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RESUMEN

El nitrégeno (N) es un elemento esencial y constituyente de biomoléculas de gran
importancia tales como acidos nucleicos y proteinas, ademas de metabolitos primarios y
secundarios (Kishorekumar et al, 2020). Ademas, en ambientes naturales el N es el
principal limitante para el crecimiento de las plantas lo cual tiene consecuencias directas
sobre la produccién de los cultivos (Hirel y Krapp, 2021). A pesar de ser el principal
componente de la atmosferaterrestre, solo los microorganismos diazotrofos, ya sean libres
en el medio o en simbiosis con algunas plantas, son capaces de fijar directamente el N
atmosférico (N2) (Sharmaetal, 2021). Porello,la mayoriadelas plantas toman el nitrégeno
que necesitan del propio suelo (Shafreen et al.,, 2021) donde debido a la competenciapor el
N organico, usado mayormente por microorganismos, se encuentra mayormente en forma
inorganica (Nasholm et al., 2009; Franklin et al., 2017). No obstante, la abundancia relativa
de las formas inorganicas en el suelo depende de numerosos factores tales como las

condiciones ambientales o la naturaleza quimicadel suelo (Esteban et al., 2016).

La importancia del N en la produccién de los cultivos condujo al proceso conocido como
“Revoluciénverde” tras la Segunda Guerra Mundial. Consistié en un aumento considerable
del uso de fertilizantes en la agricultura con el objetivo de mantener una produccién de
alimentos que pudiera sostener el crecimiento constante de la poblacion global (Galloway
et al., 2013; Nacry et al,, 2013). Sin embargo, el proceso de sintesis de estos fertilizantes
mediante el método Haber-Bosch es bastante costoso y supone hasta el 50% de los costes
de produccionde ciertos cultivos (Hirel et al., 2011). Ademas, la mayor parte del nitrégeno
aportado a estos cultivos no es utilizado por la plantas y se pierde por lixiviacién en los
suelos o se libera como N gaseoso a la atmdsfera (Britto y Kronzucker, 2002; Hirel et al.,
2011; Cameron et al., 2013) provocando grandes problemas medioambientales (Diaz y

Rosenberg, 2008; Canfield et al,, 2010; Hirel et al., 2011; Gutiérrez et al., 2012)

Por todo esto, los estudios sobre la eficienciaen el uso del nitrogeno (NUE), la eficiencia en
la toma del nitrégeno (NUpE) y la eficiencia en la utilizacién del nitrégeno (NUtE) han
cobrado gran importancia en las ultimas décadas (Hirel y Krapp, 2021) con el objetivo de
mejorar la produccion de cultivos y reducir el impacto medioambiental provocado por las

actividades agricolas.

Enlos suelos, las formas predominantes de N inorganico son el amonio y el nitrato (Bernard
y Habash, 2009). De estas dos moléculas, el nitrato es la mas abundante en condiciones
aerobicas debido al proceso de nitrificacion llevado a cabo por microorganismos que
utilizan amonio para la produccién de nitrato (Huérfano et al., 2015; Wang et al., 2018).

Adema3s, debido a las caracteristicas del nitrato y a la toxicidad provocadapor el amonio en



RESUMEN

plantas, el nitrato se ha convertido en el recurso preferente para la mayoriade plantas que
han evolucionado, o han sido seleccionadas, en base a una nutricién con nitrato (Cassman
et al,, 2002; Miller y Cramer, 2005; Esteban et al., 2016). Este hecho ha conducido a que el
nitrato, junto con la urea, sea uno de los fertilizantes mas usados en la agricultura en la
actualidad (Fax et al., 2017). Ademas, esta moléculatiene una gran capacidad senalizadora

regulando multitud de procesos en las plantas (O’ Brien et al., 2016).

En las plantas, la tomay transporte del nitrato se realiza mediante un simporte acoplado a
protones que recae principalmente sobre 3 familias de transportadores: nitrate
transporterl/peptide transporter family (NPF), nitrate transporter 2 family (NRT2), nitrate
transporter 3 family (NRT3) (Wang et al., 2020). Estas familias de proteinas han sido muy

estudiadas en diferentes especies de plantas angiospermas de gran interés agronémico.

La familia de transportadores NPF es extensa y estd formada por un niimero variable de
transportadores segun la especie que se distribuyen entre 8 y 10 subfamilias (Léran et al.,
2014). Los transportadores NPF tienen diferentes sustratos, aquellos que son capaces de
transportar nitrato son en su totalidad transportadores de baja afinidad a excepcién del
transportador NPF6.3 de Arabidopsis thaliana, NPF6.5 de Oryza sativa y NPF6.8 de Medicago
truncatula, que han sido descritos como transportadores de doble afinidad regulados por
fosforilacion (Liu et al., 1999; Liu et al., 2003, Wang et al., 2018). Estos transportadores se
expresan en diferentes Organos, tejidos y tipos celulares desempefiando una gran
diversidad de funciones (Wang et al., 2018). Los miembros de esta familia se encargan
principalmente de la removilizacion del nitrato, aunque también ointervienen en procesos
como la toma del nitrato en raices, desarrollo vascular, acumulacién de nitrato en las
semillas o incluso la respuesta inducida por estrés abidtico o biotico (Almagro et al., 2008;
Hsu et al., 2013; Lia et al., 2015; O’Brien et al., 2016). Curiosamente, un gran ndmero de
trabajos han indicado la capacidad de estas proteinas de membrana para transportar otras
moléculas aparte del nitrato. Entre los diferentes substratos que pueden ser usados por
estos transportadores caben mencionar algunas de gran importancia para las plantas como

las fitohormonas (Wang et al., 2018)

Por otro lado, la familia NRT2 esta constituida en su totalidad por transportadores de alta
afinidad con capacidad de transportar nitrato unicamente. A pesar de que el nimero de
transportadores que pertenecen a esta familia puede variar entre especie, este es bastante
mas reducido en comparacién conel de la familiaNPF (O’Brien et al.,, 2016), encontrando 7
miembrosde esta familiaen A. thalianay 4 en O. sativa, por ejemplo (Wang et al, 2018). Esta

familia se encuentra asociada principalmente a la toma de nitrato en raices (Wang et al,,
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2018), aunque también se han propuesto otras funciones como la interaccién planta-
patogeno, el desarrollo de raiceslaterales ola carga de nitrato en semillas (Little et al., 2005;

Remans et al., 2006b; Chopin et al,, 2007; Wang et al., 2018).

Finalmente, la familia NRT3 ha sido descrita como el segundo componente del sistema de
transporte de alta afinidad (Zoghbi-Rodriguez et al, 2021). Aunque los mecanismos
moleculares subyacentes son atin desconocidos, estos transportadores parecen jugar un
papel regulador de la tomade nitrato y ser necesarios para estabilizar las proteinas NRT2y
dirigirlas a la membrana plasmatica (Wang et al.,, 2018). De hecho, la interaccién entre
transportadores de lafamilia NRT2 y NRT3 yahassido confirmaday la coexpresion de ambas

proteinas en oocitos de Xenopus laevis parece mejorar la captacién de nitrato por parte de
los transportadores NRT2 (Feng et al,, 2011; Kiba et al.,, 2012; Kotur et al., 2012)

En el caso de gimnospermas, son ya varios los estudios que han recalcado una preferencia
por el amonio sobre el nitrato en algunos grupos como las coniferas (McFeey Stone, 1968;
Van den Driessche, 1971; Kronzucker et al., 1997; Marschner etal., 1991; Lavoieet al., 1992;
Warren et al., 2002; Boczulak et al., 2014). De hecho, esta hipotesis esta también sustentada
por la distribuciéon de estas especies en zonas boreales donde la temperatura impide
procesos de nitrificacién en el suelo (Sponsller et al., 2016). Sin embargo, estudios recientes
muestran que las concentraciones de ambas formas de N inorganico (amonio y nitrato)
parece igualarse en el suelo a unos pocos centimetros de profundidad (Zhou et al.,, 2021).
Dehecho, algunas especies de coniferas habitan en zonas mastempladas donde puede darse
el proceso de nitrificacion. Este es el caso del pino maritimo (Pinus pinaster) una especie
autoctona del mediterraneo occidental y modelo para el estudio de coniferas en la cual se
han identificado previamente los miembros de las familias NRT y NPF (Castro-Rodriguez et
al,, 2017). Experimentos llevados a cabo por Ortigosa et al. (2020) probaron que el pino
maritimo es capaz de usar nitrato ademas de amonio, al igual que se ha demostrado con
posterioridad en otras especies de coniferas (Zhou et al., 2021). No obstante, la toma de
nitrato en P. pinaster se encuentra estrictamente regulada y la acumulacién de biomasa fue

mas elevada en plantulas tratadas con amonio(Ortigosaet al., 2020).

Como se ha expuesto anteriormente, el nitrato es una molécula con un gran potencial
sefializador siendo capaz de disparar y regular una respuesta transcripcional que afecta a
una gran cantidad de genes y es conocida como la respuesta primaria a nitrato (PNR segiin
sus siglas en inglés). Esta respuesta transcripcional desencadenada por el nitrato también
puede implicar la accion de segundos mensajeros como el calcio y de numerosos factores

de transcripcién (Riveras et al.,, 2015; O‘Brien et al,, 2016). Ademaés, el nitrato también es

4
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capaz de modular diferentes procesos de la planta mediante la regulacion del transporte y
del metabolismo de diferentes hormonas como auxina, citoquininas (CKs), etileno o acido
abscisico (ABA) (Wang et al.,, 2004; Gutiérrez et al., 2007; Hu et al., 2009; Tian et al., 2009;
Medici y Krouk, 2014; O'Brien et al., 2016; Wang et al., 2018)

Una vez que esta molécula se incorpora a las plantas es asimilada metabolicamente en un
proceso que incluye la reduccién del nitrato a nitrito por la nitrato reductasa en el citosol
(NR, EC 1.7.1.1), 1a reduccidn del nitrito a amonio por la nitrito reductasa en el cloroplasto
(NiR, EC 1.7.2.1) y la asimilacién de amonio a glutamato a través del ciclo glutamina
sintetasa (GS, EC 6.3.1.2) / glutamato sintasa (NADH-GOGAT, EC 1.4.1.14; Fd-GOGAT, EC
1.4.7.1). En el ciclo GS/GOGAT el amonio es primero asimilado por la GS en glutamina con
gasto de ATP y posteriormente, la glutamina, junto con 2-oxoglutarato y poder reductor,
produce 2-moleculas de glutamato por accidn catalitica de la GOGAT. Una de las moléculas
de glutamato producidas se utiliza para realimentar el ciclo y la otra es el producto neto del
mismo (Heldty Piechulla, 2011). Se considera que este ciclo es la mayor rutade asimilacion
de N inorganico en moléculas organicas utilizando como esqueleto carbonado el 2-
oxoglutarato derivado del ciclo de Krebs. Este ciclo GS/GOGAT es ademas uno de los
mayores nexos de union entre e metabolismo del N y el metabolismo del carbono (C) pues
emplea 2-oxoglutarato, proporcionado directamente por el ciclo de Krebs, como esqueleto

carbonado para la asimilacion del N. (Hirel y Krapp, 2021).

Los aminoacidos glutamina y el glutamato producidos en el ciclo GS/GOGAT se usan como
donadores de nitrégeno para la biosintesis de todas las moléculas nitrogenadas de la planta,
posicionando a estas proteinas como enzimas clave para la NUE (Chardon et al., 2012).
Concretamente, el papel de la GS en procesos tan importantes como laremovilizaciéndel N,
la produccidén de grano y el crecimiento de las plantas ha provocado que esta enzima haya

sido una de las mas estudiadas en términos de mejora de la NUE (Hirel y Krapp, 2021).

La importancia de la GS queda reflejada en su amplia distribucién en todos los organismos,
en los que se pueden encontrar hasta 3 superfamilias de GS conocidas como GSI, GSII'y GSII],
cada una de ellas caracterizadas por su distribucidn entre los diferentes reinos, tamano
molecular y nimero de subunidades (Goshroy et al., 2010). Mientras que la presencia de
GSI se da principalmente en procariotas y la de GSIII principalmente en bacterias,
incluyendo cianobacterias, la familia GSII se da principalmente en eucariotas (Mathis et al,,

2000; Nogueira et al., 2005; Kumar et al., 2017; James et al., 2018).
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En las plantas, la actividad GS es realizada por miembros de la superfamilia GSII para las
que se han descrito estructuras tridimensionales octaméricasy decaméricas (Eisenberg et
al,, 2000; Llorcaet al., 2006; Unno et al., 2006; Krajewski et al., 2008; He et al., 2009). Dentro
de esta superfamilia GSII se pueden distinguir dos clados: GSII de origen eucariota (GSlle) y
GSII de origen eubacteriano, el cual se cree que apareci6 como resultado de una
transferencia génica horizontal (HGT segun sus siglas en inglés) que tuvo lugar después de

la divergencia entre eucariotasy procariotas (Tateno et al., 1994, Ghoshroy et al., 2010).

Tradicionalmente, se han descrito dos grupos de genes GSlle en las plantas angiospermas:
uno que codifica para proteinas citosdlicas (GS1) y un segundo que codifica para proteinas
plastidiales (GS2), cadauno desempefiando papeles funcionales no redundantes en la planta
(Ghoshroy et al.,, 2010; Hirel y Krapp, 2021). Generalmente, el grupo GS1 estd compuesto
por una pequeia familia génica codifica para varias isoformas citosélicas mientras el grupo
GS2 suele estar compuesto por un dnico gen que codificauna enzima plastidial (Jameset al.,
2018). Los analisis filogenéticos previos han sugerido que el gen GS2 pudo aparecer
originalmente como el resultado de una duplicacion génica de un gen GS1 (Biesiadka y
Legocki, 1997) antes de la divergencia entre monocotiledéneas y cotiledéneas (Bernard y
Habash, 2009). Hasta el momento se desconoce la presencia de GS2 en coniferas en la que
podemos encontrar dos grupos de proteinas citosolicas: GS1a y GS1b, cada una codificada
por un tnico gen y con diferentes caracteristicas moleculares y cinéticas (Avila-Saez et al.,

2000; dela Torre etal., 2002).

Tanto en angiospermas como en gimnospermas, la sintesis y la actividad relativa de cada
isoformade GS es especifica de cada especie y su expresion se encuentra ademas regulada
acorde al estado nutricional, el tejido, el estado de desarrollo y las condiciones ambientales
(Canovas et al,, 2007; Bernard y Habash, 2009; Mondal et al., 2021), tarea en la que los
factores de transcripcion desempefian un papel clave (Thomsen et al, 2014). Como reflejo
de la importancia de esta enzima, cabe destacar que se encuentra regulada a todos los
niveles: a nivel transcripcional, control del procesamiento, estabilidad y acumulacion de
RNA mensajero (mRNA segin sus siglas en inglés), control de la traduccién, asi como
modificaciones post-traduccionales (Sakakibara et al., 1997; Watanabe et al., 1997; Canton
et al.,, 1999; Oliveira y Coruzzi, 1999; Finnemann y Schjoerring, 2000; Ortega et al.,, 2001;
Gomez-Maldonado et al., 2004a; Masclaux-Daubresse et al., 2005; Lima et al.,, 2006a; Lima
etal., 2006b; Ortega et al., 2006; Simony Sengupta-Gopalan, 2010; Melo etal., 2011; Lozano-
Juste et al., 2011; Ortega et al. 2012)
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La GS2 se expresa principalmente en tejido fotosintético asociada al parénquima clorofilico
(Blackwell et al.,, 1987), lo cual encaja perfectamente con su papel en la asimilacién de
amonio liberado en la fotorrespiracion o producido en la reduccién del nitrato (Wallsgrove
etal., 1987; Blackwell et al., 1987; Tegeder y Masclaux-Daubresse, 2017). Por otro lado, los
miembros de la familia GS1 se encuentran asociados principalmente a tejido vascular y la
expresion de las diferentes isoenzimas cubre la totalidad de la planta (Leay Miflin, 2018).
Estas enzimas se encargan principalmente de la asimilacion primaria de N en raices, asi
como dela removilizaciény reciclado del N, jugando un papel importante en procesos como
la senescencia o la respuesta a estrés bidticoy abidtico (Bernard y Habash, 2009; Thomsen
et al, 2014). Ademas, se ha visto que miembros de esta familia estan implicados en
diferentes procesos de desarrollo como la produccién de grano en diferentes especies
(Habash et al., 2001; Tabuchi et al.,, 2005; Martin et al., 2006; Funayamaetal., 2013; Lothier
etal, 2011; Goodall et al., 2013; Bao et al., 2014; Guan et al,, 2015; Urriola y Rathore, 2015;
Gao et al,, 2019; Jiet al,, 2019; Wei et al.,, 2021; Fujita et al., 2022)

En gimnospermas, el gen GSIa presenta un patrén de expresion similar al de GS2 en
angiopermas, asociado también al parénquima clorofilico de 6rganos fotosintéticos y, al
igual que GS2, este gen se induce en respuesta ala luz (Canton et al.,, 1999; Avilaetal, 2001;
Gémez-Maldonado et al., 2004a). Porello, se ha propuesto que el gen GS1atenga funciones
similares en gimnospermas a las de GS2 en plantas angiospermas (Canton et al., 1999). En
lo referente al gen GS1b de gimnospermas, se encuentra filogenéticamente masrelacionado
con la familia GS1 de angiospermas que con el gen GS1a, y presenta funciones similares a
las de la familia GS1 de angiospermas con implicaciones en desarrollo, asi como en
asimilacidn, reasimilacién y removilizaciéon de N (Avila et al,, 2001, Suarez et al,, 2002,

Cantén et al,, 2005; Pérez-Rodriguez et al., 2005).

En base a estos conocimientos previos, esta tesis doctoral presenta como objetivo general
ahondar en aspectos claves de la nutricion nitrogenada de las plantas de interés forestal y
especificamente de las coniferas. Con este fin, proponemos estudios mas profundos de las
familias génicas de GS en plantas aprovechando la disponibilidad y mejora en los recursos
transcriptoémicos y genémicos de gimnospermas. Por otro lado, también proponemos el
estudio de la toma y transporte de nitrato, asi como de la respuesta transcriptémica
provocada por esta molécula, utilizando como modelo experimental la conifera P. pinaster.
Estos estudios permitiran alcanzar una mejor comprension de la nutricién niotrogenada
basada en nitrato en esta esta especie de conifera y de la evolucién de las familias de

transportadores de nitrato en plantas. >
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Tres objetivos especificos se han propuesto para cumplir con el objetivo general de esta

tesis:

1. Entender las relaciones filogenéticas y evolutivas de los genes codificantes de GS en
plantas con semillas aprovechando los nuevos recursos genémicos y transcriptémicos

disponibles.

2. Determinar el juego completo de genes codificantes para GS en coniferas en base a los

nuevos datos genémicosy transcriptoémicos disponibles.

3. Caracterizar la expresion de la familia de los transportadores de nitrato en pino, asi como

la respuesta transcriptoémicageneral en raices, en respuesta a una nutricién con nitrato.

Con respecto al primer objetivo, se han realizado estudios filogenéticos usando un total de
168 secuencias de proteinas y de acidos nucleicos de diferentes especies pertenecientes al
grupo Viridiplantae. Estos estudios concuerdan con hipoétesis previas que apoyan un evento
de transferencia génica horizontal y por tanto la presencia de dos clados de GS dentro de la
superfamilia GSII de plantas: GSIIby GSlle (Tateno et al., 1994; Goshroy et al., 2010). En este
trabajo ala secuencias del grupo GSIIb se las ha denominado como GLN2 mientras que a las
del grupo GSlle se las ha llamado GLN1/GS siguiendo la nomenclatura de los genes de
Chlamydomonas reinhardetii. En las secuencias GLN2 se ha podido detectar la presencia de
un péptido sefial para dirigir a estas proteinas a plastos o mitocondrias. No obstante, esta
familia de genes se ha perdido en plantas vasculares, esto podria estar relacionado con el
desarrollo de las estructuras vasculares asociadas al proceso de colonizacién del medio
terrestre. De hecho, este mismo evento pudo ser el causante de la seleccidon de los genes
GLN1/GS en las plantas vasculares mas ancestrales lo que apoyaria la relaciéon de estos
genes con la sintesis y transporte de glutamina y amino acidos derivados (Bernard y
Habash, 2009) y la produccién de monolignoles usados como precursores en la biosintesis
de lignina (El-Azaz et al, 2022). Ademas, los resultados obtenidos durante los analisis
filogenéticos sugieren que el grupo de genes de GLN1 podria considerarse como el punto de
partida de las secuencias codificantes para GS en plantas semillas. Por otro lado, la filogenia
en clados de Embryophyta, donde se han encontrado secuencias de GLN1/GS y GLN2,
sugiere que los grupos de GS pertenecientes a las plantas con semillas (Spermatophyta) no
se originaron en en los grupos mas antiguos de plantas terrestres no vasculares
(Embryophyta).Viendo la concurrencia de los genes GLN1/GS y GLN2 en Embryophyta,las
diferencias entres los arboles filogenéticos de proteinas y acidos nucleicos de los grupos

Lycopodiopsiday Polypodiopsida quizan puedan deberse a un proceso de adaptaciéon debido
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alapérdida del gen GLN2 unido a cambios enlas condiciones ambientales como unaumento
de relacion 02/CO2 (Renault et al., 2019) durante la evolucion de estos grupos de plantas. De
hecho, esto explicaria la presencia de péptidos de transito plastidial en algunas GS de estos
grupos que sugieren que la apariciéon de una GS plastidica podria ser beneficiosa debido al

enriquecimiento en oxigeno de la atmosfera.

Estosandlisis filogenéticos también han permitido la reclasificacién delas GS en plantas con
semillas (Spermatophyta) en 3 grupos: GS1a, GS1b y GS2. El grupo de GS1a incluye todas
aquellos genes que codifican para GSla en gimnospermas pero también se ha podido
comprobar que esta subfamilia se encuentra en ginkgo, angiospermas basales y algunas
especies de Magnoliidae. Asu vez, el grupo GS1b esta constituido porlos genes que codifican
para GS1b en gimnospermas, asi como por el resto de genes codificantes de isoformas
citosolicas de angiospermas. Finalmente, el grupo GS2 esta compuesto por los genes que
codifican para GS de localizacion cloroplastidica, incluyendo por primera vez genes de GS2
en el grupo de Cycadopsida.Laidentificaciony clonaciénde genes codificantes para GS2 en
Cycadopsida apoyan la teoria de que este clado forma un grupo monofilético junto con las
ginkopsidas (Wu etal,, 2013; Li etal,2017; One Thousand Plant Transcriptomes

Initiative, 2019), donde previamente se habian identificado genes de GS2.

En base a los resultados obtenidos, dos hipdtesis se han propuesto con respecto a la

aparacion de los genes codificantes de GS2:

1. La GS2 pudo originarse en un ancestro comun de gimnospermas y angiospermas,
posiblemente en Polypodiopsida, cuyas secuencias GS1 estdn filogenéticamente mas
relacionadas a secuencias GS2, y en el que donde un proceso de especializacién pudo
conducir a la adiciéon de un péptido de transito plastidial. Esto conllevaria un segundo
evento evolutivo que implicaria la pérdida de GS2 en un ancestro comunde Coniferopsida y

Gnetopsida.

2. La GS2 pudo originarse en un ancestro comunde los grupos Cycadopsida /Ginkgoopsida y
angiospermas lo que explicaria la ausencia de estos genes en los clados de Coniferopsida y
Gnetopsida implicando un solo evento evolutivo. Esta hipétesis implicaria que el clado
monofilético conformado por Cycadopsida/Ginkgoopsida (One Thousand Plant
Transcriptomes Initiative, 2019) estaria mas relacionado filogenéticamente con

angiospermas de lo que se habia considerado en un primer momento.
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Esta segunda hipdtesis ademas se veria apoyada por la presencia de GS1a en especies de
ginkgo, angiospermas basales y Magnoliidae, resultados que no se habian descrito hasta el
momento. De acuerdo con esta hipdtesis, GS1la y GS2 tendrian por tanto papeles
redundantes en tejidos fotosintéticos como ya se ha propuesto con anterioridad (Canton
etal, 1999; Avila etal., 2001; Gémez-Maldonado et al., 2004a). Este papel redundante de
ambas isoformas ademas se ve apoyado por la presencia de un residuo de cisteina, descrito
como importante para la modulacién redox de la actividad GS2, en todas las secuencias de
GS1la analizadas, asi como en las secuencias GS1 de Polypodiopsida, algunas especies de
Lycopodiopsida y secuencias GLN1. Curiosamente, este residuo no se ha detectado en
ninguna delas GS1b analizadas. Adicionalmente,los andlisis de expresidn realizados en este
trabajo demuestran que laluz es capaz de controlar de formasimilar la expresion de GS1a
y GS2, y que ademas se expresan en los mismos tejidos, apoyando esto también un papel
redundante de ambas enzimas. Este papel redundante explicaria la desapariciéon de GS1a en

las angiospermas mas recientes.

Atendiendo a estos resultados se podria asumir que GS2 aparecié como resultado de una
duplicacién génica y especializacion de GSla en Cycadopsida/Ginkgoopsida, grupo que
aparecio hace 270 millones de afios (Wu etal., 2013; Li etal., 2017; One Thousand Plant
Transcriptomes Initiative, 2019) durante el permo-carbonifero, periodo donde los niveles
atmosfericos de oxigeno incrementaron de un 21 a un 35%. En consecuencia, la tasa de
fotorrespiracion se veria incrementada lo cual conduciria a su vez a un aumento en los
niveles de amonio. Paralelamente, este aumento en los niveles de oxigeno conllevaria un
aumento en los niveles de nitrificacion en la rizosfera y por tanto en los niveles de nitrato.
El uso de nitrato como principal fuente de nitrégeno también contribuiria a un aumento en
los niveles de amonio en el cloroplasto yaque el nitrito derivado del nitrato es reducido, en
ultima instancia, a amonio en el cloroplasto por la NiR. Todo esto generaria una presion
evolutiva sobre la seleccion de una GS cloroplastidica que pudiera asimilar el amonio

procedente de ambos procesos.

Con respecto al objetivo 2, la mejora de los recursos transcriptémicos y genémicos ha
permitido la identificacién en primer lugar de un nuevo gen de GS en la conifera P. pinaster
(Cafias et al, 2017). Aunque esta nueva GS presenta alta homologia de secuencias
(nucleotidica y aminoacidica) con la ya conocida GS1b de coniferas, los promotores de
ambos genes presentan diferencias considerables. Atendiendo a la clasificaciéon de este gen
dentro de la familia GS1b en los andlisis filogenéticos llevados a cabo en este trabajo, este

isogen se ha denominado PpGS1b.2, posiblemente originado mediante una duoplicacién
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génica del gen ahora denominado PpGS1b.1. Ademas, este fendémenos de duplicacion génica
parece ser relativamente reciente pues en este trabajo se ha podido detectar la presencia
de ort6logos en miembros de los géneros Pinus y Picea pero no en el resto de coniferas

incluidas en los analisis.

Para explorar la posibilidad de un evento de duplicacion génica y neofuncionalizacidon, se ha
analizado los patrones de expresion de los diferentes genes de GS en pino maritimo. Al
contrario que PpGS1b.1, cuya expresién ha mostrado ser alta en todos los tejidos analizados,
PpGS1b.2 presenta una expresion muy localizada y asociada a 6rganos y tejidos en
desarrollo, ademas de poseer una expresion estrechamente regulada a lo largo del
desarrollo embrionario. Esto resultados podrian indicar una especializacion de esta nueva
isoforma que pasaria a estar asociada a procesos de desarrollo en la planta de manera
similar a otros isogenes de la familia GS1b en angiospermas (Habash et al., 2001; Tabuchi
et al., 2005; Martin et al., 2006; Lothier et al., 2011; Funayama et al., 2013; Goodall et al,
2013; Bao et al,, 2014; Guan etal, 2015; Urriola y Rathore, 2015; Gao et al., 2019; Ji et al,
2019; Wei et al.,, 2021; Fujita et al., 2022), lo que sugiere un proceso de convergencia
evolutiva. Atendiendo alos datos de expresion, se pueden plantear dos hipotesis diferentes:
a) GS1b.2 puede apoyar la actividad de GS1b.1 en tejidos en desarrollo con una alta
demanda de glutamina o de asimilados de N; b) GS1b.2 pude jugar un papel especifico en

ciertos tejidos en desarrollo.

En base a estas dos hipoétesis se procedio al andlisis de la estructura y de las caracteristicas
cinéticas y fisicoquimicas deambas enzimas. Acorde a sus secuencias aminoacidicas, ambas
proteinas parecen presentar pequefias diferencias en su estructura cuaternaria y terciaria,
aunque esto podria indicar grandes cambios en su propiedes cinéticas y fisicoquimicas. De
hecho, a pesar de que ambas isoformas presentan una temperatura 6ptima de 42 °C, GS1b.1
es termodinamicamente mas estable que GS1b.2 y el pH 6ptimo para ambas enzimas ha

resultado ser de 6.5 y 6, respectivamente.

Los analisis cinéticos llevados a cabo en este trabajo han mostrado que ambas enzimas
también presentan diferencias en su comportamiento hacia los diferentes substratos que
emplean. Por ejemplo, la enzima GS1b.1 se inhibe por altas concentraciones de glutamatoy
ATP, lo cual podria suponer un mecanismo homeostatico asociado a su papel en la
asimilacién primaria. Por otro lado, GS1b.2 presenta cooperatividad positiva para el
glutamato e inhibicién por exceso de sustrato en el caso del amonio. La cooperatividad
positiva podria permitir que esta nueva isoforma respondiera rapidamente ante cambios

en la disponibilidad de glutamato (Levitzkiy Koshland, 1976). La inhibicién por exceso de
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amonio podria suponerse un mecanismo para controlar los niveles de este sustrato y de
glutamato, producto final del ciclo GS/GOGAT, ya que ambas moléculas se han visto

asociadas conprocesos de desarrollo en plantas (QiuX.M. et al., 2020; Ortigosa et al., 2022).

Atendiendo ala similitud en la secuencia aminoacidica de ambas proteinas y con el objetivo
de desentrafiar una posible implicacién de ciertos aminoacidosen la estructura y actividad
de estas enzimas, se ha procedido a realizar mutagénesis puntuales dirigidas y a la
caracterizacién estructural, fisicoquimica y cinética de los mutantes. Los mutantes han
consistido en el intercambio de los residuos aminoacidicos en posiciéon 264 y 267 entre
ambas isoformas, en las diferentes combinaciones posibles. Ninguna de las mutaciones
realizadas tuvo grandes efectos sobre la estructura de GS1b.1 y GS1b.2, lo cual explicaria
que ninguna de estas isoenzimas haya visto comprometida su estabilidad termodindmica.
Al mismo tiempo, a pesar de que los niveles de actividad se vieron afectados en todos los
mutantes, solo GS1b.1K264E,K267H y GS1b.2E264K sufrieron variaciones en su pH 6ptimo
y solo GS1b.2E264K present6 una variacion de su temperatura 6ptima. Curiosamente estas
mutaciones produjeron grandes cambios en las propiedades cinéticas de ambas enzimas
sugiriendo una implicacién de los aminoacidos mutados en la afinidad por el amonio. A su
vez, estos resultados apoyarian la hipotesis propuesta por Castro-Rodriguez et al. (2015)
que sugiere que los aminoacidos esenciales para la afinidad de la GS por el amonio pueden
variar entre las diferentes especies de plantas. Porotrolado, a pesar de que también se han
producido numerosos cambios en el comportamiento de estas enzimas para los diferentes
sustratos, solo se ha conseguido una inversién en los dobles mutantes con respecto a su

comportamiento para el ATP.

Todo esto sugiere quelas diferencias en las propiedades de ambas enzimas podrian deberse
al esfuerzo conjunto de diferentes residuos aminoacidicos, posiblemente aquellos que
difieren en la secuencia de ambas isoformas. En este contexto, GS1b.1 y GS1b.2 podrian
haber sufrido un proceso de seleccién evolutiva para satisfacer diferentes necesidades de la
planta con solo pequefios cambios en sus secuencias de aminoacidos. Esta hipotesis se ve
ademas apoyada por las diferencias en la estabilidad de la estructura de ambas proteinas.
Esto queda reflejado en el andlisis de sustitucidn de residuos in silico en el que determinados
aminodcidos en ciertas posiciones de ambas secuencias primarias producian grandes

cambios en una isoforma, pero no en la otra.

En lo concerniente al objetivo 3, en primer lugar se han realizado estudios filogenéticos con
56 secuencias proteicas de NRT3 para intentar tener una mejor perspectiva de la evolucion

de esta familia de transportadores en plantas. Sobre la evolucidon de esta familia génica en
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plantas se puede inferir que los NRT3 de angiospermas y gimnospermas parecen estar bien
diferenciados. Estos resultados también indican un proceso de expansion génica de esta

familia en algunas especies de gimnospermas.

Por otro lado, los andlisis de expresiéon mediante reverse transcription- quantitative PCR
(RT-gPCR) y secuenciacion directade ARN (DRS seglin sus siglas eninglés) conlatecnologia
de Oxford Nanopore (ONT segin sus siglas en inglés) han permitido caracterizar la
respuesta génica en respuesta a la nutricion basada en nitrato de los diferentes
transportadores de nitrato en pino. Los resultados obtenidos mediante RT-qPCR muestran
una respuesta limitada de la mayoriade los transportadores ante una nutricién con 1y 10
mM de nitrato tanto a 2 horas como a 24 horas respectivamente. Resultados similares se
obtuvieron en los andlisis de DRS donde se utilizaron raices plantas tratadas con 10 mMde
nitrato y recolectadas a las 2 h. Solo unos cuantos transportadores vieron su expresion
regulada positivamente en respuesta a nitrato, perteneciendo gran parte de estos genes a la
familia NRT3. En lo correspondiente a la familiaNRT2, solo NRT2.1 fue significativamente
sobreexpresado en los andlisis con DRS, pero no se observé un resultado similar en el
analisis mediante RT-qPCR. Acorde a estudios previos, la toma de nitrato en pino maritimo
se ve estrictamente regulada, cayendo por completo a los 15 minutos en presencia de
nitrato (Ortigosa et al., 2020). Esto podria indicar que estos transportadores se ven
altamente regulados a nivel post-transcripcional, posiblemente mediante su interaccién con

miembrosde la familia NRT3.

En lo correspondiente a la familia NPF, solo ciertos transportadores se vieron
sobreexpresados de forma estadisticamente significativa. No obstante, la expresién de
varios transportadores NPF se reprimi6 de forma estadisticamente significativa, indicando
que el nitrato juega un papel importante en la regulaciéon de la expresién de ciertos
miembros de la familia NPF. Como se ha explicado anteriormente, estos transportadores
juegan un papel en el transporte de numerosas otras moléculas ademas del nitrato. De
hecho, en A. thaliana, planta modelo en la que la tomay transporte de nitrato ha sido
enormemente estudiada, no todos los miembros de esta familia se han descrito capaces de
transportar nitrato (Corratgé-Faillie y Lacombe, 2017). Ademas, estos transportadores
estan implicados en la removilizacion de nitrato en la planta, lo cual puede ocurrir de forma
independiente a la presencia de nitrato. Es por ello, que la falta de respuesta por parte de
numerosos transportadores de esta familia podria explicarse por su expresion constitutiva
en la planta como es el caso de AtNPF2.3 (Wang et al., 2018). El nitrato, molécula de gran

capacidad sefializadora (O’Brien et al.,, 2016), podria ademas controlar la expresion de
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ciertos NPF para regular el transporte de nitrato y de otras moléculas a través de estos
transportadores. Adicionalmente, estos transportadores podrian verse regulados a nivel
post-traduccional en respuesta a nitrato, ya sea mediante fosforilacion, como ya se ha
desmostrado para AtNPF6.3 (Wangetal., 2018), o mediantela familia NRT3, cuya expansién
génica puede haber conducido a un proceso de neofuncionalizaciéon permitiendo la
regulacion de los transportadores NPF a través de esta familia. Sin embargo, no hay que
descartar la posibilidad de que la respuesta a nitrato se vea fuertemente regulada y no sea

posible detectar estos cambiostras dos horas en presencia de este nutriente.

Los andlisis de DRS han mostrado que el nitrato es capaz de alterar la expresion de
numerosos genes. No obstante, no se ha podido detectar la presencia de ciertos factores de
transcripcién previamente relacionados a la nutricién con nitrato (Obertello et al., 2010;
Paraetal,, 2014; O’Brien et al, 2016). Esto podria explicarse por un efecto de dilucién donde
la poca expresion de estos genes no haya permitido su deteccién mediante el uso de esta
técnica. Otra posibilidad podria ser su incorrecta anotacién o a la ausencia de cambios
significativos en la expresién de estos factores de transcripcidn transcurridas dos horas en

presencia de nitrato

Los resultados obtenidos reflejan que el nitrato es capaz de alterar numerosos procesos en
la planta. Entre los procesos biologicos que se encuentran sobrexpresados se pueden
destacar aquellos relacionados con el balance del poder reductor. A pesar de que la
asimilacién de nitrato estd estrechamente relacionada con la fotosintesis en tejidos
fotosinteticos debido a la gran cantidad de poder reductor requerido en la reduccion de
nitrato, la asmilacion de esta moléculatambién se ha indicado que puede ocurrir en raices
gracias a rutas metabolicas que permiten producir ferredoxina reducida en los plastos de

las raices (Yoneyamay Suzuki, 2019).

Entre estos procesos alterados en respuesta a nitrato cabe destacar aquellos relacionados
con ciertas hormonas. En este estudio, la nutricion con nitrato parece afectar al transporte
de auxinas y a ciertos factores de respuesta a esta hormona. Contrariamente, la dltima
enzima de su ruta de sintesis del etileno parece verse reprimida, lo cual resulta curioso
teniendo en cuenta que la sintesis de etileno se ve estimulada en raices de pinos tratadas
con amonio (Ortigosa et al,, 2022). Sin embargo, esta represion en la sintesis del etileno
podria ser acorde con la ausencia de regulacion del metabolismo de las citoquininas (CKs),
que se han descrito capaces de estimular la sintesis de etileno (Chae et al., 2003). En
estudios anteriores, se ha demostrado la capacidad del nitrato para alterar la arquitectura

de la raiz estimulando el crecimiento en longitud de la raiz principal, aunque sin estimular
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la formacién y crecimiento de raices laterales (Ortigosa et al., 2022). En conjunto, estos
resultados sugieren que el nitrato podria producir este efecto mediante la modulacion del
transporte y el metabolismo de estas hormonas. Las diferencias en esta modulacién por
parte del amonio y del nitrato podrian explicar la capacidad del amonio de promover

ademas la formacién y crecimiento de raices laterales al contrario que el nitrato (Ortigosa

etal, 2022).
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1. Importance of nitrogen metabolism in plants

Nitrogen (N) is an essential element and as a constituent of the main biomolecules of
paramount importance for life such as nucleic acids and proteins as well as primary and
secondary metabolites (Kishorekumar et al., 2020). In natural environments, N is one of the
main limiting factors for plant growth determining, in consequence, raw material
production and crop yield (Hirel and Krapp, 2021). Moreover, N is also involved in plant
architecture and resistance against stresses (Kishorekumar et al., 2020). Although N is the
most abundant element in the atmosphere, only diazotrophic microorganisms, either free-
living or associated with plants such as leguminous, can fix atmospheric dinitrogen (Nz)
(Sharma et al., 2021). In this sense, plants acquired N from the soil in huge amounts
(Shafreen et al., 2021), where a substantial part of the available N is indeed provided by
microorganisms (Courty et al., 2015; Verzeaux et al., 2017; Rosenblueth et al., 2018).

In soils, N can be found in both organic and inorganic forms. Plants have evolved N uptake
and assimilation mechanismsin order to reach adaptation for their own environments, thus
allowing the incorporation of a wide range of N forms such as peptides, amino acids and
inorganic N compounds such as nitrate or ammonium (Bernard and Habash, 2009; Nasholm
etal, 2009; Gutiérrez et al., 2012; Krapp et al.,, 2015; Castro-Rodriguez et al., 2017; Bajgain
et al., 2018). Furthermore, some of these mechanisms also allow plants to uptake N from
soils that are poor in nitrogenous compounds (Jackson and Cadwell., 1993), and others
protect them from toxicity due to eventual high concentration on some nitrogenous
compounds (Clement et al.,, 1978; Forde and Clarkson, 1999; von Wiren et al., 2000; Britto
and Kronzucker, 2001; Britto and Kronzucker, 2002; Glass etal., 2002; Xuet al.,, 2012; Nacry
et al,, 2013). Several works have shown that, especially under low inorganic N conditions, a
wide range of plant species can uptake organic N such as amino acids or peptides (Moran-
Zuloaga et al., 2015). Indeed, production rates of organic N compoundshave been found to
be higher than rates from N mineralization in some ecosystems (Nasholm et al., 2009).
Nevertheless, the high competition for these organic N forms, mostly used by
microorganism, together with adsorption process by the soil, do not allow plants to fulfill
their requirements, even though those compoundsare a great source of N for different plant

species in several ecosystems (Nadsholm et al., 2009; Franklin et al., 2017).

Nitrate and ammonium are the two main forms of inorganic N in soils, mostly produced by
microbial mineralization of organic compounds (Bernard and Habash, 2009). The relative

abundance of these substrates in soil depends on several factors such as environmental
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conditions or the chemical nature of the soil (Esteban et al., 2016), thus producing a

concentration range that goes from micromolar to molar (Britto and Kronzucker, 2006).

The importance of N in crop production led to the “Green Revolution” after the Second
World War through the use of N fertilizers in agriculture suffered a huge increase in order
to keep an enough food incoming for a constantly growing population (Galloway etal., 2013;
Nacry et al., 2013). Nevertheless, almost the 50% of the production costs of some crops
come from the synthesis of those fertilizers (Hirel et al., 2011). In addition, the massive use
of fertilizers has a negative impact on the biosphere and environment. Over the 50% up to
the 75% of the N supplied by fertilizers is lost by leaching into the soil orreleased as N gases
to the atmosphere (Britto and Kronzucker, 2002; Hirel et al., 2011; Cameron et al., 2013).
Excess of N can also lead to eutrophication of aquatic and terrestrial systems (Gutiérrez et
al,, 2012), increase of N reactive species input into the environment (Diaz and Rosenberg,
2008; Canfield et al., 2010) and other environmental problems (Hirel et al.,, 2011), which
have repercussion in the biodiversity of the ecosystems (de Graaf et al., 1998). Since the
world population is estimated to be 9 billion people by 2050, the agriculture production
should increase 70-100% (McKenzie and Williams, 2015) along with the use of fertilizers,

(Hirel and Krapp, 2021) which would lead to environmental crisis.

Therefore, the study of the mechanisms involved in plant N use efficiency (NUE), and its
components, N uptake efficiency (NUpE) and N utilization efficiency (NUtE) (Hirel and
Krapp, 2021), has gained increased importance in the scientific field in last decades,
particularly those focusing on crop yield improvement, as well as the attenuation of the
environmental impact due to extensive agricultural activities. For this purpose,
biotechnological advances, together with crop and forest management strategies, are

required.

2. Nitrate as nitrogen source for plants

Nitrate is one of the two main forms of inorganic N in soils and the most predominant under
aerobic conditions (Wang et al., 2018), since most of the ammonium is normally used by
microorganisms in the nitrification process (Figure 1.1) (Huérfano et al, 2015).
Furthermore, ammonium shows a tendency to bound clay particles due to its positive
charge (Figure 1.1), thus making it difficult for the plant to uptake it (Miller and Cramer,
2005). In contrast, the high particle mobility of nitrate allows it to be easily uptaken by

plants (Miller and Cramer, 2005). Ammonium is also found to be toxic to most plants

18



INTRODUCTION

(Esteban et al.,, 2016), meanwhile, high amounts of nitrate can be stored into vacuoles from
where it could be retrieved in response to N requirements (Wang et al., 2018). Indeed, once
nitrate is incorporated from the soil, it can be either assimilated or remobilized to shoots,

which differ between species and depend on environmental conditions (Wanget al., 2018).
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FigureI.1. Plant-available N sources. ON, organic nitrogen; IN, inorganic nitrogen. This figure has been designed

with BioRender.

Based on these characteristics, nitrate is one of the main N sources used in agriculture (Hirel
and Krapp, 2021). Thus, many plants have developed a preference for nitrate over
ammonium, especially crop plants, which have been selected upon nitrate-based

fertilization in temperate regions (Cassman et al., 2002).

Besides of being a great N source for several plant species, nitrate is also a signaling
molecule that modulates a great number of processes which include flowering, seed
dormancy and germination, shoot development, plant growth, root architecture and leaf

development (Nacry et al., 2013; O’Brien et al., 2016; Lin et al.,, 2017). For plants, a complex
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system is required to integrate all the information implying nitrogen requirement, nitrate

perception, uptake, transport, assimilation, allocation and signaling (Wang et al., 2018).

2.1 Nitrate uptake in plants

Nitrate uptake is a proton-coupled symport mechanism (Figure 1.2), the molecular basis of
which, as well as its role in signaling, has been extensively studied (Wanget al., 2012; Medici
and Krouk, 2014; Krapp et al.,, 2015; O'Brien et al.,, 2016; Fan et al.,, 2017; Li et al,, 2017;
Undurraga et al., 2017; Xuan et al., 2017; Tegeder and Masclaux-Daubresse, 2017; Wang et
al,, 2018). Nitrate uptake and transport in plants is the result of the collaborative effort of
high-affinity and low-affinity transporters (O’Brien et al., 2016). These two systems may
have arisen due to the urgency of dealing with different concentrations of nitrate in natural
environments forming several families of nitrate transporters (O'Brienet al.,, 2016): nitrate
transporterl/ peptide transporter family (NPF), nitrate transporter 2 family (NRT2), and
nitrate transporter 3 family (NRT3) (Wang et al., 2020).
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Figurel.2. Nitrate transport mechanism and scheme of the transmembrane domain organization proposed for

some NPF and NRT2 transporters. This figure has been designed with BioRender.

Transporters belonging to the NPF family have been proposed to display a conserved
structure of 12 transmembrane (TM) domains connected by short peptide loops (Figure 1.2)
(Léran et al.,, 2014), nevertheless, OsNPF8.9b has been described to possess only 6 TM
domains (Fan et al., 2016). The NPF is a complex family of transporters with different
number of members depending on the plant species and forminga total of 8-10 subfamilies

(Léran et al., 2014). In Arabidopsis thaliana, 53 NPF transporters have been identified and
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36 of them have been characterized (Hirel and Krapp, 2021). This family is mainly
conformed, by low-affinity transporters except for A. thaliana NPF6.3, Oryza sativa NPF6.5
and Medicago truncatula NPF6.8, which act as dual affinity nitrate transporters regulated
by phosphorylation of one of their residues (Thr101 in AtNPF6.3) depending on nitrate level
on the medium (Liu et al., 1999; Liu and Tsay, 2003, Wang et al., 2018).

NPF transporters are expressed in different organs, tissues, and cell types of the plant
(Wang et al,, 2018), most of them located in the plasma membrane except for 3 members of
the NPF5 subfamily of transporters which are located in the tonoplast (Figure 1.3) (He et al.,
2017). Within the NPF family, a great versatility of functions can be highlighted (Figure 1.3)
(Wanget al.,, 2018). In Arabidopsis,only NPF6.3, NPF4.6, and NPF2.7 seem to play arole in
nitrate uptake in roots, meanwhile, the rest of the NPF transporter mediate nitrate
transport within the plant (O’Brien et al.,, 2016). In this sense, some NPF transporters have
been described to be responsible for the remobilization of nitrate from mature leaves to
developing tissues (Hsu et al, 2013), root-to-shoot nitrate transport and vascular
development (Li et al,, 2015), and nitrate accumulation in seeds, which is crucial for early
embryo development (Almagro et al., 2008). The expression of some transporters is also
induced by biotic and abiotic stresses, thus controlling nitrate accumulation in processes
such as response to cadmium stress, N starvation conditions, and regulation of the stress-
initiated nitrate allocation to roots (Fan et al.,, 2009; Gojon and Gaymard, 2010; Li et al,,
2010; Zhang et al.,, 2014; Taochy et al., 2015). On its part, NPF6.3 is additionally involvedin
both nitrate sensing (acting as a transceptor) (Rentsch et al.,, 1995; Mufios et al., 2004;
Remans et al., 2006a; Ho et al., 2009) and stomatal opening (Guo et al., 2003).

Within the NPF family, specificity for a single substrate is not conserved, since there are NPF
transporter with the capacity to transport molecules other than nitrate (O’Brien et al,,
2016). Among the different compounds than can be transported by the NPF family,
hormones are the most prominent ones. In Arabidopsis, NPF6.3 also mediated auxin
transport, which has been described to be modulated by nitrate in order to promote lateral
root elongation by auxin accumulation in the tips (Krouk et al., 2010a; Bouguyon et al,,
2016). Abscisicacid (ABA) has been shown to be transported by members of the NPF family,
concretely, AtNPF4.1, AtNPF4.2, AtNPF4.5 and AtNPF4.6 (Kanno et al., 2012; Kanno et al,,
2013). On the other hand, AtNPF3.1 transports gibberellin (GA) modulating its
accumulation into the rootendodermis (Tal et al., 2016). Several works have also shown the

capacity of some members of the NPF family to transport glucosinolates, jasmonic acid/
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jasmonic acid -Ile, monoterpene indole alkaloids or dipeptides (Song et al., 1997; Dietrich

etal., 2004; Komarovaet al., 2008; Wang et al., 2018).
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Figure L3. Physiological function described for different transporters of the NPF and NRT2 families in
Arabidopsis thaliana. NPF, nitrate transporter 1 (NRT1)/peptide transporter (PTR) family (NPF); NRT, nitrate
transporter. Figure modified from Wangetal., 2018.

The NRT2 family is conformed by high affinity nitrate transporters that, despite not having
a high sequence homology with NPF transporters, have been proposed to present 12 TM
domains and a proton-driven symport mechanism as well (Figure 1.2) (von Wittgenstein et
al,, 2014). However, this number of TM domains have been found to be different in some
NRT2 transporters (Castro-Rodriguez et al., 2017) and, unlike NPF, NRT2 family only
transport nitrate. The number of NRT2 transporters that can be found also differs between
plant species, and it is muchlower than those from the NPF family (O’Brienet al., 2016). For
example, seven NRT2 transporters have been identified in Arabidopsis and only 4 in rice
(Wang et al., 2018). NRT2 subfamily is mainly involved in nitrate acquisition but also in
other processes (Figure [.3) (Wanget al., 2018). In Arabidopsis, itis well known that NRT2.1
and NRT2.2 directly participate in high affinity nitrate uptake (Cerezo et al., 2001; Filleur et
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al,, 2001). Nevertheless, AtNRT2.4 and AtNRTZ2.5 has been observed to contribute to this
purpose only under N starvation (Kiba et al., 2012; Lezhneva et al., 2014). Although the
mechanisms are yet to be determined, there are evidences suggesting a role of AtNRTZ2.1,
AtNRTZ2.2 and AtNRTZ2.6 in plant-microbe interaction (Wang et al., 2018) and a role of
AtNRTZ2.1in lateral root development (Little et al., 2005; Remans et al., 2006b). AtNRT2.7 is
specifically located in the tonoplast of the seed cells where it is involved in the nitrate

loading into the vacuoles (Chopin et al., 2007).

NRT3 transporters, specifically NRT3.1 (NAR2.1), are closely associated with NRT2
transporters constituting one of the two components of the high affinity transport system
(Zoghbi-Rodriguez et al., 2021). Although the exact molecular mechanisms remain
unknown, NRT3 transporters appear to play a regulatory role in nitrate transport and are
necessary for NRT2 protein stability and targeting to the plasma membrane (Wang et al,,
2018). The interaction between AtNRT3.1 and the NRT2 transporters of Arabidopsis have
been confirmed except for AtNRTZ2.7 (Kotur et al., 2012). Furthermore, the activity of
AtNRT?2.1, AtNRT2.2, AtNRT2.5, OsNRT2.1 and OsNRT2.3a were enhanced when
coexpressed together with AtNRT3.1 and OsNRT 3s, respectively, in Xenopus oocycites (Feng
etal., 2011; Kotur et al.,, 2012), whereas neither AtNRT2.4, nor OsNRT2.3b activity required
or was affected by its coexpression with members of the NRT3 family in Xenopus

oocytes(Fenget al,, 2011; Kiba et al., 2012).

In gymnosperms, numerous studies have shown that some species, such as conifers, seems
to present a preference for ammonium over nitrate as N source (McFee and Stone, 1968;
Van den Driessche,1971; Marschner et al.,, 1991; Lavoie etal., 1992; Kronzuckeret al., 1997;
Warren and Adams, 2002; Boczulak et al.,, 2014). This hypothesis has been supported by
conifers distribution in boreal ecosystem where nitrification happens at lower rates due to

low temperatures (Sponseller et al., 2016).

However, nitrate and ammonium concentrations seem to equalize from 10 cm depth in
some cold climate soils (Zhou et al, 2021). In addition, some conifers are native to
ecosystems of temperate climates that allows nitrification to happen. That is the case of
maritime pine (Pinus pinaster), a conifer with a great ecological and economical importance
(De Seoane et al.,, 2007; Aranda et al., 2010), which is autochthonous from the Western
Mediterranean region. This pine has become a model for the study of ggymnosperms in
recent years and the improvement in its genomic and transcriptomic resources (Cafias et

al,, 2017) allowed a first identification of the NRT and NPF gene families members (Castro-
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Rodriguez et al., 2017). A nutritional study in P. pinaster seems to indicate that this pine can
use nitrate as well as ammonium with a strict regulation over nitrate uptake, although the
biomass production was better under ammonium nutrition (Ortigosa et al, 2020).
Moreover, a recent work over mature trees of 4 different conifer species has shown efficient
assimilation of nitrate when irrigated with 15NH4NO3 and NH415NO3 in their natural
environment (Zhou et al,, 2021). This demonstrates the lack of knowledge about nitrate

uptake and utilization in gymnosperms

2.2 Nitrate as signaling molecule.

Nitrate triggers and regulates a transcriptional response named as primary nitrate response
(PNR) (O’Brien et al.,, 2016). Genes induced during PNRinclude those with a role in nitrate
uptake and transport, such as the nitrate transporters, nitrate assimilation, such as nitrate
and nitrite reductase (NR, EC 1.7.1.1, and NiR, EC 1.7.7.1, respectively), and several other

genes related to different metabolic pathways.

Recently, studies in Arabidopsis have shown that AtNPF6.3 is probably implicated in the
increase of cytoplasmic calcium, a second messenger in several plants, through
phospholipase C (PLC, EC 3.1.4.3) activity (Riveras et al., 2015), thus modulating several
processes. Transcription factors (TFs) are another key component of the nitrate signaling
system and, although the number of TFs associated with nitrate response is still growing,
some of them have been already identified such as NIN LIKE PROTEIN 7 (NLP7), TGACG
MOTIF-BINDING FACTOR 1 (TGA1), TGA4, or TCP20 among others (O‘Brien et al., 2016).
Within the plant, these transcriptions factors allow nitrate to modulate processes such as
hormone metabolism and transport, the PNR or even the root architecture (Ruffel et al.,

2011; Marchiveet al., 2013, Alvarez et al., 2014; O‘Brien et al., 2016; Ruffel et al., 2016)

Phytohormones are molecules with a key role in plant growth and development all over
their life cycle. As mentioned above, hormone metabolism and transport, and thus their
signaling, are closely linked to nitrate signaling. Previous works have demonstrated that
nitrate is able to enhance cytokinin (CK) biosynthesis by transcriptionally activating
isopentenyl transferase (IPT) genes that are involvedin the limiting step of CK production
(Wang et al., 2004). Interestingly, this regulation has been demonstrated to be dependent
on NPF6.3 nitrate transceptor activity (Wang et al., 2004; Hu et al., 2009; Medici and Krouk,
2014). This nutrient is also connected to ethylene biosynthesis by upregulating 1-
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aminocyclopropane-1-carboxylate (ACC) synthase (ACS, EC 4.4.1.14) and ACC oxidase
(ACO, EC 1.14.17.4) at the transcriptional level (Tian et al., 2009). On the other hand, ABA
synthesis seems to be repressed in response to nitrate thus alleviating seed dormancy
(Matakiadis et al., 2009), nevertheless, little else is known about the effect of nitrate over
this hormone (O‘Brien et al., 2016). Some antecedents show a direct correlation between
auxins levels and nitrate supply (Avery et al.,, 1937; Avey and Pottorf, 1945), even though
actors of N-controlled shoot auxin synthesis are still elusive (O’Brienet al., 2016). However,
a family of auxin transporters, PIN-FORMED (PIN), has been reported to respond to the
provision of N (Gutiérrez et al., 2007).

3. Nitrogen assimilation in plants

In plants, any form of inorganic N is first reduced to ammonium and then assimilated into
organic molecules through the glutamine synthetase (GS, EC 6.3.1.2) / glutamate synthase
(GOGAT) cycle. Nitrate is first reduced to nitrite in the cytosol by the NR which use
nicotinamide adenine dinucleotide (NADH) in this reaction. Afterward, nitrite is reduced to
ammonium by the NiR a plastid located enzyme (Hirel and Krapp, 2021). As nitrite and
ammonium are toxic molecules for the plant, their assimilation mustbe well coordinated in
response to nitrogen demand and supply (Wang et al., 2018). Ammonium is then used by
GS to produce glutamine in an adenosine triphosphate (ATP)-dependent reaction (Heldt
and Piechulla, 2011). In a final instance, GOGAT use glutamine, along with 2-oxoglutarate
and redox power, ferredoxin (Fd) or nicotinamide adenine dinucleotide (NADH), to produce
two molecules of glutamate. One of these two molecules will be used as substrate of the
GS/GOGAT cycle and the other one is the net product resultant of the reactions of these two
enzymes during assimilation of N (Figure [.4) (Bernard and Habash, 2009).

The GS/GOGAT cycle is the major pathway for incorporation of inorganic N into organic N
(Hirel and Krapp, 2021). Some studies using 15N and mutants deficient in GS and GOGAT
have shown that the 95% of ammonium in plants is assimilated via GS (Lea and Ireland,
1999). This cycle is also one of the main links between carbon (C) and N metabolism, as it
allows the assimilation of N into C skeletons by using 2-oxoglutarete provided directly
through the Krebs Cycle (Hirel and Krab, 2021). Glutamine and glutamate are used as
precursors for the rest of all the N-containing molecules on the plant such as amino acids,
proteins, chlorophyll, secondary metabolites, or nucleic acids (Forde and Lea, 2007;
Bernard and Habash, 2009). These amino acids are also used to transport organic N to

developing and storage organs (Tegeder and Masclaux-Daubresse, 2017). Therefore,
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GS/GOGAT cycle has a main role in NUE (Chardon et al.,, 2012) emphasizing GS activity
whose complexregulation and importancein N remobilization, yield, grain production and
growth rate has been reiterated by some studies focusing on quantitative trait loci and by
using different types of crop plants exhibiting contrats in NUE (Hirel et al., 2001, Obara et
al,, 2001; Gallais and hirel, 2004; Obara et al., 2004; Habash et al., 2007; Fontaine etal., 2009;
Kaminski et al., 2015). Consequently, GS probably remains as the most studied enzyme in

terms of NUE enhancement in monocotand dicot plants (Hirel and Krapp, 2021).
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Figure I.4. Scheme of the nitrate reduction and ammonium assimilation by the Glutamine synthetase/Glutamate
synthase cycle. NR, nitrate reductase; NiR, nitrite reductase; GS, glutamine synthetase; GOGAT, glutamate

synthase. This figure has been designed with BioRender.

In plants, there are different isoforms of both enzymes. Regarding GOGAT, two different
plastid located isoenzymes can be found, one using NADH as reducing power (NADH-
GOGAT, EC 1.4.1.14), and the other one that use Fd (Fd-GOGAT, EC 1.4.7.1). Both isoforms
playing a key role in primary N assimilation and recycling, Fd-GOGAT mainly acting in
photosynthetic tissues whereas NADH-GOGAT in non-photosynthetic tissues (Bernard and
Habash, 2009).
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3.1 Glutamine synthetase: a key enzyme in plants nitrogen metabolism

Studies over the past two decades have provided a very deep understanding over GS
phylogeny. Three GS superfamilies have been identified so far, namely, GSI, GSII and GSI],
all of them differentiated by the number of subunits, molecular size, and kingdom
distribution (Ghoshroy et al, 2010). GSI superfamily is predominantly present in
prokaryotes, although its presence in mammalsand plants has also been reported (Mathis
et al., 2000; Nogueira et al., 2005; Kumar et al., 2017). GSII superfamily was described as a
characteristic group of Eukarya and some Bacteria such as Proteobacteria and
Actinobacteria (James et al., 2018). However, this superfamily appears to be also present in
Euryarchaeota, a phylum of Archea domain, in the public sequence databases. Finally, GSIII
superfamily has been found and described in bacteria, including cyanobacteria (Jamesetal.,
2018), and some eukaryotes as diatoms and other heterokonts, thus suggesting the
presence of GSIII in the nucleus of early eukaryotes (Robertson et al., 2006). Different works
support that these gene superfamilies appeared prior to the divergence of eukaryotes and

prokaryotes (Robertson et al., 2006)

In plants, GS activity is carried out by members of the GSII superfamily (Jameset al., 2018),
which have been described to present an octameric and decameric tridimensional
structures in different organisms (Eisenberg et al.,, 2000; Llorca et al., 2006; Unno et al,,
2006; Krajewski et al., 2008; He et al., 2009). Two main GSII clades have been identified in
the Viridiplantae group: eukaryotic origin GSII (GSIle) and eubacterial origin GSII (GSIIb).It
has been hypothesized that GSIIb arose as a result of a horizontal gene transfer (HGT) that
took place after the prokaryote and eukaryote divergence, which indeed constitutes a sister
group with GSII from y-proteobacteria (Tateno et al, 1994; Ghoshroy et al., 2010).
Regarding GSlle, its importance in plant growth and development has led to extensive
studies of these enzymesin vascular plants, particularly in crops. (Plettet al,, 2017; Mondal

etal., 2021).

It is generally indicated that angiosperms present two groups of nuclear GSIle genes, one
coding for cytosolic proteins (GS1) and a second coding for a plastidic GS (GS2), each playing
non redundant physiological roles within the plant (Ghoshroy et al., 2010; Hirel and Krapp,
2021). Usually, there are different cytosolic isoforms codified by a small multigene family
while only one nuclear gene codifies for a plastid isoform (James et al., 2018) with some

exceptions such as wheat (Triticum aestivum), M. truncatula and poplar (Populus
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trichocarpa) where multiple GSZ genes have been detected (Bernard et al., 2008; Seabra et

al,, 2010; Castro-Rodriguez et al,, 2011).

Phylogenetic analyses suggest that GS2 may have arisen as a result of a GS1 gene duplication
(Biesiadka and Legocki, 1997) 300 millionyears ago (Mya), before the divergence between
monocotsand dicots (Bernard and Habash, 2009). Interestingly, the presence of a GS2 have
been reported in the gymnosperm Ginkgo biloba, but no biochemical, molecular or
microscopic analysis has allowed the detection of a plastid isoformsin conifers (Canovas et
al, 2007) and no GS2 have been reported in fully sequenced genomes from different
gymnosperms (Birol et 1., 2013; Nystedt et al., 2013; Neale et al., 2014; Zimin et al., 2014;
Stevens et al., 2016; Neale et al,, 2017; Wan et al., 2018; Kuzmin et al., 2019; Mosca et al.,,
2019; Scott et al,, 2020). Instead, conifers present two well differentiated families of
cytosolic GS isoforms: GS1a and GS1b, each encoded by only one gene and with different

molecular and kinetic properties (Avila-Saez et al., 2000; de la Torre et al., 2002).

In gymnosperms and angiosperms, both the synthesis and relative activity of each GS
isoenzyme are species-specific, but its expression is also regulated according to nutritional
status, tissue, developmental stages, and environmental conditions (Canovas et al., 2007;
Bernard and Habash, 2009; Mondal et al, 2021) where TFs plays a key role (Figure
[.5)(Thomsenet al., 2014). In addition, a wide variety of other regulatory mechanismshave
been observed on GS at all levels (Figure 1.5), thus showing the precise regulation to which
this enzymeis subjected. At the transcriptional level, the transcription rate of GS isogenes
from different plants has showed to be affected by light (Cantén et al., 1999; Oliveira and
Coruzzi, 1999; Gémez-Maldonado etal., 2004a) and C levels (Oliveiraand Coruzzi, 1999). N
metaboliteshave been also described to regulate GS expression. For instance, glutamate can
directly upregulate GS1 gene expression (Masclaux-Daubresse et al., 2005) and the cellular
ratio of glutamine to glutamate is also a possible regulation parameter of GS1 expression
(Watanabe et al., 1997). Furthermore, nitrate positively regulates GS2 expression in leaves
of maize (Zea mays) and alfalfa (Medicago sativa) (Sakakibara et al., 1997; Ortega et al,,
2001) and ammonium has been previously reported to upregulate GS1 expression in roots
of P. pinaster (Ortigosa et al., 2022). At the same time, nitrate seems to reduce the
accumulation of GS1 transcripts in leaves at the post-transcriptional level (Ortega et al.,
2001). Indeed, GS1 transcript accumulationin M. sativa has been shown to be mediated by
nitrate and C:N ratios within the cell through the 3'UTR of these transcripts (Ortega et al.,
2006; Simonand Sengupta-Gopalan, 2010).
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Figure L.5. GS regulatory mechanism. Factors such as light, metabolites or even the cellular type or the tissue
could determine which GS is going to be transcribed and the rate of transcription (A). The 3‘UTR is also
responsible for the regulation of this enzyme at the post-transcriptional level (B). The 5‘UTR of the mRNA acts
as a translation enhancer, thereby promoting protein accumulation. (C). Post-translational protein
modifications such as phosphorylation of serine residues, nitration of cysteine residues or nitration of tyrosine
residues, determines de activity of the different isoforms or mark them for degradation (D). C, carbon; GS,

glutamine synthetase; N, nitrogen; TFs, transcription factors, This figure has been designed with BioRender.

However, studies suggest that is probably not nitrate the one who mediated this 3‘UTR-
turnover but glutamine or a product of glutamine metabolism (Simon and Sengupta-
Gopalan, 2010). On its part, the 5’UTR acts as a translation enhancer, and although the
molecular mechanismsremain elusive, it is thought to required the interaction with specific

plant’s factors such as proteins (Ortegaet al., 2012).Besides regulation at the transcriptional
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level, GS has also been reported to be regulated by different proteins modificationssuch as
oxidation (Ortega et al., 1999), phosphorylation and binding to 14-3-3 proteins (Finnemann
and Schjoerring, 2000; Lima et al.,, 2006a; Lima et al., 2006b), and tyrosine nitration (Melo
etal., 2011; Lozano-]Juste et al., 2011), those producing different effectsover GS isoenzymes

(Figure 1.5)

GS2 gene codifies for a 44-45 kDa protein, whichis indeed larger than GS1 proteins (38-40
kDa), mainly due to the presence of the plastidic signaling peptide in the N-terminal and a
C-terminal extension of approximately 16 amino acids. The function of this C-terminal
extension remains unknow, but it has been described to be important for GS2-glutamate
interaction in M. truncatula (Ferreira et al. 2017). This isoform is mainly expressed in
photosynthetic tissues associated to the chlorophyllous parenchyma (Blackwell et al.,
1987). This expression pattern suits its role in the assimilation of ammonium from
photorespiration and nitrate reduction (Wallsgrove et al.,, 1987; Blackwell et al., 1987;
Tegeder and Masclaux-Daubresse, 2017).

Onthe other hand, although expression of GS1isoformsis mainly related to vascular tissues,
the expression pattern of the different GS1 isoenzymes cover the entire plant (Lea and
Miflin, 2018). GS1 isoforms are predominantly implied on primary N assimilation in roots,
remobilization, and recycling (Thomsen et al., 2014). These isoforms have been also
described as a key component of plant NUE with roles in processes such as senescence
(Thomsenet al., 2014), amino acid catabolism and different stress responses (Bernard and
Habash, 2009). Moreover, the direct implication of some GS1 isoenzymesin developmental
processes such as grain production has been demonstrated in A. thaliana, Oriza sativa,
Hordeum vulgare, Sorghum bicolor, Z. mays, Phaseolus vulgaris and Triticum aestivum
(Figure 1.6) (Habash et al., 2001; Tabuchi et al., 2005; Martin et al., 2006; Lothieret al., 2011;
Funayama et al,, 2013; Goodall et al., 2013; Bao et al,, 2014; Guan et al., 2015; Urriola and
Rathore, 2015; Gao et al,, 2019; Ji etal., 2019; Wei et al., 2021; Fujita et al., 2022).

Previous worksover GS1a in conifers have determined a similar expression pattern of this
gene to that showed by GS2. This cytosolic enzyme has been found to be also associated to
the chlorophyllous parenchyma of photosynthetic organs (Avilaet al., 2001) and, as well as
GS2 from angiosperms, its expression is upregulated by light (Cantén et al., 1999; Goémez-
Maldonado et al., 2004a). In this sense, GS1a has been proposed to fulfill the role of GSZ in
gymnosperms (Cantén et al., 1999).
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On its part, GS1b in conifers is phylogenetically more related to cytosolic isoforms from
angiosperms than to conifers GSI1a (Avila et al, 2000). This isoform is ubiquitously
expressed in the plant and its expression is also related to vascular tissues (Avila et al,,
2001). GS1b has been proposed to play a role in N remobilization between source and sinks
organs during active growth period (Suarez et al,, 2002). Furthermore, studies in pine
suggest a role of GS1b in the canalization of ammonium to glutamine during seed
germination and early developmental stages of seedlings (Avila et al., 2001), hypothesis
which is supported by its expression patterns in different developmental stages of zygotic
and somatic pine embryos (Pérez-Rodriguez et al., 2005). The upregulated expression of
this gene in reaction wood, together with its association to vascular tissues, seems to
indicate that this gene is also involved in ammonium reassimilation during lignin

biosynthesis (Cantén et al., 2005).
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Figure 1.6. Involvement of glutamine synthetase in different functional process of the plant. GS, glutamine

synthetase; GOGAT, glutamate synthase. Figure adapted from Bernard and Habash (2009).
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OBJECTIVES

The general aim of this PhD thesis work is to increase the understanding of key aspects of
N nutrition in plants. To this end, we propose to take advantage of the improved genome
and transcriptome data available for gymnosperms to perform more in-depth studies on
plant GS gene families. On the other hand, we also propose to study nitrate uptake, transport
and signaling in the conifer P. pinasterto gain a better understanding of nitrate nutrition in

pines and evolutionary relationships of N nutrition regulation in plants.
Three specific objectives proposed to fulfill the general objective of this PhD Thesis:

1. Tounderstand the phylogeneticand evolutionary relationships of GS gene in
seed plants by takingadvantage of newlyavailabletranscriptome and genome
dataresources.

2. To determine of the complete set of GS genes in conifers based on newly
available genomicand transcriptomicdata.

3. Tocharacterize the expression of pine nitrate transporter families as well as
the global transcriptome response in roots in response to nitrate-based

nutrition
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A revised view on the evolution of glutamine synthetase

isoenzymes in plants.



CHAPTER1

1. Introduction

GS catalyzes the incorporation of ammonium into glutamate using ATP to produce
glutamine while releasing Piand adenosine diphosphate (ADP) (Heldtand Piechulla, 2011).
GS is an enzyme of major importance, as it represents the main, if not the only, mechanism
incorporating inorganic N into organic moleculesin virtually all living organisms (Shatters
and Kahn, 1989). It has been suggested that the genes encoding GS are not only some of the
oldest genes in evolutionary history (Kumada et al., 1993) but also represent an excellent

‘molecular clock’ that can be used to perform phylogenetic studies (Pesole et al., 1991).

Three GS superfamilies have been identified, namely GSI, GSII and GSIII, with the
corresponding proteins characterized by different molecular masses, different numbers of
subunits and their occurrence in the three different domains of life (Archaea, Bacteria and
Eukarya) (Ghoshroy etal., 2010). The GSI superfamily was first found in prokaryotes,
although its presence in mammals and plants has also been reported (Mathis
etal., 2000; Nogueira et al., 2005; Kumar et al.,, 2017). The GSII superfamily was described
as a group characteristic of Eukarya and some Bacteria, such as Proteobacteria and
Actinobacteria (James et al., 2018). However, the nucleotide sequences deposited in public
databases indicate that this GS superfamily is also present in Euryarchaeota, a phylum of
the Archaea domain. Finally, the GSIII superfamily is characteristic of bacteria, including
cyanobacteria (James etal.,, 2018), and some eukaryotes, such as diatoms and other
heterokonts, suggesting that GSIII is present in the nuclear genome of early eukaryotes
(Robertson and Tartar, 2006). The hypothesis that these three gene superfamilies appeared
prior to the divergence of eukaryotes and prokaryotes has been proposed in several studies

(Robertson and Tartar, 2006).

In plants, glutamine synthesis is catalyzed by enzymatic proteins belonging to the GSII
superfamily. Two main groups of GSII have been shown to occur in the Viridiplantae group,
one of eukaryotic origin, GSII (GSIle), and the other of eubacterial origin, GSI
(GSIIb).GSIIb genes are the result of HGT following the divergence of prokaryotes and
eukaryotes, which in turn represent a sister group of y-proteobacteria GSII (Tateno, 1994;
Ghoshroy etal,, 2010). As N is one of the main limiting nutrients for plant growth and
development, the functions and characteristics of GS have been studied extensively in a
large number of vascular plant species, and particularly in crops (Plett et al., 2017; Mondal
etal, 2021). Itis generally indicated that angiosperms contain two groups of nuclear genes
encoding GSlle, represented by cytosolic GS (GS1) and plastidic GS (GS2), each playing
distinct physiological roles (Ghoshroy et al., 2010; Hirel and Krapp, 2021). GS2 is generally
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encoded by a single gene, whereas GS1 is encoded by a small multigene family (Canovas
etal., 2007; James et al,, 2018). Phylogenetic analyses suggest that GS2 probably evolved
from GS1 gene duplication (Biesiadka and Legocki, 1997) that diverged from a common
ancestor 300 Mya. Therefore, this gene duplication probably occurred before the
divergence of monocotyledons and dicotyledons (Bernard and Habash, 2009). Interestingly,
the gene encoding GS2 is present in the gymnosperm G. biloba (Garcia-Gutiérrez et al., 1998;
Guan etal., 2016). This gene is absent in all the other gymnosperms examined thus far,
including conifers (Coniferopsida) and the Gnetales (Gnetopsida), in which the gene
encoding GS2 has not been found in their genomes (Birol et al., 2013; Nystedt et al., 2013;
Neale et al., 2014; Ziminet al., 2014; Stevens et al., 2016; Neale et al., 2017; Wan et al., 2018;
Kuzminetal,, 2019; Moscaet al., 2019; Scott et al., 2020). Furthermore, this gene also seems
to be absent in cycads (Cycadopsida), as the GS2 protein was not detected in Western blot
analyses (Miyazawaet al., 2018).

In both angiosperm and gymnosperm plants, the synthesis and relative activity of the
different GS isoformsare regulated in a species-specific manner, but also according to plant
developmental stages, tissue, N nutritional status and environmental conditions (Canovas
etal., 2007; Bernard and Habash, 2009; Mondal et al., 2021). Consequently, each GS isoform
plays a different role during N assimilation and N remobilization throughout the life cycle
of a plant (Thomsen etal,2014; Hirel and Krapp,2021). GS2 predominates in
photosynthetic tissues, such as leaf mesophyll cells, in order to assimilate the ammonium
generated from nitrate reduction and released during photorespiration (Blackwell
etal., 1987; Wallsgrove etal., 1987; Tegeder and Masclaux-Daubresse, 2017). In contrast,
GS1 is present in almost all plant organs and tissues (Lea and Miflin, 2018). Cytosolic GS
isoforms are mostly involved in primary N assimilation in roots and N remobilization and
translocation in shoots (Thomsen et al., 2014). As such, it has been shown that they play a
key role during plant growth and development, notably for biomass and storage organ
production (Xu et al., 2012; Krapp, 2015; Havé etal,, 2017; Amiour et al,, 2021). In conifers,
as a result of the absence of GS2, studies have focused on GS1a and GS1b, which are each
encoded by a single gene. These two cytosolic isoforms of GS also exhibit distinct molecular
and kinetic properties (Avila-Saez etal., 2000; de la Torre etal.,, 2002). GS1a has been
proposed to fulfill the same function as GS2 in angiosperms because of its close relationship
with chloroplast development and the presence of ammonium arising from
photorespiration. This hypothesis was also supported by the fact that the gene encoding
GS1la is expressed in photosynthetic organs, notably in chlorophyllous parenchyma cells

(Avila etal., 2001), and that its expression is also upregulated in the presence of light
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(Cantén etal., 1999; Gémez-Maldonado et al., 2004a). Moreover, GS1b is phylogenetically
and functionally more closely related to the cytosolic isoforms of GS in angiosperms than to

those of GS1a in conifers (Avila-Saez et al., 2000; Canovas et al., 2007).

In this work, the increasing number of plant genome sequences made available in public
databases were gathered to perform a deep phylogenetic analysis of the GSII family. The
present study includes representative GS sequences from the entire plant evolutionary
spectra, including those from monocot and dicot angiosperms and a number of model
species that were representative of other taxa. This new phylogenetic study allowed us to
propose a revised classification and nomenclature for the different GS isoforms in seed
plants. In addition, GS gene expression experiments were conducted in G. biloba, Magnolia

grandifloraand P. pinasterin order to strengthen the results obtained in the GSla

phylogeny.
2. Results

2.1 Phylogenetic analyses

A total of 168 nucleotide sequences from the coding DNA sequences (CDSs) and the
corresponding protein sequences of the genes encoding GSII from 45 different Viridiplantae
species were retrieved from different public databases or assembled using next-generation
sequencing (NGS) data from the Sequence Read Archive (SRA) database (Table S1).
Additionally, Escherichia coli glnA (GSI) was used as an external group. The sequences and
species analyzed cover the evolutionary history of Viridiplantae and included members of
the main Viridiplantae clades, unless the sequences were not available in the public
databases. These sequences were used to perform phylogenetic analyses to assess GSII
evolution in Viridiplantae. The final names of the sequences were assigned depending on
phylogenetic analyses (Figures 1.1, 1.2; Table S1.1). The GSIIb sequences were named GLN2
following the nomenclature of GLNZ, the gene encoding GS in Chlamydomonas reinhardtii.
The GSlle group, which corresponds to species older than the Embryophyta, was named
GLN1. The sequences from Embryophyta specieswere named GS1, except those included in

the group of the Spermatophyta GS2 sequences.
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Figure 1.2. Protein phylogenetic tree of plant glutamine synthetase (GS) protein sequences following a
maximum-likelihood analysis. The first two letters of the sequence names correspond to the genera and
species listed in Table MS1. Green circles highlight the sequences with a predicted chloroplastic

localization. Orange circles highlight the sequences with a predicted mitochondrial localization. Branch

lengths are not presented.

The phylogenetic studies were conducted with nucleotide sequences using Bayesian
analyses (Figure 1.1; Table S1.1). For the protein sequences, a maximum-likelihood
approach was used (Figure 1.2; Table S1.2). The results were similar for the main GS groups
whether the nucleotide or the protein sequences were analyzed. The KnGLNA sequence
of Klebsormidium nitens, a charophyte green algae, was the most divergent GS close to the
outer sequence EcGLNA (GSI) of E. coli (Figures S1.1 and S1.2). Both sequences were very
distant from the other plant GS genes (meanlength 2.0756), with anode/branch probability

of 1 in the Bayesian analysis.
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The first cluster contained all GLN2 (GSIIb) sequences. Notably, no GLN2 sequence was
identified in vascular plants (Tracheophyta).Inthe protein sequence analyses, we observed
that the GLN2 cluster shared a common origin. In addition, different subgroups for GLN2
were identified in the nucleotide sequence clustering analyses. These GLN2 subgroups were
distant from the other plant GS sequences (GSlle; mean length 0.7142)
(Figures S1.1 and S1.2). For both the GLN2 nucleotide and protein sequences, the
node/branch probability /bootstrap was high (>0.65). In all GLN2 sequences, we found a
predicted localization in the chloroplast using targetp, except for UpGLN2, ChrGLN2.1 and
ChrGLNZ2.2, for which mitochondrial localization (Figures 1.1 and 1.2; Table S1.1).

The mostancient GSIle plant sequences were named GLN1, and in both analyses, they were
distributed in a main group containing four non-clustered sequences,
including KnGLN1 (Klebsormidiophyceae

class), CgGLN1.1 and CgGLN1.2 (Coleochaetophyceae class),
and PmGLN1 (Zygnemophyceae class). These four sequences were in an intermediary
position between the main GLN1 cluster and the other GS sequences from land plants. A

predicted chloroplast localization was only found for CgGLN1.2 (Figures 1.1 and 1.2).

Three clusters were identified in seed plants (Spermatophyta),including plastidic GS2 and
gymnosperm GS1a-like and GS1b-like sequences (Figures 1.1 and 1.2). Interestingly, within
the GS2 group, three sequences from gymnosperms were identified
(GbGS2,ChaGS2 and EnGS2). They corresponded to a ginkgo sequence and two Cycadopsida
sequences. The GS1a-like group contained known GS1a sequences from ggmnosperms and
GS1 from basal angiosperms and from some Magnoliidae, except Ranunculales, Proteales,
Liliopsida and Eudycotyledon species. However, an ortholog of the GS1la gene was not
identified in the genome of Piper nigrum, a Magnoliidae species from the Piperales order
(Hu et al.,, 2019). Finally, the GS1b-like cluster contained GS1b found in ggmnosperms and

the GS1 enzymes previously characterized in angiosperms.

The phylogeny of GS from Anthocerotophyta, Bryophyta, Lycopodiopsida, Marchantiophyta
and Polypodiopsida was more complex than that of Spermatophyta, especially when the
protein sequences were analyzed (Figures 1.1 and 1.2). However, with the cognate gene
sequences, Anthocerotophyta, Bryophyta, Lycopodiopsida and Marchantiophyta were in a
basal position compared with the other Embryophyta species. Such a distribution
corresponded to the expected evolutionary relationships between plant species, except for
the outlier sequence MpGS1.4that was found in the GSla-like cluster (Figure 1.1). Fern

(Polypodiopsida) GS genes were grouped into two clusters. The first one contained most of

40


https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#support-information-section
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#support-information-section
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#support-information-section
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-bib-0033
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0001
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0002
https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.15712#tpj15712-fig-0001

CHAPTER1

the nucleotide sequences linked to the GS1a-like sequences, and the second was grouped
with GS2 and was composed
of AspGS1.5,AzfGS1.5,EdGS1.4,LjGS1.1,0vGS1.2,0vGS1.3, PglyGS1.1, PglyGS1.4 and VsGS1.1.
For these two clusters, the mean probabilities were very high (0.9 and 0.97, respectively)

when Bayesian analysis was used (Figures 1.1 and S1.1).

In contrast, the phylogenetic relationships with the protein sequences were unclear because
of a different cluster distribution and the occurrence of outlier sequences such as PglyGS1.3
and MpGS1.4 (Figure 1.2). Most of the Marchantiophyta and Bryophyta GS enzymes were
grouped with most of the Polypodiopsida sequences, although MpGS1.3 and AnaGS1
clustered with the GS2 from Spermatophyta. This group of GS proteins was closer to that of
the Spermatophyta GS1 compared with GS2, even though the node/branch bootstraps were
very low (<1). The Lycopodiopsida GS enzymes were grouped together with GS1b-like
protein sequences even though the node/branch bootstrap was also very low (<1).
Nevertheless, two sequences (SmGS1.3 and SmGS1.4) were grouped with the
Spermatophyta GSla cluster together with four Polypodiopsida sequences (EdGS14,
0OvGS1.2,0vGS1.3 and VsGS1.2) (Figure 1.2).

As expected, for all members of GS2, the presence of a signal peptide that allows the
targeting of the protein to the chloroplast was predicted (Figures 1.1 and 1.2; Table S1.1).
Only five of the remaining Embryophyta proteins were predicted to be localized in the
chloroplast, including 1sGS1.2 and PdGS1.2 from Lycopodiopsida species and EdGS1.2,
EdGS1.3 and AfGS1.2 from Polypodiopsida species. Moreover, one could observe that these
five GS enzymesdid not belong to the GS2 cluster (Figures 1.1, 1.2; Table S1.1).

2.2 Spermatophyta GS gene expression

To further decipher the role of GS1a in ginkgo and in angiosperms, the level of expression
of differentGS genes was quantified in G. biloba, M. grandiflora and P. pinaster. Maritime
pine (P. pinaster) was included in the study because the role and gene expression pattern
of GS1a is well established in this gymnosperm, characterized by the absence of a gene
encoding GS2  (Canovas etal,2007). The gymnosperm G. bilobaand the
angiosperm M. grandiflora were also studied because they possess GS genes corresponding

to the three main Spermatophyta GS groups (GS1a, GS1b and GS2).

In maritime pine seedlings, the profiles of PpGS1aand PpGS1bgene expression were
analyzed under different light/dark regimes (Figure 1.3): germination with a light/dark
(L/D) cycle (16 h of light/8h of darkness), continuous darkness and two opposite
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nychthemeral regimes (from light to dark and from dark to light). PpGS1awas mainly

expressed in the needles, irrespective of the light/dark regime, and in the stem only during
the L/D cycle. In roots, the PpGS1a expression level was at the limit of detection under the
four different light/dark conditions. In the needles, PpGS1areached the highest level of
expression in the dark-light transition, even though it was slightly lower under the L/D
cycle. Compared with these two conditions, the PpGS1a expression level in the needles was
at least five times lower when the plants were placed under continuous darkness and
approximately two times lower following a light-dark transition. In contrast, PpGS1b was
expressed in all three organs. In the needles and in the roots, the expression level
of PpGS1b was significantly higher only during the light-dark transition. In the stem, the

expression level of PpGS1b was highest when the seedlings were grown under the /D cycle.
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Figure 1.3. PpGSlaand PpGS1b gene expression in Pinus pinaster seedlings grown under different light
regimes. L/D cycle (16-h light /8-h dark photoperiod, red bars), transition from light photoperiod to
continuous darkness (orange bars), continuous darkness (yellow bars) and transition from complete
darkness to light photoperiod (blue bars). Significant differences were determined using two-way analysis

of variance (ANOVA) that compares the mean for each condition with the mean of the other condition in
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the same organ. Letters above the columns indicate significant differences on a Tukey’s posthoc test

(p<0.05).

In G. biloba seedlings, the expression levels of GbGS1a,GbGS2 and GbGS1b (1-3) were
quantified during the L/D cycle and when plants were placed into continuous darkness
(Figure 1.4a). The absence of leaves in G. biloba seedlings germinated under continuous
darkness did not allow us to quantify the level of GS gene expression in this organ (Garcia-
Gutiérrez et al., 1998). Therefore, light/dark transition experiments were carried out using
the leaves of 1-year-old G. biloba plants (Figure 1.4b). The level of GbGSZ transcripts was
very low both in the stems and the roots when the seedlings were grown under L/D or
continuous darkness conditions. In contrast, the expression level of GhGS2 was at least 20-
fold higher in leaves grown under L/D conditions. Although the level of GbGS1a transcripts
was higher in the leaves than in the other organs, it was four timeslower than that of GbGSZ.
The three genes encoding GbGS1b were expressed at a higher level in the stems and in the
roots than in the leaves. Two significant correlations were found: between the expression
levels of GbGS1aand GbGSZ (0.9) and between  the expression levels
of GbGS1b.1and GbGS1b.2 (0.89). When fully expanded leaves were used, GbGS1a exhibited
the highest level of expression compared with all the other GS genes during the L/D cycle.
The pattern of GbGSZ gene expression was similar to that of GbGS1a, although the transcript
accumulation was three times lower. Transcripts for GbGS1b.3were not detected,

irrespective of the light/dark regime (Figure 1.4b).

M. grandiflora seedlings were also exposed to different light treatments to study
the GS gene expression pattern in this species (Figure1.5). The transcripts
of MgGS1aand MgGS2 were more abundant in the leaves than in the stems and roots, and
their levels were similar for MgGSIain the L/D cycle and light-dark treatments. A very low
level of expression wasobtained for MgGS1a when seedlings were placed under continuous

darkness.

Its level of expression was approximately fourfold lower than that of the L/D and
light/dark treatments following a dark-light transition. MgGS2 and MgGS1a exhibited
a similar pattern of transcript accumulation, except that for MgGSZ2there was a
significant decrease in the light-dark treatment and an increase during the transfer
from dark to light. MgGS1b.1 was the gene exhibiting the highest level of expression
compared with all the other genes encoding GS. Its pattern of expression in the different
organs was similar to that of MgGS2. However, the levels of MgGS1b.1 transcripts were

much higher in the stems, notably in L/D conditions, and in the
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roots. MgGS1b.2 expression levels were similar in the three organs. No marked
differences between the light and dark treatments were observed for this
gene. MgGS1b.3 transcript accumulation was similar irrespective of the organ and
light/dark regimes, except in the stem, in which it was much higher during the L/D
cycle. Asshown in Figure 1.5, only four significant correlations were found between the
expression level of the gene encoding GS in magnolia, where the highest correlation

was between MgGS1aand MgGS2 (0.92).
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Figure 1.4. Glutamine synthetase (GS) gene expression in Ginkgo biloba seedlings grown under different
light regimes. (a) One-month-old seedlings grown under the L/D cycle (16-h light/8-h dark photoperiod,
red bars) and under continuous darkness (yellow bars). A Pearson correlation test was applied to the
expression level of the different GS genes to quantify their relationship, indicated in the red squares. The
significant p values (<0.05) for the Pearson coefficient are indicated in brackets. (b) One-year-old seedlings
grown under the L/D cycle (16-h light/8-h dark photoperiod, red bars), under transition from the light
photoperiod to continuous darkness (orange bars) and under transition from complete darkness to light
photoperiod (blue bars). Significant differences were determined using a two-way analysis of variance

(ANOVA) to compare the mean for each growth condition with the mean of the other conditions in the
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same organ. Letters above the columns indicate significant differences based on a Tukey’s posthoc test

(p<0.05); nd, not detected; ms, missing sample.
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Figure 1.5. Glutamine synthetase (GS) gene expression in Magnolia grandiflora seedlings grown under different
light regimes: L/D cycle (16-h light/8-h dark photoperiod, red bars); transition from light photoperiod to
continuous darkness (orange bars); continuous darkness (yellow bars); and transition from complete darkness
to light photoperiod (blue bars). Significant differences were determined using a two-way analysis of variance
(ANOVA) that compares the mean for each condition with the mean of the other condition for the same organ.
Letters above the columns indicate significant differences on a Tukey’s posthoc test (p<0.05). Pearson’s
correlation testwas used to test for correlations between the expression levels of the different genes expressed

in M. grandiflora. The significant p values (<0.05) are indicated in brackets.

3. Discussion

In all plant species, each GS isoenzyme plays a key role, either in primary N assimilation or
N recycling, as most of the N-containing molecules required for growth and development
are derived from glutamine, the product of the reaction catalyzed by this enzyme.
Throughout evolution, such important metabolic functions are subject to high selective
pressure, which made GS particularly suitable for plant phylogenetic analyses. However,
our knowledge of the phylogeny of the GS isoenzymes gathered in the evolutionary group
called GSII remains limited. The aim of the present study was thus to improve our
knowledge on the classification and phylogeny of the Viridiplantae GSII. This study was
performed using the corresponding gene sequences belonging to the main clades that are
representative of plant evolution and coveringa large portfolio of species, not limited to the

model and crop angiosperms.

In the present investigation, the resulting phylogenetic analysis agreed with previous
studies in which two main groups of plant GSII encoded by nuclear genes were identified,

namely GSIIb (GLN2) and GSlle (GLN1/GS) (Figures 1.1and 1.2). An HGT event from
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eubacteria was previously proposed as the more parsimonious process for the emergence
of the GLN2 group (Tateno, 1994; Ghoshroy etal, 2010). This hypothesis is further
supported by the factthat weidentified a signal peptide in all members of GLNZ that allows
the targeting of the proteins to organelles such as plastids and mitochondria (Table S1.1).
Interestingly, genes encoding GLN2 were not identified in vascular plant (tracheophyte)
species. Therefore, GLN2 seemed to be lost, coinciding with the final adaptation of plants to
land habitats. Such an adaptive mechanism notably included the development of vascular
structures for assimilate transport and the presence of lignin involved in plant stature
(Raven, 2018; Renault etal.,, 2019). In fact, the massive production of lignin, a metabolic
feature of vascular plants, was enabled by a deregulation of phenylalanine biosynthesis that
occurred at some point during the evolution of non-vascular plants and tracheophytes (El-
Azaz etal.,, 2022). These developmental and regulatory processes could also be related to
the selection of the GLN1/GS genes in the most ancient vascular plants. Thus, it was
hypothesized that GLN1/GS isoenzymes are involved: (i) in the synthesis of the transport of
glutamine and derived amino acids (Bernard and Habash, 2009); and (ii) in the production
of monolignols used as precursors for lignin biosynthesis. As lignin represents one of the
main sinks for the photosynthetic C assimilated by the plant, high levels of GS activity are
thus required to assimilate the large quantities of ammonium released during the reaction
catalyzed by the enzyme phenylalanine ammonia lyase (Pascual etal, 2016). The
phylogenetic analyses performed in the present study suggest that the group represented
by GLN1 isoenzymes can be considered the starting point for the evolution of the most

recent genes encoding GS in plants.

The phylogeny of the ancient Embryophyta clades (Anthocerotophyta, Bryophyta and
Marchantiophyta) suggests that the current GS subgroups in Spermatophyta clades were
not established in non-vascular land plants (Figures 1.1 and 1.2). Curiously, GLN2 was also
found in these three clades, which could be the result of a stable situation related to the
interaction of genotypic and environmental conditions during the expansion of this group
of plants. However, a different clustering of GS in Lycopodiopsida and Polypodiopsida was
observed between gene and protein phylogenetic trees, resulting in an unclear phylogenetic
relationship (Figures 1.1 and 1.2). This finding suggests that during plant evolution there
was an active adaptation process that resulted from changes in environmental conditions,
such as an increase in the 02/CO; ratio (Renault et al., 2019), and the loss of the GLN2 gene.
According to this hypothesis, several Lycopodiopsida and Polypodiopsida GS protein

sequences contain a predicted transit peptide allowing its import into plastids (Table S1.1).
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Therefore, under an oxygen-enriched atmosphere, the occurrence of plastidic GS seems to

be beneficial for the plant, in turn leading to positive selection.

We also refined the classification of GS in seed plants (Spermatophyta), leading to the
identification of three distinct clusters. One was the well-known group of genes from
angiosperms encoding plastidic GS (GS2) (fora review, see Hirel and Krapp, 2021). The two
other clusters contained the genes encoding cytosolic GS (GS1). One of the clusters included
all the GS1 isoenzymes classically found in angiosperms and the GS1b from gymnosperms
(Canovas etal, 2007; Bernard and Habash, 2009). The third group included the GSla
sequences from gymnosperms, including ginkgo (Cantén etal, 1993; Avila-Saez
etal., 2000), and different GS1 sequences from basal angiosperms and some Magnoliidae
species. We thus propose to modify the nomenclature of GS genes from spermatophyte
species into three subsets, namely GS1a, GS1b and GS2. Consequently, GSlle can be used as
a good phylogenetic marker in seed plants, as the presence or absence of the

different GS gene groups is characteristic of the main taxa.

Surprisingly, searches for GS sequences in the NGS data from public databases allowed us
to identify genes encoding GS2 in Cycadopsida species, contrary to previous findings
(Miyazawa et al.,, 2018). Such a finding was experimentally confirmed by cloning a cDNA
encoding GS2 from Cycas revoluta (MZ073670). The obtained sequence of the
cloned GS2 cDNA from C. revoluta validated the assembly of the Cycas hainanensis sequence
using public NGS data (Figures S1.3 and S1.4). Consequently, this result demonstrated that
there are more plant clades that possess GS2, which forms a new perspective on the
evolution of GS2. In line with such a finding, recent phylogenomic studies showed that
Cycadopsida and Ginkgoopsida formed a monophyletic group (Wu etal, 2013; Li
etal., 2017; One Thousand Plant Transcriptomes Initiative, 2019). The presence of the genes
encoding GS2 in both clades and its absence in the other ggmnosperm clades (Coniferopsida

and Gnetopsida) supports this taxonomic classification.

Based on our phylogenetic analysis, two hypotheses can be proposed concerning GS2

emergence and evolution.

1. Atwo-eventevolutionary process, in which the gene encoding GS2 arose from a common
ancestor of gymnosperms and angiosperms (Figure 1.6a). GS1 from Polypodiopsida, which
is more closely related to GS2, could have been the origin of the plastid isoform followinga
specialization process that included the addition of a sequence that allowed the protein to

be imported into the plastids. This hypothesis implies that there wasa second genetic event
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consisting of the loss of GS2 in the common ancestor of Coniferopsida and Gnetopsida

plants.

2. A single event during which GS2 sequences emerged from a common ancestor of
Cycadopsida/Ginkgoopsida and angiosperm clades, leaving Coniferopsida and Gnetopsida
without this gene (Figure 1.6b). Although gymnosperms are considered a monophyletic
clade that is sister to angiosperms (One Thousand Plant Transcriptomes Initiative, 2019),
the single-event hypothesis for GS2 evolution is more parsimonious and suggests a revision

of the phylogenetic relationships of the Cycadopsida/Ginkgoopsida clade with angiosperms.
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Figure 1.6. Schematicrepresentation of GS2 emergence hypotheses: (a) two-event hypothesis; (b) single-event
hypothesis. (c) Simplified metabolic pathways in a photosynthetic cell in which ammonium assimilation is
catalyzed by GS1a. (d) Metabolic pathway of a photosynthetic cell in which ammonium assimilation is catalyzed
by GS2. GS, glutamine synthetase; Fd-GOGAT, ferredoxin-dependent glutamate synthase; NR, nitrate reductase;

NiR, nitrite reductase.

The occurrence of a gene encoding GS1a has never been previously described in ginkgo,
basal angiosperms and Magnoliidae species. The physiological function of GSla was

extensively studied in conifers because it compensates for the lack of GS2. Although GS1a is
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a cytosolic form of the enzyme, its light-dependent expression level is also associated with
chloroplast development, photorespiration, and N assimilation and recycling in
photosynthetic tissues (Canovas et al., 2007). One can hypothesize that, even though they
are in different cellular compartments, GSla and GS2 play redundant roles in
photosynthetic cells, which could explain the disappearance of GS1a in the most recent
angiosperm  species. The light dependence and organ gene expression
of GS1a and GS2 in P. pinaster (Figure 1.3), G. biloba (Figure 1.4)and M. grandiflora (Figure
1.5) strengthened the previous hypothesis that GS1a might fulfill the function of GS2
(Cantén et al., 1999; Avila et al., 2001; Gémez-Maldonado et al., 2004a). Interestingly, one of
the two Cys residues involved in the redox modulation of GS2 activity (e.g. C306
in Arabidopsis) was conserved in all of the GSla proteins (Cantéon etal, 1993; Choi
etal., 1999; Miyazawaet al., 2018). We also observed that this residue was conserved in all
the GSla and GS2 protein sequences analyzed in this study, and in sequences from
Polypodiopsida (ancient Embryophyta clades), several Lycopodiopsida species and
GLN1sequences (Figure S1.5). Remarkably, this Cys residue is absent in all GS1b sequences,
suggesting a specific role of this residue in the function of GS2 and GS1a. In angiosperms, a
second Cys residue is present in GS2 (e.g. C371 in Arabidopsis) and in several GLN1
proteins. Moreover, this second Cys residue is not present in ginkgo or Cycadopsida GS2,

which suggests that it was acquired by angiosperms during plant evolution (Figure S1.5).

When the single-event hypothesis is considered, the emergence of GS2 sequences following
the loss of GSla sequences in recent angiosperms indicates that they probably have
redundant physiological functions. The Cycadopsida/Ginkgoopsida group emerged at least
270 Mya (Wu etal,2013; Li etal,2017; One Thousand Plant Transcriptomes
Initiative, 2019) during the Permo-Carboniferous period, when the atmospheric oxygen
level rose from 21 to 35%. Such an elevation in oxygen level led to a drastic increase in the
oxygenase activity of the photosynthetic enzyme Rubisco, leading to increased
photorespiration (Berling and Bermer, 2000). The series of events that occurred during the
Permo-Carboniferous period could result in the appearance of a plastidic GS isoenzyme
(GS2) through a positive selection process, allowing for a more efficient reassimilation of
ammonium that is released during photorespiration. The mutation of GS2 in several species
induced lethality under photorespiratory conditions (Blackwell etal., 1987; Wallsgrove
etal., 1987; Pérez-Delgado et al.,, 2015), which is not the case in Arabidopsis, as it can cope
with the toxicity of ammonium released from the photorespiratory pathway (Ferreira
etal., 2019; Hachiya et al,, 2021). Conifers, which are C3 species possessing only cytosolic

GS isoenzymes (Figure 1.6¢), are also able to reassimilate the ammonium released during
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photorespiration. However, the increase in the level of atmospheric oxygen during the
Permo-Carboniferous period would imply an increase in nitrification rates, as oxygen is a
substrate for nitrification (Ward, 2008), thus leading to an increase in nitrate availability in
the rhizosphere. One can therefore hypothesize that such an increase in nitrate availability
induced additional evolutionary pressure towards the selection of plastidic GS (GS2), which,
in addition to photorespiratory ammonium reassimilation, is also responsible for the
assimilation of ammonium in plastids derived from nitrate reduction (Figure 1.6d) (Hirel
and Krapp, 2021). Consistent with this hypothesis, it is known that most conifers prefer or
tolerate ammonium as an inorganic N source, which can be readily assimilated by cytosolic

GS in the absence of GS2.

Concerning the process of GS2 selection, the most likely hypothesis is the duplication of
genes encoding cytosolic GS, leading to functional specialization through changes such as
those in the gene promoter and the addition of a sequence encoding a signal peptide used
to import the protein into the chloroplasts (Biesiadka and Legocki, 1997; Avila-Saez
etal., 2000). Gene expression patterns, specific Cys residue conservation and nucleotide
sequence-based GS phylogeny suggest thatGSlacould be at the origin
of GS2 (Figures 1.1 and 1.3-1.5).

Finally, we were able to conclude that the group represented by GS1b evolvedin a different
way than the groups represented by GSla and GS2. In ginkgo and angiosperms, GS1b is
generally represented by a small multigene family, with each member playing distinct roles
either in N assimilation or N recycling, depending on the organ examined (Thomsen
etal, 2014). In contrast, there is usually only one gene of GS1a or GS2, strongly suggesting
that GS1b genes play non-redundant roles compared with GS1a and GS2 (Ghoshroy
etal., 2010; Hirel and Krapp, 2021). Related to their different roles, the comparison between
the GS1a and GS1b proteins in pine showed distinctive characteristics, such as a higher

thermal stability of GS1b (de la Torre et al., 2002).
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CHAPTER 2

1. Introduction

N is an essential element, a constituent of the main biomolecules and a limiting factor for
plant growth (Hirel and Krapp, 2021). N is assimilated from ammonium into organic
molecules by the GS/GOGAT cycle. Ammonium is first incorporated into glutamate to form
glutamine in an ATP-dependent reaction catalyzed by the GS enzyme (Heldt and Piechulla,
2011), and then this glutamine together with 2-oxoglutarate is used to produce two
glutamate molecules by the GOGAT enzyme (Bernard and Habash, 2009). Studies have
shown that up to 95% of ammonium isassimilated viathe GS/GOGAT cycle (Leaetal., 1999)
for the formation of glutamine and glutamate, which, in turn, will be used to produce all N-

containing biomoleculesin the plant (Fordeand Lea, 2007; Bernard and Habash, 2009).

The GS enzyme has been widely studied in plants since it is directly responsible for the
incorporation of inorganic N into organic molecules. Recently, three different lineages of GS
genes havebeen identified in seed plants: GS1a and GS1b encode cytosolic enzymes, and GS2
encodes a plastid-located enzyme (Valderrama-Martin et al.,, 2022). The three GS gene
lineages are present in cycadsand G. biloba, as well as basal angiosperms. Nevertheless, no
GS2 genes have been found in other ggymnosperms, such as conifers and gnetales, and no
GS1a genes havebeen found in modern angiosperms, including monocotand eudicotyledon
species (Valderrama-Martin et al., 2022). In general, GS1b is encoded by a small multigene
family, while GS1a and GS2 are usually encoded by a single nuclear gene (Jameset al., 2018;

Valderrama-Martin et al,, 2022).

GS2 and GS1a are associated with photosynthetic organs (Blackwell etal., 1987; Avila et al.,
2001), and their expression is regulated by light conditions (Cantén et al., 1999; Gémez-
Maldonado et al., 2004a; Valderrama-Martin et al, 2022). Indeed, GS2 and GSla are
considered to play a fundamental role in the assimilation of the ammonium released during
photorespiration and nitrate photoassimilation processes (Wallsgrove et al, 1987;
Blackwell et al., 1987; Cant6n et al.,, 1999; Tegeder and Masclaux-Daubresse, 2017). In this
sense, new evidence suggests that the GSZ gene may arose through a gene duplication from
a GS1a gene in a common ancestor of cycads, ginkgo, and angiosperms (Valderrama-Martin

etal., 2022).

GS1b corresponds to the GS1 isoenzyme traditionally studied in model angiosperms.
Although this lineage is represented by a unique gene in most of the gymnosperms, in
ginkgo and angiosperms, GS1b is represented by a small multigenic family. These genes

have different expression patterns depending on the organ and physiological conditions
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accounting for their different functions (Hirel and Krapp, 2021). These enzymeshave been
described as a key components of plant nitrogen use efficiency, with essential roles in
processes such as senescence (Thomsen et al., 2014), amino acid catabolism, primary
assimilation, and different stress responses (Bernard and Habash, 2009). The different
genes of this lineage are differentially regulated by developmental state, tissue, nutritional
status, and external stimuli (Thomsen et al. 2014; Hirel and Krapp, 2021). Finally, several
studies have focused on the enzymatic characterization of GS from angiosperms and
gymnosperms (Sakakibara et al., 1996; de la Torre et al., 2002; Ishiyama et al., 2004a;
Ishiyama et al, 2004b; Ishiyama et al, 2006; Yadav, 2009; Zhao et al, 2014; Castro-
Rodriguez et al, 2015) to define a more accurate role landscape for the different GS

isoforms.

Some GS1b isoforms are directly related to developmental processes and have been
associated with plant productivity. AtGS1.1 and AtGS1.2 from A. thaliana are involved in seed
production and germination (Guan et al., 2015). AtGS1.1 has also been described to be
involved in root development during seed germination and AtGS1.2 plays a role in rosette
development (Lothier et al.,, 2011; Guan et al., 2015). Indeed, a recent study over of AtGS1.1,
AtGS1.2 and AtGS1.3 Arabidopsis mutants suggested synergistic roles for these genes in plant
growth and development (Jiet al., 2019). In cereals, enzymes of this GS lineage are involved
in seed yield and plant development, such as GS1;3 from Oryza sativa and Hordeum vulgare,
which play roles in seed maturation and germination (Goodall et al.,, 2013; Fujita et al,,
2022). Thus, overexpressing lines of HvGS1.1 showed an improvement in grain yield (Gao
et al,, 2019). Rice mutants lacking the OsGS1;1 gene presented reduced grain filling and
growth (Tabuchi et al.,, 2005), although the same phenotype was present in rice lines
overexpressing 0sGS1;1 (Bao et al.,, 2014). In addition, rice lines grownin culture chambers
and overexpressing OsGS1;1 presented an increase in spikelet yield. Rice mutants for
0sGS1b;2 also presented a depletion in the number of tillers (Funayama et al., 2013), and
Sorghum bicolorlines overexpressing GS1 genes exhibited the opposite phenotype (Urriola
and Rathore, 2015). Studies in Z. mays using mutant lines for ZmGS1b.3 and ZmGS1b.4 have
shown the roles of these genes in kernel number and size, respectively (Martin et al., 2006).
Transgenic lines of P. vulgaris overexpressing GS1 also showed earlier flower and seed
development, while overexpressing GS1 lines of wheat showed an increase in grain weight
(Habash et al., 2001). Moreover, a recent study onwheat indicated that TaGS1.1 and TaGS1.3
are mainly expressed in embryos and grain transport tissues, where these isoforms

synergistically carry out ammonium assimilation (Wei et al., 2021).
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In conifers, only one isoform of the GS1b family has been identified to date. The unique GS1b
identified in conifers has been suggested to play an essential role in N remobilization to
developing organs (Sudrez et al.,, 2002). Previous works in pine have shown that GS1b is
involved in the canalization of ammonium into glutamine during seed germination and the
early developmental stages of seedlings (Avila et al., 2001), which could be important for
the loss of seed dormancy (Schneider and Gifford, 1994). Indeed, the roles of GS1b in seed
development and germinationare also supported by its expression patterns associated with
the vascular system of zygotic and somatic pine embryos at different developmental stages
and by its expression in procambium cells of pine zygotic embryos (Pérez-Rodriguez et al.,
2005). Moreover, the expression of this isoenzyme has been suggested to be controlled by
GA, a phytohormone involved in many aspects of plant growth and development (Gomez-

Maldonado et al., 2004b).

In this work, a gene encoding a cytosolic GS (PpGS1b.2) was identified in maritime pine (P.
pinaster). This gene was discovered through sequence searches in transcriptomic data from
isolated tissues through laser capture microdissection (Cafias et al., 2017). Orthologs of this
gene have also been identified in the genomes of other conifers, and phylogenetic analysis
has revealed that PpGS1b.2 belongs to the GS1b lineage. Although this GSI gene presents a
high sequence homology to the already known PpGS1b, hereafter PpGS1b.1, PpGS1b.2
showed low expression levels with characteristic and localized tissue expression. The
expression patterns suggest that this gene could play a specific role during plant
development, mainly during embryo development, as has been shown for other GS1b genes
in angiosperms. Furthermore, a detailed comparative analysis of the kinetic properties of
the isoenzymes GS1b.1 and GS1b.2 and single/double-point mutants of both isoforms

support distinct functions for these enzymes in pine.

2. Results

2.1 Sequence and phylogenetic analyses

An unknown cytosolic GS gene wasidentified in a transcriptomic analysis of tissues isolated
using laser capture microdissection (Cafias et al., 2017). At the amino acid sequence level,
the GS presents 80.85% and 92.68% identity with PpGSI1aand PpGS1b,respectively (Figure
2.1A). Despite the high identity between the coding sequences of this gene and PpGS1b,the
promoter regions of both genes are very distinct (Figure S2.2A). The lengths of the three
pine GS proteins are very similar, with 357 residues for PpGS1a, 355 for PpGS1b and 357
for the enzyme identified in the present study (Figure 2.1A). However, the calculated
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isoelectric points were more different between the pine GS proteins, being 6.21 in the case

of PpGS1a, 5.73 for PpGS1b and 5.36 for the presented protein.

A phylogenetic analysis confirmed the classification of the GS from seed plants into three
main groups, GS2, GS1a and GS1b, in line with previously reported results (Valderrama-
Martin et al., 2022) (Figure 2.1B). As expected, no GS2 sequence was detected in conifers,
but only those of GS1a and GS1b (Figure 2.1B). The identified GS isoform was grouped
within the conifer GS1b sequences; thus, the gene coding this GS1b isoenzyme has been
named PpGS1b.2. Orthologs of PpGS1b.2 have also been detected in other members of the
Pinaceae family of the genera Pinus and Picea but not in the rest of the conifers included in

this analysis (Figure 2.1B).
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Figure 2.1. Protein alignment and evolutionary analysis by Maximum Likelihood method. A. Protein
alignment of maritime pine GSs. PpGS1a sequence is showed as reference, dots highlight conserved residuesin
the three sequences. B. The evolutionary history was inferred by using the Maximum Likelihood method and

JTT matrix-based model (Jonesetal.,, 1992). The tree with the highestlog likelihood (-12198.89)is shown. The
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percentage of trees in which the associated taxa clustered together is shown nextto the branches. Initial tree(s)
for the heuristic search were obtained automatically by applying Neighbor-]Join and BioN] algorithms to a matrix
of pairwise distances estimated using the JTT model, and then selecting the topology with superior log likelihood
value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. This
analysis involved 96 amino acid sequences. All positions containing gaps and missing data were eliminated
(complete deletion option). There was a total of 348 positions in the final dataset. Evolutionary analyses were
conducted in MEGA11 (Tamura et al, 2021). Numbers close to the branches shown bootstrap values. The first
two letters of the sequence names correspond to the genera and species listed in Table MS1. Golden tree
branches correspond to GS2 sequences; blue branches to GS1a sequences; and red branches to GS1b sequences.
Discontinuous lines in GS1b branches highlight the new sequences found in Pinus and Picea genera. Red dots

shown the sequences from Pinus and Picea genera.

2.2 Gene expression analyses

The expression of GS genes in P. pinaster has been analyzed in different tissues and
conditions to establish a framework thatallows us to unravel the potential role of PpGS1b.2

by comparingits expression pattern to other GSgenes in maritime pine.

The expression profiles were analyzed in embryos and seedlings during the initial
developmental stages (Figure 2.2A). PpGS1a expression was high in cotyledonsand needles,
lower in hypocotyls and nearly undetectable in roots and embryos except for germinated
embryos. PpGS1b.1 and PpGS1b.2 expression patterns in embryos were very similar, with a
peak of expression in germinated embryos. In seedlings, the expression was ubiquitous in
all organs for both genes, although PpGS1b.2 expression levels were lower than those of
PpGS1b.1, between 5- and 10-fold. This expression pattern was different when isolated
tissues were considered (Figure 2.2B). PpGS1b.1 was expressed at high levels throughout
the plant, especially in the root cortex, where the expression was 40 times that shown by
this gene in the other samples. However, PpGS1b.2 expression was very localized, mainly in
the shoot apical meristem, emerging needles, developing root vascularization and root
meristem. Expression was almost undetectable in the rest of the tissues analyzed. Finally,
the expression of PpGSla was detected only in the three photosynthetic tissues: the
mesophyll of young needles, the mesophyll of cotyledons and the hypocotyl cortex.

The seasonal expression of the three GS genes has also been quantified in needles from adult
trees (Figure 2.3A). PpGS1a showed the highest expression, followed by PpGS1b.1, which
was expressed between 10 and 30 times less than PpGS1a. The expression patterns of the
three genes in different whorls were as before, with higher levels in the first months of the
year and lower levels at the end of the year. There was a remarkable exception for whorl 0

in May, the first harvesting month for the needles that emerged during the sampling year.
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PpGS1b.2 exhibited an expression peak in whorl 0in May. In contrast, PpGS1a had its lowest

expression, and PpGS1b.1 was expressed at similar levels to the other whorls.
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Figure 2.2. GS gene expressionin maritime pine seedlings. A. Expression levels of GS genes of maritime pine
during germination and initial seedling development. Stage 1 (S1) corresponds to seedlings with active
mobilization of reserves from megagametophyte to the seedling (one-week-old from emergence). Stage 2 (S2)
corresponds to seedlings without megagametophyte and developing the first new needles (one-month-old from
emergence). B. Gene expression levels of GS in tissues from one-month-old seedlings (Cafias et al., 2017). AM,
shoot apical meristem; EN, emerging needles; YNM, young needles mesophyll tissue; YNV, young needles
vascular tissue; CM, cotyledon mesophyll tissue; CV, cotyledon vascular tissue; HC, hypocotyl cortex; HV,
hypocotyl vascular tissue; HP, hypocotyl pith; RC, root cortex; RV, root vascular tissue; DRC, root developing
cortex; DRV, root developing vascular tissue; RM, root apical meristem. Letters above the columns highlight the

statistical significance (p <0.05) in a Tukey post-hoc test after an ANOVA analysis. Error bars show SE with n=3.

The relative abundance of PpGS1b.2 transcripts was still one and two orders of magnitude
lower than those of PpGS1b.1 and PpGS1a, respectively. According to these results, the
expression levels of the three genes were also analyzed in buds and emerging needles
(Figure 2.3B-D). The expression of PpGSIa was almost undetectable in buds, but its
expression rapidly increased in nascent needles by the end of the month. PpGS1b.1
expression remained almost invariable in both organs with a similar expression pattern.
The levels of PpGS1b.2 were higher in the buds and decreased from Day 14 to 28 when the

expression was similar in buds and emerging needles. The relative abundance of PpGS1b.1

transcripts was still higher than that of PpGS1b.2.
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GS gene expression has also been analyzed at different developmental stages, including
juvenile and mature xylem and phloem, as well as the male and female reproductive

structures, different root zones and different stages of zygotic embryo development (Figure

2.4).
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Figure 2.3. Seasonal GS expression profiles in pine needles from adult trees. A. Expression levels of GS
genes were determined in needles from maritime pine along a year. Each needle whorl corresponds to the
annual growth of a single year, the whorls were named by numbers, from 0 to 3 being this the oldest whorl. The
whorl 0 corresponds to needles emerged in the same year of harvesting. For supplementary information see
Cafiaset al. (2015). B. Expression levels of GS genes in budsand developing needles during the first 21 days of
emergence. C. Picture of buds and male strobilus in April during the first harvesting time. D. Picture of buds and
emerging needles in May at four harvesting point (21 days). Letters above the columns highlight the statistical
significance (p <0.05) in a Tukey post-hoc test after an ANOVA analysis. Error bars show SE with n=3.

In all those samples, PpGS1a expression was barely detectable. An example of PpGSla
expression is shown for phloem, xylem, and male and female strobili, with very low levels
(< 0.04), even in female strobilus withan expression peak (< 0.08) (Figure 2.4A). PpGS1b.1
expression was the highest observed thus far among the GS genes analyzed in vascular

tissues and strobili (Figure 2.4A). Interestingly, PpGS1b.2 expression was almost
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undetectable in vascular tissues, but its levels peaked in the male strobilus (approximately
0.28), opposite to what occurred with PpGS1b.1 inthat organ. In rootsamples, PpGS1b.1 and
PpGS1b.2 presented a similar expression pattern, withincreased expression in lateral roots
and root tips, although the expression levels for PpGS1b.1 were approximately 80-fold
higher than that shown by PpGS1b.2 (Figure 2.4B). Finally, in zygotic embryos, the
expression levels of both genes were significantly higher in the precotyledonary and early
cotyledonary stages, where PpGS1b.2 levels were higher than those shown by PpGS1b.1
(Figure 2.4C). However, this ratio of the expression of both genes was reversed in the later
stages of development in cotyledonary and mature embryos. Nevertheless, the differences

in expression between the two genes were not statistically significant in either case.
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Figure 2.4. GS expression levels in different developing tissues. A. Gene expression levels of PpGS1a,
PpGS1b.1 and PpGS1b.2 in different tissues of adult trees: juvenile and mature phloem; juvenile and mature
xylem; and male and female strobili. B. Gene expression of PpGS1b.1 and PpGS1b.2 in different parts of the root
from one-month-old seedlings: primary root, lateral roots, and root tip. C. Genes expression of PpGS1b.1 and
PpGS1b.2 in different developmental stages of zygotic embryos: PC (pre-cotyledonary stage); EC (early
cotyledonary stage), C (cotyledonary stage) and M (mature embryo). Letters above the columns highlight the
statistical significance (p <0.05) in a Tukey post-hoc test after an ANOVA analysis. Error bars show SE with n=3.

2.3 Protein structure prediction, physicochemical and kinetic properties

Very few differences were observed between the GS1b.1 and GS1b.2 subunit structures due

to the similarity of their amino acid sequences (Figure 2.5A,B). Both proteins presented a
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predicted decameric structure formed by two pentameric rings with small differences in
structure and the disposition of the subunits in the quaternary structure (Figure S2.3A,B).
However, the thermodynamic stability of GS1b.1 monomers was three times higher than
that of GS1b.2 monomers (Table 2.1). The in silico replacement of residues of the GS1b.1 and
GS1b.2 amino acid sequences displayed some differences in the structural stability of both
enzymes (Figure S2.4). Some of the amino acids used for this analysis did not cause any
notable effects on the structure or destabilized both proteins equally. However, several
amino acids gave rise to large differences in the free energy of folding. Specifically, the
inclusion of arginine or glutamate around position 280 produced a great destabilization of
the structure of GS1b.2 but not of GS1b.1. Some of these amino acids also caused great
destabilization of GS1b.2 when substituted at position 148 but did not have the same effect
in GS1b.1. In fact, only isoleucine and arginine produced marked effects on the structural
stability of GS1b.1. As small differences in the structure suggested that there might be
changes in the physicochemical and kinetic properties of both enzymes, a functional

comparison of the recombinant isoforms of GS1b.1 and GS1b.2 was performed (Figure 2.5,
S2.4; Tables 2.1, 2.2).

Both isoforms were tested over a wide pH range; GS1b.1 maximum activity wasreached at
pH 6.5 while that of GS1b.2 maximum activity was reached at pH 6 (Figure 2.5C). The
activity of both enzymes increased with the reaction temperature, reaching the maximum
activity at 42 °C (Figure 2.5D). These data have allowed the calculation of the activation
energy (Ea) for each enzyme (Table 2.1). The Ea was different for both enzymes: the Ea of
GS1b.1 was 39.9 k] /mol, and the Ea values of GS1b.2 for its elemental reaction steps were
46.1 k] /mol and 18.7 k] /mol, with a break point at 24 2C. Regarding the thermal stability,
GS1b.1 wasvery stable, only decreasing its activity at 60 2C after 5 minutes of preincubation,
although it never completely lost its activity, even after 20 min at 60 °C (Figure 2.5E).
However, GS1b.2 showed a decreased activity even after 5 minutes of preincubation at 45

2C withalmost a total loss of activity after 5 minutes at 60 2C (Figure 2.5E).

GS1b.1 and GS1b.2 showed distinctive behaviors for ammonium and glutamate (Figure
2.5F,G). GS1b.2 exhibited substrate inhibition for ammonium (K; 22.57 mM). The affinities
of both enzymes for ammonium were high (GS1b.1 K, 0.12 mM and GS1b.2 K, 0.21 mM).
However, the Vimax was 5.88 times higher for GS1b.1 (Table 2.2). Regarding to glutamate,
GS1b.1 showed substrate inhibition at high concentrations (K; 84.51 mM), while GS1b.2
presented positive cooperativity.In both cases, the affinity was very low (GS1b.1 K, 64.15
mM and GS1b.2 EC50 48.63 mM), with large differences in the Via values of both enzymes
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(GS1b.1 101.6 nkat/mg protein and GS1b.2 7.66 nkat/mg protein) (Table 2.2). GS1b.1 and
GS1b.2 showed equal behavior for Mg+, with positive cooperativity and similar affinity
(EC50values of 14.49 and 10.87 mM, respectively) but different Vma values (71.32 and 5.64
nkat/mg protein, respectively) (Figure S2.5, Table 2.2). Finally, the affinities for ATP were
high and similar for both enzymes (Kn of 0.18 and 0.29 mM for GS1b.1 and GS1b.2,
respectively), with a higher Vima for GS1b.1 (24.96 nkat/mg protein) than for GS1b.2 (7.39
nkat/mg protein). However, there was substrate inhibition for GS1b.1 at moderate levels of

ATP (K 5.88 mM).
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Figure 2.5. Enzymatic characterization of recombinant GS1b.1 and GS1b.2 isoforms. A. Comparison of

GS1b.1 and GS1b.2 subunit structure GSb1.1 is represented in green and GS1b.2 in cyan. The region that
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presented most differences between GS1b.1 and GS1b.2 (amino acids from 125 to 150) are represented in red
and pink respectively. B Root mean square deviation (RMSD) values between GS1b.1 and GS1b.2 monomers
structure. C. Enzyme activity at differentassay pH (from 4.5 to 10) for GS1b.1 (red line) and GS1b.2 (blue line).
D. Enzyme activity atdifferentassay temperature (from 5 to 70°C) for GS1b.1 (red line) and GS1b.2 (blue line).
E. Thermal stability of GS1b.1 and GSb1.2 at different temperatures (37, 42, 45, 53 and 60°C) after different
preincubation times (from 0 to 20 min). F. Kinetics of GS1b.1 and GS1b.2 forammonium. G. Kinetics of GS1b.1
and GS1b.2 for glutamate. Error bars show the SD. Mean values are composed with at least three independent

determinations.

2.4 Analysis of mutant proteins

To determine the roles that certain residues could play in GS activity, mutants of GS1b.1 and
GS1b.2 were obtained by exchanging amino acids at positions 264 and 267. These residues
belong to a region that accumulates a significant number of differences between the two
isoformsand is important for stability, as shown by the in silico substitution analysis (Figure
S2.4). Additionally, these residues have been selected based on their charge and structural
differences between both GSs. The amino acid swapping at positions 264 and 267 seemed
to produce only slight changes in the subunit arrangement, even in the double mutant.
Calculation of hydrogen bonds revealed interactions between residues 264 and 267 with
those present at positions 261, 263, 265 and 268. These residues were analyzed in detail,
and only small differences in their arrangements could be observed (Figure 2.6A-G, S2.5).
The quaternary structures of the mutants also showed no significant differences when
compared (Fig. S7) and the thermodynamic stability of the monomerswas similar to that of

the wild type (WT) (Table 2.1).

Compared to WT, none of the optimal pH values were affected in any of the mutants tested,
except for GS1b.2E264K, where the optimum was reached at pH 7 (Figure S2.8A), and the
double mutants, where the optimum pH was 6 forboth enzymes (Figure 2.6H, S2.9).

A slight increase in the optimal temperature (45 2C) was detected in all mutants except for
GS1b.2E264K, which experienced a large change in its optimal temperature (30 2C) (Figure
2.61, S2.7B). Although the activity patternsin response to reaction temperature were similar
in the mutants with respect to the WT enzymes, the activity was slightly higher at all
temperatures in the GS1b.1K267H single and GS1b.2 double mutants. In the case of GS1b.1
K264E and GS1b.2 H267K, the activity was higher at temperatures above the optimum (45
2C). Finally, the GS1b.1 double mutant retains considerable activity levels (>40%) even at
very low reaction temperatures, such as 4 2C (Figure 2.61, S2.7B). Ea was barely affected
(Table 2.1) in GS1b.1K264E (34.8 kJ/mol). In contrast, the GS1b.1 double mutant Ea was
strongly affected (15.2 k]J/mol), and GS1b.1 K267H showed different Ea values for its

64



CHAPTER 2

elemental reaction steps (35.2 k] /mol and 6.7 k] /mol), similar to GS1b.2 WT. However,
GS1b.2 E264K presented a unique Ea forits reaction (39.9 k] /mol), and different Ea values
were detected for the elemental reaction steps of GS1b.2 H267K (33.7 kJ/mol and 10.3
k] /mol) and the GS1b.2 double mutant (28.4 k]J/mol and 6.7 k]J/mol). Interestingly, all
GS1b.1 mutants experienced decreases in their thermostability compared to that of the WT,
and only GS1b.2H267K showed an increased thermostability compared to GS1b.2 WT
(Figure 2.6], S2.7C).

GS1b.1 behavior regarding ammonium was only modified in the GS1b.1K267H mutant,
which showed substrate inhibition for ammonium (K; 13.14 mM). Furthermore, the affinity
was increased in this mutant, GS1b.2H267K, and both double mutants (Kn between 0.02
and 0.09 mM). Meanwhile, all the GS1b.2 mutants lost substrate inhibition by ammonium,
and all exhibited normal hyperbolic saturation (Figure 2.6K, S2.8, Table 2.2). Regarding
glutamate, GS1b.1K264E lost substrate inhibition, now presenting normal hyperbolic
saturation with an increase in its affinity (Km 2.2 mM) accompanied by a reduction in Viax
(16.82 nkat/mg protein). Additionally, none of the mutants in 267 and double mutants
reached saturation and seemed to have lost affinity for this substrate, as occurred with Mg+
in all the mutants except for GS1b.2E264K (Figure S2.10, S2.11, Table 2.2). GS1b.1 mutants
exhibited substrate inhibition by ATP, but only the double mutants of GS1b.1 lost substrate
inhibition by ATP and presented a normal hyperbolic saturation for this substrate (Figure
S2.12, Table 2.2). Interestingly, all GS1b.2 mutants presented inhibition by ATP (K ranging
from 5.06 to 8.76 mM), in contrast to the hyperbolic Michaelis-Menten saturation exhibited
by the WT (Figure S2.12, Table 2.2).
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Figure 2.6. Characterization of mutated GS1b.1 and GS1b.2 proteins. Disposition of the amino acids, either
those that have been exchanged and those associated with them by hydrogen bonds in the GS1b.1 K264E (A),
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represented in dark magenta. Amino acids from 330 to the end of the protein are represented in green. H.
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Comparison of the physicochemical properties of the GS1b.2 WT and its double mutant. J. Thermal stability of
the double mutants at different temperatures (37, 42,45, 53 and 60°C) after different preincubation times (from
0 to 20 min). K. Kinetics of GS1b.1 and GS1b.2 double mutants for ammonium. Error bars show the SD. Mean

values are composed with atleast three independent determinations.

3. Discussion

The phylogenetic analysis carried out in this work (Figure 2.1) grouped the identified GS
isoform (GS1b.2) within the conifer GS1b.1 group. Furthermore, the identification of GS1b.2
in the genome, its different promoter sequences, including different TF binding sites (Figure
S2.2B), and its different gene expression patterns rule out the possibility that it is an allelic
variant of PpGS1b.1 (HF548531.1), suggesting that PpGS1b.2 (KU641799.1; KU641800.1) is
likely the result of a gene duplication. The presence of GS1b.2 in members of the genera
Pinus and Picea indicates (Figure 2.1), that this gene duplication should have taken place in
a common ancestor of these two groups but not of the entire Pinaceae family since orthologs
of GS1b.2 have not been identified in other conifers. Gene duplication is very common in
plants (De Smetand Van de Peer, 2012), and it could lead to the acquisition of new functions
(neofunctionalization) or simply to redundant activity to maintain the correct metabolic
flux, as occurs with GS in Populus and rice (Yamayaand Kusano, 2014; Castro-Rodriguez et
al,, 2015), contributing to metabolic homeostasis (Moreira et al.,, 2022). In fact, the GS1b
family in angiosperms has been extended by gene duplication so that different isoenzymes
can play nonredundant or synergistic roles within the plant, as proposed for Arabidopsis

GS1 genes (Jiet al., 2019).

To explore the possible neofunctionalization of this GS isoform after gene duplication, the
expression patterns of the maritime pine GS genes were analyzed in different organs and
tissues (Figure 2.2-2.4). PpGS1b.2 appears to be expressed primarily in developing organs
and tissues and is tightly regulated throughout embryonic development. This contrasts with
PpGS1b.1 expression, which was high in all analyzed samples. This could indicate a strong
regulation of PpGS1b.2 at both the localization and expression levels, suggesting a
specialized function. The expression of PpGS1b.2 is consistent with the association of some
GS1b isogenes with plant developmental processes in angiosperms (Habash et al., 2001;
Tabuchi et al., 2005; Martin et al., 2006; Lothier et al., 2011; Funayama et al., 2013; Goodall
etal,2013; Bao etal.,2014; Guan et al., 2015; Urriola and Rathore, 2015; Gao et al.,2019; Ji
et al., 2019; Wei et al, 2021; Fujita et al.,, 2022). These data suggest an evolutionary
convergence that has led to the emergence of GS1b isoformswith similar roles in different
plant species. The expansion of the GS1b family in certain conifers supports that GS1b

diversification in angiosperms responds to different plant needs associated with N
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assimilation (Hirel and Krapp, 2021). In pine, GS1b.1 has also been associated with this
function due to its expression during zygotic and somatic embryo development (Pérez-
Rodriguez et al., 2005). All these expression data pose different hypotheses about the role
of this isoenzyme: a) GS1b.2 could support GS1b.1 activity in developing tissues with a high
demand for glutamine or assimilated N; and b) GS1b.2 could play a specific role in certain
developing tissues. In this sense, GS1b.2 could play a role similar to that of certain
angiosperm GSs that have been described as being involved in developmental processes. At
this respect, the enzymatic characteristics of PpGS1b.2 could be more accurate to the needs
of developing tissues than PpGS1b.1 ones, an enzyme clearly related to global ammonium

(nitrogen) assimilation in the plant. This could provide an evolutionary advantage.

To explore the differential roles of GS1b.1 and GS1b.2 in maritime pine, the structure, as
well as the physicochemical and kinetic properties of both enzymes, were analyzed.
Modeling of both maritime pine GS1b isoforms reports small differences between GS1b.1
and GS1b.2 when their tertiary and quaternary structures were compared (Figure 2.5A,B;
S2.2). However, any minor difference in subunit arrangements could be of great importance
since the GS active site is formed by the N- and C-terminal domains of adjacent subunits

(Llorcaet al.,, 2006).

Although GS1b.1 and GS1b.2 are very similar in their primary sequences and structures,
quite a few differenceshave been found in their properties. The thermodynamic stability of
GS1b.1 was three times higher than that shown by GS1b.2 (Table 2.1) Both isoenzymes
present similar values (approximately 63 kJ/mol) for the change in Gibbs free activation
energy (AG#), but their kinetic response to temperature changes below and above 24°C may
be very different (Table 2.1). For GS1b.2, AG# and the rate-limiting step are dominated by
different activation parameters at different operating temperatures: AH# for temperatures
below 24°C and T AS# for temperatures above 24°C. In contrast, GS1b.1 showed a
nonvariable activation energy throughout the whole range of temperatures assayed (Table
2.1). These differences in dominant activation parameters could reflect functional
differences between the two active sites, as has been previously suggested for glutamine

synthetase isoforms from other sources (Wedlerand Horn, 1976).

The optimum pH levels for GS1b.1 and GS1.b2are 6.5 and 6, respectively (Table 2.1; Figure
2.5C), similar to those of GS1b.2 and GS1b.3 from poplar (Castro-Rodriguez et al., 2015).
Interestingly, these optimal pH values are lower than the cytosolic pH (7.1-7.5) (Zhou et al.,
2021), which could be a mechanism to avoid enzyme inhibition by the acidification process

associated with GS activity and ammonium (Hachiya et al., 2021). The optimum temperature for
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both enzymes (42°C) (Table 2.1; Figure 2.5D) is very similar to thatshown by GS1b isoenzymes
in other plants (Zhaoetal., 2014, Castro-Rodriguez et al., 2015). However, both GS1b enzymes
had exceptional thermostability compared to other GS1b enzymes of plants (Figure 2.5E)
(Sakakibaraetal., 1996; Zhao et al., 2014; Castro-Rodriguez et al., 2015). Concerning glutamate
and ATP, GS1b.1 exhibited substrate inhibition behavior, as previously observed for Arabidopsis
GLN1;3 (Table 2.2; Figure 2.5G) (Ishiyamaet al., 2004b). These inhibitions are consistent with
the role of GS1b.1 in primary nitrogen assimilation in pine and its high expressionsince high
levels of glutamate and ATP, outside of their homeostatic ranges, could indicate metabolic and
energetic problems in the cell that may result in unnecessary or detrimental large -scale nitrogen
assimilation. Interestingly, GS1b.2 exhibited positive cooperativity for glutamate (Table 2.2;
Figure 2.5G) and showed substrate inhibition for ammonium (Table 2.2; Figure 2.5F). The
positive cooperativity mechanism provides high sensitivity to fluctuating substrate concentrations
(Levitzki and Koshland, 1976), enabling GS1b.2 to respond rapidly to changes in glutamate
availability. In this case, the inhibitionof GS1b.2 by ammoniumcould leadto control of the levels
of the final product or to a specific function on the signaling pathway of one of its substrates. This
is because both the end product and the substrate of the GS/IGOGAT cycle, glutamate and
ammonium, have been reported to play roles in plant growth and development (Qiu et al., 2020;
Ortigosa et al., 2021), where GS could act as an integrating link for both signaling pathways.
Interestingly, glutamate has been described to play important roles in seed germination (Kong et
al., 2015), root architecture (Forde, 2014; L6pez-Bucioetal., 2019) and pollen germination and
pollen tube growth (Michard et al., 2011; Wudick et al., 2018), among other functions (Qiu et al.,
2020). Ammonium has been shown recently to modulate plant root architecture in pine seedlings
(Ortigosa et al., 2022). Therefore, based on the PpGS1b.2 expression patterns, the kinetic
characteristics toward glutamate, and previous works, this enzyme could be involved in
developmental processes. Furthermore, this could also be a mechanismto avoid high GS activity
levels when ammoniumis in excess, which could lead to excessive cytosol acidification (Hachiya

etal., 2021) of sensitive cells in developing tissues.

The structural, physicochemical, and kinetic analysis carried out in this work on the mutant
enzymes showed some differences from the WT isoforms, but almost none of them achieved
a complete exchange of the properties between GS1b.1 and GS1b.2. The mutations tested in
this work did not greatly affect the protein structure, either in the surroundings of the
exchanged amino acids and the subunit structure (Figure 2.6A-G), or in the quaternary
structure (Figure S2.7) which could explain why the thermodynamic stability of the mutants
was not compromised in any case (Table 2.1). Although all the mutants presented
alterations in the activity levels at the different pH values and temperatures analyzed in
comparisonwith the WT, only GS1b.1K264E,K267H and GS1b.2E264K produced variations
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in the optimal pH, and only GS1b.2E264K presented a considerable variation in its optimum
temperature (Figure S2.8B) and Ea (Table 2.1).In fact,amongall the mutants, GS1b.2E264K
presented the greatest number of changes in physicochemical properties. In fact, this could
indicate that none of these amino acids have strong involvementin these enzyme properties
or, perhaps, that the changes that can produce these mutations are being buffered by other

residues.

Interestingly, these mutations had large effects on the kinetic properties (Table 2.2; Figure 2.6K;
S2.9-S2.12). The results suggest that these residues are involved in affinity toward ammonium.
Although it has been described that the presence of glutamine and serine at positions 49 and 174,
respectively, is essential for the high affinity for ammonium in Arabidopsis GS (Ishiyama et al.,
2006), these residues are not present in either GS1b.1 or GSb1.2 of P. pinaster. Previous kinetic
studies have shown the presence of high-affinity GS isoforms that either do not have this
combinationof aminoacidsorhavenone ofthem (Sakakibaraetal., 1996; de la Torre etal., 2002;
Yadav, 2009; Zhao et al., 2014; Castro-Rodriguezetal., 2015). These previous worksand the
current results support the hypothesis proposed by Castro-Rodriguez et al. (2015), indicating that

key residues determining GS behavior for ammonium may vary between plant species.

Mutations have produced a great number of changes in the behavior of these enzymes
against their substrates and in their kinetic parameters. However, a reversal has only been
achieved for ATP in double mutants, suggesting that the differences in these properties are
due to the collaborative efforts of several residues, probably those that differ between the
two enzymes. This may indicate that GS1b.1 and GS1b.2 have undergone evolutionary
selection so that the two enzymes satisfy different plant needs, with only minor changes in
their amino acid sequences. This hypothesis is also supported by the differences between
the two enzymes at the structural stability level (Figure S2.4). When introduced at certain
positions, some amino acids had a large effect on the protein stability of one isoform butnot
the other. The region between amino acids 260-300 of GS1b.2 was particularly affected by
the introduction of some amino acids, but none of these substitutions appear to produce
similar effects on GS1b.1. In fact, these data suggest that the two enzymes are probably
undergoing different evolutionary paths although further experiments will be required to

confirm this hypothesis.
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1. Introduction

In recent years, the limitation of plant growthand developmentin relation to N sources has
led to an excessive use of fertilizersin agriculture (Hirel and Krapp, 2021). Many plants have
evolved or have been selected upon nitrate-based nutrition based on its characteristics and
high availability in soils (Cassman et al., 2002), making nitrate one of the most widely used

fertilizers alongside urea (Hirel and Krapp, 2021).

In plants, it is generally indicated that three families of transporters are involved in the
uptake and transport of nitrate: NPF, NRT2, NRT3 (Wang et al, 2020). In angiosperms,
between 51 and 139 membersbelonging to the NPF family have been described, all of them
grouped in 8-10 subfamilies that also depend on the plant species (Léran et al., 2014). This
family consists mainly of low affinity transporters, except for A. thaliana NPF6.3/NRT1.1,
Oryza sativa NPF6.5 and M. truncatula NRT1.3, which have been shown to exhibit dual-
affinity transport under a phosphorylation regulatory mechanism (Liu et al, 1999; Liu et al,,
2003; Wang et al,, 2018). NPF transporters can be mainly found in the plasma membrane
(He et al,, 2017) of almost all plant tissues and organs and has been described to transport
other moleculesbesides nitrate, anddisplaying a great variety of functions such as stomatal

regulation or seed development (Wanget al., 2018).

On the other hand, the NRT2 family consists entirely of high affinity-transporters that are
only able to transport nitrate. The number of nitrate transporters belonging to this family
also depends on the plant species, but only a few NRT2 transporters have been identified
compared to the NPF transporters (O’Brien etal., 2016). Although these proteins are mainly
related to nitrate acquisition in roots, differences on their spatial expression have been
presented (Kiba et al., 2012; Lezhneva et al.,, 2014). Indeed, members of the NRT2 family
from Arabidopsis have been described to play a specific role in the nitrate loading into the
seed vacuoles (Chopin etal., 2007), plant-microbe interaction (Wanget al., 2018) and lateral
rootdevelopment (Little etal., 2005; Remans et al., 2006b). Finally, NRT3 transporter family
is closely linked to NRT2 as it has been described as the second component of the high
affinity transporter (Kotur et al., 2012). NRT3 has been proposed to be involved in NRT2
protein stability and targeting to the plasma membrane (Wang et al, 2018) and its
interactions with members of the NRT2 family have been confirmed (Kotur et al., 2012).
Moreover, some studies have also shown an increase in the activity of some NRT2 from
Arabidopsis and rice when co-expressed with NRT3 in X. laevis oocytes (Feng et al., 2011;

Kotur et al., 2012).
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Nitrate is also a molecule with a great signaling potential which control and modulate
several processes within the plant such as plant growth, and seed germination and
dormancy (O’Brien et al,, 2016). The transcriptional response triggered by nitrate includes
the transcriptional regulation of genes related to nitrate uptake, transport, and assimilation
such as NR and NiR (Wang et al., 2018). The crosstalk between nitrate and various
hormones also allows this nitrogen molecule to modulate plant growth and architecture by
controlling hormone signaling (O’Brien et al., 2016). Nitrate uptake and transport system
have been extensively studied in angiosperms, but much remains to be done in
gymnosperms. Although several works have pointed out a preferential use of ammonium
over nitrate in conifers (McFee and Stone, 1968; Van den Driessche,1971; Kronzuckeret al,,
1997; Marschner et al,, 1991; Lavoieet al,, 1992 ; Warren et al.,, 2002; Boczulak etal., 2014),
recent studies seems to indicate that conifers are also able to use nitrate as efficiently as
ammonium (Zhou et al,, 2021), with a strict regulation over nitrate uptake in the case of P.

pinaster seedlings (Ortigosa et al., 2020).

In the present work, the response of maritime pine seedlings to different nitrate
concentrations over time have been characterized. Expression analyses by reverse
transcription- quantitative PCR (RT-qPCR) have shown a limited effect of nitrate nutrition
over the expression of NPF family at 2 hours and 24 hours. This suggests tight regulation of
the expression of these transporters at an early point of nitrate acquisition, or regulation of
these transporters atthe post-transcriptional level. Nevertheless, two members of the NRT3
family have been significantly affected in response to nitrate at 2 hours, which is interesting
since only the expression of NRT2.1 seems to be upregulated in response to nitrate at the
same time. RNA direct sequencing (RDS) with Oxford Nanopore Technologies (ONT) has
revealed that nitrate nutrition has a great effect on a variety of metabolic and signaling

pathways and confirmsthe RT-qPCRresults of nitrate transporter families.

2. Results

2.1 Phylogenetic analyses.

Nitrate transporters in maritime pine were previously identified by Castro-Rodriguez et al.,
(2017). In the present work, 40 NPF and 8 NRT2/NRT3 transporters were identified. After
sequence analysis of the maritime pine genome draft (Sterck et al., 2022), it was observed
that NRT3.5was indeed an allelic variant of NRT3.4, so that NRT3.6 has been now renamed
as NRT3.5 (Figure S3.1). A phylogenetic analysis of plant NRT3 protein sequences was
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conducted to determine the evolutionary relationships of pine NRT3 transporters (Figure
3.1). The phylogenetic analysis included Ostreococcus lucimarinus and Micromonas pusilla
as outer groups. The results showed that NRT3 families from angiosperms and
gymnosperms seem to be quite well differentiated. Thus, the multigenic NRT3 family of
conifers have no membersrelated to NRT3 in angiosperms. Therefore, the NRT3 members
of the conifers are clustered together. In conifers, NRT3 forms small multigenic families of
4-5 members, but in other gymnosperms such as ginkgo and cycads only one member was
found. In angiosperms, all the analyzed species have one ortwo NRT3 proteins except for P.

trichocarpa with three members of this family probably due to the recent whole-genome

duplication event suffered by this species (Tuskan et al., 2006).
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Figure 3.1. Protein phylogenetic tree of different plants’ NRT3 protein sequences following a maximum-
likelihood analysis. The first two letters of the sequence names correspond to the genera and species listed in

Table MS2. Branch length are not presented. Numbers in the branches correspond to bootstrap values.
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2.2 Gene expression analysis of NPF and NRT families.

The gene expression of NPF, NRTZ and NRT3 families of maritime pine in response to nitrate
fertilization at two times (2 h and 24 h) was determined through RT-qPCR. The results are
shown in a heatmap including the relative expression of family membersin the presence of
nitrate in comparison to control samples (Figure 3.2). The expression of the NR and NiR
genes were used as controls for nitrate response. Among the nitrate transporters analyzed,
only PpNRT3.1, PpNRT3.3, PpNRT3.5, PpNPF1.1, PpNPF5.13, PpNPF6.1, PpNPF6.3 and
PpNPF8.1 were significantly upregulated but mainly in tissues treated with 10mM nitrate.
The expression of the other transporters was barely affected in response to nitrate or even
were downregulated in cases such as PpNPF6.2 in cotyledons of plants treated with 0.1 mM
and 10 mM nitrate after 2h. Other example is PpNPF5.11, wich expression was
downregulated in cotyledons at 0.1 mM nitrate after 2 h and in roots at 0.1 mM after 24 h.
In the case of PoNPF6.1, the expression was upregulated in cotyledonsand hypocotylsat0.1
mM nitrate after 24 h. Finally, the expression of PpNPF6.3 was downregulated in roots of
plants treated with 10 mM nitrate at 2 h but significantly overexpressed in cotyledons of the
same plants. These data were also employed to obtain a correlation map of the expression
of the different studied genes that encode transporters of the NPF, NRT2 and NRT3 families
of maritime pine (Figure 3.3). Among the members of the NRT2 family, only PpNRTZ2.1
expression was correlated with any member of the NRT3 family, concretely with PpNRT3.4
(0.82). Furthermore, PpNRT3.4 expression only appeared to be associated with the gene
expression of PpNPF6.2 (0.47) and PpNPF6.3 (-0.31). Within the NRT3 transporter,
PpNRT3.2 expression was positively correlated with a great number of NPF transporters,
most of them without a significant response to nitrate application and that form a
correlation cluster (PpNPF1.3, PoNPF4.1, PpNPF4.3, PpNPF5.1-5.4, PobNPF5.8, PoNPF5.11,
PpNPF5.14, PpNPF5.15, PpNPF7.1, PpNPF7.3, PpNPF7.4, PpNPF7.7, PpNPF7.8). Another
cluster, but with an opposite pattern of expression, was constituted by PpNPF2.1, PpbNPF2.2,
PpNPF3.1, PpNPF5.5, PpNPF5.6, PpNPF5.9, PpNPF5.13, PpNPF6.3, and PpNPF8.3. The
expressions of PbNRT3.1, PobNRT3.3 and PpNRT3.5 were positively correlated with NR and
NiR as they correspond to genes expressed in response to nitrate application. Interestingly,
PpNPF7.8 had positive correlations with all the members of NRT3 family except for
PpNRT3.4 witha highest correlation of 0.73 for PbNRT3.1.
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2.3 RNA directsequencing analysis.

Nitrate nutrition triggers a great variety of responses within the plant (O’Brien et al., 2016).
To determine the general transcriptome response to nitrate fertilization in the roots of
maritime pine, a DRS using ONT technology was made. The samples used for this analysis
were from plants irrigated with 10 mM nitrate and harvested after 2 h. Within all the
samples the number of reads go from 863,733 to 2,251,158 reads with an average reading
length from 1,245.01 to 668.82 bp (Tabla 3.1, Figure S3.2). The maximum reading length
obtained in this experiment was 39,034 bp in the sample N2 (Table 3.1, Figure 3.2).

Table 3.1. Oxford Nanopore Direct RNA sequencing results.

Sample Read Mean (bp) Max (bp)

C1 863,733  1,171.93 13,709

C2 826,899  1,068.12 12,266

C3 1,612,543 1,245.01 13,585

N1 1,335,555  668.82 6,781

N2 2,251,158  926.54 39,034

N3 2,036,890 1,018.32 11,569

The resulted data of the differential expression analysis are presented in Dataset S3.1. The
analysis of the differentially expressed genes resulted in a total of 1024 upregulated genes
and 966 downregulated genes when compared to control (Figure 3.4A,C). Similar to the
gene expression data obtained by RT-qPCR, only the expression of NR, NiR and a few
transporters were affected in response to nitrate nutrition after 2h, specifically: NRT3.1,
NRT3.3,NRTZ2.1 and some members of the NPF family suchas NPF7.1 (Dataset S3.1). Indeed,

this data are in line with our transcriptomic analysis (Figure 3.4).
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Figure 3.3. Gene expression correlation map of nitrate transporters. Only significant (p <0.01) Pearson’s
correlations are shown with dots. The size and colour intensity of the dots indicates the correlation index values.
Red dots are positive correlations. Blue dots are negative correlations. For the elaboration of this correlation
plot the corrplot R package have been used (https://cran.r-

project.org/web /packages/corrplot/vignettes/corrplot-intro.html)

Several biological processes have been revealed to be significantly upregulated in response
to nitrate such as “negative regulation of phosphoprotein phosphatase activity”
(GO:0032515), “nitrate assimilation” (G0:0042128), “gas transport” (G0:0015669),
“formate catabolic process” (G0:0042183), “nitrate response” (G0:0010167) and
“oxidation-reduction process” (G0O:0055114) (Figure 3.4). Within the upregulated genes,
Fd-NADP-reductase (FNR,EC1.18.1.2) and formate dehydrogenase (FDH, EC1.17.1.9), both
related with redox power balance (Olson et al.,, 2000; Hanke et al., 2005), have been also

detected (Table 3.1). Hormone metabolism were also greatly affected in pine seedlings
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irrigated with nitrate. In this case, biological processes were also enriched in terms such as
“response to abscisic acid” (GO:0009737) and “gibberellin mediated signaling pathway”
(GO:0010476). Indeed, a considerable number of differentially expressed transcripts
related to GAs such as members of the GA stimulated transcript/Arabidopsis (GAST/GASA)
or the gibberellin 3-beta-dioxygenase 1 (GA30X1; EC 1.14.11.15) (Table 3.2), have been
found. Meanwhile, the last enzyme of the ethylene synthesis pathway the ACO (Table 3.2),
was downregulated. In addition, some transcripts related to auxin response and transport
havebeen also detected to be upregulated (Table 3.2), although any of the biological process
related to this hormone were significantly upregulated. Process like “cell division”
(GO:0051301) or “nuclear DNA replication” (GO:0033260), which could be related to root
growth and development, were downregulated. Other biological processes that were
downregulated in response to nitrate included “polysaccharide metabolic process”
(GO:005976), “cellular carbohydrate metabolic process” (G0:0044262) and “cell killing”
(GO:0001906).

79



CHAPTER3

Table 3.2 Some of the most representative differentially expressed genes in response to nitrate.

P.pinaster A. thaliana
Gene Involved process LogFC References
Gene ID Gene ID P g
Essential catalytic role in the final
Formate dehydrogenase  pp.243240  AT5G14780.1 step of one-carbon metabolic 6 Alekseevaetal, 2011
oxidation and the generation of
reducing equivalents
In non-photosynthetic tissues this
Ferredoxin NADP reductase pp_213314 AT4G05390.1 enzyme oxidizes NADPH to provide 1.45 Carrillo and Ceccarelli, 2003
reduced ferredoxin for enzymes of
bioassimilation and biosynthesis.
. . . The SAUR family is related to auxin-
SAUR-Likeauxin-responsive  pp_185097 71 og150 4 induced growth. SAUR71 role 362  Stortenbeker and Bemer, 2018
protein family 71 . -
remains elusive.
The SAUR family is related to auxin-
SARCLUCETINTCaRentnss o ey anaedEilgl neet ol SEIRES i beem 6 Stortenbeker and Bemer, 2018
protein family 39 related to the negative regulation of
auxin transport and synthesisin rice.
A member ofthe AUX1 LAX family of
o s carirs L2 b e Banbridge ., 200
LIKE AUXIN RESISTANT 2 pp_124295 AT2G21050.1 . 1.92 Ugartechea-Chirino et al.,, 2010
vascular development, embryonic .
A Péretetal,, 2012
root cell organization and
phyllotactic patterning.
Aminocyclopropanecarboxy AT1G01480.1 Enzyme involved in the last step of Houben and Van del Poel,
. pp_148083 : , -2.03
late oxidase ethylene biosynthesis. 2019
Gibberelic Acid Stimulated ~ pp_212209  AT1G74670.1  |ntegrationofGA, ABA,and glucose Quetal, 2016
. . . crosstalk. Control over seed -1.98
Transcript/Arabidopsis 6 . Lo Zhongetal, 2016
flowering and seed germination.
Gibberelic Acid Stimulated pp_85672 AT2G14900.1 Described to be associated with root 221 Zhang and Wang, 2008
Transcript/Arabidopsis 7 hair and lateral root formation. ’ Koskimaki et al,, 2022
Gibberelic Acid Stimulated pp_128453 AT2G39540.1 . .
. . . Remains elusive. 242
Transcript/Arabidopsis 8
Gibberelic Acid Stimulated pp_85674 AT5G59845.1 Proposed to regulate cellulose
Transcript/Arabidopsis 10 synthesis by Indol-3-acetic acid (1AA) 1.36 Chenet al, 2021
gibberellin 3-beta- L s .
dioxygenase 1 pp_172169 AT1G15550.1 Involved in gibberellin biosynthesis 244 Mitchum et al,, 2006

pathway
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Figure 3.4 . Differential gene expression analysis. Genes upregulated and downregulated in response to 10 mM
nitrate treatment after 2 hours (A). Comparison of the expression of NRT3.1, NRT3.3, NPF7.1 and NRT2.1
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obtained by qPCR and by direct RNA sequencing (DRS) (B). Heatmap and clustering of the differentially
expressed transcripts. Expression values correspond to counts per million (CPM) (Counts Per Million) of each
transcript. For the analysis the “pheatmap” R package was employed (C). Significant GO terms from Biological

Processes category after a gene enrichment analysis (D).

3. Discussion

Due to the presence of five NRT3 genes in pine, phylogenetic analyses have been carried out
in order to understand the evolution of this protein family in plants (Figure 3.1).
Phylogenetic analysis conducted in this work suggests that the NRT3 family in seed plants,
both gymnospermsand angiosperms, have evolved from a common ancestor that probably
presented asingle NRT3 gene. Curiously, within the ggmnosperms only the group of conifers
have experienced a gene expansion in the NRT3 family (up to five members), since other
gymnosperms, such as ginkgo or cycads, present only one gene. These results suggests that
the expansion of the NRT3 family was independent from the gene duplications that took
place in some angiosperms species. Expansion of the gene family by gene duplication is a
common phenomenon in plants (De Smet and Van de Peer, 2012) that could help to fulfill
different plant needs and enable adaptation to new environmental niches. Interestingly, this
gene expansion is not accompanied by a gene expansion of the NRTZ family, which resulted
to present a similar number of membersto angiosperms, even though the NRT3 family has
been described to modulate NRT2 activity (Feng et al., 2011; Kotur et al., 2012; Wang et al.,
2018). This is a very interesting finding since many conifers prefers ammonium to nitrate
nutrition(McFee and Stone, 1968; Van den Driessche,1971; Kronzucker et al., 1997;
Marschner et al., 1991; Lavoie et al., 1992; Warren et al,, 2002; Boczulak et al,, 2014) and
many angiosperm species have only one or two NRT3 genes with very more expanded NRT2
families (Zoghbi-Rodriguez et al., 2021), even though most of them show a strong

preference for nitrate as a nitrogen source.

Expression data analyses with RT-qPCR has revealed a specific effect of nitrate nutrition
over the gene expression of different transporters from the NPF, NRT2 and NRT3 families
(Figure 3.2). Significantly upregulated genes in response to nitrate belong mostly to the
NRT3 family. In concordance with phylogenetic analyses, this data could suggest a gene
expansion within this family in order to meet different plant needs by differentially
modulating the activity of different transporters. Although NRT2 members specifically
transport nitrate (O’Brien et al,, 2016), only NRT2.1 seems to be slightly upregulated but
not statistically significant. This may indicate that nitrate transport by NRT2.1 is mainly

regulated through the interaction with NRT3 rather than at the transcriptional level
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Previousexperiments carried out by Ortigosa et al. (2020) in maritime pine showed a tight
regulation over nitrate uptake only after 30 minutes from the start of the experiment. The
rate of nitrate incorporation peaks at 15 minutes but decreases drastically after 30 minutes
to almost zero. Nitrate transporters belonging to the NRTZ family have not been affected at
great scale in the RT-qPCR analyses but NRT2.1 was up-regulated in DRS analyses. In this
sense, it is tempting to consider the possibility that some of the NRT3 proteins from pine
may be able to negatively modulate the activity of different nitrate transporters. This
hypothesis needs to be experimentally validated since it is opposite to the known results in

other plants (Feng et al,, 2011; Kotur et al.,, 2012; Wang et al., 2018).

In a similar way, transporters from the NPF family were barely affected in response to
nitrate. Nitrate can be stored for long-term in vacuoles (Krouk et al., 2010a), therefore, this
molecule can be relocated or remobilized throughout the plant after uptake, probably due
to the action of several constitutively expressed nitrate transporters such as the one
described for AtNPF2.3 that plays an important role in the transport of nitrate from rootto
shoot (Wang et al., 2018). As explained before, some transporters from the NPF family are
involved in nitrate uptake and nitrate transport within the plant, however, not all NPF
transporter have been described to transport nitrate (Corratgé-Faillie and Lacombe, 2017),
which could also explain this lack of transcriptional response to nitrate or its constitutive
expression. In contrast, the expression of several nitrate transporters from the NPF family
were even significantly downregulated, whichindicate that nitrate did has an effect (direct
or indirectly) over the expression of these proteins. This would be in agreement with the
role of nitrate in the signaling of several processes (O’Brien et al., 2016), thus suggesting
that nitrate fulfills this role also by repressing the expression of several nitrate transporters.
However, it would not be prudent to rule out that the regulation of some of these
transporters may also occur at the post-transcriptional level, perhaps by phosphorylation
processes. Thus, it is well known that this posttranslational modificationis involved in the
regulation of NR enzyme activity during nitrate assimilation (Athwal et al., 1998), and
nitrate signaling (Sueyoshiet al., 1999; Kaiser et al., 2002; Liu and Tsay, 2003; Engelsberger
and Schulze, 2012; Migocka et al., 2013). On the other hand, the expansion of the NRT3
family could have led to a proccess of neofunctionalization causing that an NRT3 protein
could now modulate the activity of one or several nitrate transporters of the NPF family
independently of their transcriptions rate. Perhaps, what may be occurring is actually a
combination of all of the above possibilities. However, all these points need experimental

validation in the case of the NPF family in conifers.
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To go further in these hypotheses, DRS with ONT has been carried out in this work using
roots irrigated with 10 mM of nitrate and harvested after 2 h. Nitrate triggered the
regulation of a considerable number of genes, probably as a result of its aforementioned
signaling role in plants (O‘Brien et al., 2016). At the same time, some of the TF families
associated to nitrogen signaling, such as the bZIP family (Obertello et al., 2010; Paraet al,,
2014), exhibited a limited number of differentially expressed genes. This deficiency could
be due to the low expression of these TFs, thus making impossible to detect them withouta
more sensitive technique. In fact, previous works in pine have shown that techniques such
as laser capture microdissection (LCM) allow to fill this potential gap (Cafias et al., 2017;
Ortigosa et al., 2022). In addition, other TFs with a key role in the nitrate signaling, such as
NLP7, have been reported to be affected at the protein level but not at the transcriptional
level. Nitrate triggers the phosphorylation of NLP7 through CPK and its translocation to the
nucleus, where it modulates the expression of a large number of genes (Marchive et al,,

2013, Liuetal,, 2018).

Nitrate affected the transcription rates of some nitrate transporters from the NRT3, NRT2
and NPF family in a manner similar to the expression data obtained by RT-qPCR (Figure
3.4). Within the regulated genes, NR and NiR were also significantly overexpressed as they
are the first two enzymes involved in “nitrate assimilation” (G0:0042128). Nitrate
assimilation also requires great amounts of redox power to reduce nitrate to nitrite by the
NR, and the nitrite to ammonium by the NiR. Because of this, nitrate is mainly assimilated
in photosynthetic tissues where light-dependent reaction can supply this high requirement
of reductants (Bloom, 2015). Nevertheless, this redox power can be also provided in roots
allowing nitrate assimilation in this tissue. This is in agreement with the upregulated
expression of genes such as FDH or FNR (Table 3.1), and biological processes such as
“formate catabolic process” (GO:0042183) or “oxidation-reduction process” (G0:0055114)
that could be supplying the redox power necessary for the conversion of nitrate to

ammonium in roots (Hanke et al., 2005; Yoneyama and Suzuki 2019).

A previous study has shown a great effect of ammonium nutrition over hormone
distribution and potential signaling in pine seedlings (Ortigosaet al., 2022). Nitrate also had
an effect on the metabolic pathways of different hormones. In this case, genes related to
auxin homeostasis, response and transport have been detected such as members of the
small auxin upregulated RNA (SAUR) and LIKE-AUXIN RESISTANT (LAX) families (Table
3.2). Although the function of SAURs remains elusive, these auxin-responsive elements have

been associated with the control of several processes such as cell expansion (Ren and Gray,
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2015; Duet al,, 2020; Qiu, T, et al.,, 2020;). Similarly, a considerable number of transcripts
were related to “gibberellin mediated signaling pathway” (GO:0010476) and “response to
abscisic acid” (GO:0009737), (O’Brien et al., 2016) (Figure 3.4). Nevertheless, in contrast to
what has been described before (Tian et al., 2009; Zheng et al., 2013), ethylene biosynthesis
is downregulated at its last biosynthetic step, the ACO (Table 3.2), and CKs do not seem to
be affected. NPF transporters that have been described to be involved in phytohormon
transport and signaling has not been detected either, thus supporting the hypothesis of a

strong regulation over nitrate uptake and signaling in pine.

These data could also suggest a control over the hormonal levels in order to promote root
growth viaauxin action, thus modulating pine root architecture as it has been proposed for
ammonium (Ortigosaetal.,, 2022). The lack of response of the CKs metabolism under nitrate
nutrition could explain the ethylene biosynthesis repression, since CKs have been reported
to stimulate ethylene biosynthesis (Chae et al.,, 2003). Interestingly, this is the opposite
effect to that observed in the roots of P. pinaster seedlings irrigated with ammonium. In
response to ammonium, ACO was significantly upregulated, and genes related to CKs were
the second most representative among the differentially expressed phytohormone-related
genes (Ortigosa et al,, 2022), thus suggesting different effects of both nitrogen sources over
pine root architecture. Ethylene have been described to mediate overall root growth
inhibition by CKs, although this phytohormone is not involved in CKs effects over the root
meristem (RGzicka et al, 2009). On their part, CKs have been described to present an
antagonist effect to auxins which has a central role in the establishment and maintenance
of root cell proliferation and elongation (Petrickaetal., 2012). Nitrate have been previously
associated with auxin biosynthesis by upregulation of TAR2 expression under low N
conditions (Zhao, 2012). Auxin biosynthesis genes are specifically expressed within the root
in the niche of the stem cells (Stepanova et al., 2005; Stepanova et al., 2008). In this case, the
absence of auxin biosynthesis up-regulation could be due to a non-detection of those
transcripts by a dilution effect. On the other hand, auxin accumulation in the root tips is
mainly due to a shoot-to-root polar transport (Blilou et al.,, 2005; Grieneisen et al., 2007)
which would also explain the absence of transcripts related to auxin biosynthesis and the
presence of transcripts related to auxins transport. This auxin-CK antagonism has been also
described to be integrated by GA which promotes cell division in the meristem downstream
of the auxin signal (Fuand Harberd, 2003; Ubeda-Tomaés et al., 2008; Achard et al., 2009;
Ubeda-Tomaéset al,, 2009), and repress root growth inhibition by CK (Greenboim-Wainberg
et al., 2005; Moubayidin et al., 2010). Accordingly, the response to GA was upregulated in

response to nitrate. This crosstalk between phytohormones and nitrate signaling could be
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modulating root architecture. Indeed, Ortigosa et al. (2022) have previously reported that
roots of pine seedlings irrigated with nitrate and ammonium presented statistically higher
root length that those irrigated with water. Furthermore, no statistical differences were
found between the primary root length of pines seedlings irrigated with nitrate or
ammonium. However, nitrate was not able to promote lateral root growth unlike
ammonium. In concordance with these results, nitrate probably stimulates auxin polar
transport in pine, promoting this way primary root growth and avoiding lateral root
formationand development. This would be totally opposite to what happen in Arabidopsis
were nitrate promotes lateral root formation and growth and inhibit primary root
elongation by stimulating auxin shootward transport and avoding its accumulation in
pericycle cells (Hu et al., 2021). In this sense, the hormone control over root architecture
may have evolved differently among different groups of plants or could be related to an
adaptation process to different ecological niches, which will be interesting from an

evolutionary point of view.

On its part, the up-regulation of the ABA response observed in this work could be related to
the stress responses (Verma et al, 2016) also upregulated in response to nitrate.
Interestingly, abscisic acid has been also related to auxin transport in the tip to mediate root
growth under water stress conditions as an adaptative response to low water potentials (Xu

etal, 2013).

These results shown that, although nitrate nutrition had little effects over the expression of
the NPF transporters, this nutrient produces a great transcriptome response within the
plant that show how nitrate is able to modulate different processes. Indeed, nitrate seems
to modulate the biosynthesis, transport and signaling of different phytohormones that could
be responsible for the root architecture of these plants, which possible opposite effects to
those described in Arabidopsis. Nevertheless, to confirm these hypothesis additional

experiments are required.
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Most crop plants have evolved or have been selected upon nitrate nutrition (Cassman et al.,
2002). Thus, nitrate is one of the main fertilizers used in agriculture together with urea.
Nitrate also presented a great signaling potential, thus moduling several plant processes. In
angiosperms, nitrate uptake, transport and signaling have been greatly studied, but little is
known on this processes gymnosperms. After its uptake, nitrate will be reduced to
ammonium and this ammonium will be assimilated by the GS/GOGAT cycle. GSis akey gene
in N metabolism of most organisms, which can be inferred by its wide distribution in all
kingdoms (Ghoshroy et al., 2010). It is also one of the oldest known genes (Kumada et al,,
1993), which is why some authors have described it as a molecular clock with excellent
potential for phylogenetic analyses (Pesole et al., 1991). In this work, we have presented
new insights into nitrate uptake, transport and signaling in maritime pine together with a
better understanding of plant GS evolution and the functional study of a new GS1b isogene

in conifers.

Numerous reports have been made about the evolution of glutamine synthetase, not only in
plants but also regarding the evolution of this gene family within eukaryotes (Ghoshroy et
al,, 2010). In this thesis, the phylogenetic analyses of different protein and nucleic acid
sequences has allowed a better understating of the evolution of this family of genes in seed
plants. The results of these analyses clearly suggest the occurrence of three well
diferentiated GS families within seed plants: GS1a, GS1b, and GS2 (Chapter 1). This
hypothesis is also supported by phylogenetic analyses carried out in Chapter 2 including
GS1b.2 sequences. In this context, GS2 and GS1a must be the main isoformsinvolvedin the
reassimilation of ammonium resulting from photorespiration and the primary assimilation
of ammonium from nitrate reduction (Wallsgrove et al, 1987; Blackwell et al., 1987;
Tegeder and Masclaux-Daubresse, 2017). On the other hand, enzymes in GS1b group
includes the rest of cytosolic isoforms with a role in primary assimilation, reassimilation an
remobilization of N, as well as in developmental processes, amino acid catabolism,
senescence and stress response (Habash etal.,, 2001; Tabuchietal., 2005; Martin etal., 2006;
Bernard and Habash, 2009; Lothier et al., 2011; Funayamaet al.,, 2013; Goodall et al., 2013;
Bao etal., 2014; Thomsenet al. 2014 Guan et al., 2015; Urriola and Rathore, 2015; Gao et al,,
2019; Jiet al.,, 2019; Wei et al.,, 2021; Fujita et al., 2022).

In recent works, the groups of Cycadopsidaand Ginkgoopsida are considered gymnosperms
that form a monophyletic clade (Wu etal, 2013; Li etal, 2017; One Thousand Plant
Transcriptomes Initiative, 2019). In this line, our results support this assumption but, in

addition, this data could indicate that the monophyletic clade conformed by Cycadopsida
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and Ginkgoopsida may be more related to angiosperms than it was thought. This is also
supported by our findings about GS2 gene evolution (Chapter 1). The most parsimonious
hypothesis resulting from phylogenetic analyses indicates that GSZ gene must have been
absent in a common ancestor of ggmnosperms and angiosperms and, probably as a result
of a duplication of the GS1a gene, arose in a common ancestor of Cycadopsida /Ginkgoopsida
and angiosperms. This also fits with the overlapping roles proposed for GS1la and GS2

(Canton etal., 1999).

The presence of this enzyme in the chloroplast confers additional advantages to the plant
since a more efficient nitrate assimilation likely allowed angiosperms to colonize new
ecological nichesriches in nitrate, different of those ecosystems populated by ggmnosperms
in which ammonium was the major N source. In concordance, although conifers are widely
distributed throughout the world, this group of plants is mostly present in boreal zones
where temperature hinders nitrification. Moreover, several workshave previously reported
a preference of these species for ammonium (McFee and Stone, 1968; Van den
Driessche,1971; Kronzuckeret al,, 1997; Marschner et al., 1991; Lavoieet al,, 1992; Warren
etal, 2002; Boczulaketal., 2014, Ortigosa, Valderrama-Martin et al.,, 2020). However, recent
studies have shown that the concentration of both nitrate and ammonium is equalized with
soil depth, and that adult trees of these species can utilize both nitrate and ammonium
(Zhou et al,, 2021). In addition, there are gymnosperms species such as P. pinaster, the
model of study of the present work, that are autochthonous from warm places where
nitrification can take place and soils are probably richer in nitrate (Figure D1). Indeed,
previous works have shown a strict regulation over nitrate uptake (Ortigosa, Valderrama-
Martin et al, 2020), which is interesting considering that the NRT3 family has been

expanded in this conifer and that this phenomenon has not taken place in angiospermes.

Independently of whether the presence of a plastid GS is an evolutionary advantage or
better fits its function, it is a factthat conifers and gnetales conserve GSI1a and do not have
a plastidial GS isoform. Indeed, it has been reported toxicity phenotypes related to GS
activity in the chloroplast. Studies carried out by Hachiya et al. (2021) in Arabidopsis
suggested a toxic effectresulting from excessive ammonium assimilation in the chloroplast
by GS2, probably linked to the acidification effect related to the activity of this enzyme. The
homeostasis of the pH in the chloroplast is essential and excessive acidification of the
stroma could lead to problems in the photosynthetic apparatus (Kuvykin et al, 2009;
Tikhonov, 2013), which is necessary to produce the reducing power required for nitrogen

reduction and C assimilation.
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Figure D1. Distribution map of Pinus pinaster in the Western Mediterranean region. Green crosses indicate
isolated populations; Orange triangles indicate introduced and naturalized populations. Map obtained from

http://www.euforgen.org/

In this line, a conflict between nitrate assimilation and CO; fixation has been previously
discussed in other works (Bloom, 2015). Rubisco is the enzyme responsible for catalyzing
CO; fixation by carboxylation of ribulose-1,5-bisphosphate (RuBP) to produce two
molecules of 3-phosphoglycerate (3-PGA), which be further used for the biosynthesis of
larger molecules such as glucose or the regeneration of RuBP. However, this enzyme also
catalyzesa second reaction in which Oz is used instead of CO2, producing one molecule of 3-
PGA and a molecule of 2-phosphoglycolate (2-PG), thus leading to the restoration of RuBP
from 2-PG in a process considered to be energy-wasting: photorespiration (Eisenhut et al.,
2019) (Figure D2). Although the increase of CO2 concentration in the atmosphere produces
a subsequent decrease in photorespiration, which would be considered favorabe, several
workshavereported that C3 plants are impaired in their ability to assimilate nitrate (Bloom
et al,, 2012). Different hypotheses try to resolve this contradictory fact, nevertheless, the
hypothesis that suggests a competence for redox power between the NR and NiR enzymes
and the enzymes from the Calvin-Benson cycle (Bloom, 2015) is in concordance with sugar
decrease in pine seedlings upon a nitrate bases nutrition as showed in previous works

(Ortigosa et al., 2020). Thus, the photorespiration process acts as a regulator of the redox
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homeostasis allowing nitrate assimilation to happen. This phenomenon takes place both in
gymnosperm and angiosperm. In gymnosperms, ammonium realeased during
photorespiration is assimilated via GS1a in the cytosol, meanwhile, in angiosperms this
ammonium is assimilated in the chloroplast via GS2. Therefore, this suggests that the
localization of this enzyme, one of the main links between C and N metabolism, may not be
revelant for this issue. Bloom (2015) also showed that those plants irrigated with
ammonium do not present any growth problems in high CO: or low O: conditions when

compared with controls, thus supporting a conflict with nitrate assimilation.

A Chloroplast B Chloroplast
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RuBP RuBP

/ Rubisco Rubisco
2% RuBR, 2x 3-PGA 3-PGA  2-PGA
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3-PGA

Calvin-Benson

Cycle
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Figure D2. Overview of the carboxylase (A) and oxygenase activity of the rubisco enzyme and the

Mithocondrion

Peroxisome
0,

COa

photorespiration processes through the chloroplast, peroxisome and mitochondria (B). RuBP, ribulose-1,5-

bisphosphate; 3-PGA, 3-phosphoglycerate; 2-PG, 2-phosphoglycolate.

The high amounts of reducing power required in nitrate assimilation would also explain
differences in biomass of ammonium- and nitrate- irrigated pine seedlins. Ortigosa et al,
(2020) showed a higher biomass accumulation in plants irrigated with ammonium than in
those irrigated with nitrate. This would possibly explain the negative regulation of
biological processes associated with polysaccharide and carbohydrate metabolisms
(Chapter 3) that are in concordance with previous nutrition studies in pine. Metabolite
analyses by Ortigosa et al. (2020) showed a decrease in the amount of carbohydrates in
plants irrigated with nitrate compared to those irrigated with ammonium, which could be
associated with a limited availability of C for such metabolic processes due to the higher
requirement of reducing power by nitrate reduction. In contrast, pine seedlings irrigated

with ammonium presented considerably higher concentrations of sugars such as sucrose,
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D-fructose, and D-glucose. Free sugars are required for nitrogen assimilation by providing
C skeletons, which explains the occurrence of high levels of these monosaccharides and
disaccharides when ammonium is the main source of N, as it is assimilated directly in the
roots. Nitrate is mainly long-term stored in the vacuoles and photoassimilated in smaller
amounts at a timethus avoiding excessive reducing power consumption, which will then
require lower levels of C skeletons. In this sense, the preference of conifers forammonium

over nitrate may be due to a more efficient assimilation of ammonium itself.

GS1b in angiosperms is encoded by a multigene family, meanwhile, GS1b in conifers is
usually encoded by only one gene (James et al., 2018). In some angiosperms, the expansion
of this family has led to different isoforms with overlapping functions within the plant
(Castro-Rodriguez et al., 2015). In pine, PpGS1b.2 arose probably via gene duplication of the
already existent PpGS1b.1 gene. Based on PpGS1b.2 localized expression, a role of this
enzyme in developing tissues, similar to that of some GS1b isoforms in other plants, has
been proposed (Habash et al., 2001; Tabuchi et al., 2005; Martin et al., 2006; Funayama et
al,, 2013; Lothier etal., 2011; Goodall et al., 2013; Bao et al.,, 2014; Guan et al., 2015; Urriola
and Rathore, 2015; Gao et al, 2019; Ji et al,, 2019; Wei et al,, 2021; Fujita et al., 2022)
(Chapter 2). Therefore, this would imply an evolutionary convergence in which a new GS1b
isoform has emerged and undergone a process of neofunctionalization to meet the different

needs of the plant

Interestingly, even though these two isoforms are very similar in protein sequence, both
have differences in their molecular characteristics. These enzymes have been shown to
exhibit differences in their thermostability, in which GS1b.1 showed to be more
thermostable than GS1b.2. Although these isoforms showed optimal activity at 42 °C, both
reached their maximum activity at different pH levels (6.5 and 6 for GS1b.1 and GS1b.2,
respectively). Moreover, regarding the behavior toward substrates and the Kinetic
properties, they exhibited several differences. Considering these results betweenboth GS1b
isoforms, two hypotheses have been suggested: a) GS1b.2 could support GS1b.1 activity in
developing tissues with a high demand for glutamine or assimilated N; b) GS1b.2 could play
a specific role in certain developing tissues. In silico studies over the promoter have also
revealed differences in the regulatory region of PpGS1b.1 and PpGS1b.2 also supporting this
idea. Nevertheless, further studies over the promoter of both isogenes will be required to

bring light to this topic.

[t is well known that nitrate is able to alter the expression of a large number of genes

including those related with nitrate and N assimilation (O‘Brien et al., 2016). However,
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although GS2 has been previously reported to be upregulated in response to nitrate
nutrition (Sakakibara et al., 1997) the expression of the GS isogenes remains invariable in
the transcriptome analyses carried out in Chapter 3. Inthis sense, nitrate photoassimilation
could explain the absence of GS up-regulation in response to nitrate, since we have only
analyzed root tissues and GSIla, the GS2Z counterpart in gymnosperms, is expressed in
photosynthetic tissues as shown in Chapter 1. Nevertheless, nitrate assimilation can occur
in this organ too (Yoneyama and Suzuki, 2019). The upregulation of genes condig for
enzymes such as NR, NiR, FDH or FNR, and processes such as “nitrate assimilation”
(GO:0042128), “oxidation-reduction process” (G0:0055114), “formate catabolic process”
(GO:0042183) suggests that nitrate is probably being reduced in roots to ammonium. Since
GS1b.1 is the main GS isoform associated with ammonium assimilation in roots (Thomsen
et al., 2014), and its expression has been showed to be upregulated in response to
ammonium and nitrate nutrition in root of pine seedlings (Ortigosa et al., 2020; Ortigosa et
al,, 2022), is interesting that a differential expression of this gene has not been detected in
this experiment. Nevertheless, the experiments performed by Ortigosa, Valderrama-Martin
et al. (2020) were prolonged for 3 months, the result may be different compared to short-

term experiments.

The lack of response of these GS1b isoforms towards nitrate nutrition rules out a possible
association between nitrate-stimulated root growth and GS1b.1 or GS1b.2, however, other
explanations for these results should be considered. Previous work has reported that NR
undergoes reversible phosphorylation, which causes this protein to degrade (Finnemann
and Schjoerring 2000; Man and Kaiser, 2001). NR degradation would then prevent the
release of ammonium that could regulate the expression of the GS1b family, although this
would not agree withammonium levels detected in the roots of pine seedlings fed only with
nitrate (Ortigosa et al., 2020). On the other hand, perhaps the effects of nitrate nutrition on
the expression of these genes cannot be observed at 2 h. It has been reported that the
accumulation of GS transcripts is regulated by N metabolites and also by the C:N ratios
within the cell through the 3‘UTR (Ortega et al., 2006; Simon and Sengupta-Gopalan, 2010),
which could have led to a posttranscriptional regulation causing their lack of detection in
the DRS analysis. Moreover, in the case of PpGS1b.2, the localized expression of this gene
could also be responsible forits lack of detection with this technique due to adilution effect.
Moreover, since transcripts level may not be in concordance with proteins levels further

testing would be necessary to advance in these hypotheses.
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GENERAL CONCLUSSIONS

1. There are three different GS genes lineages in seed plants: GS1a, GS1b, and GS2.

2. The GS2 gene evolved in a common ancestor of Cycadopsida, Ginkgoopsida, and
angiosperms clades through gene duplication of a GS1a and a neofunctionalization process

including the acquisition of a signal peptide for plastid targeting.

3. GS1b.2 is a newly identified gene in the generera Picea and Pinus that recently evolved

by duplication of and ancestral conifer GS1b gene.

4. GS1b.2 expression pattern and enzyme characteristics may associate this gene to plant
organ development as occurs with different GS1b genes in angiosperms, thus implying a

gene convergence evolution.

5. Minor changes in GS1b.1 and GS1b.2 amino acid sequences are responsible for the

increased thermal stability of GS1b.1 and the kinetics differences between both enzymes.

6. Residues at the 264 and 267 positions of pine GS1b enzymes are involved in the affinity

for ammonium.

7.NPF families and NRT2 families from P. pinaster present a similar number of membersto

those from angiosperms, meanwhile, the NRT3 family of transporters is expanded.

8. Three genes of the NRT3 transporters family are highly up-regulated by nitrate in all

organs of pine seedlings when nitrate uptake is extremely reduced.

9. Nitrate nutrition triggered a considerable transcriptome response in pine roots after a
shot-term treeatment. This transcriptome response includes the up-regulation of genes
involved in nitrate reduction, oxidation status of the roots, and hormone metabolism,

transport, and signaling.
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1. Glutamine synthetase sequence retrieve and phylogenetic

analyses.

Nucleotide sequences of the genes encoding plant glutamine synthetase type Il (GSII) were
obtained from different public databases or assembled from transcriptomic NGS data from
the SRA database at the National Center for Biotechnology Information (NCBI,
https://www.ncbinlm.nih.gov) and at the European Nucleotide Archive (ENA,

https://www.ebi.ac.uk/ena). GS sequences from P. pinaster were obtained by cloning and

sequencing of the product. The tool employed for sequence search was BLAST (Altschul et
al.,, 1990) using mainly the tblastn mode with the sequence of GS1b.1 from Pinus taeda as
the query. For the assembly of sequences from NGS data, the raw files were uploaded to the

web platform Galaxy (https://usegalaxy.org), which was used to make the transcriptome

assemblies (Afgan et al., 2018). The raw reads were quality trimmed using TRIMMOMATIC
(Bolger et al., 2014). The transcriptome assemblies were conducted with the TRINITY
assembler (Grabherr et al., 2011) and the GS sequences were identified using BLAST, as
described above. Database identifiers, names and species for the different GS sequences are
presented in Table MS1. The subcellular localization prediction for GS proteins in Chapter
1 was determined with TARGETP (Almagro Armenteros et al, 2019) and LOCALIZER
(Sperschneider et al., 2017).

For Bayesian phylogenetic analysis of the evolutionary study in Chapter 1, a data set of 169
nucleotide sequences encoding GSII from 45 different Viridiplantae species (Dataset MS1)
and glnA from E. coli were aligned with MUSCLE (Edgar, 2004). Positions with gaps were
deleted, and MRMODELTEST 2.4 was used to find the best-fitting model among the 24
models used to study molecular evolution (Nylander, 2004). The Akaike information
criterion suggested the use of the model GTR + I + G. The Bayesian phylogenetic analysis
was performed using MRBAYES 3.2.7 (Huelsenbeck and Ronquist, 2001) with two
simultaneous runs of 77 million generations for each run, with one cold and three heated
chains for each run in which the temperature parameter was set to 0.1. Trees were sampled
once every 10,000 generations. The average standard deviation of split frequencies at the
end of each run was <0.01, and the first 25% of the trees were discarded as burn-in samples.
The consensus tree was visualized with the interactive TREE OF LIFE (ITOL) web tool
(Letunic and Bork, 2019). Detailed results of the Bayesian analysis are available in Dataset

MS2.
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For maximum-likelihood analysisin Chapter 1, the data set was composed of 169 GS protein
sequences obtained from the corresponding nucleotide sequences used for the Bayesian
analyses (Dataset MS3). The alignment and phylogenetic analysis were conducted using
MEGA 7 (Kumar et al.,, 2016). The sequences were aligned with MUSCLE (Edgar, 2004).
Maximum-likelihood analyses were carried out using the complete deletion of gaps, the
missing data, and the Jones-Taylor-Thornton (JTT) amino acid substitution model (Jones
et al,, 1992). Nearest-neighbor interchange (NNI) was used for tree inference. The initial
tree was constructed using the NJ/ BioN] method. The phylogeny test was performed using
the bootstrap method with 1000 replications. Detailed results of the maximum-likelihood
analysis are available in Dataset MS4. In Chapter 2, the phylogenetic analysis of GS including
GS1b.2 were carried out in the same way with a data set composed by 96 GS protein
sequences (Dataset MS5). Detailed results of phylogenetic analysis including GS1b.2

sequences can be foundin Dataset MS6.

Sequences of the NRT3 members of several species have been used in phylogenetic analyses
in Chapter 3. Nucleotide and protein sequences employed in these analyses have been
retrieved from Phytozome (Goodstein et al., 2012) and PLAZA (Proost et al,, 2014) with
blastp using NRT3 sequences from P. pinaster as query. Database identifiers, names, and
species for the different NRT3 sequences are presented in Table MS2. The data set was
composed of 56 NRT3 proteins (Dataset MS7). The alignment and phylogenetic analysis
were conducted using MEGAversion 11 (Tamuraet al., 2021) and MUSCLE for the sequence
alignment (Edgar, 2004). Phylogenetic analyses were carried out with maximum -likehood
analyses as explained above. Database identifiers, names, and species for the different NRT3
sequences are presented in Table MS2.Detailed results of the maximum-likelihood analysis

are available in Dataset MS8
2. Promoter analysis.

For promoter comparison, 1916 and 2408 nucleotides upstream from the translation start
codon of PpGS1b.1 and PpGS1b.2 respectively (Dataset MS9), were retrieved from genomic
data (Sterck et al., 2022). Promoters were first compared by sequence alignment (Figure
S2A) with MultAlin using the Identity 1-0 algorithm (Corpet, 1988). Posterior identification
of putative TF binding sites has been carried out using the binding site prediction tool of

PlantRegMap (Tian et al., 2020).
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3. Protein structure prediction and modeling

For the 3D modeling and structure predictions of P. pinaster GS1b.1 and GS1b.2 individual
subunits, Alphafold (Jumperet al.,, 2021; Varadi et al., 2022) through ColabFold (Mirdita et
al,, 2022) has been used. ColabFold allows faster protein structure prediction by integrating
MMsegs2 for multiple sequence alignments and AlphaFold2, but it does not allow the
structure prediction of large protein subunits or complexes. The quaternary structure
prediction has been achieved using Alphafold’s models as input for the Galaxy Package, a
combination of several programs that have been designed based on sequence and structure
information together with physical chemistry principles (Shin et al, 2014). The models
obtained from ColabFold were employed for the comparison and graphic representation of
the protein structure in PyMOL (Schrodinger and DeLano, 2020) and in Jmol

(http://www.jmol.org/). Jmol was also used for the calculation of the hydrogen bonds.

Quaternary structure models obtained with Alphafold and the Galaxy Package has been
used in PyMol for the structure analysis and comparison of the models. The thermodynamic
stability of the monomers has been determined using models obtained in AlphaFold

together with the “foldx.mut()” function of the “ptm” R package (Aledo, 2021).

4. Plant material

Chapter1

G. biloba seeds were obtained from several botanic gardens: Botanische Gdrten der
Universitdt Bonn (Bonn, Germany), Botanischer Gdrten der Universitidt Bern (Bern,
Switzerland), Plantentuin Universteit Gent (Ghent, Belgium) and Arboretum Wespelaar
(Wespelaar, Belgium). Ginkgo seeds were stratified for 3 months in vermiculite at 4 °C. P.
pinaster seeds from Sierra Bermeja (Estepona, Spain) (ES20, ident. 11/12) were obtained
from the Red de Centros Nacionalesde Recursos Geneticos Forestales of the Spanish Ministerio
parala Transicién Ecolégicay el Reto Demogrdfico with authorization number ESNC87. Pine
seeds were imbibed for 72 h under continuous aeration with an air pump. M. grandiflora
seeds were obtained from the Parque de la Alameda garden in Malaga (Spain) and from
private suppliers. Magnolia seeds were stratified in vermiculite at 4 °C for 4 months. All

seeds were growth onvermiculite in order to prevent any nutritional effect of the substrate.

Ginkgo, pine, and magnolia seedlings were germinated and grown at 23 °C with a 16-h
light/8-h dark photoperiod at a light intensity of 125 pmol m 2 s !,and watered once every

3 days with distillated water, or under continuous darkness, and watered once a week. For
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light/dark transition experiments, seedlings grown in complete darkness were transferred
to a 16-h light/8-h dark photoperiod for 24 h and seedlings grown with a 16-h light/8-h
dark photoperiod were transferred to complete darkness for 24 h. The leaves, stems and
roots of the seedlings were harvested separately. For ginkgo seedlings grown in complete
darkness the primary and secondary leaves did not develop, and thus only stems and roots
were harvested. To study the impact of a light-dark transition on the expression of the
different genes encoding GS in ginkgo leaves, one-year-old plants with fully developed
leaves were used. These plants were first exposed to a 16-h light /8-h dark photoperiod,
then to complete darkness for 24 h and then back to a 16-h light/8-h dark photoperiod. The
different plant samples were immediately frozen in liquid N and stored at 80°C. For the
cloning of Cycas revoluta GS2, leaves from one-year-old plants grown under a 16-h light/8-
h dark photoperiod were harvested. Leaf tissues were frozen immediately in liquid N and

stored at 80°C until further use for RNA extraction.

Chapter?2

For PpGS1a,PpGS1b.1and PpGS1b.2 expression analysis embryo and seedling samples were
harvested at different stages: dry, post-imbibition and germinated (0.5 cm of emerged
radicle) embryos; and one-week-old from emergence (Stage 1) and one-month-old from
emergence seedlings (Stage 2). Pines were germinated and growth as explained above in
16-h light/8-h dark photoperiod. Atthe harvest, seedlings were divided into their different
organs. For the measure of GS gene expression in different sections of roots, 2 months-old
seedlings were used. The samples were immediately frozenin liquid N and stored at -802C
until powdering with a mixer mill MM400 (Retsh, Haan, Germany) and further analyses
were conducted. Plant material and cDNA to analyze GS gene expression levels in maritime
pine tissues from one-month-old seedlings were previously obtained by Cafias etal. (2017).
RNA samples from 14 tissues isolated through laser capture microdissection were

employed. The cDNA was synthesized and amplified as described by Cafias et al. (2014).

Samples from Cafias et al. (2015) were used to analyze GS gene expression in needles of
adult trees. Briefly, needle whorls corresponding to the annual growth of a single year were
harvested from different 25 years old P. pinaster specimens at Los Reales de Sierra Bermeja
(Estepona, Spain). Whorls were named from 0 to 3 referring to the year of appearance of
that whorl. Whorl 0 was first collected in May when they were completely formed. Samples
were collected each month throughout 2012, were immediately frozen in liquid nitrogen

and stored at -80°C until their utilization for RNA extraction. Buds and nascent needles
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were collected from the same adult specimens once a week during April of 2013. For gene

expression analyses three different trees were employed.

Juvenile and mature phloem, together with male and female strobili were harvested from
25 to 35-year-old maritime pines located at Los Reales de Sierra Bermeja (Estepona, Spain)
Juvenile xylems were collected from the last 5 internodes in the crown and mature xylem
from the base of the trunk of 28 to 31-year-old maritime pines from Los Reales de Sierra
Bermeja by removing bark and phloem and scraping with a sterile blade. (Villalobos, 2008).

All the tissues were frozenimmediately using liquid nitrogen and storage at -802C until use.

Zygotic embryosfrom P. pinaster were obtained from a single maritime pine seed orchard
(PP-VG-014, Picard, Saint-Laurent-Médoc, France) and collected at different developmental
stages (Avila et al., 2022). All samples were frozen in liquid nitrogen and stored at -80°C

until use.

Chapter3

For nitrate response analyses, pine seedlings were germinated as explained above with a
16-h light/8-h dark photoperiod. Pine seedlings were irrigated twice a week with water for
1 month. Afterwards, pine seedlings were randomly selected, subdivided in three groups,
transplanted into forestall seedbeds and irrigated with amacro and micronutrients solution
without any N source (1.16 mM KCl; 0.63 mM KH;PO4; 0.35 mM MgS04-7H20; 0.17 mM
CaClz-Hz0; 80 uM EDTA-FeSO4; 25.9 uM H3BO03; 10.2 pM MnCl2-4H:0; 1.3 uM ZnS04-7H20;
0.7 uM Cu-S04-5H20; 0.1 pM Na:MoO4-2H:0). After the plants were acclimated for 3 days,
the control group were irrigated with 80 mL of water, meanwhile both nitrate treatment
groups were irrigated with 80 mL of 0.1 mM KNO3- and 80 mL of 10 mM KNO3-, respectively.
Pine seedlings for RT-qPCR were harvested at 0 h (no irrigation), 2 h and 24 h and divided
in three parts: cotyledons, hypocotyl, and roots. Tissues were immediately frozen in liquid

nitrogen until use. This experiment was carried out three times independently.

5. Total RNA extraction.

Ginkgo and magnolia total RNAs were extracted using the Plant/Fungi Total RNA
Purification Kit (Norgen Biotek Corp., Thorold, ON, Canada) according to the manufacturer’s
instruction. For the total RNA extraction powdered and frozentissues were employed. Pine
and Cycas total RNAs were extracted as described by Canales et al. (2012). In this case, a

total of 100 mg of powdered and frozen tissue were used. In 1.5 mL tubes, 600 pL of
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preheated (65°C) cetyltrimethylammonium bromide (CTAB) extraction buffer (3% (w/v)
cetyltrimethylammonium bromide, 100 mM Tris pH 8 2 M NaCl, 30 mM
ethylenedinitrilotetraacetic acid (EDTA), 2% (w/v) polyvinylpyrrolidone (PVP), 2% (w /v)
polyvinylpolypyrrolidone PVPP, and 4% (v/v) 2-mercaptoethanol) was added. Samples
were mixed and incubated at 65°C for 5 min in a water bath with and briefly mixed each 2
minutes. Afterwards, the same volume of chloroform/isoamyl alcohol (24:1) was
immediately added to the tube. Samples were then briefly mixed and incubate in ice for
unless 2 min, and then centrifugated for 10 minutes at 22.000 xg at 4 °C. Supernatant is
transferred to a new 1.5 mL tube, and the process was repeated by adding an equal volume
of chloroform /isoamyl alcohol (24:1). After the second centrifugation step, the supernatant
was recovered and an equal volume of 4 M LiCL was added and mixed by inversion. The
samples were incubated overnight at 4 °C and were then centrifugated for 30 minat 22,000
xg and 4 °Cin order to pellet the RNA. In this case, the supernatant was discarded, and the
pellet was washed with 1mL of 70% ice cold ethanol and centrifugated at 22,000 xg for 10
min at 4 °C. Finally, ethanol was discarded, and samples were air dried for 15 min at room
temperature. After samples were completely dried, 50 pl of sterilized distilled water was
added. To avoid any DNA contamination, samples were treated with RQ1 RNase-Free DNase
(Promega, Madison, WI, USA) following the manufacturer’s instructions. Total RNA
concentration and purity was determined using a Nanodrop ND-1000 (ThermoFisher
Scientific, Walthman, MA, USA). The purity of the RNA was determined based on the
260/280 and 260/230 absorbance ratios. The integrity of the RNA was checked by

electrophoresis.

For DRS with ONT in Chapter 3, the extraction procedure was scaled to obtain large amounts
of total RNA (around 1 mg). In this case, RNA was quantified using a Qubit Fluorometer
(ThermoFisher Scientific, Walthman, MA, USA) and Qubit RNA BR, Broad-Range, Assay Kit
(Invitrogen, Paisley, UK). Quality of the RNA was assessed in a Bioanalyzer 2100 (Agilent,
Santa Clara, CA, USA). For poly(A)-RNA, Dynabeads™ mRNA Purification Kit (Invitrogen,
Paisley, UK) was used following manufacturer’s instructions over those samples with a RIN
value > 7. To avoid any RNA contamination, the process was repeated twice. For the
determination of the poly (A)-RNA quality a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA)
was employed. The total concentration was determined with a Qubit 4 Fluorometer
(Invitrogen, Paisley, UK) and Qubit RNA HS, High Sensitivity, Assay Kit (Invitrogen, Paisley,
UK).
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6. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR).

For the cDNA synthesis, 500 ng of total RNA was used and retro-transcribed using the
iScrptTM ReverseTranscriptionSupermix (Bio-Rad, Hercules, CA, USA). qPCR was carried
out using 10 ng of cDNA and the SsoFastTM EvaGreen Supermix (Bio-Rad, Hercules, CA,
USA). The reaction was carried out in a thermal cycler CFX384TM Touch Real-Time PCR
(Bio-Rad, Hercules, CA, USA). The analyses were carried out as described by Cafias et al.
(2014) using the MAK3 model in the R package qpcR (Ritz and Spiess, 2008). For the RT-
gPCRanalysis, three technical replicates of each sample and three biological replicates were
performed. The results for maritime pine were normalized using the saposin-like aspartyl
protease (unigenel1135) and an RNA binding protein (unigene27526) as reference genes
(Granados et al., 2016). Several reference genes used to study expression in maritime pine
(Granados et al., 2016) were tested in gingko and magnolia. In ginkgo, the orthologs of
maritime pine saposin-like aspartyl protease (unigenel135), myosin heavy chain-related
(unigene13291) and of an RNA binding protein (unigene27526) were selected and used to
normalize the expression of the genes encoding GS. In magnolia, the ortholog of an RNA
binding protein (unigene27526) from maritime pine and Actin-7 from magnolia (Lovisetto
et al., 2015) were selected and used as reference genes. The different primers used for the

RT-qPCR experiments are presented in Table M1.

Table M1. List of primers used in RT-qPCR

Gene Organism Name Sequence (5’ = 3’) Primer sense
Gb_GS1b.1-F GATTGTTTGCCATGAATGAGGGT Forward
GbGS1b.1 Ginkgo bilob -
KGO PIodd  Gh Gs1b.1-R ATTCCACAAACAATGCAGCATC Reverse
_ , Gb_GS1b.2-F TCTCGTTGAATAAGCAGACCACA Forward
GbGS1b.2 Ginkgo biloba
Gb_GS1b.2-R ATTGTTCTCTTCTCAAACGCGC Reverse
Gb_GS1b.3-F GCTTGTGGAATAATGAGGTTCGT Forward
GbGS1b.3 Ginkgo bilob -
RGO PIOPA o1 GS1b.3-R GTCTCCGCAAACAGGCAATATC Reverse
CbGS1a Cirkoo biloh Gb_GS1a-F GTCGCCCTGCATCCAACATG Forward
n o pilioba
g Gb_GS1a-R TGAAGCACTCACGATTATGGCT Reverse
Gb_GS2-F ACTAACTGGAAAGCACGAGACT Forward
GbGS2 Ginkgo biloba - orwar
Gb_GS2-R GCCTTTTCCTTGCTTCTCTGTT Reverse
Saposin-like Gb_1135-F AGTGTTCTTGTTCGACATTCCA Forward
tyl Ginkgo bilob
Sk inkgo vitond Gb_1135-R GCATTTGTAGCCAGCACTTTGA Reverse
protease
Myosinheavy . . Gb_13291-F TGAAAGCAGAAGTCTCCACATGA Forward
n oopliova
chain-related 9 Gb_13291-R CAATGCTTCCCTTGCCTCAAAC Reverse
RNAbinding .. . Gb_27526-F  GAACACAAGCAAATCTCCTCTTTC Forward
n O pilioba
protein g Gb_27526-R TGCATCTATCGTGACCCAAGAG Reverse
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MgGS1b.1

MgGS1b.2

MgGS1b.3
MgGS1la
MgGS2

Actin

RNA binding
protein

PpGS1la
PpGS1b.1

PpGS1b.2

RNA-binding
protein
Saposin-like
aspartyl
protease

PpNR
PpNiR
PpNPF.1
PpNPF1.2
PpNPF1.3
PpNPF2.1
PpNPF2.2
PpNPF3.1
PpNPF4.1
PpNPF4.2
PpNPF4.3
PpNPF4.4

PpNPF5.1

Magnolia
grandiflora
Magnolia
grandiflora
Magnolia
grandiflora
Magnolia
grandiflora
Magnolia
grandiflora
Magnolia
grandiflora
Magnolia
grandiflora

Pinus pinaster
Pinus pinaster
Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster
Pinus pinaster

Pinus pinaster

Mg GS1b.1-F
Mg GS1b.1-R
Mg GS1b.2-F
Mg GS1b.2-R
Mg GS1b.3-F
Mg GS1b.3-R
Mg GS1la-F
Mg GS1a-R
Mg GS2-F
Mg GS2-R
Mg Actin-F
Mg Actin-R
Mg 27526-F
Mg 27526-R
qPp_GS1a-F
qPp_GS1a-R
qPp_GS1b.1-F
gPp_GS1b.1-F
qPp_GS1b.2-F
qPp_GS1b.2-R
Pp_27526-F
Pp_27526-R
Pp_1135-F

Pp_1135-R

gqNR-F
gNR-R
gNiR-F
gNiR-R
qNPF1.1-F
gqNPF1.1-R
gNPF1.2-F
gNPF1.2-R
qNPF1.3-F
gNPF1.3-R
gNPF2.1-F
qNPF2.1-R
qNPF2.2-F
gNPF2.2-R
qNPF3.1-F
qNPF3.1-R
qNPF4.1-F
gqNPF4.1-R
qNPF4.2-F
qNPF4.2-R
gqNPF4.3-F
qNPF4.3-R
qNPF4.4-F
qNPF4.4-R
qNPF5.1-F
qNPF5.1-R

GCCCACCACATTATCTTCTTCA
TTGCCTCACAGACCCACTAAAA

TGAAGGACTTACAAAATACACCGG

GCAGCCACCCAGTTTGAAAATA
GGGCCTGAATTTCCATTGGTTT
CCTGCCTCTCTACAACCT CAAA
TGTCAAGAGAAAGCTTCCCTGT
CAACACTCAAGGTAAATGCCCA
TGACCCACCCCTTCTATATTATCA
TGCCAATCAAACAAACACCCA

CCATCACCGGAATCAAGCACAATA

CAAGGCCAACAGGGAGAAAATGAC

TGATGGCTGATAATTGGTGGTGA
GGCTATGTGATGGAGTGGGTC
ATCGAGGAGCTTCAGTTAGAG
TGGTCGTCTCAGCAATCATAGA
CCCAATTGTTTGTGGGGGATA
CTGAATGACAAACTAGACACTG
CCCAATCGTTTCTGTGGATTT
TGGCACTGACATTCACCAGT
AAGGCTGTCAAACCTGTCCAA
TTTAGCTATCAGGATGCCTCTG
AGTATGCTAAGGAATCGTGCCT

GTCCATAATTACACACGAACAGA

ATCCCCTCCCACATCCTGTTAT
ACAGAGATCAGGAGTGCTCAAT
TTCCAATTCTCATCCATCGCCA
TTTCTGAACACGTTGGACTTCG
AGCTGTCATGAGATGGAATGCA
GGAGTAGTTACACAGCACACCA
GAGGTGAGTCGAGGTCAGTTTT
TTTCGGCAGCAAAATCAGAACC
AAATTCAGAGGTGCGTCAGAGT
CCCGCAAAACATAGGACGATTC
CCGACATTACCTCATGCATAGC
ACAGGAGTGAGATGTTTTGCCA
GCAGTCTCATTGTCAGCATTGT
AATTGAGAGTCCCATATCCCGC
TCCCCACCAACCTCAACAGAG
CCACAACGAAAGGCTTGTAGGT
CGAGCACTTCCCCAGATGTATT
AGCTACCTAACTAGACTTGCGT
GTGGGTCGTGATATGGTCTGTA
TCTGCTTTGTAATCCCTATCACCA

GCTTTTCTATACGCTGCTCTGC
TATTTGTACCATCTCGCCCAGG

ACCTTTGTTTGACGTTGTAATCCC

AGTACCCAACATCAACGTCACA
GGAGCTTCAGTTGGCATTGGAG
TTGAGACGGGCTAGAAGTGGAG

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
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PpNPF5.2

PpNPF5.3

PpNPF5.4

PpNPF5.5

PpNPF5.6

PpNPF5.7

PpNPF5.8

PpNPF5.9

PpNPF5.10

PpNPF5.11

PpNPF5.12

PpNPF5.13

PpNPF5.15

PpNPF5.15

PpNPF6.1

PpNPF6.2

PpNPF6.3

PpNPF7.1

PpNPF7.2

PpNPF7.3

PpNPF7.4

PpNPF7.5

PpNPF7.6

PpNPF7.7

PpNPF7.8

PpNPF8.1

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

Pinus pinaster

qNPF5.2-F
qNPF5.2-R
qNPF5.3-F
qNPF5.3-R
qNPF5.4-F
qNPF5.4-R
qNPF5.5-F
qNPF5.5-R
qNPF5.6-F
qNPF5.6-R
qNPF5.7-F
qNPF5.7-R
qNPF5.8-F
qNPF5.8-R
qNPF5.9-F
qNPF5.9-R
qNPF5.10-F
qNPF5.10-R
qNPF5.11-F
qNPF5.11-R
qNPF5.12-F
qNPF5.12-R
qNPF5.13-F
qNPF5.13-R
qNPF5.14-F
qNPF5.14-R
qNPF5.15-F
qNPF5.15-R
qNPF6.1-F
qNPF6.1-R
qNPF6.2-F
qNPF6.2-R
qNPF6.3-F
qNPF6.3-R
qNPF7.1-F
qNPF7.1-R
qNPF7.2-F
qNPF7.2-R
qNPF7.3-F
qNPF7.3-R
qNPF7.4-F
qNPF7.4-R
qNPF7.5-F
qNPF7.5-R
qNPF7.6-F
qNPF7.6-R
qNPF7.7-F
qNPF7.7-R
qNPF7.8-F
qNPF7.8-R
qNPF8.1-F

TCTCTGAGTGCAATCAACCTTTGT
TGAAGCGAGGAGTGTTCTTTCC
CCCTGGGTATAGCTGTGTATTTGA
TTGTCAACGAACCAGCAACTCC
CCTTCGTACATTGGGCACTGTA
GACTTTCCCCGAGCAATGCATT
TTCATCGGCATGTTAGTTTGGA
TTCCTCTCCATTGCTCCTTCAA
TGCATACACACCAAAGGAAAGCT
CAACATACTTGCCCTTGACGCA
AAAAGGCGCCTGATTTTGGTTG
GCAGGCTTGGTCTTCTGTTGAG
GCTCATCATCACTTTTACCAGGGT
AAACTAAACCTGTCTAGCCCTGA
CGCAGAATAAAATGGCAGTCGT
ACTGGCATTCAATTCAGGTACCT
AGGCATTAACAGAGGGCAGAG
ACCATCATCAAAAGCCT CTGGG
TGAAATAATTGGTAAGCCCCTCCA
TCGCAATACACATACCATATCCCA
TGACATTCACGACCATTTTGCT
ACTCCATCATGCATGTCCTGTT
CATGAGCTGCCTGTGGATATCA
TAGATTCCTGCATCATCCAGCC
CATTTAGCAAACACGGCCATGT
TGTCATCTGTTCGGGAGTTGAG
AGAGGGAAACAACTGAGGCTTT
TACTTCCCCATCCTCCTCT CAG
TGAGCTATGCAACCTTCAATCTTG
ACGACACTGCCCATTAGACTTT
GGGACACCTAAATATGCAGCTT
CTCTGGTCTCCTGCATGTACTC
TCGTATTTTGGGTCGAGGAAGG
CCCAAAAGGTATCTCGTTGCTG
TCGTTCGCATGGTTCTGTGTAT
GACGATTGGGTGTTCTCTCTGT
TATGTGCCTGCTTTCCATGAGA
GCCAGCGTTGTAAAGAAGTGTT
GACACACAGATTCCATGGCAAC
AATCTGTGTGAACTTGGAGCCA
GGCATTCCTTACAGCACTTGAC
TTGTCCATGGAACGTGCAATTC
ATGCTTATTACCACCAGAGGCG
CTCAATGCAGTCCACAACCAAA
TGTTTCCAAGTTTCAGGGTTGT
TCTCTACCTCACACCAAAATAGGA
TCTGTCCAAGGTTAGCAAAGGT
TTGACATGATCCAACCATCGCC
CCGTTGTCATTGCACCAAAAGA
CGGCCTTTTCTTATGTTATGTCAC
ACACGTTTAGATTTCAGGAGCG

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
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gNPF8.1-R CCGAGATCAAACTGCCTCTTCT Reverse
. GNPF8.2-F ATGCAGCTATCGTAGTGGTCTG Forward

PpNPF8.2 Pinus pinaster
gNPF8.2-R CCCAGTTTTGTTAAGCTAGGCA Reverse
PONPFE.3 pirus vinaster | ANPFB3F GTATGGATCTCAACATTGCGCC Forward

A nu 1

p P gNPF8.3-R CAAGCTGAAAACGCACAAGTCT Reverse
. GNRT3.1-F CAGTTTGCAAGTGTCTAGAACGG Forward

PpNRT3.1 Pinus pinaster
gNRT3.1-R CCTGTCAAGCCCACTACAATCT Reverse
o GNRT2.1-F TTAGATGCAGAAGGAGCCCAAA Forward

PpNRT3.2 Pinus pinaster
gNRT3.2-R AATGAGACTGGATGCGGGATAC Reverse
o GNRT3.3-F GCTGTCATTTCTTACCTCAACCA Forward

PpNRT3.3 P t

p 1MUS PINASEEr NRT3.4-R CGGTCCTTTTCAAGATTGTCGG Reverse
. GNRT3.4-F AGTGAACAGGGAGAATGCAAATG Forward

PpNRT3.4 Pinus pinaster
gNRT3.4-R ATACAGGACTCCACCCCTAAGT Reverse
PONRTZ.S pirus pinaster ANRT3SF TTTCCCTGGACATCATCACTGC Forward

. u

p p gNRT3.5-R TTAATTCTTCTGCGATGCCCTG Reverse
NRT2.1-F AGACCAAGGAGAACGGATACAA Forward
PpNRT2.1 Pinus pinaster 0 orwar
gNRT2.1-R CATTGAACGCTTGCTCTGATTT Reverse
. GNRT2.2-F GCTAATCGTGCTAATATGCCGC Forward

PpNRT2.2 Pinus pinaster
gNRT2.2-R TTGTTGAGCCTCTTACTTGCAG Reverse

7. Statistics

Statistical analyses not described in other subsections were performed using PRISM 8
(Graphpad, San Diego, CA, USA) and R packages. Data obtained from gene expression
quantification were analyzed using a multiple comparison two-way analysis of variance
(ANOVA) test. Differences between organs were not analyzed statistically. Tukey’s post hoc
test was used for the statistical analysis of the gene expression data. Pearson’s correlation
test was also used to evaluate the relationships between the gene expressions in the
different experiments. Differences and correlations were considered significant when the p
< 0.05.

For the correlation plot in Chapter 3, RT-qPCR expression data was employed for Pearson’s
correlation analyses and the plot was designed using the corrplot package for R

(https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html). Only

those Pearson’s correlation values that were significant (p< 0.05) are represented as dots.
8. Direct RNA sequencing.

From 2.74 to 4.4 pg of poly(A)-RNA was employed for the preparation of Nanopore DRS
libraries using the Nanopore Direct RNA Sequencing kit (SQK-RNA002, Oxford Nanopore

Technologies, ONT, Oxford, UK) according to manufacturer’s instructions. For the ligation
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of the poly(T) adapter to the mRNA, the samples were incubated for 15 min with T4 DNA
ligase (New England Biolabs, Ipswich, MA, USA) in the Quick Ligase reaction buffer (New
England Biolabs, Ipswich, MA, United States). For the synthesis of the first-strand cDNA
SuperScript III Reverse Transcriptase (ThermoFisher Scientific, Walthman, MA, USA) was
used together with the oligo(dT) adapter. The purification of the RNA-cDNA hybrid was
carried out using Agencourt RNAClean XP magnetic beads (Beckman Coulter, Brea, CA,
USA). DRS adapter was added by using T4 DNA ligase (New England Biolabs, Ipswich, MA,
United States) for 15 mininthe Quick Ligase reaction buffer (New England Biolabs, Ipswich,
MA, United States), followed by a second purification with Afencourt beads (Beckman
Coulter, Brea, CA, USA) as explained above.

The libraries were loaded into the R9.4 SpotOn Flow Cells (Oxford Nanopore Technologies,
ONT, Oxford, UK) and the sequencing were prolonged until all the active-nanopores were
depleted. @~ For the base calling ONT Guppy software was  used

(https://comunity.nanoporetech.com) and reads were filtered by quality (Q>8). Read

alignment was carried out with minimap2 software (Li, 2018) and with maritime pine root
transcriptome as reference (Ortigosa et al., 2022). The alignment parameters for DRS were
set as follows: -uf and -k14. The edgeR R package was employed in the identification of
differentially expressed transcripts. Transcripts were normalized by count per million
mapped read (cpm) and filtered (2 cpm in at least 2 samples) (Robinson et al.,, 2010).

Transcripts with False Discovery Rate < 0.05 were considered as differentially expressed.

9. Functional annotation and enrichment analyses

AGRIGO v2.0 web tool was employed for singular enrichment analysis (SEA) of the GO terms
under aplaying standar parameters and using the whole assembled transcriptome
annotation (Tian et al.,, 2017) as GO term reference. For the representative enriched GO

determination REVIGO with 0.5 as dispensability cutoff value was used (Supek et al., 2011).
10. Cloning.

In Chapter 1, the CDS of GS2 from Cyca revoluta was amplified by PCR from leaf cDNA
samples. The amplification was carried out using iProof HF Master Mix (Bio-Rad, Hercules,
CA, USA) and clonedinto the pJET1.2 vector (ThermoFisher Scientific, Walthman, MA, USA)
following the manufacturers’ instructions. Primersused for CrGS2 cloningare listed in Table

M2 and were designed from Cyca hawainsis GS2 genomic sequence.
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MATERIALAND METHODS

In the Chapter 2, in the search for new GSgenes in conifers, 3 genes in P. pinaster have been
identified in transcriptome databases that were named as PpGS1a, PpGS1b.1 and PpGS1b.2.
The cDNA of the three genes were amplified by PCR using iProof HF Master Mix (Bio-Rad,
Hercules, CA, USA) and cloned into the pJET1.2 vector (ThermoFisher Scientific, Walthman,
MA, USA) followingthe manufacturers’ instructions. The used primers were designed from
sequences obtained from the maritime pine transcriptome assembled in Cafias et al. (2017).
Primers are shown in Table M2. PpGS1a was obtained from amplified cDNA of emerging
needles (EN) isolated in Cafias et al. (2017). PpGS1b.1 and PpGS1b.2 were obtained from
amplified cDNA of developing root cortex (DRC) isolated in Cafias et al. (2017).

For the protein recombinant expression, the CDS of WT PpGS1b.1 and PpGS1b.2 were
subcloned into pET30a vector (Merck, Darmstadt, Germany) including a N-terminal 6xHis-
tag by PCR. For this task, Asel and Xhol sites were added to PpGS1b.1 5'and 3’ends
respectively while Ndel and Xhol sites were added to PpGS1b.2 5’'and 3’endings
respectively. These restriction sites along with the 6xHis-tag were introduced by PCR. Used
primers are listed in Table M2. The plasmid and PCR product were then cut using the
appropriate restriction enzymes and the PCR product was inserted into the plasmid using

T4 DNA ligase.

Table M2. List of primer for cloning

Gene Organism Application Name Sequence (5’ - 3’) Primer sense

PpGS1a Pinus Cloning in Pp_GS1a-F TCTCTTGAATCTTATCCCCTTCC Forward
pinaster pJET1.2 Pp_GS1a-R TACATATAGCTTATCAGTGACGC Reverse
PpGS1b.1 Pinus Cloning in Pp_GS1b.1-F CTTCCTCAGGTCGGGCTTG Forward
pinaster pJET1.2 Pp_GS1b.1-F CTGAATGACAAACTAGACACTG Reverse
PpGS1b.2 Pinus Cloning in Pp_GS1b.2-F GCTTCCCCTGCTTTAAGGG Forward
pinaster pJET1.2 Pp_GS1b.2-R TGGCACTGACATTCACCAGT Reverse

, His-TAF addition AGAAATTAATGCACCATCATCATCATCATT
PpGS1b.1 Pinus oty e CTCTACTGACGGATTTG Forward
pinaster in pET30a Pp_GS1b.1-F  AGAACTCGAGTCACTTCAAAAGGATGGTTG Reverse

. . AGAACATATGCACCATCATCATCATCATTC
ppastnz D H;;';?fbi‘ljoc::it:;“ PpGS1b.2-F TCTGTTGACAGATTTG Forward
pinaster in pET30a.2 Pp_GS1b.2-R AGAACATATGCACCATCATCATCATCATTC Reverse

- TCTGTTGACAGATTTG

CrGs2 Cyca Cloning in Cr_GS2-F4 TCGGGATTGGACATTCGTAGCAAGGCTAGA Forward
revoluta pJET1.2 Gr_GS2-R5 TCTCTTGAATCTTATCCCCTTCC Reverse

11. Site-directed mutagenesis

Attending to the characteristics and properties of the amino acids that differ between

GS1b.1 and GS1b.2, residues at position 264 and 267 were selected to be shifted between
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both isoenzymes. Site-directed mutagenesis has been carried out following Edelheit et al.
(2009). The WT CDS from those sequences included on the vector pET30a were amplified
by PCR using two reverse-complementary primers (Table M3) that already include the
mutation to be introduced. The primers were used separately in a PCR reaction using 50 or
500 ng of plasmid and 10 pmol of each primer. The final products of both reactions were
then mixed and hybridized. The PCR products were checked out in an agarose gel and then
purified using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Diiren, Germany).
Finally, the PCR product was digested with FastDigest® Dpnl (ThermoFisher Scientific,
Walthman, MA, USA) to degrade the vectorused as template for the amplification.

12. Bacteria transformation

pET30a including GS1b.1 and GS1b.2 CDS sequences and a N-terminal 6xHis-tag were
transformed in the Escherichia coli strain BL-21 (DE3) RIL (Agilent, Santa Clara, CA, USA).
Transformation was done by thermal shock. A total of 50-100 ng of plasmid was mixed with
100 uL BL-21 (DE3) RIL competent cells and the incubated in ice for 30 min. Afterwards,
cells are incubated at 42 °C for 1 min and then cooled in ice for unless 2 min, followed by
the addition of 900 uL of LB and 1 h incubation at 37 °C. Finally, cells are plated in LB-agar

medium with kanamycin and chloramphenicol to select cells which have introduced the

plasmid.
Table M3. List of primer for site-directed mutagenesis
. Primer
Gene Mutation Name Sequence (5’ = 3’)
sense

GS1b.1-K264E-F AAGAAGGGGGAATTGAAGTGATCAAAAAGGCC Forward

PpGS1b.1 264 Mutant
GS1b.1-K264E-R GGCCTTTTTGATCACTTCAATTCCCCCTTCTT Reverse
GS1b.2-E264K-F AAGAAGGTGGAATAAAAGTGATCCATAAGGCC Forward

PpGS1b.2 264 Mutant
GS1b.2-E264K-R GGCCTTATGGATCACTTTTATTCCACCTTCTT Reverse
GS1b.1-K267H-F GGGGGAATTAAAGTGATCCATAAGGCCATT Forward
PpGSIb1 267 Mutant o)1 1.K267H-R  AATGGCCTTATGGATCACTTTAATTCCCCC Reverse
GS1b.2-H267K-F GGTGGAATAGAAGTGATCAAGAAGGCCATT Forward

PpGS1b.2 267 Mutant
GS1b.2-H267K-R AATGGCCTTCTTGATCACTTCTATTCCACC Reverse
PpGS1b.1 Double GS1b.1-264,267-F GGGGGAATTGAAGTGATCCATAAGGCCATT Forward
P ) mutant GS1b.1-264,267-R AATGGCCTTATGGATCACTTCAATTCCCCC Reverse
PGS1b.2 Double GS1b.2-264,267-F GGTGGAATAAAAGTGATCAAGAAGGCCATT Forward
. ) mutant GS1b.2-264,267-R AATGGCCTTCTTGATCACTTTTATTCCACC Reverse
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13. Recombinant expression of proteins

For GS1b.1 and GS1b.2 protein expression, the bacterial clones were grown at 37 °C and 180
rpm in an orbital shaker in 500 mL of Luria-Bertani medium supplemented with kanamycin
(0.05 mg/mL) and chloramphenicol (0.034 mg/mL). When the optical density (OD) reached
a 0.5-0.6 value at 600 nm, cultures were tempered and isopropyl-f-D-thiogalactoside was
added to a final concentration of 1 mM to induce protein expression. Once the isopropyl-f3-
D-thiogalactoside was supplied the cultures were incubated at 25 °C and 120 rpm for 5 h,

after that, cells were collected by centrifugation and stored at -80 °C until use.

14. Protein purification

The bacterial pellet was resuspended in 5 mL of buffer A (Tris 50 mM pH 8; NaCl 300 mM;
imidazole 250 mM) with 4 mg of lysozyme and incubated for 30 min in ice, bacteria were
then lysed by ultrasonication with 20 pulses of 5 seconds at 20% amplitude with 5 seconds
rest between pulses in a Branson Sonifier® Digital SFX 550 (Branson Ultrasonics, CT, USA).
The soluble fraction was clarified by centrifugation (1,620 xg at 4 °C for 30 min). Proteins
from soluble fraction were purified by affinity chromatography with Protino Ni-TED Packed
Columns 2000 (Macherey-Nagel, Diiren, Germany) based on the His-tag tail. The soluble
fraction from bacterial lysate was loaded in a column previously equilibrated with buffer A.
Protein elution was performed by adding buffer B (Tris 50 mM pH8; NaCl 300 mM;
imidazole 250 mM) and a total of 9 mL of eluate was recovered in 1 mL fractions. Collected
fractions were quantified by Bradford (Bradford, 1976) and analyzed on SDS-page and
western-blot using GS-specific antibodies obtained from rabbit (Figure M1; Figure M2)
(Cantén et al, 1996). The fractions containing the proteins were concentrated with
Amicon® Ultra-15 Centrifugal Filters Ultracel®-100K (Merck-Millipore, Burlington,
Massachusetts, State of Virginia) with 100 kDa pores and the resulting concentrate was
stored in 50% (v/v) glycerol at -20 °C for posterior kinetic measurements and

physicochemical analyses.

15. SDS-PAGE and Western-blot analysis.

For SDS-PAGE analysis, loading buffer (30 mM Tris-HCI, pH 6.8, 1% (w/v) sodium dodecyl
sulfate (SDS), 10% (v/v) glycerol, 0.001% (w/v) bromophenol blue, 0.5 M 2-
mercaptoethanol) was added to the different samples which were then boiled for 5 min at

100 °C. Samples were immediately used for electrophoresis or stored at -20 °C until use.
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Electrophoresis of the GS recombinant proteins were carried out the different elution
fractions from the enzyme purification step in 12.5% (w/v) SDS-polyacrylamide gels
(Laemmli, 1970) loading a total of 10 pg of protein and 5 pL of All Blue Precision Plus
Protein™ Prestained Standard (Bio-Rad, Hercules, CA, USA) as marker ladder.
Polyacrilamide gels containing GS proteins were stained with Coomassie blue solution
(0.1% (w/v) Coomassie R-250, 10% (v/v) aceticacid, 40% (v/v) methanol) for 25 min and
then destained overnight (2% (v/v) acetic acid, 40% (v/v) methanol).For the obtention of
the SDS-PAGE gels images, a ChemiDoc XRS+ (Bio-Rad, Hercules, CA, USA) was employed
(Figure M1). For western blotting analysis, polyacrylamide gels were equilibrated for 10
minin Towbin transfer buffer (25 mM Tris, 192 mM glycine pH 8.3, 20% methanol) (Towbin
et al, 1979). Polyacrilamide gels were then electroblotted to nitrocellulose membrane
(Amershan Protran Premium 0.45 NC) in a Trans-Blot® Turbo™ Transfer System (Bio-Rad)
for 32 min at 18V. Nitrocellulose membranes were blocked for 1 h with 5% (w/v) of non-
fat milk powder dissolved in tween-phosphate buffered saline (TPBS): 1X PBS (3 mM K(],
140 mM Na(l, 1.47 mM KH;PO4, 5 mM Na;HPO,, pH 7.4) with 0.05% (v/ v) Tween-20. For
GS1b.1 and GS1b.2 protein detection, membranes were incubated at 4 °C overnight with GS-
specific antibodies obtained from rabbit (Cantén et al., 1996) in a 1:5000 dilution in TPBS
with 0.05% (w/v) of bovine serum albumin (BSA). Membranes were then washed 3 times
in TTBS for 10 minutes and incubated for 2 h at room temperature with a goat anti-rabbit
[gG-HRP antibody (Santa Cruz Biotechnologies) diluted in TPBS with 0.05% (w/v) BSAina
1:10.000 dilution. After the incubation with the secondary antibody, membranes were
washed twice with TPBS for 10 min and once with PBS for 10 min. For protein
immunodetection, Supersignal West Pico Chemiluminescent Substrate (ThermoFisher
Scientific, Walthman, MA, USA) was employed following manufacturer’s instructions.

Images were captures witha ChemiDoc XRS+ (Bio-Rad, Hercules, CA, USA) (Figure M2).
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Figure M1. SDS page analysis of GS1b.1 and GS1b.2 purification and concentration processes. Sol, soluble

fraction; B, binding fraction; W1, wash fraction 1; W2, wash fraction 2; EL1-9, elution fraction 1-9; C, concentrate

fraction.
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Figure M2. Western-blot page analysis of GS1b.1 and GS1b.2 purification and concentration processes. L,

molecular weight ladder; S, soluble fraction; B, binding fraction; W1, wash fraction 1; W2, wash fraction 2; EL1 -

9, elution fraction 1-9; C, concentrate fraction.
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16. GS Physicochemical assays

Physicochemical properties were determined by conducting the transferase assay as
described in Canovas et al. (1991). Reactions were carried out in 96 well microtiter plates
with a final reaction volume of 150 pL. The reaction mix contained 90.6 mM MOPS pH 7, 20
mM arsenate, 2.93 mM MnCl;, 60 mM NH20OH and 0.4 mM ADP. Different buffers were used
instead when determining the optimal pH level for the activity of the different isoforms:
acetate (4.5-5); MES (6-6.5); HEPES (7-7.5); Tris (8-8.5); and sodium carbonate (9-10). The
reaction was initiated by adding glutamine in a final concentration of 120 mM and, after 15
minutes of incubation at 37 °C, 150 pL of STOP solution (10% FeCls « 6 H,0 in HCI 0.2 N;
24% trichloroacetic acid and 5% HCl) was added to stop the reaction. Finally, the plate was
centrifugated for 3 minutes at 3220 x gand 100 pL of the reaction volume were withdrawn
forits absorbance measurement at 540 nm in a PowerWave HY (BioTek, Winooski, VT; USA)
plate lector. For thermostability characterization, proteins were preincubated at different

times and temperatures before adding the reaction mix.

17. GS Kinetic assays

For the quantification of the kinetic properties, biosynthetic assays were carried out as
described by Gawronski and Benson (2004) with some modifications. Reactions were
conducted in 96 wells microtiter plates in a final volume of 100 pL and GS activity was
determined as a function of NADH absorbance depletion at 340 nm in a coupled reaction
using lactate-dehydrogenase (LDH, EC 1.1.1.27) and pyruvate kinase (PyrK, EC 2.7.1.40).
For GS activity, the following reaction mix was used: 50 mM Hepes pH 7, 10 mM MgCl;, 60
mM NH,4Cl, 250 mM glutamate, 6.25 mM ATP, 1 mM phosphoenolpyruvate, 0.6 mM NADH,
1 U PyRK and 1 U LDH. Reactions were pre-incubated for 5 minutes at 37 °C and the GS
activity was initiated by adding different concentrations of the substrate that is being
analyzed. Reactions were developed for 40 min at 37 °C with shaking and absorbance
measurement at 340 nm each minute. Analysis of the kinetic characteristics of GS1b.1 WT,
GS1b.2 WT and their mutants were performed with GraphPad Prism 8.0.0 (GraphpPad, San
Diego, CA, USA).
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Abstract: Nitrate and ammonium are the main forms of inorganic nitrogen available to
plants. The present study aimed to investigate the metabolic changes caused by ammonium
and nitrate nutrition in maritime pine (Pinus pinaster Ait.). Seedlings were grown with five
solutions containing different proportions of nitrate and ammonium. Their nitrogen status
was characterized through analyses of their biomass, different biochemical and molecular

markers as well as a metabolite profile using 1H-NMR. Ammonium-fed seedlings exhibited
higher biomass than nitrate-fed-seedlings. Nitrate mainly accumulated in the stem and
ammonium in the roots. Needles of ammonium-fed seedlings had higher nitrogen and
amino acid contents but lower levels of enzyme activities related to nitrogen metabolism.
Higher amounts of soluble sugars and L-arginine were found in the roots of ammonium-fed
seedlings. In contrast, L-asparagine accumulated in the roots of nitrate-fed seedlings. The
differences in the allocation of nitrate and ammonium may function as metabolic buffersto
prevent interference with the metabolism of photosynthetic organs. The metabolite profiles
observed in the roots suggest problems with carbon and nitrogen assimilation in nitrate-
supplied seedlings. Taken together, this new knowledge contributes not only to a better
understanding of nitrogen metabolism but also to improving aspects of applied mineral
nutrition for conifers.

Keywords: Pinus pinaster; nutrition; nitrate; ammonium; nitrogen use efficiency (NUE)

149



APPENDIX

1. Introduction

Nitrogen (N) is an essential element forlife because it is a main constituent of biomolecules
such as nucleic acids, proteins, chlorophylls, and hormones [1]. For plants, N is the main
limiting nutrient due to the high amount that is needed to maintain sustained growth and
its low availability in soil [2]. Although molecular dinitrogen is highly abundant in the
atmosphere, it is not directly available to plants because it can only be assimilated by plant
species in symbiosis with diazotrophic bacteria [2]. In the soil, there are different organic
and inorganic forms of N that can be incorporated by plants. Nevertheless, the amount and
proportions of these N molecules change depending on the climate and soil conditions as
well as biological competition such as the decrease of soil nitrification caused by secondary

metabolites from plant root exudates that inhibit the growth of nitrifying microorganisms

[3].

The main formsof inorganic N that are available to plants in soil are ammonium and nitrate
[4]. Their relative abundances in the soil have an important relationship because of the
nitrification performed by microorganisms in the rhizosphere [5]. Ammonium is the initial
substrate of the nitrification process, which is carried out under aerobic conditions and
depends on temperature and pH [6]. Overall, plants tolerate or prefer different inorganic N
formsdepending on the soil in which they are grown. Most crops are adapted to temperate
climates, so they grow well with N in the form of nitrate. Due to the economic importance
of this fact, nitrate plant nutrition has been widely studied and is quite well understood [7-
9]. The strong dependence of cropyield on N supply causes large amountsof N fertilizersto
be applied to agricultural soils. This is economically and environmentally costly because it
increases production costs and promotes environmental problems [8]. However, plants that
are adapted to soils with low nitrification rates, such as rice or conifers, prefer or tolerate

ammonium nutrition [10].

The assimilation of N into organic molecules always requires that N be in the form of
ammonium. Thus, nitrate is reduced by nitrate reductase (NR, EC 1.7.1.1) using reduced
nicotinamide adenine dinucleotide (NADH) and producing nitrite in the cytosol. Nitrite is
toxic and quickly reduced in plastids by nitrite reductase (NiR, EC 1.7.2.1) using six
molecules of reduced ferredoxin to produce ammonium. Nitrate reduction is a highly
energy-consuming process that, depending on the plant species, takes place in the shoots or
in the roots. The energy for the process comes from photosynthesis and is mainly expended
in the NiR reaction. NiR employs ferredoxin that is directly reduced by the photosynthetic

electron transport chain in photosynthetic tissues or is indirectly reduced by NADPH
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(reduced nicotinamide adenine dinucleotide phosphate): ferredoxin oxidoreductase (EC
1.18.1.2) in the amyloplasts of non-photosynthetic tissues using NADPH obtained from the
photoassimilates that are transported from shoots to roots [1]. Ammonium is assimilated
by the glutamine synthetase (GS, EC 6.3.1.2) /glutamate synthase (GOGAT, NADH-
dependent EC 1.4.1.14; ferredoxin-dependent EC1.4.7.1) cycle. GS produces glutamine from
glutamate and ammonium expending one molecule of adenosine triphosphate (ATP).
Glutamine is used by GOGAT with 2-oxoglutarate to produce two molecules of glutamate
using the reduction power of NADH or ferredoxin depending on the enzyme isoform. One
glutamate molecule feeds the cycleand the other is the net product of the cycle. ferredoxin-
GOGAT is mainly expressed in photosynthetic tissues, while NADH-GOGAT is more highly
expressed in non-photosynthetic tissues [11]. In angiosperms and ginkgo, there is usually
one gene encoding GS localized in the chloroplasts, GS2, and several genes encoding
cytosolic isoforms, called GS1 [12]. GS2 and ferredoxin-GOGAT act in the photosynthetic
tissues and have important roles in the re-assimilation of ammonium released during
photorespiration and the assimilation of ammonium from nitrate reduction [13]. GS1 and
NADH-GOGAT manage the assimilation of N in roots and the reallocation of N in different
metabolic and physiological processes such as senescence, fruit filling or stress responses
[12,14,15]. All N compounds in plants are derived from the glutamine and glutamate

produced in this cycle mainly through aminotransferase reactions [1].

Nitrate can be stored in plant vacuoles until its use without causing problems [16]. Nitrate
is preferentially accumulated in different organs depending on the species and is
remobilized from vacuoles to be reduced under adequate light conditions when
photosynthesis is active because nitrate reduction is coupled to photosynthetic energy
production [17]. However, excessive amounts of ammonium are toxic for most plant species
even if large amounts of ammonium can be stored in the vacuoles [18]. Among the
symptoms caused by ammonium excess there are chlorosis, growth suppression, yield
depression, declines in cations such as potassium, calcium, and magnesium, increases in

amino acids, and decreases in dicarboxylic acids such as malic acid, etc. [10].

Conifers are trees with long lifespans and life cycles, most of which have perennial leaves.
Conifers covervast areas of planet Earth. This confers extraordinary ecological importance
to these plants because their forests are widely extended ecosystems, mainly located in the
Northern Hemisphere [19]. Additionally, they represent a remarkable source of raw
materials, such as wood or resin, for human use. Sustainable forest management is essential

for obtaining adequate yields of these biomaterials
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while also conserving these ecosystems. As for all other plants, N is essential for conifer
growth [20]. Most conifers prefer ammonium as the main inorganic N form for their growth
[10,21,22]. This preference could be linked to the photorespiration process. It has been
observed that pine saplings fed with nitrate as their sole N source grew slowly under high
atmospheric CO2 concentrations and showed low photorespiration rates under normal or
low atmospheric CO2 concentrations [23]. Interestingly, conifers have no GS2; rather, they
have a cytosolicisoform, GS1a, in their photosynthetic tissues that has roles similar to those

of GS2, including re-assimilation of ammonium released from photorespiration [14,24].

Maritime pine (Pinus pinaster Ait.) is a conifer tree from the southwestern Mediterranean
region with great environmental and economic importance in France, Portugal, and Spain.
However, it is also cultured and utilized in other regions. In some cases, it has become an
invasive species, particularly in South Africa [25]. This species grows better with
ammonium than with nitrate nutrition [20]. Despite its high phenotypic plasticity and high
toLérance to abiotic stresses [26,27], this tree is adapted to live in temperate regions where
conditions favor soil nitrification, at least during the warm seasons. Additionally, maritime
pine has a complete set of transporters related to nitrate transport, including at least 40
members of the Nitrate Transporter 1/Peptide Transporter family (NPF) and 2 members of
the Nitrate Transporter 2 family (NRT2), and an expanded family of nitrate transport
regulators, 6 NRT3 [28]. The characterization of the response to inorganic nitrogen
nutrition is of paramount importance to understand the development of plants, including
trees, which havelong life cycles. The aim of the present work is to determine the metabolic
changes that the inorganic N form, nitrate orammonium, causes in maritime pine seedlings.
The main goals are to determine the differences in the incorporation rates of two inorganic
nitrogen forms (nitrate/ammonium) and to analyze the effects that both nitrogen forms
have on the growth and metabolism of pine seedlings, providing information that may serve

as a precedent for future works on nitrogen nutrition in maritime pine and conifers.

2. Results

2.1. Biomass Accumulationand Seedling N Content in Response to Ammonium and Nitrate
Supply

The main goal of the present work was to evaluate the effect of the inorganic N form on
maritime pine seedlings. Five different nutritional conditions were tested (Figure 1), all
with a total N concentration of 8 mM but with different proportions of ammonium and
nitrate (8/0 mM; 6/2 mM; 4/4 mM; 2/6 mM; and 0/8 mM, respectively). The first and most

obvious effect of the different N sources was the differential biomass accumulation among
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seedlings (Figure 1a,b). Biomass decreased with the increase in nitrate content in the
supplied solution, which was statistically significant in the case of seedlings fed with 8 mM
nitrate. However, this effect was mainly caused by the root biomass where there were
significant differences among seedlings. No differences among treatments were found in
needle and stem biomass. This caused the root:shoot ratios to be significant higher in the
seedlings supplied with moreammonium (Figure 1c). The water content was clearly higher
in the roots than in the rest of the organs (Figure 1d). There were some differences in the
water content between treatments in stem and roots with a slight tendency of alower water

content in the seedlings supplied only with nitrate.
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Figure 1. Biomass accumulation, root:shoot ratio, and water contentin the different organs (needles, stem, and
roots) of pine seedlings under the nutrient treatments. (a) Photographs of two seedlings stem, and roots) of pine
seedlings under the nutrient treatments. (a) Photographs of two seedlings after treatment with 8 mM

ammonium and 8 mM nitrate; (b) Biomass accumulation in the whole after treatment with 8 mM ammonium
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and 8 mM nitrate; (b) Biomass accumulation in the whole seedling and the different organs (needles, stem, and
roots); (c) Root:shoot ratio; (d) Water content. seedling and the different organs (needles, stem, and roots); (c)
Root:shoot ratio; (d) Water content. Red columns correspond to 8 mM+NH4+ supply; orange columns
correspond to 6 mM+ NH4+/2 mM- columns correspond to 8 mM NH4 supply; orange columns correspond to
6 mM NH4 /2 mM NO3 NO3- supply; blue columns correspond to 4 mM N+H4+/4 mM NO-3- supply; yellow
columns correspond supply; blue columns correspond to 4 mM NH4 /4 mM NO3 supply; yellow columns
correspond to 2 mM NH4+/6 mM NO3-supply; grey columns correspond to 8 mM NO3- sup ply. Significant to 2
mM NH + /6 mM NO - supply; grey columns correspond to 8 mM NO - supply. Significant differences were
determined with a one-way ANOVA for each organ or entire seedling. Letters above differences were determined
with a one-way ANOVA for each organ or entire seedling. Letters above the columns show significant differences
based on a Newman-Keuls post-hoc test (p < 0.05). Boxplots the columns show significant differences based on
a Newman-Keuls post-hoc test (p < 0.05). Boxplots show minimum, maximum, and median values with n = 6 for
biomass and root:shoot ratio. Error bars show minimum, maximum, and median values with n = 6 for biomass

and root:shoot ratio. Error bars show SE with n = 3. FW corresponds to fresh weight.

Ammonium mainly accumulated in the roots of the pine seedlings (Figure 2a). There were
significant differences between ammonium-fed and nitrate-fed seedlings in every organ;
these differences were mostevidentin the roots where there weas 3 times moreammonium
in the seedlings fed only ammonium than in those fed only nitrate. When the ammonium
and nitrate contents were compared, the ammonium levels were higherin almostevery case
except in the stems of plants supplied with more nitrate (Figure 2a,b). The differences were
more evident in the roots where the ammonium content was between 30-10 pmol g-1 dry
weight (DW) and the nitrate content was approximately 1-2 pmol g-1 DW. There were no
significant differences in the nitrate content among treatments, although there was a
tendency for seedlings supplied with higher amounts of nitrate to accumulate nitrate in
their stems (Figure 2b). However, there was an evident partitioning of nitrate accumulation
between organs, with nitrate accumulation being higher in stems than in roots (nearly four
times higher) and not being detected in needles. The form of inorganic N did not have an
evident effect on the N content in the different organs (Figure 2c). The only significant
differences were that the N content in the needles was higher in the seedlings supplied with
higher amounts of ammonium (Figure 2c). In the rest of the organs, no significant
differences were observed, though the N content was generally lower in the seedlings fed
only nitrate. The patterns above resulted in significant differences differences in the
carbon:nitrogen (C:N) ratios in the needles, which were higher in the seedlings in the
carbon:nitrogen (C:N) ratios in the needles, which were higher in the seedlings supplied
with supplied with more nitrate. There were no significant differences in the C:N ratios in
the rest of the more nitrate. There were no significant differencesin the C:N ratios in the
rest of the organs, although organs, although the ratio was slightly higher in the seedlings
fed only nitrate (Figure 2d). This is the ratio was slightly higher in the seedlings fed only
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nitrate (Figure 2d). This is because there were because there were no significant differences
in the carbon (C) content among the seedlings. The no significant differences in the carbon
(C) content among the seedlings. The nitrogen use efficiency nitrogen use efficiency (NUE)
reflects differences among treatments in N uptake (Figure 2i) but not (NUE) reflects
differences amongtreatments in N uptake (Figure 2i) but not in N utilization (Figure 2h). in
N utilization (Figure 2h). The nitrogen utilization efficiency (NUtE) was slightly higher in
seedlings The nitrogen utilization efficiency (NUtE) was slightly higher in seedlings
supplied with more nitrate, supplied with more nitrate, while the nitrogen uptake efficiency
(NUpE) tended to be higher in while the nitrogen uptake efficiency (NUpE) tended to be
higher in seedlings fed with more ammonium, seedlings fed with more ammonium, with
significant differences from the seedlings only supplied with significant differencesfrom the

seedlings only supplied withnitrate.
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Figure 2. Profiles of plant N status markers in different organs (needles, stem, and roots) of pine seedlings Figure
2. Profiles of plant N status markers in different organs (needles, stem, and roots) of pine under the nutrient
treatments. (a) Ammonium content; (b) Nitrate content; (c) N content; (d) C:N ratio; (e) seedlings under the

nutrient treatments. (a) Ammonium content; (b) Nitrate content; (c) N content; Soluble protein content; (f) Total
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free aminoacid content; (g) Total chlorophyll contentin pine seedling (d) C:N ratio; (e) Soluble protein content;
(f) Total free amino acid content; (g) Total chlorophyll content needles; (h) Nitrogen utilization efficiency (NUtE)
in the seedlings under the different treatments; (i) in pine seedling needles; (h) Nitrogen utilization efficiency
(NUtE) in the seedlings under the different Nitrogen uptake efficiency (NUpE) in the seedlings under the
different treatments. Red columns treatments; (i) Nitrogen uptake efficiency (NUpE) in the seedlings under the
different treatments. Red columns correspond to 8 mM NH4 supply; orange columns correspond to 6 mM NH4
/2 mM NO3 supply; blue columns correspond to 8 mM NH4 supply; orange columns correspond to 6 mM NH4
/2 mM NO3 supply; blue columns correspond to 4 mM NH4 /4 mM NO3 supply; yellow columns correspond to
2 mM NH4 /6 mM supply; blue columns correspond to 4 mM NH4 /4 mM NO3 supply; yellow columns
correspond 2 mM NH4 /6 mM NO3 supply; grey columns correspond to 8 mM NO3 supply. Significant
differences were determined with a one-way ANOVA for each organ or entire seedling. Letter above the columns

show significant differences based on a Newman-Keuls post-hoc test (p < 0.05). Error bars show SE with n = 3.

Additionally, different indicators of the N status that are usually considered N sinks were
measured. Soluble proteins and total chlorophylls are two good markers of the N content
[2]. In the present work, there were no significant differences in these two parameters
among the nutrient treatments (Figure 2ge). However, soluble proteins tended to
accumulate more in needle and root samples from seedlings fed with higher amounts of
nitrate (Figure 2e). An additional analyzed N marker was the free amino acid content
(Figure 2f).In the needles, significantly lower levelsof amino acids were detected when the
plants were supplied only with nitrate than when the plants were grown under the other
conditions. No significant differences were observed in the amino acid levels of the stems
and roots among the different treatments, although there was a tendency for plants

supplied only with nitrate to accumulatelower levels of amino acids.

2.2. 15N-labeled Ammonium and Nitrate Uptake

Considering the results for NUpE, the N uptake ws analyzed with 15N-labeled ammonium
and nitrate (Figure 3). One-month-old seedlings were fed with 7.5 mM of 15N-labeled
ammonium or nitrate. The N incorporation was determined through the measurement of
the 15N content in the different organs. As expected, 15N accumulation was much higher in
the roots than in the other organs (Figure 3a-c). In every organ, the 15N incorporation
during the first 30 min was higher in nitrate-fed seedlings than in ammonium-fed seedlings.
From the first hour, there was an inversion of this trend, with higher 15N incorporation in
the ammonium seedlings. This was due to an increase in 15N accumulation from 30 minto
2 h, although the amountin stems and roots was stable from 2 hto the end of the experiment
in the ammonium-fed seedlings, and the 15N content stabilized in seedlings fed with nitrate
(Figure 3a-c,g). This was statistically significant in roots and in whole seedlings, although

the profiles were similar for every organ. The 15N incorporation rate was very high for the
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first 15 min in nitrate-fed seedlings, followed by an extreme decrease in the 15N
incorporation until the end of the experiment (Figure 3h). For the ammonium condition, the
incorporation rate increased from 15 min to one hour, maintaining its value until 2 h and
decreasing to minimum levels at the end of the assay (Figure 3h). The distribution of 15N
was analyzed using the percentage of 15N in each organ withrespect to the total 15N in the
seedlings (Figure 3d-f). In the needles and stems, the percentages of 15N were higher in
nitrate seedlings than in ammonium seedlings from 15 and 30 min to the final point,
although the difference was only significant in needles. However, these percentages were
inverse in the roots, being higher in ammonium-fed seedlings than in nitrate-fed seedlings

at every time point.
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Figure 3. 15N incorporation in different organs (needles, stem, and roots) of pine seedlings under the Figure 3. N
incorporation in different organs (needles, stem, and roots) of pine seedlings under the two nutrient treatments.
The red line corresponds to 7.5 mM 5N-labeled ammonium. The blue line two nutrient treatments. The red line
corresponds to 7.5 mM 1N-labeled ammonium. The blue line corresponds to 7.5 mM 1>N-labeled nitrate. 15N
amount in needles (a); stems (b); roots (c); and the whole seedling (g). Percentage of 1°N contained in needles
(d); stems (e); and roots (f) with respect to whole seedling. 15N Incorporation rate in the seedling (h). Differences
between to the amount in the whole seedling. N Incorporation rate in the seedling (h). Differences between
treatments were determined with a two-way ANOVA. Significant differences are indicated with crosses crosses
(++ at p < 0.01). Differences between treatments in each individual time point were determined with a
Bonferroni post-hoc test. Significant differences are indicated with asterisks on top of the columns: * at columns:

*atp < 0.05;**atp<0.01, **atp <0.001. Error bars show SE with n=3.P

2.3. Enzyme Activity and Gene Expression Profiles

Some of the enzymatic activities and the expression levels of genes coding for the main
actors in N metabolism were measured in the present work (Figure 4). GS activity was
higher in needles than in stems and roots (by 2-3 times) (Figure 4a). In needles, GS activity

was significantly higher only in the nitrate-fed seedlings and tended to increase with the
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nitrate supply. The opposite effect was observed in the stem, with a significant decrease in
GS activity inthe 8 mM nitrate treatment and a tendency to decrease with the nitrate supply.
The different treatments did not have a clear effect on glutamate dehydrogenase (GDH)
activity, although in the stems, there were significant differences (Figure 4b). The GDH
activity increased from the top to the bottom of the seedlings. There was a slight and not
statistically significant increase in GDH activity in the needles in parallel to the increase in
the nitrate supply. Alanine and aspartate aminotransferase (AspAT and AlaAT, respectively)
activities increased from the needles to the roots and were, in general, significantly higher
under the conditions with more nitrate, except for the AspAT activity in the roots where no

significant differences were observed (Figure 4c,d).
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Figure 4. Enzyme activity in the different organs (needles, stem, and roots) of pine seedlings under the nutrient
treatments. (a) glutamine synthetase (GS, EC 6.3.1.2) activity; (b) Glutamate dehydrogenase (GDH, EC 1.3.1.3)
activity; (c) Alanine aminotransferase (AlaAT, EC 2.6.1.2) activity; (d) Aspartate aminotransferase (AspAT, EC
2.6.1.1) activity. Red columns correspond to 8 mM NH4+ supply; orange columns correspond to 6 mM NH4+ /2
mM NO3- supply; blue columns correspond to 4 mM NH4+/4 mM NO3- supply; yellow columns correspond to
2mM NH4+/6 mM NO3- supply; grey columns correspond to 8 mM NO3- supply. Significant differences were
determined with one-way ANOVA for each organ or entire seedling. Letters above the columns show significant

differences based on Newman-Keuls post-hoc test (p < 0.05). Error bars show SE with n = 3.
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The expression of the gene encoding nitrate reductase (PpNR) was mainly observed in the
needles and roots and wasvery low in the stems (Figure 5a). In roots, PpNR expression was
significantly lower in plants under 8mM nitrate supply, with the highest expression in the
roots of seedlings under 8mM ammonium. The expression profile of the gene encoding
nitrite reductase (PpNiR) was similar to that of PpNR, with two exceptions, the expression
in needles was low in comparison to that in roots, and the differences in the roots between
treatments were not significant, although the profile was the same as that for PpNR
expression (Figure 5b). The expression of both GS genes, PpGSla and PpGS1b, had no
significant differencesamongtreatments (Figure 5c,d). PpGS1awas mainly expressed in the
needles, while PpGS1b was expressed in all the organs, especially in the roots, where the
levels were twice those in the needles and stems. The expression profile of the gene
encoding ferredoxin-dependent glutamate synthase (PpNADH-GOGAT) amongorganswere
similar to those observed for PpGS1b, with higher levels in the roots thanin the other organs
(Figure 5f). Additionally, the expression of PpNADH-GOGAT in the stems changed
significantly amoing the treatments; the highest expression was observed in the seedlings
with 6 mM ammonium /2 mM nitrate. Lower expression was observed in the seedlings with
8 mM ammonium and 8 mM nitrate with a tendency to diminish its expression with the
increase in the nitrate supply. Furthermore, the expression levels of genes encodings
enzymes involved in the first use of assimilated N in the form of glutamate were analyzed,
i.e, aspartate aminotransferase (PpAspAT), alanine aminotransferase (PpAlaAT), and
glyoxylate-glutamate aminotransferase (PpGGT). For all three pine PpAspAT genes, there
was no clear expression profile related to the nutritional treatments, although in most of
the cases, the expression level in 8 mM ammonium-fed seedlings was the lowest (Figure 5g-
i). Only PpAspAT1 expression in the roots exhibited some significant differences, being
higher in the 8 mM nitrate treatment than in the 6 mM ammonium /2 mM nitrate and 2 mM
ammonium/6 mM nitrate treatments. PpAspAT1 encodes a cytosolic protein, and the
expression levels among organs were similar. However, the product of PpAspAT2 has a
predicted mitochondrial location, while that of PpAspAT3 has a putative chloroplastic
location. PpAspAT2 was most highly expressed in roots (Figure 5h), and PpAspAT3 was
most highly expressed in needles (Figure 5i). PPAlaAT1, which produces a mitochondrial
localized protein, had a moderate expression that was higher in the roots (Figure 5j).
Nevertheless, PpAlaAT2 expression was extremely low and almost residual (Figure 5k) As
expected, the expression of the PpGGT gene was very high in the needles and did not show
significan differences among treatments despite its lower expression in the 8 mM
ammonium and 8 mM nitrate seedlings in comparison to that for the rest of the conditions,

especially in the 6 mM ammonium /2 mM nitrate treatment (figure 51).
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PpNR relative expression
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Figure 5. Gene expression profiles in the different organs (needles, stem, and roots) of pine seedlings under the
nutrient treatments. (a) Nitrate reductase (PpNRT); (b) Nitrite reductase (PpNiR); (c) Glutamine synthetase 1a
(PpGS1a); (d) Glutamine synthetase 1b (PpGS1b); € Ferredoxin dependent glutamate synthase (PpFd -GOGAT);
(f) NADH-dependent glutamate synthase (PpNADH-GOGAT); (g) Aspartate aminotransferase 1 (PpAspAT1); (h)
Aspartate aminotransferase 2 (PpAspAT2); (i) Aspartate aminotransferase 3 (PpAspAT3); (j) Alanine
aminotransferase 1 (PpAlaAT1); (k) Alanine aminotransferase 2 (PpAlaAT2); (1) Glyoxylate-glutamate
aminotransferase (PpGGT). Red columns correspond Red columns correspond to 8 mM NH4+ supply; orange
columns correspond to 6 mM NH4+/2 mM NO3- supply; blue columns correspond to 4 mM NH4+/4 mM NO3-
supply; yellow columns correspond to 2ZmM NH4+/6 mM NO3- supply; grey columns correspond to 8 mM NO3-
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supply. Significant differences were determined with one-way ANOVA for each organ or entire seedling. Letters
above the columns show significant differences based on Newman-Keuls post-hoc test (p < 0.05). Error bars

show SE with n=3.

3. Discussion

The preference of conifers for different inorganic N forms has been previously discussed in
different works [21,22,29]. Depending on the species habitat, including climatic and soil
conditions, conifers show preferences for the uptake and utilization of am monium or nitrate
[22]. Most of the conifers are toLérant to ammonium [20,30]. In the case of P. pinaster, its
growthis higher withammonium than with nitrate [21], although itis a conifer species with
extensive families of nitrate transporters (NPF and NRT2) and transport regulators (NRT3)
[28] and also lives in the Western Mediterranean region where climate conditions can
promote high nitrification rates in the soil. In this context, the goal of the present work was
to identify the main changes caused at the metabolic level by ammonium or nitrate supply

in maritime pine seedlings.

The results included in this study considerably expand the knowledge of N nutrition in
maritime pine provided by previous reports. The seedlings with a higher ammonium supply
grew better (Figure 1), but the whole plants also accumulated more N through higher N
uptake efficiency (NUpE) (Figure 2). In fact, the 15N labeling experiment supported this
observation; the ammonium uptake in seedlings was higher, and there was a high
incorporation rate (at the umolar level) during most part of the experiment (Figure 3).
Interestingly, the differential biomass accumulation took place mainly in the roots, causing
an increase in the root:shoot ratio in ammonium-fed seedlings. The application of high
amounts of ammonium usually inhibits root growth and decreases the root:shoot ratio in
plants [10]. In maritime pine seedlings, it seems that root growth increases following
ammonium application, or at least, the growth inhibition is lower than that in seedlings fed
withnitrate (Figure 1). Inconifers, the root growth and the root:shootratio vary depending
on the N source, which caninclude organic compoundssuch as L-arginine, which favorsroot
development and a high root:shoot ratio [31]. In fact, this is considered a good trait for the
field establishment of conifer seedlings [31,32]. Thus, the above results support the
preference of maritime pine for ammonium as an inorganic N form over nitrate and suggest
that the ammonium preference promotes beneficial root development. In this context, roots
were the only organ with significant differencesin metabolite content among treatments in

the present study (Figure 6, Table S1). This is significant considering that roots seem to be
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the organ where primary N assimilation occursin pine (Figure 5), despite the resolution of

the analytical procedure being only in the mM range (400 MHz NMR spectrometer).
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Figure 6. Main significant metabolites in the roots of seedlings fed 8 mM ammonium or 8 mM nitrate. Red
columns correspond to 8 mM NH4+ supply; blue columns correspond to 8 mM NO3- supply. Metabolites
highlighted in red were significantly more accumulated in the roots of seedlings fed 8 mM ammonium.

Metabolites highlighted in blue were significantly more accumulated in the roots of seedlings fed 8 mM nitrate.
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GSSG: Oxidized glutathione; PEP: Phosphoenolpyruvate; L-Phe: L-Phenylalanine. Significant differences were
determined with a t-test (FDR < 0.05). Error bars show SE with n = 3.

The N content clearly increased in the seedlings supplied with ammonium that had higher
N uptake efficiency (NUpE) (Figure 2). However, changes in the N content occurred mainly
in the needles. Considering the N partitioning, the free amino acid content seems to be the
main factor responsible for this effect, with slight participation from the ammonium content
(Figure 2). The metabolite profile in roots also suggests that ammonium-fed plants had a
better N status (Figure 6, Table S1). Certain amino acids are good markers of a healthy N
status, such as L-glutamate, L-cysteine, and L-arginine. L-glutamate is the net product of the
GS/GOGAT cycle, which is the pathway mainly responsible for N assimilation [14]. L-
cysteineis the final product in the sulfur assimilation pathway, but its biosynthesis depends
on the availability of assimilated N [33]. Furthermore, L-cysteine acts as a precursor for
antioxidants and defense compounds [34] and is related to the transcriptional response of
ammonium nutrition in plants that have a greater toLérance forammonium [35]. L-arginine
is synthesized from L-glutamate and is an amino acid with an importantrole as an N reserve
in pine. This amino acid is very abundant in storage proteins and is an important sink for
assimilated N surplus [20,36]. Additionally, the metabolite profile in the roots indicates that
the availability of C for metabolic processes was reduced in nitrate-fed seedlings (Figure 6,
Table S1). The levels of the main soluble sugars, such as sucrose, D-fructose,and D-glucose,
were extremely low in nitrate-fed seedlings in comparison to those in ammonium-fed
seedlings. Infact, some C sinks such as D-pinitol or caffeic acid were also more accumulated
in the ammonium-feed seedlings. This correlates well with the accumulation of L-
asparagine, L-glutamine, and L-ornithine in the nitrate-fed plants. L-asparagine is an amino
acid that is synthesized from L-glutamine and L-aspartate and is employed as a temporal N
reserve when C is depleted [37]. Similarly, the accumulation of L-ornithine could suggest
the active catabolism of L-arginine to mobilize the stored N and produce L-glutamate [38].
Interestingly, in the roots of the ammonium-fed seedlings, a greater amount of choline (4
times) was observed than in the roots of nitrate-fed plants (Table S1). Choline is the
precursor of glycinebetaine in most living organisms and it is well known to play a role in
osmotic stress [39], which could be related to ammonium levels since a higher water
content was observed in the ammonium-fed seedlings compared to nitrate-fed plants
(Figure 1d). Furthermore, glycinebetaine plays a role in oxidative stress responses by
enhancing antioxidative responses [39,40] which could be linked to the transcriptomic

response to ammonium [41].
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Interestingly, the main accumulation of nitrate and ammonium was not in needles. This
suggests that the changes in N content in the needles were related to metabolic processes
associated with N management (assimilation and recycling). Additionally, the partitioning
of ammonium and nitrate within the seedlings was different. The seedlings accumulated the
mostammonium in the roots, avoiding major increases in its concentration in aerial organs.
In plants, primary ammonium assimilation generally occurs in the roots [42]. Pine plants
may subtly regulate and buffer the ammonium content in their organs via primary
assimilation in the roots and the accumulation of the ammonium excess in the same organ,
probably in the vacuoles [18,43]. This regulatory mechanism can prevent problems derived
from the high levels of ammonium released during photorespiration in the photosynthetic
tissues or during lignification that occurs mainly in the stem [14]. Additionally, free
ammonium levels were higher in seedlings fed ammonium, mainly in the roots. However,
the differences in nitrate content between the different treatments were not very large (not
statistically significant), and the levels of nitrate accumulation were several times lower
than the ammonium accumulation in the same organs. This fact and the total N content of
the seedlings suggest that ammonium uptake is less restricted than nitrate uptake in
maritime pine. The nitrate incorporation rate was only higher than the ammonium
incorporation rate during the first 15 min, suggesting precise regulation by nitrate
transporters (Figure 3). Thislow nitrate uptake rate has also been observed in white spruce,
and the authors proposed that nitrate uptake systems are atrophied in plants that prefer
ammonium [4,44]. However, maritime pine possesses a complete set of nitrate transporters
and even an expanded gene family that encodes nitrate transport regulators (NRT3). In this

context, it is tempting to speculate that maritime pine senses nitrate to be a toxic molecule.

Although it is well known that plants prefer to accumulate nitrate over ammonium, which
can produce cellular toxicity in several ways [10,42], pine is able to store more ammonium
than nitrate at similar supply levels. Curiously, excess nitrate is mainly stored in the stem,
an organ with a less important N assimilatory role than needles and roots, as suggested by
the PpNRand PpNiR expression levels (Figure 5). This observation, along with the observed
content of L-arginine in the stem (Figure S2) and the accumulation of L-asparagine in the
seedling hypocotyl during the postgermination phase [38,45], suggests that the pine stem
has arole as a store of N that accumulates not only vegetative storage proteins (VSPs) in the
bark [46], but also free metabolites such as nitrate, L-arginine or L-asparagine. It is known
that trees are able to transiently accumulate N in free amino acids [47]; in the future, it will
be interesting to analyze the role of adult pine stems in the storage of N through the

accumulation of small metabolites such as nitrate or free amino acids.
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Interestingly, nitrate did not accumulate in the needles (Figure 2), and the activity of
enzymes involved in basal N metabolism increased in the needles with the nitrate supply
(Figure 4). These results suggest alimited ability for nitrate assimilation in maritime pine,
which may be related to the photorespiration pathway. Conifers lack a chloroplastic GS
isoform (GS2) that is involved in the photoassimilation of nitrate and the reassimilation of
ammonium released during photorespiration in angiosperm plants [14]. This could explain
the increase in GS activity in the needles of nitrate-fed seedlings (Figure 4). In fact, a strong
relationship between nitrate assimilation and photorespiration in pine has been observed
in Pinus taeda saplings, which grew better with nitrate under low CO2 concentrations than
under elevated CO2 concentrations; in contrast, CO2 concentration had no effect in the
growth rate of ammonium-fed saplings [23]. However, it seems that needle metabolism is
influenced by the form of available inorganic N. In this context, these effects appear to be
regulated through the allocation of the inorganic N forms to the different organs and
through their assimilation in the roots, as indicated by the expression levels of PpNR and
PpNiR genes (Figure 5). Despite the expression of these genes, the 15N incorporation assay
indicated that nitrate wasrelatively better transported from roots to stem and needles than
ammonium (Figure 3d-f), at least when the nitrate incorporation rate was high. It is
possible  that nitrate assimilation into the needles negatively affects
photosynthetic/photorespiration metabolism, inducing a negative feedback with nitrate
transport in the roots. Nitrate uptake inhibition has been previously observed in different

plants when enough nitrate is assimilated, but not in such a drastic manner [48].

Another interesting finding is the lack of correlation between enzyme activity (GS, AspAT,
and AlaAT) and the expression of the genes coding for the enzymes that catalyze these
reactions (Figures 3 and 4). These findings suggest that the response to the N form mustbe
regulated through a post-transcriptional (translational or post-translational) mechanism.
This could involve changes in translation or in the proteolysis rates. A second mechanism
has been proposed for the GS enzyme in mammals, wherein the increase in glutamine levels
drives ubiquitination and proteasome degradation of the protein [49,50]. In plants,
ubiquitination-dependent proteolysis also plays a role in N metabolism during plant

adaptation to N starvation [51,52].
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4. Materials and Methods

4.1. Plant Material

Maritime pine seeds (Pinus pinaster Ait.) from Sierra Bermeja (Estepona, Spain) (ES20,
Ident. - 11/12) were obtained from the Area de Recursos Genéticos Forestales of the
Spanish Ministerio de Agricultura, Pesca y Alimentacién. Pine seeds were imbibed in
distilled water for 48 h under continuous aeration and germinated with vermiculite as an
inert substrate. Pine seedlings were cultivated ina growth chamberwitha 16/8 h light/dark
photoperiod, light intensity of 125 pmol m-2 s-1, constant temperature of 26-27 °C, and
75%-80% relative humidity. Forty seedlings aged one month were randomly transplanted
into forestall seedbeds for each experimental condition. The seedlings were grown in a

greenhouse from February to April of 2019 at a mean temperature of 25 -C and 50/70%

relative humidity with a 16/8-h photoperiod (Instituto de Hortifruticultura Subtropical y
Mediterranea, IHSM La Mayora UMA-CSIC). Each group was irrigated twice per week with
40 mL of the corresponding N solution or 40 mL of distilled water. Five experimental
conditions were tested: 8 mM NH4Cl; 6 mM NH4CIl-2 mM KNO3;4 mM NH4Cl-4 mM KNO3;
2 mM NH4Cl-6 mM KNO3; 8 mM KNO3. After 60 days of treatment, seedlings were
subdivided and harvested in three random groups. The seedlings were divided into three
different sections (cotyledon, hypocotyl, and roots). Each section was weighed and
immediately frozeninliquid N2. Forthe N uptake analyses, one-month-old seedlings grown
in vermiculiteand only irrigated with distilled water were used. They were separated into
two groups. One group was fed with 7.5 mM of 15N-labelled ammonium and the second one
with 7.5 mM of 15N-labelled nitrate. The plants were harvested at different times after
nutrient application: 0, 15, 30, 60, 120, and 240 min. Each organ was isolated, weighed, and
immediately frozen in liquid N2. Three biological replicates were taken. Each replicate
consisted of a pool of five seedlings. All samples were stored at -80 °C until powdering with

a mixer mill MM400 (Retsh, Haan, Germany) and further analyses were conducted.

4.2. Elemental Analysis and NUE Component Estimation

Ground powder (100 mg) of cotyledons, hypocotyls, and roots was dried at 70 °C for 48 h in
an oven. Total C and N contents in different sections of pine seedlings were determined in
triplicate by an elemental macro-analyzer Leco truSpec CHNS (Leco Corporation, St. Joseph,
MI) at the Atomic Spectrometry Unit, University of Mdalaga. 15N determinations were
performed by mass spectrometry using a Flash IRMS Elemental Analyzer (EA-IRMS), Delta
V IRMS, Conflo IV Universal Interface (Thermo Scientific, MA, USA). The N content and
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biomass of the samples were used to calculate the nitrogen utilization efficiency (NUtE) and

nitrogen uptake efficiency (NUpE) [53].

4.3. Free Amino Acids, Ammonium, Nitrate, and Nitrite Contents

Free amino acids and ammonium were extracted with 2% 5-sulfosalicylic acid (100 mg FW
mL-1) [54]. Soluble amino acids were determined using the procedure described by Sun et
al. [55]. Free ammonium was measured using the Berthelot reaction (phenol hypochlorite
assay) [56]. Nitrate and nitrite measures were performed as described by Garcia-Robledo
et al. [57]. Nitrite was determined spectrophotometrically at 540 nm after a colorimetric
reaction using Griess’ reactive (equal volumes of 60 mM sulfanilamide in 1.2 N HCl and 4
mM N-(1-naphtyl) ethylendiamine dihydrochloride) after 20 min incubation at room
temperature. Nitrate was reduced to nitrite with 2% vanadium (III) chloride (VCI3) in 6N
HCI, and the produced nitrite was measured as described above. Nitrite was measured prior
the nitrate reduction with the aim of determining the basal nitrite present in the samples.
Nitrite and nitrate contents were calculated based on a standard curve using commercial

sodium nitrite from Sigma-Aldrich (MO, USA).

4.4. Soluble Protein, Enzyme Activity, and Chlorophyls Determinations

Soluble proteins were extracted using 100 mgof sample ground powder for stem and roots
and 50 mginthe case of needles. The extraction was performed by adding 1 mL of extraction
buffer (50 mM Tris-HCl pH 8, 1 mM EDTA, 10 mM MgC(l2, 0.5 mM dithiothreitol (DTT), 20%
(w/v) glycerol, 0.1% (v/v) Triton X-100, 1% (w/v) polyvinylpyrrolidone (PVP), and 1%
(w/v) polyvinyl(poly)pyrrolidone (PVPP))and 30 mg of fine sea sand. The resulting extract
was centrifuged at 12,000 g for 30 min at 4 °C. The obtained supernatants were recovered
and used for soluble protein determination through Bradford’s procedure using a
commercial reagent (Protein Assay Dye Reagent; Bio-Rad, CA, USA) and bovine serum

albumin as a standard [58].

Glutamine synthetase (GS, EC 6.3.1.2) activity was determined by the transferase assay
following Canovas et al. [59]. The final reaction volume was 150 pL. Reactions were
incubated for 15 min at 37 °C with 10 s of agitation every minute; the reactions were
stopped with 150 pL of STOP solution (10% FeCl3-6H20 in 0.2 N HCl, 24% trichloroacetic
acid and 50% HCI) and centrifuged for 3 min at 3220 g. After centrifugation, 200 pL of the
supernatant was recovered, and absorbance was measured at 540 nm in a microplate
reader. For estimation of glutamate dehydrogenase (GDH, EC 1.4.1.2) activity, the NADH-

GDH assay wasused [60]. The reaction was developed in afinal volume of 100 pL. Aspartate
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aminotransferase (AspAT, EC 2.6.1.1) and alanine aminotransferase (AlaAT, EC 2.6.1.2)

activities were measured following Gibon et al. [61] in a final reaction volume of 100 pL.

Chlorophyll extraction was performed using 50 pL of protein extract mixed with 950 pL of
80% (v/v) acetone. Samples were incubated at 4 °C overnight. Resulting extracts were
centrifuged at 13,500 g at 4 C for 10 min, and the absorbance was measured at 664 and 647
nm. The chlorophyll content was calculated according to Lichtenthaler and Buschmann
[62].

4.5. Metabolite Profiling

The metabolites for 1H-NMR analysis were extracted following the protocol previously
described by Kruger et al. [63]. Two hundred milligrams of frozen powder were used for
extractions. The 1H-NMR analyses were performed on a Bruker ASCENDTM 400 MHz NMR
Spectrometer (Bionand, Centro Andaluz de Nanomedicina y Biotecnologia, Malaga, Spain).
The 1D-1H-NMR spectrum for each sample was obtained as previously described by Cafias
et al. [64]. Quantitative analysis of the NMR spectra was performed using LCModel software
(Linear Combination of Model Spectra) [65] and a previously generated reference
metabolite spectral library [64]. The internal reference was an electronically generated
signal, ERETIC (electronic reference to access in vivo concentrations) [66]. The metabolite

amounts were determined at millimolar concentrations.

The metabolite contents were analyzed with MetaboAnalyst 4.0 [67]. Data were normalized
using the quantile method, then log transformation and mean centered. MetaboAnalyst 4.0

was used to construct a Heatmap and perform a t-test with the metabolite data.

4.6. RNA Extractionand Reverse-Transcription Quantitative PCR (RT-qPCR)

RNA was extracted as described by Canales et al. [68] from ground powder stored at =80 °C.
A treatment with RQ1 RNase-Free DNase (Promega, Wis, USA) was applied to remove
genomic DNA from the RNA samples. Total RNA quantification and purity were estimated
using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, MA, USA), and RNA
integrity was checked by agarose gel. Reverse transcription reactions were performed using
iScrptTM Reverse Transcription Supermix (Bio-Rad, CA, USA) using 1 pg of total RNA. The
gPCR reactions were carried out using 5 ng of cDNA and SsoFastTM EvaGreen® Supermix
(Bio-Rad, CA, USA) in a final volume of 10 pL. The reactions were developed ona C1000TM
Thermal Cycler with a CFX384TM Touch Real-Time PCR Detection System (Bio-Rad, CA,
USA) under the followingconditions: 3 min at 95 °C (1 cycle), 1 s at 95 <C, and 5 s at 60 °C
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(50 cycles), with a melting curve from 60 °C to 95 C. The raw fluorescence data from each
reaction were fitted to the MAK2 model [69]. The initial target concentration (DO
parameter) was determined using the R package qpcR [70]. Expression data were
normalized to two reference genes, SKP1/ASK1 and SLAP, that were previously tested for
RT-gPCR experiments in maritime pine [71]. For the qPCR analysis, three biological
replicates and three technical replicates per sample were used. Primers used for qPCR are

presented in Table S2.

4.7. Statistics

Biomass and root:shoot ratio results are presented in boxplots including minimum,
maximum, and median values. For the rest of experiments, the mean values for three pools
of plants with standard errors (SE = SD /\/ (n-1)) are presented. Statistical analyses were
performed using Prism 5 (Graphpad, CA, USA) except for metabolite data that were
analyzed using MetaboAnalyst 4.0 [67]. Differences among organs were not statistically
analyzed. For each organ and whole seedling, nutritional differences were statistically
analyzed to reduce problems with distribution and variance of data. In this line, one-way
ANOVA was used for the analyses of all data except for 15N incorporation and metabolite
profile assuming that data met ANOVA conditions. When one-way ANOVA was significant, a
Newman-Keuls multiple comparison test was carried out. The 15N incorporation time
experiment was analyzed using two-way ANOVA (mixed model) with a Bonferroni post-test
determining significant differences in nutrition conditions between the global time
experiment and each individual time point. Root metabolite profiles were analyzed using t-
tests. In every case, significant differences were considered when p < 0.05 except for t-test

analyses, where FDR < 0.05 was assumed.

5. Conclusions

The results of the present work demonstrate that ammonium and nitrate nutrients behave
differently from each other in pine, although their assimilation into organic molecules
occurs through the same pathway, the GS/GOGAT cycle. Their chemical characteristics and
the reduction of nitrate to ammonium before its assimilation are crucial differences that
affect plant metabolism and growth. Ammonium promotes better root growth than nitrate,
which could be used to increase the performance during the field establishment of conifer
seedlings. Additionally, other differences were found in the photosynthetic organs, where
nitrate induced important changes correlated with the decreased growth of pine seedlings.
A differential accumulation of nitrate and ammonium occurred in the pine organs and

buffered the individual effects induced by each molecule. The role of pine stems in the
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storage of N compounds, such as nitrate and L-asparagine, and the interaction between
photosynthetic metabolism and nitrate will require further research efforts in the near

future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-
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