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ABREVIATURAS

Sigla en castellano

Sigla en ingles

Variable o caracter registrado

A A Tasa fotosintética neta

AFE SLA Area foliar especifica

Altura Height Altura de planta

AnchoH LWidth o LeafW Ancho de la hoja

AreaH LArea 6 LeafA Area de la hoja

BAL BAL Banco Activo de Germoplasma de la Est. Exp.
Agropecuaria Balcarce, INTA Argentina.

BCA BCA Disefios en bloques completos al azar.

BHoja LeafB Biomasa verde de hoja

BMuerta DeadB Biomasa muerta o senescente

BTallo StemB Biomasa verde de tallo

BTotal TotalB o DM Biomasa aérea total como materia seca

BVerde GreenB Biomasa verde

CcC CcC Capacidad de campo de la maceta

CE EC Conductividad eléctrica del suelo

CH4 CH4 Metano

CHR LWC o RWC Contenido hidrico relativo foliar

cr cr Cloro

CO; CO; Dioxido de carbono

Densidad Density Numero de macollos o hijuelos por planta o
maceta.

DMS LSD Test de diferencia minima significativa

ee ee Error estandar de la media.

EH WS 6 WL Niveles de estrés hidrico o sequia

EH_35d - Ensayo de estrés hidrico de 35 dias.

EHxES_90d - Ensayo de estrés hidrico y salino combinado
de 90 dias.

ES SS 6 Salt Niveles de estrés salino

ES_40d - Ensayo de estrés salino de 40 dias.

ES_85d - Ensayo de estrés salino de 85 dias.

Espiga% Spike% 6 Flower % Porcentaje de macollos espigados




ETA ETAccu o ETA Evapotranspiracién acumulada

EUA WUE Eficiencia en el uso del agua

FAO FAO Food and Agriculture Organization /
Organizacion de las Naciones Unidas para la
Alimentacidén y la Agricultura

GEl - Gases con efecto invernadero
GOGAT GOGAT Enzima glutamato sintasa

GS GS Enzima glutamina sintetasa
INTA INTA Instituto Nacional de Tecnologia

Agropecuaria de la Republica Argentina

IPCC IPCC Intergovernmental Panel on Climate
Change/ Panel Intergubernamental sobre
Cambio Climatico

ISTA ISTA International Seed Testing Association/
Asociacion Internacional de Analisis de
Semillas

K* K* Potasio

LargoH LLength Largo de la hoja

LHMac LeafT Longitud foliar verde por macollo

MF FM Biomasa aérea total como materia fresca

Muerta% Dead% Porcentaje de biomasa muerta

N N Nitrégeno

Na* Na* Sodio

Na*/K* Na*/K* Relacién Na*/K*

NHoja LeafN Numero de hojas por macollo

NH4* NH4* Amonio

NiR NiR Enzimas nitrito reductasa

NOs’ NOs’ Nitrato

N,O N,O Oxido nitroso

NR NR Enzimas nitrato reductasa

PMac Tillerw Peso del macollo

pl pl Planta.

Pobla Popu Poblaciones de agropiro alargado

Prolina Proline Prolina libre

ProRel ProRel Contenido Relativo de Prolina

Proteina Protein Proteina soluble




TAH LAR Tasa de aparicién de hojas
TEF LER Tasa de elongacion, foliar
TSF LSR Tasa de senescencia foliar
VMF - Vida media foliar

513C 53¢ Isotopo estable de 3C/ 12C
5N 5N Isotopo estable de °N/*N
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“Estudio ecofisioldgico de poblaciones de Elymus spp., en respuesta al estrés hidrico y salino.”

RESUMEN

Elymus elongatus (Host) Runemark subsp. ponticus (Podp.) Melderis [sindnimo de Thinopyrum
ponticum (Podp.) Barkworth y D.R. Dewey] es una graminea perenne C3, nativa de los habitats
secos o salinos del sudeste europeo, conocida con el nombre comun de “Agropiro alargado” o
en lengua inglesa “tall wheatgrass”. Agropiro alargado muestra una gran adaptacién a suelos
marginales con problemas de salinidad y/o alcalinidad en climas templado himedos a
semiaridos. Por ello, el principal uso es como forrajera en ambientes con limitaciones climato-
edaficas, siendo la pastura mas importante en los sistemas de cria de ganado vacuno que se
realiza sobre suelos hidro-halomérficos de la Cuenca del Salado en Argentina. Ademas, agropiro
alargado posee un gran potencial como fitorremediadora, biocombustible y, dado su parentesco
con el trigo, como donadora de genes de tolerancia al estrés biético y abiético.

Los sistemas productivos agro-ganaderos se ven afectados por el cambio climatico. El cambio
climdtico trae aparejado déficit hidrico con mayor frecuencia e intensidad, asi como un
incremento en la salinizacién de tierras y la desertificacidn. El déficit hidrico, provocado tanto
por sequia como por salinidad, ocasiona diferentes respuestas en la planta segun la especie, el
genotipoy el estado fenoldgico, las cuales pueden ser modificadas dependiendo de la intensidad
y duracion del estrés. En gramineas, la primera fase del estrés por sequia o salinidad ocasiona
estrés osmoético en la planta, la cual responde con el cierre de estomas, limitando la
transpiracion, el intercambio de gases y la fotosintesis, causando una menor elongacién y
division celular que determina la reduccidn de la tasa de elongacion foliar (TEF). En caso de que
el estrés hidrico y/o salino persista, se registra una reduccién mas importante en el follaje a
través de cambios en la anatomia celular, resultando en hojas mas pequefias y gruesas (menor
area foliar especifica, AFE), acompafiadas por una reduccidn en la aparicién de hojas (TAH) y
macollos. Estas respuestas estan asociadas a cambios en la relacidn hidrica de las células, y no a
la toxicidad de las sales. Las plantas activan mecanismos para recuperar el equilibrio osmético
con solutos inorgdnicos y organicos, asi como para controlar el estrés oxidativo, lo que define su
adaptacion a las condiciones de sequia y salinidad. En algunas especies, la acumulacion de Na*
y ClI" secuestrados en la vacuola celular puede contribuir a restablecer el balance osmdtico
celular, junto con una acumulacién de K* y de solutos organicos en el citoplasma, como la
prolina, que ayudan a equilibrar la presién osmoética de los iones en la vacuola y a incrementar
el potencial osmético celular.

En una segunda fase, cuando las altas concentraciones de Na* y Cl superan la capacidad de la
célula para compartimentalizar estos iones en la vacuola, la salinidad puede producir
desequilibrio nutricional y toxicidad en la planta. Ambos tipos de estrés, hidrico y salino, pueden
inducir la senescencia prematura de las hojas adultas, incrementando la tasa de senescencia
foliar (TSF), si bien este proceso se da de forma anticipada en caso de estrés salino, por ser en
las hojas adultas donde la transpiracion ha acumulado Na*y CI durante mas tiempo. Finalmente,
si el estrés hidrico o salino se prolonga durante meses, puede verse afectado el estado
reproductivo e incluso la supervivencia de la planta. La respuesta de la planta se traduce en
cambios en el crecimiento, desarrollo, morfologia, fisiologia y adaptaciones celulares; siendo
clave los mecanismos de ajuste osmoético para superar el estrés, con la prolina como principal
soluto gracias a sus funciones de osmoproteccién y de osmoregulacion. El desequilibrio
nutricional debido a las altas concentraciones de Na* y CI, se observa especialmente en la
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absorcion y/o asimilacion de potasio y nitrégeno, siendo también importantes las relaciones
entre nutrientes, como es el caso de la relacién Na*/K*.

En forrajeras perennes, la identificacion de fenotipos tolerantes al estrés hidrico o salino en
funcién de sus caracteristicas agrondmicas vy fisioldgicas sigue siendo una tarea compleja y
costosa, que necesita ser evaluada a lo largo de varios afios. Por ello, se siguen buscando
caracteres indicadores mas simples y con alta heredabilidad para valorar la tolerancia al estrés.
En este contexto, la composicidn de los isdtopos estables de carbono *C 3C (63C) y de
nitrégeno N, >N (8 °N) aparecen como una posibilidad interesante, ya utilizada en cereales. El
isdtopo & 13C proporciona informacion sobre la eficiencia de la transpiracion a largo plazo y se
ha correlacionado con el rendimiento y la tolerancia al estrés hidrico y/o salino en gramineas
C3. Ademas, en diferentes estudios sobre cereales, §3C ha demostrado ser un caracter
altamente hereditario. Asi mismo, la concentracién de N puede verse reducida por el déficit
hidrico del suelo, generado tanto por situaciones de sequia como de salinidad, debido a
limitaciones en la absorcién y la asimilacidn. El metabolismo del nitrégeno esta directamente
asociado con el is6topo de 8N, y ha sido utilizado para diferenciar genotipos tolerantes y
susceptibles a la sequia y/o la salinidad en gramineas anuales.

El cambio climatico, asi como el aumento de la sequia, asociado o no al mismo, y la salinizacién
de las tierras, imponen importantes limitaciones a los sistemas productivos agropecuarios. Por
ello, los programas de mejoramiento de forrajes buscan urgentemente incrementar la
produccién de biomasa aérea, asi como la tolerancia a la sequia y la salinidad. Las especies
silvestres son recursos extremadamente ricos en variabilidad genética, que no estan disponibles
en el acervo genético cultivado, y que podrian ayudar a mejorar la productividad de los cultivos
y la sostenibilidad ambiental, siendo importante estudiar el comportamiento de la especie y la
variacion intraespecifica existente para poder seleccionar de forma efectiva el mejor
germoplasma en funcién de las limitaciones ambientales en las que sera cultivado.

En consecuencia, en esta Tesis de Doctorado se ha propuesto la siguiente hipdtesis de trabajo:
“En poblaciones de agropiro alargado que provienen de origenes ambientales que contrastan
en sus caracteristicas climato-edaficas, existen diferentes comportamientos en los caracteres
morfoldgicos, fisioldgicos, bioquimicos e isotdpicos que determinan distintas estrategias de
crecimiento y/o mecanismos fisioldgicos para tolerar el estrés hidrico y salino”.

Para la validacion de esta hipotesis se planted el siguiente objetivo de estudio: Comprender el
comportamiento de distintas poblaciones de agropiro alargado en respuesta al estrés hidrico,
salino y combinado, para detectar caracteristicas morfoldgicas, agrondmicas, fisioldgicas,
bioquimicas y/o isotdpicas que permitan seleccionar el germoplasma con mayor tolerancia al
estrés hidrico y/o salino. En consecuencia, esta Tesis Doctoral puede aportar nuevos
conocimientos sobre las estrategias de crecimiento y los mecanismos fisiolégicos que
determinan la tolerancia al estrés hidrico, salino y combinado en agropiro alargado, asi como
sobre las variables mas efectivas para diferenciar el germoplasma mds adaptado al estrés. Estos
conocimientos podrian ayudar a seleccionar el germoplasma mas adecuado para expandir la
produccién de cultivos segln su uso en diferentes ambientes ante el cambio climatico
imperante.
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Para dar respuesta a la hipotesis planteada en esta Tesis Doctoral se desarrollaron cuatro
ensayos, uno evaluando la respuesta al estrés hidrico durante 35 dias (SH_35d), otros dos frente
al estrés salino con diferente duracién, 40 y 85 dias (ES_40d y ES_85d); y uno mds, combinando
el estrés hidrico y salino durante 90 dias (EHXES_90d). En todos los ensayos fue utilizado un
disefo en bloques completos al azar (BCA) con un arreglo factorial en los tratamientos. Los
factores corresponden a las poblaciones de agropiro naturalizadas (Pobla), y a los tratamientos
de estrés hidrico (EH) y/o de estrés salino (ES). En todos los casos se realizdé un analisis de la
varianza y una comparacion de medias con la prueba de DMS, considerando una probabilidad
de 0,05% y utilizando el paquete estadistico SAS. En la eleccién del germoplasma se tuvieron en
cuenta los origenes ambientales mas extremos y la disponibilidad de semillas en el banco de
germoplasma BAL-INTA, siendo seleccionadas para esta Tesis de Doctorado cuatro poblaciones
naturalizadas denominadas Pobla: P3, P4, P5 y P9. Las poblaciones P3 y P9 provienen de
ambientes con clima templado humedo que difieren en el tipo de suelo, ya que P3 viene de un
suelo no salino ni alcalino, mientras que P9 proviene de un suelo salino-alcalino. Las otras dos
poblaciones, P4 y P5, provienen de ambientes con clima semidrido y diferente suelo, salino-
alcalino en el caso de P4 y suelo no salino-ni alcalino para P5. Las plantas de agropiro alargado
evaluadas fueron obtenidas a partir de semillas germinadas y trasplantadas a macetas en un
invernadero del Campus Lagoas-Marcosende de la Universidade de Vigo (Espaia), donde se
desarrollaron los experimentos.

En el primer experimento de estrés hidrico (EH_35d) fueron evaluadas caracteristicas morfo-
fisiolégicas en las cuatro poblaciones (P3, P4, P5, P9) bajo tres condiciones de estrés hidrico:
leve, moderado y severo (100% -50% -30% de la capacidad de campo de las macetas,
respectivamente), en invernadero y con plantas en estado vegetativo (macollaje) durante 35
dias, empleandose 3 repeticiones. Las variables registradas fueron la produccién de materia seca
(MS), los caracteres morfogenéticos y estructurales del canopeo, como largo, ancho y area de
las hojas, area foliar especifica (AFE), peso (Pmac) y nimero de macollos (densidad, en 4 tiempos
de medida), evapotranspiracién acumulada (ETA), eficiencia en el uso del agua (EUA), contenido
hidrico relativo foliar (CHR), y concentracién de prolina libre y de proteinas foliares. Los
resultados mostraron interaccidn entre las poblaciones y las condiciones hidricas solo en la
produccién de materia seca y el numero de macollos. Los cambios mas relevantes en los
parametros morfofisioldgicos comparando la intensidad del estrés hidrico fueron la reduccién
de la produccidon de materia seca, el menor tamafo de hojas y macollos, junto con un menor
numero de macollos, conjuntamente con un mayor contenido de prolina y proteina, una mayor
eficiencia en el uso del agua y una ligera disminucién en el contenido de agua foliar. Las
poblaciones difirieron en las estrategias de crecimiento (ancho y area foliar, y Pmac) vy
mecanismos morfofisioldgicos (CHR, EUA, prolina y proteina) para sobrevivir al estrés hidrico, lo
que podria estar relacionado con su habitat de origen. La poblacién P3, destacd en situaciones
de estrés leve a moderado, presentando mayor biomasa, con hojas y macollos de mayor
tamanfio, con un mayor CHR y una EUA intermedia, asi como altos valores de proteinas foliares.
Mientras, P5 presentd una alta densidad de macollos y la EUA mas elevada, con valores
intermedios de proteina foliar, produciendo mas biomasa en estrés severo y moderado. El
estudio muestra que la estabilidad en la produccidon de materia seca en los niveles de estrés
hidrico, podria estar relacionada con mecanismos que logren altos valores de proteina foliar y
EUA, ademas de mantener una alta densidad de macollos como estrategia de crecimiento.
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El estrés salino fue analizado en el segundo y tercer experimento con diferente duracién, 40 dias
otofales y 85 dias primaverales (ES_40d y ES_85d, respectivamente). En ambos ensayos, las
poblaciones (P3, P4, P5, P9) fueron evaluadas frente a cinco niveles de salinidad, regando con
soluciones salinas preparadas con diluciones de cloruro sddico en agua a concentraciones de 0O;
0,1; 0,2; 0,3 y 0,4 M de NaCl. En ES_40d fueron registradas variables morfogenéticas,
estructurales, productivas y fisiolégicas en plantas en estado vegetativo, utilizando siete
repeticiones; mientras que, en el experimento de mayor duraciéon, ES_85d, fueron registradas
variables estructurales, productivas, fisioldgicas, bioquimicas e isotdpicas en las plantas en
estado vegetativo-reproductivo con cinco repeticiones. En general, se observd que el
incremento en salinidad redujo la tasa fotosintética neta, el crecimiento (menores valores de
TEF, TAH, tamafo foliar, densidad y peso de macollos) y el desarrollo (reduccién en el
%floracion), aumentando la senescencia (mayores valores de TSF, necromasa), conjuntamente
con el incremento en la acumulaciéon de iones Na*, Cl'y el aumento exponencial en el contenido
de prolina. La prolina, el Na* y el CI' parecian funcionar sistematicamente como agentes
osmoticos, permitiendo el mantenimiento del agua en los tejidos para continuar la actividad
fotosintética, con incrementos en 83C y reducciones en 8“N. Las hojas aumentaron la
concentracion de N (ES_85d) y proteina (ES_40d), discriminando méas 8N a mayor salinidad, lo
cual indicaria que el metabolismo del nitrégeno no es una limitante para el crecimiento. Las
poblaciones mostraron un comportamiento diferente en las variables registradas. La poblacion
P5 mostré la mayor biomasa en el experimento de 85 dias, presentando la mayor longitud foliar
y densidad de macollos, conjuntamente con la mayor eficiencia en el uso del agua y valores de
isétopo 63C; y la menor concentracién de Cl" y tasa de evapotranspiracion. Sin embargo, P5
mostré la biomasa mas baja en el experimento de 40 dias, donde destacd la poblacién P3, con
el mayor ancho foliar y AFE. Estos comportamientos intraespecificos sugieren que la duracién
del estrés es un aspecto importante a considerar al seleccionar el germoplasma para su
tolerancia a la salinidad.

En el cuarto experimento de estrés hidrico y salino combinado (EHXES_90d) fueron evaluadas
las poblaciones (P3, P4, P5, P9) sometidas a tres condiciones de estrés hidrico: leve, moderado
y severo (100% -50% -30% de la capacidad de campo de las macetas), y tres condiciones de
estrés salino: ausente, moderado y severo (regando con soluciones acuosas de 0; 0,1; y 0,3 M
NaCl). Para conocer la respuesta al estrés combinado entre las poblaciones se registraron
caracteres estructurales, productivos, fisioldgicos, bioquimicos e isotépicos en las plantas en
estado vegetativo-reproductivo, con cinco repeticiones durante 90 dias primavero-estivales. La
mayoria de las variables mostraron interaccion entre el estrés hidrico y salino, y ausencia de
interaccion con las poblaciones. La tasa fotosintética neta se redujo con el tiempo y el estrés
hidrico y salino. A mayor estrés hidrico y salino disminuyeron la biomasa total y del tallo, las
espigas y la altura de planta, asi como la evapotranspiracién, mientras que la senescencia de
tejidos, el 613C y la prolina aumentaron, con registros extremos entre el control y el maximo
estrés combinado. Por otro lado, la concentraciéon de N y K* foliar aumentaron ante el estrés
hidrico en cada condicion salina, determinando una disminuciéon de la relacién Na*/K* a mayor
estrés. Las variables estructurales como longitud foliar y densidad de macollos, asi como la
eficiencia en el uso del agua, presentaron valores superiores al control en algunas
combinaciones de estrés hidrico y/o salino leve o moderado. En cambio, la biomasa foliar, AFE
y CHR aumentaron con estrés hidrico o salino, pero sin presentar interaccidon, mientras que solo
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se vieron afectados por el estrés salino la concentracion foliar de Na* y CI,, que aumentaron, y
el 8°N, que disminuyd a mayor salinidad. La estrategia para atenuar el estrés estaria relacionada
con una menor evapotranspiracion, cierre estomatico (mayor 8'3C), mayor senescencia foliar y
menor desarrollo reproductivo (menor biomasa de tallos, %espigas y altura de la planta). Los
mecanismos para mantener el potencial osmético celular frente al estrés estarian relacionados
con el incremento en el K foliar, especialmente ante estrés hidrico, y el aumento en la
concentracién de foliar de Na* y de CI, particularmente frente a estrés salino, en tanto el
incremento exponencial en prolina funcionaria en ambos estreses como osmoregulator y
osmoprotector. Las poblaciones mostraron diferencias en las variables estructurales del
canopeo y la biomasa producida (total, verde, tallo y muerta), destacandose P3 y P9 por un
mayor desarrollo reproductivo a través de una mayor biomasa de tallo, %espigas y altura de la
planta, pero con menor densidad de macollos; contrariamente a P4 y P5. Las poblaciones P4 y
P5, que provienen de ambientes con mayor estrés, presentaron la menor evapotranspiracion,
aunque tendrian diferentes estrategias para controlar la transpiracion, ya que P4 mostré la
mayor proporcién de biomasa muerta limitando la biomasa foliar fotosintéticamente activa,
mientras que P5 presentd el mayor §'3C y la mas alta eficiencia en el uso del agua, con la mayor
biomasa foliar y produccién de materia seca total ante estrés hidrico y salino. La poblacion P3
mostré valores intermedios de biomasa total y, notoriamente P5 y P3 que provienen de
ambientes no salinos, mostraron la menor relacion Na*/K*, pudiendo relacionarse con un mejor
funcionamiento metabdlico. La biomasa producida se relacioné positivamente con la EUA y la
813C. Ademds, 613C presentd una alta heredabilidad en sentido amplio, seguida de las variables
estructurales del canopeo, mientras que la relacién Na*/K* fue intermedia. Por ello, el uso
combinado de los caracteres 8'3C y la relacidon Na*/K*, podria ser Gtil para la seleccién de
germoplasma por mayor produccidon y tolerancia al estrés hidrico y salino. Ademas,
consideramos que las variables estructurales del canopeo podrian ayudar a elegir el fenotipo
ideal segun el sistema productivo donde sera utilizado, siendo para pastoreo mas conveniente
una planta con mayor desarrollo vegetativo que priorice el macollaje (ej: P5), mientras que para
la produccién de henos o fardos seria mejor una planta con mayor desarrollo reproductivo y mas
erecta (ej: P3).

Los caracteres registrados en cada experimento fueron analizados con regresién lineal multiple
para encontrar cuales explicaban mejor la biomasa producida en cada situacién de estrés hidrico
y/o salino. Las comparaciones de los modelos de regresion obtenidos mostraron que la
produccién de biomasa aérea estaba determinada principalmente por caracteres relacionados
con el estado hidrico de la planta (ETA, CHR, EUA), asi como con los caracteres relacionados con
la estructura del canopeo (tamafio y nimero de hojas y / o macollos), siendo mas evidente en
los ensayos de menor duracidn, tanto de estrés hidrico (EH_35d) como de estrés salino (ES_40d).
Estos caracteres también fueron importantes para explicar la biomasa total frente a estrés
hidrico y salino combinados (EHXES_90d). Sin embargo, en los ensayos de mayor duracidn, tanto
de estrés salino (ES_85d) como de estrés combinado (EHXES_90d), la concentracién de prolina
fue el principal caracter para explicar la biomasa producida, seguida de la tasa fotosintética neta
registrada al final de ambos ensayos. Sin embargo, al comparar el germoplasma en los diferentes
ensayos fue el isotopo de &BC la variable mdas importante para detectar diferencias
intraespecificas en los ensayos de mayor duracién de estrés salino y combinado hidrico y salino,
ademas de la relacién Na*/K* en este Ultimo. Estas variables no fueron medidas en los ensayos
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de menor duracién (EH_35d y ES_40d), aunque fueron importantes las variables relacionadas
con el estado hidrico de la planta, en especial la eficiencia del uso del agua, caracter con una
fuerte relacién con 63C segun indican la bibliografia y el presente estudio. Ademas, en todos los
ensayos, las variables estructurales del canopeo fueron las mds importantes registradas entre
las variables morfométricas, las cuales permitieron diferenciar los fenotipos mas tolerantes y
productivos, siendo la densidad de macollos el caracter que mejor se relaciond con la estabilidad
del rendimiento.

A partir de los experimentos realizados en esta Tesis Doctoral, consideramos que la diversidad
y tolerancia del germoplasma de agropiro alargado al estrés hidrico y salino puede ser utilizado
para expandir la produccion de cultivos en diferentes ambientes ante el cambio climatico
imperante.
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INTRODUCCION

1 - CAMBIO CLIMATICO Y ESTRES EN PLANTAS.
1.1 - Cambio climatico, uso de la tierra y sistemas ganaderos.

El sistema climatico de la Tierra estd alimentado por la radiacién solar. La energia
saliente de la Tierra es emitida principalmente en la fraccién infrarroja del espectro, también
conocida como radiacidn de onda larga o radiacién térmica. La radiacidn de onda larga que emite
la superficie de la Tierra es absorbida en gran parte por componentes atmosféricos como didxido
de carbono (CO3), metano (CH4), 6xido nitroso (N20) y otros gases con efecto invernadero (GEl),
sumado al vapor de agua y las nubes, que a su vez emiten radiacién térmica en todas las
direcciones. La radiacidon de onda larga dirigida hacia abajo suma calor a las capas inferiores de

|II

la atmdsfera terrestre y a la superficie global tierra-océano provocando el “efecto invernadero”
(IPCC, 2013). Determinadas acciones antrépicas aumentan directamente el efecto invernadero
al emitir gases como CO,, CH4, N2O y clorofluorocarbonos, e indirectamente al generar otros
gases contaminantes (mondxido de carbono, compuestos organicos volatiles, los éxidos de
nitrégenoy el diéxido de azufre), que alteran la abundancia de gases protectores de la atmdsfera
como el ozono (IPCC, 2013). El “cambio climatico” se define pues como un cambio en el estado
del clima que puede identificarse a través de cambios en la media y/o en la variabilidad de sus

propiedades, y que persiste por una década o mas (IPCC, 2013).

El calentamiento asociado a este fendmeno de cambio climatico ha determinado una
mayor frecuencia, intensidad y duracidon de las sequias. El aumento de la temperatura del aire y
la evapotranspiracion, y la disminuciéon de las precipitaciones en interaccion con la variabilidad
climatica y las actividades humanas, han contribuido a la desertificacion (IPCC, 2019). La tierra
proporciona la base del sustento y el bienestar humano, incluido el suministro de alimentos,
agua dulce y servicios ecosistémicos, asi como de la biodiversidad de la flora y la fauna (IPCC,
2019). Los ecosistemas terrestres retienen el carbono en la biomasa viva, en la materia organica
en descomposicidon, y en el suelo. El carbono es intercambiado entre los ecosistemas y la
atmosfera a través de procesos como la fotosintesis, la respiracion, la descomposicion y la
combustidn. Las actividades humanas alteran el carbono almacenado en esos reservorios y los
intercambios entre estos y la atmdsfera, debido al uso de las tierras (IPCC, 2000), (Figura 1). Se
estima que la agricultura, la silvicultura y otros usos de la tierra son fuente de aproximadamente
un 23% de las emisiones antropogénicas de CO,, CHs y N>O (calculados como equivalentes de
CO2 en 2007-2016, IPCC, 2019).
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Figura 1: Uso global de la tierra y cambio en las emisiones de gases con efecto invernadero. En
el grafico de barras, cada categoria de uso esta ordenado a lo largo de un gradiente decreciente
en la intensidad del uso (de izquierda a derecha). Los porcentajes indican la superficie ocupada
del total terrestre por categoria. En el grafico de lineas se muestra el cambio en las emisiones
de gases con efecto invernadero en diferentes recursos (los valores estan expresados en
unidades de CO,-eq, N,0=265; CH, =28), (fuente IPCC, 2019).

Actualmente, el sector ganadero juega un papel clave en el suministro de alimentosy la
seguridad alimentaria (Godde et al., 2021). La ganaderia aporta el 40% del valor global de la
produccién agricola y permite los medios de vida y la seguridad alimentaria de casi mil millones
de personas (FAO 2009). El sector ganadero se ve afectado por la degradacién de los ecosistemas
y se enfrenta a una competencia creciente por los mismos recursos con otros sectores (Godde
et al., 2021). Asi mismo, el incorrecto manejo ganadero puede contribuir al agotamiento y la
degradacion de la tierra, del agua y de la biodiversidad, contaminando la atmésfera vy
contribuyendo al efecto invernadero (FAO 2009; IPCC, 2019; Kuraz et al 2021). La produccién
ganadera industrializada (confinamiento o “feedlot”) separada de la tierra utilizada para
producir alimentos-piensos, da como resultado una gran concentracién de residuos de desecho,
incrementando los riesgos de contaminacién ambiental (Kuraz et al 2021). En cambio, los
sistemas ganaderos de pastoreo, o mixtos agricola-ganadero, tienden a ser sistemas mas
estables, donde los residuos de un parte de la cadena productiva (estiércol, residuos de cultivos)
son utilizados como recursos o insumos para la otra parte (FAO 2009). Los pastizales almacenan
aproximadamente un tercio de las reservas mundiales de carbono terrestre y podrian funcionar
como un importante sumidero de carbono del suelo dependiendo del manejo del pastoreo y la
biodiversidad del suelo (Bai et al., 2022). En los pastizales aridos y semidridos, donde se
encuentra la mayoria de los pastizales del mundo, la variabilidad en los fendmenos climaticos
extremos, como olas de calor, sequias, inundaciones o ciclones determinan una importante
variabilidad en la disponibilidad de forraje (Godde et al., 2021), provocando un mayor riesgo de
que el pastoreo animal ocasione sobrepastoreo, degradacidn de los recursos naturales, erosion
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del suelo, sobreexplotacién de las aguas subterraneas y salinizacion de las tierras (FAO 2009;
IPCC, 2019).

Evitar, reducir y revertir la degradacién y desertificacion mejoraria la fertilidad del suelo,
aumentaria la biomasa, beneficiando la productividad agricola-ganadera y la seguridad
alimentaria y al mismo tiempo incrementando el almacenamiento de carbono en los suelos
(IPCC, 2019; Viglizzo et al., 2019; Bai et al., 2022). Las especies forrajeras juegan un rol central
ante esta situacidn, dado que estimaciones recientes encontraron que los pastizales
sudamericanos manejados en condiciones de pastoreo extensivo (baja carga animal), estan
secuestrando carbono como materia organica del suelo, y que este secuestro de carbono podria
compensar las emisiones de gases de efecto invernadero de la produccion ganadera (Viglizzo et
al.,, 2019). El almacenamiento de carbono en el suelo de los pastizales es una estrategia
alcanzable para eliminarlo de la atmdsfera, y estimaciones recientes indican que el 80% de los
pastizales europeos estan por debajo de la saturacion de almacenamiento de carbono, lo que
indica un potencial insatisfecho en el secuestro de carbono (Bai et al., 2022). En sintesis, el estrés
al que se estan viendo sometidas las plantas debido al cambio climatico, sumado a el estrés por
pastoreo, es multiple y muy cambiante, teniendo que responder a través de la puesta en marcha
de multiples estrategias de tolerancia y aclimatacion que pueden repercutir en una alteracién
de su capacidad reproductiva, lo que determinara la seleccién natural y supervivencia de las mas
tolerantes.

1.2 - Dindmica del estrés en plantas.

El estrés puede definirse como “cualquier factor ambiental potencialmente
desfavorable para un organismo vivo” (Levitt, 1980). El estrés vegetal puede describirse a través
de la respuesta de las plantas sometidas a condiciones ambientales desfavorables, ya sean
causadas por factores antrdpicos o por factores naturales, pudiendo estar estos ultimos
determinados por organismos (estrés bidtico) o por factores fisicos y/o quimicos (estrés
abidtico) (Levitt, 1980; Lichtenthaler, 2004). Sin embargo, la respuesta de la planta depende de
la intensidad y/o severidad del agente estresante y del tiempo que este actie (Lichtenthaler,
2004).

La dindmica del estrés en la planta puede dividirse en cuatro fases temporales (Lambers
et al., 1998; Lichtenthaler, 2004):

* Primera fase de respuesta inmediata o alarma: cuando comienza el estrés determinando
alteraciones en el funcionamiento normal de la planta. En el término de segundos a dias, se
producen variaciones en determinadas actividades fisioldgicas, la desestabilizacion de
estructuras, primando los procesos catabdlicos y disminuyendo la vitalidad.

* Segunda fase de restitucion y aclimatacion: el estrés continla y la planta responde
desplegando mecanismos de resistencia y aclimatacion, produciendo la reparacion del daiio que
determinara la reactivacion y reajuste morfo-fisiolégico para alcanzar la estabilidad, lo cual se
produce en un periodo que puede durar desde dias hasta meses.
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* Tercera fase final o de agotamiento: se produce cuando el estrés es demasiado intenso o
prolongado y excede la capacidad de aclimatacién. Por ello, la planta inicia procesos de
senescencia, dafio crénico y muerte celular.

* Cuarta fase de regeneracion: se produce la regeneracion parcial o total del funcionamiento
fisioldgico si desaparece el agente estresante, se inhiben los procesos de senescencia vy, si el
dafio no ha sido demasiado intenso, encontrandose nuevos estandares fisioldgicos en la planta.

La aclimatacidén esta relacionada con la plasticidad fenotipica de la poblacidn, y es el
cambio fenotipico provocado por el medio ambiente en semanas, meses o afos; donde no se
modifican los genes que el individuo transmite a su descendencia, pero si la expresién de dichos
genes —diferente expresion alélica o cambios en las interacciones entre loci- (Lambers et al.,
1998; Pfennig et al., 2010; Song y Chen, 2015).

Mientras que la adaptacion de las plantas a nuevas condiciones ambientales es una
respuesta evolutiva que implica cambios genéticos en las poblaciones y ocurre en una escala
temporal mucho mayor que la aclimatacién, después de numerosas generaciones de los
individuos supervivientes (Lambers et al., 1998).

En general, las plantas en la naturaleza rara vez crecen en “condiciones dptimas
fisioldgicas”, sino que se ven sometidas constantemente a diversos tipos de estrés en el tiempo
y en el espacio, y con frecuencia a estrés simultaneo o estrés multiple (Chaves y Pereira, 2004),
lo que hace que se varie su dptimo ecoldgico con respecto a su 6ptimo fisioldgico. Por ejemplo,
es frecuente que la salinidad del suelo se produzca junto con condiciones de exceso o déficit
hidrico, siendo la respuesta de las plantas variable segun la especie (Flowers y Colmer, 2008;
Bennett, et al 2009; Bhuiyan, et al 2015; Ludwiczak et al 2021).

1.3 - Estrés hidrico y salino

La sequia y la salinidad son los factores ambientales que mas limitan la produccidn
vegetal en los sistemas agropecuarios a nivel mundial (Medrano y Flexas, 2004; Willadino y
Camara, 2004; Billah, 2021). Debido al cambio climatico, se esperan periodos de sequia mas
largos o leves, pero con mayor frecuencia, los cuales se veran acompafiados por un incremento
en la salinizacion de tierras y la necesidad de lograr un uso mas eficiente del agua (IPCC, 2013;
IPCC, 2019).

El estrés hidrico es considerado en ecofisiologia como cualquier limitacién en el
funcionamiento dptimo de las plantas determinado por una inadecuada disponibilidad de agua,
lo cual provoca estrés osmotico en la planta (Medrano y Flexas, 2004). Mientras que el estrés
salino esta relacionado con cantidades excesivas de sales solubles en la zona de la raiz que
inducen estrés osmoético, desequilibrio de nutrientes y toxicidad idnica en la planta en
crecimiento (Munns y Tester, 2008; Flowers y Colmer, 2015).

La sequiay la salinidad comparten el estrés osmético como factor en comun (Bray, 1997;
Billah et al., 2021; Ludwiczak et al 2021). En una primera fase, la salinidad del suelo produce
estrés osmotico en la planta por el efecto de la sal en la proximidad de las raices (Munns, 2002).
Esto, al igual que en la sequia, determina en cuestién de minutos a horas, una pérdida de
volumen y turgencia celular, ademas del cierre de estomas con la consecuente reducciéon en la
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fotosintesis y la tasa de elongacion celular de hojas y raices, viéndose alterado el metabolismo
del carbono (Munns y Tester 2008; Chaves, et al 2009). La respuesta fotosintética a la sequia 'y
la salinidad es compleja, dado que produce limitaciones a diferentes niveles (célula / hoja) y en
diferentes escalas de tiempo segun el desarrollo de la planta. La intensidad, duracién y tasa de
progresion del estrés determinara las respuestas de las plantas y la activacion de mecanismos
de mitigacién relacionados con la aclimatacion de las diferentes especies (Chaves et al., 2009;
Billah et al., 2021; Ludwiczak et al 2021).

Si el estrés persiste durante varios dias, se reduce la expansion y la divisién celular,
determinando una menor tasa de elongacidn y aparicion foliar (TEF y TAH) (van Loo, 1992;
Thomas, et al., 1999; Munns, 2002; Taleisnik et al., 2009; Hessini, et al., 2009; Cyriac, et al., 2018;
Ludwiczak et al 2021); viéndose el crecimiento aéreo mas afectado que el radicular (Munns y
Tester, 2008). Estas reacciones estan asociadas a cambios en la relacién hidrica de las células y
no a la toxicidad de las sales (Munns, 2002; Hasegawa, 2013; Ludwiczak et al 2021). Las plantas
activan mecanismos para recuperar el equilibrio osmético con solutos inorgdnicos y orgdnicos,
asi como mecanismos para controlar el estrés oxidativo, lo que determina su adaptacién a las
condiciones de sequia y salinidad (Taleisnik et al., 2009; Hasegawa, 2013; Acosta Motos et al.,
2017; Carrizo et al., 2021; Ghafar et al., 2021). La acumulacion de Na* y Cl secuestrados en la
vacuola de hojas o raices puede ayudar a restablecer el balance osmdtico por ser solutos
inorganicos de bajo costo energético (Munns, 2002; Hasegawa, 2013), mientras que la
acumulacién de K* y de solutos orgdnicos, especialmente prolina y glicina-betaina, se
conectarian en el citoplasma y los organulos, equilibrando la presiéon osmatica de los iones en la
vacuola (Munns, 2002; Carillo et al., 2008; Szabados y Savoure, 2010; Acosta Motos et al., 2017;
Ghafar et al.,, 2021). La prolina se acumula en respuesta a distintas situaciones de estrés
ambiental y se ha asociado con funciones tanto de osmorregulacion como de osmoproteccion
(Szabados y Savoure, 2010; Acosta Motos et al., 2017; Frimpong et al., 2021; Vasilakoglou et al.,
2021; Alvarez et al., 2022).

En una segunda fase, la salinidad puede producir desequilibrio nutricional y toxicidad en
la planta, cuando altas concentraciones de Na* y ClI" superan la capacidad de la célula para
compartimentalizar estos iones en la vacuola (Flowers y Colmer, 2015; Acosta Motos et al., 2017;
Geilfus, 2018; Billah et al., 2021). Esto puede observarse al cabo de algunos dias con la aparicion
de lesiones en las hojas adultas, por ser las hojas que han estado transpirando durante mas
tiempo y acumulan, en consecuencia, mas Na*y CI' (Munns, 2002; Ondrasek et al., 2021).

Si el estrés hidrico y salino persiste durante semanas, se registra una reduccion en el
follaje a través de cambios en la anatomia celular, resultando en hojas mds pequefias y gruesas
(menor AFE), acompafiado por un menor tamafio y densidad de macollos (van Loo, 1992;
Durand, et al.,, 1997; Turner et al., 2012; Cyriac, et al., 2018; Carrizo et al., 2021). El estrés
prolongado inhibe funciones enzimdticas, destruyendo el aparato fotosintético debido a la alta
produccién de especies reactivas de oxigeno en los fotosistemas, afectando severamente el
crecimiento (Ghafar et al., 2021). Ademas, ambos tipos de estrés pueden inducir la senescencia
prematura de hojas adultas, reduciendo la superficie transpirable y favoreciendo la movilizacion
de nutrientes a nuevas hojas en crecimiento (Sade, et al 2018); si bien este proceso se da de
forma anticipada frente a estrés salino, debido a que la acumulacidn de iones tdxicos determina
la aparicion mas temprana de estrés oxidativo (Munns, 2002; Acosta Motos et al., 2017). En
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consecuencia, si el estrés hidrico o salino se prolonga durante meses, la supervivencia en
gramineas perennes dependerd de la tasa de senescencia de hojas adultas y de la tasa de
crecimiento de las nuevas hojas, dado que el estado reproductivo puede verse afectado,
alterando la floracién y la produccién de semillas, y llegando a morir la planta antes de producir
semillas (Munns, 2002; Sade et al., 2018).

2 - PARAMETROS DIRECTOS E INDIRECTOS PARA MEDIR EL ESTRES
2.1 - Produccion de biomasa, morfogénesis foliar y estructura del canopeo.

La tolerancia a la sequia y la salinidad pueden variar segun la intensidad y la duracién
del estrés, asi como segun el genotipo y el estado fenoldgico de las plantas (Bray, 1997; Medrano
y Flexas, 2004; Munns, 2002; Chaves et al., 2009; Acosta Motos et al., 2017; Ludwiczak et al
2021). Los programas de mejoramiento de forrajes buscan incrementar la produccion de
biomasa aérea, asi como su tolerancia a la sequia y la salinidad. Para ello, es necesario conocer
los procesos de crecimiento y desarrollo de gramineas forrajeras perennes, los cuales pueden
ser explicados a través de la morfogénesis foliar (Chapman y Lemaire, 1993; Agnusdei, et al,;
2015; Gastal y Lemaire, 2015; Chapman, 2016; Oliveira et al., 2020). Las caracteristicas
principales de la morfogénesis foliar pueden describirse mediante la tasa de elongacion foliar
(TEF), la tasa de aparicion de hojas (TAH) y la longevidad o duracion de vida media foliar (VMF).
A su vez, la combinacidn de estas caracteristicas morfogenéticas determina la estructura del
canopeo, conformado por la densidad de macollos por planta, y el tamafio y nimero de hojas
por macollo (Figura 2); estableciendo la superficie fotosintéticamente activa y con ello la
capacidad de intercepcién de la radiacién, el indice de area foliar y el crecimiento del forraje
(Chapman y Lemaire, 1993; Gastal y Lemaire, 2015; Chapman, 2016; Oliveira et al., 2020).

FACTORES AMBIENT, -

pO®
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Figura 2: Variables morfogenéticas (TEF, TAH, VMF) y estructurales del canopeo (LH, D, N°H)

determinantes del indice de area foliar y el crecimiento del forraje en gramineas perennes
(adaptado de Chapman y Lemaire, 1993; Gastal y Lemaire, 2015).
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Las variables morfogenéticas se hallan genéticamente determinadas (Chapman vy
Lemaire, 1993), y se han encontrado diferencias intraespecificas, asi como diferencias debidas
al estado de desarrollo de la planta (Borrajo, 1998; Gastal, Bélanger y Lemaire, 1992; Chapman,
2016; Oliveira et al., 2020; Ludwiczak et al 2021). Sin embargo, la expresién genética se ve
modificada por factores ambientales como la temperatura, la disponibilidad de nutrientes
(Gastal, Bélanger y Lemaire, 1992; Bélanger et al 1992; Chapman y Lemaire, 1993; Borrajo, 1998;
Chapman, 2016; Errecart et al 2020), la sequia (van Loo, 1992; Thomas et al.,1999; Cyriac, et al.,
2018; Errecart et al 2020; Carrizo et al., 2021) o la salinidad (Munns, 2002; Taleisnik et al., 2009;
Ludwiczak et al 2021) e incluso el manejo del forraje (Gastal y Lemaire, 2015; Chapman, 2016;
Oliveira et al., 2020), limitando el tamafio foliar y el macollaje, y en consecuencia el crecimiento
del forraje (Chapman y Lemaire, 1993; Taleisnik et al., 2009; Gastal y Lemaire, 2015; Chapman,
2016; Cyriac, et al., 2018; Errecart et al 2020; Carrizo et al., 2021).

2.2 - Fotosintesis, is6topos estables de carbono y eficiencia de uso del agua.

El estrés osmadtico determina una menor conductancia estomatica con cierre parcial o
total de estomas, minimizando las pérdidas de agua por transpiracién, y limitando el
intercambio de gases y la fotosintesis (Chaves et al., 2009). La respuesta fotosintética al estrés
por sequia y salinidad es muy compleja y puede verse afectada por distintas causas,
especialmente la duracion e intensidad del mismo.

En general, en una primera instancia, se produce la restriccidon en la difusion de CO,
hacia el cloroplasto a través de limitaciones en la apertura estomatica y en el transporte de CO,
del meséfilo, determinando una menor concentracién de CO; del cloroplasto y la reduccién de
la tasa fotosintética (Medrano y Flexas, 2004; Chaves et al., 2009; Flexas et al., 2013; Morales et
al.,, 2020; Ma et al., 2021). Si el estrés persiste, se produciran alteraciones en la capacidad
fotoquimica de la hoja (tasa de transporte de electrones), en el metabolismo del carbono
(actividad de las enzimas del ciclo de Calvin), y llevara a la aparicion de especies reactivas de
oxigeno (Medrano y Flexas, 2004; Chaves et al., 2009; Morales et al., 2020).

La composicidn de isétopos estables de carbono 12C, 13C (§3C) en la materia seca pueden
ayudar a comprender mejor el metabolismo del carbono de las plantas bajo estrés abiodtico
(Mateo et al., 2004; Yousfi, et al., 2012; Araus, et al.,, 2013; Sadagat Shah et al., 2020;
Vasilakoglou, et al 2021). Las plantas discriminan contra el isétopo de carbono més pesado (*3C)
durante la fotosintesis (C3-Rubisco), y la discriminacion depende de la proporcion de CO»
intracelular a atmosférico en los drganos fotosintéticos, la cual varia con la conductancia
estomatica y la capacidad fotosintética intrinseca de la planta C3 (Farquhar et al 1989). La §3C
proporciona informacion sobre la eficiencia de uso del agua de la hoja a largo plazo (EUAI = A/E,
fotosintesis/tasa de transpiracién), y 8613C se correlaciona con la EUAI y el rendimiento en el
cultivo C3 (Farquhar et al 1989; Rebetzke et al., 2002; Condon et al., 2004; Araus, et al., 2013;
Zhu et al., 2008; Vasilakoglou, et al 2021). Por ello, el uso de 8§ 3C podria ser un indicador
adecuado para seleccionar genotipos con mayor tolerancia al estrés en cultivos C3 (Rebetzke et
al., 2002; Condon et al., 2004; Zhu et al., 2008; Yousfi, et al., 2012; Sadagat Shah et al., 2020;
Vasilakoglou, et al 2021). Ademas, & 3C tiene la ventaja de exhibir una mayor heredabilidad en
sentido amplio que el rendimiento y/o la biomasa, por lo que puede resultar util como
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herramienta de selecciéon de genotipos en los programas de mejoramiento (Rebetzke et al.,
2002; Condon et al., 2004; Araus, et al., 2013).

La discriminacién de isétopos de carbono proporciona un medio poderoso para mejorar
la eficiencia de uso del agua intrinseca de la hoja (EUAIi = A/E, fotosintesis/tasa de transpiracion),
pero la experiencia ha demostrado que no siempre se traduce en una mayor EUA de la biomasa
(EUA = biomasa total /ETP) o en una mayor EUA del rendimiento en grano (EUAy = rendimiento
de grano/ETP, donde esta involucrada la particidn al destino cosechado), ya que cada estimacion
de la EUA puede cambiar dependiendo de cdmo varie la disponibilidad de agua durante el ciclo
de cultivo (Condon et al. 2004; Tambussi et al., 2007; Araus, et al., 2013). En cultivos creciendo
en condiciones mediterraneas con estrés hidrico moderado o nulo (con precipitaciones durante
su ciclo), se encuentra una correlacidon negativa entre el §3C y el rendimiento de grano de
gramineas C3 anuales (Yousfi, et al., 2012; Araus, et al., 2013; Vasilakoglou, et al 2021), mientras
que en cultivos creciendo en condiciones mas estresantes, que dependen del agua almacenada
en el suelo (como en algunas regiones de Australia), un alto §3C se ha utilizado como un rasgo
de seleccién para una mayor EUAI, asociada a un mayor rendimiento de grano (Rebetzke et al.
2002; Condon et al. 2004; Zhu et al., 2008).

2.3 — Conductividad eléctrica, concentraciéon de K*, Na*, Cl"y relaciéon Na*/K".

Las condiciones de salinidad pueden ser evaluadas a través de la conductividad eléctrica
(CE), dado que la CE esta directamente relacionada con la concentracién de sales solubles tanto
en el agua como en el suelo (Cobertera, 1993; Willadino y Camara, 2004). La sal mas abundante
en la tierra es el NaCl (Flowers y Colmer, 2015) y entre los iones tdxicos, el exceso de sodio (Na*)
tiene los efectos mas adversos sobre el suelo (desestabilizacién de la estructura, pérdida de
porosidad e infiltracidn, saturacion de la capacidad de intercambio catidnico, etc.), asi como
sobre el metabolismo de las plantas (Willadino y Camara, 2004; Ondrasek et al 2021).

Los iones Na* y ClI" son micronutrientes esenciales para el crecimiento de las plantas, y
en condiciones salinas y dependiendo de las especies, la acumulacion de Na*y Cl" secuestrados
en la vacuola de hojas o raices puede ayudar a mantener el balance osmdtico por ser solutos
inorgdanicos de bajo costo energético (Munns, 2002; Hasegawa, 2013; Flowers y Colmer, 2015;
Rosales et al., 2020). Sin embargo, cuando las concentraciones de Na*y Cl" superan la capacidad
de la célula para compartimentalizar estos iones en la vacuola, se ve afectado el metabolismo
celular, produciendo desequilibrio nutricional y toxicidad en la planta (Munns, 2002; Flowers y
Colmer, 2015; Acosta Motos et al., 2017; Geilfus, 2018; Ondrasek et al., 2021).

En suelos salinos, la alta concentraciéon de Cl" en el suelo y la entrada pasiva de Cl" en las
células de la raiz, determinan una rapida acumulacién en los brotes; donde el CI" es acumulado
en la vacuola para mantener baja la concentracion citosédlica y evitar los niveles téxicos que
reduciran la capacidad fotosintética, el crecimiento y el rendimiento (Munns, 2002; Geilfus,
2018; Ondrasek et al 2021). Ademas, la falta de selectividad por el nitrato o el fosfato sobre el
Cl puede conducir a una absorcion reducida de nitrégeno o fosforo cuando las concentraciones
externas de Cl son excesivas (Geilfus, 2018). Sin embargo, estudios recientes han encontrado
que cuando el Cl se acumula a niveles de macronutrientes en los tejidos vegetales, en vez de
perjudicar la nutricion de N, facilita la utilizacion de NOs™ y mejora la eficiencia del uso del
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nitrégeno en algunas especies, ademas de mejorar el equilibrio hidrico de los tejidos, el
rendimiento fotosintético, y la eficiencia en el uso del agua (Rosales et al., 2020).

La salinidad excesiva de NaCl aumenta inicialmente la concentracién de Na* en las raices
(Ondrasek et al 2021). A continuacién, el sodio transportado por la corriente transpiratoria se
acumula en las hojas a medida que el agua se evapora, y por ello, las hojas mas viejas acumulan
mas Na* y son las que presentan los primeros sintomas de toxicidad (Munns, 2002; Munns y
Tester 2008). En general, se sabe que concentraciones de Na* citoplasmatico superiores a 100
mM empiezan a inhibir el funcionamiento de enzimas alterando el metabolismo de las plantas
(Munns, 2002). A esto se suma el desbalance nutricional ocasionado por la sobreacumulacion
de Na* que puede inducir proporciones extremadamente bajas de K*, Ca**, Mg?* y algunos otros
nutrientes (Ondrasek et al., 2021).

Mantener una baja relacién Na*/K* foliar en condiciones de estrés salino es fundamental
para multiples procesos relacionados con el rendimiento fotosintético, y en consecuencia
mantener el crecimiento (Ondrasek et al.,, 2021). La absorcién de potasio (K*) se ve
negativamente afectada a altas concentraciones de Na* en el suelo, debido a sus propiedades
fisicoquimicas similares, el Na* compite con el K* en la absorcion por las plantas (transportadores
de potasio de alta afinidad y en los canales de cationes no selectivos). Ademas, el Na* causa la
despolarizacién de la membrana alterando el funcionamiento de los canales de entrada y salida
de K* (Wakeel, 2013). La capacidad de mantener bajas concentraciones de Na* y altas
concentraciones de K* en las hojas se correlaciona con la tolerancia a la sal en gramineas y otras
especies (Colmer et al., 2006; Ondrasek et al 2021). Una proporcion éptima de Na*/K* es vital
para activar las reacciones enzimaticas, dado que muchas enzimas requieren K* como cofactor,
pudiendo verse afectados procesos fundamentales del crecimiento y desarrollo de las plantas
(Hasegawa, 2013; Wakeel, 2013; Ondrasek et al., 2021). Por ello es importante conocer la
concentracién de K*, Na* y CI en las hojas, pero mas importante parece ser estimar la relacion
Na*/K* (Ondrasek et al., 2021).

2.4 — Nitrégeno e is6topo estable de nitrégeno.

El nitrégeno (N) es el macronutriente principal para la sintesis de acidos nucleicos y
aminodcidos. A su vez, los aminodcidos forman las proteinas y enzimas, esenciales en los
procesos de fotosintesis, crecimiento y desarrollo de las plantas. Las raices absorben el
nitrégeno del suelo en forma de amonio (NH4*) o mayoritariamente como nitrato (NOs’), el cual
puede ser reducido a NH4* en dos reacciones consecutivas catalizadas por las enzimas nitrato
reductasa (NR, de NOs” a NOy) y nitrito reductasa (NiR, de NO; a NH,*). El nitrégeno en forma
de NH,4* es incorporado en los aminoacidos a través de las enzimas glutamina sintetasa (GS) y
glutamato sintasa (GOGAT) en las plantas (Lamsfus et al., 2004; Gonzalez-Dugo et al., 2010). La
concentracién de N puede verse reducida por el déficit hidrico del suelo, debido a que la
corriente de transpiracion afecta en gran medida la disponibilidad de N mineral en la rizosfera
del suelo, ademas de la asimilacion de N en la planta (Gonzalez-Dugo et al 2010). Esta reduccion
en la concentracién de N en la planta estd asociada a la actividad enzimatica de NR, NiR, GS y
GOGAT, la cual puede variar segun la especie y su tolerancia a la sequia o salinidad (Mansour
2000; Yousfi et al., 2012; Sadaqgat Shah et al., 2020).
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El metabolismo del N esta directamente asociado a la composicién del isdtopo estable
de N, >N (8*°N). En diferentes estudios sobre gramineas anuales el 8N se ha considerado un
criterio clave para diferenciar entre los genotipos tolerantes y susceptibles a la sequia y/o la
salinidad (Yousfi et al., 2012; Sadaqgat Shah et al., 2020), mostrando §*°N una heredabilidad en
sentido amplio mayor que el rendimiento (Araus, et al., 2013). Bajo dichos estreses, la menor
actividad de las enzimas nitrato reductasa (NR) y glutamina sintetasa (GS) podrian ser los
procesos mas importantes que limiten la acumulaciéon de N y del 8°N (Yousfi et al., 2012;
Sadaqgat Shah et al., 2020). Sin embargo, en algunas plantas expuestas al estrés por salinidad se
han encontrado acumulaciones de compuestos que contienen nitrégeno, estando presentes en
funciones relacionadas con el ajuste osmético, la proteccion de macromoléculas celulares, la
forma de almacenamiento de nitrégeno, el mantenimiento del pH celular, la detoxificacién de
las células, y la eliminacidn de radicales libres (Mansour 2000; Ghafar et al., 2021). En trigo, los
principales compuestos protectores contra el estrés salino son los metabolitos prolina y glicina
betaina. La prolina se encuentra especialmente en los tejidos mas viejos desde el inicio del estrés
y estd asociada con nitrato reductasa (NR) con alto contenido de nitrato, mientras que la glicina
betaina esta asociada con glutamato sintasa (GOGAT) en las hojas mas jévenes de plantas ante
estrés prolongado (Carillo et al., 2008).

2.5 — Prolina libre:

La prolina es un aminodcido multifuncional que se acumula en diversas especies de
plantas en respuesta al estrés ambiental, con funciones relacionadas con la presién osmética, el
estado energético, la disponibilidad de nutrientes y los cambios en el equilibrio redox (Szabados
y Savoure, 2010; Bhaskara et al., 2015; Frimpong et al., 2021; Ghafar et al., 2021; Vasilakoglou
et al.,, 2021; Alvarez et al., 2022). Los primeros estudios sugerian que la capacidad de acumular
prolina estaria relacionada con el ajuste osmdtico intracelular y la tolerancia a la sal,
reportandose como el principal aminoacido en plantas haldfitas (Stewart y Lee, 1974). En
gramineas, estudios posteriores mostraron que la prolina se puede acumular a altos niveles en
plantas estresadas por sequia (Bhaskara et al., 2015; Ghafar et al.,, 2021) o salinidad
(Vasilakoglou et al., 2021), y contribuir a aliviar los efectos de la deshidratacién celular y tisular.
Nuevos estudios remarcan la importancia del metabolismo, el recambio y el aumento de la tasa
de biosintesis de prolina, en lugar de tener en cuenta Unicamente la acumulacién de prolina
como el factor mas importante para la adaptacion al estrés, con funciones en la estabilizacién
del equilibrio redox y el mantenimiento de la homeostasis celular (Szabados y Savoure, 2010;
Bhaskara et al 2015; Ghafar et al., 2021; Alvarez et al., 2022)

La prolina se sintetiza en el citosol a partir del glutamato por medio de las enzimas
pirrolina-5-carboxilato sintetasa y pirrolina-5-carboxilato reductasa, y en condiciones de estrés
se sintetiza principalmente en el cloroplasto (Szabados y Savouré, 2010; Alvarez et al., 2022). La
degradacion de prolina ocurre en las mitocondrias, donde es oxidada a glutamato a través de la
accion de la prolina deshidrogenasa y la pirrolina-5-carboxilato deshidrogenasa; aunque durante
el estrés el catabolismo de prolina se suprime en el tejido fotosintético (Szabados y Savouré,
2010; Zheng et al., 2021; Alvarez et al., 2022). Estudios en cebada, demuestran que el aumento
de la concentracion de prolina mejora la tolerancia a la sal regulando las enzimas protectoras
del estrés y reduciendo la oxidacidn de las membranas lipidicas, ademds de su papel
fundamental como osmorregulador (Vasilakoglou et al., 2021). Estudios en trigo creciendo en
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condiciones salinas, con alto contenido de nitrato, atribuyen a la prolina mas del 39% del ajuste
osmotico citoplasmatico de las hojas viejas; resaltando que la acumulacién de prolina depende
del nitrégeno disponible y puede ofrecer una ventaja importante porque puede ser
metabolizada para permitir la reasignacién de energia, carbono y nitrégeno desde las hojas mas
viejas a los tejidos mas jévenes (Carillo et al., 2008). Ademads, se ha encontrado en cereales
sometidos a sequia, que la prolina se acumula mas en espigas que en hojas permaneciendo mas
tiempo fotosintéticamente activas y manteniendo la eficiencia en el uso del agua, lo que mejora
la etapa de llenado de grano y el rendimiento del cultivo (Frimpong et al., 2021). En sintesis, los
estudios mas recientes han demostrado que la prolina tiene funciones importantes en la
regulacién del equilibrio redox y el estado energético, donde la interconversién de prolina y
glutamato transporta el poder reductor entre los compartimentos celulares, especialmente
entre las mitocondrias y el citosol (Zheng et al., 2021).

La amplia variacion natural en la acumulacion de prolina indica que el nivel dptimo de
acumulaciéon de prolina depende de la especie y el genotipo (Szabados y Savouré, 2010;
Bhaskara et al., 2015; Alvarez et al., 2022), lo que plantea la necesidad de evaluar prolina libre
en el germoplasma de la especie de estudio ante la distinta duracién y tipo de estrés ambiental
al que se puede ver sometido.

3 — ESPECIE EN ESTUDIO: “AGROPIRO ALARGADO".
3.1 — Caracteristicas de la especie.

Elymus elongatus (Host) Runemark subsp. ponticus (Podp.) Melderis es sindnimo de
Thinopyrum ponticum (Podp.) Barkworth y D.R. Dewey, y ha sido mencionada anteriormente en
la literatura como Agropyron elongatum (Host) P. Beauv., Elytrigia elongata (Host) Nevski,
Elytrigia elongata subsp. pontica (Podp.) Gamisans, Elytrigia pontica (Podp) Holub, Triticum
elongatum (Host) D.R. Dewey, Lophopyrum elongatum (Host) A. Love, Lophopyrum ponticum
(Podp.) A. Love, y Triticum ponticum Podp. (Melderis, 1980; McGuire & Dvoak, 1981; Barkworth
& Dewey, 1985; Darbyshire, 1997; Colmer et al., 2006; Arterburn et al., 2011). Es conocida con
el nombre comun en castellano de “agropiro alargado” y en lengua inglesa como “tall
wheatgrass” o “decaploid wheatgrass”.

Agropiro alargado es una especie originaria de habitats secos o salinos del sureste
europeo (Melderis, 1980) y Asia Menor (Tiryaki, et al 2021). Pertenece a la familia de las
Poaceae, subfamilia de las Festucoideae, tribu de las Triticeae, y se trata de una graminea
alégama, decaploide (2n = 10x = 70), que se supone se formo por hibridacién natural a partir de
otras especies y después se autoduplicé, dando lugar a un auto-alopoliploide (Colmer et al.,
2006; Arterburn et al., 2011).

El agropiro alargado es una graminea perenne, cespitosa, con fotosistema C3, que ha
sido identificada como una forrajera tolerante a la sal (McGuire y Dvoak, 1981; Mass, 1986;
Colmer et al., 2006; Arterburn et al., 2011). Es por ello utilizada y muy valorada como forrajera
en ambientes con limitaciones climato-edaficas en diversas partes del mundo, como Argentina
(Mazzanti et al., 1992; Otondo, et al., 2019), EEUU y Canada (Darbyshire, 1997; Scheinost, 2008),
Nueva Zelanda y Australia (Smith, 1996; Bleby et al., 1997; Bennett et al., 2009), y algunas
regiones del norte de Europa y Asia Central (Csete, et al., 2011). En los sistemas ganaderos es
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utilizada para pastoreo directo por el ganado vacuno, o para corte y confeccidon de reservas
forrajeras como heno o silaje (Mazzanti et al., 1992; Smith, 1996; Scheinost, 2008; Otondo, et
al., 2019).

Ademas, el agropiro alargado posee un gran potencial para ser utilizado como especie
fitorremediadora de suelos salinos y/o sddicos (Bleby et al., 1997; Diaz y Grattan, 2009; Casas,
2018; Kopecky et al., 2021). Esta especie también presenta potencial para ser utilizada como
productora de biomasa para hacer biocombustible en ambientes marginales (Csete et al., 2011;
Falasca et al., 2017; Cira et al., 2020). Sin embargo, desde hace algunos afios, ha cobrado mayor
importancia su parentesco con el trigo y la posibilidad de ceder genes para mejorar la tolerancia
a estrés abidtico, como la salinidad y la sequia, y frente a estrés bidtico, como la resistencia a
enfermedades, e incluso para mejorar la calidad del grano (McGuire y Dvoak, 1981; Li y Zhang,
2002; Colmer, et al., 2006; Li y Wang, 2009; Peng et al 2009; Ceoloni, et al., 2014; 2017,
Klimushina, et al., 2020).

3.2 - Introduccidn, dispersion y uso en Argentina.

El agropiro alargado fue introducido en Argentina en la década de los 50’ a partir de
germoplasma proveniente de los Estados Unidos de Norte América, como forrajera para la
ganaderia extensiva de regiones semidridas (Covas, 1985) y templado himedas con problemas
de salinidad, alcalinidad, anegamiento invernal o sequias estivales (Mazzanti et al., 1992). Por
su rusticidad y plasticidad se ha difundido como la principal forrajera perenne sembrada en un
millén de hectdreas de suelos hidro-halomérficos de la Cuenca del Salado Pampeana, zona que
mantiene el mayor rodeo de cria bovina del pais, triplicando la produccion de forraje en
comparacion con el pastizal natural (Otondo et al., 2019).

La utilizaciéon de praderas de agropiro alargado ha permitido disminuir la erosiéon y
producir forraje, brindando una herramienta a productores de ambientes restrictivos, para
conseguir un sistema ganadero sustentable. La siembra de agropiro en suelos salinizados de la
Pampa Argentina ha logrado una recuperacion parcial de los mismos, mejorando la calidad del
suelo a través del aumento de la materia organica y la disminucién de la conductividad eléctrica,
el pH y el porcentaje de sodio intercambiable a una profundidad de 0-15 cm del suelo (Casas,
2018). Ademas, teniendo en cuenta las zonas agroclimaticas de Argentina podria ser cultivado
en condiciones de secano como planta forrajera y/o biocombustible en un millén de km? de
tierras marginales (Falasca et al., 2017).

En pasturas de gramineas forrajeras es fundamental el manejo del pastoreo
considerando la morfogénesis foliar y la induccidn floral de cada especie para poder realizar un
uso eficiente de los recursos (Chapman y Lemaire, 1993; Romera et al., 2012; Agnusdei, et al.;
2015; Gastal y Lemaire, 2015; Chapman, 2016; Oliveira et al., 2020). El estudio de la
morfogénesis foliar a nivel intraespecifico en agropiro mostré diferencias en la TEF entre
materiales genéticos (Borrajo y Alonso 2014a), y en valores de duracion de vida foliar (VMF),
que expresada en tiempo térmico fue de 450°C +50°C/hoja (considerando una temperatura base
de 4°C, Borrajo y Alonso 2014b). Estas variables morfogenéticas definen el nimero maximo de
vivas por macollo, que fue similar entre materiales genéticos de agropiro (3,5 0,2
hojas/macollo, Borrajo y Alonso 2014b), y determina los tiempos de pastoreo, dado que antes
de que la cuarta hoja se desarrolle completamente comienza la senescencia de la mas vieja, de
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manera que, para minimizar la senescencia foliar, y con ello la calidad de la pastura, el animal
debe pastorear con una frecuencia de 3 hojas (Otondo et al., 2019). La tasa de aparicién de hojas
(TAH) determina el potencial de produccidn de macollos (“tiller site”), ya que cada hoja tiene en
su axila una yema caulinar que podra desarrollarse (“site filling”) dependiendo del genotipo y el
ambiente (Borrajo y Alonso, 2015). Mantener una alta TAH y densidad de macollos es clave para
lograr una pastura que crezca con calidad (Alonso et al., 2000; Romera et al., 2012) y para lograr
la perennidad del recurso. En primavera, la induccion floral de algunos macollos por planta
produce la dominancia apical de sus dpices en detrimento de los macollos vegetativos de menor
tamanio, llegando a determinar la muerte de los mismos y la removilizacién de nutrientes a
destinos reproductivos (Borrajo, 1998; Otondo et al, 2019). Ademds, en agropiro
especialmente, los macollos florecidos forman tallos lignificados y poco digeribles que limitan el
pastoreo y disminuyen la calidad de la pastura (Fernandez, 2000; Borrajo et al., 2001). Por ello,
el punto clave del manejo de agropiro es evitar la floracién, lo cual se puede conseguir por corte
o pastoreo de los dpices en elongacién para eliminar el desarrollo reproductivo y mantener la
pastura produciendo hojas y macollos con alta calidad nutritiva (Romera et al., 2012; Otondo et
al., 2019).

La transferencia de germoplasma exdtico a condiciones ambientales nuevas promueve
la formacion de ecotipos a través de la seleccion natural y la multiplicacion del material
sobreviviente (Rodriguez, 1983; Pfennig et al., 2010). Los estudios de poliploides naturales
sugieren que las modificaciones epigenéticas pueden alterar la expresién de genes homélogos
y reprogramar los mecanismos que regulan la expresién de los genes, lo que permitiria que los
poliploides establezcan nuevos citotipos, crezcan vigorosamente y promuevan la adaptacién en
entornos locales (Song y Chen, 2015). Es de esperar que esto haya sucedido con el agropiro
alargado (auto-alodecaploide) en Argentina, dado que actualmente se encuentra naturalizado,
creciendo espontaneamente en pastizales y banquinas en diferentes ambientes, desde
templado-humedos de la Depresidn del Salado hasta semiaridos de la Patagonia Argentina
(Alonso y Borrajo, 2007; BAL 2018, Figura 3).
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Referencias:

Division politica- Provincas
Climas
| Ando Andino Punero

| A de las Saras y Bolsones

A Patagdnico
[ Frio Antatico

F. Himedo do la Cadilera

Mogaldnico

Nival

Semidrido

| Tomplado de Transiadn

T. Ocadnico.

» Bl 7. Pampeano
T. Sarrano.
| Tropical con Estacidn Seca
Tr. Serrano
Tr. sin Estracion Seca
0 600 km ® Sitiodecoleccion

Figura 3: Mapa con zonas climaticas de la Republica Argentina (INTA 1996) y sitios de coleccion
de germoplasma de agropiro alargado (67 poblaciones). Datos del Banco de Germoplasma BAL
de INTA, Argentina.

A diferencia del germoplasma domesticado, las poblaciones silvestres contintan
evolucionando sujetas a la seleccién natural en respuesta a factores de estrés ambiental,
herbivoria, ataque de patdgenos, y competencia intraespecifica o interespecifica, para
adaptarse y sobrevivir al entorno ante un clima cambiante (Renzi et al., 2022). El mejoramiento
genético de una especie depende de la variacién genética existente en el germoplasma
disponible, y resulta mas eficiente cuando se utilizan materiales adaptados al ambiente en el
que se va a utilizar (Harlan, 1983). En el germoplasma recolectado en la Regidn Pampeana
Argentina, los estudios de caracterizacidn inicial en planta aislada indicaron la existencia de
variabilidad entre poblaciones en caracteres de interés agrondmico (Borrajo et al., 1997; Borrajo
et al., 1998; Alonso y Borrajo, 2007; Pistorale et al., 2008). En dichos estudios, se encontraron
altos valores de heredabilidad en sentido amplio (H? o GDG: grado de determinacién genética)
en caracteres como peso de semilla (H?: 0,86) y nimero de hojas por macollo (H?: 0,84), valores
intermedios en nimero de macollos (H?: 0,55) y produccién de biomasa (H?: 0,55), y bajos en la
longitud y ancho foliar (H% < 0,20), en germoplasma de agropiro proveniente de ambientes con
diferente calidad del suelo y clima templado himedos de la regién pampeana (Alonso et al.,
1997; Borrajo, 1999; Pistorale et al., 2008). Posteriormente, la evaluacion en cultivo denso en
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diferentes experiencias con agropiro, mostré variabilidad intra-especifica en las estrategias de
crecimiento determinadas por variables morfogenéticas, estructurales y productivas (Borrajo,
1998; Borrajo y Alonso, 2002; 2004; 2014a; 2014b; 2015) en la composicidn de tejidos y la
calidad nutritiva para diferentes estados fenoldgicos (Alonso et al., 2000; Fernandez, 2000;
Borrajo et al., 2001; Otondo et al., 2019), y en el rendimiento y dormicién de semillas (Borrajo
et al.,, 1998; Borrajo y Alonso, 2001; Cardoso et al., 2007). También se han encontrado
diferencias en caracteres agrondmicos (emergencia de plantulas, macollaje inicial, supervivencia
de plantulas, tamafio foliar, densidad de macollos, produccidon de biomasa) al comparar el
comportamiento de los materiales genéticos en la tolerancia a suelos salino-alcalinos frente a
suelos agricolas (Borrajo y Alonso, 2002; 2004), pero no se ha profundizado en los mecanismos
fisiolégicos, bioquimicos o isotépicos que determinan esas diferencias, ni en la heredabilidad de
esos caracteres.

De hecho, en una situacidon en la que las condiciones climaticas son cada vez mas
extremas debido al cambio climdtico, y en las que la productividad agricola se vera
comprometida en un futuro relativamente cercano, son necesarios mas estudios que arrojen luz
sobre la capacidad de agropiro para adaptarse o aclimatarse a dichas condiciones.

3.3 — Antecedentes de estrés hidrico y/o salino en Agropiro alargado.

A pesar de que el agropiro alargado se ha posicionado como una especie muy tolerante
a la salinidad (McGuire y Dvoak, 1981; Maas, 1986), son escasos los estudios que evaltan la
variabilidad intra-especifica que pueda existir, asi como los mecanismos que en ella actian entre
diferentes genotipos. Bhuiyan et al. (2017) demostraron que la tolerancia a la salinidad en
agropiro alargado se correlacionaba negativamente con la concentracién de Na* y CI en el
forraje. A su vez, se encontré que los mecanismos que actlan en agropiro ante la salinidad
podrian estar asociados a incrementos de prolina y de azlcares solubles que contribuirian a la
osmorregulacién (Shannon et al., 1978), ademds de la restriccién en la acumulacién de Na*, Ca%*
y CI" en brotes (Johnson, 1991; Bhuiyan et al., 2015). Esto concuerda con lo reportado por otros
autores, que encontraron mayores valores de ClI" y Na* en raices que en hojas (Bhuiyan et al.,
2017), y destacaron una mayor capacidad de absorcién y transporte selectivo de K* sobre Na*
(Guo et al., 2015). La tolerancia a la sal también se ha relacionado con la alta eficiencia en el uso
del agua y con minimas diferencias en los isdtopos estables de carbono entre distintos niveles
salinos (Johnson, 1991). Sin embargo, en otras experiencias de mayor duracién e intensidad de
estrés salino se ha reportado que el fraccionamiento de isétopos estables de carbono foliar fue
un buen indicador del estrés acumulado, aumentando 63C cuanto mayor era la salinidad (Diaz
y Grattan, 2009).

El agropiro alargado es una especie utilizada en tierras marginales de secano para
produccién de forraje y biocombustible por su alta eficiencia de uso del agua y produccion de
biomasa en comparacion con otras especies (Cira et al., 2020). La tolerancia a la sequia se ha
asociado a una reduccién del crecimiento y el tamafio foliar, pero también a la acumulacién de
altas concentraciones de prolina y proteinas del estrés que le permiten tolerar el estrés hidrico,
y al rehidratarse, recuperar su maquinaria fotosintética (Gazanchian et al., 2007). En la Tabla 1
se reunen diversos estudios realizados hasta el dia de hoy con el agropiro alargado creciendo en
condiciones de estrés salino, hidrico, o en una combinacién de ambos tipos de estrés.
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Tabla 1: Respuestas al estrés hidrico (EH) y/o salino (ES) en agropiro alargado reportadas hasta

la actualidad. Comparaciones interespecificas e intraespecificas.

Estrés Condiciones Caracteres en los que difieren Cita
- comparaciones interespecificas -

ES Plantulas, 500 mM vy 750 Mayor supervivencia entre McGuire y
mM NacCl, 26 dias. especies Dvoak, 1981

ES Plantas, umbral de Mayor supervivencia, soporta Maas, 1986
tolerancia a la salinidad hasta 7,5 dS.m™* CE

ES Plantulas-vegetativo, Mayor produccidén de forraje y Johnson,
arena, irrigada con turgencia foliar. 1991
solucion salina de -0,6 Menor acumulacion de Na*y Cl
Mpa CINa, 4 semanas . .

foliar y mayor de K*.

Menor relacion Na*/K*y, en
brotes

Minimas diferencias en isétopo
de Cy en CHR.

EHy ES Plantulas, macetas, Concentracion de Na* (+117% Bhuiyan et
. ES, +83% ESy EH). al., 2015
invernadero, 2 meses

., ) 0
Hidrico (100-90-75-60% Co:centrauon de Cl" (+41%SS,
cc) y salino (1.0-3.5-6.0 +1%ESy EH).
dsm). Concentracidn de K* (-6% ES,
+30% EH).
CHR: 92%, no varié en EH ni ES.
Fotosintesis neta (A: -35% SS,
+87% SH).

ES Vegetativo, macetas, Acumulacién mayor de NaCl en Bhuiyan et
. raiz que en brotes. al., 2017
invernadero,

32 dias. Reduccién en altura y peso de
brotes.
Rendimiento fotosintético sin
cambio por ES (contenido de
clorofila, fotosintesis, Fv/Fm,
NPQ)
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ES Vegetativo, macetas, en Reduccion de biomasa forrajera, | Diazy
invernadero durante 9 y aumenté 83C a mayor Grattan,
meses, irrigadas con salinidad. 2009
solucién salina de 0,5, 5,
10,15y 20dS /m.
ES Plantulas, cdmara, Mayor tasa de crecimiento. Guo et al.,
solucidn nutritiva (25 ? Mayor selectividad de absorcién 2015
200 mM Nacl), 7-14 dias y transporte de K* sobre Na*
EHyES En campo, las 4 Mayor eficiencia de Bleby et al.,
estaciones del afio evapotranspiracion. 1997
Mayor desarrollo radicular en
verano.
ESy Pasturas a campo, varios | Tolera moderada salinidad Bennett et
anegamiento | ciclos de crecimiento. (rango 4-8 dS/m) y tolera al., 2009
moderado anegamiento.
- comparaciones intraespecificas -
ES Plantulas, 500 mM vy 750 Supervivencia entre accesiones. | McGuirey
mM NadCl, 26 dias. Dvoak, 1981
ES Incremento ES hasta 765 Restriccion de acumulacion de Shannon,
mEg/L, en arena, en Na*y CI en brotes. 1978
invernadero .
Incremento en prolinay
azucares solubles, sin diferencias
entre lineas.
ES Germinacion en camara Diferencias en velocidad de Borrajoy
(1 mes). Emergencia e germinacién, emergencia de Alonso,
implantacién en plantulas, supervivencia, 2004
invernaculoy campo (3y | macollaje inicial, tamafio foliar,
5 meses). Suelo-sustrato densidad de macollos,
alcalino-salino vs neutro. | produccién de biomasa.
EH Estado vegetativo 14 dias | Reduccién en CHR% (-85%), Gazanchian
EH (75-50-25%cc), y 14 biomasa (-67%) y ancho foliar (- | et al., 2007

dias rehidratacion.

79%).

Incremento prolina (+ 20 veces
comparado con el control).
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Incremento de proteinas del
estrés.

EH

Tierras marginales de
secano (minimo 351
mmy/afio). Comparacion
de especies y cultivares.

Diferencias entre rendimientos
de biomasa, eficiencia en el uso
de las precipitaciones, cenizas y
concentraciones de K*, Na* y Si.

Cira et al.,
2020

EH: estrés hidrico. ES: estrés salino. %cc: porcentaje de la capacidad de campo. CHR contenido
hidrico relativo. A: tasa fotosintética neta. Fv/Fm: eficiencia maxima del Fotosistema II, §*3C: isétopo
estable de carbono 3C/*?C
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HIPOTESIS Y OBJETIVOS
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HIPOTESIS y OBJETIVOS

HIPOTESIS
OBJETIVO PRINCIPAL

OBJETIVOS ESPECIFICOS
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HIPOTESIS y OBJETIVOS

El cambio climatico, asi como la reduccion de las reservas de agua y el aumento de las
tierras salinizadas, plantean importantes limitaciones a los sistemas de produccién
agropecuarios (Billah et al., 2021). Las especies silvestres son recursos extremadamente ricos de
genes Utiles que no estan disponibles en el acervo genético cultivado (Ceoloni et al., 2017). El
agropiro alargado supera a la mayoria de las especies en tolerancia al estrés hidrico (Bleby et al.,
1997; Cira et al., 2020) y al estrés salino (McGuire y Dvoak, 1981; Maas, 1986; Colmer et al.,
2006; Bhuiyan et al., 2015; Guo et al., 2015). Por esta razon, se puede considerar al agropiro
alargado como una especie muy prometedora para contribuir a expandir la produccién de
cultivos en tierras marginales y a mitigar las consecuencias del cambio climatico en los sistemas
agropecuarios, especialmente en ambientes con limitaciones por sequia y/o salinidad. El
mejoramiento de una especie depende de la variaciéon genética existente en el germoplasma
disponible, y resulta mas eficiente cuando se utilizan materiales adaptados al ambiente en el
que se va a utilizar (Harlan, 1983).

Por lo anteriormente mencionado, se plantean en esta Tesis de Doctorado la siguiente
hipétesis de trabajo:

HIPOTESIS:

En poblaciones de agropiro alargado que provienen de origenes ambientales que contrastan en
sus caracteristicas climato-edaficas, existen diferentes comportamientos en caracteres
morfoldgicos, fisioldgicos, bioquimicos e isotdpicos que determinan distintas estrategias de
crecimiento y/o mecanismos fisioldgicos para tolerar el estrés hidrico y salino.

Para la validacion de esta hipétesis se planted el siguiente objetivo principal:
OBJETIVO PRINCIPAL:

Comprender el comportamiento de distintas poblaciones de agropiro alargado en respuesta al
estrés hidrico, salino y combinado, para detectar caracteristicas morfolégicas, agrondmicas,
fisioldgicas, bioquimicas y/o isotdpicas que permitan seleccionar el germoplasma con mayor
tolerancia al estrés hidrico y/o salino.

Para la consecucién de este objetivo, se plantearon en esta Tesis de Doctorado, los siguientes
objetivos especificos:

OBJETIVOS ESPECIFICOS:

- Evaluar el comportamiento mofo-fisiolégico de poblaciones de Elymus elongatus subsp.
ponticus (Podp.) Melderis. Frente a tres niveles de estrés hidrico de distinta intensidad.

- Estudiar la respuesta morfoldgica, fisioldgica, bioquimica, isotdpica y productiva de
poblaciones de agropiro alargado de distintos origenes frente a cinco niveles de estrés salino 'y
a periodos de estrés de diferente duracion.
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- Comparar las estrategias de crecimiento y los mecanismos fisioldgicos bajo condiciones de
sequia y salinidad en germoplasma de agropiro alargado.

- Estimar la heredabilidad en sentido amplio de cada caracter evaluado bajo condiciones de
sequia y salinidad.

- Identificar los caracteres mas efectivos para diferenciar el germoplasma mds tolerante al
estrés.
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PLANIFICACION DE ENSAYOS
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PLANIFICACION DE ENSAYOS

1 - MATERIAL EVALUADO

2 - DISENO DE EXPERIMENTOS, REGISTRO Y ANALISIS DE DATOS
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PLANIFICACION DE ENSAYOS

1 - MATERIAL EVALUADO

Las accesiones evaluadas de Elymus elongatus (Host) Runemark subsp. ponticus (Podp.)
Melderis [sinénimo de Thinopyrum ponticum (Podp.) Barkworth y D.R. Dewey] conocida con el
nombre comun de “agropiro alargado” 6 en lengua inglesa “tall wheatgrass”, corresponden a
poblaciones naturalizadas cedidas por el Banco de Germoplasma Activo de la Estacion
Experimental Agropecuaria Balcarce, perteneciente al Instituto Nacional de Tecnologia
Agropecuaria (INTA) de la Republica Argentina (BAL). Los registros de colecta del Banco de
Germoplasma mencionan que cada poblacion de agropiro alargado fue recolectada a partir de
semillas de al menos 50 plantas, las cuales se encontraban aisladas de otras poblaciones a
distancias mayores a 25 km, por condiciones topograficas y/o por cortinas arboreas. El banco de
germoplasma BAL cuenta con 67 accesiones de agropiro alargado (Figura 3). Considerando la
disponibilidad de semillas y el habitat de origen, se solicitaron 13 poblaciones naturalizadas para
iniciar los estudios (Figura 4). Tras diversas evaluaciones preliminares de poder germinativo
(Anexo 1), y considerando la cantidad de semilla disponible y necesaria para los diferentes
ensayos, se seleccionaron, para el desarrollo del presente trabajo, cuatro poblaciones
naturalizadas provenientes de diferentes origenes climato-edaficos (Figura 4; Tabla en Anexo Il).

Poblaciones de agropiro alargado (P1-P13).

Zonas Climaticas, Isotermas e Isohietas. Clima/ Templado
Suelo
Neutro P3
Salino- P9
Alcalino

Semi-Arido

P5
P4

[ ] Divisién politica- Provincias

Isctermas (°C)
8°
7-10°

%11 - 140
/N\/15-18°

19 - 22°
sohietas

100 - 400 mm

401 - 600 mm
/\/80'1 - 900 mm
Ngm - 1500 mm

1501 - 2500 mm
Climas

B s emiarido.

T. Oceanico.
T. Pampeano.

[ A. patagdnico.

o —

[ ]Templado de Transicion.

0 200 km

Figura 4: Mapa con zonas climaticas, isotermas, isohietas y sitios de coleccion de 13
poblaciones naturalizadas de agropiro alargado cedidas por el Banco de Germoplasma BAL de
INTA, Argentina (BAL, 2018). Detalle de las poblaciones seleccionadas y estudiadas en esta
Tesis de Doctorado (puntos rojos P3, P4, P5, P9 en la figura y tabla con clima/suelo del habitat
de origen).
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Previo a cada ensayo, semillas de las cuatro poblaciones fueron germinadas en camara
de crecimiento (segun las normas ISTA, 1999) y en estado de plantula trasplantadas a macetas
en un invernadero del Campus Lagoas-Marcosende de la Universidade de Vigo, donde fueron
mantenidas y seleccionadas por uniformidad (tres hojas desarrolladas) antes del inicio de la
experiencia.

2 - DISENO DE EXPERIMENTOS, REGISTRO Y ANALISIS DE DATOS

Las cuatro poblaciones seleccionadas fueron evaluadas en cuatro ensayos, en macetas,
en un invernadero del Campus Lagoas-Marcosende de la Universidade de Vigo, Espafia. En todos
los casos los ensayos se realizaron con un disefio completo al azar en bloques (BCA) y arreglo
factorial en los tratamientos. Los factores corresponden a las poblaciones naturalizadas (Pobla.
P3-P4-P5-P9), los tratamientos de estrés hidrico (EH) y/o de estrés salino (ES), (Tabla 2).

Tabla 2: Detalles de los ensayos indicando estado fenoldgico, duracidn, condiciones, unidad
experimental (U.E.) y disefio estadistico utilizado (Pobla.: poblaciones, EH: estrés hidrico, ES:
estrés salino, CC: capacidad de campo, pl: plantas; BCA: disefios en bloques completos al azar).

Estrés Ensayo: Disefio estadistico:
Hidrico - Estado vegetativo. BCA factorial 4x3 y 3 repeticiones.
(EH_35d) - 35 dias estivales (riego 2-3 dias). . Pobla: P3-P4-P5-P9
- U.E. 3 pl/maceta. . EH: 30-50-100 %CC
Salino | - Estado vegetativo. BCA factorial 4x5 y 7 repeticiones.
(ES_40d) - 40 dias otofiales (riego semanal). . Pobla: P3-P4-P5-P9
- U.E. 1 pl/maceta. . ES: 0-0,1-0,2-0,3-0,4M [NaCl] en agua.
Salino - Estado vegetativo-reproductivo. BCA factorial 4x5 y 5 repeticiones.
(ES_85d) - 85 dias primavera-estivales (riego | . Pobla: P3-P4-P5-P9
semanal). . ES: 0-0,1-0,2-0,3-0,4M [NaCl] en agua.
- U.E. 1 pl/maceta.
Hidrico x - Estado vegetativo-reproductivo. BCA factorial 4x3x3 y 5 repeticiones.
Salino - 90 dias primavera-estivales (riego . Pobla: P3-P4-P5-P9
(EhxES_90d) | semanal). _EH: 30-50-100 %CC
- U.E. 1 pl/maceta. . ES: 0-0,1-0,3M [NaCl] en agua.

En el primer ensayo de estrés hidrico, fue necesario estimar la capacidad de retencién
hidrica o capacidad de campo de las macetas (CC). Los valores de CC en cada maceta fueron
calculados por método gravimétrico, como se muestra en el Anexo lll. En base a la CC se
establecieron tres niveles de disponibilidad hidrica para el desarrollo del ensayo (30%, 50% y
100% de CC). Para el segundo y tercer ensayo fueron evaluadas las poblaciones frente a cinco
niveles de estrés salino, generados por el riego con solucién salina preparada con diluciones de
cloruro de sodio en agua a concentraciones de 0; 0,1; 0,2; 0,3 y 0,4 M de NaCl. En el cuarto
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ensayo fue utilizado un disefio factorial de tres vias (Pobla x EH x ES) para conocer la respuesta
al estrés combinado entre las poblaciones, los niveles hidricos (30%, 50% y 100% de CC) y los

niveles salinos (riego con 0; 0,1; y 0,3 M NaCl).

Las variables registradas en los diferentes ensayos se resumen en la Tabla 3.

Tabla 3: Variables registradas y abreviaturas en castellano (entre paréntesis) y en inglés,

utilizadas en los ensayos de estrés hidrico (EH_35d), estrés salino con una duracion de 40 dias

y 85 dias (ES_40d y ES_85d), y de estrés hidrico y salino combinado (EHxES_90d).

Caracteres registrados / Ensayo EH_35d ES_40d ES_85d EHxES_90d
Variables Productivas
Biomasa aérea total como materia DM TotalB TotalB TotalB
seca (BTotal)
Biomasa aérea total como materia FM - - -
fresca (MF)
Biomasa muerta (BMuerta), biomasa - DeadB, DeadB, DeadB,
verde (BVerde), GreenB. GreenB. ;
biomasa verde de hoja (BHoja) y de LeafB
tallo (BTallo). StemB
Porcentaje de macollos espigados - - Flower % Spike %
(Espiga%)
Altura de planta (altura) - - - Height
Variables Morfogenéticas y estructurales del canopeo:
Tasa de elongacidn, senescencia y - LER, LSR, - -
aparicién de hojas (TEF, TSF y TAH) LAR
Largo, ancho y area/ hoja (LargoH, LLength, LLength, - -
AnchoH y AreaH) LWidth, LWidth,

LArea LArea
Area foliar especifica (AFE) SLA SLA SLA SLA
Numero de hojas /macollo (NHoja) - LeafN -
Longitud foliar verde /macollo - - LeafT LeafT
(LHMac)
Numero de macollos (Densidad) Density* Density Density Density
Peso del macollo (PMac) TillerW - - -
Variables Fisioldgicas y bioquimicas:
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Evapotranspiraciéon acumulada (ETA) ETAccu - ETA ETA
Eficiencia en el uso del agua (EUA) WUE - WUE WUE
Contenido hidrico relativo (CHR) LWC RWC RWC RWC
Tasa fotosintética neta (A) - A? A3 Al
Proteina Protein Protein - -
Prolina Proline Proline Proline Proline
Isotopo estable de 3C/ *2C (6*3C) - - 53¢ 53¢
Isotopo estable de >N/¥N (8'°N) - - 5N 5N
Concentracion de Na*, K*, CI'y N - - Na*, K*, CI, | Na*, K, CI,
N. N.
Relacion Na*/K* - - - Na*/K*
Variables eddficas
Capacidad de campo /maceta (CC) cC cC cC cC
Conductividad eléctrica del suelo - - - EC

(CE)

Density* fue registrado en forma semanal (Den1, Den2, Den3 y Den4) en EH_35d.

A? fue registrado a los 19 y 35 dias (A_t1 y A_t,) en ES_40d.

A3 fue registrado a los 5, 45 y 80 dias (A_t1, A_t,y A_t3) en ES_85d.

A*fue registrado a los 10, 45 y 85 dias (A_t1, A_t,y A_t3) en EhxES_90d.

La metodologia utilizada para el registro de cada variable fue descrita en detalle en las

siguientes secciones.

En todos los ensayos se realizd andlisis de la varianza y comparacién de medias con las

pruebas de diferencias minimas significativas, considerando una probabilidad de 0,05% (Proc
Mixed/Ismeans, SAS). Mas detalles son descriptos en cada seccion. Ademas, los caracteres
medidos fueron utilizados para realizar cuatro analisis de regresién lineal multiple paso a paso
(Proc Reg/STEPWISE, SAS) uno por ensayo, considerando como variable dependiente la biomasa
aérea total (Y= BTotal) y como variables independientes los caracteres registrados en cada

ensayo (Tabla 3). Las variables productivas como son las fracciones de la biomasa total (muerta,

verde, hoja y tallo) no fueron consideradas para estos analisis.
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Abstract

Tall wheatgrass [Elymus elongatus subsp. ponticus (Podp.) Melderis] is a perennial forage
grass cultivated in dry, saline or alkaline environments. The morpho-physiological charac-
teristics of four populations of tall wheatgrass from different climatic-edaphic origins were
evaluated under three conditions of water stress (100%-50%-30% of field capacity). The
trial was analyzed with three replicates and two-factor ANOVA in pots within the greenhouse
during 35 days. Only dry matter and tiller number showed interaction between populations
and water conditions. The most relevant changes in morpho-physiological parameters
under strong water stress were reduced dry matter production (48-32% differing among
populations), smaller leaf and tiller size (46% and 28%), together with higher water use effi-
ciency (74%), and increased proline and protein contents (144% and 71%), smaller tiller
number (30—11% differing among populations) and a slight decrease in leaf water content
(3%). The populations differed in growth strategies and morpho-physiological mechanisms
to survive water stress, which could be related to their habitat background. The study shows
the stability in dry matter production under all levels of water stress, which can be related to
the higher tiller number. Due to this plasticity, tall wheatgrass should be studied as a species
with great potential to adapt to drought stress.

Introduction

Tall wheatgrass [Elymus elongatus (Host) Greuter subsp. ponticus (Podp.) Melderis syn. Thino-
pyrum ponticum (Podp.) Barkworth & D.R. Dewey (2n = 10x = 70)], is a C3 Poaceae species,
original from dry or saline habitats of Southeastern Europe [1]. Tall wheatgrass is a perennial
grass of high phenotypic plasticity used as fodder for livestock feeding in environments with
climate-edaphic limitations of Australia [2], Argentina [3-4], Canada and USA [5]. Also, tall
wheatgrass has become important due to its genetic relationship with wheat and its potential
as gene source for resistance to diseases and tolerance to abiotic stress [6-8].

Tall wheatgrass was introduced in Argentina during the 1950s. It is cultivated in more than
500,000 ha of the Depressed Pampa of Buenos Aires, Argentina, in temperate-humid climate
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under salinity, alkalinity, winter flooding, and summer drought conditions [3-4]. Currently,
tall wheatgrass is naturalized in several environments in Argentina [4, 9], and displays agro-
nomic variability among populations from different environments of the Pampa Region [10].
Due to this plasticity, tall wheatgrass should be studied as a species with great potential to
adapt to climate change and may have great potential for increasing the forage production in
saline and arid areas [3-4, 11].

Climate change will cause episodes of water deficit with greater frequency and intensity,
reducing the productivity of agroecosystems. Water deficit in plants causes different responses
depending on the intensity and duration of the stress, as well as variations according to species,
genotype and phenological stages [12-13]. The response of the plant results in changes of
growth, development, morphology, physiology, cell adaptations and osmotic adjustment
mechanisms, such as the synthesis of solutes, as proline, or specific proteins, which are essen-
tial to overcome stress [14-16]. Water stress usually results in reduced protein content and
increased proline in plants [17]. Some authors mention that proline accumulation could be a
symptom of damage to the plant [17], but other authors link it to osmoregulation and osmo-
protection mechanisms [12]. More recent reports show proline as a multifunctional amino
acid essential for adapting to, recovering from and indicating environmental stress [16].

Grass breeding improvement programs seek to increase the aerial biomass production and
drought tolerance. However, the main mechanism to moderate water use under drought stress
is the reduction in the size of the plant, leaf area and tillering, swhich limit yield potential [15].
Germplasm evaluation of forage species for improvement purposes has been traditionally
based on phenotypical characteristics, and the study of molecular, genomic or metabolomic
resources has been limited [18-19]. More research on forage cultivars is needed to identify
metabolic traits and pathways that confer drought tolerance, and this research should be inte-
grated with plant physiology and genetics [14, 19]. These studies are not easily translated to
perennial forage species as most of these metabolic analyses have been performed with cereals
or annual species [19].

The evolution and genome composition of tall wheatgrass have been studied through com-
parisons of species relationships and hybridizations with wheat [7-8]. Nevertheless, the exis-
tence of intra-specific variability in water stress tolerance has not been widely explored for tall
wheatgrass. Although, survival, morphology, production and quality parameters of tall wheat-
grass genotype in saline, alkaline or neutral environments have been described [5-6, 10-11,
20-22], there are few research studies about the physiological mechanisms responsible for this
behaviour [7, 23-25]. It is essential to evaluate the germplasm including the production and
physiological perspectives, so that the characteristics of interest can be selected with greater
precision. The knowledge of these responses in Elymus elongatus subsp. ponticus would pro-
vide new tools to discover the most adapted germplasm to water stress imposed by climate
change. Therefore, the main objective of this work was to evaluate the impact of water stress
on the morpho-physiological characteristics of Elymus elongatus subsp. ponticus, analyzing
populations from different climatic-edaphic origins during 35 days.

Materials and methods

The experiment was conducted in pots at the greenhouse located at the Campus Lagoas-Mar-
cosende of the University of Vigo, Spain (42°10°0.38”N, 8°41°3.37”W), with natural light (15/9
h light/darkness) and an average air temperature of 22.7°C, with maximum temperatures of
30.0°C and minimum temperatures of 15.5°C (day/night). Water stress was established at dif-
ferent water levels, based upon the field water capacity for each pot. Field water capacity was
estimated according to the definition of Soil Science Glossary Terms Committee [26] as the
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content of water, on a mass or volume basis, remaining in the soil 2 or 3 days after having been
wetted with water and after free drainage is negligible. Field capacity in pot was considered as
the content of water of the soil humid portion, after the excess of water has been drained
(waterlogging) and the loss speed has been reduced to a significant degree (100% water at field
capacity). Three water levels (WL) were established in 100%, 50% and 30% of field capacity,
simulating three levels of water stress: no stress, moderate, and severe stress (WL: 100w,
50y, 30wr, respectively). The water levels were maintained by weighting the pots every 2.5
days, and adding the amount of water lost by evapotranspiration (adapted from [27]).

The naturalized populations of tall wheatgrass [Elymus elongatus (Host) Greuter subsp.
ponticus (Podp.) Melderis syn. Thinopyrum ponticum (Podp.) Barkworth & D.R. Dewey
(2n = 10x = 70)] were provided by the Active Germplasm Bank of Balcarce Agricultural Exper-
imental Station of the National Institute of Agricultural Technology, Argentina (BAL). In this
work, four populations (labeled P3, P4, P5, P9 [Table 1]) were selected from a large seed collec-
tion, considering the habitat backgrounds and the availability of seeds from BAL. Populations
were selected by contrasting clima-edaphic environments of the Argentine Pampa, from semi-
arid to temperate oceanic climate, and alkaline and neutral soils. Seeds were germinated in
chambers (30°/20°C and 8/16 h light/darkness), and the seedlings were grown in greenhouse
in small pots with peat as substratum (Compo Sana Universal R peat), for 24-days prior to
being transplanted to test pots.

The experiment was laid out as a randomized complete block design with three replicates
and two factors. One factor was the four populations (Popu) and the other was the three water
levels (WL). The experimental unit was a pot. Each pot (1 L) was filled up to three-quarters of
its capacity with peat as substratum (Compo Sana Universal R peat), and transplanting three
seedlings of one tiller per pot. The experiment was started with plants in the seedling stage and
finished with the plants in vegetative state. The duration of the experiment was set at 35 days
because the largest area of tall wheatgrass pastures, which is found in the Depressed Pampa [3-
4], shows temporary droughts of less than one month.

Non-destructive measurements

Two non-destructive variables were periodically measured. The number of tillers per plant (3
plant per pot) was recorded every week, totaling 4 records (time = 4). The tiller number was
expressed in tillers pot .

Table 1. Collection data of tall wheatgrass populations from Active Germplasm Bank of Balcarce Agricultural Experimental Station of the INTA, Argentina (BAL).

Population P3

Collection BAL* | Nu+Alo338
Nearest town, Necochea,
province. Buenos Aires.
Latitude 38°30°S

Longitude 58°45W

Climate Temperate oceanic
Soil ®, Argiudolls

pH. Neutral, pH ~ 7.0
Precipitation 900 mm year™'

Environment

Roadside grassland.

P4 P5 P9

CIB118 CIB117 CIB114

Lamarque, Lamarque, Bahia Blanca,

Rio Negro Rio Negro Buenos Aires.

39°24’S 39°24’S 38°44’S

65°36W 65°36W 62°33%W

Semiarid Semiarid Temperate transitional
Torrifluvents Torrifluvents Haplustolls

Alkaline, pH: 9.0
300 mm yealr'1

Grassland, with Distichlis spicata

# Collector’s code (Nu, Alo, CIB) and entry number.

® Great Group, Soil Taxonomy.

https://doi.org/10.1371/journal.pone.0209281.t001

Neutral, pH: 7.5
300 mm year'1

Roadside of irrigated fields, 450 mm year™'

Alkaline, pH: 9.5
500 mm year'1

Grassland, with Distichlis spicata.
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Evapotranspiration (ET) was calculated in each pot and was estimated using the equation:

ET = [(Irrigated pot weight) — (Postirrigated pot weight)]

ET was calculated as the difference between the weight of the newly irrigated pot and the
weight of the pot 2.5 days later. ET was measured in g 11,0 pot™ and was expressed in mLy0
pot !, ET was recorded in 13 different times.

Accumulated evapotranspiration was then calculated as

13
ETAccu = Z ET

ET=1

Postharvest measurements

Once the experiment was finished, the aboveground biomass was harvested and the following
parameters were measured. The production of fresh and dry matter (FM and DM, g pot™),
where FM is the fresh weight of the forage and DM is the weight estimated after drying the for-
age at 50°C to constant weight. Leaf water content was estimated using the equation:

(FM — DM)

LWC (%) = %100

Water use efficiency was expressed in mg mL 11,0 and was calculated using the equation:

DM

WUE =
ETAccu

Tiller weight was expressed in g tiller ' and estimated using the equation:

DM
Density

Tiller weight =

where Density is the tiller number per pot in the 4th week.

Leaf blade length (cm), width (cm) and area (cm?) were recorded from the last developed
leaf of 3 tillers per pot (Llength, Lwidth, Larea, respectively); using the ImageJ program [28].
The specific leaf area, SLA (cm” g™') was estimated based on the ratio between area and dry
mass of the leaves.

Two samples of leaves were also frozen at -80 °C to analyze the content of soluble protein
(100 mg FM) and free proline (250 mg FM). Protein content quantification was determined by
the Bradford method and expressed in mg g™ b [29]. Free proline content was determined
according to the Bates method and expressed in pmol g'lDM [30]. Furthermore, the relative
proline content (Pro Rel) was calculated as the difference in the concentration of free proline
between the stress treatment and the control, using the equation:

ProRel,, = ([Proline],,,, — [Proline]

wOWI)
100
Wi [Proline] *

100WL

where [Proline] is the proline concentration, WLx is the stress treatment: moderate (50v) or
severe (30w ), and 100y is the control (unstressed plants).

Statistical analyses

Dry matter, accumulated evapotranspiration, water use efficiency, tiller weight, length, width
and area of the leaf, leaf water content, specific leaf area, free proline and soluble protein were
analyzed with two-factor ANOVA. Tillers were analyzed with two-factor ANOVA and
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measures were repeated over time. Block was used as random effect. The comparisons of
means were made with least significance difference (LSD) test (LSMEANS statement). In all
cases a 5% probability level and Proc Mixed were used [31]. ET_Accu, proline, protein and til-
ler number did not present variance homogeneity and normally distributed data, so they were
logarithmically transformed to be analyzed. The Pearson correlation coefficient was calculated
in some pairs of variables, using the corr procedure of SAS.

Results

Water level was the variable that affected the physiological parameters measured in this study
most, with significant differences in all of them (p < 0.05). The four populations responded
differently to water stress showing different values for dry matter, water use efficiency, tiller
weight, leaf width and area, leaf water content, proline and protein contents and tillers

(p < 0.05), and similar values for accumulated evapotranspiration, leaf length and specific leaf
area (p > 0.05). Only dry matter and Tillers showed significant interaction between water lev-
els and populations (p < 0.05, S1 Table and S2 Table). At the end of the experiment plants
were in vegetative state developing leaves and tillers for all water levels and populations.

Dry matter production

In general, dry matter values decreased due to the restriction of water levels, but populations
responded differently to water levels (interaction WCxPopu p = 0.0003). The interaction was
examined by comparing the means among populations at each water level (Fig 1A). P3 was the
population with the highest values of dry matter in no stress and moderate stress levels (100y,
and 50y ), but with the lowest in values of severe stress (307 ). P5 was the population that
grew most under severe stress, significantly differing from P3. However, no differences were
found between P5 and P3 under moderate stress or optimal conditions (no stress). P4 and P9
were the populations with the lowest values of growth under moderate water stress, while
showed intermediate values under severe stress. However, growth of these populations differed
under optimal conditions as P4 showed low values and P9 high values of growth. Dry matter
production under severe stress was reduced depending on the populations as follows: 48% in
P3, 44% in P4, 34% in P5 and 32% in P9, compared to DM under no stress.

Number and weight of tillers, and leaf size

Tiller number of each population responded differently to water levels (interaction WCxPopu
p < 0.0001). As showed by the means comparison among populations at each water level (Fig
1B). P5 developed more tillers per plant at all water levels, while P3 showed the lowest number,
except for plants grown under moderate stress, where P3 did not differed significantly from
P5. Tiller number under severe stress decreased depending on the population as follows: 30%
in P3, 21% in P4, 14% in P9 and 11% in P5, compared to the tillers in no stress. In general, con-
sidering the significance in the interaction and the % reduction shown in the tiller number, P9
was more similar to P5, while P4 was closer to P3. The amount of tillers increased with the
duration of the experiment, with significant differences among weeks (S1 Fig).

Tiller weight was significantly lower at higher water stress levels, decreasing 28% from
100w, to 30wy.. P3 and P4 populations had tillers with greater weight than P9 and P5 (Fig 2A).
Leaf length, width and area were positively related to water level. The control treatment
(100w1) showed the highest values which did not differ significantly from moderate stress
(50w1.). However, under severe stress (30+) leaf length, width and area decreased 40%, 23%
and 46% respectively, compared to control (Fig 2B, 2C and 2D, respectively). P3 showed
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Fig 1. Variation of dry matter production (a) and tiller number (b) according to interaction between water levels and populations (P3, P4, P5,
P9). Bars with different letters show significant differences (P < 0.05) among populations for each water level (n = 3 in DM and n = 12 in tillers). The
vertical line above the bar indicates the mean standard deviation.

https://doi.org/10.1371/journal.pone.0209281.g001

significantly higher leaf width and area and leaf and tiller size, standing out among the popula-
tions, while P5 showed the highest tiller production at all water levels.

Considering the germplasm assessment, two groups could be established according to can-
opy morphological patterns: P3 and P4 with larger weight and lower number of tillers, and P5
and P9 with smaller weight and higher number of tillers (Fig 3).

Evapotranspiration and water use efficiency

Accumulated evapotranspiration increased with water level (19, 33 and 57 mL day'1 in 30w,
50w, and 100y, respectively), but no significant differences were found among populations
(Fig 4A). Water use efficiency was negatively related to water availability, with maximum val-
ues in plants grown under severe stress (30). Among the populations, P5 showed the highest
values but did not differ significantly from P3 (Fig 4B).

Physiological parameters

The specific leaf area was positively related to water level, with values that were significantly
lower under stronger water stress. There were no differences among populations for this attri-
bute (Fig 5A). Leaf water content (%) was significantly higher in plants under optimal condi-
tions and under moderate stress, while the amount of water retained in the tissues under
severe stress was significantly lower. P3 showed significantly more water in the tissues than the
other populations (Fig 5B). Moreover, soluble protein concentration was 43% higher in the
treatments with water stress (moderate and severe stress), compared to control (100+y), with
P3 showing the highest protein contents, while P4 and P9 showed the lowest (Fig 5C).

Free proline content significantly increased up to 50% with water stress. The P9 population
showed the highest content while P4 showed the lowest proline contents (Fig 5D). The correla-
tion between dry matter and free proline was estimated with a coefficient of -0.58017 (p:
0.0003, N: 36, S2 Fig). Our results also showed a better correlation between dry matter and rel-
ative proline content (ProRel), with a coefficient of -0.70797 (p: 0.0001, N: 36, S3 Fig), which is
not higher because P4 showed low values of proline at all water levels (54 Fig).

Discussion
Growth and water

In general, the results showed a strong impact of water stress on tall wheatgrass populations.
The interaction between water levels and populations revealed differences in dry matter pro-
duction, with more stable populations, as P5, and less stable ones, as P3.The impact of water
level resulted in a decrease in dry matter production, and a decrease in water loss by evapo-
transpiration with reduced water levels. This was related to increasing water use efficiency
under severe stress. The decrease in dry matter was related to reduced leaf size, limiting water
loss and photosynthesis, under water deficit [13, 15, 32]. Greater water use efficiency due to
increasing stress was also reported for other perennial grasses from dry and/or saline soils [17,
33-34]. To achieve higher water use efficiency under severe water stress, smaller leaf areas and
higher photosynthetic activity have been observed [17], maintaining RubisCO and chlorophyll
content at healthy levels [33]. However, this advantage could not be maintained if water stress
persists, according to Pedrol et al. [27], who found that the strong net photosynthetic rate, of
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Fig 2. Variation of tiller weight (a), leaf length (b), leaf width (c), leaf area (d) according to water levels and
populations. Bars with different letters show significant differences among means (P < 0.05), populations (n = 9) or
water level (n = 12). The vertical line above the bar indicates the mean standard deviation.

https://doi.org/10.1371/journal.pone.0209281.g002

Holcus lanatus L. after 45 days of moderate to severe water stress, decreased when the stress
persisted for 90 days. Therefore, monitoring photosynthetic rate during longer water stress
periods could be of interest for tall wheatgrass under these same water levels.

The leaf water content results showed that Elymus elongatus subsp. ponticus is a species well
adapted to drought conditions, retaining a similar proportion of water in its tissues when
grown under optimal conditions or moderate water stress. Leaf water content slightly
decreased when plants were grown under severe stress, similarly to what was reported for
Phragmites australis [33]. As well, relative water content of Elymus elongatum, control plants
was very stable but it considerably fell due to severe stress [25]. This was also found mentioned
for other perennial grasses [17, 35].

Canopy morphology

The growth of grass in the vegetative can be measured in structural variables of the canopy
including leaf size, number and weight of tillers [36]. Increases in water stress determined

© P3 30WL
o P3 50WL
¢ P3 100WL
0P4 30WL
OP4 50WL

r l m P4 100WL
A PS5 30WL
A P5 50WL
A P5 100WL

0.04 - o P9 30WL
14 18 22 26 30 34 38 gpgsownL

Tiller density (n° tiller pot) e P9 100WL

Fig 3. Relationship between density and weight of tillers (axes in average values) for the populations (P3, P4, P5, P9) under different water levels (WL: 100, 50,
30). Each symbol is the mean of n = 3. The circles enclose populations with similar canopy morphological pattern (cut line, P3 and P4 with bigger size and fewer tillers,
and continuous line, P5 and P9 with smaller size and more tillers). The lines between density and weight of tillers show the response of populations watered with the
same water level (100WL continuous line, 50WL cut line and 30WL dotted line).
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Fig 5. Variation of specific leaf area (SLA, a), leaf water content (b), soluble proteins (c), and free proline (d)
according to water levels and populations. Bars with different letters show significant differences among means

(P < 0.05) for populations (n = 9) or water level (n = 12). The vertical line above the bar indicates the mean standard
deviation.

https://doi.org/10.1371/journal.pone.0209281.9005

restrictions to dry matter variables (number and weight of tillers, and length, width and area of
leaves). The reduction of leaf size is an early response to water deficit, determined by a lower
cell expansion rate [17, 32, 37-39]. In this study, leaf and tiller sizes diminished remarkably
with the reduction of water levels, similarly to that reported for other grasses [27, 33-34, 40].
When comparing the values between optimal conditions and severe water stress, the reduction
in dry matter and leaf width was lower in this study than for other studies previously reported
for another wheatgrass, Elymus elongatum [25]. However, the number of tillers was only
reduced for some populations under the most severe water stress conditions. This is similar to
other perennial grasses, in which reduction of leaf expansion was more pronounced than tiller-
ing due to low water potentials [37, 41]. Therefore, the impact of water stress on the reduction
of tillering was lower than on biomass production, in concordance with results reported by
Durand et al. [38] for Lolium perenne and Festuca arundinacea. The differential response
among the structural variables under water stress suggests that plants give priority to generate
individuals at the expense of diminishing their size or/and weight. Therefore, the population
with the highest number of tillers would be the most stable in dry matter production.

However, in moderate or no stress conditions, the responses of P3 and P5 populations was
very interesting, with similar aerial biomass production levels but different growth strategies,
compensating size with tiller density. Similar results of dry matter production with different
canopy morphological patterns were also found when comparing tall wheatgrass of different
origins in field conditions [20, 22], and between cultivars of other forage species [36].

For these reasons, the interaction between populations and water levels for the production
of dry matter cannot be explained with the same canopy morphological patterns. The present
study shows that the more stable populations in dry matter production, P5 and P9, are also the
populations with lower variations in tiller density in response to water stress, while P3 is the
most variable.

To group populations according to the canopy structure would allow selecting materials for
different purposes, i.e. the relatively large size of P3 and P4 can make them suitable for the man-
ufacture of hay, while the greater tillering of P5 and P9 can be very useful for grazing pasture.

Physiological parameters

Lower specific leaf area observed when increasing water stress, as found in our study, was also
reported for other grasses [37]. This behaviour could be explained by the reduction of leaf area
as a consequence of the inhibition of cell expansion determined by the loss of turgidity and/or
elasticity of the cell wall [17, 32, 39]. Up to the first 45 days, smaller cells would be more able to
maintain leaf turgidity and photosynthetic activity under severe water stress [27]. Osmotic
adjustment is a key mechanism of plants to maintain water uptake and pressure of the cell wall
under drought conditions, keeping the stomata open and maintaining photosynthetic rate, leaf
expansion, and plant growth [13, 40]. According to that, higher contents of proline and soluble
proteins were found in our study when increasing water stress, similarly to reported for other
grasses [25, 27, 35, 42].

Water stress usually results in reductions of protein content associated with reduced photo-
synthetic activity [13, 43]. Therefore, an increase in this parameter suggests tolerance of tall
wheatgrass to water stress. The increase of protein content has been associated in Holcus
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lanatus with higher nitrogen reserves, overexpression of RubisCO and the capacity to maintain
photosynthetic activity in severe water stress situations [27], while in Elymus elongatum it was
linked to higher concentrations of heat shock proteins, chaperones and oxidative stress defense
enzymes [25].

Proline has been also found to accumulate in many other plant species as a response to
stress [12, 16].Some authors have previously mentioned that proline could be in grassesa
symptom of damage to the plant [17], while other authors link it to osmoregulation and osmo-
protection [25, 35]. The increase in proline content found in our water stress treatments was
not due to protein degradation, as protein levels also increased, which is similar to what was
reported for other grasses [27, 42]. In this study, the populations with the highest proline con-
centrations were not always those with the highest dry matter production. In other close
wheatgrass, a low relation between saline stress tolerance and free proline content at the intra-
specific level was also found [23]. More recent studies suggest that the most important factor
for stress protection is the increase in proline biosynthesis rate [16, 35]. This could explain the
correlation between relative proline content and dry matter. These results suggest that
increased proline accumulation can be an important component of the response of tall wheat-
grass to water stress. However, this increase was not strong enough to explain the response to
this stress on its own [17, 23], but it could be a variable to be studied to select water stress toler-
ant germplasm [16] in tall wheatgrass.

Environment and genetic material

Grass breeding improvement programs seek to increase aerial biomass production and
drought tolerance. However, the main mechanism to moderate water use under drought stress
is the reduction of plant size, leaf area and tillering, and these mechanisms limit yield potential
[15]. Dry matter production of the different populations of tall wheatgrass showed interaction
between germplasm and water stress level, which could be related to the adaptation or acclima-
tion of the populations to the original environments. The habitat background of the popula-
tions shows different intensity of water stress. Considering the climatic and edaphic
environmental conditions such precipitation and irrigation (the latter just in P5), or the avail-
ability of water in the soil (higher alkalinity, greater osmotic potential, lower availability), they
could be ordered from greater to lower exposure to water stress as follows P4 > P9 > P5 > P3.

P3, collected from humid temperate climates with short summer droughts, showed a great
production of dry matter under no or moderate water stress. Its growth strategy was maintain-
ing bigger leaves and tillers size, with high water use efficiency, and the highest levels of pro-
line, protein, and leaf water content. However, P3 had the lowest dry matter and tiller density
under severe water stress, suggesting that this population limits, more than other populations,
aerial growth to survive under water stress conditions.

P5 was collected at a site close to P4, with semi-arid climate but neutral soil and availability
of irrigation water. It showed high aerial biomass production with high water use efficiency at
all water levels evaluated. Its growth strategy was maintaining a high tiller density whilst reduc-
ing leaf and tiller size, and increasing concentrations of proline and proteins. This suggests
that P5 has morphological and physiological mechanisms adapted to grow in situations with
and without water stress.

Finally, P4 and P9 were collected from climate-edaphic environments with strong water
stress (semi-arid climate in P4 or temperate transitional climate in P9, and both in alkaline
soils). These populations could have developed mechanisms to minimize evaporation through
different growth strategies (size or density of tillers) and so reduce aerial biomass. This is in
contrast to the lowest water use efficiency that we found for these plants. Finally, proline
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contents were different in P4 and P9, with much higher values in P9 than in P4, suggesting dif-
ferent acclimation mechanisms. This could be due to the fact that P4 was collected in a climate
of permanent water stress, while P9 came from an environment with alternating periods of
stress. The increase in proline concentration as a strategic mechanism to tolerate stress would
be secondary in P4, while in P9, as in the other populations, would be very important.

In summary, the stability in dry matter production in the different populations seems to be
connected to the capacity to maintain tillering (high tiller density) under the different situa-
tions of water stress. Also, variability in tiller density was characteristic of each germplasm,
irrespective of the intensity of water stress of the original environment of the populations.

Conclusions

Elymus elongatus subsp. ponticus responded differently depending on the germplasm and the
water stress conditions applied during 35 days. The most relevant changes under strong water
stress are summarized in a lower aerial biomass production, smaller leaf and tiller sizes, together
with a higher water use efficiency, and higher proline and protein contents, with a slight
decrease in leaf water content and smaller tiller number in some populations. All these results
can be seen as indicators of the tolerance of this species to water stress. However, dry matter
and tiller number depended on the population and the level of water stress. At the intraspecific
level, the populations differed in their growth strategies and their morpho-physiological mecha-
nisms to survive water stress. This could be related to their habitat backgound, as every popula-
tion shows different strategies of adaptation or acclimation to new environments. The study
shows that greater stability in dry matter production can be related to higher tiller number.

Supporting information

S1 Table. Dry matter per pot, accumulated evapotranspiration (ET_Accu), water use effi-
ciency (WUE), tiller weight, length, width and area of the leaf (A), leaf water content
(LWCQ), specific leaf area (SLA), proline and protein contents (B), results of two-factor
ANOVA (N = 36). Fixed effects: water levels (WL), populations of tall wheatgrass (Popu) and
WLxPopu interaction. Probability values and significance are shown. ET_Accu, proline and
protein were transformed (logarithmically) to obtain variance homogeneity and normality.
(PDF)

$2 Table. Tiller number per pot, result of two-factor ANOV A with repeated measures

(N = 144). Probability values and significance are shown for water levels (WL), populations of
tall wheatgrass (Popu), repeated measures over time (t) and their interactions. Data were trans-
formed (logarithmically) to obtain homogeneity of variance.

(PDF)

S1 Fig. Tiller number per pot over time (n = 36). Bars with different letters indicate signifi-
cant differences among weeks (P < 0.05). The vertical line above the bar indicate the mean
standard deviation.

(TIF)

S2 Fig. Proline accumulation as a function of dry matter per pot. Symbols of different colors
show different water levels (WL: 100, 50, 30).
(TIF)

S3 Fig. Relative proline content as a function of dry matter per pot. Symbols of different
colors show different water levels (WL: 100, 50, 30).
(TTF)
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S4 Fig. Relative proline content as a function of proline accumulation of the control
(100WL). Means among populations (P3, P4, P5, P9) under different water levels (WL: 100,
50, 30) are shown (each symbol is the means of n = 3).

(TIF)
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ESTRES HIDRICO INFORMACION SUPLEMENTARIA

A continuacién, se presenta la INFORMACION SUPLEMENTARIA del trabajo:

Borrajo, C.1.; Sdnchez-Moreiras, A.M.; Reigosa, M.J. 2018. Morpho-physiological
responses of tall wheatgrass populations to different levels of water stress. PloS

ONE 13(12): e0209281. https://doi.org/10.1371/journal.pone.0209281

Contiene las Tablas:
S1A)yB) Tabla
S2 Tabla

Contiene las Figuras:
S1 Fig.
S2 Fig.
S3 Fig.
S4 Fig.
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SUPPLEMENTARY INFORMATION

S1 Table. Dry matter per pot, accumulated evapotranspiration (ET_Accu), water use
efficiency (WUE), tiller weight, length, width and area of leaf (A), leaf water content (LWC),
specific leaf area (SLA), proline and protein contents (B), results of two-factor ANOVA
(N=36). Fixed effects: water levels (WL), populations of tall wheatgrass (Popu) and WIxPopu
interaction. Probability values and significance are shown. ET_Accu, proline and protein were

transformed (logarithmically) to obtain variance homogeneity and normality.

A) Dry ET_Accu WUE Tiller Length  Width Leaf area
Variable matter mL H,O DMmg weight leaf leaf cm?
Effect g plot* HOmL?  gtiller? cm cm
WL <0.0001  <0.0001 <0.0001 <0.0001 0.0018 0.0373 <0.0001
*k*k *kk *k*k *kxk * **k*k
Popu 0.0029 0.5845 0.0342 <0.0001 0.3010 0.0358 0.0098
** ns * *kx * **
WLxPopu 0.0003 0.0732 0.1862 0.1359 0.8335 0.4273 0.6273
falokad ns ns ns ns ns
B) Variable LwWcC SLA Proline Protein
Effect % cm?g? umol DMg™* mg DMg™*
WL <0.0001 *** 0.0001 ***  <0.0001 *** <0.0001 ***
Popu 0.0002 *** 0.6232 ns 0.0021 ** 0.0249 *
WLxPopu 0.1314 ns 0.1521 ns 0.2818 ns 0.0903 ns

ns: non-significant P > 0,05, significant at * P < 0.05; ** P <0.01; *** P <0.001
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S2 Table. Tiller number per pot, result of two-factor ANOVA with repeated measures
(N=144). Probability values and significance are shown for water levels (WL), populations of
tall wheatgrass (Popu), repeated measures over time (t) and their interactions. Data were

transformed (logarithmically) to obtain homogeneity of variance.

Variable/ Tillers
Effect tillers pot™
WL <0.0001 ***
Popu <0.0001 ***
WLxPopu <0.0001 ***
t <0.0001 ***
WLxt 0.4961 ns
Popuxt 0.7221 ns
WLxPopuxt 0.9992 ns

ns: non significant P > 0.05, significant at *** P <0.001

D

JOLLLLL

1 2 3 4

Time (weeks)

Tillers (tiller plant)
[9)]

S1 Fig. Tiller number per pot over time (n=36). Bars with different letters indicate
significant differences among weeks (P < 0.05). The vertical line above the bar indicates

the mean standard deviation.
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S3 Fig. Relative proline content as a function of dry matter per pot. Symbols of

different colors show different water levels (WL: 100, 50, 30).
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S4 Fig. Relative proline content as a function of proline accumulation of the control
(100WL). Means among populations (P3, P4, P5, P9) under different water levels (WL.:
100, 50, 30) are shown (each symbol is the means of n=3).
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Esta seccion corresponde al trabajo publicado:

Borrajo, C.l.; Sanchez-Moreiras, A.M.; Reigosa, M.J. 2021. Morpho-
physiological, biochemical and isotopic response of tall wheatgrass
populations to salt stress. J. Agron. Crop Sci.,, 207, 236-248.
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1 | INTRODUCTION

| Adela M. Sanchez-Moreiras?®

| Manuel J. Reigosa?

Abstract

Tall wheatgrass [Elymus elongatus subsp. ponticus (Podp.) Melderis] is a C3 grass na-
tive from dry or saline habitats in SE Europe. The aim of this study was to better
understand response mechanisms of populations from different origins to salinity
and to provide new tools to select germoplasm with high salinity tolerance. Four
populations (P3-P4-P5-P9) were irrigated with five solutions of increasing salinity
(Salt: 0-0.1-0.2-0.3-0.4 M NaCl) and evaluated in pots in a greenhouse. Two experi-
ments were carried out, a short 40-day long experiment with vegetative plants, and
a longer 85-day long one with plants that underwent vegetative-reproductive stage.
No evidence was found of an interaction between population and salt. Morpho-
physiological, biochemicals, isotopic and productive variables were differently af-
fected by increasing salinity and were also different among populations. Proline, Na*
and CI” consistently appeared to function as osmotic agents. P5 showed the highest
biomass in the 85-day experiment and had the highest leaf length, tiller density, water
use efficiency and 5°C isotope; and the lowest CI” concentration and evapotran-
spiration rate. However, P5 showed the lowest biomass in the 40-day experiment,
suggesting that duration of the stress is an important aspect to consider when select-
ing germoplasm for tolerance to salinity. Differences among populations in growth

strategies and physiological mechanisms could be related to their origin environment.

KEYWORDS

decaploid wheatgrass, morphogenesis, physiological parameters, production, salinity

which mechanisms related underlie salt tolerance would be of ben-

efit for breeding such crops and mitigating future food shortages

Elymus elongatus (Host) Greuter subsp. ponticus (Podp.) Melderis
syn. Thinopyrum ponticum (Podp.) Barkworth & D.R. Dewey
(2n = 10x = 70), known as ‘tall wheatgrass’ or ‘decaploid wheatgrass’,
is a C3 perennial grass native from dry or saline habitats in SE Europe
(Melderis, 1980). Tall wheatgrass is highly tolerant to salinity and has
been used as a source of genes to breed improves wheat cultivars
(Colmer et al., 2006; McGuire & Dvodk, 1981). In addition, it could
help reduce the consequences of climate change on forage pro-

duction, especially in dry and saline environments. Understanding

(Wu, 2018).

In Argentina, tall wheatgrass has become self-naturalized in tem-
perate-humid and semiarid environments, being the main forage spe-
cies cultivated in the 1 million hectares of hydro-halomorphic soils
of the Cuenca del Salado (Argentina), the region that maintains the
largest livestock breeding herd in this country (Otondo et al., 2019).
Further, itis a species likely to be cultivated in semiarid and saline areas,
both as forage species and biofuel producer (Falasca et al., 2017). Tall

wheatgrass germplasm collected in Argentina shows intraspecific
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differences in morphogenetic and structural variables (Borrajo, 1998),
in phenological development (Alonso & Borrajo, 2007; Borrajo &
Alonso, 2004), and in tolerance to water stress (Borrajo et al., 2018).

In forage grasses, leaf morphogenesis (rate of leaf appear-
ance, elongation and longevity), determines the canopy structure
(leaf size, leaf number per tiller and tiller density per plant), defin-
ing radiation interception capability and forage growth (Chapman
& Lemaire, 1993). These variables are genetically determined, but
can be affected by environmental factors, such as salinity (Taleisnik
et al., 2009). The response of those variables to salinity has been
scarcely studied in tall wheatgrass (Borrajo & Alonso, 2004).

Salinity tolerance may vary depending on the plant phenological
stage and genotype (Oyiga et al., 2016), as well as stress intensity and
duration (Acosta-Motos et al., 2017; Chaves et al., 2009; Munns, 2002;
Wu, 2018). A negative correlation was established between salinity
tolerance in decaploid wheatgrass and Na* and CI” concentrations in
fodder (Bhuiyan et al., 2017). Tall wheatgrass mechanisms in response
to salinity have been linked to higher levels of proline and soluble sug-
ars aimed at osmoregulation (Shannon, 1978), as well as to restricted
accumulation of Na*, Ca®* and CI” in shoots (Bhuiyan et al., 2015;
Johnson, 1991; Shannon, 1978). This matches the findings of other
authors, who found higher levels of CI” and Na* in roots than in leaves
(Bhuiyan et al., 2017) and registered greater absorption capabilities
and selective transport of K" over Na* (Guo et al., 2015).

Tolerance to salinity has been linked to the highest water use ef-
ficiency and invariant *3C discrimination (Johnson, 1991). Although
tall wheatgrass is considered very salt-tolerant, few studies have as-
sessed the intraspecific variability and the mechanisms involved in it
(Borrajo & Alonso, 2004; McGuire & Dvoak, 1981; Shannon, 1978).

The aim of this study was to analyse the impact that different du-
ration and intensity of salinity have in tall wheatgrass populations of
different origins to provide morpho-physiological, biochemical and
isotopic tools to understand the response mechanisms and better

select germplasm adapted to salinity.

2 | MATERIALS AND METHODS
2.1 | Genetic material and growing conditions

Four naturalized populations of tall wheatgrass [Elymus elon-

gatus subsp. ponticus (Podp.) Melderis syn. Thinopyrum ponticum
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(Podp.) Barkworth & D.R. Dewey (2n = 10x = 70)], provided by
the Active Germplasm Bank of National Institute of Agricultural
Technology in Balcarce, Argentina, were analysed. These popula-
tions (Popu) were selected by contrasting climate-edaphic envi-
ronments in Argentina: P3 (900 mm/year, pH = 7.0), P4 (300 mm/
year, pH = 9.0) P5 (300 mm/year, pH = 7.5), P9 (500 mm/year,
pH = 9.5) (Table 1).

Greenhouse experiments were conducted in the Lagoas-
Marcosende Campus of the University of Vigo, Spain (42°10'0.38"N,
8°41'3.37"W). Four tall wheatgrass populations (Popu: P3-P4-
P5-P9) irrigated with five salt solutions (Salt: 0-0.1-0.2-0.3-0.4 M
NaCl) were evaluated. Two experiments were carried out, one during
40 autumnal days (40-day experiment) and the other during 85
spring-summer days (85-day experiment). The experimental unit was
the pot (1 L), containing one plant with three tillers. A commercial
mixture was used as substrate (Compo Sana Universal R. Compound
of peat, perlite, lime and nutrients in mg/L: N = 325, P,O, = 350,
K,0 =425. PH = 5.7; salt content in g/L: <2.5).

In order to understand the processes involved in salt tolerance,
it is important to avoid treatments that induce cell plasmolysis
(Munns, 2002). Therefore, pots were watered every 7 days with 0O,
0.1, 0.2, 0.3 and 0.4 M NaCl solutions (Salt) dissolved in water (EC:
0.9, 8.1, 15.1, 20.9 and 26.6 dS/m, respectively). This would simu-
late irrigation with saline water and, as a consequence, soil salinity
gradually increases with irrigation without causing osmotic shock to
the plants.

2.2 | First experiment: 40-day

The 40-day experiment was carried out as a randomized complete
block design, with a 4 x 5 factorial arrangement (4 Population x 5
Salt) and seven blocks (n = 140). The experience was developed in
greenhouse during 40 autumnal days, with 9 hr 40 min (£22 min) of
natural daylight, and an average daily temperature of 16.1°C (25.1°C

maximum, 7.0°C minimum). Plants in vegetative state were used.

2.2.1 | Biomass and fractions

Aboveground biomass per pot was harvested after 40 days. Dead,

green and total biomass dry weight (DeadB, GreenB, TotalB, in g DW/

TABLE 1 Collection data of tall wheatgrass populations from Active Germplasm Bank of Balcarce of the INTA, Argentina (BAL) are shown

Population P3 P4

Collection BAL Nu + Alo 338 CiB 118

Latitude, longitude 38°30'S, 58°45'W

Climate Temperate oceanic Semiarid
Precipitation

Soil, pH.

900 mm/year

Argiudolls. Neutral, pH = 7.0
9.0

39°24'S, 65°36'W

300 mm/year
Torrifluvents. Alkaline, pH:

P5 P9

CiB 117
39°24'S, 65°36'W

CiB 114

38°44'S, 62°33'W
Semiarid Temperate transitional
300 mm/year 500 mm/year

Torrifluvents. Neutral, pH: Haplustolls. Alkaline,
7.5 pH: 9.5
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pl) were estimated. Dry weight (DW) is the weight registered after
drying the forage at 50°C to constant weight (Borrajo et al., 2018).

2.2.2 | Morphogenetic and structural variables

Green and senescent lengths of leaves were measured in three
tillers per pot at 1 and 38 days (111-128 measurements from
each Population in each Salt level). Then, leaf appearance (LAR in
leaf tiller™® day_l), leaf elongation and leaf senescence (LER and LSR
in mm tiller™ day_l) rates were calculated (Borrajo, 1998). Also, leaf
area and leaf width were calculated (LeafA, cm?/ leaf and LeafW,
cm/leaf) using Image) software (Rasband, 2016). The number of
leaves per tiller (LeafN: leaves/tiller), the total number of tillers
per plant (Density, tiller/pl) and the specific leaf area (SLA = area/
dry mass of leaf blade, cm?/g) were registered at 40 days (Borrajo
et al., 2018).

2.2.3 | Physiological variables

Net photosynthetic rate (A, umol CO? m™ s™Y) along with the pho-
tosynthetically active radiation, leaf and air temperature, air flows,
CO, concentration and relative humidity (PAR, Temp_A, Temp_L,
Flow, CO,, RH, respectively) were measured at 19 and 35 days, using
a LI-6200 portable infrared gas analyzer (Li-cor) (Reigosa, 2001).
Measurements were performed between 11:00 a.m. and 3:00 p.m.,
on the youngest fully expanded leaf of each plant (n = 5). The atmos-
pheric CO, concentration ranged from 380 to 400 umol/mol and air
relative humidity between 30% and 40% during data collection.

Leaf  relative  water content was calculated as
RWC = [(LFW - LDW)/(LTW - LDW)] x 100, on the youngest devel-
oped leaf in each pot. The leaf was harvested, the basal and apical
parts of the leaf were cut and discarded, and the leaf fresh mass was
weighed (LFW). Then the leaf was transferred to a tube with distilled
water (4°C, 24 hr, in dark) for re-hydration to measure the fully tur-
gid fresh weight (LTW). The leaf dry mass (LDW) was obtained by
oven-drying (70°C, 48 hr) (Reigosa, 2001).

Samples of leaves were frozen at -80°C to analyse the content of
soluble protein and free proline (100 and 250 mg leaf fresh weight,
respectively). Protein content quantification was analysed by the
Bradford method (Protein, mg/g DW) and free proline content was
determined according to the Bates method (Proline, pmol/g DW)
(Reigosa, 2001).

2.3 | Second experiment: 85-day

The 85-day experiment was carried out as a randomized complete
block design, with a 4 x 5 factorial arrangement (4 Population x 5
Salt) and five blocks (n = 100). It lasted for 85 days, between spring
and summer, with plants from vegetative to reproductive state. Trials
were performed with 14 hr 50 min (x27 min) of natural daylight and

an average daily temperature of 20.6°C (27.9°C maximum, 13.3°C

minimum).

2.3.1 | Biomass, structural variables and phenology

Aboveground biomass per pot was harvested at 85 day. Green leaf
length per tiller (LeafT, dm/tiller), total number of tillers (Density),
specific leaf area (SLA) and total biomass dry weight (TotalB) were
determined (idem 40-day experiment). Primary phenological stages
of each plant were described and classified as vegetative, elonga-
tion, flowering and maturity (Moore & Moser, 1995), after 85 days.
Then, the percentage of flowering tillers was calculated as Flower
(%) = (flowering tillers number/Density) x 100.

2.3.2 | Physiological variables

Net photosynthetic rate was recorded at 5, 45 and 80 days (idem
40-day experiment). At 85 days, relative water content (RWC) and
proline were determined (idem 40-day experiment).
Evapotranspiration (ET) was recorded in each pot weekly. ET was
calculated as the difference between the weight of the just irrigated
pot and the weight of the pot 7 days later (prior to next irrigation).
Accumulated evapotranspiration (ETA) was calculated as the sum of
ET (mL,,,o/pot). Water use efficiency (WUE) was calculated using
the equation: WUE = Total B/ETA, mg/ml,, (Borrajo et al., 2018).

2.3.3 | K, Na*, ClI", N and C concentration

Leaf samples were dried, ground and used for total C, N and H con-
tent determination (w/w, dry basis %) with an elemental CHN ana-
lyser (EA 1110 Automatic Elemental Analyzer, Fisons Instruments).
Other elements, CI-, K" and Na*, were analysed in a Perkin Elmer
Optima 4300DV inductively coupled plasma-optical emission spec-
trometer (ICP-OES). These determinations were conducted in the
CACTI Facility, University of Vigo, Spain.

2.3.4 | Stable carbon and nitrogen isotopes

Dry ground leaf material was weighed and filled in microcapsules
(1,100-2,900 pg). These were combusted using an automated el-
emental analysis coupled to an Isotope Ratio Mass Spectrometer
(Finnegan: Thermo Fisher Scientific, model MAT-253). Stable iso-
tope compositions of carbon $3C/2C (51°C, %o) and nitrogen >N/%N
(8"°N, %o) were calculated as & (0%o) = [(R,,._,./R ) - 1)] x 1,00
0, where ‘sample’ refers to plant material and ‘standard’ is the stand-

sample’ "*standard

ards used. Pee Dee Belemnite was the standard for carbon, and at-
mospheric N, was the standard for nitrogen. Carbon and nitrogen
isotope compositions were analysed at CACTI Facility, University of

Vigo, Spain.
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2.4 | Statistical analysis

In both experiments, all the variables were analysed using two-way
factorial ANOVA (4 Population, 5 Salt, Population x Salt interac-
tion); except for net photosynthetic rate (A), which was analysed
with two- way factorial ANCOVA (PAR, Temp_A, Temp_L, Flow,
CO, and RH covariates) with repeated measures by Date. Block
was considered a random effect, whereas Population, Salt and
their interactions were fixed effects. Means values were compared
using the least significant difference test (LSD, p < .05). Statistical
significance was defined at the 95% confidence level. Analysis was
conducted using the PROC MIXED/ LSMEANS. Total biomass, pro-
line, protein and ETA were logarithmically transformed to analyses
them.

Linear regressions were calculated in some pairs of variables,
using PROC REG (SAS, 2002).
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3 | RESULTS

3.1 | First experiment: 40-day
3.1.1 | Biomass and fractions

Total, green and senescence biomass was significantly affected (p < .05)
by Salt and Population effects (Table S1). Total and green biomass produc-
tion decreased, while senescence increased significantly when Salt levels
increased (Figure 1a,b). Maximum differences were recorded in plants
treated with 0.4 M NaCl, with decreases of -26% and 48% in TotalB and
GreenB, respectively, and increase of 179% in DeadB. Populations P3
and P4 showed the highest biomass production, P5 and P9 the lowest
biomass production (TotalB, GreenB and DeadB, Table 2) in all salt level
evaluated, most relevant in OM NaCl (Figure 2a). However, there was not

populations and salinity interaction for any variables (p > .05, Table S1).
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3.1.2 | Morphogenetic and structural variables

There was not population and salinity interaction for morphogenetic
variables (p > .05, Table S1). By contrast, salt induced significant
change on morphogenetic variables (p < .05, Table S1). The great-
est differences in morphogenetic variables were recorded in 0.4 M
NaCl, when compared to the control, with increased leaf senescence
rate (231% LSR, Figure 1b), and decreased elongation and leaf ap-
pearance rates (-45% and -38%, in LER and LAR) (Figure 1c). The
populations showed significant differences in LER and LSR (p < .05),
but notin LAR (p = .8648, Table S1); P4 showed the highest values in
LER and LSR, whereas P3 showed the lowest LER with intermediate
values of LSR, and P5 showed high LER and the lowest LSR (Table 2).
Those differences were more evident in OM NaCl for LER (Figure 2b).

Again, there was not populations and salinity interaction for
structural variables (p > .05, Table S1). Salt effects were significant
for structural variables (p < .050), except LeafW (p = .5038, Table
S1). The variables decreased with the increase of salinity in the O to
0.4 M NaCl range (Figure 1d,e), with greater effects on LeafN (-31%)
and SLA (-32%), than on density (-25%) or LeafA (-22%) in plants
treated with 0.4 M.

The populations showed significant differences in density, LeafA,
LeafW and SLA (p < .05), but not in LeafN (p = .7611, Table S1). P5,
P4 and P3 showed the highest values in LeafA, while only P3 showed
the highest in LeafW (Table 2). Among populations, P5 presented the
highest density and P4 the lowest (Table 2), with maximum differ-
ences in 0.2 M NaCl (Figure 2c). The population P3 showed the low-
est SLA (Table 2, Figure 2d).Leaf elongation rate and Density showed
a positive and linear relationship with the biomass produced, main-
taining the differences among populations at all salt levels (Figures
S1 and S2).

3.1.3 | Physiological variables
There was not populations and salinity interaction for any physi-

ological variables (p > .05, Tables S1 and S2). The net photosynthetic
rate was not significantly affected (p > .05) by Populations, Date,

or double or triple interactions (Table S2). Net photosynthetic rate
decreased slightly in time, but no significant differences between
day 19 and 35 (15.2 + 0.6 versus 14.9 + 0.6 umol co, m2s?t re-
spectively) were found.

Salt effects were significant for physiological variables (p < .05,
Tables S1 and S2). Among the physiological variables, the reduction
was greater in the A (-31%) than in the RWC (-14%) in 0.4 M NaCl-
treated plants when compared to the control; while in protein, the
most important differences were recorded in 0.3 M NaCl-treated
plants (-22%), (Figure 1e,f). Proline showed a huge exponential in-
crease due to salinity (5,873% in 0-0.4 M, Figure 1f). As well, popu-
lation effects were also significant for protein and proline (p < .050,
Table S1), but populations did not differ in the RWC (p = .2164).
Meanwhile, P5 stood out because it presented the lowest Proline
values and highest Protein, similar to those of P3. Conversely, P9
showed the highest proline and the lowest protein concentrations,
similar to those of P4 (Table 2).

Among the registered variables, the greatest differences due to
salinity were observed in proline. This metabolite showed an expo-
nential and negative relationship with the biomass produced in all
populations (Figure 3).

3.2 | Second experiment: 85-day
3.2.1 | Biomass, structural variables and phenology

As found for the 40-day experiment, there was not populations and
salinity interaction for any variables (p > .05, Table S3).

Salt effects were significant for TotalB, LeafT, density, SLA and
Flower (p < .05, Table S3), but with different intensity among salt
levels (Figure 4a,b). Total biomass decreased significantly when salt
levelsincreased (-87% in 0.4 M NaCl-treated plants, when compared
to the control). However, LeafT and density presented the highest
values in 0.2 M and the lowest in 0 and 0.4 M NaCl (LeafT -45%
and density -26% in 0.2-0.4 M range) (Figure 4a). That behaviour
was observed in all populations (Figure 5a-c). SLA showed the high-
est values in O M Salt, and decreased in all salt treatments, but no

TABLE 2 Population effect for total, green and senescence aerial biomass (TotalB, GreenB and DeadB); leaf elongation and senescence
rate (LER and LSR), leaf area (LeafA); leaf width (LeafW); number of tillers (Density); specific leaf area (SLA); protein and in the 40-day

experiment. Data are means (n = 35)

TotalB GreenB DeadB LSR LER LeafA LeafW Density SLA Protein Proline
Popu g/pl mm tiller* day™? cm?/leaf  cm/leaf tiller/pl cm?/g mg/g pmol/g
P3 1.45a 1.13a 0.32a 6.8ab 14.1b 9.6a 0.45a 10.4ab 248b 39.5ab 7.7b
P4 1.36a 1.05ab 0.31a 7.6a 16.1a 9.9a 0.41b 9.5b 272a 36.4bc 9.5.a
P5 1.14b 0.90b 0.24b 6.3b 15.6a 9.6a 0.39bc 10.9a 272a 43.4a 7.5b
P9 1.16b 0.91b 0.25b 6.9ab 16.0a 7.7b 0.37c 10.0ab 279%a 34.7¢c 10.0a
ee 0.11 0.09 0.03 0.7 0.7 0.9 0.01 0.4 9 3.3 2.4

Note: In each variable, different letters show significant differences (p < .05) among populations (Popu: P3, P4, P5, P9).

Abbreviation: ee, means standard error.
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FIGURE 3 Relationship between total 1000
biomass and proline of four populations
(P3, P4, P5, P9) growing under five salt
levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) ﬁ‘q 100 -
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significant differences were registered among salt-treated plants
(Figure 4b). Salinity limited the reproductive development of plants
from 0.2 M (49% Flower), becoming almost null at 0.4 M NaCl (1%

Flower) (Figure 4b). Flowering reached the highest values between

0 and 0.1 M NaCl (67%-71% Flower), but the control plants (0 M)
presented a more advanced phenological development, with tillers
ending flowering and close to the maturity phase (with senescent

basal leaves). Population effects were significant for TotalB, LeafT
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and density (p < .05, Table S3). The populations showed a similar
behaviour in SLA (p = .2582) and in Flower (p = .6619, Table S3),
while in total biomass, P5 showed the highest productions (Table 3,
Figure 5a). The P5 population showed also the highest density and
a high LeafT (Table 3, Figure 5b,c). Density presented the highest
differences among populations in 0.2 M NaCl (Figure 5c).

3.2.2 | Physiological variables

Net photosynthetic rate was significantly affected by Date, Salt and
Date x Salt interaction (p < .05). No effects were registered in the
remaining variation sources (p > .05, Table S2).

Net photosynthetic rate decreased when salt levels increased,
at different magnitudes over time (Date x Salt p < .0001, Table S2).

Means comparison of A in all Date showed the highest valuesin 0 M,
and the lowest in 0.4 M NaCl, with decreases of -24%, -42% and
-77% in 0.4M NaCl-treated plants, when compared to the control, at
days 5, 45 and 80, respectively (Table 4).

There was not populations and salinity interaction for any
physiological variables (p > .05, Tables S2 and S3). Salt effects were
significant for ETA, WUE, RWC and proline (p < .05, Table S3), but
with different intensity among the different salt levels. Relative
water content decreased with salt treatment, but no significant
differences were registered among 0.2-0.4 M range (Figure 4c).
Proline levels increased exponentially with salt (Figure 4c).
Accumulated evapotranspiration decreased significantly with in-
creased salt (-57% in 0-0.4 M NaCl, Figure 4d), while WUE was
similar, but WUE showed the highest values in 0.1 M NaCl (-74%
in 0.1-0.4 M NaCl, Figure 4d).
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FIGURE 5 Response of four @ 45 (b) g
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TABLE 3 Population effect for tiller TotalB LeafT Densit ETA WUE cr %
density (Density), green leaf length v
(LeafT), total aerial biomass (TotalB), dm. ML mg/
accumulated evapotranspiration (ETA), Popu g.pl? tiller® tiller.pl™® pot? mL,p0 % %o
water use efficiency (WUE), chlorine (CI") b3 6.44b 49%b 6.4b 5543 230b 0.58 26.5h
and stable carbon isotope (6*3C) in the 85- - : bl : -Joa :
day experiment. Data are means (n = 25) P4 6.38b 450ab 7.4ab 2,426b 2.40ab 0.57a -26.5b
P5 6.92a 493ab 7.8a 2,450b 2.58a 0.50b -26.0a
P9 6.09b 517a 6.8ab 2,466ab 2.30b 0.55ab -26.4ab
ee 0.27 30 04 57 0.07 0.02 0.2

Note: In each variable, different letters show significant differences (p < .05) among populations

(Popu: P3, P4, P5, P9).

Abbreviation: ee, means standard error.

Net photosynthetic rate, RWC and proline were no signifi-
cantly different among populations (p > .050, Tables S2 and S3),
but ETA and WUE presented significant differences depending on
the population tested (p < .05, Table S3). In this way, P3 showed
the highest ETA values, while P4 and P5 showed the lowest. For
WUE, P5 showed the highest values and P4 was intermediate, with
no significant differences with the other populations (Table 3,
Figure 5d).

Proline showed the greatest changes due to salinity of all vari-
ables tested (17,500% in 0-0.4 M range) and it also showed an
exponential and negative relationship with the biomass produced
(Figure 6). Accumulated evapotranspiration and WUE showed a

positive relationship with the biomass produced, lineal in ETA and

logarithmic in WUE (Figures S3 and S4). P3 presented the highest
ETA per produced biomass unit and P5 the lowest.

3.2.3 | K, Na%, CI" and N concentration

As for all the variables tested, there was not populations and salinity
interaction for Na*, K*, CI” and N (p > .05, Table S3). By contrast, salt
effects were significant for Na*, K*, CI” and N (p < .05, Table S3). Na“,
CI” and N increased when Salt levels increased with greater intensity
in N (130%) than in Na* and CI™ (63% and 78%) in 0.4 M NaCl-treated
plants, when compared to the control. The values were similar among
0.2 and 0.4 M for Na*, 0.2 and 0.3 M for CI, and 0.3 and 0.4 M for
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Net photosynthetic rate (umol CO2 m2s?

TABLE 4 Salt x Data interaction effect
for net photosynthetic rate in the 85-day

Date x Salt 0 0.1 0.2 0.3

5 22.8A 21.1A 20.9A 19.9AB
45 24.6A 22.2A 19.3B 16.3C
80 25.7A 20.4B 16.7C 12.3D

0.4 ee experiment. Data are means (n = 35)
17.3B 1.2
14.2C 1.2

5.8E 1.3

Note: In each Date (5, 45, 80 days), different letters show significant differences (p < .05) among

Salt levels (0, 0.1, 0.2, 0.3, 0.4 M NacCl).
Abbreviation: ee, means standard error.

1000 FIGURE 6 Relationship between total
biomass and proline of four populations
(P3, P4, P5, P9) growing under five salt
= levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) in
0 the 85-day experiment. The coloured dots
g indicate the combination of a population
= with a salt concentration. The exponential
lines (Exp) correspond to each population
g and the population mean (X) [Colour
% °® figure can be viewed at wileyonlinelibrary.
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N (Figure 4e). Meanwhile, K* registered the highest values at O and
0.4 M NaCl, and the lowest values at 0.1 M (Figure 4e), showing the
greatest differences between 0 and 0.1 M (-23%). The populations
presented the greatest difference among salt levels in 0.1 M NaCl for
N, CI”and Na* and, in 0.2 M NaCl for K" (Figure 7a-d). However, only
CI” showed significant differences among populations (p = .0363,
Table S3). Populations P3 and P4 showed the highest CI” values,
whereas P5 showed the lowest (Table 3).

3.2.4 | Stable carbon and nitrogen isotope

There was not populations and salinity interaction for 8*3C and §°N
(p > .05, Table S3). Salt effects were significant for §'°C and §'°N
isotope (p < .05, Table S3). The §'°C isotope values increased sig-
nificantly with salt levels, whereas 51N values decreased, reaching
the greatest increase (20%) for 5'C in 0.4 M NaCl-treated plants
and the greatest decrease (-114%) for 5'°N in 0.3 M NaCl-treated
plants, when compared to the control (Figure 4f). The §'3C isotope
presented significant differences among populations (p = .0470,
Table S3), with P5 showing the highest values, and P3 and P4 the

lowest (Table 3, Figure 7e). Meanwhile, the SN isotope registered
a higher dispersion of data, without differences among the popula-
tions (p = .6455, Table S3, Figure 7f).

4 | DISCUSSION

Tall wheatgrass populations responded similarly to salinity on mor-
pho-physiological, biochemical, isotopic and productive variables,
and no interaction among salt and population was observed both in
the vegetative and reproductive stages. For this reason, inter-pop-
ulation differences are discussed regardless of salt levels, and salt
effects are discussed regardless of population origin.

Changes in morphogenetic and structural variables have
been scarcely studied in tall wheatgrass under salinity (Borrajo &
Alonso, 2004). The importance of these variables is evident both
in the vegetative and reproductive stages. Increased salt levels re-
sulted in decreased photosynthesis and leaf tissue production (lower
LER and LAR), and earlier tissue death (increased LSR). This led to
less leaf area expansion (lower LeafA, LeafN and Density), ultimately

limiting biomass production. Studies in other grasses have reported
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similar responses (Taleisnik et al., 2009). Salt induces changes on
the cell water balance (Hasegawa, 2013; Munns, 2002), with altered
RWOC, LeafA, LeafN and SLA, and smaller and thicker leaves (Acosta-
Motos et al., 2017).

Increased and earlier senescence has been suggested as a salt
stress tolerance strategy, in which water and nutrients are remobi-
lized to younger photosynthesizing leaves (Sade et al., 2018), while
the excess of toxic ions are sequestered in older leaves, causing
early senescence (Munns, 2002). This strategy appeared to be more
developed in P4, which originates from the most stressful environ-
ment, with low precipitation (300 mm/year) and saline soils (pH: 9).

Inter-population differences in protein content were not re-
flected in photosynthetic rates, probably because photosynthesis

Salt (NaCl M)

APY eP3 @P4 MP5 AP

was measured in the youngest leaf which is the leaf most buffered
by the plant to continue growing (Chaves et al., 2009; Munns, 2002;
Sade et al., 2018).

The decrease in morphogenetic, structural, physiological and
productive variables depended on the intensity and duration of
salt stress, as previously reported (Bhuiyan et al., 2015; Chaves
et al., 2009). A delayed development of the reproductive pheno-
logical stage was also observed, as observed by Acosta-Motos
et al. (2017). Since tall wheatgrass shows its highest growth po-
tential during the reproductive stage (Borrajo, 1998; Otondo
et al., 2019), delayed flowering under salt stress would have con-
tributed to increase the differences in growth among different salt

levels.
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In the 40-day experiment, P3 and P4 showed the highest bio-
mass production (TotalB, GreenB and DeadB), but with different
combinations of morphogenetic, structural and physiological vari-
ables. While P4 showed the highest LER, P3 had the greatest LeafW,
which determined high values LeafA in both populations. P4 showed
the lowest density while P3 showed the highest weight per unit of
leaf area (lowest SLA). On the other hand, P5 and P9 presented the
lowest biomass production (TotalB, GreenB and DeadB) with high
LER, but with the lowest LeafW and the highest SLA. Also, P9 pre-
sented the lowest LeafA, while P5 showed the highest density.

Notably, the ranking of populations changed, in the 85-day ex-
periment that extended into the reproductive stage, P5 showed the
highest forage production, determined by the highest density and
high LeafT. In both experiment, it can be noted that populations with
similar biomass production had contrasting morphologies (morpho-
genetic and structural), although these morphological characteris-
tics would not be related to the environmental origin of the different
populations.

Proline showed the largest differences due to salinity. Further,
when comparing populations in the vegetative stage, proline and
protein responses were related to the environmental origin of the
studied population: P4 and P9, which come from the most saline
environments (alkaline soils), showed the highest content of proline
and lowest of protein; whereas P5 and P3, which are from environ-
ments without salinity (neutral soils), showed an opposite behaviour.
This inter-population behaviour was also similar to that already re-
ported under water stress (Borrajo et al., 2018), and could be at-
tributed to different mechanisms to respond to both, osmotic and
oxidative stress. Proline was not different among populations in the
reproductive stage, when duration and intensity of salt stress were
higher. Salt tolerance was related to the increase in proline, but it
was not enough to allow an interspecific selection in tall wheatgrass
(Shannon, 1978).

Increase in K" may contribute to osmoregulation (Munns, 2002;
Oyiga et al., 2016). However, it was not the main osmoregulation
mechanism used by tall wheatgrass to tolerate salinity in the pres-
ent study. In other studies, the K content in decaploid wheatgrass
was reduced by increases in salinity (Bhuiyan et al., 2015; Guo
et al., 2015).

The Na* and CI” sequestered in the vacuole could function as
low-energy osmotic agents (Acosta-Motos et al., 2017; Munns, 2002;
Taleisnik et al., 2009; Wu, 2018). This may be an osmoregulatory
mechanism used by tall wheatgrass that could explain the increase
of leaf Na* and CI™ concentrations found in the present work (63%
Na* and 78% CI"). In fact, similar results were found by other au-
thors in decaploid wheatgrass (+83% Na* and +41% CI”, Bhuiyan
et al., 2015).

In the reproductive stage, P5 presented the lowest leaf CI™ con-
tent, which suggests that this population could have a more devel-
oped exclusion mechanism than the others. This would be supported
because P5 showed the highest WUE that would indicate a lower
transpiration, which could favour the retention of toxic ions in roots,

limiting their accumulation in the aerial biomass (Acosta-Motos

et al., 2017). This agrees with the findings of other authors, who
found higher levels of CI™ in roots than in leaves of Thinopyrum pon-
ticum (Bhuiyan et al., 2017). Populations P3, P4 and P9 would show
a different strategy from P5, with high CI™ leaf content that could be
compartmentalized in the cell vacuole, without inducing apparent
damage (no inter-population differences in photosynthesis, RWC,
SLA, proline, potassium and flowering, among others), but with
higher energy expenditure, and for this reason, lower forage produc-
tions (TotalB). In wheat, it was also observed a negative relationship
between CI” in shoot and growth depression (Salim, 1989).

The 8N decreased when salt levels increased, which could
suggest that plants discriminate more against BN at higher salt
levels. Studies in wheat have reported similar responses (Yousfi
et al., 2012). As the amount of N available in the pots was the same
for all the treatments, the greater availability of N per unit of tissue
under severe salt stress would be directly related to discrimination
of N during uptake. This is supported by the opposite behaviour
observed between 5*°N and leaf N concentrations.

In contrast §'°C increased in all populations when salinity in-
creased, with P5 showing the highest values. This high §°C values
in P5 could be related to stomatal closure to avoid water loss (high
RW(C), limiting transpiration (lower ETA and WUE) and gas exchange.
The higher 8*3C can be an indirect indicator to select for high sus-
ceptibility to salt stress (Yousfi et al., 2012). In decaploid wheat-
grass, small differences were found in §'3C at various saline levels
(Johnson, 1991), but in the present work, the highest §'3C in P5 did
correlate with high use of water efficiency, which would have con-
tributed to produce more biomass (higher Btotal).

Increases in salt level (0-0.4 M NaCl) induced a lower ETA, pos-
sibly due to reductions in plant transpiration and soil evaporation;
while WUE showed the highest value in 0.1 M NaCl, and then, it
decreased with increasing salt levels. This demonstrates the salt tol-
erance of tall wheatgrass, which showed increases in foliar concen-
trations of CI” and Na*; along with increases in proline; reductions in
ETA, photosynthesis, RWC, and growth; maintenance of flowering,
and more efficiency in the use of water 0.1 M than in control treat-
ment (0 M NaCl).

Evapotranspiration differed among populations, with P3 pre-
senting the highest values and P4 and P5 the lowest; while WUE
had a contrary trend in those populations. Therefore, those tested
tall wheatgrass populations could be classified as water-spender (P3)
and water-savers (P4 and P5) (Blum, 2015).

Again, such results could be related to the environmental ori-
gin of the populations: P3 comes from the most humid environment
(temperate clime =900 mm/year—and Argiudoll soil), while P4 and P5
come from the driest environment (semiarid clime -300mm/year—
and Torrifluvent soil), although, P4 comes from a saline environment
and P5 from a non-saline environment. For this reason, P4 and P5
would probably have different strategies to limit transpiration and
continue growing (lower ETA and higher WUE) with increasing sa-
linity. The P4 strategy would be related to restrict the excess of
toxic ions to old transpiring leaves (higher CI”) causing their early se-

nescence (the highest LSR and DeadB), but limiting photosynthetic
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surface. On the other hand, in P5, the strategy would be related to
stomatal closure (the highest 8'3C), restricting transpiration, and
consequently, limiting toxic ions concentration in the leaves (the
lowest CI, LSR and DeadB).

A water-saver population as P5 might have an advantage in
the harshest environments, whereas a water-spender population
as P3 will perform better under more moderate stress conditions
(Blum, 2015). This classification could explain the opposite be-
haviour presented by P3 and P5 in the total biomass between the

40-day and 85-day experiments.

5 | CONCLUSIONS

The findings of this paper are important for furthering our under-
standing of how intensity and duration of salt stress determine dif-
ferences in morphogenetic, structural, productive, physiological,
biochemical and isotopic variables, which are characteristic of each
tall wheatgrass population. Only in some characters, inter-popula-
tion diversity in the responses could be linked to the environment of
origin of each population. Our results show that populations that had
similar biomass production, they did so with contrasting morpholo-
gies, both in morphogenetic and structural variables. Finally, although
no evidence was found of an interaction between population and
salt, we highlight P5 behaves better in the harshest environments,
whereas P3 performs better under more moderate stress conditions,
which suggests that duration of the stress is an important aspect to

consider when selecting germoplasm for tolerance to salinity.
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Table S1. Analysis of variance (p-values) for total, green and dead aerial biomass (TotalB, GreenB and DeadB); leaf elongation, senescence and appearance
rate (LER, LSR and LAR); leaf area (leafA), leaf width (leafW), number of leaves per tiller (leafN), number of tillers (Density), and specific leaf area (SLA); protein,
proline and relative water content (RWC) in 40-day experiment (n=140). Populations (Popu), salt levels (Salt), and their interaction were considered fixed

effects.
Variables Biomass Morphogenetic Structural Physiological

Effects TotalB GreenB DeadB | LER LSR LAR LeafA LeafW LeafN Density SLA RWC Protein Proline

Salt 0.0015 0.0001 0.0001 | 0.0001 0.0001 0.0001 0.0089 0.5038 0.0001 0.0001 0.0001 | 0.0060 0.0484 0.0001
%k % %k k %k %k %k % %k k % %k k % %k k %k ns k% % %k k %k k k% * %k %k %

Popu 0.0017 0.0129 0.0017 | 0.0112 0.0152 0.8648 0.0041 0.0001 0.7611 0.0422 * 0.0021 0.2164 0.0008 0.0446
%k %k * %k %k * * ns %k %k %k %k k ns 3k %k ns %k %k %k %k 3k

Salt x Popu | 0.9858  0.9462 0.4632 | 0.8316 0.9812 0.9322 0.8454 0.9826 0.1160 0.2977 0.3610 | 0.0948 0.6402ns 0.9411
ns ns ns ns ns ns ns ns ns ns ns ns ns

Probability values and significance were shown, ns: not significant p > 0.05. Significant at * p <0.05; ** p <0.01; *** p <0.001.
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Table S2. Analysis of covariance (p-values) for net photosynthetic rate in the 40-day experiment
(2 Date) and 85-day experiment (3 Date). Populations (Popu), salt levels (Salt), registration dates
(Date), their interactions, and covariates (PAR: photosynthetically active radiation, Temp_A and
Temp_L: leaf and air temperature. Flow: air flows, CO, concentration. RH: relative humidity),
were considered.

Variable Net photosynthetic rate
Effects 40-day experiment 85-day experiment
Salt 0.0001 *** 0.0001 ***
Popu 0.6815 ns 0.9604 ns
Salt x Popu 0.3147 ns 0.8520 ns
Date 0.6720 ns 0.0028 **
Salt x Date 0.4561 ns 0.0001 ***
Popu x Date 0.4427 ns 0.9782 ns
Salt x Popu x Date 0.4892 ns 0.9660 ns
PAR 0.0001 *** 0.0004 ***
Temp_A 0.7156 ns 0.5286 ns
Temp_L 0.7163 ns 0.5272 ns
Flow 0.1967 ns 0.9175 ns
CO; 0.0026 ** 0.7097 ns
RH 0.0001 *** 0.3404 ns

Probability values and significance were shown, ns: not significant p > 0.05. Significant at * p <0.05; ** p

<0.01; *** p <0.001
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Table S3. Analysis of variance (p-values) for green leaf length per tiller (LeafT), number of tillers (Density), total aerial biomass (TotalB), flowering (Flower),
and specific leaf area (SLA); relative water content (RWC), proline, accumulated evapotranspiration and water use efficiency (ETA, WUE); stable isotopes of
1BC and N (8!3C and 8'°N); Na*, K*, ClI"and N contents in 85-day experiment (n=100). Populations (Popu), salt levels (Salt) and their interaction were fixed
effects considered.

Variables Structural and Productive Physiological Elemental analysis Stable isotopes
Effects TotalB LeafT  Density Flower SLA RWC Proline ETA WUE | Na* K* cr N &8¢ 3N
Salt 0.0001 0.0006 0.0237 0.0001 0.0003 | 0.0001 0.0001 0.0001 0.0001 | 0.0027 0.0096 0.0001 0.0001 | 0.0001 0.0001

%k %k %k % %k k * % %k k % %k k % %k k % %k k k% % k% % k% k% k% % %k %k % %k %k % %k %k %
Popu 0.0344 0.0432 0.0432 0.6619 0.2582 | 0.7931 0.6437 0.0403 0.0314 | 0.8922 0.1810 0.0363 0.9070 | 0.0470 0.6455
* * * ns ns ns ns * * ns ns * ns * ns
Salt x Popu | 0.3921 0.5100 0.7038 0.9548 0.1699 | 0.7551 0.5256 0.3947 0.4309 | 0.3054 0.7332 0.1796 0.8038 | 0.8891 0.6954
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Probability values and significance were shown, ns: not significant p > 0.05. Significant at * p <0.05; ** p <0.01; *** p <0.001
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FIGURE S1: Relationship between total biomass and leaf elongation rate (LER) of four
populations (P3, P4, P5, P9) growing under five salt levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) in the
40-day experiment. The coloured dots indicate the combination of a population with a salt
concentration. The lines (L) correspond to each population.
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FIGURE S2: Relationship between total biomass and density of four populations (P3, P4, P5, P9)
growing under five salt levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) in the 40-day experiment. The
coloured dots indicate the combination of a population with a salt concentration. The lines (L) correspond
to each population.
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FIGURE S3: Relationship between total biomass and accumulated evapotranspiration (ETA) of
four populations (P3, P4, P5, P9) growing under five salt levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) in
the 85-day experiment. The coloured dots indicate the combination of a population with a salt

concentration. Lines (L) correspond to each population.
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FIGURE S4: Relationship between total biomass water use efficiency (WUE) of four populations
(P3, P4, P5, P9) growing under five salt levels (Salt: 0-0.1-0.2-0.3-0.4 M NaCl) in the 85-day
experiment. The coloured dots indicate the combination of a population with a salt concentration.
Logarithmic lines (Log) correspond to each population.
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Abstract: Tall wheatgrass (Thinopyrum ponticum (Podp.) Barkworth and D.R. Dewey) is an important,
highly salt-tolerant C3 forage grass. The objective of this work was to learn about the ecophysiological
responses of accessions from different environmental origins under drought and salinity conditions,
to provide information for selecting superior germplasm under combined stress in tall wheatgrass.
Four accessions (P3, P4, P5, P9) were irrigated using combinations of three salinity levels (0, 0.1, 0.3 M
NaCl) and three drought levels (100%, 50%, 30% water capacity) over 90 days in a greenhouse. The
control treatment showed the highest total biomass, but water-use efficiency (WUE), 813¢C, proline, N
concentration, leaf length, and tiller density were higher under moderate drought or/and salinity
stress than under control conditions. In tall wheatgrass, K* functions as an osmoregulator under
drought, attenuated by salinity, and Na* and Cl~ function as osmoregulators under salinity and
drought, while proline is an osmoprotector under both stresses. P3 and P9, from environments with
mild/moderate stress, prioritized reproductive development, with high evapotranspiration and the
lowest WUE and 8'3C values. P4 and P5, from more stressful environments, prioritized vegetative
development through tillering, showing the lowest evapotranspiration, the highest 513C values,
and different mechanisms for limiting transpiration. The 513C value, leaf biomass, tiller density,
and leaf length had high broad-sense heritability (H?), while the Na* /K* ratio had medium H?. In
conclusion, the combined use of the §13C value, Na* /K* ratio, and canopy structural variables can
help identify accessions that are well-adapted to drought and salinity, also considering the desirable
plant characteristics. Tall wheatgrass stress tolerance could be used to expand forage production
under a changing climate.

Keywords: tiller density; leaf length; 13-carbon isotope; water-use efficiency; Na* /K* ratio; proline;
K* concentration; Na* and CI~ concentration; combined stress; C3 grass

1. Introduction

Climate change, as well as the reduction in water reserves and the increase in salinized
lands, poses major constraints to agricultural-livestock production systems [1,2]. Wild
species are extremely rich resources of genetic variability for abiotic stress tolerances that
are not available in cultivated species, which could help improve crop productivity and
environmental sustainability [2,3]. This may be the case for tall wheatgrass (Thinopyrum
ponticum (Podp.) Barkworth and D.R. Dewey) [3-5], which has been identified as a salt-
tolerant forage grass [6-8] with potential as a soil phytoremediator [7] and energy crop [9,10].
Moreover, it has been used as a source of genes to improve tolerance to biotic and abiotic
stress in wheat [3-6]. Tall wheatgrass outperforms most species in tolerance to drought
[7,10] and salinity [3-6,11]. However, the physiological mechanisms responsible for the
high tolerance to water and salt stress have been less extensively studied at the intraspecific
level in tall wheatgrass [9,12-15].
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Tall wheatgrass is mainly used as forage for direct grazing, hay, and silage in areas
with salinity or alkalinity limitations in different parts of the world [6,7,9,12,16,17]. Forage
grass improvement programs seek to increase its aerial biomass production and tolerance
to drought and salinity. However, drought and salinity both cause an initial phase of
osmotic stress, to which plants respond by minimizing water loss through stomatal closure,
hence limiting transpiration, gas exchange, photosynthesis, and leaf growth [18,19]. The
photosynthetic response to drought and salinity stress is very complex and is affected by
both the restriction of CO; diffusion into the chloroplast, through limitations on stomatal
opening and the mesophyll transport of CO,, and the alterations to leaf photochemistry
and carbon metabolism [18,20]. When stress conditions persist, salt can cause a nutri-
tional imbalance, toxicity, and endogenous oxidative stress, severely reducing growth
and development [18,19,21-23]. Plants activate different mechanisms to overcome stress,
limiting transpiration through processes including stomatal closure and premature leaf
senescence [18-21]. They also activate mechanisms to recover an osmotic balance, namely
the cellular accumulation of inorganic solutes such as K*, Na*, and C1~ [19,23,24] or organic
solutes such as proline [14,25,26]. Proline can also act as an osmoprotective solute against
oxidative stress [25,26].

Combined water and salt stress causes a severe burden and different responses among
plant species [7,11,17,19,27]. The stable isotopes of carbon (12C, 13C) and nitrogen (N, 1°N)
in dry matter can help us better understand the carbon and nitrogen metabolism of plants
under abiotic stress [27,28]. Plants discriminate against the heavier carbon isotope (13Q)
during photosynthesis (C3-Rubisco), and this discrimination depends on the intercellular
to atmospheric CO; ratio in the photosynthetic organs, which varies with the stomatal
conductance and intrinsic photosynthetic capacity of the C3 plant [29]. The 3C isotope
composition (5'C) provides information regarding the long-term transpiration efficiency
(WUEi = A/E, photosynthesis/transpiration rate) and correlates with the WUEi and yield in
C3 crops [26,29-33]. Furthermore, §!3C generally has a higher broad-sense heritability than
yield and biomass [30-32,34]. The 15N isotope composition (61°N) is directly related to the
N metabolism, and both are negatively affected by drought and salinity, which may be due
to the decreased nitrate reductase and glutamate synthetase activity [27,28]. Therefore, '>C
and 8'°N values may be adequate indicators for selecting genotypes tolerant to drought
or/and salinity in C3 grass [27,28,32].

In Argentina, tall wheatgrass was introduced during the 1950s for cattle grazing due to
its plasticity and producibility in environments with alkalinity, salinity, summer droughts,
or winter floods; currently, tall wheatgrass is used for cattle grazing on 1 million hectares
of hydro-halomorphic soils in the Salado River basin [16]. Tall wheatgrass became natu-
ralized in semi-arid to temperate humid environments three decades ago in Argentina,
and variations in certain characteristics have been detected that are of agronomic inter-
est [35,36]. Studies have been conducted to explore tolerance to drought and/or salinity
at the intraspecific level in tall wheatgrass, which is especially important due to the envi-
ronment in which it is cultivated. In a previous study, wild populations from contrasting
environmental origins showed different levels of biomass production when subjected to
different intensities of drought (100%, 50%, and 30% field capacity) over 35 days [13]. The
populations presented different growth strategies (size and number of leaves and tillers)
as well as differences in morpho-physiological mechanisms (leaf water content, water use
efficiency, and leaf proline and protein content) to tolerate stress due to drought. This study
showed that a higher biomass production stability was related to a higher tiller density and
water use efficiency (WUE) [13]. In another study, populations were evaluated in terms of
their salinity tolerance using two trials of different durations (40 days and 85 days) and
intensities (irrigation with five salt concentrations: 0, 0.1, 0.2, 0.3, and 0.4 M NaCl), and
interpopulation differences were found in biomass production according to the duration
of stress [8]. In the 40-day salt trial, the interpopulation differences were similar to those
found in the drought trial (differences in morphogenetic and structural characteristics,
specific leaf area, and leaf proline and protein content), and differences in dead biomass
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were also detected. Meanwhile, in the 85-day salt trial, the interpopulation differences were
attributed to differences in structural variables, leaf chlorine concentration, WUE, and 13C
isotope level [8]. Experiments combining drought and salinity stress have not yet been
carried out in this germplasm, but they are especially necessary because tall wheatgrass
pastures are used for cattle grazing in environments with water and salt stress. Moreover,
it is important to analyze the broad-sense heritability (H?) of each characteristic. The H? is
an estimate of the relative contributions of the differences due to genetic effects (genotypic
variability) with respect to the measured phenotypic variability [30-32,34,37].

The aim of this study was to compare growth strategies and physiological mechanisms
under drought and salinity conditions in tall wheatgrass germplasm, in order to extend
our knowledge regarding tolerance to combined stress and the most effective variables
for determining the germplasm that is most adapted to stress. Therefore, in this study, we
examined the responses of the morpho-agronomic, physiological, and isotopic variables in
four accessions of different environmental origins (P3 from a humid temperate climate and
non-saline, non-alkaline soil; P4 from a semi-arid climate and saline-alkaline soil; P5 from a
semi-arid climate and non-saline, non-alkaline soil; and P9 from a humid temperate climate
and saline-alkaline soil) under combinations of three salinity levels and three drought levels
over 90 days in a greenhouse. In addition, we estimated the broad-sense heritability of each
characteristic. We tested the hypothesis that there are different physiological mechanisms
and growth strategies for tolerance to drought and salinity stress in tall wheatgrass, and that
the variation in these behaviors depends on the intensity of the drought and salinity and
the origin of the germplasm. Consequently, this research provides a new understanding of
tolerance to drought and salinity in forage species and the most effective characteristics for
finding the tall wheatgrass germplasm that is most well-adapted to multiple stresses. This
knowledge will help to expand tall wheatgrass culture in different environments, especially
in drought and salinity conditions, which will become more typical in the near future due
to climate change.

2. Results

Total biomass, leaf and stem biomass, the proportion of spiked tillers, plant height,
and photosynthesis were reduced with increasing drought and salinity. However, the tiller
density, leaf length, and water-use efficiency in the moderate drought or/and salinity treat-
ments exceeded the control. The physiological and isotopic parameters showed different
behaviors under drought and salinity, especially the §'3C and the Na*/K* ratio.

2.1. Morpho-Agronomic Variables

The results of the three-way factorial ANOVA (four accessions, three salinity lev-
els, three drought levels, and their interactions) for the morpho-agronomic variables are
presented in the Supplementary Materials (Table S1).

2.1.1. Drought and Salinity Effects

There were drought and salinity interactions (WS x SS) for most of the morpho-
agronomic variables (p < 0.05), except for LeafB and SLA, which showed drought effects
(WS) and salinity effects (SS) (Table S1). The morpho-agronomic variables showed an
absence of accession X salinity x drought interactions (p > 0.05). The WS x SS interactions
were analyzed by comparing the WS means for each SS level (Figure 1).
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Figure 1. Drought and salinity interactions (WS and SS) for: tiller density and leaf length per tiller
(LeafT) (a), dead biomass (DeadB) and percentage of dead biomass (Dead%) (b), stem biomass (StemB)
and plant height (Height) (c), proportion of spiked tillers (Spike%) (d), total biomass (TotalB) and
water-use efficiency (WUE) (e), and accumulated evapotranspiration (ETA) and electrical conductivity
(EC) (f). For each variable, different letters indicate significant differences (LSD, p < 0.05) between
drought levels (WS: 0, 50, or 70, corresponding to 100%, 50%, or 30% water capacity, respectively) for
each level of salinity (SS: 0, 0.1, or 0.3, corresponding to 0.0, 0.1, or 0.3 M NaCl, respectively). Points
are means of 4 tall wheatgrass accessions and 5 blocks (1 = 20). Bars indicate the means standard error.

The canopy structure variables (LeafT and Density) showed the highest values under
moderate salt or/and drought stress (LeafT in 0 WS-0.1 SS and 50 WS-0.1 SS, and Density
in 0 WS-0.1 SS and 0 WS-0.3 SS). Tiller density showed different trends when drought
increased for each SS level (Figure 1a). Tiller density increased with increased drought
in the salt-free level, no differences were found between drought levels for moderate SS
(0.1 SS), and decreased values were found in severe SS with increased WS. However, tiller
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density did not differ between 50 and 70 WS in any SS level (Figure 1a). Green leaf length
per tiller (LeafT) decreased when WS increased, but by a different magnitude for each SS
level: —35%, —21%, and —52% between 0 and 70 WS for salt-free, moderate, and severe
SS, respectively. The highest LeafT values were found in moderate SS combined with 0 or
50 WS (0 WS-0.1 SS and 50 WS-0.1 SS, Figure 1a).

Leaf biomass (LeafB) and specific leaf area (SLA) decreased under drought or salinity
conditions, except for LeafB in moderate salinity. Leaf biomass decreased significantly (by
—42%) when drought increased from 0 to 70 WS, though it did not differ between salt-free
and moderate salinity and decreased significantly in severe salinity, with a —57% reduction
compared with 0 SS (Figure 2a). Specific leaf area showed the highest values in stress-free
conditions for both WS and SS treatments, whereas similar values were noted between
50 WS and 30 WS and between 0.1 SS and 0.3 SS (Figure 2a).
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Figure 2. Effect of drought level (WS) or salinity level (SS) on leaf biomass (LeafB) and specific
leaf area (SLA) (a); relative water content (RWC) (b); Na* and Cl~ concentrations (c); and stable
isotope of N (8"°N) (d). For each variable, different letters indicate significant differences (LSD,
p < 0.05) between drought levels (WS: 0, 50, or 70, corresponding to 100%, 50%, or 30% water capacity,
respectively) or salinity levels (SS: 0, 0.1, or 0.3, corresponding to 0.0, 0.1, or 0.3 M NaCl, respectively).
Points are means of 4 tall wheatgrass accessions, 5 blocks, and three levels of salinity or drought

(n = 60). Bars indicate the means standard error.

Dead biomass (DeadB) increased with stress, while the inverse behavior was observed
for the percentage of dead biomass (Dead%). The DeadB values were highest in the control
treatment, decreased with drought in the salt-free treatment, were lower in the levels with
drought (50 WS and 70 WS) under moderate salinity, and did not differ between drought
levels in the severe salt level (Figure 1b). By contrast, the percentage of dead biomass over
total biomass (Dead%) increased when drought increased, but by a different magnitude at
each SS level (Figure 1b).
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In general, reproductive development and biomass production showed the highest
values in the control and decreased under drought and salinity conditions, although the
values were similar to the control in the moderate-salt and mild-drought treatments. Plants
reduced their green stem biomass (StemB) with increasing drought and salinity, with an
important drop from 0 to 70 WS under 0 or moderate SS (Figure 1c). The proportion of
spiked tillers (Spike%) showed similar behavior to StemB, with a notable reduction in the
spikes at higher drought levels, especially in combination with severe salinity (less than
20% spiked tillers, Figure 1d). Meanwhile, plant height (Height) decreased with increased
drought for 0 and 0.1 SS, but it did not differ among the 0.3 SS levels (Figure 1c). The
highest total biomass (TotalB) was produced in the control (0 WS-0 SS), and growth was
limited with increasing drought and salinity, though with less difference among the 0.3 SS
levels (Figure 1e).

The highest accumulated evapotranspiration (ETA) occurred in the control, but the
highest water-use efficiency (WUE) was found under moderate drought—salinity conditions.
The ETA decreased under drought and salinity conditions (Figure 1f). Meanwhile, WUE
showed the highest values at 50 WS for salt-free and 0 and 50 WS for moderate salinity
conditions, with no differences found among the 0.3 SS levels (Figure le).

2.1.2. Accession Effects

The morpho-agronomic variables showed different behaviors between tall wheatgrass
accessions (p < 0.05, Table 1), except for the specific leaf area (SLA) and the dead biomass
(DeadB) (p > 0.05). The behavior of the accessions could be grouped according to their
environmental origin: accessions originating from environments with greater stress, such
as P4 (semi-arid climate and saline-alkaline soil) and P5 (semi-arid climate and non-saline,
non-alkaline soil), and accessions originating from environments with mild to moderate
stress, such as P3 (humid temperate climate and non-saline, non-alkaline soil) and P9
(humid temperate climate and saline-alkaline soil). Accessions showed no interactions
between salinity or drought treatments for all morpho-agronomic variables (p > 0.05),
except for the proportion of spiked tillers (Spike%) (ANOVAs in Table S1).

In general, the accessions from environments with greater stress showed higher values
in the canopy structural variables (Density and LeafT), which P5 showed the highest values
and P3 the lowest. The differences among accessions were maintained under drought and
salinity conditions. The number of tillers per plant (Density) showed the highest values in
P5 and P4, and P3 showed the lowest values (Table 1); meanwhile, the leaf length per tiller
(LeafT) was highest in P5 and P9 and lowest in P3 (Table 1). The accessions maintained their
differences when we calculated the leaf length as a function of the tiller density, showing a
quadratic trend. The treatments with different intensities of drought and moderate salinity
were located at the top of the curves (with greater foliar lengths and intermediate densities,
symbolized by diamonds in Figure 3). Extreme behaviors were observed in the curves of
P3 and P5: P3 showed a curve displaced to the left and with less height due to its lower
density and foliar length, while P5 showed a curve displaced to the right and with greater
height due to its greater density and leaf length (the behavior of the density and foliar
length was previously mentioned in Section 2.1.1, regarding the interaction of drought and
salinity, Figure 1a).



Plants 2022, 11, 1548 7 of 24

Table 1. Tiller density, leaf length per tiller (LeafT), green leaf biomass (LeafB), green stem biomass (StemB), total biomass dry weight (TotalB), percentage of dead
biomass (Dead%), plant height (Height), accumulated evapotranspiration (ETA), water-use efficiency (WUE), proportion of spiked tillers (Spike%), Na* /K* ratio
(Na*/K"), and stable isotopes of C (513C) of four tall wheatgrass accessions (P3, P4, P5, P9); Spike% values are given for the four accessions at each salinity level
(0SS,0.1SS, or 0.3 SS, corresponding to 0.0, 0.1, or 0.3 M NaCl, respectively).

Density LeafT LeafB Dead% StemB TotalB Height ETA WUE Spike% Na*/K* s13C
: ; -1 Ter—1 -1 o -1 -1 -1 (mLH,O -1 9
Accession (tiller.pl™") (cm.tiller™) (g.pl™") (%) (g.pl ) gpl™) (cm.pl™) pot—1) mg.mL™'y,o0 0SS 0.1SS 0.3SS (%o0)
P3 6.8b 364Db 1.57b 19.5 ab 293 a 5.27ab 66.9 a 1893 ab 2.66b 53 a 42b 8a 1.44Db —26.55b
P4 77 a 39.2 ab 1.64b 20.0a 2.61b 5.09b 63.2 ab 1849 b 2.63b 30b 46 b 10a 1.70 a —26.48 ab
P5 79a 44.1a 191a 18.7 ab 2.73 ab 5.53a 61.8b 1861 b 2.83a 40b 34c 8a 1.40b —26.21a
P9 7.3 ab 422 a 1.62b 16.8b 291a 5.21b 64.4 ab 1904 a 2.62b 40b 55a 9a 1.58 ab —26.60b
ee 0.3 2.5 0.07 14 0.12 0.13 1.6 42 0.06 4.1 4.0 3.6 0.09 0.16

Data are means of 3 drought levels, 3 salinity levels, and 5 blocks (1 = 45), except for Spike%, which is means of 3 drought levels and 5 blocks (1 = 15). Different letters in the same column indicate significant differences (LSD,
p <0.05). ee, mean standard error; pl, plant.



Plants 2022, 11, 1548

8 of 24

80
70 §
§ 60
= 50
£
[} T T T
— 40
E
o 30
—
20
10
3 4 5 6 7 8 9 10 11 12
Density (tiller.pl?)
B P3 O0ss 100ws B P4 Oss 100ws ® P5 Oss 100ws @™ P9 0ss 100ws
O P3 0Oss 50ws @O P4 Oss 50ws @ PS5 Oss 50ws O P9 Oss 50ws
O P3 0Oss 30ws O P4 Oss 30ws O PS5 Oss 30ws O P9 Oss 30ws
¢ P30.1ss100ws @ P40.1ss 100ws & P50.1ss 100ws ¢ P90.1ss 100ws
¢ P30.1ss 50ws © P40.1ss 50ws © P50.1ss 50ws & P90.1ss 50ws
© P30.1ss 30ws © P40.1ss 30ws ¢ P50.1ss 30ws & P90.1ss 30ws
A P30.3ss100ws A P40.3ss100ws A& P50.3ss100ws A P90.3ss 100ws
A P30.3ss 50ws A P40.3ss 50ws A P50.3ss 50ws P90.3ss 50ws
A P30.3ss 30ws A P40.3ss 30ws A P50.3ss 30ws A P90.3ss 30ws
—P3 e P4 —P5 P9

Figure 3. Relationship between Density and leaf length (LeafT) of four accessions (P3, P4, P5, P9)
grown under three drought levels (0 WS, 50 WS, or 70 WS, corresponding to 100%, 50%, or 30% water
capacity, respectively) combined with three salinity levels (0 SS, 0.1 SS, or 0.3 SS, corresponding to
0.0, 0.1, or 0.3 M NaCl, respectively). Data are means of five blocks (n = 5). Bars indicate the means
standard error. Colored lines show the behavior of each accession. P3: y = —8.5x2 + 114.4x — 342.6,
R? =0.76 *; P4: y= —3.8x> + 59.9x — 188.3, R? = 0.62 *; P5: y= —4.3x> + 69.1x — 227.98, R? = 0.46 ns;
P9: y= —3.4x% + 54.3x — 164.8, R? = 0.39 ns (ns p > 0.0500, * p < 0.0500).

In the partitioning of assimilates (leaf:stem or vegetative:reproductive), grouping
between accessions was also observed: P4 and P5, from more stressful environments, prior-
itized vegetative development, while P3 and P9, from environments with mild/moderate
stress, prioritized reproductive development. Canopy structural variables (Density and
LeafT) determined the highest green leaf biomass (LeafB) in P5 (Table 1, Figure S1). How-
ever, P3 and P9 presented the highest values for green stem biomass (StemB), while P5 was
intermediate and P4 was the lowest (Table 1). The highest plant height (Height) was reached
in P3, and P5 presented the lowest (Table 1). The proportion of spiked tillers (Spike%)
showed different trends between accessions for each salinity level (Table S1, p: 0.0022).
In the salt-free level, P3 showed the highest Spike% (53%); under moderate salinity, P9
was the highest (55%) and P5 the lowest (34%); and in severe salinity conditions, the spike
proportion decreased notably (<10%), and no differences were found among accessions
(Table 1).

The accession P4, which came from the most stressful environment, showed the
highest percentage of senescent tissue. There were no significant differences in dead
biomass between accessions (Table S1, p: 0.2076); however, the percentage of dead biomass
was different (Dead% p: 0. 0482), with P4 showing the highest values and P9 the lowest
(Table 1).

The combination of foliar, stem, and dead biomass determined the total biomass
(TotalB) value, which was highest in P5, intermediate in P3, and lowest in P4 and P9
(Table 1). In each accession, the relationship between total biomass and its fractions (LeafB,
StemB, and DeadB) was notable under drought and salinity conditions. Total and leaf
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biomass showed an exponential and positive relationship, maintaining their differences
among accessions, though they were more attenuated with higher drought and salinity
(Figure 4a). The exponential relationship showed that P3 presented the lowest and P5
the highest values of LeafB, although both accessions showed the same TotalB value.
Meanwhile, total and stem biomass showed a strong positive and linear relationship in all
accessions (Figure 4b). This figure shows that P3 and P9 had a higher percentage of stem
for the same total biomass. These differences were smaller with increasing drought and
salinity.
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Figure 4. Relationship between total biomass and leaf biomass (a), stem biomass (b), or water-use
efficiency (WUE) (c) of four accessions (P3, P4, P5, P9) grown under three drought levels (0 WS,
50 WS, or 70 WS, corresponding to 100%, 50%, or 30% water capacity, respectively) combined with
three salinity levels (0 SS, 0.1 SS, or 0.3 SS, corresponding to 0.0, 0.1, or 0.3 M NaCl, respectively).
Colored lines show the behavior of each accession. For leaf biomass, P3: y = 1.40e%72X R? = (.75 ***,
P4: y = 1.32e071X R2 = 0.79 ***, P5: y = 1.28e000X R? = 0.80 ***, P9: y = 1.49e066X R2 = 0.60 ***; for
stem biomass, P3: y = 1.29x + 1.50 R? = 0.97 ***, P4: y = 1.40x + 1.44 R? = 0.96 ***, P5: y = 1.43x +
1.63 R? = 0.96 ***, P9: y = 1.30x + 1.51 R? = 0.95 ***; and for WUE, P3: y = 0.83e%62X R? = 0.60 ***,
P4: y = 0.78e%0% R? = 0.62 ***, P5: y = 0.84e%00x R2 = 0.62 ***, P9: y = 0.79e70% R? = 0.60 ***,
(*** p < 0.001). The dotted parabola encloses the WUE behavior of each accession in the 0 and 0 SS
treatments (d).
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Accessions P4 and P5, from more stressful environments, showed lower ETA values,
and P5 presented the highest WUE (Figure 4c). The ETA values were lowest in P4 and P5
and highest in P9 (Table 1). The TotalB and ETA variables showed a positive relationship, in
which P5 presented the upper curve (Table 1, Figure S2). Total biomass and WUE showed
an exponential and positive relationship, maintaining their differences among accessions,
although their values were more attenuated with stronger drought and salinity (Figure 4c).
However, in the control treatments (0 WS-0 SS), all accessions were found above the curves.

2.2. Physiological and Isotopic Variables

The results of the three-way factorial ANOVA (four accessions, three salinity levels,
three drought levels, and their interactions) for physiological and isotopic variables are
presented in the Supplementary Materials (Table S2).

2.2.1. Drought and Salinity Effects

Relative water content decreased significantly with increasing salinity (—23% between
0 and 0.3 SS) and drought (—9% between 0 and 70 WS). However, RWC showed no
differences between the 50 and 70 WS treatments (Figure 2b). Higher RWC values were
related to a higher biomass (Figure S5). The RWC and Na*, C1~, and 5'°N concentrations
were not significantly affected by interactions among WS, SS, and /or accession (p > 0.05,
ANOVAs in Table S2). Physiological and isotopic variables showed no accession x salinity
x drought interactions (p > 0.05).

The stable isotope composition of nitrogen (5!°N) and Na* and Cl~ concentrations
only showed differences between salinity levels (ANOVAs in Table 52). When salinity
increased, Na* and Cl~ increased significantly (71% in Na* and 76% in Cl~ between 0
and 0.3 SS, Figure 2c), while 5'°N significantly decreased (—99% between 0 and 0.3 SS,
Figure 2d). This behavior was also observed when relating TotalB to 5!°N, where a grouping
by saline treatments was noted, without a unique trend (Figure S3a).

The foliar nitrogen concentration increased with drought and salinity, with 145%,
71%, and 18% increases between 0 and 70 WS in the salt-free, moderate, and severe salin-
ity treatments, respectively (Figure 5a). In general, higher values of N were observed
when the biomass was lower, which occurred with the increase in drought and salinity
(Figure S3b). The N and K* concentrations, Na* /K" ratio, 513C, and free proline content
presented significant interaction only in WS x SS (p < 0.05, ANOVAs in Table S2). The
WS x SS interactions were analyzed by comparing the WS means for each SS level
(p <0.05).

The K* concentration and the Na*/K* ratio showed opposite responses to higher
stress. The K* increased with drought but by a different magnitude at each SS level (0 SS:
54%, 0.1 SS: 38%, and 0.3 SS: 30% between 0 and 70 WS), while for moderate and severe
salinity there were no differences between 50 and 70 WS (Figure 5b). On the contrary, the
Na* /K" ratio was reduced under drought and salinity conditions. At each SS level, the
highest values were found when water availability was higher (0 WS-0 SS: 1.35, 0 WS-0.1 SS:
2.19, and 0 WS-0.3 SS: 2.32, Figure 5b).
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Figure 5. Drought and salinity interactions (WS and SS) for N concentration (a), K* concentration and
Na™* /K* ratio (b), stable isotopes of C (613C) (c), and free proline (d). For each variable, different letters
show significant differences (LSD, p < 0.05) among drought levels (WS: 0, 50, or 70, corresponding to
100%, 50%, or 30% water capacity, respectively) for each salinity level (SS: 0, 0.1, or 0.3, corresponding
t0 0.0, 0.1, or 0.3 M NaCl, respectively). Points are means of 4 tall wheatgrass accessions and 5 blocks
(n = 20). Bars indicate the means standard error.

The stable isotope composition of carbon (5!3C) increased significantly with increased
drought and salinity. Total biomass showed a negative linear regression with the 13C isotope
(813C) as drought and salinity increased (Figure 6a). The control treatment presented the
lowest §!3C values, and the highest §!3C values were reached in severe salinity combined
with moderate and severe drought. Drought determined greater differences between the
salt-free (9.5% between 0SS x 0 WS and 0 SS x 70 WS) and moderate-salinity treatments
(8.6% between 155 x 0 WS and 1 SS x 70 WS) than in the severe salinity treatment (2.4%
between 3 SS x 0 WS and 3 SS x 70 WS) (Figure 5c).

Proline content showed an exponential increase with drought and salinity (5733%
increase between 0 WS-0 SS and 70 WS-0.3 SS), presenting the highest values in the severe
salt treatment, though the 50 and 70 WS treatments were similar for this salinity level
(0.3SS) (178-175 umol. gfl DW, Figure 5d). This variable showed a logarithmic relationship
with TotalB, presenting a similar trend for all accessions (Figure 6b).

The net photosynthetic rate (A) decreased when the drought and salinity increased,
by a greater magnitude over time (t = 3, Figure 7). A was affected by both WS x SS x t
interaction (p = 0.0130) and RH covariate (p = 0.0102). The three-way factorial ANCOVA
results (four accessions, three salinity levels, three drought levels, and their interactions)
with covariates and repeated measures by time (t = 3) for the net photosynthetic rate
are presented in the Supplementary Materials (Table S3). The WS x SS X t interaction
was analyzed by comparing the means for each time point (f = 3) among WS for each
SS level. Only the control (0 WS-0 SS) maintained similar values of A (23.2, 25.6, and
24.2 umol CO,.m~2. 71, for t1, t2, and t3, respectively; Figure 7). The net photosynthetic



Plants 2022, 11, 1548

12 of 24

rate decreased notably for the last recorded time point (t3) under severe salinity at 50 and
70 WS (5.1 and 4.5 umol CO,.m 2. 571, respectively).
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Figure 6. Relationship between total biomass and stable isotope of carbon (513C) (a) or free proline
(b) for four accessions (P3, P4, P5, P9) grown under three drought levels (0 WS, 50 WS, or 70 WS,
corresponding to 100%, 50%, or 30% water capacity, respectively) combined with three salinity levels
(0SS, 0.1SS, or 0.3 SS, corresponding to 0.0, 0.1, or 0.3 M NaCl, respectively). Colored lines show the
behavior of each accession. For §!°C, P3: y = —1.75x — 41.30 R? = 0.69 ***, P4: y = —1.61x — 37.64
R? = 0.76 ***, P5: y = —1.76x — 40.60 R? = 0.70 ***, P9: y = —1.66x — 38.74 R? = 0.78 ***; for proline,
P3: y = 1.57In(x) + 10.17 R? = 0.63 ***, P4: y = 1.45In(x) + 9.88 R? = 0.77 ***, P5: y = 1.6157In(x) + 10.57
R? = 0.80 ***, P9: y = 1.47x + 10.06 R? = 0.84 *** (*** p < 0.001). The black line shows the accession
mean presented in Figure 6b.
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Figure 7. Effect of WS x SS X t interaction on net photosynthetic rate (A) for each time point (t1,
t2, and t3, corresponding to 10, 45, and 85 days, respectively). Different letters indicate significant
differences (p < 0.05) between drought levels (WS: 0, 50, or 70, corresponding to 100%, 50%, or 30%
water capacity, respectively) for each salinity level (SS: 0, 0.1, or 0.3, corresponding to 0.0, 0.1, or
0.3 M Na(l], respectively). Points are means of 4 tall wheatgrass accessions and 4 blocks (1 = 16). Bars
indicate the means standard error.

2.2.2. Accession Effects

Accessions P5 and P4, from more stressful environments, showed higher values of
stable isotope of carbon (5'C), and P5 showed the highest relation between §'3C and
biomass. The accession P5 presented the highest values '>C, while P4 was intermediate,
and P9 and P3 were the lowest (Table 1). Total biomass and 5!3C showed a linear and
negative relationship in all accessions and at all stress levels (Figure 6a), with P5 presenting
the highest 5!°C compared to other accessions with the same TotalB value. LeafB and 5'C
showed similar behavior but greater differences among accessions (Figure 54). Only the
stable isotope of carbon (5'C) and Na* /K" ratio showed differences among accessions
(p <0.05, Table S2). The physiological variables showed no accession effect and no interactions
between accession, salinity, or drought treatments (p > 0.05, ANOVA in Table S2).

The accessions from the most stressful environments showed the highest values for
the Na*/K* ratio: P4, which came from an environment with a high alkalinity /salinity,
showed the highest Na*/K* ratio, and P5, which came from non-saline and non-alkaline
soil, showed the lowest value. Additionally, accessions P3 and P9 showed a high Na*/K*
ratio, with a high level of soil salinity—alkalinity in their environment of origin. The Na* /K*
ratio varied between accessions (p: 0.0493), though we only noted trends in the Na* and K*
foliar concentrations (p > 0.05, Table S2). P4 had the highest Na* /K* ratio, while P3 and P5
had the lowest (Table 1).
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2.3. Broad-Sense Heritability

The variables 5!3C, leaf biomass (LeafB), tiller density, and leaf length (LeafT) showed
a high broad-sense heritability (H?: 76.9%, 71.6%, 70.8%, and 70.1%, respectively), much
higher than the rest of the variables. Meanwhile, with medium heritability values, the
Na* /K* ratio (H?: 55.0%) stood out among the other variables, such as K*, proline, and
those related to biomass (Heigth, TotalB, StemB, and DeadB, Figure 8). The rest of the
variables showed a low heritability (H? < 38.0%), (Table S4).

C R Q&
CHAEE
%l\’ \g”b Qé\l—} \,Q?’

NS S P WS
Figure 8. Broad-sense heritability (H?) and standard errors (bars) for morpho-agronomic, physiologi-
cal, and isotopic variables: stable isotopes of C (§!3C); tiller density (Density); leaf length per tiller
(LeafT); leaf (LeafB), stem (StemB), dead (DeadB), and total (TotalB) biomass dry weight; Na*/K*
ratio (Na/K); plant height (Height); and K* concentration (K).

3. Discussion
3.1. Drought and Salinity in Tall Wheatgrass

The intensity, duration, and rate of progression of stress conditions influence plant
responses under drought and salinity [18,19]. Tall wheatgrass under higher drought and
salinity showed lower photosynthesis rates (A, Figure 7) and smaller and thicker leaves
(lower SLA); this translated to a lower leaf biomass, but the largest reduction was in
total biomass and reproductive development (compared to StemB, Spike%, and Height).
Strategies to restrict water loss (lower ETP and higher WUE) and preserve RWC were
recorded through osmotic adjustment mechanisms such as the increase in proline, which
maintained the Na* /K" ratio despite the foliar increase in Na* and Cl~. However, canopy
structural variables (Density and LeafT), WUE, senescent biomass (DeadB), and foliar
N and K* showed particular behaviors in certain moderate-stress conditions that are
explained below.

Drought and/or salinity can induce osmotic stress, leading to stomatal closure, which
limits transpiration, photosynthesis, and gas exchange (CO,); increases the 5'3C in dry
matter; and, consequently, reduces the WUEi and yield in C3 cereals under Mediterranean
conditions [26,32,38]. These relationships were also found in the present study, in which
biomass production was inversely related to §!*C and directly related to ETP and WUE
(except for the control WUE) under drought and salinity conditions (Figure 4c, Figure 6a,
Figures S2 and S4); similar relationships have been reported for other forage grasses under
drought [39] and salinity [28].

The control plants showed the highest photosynthesis (A) and biomass, as well as
the lowest 6!3C and the highest water loss (ETP), which led to a lower WUE (due to
water-wasting behavior [40]) than the plants under mild/moderate stress (water-saving
plants). Therefore, the WUE values of the control treatments were plotted separately and
above of the curve (Figure 4c). This means that tall wheatgrass can behave as a water-
wasting or water-saving plant [40] depending on the environmental stress level. A high
leaf WUE (WUEi = A/E, photosynthesis/transpiration rate) may not always translate into



Plants 2022, 11, 1548

15 of 24

a higher biomass WUE (WUE = ETP/total biomass, as recorded in this study) or yield
WUE (WUEyjelq = grain yield/ETP), since each can change depending on the variability of
water availability during the crop cycle [31,32,38]. The highest WUEs in the experiment
were found under moderate salinity and different drought intensities (Figure 1e); even the
WUE under moderate drought and salt-free conditions (50 WS-0 SS) was higher than that
of the control (OWS-0SS). This may be due to a small decrease in stomatal conductance
that has protective effects against stress by allowing the plant to save water and improve
its WUE [18], which is consistent with our observation of a higher 5!3C compared to the
control (Figure 5c).

The leaf length per tiller was highest in this experiment under conditions combining
salinity and higher water availability (0 WS-0.1 SS, 50 WS-0.1 SS, and 0 WS-0.3 SS), sur-
passing the control (Figures 1a and 3). Salinity may modify the duration of leaf growth [23],
with a longer period spent in the blade expansion phase compared to control plants [41].
This could have caused the longest leaf length and the lowest dead biomass under moderate
salinity found in tall wheatgrass in this experiment. The highest tiller density was recorded
in the treatments combining drought and salt-free conditions (50 WS-0 SS and 70 WS-0 SS),
surpassing the control treatment. In addition, the tiller density was higher and did not
decrease with increasing drought and moderate salinity, and it was also higher with mild
drought and severe salinity, showing similar values to the control plants (0 WS-0 SS) in
all these treatments (0 WS-0.1 SS, 50 WS-0.1 SS, 70 WS-0.1 SS, and 0 WS-0.3 SS). It is
especially noteworthy that the mild drought treatments with moderate or severe salinity
achieved the highest soil salinity values (EC, Figure 1f) and the lowest restrictions in the
structural and growth variables. This behavior could have occurred because the Na* and
CI~ sequestered in the vacuole functioned as osmotic agents, improving osmotic balance
and cell function [19,23] (as mentioned below).

In the severe salinity treatments, as drought increased (0 WS-0.3 SS, 50 WS-0.3 SS, and
70 WS-0.3 SS), similar WUE values and a lower total biomass were found. Tall wheatgrass
controls water loss very efficiently by transpiration, which is reflected through a low ETP,
a high §!3C, and, especially, an increase in the percentage of senescent biomass (Dead %),
which was more noticeable in the treatments with severe drought and salinity. In these
treatments, the highest Dead% may have been due to the excessive increase in Na* and
Cl™ in the older leaves, causing toxicity and premature senescence [19,22] (as mentioned
below).

Tall wheatgrass growth strategies under drought and salinity conditions included
limiting reproductive development (lower Spike% and StemB, Figure 4b) and prioritizing
the allocation of photo-assimilates to leaf and tiller growth (higher Density, LeafT, and
LeafB) (Figure 1). Tall wheatgrass pasture management is based on maintaining the
vegetative canopy by generating leaves and tillers to achieve good quality, production,
and persistence; therefore, it is essential to avoid reproductive development that produces
lignified plants and persistent inflorescences, which negatively affect cattle grazing [16,36].
Therefore, tall wheatgrass growth strategies under drought and salinity would facilitate
the management of tall wheatgrass pastures.

Tall wheatgrass continued to grow even under severe stress due to various mechanisms
of osmotic adjustment and nutrient balance that helped maintain cell functions. Proline
has been mentioned as an organic solute whose accumulation is aimed at osmoregulation
and osmoprotection in tall wheatgrass under both drought [13,25] and salt stress [8,14]. In
the present study, the proline concentration increased together with a reduction in total
biomass and an increase in drought, but the increase was exponential when drought and
salinity were combined (Figure 6b). This increase has never been cited in other species, so
it is probably evidence of the superior capacity of tall wheatgrass for osmotic adjustment
mechanisms and protection against oxidative stress [26].

K* has a prominent role in the photosynthetic process, osmotic adjustment, and stom-
atal movement [18,24]. The cellular K* concentration and maintenance of a low Na*/K*
ratio are essential for plant growth and tolerance to drought and salinity [24]. An increase
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in the K* concentration may be the main inorganic osmoregulation mechanism used by
tall wheatgrass under drought, as it was registered in the present experiment, though the
increase in K* was lower under drought and salinity (Figure 5b). In other experiments with
tall wheatgrass, the leaf K™ concentration also increased under drought [11] but decreased
with mild to moderate salinity [8,11,14,15].

In tall wheatgrass, salt tolerance is associated with the restricted accumulation of Na*
and Cl~ and the maintenance of a low Na* /K" ratio in shoots [14,15]. However, the Na™*
and CI~ sequestered in the vacuole could function as low-energy osmotic agents [19,23]. We
assume that this is the main inorganic osmoregulation mechanism used by tall wheatgrass
when under a combination of salinity and drought conditions. The Na* /K* ratio decreased
under salinity and drought conditions (Figure 5b), restricting growth and development
(with lower photosynthesis, LeafB, StemB, and TotalB and higher 513C, Dead%, and Spike%)
despite the high salinity of the substrate in the moderate- and severe-salinity treatments
(>9.0 dS.m~! EC, Figure 1f). Nevertheless, if stress persists over time, and excessive
amounts of salt enter the leaf, the vacuole is filled, and the Na* or Cl~ content in the
oldest leaves increases to toxic levels, causing premature senescence [19,22], reducing
transpiration and photosynthesis, and consequently limiting growth and flowering [8,19].
This may happen in tall wheatgrass under the combined conditions of severe salinity and
moderate/severe drought.

Although it is known that a water deficit substantially limits N uptake and assimi-
lation [27,28,42], the behavior of 5!1°N and the increase in foliar N and nitrogenous com-
pounds such as proline in our experiment indicate that nitrogen was not a limiting factor
in the growth of the tall wheatgrass under different combinations of drought and salinity,
even under conditions of strong stress (Figure S3). This may be in part because the plant
can recycle large amounts of previously assimilated N from senescent leaves [22,42]. Previ-
ous studies in tall wheatgrass reported similar responses under salinity [8], while under
drought, an increase in proteins was recorded [13,25]. This was contrary to the reports for
annual grasses regarding the limitation in N metabolism with a lower foliar concentration
due to the lower nitrate reductase (NR) and glutamate synthetase (GS) activity under
drought and salinity [27,28]. However, the enzymatic activity of NR and GS may vary
according to the species and its tolerance to salinity [43].

3.2. Accession Variability and Heritability

Phenotypic differences in total biomass were the product of differences in leaf, stem,
and dead biomass; water-use efficiency; and physiological mechanisms such as the §'3C and
the Na*/K* ratio (Figures 4 and 6a). These may be due to different intraspecific strategies
for the allocation of photo-assimilates and different morpho-physiological mechanisms for
the absorption of water and nutrients [18,19,21,22], which are discussed below.

Forage grass improvement programs seek to increase aerial biomass production and
tolerance to drought and salinity. In the present study, accession P5 showed the highest
aerial biomass production (TotalB), and accession P3 was intermediate in all drought
and salinity treatments, though the photosynthetic rate and RWC were similar among all
accessions (P3, P4, P5, P9). This was probably because they were measured in the youngest
leaves, whose continued growth is always prioritized by the plant [18,19,22]. There were
also no differences among accessions in leaf proline, despite the exponential increase in
proline concentration between control and maximum stress treatments (Figure 6b). Our
results are consistent with other studies under salt stress, which found that differences in
proline were not sufficient to determine an intraspecific selection for salinity tolerance in
tall wheatgrass [8,14], contrary to reports for other species [26].

Accession P5 originated from an environment with intense drought but non-saline
conditions (Table 2), and its strategy was to prioritize the allocation of photo-assimilates
to leaf and tiller growth (the highest Density, LeafT, and LeafB) and limit reproductive
development (lower Spike% and Height, intermediate StemB) compared to the other
accessions (Figure 4a,b). In addition, P5 showed the highest biomass and WUE (Figure 4c),
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the lowest ETA (Figure S2), and the highest 5'3C signature (Figure 6a and Figure S4). This
may have been due to an increase in leaf WUE caused by partial stomatal closure [18,38],
and/or an increase in mesophyll conductance to CO, [20]. Unfortunately, neither stomatal
nor mesophyll conductance were recorded in this work. In wheat, landraces exhibited
higher §!3C values than modern cultivars, which might have been a consequence of a lower
stomatal conductance; these differences in §'3C were recorded in grains [32] and in weight
dry matter per plant at anthesis and biomass at maturity [33]. This behavior is similar to
that found in P5, for which a higher §'3C indicates a greater tolerance to stress [30,33].

Table 2. Tall wheatgrass accessions. Collection data from Active Germplasm Bank of Estacion
Experimental Agropecuaria Balcarce of the INTA, Argentina (BAL).

Accession P3 P4 P5 P9
Latitude, 38°30'S, 39°24' S, 39°24'S, 38°44' S,
longitude 58°45' W 65°36' W 65°36' W 62°33' W
Nearest town, Necochea, Lamarque, Lamarque, Bahia Blanca,
province Buenos Aires Rio Negro Rio Negro Buenos Aires
Koppen § Cfb BSk BSk Cfa
Climate Temper.a te Semiarid Semiarid TemPe.rate
oceanic transitional
Precipitation 840 mm year—! 266 mm year~! 266 mm year ! 583 mm year !

Great Group Soil Argiudolls. Torrifluvents. Torrifluvents. Haplustolls.

Non-saline/non-
alkaline soil,

Non-saline/non-

Soil type, pH # alkaline soil, Saline alkaline

Saline-alkaline

pH 7.0 soil, pH: 9.0 pH: 7.5 soil, pH: 9.5
. Roadside Grassland, with Roadside Natural .
Environment cassland Distichlis spicata grassland of grasslands, with
& P irrigated fields  Distichlis spicata
Collection BAL * Nu + Alo 338 CIB 118 CIB 117 CIB 114

§ Koéppen climate classification. * Soil PH content corresponding to the 0~100 mm depth layer. * Collector’s code
(Nu, Alo, CIB) and entry number.

Meanwhile, the accession P4, which originated from the most stressful environment,
with saline-alkaline soil (Table 2), showed the lowest leaf biomass production but presented
similar behavior in terms of structural variables (Density and LeafT) when compared to
P5. The behavior presented by P4 may have been the result of a salinity and drought
tolerance strategy that caused the accumulation of toxic ions and early senescence in old
leaves (the highest Na*/K* ratio and Dead%), reducing transpiration (the lowest ETA)
and maintaining the water status and photosynthesis in younger leaves but reducing the
radiation interception capability and growth of the plant (high Density with lower ETP,
LeafB, StemB, and TotalB).

On the contrary, accessions P3 and P9, which originated from environments with mild
or moderate stress (Table 2), showed higher reproductive development (the highest StemB,
intermediate Height, and high %Spike), together with a high ETP and the lowest WUE and
§13C values. Therefore, accessions P3 and P9 likely prioritized reproductive development
and seed production as a growth strategy for their self-perpetuation. In contrast, accessions
P5 and P4, which originated from more stressful environments, likely prioritized vegetative
development through increased tillering and a lower proportion of spiked tillers as a
growth strategy to maintain perenniality, though with different mechanisms for controlling
transpiration, leaf senescence, and the Na*/K* ratio.

Salt tolerance in tall wheatgrass is associated with the maintenance of low Na*/K*
ratios in the shoots of tolerant lines compared to the shoots of sensitive lines [14,15]. In
the present study, the accession P5, which originated from a non-saline and non-alkaline



Plants 2022, 11, 1548

18 of 24

environment, showed the lowest values for the Na* /K" ratio and the highest in total
biomass, while accession P4, which originated from an environment with saline-alkaline
soil, showed the contrary behavior. These findings were opposite to what was expected
considering the environmental origin of the accessions, but it was important to differentiate
the accessions with higher biomass production. In addition, the Na* /K" ratio presented
medium heritability (H? 55.0%) and could be a useful characteristic to take into account for
the selection of accessions with greater tolerance to stress.

In all drought/salinity combinations tested, tall wheatgrass showed that the highest
values of $!3C may be adequate indicators for the selection of accessions with a greater
tolerance to drought and salinity, as has been found in other grasses [30,31,33]. In the
present work, the regressions between §!3C and total biomass (Figure 6a) or leaf biomass
(Figure S4) clearly showed the differences among accessions. Therefore, it was important to
estimate the broad-sense heritability (H?) for each characteristic to analyze what proportion
of the measured phenotypic variation was due to genetic effects rather than environmental
effects or genotype x environment interaction [30-32,34,37]. A high H? indicates the high
repeatability of the characteristic and the greater reproducibility of the genetic differences,
as has been cited for §13C in the literature [34]. In the present study;, s13C presented the
highest heritability compared to the other characteristics, similar to what has been found
in other grasses [30-32,34]. Furthermore, the §13C value is easier to measure than other
physiological variables [27,31]. The heritability of leaf biomass, density, and leaf length
were also high (H? > 70.0%), which is significant, as the canopy structure in forage species
gains relevance according to the purpose of pasture use.

Finally, the absence of an interaction between drought, salinity, and accessions for
most of the variables; the morpho-agronomic, physiological, and biochemical responses
among accessions consistent with previous studies [8,13]; and the broad-sense heritability
of each characteristic allow us to conclude that the combined use of the $!3C signature, the
Na* /K" ratio, and the canopy structural variables (leaf length and tiller density) are useful
for identifying accessions which are better adapted to drought and salinity, also considering,
the desirable characteristics of grass. In this study, the accessions showed different strategies
and physiological mechanisms for coping with drought and salinity, which should continue
to be investigated, taking into account their use in the field. Accession P5 should continue
to be evaluated with a view to its use as cattle grazing forage, as it generated shorter
plants with lots of tillers and the highest biomass production, prioritizing vegetative
development. Meanwhile, accession P3 should be harvested for hay or biofuel production,
as it generated taller plants and achieved higher biomass production, prioritizing stem
development. On the other hand, for genetic improvement regarding resistance to biotic
and abiotic stresses in wheat, wheatgrass germplasm has been implemented through
intraspecific crosses, chromosomal segments, or genes/QTL with successful results [3-5].
Nevertheless, to improve tolerance to drought and salinity in wheat with the genetic basis
of the tall wheatgrass germplasm evaluated herein, we should integrate physiological
and biochemical mechanisms through proteomic studies, as well as the detection of the
genes/alleles/QTL associated with these responses [1], which are still being studied [3-6]
and transcend the present work.

4. Materials and Methods
4.1. Origin of the Germplasm and Experimental Conditions

Accessions of naturalized populations of tall wheatgrass (Thinopyrum ponticum (Podp.)
Barkworth and D.R.Dewey) (2n = 10x = 70) were provided by the Active Germplasm Bank
of the National Institute of Agricultural Technology in Balcarce, Argentina. Four accessions
(P3, P4, P5, P9) were selected from contrasting climate/edaphic environments: P3 from
a humid temperate climate with non-saline and non-alkaline soil, P4 from a semi-arid
climate with saline-alkaline soil, P5 from a semi-arid climate with non-saline and non-
alkaline soil, and P9 from a humid temperate climate with saline-alkaline soil (Table 2).
Seeds were germinated in chambers (30° /20 °C and 8/16 h light/darkness), and seedlings
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were transplanted into small pots with a substrate (Compo Sana Universal R) in a green-
house. After 45 days, plants with three tillers were selected and transplanted into test pots
(17.7 £ 2.4 °C.day ! and 12 h 35 min daylight).

The experiment was carried out in pots in a glasshouse at the Lagoas-Marcosende
Campus of the Universidade de Vigo, Spain (42°10'0.38"" N, 8°41'3.37"” W). The experiment
was took place over 90 spring /summer days, with 14 h 50 min (£25 min) of natural daylight.
During the experiment, the daily temperatures in the greenhouse were recorded, reaching
a mean temperature of 20.9 °C, a maximum temperature of 28.0 °C, and a minimum
temperature of 13.7 °C (Figure S6). The experimental unit was the pot containing one plant
with three tillers (1 plant.pot~!). Plants began the experiment in the vegetative stage and
ended in the reproductive stage, with some of their tillers in the phase of stem elongation. A
commercial mixture was used as substrate (Compo Sana Universal R; nutrient composition
in mg. L~1: N =325, P,O5 = 350, K,O = 425; pH =5.7; salt concentration in g. L-L <2.5).

Salinity treatments comprised irrigating the pots weekly with three salt treatments
consisting of 0, 0.1, and 0.3 M NaCl solutions dissolved in water (EC: 0.9, 8.1, and
20.9 dS.m~1, respectively), simulating salt-free, moderate, and severe salt stress levels
(0SS, 0.1 SS, or 0.3 SS, respectively). Soil salinity was gradually increased through irri-
gation without causing osmotic shock in the plants, which was important to avoid cell
plasmolysis [19]. Drought treatments were established with three levels of irrigation at
100%, 50%, or 30% water retention capacity of the pot, simulating mild, moderate, or severe
drought stress level (0 WS, 50 WS, or 70 WS, respectively). Treatments were maintained
by weighting the pots weekly and adding the amount of water or salt solution lost by
evapotranspiration [13]. The experiment was carried out as a randomized complete block
design with a 3 WS x 3 SS X 4 accession factorial arrangement (three drought levels, three
salinity levels, four accessions) and five repetitions (N = 180). In total, four accessions of
different origins (P3, P4, P5, P9) were subjected to nine combined treatments of drought
and salinity.

4.2. Morpho-Agronomic Variables

Evapotranspiration (ET) was estimated as the water loss in each pot weekly. ET was
calculated as the difference between the pot weight immediately after irrigation and its
weight 7 days later. This was repeated over 12 weeks. ET was measured in gy, pot™*
and expressed in mLy,0 pot~!. Accumulated evapotranspiration (ETA, mLy,o pot™!) was
calculated as the sum of ET (n = 12) in each pot [13].

Plant height was recorded in three tillers per plant from the soil base to the highest
point (Heigth, cm. plant~!) on day 87. Total aerial biomass (TotalB) of plants in each pot
was measured on day 90 and divided into green and senescent biomass of leaf blades,
pseudostem, and stems. Senescent biomass was considered dead biomass (DeadB). Green
leaf blades were considered foliar biomass (LeafB), and green pseudostem and stem as
stem biomass (StemB). For each biomass, dry weight (DW) was estimated after drying
the forage at 50 °C until reaching a constant weight and was expressed in g DW. plant~!.
Additionally, the percentage of dead biomass over total biomass (Dead% = DeadB/TotalB
x 100) was calculated. Water-use efficiency (WUE) was calculated using the equation:
WUE = TotalB/ETA, mg mL~!jy,0 [13]. Specific leaf area (SLA, cm?.g~1), as area/dry
mass of leaf blade area, was estimated using the youngest fully expanded leaf of the main
tiller of each plant [44]. Leaf blade area was calculated with Image] software [45]. We
also measured total green leaf length per tiller (LeafT, cm. tiller!) in three tillers per
plant and total number of spikes and tillers per plant (Spike, spike. plant~! and Density,
tiller.plant !, respectively) [8]. Then, the proportion of spiked tillers was calculated as
Spike% = (Spike/Density) x 100.

4.3. Physiological and Isotopic Variables

The net photosynthetic rate (A, pmol CO,.m~2.571), leaf and air temperature, air
flows, CO, concentration, and relative humidity (PAR, Temp_A, Temp_L, PAR, Flow, CO,,
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RH, respectively) were measured at 10, 45, and 85 days (f = 3), using a LI-6200 portable in-
frared gas analyzer (Li-cor, Lincoln, NE, USA) [44]. Measurements were registered between
11:00 am and 3:00 pm using the youngest fully expanded leaf of each plant, in four rep-
etitions (144 records each day, 432 total observations). Atmospheric CO, concentration
ranged from 380 to 400 pmol.mol !, and air relative humidity between 30% and 40% during
data collection in the IRGA measurement chamber. Relative water content (RWC, %) was
measured using the youngest fully expanded leaf of each plant per pot [44]. Leaf biomass
samples were analyzed by the Bates method to determine free proline (proline, ytmol.g !
DW) [44]. Leaf biomass samples were used for total C and N concentration determination
(w/w, dry basis%) with an elemental CHN analyzer (EA 1110 Automatic Elemental An-
alyzer, Fisons Instruments). Additionally, C1~, K*, and Na* contents were analyzed in a
Perkin Elmer Optima 4300DV inductively coupled plasma-optical emission spectrometer
(ICP-OES), and the Na* /K" ratio was calculated. Furthermore, the stable isotope composi-
tions of carbon 13C/12C (8'3C, %0) and nitrogen >N /N (8'°N, %.) were analyzed using
automated elemental analysis coupled to an Isotope Ratio Mass Spectrometer (Thermo
Finnigan MAT252, Thermo Fisher Scientific, Bremen, Germany).

4.4. Soil Electrical Conductivity

Finally, the pot soil was analyzed to measure electrical conductivity (EC, dS.m~1).
In the soil, the electrical conductivity (EC) revealed the severity of the saline conditions
increased by drought that the tall wheatgrass endured throughout the nine treatments
(Figure 1f). All drought levels without added salt presented similar EC values at the
beginning and end of the experiment (0 WS-0 SS, 50 WS-0 SS, and 70 WS-0 SS), and they
were classified as non-saline substrates (<1 dS.m™!). Meanwhile, the EC increased notably
with increasing saline irrigation, exceeding the value of 4 dS.m~!, which classifies a soil
as high-salinity soil [17], in all levels of drought with moderate and severe salinity, with
extreme values between 9.2 and 25 dS.m~! in 70 WS-0.1 SS and 0 WS-0.3 SS, respectively.
This value was three times higher than that reported as the highest for tall wheatgrass in the
tolerance threshold to EC [7,12], which is very important considering that tall wheatgrass
is a C3 perennial forage grass used in hydro-halomorphic environments.

4.5. Statistical Analyses

All variables were analyzed using three-way factorial ANOVA (four accessions, three
salinity levels, three drought levels, and their interactions) and five blocks (180 total
observations), except for net photosynthetic rate (A), which was analyzed with three-
way factorial ANCOVA (PAR, Temp_A, Temp_L, Flow, CO, and RH covariates) with
repeated measures by time (f = 3) and four blocks (432 total observations). Accession,
salinity, and drought were fixed effects, whereas block was considered a random effect.
Means were compared using least significant difference test (LSD, p < 0.05). Statistical
significance was defined at the 95% confidence level. Analysis was conducted using PROC
MIXED/LSMEANS [46]. Proline, Dead%, Spike%, EC, and ETA were logarithmically
transformed before analysis. Regressions were estimated in pairs of variables for each
accession or accession mean using PROC REG and PROC RSREG [46], with the intention
of showing the behavior of total biomass as a function of different variables.

The broad-sense heritability (H?) of all variables was determined by the estimation of
variance components using Proc Mixed ratio covtest in SAS (REML) [46], considering four
accessions, nine environments (resulting from the combinations of drought and salinity
stress), and their interactions with five repetitions (or four, in the case of A). The H? was
not estimated for the ETP and WUE variables, since they were registered on the soil-plant
system (being the fraction of water evaporation exclusively from the soil). The broad-
sense heritability (H?) and its standard errors (SE H?) were estimated using variance ratios
considering the following equations [37] on a population mean basis: H? = {0? g/(0? g
+ o2 ge/e + 0'2/1‘6)} x 100 and SE H? = SE¢? g/(cr2 g+ 0? ge/e + 0'2/I‘e), in which o2
g = genotypic variance (accessions), 0> ge = variance due to genotype by environment
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interaction, o2 = residual variance, o> p = phenotypic variance, r = number of replicates,

and e = number of environments. Heritability estimates were categorized as low (0—40%),
medium (40-59%), high (60-79%), and very high (>80%) [47].

5. Conclusions

Our results show that tall wheatgrass prioritizes vegetative growth instead of repro-
ductive development by increasing tiller density and leaf length as a plant strategy to
remain perennial and increase survival in environments with strong drought and salinity.
This strategy is beneficial to pasture management, since tall wheatgrass achieves higher
quality, production, and persistence by maintaining a greater vegetative canopy.

The highest values for canopy structural variables (leaf length and tiller density) and
WUE under moderate salinity-drought were attained by active inorganic osmoregulation
mechanisms involving an increase in the K*, Na*, and C1~ content in the vacuoles but a
decrease in the Na* /K" ratio. Additionally, we observed organic osmoregulation through
an increase in proline, which functions as an important osmoregulatory and osmoprotective
solute in both drought and salinity conditions. This is essential considering that wheatgrass
is a C3 forage grass used in hydro-halomorphic environments.

Evidence of interactions between accessions and stress was only found in certain
variables. Phenotypic variability among accessions was due to differential growth strategies
and physiological mechanisms under drought and salinity conditions. The P3 and P9
accessions, belonging to environments with mild /moderate stress, prioritized reproductive
development, with higher evapotranspiration and the lowest WUE and §'3C signature.
Meanwhile, accessions P4 and P5, belonging to more stressful environments, prioritized
vegetative development through tillering, with the lowest evapotranspiration; the highest
s13C signature; and different mechanisms to limit transpiration, leaf senescence, and the
Na*/K* ratio. Finally, considering the differences among accessions and the H? of the
characteristics, we concluded that the combined use of the §13C value, the Na* /K* ratio,
and the canopy structural variables can help to identify accessions that are well-adapted to
drought and salinity conditions also considering the desirable characteristics of grass. Tall
wheatgrass germplasm could be used to expand the production of forages, biofuels, and
crops in the face of climate change.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11121548 /s1: Figure S1: Density (a), green leaf length (LeafT) (b), and leaf biomass
(LeafB) (c) of four accessions (P3, P4, P5, P9) grown under three drought levels (0 WS, 50 WS,
or 70 WS, corresponding to 100%, 50%, 30% water capacity, respectively) combined with three
salinity levels (0 SS, 0.1 SS, or 0.3 SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively), Figure
52: Relationship between total biomass and accumulated evapotranspiration (ETA) of four acces-
sions (P3, P4, P5, P9) grown under three drought levels (0 WS, 50 WS, or 70 WS, corresponding
to 100%, 50%, 30% water capacity, respectively) combined with three salinity levels (0 SS, 0.1 SS,
or 0.3 SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively), Figure S3: Relationship between
total biomass and stable isotope of nitrogen (6"°N) (a) or N concentration (b) of four accessions
(P3, P4, P5, P9) grown under three drought levels (0 WS, 50 WS, or 70 WS, corresponding to
100%, 50%, 30% water capacity, respectively) combined with three salinity levels (0 SS, 0.1 SS, or
0.3 SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively), Figure S4: Relationship between leaf
biomass and stable isotope of carbon (813C) of four accessions (P3, P4, P5, P9) grown under three
drought levels (0 WS, 50 WS, or 70 WS, corresponding to 100%, 50%, 30% water capacity, respec-
tively) combined with three salinity levels (0 SS, 0.1 SS, or 0.3 SS, corresponding to 0.0, 0.1, 0.3
M NaCl, respectively), Figure S5: Relationship between total biomass and relative water content
(RWC) of four accessions (P3, P4, P5, P9) grown under three drought levels (0 WS, 50 WS, or 70
WS, corresponding to 100%, 50%, 30% water capacity, respectively) combined with three salin-
ity levels (0 SS, 0.1 SS, or 0.3 SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively), Figure Sé:
Mean, maximum, and minimum daily temperatures recorded in the greenhouse and hours of
daily light (daylight) during the experiment; X indicates beginning (April 28) and end (July 26)
of the experiment, and blue dots indicate irrigation days, Table S1: Results of three-way facto-
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rial ANOVA (four accessions, three salinity levels, three drought levels, and their interactions)
with five blocks for the morpho-agronomic variables (p-values are considered significant when
p < 0.05), Table S2: Results of three-way factorial ANOVA (four accessions, three salinity levels,
three drought levels, and their interactions) with five blocks for physiological and isotopic variables
(p-values are considered significant when p < 0.05), Table S3: Results of three-way factorial ANOVA
(four accessions, three salinity levels, three drought levels, and their interactions) with covariates
and repeated measures by time (f = 3) and four blocks for net photosynthetic rate (A) (p-values are
considered significant when p < 0.05), Table S4: Broad-sense heritability (H?%) and standard errors
(SE H?) for morpho-agronomic, physiological, and isotopic characteristics.
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SUPPLEMENTARY MATERIALS - TABLES

Table S1. Results of three-way factorial ANOVAs (four accessions, three salinity levels, three drought levels, and their interactions) with five

blocks for the morphoagronomic variables, p-values are considered significant when p < 0.05.

ANOVA Density  LeafT SLA LeafB StemB DeadB Dead% TotalB Height Spike% ETA WUE EC
Drought (WS) 0.3284  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Salinity (SS) <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Accession 0.0261 0.0244 0.8892 0.0010 0.0261 0.2076 ~ 0.0482 0.0325 0.0456  0.0419  0.0074  0.0331  0.9539
WS x SS 0.0002 0.0093 0.2562  0.1327 <0.0001 0.0002 0.0232 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
WS x Accession 0.7031 0.4508 09004 0.2260 0.1044 0.1139 0.1656 0.1361  0.5352  0.4154 0.5246 0.4175 0.3280
SS x Accession 0.4645 0.5536  0.8263  0.3202 0.3557 0.1302 0.5248 0.8000 0.0662  0.0022  0.4525 0.6744  0.9194

WS x SS x Accession 0.7492 04801 0.3099 0.2362 0.1365 0.7990 03120 0.0900 0.5137 0.5251 0.7888  0.1401  0.9589

Density: tiller density; LeafT: length leaf per tiller; SLA: specific leaf area; LeafB, StemB, DeadB and TotalB: green-leaf, green-stem, dead and total biomass; Dead %: percentage

of dead biomass; Height: plant height; Spike%: proportion of spiked tillers; ETA: accumulated evapotranspiration; WUE: water use efficiency; EC: electrical conductivity.
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Table S2. Results of three-way factorial ANOVAs (four accession, three salinity levels, three drought levels, and their interactions) with five blocks for

physiological and isotopic variables, p-values are considered significant when p < 0.05.

ANOVA RWC Proline K~ Na* Cl- Na*/K* ratio N oBC OBN
Drought (WS) <0.0001 <0.0001 <0.0001 0.1147 0.2091 <0.0001 <0.0001 <0.0001 0.5121
Salinity (SS) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Accessions 0.8082 0.5201 0.1454 0.7747 0.5658 0.0493 0.3991 0.0476 0.2823

WS x SS 0.3888 <0.0001 0.0110 0.5448 0.1905 0.0354 <0.0001 <0.0001 0.2848

WS x Accession 0.8060 0.7166 0.8249 0.7070 0.1183 0.4286 0.7237 0.4631 0.3451
SS x Accession 0.1066 0.6207 0.2750 0.6612 0.6047 0.2856 0.8440 0.9700 0.7090
WS x SS x Accession 0.5318 0.8353 0.6076 0.5087 0.4561 0.5114 0.7450 0.9805 0.7726

RWC: relative water content; 0'°C: stable isotope of carbon; d'°N: stable isotope of nitrogen.
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Table S3. Results of three-way factorial ANCOVA: four accessions (Pobla), three salinity
levels (SS), three drought levels (WS), and their interactions, with covariates and
repeated measures by time (t = 3) and four blocks for net photosynthetic rate (A), p-

values are considered significant when p <0.05.

ANOVA A
t <0.0001
WS <0.0001
SS <0.0001
Accession 0.6504
tx WS 0.0889
t x SS <0.0001
t x Accession 0.9977
WS x SS 0.1986
WS x Pobla 0.7954
SS x Pobla 0.6466
t x WS x S5 0.0130
t x WS x Accession 0.9988
t x SS x Accession 0.9455

WS x SS x Accession 0.8493

t x WS x SS x

Accession 0.9776
PAR 0.8230

T air 0.5590

T leaf 0.5557
CO2 0.1798
Flow 0.3615
RH 0.0102

The covariates were photosynthetically active radiation (PAR), air and leaf temperature
(Temp_A and Temp_L), CO2 concentration, air flows (Flow) and relative humidity (RH).

124



“Estudio ecofisioldgico de poblaciones de Elymus spp., en respuesta al estrés hidrico y salino.”

Table S4: Broad-sense heritability (H? %) and standard errors (SE H?) for morpho-
agronomic, physiological, and isotopic characters. Classification of heritability in low (<

40%), medium (40-59%) and high (60-79%) [Singh, 2001].

Characters Abbreviation H? SE H?
Stable isotopes of 13C orC 76.9 10.0
Leaf biomass LeafB 71.6 9.7
Tiller density Density 70.8 11.8
Leaf length per tiller LeafT 70.1 12.0
Na*/K*ratio Na/K 55.0 15.2
Plant height Heigth 52.6 14.8
Total biomass TotalB 50.9 15.2
Dead biomass DeadB 50.3 15.3
K* concentration K 49.6 159
Stem biomass StemB 448 16.3
Free proline Proline 41.7 16.4
Stable isotopes of "N O1’N 37.4 16.5
Net photosynthetic rate at 85 days A_t3 36.2 16.5
N concentration N 34.3 16.5
Proportion of spiked tillers Spike 30.8 16.3
Percentage of dead biomass %Dead 26.8 16.0
CI concentration Cl 5.8 2.3
Specific leaf area SLA 1.0 1.9
Relative water content RWC 0.0 1.6
Na* concentration Na 0.0 1.6
Net photosynthetic rate at 10 days A_tl 0.0 1.6
Net photosynthetic rate at 45 days A_t2 0.0 1.6
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SUPPLEMENTARY MATERIALS - FIGURES
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Figure S1. Density (a), green leaf length (LeafT, b), and leaf biomass (LeafB, c) of four accessions
(P3, P4, P5, P9) grown under three drought levels (OWS, 50WS or 70WS, corresponding to 100%,
50%, 30% of water capacity, respectively) combined with three salinity levels (0SS, 0.1SS or 0.3SS,

corresponding to 0.0, 0.1, 0.3 M NaCl, respectively)
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Figure S2. Relationship between total biomass and accumulated evapotranspiration (ETA) of
four accessions (P3, P4, P5, P9) grown under three drought levels (OWS, 50WS or 70WS,
corresponding to 100%, 50%, 30% of water capacity, respectively) combined with three salinity
levels (0SS, 0.1SS or 0.3SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively). Color lines show
the behavior of each accession, P3: y= 6.9In(x) -45.8, R? = 0.82***, P4: y= 6.5In(x) -42.9, R? = 0.84***,
P5: y=7.3In(x) -48.6, R? = 0.86***, P9: y= 6.6In(x) -44.0, R? = 0.86***, (*** p <0.001).
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Figure S3. Relationship between total biomass and stable isotope of nitrogen (0'°N, a) or N
concentration (b) of four accessions (P3, P4, P5, P9) grown under three drought levels (OWS, 50WS
or 70WS, corresponding to 100%, 50%, 30% of water capacity, respectively) combined with three
salinity levels (0SS, 0.1SS or 0.3SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively). Black lines
of different sections show the behavior of the three salinity levels for N%, 0SS: y=2.82x+12.7
R2=0.62***,15S: y=-3.07x+12.45 R? =0.46%, 3SS: y=-0.20x+2.80 R2=0.02ns, (ns p > 0.0500, * p < 0.0500,
*# p <0.0001).
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Figure S4. Relationship between leaf biomass and stable isotope of carbon (0°C) of four
accessions (P3, P4, P5, P9) grown under three drought levels (OWS, 50WS or 70WS, corresponding
to 100%, 50%, 30% of water capacity, respectively) combined with three salinity levels (0SS, 0.1SS
or 0.35S, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively). Color lines show the behavior of
each population, P3: y =-0.34x -7.54, R?2=0.50%, P4: y =-0.33x -7.12, R? = 0.48ns, P5: y =-0.37x -7.85,
R2=0.50%, P9: y = -0.30x -6.44, R? = 0.43ns, (ns p > 0.0500, * p < 0.0500).
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Figure S5. Relationship between total biomass and relative water content (RWC) of four
accessions (P3, P4, P5, P9) grown under three drought levels (OWS, 50WS or 70WS, corresponding
to 100%, 50%, 30% of water capacity, respectively) combined with three salinity levels (0SS, 0.1SS
or 0.3SS, corresponding to 0.0, 0.1, 0.3 M NaCl, respectively).
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Figure S6. Mean, maximum, and minimum daily temperatures recorded in the greenhouse and hours of
daily light (daylight) during the experience. The beginning (April 28) and end (July 26) of the experiment

(symbol X), and irrigation days (blue dots) were indicated.
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VARIABLES QUE EXPLICAN LA TOLERANCIA

AL ESTRES

Esta seccion fue parcialmente presentada y publicada en los

Congresos:

Borrajo, C.l.; Sdnchez-Moreiras, A.M.; Reigosa, M.J. 2020. Determinants of
tall wheatgrass biomass under water and salt stress. En: Sixth Young

Researchers Workshop, Vigo- Spain.
Borrajo, C.l.; Sanchez-Moreiras, A.M.; Reigosa, M.J. 2021. Tall wheatgrass

plasticity to tolerate water, salt and combined stress. Seventh

Young Researchers Workshop. December 16-17, 2021. Vigo- Spain.
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VARIABLES QUE EXPLICAN LA TOLERANCIA AL ESTRES

INTRODUCCION

MATERIALES Y METODOS

RESULTADOS Y DISCUSION:

Variables determinantes de la produccion de biomasa ante diferentes situaciones de estrés.

Variables que determinan diferencias entre poblaciones ante diferentes situaciones de estrés.

CONCLUSIONES DEL ESTUDIO COMPARATIVO
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VARIABLES QUE EXPLICAN LA TOLERANCIA AL ESTRES

INTRODUCCION

Los programas de mejoramiento de especies forrajeras se han basado en la seleccién
fenotipica y las pruebas de progenie posterior, seguidas por la reeleccion, teniendo en cuenta
como principal caracter la produccién de biomasa aérea total o estacional y la persistencia
(McGuire y Dvodk, 1981; Rodriguez, 1983; Rasmussen et al., 2012; Rognli et al., 2021; Schrauf
et al., 2021). La medicion de produccidn de biomasa se efectla en diferentes rebrotes por
temporada en diferentes afos, lo que significa una tarea laboriosa que requiere un gran
tiempo y costo (Rasmussen et al., 2012; Rognli et al., 2021); todo ello sumado a que, en
forrajeras perennes, para poder sostener que un ecotipo, poblacidon o material genético es
superior a otro es necesario realizar evaluaciones durante 3 o 4 afios (Diaz et al., 2004; Schrauf
et al., 2021). Ademas, las evaluaciones en diferentes sitios pueden mostrar importantes
interacciones genotipo x ambiente, lo que hace que la determinacién fenotipica precisa sea
muy importante para seleccionar materiales genéticos superiores (Rognli et al., 2021).

El cambio climatico plantea un importante y urgente desafio para el mejoramiento de
las forrajeras perennes, donde prima la busqueda de tolerancia al estrés por sequia y salinidad.
Sin embargo, la tolerancia al estrés salino puede estar asociada negativamente con la
produccién del forraje, por lo que la evaluacién es ain mas compleja (Schrauf et al., 2021).
Considerando que el éxito de la mejora genética se basa en encontrar diversidad interespecifica
analizando un gran numero de individuos y progenies, es necesario encontrar criterios de facil
medicidn que permitan predecir el comportamiento en campo, e implementar nuevos métodos
de mejoramiento para acelerar la seleccidn de genotipos y el desarrollo de nuevos cultivares
(Rasmussen et al., 2012; Rognli et al., 2021; Schrauf et al., 2021).

La sequia y la salinidad pueden modificar las respuestas de las plantas segun la
intensidad y la duracion del estrés, asi como en funcién del genotipo y el estado fenolégico de
las plantas (Bray, 1997; Munns, 2002; Medrano y Flexas, 2004; Chaves et al., 2009; Flexas et al.,
2013; Acosta Motos et al., 2017; Schrauf et al.,, 2021), como se registré en las secciones
anteriores entre poblaciones en los ensayos de estrés hidrico, salino y combinado. Por esta
razon, en la presente seccidn se plantea seleccionar qué caracteres son determinantes para
producir mayor biomasa bajo diferentes condiciones de estrés, asi como definir qué caracteres
pueden permitir identificar genotipos con diferente tolerancia al estrés hidrico y/o salino. En
consecuencia, el objetivo de la presente seccién fue analizar la tolerancia al estrés hidrico, salino
y combinado, identificando los principales caracteres morfoldgicos, fisioldgicos, bioquimicos e
isotopicos que determinan la produccién de biomasa y las diferencias entre poblaciones de
agropiro alargado.

MATERIALES Y METODOS

Los datos registrados en las variables morfogenéticas, estructurales, fisioldgicas e
isotdpicas sobre cuatro poblaciones de diferente origen ambiental (P3 de clima templado
himedo y suelo no salino o alcalino, P4 de clima semiarido y suelo salino-alcalino, P5 de clima
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semidrido y suelo no salino o alcalino, y P9 de clima templado himedo y suelo salino-alcalino,
Anexo 1), fueron obtenidos de las cuatro experiencias descritas en las secciones anteriores. En
la primera experiencia fue evaluado el estrés hidrico (EH_35d) con tres niveles (100% -50% -30%
de capacidad de campo en maceta), en plantas vegetativas durante 35 dias. En la segunda y
tercera experiencias, fue evaluado el estrés salino con cinco niveles (0-0,1-0,2-0,3-0,4 M NaCl)
de diferente duracién, uno de 40 dias con plantas en estado vegetativo (ES_40d) y otro de 85
dias con plantas en estado vegetativo y reproductivo (ES_85d). En la cuarta experiencia, se
evaluo el estrés hidrico y salino combinado (EHXES_90d), con tres niveles de salinidad (0-0,1-0,3
M NaCl) combinados con tres niveles hidricos (100-50-30% de capacidad de campo en maceta),
con plantas en estado vegetativo y reproductivo durante 90 dias. Detalles del disefio de los
ensayos y los caracteres registrados se encuentran en la seccién Planificacion de Ensayos (Tabla
2 y Tabla 3 de dicha seccion).

Los caracteres medidos fueron utilizados para realizar cuatro analisis de regresién lineal
multiple, con la finalidad de encontrar los caracteres que explicaban mejor la biomasa producida
en cada experiencia (Proc reg / Stepwise-SAS). En el analisis fue utilizado el modelo de regresidn
lineal multiple paso a paso (Stepwise), considerando como variable dependiente la biomasa
aérea total (Y= BTotal) y como variables independientes (Xn) los caracteres registrados en cada
ensayo (Tabla 3 de la seccién Planificacién de Ensayos), como se muestra en la Tabla 4. Las
variables productivas, como son las fracciones de la biomasa total (muerta, verde, hoja y tallo),
no fueron consideradas para estos analisis. El modelo fue analizado con el procedimiento Proc
Reg/STEPWISE del paquete estadistico SAS.

Tabla 4: Modelo de regresidn lineal multiple con todas las variables independientes posibles
para la determinacién de la biomasa total (Y) en los ensayos de estrés hidrico (EH_35d), estrés
salino con una duracién de 40 dias y 85 dias (ES_40d y ES_85d), y de estrés hidrico y salino
combinado (EHxES_90d).

Ensayo Modelo con las variables independientes a seleccionar

EH_35d Y = AreaH LargoH AnchoH Denl Den2 Den3 Den4 PMac AFE ETA EUA CHR
Prolina Proteina

ES_4od Y = TEF TSF TAH NHoja AreaH Densidad AFE CHR Prolina Proteina A t1 A_t;

ES_85d Y = LHMac Densidad AFE CHR Prolina ETA EUAA_t1 A_t; A_ts KClI Na N §C
&N

EHXES_90d | Y = LHMac Densidad AFE CHR Prolina ETAEUA A_t; A_t, A_t3 K CI Na N Na/K
81C 8N CE

RESULTADOS Y DISCUSION

Variables determinantes de la produccion de biomasa ante diferentes situaciones de estrés

Los modelos de regresién lineal multiple paso a paso obtenidos mostraron diferente
seleccidn de caracteres segun el ensayo (Tabla 5, Anexo IV). El caracter que mejor explicd en un
inicio la biomasa producida (Y) cuando las poblaciones fueron sometidas a estrés hidrico fue la
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evapotranspiracion acumulada (ETA). El area foliar fue el segundo caracter introducido al
modelo y luego eliminado, al ser introducidas las variables densidad de macollos en la 4° semana
(Dend) y peso de los macollos (PMac), finalizando el modelo con tres caracteres que fueron los
determinantes para explicar mejor en conjunto la biomasa producida (Y) cuando las poblaciones
fueron sometidas a diferentes niveles de estrés hidrico durante 35 dias (SH_35d), (Tabla 5, mas
detalles en la Tabla Il del Anexo IV).

Tabla 5: Modelo de regresién lineal multiple presentando la combinacién de variables que mejor
explica la biomasa total (Y) en los ensayos de estrés hidrico (EH_35d), estrés salino con duracion
de 40 dias y 85 dias (ES_40d y ES_85d), y estrés hidrico y salino combinado (EHxES_90d).

Ensayos Modelos obtenidos/Stepwise R? p

EH_35d Y =-1,500+19,629 PMac +0,067 Den4 +0,0002 ETA 0,98 <0,0001.

ES_4od Y =-0,717 +0,012 CHR -0,004 AFE +0,324 NHoja 0,85 <0,0001
+0,080 AreaH

ES_85d Y =7,531-1,310 Prolina +0,180A _t3 0,97 <0,0001

EHxES_90d Y =-34,315 -0,293 Prolina +1,512 EUA -0,082 Densidad 0,97 <0,0001
-0,001 LHMac -0,028A t5+5,097 ETA

PMac: peso de los macollos, Den4: densidad de macollos en la 4ta semana, ETA: evapotranspiracién acumulada,
CHR: contenido hidrico relativo, AFE: area foliar especifica, NHoja: nimero de hojas /macollo, AreaH: drea/ hoja,
Prolina: prolina libre, A_ts: tasa fotosintética neta a los 80 dias para ES_85d y a los 85 dias para EHXES_90d, EUA:
eficiencia en el uso del agua, Densidad: nimero de macollos, LHMac: Longitud foliar verde /macollo.

Los resultados en la seleccion de variables en los modelos de regresion lineal multiple
STEPWISE fueron bastante diferentes entre los dos ensayos de salinidad, segun la duracion del
estrés (Tabla 5). En el ensayo de estrés salino de 40 dias (ES_40d), las variables que mejor
explicaron la biomasa total (Y) fueron variables estructurales del canopeo como el area foliar
(AreaH), el nimero de hojas por macollo (NHoja) y el peso especifico de las hojas (AFE), en
conjunto con variables relacionadas con el estado hidrico de la planta como el contenido hidrico
relativo (CHR) (mas detalles en la Tabla Ill del Anexo IV).Mientras que al someter estas
poblaciones a un estrés salino de 85 dias de duracidn (ES_85d), las variables independientes que
mejor explicaron la biomasa total (Y) fueron la concentracidn de prolina y la tasa fotosintética
neta a los 80 dias (A_t3), (mas detalles en la Tabla IV del Anexo V).

En el modelo de regresion lineal multiple obtenido en el ensayo de estrés hidrico y salino
combinado con una duracion de 90 dias, los caracteres que mejor explicaron la produccion de
biomasa aérea (Y) fueron los relacionados con el uso del agua como la evapotranspiracion
acumulada (ETA) y la eficiencia en el uso del agua (EUA). Luego, la concentracién de prolina fue
un factor muy importante y la tasa fotosintética neta registrada a fines de la experiencia, a los
85 dias (A_ts). Posteriormente las variables de estructura del canopeo la longitud foliar por
macollo (LHMac) y el nUmero de macollos por planta, fueron las ultimas en ser introducidas para
explicar la biomasa total (mas detalles en Tabla V del Anexo IV).

A pesar de que no todas las variables se registraron en todos los ensayos, al comparar
los modelos de regresion lineal multiple generados por el proceso STEPWISE, se observo que la
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produccién de biomasa aérea era explicada especialmente por caracteres relacionadas con el
estado hidrico de la planta (ETA, CHR, EUA), asi como con los caracteres relacionados con la
estructura del canopeo, tamafio y nimero de hojas y / o macollos. Esto fue evidente en los
ensayos de menor duracién, tanto de estrés hidrico (EH_35d) como de estrés salino (ES_40d).
Esos caracteres también estuvieron presenten y fueron importantes para explicar la biomasa
total en el ensayo de mayor duracién que combinaba estrés hidrico y salino (EHXES_90d). Sin
embargo, en los ensayos de mayor duracién, tanto en el de estrés salino de 85 dias como en el
de estrés combinado hidrico y salino de 90 dias, la concentracién de prolina fue el principal
cardacter para explicar la biomasa producida, seguida de la tasa fotosintética neta registrada al
final de ambos ensayos. En los modelos fue notoria la ausencia de caracteres relacionados con
la concentracién de nutrientes y/o sales, asi como la de isotopos estables entre las variables
importantes para explicar la biomasa producida (estos caracteres fueron registrados sélo en los
ensayos de mayor duracion).

Ese comportamiento puede deberse a que los procesos de crecimiento y desarrollo de
gramineas forrajeras perennes pueden ser explicados por la morfogénesis que define el tamafio
y el nimero de hojas y macollos determinando la estructura del canopeo (Chapman y Lemaire,
1993; Gastal y Lemaire, 2015; Chapman, 2016; Oliveira et al., 2020). Estos caracteres se ven
afectados desde el inicio del estrés hidrico o salino, etapa dominada por el estrés osmético, a
través de una restriccion en la tasa de elongacion y aparicion foliar, determinando hojas mas
pequefias y gruesas (menor AFE), acompafiado por un menor macollaje (van Loo, 1992; Thomas
et al., 1999; Durand et al., 1997; Munns, 2002; Taleisnik et al., 2009; Hessini et al., 2009; Turner
et al., 2012; Cyriac, et al., 2018; Ludwiczak et al., 2021; Carrizo et al., 2021). Estas reacciones
estdn asociadas a cambios en la relacién hidrica de las células y no a la toxicidad de las sales
(Munns, 2002; Hasegawa, 2013; Ludwiczak et al., 2021), lo que justifica que los caracteres
relacionados con el estado hidrico de la planta (ETA, CHR y/o EUA) se encuentren en los modelos
que definen la biomasa en los experimentos de estrés hidrico y/o salino, ya sean estos de corta
o larga duracioén.

Cuando el estrés perdura, las plantas activan mecanismos para recuperar el equilibrio
osmotico, asi como mecanismos para controlar el estrés oxidativo, lo que determina su
adaptacion a las condiciones de sequiay salinidad (Taleisnik et al., 2009; Hasegawa, 2013; Acosta
Motos et al., 2017; Carrizo et al.,, 2021). La prolina se acumula en respuesta a distintas
situaciones de estrés ambiental y se ha asociado con funciones tanto de osmorregulacién como
de osmoproteccion (Szabados y Savoure, 2010; Bhaskara et al., 2015; Acosta Motos et al., 2017;
Frimpong et al., 2021; Ghafar et al., 2021; Vasilakoglou et al., 2021), y de hecho fue la prolina la
variable que mayor incremento mostrd ante situaciones de estrés en todos los ensayos
realizados en esta Tesis de Doctorado (como puede verse en las secciones anteriores).

La respuesta fotosintética a la sequia y la salinidad se produce desde el inicio del estrés
hidrico y/o salino (Munns, 2002; Medrano y Flexas, 2004; Chaves et al., 2009; Flexas et al., 2013;
Morales et al., 2020). Sin embargo, la presencia de esta variable en los modelos de los ensayos
de mayor duracidn, y solo en las ultimas mediciones registradas (A_ts), podria deberse a que la
tasa fotosintética neta fue registrada en la Ultima hoja desarrollada, que es la que prioriza la
planta para poder seguir creciendo y recién fue severamente afectada luego de los estreses mas
prolongados. El estrés prolongado habria inhibido en gran medida las funciones enzimaticas y
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del aparato fotosintético debido a la alta produccién de especies reactivas de oxigeno en los
fotosistemas, como se registré en otras gramineas perennes haldfitas bajo estrés por sequia
prolongada (Ghafar et al., 2021).

Teniendo en cuenta los modelos obtenidos en los distintos ensayos podriamos pensar
que estamos cerca de identificar qué variables son utiles para diferenciar las poblaciones con
mayor produccion de biomasa aérea. Sin embargo, las variables que definen las estrategias
estructurales y los mecanismos fisioldgicos en respuesta al estrés hidrico y/o salino,
determinantes de la mayor biomasa total, no necesariamente mostraron diferencias entre
poblaciones, por lo que se plantea el estudio comparativo intraespecifico llevado a cabo en el
siguiente apartado.

Variables que determinan diferencias entre poblaciones ante diferentes situaciones de estrés

En base a los resultados de los analisis estadisticos de los ensayos presentados
anteriormente sobre estrés hidrico, salinoy combinado (EH_35d, ES_40d, ES_85dy EHxES_90d),
se plantea realizar una sintesis comparativa con las variables que mostraron diferencias
significativas entre poblaciones en cada ensayo, para comparar las respuestas al estrés e
identificar las variables que permitan seleccionar diferencias intraespecificas.

En la primera experiencia fue evaluado el estrés hidrico (EH_35d) con tres niveles (100%
-50% -30% de capacidad hidrica en maceta), en plantas en estado vegetativo durante 35 dias,
con cuatro poblaciones de diferente origen edafo-climatico (P3 de clima templado humedo y
suelo no salino o alcalino, P4 de clima semiarido y suelo salino-alcalino, P5 de clima semidrido y
suelo no salino o alcalino, y P9 de clima templado himedo y suelo salino-alcalino). Las variables
estructurales del canopeo, como el ancho y el area foliar (AnchoH y AreaH), mostraron
diferencias significativas entre poblaciones y fueron superiores en P3. Estas variables en
conjunto determinan el peso del macollo (PMac), mayor en P3. El nimero de macollos
(Densidad) mostré diferente comportamiento entre las poblaciones segun el estrés hidrico
(interaccién Pobla x SH), donde destaca P5 con valores altos en todos los niveles de estrés (Figura
5).

También hubo diferencias en las variables relacionadas con el estado hidrico de la
planta, encontrando los mayores valores de contenido hidrico relativo (CHR) en P3 y las mayores
eficiencias en el uso del agua (EUA) en P5 e intermedia en P3. Ademas, se registraron diferencias
en los mecanismos de repuesta al estrés a través de los distintos contenidos proteicos con
mayores valores en P3, seguida de P5; y en prolina con los registros mas altos en P9 y P4, que
son las poblaciones provenientes de entornos salino-alcalinos.

La combinacién de variables estructurales, hidricas y fisioldgicas determiné diferencias
entre poblaciones en la biomasa aérea producida (BTotal), destacandose las poblaciones que
provenian de entornos no salinos ni alcalinos (P3 y P5). La poblacién P3 (provenientes de
ambientes con minimos estrés hidrico) en los niveles con estrés hidrico leve a moderado y la P5
(provenientes de ambientes con alto estrés hidrico) en presencia de estrés moderado a severo.,
lo cual lleva a plantear la importancia de la densidad de macollos en la definicién de la
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estabilidad en la produccidn forrajera, a pesar de su menor tamano foliar. El estudio muestra
que la produccién de materia seca en los diferentes niveles de estrés hidrico, podria estar
relacionado con mecanismos que logren altos valores de proteina foliar y EUA, ademas de
mantener una alta densidad de macollos como estrategia de crecimiento para lograr mayor
estabilidad en la produccion de forraje, a pesar del menor tamaiio foliar.
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Figura 5: Sintesis del ensayo de estrés hidrico comparando cuatro poblaciones de agropiro
alargado (Pobla: P3, P4, P5, P9) con 3 niveles de estrés hidrico (30, 50 y 100 % de capacidad de
campo de las macetas) durante 35 dias. Valores relativos: alto (linea continua), medio (linea
discontinua), bajo (linea punteada), mostrando la relacién entre variables que mostraron
diferencias interpoblacionales: ancho y drea de las hojas, peso del macollo, nimero de macollos
(Densidad, con interaccidn Pobla x SH), contenido hidrico relativo (CHR), eficiencias en el uso del
agua (EUA), proteina y prolina, y la biomasa aérea total producida (con interaccién Pobla x SH).
En las interacciones, letras distintas indican diferencias significativas entre poblaciones para

cada condicién hidrica, donde las flechas de colores muestran las Pobla superiores en cada
condicion hidrica.
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En la segunda experiencia se compararon las mismas cuatro poblaciones de agropiro
alargado (P3, P4, P5, P9) creciendo ante 5 niveles de salinidad (riego con 0; 0,1;0,2; 0,3y 0,4 M
NaCl) durante 40 dias, encontrando diferencias significativas entre poblaciones en las variables
morfogenéticas y estructurales, ademas de las variables fisiolégicas como el contenido de
proteina y de prolina (Figura 6).
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Figura 6: Sintesis del ensayo de estrés salino comparando cuatro poblaciones de agropiro
alargado (Pobla: P3, P4, P5, P9) con 5 niveles de salinidad (riego con 0; 0,1; 0,2; 0,3 y 0,4 M Nacl)
durante 40 dias. Valores relativos: alto (linea continua), medio (linea discontinua), y bajo (linea
punteada), mostrando la relacién entre variables que mostraron diferencias interpoblacionales:
tasa de senescencia foliar (TSF), tasa de elongacion foliar (TEF), ancho y area foliar, nimero de
macollos (Densidad), biomasa muerta y verde (BMuerta y BVerde), contenidos de proteina y
prolina, y la biomasa aérea total.

En las poblaciones P4 y P5, la mayor tasa de elongacién foliar (TEF) combinada con el
menor ancho foliar (AnchoH) determinaron dreas foliares altas, y similares a P3, que presento
el comportamiento opuesto (bajo TEF y alto AnchoH). Mientras que la mayor biomasa muerta
(BMuerta) de P4 y P3, estuvo determinada por la mayor tasa de senescencia foliar (TSF) en P4 e
intermedia en P3, asociada también a altos valores de area foliar (AreaH) y, en el caso de P3
junto con un mayor peso de la hoja (menor AFE). Estas dos Ultimas variables también fueron
determinantes de la mayor biomasa verde (BVerde), siendo especialmente importante en P3 el
AFE. La poblacién P5 destaco en densidad de macollos y en la concentracién de proteina foliar,
aunque no alcanzé altos niveles de biomasa verde y total. La prolina fue mayor en P4 y P9,
resultando similar al ensayo anterior, reiterando la respuesta de las poblaciones de habitat
salinos como las de mayor prolina.
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La mayor biomasa total (BTotal) se obtuvo en P3 y P4, poblaciones que también
presentaron la mayor biomasa muerta (BMuerta), este comportamiento podria ser explicado
por una senescencia foliar anticipada debido a la acumulaciéon de iones téxicos en las hojas
adultas, y desde donde se habria producido la removilizaciéon de nutrientes a hojas mas jovenes
en crecimiento, donde probablemente la prolina jugaria un papel importante observado a través
de los mayores valores de P4, aunque no fueron observados en P3 (Figura 6).

En la tercera experiencia se compararon poblaciones de agropiro alargado (P3, P4, P5,
P9) bajo 5 niveles de salinidad (riego con 0; 0,1; 0,2; 0,3 y 0,4 M NaCl) durante 85 dias,
encontrando diferencias significativas entre poblaciones en las variables estructurales, como la
longitud foliar por macollo (LHMac) y el nimero de macollos (Densidad), en las variables
relacionadas con el estado hidrico de la planta, como la evapotranspiracién acumulada (ETA), la
eficiencia en el uso del agua (EUA), y asociada a estas Gltimas el isétopo estable de C (§3C).
Ademas de encontrar diferencias en la concentracién de cloro foliar (Cl") (Figura 7). La mayor
produccién de biomasa aérea fue alcanzada por P5, que presentd una alta densidad de macollos
con hojas de longitud intermedias (LHMac), una baja evapotranspiracion acumulada (ETA) y una
mayor eficiencia en el uso del agua (EUA), relacionado con un bajo isétopo de carbono §%C,
sumado a la menor concentracién de cloro foliar, lo que determinaria un mejor funcionamiento
metabdlico comparado con las restantes poblaciones.

LHMac

Densidad ‘

--------------------

Total

Figura 7: Sintesis del ensayo de estrés salino comparando cuatro poblaciones de agropiro
alargado (Pobla: P3, P4, P5, P9) con 5 niveles de salinidad (riego con 0, 0,1, 0,2, 0,3y 0,4 M NaCl)
durante 85 dias. Valores relativos: alto (linea continua), medio (linea discontinua), y bajo (linea
punteada), mostrando la relacién entre variables que mostraron diferencias interpoblacionales:
longitud foliar por macollo (LHMac), nimero de macollos (Densidad), evapotranspiracion
acumulada (ETA), eficiencia en el uso del agua (EUA), concentracion de cloro foliar (Cl), is6topo
estable de C (6'3C) y la biomasa aérea total.

En la cuarta experiencia, en la que se compard el comportamiento de las poblaciones
(P3, P4, P5, P9) con el estrés hidrico y salino combinado durante 85 dias, fueron encontradas
diferencias significativas entre poblaciones en las variables estructurales, longitud foliar por
macollo (LHMac) y nimero de macollos (Densidad), en las variables relacionadas con el estado
hidrico de la planta como la evapotranspiracién acumulada (ETA), la eficiencia en el uso del agua
(EUA), y asociada a estas el isétopo estable de C (8*3C), ademds de detectar diferencias en la
relacion Na*/K*, las que en conjunto determinaron diferencias en las variables productivas y sus
fracciones (Figura 8).
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Figura 8: Sintesis del ensayo de estrés hidrico y salino combinado, comparando poblaciones de agropiro alargado (Pobla: P3, P4, P5, P9) con 3 niveles de estrés
hidrico (30, 50 y 100% de apacidad de campo de las macetas) y 3 niveles de estrés salino (riego con 0; 0,1; 0,3 M NaCl) durante 85 dias. Valores relativos: alto
(linea continua), medio (linea discontinua), y bajo (linea punteada), con la relacién entre variables que mostraron diferencias interpoblacionales: densidad de
macollos, longitud de hojas por macollo (LHMac), biomasa de hojas verdes (BHoja), biomasa de tallos verdes (BTallo), porcentaje de biomasa muerta
(Muerto%), altura de la planta, evapotranspiracién acumulada (ETA), eficiencia en el uso del agua (EUA), proporcidon de macollos con espigas (Espiga%),

isétopos de 13C (63C), y la biomasa aérea total.
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La mayor biomasa total fue producida por la poblacién P5, presentando los mayores
valores de longitud foliar y densidad de macollos que determinaron las mayores biomasas
foliares verdes y, en consecuencia, la mayor superficie fotosintética. Ademas, P5 mostrd la
menor ETA con una alta EUA, la cual estuvo relacionada con menores valores de isdtopos de
carbono 8%3C, y de la relacién Na*/K*, lo que podria ser explicado por un mejor funcionamiento
fotosintético comparado con otras poblaciones. La P4 también mostro una baja ETA, sin
embargo, fue acompafiada por altos valores de Na*/K*, lo que podria determinar la mayor
senescencia de las hojas adultas (mayor proporcion de tejido muerto, Muerto%), posiblemente
como una estrategia para minimizar las pérdidas de agua y acumular iones toxicos, pero a costa
de la reduccién del area fotosintética. Por esto, P4 habria mostrado una baja cantidad de
biomasa foliar verde y una baja EUA, redundando en una menor biomasa total.

Por otro lado, la estrategia de las poblaciones para sobrevivir al estrés pareciera ser
diferente y podria estar asociada con el habitad de origen del germoplasma. Las poblaciones P3
y P9, que provenian de habitat de climas templados con mayores precipitaciones y menor estrés
ambiental, presentaron un mayor desarrollo reproductivo, con plantas de mayor altura debido
al desarrollo de espigas y, en consecuencia, mas biomasa de tallos (mayos BTallo, Espiga% vy
Altura), posiblemente para propagarse a través de semillas en vez de mantenerse en estado
vegetativo frente al estrés. Esta Ultima parece ser la estrategia de P5 y P4, que muestran altas
densidad de macollos con hojas largas a intermedias, y que provenian de habitat con clima
semiarido y escasas precipitaciones.

CONCLUSIONES DEL ESTUDIO COMPARATIVO

En base a los modelos obtenidos para predecir la biomasa aérea, podriamos decir que,
en poblaciones de agropiro alargado evaluadas ante estrés hidrico y salino, la respuesta de la
planta se vio mas alterada debido a la duracién del estrés que al tipo de estrés. Las variables
estructurales del canopeo como el tamafio y nimero de hojas y / o macollos, sumado a variables
relacionadas con el estado hidrico de la planta (ETA y CHR) fueron las mds importantes en limitar
el crecimiento ante estreses con duracién de 1 mes, sean hidricos o salinos; mientras que si el
estrés se prolongaba 3 meses aparecieron como mds importantes las variables relacionadas con
la concentracion de prolina y la fotosintesis en la Ultima hoja desarrollada.

Considerando las diferencias entre poblaciones sometidas a los distintos tipos de estrés
concluimos que hay diferentes estrategias de crecimiento y diferentes mecanismos fisiolégicos
entre poblaciones, que se ponen en evidencia especialmente con la duracién del estrés. De
hecho, si bien es destacable la importancia de las diferencias entre variables morfogenéticas y
de estructura del canopeo, estas varian con la duraciéon del estrés entre poblaciones, siendo la
densidad de macollos la mas estable en todas las experiencias. La eficiencia de uso del agua
también fue muy importante en todas las situaciones de estrés donde fue registrada (EH_35d,
ES_85d, EHXES_90d), presentando una alta asociacion con la biomasa producida. En forma
similar a lo que se encontré en el isétopo de 3C (6'3C), que ademds de presentar una alta
heredabilidad, mostré una fuerte correlacion con la produccion de biomasa en los ensayos de
mayor duracién (ES_85d, EHxES_90d). Por otro lado, los contenidos de prolina y proteinas
fueron importantes para diferenciar germoplasma en los experimentos de estrés de menor
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duracién (EH_35d, ES_40d). Mientras que, a mayor duracién, ademds de las variables asociadas
a la eficiencia del uso del agua en la planta (EUA y 8%C), cobraron mayor importancia las
variables relacionadas con la concentracion de iones “tdxicos” como la concentracién de CI
(aunque presentd diferencias intrapoblacionales en ES_85d, y no en EHXES_90d) o la relacién
Na*/K* (que sélo fue estimada para EHXES_90d, pero presento una heredabilidad interesante de
considerar). Todos los caracteres mencionados fueron utiles para identificar las poblaciones con
mayor produccién de biomasa, es decir, mas tolerante al estrés hidrico y salino.

Finalmente, futuros estudios en el germoplasma de agropiro alargado deberian
continuarse integrando las técnicas “omicas” (gendmica, transcriptomica, protedmica,
metabolomica y/o fendmica) con el objetivo de identificar los genes/alelos y/o QTL involucrados
en las mecanismos fisioldgicos que determinan la tolerancia al estrés hidrico y salino, lo cual
permitiria avanzar mas rdpida y eficientemente en el mejoramiento forrajero, ademas de
disponer de la informacidon necesaria para ceder genes de tolerancia a otras especies
emparentadas, como trigo.
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CONCLUSIONES GENERALES

1 - En las poblaciones de Elymus elongatus subsp. ponticus (Podp.) Melderis. analizadas fueron
encontrados diferentes comportamientos en los caracteres morfoldgicos, fisioldgicos,
bioguimicos e isotdpicos, que determinaron distintas estrategias de crecimiento y/o
mecanismos fisioldgicos entre poblaciones para tolerar el estrés hidrico y salino, donde prima
especialmente la duracion del estrés. Estas diferencias pudieron asociarse con el origen
ambiental de las poblaciones en algunos caracteres.

2 - El comportamiento morfo-fisiolégico de poblaciones de creciendo con tres niveles de estrés
hidrico durante 35 dias, mostro diferencias interpoblacionales en la biomasa producida segun el
nivel de estrés, siendo los caracteres que mas influyen en la diferencia de su respuesta la
estructura del canopeo, como tamaiio foliar y densidad de los macollos, pero especialmente la
eficiencia del uso del agua, y los contenidos de prolina y proteinas.

3 - Larespuesta interpoblacional de agropiro alargado fue diferente segun la duracidn del estrés
salino. Mientras que en el experimento de 1 mes de duracidon se registré diferencias
especialmente en el area y la senescencia foliar, y en los contenidos de prolina y proteina; en el
experimento de estrés salino de 3 meses de duracién los caracteres mds importantes estan
relacionados con la densidad de macollos, pero fundamentalmente con la eficiencia de uso del
agua asociada con el isdtopo de carbono §3C, sumado a la concentracién de Cl- foliar, lo que
estaria afectando al funcionamiento metabdlico.

4 - La mayor tolerancia al estrés asociada con la mayor biomasa total en condiciones de sequia
y salinidad en germoplasma de agropiro alargado durante 90 dias, se registrd a través de una
alta densidad de macollos como estrategia de crecimiento, teniendo en cuenta, entre los
mecanismos fisioldgicos, la alta eficiencia del uso del agua asociada con un bajo valor de isétopo
de carbono 8Cy una menor relaciéon Na*/K*. Estos ultimos dos caracteres, simples de registrar,
podrian ser especialmente Utiles a la hora de seleccionar materiales tolerantes al estrés hidrico
y/o salino de larga duracién (3 meses).

5 - Teniendo en cuenta los resultados de esta Tesis Doctoral, se ha podido comprobar que
agropiro alargado posee una gran tolerancia al estrés hidrico y salino, la cual se basa en
mecanismo de ajuste osmoético donde actdan con funciones de osmorregulaciéon solutos
inorganicos como el K*, especialmente en situacidén de estrés por sequia, y Na* y CI" ante estrés
salino particularmente, a los que se suman solutos organicos como prolina con funciones de
osmorregulacién y osmoprotecciéon en ambos estreses. Todos estos mecanismos fisiolégicos
ayudan a mantener la fotosintesis y el balance de agua en la planta, determinado por una alta
eficiencia en el uso del agua, favoreciendo el crecimiento y la produccién de forraje a expensas
de limitar el desarrollo reproductivo ante estreses muy severos. Estos mecanismos fisiolégicos
y estrategias de crecimiento estan presentes en la especie para adaptarse al estrés hidrico y
salino. Sin embargo, para poder realizar una seleccion intraespecifica, el caradcter mas
consistente para diferenciar el germoplasma superior fue la eficiencia del uso del agua, el cual
podria registrarse a través del isétopo de &83C, dada su alta heredabilidad, pudiendo
considerarse también la relacion Na*/K*. A estas caracteristicas fisiolégicas debemos sumar las
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variables estructurales del canopeo, relacionadas con el fenotipo adecuado al sistema
productivo en que sera utilizado. En conclusion, consideramos que el germoplasma de agropiro
alargado posee una gran diversidad y tolerancia al estrés hidrico y salino, la cual puede ser

utilizada para expandir la produccién de cultivos segun su uso en diferentes ambientes ante el
cambio climatico imperante.
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ANEXOS

Anexo |

Evaluacion del poder germinativo de 13 poblaciones de agropiro alargado (Anexo |)

Anexo Il

Datos de coleccién de las 4 poblaciones naturalizadas utilizadas en los ensayos (Tabla Il Anexo

).

Anexo lll

Determinaciones de la Capacidad de Campo de las macetas (Anexo Ill ¢).

Anexo IV

Resultados del modelo de regresion lineal multiple paso a paso con datos registrados en los
ensayos.
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Anexo |

EVALUACION DEL PODER GERMINATIVO DE 13 POBLACIONES DE AGROPIRO
ALARGADO

Introduccidn

La germinacidn es un proceso crucial para la implantacion de las especies forrajeras, en
particular para agropiro alargado que es sembrado en ambientes ganaderos con limitaciones
climato-edaficas especialmente por estrés hidrico y/o salino (Borrajo y Alonso, 2004; Otondo
et al., 2019). Ademads, estudios sobre la germinacién de semillas de agropiro alargado, han
reportado que postcosecha pueden producirse bajos porcentajes de germinacién debido a la
dormicién innata en algunas variedades, aunque, si la semilla es almacenada en ambiente
aireado la dormicion desaparece paulatinamente con los meses (Cardoso et al., 2007).

Por ello, el objetivo de este ensayo fue evaluar la germinacidon de una muestra representativa
de semillas de cada poblacién naturalizada de agropiro alargado (P1 a P13), con la finalidad de
poder estimar la cantidad de semillas potencialmente germinables disponibles en cada
poblacién para futuras evaluaciones.

Material y Métodos:

Semillas de 13 poblaciones naturalizadas cedidas por el Banco de Germoplasma de
Balcarce (BAL, 2018) fueron evaluadas con el test de germinacién segun las normas
internacionales (ISTA, 1999). Las semillas fueron sometidas a un tratamiento de esterilizacion y
pregerminado previo al test de germinacion. La esterilizacidn de las semillas fue para eliminar
posibles patdgenos y consistid en sumergirlas por 1 minuto en una solucién al 2% (2gs/100ml)
de hipoclorito de sodio y enjuagarlas con abundante agua destilada. Luego, se realiz6 el
tratamiento de pregerminado, el cual consistié en colocar las semillas embebidas en agua
destilada durante 2 dias a 02C. Con estas semillas se realizé el test de germinacién utilizando
un disefio en bloques completos aleatorizados con 3 repeticiones, donde los tratamientos
fueron las 13 poblaciones.

Para cada repeticion se colocaron 25 semillas/poblacién en bandejas de germinacién
con papel de filtro humedecido en agua, y se colocaron en una cdmara de germinacién con una
temperatura de 15/252C y fotoperiodo de 8/16 hs, durante 21 dias. Se registro la emergencia
de raiz y hoja, considerando el nimero de semillas germinadas cuando al cabo de 21 dias
presentaba una plantula con raiz mayor a 2 mm de longitud y la primera hoja desplegada
(ISTA, 1999). Con esos datos se calculé el % de poder germinativo (%PG) para cada poblacién.
Luego, las plantulas obtenidas fueron trasplantadas en macetas pequefias y trasladadas a
invernadero con turba como sustrato (turba Compo Sana Universal R), para ser utilizadas en
futuros ensayos.
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Los datos de germinacidn se analizaron con ANOVA considerando una probabilidad de
0,05 y la comparacidon de medias entre poblaciones fue realizada con el test de DMSy una
probabilidad de 0,05 (SAS, 2002).

Resultados y Discusion:

Las poblaciones difirieron en el porcentaje de germinacién que alcanzaron luego de 21
dias (Figura 1). El andlisis de la varianza mostré valores superiores en las poblaciones P3, P4 y
P9 (superiores al 80%PG), las cuales no difirieron de P2, P5y P7 (superiores al 75%PG), ni de P6
que resulto la menor de este grupo con valores de 65% de PG.
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Figura I: Poder germinativo (%) de poblaciones naturalizadas de agropiro alargado (P1 a P13).
Letras distintas indican diferencias significativas entre poblaciones (p<0,05). Las barras indican el desvio
estandar de la media.

Conclusiones:

Las poblaciones con valores de germinacién superiores al 75% podrian ser adecuadas
para ser consideradas en futuros ensayos (P2, P3, P4, P5, P7 y P9).
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Anexo |l

Tabla I: Datos de coleccion de las 4 poblaciones utilizadas en los ensayos. Datos cedidos por el Banco de Germoplasma de Balcarce, INTA Argentina (BAL).

Poblacion

P3

P4

P5

P9

Latitud y Longitud

38°30'Sy 58°45' O

39°24’ Sy 65°36’ O

39°24’ Sy 65°36’ O

38°44’ Sy 62°33' O

(maxima/minima)

(25°C enero/5°C julio)

(32°C enero/1°C julio)

(32°C enero/1°C julio)

Altitud (m s.n.m.) 25m 120 m 120 m 7m

Localidad cercana Necochea Lamarque Lamarque Bahia Blanca

Provincia Buenos Aires Rio Negro Rio Negro Buenos Aires

Clima Templado ocednico Semiarido Semiarido Templado de transicion
Temperatura media, | 14,2°C/dia 15,5°C/dia 15,5°C/dia 15,8°C/dia

(31°C enero/4°C julio)

Precipitacion anual 840 mm 266 mm 266 mm 583 mm
Képpen § Cfb BSk BSk Cfa
Suelo ® Argiudolls. Torrifluvents. Torrifluvents. Haplustolls.

Tipo de suelo, pH #

No salino, ni alcalino, pH = 7,0

Salino-alcalino, pH: 9,0

No salino, ni alcalino, pH: 7,5

Salino-alcalino, pH: 9,5

Ambiente y flora
acompanfante.

Pastizal en banquina.

Pastizal con Distichlis
spicata.

Pastizal lindante a tierras de
regadio.

Pastizal natural con
Distichlis spicata.

Cddigo BALO

Nu + Alo 338

CIB 118

CiB 117

CIB 114

§ Clasificacion climatica de Koppen.
® Clasificacion Taxondmica de Suelo correspondiente a Grandes Grupos.
# PH del suelo correspondiente a la capa de 0—10 cm de profundidad.

© Cddigo de coleccionista (Nu, Alo, CIB) y nimero de entrada, segun las libretas de coleccion del BAL.
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Anexo lll

DETERMINACIONES DE LA CAPACIDAD DE CAMPO EN MACETAS
Introduccion

La capacidad de campo de un suelo es el contenido de agua del suelo, en masa o
volumen, 2 o 3 dias posterior a una lluvia cuando el exceso de agua ha drenado libremente y
es despreciable (SSSA, 2008), en ese momento la velocidad de pérdida de agua ha disminuido
en un grado considerable atribuyendo las pérdidas de agua del suelo a la evapotranspiracion
(Israelson y West, 1922). En experiencias donde se desea simular diferentes niveles de sequia
o estrés hidrico, es importante poder determinar la capacidad de campo de las macetas para
luego calcular diferentes niveles de disponibilidad hidrica y de esta forma generar diferente
intensidad de estrés hidrico en la planta.

Para lograr la estimacion de la capacidad de campo en una maceta, se ha planteado la
siguiente experiencia, adaptando técnicas mencionadas en otras experiencias (Marks y Strain,
1989; Pedrol et al., 2000). Ademas, una vez conocida la cantidad de agua en cada maceta
segun el nivel hidrico deseado, se pueden mantener por diferencia de peso de las macetas y
agregando el agua faltante, asumiendo que 1g = 1ml de H,O. El objetivo de la presente
experiencia fue ajustar la técnica para establecer la capacidad de retencidn hidrica (capacidad
de campo) de las macetas, con la finalidad de poder generar niveles contrastantes de estrés
hidrico en las macetas.

Material y Métodos:

El ensayo se diagramd con un disefio completo al azar con medidas repetidas en el
tiempo y 2 repeticiones. Los tratamientos fueron 9 macetas (mn=s), considerando que podia
haber diferencias entre ellas. Cada maceta (1lt) fue cargada hasta % de su capacidad utilizando
turba como sustrato (turba Compo Sana Universal R) y fueron trasplantadas 3 plantulas. La
variable registrada fue el peso de las macetas (M) en diferentes condiciones: secas y post-riego
a medida que transcurria el tiempo (Esquema 1). Los tiempos de registro fueron considerados
como: to al momento del riego y se pesaron las macetas a los 5 minutos de regadas (t1) y luego
con una frecuencia de 10 minutos durante las primeras 2 hs y posteriormente cada 60" durante
las siguientes 6hs. (t.-17). El riego se repitid luego de 6 dias, y se registré nuevamente la perdida
de agua por maceta. Se calculd y analizé la pérdida agua (PA) por diferencia de pesadas en
funcién del tiempo (t), expresada en ml/minuto (asumiendo que 1g es 1ml de H,0), PAt, = [(Mtn.
1- Mty) / (tn - to1). Un andlisis de varianza fue realizado sobre la variable pérdida de agua (PA),
la cual fue transformada logaritmicamente previo al analisis (Proc mixed/SAS). La comparacion
de medias se realizd con el test t a través de DMS, utilizando una probabilidad de 0,05 (SAS,
2002).

166



“Estudio ecofisioldgico de poblaciones de Elymus spp., en respuesta al estrés hidrico y salino.”

to t1
I I IHHHH T
CC
Sustrato Riego Drenaje Evapotranspiracion
Seco _ (importantes pérdidas de agua) (minimas pérdidas de agua)

Esquema I: Esquema del procedimiento para determinar la capacidad de campo de las macetas
(CC). Peso seco inicial (PS = Peso de maceta + turba seca + planta), Peso post-riego (Pt, = Peso
de maceta + turba + planta + agua), to: momento del riego a saturacidn, t1,17: momentos post-

riego.
Resultados y Discusion:

El peso de las macetas post-riego disminuyo con el tiempo (Figura 1). El andlisis de la varianza
de pérdida agua (PA) mostré ausencia de efectos debido a la maceta, siendo significativo
Unicamente el tiempo de registro. Se registraron las mayores pérdidas de agua en los primeros
30 minutos, para disminuir hasta hacerse constante a los 95 minutos, ya que a partir de ese
momento la pérdida agua no difieren significativamente de los registros posteriores (Figura ll,
se muestra las primeras 4hs, dado que posteriormente se registr6 un comportamiento
constante y no significativo en las pérdidas de agua de las macetas).
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Figura Il: Peso de la maceta (raya) y pérdida agua post-riego (PA, circulo) en funcién del tiempo.
Letras distintas indican diferencias significativas entre tiempos (p<0,05). Las barras indican el desvio
estandar de la media.

La capacidad de campo en maceta se consideré como el contenido de agua de la
porcién humeda del suelo, después de que se ha drenado el exceso de agua (encharcamiento)
y se ha reducido significativamente la velocidad de pérdida (100% agua a capacidad de
campo). En base a la magnitud de la pérdida agua registrada en funcién del tiempo, se
establecié que las pérdidas de agua se atribuyen principalmente al drenaje en los primeros 85
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minutos, y a partir de 95 minutos se consideran debidas a la evapotranspiracién, dado que las
pérdidas de agua fueron minimas pudiendo considerar que el drenaje ceso (Israelson y West,
1922).

Conclusiones:

En consecuencia, para el desarrollo de las siguientes experiencias se establece como
capacidad de campo al agua retenida hasta los 95 minutos post-riego (ml agua/maceta), y en
base a esa cantidad considerada el 100%, se calculard la cantidad de agua necesaria para
alcanzar la capacidad hidrica del 50% y 30% en cada maceta. Sin embargo, en futuros ensayos
se realizardn las estimaciones en forma individual en cada maceta a utilizar, para estimar que
valores en peso corresponde a la capacidad de campo de cada maceta (100%CC).
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Anexo IV

RESULTADOS DE LOS MODELOS DE REGRESION LINEAL MULTIPLE PASO A PASO CON
LOS DATOS DE LOS DIFERENTES ENSAYOS (Proc mixed/Stepwise/SAS).

Tabla II: Resultados del modelo de regresidn lineal multiple con datos registrados en el ensayo
de estrés hidrico (SH_35d) con la seleccidn paso a paso de las variables mds importantes en la
determinacion de la biomasa total (Y).

Ensayo Modelo con variables a seleccionar

SH_35d Y = AreaH LargoH AnchoH Den1 Den2 Den3 Den4 PMac AFE ETA EUA CHR Prolina Proteina

Resumen de Seleccion Stepwise

Variable  Variable Number Parcial Modelo
Step Entered Removed VarsIn R? R2 F-Valor Pr>F
Paso 1 it ETA 1 0.8831 0.8831 75.58 <.0001
Paso 2 2 AreaH 2 0.0663 0.9495 11.81 0.0074
Paso 3 3 Den4 3 0.0224 0.9719 6.37 0.0356
Paso 4 4 PMac 4 0.0175 0.9894 11.49 0.0116
Paso 5 5 AreaH 3 0.0004 0.9889 0.28 0.6130

Modelo con R? = 0.9889, p <.0001

Parameter Standard

Variable  Estimate Error TypellSS F-Valor Pr>F

Término  -1.50001 0.32496 0.07067 21.31 0.0017
PMac 19.62859 2.99538 0.14242 42.94 0.0002
Den4d 0.06732 0.00776 0.24976 75.31 <.0001
ETA 0.00019748 0.00008245 0.01902 5.74 0.0435
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Tabla Ill: Resultados del modelo de regresion lineal multiple paso a paso con datos registrados
en el ensayo de estrés salino con duracién de 40 dias (ES_40d) con la seleccién de las variables
mas importantes en la determinacion de la biomasa total (Y).

Ensayo | Modelo con variablesa seleccionar

Tabla IV: Resultados del modelo de regresion lineal multiple paso a paso con datos registrados
en el ensayo de estrés salino con duracién de 85 dias (ES_85d) con la seleccién de las variables
mas importantes en la determinacion de la biomasa total (Y).

Ensayo Modelo con variables a seleccionar
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Tabla V: Resultados del modelo de regresion lineal multiple paso a paso con datos registrados
en el ensayo de estrés hidrico y salino combinado con duracion de 90 dias (EHXES_90d) con la
seleccidn de las variables mas importantes en la determinacion de la biomasa total (Y).

Ensayo Modelo con variables a seleccionar

EHXES_90d Y= LHMac Densidad AFE CHR Prolina ETAEUA A_t, A_t, A_t; KCl Na N NaK &*3C 6N EC

Resumen de Seleccion Stepwise

Variable Variable Number Parcial Modelo
Step Entered Removed Varslin R? R?2 F-Valor Pr>F
Paso 1 il ETA 1 0.8384 0.8384 923.48 <.0001
Paso 2 2 WUE 2 0.1135 0.9519 418.03 <.0001
Paso 3 3 Proline 3 0.0079 0.9598 34.67 <.0001
Paso 4 4 Aty 4 0.0024 0.9623 11.21 0.0010
Paso 5 5 LeafT 5 0.0015 0.9638 7.39 0.0072
Paso 6 6 Density 6 0.0024 0.9662 12.15 0.0006

Modelo con R? = 0.9662, p <.0001

Parameter Standard

Variable _Esti E TvpellSS  E-vVal Pr>E

Término -34.31482  1.54872 172.92828 490.93 <.0001

Proline -0.29280 0.04868 12.74184 3617 <.0001
WUE 1.51213  0.08057 124.08206 352.26  <.0001
Density -0.08187  0.02349 4.27822 122405 0.0006
LeafT -0.00103  0.00028621 4.56145 12:95 0.0004
A_t, -0.02827 0.00923 3.30668 939 0.0025
ETA 5.09728 0.19165 249.18197  707.40 <.0001
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