temperature events had a negative impact on §. ramosissima photosynthetic
performance after 3 days of exposition, the impairment degree temperature range treatment-dependent and
modulated by the NaCl concentration in the growth medium only in plants grown at the heat-wave treatment.
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Figure 4. Maximum quantum efficiency of PSII photochemistry, F/F, (A), maximum ETR after which
photo-inhibition can be observed, ETR ., (B) and ETR__ /A, (C) in randomly selected, primary branches
of Salicornia ramosissima in response to treatment with three temperature ranges (13-5°C, 22-15°C and
40-28°C) and two NaCl concentrations (171 and 1050 mM) after 3 days. Values represent mean + SE, n=7.
Different letters indicate means that are significantly different from each other.

Thus, cold wave limited to a greater extent CO, assimilation capacity of S. ramosissima regardless of medium
saline concentration compared with heat-wave treatment even in presence of NaCl excess. Moreover, the results
showed that salinity excess exacerbated the negative impact of heat wave on the photosynthetic performance of S.
ramosissima. However, this differential temperature and salinity deleterious effect were not reflected in S. ramo-
sissima water imbalance, as indicated by the invariable RWC values due to changes in ¥y and ;WUE in response
to salinity and temperature excess.

One of the main reasons for this better photosynthetic efficiency of S. ramosissima under heat stress with both
optimal and sub-optimal salinity was related to the greater integrity and functioning of some steps of its pho-
tosynthetic pathway, namely stomatal and mesophyll diffusion behavior, Rusbisco activity and light-harvesting
antenna efficiency to temperature excess. Hence, although photosynthetic injury as a result of both tested extreme
temperature ranges was mainly due to CO, diffusion limitation, the degree and the relative importance of the
stomatal and mesophyll component differed in each specific temperature and salinity combination treatment,
as our photosynthetic limitation analysis also indicated. Thus, cold wave imposed a sharply decrease in both g,
and g,, regardless of salinity treatment. This similar diffusion limitation when cold and salinity stress act indi-
vidually or in combination suggests that the primary effects of low temperature and salinity excess are similar
and not synergistic. Accordingly, similar g, and g,, decreases have been observed in many sensitive species to
low temperature and saline excess as a single factor, this response being linked with an ameliorated water stress
induced by these stresses'®!”. Contrarily, heat-wave treatment only increased stomatal limitation to CO, dif-
fusion under hypersaline conditions, diffusional limitation to CO, appearing as a major result of g, reduction
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Figure 5. Absorbed energy flux, ABS/CS (A), trapped energy flux, TR/CS (B), transport energy flux ET/CS (C)
and dissipated energy fluxes, DI/CS (D) per cross section in randomly selected, primary branches of Salicornia
ramosissima in response to treatment with three temperature ranges (13/5°C, 22/15°C and 40/28°C) and two
NaCl concentrations (171 and 1050 mM) after 3 days. Values represent mean + SE, n=7. Different letters
indicate means that are significantly different from each other.

under optimal saline. The absence of heat-wave effect on g, could be associated with regulatory mechanisms to
enhance leaf cooling through transpiration'®. Regarding the effect of salinity excess, Redondo-Gomez ef al.'*
also recorded a marked reduction in g, of Sarcocornia fruticosa grown at 1030 mM NaCl. The observed trends
in g, and g, resulted in an increase in C; in plants grown at optimum salinity, where CO, was being transported
to the intercellular space. However, it was not transferred to chloroplast due to a reduction in g, with the conse-
quent accumulation. Therefore, our results revealed a lack of relationship between g; and g, in S. ramosissima in
response to heat wave and medium salinity concentration. Many studies suggest that g, and g, are co-regulated,
since both variables respond in a similar way and magnitude to several environmental factors®. Nonetheless, like
in our experiment, some authors have identified differential responses in both parameters under severe stress
situations®'?2, Moreover, although there is not a general consensus, it seems that the existence or not of a possible
relationship between both parameters would be highly influenced by specific environmental variables as well as
by the co-existence with other environmental factors?. This response would allow S. ramosissima to have a lower
diffusional limitation when coping with heat waves. Furthermore, extreme temperature events could head to bio-
chemical limitations of photosynthetic process due to inhibition or modifying carboxylase activity of Rubisco-2.
Hence, there are records of a reduction in Rubisco carboxylation rate at all temperatures below 25°C and in par-
ticular at 5°C, mainly on account of impairment in the activation state**. A very similar injury effect on Rubisco
kinetics has also been reflected in plants when temperature exceeds the optimum values for the photosynthesis
process'**. Our results indicated that photosynthesis biochemical limitation in S. ramosissima augmented in
both extreme temperature ranges but in greater proportion in cold-temperature range treatment at both salinity
concentrations. Thus, it is noteworthy that V. values did not vary respect to the control (i.e medium temper-
ature range and optimum salinity concentration) in plants exposed to 1050 mM NaCl and 22/15°C, as well as
in those subjected to heat wave and optimum salinity conditions. This result suggested that the high tolerance
of S. ramosissima to heat waves even under salinity excess would be in part explained by the maintenance of a
high Rubisco activation rate. Contrarily, Perdomo et al.?. found an increment of biochemical limitation at high
temperature mainly attributed to a decrease in Rubisco activation state. However, Cen and Sage” indicated that,
although temperature increment led to deactivating Rubisco activase, this deactivation was not sufficient to limit
photosynthesis. In fact, it has been described that several iso-forms of Rubisco activase could play a role in the
responses of plant tolerant to high temperature stress'*. Accordingly, it is possible that the presence of Rubisco
activase iso-forms that are highly tolerant to heat and salinity induced stress in S. ramosissima. This area is there-
fore worthy of further research.

On the other hand, the higher photosynthetic thermotolerance of §. ramosissima to elevated temperature
range could be ascribed to the upregulation of the energy sink capacity of its photochemical apparatus, as well
as to the impact on the photosynthetic pigments profile. In this regard, one of the best recognized effects of high
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Table 1. Photosynthetic pigments concentrations (pg /g) and deposidation state in randomly selected
branches of Salicornia ramosissima in response to treatment with three ranges of temperatures and two NaCl
concentrations (171 and 1050 mM) after 3 days. Values represent mean £ SE, n=>5. Different letters indicate
means that are significantly different from each other.
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Figure 6. Catalase, CAT (A), ascorbate peroxidase, APx (B) and guaiacol peroxidase, GPx (C) activity in
randomly selected, primary branches of Salicornia ramosissima in response to treatment with three temperature
ranges (13/5°C, 22/15°C and 40/28 °C) and two NaCl concentrations (171 and 1050 mM) after 3 days. Values
represent mean = SE, n = 3. Different letters indicate means that are significantly different from each other.
temperature is the destruction of PSIT components; however, PSII damage in well light-adapted systems, as could
be the case of S. ramosissima, is supposed to occur only at very high temperatures (i.e. >45°C*). Accordingly,
our results indicated that, although photochemical efficiency (F,/F,) of S. ramosissima was significantly lower at
both extreme temperature ranges, this effect was more drastic at the cold-temperature treatment. This trend was
also confirmed by the lower ETR,,, values recorded, especially in plants grown at 13/5°C and 1050 mM NaClL
In addition, OJIP analysis provided a downscaling approach to this highlighted differences in the thermotol-
erance behavior of S. ramosissima. Thus, when energy fluxes were assessed, we found that plants treated under
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high-temperature range showed greater values for ABS/CS and TR/CS compared with the other treatments. This
fact was related to higher values obtained for these plants in the connectivity of their PSIT units and the lower
values of closure rate for its RC, respectively?. This could indicate that more energy was being absorbed and
transformed in their photosystem. In addition, an increment of ABS/CS means a greater number of active reac-
tion centers functioning as a heat radiator, protecting the plant against high temperature and light intensities®.
This was also associated to an increase in DI/CS, especially at 1050 mM NaCl, which could explain the lower
values for ET/CS obtained and indicates the activation of some defense mechanism such as the dissipation of
energy as heat or photorespiration™. High salinity increased DI/CS, as Perez-Romero ef al.® found, and this was
shown at high and control temperature range. Nonetheless, plants at low temperature did not show a significant
increment in this parameter. The DI/CS values include non-photochemical quenching (NPQ), which is correlated
with the xantophyll cycle that is activated under an excess of light®!. The results obtained for the de-epoxidation
of the zeaxanthin, showed as DES, suggested that there was an activation of this cycle at high-temperature range
and hypersalinity. This data could be an evidence of a response to reactive oxygen species (ROS) stress for plants
under these treatments of high temperature and salinity. Hence, this mechanism could help plants subjected to
heat waves to reduce its physiological stress as ROS accumulation by dissipation of energy excess. Consequently,
plants subjected to low temperature range and 171 mM NaCl showed the lowest values of this parameter indi-
cating that this mechanism could be triggered by heat and not by cold, although previous studies suggested that
neither heat nor cold waves induced this cycle’*. A good approximation to knowing the potential risk of stress
due to ROS is the ratio ETR /A, which could indicate the number of electrons that are not being fixed, so that
they are free to possibly create some ROS*. This parameter indicated that high salinity significantly increases
the risk of ROS stress in S. ramosissima. In addition, plants subjected to cold waves presented the highest values at
both salinities, this fact corroborating the idea that cold waves have a greater injury effect on S. ramosissima phys-
iological performance. Since cold and heat stress events can lead to an increment in ROS production®” there
would be a need for antioxidative protection. One of the well-known mechanisms to reduce the accumulation of
ROS is the modulation of the activity of antioxidative stress enzymes®. CAT and peroxidases as GPx and APx are
enzymes that reduce the H,O, produced!®. Our experiment showed that antioxidant enzyme activity was modu-
lated to a certain extent by temperature range characteristics and salinity excess, as indicated by the overall higher
activation of GPx activity at both temperature range and salinity treatments compared with the control treatment.
In addition, APx was also more activated for all temperature range treatments at 1050 mM NaCl than at 171 mM
NacCl, as previously described for this species®. It is important to highlight that plants at both salinities subjected
to heat wave showed higher activities for CAT and APx enzymes emphasizing the idea of higher capacity for anti-
oxidant enzyme activity modulation of S. ramosissima in response to heat than to cold stress.

Thus, we can conclude that S. ramosissima photosynthetic metabolism would maintain its functionality better
under heat waves than under cold waves, even in presence of hypersaline conditions during its vegetative natural
cycle (i.e. from March to September®). This is mainly due to an improvement in its energy sink capacity while
keeping its CO, assimilation capacity relatively constant by ameliorating the diffusion and biochemical photosyn-
thesis limitations under those extreme conditions. This pattern of response fits well with its thermal niche charac-
teristics in the southwest of Iberian Peninsula, where there is a prevalence of daily mean high temperatures and a
higher occurrence of heat waves, even at the beginning of its growth period. With cold waves tending to decrease
in the Iberian Peninsula®, the higher photosynthetic efficiency of S. ramosissima against heat waves, even under
hypersaline conditions could provide a great adaptation to these common conditions in its natural distribution
area. However, the increase in frequency of extreme cold episodes due to climate change would compromise the
primary productivity of this important multifunctional cash crop species.

Material and Methods
Plant Material. In September 2014 seeds of S. ramosissima were collected from Odiel marshes (37°15'N,
6°58'0; SW Spain) from a well-established population located in a well-drained intertidal lagoon (mean sea level
+1.65m relative to SHZ). Seeds were stripped for each plant and stored in the dark for 4 months at 4 °C until the
beginning of the experiment.

In February of 2015 seeds were germinated on 9 cm Petri dishes filled with agar 10% into a germinator (ASL
Aparatos Cientificos M-92004, Madrid, Spain) with a day-night regime of 16 h of light (photon flux rate, 400-
700 nm, 35 pmol m~2s7!) at 25°C and 8 h of darkness at 12°C, for 15 days. The seedlings obtained were carefully
transferred with thin tweezers from the agar to individual plastic pots (9 cm high x 11 cm diameter) using perlite
as substrate and making sure that the perlite was tight enough to conduct the nutrient solution until the roots.
These pots were placed in a greenhouse with controlled conditions (temperature between 21-25 °C, 40-60% rel-
ative humidity and natural daylight of 250 pmol m— s~! as minimum and 1000 pmol m— s~" as maximum light
flux). Pots were allocated in shallow trays watering with 20% Hoagland’s solution*! and 171 mM NaCl. Plants were
kept under these conditions until the experimental setup.

Experimental treatments. In May of 2015, after 3 months of seedling culture, plants with an initial height
of 17 ¢cm were randomly divided in six blocks of 10 plants. They were then subjected to three different maximum
and minimum temperature ranges (cold wave: 13/5°C, control: 25/13°C and heat wave: 40/28°C) in combi-
nation with two NaCl concentrations (171 and 1050 mM NaCl) in controlled-environment chambers (Aralab/
Fitoclima 18.000EH, Lisbon, Portugal) for 3 days after 2 days of salinity adaptation to emulate the effect of cold or
heat waves. The salinity concentration of 171 mM NaCl was chosen as the optimum for S. ramosissima develop-
ment, as we have stated previously’, and the higher one (e.i. 1050 mM NaCl) was added to reproduce temporarily
hypersaline conditions in the Gulf of Cadiz marshes, as occurs in saltpans*2. Low and high temperature range
treatments were based on extreme events recorder recently in the southwest of Iberian Peninsula in the seasons
when §. ramosissima presents its vegetative phase (aemet.es). These extreme salinity and temperature situations
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being likely to become more frequent in the future climatic reality'. Salinity treatments were established by using
20% Hoagland’s solution*! and NaCl of the appropriate concentration. Climatic chambers were programmed with
alternating diurnal regime of 14 h of light and 10 h of darkness, light intensity of 1000 pmol m=* s=" and 40-60%
relative humidity. During the experiment salinity concentrations were monitored and maintained at the same
level.

Measurements of plant water status, gas exchange, chlorophyll fluorescence, photosynthetic pigments concen-
trations and anti-oxidant enzymatic activity were taken 3 days after the onset of temperature ranges treatments.
All measurements, except for anti-oxidant enzymatic activity due to need for a greater amount of plant material,
were made on fully developed internodes of similar size primary branches close to distal ends of principal stem,
in order to facilitate the comparison between them and avoid the intra-plant modular variation in response to
abiotic stress®.

Measurement of osmotic potential and water content. At the end of the experiment, the osmotic
potential (I,) of primary branches (n= 10) was determined, using psychrometric technique with a Vapor
Pressure Osmometer (5600 Vapro, Wescor, Logan, USA).

In addition, the relative water content (RWC) of primary branches (n=10) in each treatment was calculated
as follow:

RWC = ((FW—=DW)/(FW=TW))100

Where FW = fresh weight of the branches, DW = dry weight after oven-drying at 80°C for 48 h and TW =turgid
weight after being in water at 4 °C for 24 h.

Measurement of gas exchange and photosynthetic limitation analysis. Gas exchange measure-
ments were taken on randomly selected primary branches using an infrared gas analyser in an open system
(LI-6400XT, LI-COR Inc., Neb., USA) equipped with a light leaf chamber (Li-6400-02B, Li-Cor Inc.) after 3 days
of treatment (n= 10). Net photosynthetic rate (Ay), stomatal conductance (g,), intercellular CO, concentration
(C,) and intrinsic water use efficiency (WUE) were recorded under the following leat chamber conditions: a
photosynthetic photon flux density (PPFD) 1000 pmol photon m=% s=! (with 15% blue light to maximize sto-
matal aperture), vapour pressure deficit of 2.0-3.0 kPa and air, 50 & 2% relative humidity, CO, concentration
surrounding leaf (C,) 400 and temperature of 13+ 1°C, 25+ 1°C and 40+ 1 °C for plants grown at low, medium
and high temperature ranges, respectively. Moreover, mesophyll conductance (g, ) and maximum carboxylation
rate allowed by ribulose-1,5-biphospate (RuBP) carboxylase/oxygenase (V_,,,) were obtained by the curve-fitting
method** using the software package developed by Sharkey et al.**. For this method, four Ay/C; curves on ran-
domly selected primary branches were performed. The curves were made under the same environmental con-
ditions previously used for instantaneous gas exchange measurements. Once the steady-state was reached the
curves were performed by decreasing C, stepwise until 50 pmol mol~!. Therefore, to complete the curve the
chamber conditions were restored to the initial and C, increased stepwise until 2000 pmol mol=!2%%¢, For the
curves, 12 different C, values were used. At each step, gas exchange was allowed to equilibrate for less than 180 s to
reduce changes in Rubisco activity””. On the same branches, dark respiration rate (Ry, pmol CO, m~2 s~!) meas-
urements were performed after curves assessment as CO, efflux. Branches chamber was darkened for 30 min to
avoid transient post-illumination bursts of CO, releasing®®. Leakage of CO, in and out of the leaf chamber was
determined with photosynthetically inactive primary branches and corrected in all curves*. For all the measure-
ments photosynthetic area was assimilated to the half the area of the cylindrical branches, since only the upper
half received the unilateral illumination in the leaf chamber®.

Finally, the effect of the different salinity and maximum and minimum temperature ranges treatments on
the limitations to A, was tested, through to quantification of the absolute limitations of the observed decrease
of Ay at the end of experiment period (3 d) by stomatal conductance (SL), mesophyll conductance (MCL) and
biochemistry (BL) following the approach of Grassi and Magnani*®.

Measurement of chlorophyll fluorescence.  Chlorophyll fluorescence measurements were performed
using a FluorPen FP100 (Photo System Instruments, Czech Republic) in the same branches of gas exchange anal-
ysis at the end of the experiment (n=7). Branches were dark-adapted for 30 min with special pliers designed for
that purpose before the measurement. As Schreiber ef al.”! described, light energy yields of Photosystem II (PSII)
reaction centres were determined with a saturation pulse method. To estimate the maximum fluorescence signal
across time, a saturating light pulse of 0.8 s with an intensity of 8000 pmol m=2 s~! was used. A comparison of
the minimum fluorescence (F'), the maximum fluorescence (F') and the operational photochemical efficiency
values were made with the values of dark adapted branches. Quantum yield of PS II (QY) were calculated as F,/F .

Finally, the maximum electron transport rate (ETR,,,,) and the chlorophyll a fast kinetics, or JIP-test (or
Kautsky curves), which depicts the rate of reduction kinetics of various components of PSII, were also measured
in dark-adapted leaves (n=5 for each treatment) according to Duarte et al.**, using the pre-programmed RLC
and OJIP protocols of the FluorPen. All derived parameters for both RLC and OJIP were calculated according to
Marshall ef al.52 and Strasseret ef al.”® respectively. Furthermore, ETR,,.,/Ay ratio was calculated with the values
obtained from fluorescence rapid light curves and gas exchange measurements.

Measurement of photosynthetic pigment concentration. At the end of the experimental period,
branches samples were randomly collected (n=5) and flash-frozen in liquid N, and freeze-dried for 48 h in the
dark to avoid photodegratation processes for the concentration analysis of photosynthetic pigments®. Samples
were subsequently ground in pure acetone and pigments extracted at —20°C during 24 h in the dark to prevent its
degradation, centrifuged at 4000 rpm during 15 min at 4°C and the resulting supernatant scanned in a dual beam
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spectrophotometer (Hitachi Ltd., Japan) from 350 to 750 nm at 1 nm step. The resulting absorbance spectrum was
used for pigment quantification by introducing the absorbance spectrum in a Gauss-Peak Spectra (GPS) fitting
library, using SigmaPlot Software™. De-epoxidation state index (DES) was calculated as:

([Violaxanthin] + [Anteroxanthin])/([Violaxanthin] + [Anteroxanthin] + [Zeaxanthin])

Measurement of anti-oxidant enzymatic activity. At the end of experiment, three replicates of 500 mg
of fresh branches samples per treatment were ground in 8 ml of 50 mM sodium phosphate buffer (pH 7.6) with
0.1 mM Na-EDTA and were centrifuged at 10000 rpm for 20 min at 4°C to obtaine the soluble proteins to deter-
mine anti-oxidant enzyme activities. Catalase (CAT) activity, was measured according to Teranishi et al.**, by
monitoring the consumption of H,0, and consequent decrease in absorbance at 240 nm (e =39.4mM~' cm™").
The reaction mixture contained 50 mM of sodium phosphate buffer (pH 7.6), 0.1 mM of Na-EDTA, and 100 mM
of H,0,. Ascorbate peroxidase (APx) activity was measured by monitoring the decrease in the absorbance at
290 nm. The reaction mixture contained 50 mM of sodium phosphate bufter (pH 7.0), 12 mM of H,0,, 0.25
mM L-ascorbate®. Molar coefficient of 2.8 mM~! cm ™! was used to calculate the amount of ascorbate oxidized.
Guaiacol peroxidase (GPx) was calculated as Bergmeyer® (1974) indicated. With a reaction mixture made of
50 mM of sodium phosphate buffer (pH 7.0), 2mM of H,0, and 20 mM of guaiacol. For all these enzymes activ-
ities the reaction was initiated with the addition of 100 pl of enzyme extract. To calculate the enzyme activity per
g of protein, total protein content in the extracts was obtained following Bradford*” (1976).

Statistical analysis.  All the statistic tests were performed by a statistical software package R. Two-way anal-
ysis of variance were used to analyze the interactive effect of each temperature ranges and NaCl concentrations
(as categorical factors) treatments on the main physiological parameters (as dependent variables) of S. ramosis-
sima. Multiple comparisons were analyzed by a Tukey (post hoc) test. The significance level considered to assume
means differences was of P < 0.05. Before statistical analysis, Kolmogorov-Smirnov and Levene tests were used to
verify the assumptions of normality and homogeneity of variances, respectively.
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ARTICLE INFO ABSTRACT

A glasshouse experiment was designed to investigate the effect of the co-occurrence of 400 and 700 ppm CO, at
0, 15 and 45 mM Cu on the Cu-tolerance of C, cordgrass species Spartina densiflora, by measuring growth, gas
exchange, efficiency of PSII, pigments profiles, antioxidative enzyme activities and nutritional balance. Our

Keywords:
CO, enrichment
Chlorophyll fluorescence

gu-strecs; results revealed that the rising atmospheric CO, mitigated growth reduction imposed by Cu in plants grown at
G:v?t(h = 45 mM Cu, leading to leaf Cu concentration bellow than 270 mg Kg ™' Cu, caused by an evident dilution effect.

On the other hand, non-CO, enrichment plants showed leaf Cu concentration values up to 737.5 mg Kg ™' Cu.
Furthermore, improved growth was associated with higher net photosynthetic rate (Ay). The beneficial effect of
rising CO, on photosynthetic apparatus seems to be associated with a reduction of stomatal limitation imposed
by Cu excess, which allowed these plants to maintain greater ; WUE values. Also, plants grown at 45 mM Cu and
700 ppm CO,, showed higher ETR values and lower energy dissipation, which could be linked with an induction
of Rubisco carboxylation and supported by the recorded amelioration of N imbalance. Furthermore, higher ETR
values under CO, enrichment could lead to an additional consumption of reducing equivalents. Idea that was
reflected in the lower values of ETR,,.,/Ay ratio, malondialdehyde (MDA) and ascorbate peroxidase (APx),
guaiacol peroxidase (GPx) and superoxide dismutase (SOD) activities under Cu excess, which could indicate a
lower production of ROS species under elevated CO, concentration, due to a better use of absorbed energy.

Spartina densiflora

1. Introduction

Climatic change and environmental pollution, due to heavy metal,
are two of the major challenges to which humanity will to face for the
conservation of ecosystems worldwide (Occhipinti-Ambrogi, 2007).
Climate change is likely to alter plants species composition, structure
and distribution (Allen et al., 2010). In fact, there is a consensus that
atmospheric CO, enrichment could stimulate development and growth
of hundred plants species (Ghannoum et al., 2000). However, it have
been stated that this positive effect is highly dependent on the plant
photosynthetic metabolism, being in certain degree less evident in
plants species with C, photosynthesis metabolic pathway compared
with their Cs-conterparts (Ghannoum et al., 2000). Also, this effect it
could be influenced by other environmental factors, such as salinity
(Lenssen et al., 1993, 1995; Rozema, 1993; Geissler et al., 2009, 2010;

Mateos-Naranjo et al., 2010a,b), drought (Calvo et al., 2017), flooding
(Setter et al., 1989; Duarte et al., 2014a), etc. Recently there are in-
creasing reports indicating that the co-occurrence of heavy metal con-
tamination in natural soils, due to anthropogenic activity, and rising
atmospheric CO,, due to climate change, may have important con-
sequences for plants development. Thus, few of those studies have in-
dicated that metal stress diminished in non-metal tolerance plants when
grown under elevated atmospheric CO, concentration (Tian et al.,
2014), while other have found that phytoremediation efficiency in-
creased in those which have demonstrated high tolerance and metal
uptake capacity (Li et al., 2012). However, despite of these positives
evidences, there is not a general consensus, since metal tolerance may
vary depending on specific plants species and metals.

Up-to-date, most studies regarding the effect of atmospheric CO,
fertilization on plant tolerance and biomass production have been
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reported in response to Cd, Cd/Zn and Cd/Pb pollution (Guo et al.,
2011, 2015; Jia et al., 2011, 2016; Li et al., 2010, 2012; Song et al.,
2013, 2015), being certainly scarce in response to an excess in essential
elements for plant, such as Cu. In fact, CO, enrichment effect along with
Cu pollution has been only reported in some crops species, such as
Brassica juncea, Helianthus annus and Brassica napus (Tang et al., 2003;
Tian et al., 2014), five forage species (Tian et al., 2014) and few ferns
(Zheng et al., 2008). In addition, there is a lack of knowledge about the
physiological and biochemical mechanisms involved in these responses,
especially in plants with C,; metabolism photosynthetic pathway and in
those which have evolved natural ability to cope with extreme metal
polluted environments. Therefore, this experiment was arranged and
developed to fill these gaps of knowledge.

The C,4 halophytic cordgrass, Spartina densiflora Brongn is a suitable
model plant to study in detail the effect of atmospheric CO5 enrichment
on C4 metal tolerant plant performance in the presence of high Cu
amounts in the grown medium, due to its ability to tolerate metal
contamination based in several physiological mechanisms which allows
it to tolerate wide range of environmental factors (Mateos-Naranjo
et al., 2007, 2011), including heavy metal concentrations (Mateos-
Naranjo et al., 2008a). Therefore, this study aimed to: (1) assess the
growth S. densiflora plants in experimental treatments ranging from 0 to
45Mm Cu at ambient and elevated CO, concentrations (400 and
700 ppm CO., respectively); (2) determine the extent to which re-
sponses could be linked with the photosynthetic apparatus responses, in
terms of CO, fixation, PSII efficiency, photosynthetic pigments and
electron transport energy fluxes; (3) with water balances and nutrient
and Cu accumulation patterns; and (4) its relationship with the anti-
oxidant defence abilities consequent of the jointly effect of rising CO»
and Cu.

2. Material and methods
2.1. Plant material

Seeds of S. densiflora were collected during January 2015 at Odiel
estuary (37°15'N, 6°58'W; Huelva SW Spain) from 20 different patches
randomly chosen, located in a well-drained gently sloping intertidal
lagoon (mean sea level +1.70 m relative to SHZ). In the laboratory
seeds were dried in a desiccator for 5 days to remove the humidity and
stored in the dark for 4 months at 4 °C. In May 2015, seeds placed agar-
filled petri dishes and germinated inside a germinator (ASL Aparatos
Cientificos M-92004, Madrid, Spain), under a photoperiod of 16 h of
light (photon flux rate, 400-700 nm, 35 pmol m~*s~ ") at 25 °Cand 8 h
of darkness at 18 °C, for 15 days. The resulting seedlings were then
transferred to individual pots filled with pearlite and placed in a
glasshouse (during summer 2015) for plant development and biomass
increase (minimum-maximum temperatures of 21-25 °C, relative hu-
midity 40-60% and natural daylight of 250 as minimum and
1000 pmol m~ %5~ as maximum light flux). During this period pots
were irrigated with 20% Hoagland’s solution.

2.2. Experimental design description

In October 2015, after four months of seedlings culture, plants were
randomly divided in six block and subjected to three Cu concentrations
(0, 15 and 45 mM) in shallow trays and in combination with two at-
mospheric CO, concentration (400 ppm and 700 ppm) in controlled-
environment chambers (Aralab/Fitoclima 18.000EH, Lisbon, Portugal)
for one month (n = 10 pots per treatment). Chambers were pro-
grammed with alternating diurnal regime of 16 h of light (maximum
photon flux rate, 300 pymolm~2s~ 1) at 25 + 0.5°C and 8 h of dark-
ness at 18 = 0.5 °C and relative humidity 50 = 5%. Atmospheric CO5
concentrations in chambers were continuously recorded by CO; sensors
(Aralab, Lisbon, Portugal) and maintained by supplying pure CO; from
a compressed gas cylinder (Air liquide, B50 35 K).
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At the beginning of the experiment, 2L of each Cu treatments, ob-
tained combining 20% Hoagland’s solution with adequate amount of
CuS047H20, were placed in each of the trays down to a depth of 1 cm.
During the experiment, the levels were controlled to limit the variation
of Cu concentration due to water evaporation. In addition, complete
solution (including CuSO47H,0) was changed weekly. The control
treatment, OmM Cu, had exactly 0.0005mM of Cu, derived from
Hoagland’s solution composition. These Cu concentrations were the
same used in our previous experiments with S. densiflora (Mateos-
Naranjo et al., 2008a, 2015), being evident differences in Cu uptake
capacity and symptoms of stress in S. densiflora respect to the control
treatments.

2.3. Growth analysis

At the end of the experiment (n = 10) plants were collected and
divided in shoots and roots and dried at 60 °C for 48 h until constant
weight. Leaf elongation rate (LER) was measured in randomly selected
young leaves (n = 10, per treatment) according to Mateos-Naranjo
et al. (2008b).

2.4. Gas exchange analysis

Instantaneous gas exchange measurements were performed in ran-
domly selected fully expanded leaves 15 and 30 days after treatment
initiation (n = 10) using an open infrared gas analyzer system (LI-
6400XT, LI-COR Inc., Neb., USA) equipped with a light leaf chamber
(Li-6400-02B, Li-Cor Inc.). Net photosynthetic rate (Ay), stomatal
conductance (g,), intrinsic water use efficiency (WUE) and intercellular
CO; concentration (C;) were determined under the following leaf
chamber conditions: light photon flux density of 1500 pmolm™%s™!
leaf temperature of 25 °C, 50 = 2% relative humidity and CO, con-
centration surrounding leaf (C,) 400 and 700 pmol mol ' air for plants
grown at 400 and 700 ppm CO,, respectively. Before to record each
measurement, gas exchange was allowed to equilibrate (300 s).
Photosynthetic area was approximated as the area of a trapezium.
Intrinsic water use efficiency (WUE) was calculated as the ratio be-
tween Ay and g,.

B

2.5. Stable isotope analysis and C and N concentrations in leaves

At the end of the experiment, carbon isotopic composition of the
pulverized dry leaf samples randomly collected (n = 3) was determined
according to Duarte et al. (2014b), using A Flash EA 112 Series ele-
mental analyzer couple on line via Finningan conflo III interface to a
Thermo delta V S mass spectrometer. The carbon isotope ratio was
expressed in delta (8) notation as the parts per thousand (%o) con-
sidering its deviation from a standard material (PDB limestone) through
the formula: 8'*C or 8> N = [(Rsample/Rstandara) — 1] % 10°, where R
is 13C/'C. The analytical precision for the measurement was 0.2%o.
Carbon and nitrogen contents (%) were attained during the same ana-
lysis (n = 3).

2.6. Gauss peak-spectra pigment analysis

At the end of the experiment period, photosynthetic pigments in leaf
samples randomly collected (n = 5), flash-frozen in liquid N, and
freeze-dried for 48 h in the dark to avoid photodegratation processes
(Duarte et al., 2014b). Samples were subsequently grinded in pure
acetone and pigments extracted at —20 °C during 24 h in the dark to
prevent its degradation, centrifuged at 4000 rpm during 15 min at 4 °C
and the resulting supernatant scanned in a dual beam spectro-
photometer (Hitachi Ltd., Japan) from 350 to 750 nm at 0.5 nm step.
The resulting absorbance spectrum was use to the determination of all
the target pigments, after application of the using Gauss-Peak Spectra
(GPS) algorithm according to Kiipper et al. (2007). For this Sigma Plot
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Software with a GPS fitting library was employed. From the resulting
pigment concentrations was also possible to calculate the De-Epoxida-
tion State (DES) as follow (Duarte et al., 2014b):

DES = [Antheraxantin] + [Zeaxanhin]/[Violaxanthin] + [Antherax-
antin] + [Zeaxanthin]

2.7. Chlorophyll fluorescence analysis

Modulated chlorophyll fluorescence measurements were made on
the same leaves of gas exchange on the day of maximum stress, 30 days
after treatment initiation (n = 10), using a FluorPen FP100 PAM
(Photo System Instruments, Czech Republic) on light and 30 min dark-
adapted leaves. Light energy yields of the Photosystem II (PSII) reaction
centres were determined with a saturation pulse method as described
by Schreiber et al. (1986), using a 0.8 s saturating light pulse with an
intensity of 8000 pmol m™*s~'. Furthermore, maximum electron
transport rate (ETR,,,,) was also obtained using the pre-programmed
Rapid Light Curve protocol, by exposing dark-adapted leaves to in-
creasing light levels and recording the quantum yield after exposure to
each light intensity level. Additionally the chlorophyll a fast kinetics, or
JIP-test (or Kautsky curves), which depicts the rate of reduction kinetics
of various components of PSII, were also measured in dark-adapted
leaves (n = 5 for each one) according to Duarte et al. (2015), using the
pre-programmed OJIP protocols of the FluorPen. All derived para-
meters for both RLC and OJIP were calculated according to Marshall
et al. (2000) and Strasser et al. (2004), respectively (Table 1).

Table 1
Summary of fluorometric analysis parameters and their description (Strasser and Stribet,
2001).

Photosystem 11 Efficiency

Fv/Fm

PS 11 Operational and
Maximum Quantum
Yield (®PSIT)

Maximum quantum efficiency of PSII photochemistry
Light and dark-adapted quantum yield of primary
photochemistry, equal to the efficiency by which a PS
11 trapped photon will reduce Q4 to Qx

Rapid Light Curves (RLCs)

rETR Relative electron transport rate at each light intensity
(rETR = ®PSIIx PAR x 0.5)

ETRmax Maximum ETR after which photo-inhibition can be
observed

Ey The onset of light saturation

o Photosynthetic efficiency, obtained from the initial

slope of the RLC

Energy Fluxes (Kautsky curves)

Area Corresponds to the oxidized quinone pool size
available for reduction and is a function of the area
above the Kautsky plot

PO Maximum yield of primary photochemistry

GE0 Probability that an absorbed photon will move an
electron into the electronic transport chain

DO Quantum yield of the non-photochemical reactions

wo Probability of a PS 1I trapped electron to be

transported from Qa to Qs
N Reaction centre turnover rate

Sm Net rate of PS 1I RC closure

MO Net rate of PS 11 RC closure

8RO Efficiency with which an electron can move from the
reduced intersystem electron acceptors to the PS Iend
electron acceptors

ABS/CS Absorbed energy flux per leaf cross-section.

TR/CS Trapped energy flux per leaf cross-section

ET/CS Electron transport energy flux per leaf cross-section

DI/CS Dissipated energy flux per leaf cross-section.

RC/CS Number of available reaction centres per leaf cross
section

PI Total Performance index

Grouping Probability The grouping probability is a direct measure of the

(Pg) connectivity between the two PS II units
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Fig. 1. Growth of Spartina densiflora in response to treatment with a range of Cu con-
centrations at 400 and 700 ppm CO, for 30d. Aboveground biomass (A), belowground
biomass (B) and leaf elongation rate (C). Values represent mean * SE, n = 10. Different
letters indicate means that are significantly different from each other (LSD test
P < 0.059).

2.8. Antioxidant enzymes analysis

At the end of experiment, 500 mg of fresh leaves tissues were
powdered in liquid nitrogen then homogenized under cold conditions in
8.0 mL of extraction buffer containing 50 mM phosphate buffer (pH
7.6) with 0.1 mM EDTA. After centrifugation at 8923 rpm for 20 min at
4 °C, the supernatant was used in enzymatic analysis, and the specific
enzyme activities were expressed as units per mg of protein (n = 3).
Total protein content analysis was carried out according to Bradford
(1976), using bovine serum albumin as a standard.

Ascorbate peroxidase (APx) was assayed according to Tiryakioglu
et al. (2006). Shortly, the reaction mixture contained 50 mM of sodium
phosphate buffer (pH 7.0), 12 mM of Hz03, 0.25 mM L-arcorbate. The
enzymatic reaction was started with the addition of 100 pL of plant
extract and its activity recorded at 290 nm and the amount of ascorbate
oxidized calculated from the molar extinction coefficient of
2.8 mM ! em . Catalase (CAT; EC1.11.1.6) was assayed according to
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Fig. 2. Net photosynthetic rate, Ay (A), stomatal conductance, g, (B), intercellular CO, concentration, C; (C), and intrinsic water use efficiency, ;WUE (D), Carbon an nitrogen con-
centrations ratio, C/N (E) and stable carbon isotope signature §'*C/8'® N ratio in randomly selected, fully expanded penultimate leaves of Spartina densiflora in response to treatment with
a range of Cu concentrations at 400 and 700 ppm CO, after 15 and 30d of treatment. Values represent mean = SE, n = 10 for gas exchange parameter and n = 3 for C/N and 5'%C/8'®
ratios. Different letters indicate means that are significantly different from each other (LSD, P < 0.05).

Table 2

Photosynthetic pigments concentrations (ug/g) and DES state in randomly selected, fully expanded penultimate leaves of Spartina densifiora in response to treatment with a range of Cu
concentrations at 400 and 700 ppm CO: after 30 d of treatment. Values represent mean *+ SE, n = 5. Different letters indicate means that are significantly different from each other
(LSD, P < 0.05).

[Cu] (mM) [CO2] (ppm) Chl a Chl b Phe a b-carotene Lutein Neoxanthin Violaxanthin Zeaxanthin DES

0 400 242,5 = 19.2* 91.5 = 6.7% 141 = 2.3* 5.8 = 0.5% 201 £ 4.1° 89 = 1.4* 3.8 = 1.1* 6.4 = 0.9* 0.60 = 0.05%
700 2004 = 17.4* 826 = 5.1° 155 = 2.5 5.6 = 0.4* 17.8 + 2.4* 7.1 £ 1.2° 45 + 0.9* 59 + 1.1* 0.52 = 0.04"

15 400 162.6 + 6.5" 51.4 = 1.9° 5.7 +0.2° 4.5 = 0.2 153 = 0.8* 7.1 = 0.4 3.6 = 0.2 4.7 = 0.3 0.42 = 0.01*
700 174.2 + 11.5° 444 + 1.6° 8.8 + 24" 59 + 1.4* 154 + 29% 55 + 1.1* 6.7 + 2.2°% 59 + 1.2* 0.49 + 0.06"

45 400 167.3 = &.7° 54.0 = 3.1° 4.9 = 05" 51 = 0.3 159 = 0.9* 6.8 = 0.6" 3.6 £ 1.2° 51 = 0.3* 0.41 = 0.07*
700 166.5 = 7.4" 58.3 * 45" 7.8 = 1.2° 51 = 0.4* 153 = 1.8* 6.6 = 0.2 5.4 = 1.3% 55 = 0.4 0.51 = 0.04*

the protocol of Teranishi et al. (1974) in a mixture of 890 mL of sodium 590 mL of sodium phosphate buffer (50 mM, pH 7.0), 200 mL of H,0,
phosphate buffer (50 mM, pH 7.0), 100 mL of plant extract and 10 mL (50 mM) and 10 mL of plant extract. After guaiacol addition (20 mM)

H,0, (15%). Enzyme activity was recorded at 240 nm and calculated the reaction absorbance is monitored for 2 min at 470 nm (guaiacol
using the molar extinction coefficient for H,0, (39.4 mM ™' em™1). molar extinction coefficient = 26.6 mM ™! em ™). Superoxide dis-
Guaiacol peroxidase (GPx; EC1.11.1.7) activity was determined ac- mutase (SOD; EC1.15.1.1) was assayed according to Marklund and

cording to Zhou et al. (1997) in 1 mL of reaction mixture containing Marklund (1974) by calculating the inhibition of pyrogallol
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autooxidation by SOD at 325 nm for 2 min in a reaction vase containing
550 mL sodium phosphate buffer (50 mM, pH 7.6), 360 mL Milli-Q
water and 10 mL of plant extract. The reaction was started with the
addition of 80 mL Pyrogallol (3 mM). One enzyme activity is defined as
the amount of enzyme capable of inhibiting 50% of the autooxidation of
pyrogallol.

2.9. Membrane lipid peroxidation

According to Heath and Packer (1968), leaf samples were homo-
genized in 20% Trichloroacetic acid (TCA), containing 0.5% Tiobarbi-
turic acid (TBA) at a ratio of 100:1 (m/v) leaf fresh weight to acid. The
homogenate was extracted at 95°C for 30 min, and the reaction was
immediately stopped in ice and centrifuged at 15,000 rpm for 5 min at
4 °C. Absorbance at 532 nm and 600 nm was detected in a Shimadzu
UV-1603 spectrophotometer. The concentration of malondialdehyde
(MDA) was calculated using the molar extinction coefficient,
155mM 'em™! (n = 3).

2.10. Ions concentration of plant tissues analysis

At the end of the experiment, 30 days after treatments initiation,
leaves and roots were successively and meticulously washed with dis-
tilled water in order to remove ions from the free spaces and from its
surface prior to analysis and then dried at 60 °C for 48 h. After that sub-
samples (0.5 g) from leaves or roots compounded from the 10 replicate
plants were digested in triplicates with 6 mL HNO3;, 2 mL NaOH and
1 mL H,0,. Ttotal Cu, Ca, K, Mg and P concentrations were measured
by inductively coupled plasma (ICP) spectroscopy (Mateos-Naranjo
etal., 2011).
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2.11. Statistical analysis

All the statistic tests were performed by a statistical software
package Statistica v. 6.0 (Statsoft Inc.). The differential effect of copper
and atmospheric CO, concentrations treatments were determined by
Two-way analysis of variance. Multiple comparisons were analyzed by
a LSD test. Before statistical analysis Kolmogorov-Smirnov and Levene
tests were used to verify the assumptions of normality and homogeneity
of variances, respectively.

3. Results
3.1. Growth analysis

Total dry mass (above- and belowground) was considerably reduced
at the highest Cu concentration in plants grown at 400 ppm COz, while
it was not significantly affected in those grown at 700 ppm CO, (Two-
way ANOVA: COz x Cu, p < 0.05; Fig. 1A and B). Furthermore, leaf
elongation rate decreased in presence of Cu concentration in similar
degree in both atmospheric CO, concentrations, but this effect was
more acute in plants grown at 45 mM Cu under ambient atmospheric
CO, concentration, (Two-way ANOVA: CO, x Cu, p < 0.05; Fig. 1C).

3.2. Gas exchange analysis

There was significant effect of CO; and Cu concentrations in several
gas exchange variables, and overall our results showed similar trend at
each of the two sampling time for each specific parameter. Also there is
to note that our statistical analyses indicated that Cu had a more sig-
nificant effect than CO2 concentration on gas exchange characteristics
especially in plants grown at the highest Cu concentration treatment.
Thus, Ay showed a similar sharp decreased in presence of Cu in growth
medium for both atmospheric CO, levels after 15 d of treatment (Two-
way ANOVA: Cu, p < 0.05; data non presented); however, after
30 day of treatment, plants grown at 400 ppm CO, with 45 mM Cu
showed lower values than those at high CO, concentration (Two-way
ANOVA: CO, x Cu, p < 0.05; Fig. 2A). g, showed a highly similar
trend to that of Ay, recording the lowest values for S. densiflora plants
grown at 45 mM Cu and 400 ppm CO, after 30 d of treatment (Fig. 2B).
Contrarily, C; values increased with Cu concentration for both atmo-
spheric CO, levels in each specific sampling time, and overall those
values were higher in plants grown at 700 ppm CO, at 0 and 15 mM Cu
(Two-way ANOVA: CO; x Cu, p < 0.05; Fig. 2C). Finally, ;WUE de-
creased in presence Cu in plants grown at 400 ppm CO», while it did not
vary respect to the control in those expose to high atmospheric CO,
concentration after 15 d (Two-way ANOVA: COy % Cu, p < 0.05; data
non presented). Similar trend was recorded after 30 d, although this
was only statistically different between CO, treatments in plants grown
at 45 mM Cu (Fig. 2D).

3.3. Stable isotope analysis and C and N concentrations in leaves

Leaves C/N ratio increased in presence of Cu in growth medium at
both atmospheric CO, concentrations treatments, except in plants ex-
posed to 45 mM Cu and 700 ppm CO, which did not vary respect to
control treatment (Two-way ANOVA: CO, X Cu, p < 0.05; Fig. 2E).
This response was linked with the maintaining of N content compared
with their non-supplied CO, counterparts. On the other hand, leaves
stable isotope composition showed that §'*C/8'°N ratio signature de-
creased with Cu concentration in S. densiflora plants at ambient CO»
concentration (Two-way ANOVA: CO; x Cu p < 0.05; Fig. 2F),
whereas those grown at 700 ppm CO, maintained its isotopic signature
almost unaffected.
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3.4. Leaves pigments analysis

Chl a, Chl b and Phe a concentrations decreased in presence of Cu in
similar degree in both atmospheric CO, concentrations treatment (Two-
way ANOVA: Cu, p < 0.05), but without statistical differences be-
tween Cu treatments (Table 2). Contrarily the concentrations of each
specific carotenoids and DES state did not vary with Cu and CO, con-
centrations treatments (Table 2).

3.5. Chlorophyll fluorescence analysis

Fo/Fm and ®pg; values decreased with the increased of Cu con-
centration in both atmospheric CO2 concentrations, but this reduction
was more acute in plants grown at 45 mM Cu and 400 ppm CO» com-
pared with the CO, enrichment treated plants (Two-way ANOVA:
CO, x Cu, p < 0.05; Fig. 3A and B).

On the other hand the increment of Cu concentration induced a
marked decrease in the ETR values at all tested light levels at both
atmospheric CO, concentrations, being this deleterious effect mitigated
in a certain degree in plants grown at 700 ppm CO, at the highest Cu
concentration treatment (data non-presented). This response was evi-
dent for the specific RLC-derived parameters. Thus a and ETR,,,,, values
were lower in plants grown at 45 mM Cu compared with the rest of
treatments, without any statistical differences between both CO,
treatments (Two-way ANOVA: Cu, p < 0.05; Fig. 4A and C). Similar
trend showed Ey in plants grown at ambient CO,, while at 700 ppm CO»
it didn’t show any significant difference upon the application of Cu
(Fig. 4B). As a consequence of previous described trends, ETRpax/An
ratio increased considerably mainly in plants grown at 45 mM Cu and
ambient atmospheric CO2 concentration, reaching values up to 27
(Fig. 4D).

Focusing on derived-parameters from the Kautsky curves, there is to
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notice that overall there was significant effect of Cu and CO; con-
centrations in several variables. Thus, the Area above the Kautsky plot
was lower in plants grown at low and middle Cu concentrations under
rising atmospheric CO, concentration compared with those grown at
400 ppm (Two-way ANOVA: CO, x Cu, p < 0.05; Fig. 5A). This
parameter also decreased at the highest Cu concentration in similar
degree for both CO, levels. Furthermore, in general the presence of Cu
increased PG, N, Sm, Mo and 8RO values, being these increments con-
siderably greater in plants grown at 45 mM Cu compared with the rest
of Cu treatments (Two-way ANOVA: Cu, p < 0.05; Fig. 5B-F) and
without significant differences between both CO; level. On the other
hand, @pg, @go and @ decreased gradually with the increment of Cu
concentration, showing the lower values in plants grown at 45 mM Cu
(Two-way ANOVA: Cu, p < 0.05; Fig. 6A-C). However these reduc-
tions were in certain degree mitigated in plants grown at elevated CO»
concentration, which did not show significant differences respect those
exposed to 15 mM at both CO, concentrations. Contrary @po increased
gradually with Cu concentration, being this increment greater in plants
grown at 400 ppm CO, but without significant differences respect to
those exposed to 700 ppm CO, (Two-way ANOVA: Cu, p < 0.05;
Fig. 6D).

Finally regarding the energetic fluxes on a leaf cross-section basis
(phenomological fluxes) showed that RC/CS, TR/CS and ET/CS de-
creased mainly in plants growth at 45 mM Cu compared with the rest of
treatment (Two-way ANOVA: CO, x Cu, p < 0.05; Fig. 7A-C), al-
though these reductions were in certain degree mitigation at 700 ppm
COa, being this positive effect only statistically significant for ET/CS
(Fig. 7C). Furthermore the presence of Cu in growth medium promoted
a sharp decrease on PI for all plants and without any statistical differ-
ences between both Cu or CO, concentrations treatments (Fig. 7F).
Contrary DI/CS and ABS/CS values increased considerably in plants
grown at 45mM compared with the other treatments for both CO,
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+

represent mean

concentration treatments, with the exception of the DI/CS values in
plants grown at 700 ppm CO,, which did not show significant differ-
ences respect to the control treatment (Fig. 7D and E).

3.6. Oxidative damage biomarkers

CAT activity did not vary with Cu and CO, concentrations treat-
ments, showing mean values around 0.12 U ug_l protein (Fig. 8A).
Contrary in certain degree APx and GPx activities increased in plants
grown at 45 mM Cu and 400 ppm CO2, compared with their COs-en-
richment counteracts (Two-way ANOVA: CO; x Cu, p < 0.05; Fig. 8B
and C). Finally SOD activity showed a sharp increment in plants grown
at 15mM Cu and then decreased to similar values than control, being
this increment greater in plants grown at 400 ppm COz (Two-way
ANOVA: COz x Cu, p < 0.05; Fig. 8D). As for membrane damage,
there was an evident augmentation in the accumulation of MDA in
plants grown at 45mM, which showed values of 0.026 and
0.021 mM g~ ' FW for plant grown at 400 and 700 ppm CO,,_compared
with the other treatments with mean values c. 0.010 mM g~ ' FW.
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SE, n = 10. Different letters indicate means that are significantly different from each other (LSD, P < 0.05).

3.7. Ions concentration analysis

There were significant effects of Cu and CO, concentration treat-
ments on the tissues ions concentrations (Two-way ANOVA: CO, x Cu,
p < 0.05; Table 3). Copper concentration within the tissues showed an
increase along the external Cu exposure, but the trajectory of Cu con-
centration in leaves and roots was different in relation with atmo-
spheric CO, concentration. Thus, in plants grown at 400 ppm CO.,
leaves Cu concentration increased markedly with external Cu con-
centration, ranging between 4.9 and 737.5mgkg ' Cu, while at
700 ppm COs it showed mean values ¢. 270 mg kg ~* Cu in presence of
Cu. Contrary roots Cu concentrations did not showed any statistical
relationship with atmospheric CO, concentration treatment, showing
values which varied between 581.3 mg kg ™! Cu and 715.8 mg kg ™' Cu
of plants grown at 15mM Cu and 700 ppm COz and those exposed to
15 mM Cu and 400 ppm COs, respectively. Concentrations of Ca, Mg in
leaves and Mg and P in roots did not vary with Cu or CO2 concentration
treatments. In contrast, overall decreases in K and P concentrations in
leaves and in Ca and K concentrations in roots were recorded in pre-
sence of Cu. However, few differences were noted between both CO,
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treatments.

4, Discussion

4.1. Effect of atmospheric CO, enrichment and cu excess on S. densiflora
tolerance and Cu accumulation

Our study indicated that although Spartina densiflora has denoted a
great tolerance to copper exposure and even a high capacity for accu-
mulating it in its tissues (Mateos-Naranjo et al., 2008a, 2015), at high
metal concentration (45 mM Cu) its growth was clearly impaired, with
total above- and belowground dry mass reduction of 33% and 48%
respectively compared with the control treatment. Crossing this trend
with Cu concentration in plants tissues, we found that Cu concentration
in S. densiflora tissues increased significantly with metal addition,
reaching values up to 737.5 mg kg~ Cu for leaves in plants grown at
45 mM and ambient CO, concentration. These values are much higher
than those suggested as normal in plants tissues and thus could be toxic
for S. densiflora plants (Kabata-Pendias and Pendias, 2001), explaining
the reported growth reduction. However, the rising atmospheric CO,
concentration, in a certain extent, mitigated growth reduction, being
this positive effect more evident in aboveground and belowground dry
mass for plants grown at 45mM Cu. This positive impact on carbon
assimilation would contribute to explain the recorded differences in
isotope composition signature, which could have been also affected by
the surrounding CO- concentration, since stable isotopes are a reflec-
tion of the source and fixation of carbon (Guy et al., 1986).

On the other hand, the higher biomass accumulation in plants
grown at elevated CO5 concentration could explain the reduction in Cu
leaves concentration recorded due to dilution effect, which made that
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Cu concentration did not exceed values greater than 270 mgkg ™! Cu.
Contrary, roots Cu concentration did not vary between CO, con-
centration treatments, showing in both cases concentrations as higher
as previously recorded in other studies (Mateos-Naranjo et al., 2008a,
2015). This result indicates that atmospheric CO, enrichment would
increase the Cu toxicity threshold previously reported for S. densiflora,
maintaining at the same time its high phytostabilization potential by
the accumulation of great amount of Cu in its roots (Mateos-Naranjo
et al., 2008a).

4.2. Effect of atmospheric COz enrichment and Cu excess on S. densiflora
photosynthetic gas exchange characteristics

Although Cu is an essential nutrient for plant development, its ex-
cess can lead to several phytotoxicity effects on plant performance and
metabolic process, and these effects are often the results of mineral
nutrition and water imbalances (Kabata-Pendias and Pendias, 2001), as
well as photosynthetic metabolism alterations (Nalewajko and
Olaveson 1995; Mallick and Mohn, 2003). In fact, our results revealed
deficiencies in mineral nutrition in the plants grown in presence of Cu.
Furthermore, according to Mateos-Naranjo et al. (2008a, 2015), we
found that Ay sharply declined in presence of Cu in growth medium.
However, these effects were in certain modulated by atmospheric CO,
enrichment. Thus although the different CO, exposure levels didn’t
affect S. densiflora nutrient balances, we found that plants grown at
45 mM Cu and elevated atmospheric CO. concentration were able to
maintain higher Ay values than their non-supplied CO; counterparts.
These results are in agreement with previously recorded by Wang et al.
(2012) and Guo et al. (2015), who found that atmospheric CO, en-
richment stimulated leaf photosynthesis in Populus and Salix species at
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letters indicate means that are significantly different from each other (LSD, P < 0.05).

elevate Cd concentrations. However, our experiment is the first com-
plete report which downscaling to the possible mechanisms involved
with positive effect of rising CO, concentration on photosynthetic re-
sponse of a C4 metabolic photosynthetic pathway species, which ap-
parently would not be so favoured in similar degree compared with
their Cs-conterparts (Duarte et al., 2014b), under Cu excess.

CO2 enrichment-mediated alleviation of Cu toxicity on the photo-
synthetic apparatus of S. densiflora could be attributed to several rea-
sons (e.g. CO, fixation, enzyme activities and electron transport), since
many or even most steps in photosynthetic pathway may be favoured
under metal excess and synergy atmospheric CO» enrichment. Our re-
sults indicated that the most obvious effect of CO, enrichment on the
photosynthesis response of S. densiflora grown at the highest Cu con-
centration was ascribed to the reduction of stomatal limitation imposed
to CO, transport imposed by Cu excess (Mateos-Naranjo et al., 2008a,
2015). In sum, plants exposed to 700 ppm CO, were able to maintain
higher g, values than their non-supplied CO, counterparts. However,
this positive effect on g; was less pronounced than the previously
highlighted in Ay, leading to a higher ability of these plants to maintain
a better water balance, as indicated its greater ;WUE values. The posi-
tive effect of atmospheric CO, enrichment on water relationships on
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others C4 plants species and also in S. densiflora in response to en-
vironmental stress, such as drought (Wall et al., 2001) and salinity
(Mateos-Naranjo et al., 2010a,b), has been reported previously.

4.3. Effect of atmospheric CO; enrichment and Cu excess on S. densiflora
light energy use efficiency

Our results revealed that Cu excess injured S. densiflora photo-
systems functionality, as has been previously described in S. densiflora
(Mateos-Naranjo et al., 2008a, 2015), indicating that Cu excess en-
hances photoinhibition induced by light excess. However, these effects
were in certain mitigated by atmospheric CO, enrichment. Thus, al-
though the different CO, exposure levels didn’t affect S. densiflora light
energy efficiency at level of photosynthetic pigment, we found bene-
ficial effects in terms of improvement of PSII efficiency, electron
transport rate energy fluxes and the reduction of the over-reduction of
the reaction centres of PSII under light excess. Thus at 45 mM Cu and
700 ppm CO, plants were able to maintain greater values of F/Fp,
Dpgy Pro, Pro and ¢ than non-treated CO, enrichment plants. This
reported enhanced of PSII efficiency under elevated CO; is consistent
with the results of Wall et al. (2001) and Cousins et al. (2002), who
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Table 3

Total Cu, Ca, K, Mg and P concentrations for leaves and roots of Spartina densiflora in response to treatment with a range of Cu concentrations at 400 and 700 ppm CO, for 30d.

Tissue [Cu] (mM) [CO,] (ppm) Cu (mg Kg™ ") Ca(mgg ) K(mgg ") Mg (mgg ") P(mgg ")
Leaves 0 400 4.9 + 1.0° 3.4 + 03" 25.4 + 0.2" 3.3 + 0.2° 26 + 0.1°
700 5.4 + 0.2° 3.1 = 02" 24.3 + 0.3* 29 + 0.1* 2.9 + 0.1°

15 400 179.6 + 2.0" 3.1 + 0.2* 17.8 + 0.4° 2.9 + 0.1° 1.6 + 0.2"

700 248.9 + 6.3 3.1 = 02" 19.2 = 0.4° 2.7 = 0.1° 1.9 = 0.2°

45 400 737.5 + 4.0° 36 + 0.1° 221 + 0.6 3.4 + 04° 2.6 + 0.2°

700 201.4 + 4.9¢ 2.9 + 0.4° 19.6 + 1.1° 3.0 + 0.2* 21 + 0.1

Roots 0 400 7.6 + 0.5 2.4 + 01* 10.5 + 0.3 1.4 + 0.1° 1.9 + 0.2°
700 82 + 1.4° 22 = 01° 15.3 = 1.0° 1.7 = 0.3° 27 = 0.1°

15 400 715.8 + 11.0° 1.9 + 0.1° 7.8 + 0.5" 1.1 + 0.2¢ 1.3 + 0.2¢

700 581.3 + 9.0° 16 + 0.2° 6.0 + 0.3" 1.0 + 0.2° 1.0 + 0.5

45 400 588.5 + 3.0° 15 = 0.2° 7.3 + 0.4" 1.2 = 0.2° 1.5 = 0.2°

700 627.7 + 12.0° 15 + 0.3° 8.6 + 0.5 1.1 + 0.2° 1.8 + 0.4

+

Values represent mean

found also that CO,, fertilization stimulated photosynthetic rates of the
C, species Sorghum bicolor under drought stress. These authors in-
dicated that the enhancement of PSII efficiency was related to an in-
crease in ETR rate. According to this study, plants grown at 45 mM Cu
and 700 ppm CO,, presented greater values of ETR. In addition, an
enhancement of ETR under elevated CO, concentration has been re-
lated with an induction of Rubisco carboxylation capacity which allow
plants to maintain its photosynthetic capacity in response to metal
stress (Guo et al., 2015) or other environmental stresses (Mateos-
Naranjo et al., 2010a). Down-regulation of Rubisco enzymes has also
been previously observed in response to Cu stress in S. densiflora
(Mateos-Naranjo et al., 2008a, 2015). Rubisco enzyme activity is highly
related with the photosynthetic potential as well as with N economy,
since great amounts of N are invested in Rubisco protein (Evans 1989;
Makino et al., 1992). Thus, our results indicated that in a certain de-
gree, the beneficial effect of CO, enrichment on S. densiflora

lo4

SE, n = 6. Different values indicate means that are significantly different from each other (Two-way ANOVA, p < 0.05).

photosynthetic apparatus could be ascribed to the maintenance of Ru-
bisco activity, through the amelioration of leaves N imbalance in plants
grown under Cu excess, together with the documented enhancement of
ETR. Furthermore, CO, positive effect on ETR was linked with the
higher availability of electron acceptors as well as with the greater ef-
ficiency in transporting absorbed energy from the light-harvesting
complexes to the PSII reaction centres, as was observed by the overall
higher values of RC/CS, TR/CS, ET/CS and ABS/CS. Additionally these
plants showed lower energy dissipation values, which would indicate
an enhancement in photochemical light use efficiency at elevated CO,
levels (Duarte et al., 2014b). This fact indicates that CO, enrichment
plants through the maintenance of a greater efficiency in the electron
transport rate would able to cope with the over-reduction of the reac-
tion centres of PSII, which could derive from inadequate performance
of its photosystems (Cousins et al., 2002; Duarte et al., 2014b).
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4.4. Effect of atmospheric CO, enrichment and Cu excess on S. densiflora
ability to cope with the excess of energy absorbed by its photosystems

Plants undergo light stress when they absorbed more light than they
could employ in photosynthesis activity. Under stress conditions this
situation can be exacerbated, since the already stress photosystems
cannot withstand the same light energy levels than healthy photo-
synthetic apparatus (Duarte et al., 2013). Our study indicates that the
modifications in the photosynthetic rates observed under Cu excess in
plants grown at ambient CO,, would contribute to the accumulation of
excessive reducing power. This excessive redox energy stored within
the stroma has to be dissipated through activation of protection me-
chanism, such as the xanthophyll cycle in order to avoid the damage on
the thylakoid membrane system due to ROS production and D1 protein
destruction, with inevitable decoupling of the PSII subunits (Duarte
et al., 2013, 2014b). In fact, the increase in energy dissipation me-
chanisms was clearly observed in S. densiflora plants grown ambient
COz, as indicated by the higher DI/CS and @po values, which in certain
degree contribute to cope with the excess energy absorbed, but redu-
cing the efficiency of PSII through photoinhibition, as it was previously
described for other halophytes (Redondo-Gomez et al., 2010). This
depletion in the photosynthetic productivity has its higher expression if
the lower development of S. densiflora plants grown under Cu excess
and at ambient atmospheric CO, is considered (Melis, 1999). Thus the
maintenance of cyclic electron transport under CO, enrichment could
be a mechanism to protect S. densiflora against excess of radiation under
Cu excess, which could lead to an additional consumption of reducing
equivalents and can thus function as sinks for excessive excitation en-
ergy (Asada, 1996). This idea is supported by the antioxidants defence
enzymes response modulation under elevated CO,. The overall lower
values of APx and GPx activities at both Cu concentration treatments
and lower SOD activity for plants grown at 15 mM Cu indicates a lower
ROS production under elevated CO; concentration, which is supported
by the abovementioned thesis, where the enhanced use of reducing
power for assimilation in photosynthesis would reduce the ROS gen-
eration. According Guo et al. (2015), the conservation of high levels of
photosynthetic activity in Populus and Salix species under Cd stress
under CO, enrichment was related with the decreasing of reactive
oxygen species accumulation. In addition the lower risk of ROS pro-
duction was supported by the lower MDA concentration and ETR;,.,/Ayn
ratio recorded mainly in plants grown at 45 mM Cu and 700 ppm CO,
compared with their non-CO,, treated counteracts, since this ration has
been considered an indicator of ROS production in plants in response to
several stress (Hussin et al., 2017).

5. Conclusion

This study indicates that atmospheric CO, enrichment would in-
crease Cu toxicity threshold previously reported for S. densiflora,
maintaining at the same time its high phytostabilization potential. This
mitigation effect of atmospheric CO, enrichment on S. densiflora growth
under Cu excess appears to be linked with the protection of several
steps in its photosynthetic pathway, such us CO, fixation due to re-
duction stomatal limitation, which also contribute to improve S. den-
siflora water balance. Furthermore the positive impact of rising CO, was
ascribed to a better use of absorbed energy, which could lead to an
additional consumption of reducing equivalents reducing the risk of
ROS species production, as indicated the greater ETR values and the
non enhanced ETR,,,, /Ay ratio and MDA concentration, lower dis-
sipation energy rate and the modulation antioxidant enzymes activities
under elevated COs.
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ARTICLE INFO ABSTRACT

The potential importance of Juncus acutus for remediation of Zn-contaminated lands has been recognized, be-
cause of its Zn tolerance and capacity to accumulate Zn. Since it is also a halophyte, the extent to which salinity
influences its Zn tolerance requires investigation. A factorial greenhouse experiment was designed to assess the

Keywords:
Chlorophyll fluorescence
Gas exchange

E;lﬂp;ii__ effect of NaCl supply (0 and 85mM NaCl) on the growth, photosynthetic physiology and tissue ions con-
Saf:]? ition centrations of plants exposed to 0, 30 and 100 mM Zn. Our results indicated that NaCl supplementation alle-
Zn-sr_r?.;s viated the effects of Zn toxicity on growth, as Zn at 100 mM reduced relative growth rate (RGR) by 60% in the

absence of NaCl but by only 34% in plants treated also with NaCl. This effect was linked to a reduction in Zn
tissue concentrations, as well as to overall protective effects on various stages in the photosynthetic pathway.
Thus, at 85 mM NaCl plants were able to maintain higher net photosynthesis (Ay) than in the absence of added
NaCl, although there were no differences in stomatal conductance (g;). This contributed to preserving the trade-
off between CO, acquisition and water loss, as indicated by higher intrinsic water use efficiency (WUE). Hence,
Ay, differences were ascribed to limitation in the RuBisCO carboxylation, manifested as higher intercellular CO,
concentration (G), together with dysfunction of PSII photochemistry (in term of light harvest and energy excess
dissipation), as indicated by higher chronic photoinhibition percentages and variations in the photosynthetic
pigment profiles in presence of Zn under non-saline conditions.

1. Introduction

Juncus acutus L., is a caespitose, halophytic rush, with a sub-cos-
mopolitan distribution, that inhabits coastal marshes and dune slacks
encompassing a wide range of salinity (Fernandez-Carvajal, 1982).
Together with various other Juncus species, it has been proposed as a
bio-tool for wetland restoration projects around the world (Sparks et al.,
2013; Marques et al., 2011). In particular, it has potential for the re-
mediation of metal pollution, since it shows great tolerance to excess
metals and the capacity to accumulate large amounts of them in its
tissues without serious symptoms of toxicity (Mateos-Naranjo et al.,
2014; Santos et al., 2014; Christofilopoulos et al., 2016). Medas et al.
(2017) have recently suggested that J. acutus is able to optimize its
response to metal pollution by tuning different biomineralization me-
chanisms with the minerals and geochemical conditions of the site.
Previous studies of metal accumulation and its effects on the perfor-
mance J. acutus have focused on zinc (Mateos-Naranjo et al., 2014;

Santos et al., 2014; Christofilopoulos et al., 2016; Medas et al., 2017),
although recently interactions of Zn with Cr, Ni and Cd have also been
assessed (Christofilopoulos et al., 2016).

Zinc is an essential element for plant metabolism (Kabata-Pendias
and Pendias, 2001). However, its excess can lead to various phyto-
toxicity effects on plant metabolism (Chaney, 1993), including on that
of halophytic species (Liu et al., 2016). The photosynthetic apparatus
(i.e. Calvin cycle and photosystem functionality) is especially sensitive
to this ion excess (Van Assche and Clijsters, 1986). Despite such po-
tentially deleterious effects, J. acutus is regarded as Zn-hypertolerant, a
feature attributable to a series of physiological and biochemical adap-
tations. In particular, Mateos-Naranjo et al. (2014) showed that carbon
assimilation and the efficiency of PSII were not affected by high con-
centrations of Zn in the culture solution. Furthermore, Santos et al.
(2014) found that maintenance of the functionality of its photo-
synthetic apparatus was linked with its ability to overcome oxidative
damage produced by excess Zn uptake, through the modulation of its
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antioxidant enzymatic machinery and efficient dissipation of the cel-
lular redox potential consequent on Zn incorporation into chlorophyll
molecules. These studies however, did not take account of the potential
interaction of Zn with other important factors characteristic of marshes
ecosystems, particularly salinity. It has been demonstrated that the
accumulation of sodium in another halophyte, Spartina densiflora, can
mitigate its responses to Zn-induced stress (Redondo-Gémez et al.,
2011). Hence knowledge of the extent to which salinity might modulate
the physiological responses of J. acutus to excess Zn is necessary for a
realistic assessment of its metal toxicity thresholds and its potential for
the remediation of zinc-polluted saltmarshes.

This study employed a factorial experiment which aimed to: (1)
investigate the influence of NaCl on the growth responses of J. acutus
plants exposed to different Zn concentrations; (2) determine the extent
to which this influence could be accounted for by impacts on its pho-
tosynthetic apparatus, both in terms of carbon assimilation and effi-
ciency of light-energy use, and (3) assess the nutrient and Zn accumu-
lation patterns consequent on the joint effects of treatment with
elevated NaCl and Zn.

2. Material and methods
2.1. Plant material

Seeds of Juncus acutus were collected in December 2013 from dif-
ferent individuals (n = 20) randomly selected from a well-established
population in Dofana National Park (Huelva, SW Spain). The seeds
were transported to the laboratory for germination in a germination
chamber (ASL Aparatos Cientificos M-92004, Madrid, Spain) under the
following conditions: photoperiod, 16/8 h light/darkness; temperature,
24/15 °C; photon flux rat (400-700 nm), 35 ymol m~? s %, Germinated
seedlings were immediately transferred to individual plastic pots
(12cm in depth, 0.5 L total volume) filled with perlite and placed in a
glasshouse (University of Seville, Greenhouse Service) at controlled
temperature of 25 + 3°C, and a relative humidity of 40-60%, with
natural day light (maximum quantum flux rate of 1000 umol m %5~ ").
Pots were irrigated with nutrient solution (Hoagland and Arnon, 1938)
before the onset of the experimental treatments.

2.2. Zn and NaCl experimental stress treatments

In June 2014, pots containing the J. acutus plants were randomly
assigned to three Zn treatments (concentrations of 0, 30 and 100 mM)
in factorial combination with two NaCl concentrations (0 and 85 mM)
for 40 days. Zn and NaCl concentrations were established by combining
Hoagland’s solution with appropriate amounts of ZnSO47H,0 and
NacCl, respectively. Thus, at the beginning of the experiment, the pots
were placed in plastic trays containing appropriate solutions to a depth
of 1 cm (10 replicate pots per stress treatment combination). In order to
avoid changes of Zn and NaCl concentration caused by water eva-
poration from the nutrient solution, levels in the trays were monitored
continuously throughout the experimental and topped up to the marked
level with Hoagland's solution (without additional ZnSO,7H,0 or
NaCl). Furthermore, pH of the solution was monitored and adjusted to
6.5-7.0. The entire solution (including ZnSO,7H,0 and NaCl) in the
trays was renewed weekly and their positions were changed randomly
every 2 days to avoid effects of environmental heterogeneity inside the
glasshouse.

After 40 days of exposure to the stress-inducing treatments, mea-
surements of growth, gas exchange, chlorophyll fluorescence, photo-
synthetic pigment concentrations and tissue ion concentrations were
made.

2.3. Growth measurements

Four plants from each treatment were harvested at the beginning of
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the experiment and a further ten at the end. Plants were divided in roots
and shoots and these biomass fractions were oven dried (60 °C for 48 h)
and then weighed. In addition, the number of dead tillers was recorded
at the end of the experiment.

The relative growth rate (RGR) of whole plants was calculated using
the formula:

RGR = (In B;-In By D '(g g~'day™)

where By = final dry mass, B; = initial dry mass (the mean of the four
plants from each treatment sampled at the beginning of the experiment)
and D = duration of experiment (days).

2.4. Photosynthetic physiology

Gas exchange and chlorophyll fluorescence parameters were mea-
sured on the same sections of randomly selected, fully developed pho-
tosynthetic tillers (n = 10) using an infrared gas analyzer (LI-6400-XT,
Li-COR Inc., NE., USA) and a modulated fluorimeter (FMS-2; Hansatech
Instruments Ltd., UK), respectively. The following gas exchange para-
meters were recorded at a light flux density of 1500 umol photons m ™2
s, ambient CO, concentration (C,) 400 umolmol ™! air, leaf tem-
perature of 25°C and 50 + 5% relative humidity: net photosynthetic
rate (Ay), stomatal conductance (gg), intercellular CO, concentration
(C), and intrinsic water use efficiency (;WUE). The saturation pulse
method was used to determine the energy yields of the Photosystem II
(PSII) reaction centers: maximum quantum efficiency of PSII photo-
chemistry (F,/Fy,), quantum efficiency of PSII (®pgy; Genty et al., 1989)
and non-photochemical quenching (NPQ). As described by Schreiber
et al. (1986), a 0.8 s saturating actinic light pulse of 15000 umol m ~2
s~ was given, at dawn (stable, 50 pmol m~? s~ ! ambient light) and
midday (1700 umol photons m~2 s~ 1), to photosynthetic tillers pre-
viously dark-adapted or exposed to light for 30 min.

Finally, the total chlorophyll a (Chl a), chlorophyll b (Chl b) and
carotenoid (Cx + ¢) contents of extracts obtained from randomly se-
lected fully developed photosynthetic tillers (n = 5), were determined
with a Hitachi U-2001 spectrophotometer (Hitachi Ltd., Japan), using
three wavelengths (663.2, 646.8 and 470.0 nm). For more details, see
Mateos-Naranjo et al. (2008). Concentrations of pigments (ugg™" fw)
were calculated according to Lichtenthaler (1987).

2.5. Tissues ion concentrations

Tiller and root samples taken from ten plants per treatment were
dried at 80°C for 48h and ground, according to the protocols of
Mateos-Naranjo et al. (2011). Then, triplicate 0.5g samples from each
specific tissue were digested in 6 ml HNO3, 0.5 ml HF and 1 ml Hz05.
Ca, Mg, K, P, Na and Zn concentrations in the digests were measured by
inductively coupled plasma (ICP) spectroscopy (ARL-Fison 3410, USA).

2.6. Statistical analysis

Statistical tests were performed in the software package Statistica v.
6.0 (Statsoft Inc.). Generalized linear models (GLM) were used to
analyze the interactive effects of Zn and NaCl concentrations (as cate-
gorical factors) on the growth and physiological parameters (as de-
pendent variables) of J. acutus plants. Multiple comparisons were ana-
lyzed by a LSD (post hoc) test. Before statistical analysis Kolmogorov-
Smirnov and Brown-Forsythe tests were used to verify the assumptions
of normality and homogeneity of variances, respectively. Differences
between tiller and root ion concentrations were compared by the
Student test (t-test).
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Table 1

Generalized linear model (GLM) results for the growth, physiological char-
acteristics and tissue-ion concentrations of J. acutus plants in response to Zn and
NaCl concentration (as categorical variables) and their interaction.
* Significance level 95% and ** Significance level 99%. Md (mid-day), Pd
(predawn), T (tiller) and R (root).

Parameter Na Zn Na x Zn
RGR 0.03* 0.00** 0.06
Dead tillers (%) 0.07 0.00** 0.19
0.02* 0.00** 0.01*
0.30 0.00** 0.06
0.04* 0.05 0.22
0.02% 0.00** 0.03*
0.00* 0.00** 0.02*
0.00%= 0.00%* 0.02#%
0.09 0.00%* 0.02#%
0.01%* 0.00** 0.06
0.01%* 0.00** 0.10
0.63 0.51 0.62
0.00%* 0.88 0.00%*
0.06 0.57 0.04*
0.02% 0.22 0.04*
0.00%* 0.00** 0.00**
[Zn]g 0.00%* 0.00** 0.00**
[Na]y 0.00%* 0.00** 0.00**
[Nalg 0.00%* 0.00** 0.00**
[K]y 0.95 0.58 0.47
[K]g 0.00%* 0.00%* 0.00%*
[Mg]y 0.00%* 0.00** 0.00%*
[Mgls 0.00%* 0.00** 0.00%*
[Caly 0.00%* 0.00%* 0.00%*
[Ca]g 0.00%* 0.00%* 0.00%*
[Pl¢ 0.02* 0.00** 0.04*
[Pl 0.00** 0.00** 0.01**
[Mn]y 0.78 0.00** 0.88
[Mn]g 0.00** 0.00** 0.00**
3. Results

3.1. Effects of Zn and NaCl on growth

There were significant effects of both zine and salinity on the RGR of
Juncus acutus but no significant interactions (Table 1, GLM: salinity,
p < 0.05; Zn, p < 0.01). Thus, in non-saline conditions RGR de-
creased 25% and 60% in plants grown at 30 and 100 mM Zn, respec-
tively, compared to control; however, growth was much less affected by
Zn in plants exposed to 85mM NaCl (i.e. 11% and 34% for 30 and
100 mM Zn, respectively; Fig. 1A). Similarly, the percentage of dead
tillers increased sharply with Zn concentration (GLM: 7Zn, p < 0.01),
but this increase was less acute in plants grown in saline conditions
(GLM: salinity, p = 0.07; Fig. 1B).

3.2. Effects of Zn and NaCl on photosynthetic physiology

There were significant effects of salinity and Zn treatments on net
photosynthetic rate (Ay) after 40 d of treatment (Table 1, GLM: salinity,
p < 0.05; Zn, p < 0.01 and salinity x Zn, p < 0.01). Thus Ay de-
creased progressively with increasing Zn concentration in plants grown
at both NaCl concentrations. However, plants exposed to saline condi-
tions maintained higher CO, assimilation rates at both increased con-
centrations of Zn than their non-saline counterparts (Fig. 2A). Very si-
milar trends were recorded for stomatal conductance (gs) but salinity
did not significantly affect the responses to Zn (GLM: salinity x Zn,
p = 0.06; Fig. 2B). In contrast, salinity significantly reduced the inter-
cellular CO, concentration (C;) (GLM: salinity, p < 0.05), whereas Zn
concentration per se did not. However, C; values were reduced at the
high salinity only in the presence of excess (30 or 100 mM) Zn (Fig. 2C).
Salinity and Zn had synergistic effects on intrinsic water use efficiency
(GWUE; GLM: salinity x Zn, p < 0.05). Thus, plants grown under
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Fig. 1. Relative growth rate, RGR (A) and percentage of dead tillers (B) in
Juncus acutus plants in response to a treatment with a range of Zn concentration
with (+) and without (O) NaCl addition, after 40 days. Values represent
mean * SE, n = 10. Different letters indicate means that are significantly
different from each other (LSD test, P < 0.05).

saline conditions had consistently higher ;WUE but the difference was
only significant at 30 mM Zn (Fig. 2D).

Chlorophyll fluorescence parameters were also affected by the
combination of Zn and salinity treatments. F,/F,, values, both at dawn
and midday, tended to decrease with increasing Zn concentration in
plants grown in non-saline conditions. However, in plants exposed to
salinity, this effect was less marked and only evident at the highest Zn
concentration treatment (Table 1, GLMpyg ana pa: salinity x Zn,
p < 0.05; Fig. 3A, B). ®pgyy values at dawn and at midday followed a
similar pattern to those of F,/F;, (GLMyy: salinity x Zn, p < 0.05;
Fig. 3C, D), except that the differences in predawn values were
minimal. NPQ values at midday increased markedly with Zn con-
centration, both in the absence and presence of salinity, but this effect
was substantially stronger in the absence of salinity (Table 1, GLMpugq:
salinity, p < 0.01 and Zn, p < 0.001; Fig. 3E). Predawn NPQ did not
show any response to Zn or salinity, with values c. 0.15 in all cases
(Fig. 3F).

The percentage of chronic photoinhibition increased progressively
with increasing Zn concentration at both NaCl concentrations (Fig. 4A,
B). However, this increment was more acute in plants grown under non-
saline conditions. The percentage of dynamic photoinhition did not
vary with salinity or Zn treatments, except in plants grown at the
highest Zn concentration and 85 mM NaCl, which showed a greater
percentage inhibition than in the other treatments (Fig. 4A, B).

The concentration of chlorophyll a (Chl a) was decreased by excess
Zn in the growth medium, although this reduction was entirely miti-
gated by salinity (Table 1, GLM: salinity x Zn, p < 0.01; Fig. 5A).
Chlorophyll b (Chl b) and carotenoid (Cx + ¢) concentrations did not
show any response to excess Zn in plants grown in the absence of
salinity, but they increased in those exposed to both Zn and salinity
(GLMcni b and cx+ ¢ salinity x Zn, p < 0.01; Fig. 5B, C).

3.3. Effects of Zn and NaCl on tissue ion concentrations

Tissue ion concentrations were greater in roots than in tillers, except
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for K in all specific treatments and for P in plants grown at 100 mM Zn
+ 0mM NacCl, 0mM Zn + 85 mM NacCl and 30 mM Zn + 85 mM NacCl,
(t-test, p < 0.05; Table 2). In addition, there were significant effects of
salinity and Zn treatments on tissue ion concentrations except for K and
Mn tiller concentrations (Table 1). Thus Zn concentrations increased
markedly with the concentration of Zn in the growth medium in both
roots and tillers, but this increment was more acute in the absence of
NaCl addition (GLM: salinity x Zn, p < 0.01; Table 2). Furthermore,
tissue Na concentrations were considerably greater under saline con-
ditions and tended to increase with the Zn concentration. Except for
roots in presence of NaCl, where Na concentration showed a reduction
with Zn augmentation (GLM: salinity x Zn, p < 0.01; Table 2). On the
other hand, overall the concentrations of Mg, Ca, P and Mn in tillers and
roots, and K in roots decreased with the increase of the concentration of
Zn in the growth medium at both saline levels (Table 2). In general, the
concentrations of these elements were significantly lower in plants
grown with NaCl supplementation (Table 2).

4. Discussion

Understanding the effects of high metal concentrations on tolerant
species and the thresholds for phytotoxicity is essential for the design
and development of effective methodologies for environmental re-
mediation. Similarly important is knowledge of possible interactions
between metals, and between metals and other important environ-
mental factors that may limit species distribution; in estuarine ecosys-
tems interactions with salinity are relevant to the future use of halo-
phytes that can cope with the growing problem of metal pollution of
salinized lands (Kholodova et al., 2010).

This experiment confirmed previous work that had demonstrated
hypertolerance to Zn stress in Juncus acutus (Mateos-Naranjo et al.,
2014). Thus, the concentration of Zn required to kill 50% of its tillers
after 40 days of exposure (LCsp; Paschke et al., 2000) was greater than
our most severe treatment of 100 mM. However, elevated concentra-
tions of Zn in the culture solution progressively affected plant devel-
opment, and this was particularly reflected in a clear reduction of RGR
and an increase in the percentage of dead tillers. These deleterious ef-
fects are consistent with previously described general responses of
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vascular plants to excess Zn (Vaillant et al., 2005; Mateos-Naranjo et al.,
2008; Santos et al., 2014). Nevertheless, we found that Zn toxicity was
partially counterbalanced by addition of NaCl to the growth medium,
such that salinity-treated plants were able to maintain a higher RGR
than their non-salinity treated counterparts. In addition, they reduced
toxicity, as indicated by lower percentages of dead tillers at both 30 and
100 mM Zn. Therefore, the results suggest that salinity increases the
tolerance of J. acutus to the toxic effects of high concentrations of Zn.
This interaction is consistent with results for species not recognized as
hypertolerant to Zn: Redondo-Gémez et al. (2011) demonstrated that
the addition 170 mM NaCl to a growth medium with 1 mM Zn dimin-
ished the damage caused by metal excess in Spartina densiflora, and Han
et al. (2013) reported similar amelioration of the effects of 100 uM Zn
by the addition of 50 mM NaCl to the growth medium with in Koste-
letzkya virginica.

The mechanisms by which NaCl supplementation could enhance
plant tolerance to elevated metal concentrations are not clear. Effects
on metal uptake and translocation, and the resulting nutrient uptake
balance have been described in certain estuarine species (Fitzgerald
et al., 2003; Kadukova and Kalogerakis, 2007; Han et al., 2013).
Redondo-Gomez et al. (2011) found that NaCl supplementation in-
creased Zn accumulation in S. densiflora tissues compared with non-
salinized plants, but this was accompanied by an overall improvement
in nutrient uptake. Similar modifications in mineral content were re-
corded in Kosteletzkya virginica tissues in response to salinity and Zn
(Han et al., 2013), but in that case NaCl addition acted through a
modification of Zn distribution rather than a decrease in plant Zn up-
take capacity. In contrast, we found that although tissues Zn con-
centrations in J. acutus increased markedly with the external con-
centration in accordance with previous studies, this increase was
progressively lower as tissue Na concentration increased in response to
NaCl supplementation. Furthermore, salinity hindered the uptake of
most nutrients in the highest Zn concentration. These discrepancies
may be ascribed to the severity of stress imposed, since a maximum
concentration of 100 mM Zn was used in the present study whereas
Redondo-Gémez etal. (2011) and Han et al. (2013) used only 1 mM and
100 uM, respectively. Reduced nutrient concentrations with the pro-
gressive accumulation of Na in roots and shoots have been found
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Fig. 3. Maximum quantum efficiency of PSII photochemistry, F,/F,, (A, B), quantum efficiency of PSII, ®PSII (B, C), and non-photochemical quenching, NPQ (D, E),
at midday and predawn in randomly selected, fully developed photosynthetic tillers of Juncus acutus treated with a range of Zn concentration with (+) and without (O)
NaCl addition, after 40 days. Values represent mean *+ SE, n = 10. Different letters indicate means that are significantly different from each other (LSD test,
P < 0.05).
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previously in other halophytes (Redondo-Gémez et al., 2007, 2010).

Notwithstanding the nutritional imbalance induced by Na accu-
mulation, the lower concentrations of Zn in the tissues of plants grown
in the presence of NaCl could help to explain their higher tolerance.
Excess Zn accumulated in the tissues is likely to be toxic, affecting a
variety of physiological and biochemical processes (Kabata-Pendias and
Pendias, 2001). However, despite such reductions in tissue Zn con-
centration in J. acutus, it must be acknowledged that concentrations
were still greater than the toxicity threshold for plants generally
(Kabata-Pendias and Pendias, 2001). Consequently, other mechanisms
must be involved in the ameliorative effect of NaCl on Zn toxicity in J.
acutus.

Metal hypertolerance has been associated with various ecophysio-
logical adaptations to metalliferous environments (Evangelou et al.,
2004; Mateos-Naranjo et al., 2014; Santos et al., 2014). In particular,
Mateos-Naranjo et al. (2014) indicated that Zn hypertolerance in J.
acutus was linked with its capacity to maintain carbon assimilation and
the efficiency of PSII even at Zn concentration of 100 mM. In contrast
we found a clear deleterious effect of Zn at this concentration on the
photosynthetic apparatus in the present experiment; this discrepancy
may be attributable to different experimental and measurement con-
ditions. Although Ay (along with g,) decreased considerably with in-
creasing Zn concentration, plants grown at 85 mM NaCl were able to
maintain higher Ay values than their non-saline counterparts. However,
this positive effect cannot be attributed to alleviation of stomatal lim-
itation, since g values did not vary between salinity levels in either Zn
treatment. Therefore, differences in Ay value between NaCl levels et
each specific Zn concentration treatment could be explained by non-
stomatal limitations (Flexas and Medrano, 2002). In this regard, Pérez-
Romero et al. (2016) found that photosynthesis activity was more
limited by mesophyll conductance (g,,) than g in Salicornia ramosissima
in response to Cd. Moreover, g, has been widely implicated in photo-
synthetic responses patterns to salinity (Flexas et al., 2012). Hence, it is
possible that Ay differences between salinity levels in J. acutus plants at
the same Zn concentration could be linked with g, variations; however
this area requires further research. Another possibility relates to im-
pairment of major carbon-assimilation enzyme activities, such as Ru-
BisCO that may degrade the photosynthetic pathway under metal stress
(Perfus-Barbeoch et al., 2002; Khan and Khan, 2014). A degree of metal
tolerance has been demonstrated in the maintenance such enzyme
functions (Ying et al., 2010; Pérez-Romero et al., 2016). Taking into
account these issues, the higher C; in J. acutus plants grown without
NaCl addition suggests that differences in carbon assimilation between
salinity treatments could have been linked to limitation in RuBisCO
carboxylation capacity (Mateos-Naranjo et al., 2008, 2014).

Ion concentration in tillers and roots of Juncus acutus treated with a range of Zn concentration in combination with 0 mM and 85 mM NacCl, after 40 days. Values

represent mean + SE, n = 5.

Treatments
Zn (mM) NaCl (mM) Zn (mg kg ') Na (mgg™") K(mgg™) Mg (mgg™ ") Ca(mgg™ ") P(mgg™") Mn (mg kg™ ')
Ton concentration
0 0 32.3 + 0.5° 0.97 + 0.1° 20.9 + 0.1° 3.54 + 0.3° 5.89 * 0.1° 295 + 0.2* 355 + 0.6
30 0 304.6 + 1.4° 1.84 + 0.2° 29.4 + 0.3* 3.19 + 0.2* 497 + 0.2° 239 + 0.1° 27.3 + 0.3
100 0 611.7 * 0.8° 3.65 + 0.2° 30.2 * 01° 3.04 * 0.1° 4,09 * 0.2° 250 + 0.2° 239 * 0.4°
0 85 36.9 = 0.6° 7.75 + 05° 28.9 * 05° 3.31 * 0.3° 420 * 0.2° 289 + 0.5° 327 * 0.2°
30 85 248.5 + 0.5¢ 6.96 * 0.1° 20.7 + 0.2° 3.06 * 0.2° 3.85 * 0.4° 282 + 0.2° 27.3 + 0.4°
100 85 412.3 + 1.1° 8.41 + 0.3° 30.9 * 0.3° 2.83 + 0.1 371 * 0.3° 252 + 0.3" 229 * 0.1°
Root concentration
0 0 87.3 = 0.7° 1.48 = 0.1* 28.9 + 0.2° 5.48 + 0.2° 15.84 + 0.5 3.36 + 0.5 39.3 + 0.2°
30 0 21226 + 1.3" 2,92 + 0.2° 245 + 0.3° 4.60 + 0.2° 17.36 + 0.2 425 + 0.5% 399 + 0.4
100 0 2479.0 + 0.3 5.78 + 0.4° 16.8 + 0.4° 4.07 = 0.1° 854 + 0.2° 239 + 0.2° 335 + 0.1°
0 85 58.4 = 1.2¢ 21.17 + 0.2° 20.2 + 0.4° 4.87 + 0.2° 13.27 + 0.6* 263 + 0.1° 335 + 0.1°
30 85 1455.4 + 2.2° 16.14 + 0.3° 20.5 + 0.2° 3.62 + 0.1° 867 + 0.2° 271 + 0.1° 27.5 + 0.2°
100 85 1969.2 + 1.1° 13.95 + 0.4° 17.3 = 0.3° 3.41 * 0.2° 4.89 * 0.1° 267 + 0.1° 26.4 * 0.2°

Different letters indicate means that are significantly different from each other. (LSD test, P < 0.05).
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On the other hand, the greatest photosynthetic tolerance to Zn-in-
duced stress under saline conditions was associated with the highest
integrity and functionality of the photochemical apparatus of J. acutus.
It is known that Zn is concentrated in chloroplasts and interacts with
the PSII donor, inhibiting the photosynthetic fixation of CO, and the
Hill reaction (Prasad and Strzalka, 1999). In addition, Monnet et al.
(2001) indicated that the destruction of antenna pigments would affect
the efficiency of PSIL. Our results revealed that F,/F,, and ®pgy; values
were affected by elevated Zn and this effect was more acute in plants
grown in absence of NaCl, suggesting that NaCl alleviates Zn-induced,
excess-light photoinhibition. Furthermore, under non-saline conditions
and in presence of Zn, NPQ values were higher, which indicates that
more of the absorbed energy would have been dissipated as heat and
would not taken the photochemical pathway (Flexas et al., 2012). In
line with our results, Padinha et al. (2000) and Mateos-Naranjo et al.
(2008) also found that Zn stress affected the PSII photochemistry of the
halophytes Spartina maritima and S. densiflora, respectively. Damage to
photosynthetic components may lead to an increase of photoinhibition
(Werner et al., 2002), a phenomenon that affects photosynthetic pro-
ductivity and, consequently, plant growth (Melis, 1999). This fact could
contribute to explaining our growth data, since chronic photoinhibition
percentage increased in presence of Zn under non-saline conditions,
whereas this increased photoinhibition was ameliorated under saline
conditions, although less so in plants exposed to 100 mM Zn. However,
these plants showed a greater dynamic photoinhition percentage com-
pared to other treatments, which would indicate an overcompensation
effect of the excess of energy fixed, through thermal dissipation me-
chanisms, thereby protecting the leaf from light-induced damage
(Maxwell and Johnson, 2000). In addition, the benefit of NaCl sup-
plementation to photosynthetic-pigment concentration in the presence
of Zn could contribute to explaining its positive effects on the photo-
synthetic apparatus efficiency of J. acutus.

Finally the greater tolerance to Zn in plants treated with NaCl was
linked with a better water balance, an idea supported by the overall
higher ;WUE values. Thus, these plants would be able better to preserve
the trade-off between CO, acquisition for growth and water loss, as
indicated by the higher Ay and the invariable g, values compared with
their counterparts not treated with NaCl. Han et al. (2013) also found a
positive effect of NaCl supplementation on water relations, in Koste-
letzkya virginica, under Zn excess. This beneficial effect could be linked
with the key role of Na accumulation in plant osmotic adjustment
(Shabala et al., 2009). Hence, it is possible that the higher Na con-
centration in tissues of J. acutus under saline conditions and the re-
duction in g, in the presence of Zn might help to alleviate any water
stress ascribed to Zn toxicity.

5. Conclusions

We may conclude that the presence of NaCl in the growth medium,
at concentrations representative of estuarine environments, con-
siderably reduces the deleterious effects of elevated Zn concentrations
on the growth and development of J. acutus. This beneficial effect was
largely mediated by the reduction of Zn levels in J. acutus tissues, to-
gether with an overall protective effect on its photosynthetic apparatus,
manifested as improved carbon harvesting, functionality of the photo-
chemical apparatus (PSII) and photosynthetic pigment concentrations.
Furthermore, amelioration by NaCl was linked with the maintenance of
a more advantageous water balance. These ecophysiological char-
acteristics would enhance the fitness and competitive ability of J. acutus
in zinc-polluted estuaries and saltmarshes, providing a tolerant bio-tool
for the management and restoration metal pollution in salinized lands.
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CAPITULO 7: DISCUSION GENERAL

El aumento de la concentracion atmosférica de CO», que comenzd con la etapa
preindustrial, esta provocando un cambio en muchos factores ambientales del planeta,
tales como: aumento de la temperatura media y del nivel del mar o una mayor frecuencia
de eventos climaticos extremos, circunstancias que llevaran a un incremento de la
salinizacion y degradacién de los suelos (IPCC, 2007). Todos estos cambios tendran
consecuencias sobre las respuestas ecofiosiologicas de las especies vegetales (Curtis et
al., 1995), lo que podria afectar a la distribucion, el ciclo vital y la produccion de cientos
de especies (Naudts et al., 2014; Orsenigo et al., 2014). Del mismo modo, se ha descrito
como los cambios inherentes al Cambio Climatico podrian alterar ciertos servicios
ecosistémicos relacionados con las respuestas vegetales, como podria ser su capacidad
fitorremediadora de contaminantes (Li et al., 2012; Tian et al., 2014).

Especialmente vulnerables seran las especies que viven en ecosistemas costeros,
como las marismas, que no solo estaran sometidas a los factores ambientales citados, sino
también a otros factores de estrés de origen antropico, como los contaminantes organicos
e inorganicos que se acumulan en esta zona de transicion entre ecosistemas maritimos y
terrestres (Lu et al., 2018). Por ello, en esta Tesis Doctoral se establecieron dos objetivos
principales, complementarios, para mejorar el conocimiento sobre la respuesta fisiologica
de las haldfitas frente a las condiciones climaticas previstas en el escenario de Cambio
Climatico. El primer objetivo fue comprobar los efectos que diferentes factores derivados
del Cambio Climatico podrian tener sobre la fisiologia de una hal6fita modelo, Salicornia
ramosissima. El segundo, analizar el efecto de la interaccion de factores derivados del
Cambio Climatico y factores relacionados con la contaminacion en dos haléfitas de
probada capacidad fitorremediadora, Spartina densiflora y Juncus acutus. Asi, los
capitulos 2, 3 y 4 se desarrollaron para la consecucion del primer objetivo y los capitulos
5y 6 para dar respuesta al segundo. A continuacion, me referiré a cada uno de estos

capitulos.

En el capitulo 2 de esta Tesis Doctoral se comprobo como el enriquecimiento
atmosférico de CO2 (700 ppm CO2) mejoro la respuesta ecofisiologica de la halofita
Salicornia ramosissima frente a otro factor estresante relacionado con el Cambio
Climatico, como es el aumento de la salinizacion de los suelos. Este efecto sinérgico ha

sido descrito para otras especies de halofitas previamente (Geissler et al., 2009; 2010;
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Mateos-Naranjo 2010a; b). Los resultados de esta Tesis mostraron que las plantas
crecidas a una concentracion de 700 ppm de CO> fueron capaces de mantener valores de
tasa de fotosintesis neta (An) similares a los de aquellas crecidas a 171 mM NaCl y 400
ppm COg, incluso con 510 mM NaCl en el medio de crecimiento. Las plantas crecidas a
alto CO> también incrementaron sus valores de eficiencia intrinseca en el uso del agua
((WUE) para las dos salinidades estudiadas y presentaron una mejor respuesta frente a las

especies reactivas del oxigeno (ROS) inducidas por el estrés salino.

El efecto sinérgico del incremento de la concentracion de CO; y la salinidad
también se vio en combinacion con otro factor de estrés, la inundacion prolongada
(capitulo 3). En un escenario de Cambio Climatico la inundacion puede ser mas comun
en zonas donde actualmente no ocurren con tanta frecuencia, como la marisma alta, donde
se pueden encontrar muchas especies de haléfitas, debido a la subida del nivel del mar
(IPCC, 2014). El estudio llevado a cabo en el capitulo 3, sobre la respuesta fisiologica de
la haléfita modelo S. ramosissima frente a la interaccion de tres factores ambientales
relacionados con el Cambio Climatico (elevado CO., salinidad e inundacion) es algo
novedoso, siendo escasos los trabajos que lo hayan realizado (Lenssen et al., 1993; 1995).
No obstante, ninguno de esos estudios realiz6 un analisis detallado del efecto de estas
interacciones sobre el aparato fotosintético, tal y como se muestra en el capitulo 3 de esta
Tesis, donde se presta especial atencion a la eficiencia energética de los fotosistemas y al

metabolismo relacionado con la respuesta al estrés oxidativo.

Asi, se encontré que el aumento de la concentracién de CO2 en plantas de S.
ramosissima crecidas con sal (171 y 510 mM NacCl) e inundacién mejor6 los valores de
An. Dicha mejora parece estar relacionada con una mayor eficiencia en el uso del agua, a
través de una reduccién de la conductancia estomatica (gs). Otros autores también han
indicado como los valores de gs disminuian en presencia de alta salinidad (Flexas et al.,
2004; Fanourakis et al., 2015), aunque este efecto desaparecia en las plantas sometidas a
inundacion prolongada en su zona radicular, como ya describieron Ullah et al. (2017) para
Vigna angularis bajo condiciones de encharcamiento. En el caso de la haldfita elegida
como modelo, los mayores valores de An se debieron a que la alta concentracion de CO»
posibilitd mayores valores de C; que compensaron el descenso de gs, tal y como ya
describieron Robredo et al. (2007) para cebada crecida a 700 ppm de CO2. En cambio, en

ausencia de inundacion, se registré una disminucion de An para las plantas crecidas a 510
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mM de NaCl y alto CO», que parecia estar relacionada con una bajada de gm 0 de la V¢ max;

pues los valores de C; eran parecidos al resto de plantas crecidas en alto CO».

Por otro lado, los resultados del capitulo 2 mostraron que el efecto positivo del
incremento atmosférico de CO- frente a condiciones de alta salinidad viene medidado por
una mejora en la eficiencia energetica del fotosistema 11 (PSII). Los valores obtenidos de
la fluorescencia de la clorofila a indicaban una mejora para estas plantas en valores
relacionados con la absorcién (ABS/CS), transformacién (TR/CS) y transporte de energia
(ET/CS) bajo condiciones de elevada salinidad, aunque esta mejora no se apreciaba bien
en estas variables al estudiar la interaccion entre la inundacion, la alta salinidad y elevado
CO- (capitulo 3). Ademas, se observo una mejora en el transporte de electrones (ETRmax)
en condiciones de alto COz, lo que permitio a las plantas sometidas a salinidad alta tener
un menor riesgo de estrés por la presencia de especies reactivas del oxigeno; y este efecto
fue mas evidente en condiciones de inundacion. Estudios previos resaltaron los efectos
perjudiciales que la inundacion (Mateos-Naranjo et al., 2007; Cao et al., 2017; Ullah et
al., 2017) y las altas salinidades (Flexas et al., 2004; Mateos-Naranjo y Redondo-Gomez
et al., 2016) tienen sobre los fotosistemas y su funcionamiento en hal6fitas. No obstante,
en esta Tesis se pudo constatar la integridad de los fotosistemas, que conservaron su
funcion en los diferentes tratamientos, habiendo pocas diferencias entre ellos cuando se
observaban los valores de ABS/CS, ET/CS o TR/CS, asi como parametros derivados del

protocolo OJIP.

Por otro lado, aunque se observé una mejora en la respuesta fotosintética de S.
ramosissima por el aumento del CO- bajo condiciones de salinidad elevada e inundacion
(capitulo 3), este efecto no se reflejo en un aumento sustancial del crecimiento de la
planta; a diferencia de lo registrado por Lenssen et al. (1993), quienes encontraron un
aumento de la biomasa de la hal6fita Elymus athericus crecida a 720 ppm de CO2, que
fue més patente a alta salinidad (310 mM NaCl). También hay estudios que han obtenido
resultados similares, en cuanto a la ausencia de diferencias entre el crecimiento de plantas
sometidas a diferentes condiciones de CO> (Geissler et al. 2009 a,b; 2010). En nuestro
caso, la falta de respuesta a nivel de crecimiento podria estar relacionada con diversos
factores, no excluyentes. Asi, por un lado, podria deberse al tiempo de los experimentos,
que fue de 30 dias. La diferencia en An entre los diferentes tratamientos, mantenida en el
tiempo, podria llegar a generar un mayor crecimiento de las plantas sometidas a elevadas

concentraciones de COz. Por otro lado, la falta de efecto en la biomasa podria ser debida
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a un aumento de la inversion energética en mecanismos de defensa frente al estrés
(Geissler et al., 2015). En este sentido, los resultados de esta Tesis Doctoral indicaron que
la haldfita S. ramosissima mostraba un aumento de diferentes mecanismos de defensa
frente al estrés ambiental, tales como un aumento de la actividad de las enzimas anti-
estrés oxidativo: superoxido dismutasa (SOD) en condiciones de hipersalinidad y
ascorbato peroxidasa (APx) bajo condiciones subdptimas de salinidad e inundacion
prolongada; respuesta que fue potenciada en condiciones de elevado CO2. Ademas, se
registro en el capitulo 3 un aumento de la produccion de betaina en presencia de alta
salinidad, independientemente del grado de inundacion y mas evidente a 700 ppm CO..
Este compuesto es producido por las especies vegetales para contrarrestar los efectos
negativos de la salinidad o la sequia (Moradi et al., 2017). Igualmente, se detecté una
mayor disipacion de energia en forma de calor (DI/CS). Los valores de DI/CS obtenidos,
junto con los datos de concentraciones de pigmentos fotosintéticos, evidenciaron una
mayor activacion del ciclo de las xantofilas, que se encarga de reducir al PSIl y sus
proteinas asociadas, cuando estan excesivamente protonadas, por medio de la
depoxidacion de las xantofilas (Duarte et al., 2015b). Finalmente, la ausencia de
diferencias en la biomasa podria haber estado ocasionada por la edad de las plantas con
las que se llevaron a cabo los ensayos, al tratarse de una especie anual y haber usado
plantas de una edad de 3 meses. Aunque esto no parece probable, puesto que las plantas
utilizadas tenian una altura inicial media de unos 13 cm y esta especie puede alcanzar un

méaximo de altura en campo de unos 40 cm (Castroviejo, 1986).

Una de las lagunas de conocimiento, en relacion a las respuestas ecofisiologicas
de las haldfitas frente a factores relacionados con el Cambio Climatico, es la respuesta
frente a eventos cortos extremos, como las olas de frio y de calor que estan aumentando
su duracion y frecuencia en los ultimos afios (IPCC, 2014). Por eso, en el Capitulo 4 de
esta Tesis Doctoral se estudio la respuesta de S. ramosissima frente a estas condiciones
extremas, que se registran en el habitat de esta especie, en interaccion con diferentes
salinidades. Se observo una respuesta dependiente de las condiciones térmicas del habitat
de procedencia de la especie, caracterizado por una mayor recurrencia de olas de calor
(Labajo et al., 2014). Especificamente, este estudio mostrd que el aparato fotosintético de
S. ramosissima esta mas adaptado para responder a rangos de temperatura altos (40/28
°C) que a temperaturas bajas (13/5 °C), incluso bajo condiciones de hipersalinidad. Esta

mayor eficacia fotosintética a alta temperatura se reflejo en diversos componentes clave

84



de la ruta fotosintética, relacionados con las limitaciones de difusion al CO2, bioquimicas
y energéticas. Asi, se midieron mayores valores de conductancia estomaética y del
mesdfilo a alta temperatura. El aumento de las limitaciones a baja temperatura, debido a
la disminucion de las conductancias estomatica y del mesofilo, se ha descrito en especies
sensibles al frio (Hendrikson et al., 2006). Ademas, a alta temperatura S. ramosissima fue
capaz de mantener los valores de actividad de la Rubisco, caracterizada como V¢ max, @
niveles similares a los del tratamiento control (22/15 °C y 171 mM NaCl), mientras que
a bajas temperaturas este valor fue menor que el control, independientemente de la
salinidad. Temperaturas por debajo de los 15 °C ,y especialmente inferiores a 5 °C, suelen
tener un impacto negativo en la funcion de la Rubisco (Hendrikson et al., 2004). Sin
embargo, aunque las temperaturas elevadas también pueden causar dafios en esta enzima
(Perdomo et al., 2017), Cen y Sage (2005) registraton que no eran suficientes como para
limitar la fotosintesis. Otra muestra de la mayor adaptacién del PS Il a las altas
temperaturas fue que, aunque los valores de Fv/Fm y ETRmax descendieron en ambos
tratamientos térmicos, presentaron un descenso mas acusado para las plantas crecidas a
bajas temperaturas. Las temperaturas elevadas suelen degradar algunos componentes de
los PS I, pero esto ocurre a partir de los 45 °C en especies adaptadas a altas temperaturas

(Yamane et al., 1998), como parece ser el caso de nuestra haléfita modelo.

Una tendencia similar se observé en los parametros derivados del protocolo OJIP,
pues indicaban que a altas temperaturas la conectividad de los fotosistemas (Pg) y el
namero de los mismos que permanecian abiertos (Mo) era mayor en comparacion con
aquellas plantas sometidas a olas de frio. Un mayor nimero de fotosistemas abiertos
pueden contribuir a una mayor disipacion de la energia en forma de calor, ayudando a
proteger al tejido fotosintético de las altas temperaturas (Strasser et al., 2004). Esto se
confirmé con los datos de DI/CS a altas temperaturas, que duplicaron o cuatriplicaron sus
valores comparado con el control, dependiendo de si las plantas crecian a moderada o alta
salinidad (171 o 1050 mM de NaCl), respectivamente; mientras que a bajas temperaturas
el incremento fue mucho menor. El incremento de DI/CS, unido a los datos obtenidos del
perfil de pigmentos fotosintéticos, parece indicar que a altas temperaturas y alta salinidad
las plantas activaron el ciclo de las xantofilas, favoreciéndose la disipacion del exceso de
energia; a pesar de que se creia que ni las altas ni las bajas temperaturas lo activaban
(Saidi et al., 2010; Duarte et al., 2015). La activacion de estos mecanismos junto con el

mejor funcionamiento de la cadena de transporte de electrones, como indicaron los
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mayores valores de ETR, parecen reducir el riesgo de estrés derivado de la acumulacion
de especies reactivas de oxigeno (ROS) a altas temperaturas respecto a plantas crecidas a
bajas temperaturas. Esta diferencia es mayor cuando se comparan los tratamientos de baja
salinidad a ambas temperaturas extremas. Los resultados obtenidos para las actividades
de las enzimas de estrés oxidativo parecen confirmar esta idea, ya que APX se activd a

altas temperaturas pero no a las bajas.

En general, los tres primeros capitulos de esta Tesis Doctoral constataron una gran
resistencia del aparato fotosintético de la haldfita S. ramosissima frente a condiciones
ambientales adversas (salinidad, inundacidon prolongada o eventos de temperaturas
extremas), que seran cada vez més frecuentes en el futuro contexto de Cambio Climatico
(IPCC, 2014). Ademas, se registré como el aumento del CO2 mejord la respuesta a estos
factores 0 a su interaccion. Dicha respuesta estuvo mediada por la activacién de diversos
mecanismos frente al estrés, tal y como hemos comentado previamente. La capacidad de
respuesta del aparato fotosintético de S. ramosissima frente al estrés abiotico contrasta
con los resultados obtenidos para otras haléfitas, como Spartina anglica, Aster tripolium
y Puccinellia maritima (Lenssen et al., 1993; 1995), por no mencionar a los cultivos
tradicionales, mucho mas sensibles (IPCC, 2007). Esto unido a su uso en alimentacién
(Lu et al., 2010; Barreira et al., 2017) y la capacidad de su género de acumular osmolitos
de interés econémico (Singh et al., 2014), contribuyen a resaltar el potencial de S.
ramosissima como cultivo alternativo en condiciones de Cambio Climéatico. No obstante,
se debe profundizar en dicha idea bajo escenarios experimentales desarrollados a mayor

escala y bajo situacién de campo.

Respecto a los Capitulos 5y 6 de esta Tesis, se estudié el efecto que los factores
ambientales asociados al Cambio Climéatico podrian tener sobre la capacidad
fitorremediadora de sendas haldéfitas, la Cs S. densiflora y la C3 J. acutus. Ambas,
graminea y juncacea, respectivamente, son especies perennes ampliamente distribuidas
en el Golfo de Cadiz y han demostrado un gran potencial para la remediacién ambiental
de lugares contaminados por metales pesados (Mateos-Naranjo et al., 2008; 2014). Sin
embargo, antes de esta Tesis no se habia analizado como la alteracion de factores clave,
como el nivel de salinidad del medio o el incremento de la concentracion de CO:
ambiental, podrian alterar dicho potencial. En los Capitulos 5y 6 se pudo constatar que
ambas especies mostraron una gran tolerancia al exceso de cobre y zinc, respectivamente,

y que el aumento del CO: y la salinidad, en interaccion con los metales, mejoré la
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respuesta fisiologica al estrés. Asi, se vio que el aumento de CO; contrarresto el efecto de
la contaminacion por cobre en S. densiflora y la salinidad elevada mejoro la respuesta de
J. acutus frente al zinc. Redondo-Gémez et al. (2011) ya encontraron una mejora de la
respuesta fisioldgica de S. densiflora frente a la contaminacion por Zn en el medio cuando

se exponia a concentraciones moderadas de NaCl (171 mM).

En el caso de S. densiflora, ya habia sido identificada como una especie resistente
al Cu, llegando a tolerar una concentracion en hojas de hasta 320 mg Cu kg™ (Mateos-
Naranjo et al., 2008). No obstante, el incremento de la concentracion de este metal en el
medio era inversamente proporcional a la biomasa de la hal6fita. Sin embargo, en el
Capitulo 5 de esta Tesis se muestra que las plantas crecidas a 700 ppm de CO2 no
presentaron diferencias de biomasa para las distintas concentraciones de Cu y mostraron
una menor acumulacion de metal en sus tejidos aéreos. Incluso en el tratamiento de mayor
concentracion de Cu (45 mM) las plantas crecidas a elevado CO2 no disminuian su
biomasa. Los tejidos aéreos de las plantas crecidas a 400 ppm de CO; alcanzaron valores
de acumulacioén de Cu (737,5 mg kg™) no compatibles con la vida (Kabata-Pendias and
Pendias, 2001), mientras que los valores a alto CO> fueron casi un 33% menor. Ademas,
al igual que ocurria con S. ramosissima, S. densiflora presentaba una mejora de An y de
la eficiencia en el uso del agua a 700 ppm de CO2, en comparacion con las plantas crecidas
400 ppm de CO2; a pesar de ser una planta de metalobismo Cs en las que el efecto del

CO:- se pensaba que podia ser menos evidente (Ghannoum et al., 2000).

Las plantas de S. densiflora crecidas a altas concentraciones de CO> también
mostraron una mejora a nivel de transporte de electrones y de la disipacién de energia
(Capitulo 5). Ademas, la disminucion en los valores de C/N observada a 45 mM Cuy 700
ppm CO2 parece indicar una mayor inversion de N para aumentar la produccion de
Rubisco, algo que también se observé en S. ramosissima cuando se expuso a ambientes
enriquecidos en CO2 (700 ppm). Por lo tanto, el incremento de CO2 mejord la capacidad
de la especie para manejar la energia captada. Por otro lado, las plantas crecidas a alto
CO; presentaron una menor concentracion de MDA en presencia de cobre, indicando un

menor dafio de las especies reactivas del oxigeno en las membranas celulares.

En el caso de J. acutus se observé un incremento de la tasa relativa de crecimento
(RGR) de las plantas sometidas a altas concentraciones de Zn y concentraciones
moderadas de NaCl (85 mM) en el medio (Capitulo 6). Ademas, las plantas crecidas en
presencia de Zn y 85 mM NaCl experimentaron una menor caida de sus valores de An en
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comparacion con las que crecieron solo en presencia del metal. Esta diferencia, junto a la
menor concentracion de Zn en los tejidos de las plantas crecidas con sal, podria explicar
el mayor crecimiento de la juncécea. La presencia de sal en el medio también mejoro la
eficiencia en el uso del agua y, por lo tanto, la respuesta frente al Zn. Los fotosistemas de
J. acutus mostraron una mejora en el uso energético con la interaccion de la sal y de las
dos concentraciones de Zn (30 y 100 mM); como nos indicaron los valores de la
fluorescencia de la clorofila a. Se observo el mismo efecto sinérgico en la concentracion
de los pigmentos fotosintéticos. Las plantas crecidas con NaCl y Zn presentaron valores
para las concentraciones de las clorofilas a y b incluso mayores que los de las plantas
control, lo que sin duda tuvo su repercusion en la mejora que experimentd An en presencia
de sal y Zn. Por otro lado, se observd una disminucién de la fotoinhibicién cronica
generalizada en presencia de sal, ademas de un aumento de la fotoinhibicion dinamica en
el tratamiento de mayor concentracion de Zn. La fotoinhibicion dinamica se conoce como
un mecanismo de defensa en el que el exceso de energia se disipa en forma de calor,
ayudando a mantener un buen funcionamiento de la hoja (Maxwell and Johnson, 2000).
Por ello, su mayor activacién, a concentraciones altas de Zn y en presencia de NaCl en el
medio, ratifica la mejora que supone una concentracion optima de sal para J. acutus en

respuesta al estrés.

Los resultados obtenidos en los Capitulos 5 y 6 confirmaron la tolerancia de S.
densiflora y J. acuttus frente a los excesos de Cu y Zn, respectivamente, ya descritos por
otros autores (Mateos-Naranjo et al., 2014; Santos et al., 2014; Christofilopoulos et al.,
2016) y afiaden una informacion relevante respecto a la respuesta de ambas especies
frente a la interaccion de factores derivados del Cambio Climatico. Se puede concluir que
la presencia de sal y el incremento de CO2 mejoraron las respuestas fisioldgicas de ambas
haléfitas frente a la contaminacion por metales pesados. En el caso de S. densiflora,
mantuvo su capacidad de acumular Cu en las raices a alto CO, (700 ppm), lo cual, unido
a la mejora de la respuesta fisiologica, podria mejorar su potencial como especie
fitorremediadora. Li et al. (2012) también encontraron una mayor capacidad de
fitorremediacion en atmasferas enriquecidas con COzy Tian et al. (2014) observaron una
disminucion de los efectos negativos en plantas no resistentes a metales pesados cuando
crecian con alto CO.. Sin embargo, en el caso de J. acutus la presencia de NaCl en el
medio redujo la capacidad de la planta para almacenar Zn en sus tejidos, disminuyendo

su potencial fitorremediador. Lo que nos lleva a pensar que, a pesar de que las dos

88



halofitas demostraron un mejor estado fisiologico en presencia de sal o a elevado COy, el
efecto en el potencial fitorremediador es especifico de cada especie y/o se ve afectado de
manera diferencial por el factor ambiental analizado. Esto enfatiza la relevancia de
estudiar la respuesta de las plantas frente a la interaccion de factores, a la hora de evaluar

la capacidad fitorremediadora de una especie.

En conclusion, los estudios realizados en esta Tesis Doctoral en relacion a las
interacciones de factores ambientales, evidencian, en la misma medida, la complejidad
de analizar el efecto en las plantas de mas de un factor, actuando al mismo tiempo, y la
necesidad de llevarlos a cabo. Pues como se ha podido comprobar, se generan efectos
sinérgicos que difieren de las respuestas que se registran cuando se analizan los factores
por separado, como un aumento de la biomasa o una mejora de la tasa fotosintética,
simplemente por una mayor disponibilidad de CO2 atmosférico (Ghannoum et al., 2000).
Las plantas crecidas en una atmdsfera enriquecida en CO2 en combinacién con otros
factores ambientales de estrés mostraron mejor respuesta fisioldgica que aquellas
sometidas solamente a alta salinidad, inundacion o al efecto toxico de un metal pesado.
Ademas, como ya sefialaron Saslis-Lagoudakis et al. (2015), nuestros resultados indican
que las haldfitas tienen una gran tolerancia a diferentes factores ambientales de estrés,
relacionados con el Cambio Global y, mas concretamente, con el Cambio Climatico
(IPCC, 2014), lo que las convierte en especies de interés para su uso en alimentacion y/o
fitorremediacion o para la mejora de cultivos tradicionales mediante la biotecnologia. Los
resultados obtenidos contribuiran en el desarrollo de modelos predictivos que permitan
conocer las respuestas de las hal6fitas bajo una futura realidad climética. No obstante,
esta Tesis también evidencia la necesidad de profundizar en los mecanismos que

subyacen en las respuestas de las halofitas.
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CONCLUSIONES

1. Response to NaCl excess of the model halophyte S. ramosissima was improved
by atmospheric CO2 enrichment due to a reduction on mesophyll and biochemical
limitations allowing a higher carbon assimilation capacity and intrisic water use
efficiency. This did not result in a significant biomass variation due to the
investment of part of the energy fixed for salinity stress defense mechanisms,
such as pigments productions or anti-oxidative stress enzymes modulation.

2. Elevated CO», salinity and root-flooding had a synergistic effect on carbon
assimilation and anti-oxidant stress machinery of S. ramosissima by an
upregulation of its sink capacity of excess energy and a greater improvement on
its intrinsic water use efficiency.

3. Salicornia ramosissima photosynthetic metabolism would maintain its
functionality better under heat waves than under cold waves, even in presence of
hypersaline conditions. This was mainly due to an improvement in its energy sink
capacity, while keeping its CO> assimilation capacity relatively constant by
ameliorating the diffusion and biochemical photosynthesis limitations under
those extreme conditions.

4.  This higher heat waves tolerance of S. ramosissima fits well with its thermal
niche characteristics in the Southwest of Iberian Peninsula, where there is a
prevalence of daily mean high temperatures and a higher occurrence of heat
waves. However, the increase in frequency of extreme cold episodes due to
Climate Change would compromise the primary productivity of this important
multifunctional cash crop species.

5. Atmospheric CO2 enrichment improved S. densiflora tolerance to Cu pollution

maintaining at the same way its Cu root phytostabilization capacity. This

90



mitigation effect appears to be linked with the protection of several steps in its
photosynthetic pathway, such as CO» fixation due to reduction of the stomatal
limitation, with the consequent improvement of S. densiflora water balance.
Positive effect of rising CO on S. densiflora performance was also related to a
better use of absorbed energy, reducing the risk of ROS species production.

The presence of NaCl in the growth medium, at concentrations representative of
estuarine environments, considerably reduces the deleterious effects of elevated
Zn concentrations on the growth and development of J. acutus. This beneficial
effect was largely mediated by the reduction of Zn levels in J. acutus tissues,
together with an overall protective effect on its photosynthetic apparatus,
manifested as improved carbon harvesting, functionality of the photochemical
apparatus (PSII) and photosynthetic pigment concentrations.

Overall, studied halophytes shown a better response to abiotic stressors when
they were combined, demonstrating the importance of consider the interaction
between factors due to the synergetic effects between them when Climate Change
is being studied.

. The positive effect displayed by the halophytes exposed the potential that these
species would have as alternative crops or phytoremediation tools in a Climate

Change scenario.
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