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Resumen

Las plantas interactian constantemente con microorganismos, lo que ha impulsado la
evolucion de sistemas de defensa inducibles y finamente regulados. Entre los mediadores
clave de estos sistemas se encuentran las poliaminas, cuyo metabolismo se regula en
respuesta a patdégenos con diferentes estilos de vida. A pesar de su importancia, el papel del
transporte de poliaminas en la defensa e inmunidad, no se ha explorado. En este trabajo se
estudio la familia génica PUT/LAT de Arabidopsis thaliana, que codifica transportadores de
captacion de poliaminas. La caracterizacion de lineas mutantes put, mostré que los genes
PUT2 y PUTS5 son necesarios para la resistencia a Botrytis cinerea. Mientras que, en
interaccion con Pseudomonas syringae, las lineas mutantes put2-1, put4-1 'y put5-1,
mostraron un fenotipo de pérdida de la resistencia sistémica adquirida (SAR), manteniendo
la resistencia basal. La sobreexpresion de PUT2 genero resistencia contra ambos patdogenos.
Dada su importancia, se analiz6 el transcriptoma de la mutante put2-1 bajo condiciones de
SAR, encontrando que la expresion de genes implicados en la biosintesis y sefializacion de
los 4cidos salicilico y pipecolico estd alterada. Nuestro estudio determind que PUT2 es
necesario para transportar putrescina a tejidos distales bajo SAR, asi como para modular los
niveles de especies reactivas del oxigeno, acido salicilico y otros compuestos fenolicos.
Ademas, influye en la respuesta inmune a nivel de los estomas. Estos hallazgos demuestran
que el transporte de poliaminas es un eje central en el proceso de defensa local y sistémica

en Arabidopsis.

Palabras clave: Transportadores de poliaminas, Pseudomonas, Arabidopsis, Poliaminas,

Resistencia sistémica adquirida, Putrescina.
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Abstract

Plants constantly interact with a wide range of microorganisms, a relationship that has driven
the evolution of inducible and finely regulated defense systems. Polyamines, which play a
pivotal role in these systems, are subject to regulation in response to pathogens exhibiting
different lifestyles. Despite their importance, the role of polyamine transport in defense and
immunity remains to be elucidated. The present study investigated the PUT/LAT gene family
in Arabidopsis thaliana, which encodes polyamine uptake transporters. Characterization of
put mutant lines showed that the PUT2 and PUT5 genes are necessary for resistance to
Botrytis cinerea. However, during interaction with Pseudomonas syringae, the put2-1, put4-
1 and put5-1 mutant lines exhibited loss of systemic acquired resistance (SAR), while
maintaining the basal resistance. Overexpression of PUT2 generated resistance against both
pathogens. Given the significance of the put2-1 mutant phenotype, the transcriptome was
analyzed under SAR conditions. The results obtained indicated that the expression of genes
involved in the biosynthesis and signaling of salicylic and pipecolic acids is altered. Our
study determined that PUT?2 is essential for putrescine transport to distal tissues under SAR,
as well as to modulate the levels of reactive oxygen species, salicylic acid, and other phenolic
compounds. Additionally, we demonstrated that PUT2 influences the immune response at
the stomatal level. These findings showed that polyamine transport is a central component

in the local and systemic defense process in Arabidopsis.

Keywords: Polyamine Transporters, Pseudomonas, Arabidopsis, Polyamines, Systemic

acquired resistance, Putrescine.
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INTRODUCCION

Enfermedades de cultivos

Las enfermedades de las plantas representan una amenaza constante para la seguridad
alimentaria mundial debido a su impacto directo en el rendimiento de los cultivos. El manejo
eficaz de estas enfermedades sigue siendo un reto importante, principalmente por a la rapida
evolucién de los patdgenos, la variabilidad genética entre los cultivos y las consecuencias
del cambio climatico (Purayannur et al., 2017). Si bien las estrategias actuales, como el uso
de pesticidas y de agentes de control bioldgico, han contribuido al control de las
enfermedades, su eficacia suele ser limitada y de corta duraciéon. Ademads, el uso
generalizado de productos agroquimicos ha suscitado preocupacion debido a sus efectos
negativos para el medio ambiente y la salud humana (Sharma et al., 2022).

Para poder disefiar estrategias eficientes de control de enfermedades en los cultivos,
es importante comprender el proceso de defensa vegetal. La forma clésica de describir el
sistema de defensa en las plantas es mediante el modelo de “zig-zag”, que destaca la batalla
evolutiva entre plantas y patégenos desde un punto de vista molecular. En este modelo, el
proceso de defensa inicia tras el reconocimiento de patrones moleculares asociados a
patdgenos (PAMP), lo que genera una sefializacion que dar lugar a la inmunidad activada
por patrones (PTI; Jones y Dangl, 2006). Sin embargo, algunos patogenos se han adaptado
y son capaces de secretar factores de virulencia, conocidos como efectores, que suprimen la
inmunidad del hospedero y permiten establecer la infeccion en un proceso conocido como
susceptibilidad desencadenada por efectores. Algunas variedades de plantas han generado a
través de la evolucion proteinas de resistencia, que reconocen de manera directa o indirecta
a los efectores, y activan la inmunidad desencadenada por efectores (ETI). En conjunto, la
PTI y la ETT activan la respuesta de defensa, lo que evita el proceso infeccioso en la planta,
al restringir la proliferacion del patégeno (Jones y Dangl, 2006; Han, 2019; van der Burgh y
Joosten, 2019).

La respuesta de defensa vegetal se caracteriza por una serie de eventos que incluyen
influjos de Ca?", cierre estomatico, deposicion de callosa, produccion de especies reactivas
de oxigeno (ROS), 6xido nitrico (NO), acido fosfatidico, fitoalexinas y otros compuestos
con actividad antimicrobiana. Estos procesos estan acompafiados por la activacion de

cascadas de proteinas quinasas dependientes de calcio (CDPKs) y proteinas quinasas



activadas por mitégenos (MAPKs). Como consecuencia, se induce la transcripcion de genes
de defensa y la acumulacion de las fitohormonas especificas segun el tipo de vida del
patogeno: acido jasmonico (JA) y etileno (Et) en el caso de patdgenos necrotroficos y acido
salicilico (SA) frente a patogenos biotréficos y hemibiotréficos (Pieterse et al., 2012; Cui et
al, 2015; Yu et al; 2017). Los patdégenos biotroficos solo pueden prosperar en células vivas,
mientras que los necrotréficos secretan toxinas y enzimas para matar las células del
hospedador antes de consumir el tejido muerto. Por su parte, los hemibiotroficos presentan
un estilo de vida intermedio: comienzan como biotroficos, viviendo en células vivas, y
posteriormente transitan a una fase necrotréofica en la que se alimentan de los nutrientes de
las células muertas (Liao et al., 2022). Finalmente, la acumulacion de SA en el tejido
infectado resulta fundamental para el establecimiento de la resistencia sistémica adquirida

(SAR; Klessig, Choi y Dempsey, 2018; Lim, 2023).

Resistencia sistémica adquirida
La SAR es un mecanismo de defensa sistémico de las plantas que se activa en
respuesta a una infeccion primaria (local). Esta respuesta confiere a la planta una mayor
resistencia frente a infecciones secundarias (distales) causadas por un amplio espectro de
patogenos (Vlot et al., 2021), por lo que se constituye una alternativa prometedora para el

control de enfermedades en los cultivos (Figura 1).
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Figura 1. Resistencia sistémica adquirida en el control de enfermedades en plantas. A diferencia
de estrategias experimentales que generan un estado de defensa constitutivo, donde la activacién continua de

rutas como la del 4cido salicilico puede generar efectos negativos sobre el crecimiento vegetal (van Butselaar
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y van den Ackerveken 2020), la SAR permite una activacion rapida y regulada de la defensa, que se
desencadena solo tras la percepcion de un patégeno. Esta respuesta optimiza el uso de recursos energéticos y
metabolicos, reduciendo el compromiso fisiologico asociado a una defensa constante. Por ello, la SAR
representa una estrategia mas eficiente y sostenible, ya que equilibra la proteccion contra patdogenos sin
comprometer el desarrollo de la planta. Ademas, al ser una respuesta de amplio espectro, permite una
proteccion eficaz contra multiples patdgenos, genera una memoria inmunitaria y puede ser heredable (Vlot et
al., 2021). La glicosil transferasa UGT76B1 se ha propuesto como un regulador de este proceso (Cai et al.,
2021); nosotros proponemos que las poliaminas podrian actuar de manera similar. La figura fue creada con

BioRender (www.biorender.com).

El establecimiento de la SAR depende de una compleja red de sefializacion que viaja
desde el sitio local de la infeccion hasta los tejidos distales, en la que intervienen ROS, Ca?*
y diversas “sefales mdviles” como el salicilato de metilo (MeSA), el 4cido azelaico (AzA),
el glicerol-3-fosfato (G3P) y el dehidroabietinal (DA) (Guerra et al., 2020; Kachroo y
Kachroo, 2020; Vlot et al., 2021; Shine et al., 2022; Li et al., 2023). En tltima instancia, la
activacion de la SAR en los tejidos sistémicos requiere la acumulacion del SA y del acido
pipecolico (Pip), ambos esenciales para la formacion de una memoria inmunitaria hereditaria
(Lim et al., 2023). Comprender los mecanismos que regulan esta respuesta ofrece una
oportunidad valiosa para desarrollar estrategias innovadoras y sostenibles de proteccion de

las plantas (Figura 2).

Tejido local
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Figura 2. Esquema de la sefializacion y mecanismos moleculares de la resistencia sistémica adquirida
(SAR). El contacto con el patdgeno y su reconocimiento en el tejido local activan las cascadas de sefializacion
(recuadro 1). Se indican en color azul los metabolitos que constituyen la base para activar la SAR y en un
recuadro verde las proteinas. En el recuadro 2 se enumeran los compuestos transportados entre el tejido local

y el sistémico descritos hasta la fecha (septiembre de 2025) como parte de la conocida “sefial movil”, también
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se incluye la putrescina (Put) que se ha reportado que induce una respuesta similar a la SAR (Liu et al., 2021).
Finalmente, el recuadro 3 muestra la sefializacion para el establecimiento de la SAR en tejido sistémico; en
azul se muestran los principales metabolitos para esta accion y en un recuadro verde las proteinas. Abreviaturas
AzA: Acido azelaico; AZI1: Acido azelaico inducido 1; Ca?": Calcio; CPKS5: Proteina quinasa dependiente de
calcio 5; DA, Dehidroabietinal; DIR1: Defectuoso en resistencia inducida 1; eNAD(P): fosfato de dinucleétido
de nicotinamida y adenina extracelular; G3P: Glicerol-3-fosfato; MeSA: Salicilato de metilo, MGDG:
Monogalactosildiacilglicerol; NHP: Acido N -hidroxi-pipecolico; NO: Oxido nitrico; NPR1: No expresor de
genes PRI; Pip: 4cido pipecdlico; Put: Putrescina; RBOHD: Proteina D homologa de la oxidasa del estallido
oxidativo; ROS: especies reactivas de oxigeno; SA: acido salicilico; tasiARF3a: ARN3a pequeiio de
interferencia de accion en trans;, UGT76B1: UDP-glicosiltransferasa 76B1. La figura fue creada con BioRender

(www.biorender.com).

Poliaminas y estrés en plantas

Las poliaminas son compuestos alifaticos con dos o mas grupos amino, presentes de
forma ubicua en todas las células vivas, donde desempefian funciones esenciales para la
supervivencia (Kusano et al. 2008). En las plantas, las poliaminas intervienen en una amplia
gama de procesos, que abarca desde la embriogénesis y la germinacion de las semillas hasta
la maduracion y senescencia de los frutos, asi como en las respuestas a estrés biodtico y
abiotico (Figura 3). Las poliaminas més estudiadas son la putrescina (Put), la espermidina
(Spd), la espermina (Spm) y la termoespermina (tSpm) (Blazquez, 2024). La regulacion del
metabolismo de las poliaminas incluye su biosintesis, catabolismo, transporte y conjugacion
durante la respuesta inmune es esencial para la defensa de las plantas contra los patogenos

(Gonzélez et al. 2021).
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Figura 3: Importancia de las poliaminas en las plantas. Las poliaminas participan en el desarrollo normal

en procesos como la embriogénesis, organogénesis, germinacion de la semilla, desarrollo de hojas, floracion,
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generacion y maduracion del fruto y la senescencia (Imai et al., 2004; Kusano et al., 2008; Tavladoraki et al.,
2016; Tsaniklidis et al., 2016; Ahmed et al., 2017; Sobieszczuk-Nowicka, 2017). Ademas, desempefian un
papel crucial en la respuesta de las plantas al estrés abidtico y bidtico, contribuyendo a mitigar los efectos
negativos del estrés inducido por salinidad, sequia y temperaturas extremas (Shen et al., 2016; Pal et al., 2018;
Yin et al., 2019; Zhu et al., 2020). En cuanto al estrés bidtico, se ha demostrado que las poliaminas actian
como mediadoras en la respuesta de defensa contra patégenos fungicos y bacterianos, siendo su participacion
dependiente de la naturaleza del microorganismo involucrado (Gonzélez et al., 2021; Blazquez, 2024). La

figura fue creada con BioRender (www.biorender.com).

Transporte de poliaminas en Arabidopsis

En Arabidopsis, los transportadores de importe de poliaminas (PUT, Polyamine
Uptake Transporters, por sus siglas en inglés) son los principales actores responsables de la
movilizacion de poliaminas y algunos aminoacidos (Figura 4) (Mulangi et al., 2012). Se
conocen cinco transportadores PUT localizados en diversos compartimentos celulares:
PUT1 y PUTS en el reticulo endoplasmico, PUT2 en el aparato de Golgi, PUT2 y PUT3 en
el cloroplasto, y PUT3 también en la membrana plasmatica (Li et al., 2013; Fujita y
Shinozaki, 2014; Ahmed et al., 2017). Ademdas de poliaminas, algunos PUT pueden
transportar aminoacidos como la leucina, vitamina B1 y el herbicida paraquat (Mulangi et
al., 2012; Li et al., 2013; Martinis et al., 2016; Begam and Good, 2017). A pesar del avance
en la investigacion sobre el transporte de poliaminas, aun se sabe poco sobre su participacion

en la respuesta al estrés en plantas.
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Figure 4: Transporte de poliaminas en Arabidopsis thaliana. Representacion esquematica de la localizacion
intracelular de los transportadores de poliaminas (exceptuando a AfPUT4 cuya localizacion experimental no ha
sido reportada) en Arabidopsis, lo que sugiere que cada transportador puede cumplir funciones especificas y
diferenciadas en el transporte y regulacion de poliaminas dentro de la célula vegetal. Ademas, se muestra un
modelo de la topologia predicha para el transportador 4/PUT?2 y los metabolitos que han sido reportados como
sus sustratos (Martinis et al., 2016). La figura fue creada con BioRender (www.biorender.com).
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ANTECEDENTES

Las mutantes de los transportadores PUT participan en la respuesta de
Arabidopsis thaliana a Pseudomonas syringae
En un estudio previo, utilizando lineas mutantes insercionales de T-DNA de los cinco genes
PUT de A. thaliana, se observo que los transportadores de poliaminas son importantes para
el desarrollo vegetal y la respuesta al estrés biodtico inducido por Pseudomonas syringae
(Flores-Hernandez, 2022; Tesis de Maestria).

El analisis del fenotipo de las lineas mutantes putl-1, put2-1, put3-1, put4-1'y put5-
I de cuatro semanas de edad, cultivadas bajo condiciones de dia largo (16 h luz / 8 h
oscuridad), mostré que el tamaiio de la roseta de las mutantes fue menor que el del ecotipo
silvestre, lo que sugiere que el transporte de poliaminas es necesario para el Optimo
crecimiento de las plantas. Esta observacion coincide con lo reportado para la mutante put3-
1, que presenta raices mas cortas y un retraso de cinco dias en la transicion a la fase
reproductiva, en comparacion con el ecotipo silvestre (Martinis et al., 2016). Asi como con
lo descrito para la mutante put5-1, que es de menor tamafio que su parental a las cinco
semanas de edad (Ahmed et al., 2017).

Estos resultados han sido complementados recientemente por un anélisis gendmico
de la familia de genes PUT en tomate (Solanum lycopersicum), donde se identificaron ocho
miembros de esta familia y se caracterizé particularmente el papel de SIPUT2 en la respuesta
al estrés salino. En este estudio, se observo que la sobreexpresion de SIPUT?2 confiri6 a las
plantas una mayor tolerancia a la salinidad, evidenciada por un mejor crecimiento, una mayor
relacion K*/Na*, menor acumulacién de ROS y una activacion mas eficiente del sistema
antioxidante en comparacion con plantas del ecotipo silvestre. Por el contrario, las lineas
mutantes S/put2 mostraron una mayor sensibilidad al estrés salino (Zhong et al., 2023). Este
hallazgo refuerza la importancia de los transportadores de poliaminas en la respuesta al estrés
abidtico en plantas de tomate, sugiriendo que los PUT desempefian un papel importante para
la respuesta al estrés.

Por otra parte, en ensayos de interaccion entre plantas de Arabidopsis y la bacteria
hemibiotrofica Pseudomonas syringae pv. tomato DC3000, se observo que las cinco lineas
mutantes put mostraron un fenotipo de resistencia basal al patégeno, con una reduccion en

el nimero de unidades formadoras de colonias (UFC) en comparacién con el ecotipo
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silvestre (Figura 5). En respuesta a la infeccion, las lineas mutantes putl-1, put3-1, put-5-1
v put5-2 presentraron un incremento en la produccion del anion radical superdxido (O27),
mientras que las mutantes putl/-1, put2-1 y put5-2 mostraron un nivel de expresion
significativamente mayor en el gen PR-1, un marcador importante de la via del SA. Estos
resultados sugieren que alteraciones en el transporte de poliaminas, en las mutantes put,
afectan vias de sefializacion hormonal y la homeostasis de ROS en la respuesta de defensa
local. Considerando que tanto el SA como la acumulacion de especies reactivas de oxigeno
(como O>™) son esenciales para el establecimiento de la resistencia sistémica adquirida
(SAR), este trabajo de tesis de doctorado, se determiné el papel de los transportadores de

poliaminas y de las poliaminas en las distintas fases de la infeccion local y sistémica.
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‘f".".\
IO

b
il

Ecotipo silvestre

Ecotipo silvestre

Ecotipo silvestre

v,
|

L3
<
\

Mutantes put Mutantes put Mutantes put Mutantes put Mutante Siput?

Figura 5. Alteraciones en el desarrollo y la respuesta inmune local en lineas mutantes Azput y
Siput. En el panel A se muestra que las lineas mutantes A#put presentan un fenotipo de roseta de tamaio
reducido en comparacion con el ecotipo silvestre. En B se ilustra la resistencia local de las mutantes A¢put
frente a la bacteria P. syringae. En C, la tincién con NBT revela una mayor acumulaciéon del anion radical
superdxido (O227) en hojas de las lineas mutantes Atputl-1, Atput3-1, Atput5-1 y Atput5-2 reflejada en una
coloracion azul mas intensa. El panel D muestra la induccion significativa del gen marcador de defensa PRI,
en las lineas mutantes Atputl-1, Atput2-1 y Atput5-2 en comparacion con el ecotipo silvestre. Finalmente, el
panel E muestra que la mutante Slput2 es mas susceptible al estrés salino respecto al ecotipo silvestre. La figura

fue creada con BioRender (www.biorender.com).



JUSTIFICACION

Las poliaminas son compuestos esenciales para la viabilidad celular. En las plantas, las
poliaminas participan en la regulacion y el establecimiento de las respuestas de defensa.
Actualmente, se conoce que la biosintesis, el catabolismo y la conjugacion de estas aminas
participan activamente en la respuesta de defensa. Sin embargo, atin se desconoce cémo el
transporte de poliaminas, mediado por los transportadores PUT, contribuye a la respuesta
inmunitaria.

Por lo anterior, este trabajo tiene como finalidad elucidar los mecanismos mediante
los cuales el transporte de poliaminas, especificamente el mediado por PUT2, participa en el
proceso de defensa basal, en el establecimiento de la resistencia sistémica adquirida, asi
como en la reprogramacion transcripcional que presenta Arabidopsis thaliana durante el
estrés bidtico inducido por la bacteria Pseudomonas syringae.

Finalmente, conjuntar este conocimiento con el reportado previamente nos permitira
tener una vision mas integral sobre la participacion de las PAs en la defensa vegetal y, a

partir de ello, proponer estrategias innovadoras para el control de fitopatogenos.

HIPOTESIS

La alteracion del transporte de poliaminas mediada por la pérdida de funcién del gen
PUT?2 modifica la sefializacion molecular y la respuesta transcriptomica, favoreciendo la
defensa basal de la planta frente a ataques de patdgenos y alterando la respuesta de defensa

sistémica.



OBJETIVOS

Objetivo general

Evaluar la participacion del transportador AtPUT2 en la respuesta molecular y fenotipica de

Arabidopsis thaliana al estrés bidtico inducido por Pseudomonas syringae.

Objetivos especificos

1. Caracterizar mediante cribado fenotipico de alto rendimiento las lineas mutantes

insercionales de T-DNA de los genes PUT suplementadas con poliaminas.

2. Obtener lineas sobreexpresoras (355::4tPUT) del gen que codifica el transportador
PUT2.

3. Secuenciar masivamente el transcriptoma de la linea put2-1 en condiciones SAR.

4. Determinar los niveles de poliaminas y aminoacidos en la linea mutante put2-1

durante la SAR.

5. Evaluar los genes diferencialmente expresados implicados en defensa y SAR

obtenidos del analisis transcriptomico de la mutante pus2-1.

6. Suplementar con poliaminas las lineas mutantes y las sobreexpresoras del gen PUT2

y evaluar su capacidad para establecer la SAR.
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ABSTRACT

The study of polyamine transport in plants has become increasingly important due to the
central role of these amines in regulating growth, development, adaptation, and stress
responses. This research focused on the Arabidopsis thaliana Polyamine Uptake
Transporters gene family under conditions of systemic acquired resistance. We evaluated all
single mutants of this gene family and found that the pu#2-/ mutant abolished systemic
acquired resistance while enhancing basal resistance to Pseudomonas syringae pv. tomato
DC3000. In contrast, the 355::PUT2 overexpression lines showed improved resistance and
reduced bacterial titers compared to wild-type plants. RNA-seq analysis revealed that the
put2-1 mutant had deregulated expression of genes involved in the biosynthesis, signaling,
and inactivation of salicylic acid and N-hydroxypipecolic acid. Most of these genes were
transcriptionally upregulated by putrescine in wild-type plants, but not in the pu¢2-/ mutant.
Putrescine supplementation increased endogenous putrescine and salicylic acid levels in
wild-type plants but not in put2-1, highlighting the essential role of this transporter in
facilitating putrescine mobilization and regulating salicylic acid in distal tissues. We found
that the defective systemic acquired resistance phenotype in the put2-1 mutant was linked to
changes in the timing of polyamines, ROS, phenolic compound accumulation, and
alterations in stomatal immunity. Our study emphasizes the key role of the Polyamine
Uptake Transporter 2 (PUT2/LAT4) in establishing systemic acquired resistance in
Arabidopsis, while also maintaining the plant’s intrinsic basal resistance mechanisms. These
findings offer valuable insights into the complex mechanisms of plant resistance, positioning

polyamine transport as a central hub in systemic responses.

Keywords.

Putrescine, Polyamine transport, Reactive oxygen species, salicylic acid, systemic acquired
resistance.
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1. Introduction

Plants have evolved a sophisticated and highly regulated immune system capable of
responding rapidly to pathogen threats through mechanisms activated by pathogen-
associated molecular patterns (PAMPs), producing a cascade of signals that culminate in
PAMP-triggered immunity (PTI). However, specific pathogens have adapted by deploying
virulence factors known as effectors to suppress these innate immune responses. In response,
plants have evolved the capacity to recognize these effectors through resistance proteins that
activate effector-triggered immunity (ETI) (van der Burgh and Joosten, 2019).

Following the initial contact with a pathogen, plants fortify their local defenses and
develop systemic acquired resistance (SAR), a state of heightened defensive readiness that
confers long-lasting protection against a broad range of pathogens (Vlot et al., 2021). This
systemic immunity is mediated by a complex network of signaling molecules like reactive
oxygen species (ROS), Ca**, and "mobile signals" such as methyl salicylate (MeSA), azelaic
acid (AzA), glycerol-3-phosphate (G3P), dehydroabietinal (DA), nitric oxide (NO),
extracellular nicotinamide adenine dinucleotide phosphate [eNAD(P)] trans-acting siRNA-
like RNAs (tasi-ARFs), and pinene monoterpenes (Guerra et al., 2020; Kachroo and
Kachroo, 2020; Li et al., 2023; Vlot et al., 2021; Shine et al., 2022). SAR establishment leads
to the production of salicylic acid (SA) and pipecolic acid (Pip), which facilitate
communication between infected and distal tissues, effectively establishing an immune
memory that primes the plant to respond more swiftly and robustly to subsequent infections
(Lim, 2023).

Polyamines, aliphatic compounds with two or more amino groups, are usually
protonated at physiological pH and play essential roles across a plant’s life cycle, from
embryogenesis and seed germination to fruit ripening and senescence (Blazquez, 2024). The
most studied plant polyamines are the diamine putrescine (Put), the triamine spermidine
(Spd), the tetraamines spermine (Spm), and thermospermine (tSpm) (Blazquez, 2024).
However, their abundance depends on the plant species (Cavar Zeljkovi¢ et al., 2024).
Polyamines are crucial mediators of the plant defense response (Jiménez-Bremont et al.,
2014; Gonzalez et al., 2021). For instance, their catabolism, particularly through the action
of polyamine oxidases (PAQO), generates hydrogen peroxide (H20.), a reactive oxygen
species (ROS) compound that inhibits pathogen growth, strengthens cell walls, induces

stomata closure, and acts as a second messenger in the signaling network regulating defense
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gene expression (Wang et al., 2019). The Atpaol-1 x Atpao2-1 double mutant, susceptible
to Pseudomonas syringae pv. tomato DC3000 (Pst), has altered ROS levels (Jasso-Robles et
al., 2020). Contrarily, overexpression of apoplastic ZmPAQO in Nicotiana tabacum var.
Xanthi increased tolerance to P. syringae pv. tabaci and the oomycete Phytophthora
parasitica var. nicotianae (Moschou et al., 2009). Furthermore, endogenous Spm
accumulation in Arabidopsis thaliana also confers resistance to Pseudomonas viridiflava
(Gonzalez et al., 2011). However, polyamine catabolism is not always detrimental to
pathogens, as the H>O, produced by the ZmPAQO1 enzyme is essential for tumor development
during the Zea mays-Ustilago maydis interaction, which favors pathogen survival (Jasso-
Robles et al., 2016). The conjugation of polyamines with hydroxycinnamic acids produces
compounds with antimicrobial activity. For instance, p-coumaroylputrescine bolsters the
defense mechanisms of 4. thaliana against the pathogen Alternaria brassicicola (Muroi et
al., 2009).

While the intricate role of polyamine biosynthesis, conjugation, and catabolism in
plant-pathogen interactions is partially known, our understanding of the implications of
polyamine transport under stress conditions remains limited, especially regarding plant
defense mechanisms. The 4. thaliana genome encodes five genes for Polyamine Uptake
Transporters (PUTI-PUTS), which belong to the L-type amino acid transporter (LAT)
family of proteins. Structurally, these proteins have 10 to 12 transmembrane domains with
cytoplasmic amino- and carboxy-terminal ends (Fujita and Shinozaki, 2014). In addition to
polyamines, some PUT/LAT family members can transport amino acids (such as leucine),
vitamin B1, and the herbicide paraquat (Mulangi et al., 2012; Li et al., 2013; Martinis et al.,
2016; Begam and Good, 2017). The localization of PUTs in various cellular compartments,
such as the endoplasmic reticulum (PUT1 and PUTS), Golgi apparatus (PUT2), chloroplast
(PUT2 and PUT3), and plasma membrane (PUT3), suggests that these transporters play a
significant role in the intracellular mobilization of polyamines in plants (Li et al., 2013;
Fujita and Shinozaki, 2014; Ahmed et al., 2017).

Experimental evidence suggests that mobilizing plant polyamines under pathogen
attack can promote plant resistance and, in some cases, pathogen virulence (Lowe-Power et
al., 2018; Vilas et al., 2018). The recent observation that Put or its derivatives could serve as
a signaling molecule to activate ETI and SAR in Arabidopsis, particularly in a process

largely dependent on H>O; (Liu et al., 2020), leads us to hypothesize that the transport of
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polyamines or their derived metabolites via PUT/LAT transporters could significantly
contribute to systemic defense responses. This study aimed to identify and functionally
characterize PUT transporter(s) associated with SAR in Arabidopsis. Single mutants of the
PUT gene family were assessed under SAR-inducing conditions to investigate how altered
polyamine transport influences the plant’s immune response, using the Arabidopsis-
Pseudomonas pathosystem as a model. Using transcriptomic and metabolic approaches, we
characterized the put2-1 mutant to understand the basis of its SAR deficiency. Our findings
provide key insights into the role of Put transport, highlighting its essential function in plant

immunity.

2. Materials and methods

2.1. Plant material and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (WT) and T-DNA mutant lines for
members of the polyamine uptake transporter family in Arabidopsis [putl-1
(GABI 890c10), put2-1 (SALK 119707c), put3-1 (SALK 206472c), putd-1
(SAIL 1275 c06), and put5-1 (SALK 007135)] were acquired from Salk Institute Genomic

Analysis Laboratory (www.signal.salk.edu/cgi-bin/tdnaexpress). Homozygous lines were

identified by PCR. The absence of the PUT gene expression in the corresponding T-DNA
mutant line was confirmed by qPCR (Fig. S1). Specific primers used for typing, cloning,
and gene expression analysis are listed in Table S1.

For the experiments, seeds were stratified for 2 days in distilled water at 4 °C before
being germinated in pots containing a sterile commercial substrate composed of sunshine#3:
vermiculite: perlite (3:1:1). Plants were grown in a controlled growth chamber at 22 + 2 °C
under short-day photoperiod (8 h light/16 h dark) for 6 weeks for assessing bacterial titers in
SAR conditions, transcriptomic and metabolomic analysis as described below. Additionally,
plants were grown under a long-day photoperiod (16/8 h light/dark regime) for 4 weeks to

assess basal resistance.

2.2. Generation of the AtPUT?2 overexpression lines
The AtPUT2 ORF sequence (1485 bp) was PCR amplified and cloned into the
pENTER-D-TOPO entry vector (Invitrogen, Carlsbad, CA, USA) and recombined into the
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pEarley103 expression vector (Earley et al., 2006) using the Gateway LR clonase enzyme
mix (Invitrogen). The expression clone (35S::PUT2) was transformed into Rhizobium
radiobacter (formerly Agrobacterium tumefaciens) strain GV3101 by heat shock and then
introduced into 4. thaliana by floral dip. Transformed seeds were selected based on their
resistance to glufosinate (Finale Ultra, BASF), following standard protocols (Harrison et al.,
20006). Three independent overexpression lines were chosen for further analysis, 35S::PUT2-

2, -18, and -27 (Fig. S1).

2.3. Bacterial strain and plant inoculation for SAR assays

Pseudomonas syringae pv. tomato DC3000 (Pst) and Pseudomonas syringae avrRpt2
strains were used to induce SAR in Arabidopsis (Macho et al., 2010; Rufian et al., 2019).
The strains were grown in King’s B medium with rifampicin (50 pg/mL) at 28 °C. The SAR
assay was carried out as Rufian et al. (2019) described. Briefly, the lower rosette leaves (8,
9, and 10) of six-week-old plants were inoculated with bacteria (ODgoo=0.005) to induce
local priming (SAR) or with the Mock (MgCl> 10 mM, pH 7.0) as the control (native)
condition. Then, 48 h after primary infection, upper leaves (13, 14, and 15) were systemically
challenged with Pst (ODs0o=0.0005). After a specific time, the upper leaves were collected

for further analysis, assuming a native plant status or a SAR condition has been established.

2.4 Polyamine infiltration for studying SAR-like responses

Validation experiments were conducted to elucidate further the role of specific
polyamines in regulating SAR-like responses. For this, the lower leaves of six-week-old
plants were infiltrated with 30 uM of Put, Spd, Spm or Mock. Then, 6 h after polyamine
infiltration, the upper leaves were collected to quantify the gene expression of specific genes
related to the SA and Pip pathways. Another set of plants, 48 h after Put infiltration, the
upper leaves were challenged with Pst and collected at 72 hours post-inoculation (hpi) for
the estimation of bacterial titers. The upper leaves of Put-infiltrated plants were also

collected at 6 and 24 h for further metabolic analysis.

2.5. Estimation of bacterial titers
Bacterial titers were determined in the upper leaves at 72 hpi. Six-leaf disks (& 0.5

cm) from each plant (n = 5) were homogenized in 0.2 mL of MgClz (10 mM, pH 7.0) and
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serially diluted (1:10 to 1:1x10°). Then, 10 pL of each dilution was plated on solid King’s B
agar supplemented with rifampicin (50 pg/mL). Colony-forming units (CFU) were counted
24 h after incubation at 28 °C.

2.6. Fungal strain, spore collection, and plant inoculation

The Botrytis cinerea B05.10 strain was grown on Potato Dextrose Agar (PDA) for
two weeks in the dark at 25 °C. The mycelium was scraped from the Petri dish, placed in a
Tween 20 solution (0.02%, v/v), filtered through a mesh, and centrifuged to obtain spores.
After washing with sterile distilled water, the spores were resuspended in Potato Dextrose
Broth (PDB) medium supplemented with sucrose (10 mM) and KH>PO4 (10 mM) and
adjusted to a final concentration of 1x10° spores/mL.

For broad-spectrum SAR assays, six-week-old WT or put2-1 mutant plants were
locally primed with Pst (ODgo0=0.005) or Mock (10 mM MgCl») on the lower leaves and
then systemically challenged with B. cinerea by inoculating a drop (5 pL) of spore
suspension on the distal upper leaves. Inoculated leaves were collected at 24 and 48 hpi and
stained with a 2.6 M Evans blue solution, following the protocol described by
Vijayaraghavareddy et al. (2017). For tissue clarification, leaves were placed in an ethanol
glycerol [90:10 (v/v)] solution and heated at 70 °C for 10 min or until no chlorophyll was
visible. Clarified leaves were mounted on slides using a lactic acid:phenol:water [1:1:1
(v/v/v)] solution and photographed using a smartphone camera adapted to a stereoscope.
Representative images were selected for each line and treatment, and lesion size was

quantified using Image J Pro Plus 4.5 analysis software.

2.7. RNA isolation, Illumina sequencing, and data analysis

Total RNA was isolated using the TRI Reagent® method (Merck, Darmstadt,
Germany) following SAR assays. The lower leaves were inoculated with Pst to induce local
priming (SAR) or Mock treatment. At 24 hpi, the uninoculated upper leaves were collected
for RNA extraction. In a second group of plants, 48 h after primary infection, upper leaves
were systemically challenged with Pst and collected at 24 hpi for RNA extraction (see Fig.
2a and b).

Three biological replicates, each containing over 20 pg total RNA, were submitted

to GENEWIZ® (https://www.genewiz.com/) for standard mRNA sequencing (by poly-A
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selection) using the Illumina HiSeq platform with a 2x150 bp configuration. RNA-seq
quality was analyzed using the FastQC v0.11.9 tool (Andrews, 2010), and the minimum read
Phred score for the reads was 33. All reports from FastQC were collected using MultiQC
v1.14. Neither adapter bias nor poor quality at the 3' end was evident in the RNA-seq data.
There was no need to process the fragments. The Hisat v2.1.0 tool mapped the fastq files to
the Arabidopsis genome. R internal scripts were used for the Hisat2 mapping statistics
process (R core team, 2022). The featureCounts tool from the SubRead package was used to
quantify the mapped fragments (Liao et al., 2019). An internal R script (R core team, 2022)
produced a counts matrix using these quantifications.

Differential expression analysis was performed using the edgeR R package
(Robinson et al., 2009); the calcNormFactors function was used to calculate the
normalization factors, and the estimatedDisp function was used with default parameters to
calculate the dispersion. The g/mFit function fits the data to the Negative Binomial density
distribution. The g/lmLRT function defined and performed the proposed contrast between
conditions. Differentially expressed genes were defined as those with a fold change value of
> 2 and a p-value < 0.05, and an FDR of <0.1. Genes of interest with significant differential
expression were validated by qPCR.

Gene Ontology (GO) term enrichment was performed using a custom R script with a
logistic regression model. The g/m function with the Binomial density distribution family
and the logit link was used to fit the logistic regression model y=f(x), defining the classes y
as class 1- transcripts in the GO term and class 0- transcripts not in the GO term. The score
x was defined as x=-logio(FDR)sign(logF'C).

The RNAseq data were deposited in the Gene Expression Omnibus database under

the GEO accession GSE275478.

2.8. Gene expression analysis by RT-gPCR

Total isolated RNA was treated with DNAse I (Thermo Fisher Scientific,
Massachusetts, USA) to eliminate gDNA. First-strand cDNA synthesis was performed using
the RevertAid Reverse Transcriptase Kit (Thermo Fisher Scientific, Massachusetts, USA).
Gene expression levels were quantified by qPCR using the Maxima SYBR green qPCR
Master Mix (2x) (Thermo Scientific). Primers used are listed in Table S1. qPCR thermal
cycling conditions consisted of 30 s at 95 °C (initial denaturation), 40 PCR cycles of 10 s at
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95 °C (denaturation), and 30 s at 60 °C (annealing/extension). Melting curves started at 65
°C and gradually increased the temperature every 0.5 °C up to 95 °C. The 222t method
(Livak and Schmittgen, 2001) was used to calculate the change in gene expression relative

to the control samples, with AtEF 1o (AT5G60390) as the reference gene.

2.9. Quantification of free polyamines

Six-week-old Arabidopsis plants were used to quantify the levels of free polyamines
in the upper leaves after the different SAR treatments at 6 and 24 hpi. Briefly, lower leaves
were inoculated with Pst to induce local priming (SAR) or Mock, and at 6 and 24 hpi the
upper leaves were collected. In another set of plants, 48 h after the inoculation of the local
leaves, the upper leaves were challenged with Ps¢, and samples were collected at 6 and 24
hpi. Leaves were snap-frozen in liquid nitrogen and stored at —80 °C. The samples were
lyophilized, and the resulting dry weight (DW) was used for the targeted metabolic analysis.

Free polyamines were analyzed according to the method described by Cavar
Zeljkovi¢ et al. (2024). 200 uL of 2 M NaOH was added to 200 pL of the supernatant of the
extract described above, followed by 2.5 puL of benzoyl chloride in MeOH (50:50, v/v). The
reaction mixture was vortexed for 5 s and then stirred for 40 min at 25 °C. After the reaction,
500 pL of saturated NaCl was added, and benzoylated polyamines were extracted with 2 x
500 pL of diethyl ether. The solvent was evaporated under a vacuum at 40 °C. Dry samples
were dissolved in 200 pL of mobile phase and analyzed according to the protocol described
by Cavar Zeljkovié et al. (2024), with minor modifications to include additional target
compounds. The analysis was performed in multiple reaction monitoring (MRM) mode, and
transitions of the target compounds were as follows: Put (297.10>105.10, 297.10>77.05,
297.10>176.00), Dap (282.95>104.95, 282.95>77.00, 282.95>162.05), Dap-ds
(288.95>112.95, 288.95>82.00, 288.95>170.05), Cad (311.10>104.95, 311.10>77.05,
311.10>190.20), nSpd (444.15>105.05, 444.15>162.00, 444.15>322.20), Spd
(458.20>105.10, 458.20>162.15, 458.20>336.30), hSpd (472.20>247.20, 472.20>105.05,
472.20>176.05), nSpm (605.00>162.20, 605.00>105.20, 605.00>323.30), tSpm
(619.25>105.00, 619.25>162.00, 619.25>337.20), Spm (619.25>497.30, 619.25>162.00,
619.25>105.00), and Agm (443.00>104.85, 443.00>375.00).

2.10. Quantification of free phenolic compounds
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Analysis of phenolic compounds was performed according to the protocol described
in Sedlakova et al. (2023). The UHPLC-MS/MS measurements were carried out on an Ultra
Performance LC-MS 8050 system (Shimadzu, Kyoto, Japan) with a triple quadrupole mass
spectrometer equipped with an electrospray ionization (ESI) source operating in negative
mode. A 5 pL sample was injected into an Acquity UPLC BEH C18 column (1.7 pm, 2.1 X
100 mm, Waters, Milford, MA, USA), connected to the corresponding pre-column. The
mobile phase consisted of a mixture of 15 mM formic acid (pH 3, adjusted with NH4OH)
(solvent A) and ACN (solvent B) at a flow rate of 0.4 mL/min. The linear gradient consisted
of 10% B for 1 min, 10-13% B for 2 min, isocratic 13% B for 4 min, 13-25% B for 3 min,
25-70% B for 1.2 min, isocratic 75% B for 0.8 min, back to 10% B within 0.5 min, and
equilibration for 3.5 min. The analysis was performed in multiple reaction monitoring
(MRM) mode, and transitions of the target compounds were as follows: SAG
(297.70>137.10, 297.70>93.10), pCA-ds (169.10>124.85, 169.10>97.15, 169.10>98.10),
pCA (163.00>119.10, 163.00>93.00, 163.00>117.10), SiA (227.70>208.30, 222.70>192.20,
222.70>164.30), FA (193.10>134.25, 193.10>178.25), SA-ds (141.10>96.80,
141.10>69.10, 141.10>78.10), and SA (137.10>92.70, 137.10>65.00, 137.10>75.05). All
standards and reagents were of the highest available purity and purchased from Sigma

Aldrich Company (Prague, Czech Republic).

2.11. Stomatal aperture analysis

The stomatal aperture was assessed following Pantaleno et al. (2024). Epidermal
peels were obtained from the abaxial side of leaves from six-week-old plants and placed in
the opening buffer (5 mM MES pH 6.1, 50 mM KCl) for 3 h under light to encourage the
optimal opening of most stomata. Then, the peels were treated with or without 1 pM flagellin
22 (flg22) for 0-, 15-, 30-, and 60-min periods. Stomata were observed under a microscope
using a 40x objective and documented with a digital camera. The stomatal aperture was

analyzed by Image J Pro Plus 4.5 analysis software.

2.12. Luminol assay
Luminol assays were conducted as outlined Bisceglia et al. (2015) with minor
modifications. The lower leaves of six-week-old plants were infiltrated with Mock or Pst (as

described above) to induce local priming, and the upper leaves were used for the luminol
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assay. Discs were obtained from the midrib level using a sharp 4 mm biopsy punch from at
least three leaves per plant and carefully transferred to a Petri dish containing ddH2O. Using
a flat toothpick, one leaf disc was placed in each well of a 96-well luminometer plate,
containing 150 puL of ddH>O with the adaxial side facing upward. To minimize the impact
of wounding, the plates were kept under the same growth conditions as the original plants
for 20 h. Before measurement, water was removed from each well, and 100 uL of reaction
solution (100 uM luminol, 10 pg/mL horseradish peroxidase, and 1 uM flg22) was added.
Luminescence of the disc reaction mixture without the elicitor was monitored as the blank.
Luminol luminescence was measured for one hour using the multimode reader Synergy H4

from BioTek, at 2-min intervals with an integration time of 1,000 ms.

2.13. Statistical analysis.

The results of each representative experiment are shown as the mean + SE. Statistical
differences (p < 0.05) were determined by Student's t-test using GraphPad Prism version
10.0.0; by Generalized Linear Mixed Models (GLMMs) with negative binomial distribution
or by two-way, three-way, or four-way ANOV A with LSD Fisher comparison as appropriate

using the InfoStat v2020e (https:/www.infostat.com.ar/index.php?mod=page&id=15) statistical

package. Graphs were obtained using GraphPad Prism version 10.0.0. Asterisks and different
letters indicate statistically significant differences between the means.

The changes in the metabolic profile between lines and treatments were also analyzed
using multivariate statistical analysis, specifically principal component analysis (PCA) and
correlation matrices performed in RStudio (Version 1.1.463 — © 2009-2018 RStudio, Inc.)
using the packages factoextra, ggplot2, grid, ggrepel, ggnewscale and corrplot.
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3. Results

3.1. The AtPUT2 polyamine uptake transporter is essential for SAR establishment but not
for basal resistance in Arabidopsis

SAR was induced in WT plants and single mutant lines of the A. thaliana PUT family
(putl-1, put2-1, put3-1, put4-1, and put5-1). CFUs were estimated at 72 hpi following
systemic challenge with Pst in six-week-old plants. In WT plants, bacterial titers were
significantly lower in systemic leaves of locally challenged (primed) compared to the Mock-
treated controls, indicating successful SAR establishment, as reported in previous studies
(Rufian et al., 2019). We first analyzed bacterial titers in WT and mutant lines after Mock-
infiltration. The putl-1 behaved like WT, while the other mutants increased basal resistance
(Fig. 1a). Under SAR-induced conditions, puti-1 and put3-1 mutants reduced bacterial titers
after priming as the WT (Fig. 1a). In contrast, the put2-1, put4-1, and put5-1 mutant lines
displayed a defective SAR. Notably, put4-1 and put5-1 mutants showed similar bacterial
titers in primed plants as in the Mock-infiltrated ones (Fig. 1a).

The put2-1 mutant exhibited the most pronounced SAR deficiency, with higher
bacterial titers in primed plants than in the Mock-infiltrated ones, suggesting a key role for
AtPUT2 in SAR (Fig. 1a). To further study the role of 4fPUT2 in SAR, we generated three
Arabidopsis PUT2 overexpression lines (355::PUT2-2, -18, and -27) and challenged them
with Pst. All 35S::PUT2 overexpression lines were resistant to Ps¢ inoculation, inducing
SAR, and exhibited similar bacterial titers to the WT (Fig. 1a).

Following inoculation with the avirulent strain P. syringae avrRpt2, the put2-1
mutant failed to establish SAR, as evidenced by increased bacterial titers compared to the
native plant status (Fig. 1b). Interestingly, the put2-1 mutant line also exhibited enhanced
basal resistance (Fig. 1a and b). Specifically, put2-1 plants inoculated with the Mock on the
lower leaves and challenged on the upper leaves with Pst had lower bacterial titers than WT,
a phenotype consistent even in four-week-old put2-1 mutant plants (Fig. S2). This suggests
a dual phenotype for the put2-1 mutant, in which SAR is compromised, but basal resistance

is enhanced.
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3.2. Broad-spectrum SAR is lost in the Arabidopsis put2-1 mutant

SAR provides broad-spectrum protection against various pathogens. We examined
whether AfPUT2 influences this protection by testing SAR induced by Ps¢ against an
unrelated pathogen, Botrytis cinerea, in the WT and the put2-1 mutant line (Fig. 1¢ and d).
Plants in native or SAR status were systemically inoculated with B. cinerea, and the infected
leaves were stained with Evans blue. In WT plants, local priming with Pst significantly
reduced lesion sizes caused by B. cinerea at 48 hpi, demonstrating effective broad-spectrum
SAR (Fig. 1c). However, the put2-1 mutant showed larger fungal lesions in Ps¢-primed
plants (Fig. 1c¢ and d), indicating impaired broad-spectrum SAR. This result suggests that
while the loss of 4/PUT?2 function does not affect basal resistance to Pst in Arabidopsis, this

transporter is crucial for managing SAR, even against unrelated pathogens.

3.3. Transcriptomic profiling reveals that the put2-1 mutant exhibits altered expression of
genes associated with defense and SAR

To further investigate the role of the A¢/PUT2 gene in plant defense, we conducted a
transcriptome analysis of WT and pu#2-1 mutant plants under native and SAR conditions at
24 hpi (Fig. 2a and b; complete gene list available at File S1). For the native condition, the
lower leaves of a set of plants were infiltrated with Mock solution, while the upper leaves
were either kept in their native state or challenged with Pst (Fig. 2a). For the SAR condition,
the lower leaves were infiltrated with Ps¢, while the upper leaves were either maintained in
their native state or challenged with Pst (Fig. 2a). Samples were collected at 24 hpi as
indicated (Fig. 2b). RNA-seq analysis revealed 28.8 £ 2.1 million fragments per library with
high quality (minimum Phred score of 33) (Fig. S3). In the considered comparisons, 1,160
genes showed increased gene expression, and 3,857 showed decreased expression (Fig. 2¢
and d). In the put2-1 mutant, the comparison of SAR (I"75!/2°Fs0 yg_native (I™Mock/2°Ps) had the
highest number of differentially expressed genes (DE), with 1,107 increased and 3,811
decreased (Fig. 2¢ and d). Furthermore, there were only 9 genes with increased and 3 with
reduced expression shared between put2-1 [SAR ("Ps1/ 2P yg native I™Mock/2°Ps0] and WT
[SAR (I"Pst/2Native) yg patjye (I'Mock/2Native)] conditions (Table S2).

Gene Ontology (GO) enrichment analysis, based on the Differential Expression
results, revealed deregulated terms associated with SAR (GO: 0009627), response to
hydrogen peroxide (GO:0042542), regulation of defense response (GO:0031347), response
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to fungus (GO:0009620), plant-type hypersensitive response (G0O:0009626), fatty acid
biosynthetic process (GO:0006633), thylakoid membrane organization (GO:0010027) and
plant-type cell wall organization (GO:0009664) in the put2-1 mutant compared to WT (Fig.
S4). A heatmap summarizing the GO enrichment analysis of all contrasts is shown in Fig.
2e. Representative deregulated genes associated with SAR and defense in put2-1 under SAR

(I"Pst/2°Psh) condition are listed in Table 1, with many linked to SA and Pip metabolism.

3.4. The put2-1 mutant displays deregulation in the SA and SAR marker genes

Expression of SAR and defense marker genes was evaluated in the upper (systemic)
leaves of the WT and put2-1 plants under native or SAR conditions (Fig. 3). The key
examined genes included: SA synthesis and response (PAD4, SARDI, ICS1, and PRI), Pip
and NHP biosynthesis (ALDI, SARD4, and FMOI), SAR signaling (AZII), negative
regulation of NPR1 (NIMINI), glycosylation of NHP and SA (UGT76B1), the ethylene- and
jasmonate-responsive plant defensin (PDF1.2) and a Spm responsive gene (NHL10) (Fig.
3). The expression of most genes was influenced by the interaction among local priming,
systemic challenge and genotype according to ANOVA (File S2). Under native ("™ock/2"Native)
conditions, put2-1 exhibited increased expression of most genes related to SA synthesis and
response (PAD4, SARDI, ICS1, PRI), Pip, and NHP biosynthesis (ALDI and FMOI), as
well as AZI1 and PDF1.2 compared to WT (Fig. 3a-e, g, j and k), consistent with its basal
resistance phenotype (Fig. 1a). After local priming with Ps¢ (1"Pst/2Native) _expression of these
marker genes showed slight changes in WT plants regarding the native uninoculated ("™©ck/
2Native) condition (Fig. 3). At the same time, put2-1 increased the expression of PAD4,
SARD4, NIMINI, UGT76B1, AZI1, and NHLI0 (Fig. 3a, f, h-j, and 1), but decreased PRI,
ALDI, and FMOI, as well as PDF1.2 (Fig. 3d, e, g and k), compared to the native
uninoculated condition. 3

In systemically challenged plants without priming ™/ 2P0 both WT and put2-1
upregulated most marker genes, particularly S4RD and PR/ in the mutant (Fig. 3b and d).
Interestingly, genes related to SA and NHP biosynthesis (SARD1, ICS1, SARD4, and FMOI),
as well as the PR/ gene, showed higher expression in the put2-/ mutant compared to WT
under the locally primed and systemically challenged """/ 270 condition (Fig. 3b, ¢, f, and
g). In the same conditions, negative regulators (NIMINI and UGT76B1) and NHLI0 were
strongly induced in put2-1 compared to WT (Fig. 3h, i, and 1). Notably, NIMINI, UGT76B1,
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and NHLI10 displayed a consistent expression pattern in put2-1 across all tested conditions,
differing markedly from WT (Fig. 3h, i, and ). Overall, the simultaneous strong induction
of both positive and negative SAR regulators in put2-1 likely disrupts the balance between
induction and attenuation of SAR, leading to an impaired systemic response.
The stronger expression of SA and SAR marker genes in put2-1 under SAR ("7s1/2°Ps)
condition compared to WT suggested a delayed response to secondary infection. To test this,
we examined the expression of SAR-related genes (/CS1, PRI, FMOI, SARD4, NHL10, and
UGT76B1) at an earlier time point (6 hpi) (Fig. S5). ANOVA revealed that, except for /ICS/,
the expression of all genes was influenced by the interaction among local priming, systemic
challenge, and genotype (File S2). Our results confirmed that the WT responded more
rapidly to systemic challenge without priming ™ok / 2P0 \whereas put2-1 exhibited a
delayed response (Fig. S5). The exception was SARD4, which behaved similarly in both
lines (Fig. S5c¢). Interestingly, in the SAR and systemically challenged condition "7/ 2P0,
most analyzed genes were less expressed in WT than in put2-1, except for PRI and
UGT76BI1. In WT, priming likely triggers a rapid response after the challenge of systemic
leaves with Pst, and by 6 hpi, the expression levels of marker genes may have already
decreased. This suggests that plant status differentially affects gene expression in the WT

and the put2-1 mutant.

3.5. AtPUT?2 is crucial for the proper expression of SAR marker genes relying on putrescine.

To investigate the role of free polyamines and their transport in SAR, we locally
infiltrated the lower leaves of six-week-old WT and put2-1 mutant plants with Mock (MgCl»)
or 30 uM of selected polyamines (Put, Spd, Spm). Then, we measured the expression of SAR
marker genes in the upper leaves at 24 hpi. ANOVA revealed that the interaction between
polyamine type and genotype influenced gene expression (File S2). In WT, Put treatment
significantly increased the expression of all marker genes, but the systemic effect of Put was
impaired in the put2-1 mutant (Fig. 4). Spd strongly induced PRI, SARD4, FMOI, and
NIMINI expression in WT, but had little effect on the other marker genes analyzed (Fig. 4b-
d, and h). In put2-1, Spd treatment reduced marker gene expression (Fig. 4). Finally, Spm
increased the expression of negative regulators of SAR (UGT76B1 and NIMINI) in put2-1,
and to a lesser extent, UGT76B1 expression in WT (Fig. 4e and h). These results align with

previous findings that local Put treatment triggers a SAR-like response in Arabidopsis (Liu
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etal., 2020), and demonstrate the crucial role of the ArfPUT?2 transporter for relaying systemic

signal(s) to distal leaves for proper SAR gene expression.

3.6. Local infiltration of Put results in a reduction of bacterial titers in systemic tissues
Since Put infiltration triggered the expression of SAR marker genes, we evaluated its
impact on Pst systemic resistance. Six-week-old WT, put2-1, and 35S::PUT2
overexpression lines were locally infiltrated with 30 uM Put or Mock, followed by Pst
inoculation of the upper leaves 48 h later. At 72 hpi, Put-treated WT plants showed
significantly lower bacterial titers than the Mock-treated plants, indicating SAR activation
(Fig. 5). Conversely, the put2-1 consistently maintained low bacterial titers, with no
significant differences between Mock and Put treatments (Fig. 5). Interestingly, the
358::PUT?2 overexpression lines exhibited low bacterial titers even in the Mock-treated
plants, similar to the put2-1 mutant, suggesting basal resistance. Furthermore, the 35S::PUT2
lines had enhanced systemic resistance under Put treatment (Fig. 5). These results indicate
that Put or its derived metabolites trigger SAR induction in the WT plants (Fig. 5). Although
Put is a less preferred substrate for PUT2 in yeast expression assays (Mulangi et al., 2012),
our findings suggest that in planta, PUT2 play a role in Put transport that is crucial for

conferring systemic resistance to Pst.

3.7. The put2-1 mutant line is affected in the Put mobilization.

As previously observed, Put infiltration upregulated the expression of SAR marker
genes and a SAR-like phenotype in the WT, but not in put2- 1, which aligns with the defective
Put transport in this mutant line. Therefore, we assessed the effect of local infiltration with
30 uM Put on the content of free polyamines in distal leaves at 6- and 24-h post-infiltration
(Fig. 6). A significant interaction was found among genotype, treatment, and time (File S2).
In the WT, a notable increase in endogenous Put levels was detected in the distal leaves 6 h
after Put infiltration of lower leaves, compared to the Mock treatment (Fig. 6b). This result
demonstrates active mobilization of Put from lower to upper leaves. At this time, PCA also
showed that Put and Spd were rapidly accumulated in the Put-infiltrated WT (Fig. 6b, ¢, and
e). Contrary, following Put infiltration, put2-1 exhibited either decreased (6 h) or unchanged
(24 h) Put content in systemic leaves (Fig. 6b), indicating impaired Put mobilization from

lower to upper leaves. Interestingly, the 35S::PUT2-27 overexpression line behaved
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similarly to WT, increasing the endogenous Put content at 6 and 24 h after Put infiltration
(Fig. 6b). Moreover, this line also rapidly accumulated other superior polyamines, such as
Spm and tSpm, among others, but reduced their levels at 24 h, as happened in the WT (Fig.
6e; Fig. S6). These results may suggest that the Put fast transport is needed for the synthesis
of the superior polyamines to regulate Arabidopsis SAR-induced response against Pst. This
assumption was then further supported by the changes observed in the Put precursor Agm,
which reduced in put2-1 at 6 h and increased at 24 h, perhaps as a compensation response in
the distal leaves for the Put reduced transport (Fig. 6a). In this regard, PC analysis indicated
that in the put2-1 mutant, Put infiltration induced Cad at 6 h, but didn’t accumulate the higher

polyamines until 24 h after the treatment (Fig. 6e).

3.8. Putrescine modulates SA levels in distal tissues

As described in previous sections, the put2-1 mutant upregulated SA and SAR marker
genes under native conditions (Fig. 3, Fig. S5), suggesting a deregulation of endogenous SA
content. Therefore, a deeper analysis of phenolic compounds, including SA and SA-
glucoside (SAG), was performed in the distal leaves of plants at 6 and 24 h after Put-
infiltration (Fig. 7). The Mock-treated put2-1 mutant exhibited higher SA content than the
WT at 6 h (Fig. 7a). Following Put infiltration, the WT distal leaves showed a significant
increase in SA levels at 6 h, which remained at 24 h (Fig. 7a). These results suggest that Put
translocation to distal tissues may regulate SA levels in the WT. In contrast, put2-1 displayed
delayed SA accumulation, which only increased after 24 h, implying impaired Put-mediated
systemic signaling (Fig. 7a and 7f). The 35S::PUT2-27 overexpression line maintained
elevated SA levels both with and without Put treatment (Fig. 7a), a feature also observed in
the PCA analysis (Fig. 7f).

Put infiltration in the local leaves also influenced the SAG content of the distal leaves
(Fig. 7b). For instance, the WT accumulated significantly higher SAG levels in Put-
infiltrated plants at 24 h, most likely to regulate SA levels that were significantly increased
at 6 h (Fig. 7a, b, and f). Similarly, the put2-1 mutant enhanced SAG content at 24 h after
Put infiltration (Fig. 7b). In contrast, the 35S::PUT2-27 overexpression line significantly
raised SAG levels from 6 h after Put infiltration and kept them elevated at 24 h (Fig. 7b and
f). Altogether, the data demonstrate that local Put infiltration and its transport via A/PUT2

impact SA and SAG levels in systemic leaves. Furthermore, Put infiltration also modified
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the endogenous content of other phenolic compounds, including hydroxycinnamic acids,
such as sinapic (SiA), ferulic (FA), and p-coumaric acid (pCA) (Fig. 7c-e). Although no
clear regulation of Put infiltration was observed regarding the changes of these last phenolic
compounds, it was clear that A/PUT2 modulation may contribute to regulating the levels of
SiA, which significantly increased in the WT at 6 h after Put infiltration, but not in put2-1
and 35S::PUT2-27 lines (Fig. 7¢).

3.9. The put2-1 SAR deficiency is due to its disrupted polyamine homeostasis

We also measured the same aforementioned polyamines and phenolic compounds in
the WT, put2-1, and 35S::PUT2-27 to understand the metabolic alterations due to AtPUT?2
disruption under SAR conditions (Fig. 8; Fig. S7). Significant differences were observed
between the WT and the put2-1 plants, while the 35S::PUT2-27 line behaved similarly to
WT (Fig. 8; File S2). At 6 hpi under native conditions ("™ock/2Mock) “the 1y2- | mutant had
increased content of several higher polyamines [Spd, hSpd, norspermidine (nSpd), Spm,
tSpm, norspermine (nSpm)], as well as Cad and 1,3-diaminopropane (Dap), compared to the
WT (Fig. 8b; Fig. S7). The put2-1 mutant maintained increased levels of nSpd, Spm, nSpm,
and tSpm at 24 hpi in native conditions, which align with the higher ADC, SPMS, and ACLS
expression levels in this mutant (Fig. 8g; Fig. S7 and S8). Interestingly, there was a clear
negatively correlation between Put and Spd and other polyamines like hSpd, Spm, tSpm,
nSpd, and nSpm at 6 hpi (Fig. 8f). Maybe, the Put deficiency in put2-1 is not only due to the
limited Put transport but also rapid Spd conversion into the final product, such as Spm and
tSpm, among others, which would condition the SAR. As a corroboration, put2-1 reduced
the Put content under SAR "7/ 275D at 6 hpi (Fig. 8a). Contrarily, the WT and 35S::PUT2-
27 accumulated higher polyamines and Dap under SAR ("7/2°P5) whereas the put2-1 mutant
showed a correlation with phenolics, including SiA, SA, and SAG (Fig. 8c, d, e; Fig. S7).
The elevated levels of SA and SAG in the put2-1 mutant under SAR (Fig. 8¢ and d) were
accompanied by the upregulated expression of /CS/ and UGT76B1 genes (Fig. S5a and f).
Moreover, a clear correlation was observed between changes in concrete polyamine levels
and phenolics (Fig. 8f and h). For instance, Spd showed a negative correlation with SAG at
both 6 and 24 hpi, and SA and SAG content were also negatively correlated with Spd, Spm,
and tSpm (Fig. 8f and h).
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Altogether, our data suggest that higher polyamine accumulation precedes the accumulation
of phenolic compounds (SA and hydroxycinnamic acid accumulation) under SAR conditions
in the WT and the 35S::PUT2-27, an aspect that was inverted in the put2-1 mutant (Fig. 8e
and g).

3.10. The SAR-deficient put2-1 is due to a ROS and stomatal immunity disruption.

To further explore systemic responses, we evaluated ROS and stomatal immunity in
the WT, put2-1, and 35S::PUT2-27 lines (Fig. 9). First, superoxide radical ions were
detected histochemically in response to local and systemic Pst¢ inoculation (Fig. 9a). WT
plants increased blue staining, indicating accumulation of superoxide radical ions in their
leaves under SAR ("75"/2'Ps)_Contrarily, the put2-1 mutant line only accumulated superoxide
radical ions after local Pst inoculation ™o/ 2P0 tyut not under SAR ("P5/ 2°Ps) (Fig, 9a),
suggesting that the loss of AfPUT2 function affects ROS accumulation during SAR. This
pattern of ROS accumulation aligns with RBOHD gene expression, which is highly
expressed after local Pst inoculation 1™°/ 2750 byt significantly downregulated under SAR
(I"Pst/2°Psh) in the put2-1 mutant (Fig. S8e).

To further explore the contribution of AtPUT2 to the ROS response, ROS burst in
discs taken from the upper (native leaves) was evaluated under flg22 elicitation 48 h after
priming the lower leaves with Mock or Pst using the luminol assay (Fig. 9b). Again, different
ROS responses were observed among lines. For instance, WT accelerated the ROS
production in the Psz-primed (tmax ca. 10 min) plants compared to Mock-treated plants (tmax
ca. 14 min), confirming that priming accelerates responsiveness to flg22 elicitation (Fig. 9b
and ¢). A similar tendency was observed in the 35S::PUT2-27 line (Fig. 9d). However, the
put2-1 mutant showed similar ROS curves under both Psz-primed and Mock-treated plants
(Fig. 9b and c¢). Moreover, the overall curves, calculated by integrating the area under the
curve (AUC), were also compared for the three lines (File S2). Although the treatment was
not significant, lines showed a clear difference in activating ROS signals, with the put2-1
mutant exhibiting a substantial compromise in its capacity for ROS accumulation.

The ROS deficiency observed in the Pst-primed plants in put2-7 under SAR and after
flg22 elicitation (Fig. 9a and ¢) suggests that this line may have an alteration in the initial
ROS-regulated immune responses occurring in the stomata (Song et al., 2014). To analyze

this possibility, we observed stomatal changes in Mock or Ps¢-primed plants by eliciting the
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distal leaves with flg22 (Fig. 9e and f). Under control conditions, WT and put2-1 plants
showed similar stomatal apertures, whereas the 35S::PUT2-27 line had reduced apertures.
After flg22 elicitation, all lines induced stomata closure after 15 min (Fig. 9d). However,
whereas the WT and 35S.::PUT2-27 lines kept a closed status throughout the experiment, the
put2-1 mutant exhibited significantly larger stomatal apertures at 30 min of flg22 elicitation
(Fig. 9e and f). Altogether, our results demonstrate that the AzPUT2 gene regulates SAR by

ROS signaling and stomatal closure in Arabidopsis.

4. Discussion

SAR enhances plant immunity by preparing defenses against future infections.
Understanding the signaling molecules involved is crucial for deciphering systemic
responses and improving sustainable disease resistance in crops. Our study investigated how
restricting polyamine transport in Arabidopsis polyamine uptake transporter (puf) mutant
lines affects SAR activation. Our findings revealed differences in SAR efficacy among
Arabidopsis put mutants, suggesting that specific polyamine transporters play a role in
systemic immunity. While put/-1 and put3-I mutants demonstrated SAR activation
comparable to WT plants, the put2-1, put4-1, and put5-1 lines exhibited noticeable SAR
deficiencies. Notably, the put2-1 mutant showed significant susceptibility to reinfection,
with higher bacterial titers in SAR-induced plants compared to Mock-infiltrated controls.
Further analysis of the AtPUT2 gene revealed its involvement in broad-spectrum SAR, as
the put2-1 mutant could not limit B. cinerea infection following local priming. The dual
phenotype observed in put2-1, compromised SAR but enhanced basal resistance to Pst,
highlights a distinctive characteristic of this mutant, suggesting that polyamine transport is
key for polyamine-mediated systemic immune responses. Furthermore, the enhanced basal
resistance in the put2-1 mutant remained unaffected by plant age or photoperiod, suggesting
that this defense mechanism operates independently of the developmental stage and light-
dependent signaling pathways.

Previous studies have shown that mutants defective in lipid biosynthesis and
transport (i.e. sfdl, sfd2, fad7, mgdl, dirl, modl, lacs2), the biosynthesis, transport and
perception of the mobile signals (i. e. azil, earlil, che), and epigenetic modifications (i. e.
rsil, refo, fve, gstt2, pwr), as well as the lines overexpressing RRTF1 and PDLP, lose SAR

induction but maintain basal resistance against P. syringae pv. maculicola (Psm) or to Pst,
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with bacterial titers comparable to those in WT (Maldonado et al., 2002; Nandi et al., 2004;
Chaturvedi et al., 2008; Singh et al., 2013; 2023; Carella et al., 2015; Cecchini et al., 2015;
Banday and Nandi, 2018; Chowdhury et al., 2020; Patil and Nandi, 2022; Cao et al., 2024).
Conversely, mutants such as npr/ and aldl, and overexpression of UGT76B1, which are
involved in SA and Pip metabolism, lose both SAR and basal resistance (Cao et al., 1997;
Bauer et al., 2021; Jiang et al., 2021). Interestingly, put2-1 shares some features with these
mutant lines but does not fully fit the described phenotypes. Unlike most SAR-deficient
mutants, which retain basal resistance, put2-1 shows enhanced local resistance, as evidenced
by reduced bacterial titers.

Although local Put infiltration reduced bacterial titers in WT systemic leaves,
mimicking SAR activation, the put2-1 mutant showed no difference in bacterial titers
between Mock and Put-treated plants, suggesting impaired perception or response to Put.
Conversely, the 35S5::PUT? lines showed enhanced systemic resistance upon Put treatment.
Quantitative analysis confirmed that both WT and 35S.:PUT? lines effectively translocated
Put from local to distal tissues, whereas the put2-1 mutant failed to do so (Fig. 6). These
findings support the notion that AfPUT2 is required for the long-distance transport of Put,
which is essential for SAR activation and the regulation of SAR-associated gene expression.
A recent study identified a tomato homolog of PUT2 (phylogenetically clustered with the
Arabidopsis PUTI, PUT2, and PUT3 genes) as mediating shoot-to-root transport of
polyamines (Spd and Put) during salt stress, a process regulated by the HB52 transcription
factor (Yang et al.,, 2025) Additionally, the tomato PUT3 transporter is involved in
polyamine uptake under salt stress (Yang et al., 2024), underscoring the significance of
polyamine transport in mediating plant stress responses.

To further understand the SAR-deficient put2-1 phenotype and the relevance of
polyamine regulation, we conducted RNA-seq transcriptomic analysis. Several genes
associated with systemic acquired resistance, regulation of defense response, plant-type
hypersensitive response, response to hydrogen peroxide, photorespiration, and fatty acid
biosynthetic process were deregulated in the pu#2-7 mutant under SAR. Specifically, genes
related to SA and NHP metabolism, which regulate local immunity and SAR, were altered
in put2-1. Interestingly, the /CSI and FMOI genes, crucial for SA and NHP biosynthesis,
were highly expressed in the put2-1 mutant, especially at 24 hpi, when the WT had already
reduced their expression. This result indicated that polyamine transport mediated by ArPUT2
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may be crucial for controlling SA and NHP biosynthesis under SAR. None of the known
mobile SAR-inducing signals, such as MeSA, AzA, DA, G3P, NHP, and eNAD(P), have
been reported to activate systemic SA biosynthesis directly (Kachroo and Kachroo, 2020;
Vot et al., 2021). Interestingly, our results showed a strong link between polyamines and
SA biosynthesis because Put infiltration in lower leaves triggered SA accumulation in the
upper (systemic) leaves, revealing a novel role for Put or a derived metabolite in regulating
systemic SA levels. This extends previous observations that Put stimulates local SA
accumulation and induces local and systemic transcriptional reprogramming of genes
involved in SAR (Liu et al., 2020). Additional corroboration was that AfPUT2 was essential
for Put-mediated systemic induction of /CS1, PRI, SARD4, FMO1, UGT76B1, and NHL10
genes, as this response was largely suppressed in the put2-I mutant. Based on our
observations, polyamines may act as a key regulatory hub, contributing to the fine-tuning of
the balance between activation and attenuation of SAR. While Put functions as an inducer
of SAR and defense-related genes (Liu et al., 2020), we observed that higher polyamines,
mainly Spm, promote the expression of genes encoding enzymes that inactivate SA and
NHP, or their signaling pathways, such as UGT76B1 and NIMIN1 (Fig. 4).

UGT76B1, a glycosyltransferase that modifies SA, NHP, and isoleucine, plays a
pivotal role in regulating the levels of the active forms that mediate plant immunity (Bauer
etal., 2021; Mohnike et al., 2021). UGT76B1 overexpression increases susceptibility to Psm
and impairs SAR activation (Bauer et al., 2021). In contrast, the ugt76b1 mutant exhibits
constitutive SAR and accumulates elevated levels of free SA and NHP, indicating impaired
inactivation and turnover of these signaling molecules (Bauer et al., 2021; Mohnike et al.,
2021). Similarly, we observed decreased UGT76B1 transcript levels in WT plants from 6 to
24 hpi under SAR ("Ps1/2°Ps) " correlating with increased SA levels, which help bolster plant
defense. Conversely, increased UGT76B1 expression in the put2-I mutant under SAR
conditions likely promotes the glycosylation and subsequent inactivation of SA, NHP, and
ILA, compromising the systemic immune response. Interestingly, we also found that both
Spm treatment and put2-1 under SAR upregulated UGT76B1 expression in Arabidopsis.
Moreover, the high Spm levels in the mutant line indicate a clear connection between
UGT76B1 transcript levels and Spm. The put2-1 mutant also exhibited elevated levels of
other higher polyamines, including tSpm, nSpd, and nSpm, which aligned with increased

ADC2, SPMS, and ACLS5 expression. Consistent with these findings, Kim et al., (2019)
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reported Spm overaccumulation in seeds of the put2-1 mutant. This accumulation suggests
potential defects in polyamine distribution or metabolic regulation within the cell,
reinforcing the idea that 4rPUT2 is critical for maintaining polyamine homeostasis and
proper compartmentalization.

Polyamine supplementation experiments showed that Spd and Spm differently
regulate gene expression. Spd treatment induced NIMINI expression in WT plants but not
in put2-1, while Spm increased NIMINI and UGT76B1 expression in put2-1. NIMIN1, a
negative regulator of plant immune responses, acts by sequestering the SAR master regulator
NPR1 (Mohan et al., 2016). NIMINI was highly expressed in the put2-1 mutant under native
conditions and was further upregulated in response to local priming "7/ 2Native) " qystemic
challenge ("™ock/2'Psh) " and SAR ("Ps!/2°Ps) Thuys, affecting the defense responses in put2-1.
Overexpression of NIMIN1 leads to SA intolerance (Mohan et al., 2016), mimicking the npr/
mutant phenotype characterized by reduced expression of SA-induced PR genes, including
PRI, and impaired SAR. Interestingly, despite the loss of SAR in put2-1, PRI expression
was not repressed, suggesting that a SA-independent pathway might regulate its expression.

ROS are key signaling molecules involved in regulating SAR and stomatal immunity.
Previous studies have shown that Put induces RBOH-D and RBOH-F, which generate
apoplastic ROS and contribute to SAR-like responses (Liu et al., 2020). In our study, the
put2-1 mutant line accumulated superoxide radical ions in response to local Pst¢ inoculation
(I"'Mock /2°Ps0) byt not under SAR (P57 2P0 suggesting a defect in systemic ROS signaling.
Various experimental approaches in this study consistently demonstrated that the put2-1
mutant displays impaired ROS accumulation and systemic signaling. For instance, luminol-
based assays revealed that the put2-1 mutant had weaker ROS signals than the WT and the
358::PUT2-27 line. Following flg22 elicitation, the put2-1 mutant showed no differences in
ROS dynamics between Mock-treated and Pst-primed plants, confirming the compromised
systemic response. Moreover, stomatal closure assays revealed that put2-1 exhibited
attenuated responsiveness to flg22 compared to WT, while the 35S5::PUT2-27 showed an
enhanced response. While stomatal closure mediated by the FLG22 receptor is known to be
SA-dependent, polyamines (Put, Spd, and Spm) also significantly contribute to this process
by enhancing nitric oxide and ROS production in guard cells. This polyamine response
involves the activity of RBOH and amine oxidase enzymes, contributing to stomatal closure

(Zheng et al., 2015; Agurla et al., 2018). Put stimulates NO production, thereby promoting
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stomatal closure (Agurla et al., 2018), a process that may be impaired in put2-1 due to its
reduced Put content under SAR.

SA modulates polyamine metabolism in Arabidopsis, increasing Put accumulation
via an NPR1-independent but partially MPK6-dependent mechanism, while Pst triggers Put
accumulation in a SA-dependent manner (Rossi et al., 2021). Although the polyamines-
ROS-SA crosstalk has primarily been studied at the biosynthesis level, our findings indicate
that 4rPUT2-mediated polyamine transport also regulates SA and ROS levels, thereby
modulating plant defense and stomatal immunity.

Another key finding of this study was that the puz2-1 mutant exhibited altered
expression of genes encoding chloroplast enzymes, mainly related to galactolipid
biosynthesis, suggesting a metabolic disorder in this organelle. In addition to its role in
photosynthesis, the chloroplast is a crucial organelle involved in synthesizing Pip and
precursors of SA, and coordinating plant defense responses (Kachroo et al., 2021). The
AtPUT?2 transporter has been reported to localize to multiple intracellular compartments,
including the chloroplast and the Golgi apparatus (Li et al., 2013; Fujita and Shinozaki, 2014;
Ahmed et al., 2017), with additional localization predictions to the plasma membrane,
vacuole, and mitochondria according to the SUBA4 database (Hooper et al., 2017). In
chloroplasts, polyamines are key for stabilizing thylakoid structure, post-translational
modifications of antenna proteins, and regulating photosynthesis, photoadaptation, and stress
responses (Sobieszczuk-Nowicka and Legocka, 2014). Our findings suggest that AfPUT2
may be involved in chloroplast-associated metabolic processes crucial for immune signaling
and systemic resistance. However, other previously described roles for polyamines in the
chloroplast may also be dependent on their transport.

Although further studies are needed to understand the chloroplast-associated
regulation of A/PUT2 in SAR, our assumptions are also supported by the fact that the put2-
I mutant exhibits a similar phenotype to loss-of-function mutants of genes involved in
galactolipid biosynthesis, with compromised SAR, while retaining basal resistance to Pst
(Maldonado et al., 2002; Nandi et al., 2004; Chaturvedi et al., 2008; Lim et al., 2020). In
these mutants, the loss of SAR has been linked to defects in plastid function (Chaturvedi et
al., 2008). For example, the MGDL gene, which encodes a chloroplast A-type

monogalactosyldiacylglycerol synthase required for galactolipid synthesis, plays a role in
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generating precursors for mobile signals, such as Aza and G3P, which are essential for SAR
(Kachroo et al., 2021).

Recently, it has been found that levels of various galactolipids, such as MGDG (18:3,
16:3), MGDG (18:3, 16:2), and MGDG (16:3), which are primary precursors of jasmonic
acid (JA), increase in the Spm-deficient spms mutant that is Pst¢ susceptible and Bc resistant
(Zhang et al., 2023). Therefore, it is reasonable to suggest that the increased Spm levels in
the put2-1 mutant may also influence galactolipid and JA content as well as the defense
responses to pathogens. Moreover, the increased susceptibility to Bc in systemic tissues of
the put2-1 mutant could also result from alterations in the ethylene-JA pathway, as recently
shown by Zhang et al. (2023) and Pefia-Lucio et al. (2025).

Our transcriptomic analysis also revealed that many genes associated with
photosynthesis and chloroplast function (Table S3), including those involved in galactolipid
synthesis in the chloroplast, such as MGD1, FAD4, and FAD7, were down-regulated in the
put2-1 mutant line (Table 1, Fig. S9). These findings reinforce the evidence that ArfPUT2
impacts chloroplast function, and that the SAR deficiency observed in the put2-1 mutant

may also result from disrupted production of galactolipid-derived mobile signals.

5. Conclusion

Our findings reveal the crucial role of the Polyamine Uptake Transporter 2
(PUT2/LAT4) in SAR and broad-spectrum SAR establishment in Arabidopsis. Fig. 10 shows
a model integrating the main findings related to the function of Put and 4/PUT2 in systemic
responses. AtPUT2 transporter is required for Put transport to systemic tissues, which
regulates the expression of essential genes involved in SA and NHP biosynthesis and
modulates SA levels. Under SAR "7/ 2750 the pyt2-1 mutant exhibits alterations in the
expression of SAR-related genes, SA, ROS, and Put content, indicating that the proper
timing of accumulation of each actor is crucial for SAR establishment. Particularly, ROS
signaling is compromised in the put2-1 mutant, affecting other key defense responses such
as stomatal immunity. The downregulation of crucial genes involved in galactolipid
synthesis in the put2-1 mutant points to future research regarding the importance of
polyamine transport in chloroplast-mediated SAR responses. Understanding how polyamine
transport mechanisms contribute to plant defense could significantly enhance our

understanding of plant stress resilience.
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Figure captions.

Figure 1. Evaluation of SAR and broad-spectrum SAR in Arabidopsis polyamine
uptake transporter mutants and overexpression lines. a) Bacterial titers in systemic
leaves of WT and polyamine uptake transport mutants (putl-1, put2-1, put3-1, put4-1, and
put5-1) and AtPUT?2 overexpression lines (35S::PUT2-2, -18, and -27) which were locally
infiltrated with Mock, maintaining a native plant status, or challenged with Pseudomonas
syringae pv. tomato DC3000 (Ps?) to induce SAR. b) Bacterial titers in systemic leaves of
WT and put2-1. Plants were locally infiltrated with Mock or challenged with the avirulent
strain P. syringae avrRpt2. CFU, colony-forming units. Experiments were repeated twice
with similar results. Values show the mean of five or six biological replicates = SE. Different
letters indicate significant differences (p < 0.05) between treatments according to two-way
ANOVA and LSD Fisher's post-hoc test. ¢) Lesion size in WT and put2-1 mutant plants,
locally infiltrated with Mock or challenged with Pst, was assessed in systemic leaves after
inoculation with B. cinerea (Bc). Values are the mean of four biological replicates (n=12
leaves) = SE. Lesion size (cm?) induced by Bc was quantified using ImageJ® software.
Different letters denote significant differences (p < 0.05) between treatments via three-way
ANOVA followed by LSD Fisher’s post-hoc test. d) Evans blue staining at 24 and 48 hpi
with Bc. Representative images of 12 leaves. Scale bar (0.5 cm). Each image displays a 2x

digital zoom.

Figure 2. Transcriptomic analysis of put2-1 mutant under native and SAR conditions.
a) Experimental design and b) sampling. WT and put2-1 plants were inoculated with Pst to
establish the following conditions: native plant status and SAR. The lower leaves (8, 9, and
10) were inoculated with Pst at ODgsoo = 0.005 to induce local priming (SAR) or treated with
a Mock solution (MgCl; 10 mM) to maintain a native plant status. At 24 hpi, the uninoculated
upper leaves (13, 14, and 15) were collected for RNA extraction. In a second group of plants,
48 hours after primary infection, the upper leaves were systemically challenged with Pst at
ODeoo = 0.0005 and then collected 24 hpi for RNA extraction. For each condition, at least
six plants were used. Scissors indicate the upper leaves that were harvested for the
experiments. Venn diagrams representing the common and specific number of ¢) upregulated

genes and d) down-regulated genes between the considered contrasts. e) Heatmap
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summarizing the Gene Ontology (GO) enrichment for selected terms based on the contrasts.

The scale color represents the enrichment score.

Figure 3. Gene expression analysis of SAR markers in the put2-1 mutant line. Gene
expression of a) PAD4, b) SARDI, ¢) ICSI, d) PRI, e) ALDI, f) SARD4, g) FMOI, h)
NIMIN1,i) UGT76B1,j) AZI1, k) PDF1.2, and 1) NHLI0 in the different plant status (native
or SAR) at 24 hpi. Gene expression values were normalized to the EF'/o reference gene and
relative to WT plants in native status ("™ock/2Native) yging the 2-44Ct method. Values are the
mean of three replicates = SE. Different letters denote significant differences (p < 0.05)

between treatments according to three-way ANOVA and LSD Fisher’s post-hoc test.

Figure 4. Regulation of SAR marker genes by polyamines. Gene expression of a) ICS]/,
b) PRI, ¢) SARD4, d) FMO1, e) UGT76B1, f) AZI1, g) NHL10, and h) NIMINI in systemic
leaves at 6 h after local infiltration with Mock or 30 uM Put, Spd, or Spm. Gene expression
values were normalized to the EF /o reference gene and relative to WT Mock plants using
the 224t method. Values are the mean of three replicates + SE. Different letters indicate
significant differences (p < 0.05) between treatments according to two-way ANOVA and

LSD Fisher’s post-hoc test.

Figure 5. Bacterial titers in distal leaves following the infiltration of Put in local leaves.
Bacterial titers were assessed in distal leaves of the WT, put2-1, and 35S.:PUT2
overexpression lines at 48 h after infiltrating lower leaves with either Mock, Pst priming, or
30 uM of Put. CFU, colony-forming units. The experiments were repeated twice, yielding
consistent results. The values represent the mean of five biological replicates + SE. Different
letters indicate significant differences (p < 0.05) among Mock, Ps¢ priming, or Put treatment
in the WT, put2-1 mutant, and 35S.:PUT2 overexpression lines, according to a GLMM with

negative binomial distribution followed by LSD Fisher’s post-hoc test.

Figure 6. Estimation of free polyamine content in distal leaves following Put infiltration
of local leaves. Content of a) Agm, b) Put, ¢) Spd, and d) Spm was assessed in distal leaves

6 and 24 h after infiltrating lower leaves with either 0 or 30 uM of Put. The values represent
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the mean of six biological replicates + SE. Different letters indicate significant differences
(p £0.05) among Mock or Put treatment in the WT, put2-1 mutant, and the 35S::PUT2-27
overexpression line, according to three-way ANOVA followed by LSD Fisher’s post-hoc
test. €) PC analysis of common and uncommon polyamines in WT, put2-1, and 35S::PUT2-
27 overexpression lines at 6 and 24 h after infiltrating lower leaves with either 0 or 30 uM
of Put. The percentages of total variance represented by PC1 and PC2 are shown in

parentheses.

Figure 7. Estimation of phenolic compounds content in distal leaves following Put
infiltration of local leaves. The content of a) salycilic acid (SA), b) SA glycoside (SAQG),
¢) p-coumaric acid (pCA), d) ferulic acid (FA), and e) sinapic acid (SiA) was assessed in
distal leaves 6 and 24 h after infiltrating lower leaves with either 0 or 30 uM of Put. The
values represent the mean of six biological replicates = SE. Different letters indicate
significant differences (p < 0.05) among Mock or Put treatment in the WT, put2-1 mutant,
and the 35S.::PUT2-27 overexpression line, according to three-way ANOVA followed by
LSD Fisher’s post-hoc test. f) PC analysis of phenolic compounds in WT, put2-1, and
358::PUT2-27 overexpression lines at 6 and 24 h after infiltrating lower leaves with either
0 or 30 uM of Put. The percentages of total variance represented by PC1 and PC2 are shown

in parentheses.

Figure 8. Metabolic changes in WT, pu#2-1, and the 355::PUT2-27 overexpression line
in SAR. Content of a) Put, b) Spd, ¢) SA, and d) SAG in systemic leaves under native and
SAR induction conditions at 6 and 24 hpi. Values are the mean of three biological replicates
+SE. Different letters indicate significant differences (p < 0.05) between treatments
according to four-way ANOVA followed by LSD Fisher’s post-hoc test.

Principal component analysis of free common and uncommon polyamines, and certain
phenolic compounds in native (1"Mock / 2Mock or 1"Mock / 2Pst) gy q GAR (1°Pst / 2°Mock or 1°Pst / 2°Pst)
conditions of the WT, put2-1 mutant, and 35S::PUT2-27 overexpression line at e) 6 hpi and
g) 24 hpi. The percentages of total variance presented by PC1 (Dim1) and PC2 (Dim2) are
shown in parentheses. Pearson correlation matrix of free common and uncommon

polyamines and certain phenolic compounds at f) 6 hpi and h) 24 h. Shades of blue indicate
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increasing positive correlation coefficient; shades of brown indicate increasing negative
correlation coefficient. The asterisks represent the significance of the correlation among

variables. * p <0.05, ** p <0.01, *** p <0.001.

Figure 9. Histochemical detection of superoxide anion radical in WT and the puz2-1
mutant under SAR, ROS production after flg22 treatment, and stomatal aperture. a)
In situ production of O>™ was detected in rosette leaves of six-week-old plants by NBT
staining 24 hpi in the following conditions: native plant status (1"™occk/ 2’ Native or I'Mock /2°Pst) 44
SAR (I"Pst/ 2Native or I°Pst / 2°Pst) The blue color indicates the accumulation of O,™. Scale bar, 1
cm. b) Time of maximum relative luminescence units (t max RLU) in WT, put2-1, and
358::PUT2-27 after treatment with flg22 in discs of distal leaves derived from plants primed
in local leaves with Mock or Pst. ¢) put2-1 and d) 35S::PUT2-27 compared to WT:
luminescence was measured over time after treatment with flg22 in discs of distal leaves
derived from plants primed in local leaves with Mock or Pst. The data are presented as mean
+ SE of n = 20. Statistical differences among the plant lines were determined using two-way
ANOVA (p <0.05), followed by a Tukey’s HSD test. e) Estimation of stomatal aperture in
response to flg22 treatment in epidermal peels of WT, put2-1, and 35S::PUT2-27. Peels were
preincubated for 3 h in opening buffer under light, then treated with 1 uM flg22. Box-and-
whisker plots show n = 100 stomata. f) Representative images of stomata following flg22

treatment. Scale bar = 10 pm.

Figure 10. Proposed model of PUT?2 involvement in SAR. PUT?2 transports putrescine (or
its derivatives) from local to distal tissues, promoting the accumulation of SA, Put, and the
expression of SAR-related genes. In the put2-1 mutant, the loss of SAR is associated with
altered timing in the accumulation of SA, polyamines, and ROS, as well as in the expression
of key SAR-related genes, compared to the wild-type. These changes suggest a disruption in
the dynamics of the systemic defense response. Additionally, in SAR, the put2-1 mutant

exhibits increased expression of negative regulators of defense, especially UGT76B1.

Supplemental material.

38



Figure S1. Genomic organization and expression levels of the Arabidopsis Polyamine
Uptake Transporter (puf) mutant and overexpression (35S::PUT) lines characterized in this
study.

Figure S2. Bacterial titers in WT and put2-1 mutant line in response to local Pst inoculation.
Figure S3. Analysis of sequencing quality.

Figure S4. Complete gene ontology enrichment.

Figure S5. SAR marker gene expression in the put2-1 mutant line at 6 hpi.

Figure S6. Estimation of free polyamine content in distal leaves following Put infiltration of
local leaves.

Figure S7. Content of free common and uncommon polyamines and phenolic compounds in
response to SAR at 6 and 24 hpi.

Figure S8. Expression of polyamine biosynthetic and catabolic genes, and RBOH genes in
WT and put2-1 mutant under SAR.

Figure S9. Expression profiles of genes associated with galactolipid metabolism.

Table S1. Specific primers used for typing, cloning, and gene expression analysis.

Table S2. Common increased and decreased genes between put2-1 and WT under SAR-
inducing conditions.

Table S3. Chloroplast-related up and down-regulated genes in the put2-/ mutant in SAR
(I°Pst /2°Pst) g native ("™Mock/ 2°Psh comparison.

File 1. List of differentially expressed genes.

File 2. Statistical data values
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CONCLUSION

Los articulos presentados en esta tesis evidencian la participacion central y diferenciada de
los transportadores de poliaminas, especificamente PUT2/LAT4 y PUTS/LATS en la
respuesta de defensa de Arabidopsis thaliana frente a dos patdogenos con diferentes estilos
de vida: el hongo necrotréfico Botrytis cinerea y la bacteria hemibiotréfica Pseudomonas
syringae pv. tomato DC3000. La comparacion entre estos patosistemas revela como la
funcion de estos transportadores se ajusta segin la naturaleza del patogeno y el tipo de
respuesta requerida.

En el caso de B. cinerea, los resultados muestran que PUT2 y PUTS son
indispensables para una defensa local eficaz. En comparacion con el ecotipo silvestre, las
mutantes put2-1 y put5-1 mostraron una mayor susceptibilidad al hongo, efecto que se
incrementd en la doble mutante (put2-Ixput5-1). Esto sugiere una contribuciéon no
redundante de ambos transportadores en la resistencia contra este patdogeno necrotrofico,
posiblemente facilitando la movilizacién de poliaminas necesarias para la defensa local. En
este contexto, la espermidina emerge como una poliamina clave, ya que la aplicacion
exdgena de esta amina potencia la resistencia, siempre que el sistema de transporte sea
funcional, lo que sugiere que su movilizacion es dependiente de los transportadores PUT2 y
PUTS y confirma que el transporte de espermidina es esencial para potenciar la defensa
contra B. cinerea. Ademas, tras la infeccion, la actividad de las enzimas antioxidantes
catalasa y ascorbato peroxidasas se inducen en el ecotipo silvestre pero no en los mutantes
put, sugiriendo que el transporte de poliaminas es vital para la respuesta antioxidante, asi
como la regulacion del catabolismo de las poliaminas mediado por las enzimas poliamina
oxidasas.

Por su parte, el uso del patosistema Arabidopsis thaliana-Pseudomonas syringae,
permiti6 identificar que la mutante put2-1 abolio la resistencia sistémica adquirida, aunque
paraddjicamente mostrd una resistencia basal incrementada al patogeno. Este fenotipo en la
mutante put2-1 parece estar asociado a una desregulacion de las rutas del acido salicilico y
del acido pipecolico, junto con la incapacidad para movilizar la putrescina. En este sentido,
se encontr6 que la suplementacion local con putrescina es capaz de establecer una respuesta
similar a la resistencia sistémica adquirida en el ecotipo silvestre pero no en la mutante put2-
1 lo que evidencia el papel clave de PUT2 en la sefializacion de esta amina a tejidos distales

para inducir la defensa sistémica. Ademas, se demostré que el tratamiento con putrescina,
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induce la acumulacion del acido salicilico y de putrescina en tejidos sistémicos Uinicamente
cuando PUT?2 es funcional. La pérdida de la resistencia sistémica en put2-1, a pesar de su
resistencia basal incrementada, muestra una interrupcion entre la percepcion local del
patogeno y la propagacion y/o percepcion de sefiales sistémicas en ausencia de un transporte
adecuado de poliaminas. Estos resultados muestran que la movilizacion de poliaminas,
especialmente putrescina, y su impacto sobre metabolitos como el 4cido salicilico requiere
la accion especifica de PUT2 y que no es compensada por otros transportadores de la familia
PUT.

Aparte del tipo de patogeno, los estudios también revelan que la alteracion en el
transporte de poliaminas afecta procesos centrales como la inmunidad estomatica, la
acumulacién y conjugacion de poliaminas, y la produccion de compuestos fendlicos. Estos
elementos son esenciales tanto para la defensa local como para la respuesta sistémica, ya que
condicionan la entrada del patdégeno, la acumulacion de compuestos antimicrobianos y la
efectividad de la sefializacion hormonal. Ademas, estos procesos parecen estar regulados por
la disponibilidad de poliaminas libres, la cual depende directamente del transporte activo
facilitado por PUT2, particularmente en los tejidos distales involucrados en la defensa
sistémica. Finalmente, los niveles de putrescina podrian funcionar como un indicador de
infeccidn, ya que sufre modificaciones de forma independiente del tipo de patogeno.

Es posible observar una relacion entre PUT2 y PUTS en funcion del contexto
defensivo. El transportador PUTS participa junto a PUT2 en la defensa local contra
patdgenos necrotroficos, y aunque no se explord con detalle, también parece tener un rol
destacado en la defensa sistémica. Por su parte, PUT2 resulta indispensable para la activacion
de respuestas sistémicas. Sin embargo, al igual que PUTS, afecta la resistencia basal contra
patdgenos hemibiotroficos. Estas diferencias funcionales reflejan la versatilidad del
transporte de poliaminas como eje integrador de distintas sefiales de defensa, que se ajustan
dependiendo de la naturaleza del patogeno, el tipo de respuesta requerida y si es un proceso
local o sistémico (Figura 6).

En conjunto, esta evidencia sugiere que los transportadores PUT no simplemente
movilizan poliaminas, sino que son actores clave en la regulacion de la respuesta inmune de
la planta. Su actividad permite modular la sefializacion y acumulacion hormonal
(particularmente de 4cido salicilico), la movilizacidon y/o acumulacion de metabolitos clave

y las respuestas celulares (homeostasis redox, inmunidad estomatica) en la defensa local y
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sistémica de las plantas. Comprender en profundidad como los mecanismos de transporte de
poliaminas contribuyen a la defensa vegetal podria ampliar significativamente nuestro
conocimiento sobre la resistencia de las plantas a los patogenos, lo que podria permitir

disefiar estrategias de control de plagas en los cultivos.

Pseudomonas syringae

pv. tomato DC3000

APUT2
: Tejido Tejido !
""""""""""""" : distal local ¥

Botrytis cinerea

B05.10

AfPUT2 ofy AtPUTS

Figura 6. Funciones diferenciales de los transportadores PUT en la defensa local y sistémica de
Arabidopsis frente a diferentes patogenos. Se ilustran los roles diferenciales de PUT2 y PUTS en la defensa
local contra el hongo necrotréfico B. cinerea y en la resistencia sistémica adquirida frente a la bacteria
Pseudomonas syringae pv. tomato DC3000. Los transportadores PUT2 y PUTS son necesarios para una
respuesta local eficaz al hongo B. cinerea mediante el transporte de espermidina, produccion controlada de
ROS y activacion de las enzimas antioxidantes: catalasa (CAT) y ascorbato peroxidasa (APX). Sin embargo,
en las mutantes put2-1 y put5-1 se pierden estas respuestas (se indica en color gris) generando una mayor
susceptibilidad al patogeno. Por otra parte, PUT2 es esencial para la movilizacion de putrescina desde el tejido
local hacia tejidos distales, donde se acumula e induce la acumulacion de SA y la activacion de genes que
participan en la activacion de la resistencia sistémica. Ademas, regula la apertura estomatica y los niveles de
ROS. Por lo tanto, la ausencia de este transportador en la mutante put2-/ compromete la defensa sistémica, la
inmunidad estomatica y la acumulacion de metabolitos de defensa. En cada escenario se indica el método de
suplementacion de poliaminas, ya sea por infiltracion con jeringa o suplementacion del medio de incubacion.
Para el patosistema Arabidopsis-B. cinerea se analizaron plantas de 4 semanas de edad cultivadas en
fotoperiodo de dia largo, mientras que para el patosistema Arabidopsis-P. syringae se emplearon plantas de 6
semanas cultivadas bajo un fotoperiodo de dia corto. La figura fue creada con BioRender
(www.biorender.com).

52



BIBLIOGRAFiA

Ahmed S, Ariyaratne M, Patel J, Howard AE, Kalinoski A, Phuntumart V, Morris PF. (2017). Altered
expression of polyamine transporters reveals a role for spermidine in the timing of flowering
and other developmental response pathways. Plant Science. 258:146-155.
https://doi.org/10.1016/J.PLANTSCI.2016.12.002.

Begam, R. A., & Good, A. G. (2017). The Arabidopsis paraquat resistant] mutant accumulates leucine
upon dark treatment. Botany, 95(7), 751-761. https://doi.org/10.1139/cjb-2016-0321.

Blazquez, M. A. (2024). Polyamines: Their role in plant development and stress. Annual Review of
Plant Biology, 75(1), 95—117. https://doi.org/10.1146/annurev-arplant-070623-110056.

Cai, J., Jozwiak, A., Holoidovsky, L., Meijler, M. M., Meir, S., Rogachev, ., & Aharoni, A. (2021).
Glycosylation of N-hydroxy-pipecolic acid equilibrates between systemic acquired resistance
response and plant growth. Molecular Plant, 14(3), 440-455.
https://doi.org/10.1016/j.molp.2020.12.018

Cui, H., Tsuda, K., & Parker, J. E. (2015). Effector-triggered immunity: from pathogen perception
to robust defense. Annual review of plant  biology, 66, 487-511.
https://doi.org/10.1146/annurev-arplant-050213-040012

Fujita, M., Shinozaki, K. (2014). Identification of polyamine transporters in plants: paraquat transport
provides crucial clues. Plant Cell Physiology, 55(5), 855-861.
https://doi.org/10.1093/pcp/pcu032.

Gonzalez, M. E., Jasso-Robles, F. 1., Flores-Hernandez, E., Rodriguez-Kessler, M., Pieckenstain, F.
L. (2021). Current status and perspectives on the role of polyamines in plant immunity. Annals
of Applied Biology, 178(2), 244-255. https://doi.org/10.1111/AAB.12670.

Guerra, T., Schilling, S., Hake, K., Gorzolka, K., Sylvester, F. P., Conrads, B., Westermann, B.,
Romeis T. (2020). Calcium-dependent protein kinase 5 links calcium signaling with N-
hydroxy-l-pipecolic acid-and SARD 1-dependent immune memory in systemic acquired
resistance. New Phytologist, 225(1), 310-325. https://doi.org/10.1111/nph.16147.

Imai, A., Matsuyama, T., Hanzawa, Y., Akiyama, T., Tamaoki, M., Saji, H., Shirano, Y., Kato, T.,
Hayashi, H., Shibata, D., Tabata, S., Komeda, Y., & Takahashi, T. (2004). Spermidine
synthase genes are essential for survival of arabidopsis. Plant Physiology, 135(3), 1565-1573.
https://doi.org/10.1104/pp.104.041699

Jones, J. D., & Dangl, J. L. (2006). The plant immune system. Nature, 444(7117), 323-329.
https://doi.org/10.1038/nature05286

Kachroo, A., & Kachroo, P. (2020). Mobile signals in systemic acquired resistance. Current Opinion
in Plant Biology, 58, 41-47. https://doi.org/10.1016/j.pbi.2020.10.004.

53



Klessig, D. F., Choi, H. W., & Dempsey, D. M. A. (2018). Systemic acquired resistance and salicylic
acid: past, present, and future. Molecular plant-microbe interactions, 31(9), 871-888.
https://doi.org/10.1094/MPMI-03-18-0067-CR

Kusano, T., Berberich, T., Tateda, C., & Takahashi, Y. (2008). Polyamines: essential factors for
growth and survival. Plants, 228(3), 367-381. https://doi.org/10.1007/s00425-008-0772-7

Liao, C. J., Hailemariam, S., Sharon, A., & Mengiste, T. (2022). Pathogenic strategies and immune
mechanisms to necrotrophs: Differences and similarities to biotrophs and
hemibiotrophs. Current Opinion in Plant Biology, 69, 102291.
https://doi.org/10.1016/j.pbi.2022.102291

Li, J., Mu, J., Bai, J., Fu, F., Zou, T., An, F., Zhang, J., Jing, H., Wang, Q., Li, Z., Yang, S., & Zuo, J.
(2013). Paraquat Resistantl, a Golgi-localized putative transporter protein, is involved in
intracellular transport of paraquat. Plant Physiology, 162(1), 470-483.
https://doi.org/10.1104/PP.113.213892.

Li, Q., Zhou, M., Chhajed, S., Yu, F., Chen, S., Zhang, Y., & Mou, Z. (2023). N-hydroxypipecolic
acid triggers systemic acquired resistance through extracellular NAD(P). Nature
Communications, 14(1). https://doi.org/10.1038/s41467-023-42629

Lim, G. H. (2023). Regulation of salicylic acid and N-hydroxy-pipecolic acid in systemic acquired
resistance. The Plant Pathology Journal, 39(1), 21.
https://doi.org/10.5423/PPJ.RW.10.2022.0145.

Liu, C., Atanasov, K. E., Arafaty, N., Murillo, E., Tiburcio, A. F., Zeier, J., & Alcéazar, R. (2020)
Putrescine elicits ROS-dependent activation of the salicylic acid pathway in Arabidopsis
thaliana. Plant, Cell & Environment, 43(11), 2755-2768. https://doi.org/10.1111/pce.13874.

Mulangi, V., Phuntumart, V., Aouida, M., Ramotar, D., & Morris, P. (2012). Functional analysis of
OsPUT1, a rice polyamine uptake transporter. Planta, 235(1), 1-11.
https://doi.org/10.1007/s00425-011-1486-9.

Martinis, J., Gas-Pascual, E., Szydlowski, N., Crévecoeur, M., Gisler, A., Biirkle, L., & Fitzpatrick,
T. B. (2016). Long-Distance Transport of Thiamine (Vitamin B1) Is Concomitant with That
of Polyamines. Plant Physiology, 171(1), 542—-553. https://doi.org/10.1104/PP.16.00009

Pal, M., Tajti, J., Szalai, G., Peeva, V., Végh, B., & Janda, T. (2018). Interaction of polyamines,
abscisic acid and proline under osmotic stress in the leaves of wheat plants. Scientific reports,
8(1), 1-12. https://doi.org/10.1038/s41598-018-31150-8.

Pieterse, C. M., Van der Does, D., Zamioudis, C., Leon-Reyes, A., & Van Wees, S. C. (2012).
Hormonal modulation of plant immunity. Annual review of cell and developmental biology,

28, 489-521. 10.1146/annurev-cellbio-092910-154055

54



Purayannur, S., Kumar, K., & Verma, P. K. (2017). Genetic engineering to improve biotic stress
tolerance in plants. In S. K. Upadhyay, K. Singh, & P. K. Verma (Eds.), Plant biotechnology:
Principles and applications (pp. 207-232). Springer Singapore. https://doi.org/10.1007/978-
981-10-4956-9 10

Sharma, A., Abrahamian, P., Carvalho, R., Choudhary, M., Paret, M. L., Vallad, G. E., & Jones, J.
B. (2022). Future of bacterial disease management in crop production. Annual Review of
Phytopathology, 60(1), 259-282. https://doi.org/10.1146/annurev-phyto-021621-121806.

Shen, Y., Ruan, Q., Chai, H., Yuan, Y., Yang, W., Chen, J., Xin, Z. & Shi, H. (2016). The Arabidopsis
polyamine transporter LHR 1/PUT 3 modulates heat responsive gene expression by enhancing
mRNA stability. The Plant Journal, 88(6), 1006-1021. https://doi.org/10.1111/tpj.13207.

Shine, M. B., Zhang, K., Liu, H., Lim, G. H., Xia, F., Yu, K., Hunt, A. G. & Kachroo, P. (2022).
Phased small RNA-mediated systemic signaling in plants. Science Advances, 8(25),
eabm8791. https://doi.org/10.1126/sciadv.abm8791.

Sobieszczuk-Nowicka, E. (2017). Polyamine catabolism adds fuel to leaf senescence. Amino Acids,
49(1), 49. https://doi.org/10.1007/S00726-016-2377-Y

Tavladoraki, P., Cona, A., & Angelini, R. (2016). Copper-containing amine oxidases and FAD-
dependent polyamine oxidases are key players in plant tissue differentiation and organ
development. Frontiers in plant science, 7, 824-835. https://doi.org/10.3389/fpls.2016.00824.

Tsaniklidis, G., Kotsiras, A., Tsafouros, A., Roussos, P. A., Aivalakis, G., Katinakis, P., & Delis, C.
(2016). Spatial and temporal distribution of genes involved in polyamine metabolism during
tomato  fruit  development. Plant  physiology — and  biochemistry, 100,  27-36.
https://doi.org/10.1016/j.plaphy.2016.01.010

van Butselaar, T., & Van den Ackerveken, G. (2020). Salicylic acid steers the growth—immunity
tradeoff. Trends in Plant Science, 25(6), 566-576.
https://doi.org/10.1016/j.tplants.2020.03.005

van der Burgh, A. M., & Joosten, M. H. (2019). Plant immunity: thinking outside and inside the box.

Trends in plant science. 24(7), 587-601. 10.1016/j.tplants.2019.04.009

Viot, A. C., Sales, J. H., Lenk, M., Bauer, K., Brambilla, A., Sommer, A., Chen, Y., Wenig, M. &
Nayem, S. (2021). Systemic propagation of immunity in plants. New Phytologist, 229(3),
1234-1250. https://doi.org/10.1111/nph.16953.

Yin, J., Jia, J., Lian, Z., Hu, Y., Guo, J., Huo, H., Zhu, Y., & Gong, H. (2019). Silicon enhances the
salt tolerance of cucumber through increasing polyamine accumulation and decreasing
oxidative = damage. Ecotoxicology = and  environmental  safety, 169, 8-17.

https://doi.org/10.1016/j.ecoenv.2018.12.053.

55



Yu, X., Feng, B., He, P., & Shan, L. (2017). From chaos to harmony: responses and signaling upon
microbial pattern recognition. Annual review of phytopathology, 55, 109-137.
https://doi.org/10.1146/annurev-phyto-080516-035649

Zhong, M., Yue, L., Liu, W., Qin, H., Lei, B., Huang, R., Yang, X., & Kang, Y. (2023). Genome-
wide identification and characterization of the polyamine uptake transporter (Put) gene family
in tomatoes and the role of Put2 in response to salt stress. Antioxidants, 12(2), 228.
10.3390/antiox 12020228

Zhu, M. D., Zhang, M., Gao, D. J., Zhou, K., Tang, S. J., Zhou, B., & Lv, Y. M. (2020). Rice
OsHSFA3 Gene Improves Drought Tolerance by Modulating Polyamine Biosynthesis
Depending on Abscisic Acid and ROS Levels. International journal of molecular sciences,

21(5), 1857-1873. https://doi.org/10.3390/ijms21051857

56


https://doi.org/10.3390/ijms21051857

Respuestas de aceptacion de los articulos

Manuscript Number: STRESS-D-25-01173R1

Polyamine uptake transporter 2 is essential for systemic acquired resistance establishment in

Arabidopsis

Dear De Diego,

Thank you for submitting your manuscript to Plant Stress.

I am pleased to inform you that your manuscript has been accepted for publication.

My comments, and any reviewer comments, are below.

Your accepted manuscript will now be transferred to our production department. We will create a
proof which you will be asked to check, and you will also be asked to complete a number of online
forms required for publication. If we need additional information from you during the production

process, we will contact you directly.

We appreciate and value your contribution to Plant Stress. We regularly invite authors of recently
published manuscript to participate in the peer review process. If you were not already part of the
journal's reviewer pool, you have now been added to it. We look forward to your continued

participation in our journal, and we hope you will consider us again for future submissions.

We encourage authors of original research papers to share the research objects — including raw data,
methods, protocols, software, hardware and other outputs — associated with their paper. More
information on how our open access Research Elements journals can help you do this is available at
https://www.elsevier.com/authors/tools-and-resources/research-elements-

journals?dgcid=ec_em research elements email.

Kind regards,
Vasileios Fotopoulos, Ph.D.
Editor-in-Chief
Plant Stress

57



Ref.: Ms. No. PMBP-D-25-00485R 1
The polyamine uptake transporters PUT2/LAT4 and PUTS5/LATS5 contribute to Arabidopsis
defense response against Botrytis cinerea.

Physiology and Molecular Biology of Plants

Dear Ms. Rodriguez-Kessler,

Congratulations!

I am pleased to inform you that your manuscript has now been accepted for publication and will
appear in a forthcoming issue of Physiology and Molecular Biology of Plants (PMBP).

You will soon receive the online proof of your article by email from the Production Editor, along
with online invoices for reprints, colour charges, journal copies/subscription etc. PLEASE CHECK
THE PROOF THOROUGHLY AND RESPOND WITHIN 2 DAYS, SPECIFYING
CORRECTIONS AND COLOUR FIGURES, IF ANY, AND WHICH FIGURES ARE TO BE
PRINTED IN COLOUR. You will be charged for colour printing on a per page basis, so multiple
colour figures can be accommodated on a single page if numbered consecutively. This will allow the
production staff to proceed with their job while you process the invoices for payment. The prompt
response from your side will help a lot to us to maintain the journal production timeline without any
delay.

PMBP is seriously committed to the novelty and reliability of the published scientific record and
holds the authors responsible for the authenticity of their work. Therefore, please ensure that your
manuscript adheres to the best practices of publishing ethics and is free from any form of and text/data
similarities with any published content (even if your own), except in materials, methods and

references and avoid retraction later.

Thank you for submitting your work to this journal.

https://scholar.google.co.in/citations?hl=en&user=hLrG91UAAAAJ&view op=list works&sortby
=pubdate

Yours sincerely,
Suhail Khan, Ph.D.
Asso. Editor

Physiology and Molecular Biology of Plants

58



AAB Paper AAB-2020-0287

Current status and perspectives on the role of polyamines in plant immunity

Dear Dr Pieckenstain

Thank you for submitting your paper to Annals of Applied Biology. The handling editor considers
that your manuscript may become suitable for publication following revisions, as outlined in the

reports below.

Please amend your paper in line with these suggestions, giving a point-by-point response to the

referees' and editor's comments in a cover letter which is mandatory.

Please submit a revised version within 2 months. If you resubmit within this time, you will be able
to log back into the manuscript central Author Centre and go to "revised manuscripts", where you
can update the record of your original submission. If re-submitted after this time your paper will be
considered as a new or "original" submission and you will be required to upload it to the tracking

system as such, and it will be given a new reference number.
Yours sincerely
Prof. Ricardo Azevedo

Senior Editor

Annals of Applied Biology

59



w IThemhemts  Pgla | dedi - Porads Belmrtificader de o arbomga Bl a1 YA TGRS

Emanuel Flores

TESIS version online DE DOCTORADO EN CIENCIAS EN
BIOPROCESOS. Emmanuel Flores Hernandez.docx

1 Universidad Autdnoma de San Luis Pobos?

Detalles del documento

Identifcador de |a eanregs

it 117523929720 34 pégines.
Fecha de entrega T palabres
& mov 2025, 313 am. GMT-6
41304 caracteres
Fecha de descarga
& mov 2025, 319 am. GMT-6
Wombere del archhvo
TESIS versidn online DE DOCTORADD EN CIEMCIAS EM BIOFROCESOS. Emmanue Flores Hermdn... doon
Tamadfio ded archivg
2ZMB
wF [Thembots  Pigina | dedi - Perads Eemetificader de b asbomga Bl a1 VA IGRATI

60



o IThembomta  Plglua 2 dedi - Bescrlpekin genss de Integrided

29% Similitud general

Bedwreifcader de la antraga ekl Sl TSI0TIS

€l total combinado de todes les colncidenclas, incluldas las fuentes superpuestas, para ca...

Filtrado desde el informe
v Bisliografia

Fuentes principales

27% D Fuentes de Intemet
14% MY Publi;ciones
0% L Trabajos entregados (trabajos del )

Marcas de integridad
N.* de alertas de integridad para revisldn

Mo se han detectado manipulaciones de texto scspechosas.

wf I THeMbSt e Pl 2 de 41 - Descripelin genmsl de intagrided

Led aigariimed e nudstne Sa be=a enalen un da L. 2
Buscir Reofhlenciel qua il fan SRinguino O uha entnig rocrul 51
L2

[15]

fiz, o CEME U Wt pArE que puldi revdaania,

rrpr—— Inclicader da probik 2o ambarge,

FEtOSanlasol GU Srasle Eanchn y @ retie,

BelireiRzadar da la anbiaga Bl ST TSINCITI0

61



