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Asat Light saturated rate of net carbon assimilation (umol CO; m?s™)
Anmax Maximum photosynthesis rate (umol CO, m? s™)
ABA Abscisic acid

ANOVA Analysis of variance

C Carbon

C. Carbon content (%C mg™)

Co/Nc Carbon/Nitrogen ratio

CAM Crassulacean acid metabolism

Cs Cs carbon fixation

Cs C4 carbon fixation

G Leaf intercellular CO, concentration

DLP Dry Leave Percentage (%)

DW Dry Weight (g)

Fu/Fm Maximum yield of PSII

F.'/F»’ Efficiency of excitation energy capture by open PSII reaction centres

FW Fresh Weight (g)

Js Stomatal conductance (mol H.O m?s™)

glA Green Leaf Area (m?)

GLP Green Leave Percentage (%)

H Hydrogen

H Height (cm)

HCI Hydrochloric acid

WUE Instantaneous Water Use Efficiency (umol CO, mol H.O")

Jinax Maximum electron transport rate contributing to RuBP regeneration (umol
CO, m?sM

/ Stomatal limitation (%)

LA Leaf Area (cm?)

LAR Leaf Area Ratio (m? Kg™ total dry weight)
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LMA
LTso
LWR

N
NR
NAD-ME

NADP-ME

NL
NPQ
NiR
NS
NUE

PARi
PCA
PCR
PDB
PDH
PEP
PEPC
PEP-CK
PPDK
PPFD
PSI|

9r

Leaf Mass Area (Kg m?)

Lethal temperature at which 50% of the plants die (°C)
Leaf Weight Ratio (Kg dry leaves Kg™' total dry weight)
Nitrogen

Nitrogen content (%N mg)

Nitrate Reductase

Type of C, that involve L-aspartate and utilizes and NAD-dependent malic
enzyme

Type of C4 that not involve L-aspartate and utilizes a NADP-dependent
malic enzyme to releases CO; from malate

Number of Leaves per plant

Non-photochemical quenching

Nitrite Reductase

Number of stems per plant

Nitrogen Use Efficiency

Oxygen

Photosynthetically Active Radiation inside the chamber
Principal Component Analysis

Photosynthetic Carbon Reduction

Pee Dee Belemnite

Pyruvate Dehydrogenase

Phosphoenolpyruvic acid

Phosphoenolpyruvate carboxylase
Phosphoenolpyruvate carboxykinase

Pyruvate Phosphate Dikinase

Photosynthetic Photon Flux Density

Photosystem |l

Photochemical quenching
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R4
RQ
Rubisco
RuBP
RWC
S

SA
SE
SLA
SM
S/R
SSI

TDW
TES
TOM
TSS
TW
VPD
Ve, max
WS
YLP
3-PGA
Opsii

AC
8"°C
8N

Dark respiration (umol gDW™' s™)

Respiratory Quotient

Ribulose-1,5-biphosphate carboxylase-oxygenase
Ribulose-1,5-biphosphate

Relative water content (%)

Salinity

Stem Area (m?)

Standard Error

Specific Leaf Area (m? Kg™' dry leaves)
Supplementary Material

Shoot/Root Ratio (g g7)

Stress Susceptibility Index

Transpiration (mmol H2O m?s™)

Total Dry Weight (g)

N-tris (hydroxymethyl)methyl-2 aminoethanesulfonic acid
Total Organic Matter

Total Soluble Sugars

Total Weight (g)

Vapor Pressure Deficit (kPa)

Maximum carboxylation rate of Rubisco (umol CO, m?s™)
Water Stress

Yellow Leave Percentage (%)

3-Phosphoglyceric acid

Relative quantum yield of PSII

Water potential

Isotopic discrimination of *C

Isotopic composition of *C

Isotopic composition of °N
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1.1.- El Cambio Climatico

1.1.1.- {Qué es el Cambio Climatico?

Segun el Informe del Grupo Intergubernamental de Expertos sobre el Cambio Climatico
(IPCC), el término “Cambio Climéatico” denota un cambio en el estado del clima
identificable (por ejemplo, mediante analisis estadisticos) a raiz de una variacién en el
valor medio y/o en la variabilidad de sus propiedades, y que persiste durante un periodo
prolongado (generalmente cifrado en decenios o en periodos mas largos; IPCC, 2007). A
su vez denota todo cambio del clima a lo largo del tiempo, tanto si es debido a la
variabilidad natural como si es consecuencia de la actividad humana.

El IPCC (IPCC, 2013), sefiala que las actividades humanas contintian afectando al balance
energético de la Tierra, variando las emisiones y, por lo tanto, la consiguiente

concentracién atmosférica de gases y aerosoles radiativamente importante.

1.1.2.- Problematica del Cambio Climatico

El sistema climatico de la Tierra es impulsado por la radiacién solar (Fig. 1.1.1). La
atmésfera terrestre permite que una parte de la energia solar se acumule en la superficie
del planeta, para asi calentarlo y hacer posible la vida. Durante muchos siglos, la
temperatura de la Tierra ha sido relativamente constante, para lo que es necesario que la
energia solar entrante (Incoming Shortwave Radiation, SWR) esté en equilibrio con la
radiacién saliente (Outcoming Longwave Radiation, OLR). En la actualidad, de la energia
solar entrante (SWR) aproximadamente la mitad es absorbida por la superficie de la tierra
(1). EI 30% de la fraccién de SWR es reflejada de vuelta al espacio por aerosoles, nubes y
la superficie de la tierra (albedo; 2), mientras que el 20% restante es absorbido por la
atmésfera (3). La mayor parte del flujo de energia de salida de la Tierra estéd en la parte
infrarroja del espectro (Infrared radiation o Longwave Radiation, LWR). Gran parte de este
flujo de energia es absorbida por los componentes de la atmésfera (vapor de agua,
diéxido de carbono (CO,), metano (CH.), 6xido nitroso (N.O), otros gases de efecto
invernadero (GEI) y las nubes, que a su vez emiten LWR en todas las direcciones (4). Parte

de estas emisiones son dirigidas hacia la Tierra, aumentando el calor en las capas
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inferiores de la atmosfera y de la superficie de la Tierra, fenémeno que se conoce como

"Efecto Invernadero”.

7 Natural
Fluctuations in
Solar Putput

Outgoing Longwave
SWR Reflected by Radiation (OLR)
the Atmosphere

Incoming
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Radiation (SWR) |
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Fig. 1.1.1.- Representacion del sistema climéatico de la Tierra. (1) El 50% de la energia solar entrante (SWR) es
absorbida por la superficie de la tierra. (2) El 30% de SWR es reflejada de vuelta al espacio por aerosoles,
nubes y la superficie de la tierra. (3) El 20% restante es absorbido por la atmésfera. (4) La mayor parte del
flujo de energia de salida de la Tierra se absorbe por los componentes de la atmoésfera (vapor de agua, CO,
CHa, N20O, otros GEl) y las nubes, que a su vez lo emiten en todas las direcciones. La fracciéon emitida de
vuelta hacia la Tierra es la responsable de generar el fenémeno conocido como Efecto Invernadero. Figura
modificada del IPCC (2013).

En la actualidad existen muchos indicadores del Cambio Climatico, que incluyen
respuestas fisicas como cambios en la temperatura de la superficie, en las precipitaciones,
en la severidad de los eventos climaticos, en los glaciares, en los océanos, en la superficie

de hielo y en el nivel del mar, tal y como se ha resumido en la Fig. 1.1.2.
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( ATMOSFERA ]

Enfriamiento de la temperatura de la estratosfera
Estratosfera
Cambios en lafuerza de los vortices polares en invierno

Calentamiento desde la superficie hacia la mayoria de la troposfera
Cambios a largo plazo v a laraa escala de la circulacién atmosférica
Troposfera
Incremento en la concentracién de CO» v otros GEIl debido a la actividad humana
Cambios en la carga de aerosoles y la concentracién de ozono

Aumento de la temperatura media global cerca de la superficie
Cerca de la A de la h dad de | Hici
superficie umento de la humeda e la superficie

Aumento de la temperatura de la superficie del mar

( OCEANOS ] ( SUPERFICIE ] ( HIELO )|
Calentamiento en gran parte Mayor frecuencia de dias y noches Reduccién de la media
de los océanos del mundo célidas. Menor frecuencia de dias 'y promedio anual de hielo

noches frias marino en el Artico

Aumento de la tasa de Reduccién del nimero de heladas Retroceso generalizado de los
incremento del nivel del mar glaciares
Cambios en la salinidad del Descenso de la cobertura de nieve Cambios en las capas de hielo
océano en muchas regiones en Groenlandia y Antartica

Acidificacién de los océanos  Degradaciéon del permafrost en
extension y grosor
Cambios en las precipitaciones a
larga escala
Incremento en el numero de
eventos de lluvias torrenciales

Fig. 1.1.2.- Tabla resumen de los indicadores de Cambio Climéatico observados segin el informe AR4 del
IPCC. Figura adaptada del IPCC (2013).

1.1.3.- Situacién actual y proyecciones de futuro

Segun el informe del IPCC (IPCC, 2013), la concentracién atmosférica de los GEl aumenté
en el periodo 2005-2011. La [CO:] alcanzé las 390,5 ppm en 2011, un 40% mas que en
1750 mientras que la [N2O] fue de 324,2 ppb, un 20% mas que en ese mismo afo. Por
otro lado, la [CH4] aumenté un 150% desde 1750, alcanzando valores de 1803,2 ppb.
Otros gases como hidrofluorocarbonos (HFCs), perfluorocarbonos (PFCs) y hexafluoruro
de azufre (SF¢) han incrementado rapidamente su concentracion, pero su contribucién al
forzamiento radiativo es menor del 1% del total de los GEI. A su vez, la temperatura
global del aire sobre la tierra y los océanos ha aumentado aproximadamente en 0.5°C

desde 1950.

A pesar de que el informe menciona que las concentraciones de CO,, la temperatura
promedio a nivel mundial y el aumento del nivel del mar se encuentran dentro del rango
de alcance de las proyecciones anteriores del IPCC (Fig. 1.1.3), otros estudios informan

que existe un considerable riesgo de que el suministro de alimentos se vea afectado por
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los excesivos incrementos de temperatura en el futuro si las emisiones de CO. no son
suficientemente reducidas a nivel internacional (Nogués y Azcdn-Bieto, 2013; Battisti y

Naylor, 2009).
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Fig. 1.1.3.- Cambios globales observados en la concentracion de CO: (ppm; a) y en la temperatura (°C; b)
desde 1950 comparado con las proyecciones anteriores del IPCC (FAR, 1990; SAR, 1996; TAR, 2001) y del
modelo climatico (AR4) con tres escenarios (B1, A1B y A2) de 2001 a 2035. Figura obtenida del IPCC (2013).

En relacion a la sequia, existen grandes incertidumbres en las proyecciones regionales

(Burke y Brown, 2008) y aunque muy pocos estudios se han centrado en los cambios en
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un futuro a corto plazo (Sheffield y Wood, 2008; Dai, 2011), segin estos mismos autores
se esperan incrementos en los fenémenos de sequia. El IPCC (2013) estudié los cambios
proyectados en la disponibilidad de agua para el periodo 2016-2035 (Fig. 1.1.4),
mostrando como en las altas latitudes y en los trépicos la diferencia entre evaporacion (E)
y precipitacién (P); Fig. 1.1.4a) es, mayoritariamente, negativa debido a los incrementos
en la precipitacion, mientras que en la zona subtropical se observa un incremento en (E-
P), principalmente en Europa y el oeste de Australia y USA. A su vez, se estudiaron los
cambios en la humedad del suelo (Fig. 1.1.4b) mostrando descensos en la mayoria de las

regiones subtropicales y en Europa central e incrementos en las latitudes del norte.

A Soil Moisture

.
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Fig. 1.1.4.- Modelo de la media anual de los cambios proyectados para el periodo 2016-2035 con respecto a
la evaporacién menos precipitacién (E-P; mm dia™'; a) y la humedad del suelo a los 10 cm de la superficie (%;
b). Figura obtenida del IPCC (2013).

Por otro lado, y también como consecuencia de los cambios en la precipitacion y
evaporacién, se esperan cambios en la salinidad de la superficie de los suelos segun el
IPCC (2013), aumentando en la mayoria de las regiones. Segun Varllyay (1994), la
acumulacién de sales en los suelos, es decir la salinizacion, es el resultado de la
circulacion capilar y dispersién de agua salina, debido a una mayor evapotranspiracion
que la precipitacién y el riego. Estas condiciones, generalizadas en las regiones maés
célidas y secas del sur de Europa y otras regiones del mundo, se veran exacerbadas por

el aumento previsto de temperatura y la disminucion de las lluvias. A su vez, el aumento
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de la salinidad de los océanos junto con la subida del nivel del mar Mediterraneo

(Tsimplis y Rixen, 2002) aumentara la salinidad a lo largo de las regiones costeras.

1.1.4.- Posibles soluciones frente al Cambio Climatico

Los modelos actuales para calcular las proyecciones de temperatura del IPCC concuerdan
con la futura direccién del Cambio Climéatico, pero el tamafo de estos cambios no
pueden ser predichos de una forma precisa. La complejidad de la Tierra hace que el
futuro clima pueda seguir muy diversos escenarios, por ello es necesario comprenderlos
en la actualidad y estar preparados frente a ellos.

En la ultima Cumbre sobre el Clima (Nueva York, USA, Septiembre de 2014), los Estados
Miembros de las Naciones Unidas y representantes de instituciones financieras, empresas
y sociedad civil pusieron en evidencia la necesidad de adoptar medidas para reducir las
emisiones, fortalecer la resilencia al Cambio Climatico y movilizar la voluntad politica, con

el fin de limitar a 2°C el aumento de la temperatura del planeta.

Del mismo modo, en la XX Cumbre del Planeta celebrada el pasado mes de Diciembre
2014 en Lima (Perd), donde se reunieron representantes de mas de 190 paises, se
remarcé la necesidad de que todos los paises, y no solo los denominados paises
desarrollados, presenten a Naciones Unidas compromisos cuantificables de reduccién de
gases de efecto invernadero antes del 1 de Octubre de 2015, con la finalidad de

mantener el incremento global medio de temperatura por debajo de los 2°C.

Es necesario remarcar que, junto a los acuerdos internacionales, es de vital importancia
concientizar a la sociedad civil sobre la probleméatica del Cambio Climatico, implicdndola
en el cuidado al medio ambiente y haciéndola participe de las posibles soluciones.
Hechos cotidianos como el reciclaje, el ahorro de agua y energia y el uso de energias

renovables (entre otros) pueden ayudar, de forma global, a la protecciéon del planeta.
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1.2.- Las energias renovables

1.2.1.- ; Qué son las energias renovables? Tipos de energia renovable

Como se ha comentado en el punto 1.1.4, el desarrollo de fuentes de energia renovables
(ER) es uno de los aspectos claves para la mitigaciéon del Cambio Climéatico. Se denomina
ER a aquellas fuentes de energia limpias que tienen un menor impacto ambiental que las
fuentes de energia convencionales, y que a su vez pueden ser producidas en un breve
periodo de tiempo.

Segun el IPCC (2011) las ER son aquellas energias obtenidas a partir de un flujo de
energia continuo o repetitivo que ocurre en ambientes naturales, y que incluye fuentes
como la biomasa, la energia solar, el calor geotérmico, el poder del agua y de las olas, la
energia termal del océano y la energia edlica. Por lo general, estas fuentes de energia se

producen a una velocidad igual o mayor a su velocidad de uso.

Segun el Ministerio de Industria, Energia y Turismo del Gobierno de Espafia (Gobierno de
Espafia, 2014a) y el informe del IPPC relativo a ER (IPCC, 2011), algunos beneficios

provenientes del uso de ER son los siguientes:

Presentan menores emisiones especificas de CO; a la atmdsfera que los
combustibles fdsiles, contribuyendo eficientemente a la reduccion de las
emisiones de GEI.

- Son fuentes de energia inagotables.

- Son fuentes de energia sostenibles. Es decir, su produccién no aumenta las
emisiones netas de CO;, no afecta negativamente a la seguridad alimentaria, no
requiere el uso excesivo de agua y/o productos quimicos y no amenaza la
biodiversidad.

- Una mayor participacién de las ER en el balance energético disminuye la

dependencia de los combustibles fésiles y diversifica las fuentes de suministros,

promoviendo recursos autéctonos.
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Segun el informe del IPCC (2011), las ER se pueden clasificar segun la tecnologia utilizada
en bioenergia, energia solar directa, energia geotérmica, energia hidroeléctrica, energia

ocednica y energia edlica.

Aunque el uso de ER a nivel global es relativamente pequefio su crecimiento se ha
acelerado en los ultimos afios debido a las politicas de los gobiernos, el costo cada vez
menor de las tecnologias usadas en ER y el aumento en el precio de los combustibles

fosiles (IPCC, 2011).

1.2.2.- Politicas europeas y espaiiolas sobre energia renovable

Segun las previsiones de la Agencia Internacional de la Energia (AIE), el consumo mundial
de energia aumentard alrededor del 40% hasta el afo 2030, impulsado
fundamentalmente por la creciente demanda de las economias emergentes

(especialmente China e India; AIE, 2010).

A nivel europeo, el 23 de abril de 2009 se dicto la Directiva 2009/28/CE del Parlamento
Europeo y del Consejo relativa al fomento del uso de energia procedente de fuentes
renovables. En ésta se fij6 como objetivos generales conseguir una cuota del 20% de
energia procedente de fuentes renovables en el consumo final bruto de energia de la
Unién Europea (UE) y una cuota del 10% de energia procedente de fuentes renovables
en el consumo de energia en el sector del Estado miembro para el afio 2020. Con esos
fines, Espafia elaboré y notificé a la Comisién Europea (CE) su Plan de Accién Nacional

de Energias Renovables (PANER) para el periodo 2011-2020 (Gobierno de Espafia, 2010).

En general, la demanda final de energia eléctrica ha disminuido un 3,4% en 2013
respecto al afio anterior debido a la menor actividad econémica derivada de la crisis
econémica en Espafa (Gobierno de Espafia, 2014b). En relacion a las energias
renovables, su consumo primario en Espafa ha registrado un crecimiento de un 7,5% en
2013, debido sobre todo al aumento de la generaciéon hidraulica (22,7%) y edlica (9,4%),
alcanzando un 14,2% (Gobierno de Espafa, 2014a; Fig. 1.2.1). En contraste, el grupo

integrado por la biomasa, el biogas y los biocarburantes han reducido su aportacién
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respecto a afios anteriores debido principalmente a la caida de la demanda de los
biocarburantes. Dentro de las energias renovables, la energia edlica, hidraulica y la

biomasa cubren el 75% de toda la aportacién renovable (Fig. 1.2.1).

Produccién interior de energia primaria en Espafia 2013 (%)
1.1 0.1

B Nuclear

B Hidraulica

W Edlica ,solar y geotérmica

B Biomasa, biocarburantes y
residuos
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7 Gas Natural

Consumo de energia primaria en Espaiia 2013 (%)
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Fig. 1.2.1.- Produccién interior de energia primaria y consumo de energia final en Espafia (2013). Fuente:
Gobierno de Espafia (2014b).

1.3.- La bioenergia como fuente de energia renovable

La bioenergia tiene un significativo potencial de mitigacion de los GEl, ya que los
recursos se utilizan de manera sostenible y dentro de sistemas energéticos eficientes.
Segun el informe del IPCC (2011), los sistemas actuales y futuros de bioenergia
(incluyendo los sistemas de cultivo con especies perennes y el uso de residuos y
deshechos de biomasa) son capaces de reducir las emisiones entre un 80% y 90% en

comparacién con la linea base de la energia fésil.
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1.3.1.-

La biomasa y tipos de biomasa

El IPCC (2011) define “biomasa” como una fuente primaria de alimento, forraje y fibra. A

su vez destaca que su uso estd muy desarrollado debido al uso tradicional de la madera,

la paja y el carbén vegetal para cocinar, calentar e iluminar las viviendas de la poblacién

mas pobre de los paises en desarrollo. Esta forma de biomasa tradicional, denominada

de baja eficiencia y que, al ser quemada crea graves impactos negativos en la salud y

vida de la poblacién, estd siendo reemplazada por una biomasa mas moderna,

denominada de alta eficiencia, que utiliza sdélidos, liquidos y gases mas convenientes

como

vectores energéticos secundarios para generar calor, electricidad y energia

combinada, asi como combustible para el transporte (Fig. 1.3.1).

Podemos clasificar las fuentes de suministro de energia seguin la siguiente categoria:

1)

Biocombustibles de primera generacién: son aquellos provenientes de la biomasa
de cultivos agricolas destinados a la alimentacién humana. El biocombustible se
deriva a partir del almidén, azucar y aceite que proporcionan estos cultivos.
Biocombustibles de segunda generacién: son aquellos provenientes (a) de cultivos
energéticos (tanto oleaginosos como lignocelulésicos) y (b) de la biomasa de
residuos de la agricultura (como por ejemplo subproductos relacionados con los
alimentos y/o forraje o de su procesamiento), de la silvicultura (tanto restos
primarios de tala como secundarios de la transformacién de la madera), de
residuos animales (estiércol) u organicos (de hogares y restaurantes),

Es interesante destacar que en el contexto de la produccién de biocombustiles, el
término “biomasa vegetal” se refiere generalmente al material lignocelulésico, ya
que es el que constituye la mayor parte de los materiales no alimentarios de bajo

costo econémico (Naik y col., 2010).

Biocombustibles de tercera generaciéon: son aquellos biocombustibles derivados

de las algas o bien de organismos modificados genéticamente etc.
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Fig. 1.3.1.- Vista esquematica de la variedad de rutas bioenergéticas tanto comerciales (lineas continuas)
como en desarrollo (lineas discontinuas) que pueden tomar las materias primas segun diversas rutas de
conversion para generar calor y/o energia (IPCC, 2011).

Aunque los biocombustibles de primera generacién pueden ayudar a reducir las
emisiones de CO. y la dependencia energética de los combustibles fésiles (aunque
suelen utilizarse mezclados con combustibles a base de petréleo), existe una
preocupacién global sobre el abastecimiento de materias primas alimenticias, el cambio
de uso de tierra y la competencia con cultivos alimentarios (Naik y col., 2010; Tabla 1.3.1).
El debate creado a partir de la competencia entre los alimentos y los combustibles es una
de las principales desventajas de los biocombustibles de primera generacién, ya que se
ha observado un aumento del precio de los alimentos debido al incremento en la
produccién de estos biocombustibles (HLPE, 2013; Gilbert y Mugera, 2014). Aun asi,
todavia existe controversia sobre el alcance de este impacto y su papel en el impulso de

la volatilidad del precio (Abbot, 2013).
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Tabla 1.3.1.- Tabla comparativa de la materia prima, tecnologia, desventajas y ventajas de los combustibles
fosiles, de los biocombustibles de 17, 27 y 3% generacién. Elaboracién propia a partir de la informacién de

Naik y col. (2010) y Schenk y col. (2008).

Combustibles

Biocombustibles

Biocombustibles

Biocombustibles

fosiles de 1 de 2 de 3°
generacion generacion generacion
Materia Petréleo Productos Productos no Algas, organismos
prima alimenticios (aceites  alimenticios, restos modificados
vegetales, maiz, de biomasa. genéticamente
cafia de azlcar)
Tecnologia Econémica

Desventajas

Ventajas

Disminucién de
las reservas de
petroleo,
contaminaciéon
ambiental,
problemas
econdémicos y
ambientales

Materia prima
limitada (por la
competencia con
los alimentos),
utilizacién junto a
productos
derivados del
petréleo

Amigable con el
medio ambiente,
seguridad
econdmica y social

Tecnologia en
desarrollo para
disminuir los costes
de produccion

Amigable con el
medio ambiente, no
compite con
productos
alimenticios

Altos costos

Amigable con el
medio ambiente,
altos rendimientos,
multiples a lo largo
de un afio

Sin embargo, los biocombustibles de segunda generacién, contribuyen a la reduccién de

las emisiones de CO, y no compiten con los cultivos destinados a alimentaciéon (Naik y

col., 2010; Tabla 1.3.1). Aunque en un principio las algas estaban clasificadas dentro de

los biocombustibles de segunda generacién, su alto rendimiento energético con menores

recursos que otras materias primas hizo que se generara un nuevo grupo de

biocombustibles, los de tercera generacién (Schenk y col., 2008; Nigam y Singh, 2011). A

su vez, la duracién del cultivo de algas es mucho menor (1-10 dias) que el cultivo de

especies vegetales tradicionales (1-2 veces al afio), y son capaces de producir entre 15y

300 veces mas de aceite para biodiesel que los cultivos tradicionales, permitiendo

multiples cosechas con rendimientos elevados (Schenk y col., 2008).
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1.3.2.- Especies vegetales utilizadas como fuente de biomasa

Dos de las especies vegetales mas utilizadas como biocombustibles de primera
generacion son el maiz (Zea mays L.) y la cafa de azlcar (Saccharum officinarum L.),
seguidas del trigo (Triticum aestuvum L.) y los aceites de colza (Brassica napus L.), soja
(Glycine max L.) y palma aceitera (Elaeis guineensis L.; de Vries y col., 2010). De las
materias primas azucaradas o amildceas se obtiene el bioetanol mientras que el biodiesel
se obtiene a partir de las semillas oleaginosas (Naik y col., 2010). Dentro de las especies
vegetales utilizadas como biocombustibles de segunda generacién se encuentra el cardo
(Cynara cardunculus L.; Fernandez y Curt, 2004; Fernandez y col., 2006) y otras todavia en
investigaciéon como la pataca (Helianthus tuberosus L.; Cheng y col., 2009) y el sorgo
azucarero (Sorghum bicolor L.; Sarath y col., 2008).

Por otro lado, las especies arboreas forestales méas utilizadas en silvicultura para la
produccién de biocombustibles son el eucalipto (género Eucalyptus), el chopo (género
Populus) y el salix (género Salix; Armstrong y col., 1999; Heaton y col., 2004; IEA, 2010),
siendo sus ventajas de cultivo el ser especies de crecimiento muy rapido, con una base
genética amplia, facilidad para la multiplicacién vegetativa y alta capacidad de rebrote
(Sixto y col., 2007).

Los cultivos energéticos son aquellos cultivos producidos con el tnico propésito de usar
su biomasa para la generaciéon de energia (Lewandowski y col., 2003). Dentro de los

cultivos energéticos nos encontramos las gramineas perennes.

1.3.3.- Las gramineas perennes

Las gramineas perennes han sido ampliamente usadas como cultivos forrajeros por afios,
contribuyendo a menudo a alimentar a animales utilizados como traccién en granjas y
ciudades. Sin embargo, ha sido a partir de los afios 80 del siglo pasado cuando se ha
incrementado su interés como cultivos energéticos, tanto en Estados Unidos como en
Europa (Lewandowski y col., 2003). Segun estos autores, ademas de una reduccién de las
emisiones antropogénicas de CO; al utilizar una menor cantidad de combustibles fésiles,

las caracteristicas que hacen atractivas a estas especies para la produccién de biomasa
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son su alto potencial de rendimiento y sus altos contenidos en lignina y celulosa en la
biomasa. A su vez, el riesgo de erosidn se reduce y el contenido de carbén del suelo se
incrementa al no necesitar un cultivo con labranza (Gnicamente antes de la plantacién; Ma
y col., 1999; Fagnano y col., 2015). Otra de las ventajas de las gramineas perennes es la
baja demanda nutritiva debido al reciclaje de los nutrientes por el rizoma (Christian y col.,

1997).
1.4.- Especies de gramineas perennes e importancia ecolégica

1.4.1.- Arundo donax L.

Arundo donax L., también llamado “cafia comun” o “giant reed” en inglés, es una
graminea perenne Cs perteneciente a la familia de las Gramineae (Poaceae; Rossa y col.,
1998; Lewandowski y col., 2003; Pilu y col., 2012). Aunque no existe un acuerdo sobre el
area en la cual se origind, los Ultimos estudios sugieren que su origen comenzé en Asia y
fue propagandose hacia el sur de Europa y Africa (Lewandowski y col., 2003; Mariani y
col., 2010). Aunque A. donax L. produce flores, no se han detectado semillas viables
debido a los fallos en la division de la célula madre de las megasporas (Mariani y col.,
2010; Balogh y col., 2012). Como consecuencia de esto, su propagacion y difusion se
realiza por fragmentacion de los rizomas (Pilu y col., 2013), encontrandose muy poca
variabilidad genética entre plantas debido a esta reproducciéon asexual
(Khudamrongsawat y col., 2004; Mariani y col., 2010). Su rapida tasa de crecimiento, su
forma de crecimiento y propagacién, la tolerancia a ambientes no favorables y suelos
infértiles han hecho que A. donax L. se haya introducido de forma generalizada en areas
muy diversas, naturalizdndose en zonas donde no era una especie nativa (Barney y

DiTomaso, 2008; Barney y col., 2009).

A. donax L. presenta un alto potencial fotosintético (Rossa y col., 1998) y elevadas tasas
de transpiracién, por lo que requiere una mayor cantidad de agua para producir la misma
cantidad de biomasa que otros cultivos energéticos Cs, como Panicum virgatum L. o
Miscanthus (Miscanthus x giganteus; Nackley y col., 2014; Triana y col., 2015). Aun asi, se

ha observado como A. donax L. ha producido altos y estables rendimientos en biomasa
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en experimentos a largo plazo (Angelini y col., 2005; Angeliniy col., 2009). Ademas, estos
altos rendimientos se han producido incluso en &reas con condiciones de cultivo no muy
adecuadas (ej. sequia, salinidad, entre otros). Segin Lewandowski y col. (2003), A. donax
L. prefiere suelos bien drenados con buen aporte de agua, pero crece también en suelos

tanto arcillosos como pedregosos y salinos.

Respecto a la produccién de biomasa, Cosentino y col. (2014) observaron como A. donax
L. produjo desde 11 toneladas de peso seco ha™' en condiciones de secano y sin fertilizar
hasta 28 toneladas peso seco ha”’ con un 100% de la restitucidn méaxima de la

evapotranspiraciéon y una fertilizacion de 120 kg N ha™.

1.4.2.- Panicum virgatum L.

Panicum virgatum L., también llamado “carrizo” o “switchgrass” en inglés, es una
graminea perenne Cs nativa de norte América perteneciente a la familia Gramineae
(Poaceae; Lewandowski y col., 2003; Barney y DiTomaso, 2008), ampliamente adaptada a
la zona central y este de los Estados Unidos (Lewandowski y col., 2003; Zhang y col.,
2011). P. virgatum L. puede establecerse por fragmentaciéon de rizomas, al igual que A.
donax L., y también mediante semillas, por lo que se pueden encontrar varias especies
endémicas con distintos grados de adaptacién al entorno (Lewandowski y col., 2003).
Estos autores han descrito a P. virgatum L. como tolerante a la sequia y tolerante
moderado a las inundaciones. Segin Mclaughlin y Walsh (1998) y Lewandowski y col.
(2003), la producciéon de biomasa de P. virgatum L. también es elevada, incluso con
sequia o baja fertilizacién del suelo. P. virgatum L. se caracteriza por ser una especie cuya
enzima malica es dependiente de NAD (NAD-ME; Warner y col., 1987) y cuya utilizacion
neta de los acidos discarboxilicos ocurre via el acido aspartico en las enzimas NAD-mélico
(ver punto 1.5). P. virgatum L. se presenta en dos formas distintas: los denominados

u

ecotipos “lowland”, con una maduracién mas lenta, y los ecotipos “upland”,
caracterizados por necesitar mayores periodos de crecimiento (Sanderson y col., 1996).
Ambas formas son genéticamente diferentes (Porter, 1966), siendo los ecotipos

“lowlands” mas altos, con hojas mas largas, menos tallos por planta y con mayor
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didmetro que los “uplands”, y son encontrados generalmente en zonas llanas sometidas

a inundaciones (Alexopoulou y col., 2008; Cortese y col., 2010).

1.4.3.- Otras especies vegetales

Miscanthus spp. y Phalaris arundinacea son otras especies de gramineas perennes
utilizadas para biomasa. Miscanthus spp. se caracteriza por ser una especie C4 originaria
del sudestes asidtico y cultivada en el centro y sur de Europa, mientras que Phalaris

arundinacea es una especie Cs nativa del norte Europa (Lewandowski y col., 2003).

Segln estos mismos autores, otras especies de gramineas perennes son Festuca
arundinacea (Cs), Agropyron desertorum (Cs), Cynodon dactylon (Ci), Pennisetum
purpureum (Ca) y Sorghum halepense (Ca). A su vez, existen varias especies de gramineas
perennes nativas de la zona mediterrdnea, como son Ampelodesmos mauritanica,

Oryzopsis miliacea L. y Dactylis glomerata L. (Nieto y col., 2015).

1.4.4.- Importancia ecolégica: Tierras marginales

La creciente demanda de biomasa como fuente de energia renovable estd comenzando a
generar conflictos, tanto por el uso del suelo (por la controversia entre tierras para la
produccion de alimentos o para biocombustibles; Baffes y Haniotis, 2010) asi como por
los efectos del cambio indirecto del uso del suelo (Wiegmann y col., 2008). Aunque hay
evidencias que indican que existe suficiente tierra disponible para satisfacer la demanda
alimenticia (tanto humana como animal) y bioenergética hasta el 2020 (Renewable Fuels
Agency, 2008) es necesario evitar los conflictos mencionados anteriormente. Para ello, se
ha sugerido continuar la produccién alimentaria en tierras agricolas productivas y cultivar
los cultivos energéticos en las denominadas “tierras marginales” (Renewable Fuels

|II

Agency, 2008). Al no existir una Unica definicién de “tierra marginal” podemos entender

su significado basandonos en las siguientes definiciones:

- Tierra de baja calidad en relacién con el uso agricola y no apta para la vivienda u
otros usos (OECD, 1997).

- Tierra que no es adecuada para la produccién alimenticia
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- Tierra de baja calidad cuyo valor de produccién apenas cubre los costes de cultivo
(European Environmental Agency).

|Il

Pero “tierra marginal” no viene Unicamente definido por caracteristicas biofisicas como
baja fertilidad del suelo, tierras con elevadas pendientes, presencia de agua salina o
condiciones climéaticas extremas, sino también depende de otros factores como la
especie vegetal que se va a cultivar, la proximidad a los mercados, la legislacién y otros
usos de la tierra (Existe tierra que se puede utilizar de forma rentable para otros fines

distintos a la agricultura, sea fértil o no. Por ejemplo, tierra rica en minerales o cercana a

areas residenciales).

Unos de los aspectos mas interesantes de las gramineas perennes es su capacidad de ser
cultivadas en las denominadas “tierras marginales”, debido a sus bajos requerimientos
tanto hidricos como de fertilizantes (Cosentino y col., 2014) asi como a sus beneficios
ambientales, como por ejemplo la mejor conservaciéon del suelo (McLaughlin y Walsh,
1998). A su vez, se aseguraria la produccién de biomasa sin invadir las tierras agricolas
(Cosentino y col., 2014). Pero para ello, dado que las tierras marginales no presentan las
mejores condiciones para el cultivo por la por la presencia de distintos estreses (hidrico,
salino, altas temperaturas o incluso inundaciones), es necesario la busqueda de las

especies (0 ecotipos) mas adecuadas a estas condiciones ambientales.

1.5.- Caracteristicas y diferencias de las especies C; y C,4

La fotosintesis es uno de los procesos basicos de la vida de las plantas. Dentro de las
especies vegetales se han encontrado distintas variantes al mecanismo molecular de
fijacion y asimilacion del COz, que estan relacionados con los procesos de adaptacién a
entornos con condiciones ambientales adversas (Sage, 2004). En funcién del mecanismo
de fijacién del carbono las especies vegetales se clasifican en especies Cs, Cs y CAM.
Cabe mencionar que en esta Tesis trataremos solamente las especies C3y Cy4, y es por

ello que solamente se explican estas dos rutas metabdlicas.

El ciclo de Calvin (o ciclo fotosintético de reduccién del carbono, PCR), que es comin a

todos los organismos fotosintéticos, consiste en una serie de reacciones bioquimicas con
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la finalidad de asimilar el CO; atmosférico. Se denomina Cs a aquellas especies (la
mayoria de las presentes en la Tierra) cuyo primer producto de la fotosintesis es una
molécula de tres 4tomos de carbono y que en sus hojas hay un solo tipo de cloroplastos.
La ribulosa-1,5-bifosfato se carboxila mediante la enzima Rubisco produciendo
fosfoglicerato (3-PGA; Fig. 1.5.1). El mayor problema de las especies Cs es que la enzima
Rubisco cataliza dos reacciones que compiten entre ellas: la carboxilaciéon y la
oxigenacién (Portis y Parry, 2007). La reaccién de oxigenacion desvia el flujo de carbono

hacia la via fotorrespiratoria, disminuyendo el carbén fijado entre un 25y un 30%.

Las plantas Cs son una adaptacién de las plantas Cs para evitar la limitacién de la
fotorrespiracién, aumentando la eficiencia fotosintética y minimizando las pérdidas de
agua en ambientes calurosos y secos (Edwards y Walker, 1983). Para ello las plantas C.
presentan dos formas celulares implicadas en la fotosintesis: las células del meséfilo y las
células de la vaina, que conforman la anatomia en corona o Kranz (Hatch, 1987; Sage,
2004). Las células del mesofilo se encuentran bajo la epidermis rodeando a las células de
la vaina, que son mas gruesas y se distribuyen formando un anillo alrededor de los haces
vasculares. En las especies Cq, previa a la carboxilacién similar a las Cs, se produce una
primera carboxilacion del 4cido fosfoenolpirdvico (PEP), mediante una enzima diferente
denominada fosfoenolpiruvato carboxilasa (PEPc), originando un producto estable de
cuatro 4tomos de carbono, el 4dcido malico (tipo NADP-ME) o el &cido aspartico (Tipo

NAD-ME y PEP-CK; Table 1.5.1).

La caracteristica clave de la fotosintesis en las especies C4 (como P. virgatum L.) es el
funcionamiento de un mecanismo de concentracién de CO; en torno a la enzima Rubisco
en la vaina del haz, que conduce a una disminucién de la fotorrespiraciéon asi como una
saturacion de la fotosintesis a una menor concentraciéon de CO: que para especies Cs
(Sage, 2004; Ghannoum, 2009). A su vez, las especies C4 presentan una mayor eficiencia
en el uso del nitrégeno (NUE, “Nitrogen Use Efficiency”) debido a un menor
requerimiento de nitrégeno en la hoja como resultado de una mayor tasa de rotacién

catalitica de la Rubisco (Ghannoum y col., 2011).
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Fig. 1.5.1.- Esquema simplificado de las rutas metabdlicas de fijacion del carbono de las especies Cs y Ca.
Abreviaciones: Cs, acidos orgénicos de tres atomos de carbono; Cs, acidos orgéanicos de cuatro dtomos de
carbono; Cs, ribulosa-1,5-bifosfato; PCR, Ciclo fotosintético de reduccién del carbono; PEPc,
fosfoenolpiruvato carboxilasa; Rubisco, ribulosa-1,5-bifosfato carboxilasa/oxigenas. Adaptado de Lara y
Andreo (2011).

En condiciones ambientales favorables, las especies Cs, al tener los estomas abiertos,
sufren una pérdida constante de agua a través de ellos. Por lo tanto se espera una mayor
eficiencia fotosintética, nutricional y de uso de agua en una especie Cs cultivada en
condiciones adecuadas que en una Cs (Beale y col., 1999). En condiciones de estrés, los
estomas se cierran para evitar la pérdida de agua, disminuyendo la difusién del CO; vy,
por tanto, aumentando la actividad fotorrespiratoria. Segin Sage (2004), la mayor eficacia
fotosintética de las especies Cs les confiere una ventaja en su adaptacion a ambientes con

altas temperaturas, poca agua y alta salinidad.
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Tabla 1.5.1.- Diferencias morfoldgicas y fisiolégicas de las especies Cs y Ca. Fuente: Leegood (1993).

Cs

Trigo, cebada, patata, arroz, tomate

C.

Maiz, cana de azacar

% de la flora mundial en nimero
de especies

Habitat tipico
Primer producto estable de la

fijacion de CO:

Anatomia

Fotorrespiracion

Eficiencia en el uso del agua
(EUA) (g CO: fijado por Kg de

89%
Amplia distribucion

3-PGA

Vaina del haz vascular no
presente o sin cloroplastos

Hasta el 40% de la fotosintesis

1-3

<1%

Sitios calidos y praderas

Malato o Aspartato

Vaina del haz vascular con
cloroplastos (Kranz)

No detectable

2-5

H:O transpirada)

Dentro de las especies Cs se han descrito tres subtipos diferentes segin el tipo de
enzima que utilizan en la descarboxilacién de las moléculas de cuatro &tomos de carbono
(Hatch, 1987; Pinto y col., 2014): 1) mélico descarboxilasa dependiente de NADP (NADP-
ME), 2) malico descarboxilasa dependiente de NAD (NAD-ME) y 3) fosfoenolpiruvato
carboxiquinasa (PEP-CK).

1.6.- Estreses ambientales

El término “estrés” estd ampliamente utilizado en fisiologia vegetal, pero no existe una
Unica definicion del concepto. Levitt (1980) definié el estrés como “cualquier factor
ambiental potencialmente desfavorable para los organismos vivos”. A su vez, considera
que una planta estd sometida a un estrés cuando se encuentra en unas condiciones
bastante diferentes a las éptimas para su crecimiento. En este sentido, los requerimientos
6ptimos, y, por tanto, la susceptibilidad a un determinado estrés, son diferentes segin las

especies vegetales (Levitt, 1980).

Seguin Azcén-Bieto y Talén (2008) los estreses se pueden clasificar como:
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- Estreses abidticos: Causan alteracién en el metabolismo celular con efecto sobre la

fisiologia y el desarrollo de las plantas segun factores:
- Fisicos: déficit o exceso de agua, altas o bajas temperaturas, radiacién UV.
- Quimicos: salinidad, contaminacién por metales pesados, etc.

- Estreses bidticos: Son causados por la acciéon de otros seres vivos (animales, otras

plantas, microorganismos y los virus), como la competencia entre especies, la herbivoria,

la alelopatia y los patégenos.

La respuesta de las plantas al estrés puede dividirse en tres fases temporales (Lambers y

col., 1998):

- Fase de alarma: es el efecto inmediato (de segundos a dias) que el estrés produce

en la planta, principalmente suele ser la ralentizacion de sus funciones fisiolégicas
basicas (el crecimiento). Al reaccionar la planta se activan los mecanismos frente al
estrés. Si una planta no dispone de estos mecanismos de defensa o respuesta

ante el estrés la planta sufre dafios irreversibles y muere.

- Aclimatacion: es el ajuste morfolégico y fisiolégico que realiza la planta en una
escala temporal de dias a semanas para compensar el peor funcionamiento tras la
exposicion al estrés. El metabolismo celular se acomoda a las nuevas condiciones,
se activan los procesos de reparacién de la maquinaria celular dafada y se

expresan las adaptaciones morfolégicas.

- Adaptacién: es la respuesta evolutiva que resulta de cambios genéticos en las
poblaciones. Ocurre en una escala temporal mucho mayor que la aclimatacion, y

tras muchas generaciones.

Cuando la planta se somete a condiciones ambientales adversas, ésta responde
poniendo en marcha una serie de acciones complejas. En primer lugar, la planta percibe
el estimulo estresante y procesa la sefial de estrés percibida, amplificando e integrando la
informacién en una o varias rutas de transmisién, produciéndose los cambios en la

expresion génica necesarios para hacer frente al estrés, como se observa en la Fig. 1.6.1.
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En esta Tesis trataremos tres estreses abidticos: el estrés hidrico, el salino y el estrés por
bajas temperaturas y oscuridad continua. La sequia, junto con la salinidad, son dos
factores ambientales muy importantes que limitan la produccién de los cultivos en
muchos lugares del mundo, pero sobre todo en regiones aridas y semiéridas, como es el
area Mediterrdnea (Araus y col., 2002). El estrés por bajas temperaturas se divide en
“chilling” (cuando la temperatura se sitia entre 0 y 15°C) y en “freezing” (cuando la
temperatura es inferior a 0°C; Tambussi, 2004). El estrés por baja temperatura se produce

muchas veces junto a otros estreses, sobre todo estrés hidrico.
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Fig. 1.6.1.- Esquema de las acciones llevadas a cabo por la planta en reaccién a las condiciones ambientales
adversas.

1.6.1.- Estrés hidrico

El estrés hidrico, denominado asi al estrés por déficit de agua, interactia muchas veces
con otros estreses como las altas temperaturas y la alta irradiancia, tal y como suele
ocurrir en la zona mediterranea (Nilsen y Orcutt, 1996), siendo el principal factor abidtico
que limita la distribucién geografica y el rendimiento de la mayoria de los cultivos (Araus

y col., 2002).
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Segln Turner (1988) el estado hidrico de la planta se caracteriza por su potencial hidrico
(Wu) y el contenido relativo de agua (RWC, “Relative Water Content”), que es el
porcentaje de agua en relacién al contenido de agua en condiciones de méaxima
hidratacién. El estrés hidrico produce una disminucién del contenido hidrico en las hojas
y la pérdida de turgencia de las células, generando por tanto una disminucién del RWC
(Lawlor y Cornic, 2002). Esto trae consigo una reduccién del crecimiento de la planta
(Passioura y col., 1993), afectando también a los procesos fisiolégicos y bioquimicos,
como la fotosintesis, la respiracién, el metabolismo nutricional y el contenido de clorofilas

(Massacci y col., 2008).

El principal limitante de la fotosintesis bajo condiciones de estrés hidrico es la
disminuciéon de la conduccién estomatica (gs; Cornic, 2000), ya que genera una

disminucién de la concentracién interna de COz, inhibiendo el metabolismo fotosintético.
Las respuestas de las plantas al estrés hidrico se clasifican de la siguiente manera:

- Escapar: Las plantas ajustan su fenologia para cumplir su ciclo fuera de los

periodos de déficit hidrico, tal y como ocurre en las plantas teréfitas o anuales.

- Evitar: Las plantas poseen mecanismos para prevenir los efectos nocivos (Schulze
y col., 2005), es decir, evitar (o postergar) la deshidratacién (Blum, 2005). Existen
especies vegetales denominadas “derrochadoras de agua” (“water-spenders”)
que disminuyen la resistencia hidraulica (Nilsen y Orcutt, 1996) y especies
“ahorradoras de agua” (“water-savers”) que minimizan las pérdidas de agua
cerrando estomas y disminuyendo la transpiracién. En estas ultimas, por lo tanto,
hay una reduccién del tamafo de la planta y del area foliar, aumentando la

proporcién relativa de biomasa radicular (Blum, 2005).

- Tolerar: Las plantas presentan rasgos que le permiten soportar las condiciones
adversas (Schulze y col., 2005). Por ejemplo, son capaces de resistir de forma
reversible la deshidratacion de los tejidos reduciendo la actividad quimica del

agua, concentrando solutos y macromoléculas y produciendo modificaciones en
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las membranas celulares. Segun Blum (2005), la tolerancia a la deshidratacién
como mecanismo efectivo contra la sequia suele ocurrir en semillas, aunque una

vez germinadas pierden su tolerancia.

1.6.2.- Estrés salino

La salinidad es considerada por el Programa de las Naciones Unidas para el Medio
Ambiente (PNUMA) la segunda mayor causa de pérdida de tierra, y se estima que 34
millones de hectéreas, aproximadamente el 11% de las areas irrigadas, son afectadas por
algun nivel de salinizacién (FAO, 2013). Segun este informe, en algunos paises con
regiones semiaridas, el porcentaje de superficie de regadio afectada en mayor o menor
grado por la salinidad es de entre un 10 y un 50%, produciendo una disminucién del
rendimiento de los cultivos entre un 10 y un 25%. Por lo tanto, la salinidad es uno de los
retos mas importantes que enfrenta el suministro de alimentos para la poblacién mundial

en un futuro (Wilhelm, 2014).

La respuesta de la planta al estrés salino se produce en dos fases (Fig. 1.6.2): 1) Fase
osmdtica: una respuesta practicamente inmediata al aumento de la concentracién de sal
alrededor de las raices, es decir, a la disminucién del potencial hidrico del substrato y 2)
Fase idnica: una respuesta mas lenta debido a la toxicidad asociada a la acumulacién de
Na* en las células de las hojas mas antiguas de la planta (Munns, 2002; Munns y Tester,

2008).

La salinidad reduce la capacidad de las plantas para absorber el agua, produciendo por
tanto una reduccién de la tasa de crecimiento, causando a su vez cambios metabdlicos
similares a los generados por el estrés hidrico (Munns, 2002). En esta primera fase, se
reduce la velocidad a la que crecen las hojas, las nuevas hojas emergen con mayor
lentitud y las yemas laterales de las plantas se desarrollan més lentamente o permanecen
en reposo (Munns y Tester, 2008). Curiosamente, Munns y Tester (2008) remarcan cémo
el crecimiento de la parte vegetativa se ve mas afectado por la salinidad que la parte
subterranea, disminuyendo asi el uso del agua por la planta, conservando la humedad del

suelo y evitando un aumento de la concentracién de sal en el suelo. En la segunda fase,
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se produce la senescencia de las hojas al aumentar el nivel de sal en las hojas maduras
hasta niveles téxicos. Esto trae consigo una disminucién de la cantidad de fotoasimilados
que la planta puede producir, y por lo tanto, una reduccién de los asimilados
transportados a los tejidos en crecimiento, limitando en mayor medida el crecimiento de
la planta (Munns, 2002; Munns y Tester, 2008). Segin Munns (2002), tal y como sea la
respuesta de las plantas a esta segunda fase es que se les clasificard de tolerantes o

susceptible a la salinidad (Fig. 1.6.2).

Adicién gradual de sal

|

Planta tolerante

Tasa de crecimiento
de la planta

Planta susceptible

FASE 1 FASE 2
Fase osmodtica Fase idnica

Tiempo (dias a semanas)

Fig. 1.6.2.- Esquema de las dos fases de respuesta a la salinidad de las plantas. Imagen adaptada de Munns
(2005).

Los mecanismos de tolerancia a la salinidad se pueden clasificar en tres categorias

(Munns y Tester, 2008):

- Tolerancia al estrés osmético: En especies vegetales dedicadas a la agricultura, se
considera que una planta es tolerante al estrés osmético cuando es capaz de

mantener su crecimiento, es decir, continGa teniendo crecimiento de las hojas y
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una elevada conductancia estomética. Por el contrario, en un contexto ecoldgico
(especialmente para especies perennes) una planta se considera tolerante al estrés

osmoético cuando es capaz de sobrevivir a éste.

- Exclusién del Na*: Se produce en especies vegetales capaces de excluir Na* por
las raices, evitando asi una acumulacién toxica de iones en las hojas. Cuando el
estrés salino ocurre durante dias o semanas suele producirse fallos en la exclusién
de Na*, acumuldndose en las hojas y causando la muerte prematura de las mas
viejas.

- Tejidos tolerantes a la acumulacién de Na*: Se produce una compartimentacion
de los iones (Na*y CI) a nivel celular e intracelular para evitar concentraciones
toxicas en el citoplasma, sobre todo en las células del mesoéfilo en la hoja. La
toxicidad se produce con el tiempo, cuando la concentraciéon de Na* aumenta

hasta altas concentraciones en las hojas méas antiguas.

1.6.3.- Estrés por baja temperatura y oscuridad

La temperatura es otro factor importante que limita la fotosintesis tanto en especies Cs
como en especies C4 (Bernacchi y col., 2002). Los efectos de las bajas temperaturas
incluyen cambios en la bioquimica y la biofisica de las membranas, en la sintesis proteica,
modificaciones conformacionales en enzimas, en las ultraestructura de mitocondrias y
cloroplastos (Kratsch y Wise, 2000), en los metabolismos fotosintético y respiratorio
(Nilsen y Orcutt, 1996) y una disminucién del desarrollo (Allen y Ort, 2001).

En primer lugar, el frio promueve el cierre estomatico, que puede provenir de la
existencia de déficit hidrico, por un aumento de la concentracién intracelular de CO: (c)
debido a la disminucién de la tasa de asimilacién y por efecto directo de las bajas

temperaturas en los estomas (Allen y Ort, 2001).

El frio produce una “separacion de fases” en las membranas, que si se prolonga en el
tiempo, impide mantener los gradientes idnicos y el metabolismo comienza a sufrir

alteraciones, llegando a alcanzar la muerte de la célula si el dafo se acentta. Nilsen y
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Orcutt (1996) sefalan que los cloroplastos parecen ser los 6rganos més sensibles a las
bajas temperaturas. Cuando el estrés por baja temperatura se produce en presencia de
luz (“light-chilling") puede afectar a todos los componentes del aparato fotosintético,
como por ejemplo el transporte electrénico tilacoidal (Allen y Ort, 2001), causando un

dafo permanente al Fotosistema Il (PSIl; Osmond y Grace, 1995).

Como ocurre con el resto de estreses, el dafio producido por las bajas temperaturas varia
segun las especies, tanto en magnitud como en la escala temporal en la que aparecen los

primeros sintomas.

La luz es otro de los factores importantes en la fotosintesis, ya que regula la compleja
actividad de las enzimas fotosintéticas en el ciclo de Calvin y en el transporte de
electrones. Por lo tanto, la falta de luz causa una parada en la captacién del CO;
atmosférico, parando por tanto el ciclo de Calvin porque muchas enzimas, como la

Rubisco o la PEPc son activadas mediante la luz roja via fitocromo.

1.7.- Los isétopos estables en ecofisiologia

Los isétopos son d&tomos del mismo elemento que tienen el mismo nimero de protones,
diferendo Unicamente en el nimero de neutrones. Los distintos isétopos de un atomo
pueden ser estables (que se mantienen una vez formados) o inestables (o radiactivos, que
se desintegran espontaneamente hasta que se convierten en isétopos estables; Dawson y
Brooks, 2001).

Los elementos méas abundantes en la biosfera son el carbén (C), el hidrégeno (H), el
oxigeno (O) y el nitrégeno (N). Los isétopos estables de practicamente todos los
elementos estan formados por un isé6topo muy abundante y uno o dos de muy baja
abundancia. La abundancia relativa es el porcentaje de cada isétopo en relacién al

numero total de dtomos del elemento (Tabla 1.7.1).
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Tabla 1.7.1.- Isétopos estables y abundancia relativa (adaptado de Mateo y col., 2003)

Elemento Is6topo estable Abundancia relativa (%)
1
Hidrégeno H 99,985
2H 0,015
12
Carbono ¢ 98,892
5C 1,108
14
Nitrogeno N 99,635
5N 0,365
17
Oxigeno © 0,037
o) 0,204

La composiciéon isotdpica (3) es otra manera de expresar la abundancia isotépica e indica
la proporcién de los isétopos estables en un material respecto a un compuesto estandar
(Boutton, 1991). Se determina por espectrometria de masas segun la siguiente ecuacién:
o (%°)=(Rmuestra/Resténdar -1 )X1 000
donde Rmuestra ¥ Restandar SON las relaciones molares de los isétopos pesados y ligeros (ej.
BC/™?C) en la muestra y en el patrédn internacional, respectivamente. Dado que las
diferencias en las relaciones entre la muestra y el estandar son muy pequefias, los valores
se expresan en tanto por mil (%o).
Por convenio, las abundancias (o sus variaciones) se expresan en relacién al isétopo
minoritario, por lo que cualquier acontecimiento que aumente la proporcion de C
respecto a '?C se define como enriquecimiento, mientras que si la alteraciéon disminuye la
proporciéon de *C se define como empobrecimiento. Por lo tanto, valores positivos de
d"3C significa que la muestra esta enriquecida en *C respecto del estandar (contiene més
3C que el estandar), mientras que valores negativos de 8"*C indican un empobrecimiento
de la muestra en "C.
En el caso de esta Tesis, los isdtopos a utilizar seran el carbono (8"°C) y el nitrégeno
(8"N), para los cuales se utiliza como referente estandar Pee Dee Belemnite (PDB) y el N
del aire, respectivamente.
En los isdtopos estables, al diferir en el nimero de neutrones (y por tanto en la masa

atémica), las propiedades quimicas son similares mientras que las fisicas son diferentes.
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Esta alteracién de las propiedades fisicas provoca que los distintos isétopos tengan un
comportamiento quimico y fisico desigual. Por lo tanto, uno de los isétopos tiene
preferencia por cada una de las reacciones fisicas y quimicas, haciendo que la
composicion del producto de la reaccién sea distinta respecto al reactivo. A este
fenémeno se le denomina “fraccionamiento isotépico” (o “discriminacién isotépica”;
Dawson y Brooks, 2001), y suele actuar en contra del isétopo mas pesado.

La fotosintesis presenta diversos puntos de fraccionamiento, de los cuales los mas
importantes son la difusién y la carboxilacion (Farquhar y col., 1982). Durante la
asimilacién del CO; en plantas Cs se produce una discriminaciéon en contra del isétopo
mas pesado ("°C) tanto a nivel de la difusién del CO; a través de los estomas (4,4%o;
Craig, 1954) como a nivel de la carboxilacién por parte de la Rubisco (29%.; Farquhar y
col., 1989b). Por tanto, la materia organica de las especies Cs estd empobrecida en C
(es decir, tiene mas abundancia de "“C que el aire). La composicién isotopica del carbono
de la materia orgénica total (TOM, “Total Organic Matter” en inglés; 8"°Crom) en plantas
Cs se sitla entre -24 y -30%. (Ghashghaie y col., 2003), que es un valor mucho mas
negativo que el del aire (= -9%0). En el caso de las especies Cs el primer paso de la
fotosintesis es similar al de las especies Cs: la difusion del CO; de la atmoésfera al interior
a través de los estomas. Sin embargo, la via Cs estd catalizada por la PEPc, que tiene
diferente discriminacién en la fijaciéon del COz(6%.; Farquhar, 1983). Los compuestos de
cuatro dtomos de C producidos por la PEPc son transportados dentro de la vaina del haz,
donde son metabolizados en compuestos de tres d&tomos de carbono, liberando COx,
que se acumula en grandes concentraciones. Este CO; libre es fijado de nuevo por la
enzima Rubisco, tal y como lo hace una especie Cs. Sin embargo, los valores de 8"C no
son iguales entre especies con distinta ruta metabdlica. Segun Berry (1989), los valores de
BCrom de las especies Cs (entre -9 y -20%.; Badeck y col., 2005) son causados no
solamente por la diferencia en la discriminacién de las enzimas, sino también porque el
bicarbonato fijado en el mesdéfilo por la enzima PEPc (y asi formar la molécula de 4
atomos de C) se encuentra enriquecido en "C en comparacion con el CO; (Hobbie y

Werner, 2004).
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Farquhar y Richards (1984) observaron cémo la discriminacién isotépica del carbono
(A*C) mantiene una relacién inversa con la eficiencia en el uso del agua, y se calcula a
partir del factor de fraccionamiento a (la relaciéon entre el producto dividido por la
fuente):
o = Ru/R:

A PC (%o)=a-1=(d: - 8p)/(1+d,/1000)
donde 8y & son la composicién isotopica de los reactivos y productos, respectivamente.
Segln este modelo, la reduccién de la conductancia estomatica produciria una
disminucién de la disponibilidad de CO; para la Rubisco, y por lo tanto un descenso en la
discriminacién. Es decir, cuando la disponibilidad de CO, es mayor, la Rubisco tiene
mayor posibilidad de elegir qué isétopo de carbono asimilar, por lo que se produce una
mayor discriminacién a favor del isétopo '“C, que es el més ligero. A medida que el *CO;
se va consumiendo, el CO;restante queda enriquecido de *C, de manera que la Rubisco
pierde la capacidad de discriminacién y se ve obligada a asimilar méas *C (O'Leary, 1981).
La eficiencia en el uso del agua (WUE, “Water Use Efficiency” en inglés) se puede medir
indirectamente a través de la variacion de la 8C en un tejido vegetal, debido a su
relacién con los procesos de intercambio de agua y CO; a través de los estomas
(Farquhary col., 1982; Farquhar y col., 1989). Durante el proceso de fotosintesis la planta
tiende a un balance entre el nivel de pérdida de agua por transpiracién y la fijacién del
carbono, creando una determinada proporcién de *C/"?C (Zhang y col., 1997).
En condiciones de estrés, principalmente hidrico y salino, la planta reduce la pérdida de
agua por transpiraciéon cerrando los estomas (Lawlor y Cornic, 2002; Flexas y Medrano,
2002), reduciendo el flujo de CO; en el espacio interior de las plantas y, por tanto,
limitando la actividad fotosintética y la fijacion del carbono (Flexas y col., 2004). Es decir,
el efecto del estrés sobre las plantas genera una disminucién de la discriminacion del
carbono A™C (o un aumento en la composicion isotépica del carbono, §"°C) en la materia
orgénica de la planta (Farquhary col., 1989b).
La discriminacién isotépica se ha descrito, ademés de en la fotosintesis, en la respiracion

en oscuridad (Ghashghaie y col., 2003; Tcherkez y col., 2003; Nogués y col., 2004). Estos
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autores han observado una discriminacién positiva en la respiraciéon de entre el 3y el 6%,
es decir, la composicién isotdpica del carbono respirado (8"°Cr) estéd enriquecida en C
en relacién a la composicion de la hoja. Una de las causas de esta discriminacién a favor
del isétopo més pesado ("*C), que como hemos comentado no es habitual, es la
presencia del *C en las posiciones 3 y 4 de las hexosas, que es el lugar preferente de
rotura de la molécula por parte de la piruvato deshidrogenasa (PDH), que es una enzima
implicada en la respiracién (Tcherkez y col., 2003).
El nitrégeno (N) es un elemento esencial para la vida, y el crecimiento y desarrollo de las
plantas depende de su suministro y asimilacién por parte de éstas. El N puede ser
absorbido como nitrato (NOs’; la gran mayoria) o como amonio (NH,*). Una vez que el
nitrégeno es absorbido por las raices, el primero paso de la asimilacién del nitrato es su
reduccién a nitrito (NO>) por la enzima nitrato reductasa (NR). La mayoria de este nitrato
es reducido en la hoja, pero también hay una pequefia fracciéon que se reduce en las
raices (Tcherkez y Hodges, 2008). Posteriormente, el nitrito (NO>) es reducido a amonio
(NH4*) por la nitrito reductasa (NiR), que es incorporado posteriormente a los
aminodcidos.
El uso de is6topos estables (*N/™N) ha traido consigo una importante contribucién para
entender la asimilacion del nitrégeno y su interaccién con el carbono (Tcherkez y Hodges,
2008). Al igual que hemos comentado para el carbono, las enzimas de la planta también
discriminan entre el isétopo mas pesado (®N) y el isétopo mas ligero ("*N), como
consecuencia de la reacciéon mas rapida del isétopo ligero. Si la disponibilidad de nitrato
es elevada y la resistencia asociada a la absorcién de nitrato es baja, el proceso de
reduccién del nitrato consume pocas de las moléculas de nitrato disponibles,
produciéndose discriminacion “N/"N en el proceso. Si por el contrario la disponibilidad
de nitrato es baja no se produce discriminacion N/"N durante la reduccién del
nitrégeno (Tcherkez y Hodges, 2008).
Es decir, el fraccionamiento isotépico del Nitrégeno en la planta depende de:

- la asimilacién de nitrato (NO3) o de amonio (NH4*)

- la translocacién hacia las hojas
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- el metabolismo del nitrégeno en el citoplasma.

Segun Tcherkez y Hodges (2008), la incorporacién de nitrato tiene un efecto isotépico de
entre 0,3%o y 3%o. A su vez, estos autores sostienen que el fraccionamiento isotépico del
nitrégeno disminuye con la edad de la planta y la intensidad luminica.

La composicién isotdpica del N se calcula segun:

8N, = 8"Ne - (Au + ni/ne * (Ar- Ay)

donde 8"N.y 8"N. son la composicién isotopica del nitrégeno asimilado y del nitrato
externo del suelo respectivamente; ni y ne son la concentracién interna de nitrégeno y
externa de nitrato en el suelo; A, es el fraccionamiento asociado a la asimilacién (la
reduccion del nitrégeno) y A, es el fraccionamiento asociado a la absorcion. De acuerdo
con Tcherkez y Hodges (2008) la composicién isotdpica en los tejidos varia entre -10%. y

10%o.
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El objetivo general de esta Tesis ha sido caracterizar las respuestas ecofisiolégicas en dos
especies de interés para la produccién de biomasa frente a varias condiciones de estrés
ambiental, considerando que éstas se volveran mas severas debido a la actividad humana
y al cambio climatico.
Los objetivos concretos de la Tesis han sido:
- Realizar una caracterizacion fisiolégica de dos especies de gramineas perennes (A.
donax L.y P. virgatum L.) frente a condiciones adecuadas de crecimiento.
- Estudiar el efecto del estrés hidrico, el estrés salino y el estrés por baja
temperatura en la fisiologia y produccién de biomasa de dos especies de
gramineas perennes (A. donax L. y P. virgatum L.).
- Clasificar ocho clones de Arundo donax L.. "Piccoplant”, “Fondachello”,
“Martinensis”, “Granadensis”, “Tortorici”, “Cefald”, “Agrigento” y “Licata”, de
acuerdo a su resistencia a estrés hidrico, salino y la combinacién de ambos.
- Estudiar la variacién en el 8"*C y §"°N en ambas especies de gramineas perennes

modulado por el estrés hidrico.
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3.1.- Plant material

This Thesis is based on the physiological responses to different stresses of two species of
perennial grasses, Arundo donax L. (C3) y Panicum virgatum L. (Cs). A summary about the
experiments (experimental conditions, plant material, treatments and analysis) is

described in Table 3.1.1.

Table 3.1.1.- Summary about the experimental design: experimental conditions, plant material, treatments

and analysis.

EXPERIMENT

EXPERIMENTAL
CONDITIONS

PLANT MATERIAL

TREATMENTS

ANALYSIS

Greenhouse (UB; la)
and outdoor
environmental
conditions (UNICT; Ib)
Stress applied in a
vegetative stage
Long-term stress (2
months)

Greenhouse (UB)
Stress applied in a
vegetative stage
Long-term stress (2
months)

Greenhouse and
growth chamber (UB)
Stress applied in a
vegetative stage
Short-term stress (21
days)

8 clons of A. donax L. :

“Piccoplant”,
"Fondachello”,
"Granadensis”,
“Martinensis”,
"Agrigento”,
"Tortorici”, “Licata” y
"Cefalu”.

1 clon of A. donax L.
("Martinensis”) and 1
clon of P. Virgatum L.
("Alamo")

1 clon of A. donax L.
("Piccoplant”) and 1
clon of P. Virgatum L.
("Alamo")

Water stress (WS)
Salinity (S+)
Both stresses (WS S+)

Water stress (WS)
Salinity (S+)
Both stresses (WS S+)

Water stress (WS)

Gas exchange
Relative water
content
Chlorophyll
content
Biomass
parameters

Gas exchange
Relative water
content
Chlorophyll
content
Biomass
parameters

Gas exchange
Relative water
content
Chlorophyll
content
Biomass
parameters

Stable isétopes
13¢C, 15N

Experiments la, Il and Ill were carried out at the premises of the Experimental Fields
Service of the Faculty of Biology at University of Barcelona (Spain). Experiment Ib was

conducted at the Experimental Fields at University of Catania (Italy).

A. donax L. clones used in Experiments la and Ib are shown in Table 3.1.2. Five of the
clones used in Experiments la and Ib (namely ‘Fondachello’, ‘Tortorici’, 'Cefald’,
‘Agrigento’ and ’Licata’) were collected from the Experimental Fields at University of

Catania (ltaly; hereinafter referred as UNICT; 10 m a.s.l., 37°24'N, 15°03'E), and whose
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sites of origin are reported in Cosentino et al. (2006). Two clones (namely ‘Martinensis’
and ‘Granadensis’) used in Experiment | were collected in different riparian areas of Spain
and a commercial clone (‘Piccoplant’) used in Experiment | was provided by a private

company (Piccoplant, Oldenburg, Germany).

Table 3.1.2.- Name, place of collection and additional information about the clones of A. donax L. used in
experiments lay Ib, Il and Ill (m a.s.| is the abbreviation of meter above sea level).

Ecotype Place of collection Additional information Experiment
Piccoplant Oldenburg (Germany) Commercial ecotype la, Il
Martinensis San Marti Sarroca (Catalonia, Spain) 291 m a.s.| la, Il

Granadensis Granada (Andalusia, Spain) 773 m a.s.l la
Fondachello East Sicily (Italy) 1ma.s.l la, Ib
Tortorici North of Sicily (Italy) 450 m a.s.| la, Ib
Cefalu North of Sicily (Italy) 16 ma.s.l la, Ib
Agrigento South of Sicily (Italy) 230 m a.s. la, Ib
Licata South of Sicily (Italy) 8 ma.s.l la, Ib

In order to reduce heterogeneity at the beginning, careful multiplication of rhizomes were
done to a similar fresh weight (i.e. the initial fresh weight ranged from 18.3 1.4 g in
Piccoplant to 54.6 £6.5 g in Agrigento in Experiment la and from 25.4 +3.6 g in Tortorici
to 52.8 £2.2 g in Licata in Experiment Ib). The initial weight difference was imposed by

the dimension and position of the single visible bud per rhizome.

A. donax L. plants for experiment Il were collected in San Marti Sarroca (291mamsl,
41°23'14" N 1°36'43" E, Catalonia, Spain), named “Martinensis” and obtained from
multiplication of rhizomes on January 2013, with an initial rhizome fresh weight of
33.2£4.4 g. On the other hand, A. donax L. plants for experiment Il were obtained from a

private company (Piccoplant, Oldenburg, Germany).

Seeds of P. virgatum L. cv. Alamo, which is a lowland subtype, for experiment Il and I
were germinated on moist filter paper in Petri dishes, placed in a long day chamber (16h

of photoperiod) at a temperature of 22/18 °C day/night respectively and 70% HR.
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3.2.- Experimental design
3.2.1.- Experiment I: “Salinity and water stress effects on biomass production in

different Arundo donax L. clones”

3.2.1.1.- Experiment la: Screening for salinity and water stress (UB)

Plants were obtained from multiplication of rhizomes during January 2013. Plantlets were
grown in a greenhouse in 5 L plastic pots containing peat:perlite:vermiculite (3:1:1) and
irrigated with a complete Hoagland solution (Hoagland and Arnon, 1950). The average
temperature and vapor pressure deficit (VPD) during the growth period were 25/15°C
day/night and 0.75 kPa, respectively. Relative humidity ranged from 40 to 65% and the
maximum PPFD was ~1000 pmol m?s”. The experiment was carried out from April to

June 2013.

EXPERIMENT [: “SALINITY AND WATER STRESS EFFECTS ON BIOMASS
PRODUCTION IN DIFFERENT ARUNDO DONAX L. CLONES”

la) Screening for salinity and water stress (UB)

8 A. donax L. clones

' (
[ WELL WATERED (WW) WATER STRESS (WS) ]
J .
100% FC \ / 25% FC
NON-SALINE 1 [ NON-SALINE
[ } [ SALINE (S+) i ] SALINE (S+) n=3
(S-) J L (S-)
1 mS cm2 16 mS cm2 1 mS cm2 16 mS cm2

Fig. 3.2.1.- Scheme of the experimental design of experiment la.

Four months after planting, plants were separated into four treatments (Fig. 3.2.1). Half of
the plants were well watered at 100% field capacity (FC) and half of the plants (randomly
selected) were exposed to water stress (WS) conditions (with water withholding)
maintaining field capacity at 25%. Then, the well-watered and water stress plants were

equally divided between saline (S; 16 mS cm™ Hoagland solution) and non-saline
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conditions (1 mS cm™ Hoagland solution). Saline solution was prepared by adding NaCl
(PANREAC, 99% sodium chloride) to a complete Hoagland solution until it reached the
appropriate saline concentration, as checked by a conductivity meter (Hanna Instruments,

Romania).

Consequently, a total of three plants per clone were subjected to the following
treatments: (i) well-watered with non-saline solution (WW S-), (ii) water stress with non-
saline solution (WS S-), (iii) well-watered with saline solution (WW S+) and (iv) water stress
with saline solution (WS S+). At the beginning of the experiment (TO) plants had two

stems, a plant height from 30 to 60 cm and between 6 to 8 fully collared leaves.

Plants were subjected to these treatments for two months and parameters were measured

every fifteen days (T15, T30, T45) in each plant until the end of the experiment (i.e. T60).

3.2.1.2.- Experiment |b: Screening for increasing salinity levels (UB and UNICT)

The screening of mild salinity stress was performed at UNICT (ltaly) from May to
December 2012 in pots with a diameter of 24 cm and with a capacity of 9.5 L, arranged in
a randomised block experimental design with three replications. The pots arranged in an
open space without any control of temperature, humidity, VPD or other environmental
variables. During the experimental period, monthly maximum and minimum temperatures
increased from May (25.9 and 10.7°C, respectively) to June (32.2 and 14.7°C) and peaked
in July and August (35.7 and 19.1°C, in the average) to decrease in September (31.9 and
17.2°C), October (27.1 and 14.7°C), November (22.3 and 10.8°C) and the first ten days of

December (15.1 and 5.1°C), when the harvest was carried out.

The substrate used was sphagnum peat with the following characteristics: 34% Corg, Norg
0.2%, dry substance 68%, pH 5.0 to 6.5. Two treatments were studied (Fig. 3.2.2): (i)
Control (UNICT SO) where plants were watered with tap water (no NaCl added) and (ii)
mild salinity stress (UNICT S4) where plants were watered with a saline solution of 4 mS
cm™. At each irrigation period NaCl was added to 17 L tap water for a total amount of

21+1.5 g of NaCl for S4 treatment and the values were checked by means of a Eutech

70



RESPUESTA DE GRAMINEAS PERENNES FRENTE AL ESTRES PARA LA PRODUCCION DE BIOMASA

Cond 6+ conductivity meter (Thermo Fisher Scientific Inc.). All pots were maintained in

well-watered condition with irrigation supplied up to FC twice a week.

EXPERIMENT I: “SALINITY AND WATER STRESS EFFECTS ON BIOMASS
PRODUCTION IN DIFFERENT ARUNDO DONAX L. CLONES”

lb) Screening for increasing salinity levels (UB and UNICT)

5 A. donax L. clones

e J(
N\ /

CONTROL MILD SALINITY CONTROL SEVERE SALINITY
(UNICT S0) (UNICT S4) (UB SO) (UB S16) n

1 mS cm2 4 mS cm2 1 mS cm2 16 mS cm-2

Fig. 3.2.2.- Scheme of the experimental design of experiment Ib.

The screening of severe salinity stress was performed at the greenhouse of the
Experimental Fields of the University of Barcelona (Spain; hereinafter referred as UB) from
April to June 2013. Temperature was controlled daily at the greenhouse (25/18°C
day/night). Two treatments were studied (Fig. 3.2.2): (i) Control (UB SO) where plants were
watered with 1 mS cm™ Hoagland solution (no salt added) and (ii) severe salinity stress
(UB S16) where plants were watered with a saline solution of 16 mS cm™. Growing
conditions are the same as reported above for experiment la.

3.2.2.- Experiment II: “The response of Arundo donax L. (C3) and Panicum virgatum

L. (C4) to different stresses”

A. donax L. and P. virgatum L. were grown in plastic pots containing 5 L of peat: perlite:
vermiculite (3:1:1) and were irrigated with a complete Hoagland solution (Hoagland and
Arnon, 1950). The average temperature and vapour pressure deficit (VPD) during growth
was 25/15°C day/night and 0.75 kPa, respectively. Relative humidity ranged from 40 to

65% and the maximum PPFD was ~1000 pmol m?s™.
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In order to study the response of these two species to different stresses, plants were

subjected to two different experiments:

3.2.2.1.- Experiment lla: Water stress and salinity

Three months after planting, plants were separated into four treatments (Fig. 3.2.3). Half
the plants were subjected to water stress by withholding water until 25% of field capacity
(FC). Then, well-watered (maintained at FC) and water stress plants were equally divided
between salinity (e.g. 16 mS-cm™ Hoagland solution) and non-salinity (e.g. 1 mS cm
Hoagland solution). Saline solution was prepared by adding NaCl (PANREAC, 99%
Sodium Chloride) to a complete Hoagland solution until the appropriate saline
concentration was reached. Consequently, a total of three plants per ecotype were
subjected to the following treatments: (i) well-watered with non-saline solution (WW S-),
(ii) water stress with non-saline solution (WS S-), (iii) well-watered with saline solution (WW

S+) and, iv) water stress with saline solution (WS S+).

Plants were subjected to these treatments for two months and the plants were measured

every fifteen days (i.e. T15, T30, T45) until the end of the experiment (i.e. T60).

EXPERIMENT II: “THE RESPONSE OF ARUNDO DONAX L. (C3) AND
PANICUM VIRGATUM L. (C,) TO DIFFERENT STRESSES”

lla) Water stress and salinity stress

A. donax L. "Martinensis” and P. Virgatum L. “Alamo”

[ WELL WATERED (WW) ] [ WATER STRESS (WS) ]

100% FC \ / 25% FC

[ NON(_SS_/?L'NE [ SALINE (S+) ] [ NON('S_/?L'NE] SALINE (S+) ] n=3

1 mS cm2 16 mS cm2 1 mS cm2 16 mS cm™2

Fig. 3.2.3.- Scheme of the experimental design of experiment lla.
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3.2.2.2.- Experiment llb: Temperature and continuous dark stress

Adult plants of A. donax L. “Martinensis” and P. virgatum L. “Alamo”, which were grown
in the same conditions as described in experiment lla, where chosen and divided into
three treatments (Fig. 3.2.4): (i) control, (i) ambient temperature (24-26 °C) and
continuous darkness (AD), and (iii) cold temperature (5-6 °C) and continuous darkness
(CD). Each treatment was subdivided into three experimental conditions, which
corresponded to 3, 6 and 9 days after the start of the treatment. After each experimental
condition, the plants were returned to the greenhouse at the Experimental Field Service
of Barcelona University (Barcelona, Spain) for approximately 24 h to study how they

recovered from the stress treatment (R).

EXPERIMENT II: “THE RESPONSE OF ARUNDO DONAX L. (C;) AND
PANICUM VIRGATUM L. (C,) TO DIFFERENT STRESSES”

llb) Temperature and continuous dark stress

A. donax L. "Martinensis” and P. Virgatum L. “Alamo”

CONTROL (C) AMBIENT COLD TEMPERATURE
AMBIENT TEMPERATURE AND AND
TEMPERATURE AND CONTINUOUS CONTINUOUS n=3
LIGHT DARKNESS (AD) DARKNESS (CD)
24-26°C 5-6°C
3 day 3 day
Time 6 day Time 4 6day
9 day 9 day
Recovery (R) Recovery (R)

Fig. 3.2.4.- Scheme of the experimental design of experiment llb.
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3.2.3.- Experiment lll: ""*C and '°N isotope labelling to study the response of two
perennial grasses (Arundo donax L. and Panicum virgatum L.) to water stress”

A. donax L. "Piccoplant” and P. virgatum L. "Alamo” were grown during six months in a
greenhouse at the Experimental Field Service of Barcelona University (Barcelona, Spain) in
plastic pots of 5 L of peat: perlite: vermiculite (3:1:1) and were irrigated with a complete
Hoagland solution (Hoagland and Arnon, 1950). The average temperature and vapor
pressure deficit (VPD) during the growth was 25/15°C day/night and 0.75 kPa,
respectively. Relative humidity ranged from 40 to 65% and the maximum photosynthetic
photon flux density (PPFD) was ~1000 pmol m?s™. §"*C of CO; in the greenhouse air
(8" Cqreennouse) Was — 11.8%o £0.1%o.

EXPERIMENT Ill: “13C AND "N LABELLING TO STUDY THE RESPONSE OF TWO

PERENNIAL GRASSES (ARUNDO DONAX L. AND PANICUM VIRGATUM L.) TO
DIFFERENT WATER STRESS”

A. donax L. "Piccoplant” and P. Virgatum L. "Alamo”

n=3

[ CONTROL (C) ] [ MILD STRESS (MS) ] [ SEVERE STRESS (SS) ]

100% FC 50% FC 25% FC

Fig. 3.2.5.- Scheme of the experimental design of experiment IIl.

In order to study the response of these two species to different water stress levels (Fig.
3.2.5), six months after planting, plants were subjected to three water treatments during a
21 days: (i) Control (C, 100% Field Capacity), (i) Mild Stress (MS, 50% FC) and (iii) Severe
Stress (SS, 25% FC).
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3.3.- Methods
3.3.1.- Physiological measurements (Exp. I, Il and Iil)

3.3.1.1.- Gas exchange (Exp. |, Il and lll) and fluorescence parameters (Exp. Il and llI)
Leaf-level gas exchange was measured using a portable photosynthesis system (Li6400,
Li-Cor Inc., Lincoln, NE, USA) provided with a Leaf Chamber Fluorometer (6400-40) of
2cm? and a 10% blue light source. Measurements were carried out at 25°C with a light
saturated rate of 1200 pmol m?s™' of PPFD, a flow rate of 500 mmol s and at a [CO;] of
400 ppm.

A/C; curves with chlorophyll fluorescence determinations were conducted in fully
expanded leaves from each species (n=3) .The response of A to C; was constructed by
measuring these values at a range of CO, concentrations from 70 to 1500 ppm.

The next gas exchange parameters have been measured in this Thesis:

- Light saturated net CO; assimilation rate (As.;; umol CO2 m?s™; Exp. |, Il and I1l)

- Stomatal conductance (gs; mol H:O m?s™; Exp. [, Il and Ill)

- Transpiration (T, mmol H:O m?s™; Exp. Il and Ill)

- Maximum carboxylation velocity of Rubisco (V, max; umol CO2 m?s™; Exp. Il and I1l)

- Maximum electron transport rate contributing to RuBP regeneration (Jmax; umol
CO2 m?s™; Exp. ll and l)

- Stomatal limitation, which is the proportionate decrease in light-saturated net CO;
assimilation attributable to stomata (I, %; Exp. Il and IlI)

Estimations of these three last parameters were calculated according to McMurtrie and
Wang (1993) by fitting a maximum likelihood regression below and above the inflexion of
the A-Ci response.

- Instantaneous Water Use Efficiency (WUE; Exp. Il and Ill), which is defined as the
ratio of the rate of carbon assimilation (A« to the transpiration rate (T), was
calculated as:

WUE= A (umol CO; m?sT)/ T (mmol H,O m?s™)

The next fluorescence parameters have been measured in this Thesis:
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- Maximum quantum yield of PSII (F./Frn; Exp. Il and I1l)
- Efficiency of excitation energy capture by open PSII reaction centres (F'\/F'm; Exp.
I 'and III)
- Relative quantum yield of photosystem Il (¢rsi; Exp. Il and Il)
- Photochemical quenching (qgp; Exp. Il and IlI)
- Non-photochemical quenching (NPQ; Exp. Il)
These parameters were determined in a totally expanded leaf after 30 min of dark

adaptation (Nogués and Baker, 2000)

In experiment la measurements were carried out in each clone and treatment (n=3) at the
beginning of the experiment (TO) and every fifteen days (T15, T30, T45, Té60) between
10:00 and 18:00 h and VPD average was 2.37 (kPa) at TO, 2.93 (kPa) at T15, 2.39 (kPa) at
T30, 2.71 (kPa) at T45 and 2.62 (kPa) at T60. The experiment began late March 2013. TO
was done the previous days and measurements at regular time intervals were made on

April, 12-13 (T15) and 27-28 (T30), May, 13-14 (T45) and June, 2-3 (T60).

In experiment lb, UB measurements were carried out after 120 days (Ti) and 180 days (Tf)
in the conditions described above. Gas exchange was measured on the third fully
expanded leaf at the moment of maximum intensity of solar radiation from 12:00 to 14:00
and after 63 and 116 days after transplanting (referred as Ti and Tf) at UNICT. Maximum
air temperature at UNICT (as average of measurements) was 33.8°C at Ti and 32.9°C at
Tf; average PARi and average VPD were 1664.2 umol m?s” of PPFD and 3.68 (kPa) at Ti
and 1564.8 pmol m?s™ of PPFD and 3.46 (kPa) at Tf, respectively and 2.37 (kPa) at Ti and
2.62 (kPa) at Tf at UB.

In experiment lla, firstly A/Ci curves were measured at the beginning of the experiment
(TO). Secondly, during the experiment, instantaneous measurements of assimilation A
and gs were done in each species and treatment (n=3) every fifteen days. All gas
exchange and fluorescence measurements were made between 10:00 and 18:00h. The

experiments started on the 1° of April 2013. Measurements before the experiment were
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done on previous days, and instantaneous measurements were undertaken on April 12-13
(T15) and 27-28 (T30) and on May 13-14 (T45) and June 2-3 (T60).

In experiment llb, measurements of gas exchange were carried out as described in
experiment lla. Photosynthesis activation time depended on the treatment duration: 30,

45 and 60 minutes for treatments whose durations were 3, 6 and 9 days, respectively.

In experiment lll, A/Ci curves with chlorophyll fluorescence determinations were
conducted at the beginning of the experiment (Ti; see Exp. lla). After 21 days (Tf) of water
stress treatments, A/C; curves with chlorophyll fluorescence were also conducted in each

treatment of both species.

3.3.1.2.- Relative water content (RWC; Exp. |, Il and Ill)

Relative water content (RWC, %) of the leaves was determined as (FW-DW)/(TW-DW) x
100, where FW is the fresh weight, DW is the dry weight after being dried in an oven at
60°C until constant weight and TW is the turgid weight of the leaf after equilibration in

distilled water for 24 h at 4°C.

In experiments | and |l, RWC was calculated as the mean of three leaves of each clone
and treatment every fifteen days, whereas in experiment Ill, RWC was calculated as the

main of three leaves for each specie in each treatment at the end of the experiment (Tf).

3.3.1.3.- Chlorophyll content (Exp. | and II)

Chlorophyll content was measured in the first or second last fully expanded leaf of plants
using a portable meter (Minolta SPAD 502 Meter, Plainfield, IL, USA) every fifteen days.
Five measurements were performed per leaf from the middle of the leaf (each

measurement is the mean of 6 leaves per treatment).

3.3.1.4.- O; consumption, CO; production and respiratory quotient (RQ; Exp. Ilb)
O consumption (umol Oz m? s”) was measured with a complete system with a liquid-
phase oxygen electrode and dissolved oxygen measurement (Qubit Systems, Kingston,

Canada, with data recording with LoggerPro 3.7 software).
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10 cm? of tissue of the middle part of the leaf were sliced into small fragments in a CaCl;
solution (0.2mM) over 10-15 minutes at room temperature and in darkness in order to
stabilize the walls damaged by the wound. Afterwards, the leaf material was introduced
into the electrode cuvette with a volume of 5 ml of TES buffer (20mM TES + 2mM CaCl,,
pH 7.2), and the whole setup was ambient-air equilibrated under dark conditions. The

reaction was carried out at 25 °C with constant stirring.

CO: production (umol CO; m? s') was measured with NaOH and phenolphthalein

indicator (protocol modified and adapted from Sinclair et al. (1945)).

The nature of the respiratory substrate was determined by the respiratory quotient (RQ),

which is the ratio of CO; production to O, consumption:

RQ = COZ production / OZ consumption

3.3.2.- Biomass parameters (Exp. |, Il and IlI)
Biomass parameters were measured at the end of the experiments: T60 in experiment la
and Tf in experiment Ib, lla, llb, and lll. Height (H; cm), number of stems (NS) and number
of green leaves (NGL) in experiment |l was measured also at the beginning of the
experiment (Ti).
In every experiment, whole plants were harvested, weighed and oven dried at 60°C until
constant weight was reached. Subsequently, the dry biomass of shoots and roots was
determined. Total fresh weight and plant leaf area were estimated prior to drying using a
flat-bed scanner (Hewlett-Packard ScanJet model licx, San Diego, USA) and analysed with
an image processing program (Image, University of Sheffield, 2003).
Biomass parameters measured in all the experiments (Exp. I, Il and Ill) were:

- Height along the longest stem from the base to the latest totally expanded leaf (H;

cm)
- Number of leaves (NL)
- Number of stems per plant (NS)

- Green leaf area (gLA; m?)
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- Stem area (SA; m?. Stem area was calculated from the formula for calculating the
area of a cylinder, where the height was the stem height and an average (n=3) of
the diameter was measured with a caliper.

- Total dry weight (TDW, g),

The percentage of complete green, complete yellow and complete dry leaves (GLP, YLP,
DLP, respectively; %) were also measured in experiments | and II.

Moreover, some physiological indices were calculated:

- Shoot/Root ratio (S/R; g g'), which is the quotient of the dry weight of the shoots
by the dry weight of the roots.

- Leaf Mass Area (LMA; Kg m?), which is defined as the ratio between leaf mass and
leaf area.

- Specific Leaf Area (SLA, m? Kg' dry leaves), which is defined as the ratio of leaf
area to leaf dry mass. SLA is the inverse of the Leaf Mass Area (LMA).

- Leaf Area Ratio (LAR; m? Kg™ total dry weight), which is the leaf area per unit total
plant biomass.

- Leaf Weight Ratio (LWR; Kg dry leaves Kg™ total dry weight), is expressed as the

dry weight of leaves to whole plant dry weight.

3.3.3.- Stress susceptibility index (SSI; Exp. la and Ib)
A stress index was calculated in order to classify the clones of A. donax L. according to
their response to salinity and water stress in plants grown in controlled environmental

conditions.

In order to identify the most important parameters to be used in the index, a factorial
analysis (principal component analysis, PCA) was carried out. Once the most important
and common parameters in experiment la and experiment Ib (A, gs, GLP, TDW, S/R,
SLA) were selected, SSI was calculated using the following relationship (Fischer and

Maurer, 1978) for each treatment and clone.

SSI=1[(1-(Ys 7/ Yp)] / [(1 - (Xs / Xp))]
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where Ys, Yp, Xs and Xp represent parameter under stress, parameter under non-stress
conditions for each clone, parameter mean in stress and parameter mean under non-
stress conditions for all clones, respectively. An average of the results was done in order

to classify clones for their tolerance or sensitivity to different stresses.
3.3.4.- Isotope determinations (Exp. Ill)

3.3.4.1.- *C and N labelling procedures

A double labelling with *C and ™N was conducted in both species in a controlled
environment chamber (Conviron E15, Controlled Environments Ltd., Winnipeg, Manitoba,
Canada). Plants were kept inside the camera for an acclimation period of 3 days at a CO:
concentration of 400 ppm, 400 umol m*s™ of PPFD during a 16 hours light period, and a
relative humidity of 70-80% with a temperature regime of 25/18°C (light/dark).

Air samples were taken before labelling and the 8"°C of the air inside the Conviron
chamber was measured (8'3C -11.44 +0.12%.). Commercial *CO; was used to enrich the
air inside the Conviron chamber with 99.9% "*C (Euriso-top, Saint-Aubin, France). Air was
introduced into the camera with a 50ml syringe (SGE, Ringwood, Australia) placed on a
syringe pump (IV Perfusor, Spritze) at a rate of 12.5 CO, ml h™. This system allowed
homogenous labelling through the day. The §"C inside the camera during labelling was
360 £31%. for A. donax L. and 180 +22%. for P. virgatum L. The *C labelling time was
calculated according to the net assimilation rates of both species in each treatment,
assuming that all species assimilate the same amount of labelled CO; (ca. 3000 +85 and
4500 +203 mmol C m? for A. donax L. and P. virgatum L., respectively; Nogués et al.,
2014). The 8"C of air samples were determined by gas chromatography-combustion-
isotope ratio mass spectrometry (GC-C-IRMS), as described in Nogués et al. (2008) at the
Centros Cientificos y Tecnoldgicos of the University of Barcelona.

The N labelling was also applied during the same *C labelling period by replacing the
"N in the Hoagland solution by ®"NH;">NOs3 enriched with N 5.31% (Cortec Net, France).

The 8N of the solution was 1.4 £1.7 %o.
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Stress conditions were kept during the labelling period (i.e. C plants were fully irrigated
whereas MS and SS plants were kept under 50 and 25% of FC, respectively). After
labelling, "N was removed by washing the substrate with distilled water. Plants were then
irrigated with normal Hoagland solution.

Isotopic analysis samples were taken at different times: TO, pre-labelling; T1: 24 h after

the end of the labelling and T2: 7 days after the end of the labelling.

3.3.4.2.- 5"3C and 4"N of total organic matter (5'*Crom and 6"*Nrom) and total C and N
content (C. and N.)

Leaf, shoot, rhizome and root samples were collected on the TO, T1 and T2, dried at 60°C
until constant weight, and analysed for the C isotopic composition of Total Organic
Matter (3"°Crom). A ground sample of 0.8 mg was weighed in a tin capsule and used for
each determination, and three replicates were analysed for each treatment. The *C/™*C
and ""N/"N ratios (R) of plant material and total C and N content (C, % C g'DM and N
% N g'DM) were determined using and elemental analyser (EA1108, Series |; Carlo Erba
Instrumentazione, Milan, Italy) coupled to an isotope ratio mass spectrometer (Delta C;
Finnigan, Mat., Bremen, Germany) operating in continuous flow mode at the Centros
Cientificos y Tecnoldgicos of the University of Barcelona. C/Nc ratio was estimated in

each organ on a dry mass basis.

3.3.4.3.- "°C determination of total soluble carbohydrates sugars (5'3Csss)

The extraction procedures for Total Soluble Sugars (TSS) were similar to those described
by Nogués et al. (2004). Leaf powder (50 mg) was suspended with 1mL of distilled water
in an Eppendorf tube (Eppendorf Scientific, Hamburg, Germany). After centrifugation,
starch was removed from the pellet by HCI solubilisation. Soluble proteins of the
supernatant were heat denatured and precipitated. Then TSS of the proteinless extracts
were collected and transferred to tin capsules for isotope analysis. Isotope analysis of TSS

were conducted using the same EA-IRMS described above.
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3.3.4.4.- Ry and 4"3C of dark-respired CO, determination (5'3CR)

Prior to the dark respiration determinations, the plants were dark-adapted for 45 min in a
dark room. Plant organs (i.e. leaf, shoot, rhizome and root) were separately placed in a
plastic gas analysis chamber to determine the 8"°C of dark respired CO (§"*Cg). In the
case of rhizome and root respiration analysis, they were cleaned and immediately dried
on paper before putting inside the chamber. Determinations of dark respiration (R4; mmol
gDW' s") were conducted in a plastic chamber (20 x 12 x 6 x 10° m?) with two fans, and
connected to a Li-6400 photosynthesis system (Li-Cor, Lincoln, NE, USA). Ingoing air was
passed through the chamber at a rate of 500 ml min™ and temperature in the chamber
was maintained at 25 °C. The PPFD inside the chamber was maintained at O umol photon
m? s’ by covering the entire system with a black cover. The gas analysis chamber,
included in the closed system, was first flushed with CO,-free air to ensure that only the
CO: respired in the chamber was accumulated. The CO, concentration inside the
chamber was measured using the Li-6400. After 5 minutes, CO, samples were collected
with a 50 ml syringe (SGE, Ringwood, Australia) and immediately injected into a 10 ml
vacutainer (BD Vacutainers, Plymouth, UK). The vacutainers were over-pressurised with N
to avoid retro-diffusion of ambient CO; into the syringe. The §"°C of air samples were also
determined by gas chromatography-combustion-isotope ratio mass spectrometry (GC-C-
IRMS), as described in Nogués et al. (2008) at the Centros Cientificos y Tecnoldgicos of

the University of Barcelona.

3.3.4.5.- Calculations

The C/™C ratios (R) of TOM and air samples and the ™N/"N ratios (R) of TOM were
expressed as 8"°C and 8"N values using international secondary standards of known
B3C/™C ratios (IAEA CH7 polyethylene foil, IAEA CHé sucrose and USGS 40I-glutamic
acid) calibrated against Vienna Pee Dee Belemnite calcium carbonate (VPDB) with and
analytical precision of 0.1%. and "®N/'*N ratios (IAEA N1 and IAEA N2 ammonium sulphate
and IAEA NOs potassium nitrate) referred to N2 in air, with and analytical precision of

0.2%o.
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) 13C ord 15N (%0) = (R sample/ R standard — 1) *1000

The carbon (A*C) and nitrogen (A™N) isotope discrimination was calculated on TOM from
the isotope compositions 3. and &, (Farquhar et al., 1989) as:

A3C (%e) = 8 13C, - 8 1°C,o/ (1 + 8 13C, / 1000))

"o

where subscripts “a” and “p” refer to air and TOM, respectively.

3.4.- Statistics

The means (n=3) + standard errors (SE) were calculated for each parameter. The statistical
analysis was conducted with the SPSS 21.0 software package (SPSS Inc, Chicago, IL, USA).
Data averages of each treatment were plotted and were subjected to two or three
ANOVA factors (depending of the experiment). Dependent variables were checked for
normality and homoscedasticity. When a particular F-test was significant, we compared
means using a Tukey multiple comparison. The results were accepted as significant at P <

0.05.
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4.1.- Experiment I: “Salinity and water stress effects on biomass production in

different Arundo donax L. clones”
4.1.1.- Experiment la: Screening for salinity and water stress (UB)

4.1.1.1.- Gas exchange

Significant differences were found for Ay (P = 0.014) and gs (P = 0.010) between clones
at the beginning of the experiment (T0). Granadensis, Tortorici, Agrigento, Fondachello
and Cefalt showed the highest values of As: (Fig. 4.1.1) whereas Piccoplant and
Martinensis showed the lowest values. In general, Ayt and gs decreased slightly in the
control treatment (WW S-) for almost every clone during the experiment (Fig. 4.1.1).
Significant differences in A and gs were found between measuring periods, treatment,
clone and interactions. A highly positive and significant correlation was found between
At and gsduring the experiment (R? = 0.886**; correlation was significant at P < 0.01). For
each of the four treatments and across the set of 8 clones, we studied the linear
correlation of gs against As: and time. Aq: and gs were strongly and positively correlated
(P = 0.001) in the water stress (WS) treatments (WS S-; R>= 0.909 and WS S+; R?>= 0.954)
and remained positively correlated in the salinity (S) treatment (WW S+; R? = 0.844). Both
parameters were negatively correlated with time in each treatment, with the correlation
being slightly stronger for As:than g.. In the control treatment the correlations were less

significant (Suplementary Material, SM 1.1).

Ass and gs markedly decreased at T60 (between 70% and 91%) in every stress treatment
for each clone (P = 0.001) in relation with TO (Fig. 4.1.1). In general, all clones showed
lower values of As: and gs at T15 in all stress treatments apart from Fondachello and
Granadensis, where no significant differences were found in any treatments with respect
to the control. At T30 Fondachello showed higher values of As:in each stress treatment in
comparison to the other clones. In contrast, Cefali showed the lowest values in WS S-
and Agrigento in both WW S+ and WS S+. As a whole, similar decreases were observed
in each clone at T45. In the WS S+ treatment, a large decrease was observed in

Fondachello and Granadensis between T30 and T45.
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Interestedly, some clones (Piccoplant, Martinensis, Cefalt, Licata) seemed to be more
affected by WS (WS S-) than by S treatments (WW S+ and WS S+) during the first month
of the experiment, according to their low A, values (Fig. 4.1.1). However, no differences
in Ast between treatments were found at the end of the experiment (T60; P = 0.325).
Some clones (Martinensis, Granadensis and Tortorici) showed similar values whereas
others were more affected by one of the stresses. Piccoplant, Licata and Fondachello
underwent the greatest decrease in Aq: with respect to the value at TO in WS S- (92%,
91% and 91%, respectively) while Agrigento decreased by only 82%. WW S+ had less
effect on Cefalt, Licata and Piccoplant (70%, 78% and 81%, respectively), whereas
Granadensis was substantially affected (92%). In relation to WS S+, Granadensis was the
most affected clone (92%), while Cefalt, Fondachello and Piccoplant were the least

affected, decreasing by only 77%, 81% and 83% with respect to the TO values.

However, different clones had different performances under stress over time. Whereas
some ecotypes (Granadensis, Fondachello and Licata) showed negligible stress effects
with respect to the control until T30, other clones (Piccoplant, Martinensis, Tortorici and
Agrigento) were most affected with short-term stress, especially by WS treatments. Over
the short term (T15), no S effect was found in the clones except for Piccoplant and
Martinensis. As expected, after a month (T30) the stress effect in plants was higher,
although no clear pattern was found between treatments: Piccoplant, Cefali and Licata
were the less affected by S, Martinensis and Granadensis were less affected by both
stresses and Fondachello was equally affected by S, WS and both stresses. The effect of
both stresses was notable at T45 in some clones. Although clones seemed to be more
affected by WS than by S at T60, no significant differences between treatments were

found in Martinensis, Granadensis and Tortorici.
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Fig. 4.1.1.- Changes in Aswtand gsduring TO, T15, T30, T45 and Té0 in each clone, respectively for each
treatment (WW S-, WS S-, WW S+ and WS S+). Data are the means of three replicates and the standard errors
(SE) are shown when larger than the symbols.
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4.1.1.2.- Relative water content (RWC)

Significant differences at TO (P = 0.004) were found between clones, with Fondachello
and Granadensis having the highest and lowest values of RWC, respectively (Fig. 4.1.2). A
trend of decreasing RWC was found in most of the eight clones of A. donax L. subjected
to stress over the experiment, although the differences were not significant in some
clones. Significant differences were found between treatments and time (P < 0.0001 in
each case). A significant decrease was observed for each time (T15, T30 and T60) in
relation to TO. The decrease in RWC in WS treatments was greater than under WW S+

(24%, 17% and 23% in WS S-, WW S+ and WS S+, respectively).

Each clone sustained a decrease in RWC under WS S- (Fig. 4.1.2b) except Cefald, where
no significant differences were found (P = 0.469). At T60, the RWC of Piccoplant
decreased by 38%, while in Agrigento and Granadensis it decreased by only 13% and
16% with respect to the values at TO. Some clones (Granadensis, Tortorici, Cefalt and
Licata) did not show a significant decrease in RWC throughout the WW S+ treatment (Fig.
4.1.2c), while the decrease in other clones (Piccoplant, Fondachello, Martinensis and
Agrigento) was significant only at Té60. Agrigento and Martinensis showed a greater
decrease at T60 with respect to TO (with 23% for both), whereas Licata and Cefald only
decreased by 10% and 12%, respectively. A similar pattern was observed for the WS S+
treatment in some clones (Tortorici, Agrigento and Licata), where no significant
differences were found over time (Fig. 4.1.2d). Others, such as Piccoplant, Fondachello,
Martinensis, Granadensis and Cefall, showed a decrease in RWC to some extent.
Granadensis was the clone with the greatest decrease relative to TO, whereas Licata had
the smallest decrease (30% and 18%, respectively). Significant and positive linear
correlations were found between A.: and gs and RWC throughout the experiment (R* =

0.688** and R? = 0.636**, respectively).
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Fig. 4.1.2.- Changes in relative water content (RWC) during T15, T30 and Té0 in each clone for each
treatment (WW S- (a); WS S- (b); WW S+ (c) and WS S+ (d)). Data are the means of three replicates and the
standard errors (SE) are shown when larger than the symbols. Data were analysed with an ANOVA Tukey
analysis. Different capital letters indicate significant differences (P < 0.05) between time for the same clone
and treatment. Different Greek letters indicate significant differences (P < 0.05) between clones for the same
time and treatment.
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4.1.1.3.- Chlorophyll content
A decrease was observed in all treatments relative to the control at T60, being most
important in treatments involving WS (23% in WS S- and 22% in WS S+) whereas S

treatment decreased only 14% with respect to the control.

Piccoplant, Fondachello and Cefali underwent a decrease in chlorophyll content under
WW S- between TO and Té60 (SM 1.2). At Té0 significant differences were found between
treatments in each clone. A smaller decrease in chlorophyll content was observed under
WW S+ than in WS S- and WS S+. Fondachello, Granadensis, Cefalt, Agrigento and
Licata showed a similar pattern between WS S- and WS S+, while Piccoplant, Tortorici and
Martinensis were more affected by WS S- than by WS S+. Relative to their own
chlorophyll content at TO, Cefald was the most affected by WS S- and WS S+, decreasing
by 45% and 44%, respectively, while Agrigento was the most affected by S (WW S+),
decreasing by 34% at T60, and was also the clone with the lowest chlorophyll content
values in that treatment (SM 1.2). Positive and significant correlations were found between

chlorophyll content and As.:(0.459**), SLA (0.541**) and TDW (0.453**; SM 1.3).

4.1.1.4.- Biomass parameters

In general, NS was affected by the treatments, especially WS S+ relative to WW S-. Only
three clones (Tortorici, Cefald and Agrigento) showed differences between treatments
although no significant differences were observed in the other clones (Table 4.1.1). Plant
height (H; cm) and stem diameter (SD; cm) were different according to the treatment,
being higher under WW S- (73.0 4.0 and 0.7 +0.02, respectively) than in the other
treatments. A greater decrease in H and SD was observed in WS S- (54.2 3.5 and 0.6
+0.02, respectively) and WS S+ (48.7 £3.5 and 0.6 +0.02, respectively) than in WW S+
(59.2 £3.9 and 0.63 +0.03, respectively).
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Table 4.1.1.- Biomass parameters in 8 clones of A. donax L. (P, Piccoplant; F, Fondachello; M, Martinensis; G, Granadensis; T, Tortor
Licata) under four different treatments: (i) well-watered with non-saline solution (WW S-), (ii) low watered with non-saline solution (WS ¢
solution (WW S+) and iv) low watered with saline solution (WS S+) at T60. Means and standard error (SE) are shown. Data were analys
between treatments (capital letters) and between clones (small letters). Number of leaves (NL), Number of stems (NS), Green Leaf Area
Green Leaf Percentage (GLP, %), Yellow Leaf Percentage (YLP; %), Dry Leaf Percentage (DLP; %).

NL NS gLA SA GLP YLP

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

P 422 4.48 Aa 5.0 0.71 Aa 0.232 0.024 Aab 0.075 0.009 Aa 97.2 0.95 Aa 2.8 0.95

F 296 2.99 Aab 3.3 0.66 Aab 0.160 0.023 Abc 0.038 0.006 Ab 95.2 4.76 Aa 4.8 4.76

, M 223 0.88 Ab 2.7 0.33 Aab 0.144 0.024 Ac 0.037 0.008 Aab 95.9 2.23 Aa 0.0 0.00
O G 240 3.61 Ab 2.3 0.33 Aab 0.197 0.022 Aabc 0.027 0.005 Ab 98.5 1.45 Aa 15 1.45
% T 327 4.67 Aab 4.0 0.00 Aab 0.245 0.017 Aa 0.055 0.002 Aab 84.9 2.74 Aa 2.3 1.24
Cc 287 5.00 Ab 3.7 0.33 Aab 0.230 0.021 Aab 0.059 0.002 Aab 87.0 4.76 Aa 4.2 4.17

A 207 2.73 Aab 2.0 0.58 Ab 0.170 0.072 Aabc 0.048 0.009 Aab 82.9 3.76 Aa 1.9 1.96

L 290 2.61 Aab 2.7 0.48 Aab 0.244 0.029 Aa 0.058 0.006 Aab 92.1 3.78 Aa 1.9 1.18

P 7.7 1.86 Ca 4.0 1.00 Aa 0.032 0.002 Cab 0.039 0.008 Ba 25.8 8.69 Ba 5.1 1.62

F 7.7 1.20 Ca 1.7 0.33 Ab 0.027 0.002 Cab 0.017 0.003 Ac 47.6 1.21 Ba 4.2 2.25

M 53 1.76 Ba 1.2 0.33 Ab 0.027 0.002 Dab 0.020 0.003 ABbc 31.8 9.43 Ba 8.1 4.12

» G 87 2.73 Ba 2.0 0.58 Ab 0.042 0.002 Ca 0.010 0.001 Bd 52.7 17.7 Aa 9.9 1.84
g T 8.3 1.20 Ba 2.7 0.33 ABa 0.024 0.010 Cab 0.024 0.001 Babc 321 1.81 Ca 7.9 0.80
c 73 1.76 Ca 2.7 0.67 ABa 0.016 0.009 Cb 0.036 0.003 Ba 31.2 7.91 Ba 8.1 1.96

A 73 0.67 Ba 2.7 0.67 Aab 0.042 0.012 Ba 0.033 0.007 ABa 31.2 5.54 BCa 16.1 4.06

L 5.7 2.03 Ca 2.0 0.00 Aab 0.033 0.002 Cab 0.025 0.002 Babc 31.8 10.8 Ca 11.9 3.17

P 19.0 2.31 Ba 3.0 0.58 Aa 0.082 0.009 Bab 0.030 0.009 Ba 72.3 17.3 Aa 5.0 2.50

F 145 2.50 Bab 2.0 0.00 Aabc 0.085 0.009 Bab 0.033 0.005 Aa 72.5 12.5 ABa 7.5 2.50

+ M 9.0 1.53 Bbc 2.0 0.58 Aabc 0.075 0.004 Bab 0.027 0.007 ABa 47.2 5.3 Ba 11.6 3.49
» G 103 1.45 Bb 2.0 0.58 Aabc 0.082 0.005 Bab 0.015 0.003 ABa 67.8 16.6 Aa 15.2 7.63
=71 107 1.86 Bb 1.7 0.33 Bbc 0.071 0.005 Bab 0.021 0.006 BCa 57.0 4.03 Ba 1.7 1.67
= C 14.0 1.53 Bab 2.0 0.00 BCab 0.093 0.001 Ba 0.020 0.004 Ca 70.8 8.22 Aa 14 1.45
A 6.0 1.53 Bc 1.0 0.00 Bc 0.053 0.009 Bc 0.026 0.001 Ba 445 9.94 Ba 9.9 2.21

L 113 0.33 Bb 2.3 0.33 Aab 0.076 0.005 Bab 0.023 0.003 Ba 56.1 6.07 ABa 8.1 1.69

P 151 0.00 Ba 3.0 0.00 Aa 0.062 0.003 Ba 0.020 0.002 Ba 58.8 8.83 Aa 3.4 1.92

F 8.0 0.00 Cab 2.0 0.00 Aab 0.038 0.002 Cbcd 0.016 0.001 Aab 58.1 16.9 Bab 14.2 2.45

M 72 0.41 Bb 2.0 0.41 Aab 0.048 0.005 Cab 0.017 0.001 Bab 47.7 8.33 Bab 14.2 2.12

JS G 77 0.58 Bb 2.0 0.58 Aab 0.053 0.005 Cab 0.010 0.001 Ba 47.8 9.34 Aab 1.1 7.97
nT 6.0 0.33 Bb 1.7 0.33 Bb 0.042 0.006 Chbc 0.014 0.003 Cbc 31.8 7.02 Cbc 71 1.71
= C 45 0.29 Cbc 15 0.29 Cb 0.027 0.004 Ccd 0.021 0.003 Ca 33.0 9.12 Bbc 104 3.62
A 25 0.50 Cc 15 0.50 ABb 0.023 0.005 Bd 0.022 0.001 Ba 17.7 2.31 Cc 13.8 6.15

L 4.3 0.33 Cbc 1.0 0.33 Ab 0.027 0.004 Ccd 0.020 0.002 Ba 34.9 5.30 BCab 7.5 4.44
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Parameters related to leaf development such as NL, gLA, GLP, DLP and TDW were more
affected by WS S- and WS S+ than by WW S+ (Table 4.1.1). The gLA was reduced
significantly in each treatment with respect to the control, but there were no significant
differences between WS S- (84%) and WS S+ (81%). Martinensis and Fondachello showed
the lowest values in WW S-. Under WS S- conditions, Cefald had the largest decline (93%)
followed by Tortorici (?0%), Licata (86%) and Piccoplant (86%), whereas the smallest
decline was observed in Granadensis (78%) and Agrigento (75%). Tortorici and Agrigento
were the most affected by WW S+ (71% and 69%, respectively) whereas Cefalt and
Martinensis were the least affected (59% and 48%, respectively). Licata was most affected
by both stresses (WS S+) with a reduction of 89% followed by Cefalu (88%) and Agrigento
(86%), whereas Piccoplant, Granadensis and Martinensis were less affected (73%, 73%
and 66%, respectively). TDW (Fig. 4.1.3) declined by 61% and 66% in WS S- and WS S+,

respectively, whereas WW S+ decreased by only 46%, relative to the control treatment

(Fig. 4.1.3).
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Fig. 4.1.3.- Changes in total dry weight (TDW, g) at T60 in each clone for each treatment (WW S-, WS S-, WW
S+ and WS S+). Data are the means of three replicates and the standard errors (SE) are shown when larger
than the symbols. Data were analysed with an ANOVA Tukey analysis. Different capital letters indicate
significant differences (P < 0.05) between treatments for a same clone and different small letters indicate
significant differences (P < 0.05) between clones for the same treatment.
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In general, the Shoot/Root ratio (S/R, g g™') decreased in each treatment in comparison to
the control, being the lowest in the WS treatment than in the combined stresses or S
alone (Table 4.1.2). Moreover, the decrease in the S/R was due to a differential response
to stress between shoots and roots. While shoot growth seemed to be more affected by
WS relative to the control (69% for WS S-, 50% for WW S+ and 71% for WS S+), root
growth seemed to be less affected (35% for WS S-, 43% for WW S+ and 50% for WS S+),
although no significant differences were found in a Tukey test between treatments
(except for the control; Table 4.1.2). Even so, the S/R data should be considered carefully
because our experiment utilised potted plants, where root development is influenced by
the size of the pots. Licata and Granadensis had the greatest decrease in the S/R under
WS S- (71% and 69%) relative to the control and Martinensis the smallest (35%). The S/R
was less affected by WW S+, with Piccoplant and Granadensis the being most affected,
with 29% and 27% reductions, respectively, compared to the control. Both Martinensis
and Cefall showed increases in their S/R under this treatment (WW S+) relative to the
control (22% and 4%, respectively). WS S+ had similar effects on some clones as WS S-
(Piccoplant (52%), Granadensis (65%), Tortorici (41%)) although other clones (Licata (41%),
Fondachello (35%), Agrigento (26%) and Martinensis (13%)) were less affected by both

stresses than WS alone.

WS had an important influence on the LAR and LWR, which decreased 58% and 41%
respect to the control under WS S- and by 46% and 24% under WS S+ (Table 4.1.2). In
contrast, WW S+ decreased these parameters by only 33% and 13%, respectively (Table
4.1.2). Similar to LAR and LWR, the SLA was more affected by treatments involving WS
(32% in WS S- and 28% in WS S+) than S (24%). A strong and positive correlation (SM
1.3), was found between SLA and As.: (0.736**) and between SLA and chlorophyll content

(0.541**, Bilateral significance at level P < 0.01).
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Table 4.1.2.- Biomass parameters in 8 clones of Arundo donax L. (P, Piccoplant; F, Fondachello; M,
Martinensis; G, Granadensis; T, Tortorici; C, Cefalt; A, Agrigento; L, Licata) under four different treatments: (i)
well-watered with non-saline solution (WW S-), (i) low watered with non-saline solution (WS S-), (i) well-
watered with saline solution (WW S+) and iv) low watered with saline solution (WS S+) at T60. Means and
standard error (SE) are shown. Data were analysed with an ANOVA Tukey test between treatments (capital
letters) and between clones (small letters). Shoot/Root Index (S/R, g g), Specific Leaf Area (SLA, m? Kg™),
Lear Area Ratio (LAR, m? Kg™') and Leaf Weight Ratio (LWR, Kg Kg™).

S/R SLA LAR LWR
Mean SE Mean SE Mean SE Mean SE
P 426 0.15 Aab 21.9 0.84 Aab 7.3 0.29 Aab 0.34 0.00 Ab
F 457 0.50 Aa 24.6 2.74 Aa 6.4 0.51 Aab 0.26 0.01 Ac
b M 3.26 0.25 Bab 19.8 1.79  Aab 6.8 0.73 Aab 0.34 0.02 Ab
= G 4.05 0.82 Aab 20.8 2.05 Aab 8.7 1.39 Aa 0.41 0.03 Aa
< T 317 0.30 Ab 18.7 0.61 Ab 5.8 0.47 Ab 0.31 0.02 Ab
C 3.78 0.10 Aab 21.9 1.70 Bab 6.7 0.58 Aab 0.31 0.01 Ab
A 334 0.58 Aab 19.9 1.09 Aab 6.2 0.62 Ab 0.31 0.01 Ab
L 4.34 0.16  Aab 21.8 0.56 Aab 7.6 0.21 Aab 0.35 0.01 Ab
P 213 0.10 Ca 13.9 2.49 Bab 2.2 0.60 Bb 0.15 0.02 Bb
F 1.94 0.09 Cab 15.6 3.07 Aab 3.1 0.62 Bb 0.20 0.02 Aab
, M 213 0.49 Ca 13.3 1.20 Bab 2.7 0.55 Cb 0.20 0.04 Bab
3 G 125 0.09 Bb 19.6 0.86 ABa 5.4 0.74 Ba 0.27 0.03 Ba
= 7T 1.60 0.03 Cab 13.0 4.19  Aab 1.9 0.71 Cb 0.15 0.01 Cb
C 202 0.06 Cab 10.8 3.05 Ab 1.9 0.88 Bb 0.18 0.02 Bb
A 19 0.54  Aab 17.0 1.39 Aab 3.1 0.74 Bb 0.19 0.03 Bb
L 1.24 0.33 Cb 15.7 0.917 ABab 33 0.56 Cb 0.21 0.06 Bab
P 3.04 0.15 Bab 17.7 0.64 ABab 53 1.04 Aabc 0.30 0.05 Aabc
F 4.04 0.23 ABa 17.0 3.26 Aab 4.3 1.16  ABbc 0.25 0.02 Abc
+ M 397 0.05 Aa 15.5 1.10  ABb 41 0.28 Bbc 0.27 0.00 ABabc
g G 294 0.53 Aab 17.8 1.26 ABab 6.1 0.64 ABab 0.34 0.03 ABab
< T 254 0.34 ABb 17.8 0.56 Aab 4.9 0.31 ABabc 0.27 0.01 Aabc
C 392 0.18 Aa 19.3 0.62 Ba 6.8 0.60 Aa 0.35 0.03 Aa
A 312 0.72 Aab 15.0 1.02 Ab 3.6 0.55 Bc 0.24 0.02 ABc
L 3.60 0.46 Aab 19.5 1.06 ABa 6.1 0.29 Bab 0.31 0.02 Aab
P 204 0.44 Cab 19.8 0.54 Aa 4.8 0.43 Aa 0.28 0.02 Aab
F 299 0.62 BCba 15.1 0.15 Aa 3.9 0.57 ABab 0.26 0.04 Aab
+ M 284 0.36 BCa 14.8 1.20 Ba 45 0.42 Bab 0.31 0.03 Aa
3 G 143 0.18 Bb 15.9 0.90 Ba 45 0.51 Bab 0.29 0.05 Bab
= 7T 1.87 0.35 BCab 16.4 0.18 Aa 4.0 0.14 Bab 0.24 0.01 Bab
C 261 0.32 Ba 171 1.90 Ba 3.9 0.97 Bab 0.22 0.01 Bab
A 246 0.35 Aab 16.9 7.28 Aa 2.7 0.59 Bb 0.18 0.04 Bb
L 2.58 0.29 Ba 14.9 2.73 Ba 41 0.51 Cab 0.29 0.05 ABab
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4.1.2.- Experiment lb: Screening for increasing salinity levels (UB, UNICT)

4.1.2.1.- Gas exchange

No significant differences were observed for A..: between UNICT SO and UNICT S4 at the
initial time (Ti) in Fondachello and Agrigento (Fig. 4.1.4a). A decrease in the As: was
found in Tortorici and Licata (P = 0.001) although a surprising increase was found in
Cefalt from 20.5 1.0 to 32.5 £1.0. Moreover, a decrease in g, was observed in each
clone (P = 0.001) except Cefalt, which had an increase of 18.9% in gs between UNICT SO
and UNICT S4 at Ti. On the other hand, no significant differences were found in A and
gs between UB SO and UB S16 at Ti in any clone studied (Fig. 4.1.4b). A decrease in At
and gs was found between UNICT SO and UNICT S4 at the end of the experiment (Tf) in
each clone except in Cefall, where there was no significant difference found in A (Fig.
4.1.4a). Significant differences were also found in each clone in both parameters between

UB SO and UB S16 at Tf (Fig. 4.1.4b).

S treatment at Tf led to lower values of As:: and gs at UB than at UNICT. A decrease in Asa:
and gswas found in each clone in S treatments (S4 and S16) in both locations (Fig.
4.1.4a,b), except for Fondachello at UNICT where there was no significant difference

found in As: (P = 0.809) and an increase of 33% in gs was observed.

Regarding the differences between clones, significant differences were found between
them for Asx: and gs in most of the treatments. At Tf Fondachello had the highest As.: and
gs values at UNICT (22.7 £0.1 and 0.203 =0.004 respectively) in S4 followed by Cefald
and Agrigento. Cefald had the highest A value at UB S16 (7.6 %1.0) followed by
Fondachello (5.0 +0.2), with the latter having higher gs values (0.046 £0.002) than Cefald
(0.020 +£0.001).
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Fig. 4.1.4a Changes in Aswt and gs during Ti and Tf in each clone, respectively for each treatment (UNICT SO
and UNICT S4). Values are the mean of three replicates * standard error (SE). Different capital letters indicate
significant differences (P < 0.05) between treatments for the same location and time, different small letters
indicate significant differences (P < 0.05) between time for a same location and treatment and different Greek
letters indicate significant differences (P < 0.05) between clones for the same treatment and location.
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Fig. 4.1.4b Changes in Asx: and gs at UB during Ti and Tf in each clone, respectively for each treatment (UB
S0 and UB S16). Values are the mean of three replicates * standard error (SE). Different capital letters indicate
significant differences (P < 0.05) between treatments for the same time, different small letters indicate
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4.1.2.2.- Chlorophyll content

Different behaviour was observed between locations with respect to chlorophyll content
(SM 1.4). An increase in chlorophyll content was observed in almost every clone at UNICT
except for Tortorici, which had no significant differences between treatments (SO and S4;
P = 0.630). Nevertheless, a decrease in chlorophyll content was observed in each clone at
UB between the control (S0) and the S treatment (S16). Licata had the highest chlorophyll
content at UNICT SO whereas Fondachello, Tortorici and Licata had the highest
chlorophyll content at UB SO (SM 1.4a,b). Under the S treatment, Agrigento and
Fondachello had the highest chlorophyll content values at UNICT S4, whereas
Fondachello and Cefald showed the highest values at UB S16. The Agrigento clone
behaved differently at the two locations, showing the greatest increase between UNICT

SO and UNICT S4 (15%) and the greatest decrease between UB SO and UB S16 (24%).

4.1.2.3.- Biomass parameters

No significant differences were found in the gLA (Fig. 4.1.5a) in most of the clones
between UNICT SO and UNICT S4, except for Agrigento (a decrease of 58.5%).
Surprisingly, an increase in gLA was found in Fondachello (11%) and Licata (25%). In
addition, a remarkable decrease in gLA was observed at UB (Fig. 4.1.5b), being most
noticeable in Tortorici (71%) while Fondachello had the smallest decrease in gLA between

UB SO and UB S16 (47%).

No significant differences were found in TDW (Fig. 4.1.5a) between UNICT SO and UNICT
S4 in the majority of cones, apart from Licata, whereas significant differences were found
between UB SO and UB S16 in all clones except Fondachello. The TDW (Fig. 4.1.5b) was
lower at UB, even in the control treatment (SO). Fondachello had the highest production
in both locations. In relation to the S/R a decrease between control and S treatment was
observed although no significant differences were found between treatments or even
between clones (Fig. 4.1.5a, b). However, lower values of S/R were observed at UNICT for
each clone than at UB. Tortorici had the highest S/R value at UNICT S4 while the highest

value in UB S16 was found in Fondachello.
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Fig. 4.1.5a.- Differences in gLA (m?), TDW (g), S/R (g g™") and SLA (m? Kg") at Té0 in each clone at UNICT and
for each treatment (SO and S4). Values are the mean of three replicates * standard error (SE). Different capital
letters indicate significant differences (P < 0.05) between treatments for the same location and clone.
Different small letters indicate significant differences (P < 0.05) between clones for a same location and

treatment.
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The behaviour of SLA was opposite to S/R (Fig. 4.1.5a, b), with no significant differences
being observed between treatments (except for Licata at UNICT) or between clones in the
same location. However, a tendency for SLA to decrease in line with increasing S was
observed (except for Licata at UNICT). Moreover, lower SLA values were found at UB than

at UNICT.

4.1.3.- Stress susceptibility index (SSI; Exp. la y Ib)

After carrying out the principal component analysis (PCA), it was observed that the first
two principal components explained 72.04% and 82.60% of variation. The most
significant and positive parameters of component 1 (above 0.750) were selected: glLA,
GLP, NL, At gs, LAR, TDW, RWC, SLA, SPAD and S/R (SM 1.5) but only the common
parameters in experiment la and experiment Ib (As:, gs, GLP, TDW, S/R, gLA, SLA) were

used in the calculation of the SSI.

N\

Agrigento P|c.cc-p|am
1,20+ g N
' Granadensis Tortorici
1,10 )
1,001
o0 Fondachello

® Martinensis
.

Fig. 4.1.6.- 3-D graphic representing stress susceptibility index (SSI) of each clone according to water stress
(WS; X axis), salinity (S; Y axis) and both stresses (WSS; Z axis). Higher SSI values indicate lower tolerance to
stress.
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The eight clones of A. donax L. in experiment la were classified according to SSI as shown
in Fig. 4.1.6. Each axis represents the clone tolerance or sensitivity to stress (WS (X axis), S
(Y axis) and both stresses (Z axis)). A higher SSI indicates lower tolerance to stress.
Agrigento was the most tolerant to WS (SSI = 0.84) whereas its tolerance to S and both
stresses was lower (1.08 and 1.00, respectively). Granadensis, Martinensis and
Fondachello were also tolerant to WS (0.88, 0.92 and 1.01, respectively). However,
Martinensis showed a higher tolerance to S (0.59) and both stresses (0.86) than
Fondachello (0.92 and 1.01) and Granadensis (1.18 and 1.06, respectively). Moreover,
Martinensis and Cefald showed low SSI values in the S treatment (0.59 and 0.68,
respectively), indicating a high tolerance to this stress. However, Cefali’s tolerance to WS

and both stresses was significantly lower (1.11 and 1.00, respectively).

Martinensis, Piccoplant and Tortorici showed high tolerance to both stresses (0.86, 0.89
and 0.97, respectively), whereas Piccoplant’s tolerance to WS was not noticeable (1.04).
Martinensis seemed to have performed quite well under WS, S and both stresses,
showing low SSI values in each treatment (0.92, 0.59 and 0.86, respectively). In contrast,
the results for Licata indicate a poor response to stress with high SSI values for almost

every treatment (1.09, 1.05 and 1.12, for WS, S and double stress respectively).

In relation to increasing S levels (SM 1.6), Fondachello recorded the lowest SSI for UNICT
S4 (0.55) followed by Cefalt (1.40) and Licata (1.44), with the same three clones having
similar low SSI values for UB S16 (0.99, 0.71 and 0.99, respectively. On the other hand,
Agrigento (2.87 and 1.18) and Tortorici (2.01 and 1.04) had the highest SSI values for the
UNICT S4 and UB S16 treatments, respectively.
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4.2.- Experiment II: "The response of Arundo donax L. (C3) and Panicum virgatum L.

(C4) to different stresses”
4.2.1.- Experiment lla: Water stress and salinity

4.2.1.1.- Gas exchange

Significant differences were found in almost every photosynthetic parameter (Ve max, Jmax I,
gs, T and \WUE) between species at the beginning of the experiment (TO) except in At (P
= 0.908; Fig. 4.2.1a y SM 2.1a) where non-significant differences were found between
species. A lower value of Ve max and a higher of Jn.. were found in A. donax L. whereas P.
virgatum L. showed lower values of |, gs and T. Therefore, a higher WUE was observed in
P. virgatum L. . Significant differences were found also in the majority of the fluorescence
parameters (F./ Fm, F."/ Fr’,  PSIl, NPQ) between species at TO except in g, (P = 0.297;
SM 2.1b). The highest values of F./Fn, F,”/ F»' and ¢psi were observed in A. donax L.

whereas the highest value of NPQ was observed in P. virgatum L.

A. donax L. showed a significant decrease in At at T15, particularly in WS S-where it
decreased by 50% with respect to the control at the same time, following by the salinity
treatment (WW S+) and both stresses treatment (WS S+) with decreases of 27 and 8%,
respectively. Similar values of A in the WS S- (9.9 +0.9) were found in T30 whereas
salinity and both stresses values of A decreased until 37%De i and 24% compared to
the control at the same time, reaching values of 12.4 £0.6 and 15.1 £0.6, respectively. At
T45, the decrease of Ay remained until T60, when non-significant differences were found
between treatments that reached values of 2.15 =0.3, 2.0 0.2 and 1.9 0.3 for WS S-,
WW S+ and WS S+, respectively. In general, a decrease in A of approximately 91% was
observed at T60 in A. donax L. for every treatment with respect to the control at TO.

Nevertheless, P. virgatum L. did not show significant differences between treatments at
T15 or even at T30, although a decrease in A.: was observed in every treatment,
particularly in the WS S+ (12.5 £1.3), which showed a decrease of 27% at T30 relative to
the control (17.1 +0.6; Fig. 4.2.1a). At T45, a decrease in Ay was observed and significant

differences were found in all treatments in comparison to the control (16.2 +1.5), but not
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between the stress treatments, which had values of 10.2 0.4, 10.9 £0.8 and 6.6 £1.6 for
WS S-, WW S+ and WS S+, respectively. The lowest values of A, in P. virgatum L. were
found in WS S+ at T60 (1.1 £0.3), representing a decrease of 95% in the As.: observed at
TO, whereas WS S- and WW S+ decreased 63% and 58%, respectively.

In relation to g, significant differences were found in the control treatment between
species during the experiment. gs values of P. virgatum L. were 55% lower than A. donax
L. ones from TO to T45, although the difference was reduced to 33% at Té0 (Fig. 4.2.1b).
For values of gs; between TO and T60, A. donax L. showed decreases of 88%, 96% and
95% in WS S-, WW S+ and WS S+, respectively. However, P. virgatum L. decreased 73%,
67% and 95% for the same treatments. Moreover, a high correlation between Ay and gs

was found for both species in each treatment (SM 2.2).

In relation to WUE, significant differences were found in the control treatment between
species (P = 0.000) at TO where A. donax L. showed lower \WUE than P. virgatum L. (3.3
+0.2 and 7.2 £0.2, respectively). An increase in WW S- was observed in A. donax L., while
P. virgatum L. showed similar values during most of the experiment (Fig. 4.2.1¢c). The
highest \WUE in A. donax L. was found in WS S- until T45, whereas similar values were
found in all treatments at T60. P. virgatum L. showed similar values between treatments at
T15 followed by an increase of WUE in WS S- at T30 and T45. However, the same values
were observed at T60 in all treatments (Fig. 4.2.1¢). In general, P. virgatum L. showed

greater values of WUE than A. donax L. for each treatment at each time.
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Fig. 4.2.1.- Representation of Ast(a), gs (b) and \WUE (c) values of A. donax L. and P. Virgatum L. during the
Exp. Ila (TO, T15, T30, T45, Té0) for each treatment: i) well-watered without salinity (WW S-); ii) low watered
without salinity (WS S-); iii) well-watered with salinity (WW S+) and iv) low watered with salinity (WS S+). Values
are the mean of four replicates and standard errors (SE) are shown. Data were analysed with an ANOVA Tukey
analysis. Different capital letters mean significant differences (P < 0.05) between time (T0-T60) for the same
species and treatment, different small letters mean significant differences (P < 0.05) between treatments for
the same species and time and different Greek letters mean significant differences (P < 0.05) between species
for the same treatment and time.
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4.2.1.2.- Relative water content (RWC)

A slight decrease in relative water content (RWC) occurred between TO (97.2 +0.8 and
91.7 £3.7 for A. donax L. and P. virgatum L., respectively) and T60 (90.7 1.0 and 88.5
=0.7) in the WW S- treatment, although no significant differences were found over time or
between species (Fig. 4.2.2). A. donax L. RWC decreased by approximately 18% in all
treatments relative to the control treatment at T60, and no significant differences were
found between treatments. Otherwise, P. virgatum L. showed a decrease in RWC by 21%
with respect to the control at T60 for WS S- (69.7 £5.7) and WS S+ (70.1 £3.0), although
WW S+ decreased by only 10% (79.4 +2.8). No significant differences were found

between species for any treatment at any time.
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Fig. 4.2.2.- Changes in relative water content (RWC, %) between the beginning (TO) and the end of the
experiment (T60) for both species and treatments (WW S-, WS S-, WW S+ and WS S+). Data are the means of
three replicates and the standard errors (SE) are shown. Data were analysed with an ANOVA Tukey analysis.
Different capital letters mean significant differences (P < 0.05) between time (TO — Té0) for the same species in
the control treatment (WW S-), different small letters mean significant differences (P < 0.05) between
treatments for a same species at T60 and different Greek letters mean significant differences (P < 0.05)
between species for same treatment.
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4.2.1.3.- Chlorophyll content

Similar chlorophyll content values (SPAD units) were observed in A. donax L. between TO
and T60 in WW S-, however, a slight increase in chlorophyll content was noticed in P.
virgatum L., from 33.9 0.6 to 38.5 0.7 (SM 2.3). The highest values of chlorophyll
content in A. donax L. at T60 were found in those treatments where WS was not included
(WW S- and WW S+) with values of 49.2 £0.4 and 47.5 +0.9 respectively, followed by WS
S+ (44.4 £0.4) and WS S- (38.1 +0.5). No significant differences were found in P. virgatum
L. between treatments at T60 (P = 0.084). A. donax L. had higher values of chlorophyll
content than P. virgatum L. in WW S- and WW S+, with a difference of 22% and 19%,
whereas no significant differences were found in treatments where WS was included (WS

S- and WS S+).

4.2.1.4.- Biomass parameters

No significant differences were found in H (Table 4.2.1) in A. donax L. between
treatments, even though an increase of 22% in WS S- and a decrease of 24% in WS S+
were recorded. Nevertheless, P. virgatum L. showed a decrease in every treatment

relative to the control, with the most substantial decrease (33%) seen in WS S+.

A decrease in the NL was observed in every stress treatment and in both species, being
more noticeable in treatments related to WS. A. donax L. showed a decrease of 76% in

WS S-, and NL decreased in P. virgatum L. by 78% under WS S+.

A. donax L. LA (Table 4.2.1) decreased considerably (81%) in WS S- followed by WS S+
(66%) and WW S+ (48%) with respect to WW S-. P. virgatum L. was more affected by WS
treatments, decreasing by 86% and by 91% in WS S- and WS S+ treatments, respectively,
whereas WW S+ had a decrease of only 64% compared to the control. No significant
differences were found between species in any treatment except in WW S- where P.

virgatum L. had a greater LA than A. donax L.

GLP decreased in both species relative to the control as a consequence of stress, and was

more pronounced in A. donax L. in which the greatest decrease occurred under WS S-
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(67%). In contrast the greatest decrease in P. virgatum L. was only of 31% in the same
treatment (Table 4.2.1). However, leaf curling was noticed in P. virgatum L. leaves as a

consequence of water scarcity.

TDW also decreased in both species compared to the control (Table 4.2.1), being more
evident in treatments where WS was included: A. donax L. decreased 51% in both WS S-
and WS S+ and P. virgatum L. decreased 68% and 70% in WS S- and WS S+, respectively.
A decrease by 16% and 46% was observed in WW S+ in A. donax L. and P. virgatum L.,
respectively. However, no significant differences between species were found in any

stress treatment.

The highest value of the shoot/root index (S/R; Table 4.2.1) was found in WW S+ in A.
donax L., which was even higher than the control. The lowest value for the same species
was found in WS S- with a decrease by 35% in comparison to the control, followed by WS
S+ (13%). On the other hand, P. virgatum L. decreased to a similar degree for WS S- and
WS S+ (43% and 46%, respectively) while WW S+ remained almost unchanged compared

to the control.

LMA increased under stress treatments in both species (Table 4.2.1), with a remarkable
increase in P. virgatum L. under WS S+ (163%). SLA decreased in all treatments with
respect to the control. SLA decreased in A. donax L. by 33% under WS S- and by 51% P.
virgatum L. under WS S+. No significant differences were found in these two parameters

between species in any of the treatments except for the both stresses treatment (WS S+).
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Table 4.2.1.- Biomass parameters in A. donax L. (A) and P. virgatum L. (B) under four different treatments at
the end of the experiment (T60): i) well watered without salinity (WW S-); ii) water stress without salinity (WS S-
); iii) well watered with salinity (WW S+) and iv) water stress with salinity (WS S+). Values are the mean (n=3) =
SE and were analysed with an ANOVA Tukey between treatments (capital letter) and between species (smal
letters). Height (H, cm); Stem Diameter (SD, cm); number of leaves (NL); number of stems (SN); Leaf area (LA,
cm?); Stem Area (SA, cm?); Green Leaf Percentage (GLP, %); Yellow Leaf Percentage (YLP, %), Dry Leaf
Percentage (DLP, %); Total Dry Weight (TDW, g); Shoot /Root (S/R, g g™); Leaf Mass Area (LMA, Kg m?);
Specific Leaf Area (SLA, m? Kg™); Leaf Area Ratio (LAR, m? Kg') and Leaf Weight Ratio (LWR, Kg Kg™).

A WW S- WS S- WW S+ WS S+
Mean SE Mean SE Mean SE Mean SE
H 56.6 +13.8 Aa 689 7119 Aa 546 x17.0 Aa 431 +10.8 Aa
SD 0.75 +0.01 Aa 068 +0.117 Aa 0.78 +0.04 Aa 064 0017 Aa
NL 22.3 +09 Ab 53 +1.8 Bb 9.0 +1.55 Bb 7.3 +27 Bb
NS 2.7 +0.3 Ab 1.2 +0.3 Ab 2.0 0.6 Ab 2.0 +0.4 Ab
LA 1140 +244 Ab 277 + 63 Ca 753 + 38 Ba 488 +59 BCa
SA 373 +88 Ab 210 +37 ABb 271 +67 ABb 179 +13 Bb
GLP 95.9 22 Aa 318 +94 Bb 471 +53 Bb 477 +£83 Bb
YLP 0.0 +0.0 Ba 8.1 +41 ABa 117 +35 Aa 142 *22 Aa
DLP 4.1 +22 Ca 60.1 +84 Aa 412 +74 ABa 391 *44 Ba
TDW 22.1 +45 Ab 109 +1.5 Ba 185 +1.9 ABa 108 +08 Ba
S/R 3.3 0.2 Ba 2.1 +0.5 Ca 4.0 +0.17 Aa 2.8 +0.4 BCa
LMA 51.4 +51 Ca 762 +63 Aa 652 136 Ba 690 +54 ABb
SLA 19.8 +18 Aa 133 +1.2 Ba 155 +£1.1 Ba 148 +1.2 Ba
LAR 6.8 +0.7 Aa 27 +0.5 Ca 4.1 +0.3 Ba 4.5 +0.4 Ba
LWR 0.34 +0.02 Aa 020 +0.04 Ba 027 *0.01 ABb 0.31 0.03 Aa
B WW S- WS S- WW S+ WS S+
Mean SE Mean SE Mean SE Mean SE

H 72.9 +3.2 Aa 58.1 +46 Ba 566 +46 Ba 488 *52 Ba
SD 0.45 +0.03 Ab 035 +0.04 Ab 044 +0.04 Ab 043 001 Ab
NL 68.5 +50 Aa 7.8 +06 Ca 308 62 Ba 148 +0.8 Ca
NS 19.0 +14 Aa 100 +15 BCa 115 +13 Ba 6.5 +0.3 Ca
LA 2487 + 100 Aa 351 *+ 69 Ca 893 +105 Ba 226 +41 Cb
SA 1933 +102 Aa 602 +39 BCa 886 +138 Ba 427 +64 Ca
GLP 96.8 +32 Aa 672 +50 Ca 801 22 Ba 681 +£37 Ca
YLP 0.0 +0.0 Aa 0.0 0.0 Ab 0.0 0.0 Ab 0.0 +0.0 Ab
DLP 3.2 +32 Ca 328 +50 Ab 199 +£22 Bb 319 37 Aa
TDW 39.6 +38 Aa 125 +09 Ca 215 128 Ba 118 02 Ca
S/R 2.5 +0.4 Aa 14 +0.2 Ba 25 +0.17 Ab 1.3 +0.2 Bb
LMA 47.7 +28 Ca 642 +85 Ba 703 +35 Ba 1255 +18.1 Aa
SLA 21.2 +1.2 Aa 16.1 +1.9 Ba 143 +0.7 Ba 104 23 Cb
LAR 6.5 +0.6 Aa 3.2 +0.7 Ca 4.2 +0.1 Ba 1.9 +0.3 Db

LWR 0.30 £0.02 Aa 019 +002 Ba 030 =002 Aa 0.19 =002 Bb
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4.2.2.- Experiment llb: Temperature and continuous dark stress

4.2.2.1.- Gas exchange and fluorescence parameters

A different response to stress was found in both species during the experiment. As: was
less affected by the cold treatment (CD) than by the ambient temperature treatment (AD).
The decrease in At in the AD treatment was 49% and 50% at 3d in A. donax L. and P.
virgatum L. respectively, increasing over time (Table 4.2.2a,b). Declines of approximately
30% under the CD at 3d was shown in both species and remained throughout the
experiment except for A. donax L., which decreased by another 14% from é6d (Table 4.2.2
A). In relation to recovery (R), an increase in At was observed in both treatments (except
for A. donax L. in the CD treatment at 3d) and some complete recovery (R*) was found in

the CD treatment, especially in P. virgatum L. (for 3 and 9d; P < 0.05; Table 4.2.2a,b).

There was less effect of cold temperature than ambient on Vmax. Decreases of 65% and
43% were observed in A. donax L. after 3d in AD and CD respectively, with a constant
pattern over time (Table 4.2.2a). Increases in Vimsx were observed under AD after
recovery. However, recovery was not observed at 6d and 9d. Significant decreases were
noticed in P. virgatum L. for AD and CD at 3d (75% and 66%, respectively). Vcmax values
decreased almost 94% at 9d in AD relative to the control, although in CD the V¢ max value
was equal to the control value (P < 0.05). Recovery was observed at 3d in CD conditions

as well as in all AD conditions (Table 4.2.2a,b).

Jmax Was the parameter that showed the most differences between the two species.
Decreases of 56% and 61% were observed in A. donax L. after 3d in AD and CD,
respectively. An additional 15% decrease was observed in AD at 6d, whereas value of Jnmax
remained constant in CD (P < 0.05). However, after 9d a ubiquitous response was found
in both treatments (0% reduction). Despite these differences, both treatments had
complete recovery in all experimental conditions (Table 4.2.2a). On the other hand, a
different response was shown by P. virgatum L. due to a greater reduction in CD than in
AD (81% and 53%, respectively) after 3d. The Jma value increased in AD (110%) but

remained constant in CD conditions after 6d (Table 4.2.2b). A different situation was
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found after 9d due to an 81% decrease in AD and a 52% increase in CD with respect to
the control. A complete recovery was found in CD during the experiment except at 6d (P

< 0.05), however a complete recovery was only found at 6d in AD (Table 4.2.2b).

Table 4.2.2.- Photosynthesis parameters of A. donax L. (A) and P. virgatum L. (B) under three different
treatments: i) Control conditions; ii) ambient temperature and darkness (AD); iii) cold temperature and
darkness (CD). Values are the mean (n=6) + SE and were analysed with a Tukey test between time for the
same treatment (capital letters), between the treatment and its recovery for a same time (small letters) and
between treatments for the same time (Greek letters). Ast (umol CO2 m2s™); Vemax (wmol CO2 m2s™); Jmax (umol
CO2 m%s™); [ (%).* Complete R.

A Asat Vc,max Jmax I
Mean SE Mean  SE Mean SE Mean SE

Control 283 19 A 180.5 +19.4 A 409.8 +38.6 A 128 +14 A
3d 145 +1.1 Bpg 635 +54 Bbaa 1787 149 Bpa 178 122 Baqa
R 186 1.3 a 126.4 +4.1 a 3545 +20.7 a* 13.0 +1.6 b*
AD |6d 114 +09 Cba 657 +89 Bba 1178 +£14.0 Cbo 122 0.2 Aao
R 180 0.3 a 96.0 +49 a 3819 +10.6 a* 7.7 +0.7 b
9d 100 1.2 Cbg 56.3 +34 Bba. 45.6 +3.7 Dba 215 £1.2 Bag
R 174 0.7 a 97.7 +1.6 a 364.1 +14.6 a* 204 +0.2 @a*

3d 201 +1.5 Bap 1028 +10.5 Bpp 157.3 £165 Bpy 262 +1.8 Bap
R 185 +17 b 1785 124 a* 4113 +336 a* 125 +14 p*
CD |6d 147 13 cap 874 +10.8 cap 1751 +12.9 Bpp 185 +0.5 Cbp
R 176 +04 a 709 +14 a 3131 £280 a* 238 +04 a
9d 145 12 Ccpp 1008 +17.3 Bap 411 %53 Cba 171 £14 Cap
R 234 £10 a* 911 +80 a 3946 £126 a* 78 £10 b

B Asat Vc,max Jmax I
Mean SE Mean  SE Mean SE Mean SE

Control 240 +2.1 A 1874 +18.5 A 1084 +9.3 A 100 1.1 A
3d 121 +1.0 Bbg 46.1 +54 Bbo 50.9 +1.7 Baa 212 1.3 Baqg
R 20.8 +04 a 129.2 +10.0 a 52.3 +27 a 1.4 £0.7 b*
AD | 6d 25 +04 Cbo 215 +20 Cbo 2274 +249 (Cag 465 158 Caa
R 135 1.5 a 56.0 +4.8 a 2096 +4.2 a* 132 +1.7 b*
9d 5.2 +0.6 Dpbo 121 +0.8 Dba 20.3 +1.2 Dba 6.0 +0.7 Dba
R 166 +04 a 95.6 +39 a 70.1 76 a 139 115 g*

3d 161 +08 Bpp 630 1.6 Bpbp 209 £23 Bpp 123 £1.1 Agap
R 232 +08 a* 1409 +13 a 1242 93 a* 62 +07 b
CD |6d 183 02 cap 643 1.1 Bap 289 +13 Cpp 244 +14 Bap
R 165 +09 a 632 45 a 759 +06 a 259 13 a
9d 189 £13 cap 1897 7.1 papsx 1648 74 pap 109 £1.3 Aap
R 217 +09 a* 1641 111 a* 933 49 b* 76 +11 b
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In relation to stomatal limitation (), more noticeable differences were found in A. donax L.
in CD than in AD conditions (Table 4.2.2a,b). An increase in | was observed at 3d (39%)
and 9d (68%) in the AD treatment, but at 6d | remained similar to the control. Moreover, |
increased more than double in CD after 3d, decreasing again after 6 and 9 d compared
to the control. A progressive increase was observed in P. virgatum L. in AD conditions at
3d and éd followed by a decrease at 9d to a lower value than the control. A similar
pattern was observed in CD conditions where an increase to 24.4 +1.4 at 6d was seen
followed by a decrease to control levels (Table 4.2.2b). Recovery was complete in all

conditions in AD but in CD it was not observed under any condition.

F./F» decreased in A. donax L. in both treatments although no significant differences
were found in the CD treatment until 6d (Table 4.2.3a). A complete recovery of F./Fn was
observed at 3d (AD and CD conditions) and at éd (only in CD conditions). The most
significant decrease in F./F, was found in P. virgatum L. under CD conditions (Table
4.2.3b), where decreases of 7% at 3d and 16% at 6d were observed, whereas F./Fn,
decreased by only 3% and 5%, respectively, under AD conditions compared to the
control. However, a complete recovery was found in all conditions in the CD treatment

while at 6d under the AD treatment did not show a complete recovery.

F.’/ F’ was more affected by AD than by CD in both species. An initial decrease of 35%
and 15% at 3d in A. donax L. in AD and CD conditions was observed, increasing by 12%
and 13% more at 6d in each treatment respectively and remained constant after that time
(Table 4.2.3a). Recovery was observed in all conditions except for 9d under AD. A similar
decrease of 20-23% was found in AD and CD conditions at 3d in P. virgatum L. However,
a greater decrease was observed at 6d (51%) under AD conditions while a slight recovery
was seen at 9d (Table 4.2.3b). Recovery was observed in all experimental conditions
although it was only at 3d (under AD and CD) and 9d under CD conditions were recovery

was completed.

The decrease in ¢psi became more pronounced over time until 6d, after which there was a

stabilization or slight recovery by 9d in both treatments. In contrast to A. donax L., which
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was more affected by AD (a decrease of 42% was observed) than CD (18%) at 3d, P.
virgatum L. was more affected by CD (52%) than AD (30%; Table 4.2.3a,b). Decreases at
6d reached values of 61% and 36% in AD and CD conditions in A. donax L. while in P.
virgatum L. the decreases were almost 78% and 70%, respectively. A complete recovery

was found in both species at 3d.

Table 4.2.3.- Fluorescence parameters of A. donax L. (A) and P. virgatum L. (B) under three different
treatments: i) Control conditions; ii) ambient temperature and darkness (AD); iii) cold temperature and
darkness (CD). Values are the mean (n=6) + SE and were analysed with a Tukey test between time for the
same treatment (capital letters), between the treatment and its recovery for a same time (small letters) and
between treatments for the same time (Greek letters). * Complete R.

A F/Fm FJ/Fm dpsii of
Mean * SE Mean * SE Mean * SE Mean * SE

Control 080 +0.00 A 052 =007 A 033 =001 A 064 000 A
3d 074 £0.01 Bbg 0.34 2002 Bpg 019 +£0.07 Bpy 054 £0.07 Bpo
R 080 +007 a* 045 £007 a 028 +0.01 a* 064 001 a*
AD | 6d 076 +0.01 Bag 028 £0.01 Cbq 013 £0.01 Cbo 046 +0.01 Cbo
R 080 +000 a 039 £007 a 021 £007 a 053 002 a
9d 080 £0.017 Aaq 031 2007 Ccaq 012 £0.02 caq 037 £0.04 Daq
R 077 +000 a 034 +007 a 016 £002 a 045 005 a

3d 078 0071 Abp 044 007 Bpg 027 =001 Bpp 062 *0.07 Aap
R 081 +000 a* 051 £007 a 034 +001 a* 062 001 a*
CD |6d 073 £0.02 Bpp 037 £0.02 Cbp 021 £0.02 Cap 055 +0.02 Bap
R 078 +001 a* 042 £001 a 024 £007 a 058 007 a
9d 076 +0.00 Bag 0.37 000 cpp 021 +0.00 cap 056 +0.07 Bap
R 077 +000 a 040 £007 a 023 £002 a 056 +003 a

B FJ/Fn, F,/Fn dpsii gp
Mean * SE Mean * SE Mean * SE Mean * SE

Control 075 +0.00 A 035 =007 A 023 =001 A 066 002 A
3d 073 £0.07 Aaq 028 1007 Bpgq O0.16 £0.07 Bpy 058 £0.02 Bpo
R 075 +0.01 b* 035 +0.00 a* 023 +0017 a* 065 =001 a*
AD |6d 071 +0.00 Bag 017 £0.00 Cbq 005 £0.01 cCbo 027 +0.03 Cbo
R 070 +000 a 027 +003 a 012 £007 a 041 003 a
9d 072 £0.00 Bag 021 2000 Dbg 007 £0.07 Cbo 034 +0.07 Dbo
R 074 +000 b* 029 £007 a 014 £001 a 049 002 a

3d 070 +0.07 Bap 027 000 Bpe O0.11 +0.01 Bpp 041 +0.04 Bpp
R 074 +0.00 b* 034 +001 a* 022 +0.01 a* 066 +0.01 a*
CD|6d 063 %001 cap 022 £0.01 cbp 007 %0017 Cbhy 032 %003 Cba
R 073 +002 b* 027 £007 a 015 £002 a 052 +004 a
9d 0.65 002 cap 028 000 Bpp 013 +0.01 Bpp 047 +0.05 Bpp
R 075 +0.00 b* 035 #0017 a* 020 #0017 a 056 001 a
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In relation to gp, a greater decrease was observed in CD than in AD conditions in A.
donax L., reaching values of 0.37 £0.04 at 9d in comparison to the AD value of only 0.56
*0.01. No significant recovery was found under any CD conditions, while a complete
recovery was found at 3d in AD. Moreover, P. virgatum L. showed a greater decrease in
CD (38%) than in AD (12%) at 3d but at é6d a similar decrease was observed in both
conditions (51% and 59%, respectively). A slight recovery was found at 9d in both
treatments, being more substantial in CD conditions (an almost 20% R). Recovery was
observed under all conditions while only a complete recovery was observed at 3d (Table

4.2.3b).

4.2.2.2.- O; consumption, CO; production and the respiratory quotient (RQ)

In relation to mitochondrial respiration, a more notable effect was observed in AD than in
CD in both species (SM 2.4). A decrease by 32% and 33% in O, consumption in AD
conditions was observed at 3d in A. donax L. and P. virgatum L., respectively, which
increased to 72% and 66% at 6d and 77% and 73% at 9d, respectively (Table 4.2.4; SM
2.4). Nevertheless, the decrease in Oz consumption in CD conditions was significantly
lower, with a decrease of 53% in A. donax L. and only 11% in P. virgatum L. at 9d (Table
4.2.4, SM 2.4). Recovery was only observed in A. donax L. at 3d in AD (0.554 =0.083) and
at 3d and 6d in CD (0.586 =0.050 and 0.533 +0.002, respectively) compared to the
control (0.586 £0.050) and in P. virgatum L. at 9d in AD (0.514 +0.047) compared to the
control (0.601 =£0.056; P < 0.05).

CO:2 production after 9d decreased in relation to the control in both species, and it was
more marked in the AD treatment than in CD (Table 4.2.4). A. donax L. decreased CO;
production by 90% in the AD treatment, but P. virgatum L. decreased almost 81%.
Nevertheless, the decreases under CD conditions were 74% and 33% in both species,

respectively.

RQ was calculated as the ratio between the two parameters above (Table 4.2.4).
Therefore, the greater the difference between O, consumption and CO. production the

more distant RQ was from one. A similar decrease was observed for both treatments in
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both species, with values of 54% and 43% in A. donax L. and 29% and 25% in P. virgatum

L. in AD and CD, respectively.

Table 4.2.4.- Representation of O, consumption (umol O, m? s™'), COz production (pmol CO2 m? s) and
respiratory quotient (RQ) of A. donax L. and P. virgatum L. under three different treatments: i) Control; ii)
Ambient temperature and continuous darkness and iii) Cold temperature and continuous darkness in
experiment llb at 9d. Values are the mean (n=7) = SE and were analysed with a Tukey test between
treatments (capital letters) for the same specie and between species (small letters) for the same treatment.

O, consumption CO; production RQ

C 0.59 +0.05 Aa 0.80 +0.08 Aa 1.34 +0.17 Aa
AD 0.13 +0.01 Ca 0.08 +0.01 Cb 0.62 +0.05 Bb
CDh 0.28 +0.03 Bb 0.21 +0.05 Bb 0.76 +0.08 Ba

A. donax L.

Cc 0.60 +0.06 Aa 0.73 +0.10 Aa 1.21 +0.12 Aa
AD 0.16 +0.02 Ba 0.14 +0.02 Ca 0.86 +0.09 Ba
CD 0.54 +0.02 Aa 0.49 +0.06 Ba 0.91 +0.12 Ba

P. virgatum L.

4.3.- Experiment Ill: “*C and "N isotope labelling to study the response of two

perennial grasses (A. donax L. and P. virgatum L.) to water stress”

4.3.1.- Gas exchange and fluorescence

Significant differences were found in most of the photosynthesis parameters (i.e. Vcmax,
Jmaxs |, s, T and \WUE) between species at the beginning of the experiment (Ti), whereas
other parameters as At and Amax had similar values (P > 0.05; SM 3.1). Higher values of
photosynthesis parameters were found in A. donax L. in comparison with P. virgatum L. at
Ti (SM 3.1) except for WUE, where an increase of 68% was found in P. virgatum L.relative
to A. donax L. Decreases in At (71% and 53%), Anax(65% and 48%), gs (84% and 64%), T
(84% and 62%), Ve max (68% and 57%) and Jma.x (70% and 36%), were clearly found in both
species (A. donax L. and P. virgatum L., respectively) subjected to increase in WS
between C to SS (Fig. 4.3.1). Moreover, increases in | (89% and 100%) and i\WUE (85% and
26%) were found in both species in SS respect C. Stronger and positive correlations were
found in both species between gs and At (R? = 0.916 and 0.901 in A. donax L. and P.

virgatum L., respectively) than between RWC and A (R? = 0.694 and 0.469 in A. donax L.
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and P. virgatum L., respectively). Similar results were observed in other parameters like |
(although a negative correlation was observed), Jma, T and WUE. Significant differences

were found between treatments at the end of the experiment (Tf; Fig. 4.3.1).

Similar to the photosynthetic parameters, significant differences were found in
fluorescence parameters (i.e. F./Fm, F'/F'n and ¢resi), between species at the beginning of
the experiment (Ti), being higher in A. donax L. than in P. virgatum L. (SM 3.1). However,
other parameters as gr and NPQ had similar values (P > 0.05; SM 3.1). Decreases in
fluorescence parameters were observed between C-SS treatments at Tf in both species.
F'./F'm decreased 20% and 11% in A. donax L. and P. virgatum L., respectively, whereas
¢rsi decreased 40% and 33%. Similar decreases were observed in gr in both species
(25%), while F./F, did not change and NPQ increases over the WS (63% and 28%

respectively for both species; Fig. 4.3.2).
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Fig. 4.3.1.-

assimilation rate at light and CO:2 saturation (b); gs, stomatal conductance (c); I, stomatal limitation (d); T,
transpiration rate (e); WUE, water use efficiency (f); Vc max, maximum carboxylation velocity of Rubisco (g); Jmax,
the rate of photosynthetic electron transport (h)) in both species (A. donax L. and P. virgatum L.) for each
treatment: i) Control (C, 100% FC), ii) Mild stress (MS, 50% FC) and iii) Severe Stress (SS, 25% FC) at the end
of the experiment (Tf). Data are the means of three replicates and the standard error is shown. Data were
analysed with an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05)
between treatments for the same species and different small letters indicate significant differences (P < 0.05)
between species for the same treatment. Photosynthesis parameters at the beginning of the experiment (Ti)

can be found in Table SM 3.1

- T (mmol H,0m?s)
15

WUE (umol CO, mmol H,0")

140

«Q

120
= 100
80
60
40

Ve max (umol m2 s°1

20

h 350
300

— 250

%)

o 200

£

S 150

=,

=100

= 50

119

Aa
| Ab
i Bb
C

o
o
>
o
w > 3
[ o
<
>
o
- E
%]
> w
I

SS
- Aa
Ab
1 Bb
1 Ca
| ._Ci‘
C MS SS

MS
O P virgatum L.

Aa
Ab
Bb
C

Tm
o
m
o
U)E
%]
o
o

W A donax L.

Photosynthesis parameters (As:, assimilation rate at light saturation (a); Amax, maximum



0.80

0.60

Fv/Fm

0.50

0.30

0.20

0.80 1

F,/F,
o
3

0.30

0.20 -

Fig. 4.3.2.- Fluorescence parameters (F./Fm, maximal photochemical efficiency in the dark —adapted stage (a);
F'./F'm, maximal photochemical efficiency in light (b); ¢esi, relative quantum yield of Photosystem Il electron
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beginning of the experiment (Ti) can be found in Table SM 3.1
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4.3.2.- RWC

No significant differences were found between C (93.4 +0.9 and 87.9 +2.9) and MS (90.6
+0.9 and 82.7 +3.1) in A. donax L. and P. virgatum L., respectively. As expected,
decreases in RWC were larger in SS treatment (76.8 4.1 and 54.1 £2.4), where significant
differences were found respect C and MS. A. donax L. showed lower decreases in RWC in
stress treatments respect C (3% and 18% in MS and SS, respectively) than P. virgatum L.,

that decreased 6% and 38% in MS and SS respect C (Fig. 4.3.3).

100

Aa Ab

C MS
B A. donax L. OP, virgatum L.

Fig. 4.3.3.- Changes in Relative Water Content (RWC, %) in both species (A. donax L. and P. virgatum L.) for
each treatment: i) Control (C, 100% FC), ii) Mild Stress (MS, 50% FC) and iii) Severe Stress (SS, 25% FC) at the
end of the experiment (Tf). Data are the means of three replicates and SE is shown. Data were analysed with
an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05) between
treatments for the same species. Different small letters indicate significant differences (P < 0.05) between
species for the same treatment

4.3.3.- Biomass parameters

In relation to both species, significant differences were found in most of the biomass
parameters in each treatment and time (Table 4.3.1). An increase in height (H) was
observed in all treatments in A. donax L. (C: 50%; MS: 16%; SS: 13%) with respect to Ti,
although only significant differences between Ti and Tf are observed in C (P < 0.001).

Nevertheless, significant differences were found in all treatments in P. virgatum L. due to
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remarkable increases in height (C: 183%; MS: 123%; SS: 50%) between Ti and Tf (Table
4.3.1). Decreases in H were observed in both species as WS increased at Tf with respect
to C, being more important in P. virgatum L. (MS: 7% and 19%; SS: 18% and 34% in A.

donax L. and P. virgatum L., respectively).

An increase in number of stems (NS) was also observed in all treatments in both species
between Ti and Tf, although only significant differences were found in C in A. donax L.,
with an increase of 60%. Significant differences were found in NS between treatments,
even at Ti in both species. Similar decreases in NS were also noticed in both species
along treatments at Tf with respect to C (MS: 21% and 28%; SS: 53% and 45% in A. donax
L. and P. virgatum L., respectively; Table 4.3.1).

The increase of number of green leaves (NGL) between Ti and Tf was higher in A. donax
L. (C: 148%; MS: 62%; SS: 14%), where significant differences were found in C and MS (P
=0.000 and 0.006, respectively) than in P. virgatum L. (C: 71%; MS: 7%), where significant
differences were only found in C treatment (P = 0.012) and an important decrease was
observed in SS treatment (43%; P = 0.000). The decrease in NGL in relation to C was very
important in both species at Tf (MS: 29% and 49%; SS: 65% and 74% in A. donax L. and

P. virgatum L., respectively).

An important decrease in Leaf Area (LA; Fig. 4.3.4a) and Stem Area (SA; SM 3.2) was
noticed in both species at Tf with increasing soil water depletion. LA decreased 40%
(between C-MS) and 69% (between C-SS) in A. donax L. and 58% (between C-MS) and
86% (between C-SS) in P. virgatum L. . At the same time, SA decreased 32% (between C-
MS) and 65% (between C-SS) in A. donax L. and 58% (between C-MS) and 75% (between
C-SS) in P. virgatum L. . Although decreases in LA and SA as a consequence of WS were
greater in P. virgatum L. than in A. donax L., the first species had greater values of LA and

SA than A. donax L. in each treatment (Fig. 4.3.4a; SM 3.2).
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Table 4.3.1.- Changes in biomass parameters (H, height (cm); NS, number of stems; NGL, number of green
leaves) in both species (A. donax L. and P. virgatum L.) for each treatment: i) Control (C, 100% FC), ii) Mild
stress (MS, 50% FC) and iii) Severe Stress (SS, 25% FC) between the beginning (Ti) and the end of the
experiment (Tf). Data are the means of nine replicates and the standard error (SE) is shown. Data were
analysed with an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05)
between time for the same species and treatment. Different small letters indicate significant differences (P <
0.05) between treatments for the same specie and time. Different Greek letters indicate significant differences
(P < 0.05) between species for the same time and treatment.

H NS NGL

Mean SE Mean SE Mean SE
Ti 51.3 3.7 Baa 24 0.2 Bap 11.6 1.4 Bap
B ¢ Tf 75.6 3.9 Aaa 3.8 0.3 Aap 26.1 1.9 Aap
g MS Ti 61.9 3.6 Aaa 24 0.2 Aap 11.9 1.1 Bap
© Tf 70.2 2.4 Aaba 3.0 0.2 Aap 18.3 1.8 Abp
< Ti 55.4 4.6 Aaa 1.2 0.1 Abp 8.3 0.9 Aap
S8 Tf 62.2 4.6 Aba. 1.8 0.2 Abp 9.0 1.1 Acp
Ti 26.7 1.2 Bbp 26.4 3.0 Aaa. 48.0 5.0 Baa
_ c Tf 74.4 4.1 Aaa 31.2 3.9 Aaa. 82.0 11 Aaa
% MS Ti 27.3 0.9 Bbp 19.3 2.5 Aaba 404 4.1 Aaa
S Tf 60.3 4.3 Aba. 224 2.6 Aaba 421 3.5 Aba
a ss Ti 32.9 1.1 Bap 16.7 2.5 Aba 411 4.0 Aaa

Tf 49.2 2.6 Abp 17.2 1.8 Abo. 21.0 0.9 Bba

A decrease was also observed in Shoot/Root ratio (S/R) in A. donax L. (27% and 24%
between C-MS and MS-SS, respectively) but not in P. virgatum L., where no significant
differences were found (P = 0.825). S/R values were significantly higher in A. donax L. (C:
4.5 £0.2; MS: 3.3 £0.2; SS: 2.5 £0.3) than in P. virgatum L. (C, MS and SS: 0.6 =0.1; Fig.
4.3.4b). Root dry mass in P. virgatum L. was significantly higher than root dry mass in A.
donax L. and almost double than its shoot dry mass. Moreover, A. donax L. root dry mass
was significantly lower than its shoot dry mass.

Total Dry Weight (TDW, g) also decreased in both species although a different pattern is
observed. A. donax L. had a greater decrease in more advanced stages of stress (41%
between MS-SS and only 26% between C-MS) whereas P. virgatum L. showed a greater
decrease in first stages of stress (47% between C-MS and 30% between MS-SS). In

addition, decreases in SS treatment in relation with C were more or less similar in both
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species (57 and 63% in A. donax L. and P. virgatum L., respectively) although TDW values
in P. virgatum L. were significantly higher (C: 130.7 £15.0; MS: 69.0 £7.3; SS: 48.3 +3.9)
than in A. donax L. (C: 16.1 £2.1;, MS: 11.9 =0.5; SS: 7.0 £0.7; Fig. 4.3.4¢).

Leaf Mass Area (LMA, Kg m?) was the only biomass parameter that increased with
increasing WS levels (SM 3.2). LMA values in C treatment were similar in both species
(41.2 £2.4 and 47.8 £1.8 in A. donax L. and P. virgatum L., respectively), and remained
constant in A. donax L. in MS and SS (P = 0.059), whereas an important increase was
observed in P. virgatum L. (33% in MS in relation with C and 90% in SS in relation with
MS), reaching a value of 121.2 8.9 in SS. Specific Leaf Area (SLA; m? Kg”) had a similar
pattern as LMA parameter but reversed. SLA values in C treatment were similar in both
species (24.8 £1.2 and 21.1 £0.7 in A. donax L. and P. virgatum L., respectively), and a
slightly decrease was observed in A. donax L. between C-MS (15%) keeping constant in
SS (21.1 £0.9; SM 3.2). On the other hand, an important decrease was observed in P.
virgatum L. (19% in MS in relation with C and 50% in SS in relation with MS), reaching a
value of 8.6 +0.6 in SS.Significant differences in Leaf Area Ratio (LAR; m? Kg™') were found
between C-MS in A. donax L. whereas in P. virgatum L. were only found between MS and
SS. A decrease was observed in LAR in SS in relation with C in both species, being higher
in P. virgatum L. (29 and 62% in A. donax L. and P. virgatum L., respectively). On the
other hand, significant differences in Leaf Weight Ratio (LWR; Kg Kg™) were only found
between C-SS in A. donax L. whereas no significant differences were found between
treatments in P. virgatum L. . Higher values in LAR and LWR were noticed in A. donax L.

than in P. virgatum L. (SM 3.2).
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Fig. 4.3.4.- Effect of stress in biomass parameters (LA, Leaf Area (a); S/R, Shoot/Root (b); TDW, Total Dry
Weight (g, c) in both species (A. donax L. and P. virgatum L.) for each treatment: i) Control (C, 100% FC), ii)
Mild Stress (MS, 50% FC) and iii) Severe Stress (SS, 25% FC) at the end of the experiment (Tf). Data are the
means of nine replicates and the standard error is shown. Data were analysed with an ANOVA Tukey analysis.
Different capital letters indicate significant differences (P < 0.05) between treatments for the same specie and
time. Different small letters indicate significant differences (P < 0.05) between species for the same time and

treatment
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4.3.4.- 3"*C of total organic matter (5'*Crom) and total C content (C.)

8"3C values of total organic matter (8"*Crom, %o) were -29.4%o, -30.6%o, -29.1%0 and -
28.8%o for each A. donax L. organ (leaf, stem, root and rhizome, respectively; Fig. 4.3.5a)
before labelling (T0) in C. A *C-enrichment was observed in each organ with increasing
soil water depletion, and significant differences between C-SS treatments were found in
each organ, except in leaves (P = 0.184). On the other hand, 8"*Crom values in P. virgatum
L. were -13.8%o, -14.0%o, -13.8%0 and -13.9%. for each organ (leaf, stem, root and rhizome,
respectively; Fig. 4.3.5b) at TO in C. Moreover, no significant differences between
treatments were found in each organ. In general, roots were the organs more *C
enriched in each treatment in A. donax L. whereas no significant differences between

organs were found in P. virgatum L. at TO.

AC enrichment was observed after labelling (T1) in both species (Fig. 4.3.5). 8"*Crom was
+5.7%0, +27.2%0, +0.6%0, +14.8%0 and +7.9%., +22.7%o, -1.7% and +6.0%. in leaves,
stems, roots and rhizomes of A. donax L. and P. virgatum L. in C, respectively. In general,
a "C enrichment was observed in both species and in each organ with increasing WS
level, except in stems and roots in A. donax L., where the highest increase was noticed in
MS treatment (P = 0.034 and 0.004, respectively). Stem was the organ with highest

8"*Crom at T1 in both species.

3"*Crom values in C at T2 were depleted in relation with T1 values reaching values of -
11.7%0, -9.4%o, -15.3%0 and -5.5%. (Fig. 4.3.5a) and -0.4%., +13.0%0, -6.6%c and +3.9%o
(Fig. 4.3.5b) in leaves, stems, roots and rhizomes of A. donax L. and P. virgatum L.,
respectively. C was more "*C depleted than stress conditions (MS and SS) in each organ.
In general, stem was the organ with highest 8"*Crom values in each treatment, except in C
and SS treatments in A. donax L., where no significant differences between organs were

found (P = 0.264 and 0.410, respectively).
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Fig. 4.3.5.- Water stress effects (Control (C, 100% FC), Mild Stress (MS, 50% FC) and Severe Stress (SS, 25%
FC) on 8" values (%.) of CO:2 in total organic matter (8'*Crowm) in leaves, stems, roots and rhizomes in both
species (A. donax L. (a) and P. virgatum L. (b)) before labelling (T0), 1 day after labelling (T1) and 7 days after
labelling (T2). Statistical analysis is presented in SM 3.4

Significant differences were found in most of the organs between T1 and T2 in each
treatment in A. donax L., except for leaves and rhizomes in MS (P = 0.689 and 0.129,
respectively). On the other hand, no significant differences were found in most of the
organs between T1 and T2 in P. virgatum L. (except in leaves in C and roots and rhizomes

in SS treatment).

No significant differences in C content (% mg™') were found in roots and rhizomes

between treatments in both species. However, a different pattern in leaves and stems was
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found between species: significant differences were found between treatments in A.
donax L. leaves (P = 0.045) whereas C content in stems remained constant (P = 0.082). On
the other hand, significant differences were found between treatments in P. virgatum L.
stems (P = 0.014) whereas C content in leaves remained constant (P = 0.860). In general,
a similar C content was found in both species, except in control conditions, where a lower
amount of C was found in leaves and stems in A. donax L. (50.7 £1.6 and 50.7 +0.6,

respectively) than in P. virgatum L. (54.3 £0.6 and 53.1 +£0.5; SM 3.3).

Leaves and stems were the organs with lower and higher C./N. ratio respectively in both
species. In general, a higher C./N. ratio was found in P. virgatum L. than in A. donax L.,

mainly in this two organs (SM 3.3).

4.3.5.- 3"*C of Total Soluble Sugars (5'3Crss)

8"3C values of TSS (8"Crss, %0) in C before labelling (TO) were -30.5%o0, -29.7%0, -28.2%o
and -27.7%. for each A. donax L. organs (leaf, stem, root and rhizome, respectively; Fig.
4.3.6a). A "C-enrichment was observed in each organ with increasing soil water

depletion.

Significant differences between C-SS treatments were found in each organ except in
stems (P = 0.087). On the other hand, 8"*Cyss values in P. virgatum L. were -13.8%o, -
13.4%o0, -12.7%0 and -12.6%. for each organ (leaf, stem, root and rhizome, respectively;
Fig. 4.3.6b) in C at TO. Moreover, only significant differences between C-SS treatments
were found in leaves (P = 0.016). In general, roots and rhizomes were the organs with

lower 8"Crss in each treatment in both species.

An enrichment in 8"°C was observed in both species after labelling (T1). 8"*Crss values
were +34.3%o, +90.6%0, +33.8%0, +77.9% and +23.0%o, +53.0%0, +29.4%0, +32.5%0 in
leaves, stems, roots and rhizomes of A. donax L. and P. virgatum L. in C, respectively (Fig.
4.3.6a,b). A C-enrichment was also observed in both species and in each organ with
increasing soil water depletion, although significant differences were only found in stems

and roots in A. donax L. (P = 0.020 and 0.005, respectively). In relation to P. virgatum L.,
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significant differences between treatments were found in each organ, except in roots (P =
0.057). Stem was the organ with highest 8*Crss at T1 in each organ and in both species.

However, significant differences were only found in MS and SS treatments.
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Fig. 4.3.6.- Water stress effects (Control (C, 100% FC), Mild stress (MS, 50% FC) and Severe Stress (SS, 25%
FC) on §"3Cvalues (%o) of sugars (8"*Crss) in leaves, stems, roots and rhizomes in both species (A. donax L. (a)
and P. virgatum L. (b)) before labelling (TO), 1 day after labelling (T1) and 7 days after labelling (T2). Statistical
analysis is presented in SM 3.4

A C-depletion between T1 and T2 was observed in both species in C, being greater in
A. donax L. than in P. virgatum L. . No significant differences were found in any organ in
P. virgatum L. . A depletion in §"*Crss between T1 and T2 was also observed in both

species in MS and SS conditions. These decreases were significant in each A. donax L.
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organs and most of P. virgatum L. (except for roots and rhizomes in MS treatment and

rhizomes in SS treatment).

4.3.6.- $°C of dark-respired CO, determination (5'3Cg) and Rq4

d"3C values of the dark-respired CO; (8'*Cg, %o) were -21.5%o, -19.2%o, -20.7 %0 and -22.5%o
for each A. donax L. organ (leaf, stem, root and rhizome, respectively) at TO in C (Fig.
4.3.7a). A *C enrichment was observed in each organ with increasing WS level. However,
significant differences between C-SS treatments were only found in stems and roots (P =
0.041 and 0.029, respectively). On the other hand, 8"*Ck values in P. virgatum L. were -
12.8%o0, -12.9%0, -13.3%. and -13.1%. for each organ (leaf, stem, root and rhizome,
respectively; Fig. 4.3.7b) at TO in C. Moreover, no significant differences between
treatments were found in each organ. In general, leaves and rhizomes were more *C
depleted than the other organs in each treatment in A. donax L. whereas no significant

differences between organs were found in P. virgatum L. at TO.

A C enrichment after labelling (T1) was observed in both species (Fig. 4.3.7). 8"*Cr values
were +36.2%o, +13.2%o, +34.5%0, +59.3%0 and -2.5%o, -3.1%0, +13.3%0, +26.9%o in leaves,
stems, roots and rhizomes of A. donax L. and P. virgatum L. in C, respectively. In general,
a "*C enrichment trend was observed in both species and in each organ with increasing
soil water depletion, except in A. donax L. leaves, although no significant differences
were observed between treatments (P = 0.229). Moreover, no significant differences were
found also in A. donax L. roots and rhizomes (P = 0.630 and 0.082, respectively).
However, significant differences were found in A. donax L. stems and in each P. virgatum
L. organ. In general, A. donax L. rhizome was the most "*C enriched organ, whereas more
similar values between organs were found in P. virgatum L. in each treatment. 8"C
depletion was observed in C between T1 and T2 (Fig. 4.3.7). The depleted §"Ck values
were observed in C in relation to stress (MS and SS) in each organ except in A. donax L.
leaves, were no significant differences were found (P = 0.132) and in P. virgatum L. stems,

were MS treatment was more *C enriched than C and SS values. In general, rhizomes in
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both species were the organs more "C enriched, except in A. donax L. in C, where no

significant differences between organs were found (P = 0.129).
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Fig. 4.3.7.- Water stress effects (Control (C, 100% FC), Mild Stress (MS, 50% FC) and Severe Stress (SS, 25%
FC) on 8" values (%o) of respired CO: (8"3Cr) in leaves, stems, roots and rhizomes in both species (A. donax L.
(@) and P. virgatum L. (b)) before labelling (T0), 1 day after labelling (T1) and 7 days after labelling (T2).
Statistical analysis is presented in SM 3.4

Decreases in R4 were found in both species over the stress treatment in roots and

rhizomes, whereas no significant differences were found between treatments in leaves in

both species (P = 0.072 and 0.407, respectively) and in stems in P. virgatum L. (P = 0.052).

In general, roots present the highest Ry rates whereas rhizome is the organ with the
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lowest Rq rates in A. donax L. . On the other hand, root and rhizome are the organs with

the highest Rq rate in P. virgatum L. (SM 3.3).

4.3.7.- 5 *N of total organic matter (5'*Nrom) and total (N.)

In relation to 8"°Nrom a similar pattern as 8"*Crom was observed. The §"°Nrom values were
+3.6%0, +6.4%o, +9.9%0 and +0.6%. in A. donax L. and +3.0%o, +3.6%o, +1.5%0 and +0.6%o
in P. virgatum L. for each organ (leaf, stem, root and rhizome, respectively; Fig. 4.3.8a,b)
at TO in C. No significant differences between treatments were observed in each organ in
both species, except in A. donax L. roots, where a ’N depletion was noticed in relation to
C (P = 0.044). In general, a >N enrichment was observed in stems in relation to the other
organs in both species, especially rhizomes, which presented the lowest 5"’ Nrom values in

each treatment.

Large N enrichment was observed after labelling (T1) in both species, especially in A.
donax L. (Fig. 4.3.8a). 8"°Nrom values were +790.4%., +1447.9%o, +1187.1%., +1274.0%o
and +428.0%o, +961.9%o, +652.0%., +1254.4%. in leaves, stems, roots and rhizomes of A.
donax L. and P. virgatum L. in C, respectively (Fig. 4.3.8a,b). In general, a >N depletion
was observed in both species and in each organ with increasing soil water depletion, and
significant differences were found between C-SS in each organ in both species. Moreover,
leaves are the organs with lowest 8"°Nrom values in both species followed by roots in P.

virgatum L. .
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Fig. 4.3.8.- Water stress effects (Control (C, 100% FC), Mild Stress (MS, 50% FC) and Severe Stress (SS, 25%
FC) on 8" values (%) of Nz in total organic matter (8"°Nrowm) in leaves, stems, roots and rhizomes in both
species (A. donax L. (a) and P. virgatum L. (b)) before labelling (T0), 1 day after labelling (T1) and 7 days after
labelling (T2). Statistical analysis is presented in SM 3.4

8"Nrom values in C at T2 were +829.7%o, +757.4%o, +677.0%0, +808.0%. and +701.5%,
+641.2%0, +744.5%0, +911.7%0 in leaves, stems, roots and rhizomes of A. donax L. and P.
virgatum L., respectively (Fig. 4.3.8a,b). MS treatment was surprisingly more >N enriched
than C, although significant differences between treatments were only found in stems and
rhizomes (P = 0.005 and 0.000, respectively). However, a >N depletion between C-SS was
observed. In relation to P. virgatum L., a greater N depletion was observed in MS in
relation to C, although no significant differences were found in leaves (P = 0.063) and

stems (P = 0.278). In general, no significant differences between organs were found in

133



any treatment in both species. Moreover, no significant differences between T1 and T2

were noticed in most of the organs in both species in each treatment.

The highest N content (N, % mg™) between organs was noticed in leaves in both species,
being higher in A. donax L. leaves than in P. virgatum L. in each treatment (P = 0.000).
Decreases in N. were found in A. donax L. leaves over the stress increases (10% in MS and
22% in SS in relation to C) whereas a different pattern was observed in P. virgatum L.
leaves. No significant differences were found between treatments in stems and roots of A.
donax L. and in roots in P. virgatum L. . However, an increase in Nc was noticed in stems
(20% in MS and 91% in SS in relation to C) and rhizomes (15% in MS and 32% in SS in

relation to C) of P. virgatum L. when the stress increased (SM 3.3).
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En este apartado trataremos de resumir brevemente y de forma conjunta la secciones
redactadas en inglés, es decir, materiales y métodos (punto 3) y resultados (punto 4).

La Tesis se basa en el estudio de las respuestas fisiolégicas de dos especies de gramineas
perennes (A. donax L. (Cs) y P. Virgatum L.(C4) a diferentes estreses. Para ello se
realizaron diversos experimentos resumidos en la Tabla 3.1.1.

Cinco clones de A. donax L. (“Fondachello”, “Tortorici”, “Cefald”, “Licata” vy
“Agrigento”) fueron recolectados de los Campos Experimentales de la Universidad de
Catania (Italia, UNICT). Los clones “Martinensis” y “Granadensis” fueron recolectados en
diferentes &reas de Espafia y el clon “Piccoplant” fue proporcionado por la compaifiia
Piccoplant (Oldenburg, Alemania). Las plantas de P. Virgatum L. "Alamo” fueron
obtenidas a partir de semillas germinadas a una temperatura de 22/18°C (dia/noche) y

70% de humedad relativa.

Metodologia utilizada en los experimentos:

Medidas fisioldgicas (Exp. |, Il'y llI)

- Intercambio gasesoso y parametros de fluorescencia: Se midi6é con un sistema de
medicién de fotosintesis (Li6400, Li-Cor Inc., Lincoln, NE, USA) que lleva un
fluorémetro incorporado. Las medidas se llevaron a cabo a 25°C y saturacién de
luz (1200 umol m?s”'de PPFD), un flujo de 500 mmol sy una [CO;] de 400ppm.
Se midid la tasa de asimilacion de CO; neta en condiciones saturantes de luz (A,
umol COz m? s™), la conductancia estomaética (gs; mol H:O m? s, la transpiracién
(T, mmol H,O m? s7), la maxima velocidad de carboxilacion de la Rubisco (V.
max; WMol CO2 m™? s), la méxima tasa de transporte de electrones que contribuye a
la regeneracién de RUBP (Jmax ; umol CO, m? s™), la limitacion estomatica (I, %), el
rendimiento cuantico maximo del PSIl (F./F,), la eficiencia en la captura de la
energia de excitacién por los centros de reaccién abiertos del PSIl (F'\/F'y), el
rendimiento cuantico relativo del transporte de electrones en PSIl (¢psi), el

quenching fotoquimico (qgp) y el quenching no fotoquimico (NPQ).
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A su vez se calculé la eficiencia instantanea en el uso del agua (WUE) como A
(umol CO2, m? s/ T (mol H,O m?s™).

- Contenido relativo de agua (RWC, %): Se calculé como (FW-DW)/(TW-DW) *100;
donde FW es el peso fresco, DW el peso seco (tras ser sercado en un horno a
60°C hasta peso constante) y TW es el peso turgente (tras ser mantenido en agua
destilada a 4°C durante 24h).

- Contenido de clorofilas: Se midi6 en la primera o segunda hoja totalmente
expandida con un medidor Minolta SPAD 502 Meter.

- Consumo de O3, produccién de CO; y cociente respiratorio (RQ): El consumo de
O2 (umol Oz m? s™) se midi6é con un electrodo de oxigeno y la produccién de CO-
(umol CO2 m?s') con un protocolo adaptado de Sinclair y col. (1945). El cociente
respiratorio (RQ) se calculé como Producciéon de CO; / Consumo de O..

Medidas de biomasa (Exp. [, Il'y Ill)

Fueron realizadas al finalizar los experimentos. Se determiné la altura (H; cm), el nimero
de tallos (NS) y el nimero de hojas (NL) por planta, el 4rea foliar verde (gLA; m?), el area
de los tallos (SA; m?), el peso total seco (TDW; g), el porcentaje de hojas verdes, amarillas
y secas, respectivamente (GLP, YLP y DLP; %), la relacién parte aérea/parte subterrdnea
(S/R; g g7), el area foliar especifica (SLA, m? Kg™), el drea de masa foliar (LMA; Kg m?), la
relacién peso foliar (LWR; Kg Kg™), la relacién area foliar (LAR; m? Kg™).

indice de Susceptibilidad al Estrés (SSI; Exp. I)

Se calculé para los pardmetros mas importantes de ambos experimentos (A, gs, GLP,
TDW, S/R, SLA) usando la siguiente ecuacién SSI = [(1- (Ys / Yp))] / [(1 - (Xs / Xp))] (Fischer
y Maurer, 1978), donde Ys, Yp, Xs y Xp representan los pardmetros bajo estrés y no estrés
para cada clon (Ysy Yp) y bajo estrés y no estrés para la media de todos los clones (Xs y

Xp).

Marcaje isotépico con Cy N (Exp. IlI)

Se realizé un doble marcaje isotépico en ambas especies en una cdmara de ambiente

controlado. Por un lado se marcé con *CO; comercial (99,9 "*C) inyectado mediante una
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jeringa de 50 ml conectada a un perfusor a una velocidad de 12,5 *CO. ml h™'. El tiempo
de marcaje se calculé en funcién de la tasa de asimilacién de ambas especies en cada
tratamiento (Nogués y col., 2014). La §"*C de las muestras de aire se analizaron mediante
GC-C-IRMS.

Al mismo tiempo se realizd un marcaje con N reemplazando el N de la solucién
Hoagland por ™NH,"NO; enriquecido con N 5.31%. Las condiciones de estrés se
mantuvieron durante el periodo de marcaje. Las muestras para el anélisis isotépico fueron
tomadas antes del marcaje (T0), 24 h tras el marcaje (T1) y 7 dias tras el marcaje (T2). El
8C y el 8"°N de la materia organica total (TOM) y el contenido de C y N se analizd
mediante un analizador elemental acoplado a un espectrémetro de masas de relacion
isotépica (EA-IRMS), al igual que el §"C de los azlcares totales solubles (§"*Crss), que se
extrajeron segin Nogués y col. (2004). Para la determinacién del §"*C del CO; respirado
(8"°Cg) por los distintos érganos de la planta se adaptaron las plantas a la oscuridad
durante 45 min, y se colocaron en una cdmara de plastico conectada al sistema de
mediciéon de fotosintesis (Li-6400). El aire respirado se recogié en una jeringa y se

incorpord a un vacutainer con la finalidad de ser analizado mediante GC-C-IRMS.

Disefio experimental y resultados obtenidos de cada experimento:

Experimento |: “Efectos de la salinidad y el estrés hidrico en la produccién de biomasa de

diferentes clones de A. donax L."”

Experimento la: Screening para salinidad y estrés hidrico (UB; Fig. 3.2.1). Se realizaron

cuatro tratamientos en 8 clones de A. donax L.: (i) bien regadas sin salinidad (WW S-;
Capacidad de campo (CC) a TmS cm?), (i) estrés hidrico sin salinidad (WS S-; 25% CC a
1mS cm™), (iii) bien regadas con salinidad (WW S+; CC a 16mS cm?) y (iv) estrés hidrico
con salinidad (WS S+; 25% CC a 16mS cm™) durante dos meses.

Se observé un marcado descenso de Aqiy gs (entre 70 y 91%) al finalizar el experimento
(T60) respecto a TO en todos los tratamientos de estrés y en todos los clones (Fig. 4.1.1),
asi como una correlacion fuerte y positiva entre ambos parametros en todos los

tratamientos (SM 1.1). Piccoplant, Licata y Fondachello fueron los clones con mayor
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descenso de A por el estrés hidrico (WS S-; 91%) mientras que Agrigento fue el clon
menos afectado, con un desceso del 82%. En relacion a la salinidad, el clon mas afectado
fue Granadensis (92%) mientras que Cefalu, Licata y Piccoplant solamente descendieron
70%, 78% y 81%, respectivamente. A su vez, Granadensis fue también el clon mas
afectado por el tratamiento de doble estrés (92%).

En relaciéon al contenido relativo de agua en la hoja (RWC), se observé un descenso en los
valores de todos los clones debido a los distintos estreses (Fig. 4.1.2). En general, este
descenso fue mayor en los tratamientos donde existia WS. A su vez, se observd un
descenso en el contenido de clorofila en todos los tratamientos al finalizar el experimento
con respecto al inicio, siendo méas marcado en los tratamientos de WS (SM 1.2).

En cuanto a la biomasa, pardmetros como la altura (H), el nimero y el didmetro de tallos
(NS y SD, respectivamente) disminuyeron como consecuencia del estrés, principalmente
del WS, al igual que el nimero de hojas (NL), el &rea foliar verde (gLA), el porcentaje de
hojas verdes y secas (GLP y DLP, respectivamente) y el peso seco total (TDW; Table
4.1.1). En relacion a glLA, Cefaltd fue el clon con mayor disminucidon (93%) en el
tratamiento WS S- mientras que los menos afectados fueron Granadensis (78%) y
Agrigento (75%). Tortorici y Agrigento fueron los clones mas afectados por la salinidad
(WW S+) en cuanto a gLA, con disminuciones de 71% y 69% respectivamente, y Licata
fue el mas afectado por la combinacion de estreses (WS S+), con una disminucién del
89%. En general, la produccién de biomasa (medida como TDW) sufrié una disminucién
importante en los tratamientos de WS (61% y 66% de disminuciéon en WS S- y WS S+,
respectivamente; Fig. 4.1.3). El indice S/R disminuyé principalmente en el tratamiento de
WS (Table 4.1.2). La produccién de la parte aérea (S) se vio muy afectada por WS
mientras que la parte subterranea (R) se vio menos afectada. Se observé una importante
influencia del WS en pardmetros como LAR y LWR, ya que descendieron
considerablemente bajo los tratamientos de WS S- (58 y 41%, respectivamente) y WS S+
(46'y 24%, respectivamente; Table 4.1.2).

Al clasificar los 8 clones en relacién al Indice de Susceptibilidad al Estrés (SSI; Fig. 4.1.6)

se observé como Agrigento fue el clon con mayor tolerancia al estrés hidrico (SSI=0,84),
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seguido por Granadensis, Martinensis y Fondachello (0,88, 0,92 y 1,01, respectivamente).
Por otro lado, Martinensis y Cefalt fueron los clones con mayor tolerancia al estrés salino
(0,59 y 0,68, respectivamente). Martinensis a su vez fue el clon con mayor tolerancia a la
combinacién de ambos estreses (0,86) junto con Piccoplant y Tortorici (0,89 y 0,97,

respectivamente).

Experimento |b: Screening para distintos niveles de salinidad (UB y UNICT; Fig. 3.2.2) Se
estudiaron 5 clones de A. donax L. en dos localizaciones: UNICT (estrés salino
moderado): i) control (UNICT SO; TmS cm™) y ii) estrés moderado (UNICT S4; 4mS cm?) y
UB (estrés salino severo): i) control (UB SO; TmS cm?) y ii) estrés severo (UB S16; 16mS cm-
%) durante dos meses.

Se observaron diferencias significativas en As.: y gs entre UNICT SO y UNICT S4 en Tf en
todos los clones, excepto en At en Cefall (Fig. 4.1.4a), y en todos los clones entre UB SO
y UB S16 (Fig. 4.1.4b). Fondachello y Cefall fueron los clones con mayores valores de A
y gs en los tratamientos de salinidad (UNICT S4 y UB S16). A niveles bajos de salinidad
(UNICT S4) se observé un aumento en el contenido de clorofilas mientras que a altos
niveles de salinidad (UB S16) el contenido de clorofilas disminuyé (SM 1.4a,b). En
condiciones control, Licata fue uno de los clones con mayor contenido de clorofilas tanto
en UNICT como en UB, mientras que Fondachello mostré alto contenido de clorofilas en
ambas condiciones de estrés (UNICT S4 y UB S16).

En relacién a la biomasa, no se observé una disminuciéon en glLA (a excepcién de
Agrigento) ni en TDW (a excepcién de Licata) a bajos niveles de salinidad (entre UNICT
SO y UNICT S4), pero si a altos niveles de salinidad (entre UB SO y UB S16), siendo
Tortorici el clon con mayor disminucién de gLA (71%) y Fondachello el de menor
disminuciéon de glLA (47%). Fondachello fue el clon con mayor TDW en ambas
localizaciones. Se observéd una tendencia a la disminucién en los valores de S/Ry de SLA,
aunque no se encontraron diferencias significativas entre los tratamientos control y de
salinidad.

Fondachello (0,55 y 0,99) Cefalt (1,40 y 0,71) y Licata (1,44 y 0,99) fueron los clones con

mayor tolerancia a la salinidad en ambos tratamientos (UNICT S4 y UB S16,
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respectivamente; SM 1.6). Sin embargo, Agrigento y Tortorici fueron los clones con

menor tolerancia a ambos niveles de salinidad.

Experimento II: “Respuesta de A. donax L. (C3) y P. virgatum L. (C4) a diferentes estreses”

Experimento lla: Estrés hidrico y salinidad (Fig. 3.2.3)

Se realizaron cuatro tratamientos en A. donax L. “Martinensis” y P. virgatum L. “Alamo”:
(i) bien regadas sin salinidad (WW S-; Capacidad de campo (CC) a TmS cm?), (i) estrés
hidrico sin salinidad (WS S-; 25% CC a TmS cm?), (iii) bien regadas con salinidad (WW S+;
CC a 16mS cm?) y (iv) estrés hidrico con salinidad (WS S+; 25% CC a 16mS cm™) durante
dos meses.

Se obtuvieron valores similares de As: en ambas especies al comienzo del experimento
(TO; Fig. 4.2.1a y SM 2.1) mientras que en otros pardmetros como Vemax, Jmax I, 9s, Ty
WUE se obtuvieron diferencias significativas entre las especies (SM 2.1). De igual manera,
A. donax L. presenté los mayores valores de F./Fn, F,'/ Fr’, desi mientras que P. virgatum
L. presenté los mayores valores de NPQ y no se obtuvieron diferencias significativas en g,
(SM 2.1). A. donax L. disminuyd considerablemente A en el tratamiento de WS S- (50%)
a los 15 dias, seguido por WW S+ y WS S+ (27% y 8%). Al final del experimento (T60) el
descenso de Ay en A. donax L. fue cercano al 91%, sin encontrarse diferencias
significativas entre los tratamientos. Sin embargo, en P. virgatum L. el descenso de Ay no
se observé hasta T45 (Fig. 4.2.1a), aunque no se encontraron diferencias significativas
entre los tratamientos. Al finalizar el experimento (T60), el menor valor de At se encontrd
en el tratamiento de doble estrés (WS S+), con un descenso del 95% respecto de TO. P.
virgatum L. mostré6 menores valores de g, que A. donax L. en el tratamiento control
durante todo el experimento (Fig. 4.2.1b), y se observé una alta correlacion entre Asc y gs
en ambas especies en cada tratamiento (SM 2.2). Al contrario que gs, WUE de A. donax
L. fue menor que el de P. virgatum L. en condiciones control. En ninguna de las dos
especies se encontraron diferencias significativas entre tratamientos en Té0 (Fig. 4.2.1c).
El RWC de ambas especies disminuyé ligeramente entre TO y T60 en el tratamiento

control, pero sin encontrarse diferencias significativas. A. donax L. disminuy6é su RWC en
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aproximadamente 18% en todos los tratamientos respecto del control (Fig. 4.2.2)
mientras que P. virgatum L. disminuyé un 21% en WS S- y WS S+ y solamente un 10% en
WW S+. Al finalizar el experimento (T60), los menores valores de contenido de clorofila
en A. donax L. se encontraron en los tratamientos con estrés hidrico (WS S- y WS S+),
mientras que en P. virgatum L. no se encontraron diferencias significativas entre
tratamientos (SM 2.3).

En relacién a la biomasa, no se observaron diferencias significativas entre tratamientos en
la altura (H) de A. donax L., pero si en P. virgatum L., donde se observé una disminucién
en todos los tratamientos en relacién al control, especialmente en el de doble estrés, con
una disminuciéon del 33%. Igualmente se observaron disminuciones en el nimero de hojas
(NL) y por tanto en el area foliar (LA): A. donax L. disminuyé NLy LA un 76% y un 81%,
respectivamente, en WS S-y P. virgatum L. un 78% y un 91%, respectivamente, en WS S+
(Table 4.2.1). La produccién total de biomasa (TDW) también se vio afectada y disminuyé
con respecto al control, siendo mas evidente en los tratamientos donde existia WS, al
igual que el indice S/R. Se observé un descenso del indice S/R de 35% y de 13% en A.
donax L. en los tratamientos WS S- y WS S+, respectivamente, mientras que P. virgatum
L. se vi6 mas afectado (43 y 46%, respectivamente). El indice LMA aumenté en ambas

especies como consecuencia del estrés (Table 4.2.1).

Experimento llb: Temperatura y oscuridad continua (Fig. 3.2.4)

Se realizaron tres tratamientos en A. donax L. “Martinensis” y P. virgatum L. "Alamo”: (i)
Control (C, temperatura ambiente y luz), (ii) temperatura ambiente (24-26°C) y oscuridad
continua (AD) y (iii) temperatura fria (5-6°C) y oscuridad continua (CD). Las mediciones se
realizaron a los 3, 6 y 9 dias de tratamiento y se estudié la recuperacion a las 24h.

El tratamiento de frio (CD) trajo consigo una menor disminuciéon de As: que el de
temperatura ambiente (AD) en ambas especies (49% y 50% a los 3 dias en A. donax L.y
en P. virgatum L., respectivamente), aumentando con el tiempo (Table 4.2.2a,b). En el
tratamiento CD se observé un descenso del 30% a los tres dias en ambas especies, que,
en P. virgatum L. permanecié constante hasta el final del experimento, y en A. donax L.

disminuyé un 14% mas (Table 4.2.2a). V. m.ctambién se vié menos afectada por las bajas
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temperaturas: En A. donax L. se observaron descensos del 65% y del 43% en AD y CD,
respectivamente, a los tres dias, permaneciendo practicamente constante a lo largo del
tiempo. En P. virgatum L. estos descensos a los tres dias fueron del 75% y del 66%,
respectivamente. A los 9 dias, el tratamiento AD disminuy6é un 94% respecto de C,
mientras que los valores del tratamiento CD permanecieron similares al control (P < 0,05).
Jmax disminuyd un 90% en A. donax L. a los 9 dias en ambos tratamientos, pero sufrié una
recuperacién completa tanto en CD como en AD. Sin embargo, en P. virgatum L. se
observé un descenso del 81% en AD y un incremento del 52% en CD con respecto C
(Table 4.2.2b).

Tanto en A. donax L. como en P. virgatum L. se observé una disminuciéon de los
parametros de fluorescencia al comparar los datos de 9 dias con el control en ambos
tratamientos (excepto en el pardmetro F./F, de A. donax L. en el tratamiento AD).

Se observé un mayor efecto de AD que de CD en relacién a la respiracién mitocondrial
en ambas especies (SM 2.4). A los 9 dias, el consumo de O, disminuyé un 77% en A.
donax L. y un 73% en P. virgatum L. en el tratamiento AD, mientras que en el tratamiento
CD la disminucién fue de un 53% en A. donax L. y de un 11% en P. virgatum L. (Table
4.2.4; SM 2.4). La produccién de CO; también disminuyé a los 9 dias al comparar con el
control (0% y 81% en A. donax L. y P. virgatum L., respectivamente, en el tratamiento
AD,y 74% y 33% en A. donax L. y P. virgatum L., respectivamente, en el tratamiento CD;
Table 4.2.4). En relacién al cociente respiratorio (RQ), se observé una disminucién en
ambos tratamientos y para las dos especies, con valores del 54% y 43% en A. donax L. y

del 29% y 25% en P. virgatum L. en los tratamientos AD y CD, respectivamente.

Experimento [ll: “Marcaje isotépico con "C y "N para estudiar la respuesta de dos

gramineas perennes (A. donax L. y P. virgatum L.) a estrés hidrico” (Fig. 3.2.5)

Las plantas, tras 6 meses de crecimiento, se sometieron a tres tratamientos hidricos
durante 21 dias: (i) Control (C, 100% Capacidad de Campo), (ii) Estrés Moderado (MS,
50% CC) y (iii) Estrés Severo (SS, 25% FC).
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Se encontraron diferencias significativas entre especies en los pardmetros Vemax, Jmaxi Gs,
T, I 'y WUE al comienzo del experimento (Ti), mientras que Asiy Amax permanecieron
similares (P > 0,05; SM 3.1). Se observaron descensos en At (71% y 53%), Anax (65% y
48%), gs (84% y 64%), T (84% y 62%), Vemax (68% y 57%) y Jmax (70% y 36%), en ambas
especies (A. donax L. y P. virgatum L., respectivamente) en el tratamiento SS con
respecto a C (Fig. 4.3.1), asi como incrementos en | (89% y 100%) y \WUE (85% y 26%),
respectivamente. Se encontraron fuertes correlaciones positivas entre gs y A y entre
RWC y Asi. Al igual que en los parametros fotosintéticos, se observaron diferencias
significativas entre especies en los parametros de fluorescencia (Fu/Fr, F'\/F'm'y ¢psi) en Ti,
siendo mayores en A. donax L. que en P. virgatum L. (SM 3.1), menos en gr y NPQ,
donde tuvieron similares valores entre especies (P > 0.05; SM 3.1). A su vez, también se
observaron diferencias en ambas especies entre los tratamientos Cy SS en Tf: F\/F'n y
dpsi disminuyeron un 20% y un 40% en A. donax L.y un 11% y un 33% en P. virgatum L.,
respectivamente. gr disminuyé un 25% en ambas especies mientras que NPQ se
incrementd un 63% y un 28% en A. donax L. y en P. virgatum L., respectivamente. Por el
contrario F./Fm no sufrié ninguna variacién (Fig. 4.3.2).

Respecto al RWC, Unicamente se observaron diferencias significativas entre los
tratamientos entre el tratamiento SS y los tratamientos C y MS. A. donax L. mostré un
menor descenso en RWC respecto a C (3% y 18% en MSy SS, respectivamente), mientras
que P. virgatum L. disminuyé un 6 y un 49% en en MS'y SS respecto a C (Fig. 4.3.3).

En relacién a los pardmetros de biomasa, se observé un descenso en altura (H) y en el
numero de tallos (NS) en ambas especies en Tf respecto a C, siendo mas importantes en
P. virgatum L., en el caso de la altura, y similares entre especies en el nimero de tallos
(Table 4.3.1). El descenso en el nimero de hojas verdes (NGL) en relacién con C fue muy
importante en ambas especies (MS: 29% y 49%; SS: 65% y 74% en A. donax L.y P.
virgatum L., respectivamente). Se observé un descenso importante en el area foliar (LA;
Fig. 4.3.4a) y en el area de los tallos (SA). P. virgatum L. presenté mayores valores tanto
de LA como de SA en cada tratamiento (SM 3.2). S/R disminuyé en A. donax L. (27% y

24% entre C-MS y MS-SS, respectivamente) pero no en P. virgatum L. (P = 0.825; Fig.
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4.3.4b). El peso total seco (TDW; Fig. 4.3.4c) también disminuyé en ambas especies: en
A. donax L. disminuyé mas con un mayor grado de estrés (26% entre Cy MSy 41% entre
MS y SS) mientras que TDW en P. virgatum L. disminuyé més en un nivel suave de estrés
(47% entre Cy MSy 30% entre MS'y SS), aunque finalmente la diferencia entre SSy C fue
practicamente similar en ambas especies (57% y 63% en A. donax L. y P. virgatum L.,
respectivamente). El drea de masa foliar (LMA, Kg m?) fue similar en ambas especies en
condiciones C, permaneciendo constante en A. donax L. al incrementarse el grado de
estrés (P = 0,059) mientras que en P. virgatum L. aumentd considerablemente (33% en
MS en relacién a Cy 90% en SS en relacién a MS; SM 3.2).

Los valores de 8"*Crom antes del marcaje (T0) fueron -29,4%., -30,6%o, -29,1%0 y -28,8%0 en
A. donax L.y -13,8%o, -14,0%0, -13,8%. y -13,9%0 en P. virgatum L. para cada érgano (hoja,
tallo, raiz y rizoma, respectivamente; Fig. 4.3.5a,b). En A. donax L. se observé un
enriquecimiento con *C en cada 6rgano al aumentar el nivel de estrés (obteniéndose
diferencias significativas entre C y SS en cada érgano, excepto en las hojas (P = 0.184)),
mientras que en P. virgatum L. no se observaron. Tras el marcaje (T1) todos los érganos
sufrieron un enriquecimiento en C, siendo el tallo el érgano con mayor 8"Crom en
ambas especies. Los valores de 8"Crom en T2 disminuyeron respecto de T1. El
tratamiento C fue el mas empobrecido en *C que los tratamientos de estrés (MSy SS) en
todos los érganos. En general, el tallo siguié siendo el érgano con mayor §"*Crom en cada
tratamiento, excepto en el tratamiento C y SS de A. donax L., donde no se observaron

diferencias significativas entre los érganos (P = 0,264 y 0,410, respectivamente).

No se encontraron diferencias significativas entre tratamientos en el contenido de C (C;
% mg™) de raices y rizomas en ambas especies (SM 3.3). Sin embargo, en A. donax L. se
encontraron diferencias significativas en las hojas (P = 0,045) pero no en los tallos (P =
0,082) y en P. virgatum L. se encontraron diferencias significativas en los tallos (P = 0.014)
pero no en las hojas (P = 0,860). En general, hojas y tallos fueron los 6rganos con menory
mayor ratio C/N. respectivamente en ambas especies. Ademds, en general se observéd

un mayor ratio C./Nc en P. virgatum L. que en A. donax L. (SM 3.3).
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Los valores de 8"*Cyss antes del marcaje (TO) en condiciones C fueron -30,5%o, -29,7%o, -
28,2%0 y -27,7%- en A. donax L.y -13,8%c, -13,4%0, -12,7%0 y -12,6%c en P. virgatum L.
para cada érgano (hoja, tallo, raiz y rizoma, respectivamente; Fig. 4.3.6a,b). Se observé un
enriquecimiento en *C en cada 6rgano de A. donax L. conforme aumentaba el grado de
estrés, aunque solamente se encontraron diferencias significativas entre los tratamientos
Cy SS (excepto en los tallos (P = 0,087)), mientras que en P. virgatum L. estas diferencias
sélamente se encontraron en las hojas (P = 0,016). Tras el marcaje (T1), todos los érganos
se enriquecieron en "*C en ambas especies en condiciones C (Fig. 4.3.6a,b), al igual que
se observd un enriquecimiento en *C en ambas especies y en cada érgano al aumentar
el nivel de estrés. Sin embargo, los 6rganos empobrecieron en *C entre T1 y T2 en
ambas especies en los tres tratamientos (C, MSy SS), siendo mayor en A. donax L. que en

P. virgatum L. .

En relacién a la composicién isotépica del CO; respirado (8'*Cg), los valores obtenidos
antes del marcaje (TO) en condiciones C fueron -21,5%., -19,2%., -20,7%0 y -22,5%c en A.
donax L.y -12,8%o, -12,9%., -13,3%. and -13,1%. en P. virgatum L. para cada érgano (hoja,
tallo, raiz y rizoma, respectivamente; Fig. 4.3.7a,b). Se observé un enriquecimiento en *C
en cada 6érgano como consecuencia del estrés, pero sélamente se observaron diferencias
significativas entre los tratamientos C y SS en tallos y raices de A. donax L. (P = 0,041 y
0,029, respectivamente). Se produjo un enriquecimiento en "C tras el marcaje (T1) en
ambas especies y en cada 6rgano conforme aumentaba el nivel de estrés, excepto en las
hojas de A. donax L., aunque sin diferencias significativas entre los tratamientos (P =
0,229). Se observaron diferencias significativas entre los tratamientos en los tallos de A.
donax L. y en todos los érganos de P. virgatum L. . El rizoma de A. donax L. fue el érgano
cuya respiracién estaba mas enriquecida en C, mientras que en P. virgatum L. los
valores fueron mas similares entre los érganos para cada tratamiento. Los valores de §"Cr
se empobrecieron en *C entre T1 y T2 en condiciones C (Fig. 4.3.7), al igual que el
tratamiento C fue el mas empobrecido en relaciéon con MS'y SS, excepto en las hojas de

A. donax L. (P=0.132) y en los tallos de P. virgatum L. . A su vez, Rq disminuyd en ambas
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especies conforme aumentaba el estrés en raices y rizomas, pero no en hojas de ambas
especies (P = 0,072y 0,407, respectivamente) ni en tallos de P. virgatum L. (P = 0,052). La
raiz y el rizoma de A. donax L. fueron los o6rganos con mayor y menor Ry,
respectivamente, mientras que la Ry de los rizomas de P. virgatum L. fue tan elevada

como la de las raices (SM 3.3).

Los valores de 8"Ntom en condiciones C a TO de A. donax L. fueron +3,6%o, +6,4%o,
+9,9%0 and +0,6%,., y de P. virgatum L. +3,0%., +3,6%c, +1,5%. y +0,6%. para cada érgano
(hoja, tallo, raiz y rizoma, respectivamente; Fig. 4.3.8a,b). En general, se observé un
enriquecimiento en N en los tallos de ambas especies al comparar con los otros
6rganos, sobre todo con los rizomas. Tras el marcaje (T1), el aumento de 8" Nrowm alcanzé
valores de +790,4%o, +1447,9%0, +1187,1%0, +1274,0%0 y +428,0%0, +961,9%o, +652,0%o,
+1254,4%0 en hojas, tallos, raices y rizomas de A. donax L. y P. virgatum L. en condiciones
C, respectivamente (Fig. 4.3.8a,b). En general, ambas especies sufrieron
empobrecimiento en "N en cada érgano al incrementarse el nivel de estrés. Las hojas
fueron los 6rganos con menores valores de 8"°Nrow en ambas especies. En T2, los valores
de 8"Nrom disminuyeron en relacién a T1 en los érganos de ambas especies excepto en
las hojas, donde aumentaron un 5% (A. donax L.) y un 64% (P. virgatum L.). En general no
se observaron diferencias significativas entre T1 y T2 en la mayoria de los érganos de

ambas especies para cada tratamiento.

Las hojas de ambas especies fueron los 6rganos con mayor contenido de Nitrégeno (No),
sobre todo en A. donax L. . Al aumentar el nivel de estrés se observaron descensos en N
de las hojas de A. donax L. (10% en MS'y 22% en SS en relacién con C), mientras que en
P. virgatum L. no se observa este descenso en las hojas, aunque se produjo un aumento
en N en tallos (20% en MS'y 91% en SS en relacion a C) y rizomas (15% en MS'y 32% in
SS en relacién a C; SM 3.3).
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En la discusion general de esta Tesis se pretenden discutir los resultados de una forma

integrada. Se discutiran los siguientes apartados:

* Estudiar las caracteristicas fisiolégicas de ambas especies de gramineas perennes
(A. donax L.y P. virgatum L.) en condiciones de control.

* Observar diferencias fisiolégicas entre ambas especies, considerando que A.
donax L. es una especie C3y P. Virgatum L. una especie Ca.

* Estudiar la respuesta fisiolégica de éstas gramineas perennes a diferentes
condiciones estresantes, como son el estrés hidrico, salino y por bajas
temperaturas y oscuridad.

* Estudiar el efecto del estrés sobre la produccién de biomasa.

* Evidenciar el uso de isétopos estables como medidores de estrés y su uso para
trazar la particion de éstos a través de la planta.

* Sugerir futuras lineas de investigacion de acuerdo a los resultados obtenidos.

5.1.- Respuesta de las gramineas perennes en condiciones control
En primer lugar, realizaremos una caracterizacion fisiolégica de ambas especies de
gramineas perennes (A. donax L. y P. virgatum L.) en condiciones controladas y 6ptimas

de crecimiento.

Como ya hemos comentado, las especies vegetales estudiadas en esta Tesis se
caracterizan por tener distintos tipos de vias metabdlicas respecto a la asimilacién del

carbono. Este hecho condiciona los resultados obtenidos en los distintos experimentos.

En relacién al intercambio gaseoso en condiciones control, se han observado diferencias
entre ambas especies en pardmetros como la conductancia estomética (gs), la limitacion
estomatica (J), la transpiracion (T) y la eficiencia instantanea en el uso del agua (WUE; Fig.
4.2.1 y SM 3.1). Los menores valores de gs, | y T, asi como el mayor valor de WUE en P.
virgatum L. (C4) que en A. donax L. (Cs) son consecuencia de la menor concentracién de
CO: intercelular que se necesita para saturar la carboxilacién de la enzima Rubisco. Es

decir, el mecanismo de concentracién de CO; propio de las especies Cs aumenta la
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eficiencia fotosintética de éstas especies respecto a las Cs, reduciendo la fotorrespiracion
y limitando la pérdida de agua, manteniendo a su vez la absorcién de carbono por las

hojas (Osmond y col., 1982; Edwards y Walker, 1983).

Sin embargo, en ambos experimentos no se observaron diferencias entre las especies en
la tasa fotosintética (A Fig. 4.2.1 y SM 3.1). Los valores de A obtenidos en A. donax L.
son similares a los recogidos en otros estudios con esta misma especie (Papazoglou y
col., 2005; Nackley y col., 2014), lo que confirmaria el alto potencial fotosintético de A.
donax L., tal y como mencionan Rossa y col. (1998), Papazoglou y col. (2005), Ceotto y
col. (2013) y Nackley y col. (2014). Al mismo tiempo, los valores de Aty gs de P. virgatum
L. son similares a los obtenidos por Albaugh y col. (2014). A. donax L. mostré una mayor
eficiencia en la fluorescencia luminica de la clorofila que P. virgatum L. (SM 3.1), debido a
que las espcies Cs necesitan menores requerimientos de energia para fijar el CO; (Pearcy

y Ehleringer, 1984; Lambers y col., 1998; Nippert y col., 2007).

Por lo tanto, en condiciones controladas, el mecanismo de concentraciéon de CO. de P.
virgatum L. (C4) supuso una mejora en los pardmetros fotosintéticos como gs, I, Ty WUE
aunque no se vio reflejado en una mayor A, dado que A. donax L. ha sido catalogada
como una especie Cs con un alto potencial fotosintético, similar al de una Ca. A su vez, A.
donax L. ha mostrado una mayor eficiencia cuantica en el transporte de electrones que P.

virgatum L. .

Aun teniendo en cuenta las diferencias explicadas en las rutas metabdlicas del C de estas
especies, el contenido relativo de agua (RWC, “Relative Water Content” en inglés) ha
sido similar en ambas especies en condiciones control (Fig. 4.2.2 y Fig. 4.3.3). Sin
embargo, si se encontraron diferencias significativas en el contenido de clorofilas de
ambas especies, siendo mayor en A. donax L. que en P. virgatum L. (SM 2.3), tal y como

se esperaba segun Taylor y col. (2011).

Hoy en dia, determinar la composicién isotdpica de las plantas es considerado como una
forma rapida y sencilla de comprobar la via metabdlica del C de las plantas. Esto se debe

a que la PEPc, que es la principal enzima carboxiladora en la via Cs4, presenta un efecto
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isotépico cinético diferente que la enzima Rubisco en las especies Cs. A su vez, utiliza una
especie de carbono inorganico (HCOs) que tiene una composicién isotépica en equilibrio
diferente de la que presenta la Rubisco en las especies Cs (Farquhar y col., 1989). Por lo
tanto, segun Ghashghaie y col. (2003) la composicién isotépica del carbono en la materia
organica (8"*Crowm) varia entre -7 y -35%., en funcion de la ruta metabdlica. Estos mismos
autores indican que 8"Crom en plantas Cs se sitla entre -24 y -30%. mientras que segun
Badeck y col. (2005) la de las especies Cs se sitla en valores entre -9 y -20%o., tal y como
se ha observado en los resultados (Fig. 4.3.8). Por lo tanto, se ha confirmado cémo en
condiciones control las plantas Cs estan mas empobrecidas en *C que las especies Cg, tal
y como mencionan Ghashghaie y col. (2003), Hobbie y Werner (2004) y Badeck y col.
(2005). En el apartado 5.3 de esta discusién se puede obtener mas informacién sobre el
uso de isétopos estables en ecofisiologia y sobre los resultados del uso de esta técnica

en ambas especies de gramineas perennes.

El hecho de que los tallos de P. virgatum L. presenten los menores contenidos de N
(incluso en condiciones de estrés; SM 3.3), pero manteniendo altos valores tanto del ratio

Co/Nc como del marcaje con *C confirmaria que este érgano es un importante sumidero

de C.

Los resultados (SM 3.3) han mostrado un menor contenido de N en las hojas de las
especies C4 en relacién con las Cs para la misma tasa fotosintética en condiciones control,
al igual que Turner y col. (1995). Esto seria consecuencia de la mayor actividad especifica
de la Rubisco en las especies C,4 (hasta dos veces mas) que en las especies C3 como
consecuencia de una menor fotorrespiracién (Sage y col., 1987; Ghannoum y col., 2011).
Es decir, se necesitaria mucha menos cantidad de Rubisco para alcanzar altas tasas
fotosintéticas en las especies Cs que en las especies Cs. Sage y col. (1987) demostraron
como entre el 15% y 30% del N total de las hojas de plantas Cs; estd en la Rubisco,

mientras que en especies C4 ese valor disminuye hasta el 6% y el 9%.

En relacién a la morfologia de estas especies de gramineas perennes, A. donax L. se

caracteriza por ser una planta muy alta con pocos tallos y hojas anchas (Table 4.1.1, Table
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4.2.1 y Table 4.3.1), mientras que P. virgatum L. ha demostrado ser una planta mas
pequefa, pero con una gran cantidad de tallos y hojas estrechas (Table 4.2.1 y Table

4.3.1).

Una de las caracteristicas buscadas en los cultivos bioenergéticos es que éstas especies
posean altas tasas de crecimiento relativo, asi como una alta productividad de materia
seca (TDW; Barney y col., 2009). En esta Tesis hemos observado cémo, teniendo ambas
especies una alta produccién de biomasa, ha sido P. virgatum L. la especie con mayor
area foliar (LA) asi como mayor TDW en condiciones controladas éptimas (Table 4.2.1 y
Fig. 4.3.4). A su vez, P. virgatum L. ha sido la especie con mayor desarrollo radicular en
ambos experimentos (con menor S/R; Fig. 4.3.4), caracteristica positiva en los cultivos
bioenergéticos, ya que implica una menor erosién y una mayor captura de C en el suelo

(Lewandowski y col., 2003; Heaton y col., 2004; Fagnano y col., 2015).

Por lo tanto, las diferencias morfolégicas de ambas especies y la mayor produccién de
biomasa de P. virgatum L. en condiciones control serian una posible consecuencia de la
mayor eficiencia fotosintética debido al mecanismo de concentraciéon de CO; (Edwards y

Walker, 1983; Beale y col., 1999; Ghannoum, 2009).

5.2.- Respuesta de las gramineas perennes en condiciones de estrés

Las plantas muestran una amplia flexibilidad de respuestas fisiolégicas a condiciones
ambientales variables. En nuestro caso, la respuesta fisiolégica frente al estrés, tanto
hidrico, como salino y a las bajas temperaturas y la oscuridad ha sido diferente en las dos
especies de gramineas perennes estudiadas. Estas respuestas han sido condicionadas, en
parte, por las caracteristicas propias de cada especie, como por ejemplo, su distinta via
metabdlica del C, ya que como se ha comentado anteriormente, A. donax L. estd

caracterizada como especie Czy P. virgatum L. como especie Ca.
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5.2.1.- Respuesta al estrés hidrico
El efecto del estrés hidrico en estas especies ha sido una parte importante de esta Tesis,
debido a que es uno de los factores ambientales que afectan mas negativamente a la

productividad, sobre todo en ambientes Mediterraneos (Araus y col., 2002).

En los resultados (puntos 4.1, 4.2 y 4.3) hemos comprobado cémo ambas especies se han
visto afectadas por el efecto del estrés hidrico, tanto severo (Exp. I, Il y Ill) como

moderado (Exp. Ill).

Uno de los efectos mas estudiados del estrés hidrico es el descenso en A (Cabrera-
Bosquet y col., 2007; Chaves y col., 2009; Ashraf y Harris, 2013). Estudios sobre
fotosintesis bajo condiciones de estrés hidrico han mostrado descensos en Aq.: y gs tanto
en otras especies vegetales (Cornic y Massacci, 1996; Escalona y col., 1999) como en A.
donax L. (Mann y col., 2013) y en P. Virgatum L. (Barney y col., 2009). Flexas y Medrano
(2002) describieron que gs es uno de los paréametros que mejor reflejan el estado hidrico
de la planta, y es a su vez uno de los primeros parametros afectados por estrés hidrico
(Flexas y col., 2004). La disminucién de gs (y por tanto el cierre estoméatico) como
consecuencia del estrés hidrico viene dado por el aumento de &cido abscisico (ABA) en
las hojas (Mittelheuser y van Steveninck, 1969), reduciendo la presién parcial interna de

COz2 (c) y, por tanto, Asat.

Esta relacion entre Asx: y gs se ha demostrado en los experimentos debido a la alta
correlacién entre ambos parametros (SM 1.1, SM 2.2 y Fig. 4.3.1). Es decir, frente a una
disminucién de la disponibilidad de agua las plantas, tanto A. donax L. como P. Virgatum
L. respondieron con un cierre estomatico, disminuyendo la tasa de carboxilacién (Flexas y
col., 2004). Es remarcable el hecho de que ambas especies muestren una elevada
reduccién de gs con respecto a la reduccion del RWC (Fig. 4.1.1 y Fig. 4.1.2; Fig. 4.2.1y
Fig. 4.2.2 y Fig. 4.3.1 y Fig. 4.3.3). Esta répida respuesta estomética a la disminucién del
contenido hidrico del suelo permitiria a las plantas retrasar la pérdida de agua, lo que
indicaria que, segun esta caracteristica, podrian ser consideradas como especies que

evitan la deshidratacién (Gulias y col., 2002; Li y col. 2004). Segun diversos autores, tanto
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A. donax L. como P. Virgatum L. han sido definidas como especies tolerantes a la sequia
(Lewandowski y col., 2003; Stroup y col., 2003; Cosentino y col., 2014). Sin embargo,
nuestros resultados (el rapido efecto del estrés hidrico en A. donax L. y los elevados
valores de A, gs y WUE encontrados en P. Virgatum L. en comparacién con A. donax L.
tras dos meses de estrés hidrico; Fig. 4.2.1) indicarian una mayor tolerancia de P.
Virgatum L. a este tipo de estrés en condiciones controladas, en concordancia con lo
expresado en Quinn y col. (2015). Sanderson y col. (1999) describieron a P. Virgatum L.
como una especie generalmente muy tolerante a una sequia moderada o incluso extrema
mientras que Mann y col. (2013) y Lambert y col. (2014) describieron a A. donax L. como

una especie no tolerante, pero capaz de sobrevivir a la sequia.

Uno de los efectos del cierre estomatico debido al estrés hidrico es la reduccién de la
transpiracion (Fig. 4.3.1), lo cual indicaria una disminucién en la refrigeracion que sufre la
superficie de la hoja debido a la evaporacién (Farooq y col., 2009; Mann y col., 2013).
Esto, unido al descenso de At como consecuencia del estrés hidrico, hace que la energia
sobrante absorbida por las hojas sea disipada como calor, observandose un aumento del
quenching no fotoquimico (NPQ; Fig. 4.3.2) como mecanismo de fotoproteccién del

nucleo del PSII (Takahashi y Badger, 2011).

En relacion a \WUE, ambas especies lo incrementaron como consecuencia del estrés
hidrico (Fig. 4.3.1). Ghannoum y col. (2002) sefalan que, dentro las especies C, las
pertenecientes al grupo NAD-ME (como es P. virgatum L.) tienden a incrementar la
eficiencia del uso del agua en condiciones de estrés hidrico mucho mas que las
pertenecientes al grupo NADP-ME. Ademas, Nickell (1972), Ghannoum y col. (2002) y
Zangh y col. (2011), describieron que los ecotipos catalogados como “lowland” y NAD-
ME, como es el caso de P. virgatum L. "Alamo”, presentan alta tolerancia al estrés
hidrico, tal y como hemos comprobado con los datos de fotosintesis. De acuerdo con
Stroup y col. (2003), los cultivares “lowland”, y en especial el ecotipo “Alamo”, son mas

capaces de adaptarse a condiciones ambientales adversas, como por ejemplo estrés
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hidrico o bajo contenido de nitrégeno en el suelo, llegando a la conclusiéon de que estos

ecotipos presentan un mejor potencial de crecimiento que los ecotipos “upland”.

Aun asi, el descenso de la tasa fotosintética en condiciones de estrés en ambas especies
(sobre todo en el Exp. Ill) hace que la ventaja fotosintética caracteristica de las especies
C, frente a las C3 en condiciones control se haya visto reducida en condiciones de estrés
hidrico, tal y como menciona Taylor y col. (2011). De acuerdo con Lawlor (2002), a altos
valores de RWC, la mayoria de los electrones son utilizados en la asimilacién del COg, y
en menor proporcién en la fotorrespiracion y la reaccién de Mehler, que es la reduccion
de oxigeno molecular a agua oxigenada cuando los cloroplastos estan expuestos a la luz.
Sin embargo, cuando el contenido relativo del RWC disminuye, una mayor proporcién de
electrones son usados en estos dos Ultimos procesos. Esto es corroborado por
Ghannoum (2009), quien sugiere que debe existir una capacidad limitada para la
fotorrespiracién, o para la reaccién de Mehler, para actuar como un sumidero alternativo
y significativo de electrones bajo condiciones de estrés hidrico en la fotosintesis de las
especies C4. Esto explicaria por qué las especies C4 son afectadas por el estrés hidrico a

pesar de su alta capacidad fotosintética y de eficiencia en el uso del agua.

Por lo tanto, el efecto del estrés hidrico sobre la fotosintesis en ambas especies en
condiciones controladas ha sido mas importante en la especie Cs (sobre todo a largo
plazo), indicando que el mecanismo de concentracién de CO; de las especies Ci les

confiere una ventaja en su adaptacién a ambientes con poca agua (Sage, 2004).

Ademas de gs, también existen otros parametros que aportan informacién sobre el
estado hidrico de la planta, como son el RWC y la discriminacién isotépica del *C (A™C).
La pérdida de turgencia en las células vegetales como consecuencia del estrés hidrico ha
generado descensos en el RWC en ambas especies, en nuestros experimentos (A. donax
L.y P. Virgatum L. (Fig. 4.1.2, Fig. 4.2.2 y Fig. 4.3.3) como en otros (Stroup y col., 2003;
Nackley y col., 2014). La mayor correlacién entre Aq: y gs que entre Aswr y el RWC en

ambas especies (Exp. lll) indicaria como los pardmetros relacionados con la fotosintesis
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son mas dependientes de gs que del RWC. Este hecho también se ha observado en otras

especies (Sharkey, 1990; Medrano y col., 2002).

De acuerdo a Cornic y Massacci (1996), el dafio bioquimico en el aparato fotosintético es
significativo solamente cuando el déficit de agua en la hoja alcanza el 30%. Por lo tanto,
de acuerdo a estos autores y segun nuestros resultados, ambas especies vieron reducido
el RWC como consecuencia del estrés hidrico, pero ni A. donax L. ni P. Virgatum L.
habrian experimentado dafio en el aparato fotosintético. Los valores constantes de F./Fn
(Fig. 4.3.2) indican que los procesos de transporte electrénico no han sido afectados por
el estrés hidrico ni se ha producido fotoinhibicién en los centros de reaccién del PSI
(Lawlor y Cornic, 2002). Este hecho confirmaria que la reduccién de A se debe a la
disminucién de gs, y no a la disminucién de la tasa de transporte electrénico (Cornic y

col., 1992).

En relacién a la discriminacion isotopica del *C (A™®C), en el experimento lll se observé un
enriquecimiento en "*C (o un descenso en la discriminacién isotépica de la fotosintesis) en
A. donax L. tanto en los azlcares solubles totales (TSS, “Total Soluble Sugars” en inglés),
como en la materia orgénica total (TOM, “Total Organic Matter” en inglés) y en el CO;
respirado (Cg; Fig. 4.3.5, Fig. 4.3.6 y Fig. 4.3.7). De acuerdo con Farquhar y col. (1989) y
Ghashghaie y col. (2003), este enriquecimiento en "*C es consecuencia de la disminucién
de gs, que a su vez produce una disminucién en Ci. Conforme C; disminuye, el 8"*C del
CO: dentro de la hoja se va enriqueciendo progresivamente, y, por lo tanto, los
productos de la fotosintesis se ven a su vez enriquecidos (Marshall y col., 2007). Por lo
tanto, la discriminacion isotépica del *C durante la fotosintesis disminuye en condiciones
de estrés en especies C3, como A. donax L. (Fig. 4.3.5a). Sin embargo, este descenso de
la discriminacién isotépica del *C durante la fotosintesis en condiciones de estrés no se
observé en P. virgatum L. (Fig. 4.3.5b)., probablemente porque la disminucién de g en
condiciones de estrés en esta especie fue menor que en A. donax L (Fig. 4.3.1). Es decir,
la discriminacion isotépica del C durante la fotosintesis como consecuencia del estrés

hidrico estaria ampliamente relacionada con g.. En el punto 5.3 de esta discusién se
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puede obtener mas informacién sobre el uso de isétopos estables en ecofisiologia y
sobre los resultados del uso de esta técnica en ambas especies de gramineas perennes

sometidas a estrés hidrico.

Segun Carter y Knapp (2001), las plantas sometidas a cualquier tipo de estrés tienden a
perder capacidad fotosintética y disminuir el contenido de clorofila. Esta disminucién
observada en A. donax L. debido al estrés hidrico (SM 1.2 y SM 2.3), asi como en otras
especies C3 como el arroz (Chutia y Borah, 2012) pudo ser debida a un incremento en la
degradacién de la clorofila o a una disminucién en su sintesis. Sin embargo, P. virgatum
L. (SM 2.3) no sufrié una disminucién debido al estrés hidrico, hecho que si se ha
observado en otras especies Cs4, como maiz (Sénchez y col., 1983) o el sorgo (Jagtap y

col., 1998).

Segun Chaves y col. (2009), dos de los primeros procesos afectados por el estrés hidrico
en la planta son el crecimiento celular y la tasa fotosintética. La disminucién del tamafo
de la planta, asi como del érea foliar, es uno de los mecanismos de la planta para limitar
el uso del agua e intentar asi reducir el dafio por estrés hidrico (Blum, 2005). Los
resultados muestran cémo el estrés hidrico ha afectado considerablemente la produccién
de biomasa en ambas especies, mostrando descensos en pardmetros como la altura (H,
cm), el nimero de hojas (NL), el nimero de tallos (NS), el area foliar (LA), el peso seco
total (TDW) al igual que en indices como la relacién entre el peso seco de la parte area 'y
de la parte subterranea (S/R), el area foliar especifica (SLA) o el ratio de area foliar (LAR;

Table 4.1.1, Table 4.1.2, Table 4.2.1, Table 4.3.1, Fig. 4.3.4y SM 3.2).

La relacion entre el peso seco de la parte aérea (S, “Shoot” en inglés) y de la parte
subterranea (R, “Root” en inglés) también se ha visto afectada por el estrés hidrico,
produciéndose un descenso del indice S/R (Table 4.1.2, Table 4.2.1 y Fig. 4.3.4). De
acuerdo con Maroco (2000), Blum (2005) y Munns y Tester (2008), nuestros datos también
han demostrado una mayor disminucién del peso seco de la parte aérea que de la parte

subterranea, acercandose a los datos obtenidos por Mann y col. (2013), que indicaria el
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mantenimiento de un desarrollado sistema radicular en condiciones de estrés hidrico con

la finalidad de buscar fuentes de agua profundas (Lewandowski y col., 2003).

Como hemos comentado con anterioridad, la produccién de biomasa, medida por TDW
se ha visto afectada por el estrés hidrico, disminuyendo considerablemente en ambas
especies (Fig. 4.1.3, Table 4.2.1 y Fig. 4.3.4). En periodos breves de estrés hidrico (21
dias; Fig. 4.3.4), la produccién de biomasa de P. Virgatum L. ha sido ampliamente mayor
a la de A. donax L., incluso con valores menores o iguales de fotosintesis (tratamiento MS
y SS, respectivamente). Sin embargo, en periodos mas largos de estrés hidrico (2 meses;
Table 4.2.1), la produccién de biomasa de P. Virgatum L. ha sido similar a la de A. donax
L. aunque la tasa fotosintética ha sido mucho mayor. Esta reduccién del tamafio de la
planta serfa un mecanismo de P. Virgatum L. para restrignir el consumo de agua por los
tejidos y asi poder mantener la asimilacion de C (Chaves y col., 2009). Otro de los
mecanismos de la planta para ser mas eficiente a la hora de controlar las pérdidas de
agua es la modificacién de la anatomia de la hoja, haciéndolas més pequefas y gruesas
(Erice y col., 2010). Este hecho se observa en el descenso del érea foliar especifica (SLA)
en ambas especies (Table 4.1.2, Table 4.2.1, SM 3.2). Es decir, el estrés hidrico ha traido
consigo una disminucién de la produccién de biomasa asi como modificaciones en la
anatomia foliar, generando hojas més pequefias y mas gruesas.

El descenso en Nc de las hojas como consecuencia del estrés hidrico (SM 3.3) podria ser
consecuencia de una disminucién en el contenido de Rubisco (Lawlor, 2002) o de la
reduccién de la transpiracién. Esto Gltimo vendria explicado por el hecho de que la baja
reduccién de N¢ en las hojas (menor del 17%) respecto a la reduccién de gs (84%), sugiere
que la reduccién de N. fue una consecuencia de la baja absorcién de agua por las raices

como resultado de la reduccién de la transpiracion (Gulias y col., 2002).

5.2.2.- Respuesta al estrés salino
La salinidad es uno de los desafios mas importantes que enfrenta el suministro de

alimentos para la poblacion mundial en un futuro (Wilhem, 2014). Es, por tanto, necesario
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conocer la respuesta fisiolégica de las plantas frente a este estrés, con la finalidad de

mejorar la produccion.

En los resultados de esta Tesis (puntos 4.1 y 4.2) hemos comprobado cémo ambas
especies se han visto afectadas por el efecto del estrés salino, tanto severo (Exp. I, Il)

como a niveles crecientes de salinidad (Exp. Ib).

El aumento de la salinidad en el suelo produce un efecto osmético de la sal alrededor de
las raices, generando una pérdida de agua en las células de las hojas y, por tanto,
disminuyendo su crecimiento. Esta perdida de agua en las células se hace mas
importante conforme aumenta el tiempo de estrés (Munns y Tester, 2008), llegando a
producir efectos similares a la sequia incluso en plantas tolerantes a la salinidad (Munns,
2002). La disminucion del tamafio de la planta (medida como LA; Table 4.1.1, Fig. 4.1.5y
Table 4.2.1) en relacién al tamafo de las raices disminuiria el uso del agua de las plantas,
manteniendo asi la humedad del suelo y su vez, previniendo el aumento de la salinidad
en el suelo. Por tanto, segun Liu y Stitzel (2002) y Munns y Tester (2008), la disminucion
del tamafio de las plantas como consecuencia del estrés salino podria ser una estrategia

de la planta para reducir el dafio producido, al igual que ocurria en el estrés hidrico.

Por el contrario, cuando una planta absorbe altas cantidades de sal los primeros sintomas
de dafo aparecen en las hojas mas antiguas, produciéndose una mayor tasa de hojas
antiguas muertas que de formacién de hojas nuevas. Esta descompensacién trae consigo
que la capacidad fotosintética de la planta no sea capaz de aportar los requerimientos de
carbohidratos necesitados por las hojas joévenes para su correcto desarrollo,

disminuyendo por tanto su crecimiento, tal y como se observa en ambas especies.

Segin Munns y col. (2006), uno de los mayores efectos de la salinidad en el
comportamiento de las plantas es la disminuciéon de A (Fig. 4.1.1, Fig. 4.1.4a, Fig.
4.1.4b, Fig. 4.2.1a). Munns (2002), Rivelli y col. (2002), Centritto y col. (2003), Flexas y col.
(2004), Munns y Tester (2008) y Ashraf y Harris (2013) afiaden que las plantas, frente a
condiciones de salinidad, responden con un cierre estoméatico, disminuyendo por tanto la

tasa de asimilacion de C. De acuerdo con todos estos autores, los resultados obtenidos
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han mostrado un descenso en As.: como consecuencia de la salinidad tanto en A. donax
L. (@ un estrés salino a lo largo del tiempo (Fig. 4.1.1) como a niveles de salinidad
creciente (Fig. 4.1.4a y Fig. 4.1.4b)) como en P. virgatum L. (Fig. 4.2.1a). A su vez, se ha
demostrado cémo el descenso de gs es previo al de A, (Fig. 4.1.1, Fig. 4.1.4a, Fig.
4.1.4b), concordando con los resultados de Centritto y col. (2003), Munns y Tester (2008)
y Yousfi y col. (2009), donde se concluye que una de las primeras respuestas al estrés
moderado es el descenso en gs con el fin de reducir las pérdidas de agua. Por lo tanto,
ha quedado demostrado una correlacién fuerte y positiva entre ambos parametros (As. y
Js), pero a su vez una correlaciéon negativa de ambos pardmetros a lo largo del tiempo

(SM 1.1).

Segun Cornic y Massaci (1996) y Flexas y col. (2004) otro de los efectos del estrés salino
en la planta es la disminucion del RWC, al igual que el descenso en clorofilas (Santos,
2004; Fig. 4.1.2 y Fig. 4.2.2). En relacién a la produccién de biomasa, el estrés salino ha
implicado un descenso en los pardmetros de crecimiento, tales como H, NL, NS, TDW y
en indices como S/R o SLA, tanto a bajos (Fig. 4.1.5) como a altos niveles de salinidad
(Table 4.1.1, Fig. 4.1.3, Table 4.1.2, Fig. 4.1.5, Table 4.2.1), de acuerdo con Liu y Stltzel
(2002), Munns (2002) y Munns y Tester (2008). Munns y col. (2002) relacionan esta parada
de crecimiento de la planta con cambios en las tasas de elongacién de las células debido

al estado hidrico de las hojas.

Al comparar el efecto de la salinidad en las dos especies (Exp. Il) observamos cémo, tras
dos meses de estrés salino, la tasa fotosintética de P. virgatum L. es mayor
(aproximadamente 5 veces mas) que la de A. donax L. (Fig. 4.2.1a), indicando un menor
efecto de la salinidad en condiciones controladas en P. virgatum L. (Cs4) que en A. donax
L. (Cs). Long y col. (1975) y Sage (2001) sugirieron que las especies con ruta metabdlica C4
podrian tener mas ventajas para sobrevivir en hébitats donde la disponibilidad de agua
fuera un limitante o donde estuviera presente la salinidad debido al mayor ratio de CO:
asimilado en relacién al agua transpirada que las especies Cs. En relacién a esto, Stepien

y Klobus (2005) describieron un mayor efecto de la salinidad en las especies Cs que en
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especies C4. Sin embargo, los menores descensos de los pardmetros de biomasa (LA, SA
y TDW) en relacién con su control en A. donax L. que en P. Virgatum L. (Table 4.2.1),
incluso con una tasa fotosintética mucho menor, podrian indicar una cierta tolerancia a la
salinidad por parte de A. donax L. (Lewandowski y col., 2003; Quinn y col., 2015). Cabe
destacar que el nivel de estrés salino aplicado a ambas especies (16mS cm™) ha sido
considerado como “severo” en otros cultivos, como por ejemplo el trigo (Yousfi y col.,
2009), y que también han sido utilizado en otros estudios con A. donax L. y residuos
salinos (Williams y col., 2008; Calheiros y col., 2012). Segun Calheiros y col. (2012), A.
donax L. presenté resistencia a la alta salinidad presente en las aguas residuales, llegando
incluso a ser descrita como especie halofita (Williams y col., 2010).

En relacién a P. Virgatum L., ésta ha sido clasificada como una especie con tolerancia
moderada a la salinidad (Quinn y col., 2015). Al igual que ocurria en el estrés hidrico (Exp.
1), la mayor reduccién de la biomasa (LA, SA 'y TDW) de P. Virgatum L. presentando una
mayor tasa fotosintética (Fig. 4.2.1, Table 4.2.), indicaria un cierto mecanismo de la planta
para disminuir la pérdida de agua y con ello, los dafios producidos por el estrés salino

(Chaves y col., 2009).

5.2.3.- Respuesta a la combinacion de estrés salino y estés hidrico

En la naturaleza es muy comuin que un estrés este acompafiado de otro o varios factores
estresantes, lo que se define como “multiplicidad de estreses” (Schulze y col., 2005). A
veces, la exposicién de la planta a un estrés provoca que la planta genere vulnerabilidad
a otros estreses, haciendo que el metabolismo de la planta se vea afectado de manera

considerablemente (Schulze y col., 2005).

Segun los resultados obtenidos, la combinaciéon de ambos estreses provocé, al igual que
los estreses por separado, la disminucién de Ay de gs de A. donax L. (Fig. 4.1.1 y Fig.
4.2.1) y de P. virgatum L. (Fig. 4.2.1). En A. donax L., el hecho de no encontrarse
diferencias significativas al finalizar el experimento entre los tres tratamientos supondria
que la interaccién de los estreses (salino e hidrico) no aumenté el impacto del estrés

sobre la planta. Sin embargo, si que se encontraron diferencias entre los estreses en los
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estadios anteriores, por lo que podemos concluir que uno de los factores mas criticos
sobre el efecto del estrés en las plantas es la duraciéon del estrés. Por otro lado, hemos
observado cémo P. virgatum L. ha sido muy afectado por la combinacién de ambos
estreses de acuerdo a los bajos valores de Aty gs al concluir el experimento (Fig. 4.2.1),
generando una mayor disminucién en los pardmetros de biomasa en esta especie que en
A. donax L. (Table 4.2.1).

Al estudiar el comportamiento de los tres tratamientos (estrés salino, estrés hidrico y la
combinacién de ambos) sobre pardmetros como el RWC (Fig. 4.1.2 y Fig. 4.2.2), el
contenido de clorofilas (SM 1.2 'y SM 2.3) y los distintos parametros de biomasa (Fig.
4.1.3, Table 4.1.1, Table 4.1.2 y Table 4.2.1) observamos cémo A. donax L. estd mas

afectado por el estrés hidrico que por la salinidad.

5.2.4.- Uso de indices de susceptibilidad al estrés
En esta seccién abordaremos el uso de indices de susceptibilidad al estrés como
herramienta clasificatoria de genotipos de acuerdo a su tolerancia (o sensibilidad) a un

determinado tipo de estrés.

En el experimento | estudiamos el efecto de la salinidad, el estrés hidrico y ambos
estreses sobre varios clones de A. donax L. Cabe mencionar que el cultivo de cultivos
energéticos, como es A. donax L., en tierras agricolas ha traido consigo una
preocupacién sobre el cambio de uso de la tierra. Por ello, uno de los objetivos del
experimento |, fue clasificar los distintos clones de A. donax L. estudiados en funcién de
su tolerancia o sensibilidad a dos de los estreses que ocurren con mayor frecuencia en la
zona Mediterranea: el estrés hidrico y el estrés salino, asi como la combinacién de ambos.
Con esta finalidad se usé el Indice de Susceptibilidad al Estrés (“Stress Susceptibility
Index”, SSlI; Naghavi y col., 2013).

De acuerdo a los resultados del experimento la, Agrigento parece ser el clon mas
adecuado para su crecimiento en las areas Mediterrdneas bajo condiciones de estrés
hidrico, debido a su menor disminucion en A (Fig. 4.1.1), en su RWC (Fig. 4.1.2) y en su
glLA (Table 4.1.1), lo que le confirié el menor valor del indice SSI (Fig. 4.1.6).
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Por otro lado, Martinenesis parece ser el clon mas tolerante a la salinidad en el
experimento |, haciéndolo adecuado para su cultivo en tierras marginales donde
predomine este factor estresante. Al igual que Agrigento, su ligera disminucién en A
(Fig. 4.1.1) y gLA (Table 4.1.1) le otorgd el menor valor de SSI contra salinidad (Fig. 4.1.6),
seguido de Cefalt y Fondachello. En relacién a ambos estreses y basandonos en los
resultados obtenidos, proponemos Martinensis y Piccoplant como aquellos clones mas
adecuados para crecer en condiciones donde se desarrollen ambos estreses
simultdneamente, ya que fueron los clones con mejor rendimiento constante en la

produccién de biomasa.

Segun los resultados del experimento lb, en el cual se ha calculado el SSI para cinco
clones de A. donax L. en condiciones de incremento del nivel de salinidad, Fondachello
parece ser el clon mas tolerante a los niveles creciente de salinidad, sequido por Cefall y

Licata, confirmando la baja tolerancia a la salinidad de Agrigento y Tortorici (SM 1.6).

5.2.5.- Respuesta al estrés por baja temperatura y oscuridad continua
En este punto discutiremos las respuestas fisiolégicas de estas dos especies de gramineas
perennes al estrés por baja temperatura y oscuridad continua, basadas en los resultados

del experimento .

Bjorkman (1981) y Lambers y col. (1998) describieron el efecto de las bajas temperaturas
como un crioprotector de las enzimas. Los resultados obtenidos han demostrado cémo
las bajas temperaturas y oscuridad han causado menos reduccién de los pardmetros
fotosintéticos que la temperatura ambiente y oscuridad, siendo por tanto, consistente
con lo estudiado por los autores anteriores. Sin embargo, el comportamiento de ambas
especies bajo condiciones de baja temperatura y oscuridad no ha sido similar, ya que los
menores descensos de At en P. Virgatum L. que en A. donax L. indicaria diferencias en la
tolerancia al frio de ambas especies, siendo mas tolerante P. Virgatum L. (Table 4.2.2). En
este sentido, Pompeiano y col. (2015) mostré cémo la temperatura letal a la cual moria el
50% de dos distintos clones de A. donax L. (LTso) se situaba entre -16,4 y -12,8°C,

mientras que Hope y McElroy (1990) fijé la tolerancia de P. Virgatum L. entre -19 y -20°C.
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En las especies Cs, la relacién entre A y la méxima velocidad de carboxilaciéon de la
rubisco (Vemax) tiende a ser proporcional (Sage, 2001). Los dafos irreversibles a partir de 6
dias en CD (no hay recuperacion completa de Vima; Table 4.2.2) indicaria que el
contenido o la activaciéon de la Rubisco han sido afectados. Esta observacién concordaria
con Sage y McKnown (2006), quienes aseguran que el contenido o la actividad de la
Rubisco se han visto reducidos en muchas especies C3 hasta un 55% respecto al control
en condiciones de baja intensidad luminica. Por lo tanto, las bajas temperaturas, ademas
de funcionar como un crioprotector de enzimas, podria actuar retardando ligeramente el

efecto degradativo de la oscuridad.

La disminucién de Jmax por la oscuridad en A. donax L. es independiente de la
temperatura y no estéd relacionada con V.ma (Harrison y col., 2001) mientras que en P.
Virgatum L. si que se ha observado esa correlacién entre ambos pardmetros, de acuerdo

a Hudson y col. (1992) y Price y col. (1995) (Table 4.2.2).

En relacién a P. Virgatum L., cabe destacar que aunque la via metabdlica C; ha sido
comunmente asociada a plantas de climas calidos o tropicales (Caldwell y col., 1977;
Long, 1983; Ghannoum, 2009) diversos estudios han observado cierta tolerancia al frio en
determinadas especies C4 (Caldwell y col., 1977) y en particular en P. virgatum L. (Hope y
McElroy, 1990), coincidiendo con los resultados que hemos obtenido. De acuerdo con
Gutierrez y col. (1974) y Hatch y Osmond (1976), parece ser que, dentro de las especies
Cs, las més sensibles al frio pertenecen al grupo de las NADP-ME, y que el efecto de las
bajas temperaturas traeria consigo cambios en las cinéticas de asimilacién del CO,y en la
ultraestructura y las propiedades de los cloroplastos (Taylor y Craig, 1971; Brooking y
Taylor, 1973). Por el contrario, las especies C4 del tipo NAD-ME, como por ejemplo P.
Virgatum L. o Atriplex, serian mas tolerantes al frio (Gutierrez y col., 1974). Caldwell y col.,
(1977) demostraron cémo las bajas temperaturas modificaron las cinéticas de la
asimilaciéon del C incluso en las especies Ci tolerantes al frio, pero sin afectar al

metabolismo de la manera que se observa en las especies Cs sensibles al frio.
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La recuperacién completa de la maquinaria de fijacién del carbono a los 9 dias en CD
(Table 4.2.2), implicaria que las enzimas caracteristicas de la via C4, como son la PEPcy la
enzima piruvato fosfato diquinasa (PPDK, “Pyruvate Phosphate DiKinase” en inglés) no
han sido danadas o no han visto reducida su cantidad, tal y como demuestra Sage y
McKnown (2006) en especies C, tolerantes al frio. Chinthapalli y col. (2002) describieron
como la tolerancia a las bajas temperaturas se debe al amplio rango de cambios
conformacionales que afectan a la enzima PEPc (que se disocia de su forma tetramérica
normal a una forma dimérica, menor activa pero igualmente funcional) asi como al

incremento de la expresiéon de la enzima PPDK.

En relacién a la eficiencia fotoquimica del fotosistema Il (PSIl) en A. donax L. (Table 4.2.3),
se ha observado una disminuciéon de los valores F./Fy, de F'./F',, de ¢psi asi como de gp
en en ambos tratamientos, siendo mas afectada por la temperatura ambiente. Ademas, el
hecho de que la reduccion de estos pardmetros en condiciones de temperatura ambiente
se haya producido antes que en condiciones de baja temperatura indicaria que la baja
temperatura reduciria el efecto fotoinhibitorio de la oscuridad, segin Murata y col.

(2007).

Las similares tasas de respiracién en ambas especies indica que no existen diferencias
entre las especies Cs y C4 (Byrd y col., 1992), aunque se vieron mucho mas afectadas por
la temperatura ambiente que por la baja temperatura (Table 4.2.4). De acuerdo con
Tcherkez y col. (2003), la temperatura afecta directamente a la respiracion, es decir, el
aumento de la temperatura aumenta la velocidad de consumo de las reservas. Este hecho
se correlaciona también con la produccién de CO,, donde los valores mas bajos se
encuentran en el tratamiento de temperatura ambiente y oscuridad continua (Table

4.2.4), debido, presumiblemente, al bajo contenido de reservas en la planta.

Una de las consecuencias de la ausencia de luz, es que, al no haber fijacién de carbono,
las demandas energéticas deben satisfacerse a partir del consumo de reservas de C. Por
lo tanto, la oscuridad continua induce a una gestién importante de los recursos de las

plantas, priorizando el consumo de los recursos mas energéticos, tal y como indica Byrd y
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col. (1992). El almidén es el producto consumido principalmente al inicio del periodo de
oscuridad, y una vez consumido éste se consumen las proteinas para finalizar con los

lipidos (Tcherkez y col., 2003).

El cociente respiratorio (RQ, “Respiratory Quotient”, en inglés = Produccién de CO, /
Consumo de O3) nos da informacién sobre el tipo de sustrato que esta siendo utilizado
por el metabolismo respiratorio (Tcherkez y col., 2003). Segun este autor, un RQ cercano
a 1 indica que el principal sustrato de la respiracién son los carbohidratos, mientras que
cuando el sustrato de la respiraciéon lo componen otros compuestos menos oxigenados
(como las proteinas o los lipidos) se observa una disminucién en el RQ, que llega a
valores de 0,8 — 0,6. Los valores son superiores a 1 indican que los &cidos orgénicos son
utilizados en el proceso respiratorio. Por tanto, los resultados indican que en condiciones
control, son los acidos organicos y los carbohidratos los principales sustratos consumidos
en ambas especies, mientras que en condiciones de estrés los sustratos consumidos
varian. El RQ de A. donax L. en condiciones CD indica el consumo de azlcares y
proteinas, mientras que en AD loso valores de RQ disminuyen, consumiéndose
principalmente lipidos (Table 4.2.4). En el caso de P. Virgatum L., los sustratos
consumidos en ambos tratamientos son similares, principalmente azlcares y proteinas
(Table 4.2.4). Las bajas temperaturas han ralentizado el metabolismo, con menores
requerimientos de energia, y, por tanto, menor consumo de reservas, de acuerdo a lo
expresado por Tcherkez y col. (2003) y Nogués y col. (2004). El mayor RQ en P. Virgatum
L. en condiciones de baja temperatura indicaria un metabolismo mas lento como
consecuencia de la tolerancia al frio, y, por tanto, un mayor contenido en carbohidratos

(Lewandowski y col., 2003), principalmente en tallos y rizoma.

5.3.- Resultados del uso de is6topos estables en ecofisiologia
En este apartado se pretende resumir los resultados derivados de la Tesis en donde se
caracterizaron y estudiaron los cambios en los isétopos estables de *C y "N en ambas

especies de gramineas perennes sometidas a tres niveles de estrés hidrico (Exp. ll).
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El marcaje con isétopos estables enriquecidos ("*C y "*N) permite observar los flujos de C
y N a lo largo de las diferentes vias metabdlicas (Roscher y col., 2000). Es decir, podemos
estudiar como el C asimilado por las hojas en forma de CO: y el N fijado por las raices,
principalmente en forma de NOg, es traslocado por la planta (apartado 5.3.1). Por otro
lado, otra de las ventajas del uso de isdtopos estables en ecofisiologia es que, segun
Dawson y col. (2002), éstos son integradores de las respuestas de las plantas tanto a

estreses bidticos como abidticos (apartado 5.3.2).
5.3.1.- Uso de isétopos estables como marcadores de los metabolismos del Cy N

5.3.1.1.- Is6topos estables de C

Tal y como se ha comentado en el punto 5.1, se ha considerado que la determinacién de
la composicién isotépica de las plantas es una técnica muy sencilla para determinar las
vias metabdlicas de las especies, debido a las diferencias en el fraccionamiento isotépico
de las enzimas involucradas en la fotosintesis entre las especies C3 y C4 (Farquhar y col,,
1989; Ghashghaie y col., 2003). Es por ello que, tal y como ya hemos visto anteriormente
en condiciones control, las especies Csse encuentran mas empobrecidas en *C que las
especies C4. Algunas posibles causas de esta diferencia isotépica serian las diferencias en
las rutas metabdlicas: la fotorrespiracion, el metabolismo del azicar y los flujos durante la

via de la reduccién de las pentosas fosfato (Hobbie y Werner, 2004).

En esta Tesis hemos podido observar coémo, de acuerdo con Ghashghaie y col. (2003), el
CO:; respirado por las hojas en la oscuridad (8'°Cr) antes del marcaje (TO; Fig. 4.3.7) est4
enriquecido en *C en comparacién con la materia orgéanica (8"*Crowm; Fig. 4.3.5). Es decir,
los valores mas positivos de 8'°Cr en relacién a 8"*Crom en ambas especies en condiciones
naturales (TO) y para cada tratamiento y 6rgano implican una discriminacion del C
durante la respiracién, de acuerdo a Ghashghaie y col. (2001, 2003), Tcherkez y col.
(2003) y Nogués y col. (2004). Esta diferencia entre 8"Crom y 8"Cr en TO es maés
importante en A. donax L. que en P. virgatum L., tal y como se ha observado en otras

especies C3 y Cs4 por Ghashghaie y col. (2003). Los resultados indican grandes diferencias
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en los valores de 8"°Cr en ambas especies antes del marcaje (T0), que vendria explicado

por las diferencias en las rutas metabdlicas.

Ademas, segin Ghashghaie y col. (2003) y Badeck y col. (2005), la composicién isotdpica
de la planta varia en funcién de los érganos, es decir, existe un fraccionamiento isotépico
entre los érganos debido a procesos de discriminacion durante la fotosintesis, durante el
transporte de los asimilados y durante la respiracién en la oscuridad. Este proceso se
denomina discriminacién post-fotosintesis. Sin embargo, los resultados no han mostrado
diferencias significativas en la composicién isotépica de la materia orgénica (8"*Crowm)
entre 6rganos, en ninguna de las dos especies en condiciones control, por tanto, estas

plantas no presentan discriminacién post-fotosintesis (Fig. 4.3.5).

En relacidon a la composicién isotdpica de los azicares totales solubles (8*Crss, Fig. 4.3.6),
éstos han sido definidos como los sustratos respiratorios mas enriquecidos en *C en
algunas especies Cs, segin Ghashghaie y col. (2003) y Nogués y col. (2004). Sin embargo,
este mayor enriquecimiento de TSS con respecto a TOM no ha sido observado en
ninguna de las dos especies. Por el contrario, se ha observado un enriquecimiento en C
en el CO; respirado (8Cg) de entre -5%. a -10%. en comparacién con los azlcares
(8"Crss) en A. donax L., que entra dentro del rango esperado de otras especies Cs (-6%o)
segun Duranceau y col. (1999) y Nogués y col. (2004), mientras que en P. virgatum L. este

enriquecimiento de 8"Ck frente a 8"*Crss ha sido menor.

El enriquecimiento en "C observado en 8"Crom (Fig. 4.3.5), en 8"Crss (Fig. 4.3.6)y en
d"3Cr (Fig. 4.3.7) a las 24 horas de realizar el marcaje isotépico con *CO; (T1) demuestra
que las plantas asimilaron el *CO; mediante la fotosintesis y lo incorporaron a los
procesos de translocacion, de almacenamiento y de respiraciéon. En este caso, se
observaron diferencias significativas entre la composicién isotépica de los érganos en
ambas especies (Ghashghaie y col., 2003; Badeck y col., 2005). Respecto a los érganos,
observamos cémo, tras el marcaje (T1), el tallo es el érgano cuya TOM estd mas
enriquecida en "*C (en ambas especies para cada tratamiento; Fig. 4.3.5). Esto podria

indicar dos cosas, que el transporte de fotoasimilados enriquecidos en *C en el
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momento de muestreo o que el tallo actuaria como un érgano sumidero (de reserva) de
forma temporal. Otro de los érganos con mayor marcaje isotépico es el rizoma,
confirmando la hipétesis de que el rizoma actuaria como un érgano sumidero de C

permanente (Mann y col., 2013).

El hecho de que los valores de 8"*Crom (Fig. 4.3.5), del 8"Crss (Fig. 4.3.6) y del §"*Ck (Fig.
4.3.7) a los siete dias tras el marcaje (T2) en condiciones control se mantengan todavia
enriquecidos con "*C sugiere que tanto las hojas como los otros 6rganos no han perdido
todavia todo el "*C a través de la respiracion mitocondrial (Nogués y col., 2004). Es decir,
el carbono enriquecido estad presente todavia en los 6rganos de la planta, y para llegar a

los valores iniciales (TO) se requiere mas tiempo hasta su completo metabolismo.

En general, tallo y rizoma contintian siendo los érganos més enriquecidos en *C en T2,
indicando por tanto que ambos érganos contindan siendo un importante sumidero
permanente de C. Uno de los motivos por los cuales los tallos han podido actuar como
6rganos de reserva, es que son tejidos fotosintéticamente activos, que fijan C
directamente y lo incorporan a sus tejidos. Por tanto, almacenan los fotoasimilados que
estdn marcados con los isétopos estables (Cernusak y col., 2001; Ghashghaie y Badeck,

2014).

5.3.1.2.- Is6topos estables de N
Segun Yousfi y col. (2010), el andlisis del 8N puede ser utilizado para reflejar distintos
niveles de fertilizacion nitrogenada y variaciones en la disponibilidad hidrica, asi como la

transferencia de N entre 6rganos, plantas y el ecosistema (Tcherkez y Hodges, 2008).

Los valores iniciales (TO) de la composicién isotépica del N en la materia orgénica
(8"Nrom; Fig. 4.3.8) de ambas especies se encontraron en los rangos de abundancia
natural esperados segin Tcherkez y Hodges (2008). Los resultados obtenidos mostraron
que los érganos en general mas enriquecidos de forma natural con "N fueron las hojas y

los tallos, indicando que el N se trasloca desde la raiz hacia las hojas, actuando éstas
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como sumidero de N. Por el contrario, el rizoma fue claramente el érgano con menor

615NTOM.

Tras el marcaje isotopico con N (T1) el 8"’ Nrom aumenté considerablemente (Fig. 4.3.8),
indicando que el "N fue absorbido e incorporado al metabolismo por las raices, siendo
posteriormente traslocado hacia los distintos érganos. Los mayores valores de 8" Nrom
observados en A. donax L. que en P. virgatum L. tras el marcaje (T1) confirmaria la mayor
necesidad de N en las especies C3 que en las C4, ya que, segin Sage y col. (1987), las
especies con mayor demanda de N discriminarian menos contra el °N. El hecho de que
las hojas sean los 6rganos con menor 8"”Nrom indicaria una lenta translocacion del N

desde las raices hacia las hojas.

Al igual que ocurria con el *C, todos los 6rganos de la planta (incluso en condiciones de
estrés) todavia se encontraron enriquecidos con "N a los siete dias tras el marcaje (T2). El
hecho de que los valores de N sean muy elevados con respecto a los valores de
abundancia natural (Fig. 4.3.8) indicaria un lento metabolismo del N. El aumento de
8"”Nrom de la hojas entre T1 y T2 (5% y 64% en en A. donax L. y en P. virgatum L.,

respectivamente) mostraria la continuidad de la translocacion del N desde las raices.

5.3.2.- Uso de is6topos estables como medidores de estrés

Segun los resultados de esta Tesis, se observd un enriquecimiento en *C en TOM, en
TSS y en la respiracion en oscuridad debido al estrés hidrico (Fig. 4.3.5, Fig. 4.3.6 y Fig.
4.3.7, respectivamente), tal y como era esperado segun los resultados de Farquhar y col.
(1989) y Ghashghaie y col. (2003). Este descenso en la discriminacién isotépica de la
fotosintesis es consecuencia de los descensos en gs (Fig. 4.3.1), y por lo tanto, en la
presién parcial intercelular de COz(cj). Cuando ¢ disminuye, el §"*C del CO; dentro de la
hoja se va enriqueciendo progresivamente, por lo que los fotosintetizados también se ven
enriquecidos (Marshall y col., 2007). Por lo tanto, en especies Cs, se espera una alta
correlacién entre el 8"°C y la eficiencia en el uso del agua (WUE; Cabrera-Bosquet y col.,
2007). Sin embargo, como en las plantas Cs no hay evidencias de la variaciéon en el

balance entre la asimilacién enzimatica y la difusion a través de los estomas, la 8"*C no
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puede ser interpretada en términos de la eficiencia en el uso del agua (Marshall y col.,

2007) ni de produccién de biomasa (Cabrera-Bosquet y col., 2009).

Los resultados obtenidos indican que, en condiciones de premarcaje (T0), el efecto del
estrés hidrico ha producido un enriquecimiento en *C en todos los 6rganos de A. donax
L., mientras que en P. virgatum L. no se han obtenido diferencias significativas (Fig. 4.3.5,
Fig. 4.3.6 y Fig. 4.3.7). Sin embargo, tras el marcaje isotépico (T1, T2) se ha observado
una tendencia general al enriquecimiento en *C, tanto de 8"Crom, de 8"Crss como de
d"°Cg, en todos los 6rganos de ambas especies bajo condiciones de estrés hidrico,
aumentando el enriquecimiento en *C conforme aumentaba el grado de estrés hidrico
(Fig. 4.3.5, Fig. 4.3.6 y Fig. 4.3.7). En este caso, la tendencia es mucho maés clara en P.
virgatum L. que en A. donax L. Segin Hobbie y Werner (2004), el estrés hidrico alteraria
los patrones isotépicos debido a un fraccionamiento isotépico adicional durante la
fotorrespiracién, creando cambios en los flujos del carbono en la conversién de las triosas

a glucosa.

En relacién al ™N (Fig. 4.3.8), la reduccién de 8"™Nrom en ambas especies como
consecuencia del estrés hidrico era esperada de acuerdo a lo expresado por Robinson y
col. (2000) y Yousfi y col. (2010). De acuerdo a Farquhar y col. (1989), la disminucién de la
gs como consecuencia del estrés conduciria a la reduccién de las pérdidas de amonio y
de oxido nitroso, disminuyendo 8"N. Mariotti y col. (1982) sugirié que una alta
concentracién de N externa en relacién a una demanda de N modesta inducida por el
estrés daria lugar a una discriminacién contra el >N, disminuyendo el 8"°N. Ademas, para
Handley y col. (1997), el motivo de la disminucién del 8N debido al estrés seria la

regulacién a la baja de la enzima asimiladora, la nitrato reductasa (NR).

Para finalizar este punto podemos concluir como los resultados de esta Tesis han
demostrado que los isétopos estables proporcionan una visién Unica de los procesos
fisiolégicos y de las interacciones entre las plantas y el medio ambiente, tal y como

concluye Cernusak y col. (2013).

173



174



RESPUESTA DE GRAMINEAS PERENNES FRENTE AL ESTRES PARA LA PRODUCCION DE BIOMASA

CONCLUSIONES

175



176



RESPUESTA DE GRAMINEAS PERENNES FRENTE AL ESTRES PARA LA PRODUCCION DE BIOMASA

1.- El mecanismo de concentraciéon de CO; de P. virgatum L. (Cs) supuso una mejora en
los parametros fotosintéticos aunque no se vio reflejado en una mayor tasa fotosintética
(Asat), ya que A. donax L. ha sido catalogada como una especie Cscon un alto potencial

fotosintético, similar al de una Ca.

2.- El mecanismo de concentraciéon de CO; de P. virgatum L. (Cs) supuso una mayor

produccién de biomasa en condiciones control.

3.- A. donax L. estd mas empobrecida en *C que P. virgatum L. en condiciones control,

como consecuencia de las diferencias en la via metabdlica del C.

4.- En condiciones de estrés, tanto hidrico como salino, el descenso de la tasa
fotosintética (As) ha ido intimamente ligado a la disminucién de la conductancia
estomatica (gs). A su vez, ambos tipos de estreses han supuesto una disminucién de la

produccién de biomasa.

5.- La elevada tasa fotosintética encontrada en P. Virgatum L. en comparacién con A.
donax L. tras dos meses de estrés hidrico y salino en condiciones controladas indicaria
una cierta tolerancia de esta especie a los dos tipos de estreses. A su vez, P. Virgatum L.

presentd mayor tolerancia a las bajas temperaturas que A. donax L. .

6.- La mayor disminucién de los pardmetros de biomasa en A. donax L. en los
tratamientos relativos a estrés hidrico indicaria un mayor efecto de este estrés que de la

salinidad.

7.- El efecto de la interaccion de estreses salino e hidrico no ha afectado de igual manera
a las especies estudiadas: la tasa fotosintética de P. virgatum L. ha sido ampliamente
afectada por la interaccion de estreses mientras que en A. donax L. el efecto es similar al

de los estreses por separado.

8.- En funcién de los resultados obtenidos, proponemos Martinensis y Piccoplant como
aquellos clones de A. donax L. mas adecuados para crecer en condiciones donde se
desarrollen ambos estreses simultdneamente, ya que son los clones con mejor

rendimiento constante en la produccién de biomasa.
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9.- Las bajas temperaturas, ademas de funcionar como un crioprotector de enzimas,

actuarian retardando ligeramente el efecto negativo de la oscuridad.

10.- El mayor RQ en P. Virgatum L. que en A. donax L. en condiciones de baja
temperatura indicaria un metabolismo més lento como consecuencia de la tolerancia al

frio, y, por tanto, un mayor contenido en azucares.

11.- El importante enriquecimiento en "°C del tallo y el rizoma de estas especies indicaria

que ambos érganos funcionarian como sumideros de carbono.

12.- El marcaje isotdpico con "N muestra como el nitrégeno se trasloca desde la raiz

hacia las hojas, actuando éstas como un érgano sumidero de nitrégeno.
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Experiment I: “Salinity and water stress effects on biomass production in different

Arundo donax L. clones”

SM 1.1.- Correlation values and significant differences between Asa:, gs and time for the eight clones of A.
donax L. for each treatment. ** significant correlation at P < 0.01 (bilateral).

WW S- WS S- WW S+ WS S+
Time At gs Time At  gs Time At gs Time At Gs
Time 1 1 1
Ao 0393 1 -0.742** 1 -0.844** 1 -0.806** 1
Os -0.371**  0.348** 1 -0.634** 0.909** 1 -0.717** 0.844** 1  -0.728** 0.954** 1
*x o n.s. n.s. n.s. whk ns. ns.
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SM 1.2.- Changes in chlorophyll content (SPAD units) between the beginning (TO, grey bars) and the end of
the experiment (T60) for each clone and treatment (WW S-, WS S-, WW S+ and WS S+). Bars are the means of
three replicates + standard errors (SE). Data were analysed with an ANOVA Tukey analysis. Different capital
letters indicate significant differences (P < 0.05) between treatments for the same clone. Differences between
TO and T60 for control treatment (WW S-) are shown (n.s., non-significant; ** significant at P < 0.01;
***significant at P < 0.001).
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SM 1.3.- Correlation values and significant differences between As.,, SPAD, Specific Leaf Area (SLA) and Total
Dry Weight (TDW) for the eight clones of A. donax. ** significant correlation at P < 0.01 (bilateral).

Asat SPAD SLA TDW
Asat 1
SPAD 0.459** 1
SLA 0.736** 0.541** 1
TDW 0.864** 0.453** 0.613** 1
a
50 T
1 Aap Ao APy
40 Bap Aap Ad BB Axd Baof
2 -
€ 30 T
>
(]
& 20 T
[
10 T
0 A T T T T
FONDACHELLO  TORTORICI CEFALU AGRIGENTO LICATA
BUNICT SO OUNICT sS4
b 50 + Aap AB AB Aap
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40 + Bpx BB By
i)
= 30 +
=
Q
E 20 T
w
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0 L T T T T
FONDACHELLO TORTORICI CEFALU AGRIGENTO LICATA
BUB SO OouB S16

SM 1.4.- Changes in chlorophyll content (SPAD units) in each clone at Tf, respectively for each treatment: a)
UNICT SO and UNICT S4; b) UB SO and UB S16. Values are the mean of three replicates + standard error (SE).
Different capital letters indicate significant differences (P < 0.05) between treatments for the same location;
different Greek letters indicate significant differences (P < 0.05) between clones for same treatment and

location.

200



RESPUESTA DE GRAMINEAS PERENNES FRENTE AL ESTRES PARA LA PRODUCCION DE BIOMASA

Principal component analysis
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SM 1.5.- Principal component analysis (PCA) and variance (%) of each component. The most significant and
positive parameters of component 1 (above 0.750) were selected: Green Leaf Area (gLA), % Green Leaves
(GLP), Number of leaves (NL), Asst, % Dry Leaves (DLP), gs, Leaf Area Ratio (LAR), Total Dry Weight (TDW),
Relative Water Content (RWC), Specific Leaf Area (SLA), SPAD and Shoot/Root (SR). Non-selected parameters
were % Dry Leaves (DLP), Leaf Mass Area (LMA), % Yellow Leaves (YLP), Number of Stems (NS), Stem Area
(SA) and Leaf Weight Ratio (LWR).
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SM 1.6.- 2-D graphic representing stress susceptibility index (SSI) of each clone according to UNICT S4 (X
axis) and UB S16 (Y axis). Higher SSI values indicate lower tolerance to stress.
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Experiment Il: “The response of Arundo donax L. (C3) and Panicum virgatum L. (C.)

to different stresses”

SM 2.1.- Comparison of photosynthesis (a) and fluorescence parameters (b) of A. donax L. and P. virgatum L.
at the beginning of experiment lla (T0). Ast (umol CO2 m2 s7); gs (mol H20 m? s7); Ve max (wmol CO2 m2 s7);
Jmax(umol CO2 m2 s); [ (%), T (mol H2O m2 s7). Values are the mean (n=3) * SE and were analysed with a
Tukey test. Asterisk represents differences between species (* P < 0.05, ** P < 0.01, *** P < 0.001) and n.s
represent non-significant differences (P > 0.05).

a Asat gs Vc,max Jmax I T |WUE
23.6 0.295 1111 263.2 22.6 7.2 3.3
A. donax
+1.3 + 0.009 +55 +32.5 +22 +0.3 +0.3
. 23.9 0.149 139.9 113.6 7.7 3.3 7.16
P. virgatum
+14 +0.018 +3.0 +35 +26 +0.1 +0.2
Slg nS *%k *%k *%k * *kk *kk
b F\/Fm Fv’/Fm’ q)PSII qp NPQ
0.775 0.499 0.305 0.610 1.4
A. donax
+0.003 +0.002 +0.017 +0.036 +0.02
. 0.748 0.361 0.241 0.670 1.8
P. virgatum
+ 0.005 + 0.006 +0.013 +0.033 +0.08
Slg * *kk * ns *
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SM 2.2.- Bivariate correlations between At (umol CO2 m?2 s7) and gs (mol H2O m2 s7") for each treatment: i)
well watered with non-saline solution (WW S-; a), ii) water stress with non-saline solution (WS S-; b), ii) well
watered with saline solution (WW S+; ¢) and iv) water stress with saline solution (WS S+; d) during the
experiment (TO - T60). Line equation, Pearson correlation coefficient and bilateral signification are shown for
both species: A. donax L. (closed circles) and P. virgatum L. (open circles). ** Mean that correlation is

significant at level 0.05 (bilateral) and 0.01 (bilateral) respectively.
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SM 2.3.- Changes in chlorophyll content (SPAD units) between the beginning (TO) and the end of the
experiment (T60) for both species and treatments (WW S-, WS S-, WW S+ and WS S+) in Exp. lla. Data are the
means of three replicates and the standard errors (SE) are shown. Data were analysed with an ANOVA Tukey
analysis. Different capital letters mean significant differences (P < 0.05) between time (TO — T60) for the same
species in the control treatment (WW S-), different small letters mean significant differences (P < 0.05)
between time for a same species and different Greek letters mean significant differences (P < 0.05) between

species for same treatment.
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SM 2.4.- Mitochondrial respiration rates (umol Oz m? s™') of A. donax L. and P. virgatum L. under darkness
and room temperature (AD; a and c) and darkness and cold temperature (CD, b and d) and recovery (R) of
Exp. llb. Values are the mean (n=7) = SE and were analysed with Tukey test between time (capital letters),
treatments (small letters) and between species (Greek letters; P <0.05).
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Experiment lll: “3C and N isotope labelling to study the response of two perennial

grasses (Arundo donax L. and Panicum virgatum L.) to water stress”

SM 3.1.- Photosynthesis parameters (a; V, max, maximum carboxylation velocity of Rubisco; Jmax, the rate of
photosynthetic electron transport; I, stomatal limitation; Asa, assimilation rate at light saturation; gs, stomatal
conductance; T, transpiration rate and {WUE, instananeous water use efficiency) and fluorescence parameters
(b; F./Fm, maximal photochemical efficiency in the dark —adapted stage; F'./F'm, maximal photochemical
efficiency in light; ¢resi, relative quantum yield of Photosystem Il electron transport; ge, photochemical
quenching and NPQ, non-photochemical quenching) at the beginning of the experiment (Ti) in both species
(A. donax L. and P. virgatum L.). Data are the means of three replicates and SE is shown. Data were analysed
with an ANOVA Tukey analysis (ns: non-significant; * P < 0.05; ** P < 0.01 and *** P < 0.001).

a Asat gs Vc,max Jmax / T |WU E
A. donax 22.9 0.27 140.0 227.2 14.2 5.7 4.1
24 +0.03 +21.0 +14.2 25 0.3 0.6
P. virgatum 22.0 0.13 66.7 80.5 6.4 3.2 6.9
20 +0.02 +17.3 +16.3 +0.8 +04 0.3
Sig. n.s * * *% * *% *
b F\/Fm Fv’/Fm’ q)PSII qp NPQ
A donax 0.797 0.457 0.264 0.578 1.7
+0.012 +0.009 + 0.009 +0.010 0.2
P. virgatum 0.745 0.329 0.208 0.633 1.7
+0.011 +0.009 +0.007 +0.034 +0.3
Sig. * > > n.s n.s
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SM 3.2.- Biomass parameters (LA, Leaf Area (m?); SA, Stem Area (m?); LMA; Leaf Mass Area (g m?); SLA,
Specific Leaf Area (m? Kg); LAR, Leaf Area Ratio (m? Kg), LWR, Leaf Weight Ratio (Kg Kg™) in both species
(A. donax L. and P. virgatum L.) for each treatment: (i) Control (C, 100% FC), (i) Mild stress (MS, 50% FC) and
(iii) Severe Stress (SS, 25% FC) at the end of the experiment (Tf). Data are the means of nine replicates and the
standard error is shown. Data were analysed with an ANOVA Tukey analysis. Different small letters indicate
significant differences (P < 0.05) between treatments for the same specie and time. Different Greek letters
indicate significant differences (P < 0.05) between species for the same time and treatment.

C MS SS

Mean SE Mean SE Mean SE
LA 015 0.07 ap 009 000  bp 005 000  op
_ SA 003 000 ap 002 000  bp 001 000  cp
% LMA 4121 238  aa 4781 131  aa 4796 208  ap
$ SLA 248 123  aa 2104 058  ba 2145 087  ba
< LAR 933 057 aa 773 029  ba 707 044  ba
LWR 040 007  aa 037 007 aba 033 002  ba
LA 049 003  aa 021 003  ba 007 001 cal
R SA 017 002  aa 007 007  ba 004 000  ba
£ LMA 4785 177  bo 6362 832  ba 12117 895  aa
S SLA 2110 069  aq 1745 142 bp 861 062  cp
z- LAR 39 030 ap 312 040  ap 151 015  bp
LWR 019 0.0 ag 018 001  ap 017 0.07 ap
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SM 3.3.- Values of dark respiration (Rs; umol m? s7), C content (%C. mg™”), N content (%N. mg™), and Cc/Nc
Ratio in both species (A. donax L. and P. virgatum L.) for each treatment: (i) Control (C, 100% FC), (i) Mild
stress (MS, 50% FC) and (iii) Severe Stress (SS, 25% FC) at the end of the experiment (Tf). (L, Leaf; S, Stem; R,
Root; Rz, Rhizome). Data are the means of nine replicates and the standard error is shown. Data were
analysed with an ANOVA Tukey analysis. Different capital letters indicate significant differences (P < 0.05)
between treatments for the same organ and specie. Different small letters indicate significant differences (P <
0.05) between organs for the same treatment and specie. Different Greek letters indicate significant
differences (P < 0.05) between species for the same organ and treatment.

R4 Cc N¢ Co/Ng
umol gDW ™" s %C mg’ %N mg™”

L 128 1.0 Aba 507 1.6 Bap 45 03 Aaa 116 05 Bcp
S 231 15 Aax 507 06 Aap 16 02 Aba 348 4.0 Aap

¢ R -245 1.8 Aaa 523 1.5 Aaa 1.8 0.1 Aba 28.8 1.5 Aaba
Rz -105 1.3 Abp 535 0.6 Aaa 21 01 ABbo 262 1.3 Bbp

. L 99 08 Aba 544 0.6 Aaba 40 0.1 ABaa 135 0.3 Abp
é VIS S -99 1.0 Bba 527 0.7 Aba 1.8 0.3 Aba 354 4.6 Aap
S R -169 1.2 Baa 542 1.5 Aaba 18 0.1 Abp 362 28 Aaa
< Rz -54 09 Bcp 549 0.9 Aaa 1.8 0.1 Bba 311 1.0 Aaa
L -82 08 Aba 532 04 ABaa 37 0.1 Baa 146 04 Acp

S -97 1.0 Bbp 541 1.5 Aaa 1.7 0.1 Aca 342 26 Aaa

S8 R -156.3 1.6 Baa 548 0.2 Aac 1.7 0.1 Aca 328 2.0 Aac
Rz -38 0.8 Bcp 534 0.6 Aap 22 01 Aba 251 1.8 Bba

L  -105 0.9 Abp 543 0.6 Aaca 28 0.1 Aap 191 0.3 Bca

c S 91 1.2 Abp 531 0.5 ABaa 10 0.7 Bdp 60.6 7.0 Aaa

R -325 35 Aaa 523 1.5 Aaa 1.9 0.1 Aba 29.0 1.2 Abca

Rz -237 4.0 Aaa 548 0.7 Aaa 1.5 0.1 Bcp 363 1.3 Aba

i L -85 1.2 Aba 544 05 Aaba 25 0.1 Bap 217 0.6 Aca
S VIS S 90 1.9 Aba 537 04 Aba 1.2 0.1 Bca 504 4.9 Aaa
§ R -199 20 Baa 53.7 04 Aba 1.9 0.1 Aba 285 1.8 Abcp
Z Rz -175 28 ABaa 553 04 Aac 1.8 0.1 Aba 329 24 Aba
L  -107 1.6 Aaa 546 0.4 Aaa 26 01 ABap 211 0.8 ABaa

ss S -122 06 Aaa 521 0.2 Bba 1.8 0.1 Aba 291 1.6 Bap

R -115 21 Baa 53.8 0.9 Aaba 21 0.2 Aaba 278 29 Aaa
Rz -124 1.7 Bao 53.8 0.9 Aaba 20 02 Aba 285 2.7 Aaa
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SM 3.4.- Statistical analysis of water stress effects on §'3Cr (%o), 8'*Crom (%o),8"°Ntom (%0) and 8"3Crss (%o).

5"*Crom 5"°Crss 5"°Cr 5"*Nrowm

F Sig. F Sig. F Sig. F Sig.
Model 46.9 o 25.6 o 39.5 o 24.5 o
Specie 206.9 o 457 o 13.1 o 92.5 o
Time 873.0 Hoxx 605.9 Horx 925.3 Hoxx 438.6 Hoxx
Treatment 120.8 o 93.5 o 80.1 o 138.6 o
Organ 118.2 o 18.8 o 36.3 o 14.9 o
Specie*Time 4.4 * 4.6 * 0.9 ns 28.1 el
Specie*Treatment 31.6 f 5.3 ** 18.5 fl 19.8 fl
Specie*Organ 243 i 25 ns 6.6 i 3.4 i
Time*Treatment 291 o 30.8 o 37.7 o 45.8 o
Time*Organ 35.8 o 13.4 o 17.9 o 10.0 o
Treatment*Organ 7.5 f 1.3 ns 4.6 fl 3.2 **
Specie*Time*Treatment 14.0 f 6.3 el 20.3 fl 6.5 f
Specie*Time*Organ 55 f 3.2 ** 14.5 fl 2.0 ns
Specie*Treatment*Organ 11.6 f 1.2 ns 4.9 fl 1.4 ns
Time*Treatment*Organ 3.5 f 1.1 ns 4.4 fl 1.8 *
Specie*Tiempo*Treatment*Organ 4.8 ol 1.3 ns 6.6 el 0.9 ns
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Salinity and Water Stress Effects on Biomass Production
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Abstract Perennial rhizomatous grasses are regarded as lead-
ing energy crops due to their environmental benefits and their
suitability to regions with adverse conditions. In this paper, two
different experiments were carried out in order to study the
salinity (S) and water stress (WS) effects on biomass production
in giant reed (Arundo donax L.). In Experiment 1, eight clones
of giant reed were subjected to four salinity (S) and water stress
(WS) treatments: (1) well watered with non-saline solution, (2)
water stress with non-saline solution, (3) well watered with sa-
line solution and 4) water stress with saline solution. In Exper-
iment 2, five clones of giant reed were subjected to increasing S
levels in two locations: University of Catania (UNICT-Italy) (1)
well watered with non-saline solution and (2) well watered with
mild saline solution; and University of Barcelona (UB-Spain)
(3) well watered with non-saline solution and (4) well watered
with severe saline solution. Photosynthetic and physiological
parameters as well as biomass production were measured in
these plants. According to our data, giant reed seems to be more
tolerant to S than WS. Both stresses mainly affected stomatal
closure to prevent dehydration of the plant, eventually decreas-
ing the photosynthetic rate. The differential performance of the
giant reed clones was ranked according to their tolerance to S
and WS by using the Stress Susceptibility Index. ‘Agrigento’
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was the most /7S resistant clone and “Martinensis’ was the most
S resistant. ‘Martinensis’ and ‘Piccoplant’ were found to be the
most suitable clones for growing under both stress conditions.
Moreover, ‘Fondachello’, ‘Cefald’ and ‘Licata’ were the most
resistant clones to increasing S levels.

Keywords Arundo donaxL -Biomass - Waterstress - Salinity
stress - Photosynthesis - Stress susceptibility index

Abbreviations

Aga light saturated net CO, assimilation rate
(umol m 257"

DLP  complete dry leaves percentage (%)

DM dry matter (g)

FC field capacity

2 stomatal conductance (mol m > s )

gLA  green leaf area (m?)

GLP  complete green leaves percentage (%)

H height (cm)

LAR leaf area ratio (m* Kg ")

LWR leaf weight ratio (Kg Kg ")

NL number of leaves

NS number of stems

PPFD photosynthetic photon flux density
PRG  perennial rhizomatous grasses
RWC  relative water content (%)

S salinity

SA stem area (m?)

SLA  specific leaf area (m* Kg ')

S/R shoot/root ratio (g g ')
SSI stress susceptibility index

TDW  total dry weight (g)
WS water stress
YLP  complete yellow leaves percentage (%)
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Introduction

Salinization is considered by the United Nations Environmen-
tal Programme (UNEP) to be the second largest cause of land
loss [1]. According to the Food and Agriculture Organization
(FAO) of the United Nations, it is estimated that 34 million
hectares (11 % of the irrigated area) are affected by some level
of salinization [1]. Therefore, salinity is one of the most im-
portant challenges facing the supply of food to the world’s
population in the future [2]. On the other hand, increases in
the intensity and/or duration of water stress may occur across
the globe due to recent observed changes in climate, especially
in the Mediterranean region and West Africa [3, 4]. According
to the FAO [5], in 2011, 38.47 % of the world’s total land area
was dedicated to agriculture and only 6.48 % of this agricul-
tural area was equipped for irrigation. Moreover, it is very
likely that arid and semi-arid regions, where evapotranspira-
tion dominates, are becoming more saline [3]. Both salinity
[6] and water stress [7] are among the most important envi-
ronmental limitation affecting plant growth, development and
crop yield in Mediterranean environments. According to
Munns [8], physiological plant responses to water stress and
salt stress have much in common; however, the mechanisms
are extremely complex and vary with plant species as well as
with the degree and time of exposure to stress.
Photosynthesis, together with cell growth, has been report-
ed among the primary processes affected by salinity or water
stress [9]. Decreases in the photosynthetic rate under both
stresses may be directly associated with a decrease in CO,
availability related to stomatal closure [10], or be due to alter-
ations of photosynthetic metabolism [11]. Therefore, photo-
synthetic performance involves a highly complex mechanism,
where limitations are taking place at different sites of the cells
and leaves are interacting on different time scales. At the same
time, a greater control of transpiration water loss is achieved
by reducing the leaf expansion rate, preventing dehydration
[12] and acting as the first step in the process of stress accli-
matisation [9]. Changes in plant morphological components
have also been reported; for example, a decrease in the leaf
area ratio (LAR) and specific leaf area (SLA) [13]. Stress
tolerance of a plant species is usually determined by the
plant’s genes and also by morphological, phenological, phys-
iological and biochemical traits [14]. Therefore, measure-
ments of different physiological processes during the plant’s
response to stress provide important information about the
mechanism of the plant that are intended to remove or to
reduce the harmful effects of stress in the plant tissues.
Nowadays, there is a need to develop new energy sources
that will be able to assume the increasing global energy con-
sumption, which is set to increase 20.2 % from 2010 to 2020
and 30.2 % from 2020 to 2040 [15], due to the significant rise
in population, which is projected to reach 9.6 billion by 2050
[16]. Moreover, there is a tendency for these new energy
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sources to be respectful of the environment as a way to slow
the progression of negative effects of climate change (e.g.,
drought, sea level rise, global warming). Within these new
energy sources, the European Union is interested in develop-
ing sustainable agricultural systems to produce non-food en-
ergy crops using marginal lands and low input cultivation
techniques [4].

At present, plants that are able to grow in degraded areas,
including those experiencing water stress, heat, cold and soil
salinity, are being extensively investigated as bioenergy feed-
stocks [4, 17-24]. Indeed, the cultivation of energy crops on
arable land has raised a number of concerns regarding land use
change (both direct and indirect land use change), because
these crops should be grown on the so-called ‘marginal lands’
to ensure biomass production without encroaching on agricul-
tural lands [19].

Nowadays, research has been increasingly directed towards
the use of giant reed as a source of lignocellulosic biomass in
warm-temperate and semi-arid environments [17, 19, 25]. Gi-
ant reed is a C; perennial rhizomatous grass (PRG) belonging
to the Poaceae family. It has been reported that giant reed has
a high photosynthetic potential [26] and a relatively high tran-
spiration rate; therefore, it requires more water to produce the
same biomass as many C4 biomass crops [27, 28]. Related to
yield, the greater biomass productivity of giant reed is also
achieved under low input conditions. In a semi-arid Mediter-
ranean environment, giant reed increased production from
11.0 Mg DM ha ' under rainfed and unfertilised conditions
to 28.9 Mg DM ha ' with 100 % maximum evapotranspira-
tion restitution and 120 kg N ha™' [19]. Moreover, high yields
under high salinity conditions have been reported in giant reed
and it have been classified as a halophyte [29]. In addition, due
to its high hemicellulose, cellulose and lignin contents, this
crop can be used for the production of heat and electricity by
direct combustion or the production of biogas and second
generation bioethanol [30-33], making this crop a promising
source for biomass production.

Therefore, our study seeks to address the effects of two of
the most important abiotic stresses, salinity (S) and water
stress (WS), in Arundo donax L. (giant reed), and we
hypothesised that this species is one of the most promising
bioenergy crops for feedstock production in the Mediterra-
nean area [17]. This hypothesis is based on previous studies,
where it has been classified as a salt tolerant species [29], well
adapted to semi-arid environments [17, 19]. Given the afore-
mentioned advantages, we consider it important to classify
giant reed according to its tolerance or sensitivity to the two
main constraints that often occur in Mediterranean marginal
areas: salinity and water stress. The use of a stress susceptibil-
ity index (SSI) has been considered as a good tool to perform
this task [34].

The aim of the present work was to study the effect of
salinity and water stress on plant performance in different
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giant reed clones. To this end, two separate experiments were
carried out. Firstly, a study with both stresses was performed
(Experiment 1). This experiment aimed to determine the ef-
fects of salinity and water stress on physiological performance
(e.g., photosynthetic capacity, chlorophyll content, relative
water content and biomass yield) on eight different giant reed
clones. Moreover, a stress index was proposed in order to
classify clones according to their response to salinity and wa-
ter stress in plants grown in controlled environmental condi-
tions (greenhouse). Secondly, we focused on the effect of sa-
linity on the physiological performance of five different clones
of giant reed, so different salinity levels were compared in two
different locations (Experiment 2) in order to corroborate the
salinity tolerance for these clones at increasing salinity levels.

Materials and Methods
Plant Material

The giant reed (4rundo donax L.) clones used in Experiments
1 and 2 are shown in Table 1. Five of the clones used in
Experiments 1 and 2 (namely ‘Fondachello’, ‘Tortorici’,
‘Cefalt’, ‘Agrigento’ and ‘Licata’) were collected from the
Experimental Fields at University of Catania (Italy) (hereinaf-
ter referred as UNICT) (10 m a.s.l., 37°24'N, 15°03’E), and
their sites of origin are reported in Cosentino et al. [35]. Two
clones (namely ‘Martinensis’ and ‘Granadensis’) used in Ex-
periment 1 were collected in different riparian areas of Spain,
and a commercial clone (‘Piccoplant”) used in Experiment 1
was provided by a private company (Piccoplant, Oldenburg,
Germany).

In order to reduce heterogeneity at the beginning, careful
multiplication of rhizomes was done to a similar fresh weight
(i.e., the initial fresh weight ranged from 18.3+1.4 g in
Piccoplant to 54.6+6.5 g in Agrigento in Experiment 1, and
from 25.4+3.6 g in Tortorici to 52.8+2.2 g in Licata in Ex-
periment 2). The initial weight difference was imposed by the
dimension and position of the single visible bud per rhizome.

Experimental Design
Experiment 1: Screening for Salinity and Water Stress

Plants were obtained from multiplication of rhizomes during
January 2013. Plantlets were grown in a greenhouse at the Ex-
perimental Field Service of University of Barcelona (Barcelona,
Spain) in 5 L plastic pots containing peat:perlite:vermiculite
(3:1:1), and irrigated with a complete Hoagland solution [36].
The average temperature and vapor pressure deficit (VPD) dur-
ing the growth period was 25/15 °C day/night and 0.75 kPa,
respectively. Relative humidity ranged from 40 to 65 % and the
maximum PPFD was ~1000 umol m 2 s '. The experiment
was carried out from April to June 2013.

Four months after planting, plants were separated into four
treatments. Half of the plants were well watered at 100 % field
capacity (FC) and half of the plants (randomly selected) were
exposed to water stress (WS) conditions (with water withhold-
ing) maintaining field capacity at 25 %. Then, the well watered
and WS plants were equally divided between salinity (S; 16 mS
cm ' Hoagland solution) and non-saline conditions (1 mS cm ™
Hoagland solution). Saline solution was prepared by adding
NaCl (PANREAC, 99 % sodium chloride) to a complete
Hoagland solution until it reached the appropriate saline con-
centration, as checked by a conductivity meter (Hanna Instru-
ments, Romania). Consequently, a total of three plants per clone
were subjected to the following treatments: (1) well watered
with non-saline solution (WW S-), (2) WS with non-saline so-
lution (WS S-), (3) well watered with saline solution (WW S+)
and (4) WS with saline solution (WS S+). At the beginning of
the experiment (T0), plants had two stems, a plant height from
30 to 60 cm and between 6 and 8 fully collared leaves.

Plants were subjected to these treatments for 2 months and
parameters were measured in each plant every 15 days (T15,
T30, T45) until the end of the experiment (i.e., T60).

Experiment 2: Screening for Increasing Salinity Levels

The screening of mild S stress was performed at UNICT
(Italy) from May to December 2012 in pots with a diameter

Table 1 Name, place of

collection and additional Ecotype Place of collection Additional information Experiment

information for the eight clones of

Arundo donax L. used in both Piccoplant Oldenburg (Germany) Commercial ecotype 1

experiments (m a.s.l. = meters Martinensis San Marti Sarroca (Catalonia, Spain) 291 mas.l. 1

above sea level) Granadensis Granada (Andalusia, Spain) 773 ma.s.l 1
Fondachello East Sicily (Italy) I mas.L 1 and 2
Tortorici North of Sicily (Italy) 450 mas.l. 1 and 2
Cefalu North of Sicily (Italy) 16 mas.l 1 and 2
Agrigento South of Sicily (Italy) 230 m a.s.l. 1 and 2
Licata South of Sicily (Italy) 8 mas.l 1 and 2
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of 24 cm and with a capacity of 9.5 L, arranged in a
randomised block experimental design with three replications.
The pots arranged in an open space without any control of
temperature, humidity, VPD or other environmental variables.
During the experimental period, monthly maximum and min-
imum temperatures increased from May (25.9 and 10.7 °C,
respectively) to June (32.2 and 14.7 °C) and peaked in July
and August (35.7 and 19.1 °C, in the average) to decrease in
September (31.9 and 17.2 °C), October (27.1 and 14.7 °C),
November (22.3 and 10.8 °C) and the first 10 days of Decem-
ber (15.1 and 5.1 °C), when the harvest was carried out.

The substrate used was sphagnum peat with the following
characteristics: 34 % Copg, Norg 0.2 %, dry substance 68 %,
pH 5.0 to 6.5. Two treatments were studied: (1) Control
(UNICT S0), where plants were watered with tap water (no
NaCl added); and (2) mild S stress (UNICT S4) where plants
were watered with a saline solution of 4 mS cm™'. At each
irrigation time, NaCl was added to 17 L tap water for a total
amount of 2141.5 g of NaCl for S4 treatment, and the values
were checked by means of a Eutech Cond 6+ conductivity
meter (Thermo Fisher Scientific Inc.). All pots were main-
tained in well-watered condition with irrigation supplied up
to FC twice a week.

The screening of severe S stress was performed at the
greenhouse of the Experimental Fields of the University of
Barcelona (Spain) (hereinafter referred as UB) from April to
June 2013. Temperature was controlled daily at the green-
house (25/18 °C day/night). Two treatments were studied:
(1) Control (UB S0), where plants were watered with 1 mS
cm ' Hoagland solution (no salt added); and (2) severe S
stress (UB S16), where plants were watered with a saline
solution of 16 mS cm ', Growing conditions are the same as
reported above for Experiment 1.

Measurements
Gas Exchange

Measurements of carbon assimilation (Ag,; pmol CO,
m 2 s ") and stomatal conductance (gs; mol H,O mZs")
were carried out using a portable photosynthesis system
Li6400 (Li6400, Li-Cor Inc., Lincoln, NE, USA) provided
with a Leaf Chamber Fluorometer (6400—40) of 2 cm® and a
10 % blue light source. Measurements were carried out at
25 °C with a light saturated rate of 1200 umol m 2 s™' of
PPFD, a flow rate of 500 umol s ' and at a [CO,] level of
400 ppm (umol mol ™). In Experiment 1, measurements were
carried out in each clone at treatment (n=3) at the beginning of
the experiment (T0) and every 15 days (T15, T30, T45, T60)
between 10:00 and 18:00 h, and the VPD average was 2.37
(kPa) at TO,2.93 (kPa) at T15, 2.39 (kPa) at T30, 2.71 (kPa) at
T45 and 2.62 (kPa) at T60. The experiment began in late
March 2013. TO was done the previous days and
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measurements at regular time intervals were made on 12—13
April (T15) and 27-28 April (T30), 13—14 May (T45) and 23
June (T60).

In Experiment 2, UB measurements were carried out after
120 days (Ti DAT) and 180 days (Tf DAT) in the conditions
described above. Gas exchange was measured on the third fully
collared leaf at the moment of maximum intensity of solar
radiation from 12:00 to 14:00 and after 63 and 116 days after
transplanting (referred as Ti and Tf DAT) at UNICT. Maximum
air temperature at UNICT (as average of measurements) was
33.8°Cat Tiand 32.9 °C at Tf; average PARi and average VPD
were 1664.2 pmol m 2 s ' of PPFD and 3.68 (kPa) at Ti and
1564.8 pumol m 2 s ! of PPED and 3.46 (kPa) at Tf, respective-
ly and 2.37 (kPa) at Ti and 2.62 (kPa) at Tf at UB.

Chlorophyll Content

Chlorophyll content was measured in the last or second last
fully collared leaf of all plants assayed using a portable meter
(Minolta SPAD 502 Meter, Plainfield, IL, USA) every 15 days
in Experiment 1 and at Ti and Tf in both locations in Exper-
iment 2. Five measurements were performed per leaf, from the
middle of the leaf (each measurement is the mean value of six
determinations per treatment).

Relative Water Content

Relative water content (RWC, %) of leaves was determined as
(FW-DM)/(TW-DM) x100, where FW is the fresh weight, DM
is the dry matter after being dried in an oven at 60 °C until
constant weight was reached, and 77 is the turgid weight of
the leaf after equilibration in distilled water for 24 h at 4 °C.
RWC was calculated as the mean of three leaves of each clone
and treatment every 15 days.

Biomass Parameters

At the end of the Experiment 1 (T60) and Experiment 2 (Tf),
whole plants were harvested, weighed and oven dried at 60 °C
until constant weight was reached. Subsequently, the dry bio-
mass of shoots and roots was determined. Total fresh weight
and plant leaf area were estimated prior to drying using a flat-
bed scanner (Hewlett-Packard ScanJet model licx, San Diego,
USA) and analysed with an image processing program (Im-
age, University of Sheffield, 2003). Parameters such as height
along the longest stem from the base to the latest totally ex-
panded leaf (H; cm), number of leaves (NL) and stems per
plant (NS), green leaf area (gLA; m?) and stems area (SA; m?)
were measured. Stem area was calculated from the formula for
calculating the area of a cylinder, where the height was the
stem height and an average (n=3) of the diameter was mea-
sured with a caliper. The percentage of complete green, com-
plete yellow and complete dry leaves (GLP, YLP, DLP,



Bioenerg. Res.

respectively; %), total dry weight (TDW; g), the shoot/root
ratio (S/R, g g "), specific leaf area (SLA; m* Kg dry
leaves '), leaf area ratio (LAR; m” Kg total dry weight ')
and leaf weight ratio (LWR; Kg dry leaves Kg ' total dry
weight) were calculated.

Statistical Analysis

All studied parameters were analysed by means of the general
lineal model (GLM) procedure by two factors and interac-
tions, considering treatment and clone as “fixed factors”. Sta-
tistical analysis was conducted with the SPSS 21.0 software
package. The means+standard errors (SE) of each replicates
were calculated for each measured parameter. When a partic-
ular F-test was significant, we compared the means using a
Tukey multiple comparison. The results were accepted as sig-
nificant at £<0.05.

Experiment 1 and 2: Stress Susceptibility Index

In order to identify the most important parameters to be used in
the index, a factorial analysis (principal component analysis,
PCA) was carried out. Once the most important and common
parameters in Experiment 1 and Experiment 2 (Agy, g, GLP,
TDW, S/R, SLA) were selected, SSI was calculated using the
following relationship [37] for each treatment and clone:

SSI = [(1- (Ys/Yp))]/[(1-(Xs/Xp))]

where Ys, Yp, Xs and Xp represent parameter under stress,
parameter under non-stress conditions for each clone, parameter
mean under stress and parameter mean under non-stress condi-
tions for all clones, respectively. An average of the results was
done in order to classify clones for their tolerance or sensitivity
to different stresses.

Results
Experiment 1: Screening for Salinity and Water Stress
Gas Exchange

Significant differences were found between clones for Ay,
(P=0.014) and g, (P=0.010) at the beginning of the experi-
ment (TO). Granadensis, Tortorici, Agrigento, Fondachello
and Cefalt showed the highest values of Ay, (Fig. 1), whereas
Piccoplant and Martinensis showed the lowest values. In gen-
eral, Ay, and g, decreased slightly in the control treatment
(WW S-) for almost every clone during the experiment
(Fig. 1). Significant differences in A, and gz were found
between measuring periods, treatment, clone and interactions.
A highly positive and significant correlation was found

between Ag, and g, during the experiment (R2=0.886**; cor-
relation was significant at p<0.01). For each of the four treat-
ments and across the set of eight clones, we studied the linear
correlation of g; against A, and time. A, and g, were strong-
ly and positively correlated (P=0.001) in the WS treatments
(WS S-; R?=0.909 and WS S+; R?=0.954), and remained
positively correlated in the S treatment (WW S+; R*=
0.844). Both parameters were negatively correlated with time
in each treatment, with the correlation being slightly stronger
for Ay, than for g;. In the control treatment, the correlations
were less significant (ESM 1).

A, and g markedly decreased at T60 (between 70.3 and
91.3 %) in every stress treatment for each clone (P=0.001) in
relation with TO (Fig. 1). In general, all clones showed lower
values of Ay, and g, at T15 in all stress treatments apart from
Fondachello and Granadensis, where no significant differ-
ences were found in any treatments with respect to the control.
At T30, Fondachello showed higher values of A, in each
stress treatment in comparison to the other clones. In contrast,
Cefalu showed the lowest values in WS S- and Agrigento in
both WW S+ and WS S+. As a whole, similar decreases were
observed in each clone at T45. In the WS S+ treatment, a large
decrease was observed in Fondachello and Granadensis be-
tween T30 and T45.

Interestingly, some clones (Piccoplant, Martinensis,
Cefalq, Licata) seemed to be more affected by WS (WS S-)
than by S treatments (WW S+ and WS S+) during the first
month of the experiment, according to their low A, values
(Fig. 1). However, no differences in Ay, were found between
treatments at the end of the experiment (T60) (P=0.325).
Some clones (Martinensis, Granadensis and Tortorici) showed
similar values, whereas others were more affected by one of
the stresses. Piccoplant, Licata and Fondachello underwent
the greatest decrease in Ay, with respect to the value at TO
in WS S- (91.7, 91.5 and 91.5 %, respectively), while Agri-
gento decreased by only 81.7 %. WW S+ had less effect on
Cefalq, Licata and Piccoplant (70.3, 77.9 and 80.7 %, respec-
tively), whereas Granadensis was substantially affected
(92.1 %). In relation to WS S+, Granadensis was the most
affected clone (91.8 %), while Cefalu, Fondachello and
Piccoplant were the least affected, decreasing by only 77.1,
80.7 and 83.2 % with respect to the TO values.

However, different clones had different performances un-
der stress over time. Whereas some ecotypes (Granadensis,
Fondachello and Licata) showed negligible stress effects with
respect to the control until T30, other clones (Piccoplant,
Martinensis, Tortorici and Agrigento) were most affected with
short-term stress, especially by WS treatments. Over the short
term (T15), no S effect was found in the clones except for
Piccoplant and Martinensis. As expected, after a month
(T30) the stress effect in plants was higher, although no clear
pattern was found between treatments: Piccoplant, Cefal and
Licata were the less affected by S, Martinensis and
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Fig. 1 Changes in Ay, and g
during TO, T15, T30, T45 and
T60 in each clone, respectively,
for each treatment (WW S-, WS
S-, WW S+ and WS S+). Data are
the means of three replicates and
the standard errors (SE) are
shown when larger than the
symbols
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Fondachello was equally affected by S, WS and both stresses.

The effect of both stresses was notable at T45 in some clones. Significant differences at TO (P=0.004) were found between
Although clones seemed to be more affected by WS thanby S  clones, with Fondachello and Granadensis having the highest
at T60, no significant differences between treatments were  and lowest values of RWC, respectively (Fig. 2). A trend of

found in Martinensis, Granadensis and Tortorici.
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decreasing RWC was found in most of the eight clones of
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Fig. 2 Changes in relative water a A
content (RWC) during T15, T30 100
and T60 in each clone for each
treatment [WW S- (a); WS S- (b);
WW S+ (¢) and WS S+ (d)]. Data
are the means of three replicates
and the standard errors (SE) are 60
shown when larger than the

symbols. Data were analysed with

an ANOVA Tukey analysis.
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giant reed subjected to stress over the experiment, although
the differences were not significant in some clones. Signifi-
cant differences were found between treatments and time
(P<0.0001 in each case). The decrease in RWC in WS treat-
ments was greater than under WW S+. WW S- resulted in a
higher RWC than WW S+, but the RWC under WS S-and WS
S+ were not significantly different. Moreover, a significant
decrease was observed for each time (T15, T30 and T60) in
relation to TO.

Each clone sustained a decrease in RWC under WS S-
(Fig. 2b) except Cefalu, where no significant differences were
found (P=0.469). At T60, the RWC of Piccoplant decreased
by 37.9 %, while in Agrigento and Granadensis it decreased
by only 13.5 and 15.7 % with respect to the values at TO.
Some clones (Granadensis, Tortorici, Cefali and Licata) did
not show a significant decrease in RWC throughout the WW
S+ treatment (Fig. 2c), while the decrease in other clones
(Piccoplant, Fondachello, Martinensis and Agrigento) was
significant only at T60. Agrigento and Martinensis showed a
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greater decrease at T60 with respect to TO (with 23.4 % for
both), whereas Licata and Cefali only decreased by 10.2 and
11.8 %, respectively. A similar pattern was observed for the
WS S+ treatment in some clones (Tortorici, Agrigento and
Licata), where no significant differences were found over time
(Fig. 2d). Others, such as Piccoplant, Fondachello,
Martinensis, Granadensis and Cefal, showed a decrease in
RWC to some extent. Granadensis was the clone with the
greatest decrease relative to TO, whereas Licata had the
smallest decrease (30.3 and 18.2 %, respectively). Significant
and positive linear correlations were found between Ag,; and
g, and RWC throughout the experiment (R*=0.688** and
R?=0.636**, respectively).

Chlorophyll Content

A decrease was observed in all treatments relative to the con-
trol at T60, being most important in treatments involving WS
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(22.9 % in WS S-and 21.9 % in WS S+), whereas S treatment
decreased only 14.2 % with respect to the control.

Piccoplant, Fondachello and Cefali underwent a decrease
in chlorophyll content under WW S- between TO and T60
(ESM 2). At T60, significant differences were found between
treatments in each clone. A smaller decrease in chlorophyll
content was observed under WW S+ than under WS S- and
WS S+. Fondachello, Granadensis, Cefalli, Agrigento and
Licata showed a similar pattern between WS S- and WS S+,
while Piccoplant, Tortorici and Martinensis were more affect-
ed by WS S- than by WS S+. Relative to their own chlorophyll
content at TO, Cefali was the most affected by WS S- and WS
S+, decreasing by 45.2 and 44.5 %, respectively, while Agri-
gento was the most affected by S (WW S+), decreasing by
34.2 % at T60, and was also the clone with the lowest chlo-
rophyll content values in that treatment (ESM 2). Positive and
significant correlations were found between chlorophyll con-
tent and Agy (0.459%%), SLA (0.541%%) and TDW (0.453**)
(ESM 3).

Biomass Parameters

In general, NS was affected by the treatments, especially WS
S+ relative to WW S-. Only three clones (Tortorici, Cefalii and
Agrigento) showed differences between treatments, although
no significant differences were observed in the other clones
(Table 2). Plant height (H; cm) and stem diameter (SD; cm)
were different according to the treatment, being higher under
WW S- (73.0+4.0 and 0.7+0.02, respectively) than under the
other treatments. A greater decrease in H and SD was ob-
served in WS S- (54.2+3.5 and 0.6+0.02, respectively) and
WS S+ (48.7+3.5 and 0.640.02, respectively) than in WW S+
(59.2+3.9 and 0.63+0.03, respectively).

Parameters related to leaf development, such as NL, gLA,
GLP, DLP and TDW were more affected by WS S- and WS
S+ than by WW S+ (Table 2). gLLA was reduced significantly
in each treatment with respect to the control, but there were no
significant differences between WS S- (84.2 %) and WS S+
(80.8 %). Martinensis and Fondachello showed the lowest
values in WW S-. Under WS S- conditions, Cefali had the
largest decline (92.8 %), followed by Tortorici (89.9 %),
Licata (86.4 %) and Piccoplant (86.2 %), whereas the smallest
decline was observed in Granadensis (78.3 %) and Agrigento
(74.9 %). Tortorici and Agrigento were the most affected by
WW S+ (70.8 and 68.8 %, respectively), whereas Cefalu and
Martinensis were the least affected (59.4 and 47.7 %, respec-
tively). Licata was most affected by both stresses (WS S+),
with a reduction of 88.8 %, followed by Cefalu (88.1 %) and
Agrigento (86.5 %), whereas Piccoplant, Granadensis and
Martinensis were less affected (73.2, 73.0 and 66.1 %, respec-
tively). TDW (Fig. 3) declined by 61.5 and 66.3 % in WS S-
and WS S+, respectively, whereas WW S+ decreased by only
45.8 %, relative to the control treatment (Fig. 3).
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In general, the shoot/root ratio (S/R, g g ') decreased in
each treatment in comparison to the control, being the lowest
in the WS treatment compared to the combined stresses or S
alone (Table 3). Moreover, the decrease in the S/R was due to
a differential response to stress between shoots and roots.
While shoot growth seemed to be more affected by WS rela-
tive to the control (69.1 % for WS S-, 49.7 % for WW S+ and
71.3 % for WS S+), root growth seemed to be less affected
(34.7 % for WS S-, 43.1 % for WW S+ and 50.1 % for WS S+
), although no significant differences were found in a Tukey
test between treatments (except for the control) (Table 3).
Even so, the S/R data should be considered carefully because
our experiment utilised potted plants, where root development
is influenced by the size of the pots. Licata and Granadensis
had the greatest decrease in the S/R under WS S- (71.4 and
69.1 %) relative to the control and Martinensis the smallest
(34.7 %). The S/R was less affected by WW S+, with
Piccoplant and Granadensis being the most affected, with
28.6 and 27.4 % reductions, respectively, compared to the
control. Both Martinensis and Cefalu showed increases in
their S/R under this treatment (WW S+) relative to the control
(21.8 and 3.7 %, respectively). WS S+ had similar effects on
some clones as WS S- [Piccoplant (52.1 %), Granadensis
(64.7 %), Tortorici (41.0 %)], although other clones [Licata
(40.6 %), Fondachello (34.6 %), Agrigento (26.3 %) and
Martinensis (12.9 %)] were less affected by both stresses than
WS alone.

WS had an important influence on the LAR and LWR,
which decreased 58.4 and 40.9 % with respect to the control
under WS S- and by 45.9 and 24.3 % under WS S+ (Table 3).
In contrast, WW S+ decreased these parameters by only 32.7
and 13.2 %, respectively (Table 3). Similar to LAR and LWR,
the SLA was more affected by treatments involving WS
(31.6 % in WS S- and 28.2 % in WS S+) than S (24.0 %). A
strong and positive correlation (ESM 3), was found between
SLA and Ay, (0.736**) and between SLA and chlorophyll
content (0.541**) (Bilateral significance at level P<0.01).

Experiment 2: Screening for Increasing Salinity Levels
Gas Exchange

No significant differences were observed for Ay, between
UNICT SO and UNICT S4 at the initial time (Ti) in
Fondachello and Agrigento (Fig. 4a). A decrease in the Agy
was found in Tortorici and Licata (P=0.001), although a sur-
prising increase was found in Cefaltl from 20.5+1.0 to 32.5+
1.0. Moreover, a decrease in g was observed in each clone
(P=0.001) except Cefalu, which had an increase of 18.9 % in
g, between UNICT SO and UNICT S4 at Ti. On the other
hand, no significant differences were found in Ay, and g
between UB SO and UB S16 at Ti in any clone studied
(Fig. 4b). A decrease in Ay, and g, was found between
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Fig. 3 Changes in total dry weight (TDW, g) at T60 in each clone for
each treatment (WW S-, WS S-, WW S+ and WS S+). Data are the means
of three replicates and the standard errors (SE) are shown when larger
than the symbols. Data were analysed with an ANOVA Tukey analysis.

UNICT S0 and UNICT S4 at the end of the experiment (Tf) in
each clone except in Cefalt, where there was no significant
difference found in Ay, (Fig. 4a). Significant differences were
also found in each clone in both parameters between UB SO
and UB S16 at Tf (Fig. 4b).

S treatment at Tf led to lower values of Ay, and g, at UB
than at UNICT. A decrease in Ay, and g; was found in each
clone in S treatments (S4 and S16) in both locations (Fig. 4a,
b), except for Fondachello at UNICT, where there was no
significant difference found in A, (P=0.809) and an increase
of 32.8 % in g, was observed.

Regarding the differences between clones, significant dif-
ferences were found between them for Ay, and g; in most of
the treatments. At Tf, Fondachello had the highest A, and g
values at UNICT S4 (22.7+0.1 and 0.203+0.004, respectively),
followed by Cefalt and Agrigento. Cefala had the
highest A, value at UB S16 (7.6+1.0), followed by
Fondachello (5.0+0.2), with the latter having higher g, values
(0.046+0.002) than Cefala (0.020+0.001).

Chlorophyll Content

Different behaviour was observed between locations with re-
spect to chlorophyll content (ESM 4). An increase in chloro-
phyll content was observed in almost every clone at UNICT,
except for Tortorici, which had no significant differences be-
tween treatments (SO and S4) (P=0.630). Nevertheless, a de-
crease in chlorophyll content was observed between UB S0
and UB S16 in each clone. Cefalu had the lowest chloro-
phyll content at UNICT SO, whereas Fondachello,
Tortorici and Licata had the highest chlorophyll content
at UB SO (ESM 4a, b). Under the S treatment, Agrigento
and Fondachello had the highest chlorophyll content
values at UNICT S4, whereas Fondachello and Cefalu
showed the highest values at UB S16. The Agrigento clone
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owWS s+

Different capital letters indicate significant differences (P<0.05) between
treatments for a same clone and different small letters indicate significant
differences (P<0.05) between clones for the same treatment

behaved differently at the two locations, showing the greatest
increase between UNICT S0 and UNICT S4 (14.8 %) and the
greatest decrease between UB S0 and UB S16 (23.9 %).

Biomass Parameters

No significant differences were found in the gL A (Fig. 5a) in
most of the clones between UNICT S0 and UNICT S4, except
for Agrigento (a decrease of 58.5 %). Surprisingly, an increase
in gLA was found in Fondachello (10.6 %) and Licata
(25.0 %). In addition, a remarkable decrease in glLA was ob-
served at UB (Fig. 5b), being most noticeable in Tortorici
(70.8 %), while Fondachello had the smallest decrease in
gL A between UB SO and UB S16 (46.7 %).

No significant differences were found in TDW (Fig. 5a)
between UNICT SO and UNICT S4 in the majority of cones,
apart from Licata, whereas significant differences were found
between UB S0 and UB S16 in all clones except Fondachello.
The TDW (Fig. 5b) was lower at UB, even in the control
treatment (SO). Fondachello had the highest production in
both locations.

In relation to the S/R a decrease between control and S
treatment was observed although no significant differences
were found between treatments or even between clones
(Fig. 5a, b). However, lower values of S/R were observed at
UNICT for each clone than at UB. Tortorici had the highest S/
R value at UNICT S4, while the highest value in UB S16 was
found in Fondachello.

The behaviour of SLA was opposite to S/R (Fig. 5a, b),
with no significant differences being observed between treat-
ments (except for Licata at UNICT) or between clones in the
same location. However, a tendency for SLA to decrease in
line with increasing S was observed (except for Licata at
UNICT). Moreover, lower SLA values were found at UB than
at UNICT.
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Table 3  Biomass parameters in eight clones of Arundo donax L. (P,
Piccoplant; F, Fondachello; M, Martinensis; G, Granadensis; T, Tortorici;
C, Cefalu; A, Agrigento; L, Licata) under four different treatments: (1)
well watered with non-saline solution (WW S-), (2) low watered with
non-saline solution (WS S-), (3) well watered with saline solution (WW
S+) and (4) low watered with saline solution (WS S+) at T60. Means and

standard error (SE) are shown. Data were analysed with an ANOVA
Tukey test between treatments (capital letters) and between clones
(small letters). Shoot/root index (S/R, g g "), specific leaf area (SLA,
m? Kg "), leaf area ratio (LAR, m” Kg ) and leaf weight ratio (LWR,
KgKg)

SR(ggh SLA (m® Kg ™) LAR (m®Kg ™) LWR (Kg Kg ™)
Mean SE Tukey Mean SE Tukey Mean SE Tukey Mean SE Tukey

WW S- P 4.26 0.15 Aab 21.9 0.84 Aab 73 0.29 Aab 0.34 0.00 Ab

F 4.57 0.50 Aa 24.6 2.74 Aa 6.4 0.51 Aab 0.26 0.01 Ac

M 3.26 0.25 Bab 19.8 1.79 Aab 6.8 0.73 Aab 0.34 0.02 Ab

G 4.05 0.82 Aab 20.8 2.05 Aab 8.7 1.39 Aa 0.41 0.03 Aa

T 3.17 0.30 Ab 18.7 0.61 Ab 5.8 0.47 Ab 0.31 0.02 Ab

C 3.78 0.10 Aab 21.9 1.70 Bab 6.7 0.58 Aab 0.31 0.01 Ab

A 3.34 0.58 Aab 19.9 1.09 Aab 6.2 0.62 Ab 0.31 0.01 Ab

L 434 0.16 Aab 21.8 0.56 Aab 7.6 0.21 Aab 0.35 0.01 Ab
WS S- P 2.13 0.10 Ca 13.9 2.49 Bab 22 0.60 Bb 0.15 0.02 Bb

F 1.94 0.09 Cab 15.6 3.07 Aab 3.1 0.62 Bb 0.20 0.02 Aab

M 2.13 0.49 Ca 133 1.20 Bab 2.7 0.55 Cb 0.20 0.04 Bab

G 1.25 0.09 Bb 19.6 0.86 ABa 54 0.74 Ba 0.27 0.03 Ba

T 1.60 0.03 Cab 13.0 4.19 Aab 1.9 0.71 Cb 0.15 0.01 Cb

C 2.02 0.06 Cab 10.8 3.05 Ab 1.9 0.88 Bb 0.18 0.02 Bb

A 1.91 0.54 Aab 17.0 1.39 Aab 3.1 0.74 Bb 0.19 0.03 Bb

L 1.24 0.33 Cb 15.7 091 ABab 33 0.56 Cb 0.21 0.06 Bab
WW S+ P 3.04 0.15 Bab 17.7 0.64 ABab 53 1.04 Aabc 0.30 0.05 Aabc

F 4.04 0.23 ABa 17.0 3.26 Aab 43 1.16 ABbc 0.25 0.02 Abc

M 3.97 0.05 Aa 15.5 1.10 ABb 4.1 0.28 Bbe 0.27 0.00 ABabc

G 2.94 0.53 Aab 1.78 1.26 ABab 6.1 0.64 ABab 0.34 0.03 ABab

T 2.54 0.34 ABb 17.8 0.56 Aab 49 0.31 ABabc 0.27 0.01 Aabc

C 3.92 0.18 Aa 19.3 0.62 Ba 6.8 0.60 Aa 0.35 0.03 Aa

A 3.12 0.72 Aab 15.0 1.02 Ab 3.6 0.55 Bce 0.24 0.02 ABc

L 3.60 0.46 Aab 19.5 1.06 ABa 6.1 0.29 Bab 0.31 0.02 Aab
WS S+ P 2.04 0.44 Cab 19.8 0.54 Aa 4.8 0.43 Aa 0.28 0.02 Aab

F 2.99 0.62 BCba 15.1 0.15 Aa 39 0.57 ABab 0.26 0.04 Aab

M 2.84 0.36 BCa 14.8 1.20 Ba 4.5 0.42 Bab 0.31 0.03 Aa

G 1.43 0.18 Bb 159 0.90 Ba 4.5 0.51 Bab 0.29 0.05 Bab

T 1.87 0.35 BCab 16.4 0.18 Aa 4.0 0.14 Bab 0.24 0.01 Bab

C 2.61 0.32 Ba 17.1 1.90 Ba 39 0.97 Bab 0.22 0.01 Bab

A 2.46 0.35 Aab 16.9 7.28 Aa 2.7 0.59 Bb 0.18 0.04 Bb

L 2.58 0.29 Ba 14.9 2.73 Ba 4.1 0.51 Cab 0.29 0.05 ABab

Experiment 1 and 2: Stress Susceptibility Index (SSI)

After carrying out the principal component analysis (PCA), it
was observed that the first two principal components ex-
plained 72.04 and 82.60 % of variation. The most significant
and positive parameters of component 1 (above 0.750) were
selected: glLA, GLP, NL, A, g, LAR, TDW, RWC, SLA,
SPAD and S/R (ESM 5), but only the common parameters in
Experiment 1 and Experiment 2 (Agy, g5, GLP, TDW, S/R,
gLA, SLA) were used in the calculation of the SSI.

The eight clones of giant reed in Experiment 1 were clas-
sified according to SSI as shown in Fig. 6. Each axis repre-
sents the clone tolerance or sensitivity to stress [ WS (X axis), S
(Y axis) and both stresses (Z axis)]. A higher SSI indicates
lower tolerance to stress. Agrigento was the most tolerant to
WS (SSI=0.84), whereas its tolerance to S and both stresses
was lower (1.08 and 1.00, respectively). Granadensis,
Martinensis and Fondachello were also tolerant to S (0.88,
0.92 and 1.01, respectively). However, Martinensis showed a
higher tolerance to S (0.59) and both stresses (0.86) than

@ Springer
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Fig. 4 a Changes in Ay, and g, during Ti and Tf in each clone,
respectively, for each treatment (UNICT SO and UNICT S4). Values are
the mean of three replicates+standard error (SE). Different capital letters
indicate significant differences (P<0.05) between treatments for the same
location and time, different small letters indicate significant differences
(P<0.05) between time for a same location and treatment, and different
Greek letters indicate significant differences (P<0.05) between clones for
the same treatment and location. b Changes in A, and g, at UB during Ti

Fondachello (0.92 and 1.01) and Granadensis (1.18 and 1.06,
respectively). Moreover, Martinensis and Cefala showed low
SSI values in the S treatment (0.59 and 0.68, respectively),
indicating a high tolerance to this stress. However, Cefalt’s
tolerance to WS and both stresses was significantly lower
(1.11 and 1.00, respectively).
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and Tf in each clone, respectively for each treatment (UB SO and UB
S16). Values are the mean of three replicates+standard error (SE).
Different capital letters indicate significant differences (P<0.05)
between treatments for the same T, different small letters indicate
significant differences (P<0.05) between T for the same treatment and
different Greek letters indicate significant differences (P<0.05) between
clones for the same treatment

Martinensis, Piccoplant and Tortorici showed high toler-
ance to both stresses (0.86, 0.89 and 0.97, respectively),
whereas Piccoplant’s tolerance to WS was not noticeable
(1.04). Martinensis seemed to have performed quite well un-
der WS, S and both stresses, showing low SSI values in each
treatment (0.92, 0.59 and 0.86, respectively). In contrast, the
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Fig. 4 continued.

results for Licata indicate a poor response to stress with high
SSI values for almost every treatment (1.09, 1.05 and 1.12, for
WS, S and double stress, respectively).

A linear correlation was calculated in order to check the
existence of a relation between stress and the altitude of the
area where the clones were collected (ESM 6). No strong
relation was found except for S, with a Pearson correlation
coefficient of —0.783, although it was non-significant (P=
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0.065). In relation to increasing S levels, Fondachello record-
ed the lowest SSI for UNICT S4 (0.55), followed by Cefalua
(1.40) and Licata (1.44), with the same three clones
having similar low SSI values for UB S16 (0.99, 0.71
and 0.99, respectively). On the other hand, Agrigento
(2.87 and 1.18) and Tortorici (2.01 and 1.04) had the
highest SSI values for the UNICT S4 and UB S16
treatments, respectively.
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Discussion
Salinity Effect on Plants

It has been reported that one of the major effects of salinity on
plant performance is a decrease in photosynthetic rates [38]. In
our experiments (1 and 2), decreases in Ay, and g were report-
ed in almost all clones of giant reed as an effect of saline stress
over time (Fig. 1) and at increasing salinity levels (Fig. 4).

The values of Ay, and g, at TO (Exp. 1) and Ti (Exp. 2)
were similar in the control treatments (WW S- and SO, respec-
tively) across the giant reed clones even at different locations,
with the Ag, values similar to those reported by Papazoglou
et al. [39] and Nackley et al. [27].

The earlier decrease in g; than in A, that was observed in
Experiment 1 (Fig. 1) and Experiment 2 (Fig. 4) in most of the
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differences (P<0.05) between treatments for the same location and
clone. Different small letters indicate significant differences (P<0.05)
between clones for a same location and treatment

clones (except Fondachello) is supported by the findings of
Centritto et al. [40], Munns and Tester [6] and Yousfi et al.
[41], where one of the earliest responses to moderate stress is a
decrease in stomatal conductance in order to reduce water
loss. This is reflected in our study with the strong and positive
correlation between both parameters (Ag, and g,) and the
negative correlation of both parameters over time (ESM 1).
Moreover, as shown by Cornic and Massacci [42], the positive
relation between Ay, g and RWC indicates a decrease in
RWC over time due to S (Fig. 2c). Even though there are
few studies on the effects of salinity on photosynthesis in giant
reed, similar observations of decreasing g; after a stress period
have been observed in other C; plants exposed to salinity,
such as wheat [41] and olive [40].

The fact that the chlorophyll content decreased in one lo-
cation (UB) under salinity and increased in the other location
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(UNICT) (ESM 4) does not help to clarify the effect of salt on
chlorophyll content. Santos [43] reported that saline stress
decreased chlorophyll content even at low concentrations. Al-
though our data from UNICT do not support that finding
(ESM 4), the high levels of Ay, and TDW in the salinity
treatment (UNICT S4 similar to UNICT SO at Tf) (Figs. 4
and 5) would suggest a small amount of damage to the pho-
tosynthetic capacity at mild salinity level. However, a higher
salinity dose resulted in a decrease in chlorophyll content in
giant reed plants, as observed at UB in Experiment 1 (ESM 2)
and Experiment 2 (ESM 4).

The effect of salinity on plant performance implicates a
decrease of growth parameters such as H, NL, NS, gL A,
TDW and indices such as S/R, SLA and LAR, not only in
high salinity levels (Tables 2 and 3, Figs. 3 and 5), but also
in low salinity levels (Fig. 5) as a consequence of changes in
elongation rates due to leaf water status [44]. A decrease of
leaf growth after an increase in soil salinity is primarily due to
the osmotic effect of the salt around roots, producing a tran-
sient loss of water in leaf cells, which becomes more important
over time [6] and produces similar effects to drought in salt-
tolerant plants [8]. Not only were decreases in shoot mass
observed, there also was a reduction of leaf development at
the end of the experiment, in accordance with reports by Liu
and Stiitzel [12], Munns [8] and Munns and Tester [6]. A
reduction in plant size (gLA) relative to root growth would
decrease the water use by plants, thus allowing conservation
of soil moisture and preventing an increase in the salt concen-
tration of the soil. Therefore, a decrease in the plant size could

be a major strategy for injury reduction under stress [6, 12,
45]. A possible reason for a lower biomass production (TDW)
at UB than at UNICT (Table 3) could be due to the use of
smaller pots (5.0 vs 9.5 L) that limited root development, as
observed by a lower value of the S/R at UNICT.

On the contrary, in plants with high salt uptake rates, the
oldest leaves may start showing symptoms of injury. A higher
rate of leaf death than formation of new leaves will mean that
the photosynthetic capacity of the plant will no longer be able
to supply the carbohydrate requirements of young leaves, re-
ducing their growth rate. Therefore, giant reed seems to be a
salt-resistant plant according to the high GLP and S/R values
in the salinity treatment, as observed in Experiment 1
(Tables 2 and 3), and it decreases in biomass production
(TDW) only at high levels of S, as seen in Experiment 2
(Fig. 5). It is worth noting that the salinity level used in Ex-
periment 1 (16 mS cm-1) has been considered as “severe” in
other crops such as durum wheat [41], but similar salinity
levels have been used in other studies with giant reed and
saline wastewater [29, 46].

One of the traits of salt tolerance in crops suitable for large
scale evaluation in greenhouses is ion ‘exclusion’ [47], which
is defined as the ability to restrict the rate of entry of poten-
tially toxic Na+and CI- into the shoots combined with the
maintenance of K uptake, even when the Na+/K+ ratio is
very high in the soil solution [48]. Rossa et al. [26] studied
concentrations of K*, Na” and CI” (mmol kg ' DM) in leaves
of different ages in giant reed and reported a high content of
K" along shoots (from 351.6 to 441.4 mmol kg ' DM, from
bottom to top), and a decreasing trend of Na* and CI™ along
the shoot (from 163 to 20.8 and from 370.2 to
163.5 mmol kg_1 DM, from bottom to top, respectively). Ball
and Farquar [49] and Ball et al. [50] mentioned that plants in
saline environments require a high K concentration for effi-
cient photosynthesis performance, especially for the operation
of PSII. Although more studies are needed to confirm this
hypothesis, it is likely that high K" content and low rate of
Na" and CI transport to leaves [8] with increasing plant
height may occur in saline conditions, probably explaining
the high tolerance of giant reed to salinity.

Water Stress Effects

It has been widely described that water stress induces a decrease
in photosynthetic rates [51, 9]. Decreases in Ay, and g; were
reported for all clones of giant reed as an effect of water scarcity
(Figs. 1 and 4). Giant reed clones showed a higher rate of
assimilation in the control treatment, and Mann et al. [23] found
similar significant decreases in CO, assimilation in drought
treatments in giant reed, reducing CO, assimilation to 4-10 %
relative to controls. One of the earliest responses to water stress
is a decrease in stomatal conductance [52] as a way of decreas-
ing transpiration and water loss from leaves. At the same time, a
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decrease in the CO, diffusion into leaves is produced, reducing
internal CO, partial pressure, and consequently, reducing pho-
tosynthetic rates, as observed by Li et al. [53] in wheat. In our
study, decreases in photosynthesis rates (Ag,) are associated
with reductions in stomatal conductance (g;), as shown by the
strong and positive correlation between both parameters (ESM
1), as previously observed by Flexas et al. [52].

Decreases in RWC observed in Experiment 1 in giant reed
as a consequence of WS (Fig. 2b), might indicate a loss of cell
turgor. Cornic and Massacci [42] showed that photosynthetic
biochemistry is significantly affected only when leaf water
deficit reaches 30 %. Therefore, giant reed should not have
experienced damage to its photosynthetic machinery. Chloro-
phyll contents (ESM 2) decreased in water stress treatment
relative to the control, due to an increase in chlorophyll deg-
radation or a decrease in chlorophyll synthesis. A positive and
significant correlation was found between chlorophyll content
and Ay, and TDW even though measurements were made in
completely mature leaves, although young ones. We believe
that a stronger correlation would have been found if chloro-
phyll content had been measured in the oldest leaves, and this
could be used as a screening criterion for plants under water
stress and salinity, as proposed for barley by Rong-Hua et al.
[54] and for wheat by Munns and James [47].

Giant reed growth was substantially affected by water
stress, as indicated by large decreases in parameters such as
H, NL, NS, gLA, TDW, S/R, SLA and LAR (Tables 2 and 3,
Fig. 3). In addition, a decrease in the SLA (Table 3) was
observed with respect to the control, indicating that leaves
became smaller and thicker, in order to be more efficient for
controlling water losses under water stress conditions [13].
Large decreases in shoot DM compared with root DM were
observed under water stress, in accordance with Blum [45]
and Munns and Tester [6]. The values of the S/R in control
and water stress treatment as well as the S/R reduction (%)
under water stress treatment relative to the control (Table 3)
were slightly lower than those obtained by Mann et al. [23],
reaching 4.34 and 2.13 g g ' (control and severe drought
treatment, respectively) and 49—60 %, respectively.

In general, giant reed has been classified as a perennial
rhizomatous grass with a high biomass yield in field condi-
tions [25, 26, 55, 56]. However, the TDW was affected by
water stress due to dehydration (Fig. 3). This biomass yield
of giant reed under water stress was slightly larger than the
results of Mann et al. [23], where only 21-28 % of the biomass
of the control plants was produced under drought stress. In
semi-arid Mediterranean field conditions, Cosentino et al. [19]
concluded that giant reed grown in deficit irrigation (e.g.,
50 % ETm restitution) not only conveyed to relevant biomass
yield (reduction of up to 13.7-21.9 % with respect to the
maximum achieved), but allowed a savings of more than
50 % of irrigation water. In conditions of low soil water avail-
ability, giant reed was able to improve its water use efficiency
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and to maintain a high level of biomass production. Neverthe-
less, it is difficult to compare our data with data obtained from
other giant reed experiments carried out in field conditions,
where the growth of rhizomes and roots is not limited by the
pot size.

The Effect of Both Stresses

Both stresses together affected A, and g; in the same way that
they were affected by water stress or salinity stress separately,
although no significant differences were found between stress
treatments at the end of the experiment (T60) (Fig. 1). Despite
the lack of significant difference between clones at T60, there
are significant differences after shorter stress durations,
highlighting that the duration of stress is a critical factor.

The significant decrease in the RWC (Fig. 2d) and chloro-
phyll content (ESM 2) in stresses where water stress was in-
volved indicates that giant reed seems to be more affected by
water stress than by salinity. A similar pattern was observed
for the growth parameters (H, NL, NS, gLA, TDW, S/R, SLA
and LAR), confirming this hypothesis. However, the signifi-
cant and positive correlation found between Ay, and SPAD,
SLA and TDW in Experiment 1 (ESM 3) shows how these
parameters could be used to determine the degree of stress
encountered by the plant.

Stress Susceptibility Index (SSI)

According to our results, Agrigento seems to be a suitable
clone for cropping in Mediterranean areas under WS condi-
tions, due its smaller decrease in Ag, (Fig. 1), RWC (Fig. 2b)
and gLA (Table 2). Useful characteristics under WS were also
observed for parameters such as chlorophyll content and glLA,
among others, with this clone having the lowest SSI value
(Fig. 6). In contrast, Martinensis seems to be the most salt
tolerant clone in Experiment 1, making it suitable for cultiva-
tion in marginal lands where salinity may predominate. Its
smaller decrease in Ay, (Fig. 1) and gL A (Table 2) ensured
that this clone had the lowest SSI value against salinity
(Fig. 6), followed by Cefalu and Fondachello. In order to have
a successful and constant performance and obtain a substantial
biomass yield, which is the main objective of growing PRG,
we propose Martinensis and Piccoplant as the most suitable
clones for growing under both stress conditions for biomass
production. This result has important implications for the
agronomy of these plants in marginal lands. Fondachello
seems to be the most tolerant to increasing salinity levels
according to the results of Experiment 2, followed by Cefalu
and Licata (ESM 6), and this confirmed the low tolerance of
Agrigento and Tortorici to salinity. However, considering the
projected future effects of climate change, it is important to
focus on giant reed clones that perform well under both stress-
es. In our case, with plants grown under greenhouse
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conditions, the clones with the better results for both salinity
and water stress were Martinensis and Piccoplant (Fig. 6).

Summary
Our findings clearly indicate that:

1) In general, giant reed might be more tolerant to salinity
than to water stress.

2) Salinity and water stress mainly affect stomatal conduc-
tance (g,), generating stomatal closure in order to prevent
dehydration of the plant, and consequently decreasing
photosynthesis.

3) There was a differential response to salinity and water
stress among the eight ecotypes of giant reed, with the
most water stress-resistant ecotype being Agrigento and
the most salinity-resistant ecotypes being Martinensis and
Cefalu.

4) Fondachello, Cefalti and Licata were the most salinity-
resistant ecotypes in relation to increasing salinity levels.

5) In order to benefit from a constant performance and to
obtain a maximised yield of biomass, which is the main
objective of growing PRG, we propose Martinensis and
Piccoplant as the most suitable ecotypes for growing in
both stress conditions for biomass production.

However, it is important to note that this screening against
salinity and water stress was performed under greenhouse
conditions in pots, where the growth and behaviour of plants
might be different than in field conditions. On the other hand,
we have imposed a high level of stress, which will be rare
under field conditions, but this approach was used to physio-
logically characterise the behaviour of giant reed under ad-
verse conditions. The gain in knowledge of the behaviour of
giant reed under stress conditions (similar to those in marginal
lands) will assist in the establishment of this energy crop and
the development of this type of renewable energy.

Furthermore, given the tolerance that giant reed seems to
have to salinity in general, it would be interesting to study in
more depth the behaviour of these species under saline condi-
tions, and to analyse, for example, the content of K™ and Na"
in the different plant’s organs, in order to understand the
mechanism of salt tolerance of giant reed.
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