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ABSTRACT

Durante le risposte di difesa delle piante la morfologia dei cloroplasti varia,
determinando la formazione di strutture tubulari dette stromuli.

Essi si estendono lungo i microtubuli e si ancorano ai filamenti di actina,
promuovendo l'aggregazione perinucleare dei cloroplasti. Cio facilita il
trasporto di proteine e molecole di difesa dal cloroplasto al nucleo.

Nel lavoro, oggetto di discussione in questa tesi, si dimostra che una
chinesina, chiamata KIS1, contenente un dominio di omologia alla
calponina, € necessaria per la formazione degli stromuli durante I'immunita
TNL-mediata.

[l dominio motore che lega i microtubuli & necessario per la formazione degli
stromuli, mentre il dominio di legame all’actina & necessario per il clustering
perinucleare.

KIS1 funziona attraverso i primi componenti della segnalazione immunitaria
EDS1 e PAD4, e la formazione di stromuli indotta dall'acido salicilico
necessita di KIST.

Meier, N. D., Seward, K., Caplan, J. L., & Dinesh-Kumar, S. P. (2023).
Calponin homology domain containing kinesin, KIS1, regulates chloroplast
stromule formation and immunity. Science Advances, 9, eadi7407.






INTRODUZIONE

1.1 Il sistema immunitario delle piante - Anche le piante, come gli animali,
possiedono un complesso sistema immunitario: esso, evolutosi in
contemporanea alla loro colonizzazione delle terre emerse, circa 500 milioni
di anni fa (Jones et al., 2024), le protegge da patogeni eucarioti (quali funghi
e parassiti), batterici e virali. Per le piante la risposta contro i patogeni si
divide in due meccanismi interconnessi: la cosiddetta “pattern-triggered
immunity” (PTI) e ' “effector-triggered immunity” (ETI).
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Figura 1.| Schema esemplificativo di alcuni meccanismi molecolari coinvolti nella risposta
ai patogeni da parte delle piante, dovuti ai recettori PRR, NLR ed NLR-helper (Jones et al.,
2024).

Questa risposta immunitaria a due livelli viene attivata dal riconoscimento
di segnali del patogeno (pathogen-associated molecular pattern, PAMP), o
piu in generale di danno tissutale (damage-associated molecular pattern,
DAMP), attraverso il legame con recettori presenti a livello della membrana
plasmatica noti come “pattern recognition receptors” (PRR) (Fig. 1). Questo
legame avvia una cascata di segnali (spesso di fosforilazione) che porta vari
recettori e corecettori ad interagire tra loro, andando cosi a formare una
vasta serie di complessi multiproteici che trasducono il segnale recepito dai
PRR in un’ampia varieta di risposte cellulari: queste comprendono un
aumento della produzione di specie reattive dell’ossigeno (ROS), un
aumento della concentrazione citosolica di calcio ([Ca?*].i), I'attivazione di
alcune MAPK (Mitogen-Activated-Protein-Kinase), e la riprogrammazione
trascrizionale di geni codificanti proprio per alcune proteine coinvolte nella
PTI (Yuan et al., 2021). Tuttavia, I'evoluzione ha dotato i patogeni delle
piante di molecole, tipicamente proteiche, denominate effettori, le quali




vanno a silenziare la PTI in alcune sue fasi. La pianta come risposta ha
evoluto una serie di recettori intracellulari che possono riconoscere o
direttamente I'effettore (riconoscimento diretto), o una modificazione di una
proteina endogena causata da un effettore patogeno (riconoscimento
indiretto), attivando di conseguenza la risposta ETI. | recettori della ETI
sono denominati “nucleotide binding domain-leucine rich receptors” (NLR).
Una volta attivati dal legame con I'effettore, gli NLR si legano nel citoplasma
con altri co-recettori (denominati NLR-Helper), andando a formare
complessi proteici chiamati resistosomi, la cui funzione principale & quella
di andare a rafforzare le risposte della PTI (le quali altrimenti sarebbero
silenziate sia per via degli effettori del patogeno, sia per i meccanismi di
silenziamento intrinseci della pianta). L’ETI inoltre porta ad un ulteriore
produzione di ROS (questa volta piu intensa e duratura) e ad un ulteriore
innalzamento della [Ca®*].t, anch’esso piu duraturo rispetto a quello
innescato dalla PTl. Questa seconda risposta immunitaria spesso si
conclude nella reazione di ipersensibilita (HR), una morte cellulare
programmata che evita la diffusione del patogeno nelle cellule vicine a
quelle infettate. Nonostante la pianta abbia due tipi di risposte immunitarie
distinte, recenti studi hanno evidenziato come esse condividano alcune
componenti e si rafforzino a vicenda, culminando in risposte cellulari
pressoché simili (Yuan et al., 2021).

1.2 Gli stromuli: un esempio della dinamicita dei cloroplasti - |
cloroplasti (e piu in generale i plastidi) non sono organelli attivi solo
biochimicamente, ma modificano spesso la loro morfologia in base alle
necessita della cellula vegetale. Un esempio lampante della loro dinamicita
morfologica sono gli stromuli: allungamenti tubulari dello stroma dei plastidi,
molto dinamici e circondati dall’ involucro plastidiale, presenti a bassa
frequenza in condizioni fisiologiche in tutti i tessuti della pianta. Sono
conosciuti da circa un centinaio di anni, ma il loro studio ha subito
un’enorme accelerazione grazie allo sviluppo della microscopia a
fluorescenza, tuttavia la dinamicita di queste strutture, e la poca
conoscenza sui geni che ne regolano la formazione, hanno reso difficile il
loro studio a livello molecolare (Hanson & Conklin, 2020). Essi sono
coinvolti in svariati processi cellulari. Durante stress biotici ed abiotici i
plastidi raggiungono il nucleo muovendosi sui filamenti citoscheletrici
ancorandosi ad essi tramite gli stromuli, che trainano i cloroplasti in
direzione del nucleo. Una volta raggiunto il nucleo, il cloroplasto puo
scambiare con esso svariate tipologie di molecole segnale, in un processo
detto via di segnalazione retrograda. Cid0 permette una risposta
trascrizionale efficace da parte della cellula allo stress percepito tramite i
plastidi. Gli stromuli inoltre mettono in contatto i vari tipi di plastidi con altri
organelli della cellula vegetale, come i mitocondri, il vacuolo e il reticolo
endoplasmatico (RE). Infine gli stromuli sono necessari durante la divisione



cellulare in quanto, trainando i plastidi verso il nucleo e raggruppandoli nella
zona perinucleare, assicurano un’equa divisione dei plastidi tra le due
cellule figlie (Hanson & Conklin, 2020).

1.3 Il ruolo dei cloroplasti durante le risposte immunitarie - Gli stromuli
guidano il movimento dei cloroplasti durante le reazioni di risposta a
patogeni di vario tipo (batterici, fungini, virali, ecc.), permettendo loro di
attivarsi come prima linea di difesa e allo stesso tempo di informare il nucleo
di cid che sta accadendo nel citoplasma, cosi da poter formulare una
risposta adatta. La funzione meglio caratterizzata dei cloroplasti durante la
reazione immunitaria € il trasporto di molecole segnale dal sito di infezione
verso il nucleo, in un processo denominato “retrograde signalling”. Durante
larisposta PTl e all’inizio della ETI i cloroplasti aumentano il numero dei loro
stromuli; data I'enorme dinamicita di queste strutture & difficile trovare lo
stimolo chiave in questo switch nel fenotipo plastidiale, ma si pensa che i
primi segnali di infezione (quali aumento della [Ca?*].i, aumento dei ROS e
forse anche signalling mediato da PAMP o effettori) stimolino un aumento
nel numero degli stromuli. Una volta formate, queste strutture si trovano
legate ai microtubuli. Usando il citoscheletro come dei binari, essi fanno
migrare i cloroplasti in direzione del nucleo, mossi probabilmente da
qualche stimolo chimico (non ancora caratterizzato) o da un continuo
riarrangiamento citoscheletrico che li fa avvicinare al nucleo (Jung et al.,
2024). Una volta ancorati ai microfilamenti di actina prossimi al nucleo gli
stromuli trainano i cloroplasti verso di esso, portando al clustering
perinucleare: a questo punto i cloroplasti e la membrana nucleare si trovano
a strettissimo contatto (circa 200 nm di distanza). Non sono stati dimostrati
scambi di membrana tra i due protagonisti di questo processo; si pensa
invece che il contatto tra queste due membrane porti ad una curvatura
anormale della membrana nucleare, sulla quale si creano dei pori attraverso
i quali le molecole segnale possono facilmente passare (Jung et al., 2024).
Si ipotizza inoltre che il reclutamento dei cloroplasti attorno al nucleo svolga
un ruolo di barriera fisica, impedendo I’'accesso al nucleo a proteine e altre
componenti virali e non (Hanson & Conklin, 2020). Una volta che il nucleo
e il cloroplasto si trovano ad una distanza efficace per potersi scambiare
molecole segnale, il cloroplasto trasferisce messaggeri molecolari come
perossido di idrogeno, acido salicilico o ossido nitrico (tutti e tre segnali che
attivano la reazione d’ipersensibilita), ed anche macromolecole proteiche
come il corecettore (NLR-Helper) NRIP1, il quale si leghera al NLR N che
ha riconosciuto la replicasi del TMV e successivamente entrera nel nucleo.
Questa complessa ed elegante funzione dei cloroplasti pud aprire una
nuova chiave di lettura nel comprendere come le piante si difendano da
agenti infettivi e parassitari in maniera efficace.

1.4 Funzioni delle chinesine e struttura del dominio di omologia alla
calponina - Nell'articolo, oggetto di discussione in questa tesi, & stata



studiata una chinesina della famiglia XIV-B contenente un dominio di
omologia alla calponina. Le chinesine sono generalmente conosciute per il
loro ruolo di motori molecolari con funzione ATPasica, i quali trasportano
vescicole destinate all’esocitosi dall’apparato di Golgi fino alla membrana
plasmatica, anche se questa funzione pud svolgersi in una direzione
retrograda, in base alla famiglia di chinesine considerata (Miki et al., 2005).
Ma questa non € l'unica possibile funzione delle chinesine: ad esempio le
chinesine della famiglia XIV partecipano alla stabilizzazione del fuso
mitotico tenendo saldamente legati i microtubuli interpolari. Nell’articolo di
Meier et al. (2023) viene esaminata una chinesina necessaria per la
formazione degli stromuli durante la risposta di difesa ai patogeni nelle
piante. La chinesina in questione, oltre ad avere due domini “coiled-coil”
(costituiti da alfa eliche strettamente intrecciate tra loro, riconosciuti in altre
chinesine per la loro funzione di dimerizzazione), ed un dominio coda al C-
terminale, contiene un “MT-binding-motor-domain” ed un “calponin-
homology domain” (CH domain) (Fig. 2). Il dominio motore ha sia una
funzione ATPasica, sia una funzione di legame alla tubulina dei microtubuli.
Il dominio CH consiste in un modulo di circa 110 residui che nelle proteine
citoscheletriche & formato da 4 alfa eliche connesse da dei lunghi loop e da
due o tre alfa eliche piu corte; il motivo che lega l'actina consiste di una
regione idrofobica di 15 aminoacidi, di solito presente al C-terminale del
dominio (Bafuelos et al., 1998). Nell’articolo di Meier et al. (2023) & stato
indagato il ruolo della chinesina KIS1 nell'induzione degli stromuli a livello
dei cloroplasti durante la risposta di difesa delle piante. E stata esaminata
la sua funzione durante I'ETI, in particolare durante I'immunita NLR-
mediata. Inoltre, in questo studio & stato dimostrato che gli stromuli
necessitano del dominio motore di KIS1 per prendere contatto con i
microtubuli, e che il dominio CH e fondamentale per il clustering
perinucleare dei cloroplasti, dipendente dall’actina. Infine, & stato verificato
come la formazione degli stromuli mediata da questa chinesina necessiti
del complesso Enhanced Disease Susceptibility 1/Phytoalexins Deficient 4
(EDS1/PAD4) (si veda paragrafo 3.3) durante 'ETI, e come I'induzione degli
stromuli dovuta all’acido salicilico necessiti di KIS1.
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Figura 2.| Diagramma della posizione dei domini della chinesina KIS1 (Dal’N al C
terminale) (Meier et al., 2023).




2. MATERIALI E METODI

2.1 Materiale vegetale e condizioni di crescita - Le piante di Arabidopsis
thaliana usate in questo studio appartengono all’ecotipo Col-0, le linee
mutanti (per inserzione di T-DNA) Atkis1-1 e Atkis1-2 sono state ottenute
dall’Arabidopsis Biological Resource Center, e sono state genotipizzate
grazie a PCR con primer gene-specifici. Le linee transgeniche di A. thaliana
sono state ottenute con il metodo del floral dip, mediante trasformazione
con il ceppo GV3101 di Agrobacterium tumefaciens. Sia i semi wild-type
che i mutanti sono stati fatti stratificare a 4°C per 5 giorni in suolo Sunshine
Mix 1, per poi trasferirli in ambiente controllato a 22°C con 8 ore di luce e
16 di buio. | mutanti knockout di Nicotiana benthamiana (Nbeds1, Nbnrg1 e
Nbpad4) sono stati ottenuti tramite metodica CRISPR-Cas9. La linea di N.
benthamiana che esprimeva costitutivamente ’'NLR N, e transientemente
una delle 6 chinesine sotto il controllo del promotore CaMV 35S, € stata
trasformata col plasmide contenente NRIP1 (un co-recettore proteico
del’NLR N localizzato nel cloroplasto) fuso alla proteina fluorescente
cerulean come marker dei cloroplasti. Le piante di N. benthamiana sono
state fatte crescere in suolo Sunshine Mix 1 in ambiente controllato a 24°C
con 14 ore di luce e 10 di buio.

2.2 Costruzione dei plasmidi - Le sequenze codificanti le sei chinesine
ipotizzate responsabili della formazione degli stromuli sono state amplificate
tramite PCR con primer gene-specifici dal DNA genomico dell’ecotipo Col-
0 di A. thaliana, e clonate nel vettore T-DNA SPDK2734, tramite gli enzimi
di restrizione Avr I I-Xma I. Allo stesso modo, la sequenza genomica di
NbADR1 e quella del cDNA di NbKIS1 sono state amplificate con PCR e
inserite in vettore TRV2 con enzimi di restrizione Xba I-Sac I. Per generare
la proteina di fusione 3xHA-mCitrina-KIS1, la sequenza del cDNA di KIS1 &
stata inserita in frame in un vettore gia contenente le regioni codificanti per
3xHA e mCitrina, il tutto sotto il controllo del promotore dell’'ubiquitina e col
terminatore della nopalina-sintasi. Per generare le versioni di KIS1 delete di
specifici domini, il cDNA di KIS1 & stato amplificato tramite overlap PCR
(Fig. 3) con 2 specifiche coppie di primer in modo da ottenere le sequenze
dei domini di interesse, le quali poi sono state inserite nel vettore NDM
tagliato con Xma I-Mlu I usando il NEBuilder HiFi DNA Assembly Cloning
Kit. Per costruire il marker degli stromuli, sono state clonate le prime 330
paia di basi della regione genomica di NRIP1 (che include il primo introne)
dentro al vettore contenente tagCFP e 3xHA sotto il controllo del promotore
dell’'ubiquitina e col terminatore della nopalina-sintasi.
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Figura 3.| Schema esemplificativo dell’ overlap PCR. Created in https://BioRender.com

2.3 Saggi di espressione transiente - Per ottenere linee transgeniche che
esprimono le proteine di interesse, sono stati utilizzati i batteri A.
tumefaciens del ceppo GV3101 con al loro interno i vettori specifici per
quell’esperimento. | batteri sono stati fatti crescere overnight in terreno
Luria-Bertani, centrifugati, raccolti e risospesi in un mezzo di infiltrazione
(MgCl2 100 mM, MES 100 mM, acetosiringone 250 uM). Gli agrobatteri
contenenti p35S::TMV-p50-3xHA o p35S::mCitrina sono stati infiltrati nelle
foglie una volta raggiunta ODeoonm = 0.5; mentre quelli contenenti le 5 KCH,
KIS1 full-lenght e i vari KIS1 con le delezioni dominio-specifiche sono stati
inseriti nelle foglie ad una ODeoonm=1. Per le co-infiltrazioni, i batteri sono
stati utilizzati allo stesso volume, e tutti gli esperimenti di espressione
transiente sono stati eseguiti su piante di N. benthamiana di 4-5 settimane.
2.4 Saggio di silenziamento genico mediato da virus (VIGS) - Il saggio
VIGS si basa sull’inserimento di due vettori nelle cellule della pianta tramite
A. tumefaciens per silenziare il gene endogeno d’interesse tramite la
formazione di virus. | vettori, denominati Tobacco-Rattle-Vector-1 (TRV1) e
TRV2, devono essere presenti entrambi nella pianta affinche |l
silenziamento genico vada a buon fine. Il vettore TRV1 contiene tutti i geni
necessari per la replicazione e diffusione del virus, mentre TRV2 contiene
alcuni geni virali e una parte della sequenza del cDNA del gene che si vuole
silenziare. | vettori una volta nel genoma delle cellule vegetali esprimeranno
inserto d’interesse, il quale sara riconosciuto come RNA virale in quanto
trascritto dalla RNA polimerasi virale presente in TRV1. Il trascritto dsRNA
verra riconosciuto come un segnale virale e sara degradato dagli enzimi
Dicer-Like (DCL), con la produzione di siRNA complementari al gene di
interesse. |l risultato finale sara una sotto-espressione del gene inserito nel
vettore TRV2 per via della degradazione del messaggero endogeno
mediata dai siRNA e dal complesso RISC (Rdssner et al., 2022). Per
silenziare I'espressione delle proteine di interesse € stato usato il ceppo



GV2260 di A. tumefaciens contenente il vettore TRV1 o TRV2 per silenziare
i seguenti geni di N. benthamiana: N ( un recettore di tipo NLR), NbKIS1,
NbADRT1. Il vettore TRV2 vuoto (empty vector) € stato utilizzato come
controllo negativo. | batteri sono stati fatti crescere overnight, risospesi a
concentrazione nota in un buffer adatto e infiltrati in due foglie ai lati opposti
di piante di 14 giorni. Dopo 14 giorni dall’infezione le piante sono state
infiltrate con A. tumefaciens contenente I'effettore virale TMV-p50 fuso in
frame con il tag 3xHA per indurre la risposta ETI, ed un controllo negativo
contenente solo mCitrina.

2.5 Saggio di induzione degli stromuli mediato da SA o
dall’overespressione di KIS1 in piante VIGS - | mutanti silenziati con
metodologia VIGS e le piante wild-type sono state infiltrate tramite siringa
con A. tumefaciens contenente linserto  p35S::AtRBCS1A(1-
240bp)::mNeonGreen. La sequenza corrispondente alle prime 240 bp della
subunita 1 della Rubisco, contenente la sequenza di localizzazione nel
cloroplasto, & stata usata per il targeting del fluoroforo mNeonGreen allo
stroma del cloroplasto. Dopo linfiltrazione del costrutto contenente
mNeonGreen localizzato nel cloroplasto, le piante sono state lasciate
crescere overnight. Per vedere I'induzione degli stromuli da parte di KIS1, |l
giorno seguente le stesse foglie sono state agroinfiltrate con A. tumefaciens
contenente uno dei due costrutti tra pUBQ::3xHA-mCitrina-AtKIS1 e
p35s::mCitrina (come controllo negativo) a concentrazione batterica pari a
ODsoonm=1. Le piante sono poi state rimesse nelle condizioni di crescita
precedenti, e le immagini al microscopio confocale sono state acquisite 48
ore dopo la seconda infiltrazione. Per vedere I'induzione degli stromuli da
parte dell’ acido salicilico (SA), le foglie di piante precedentemente
trasformate con mNeonGreen localizzato nel cloroplasto sono state
trattate, nelle foglie trasformate precedentemente, o con 1 mM SA disciolto
nel buffer di infiltrazione, o solo con il buffer di infiltrazione come controllo
negativo. Le immagini in questo caso sono state acquisite 22 ore dopo il
trattamento.

2.6 Estrazione di RNA e analisi RT-PCR - Per verificare il funzionamento
della metodologia VIGS si & estratto 'RNA con il Direct-Zol RNA miniprep
kit, e il cDNA e stato ottenuto retrotrascrivendo con primer oligo dT
degenerati e la trascrittasi inversa OneScript Plus Reverse Transcriptase.
Sul cDNA e stata eseguita una Real Time-Polymerase Chain Reaction (RT-
PCR), o PCR quantitativa (QPCR) inserendo dei primer specifici per il cDNA
di interesse, assieme ad un intercalante fluorescente. La PCR quantitativa
e stata effettuata col sistema di detection Bio-Rad CFX96 Touch Real-Time
PCR, usando come controllo normalizzante NbEF1a. La differenza di
espressione é stata calcolata col metodo AACt. Per verificare I'infezione da
TMV si & andati a retrotrascrivere 'RNA di MP (Movement Protein, che
trasporta I’'RNA virale attraverso i plasmodesmi cellulari) del virus con



primer specifici, per poi confrontare la sua espressione con I'mRNA
NbelF4a retrotrascritto a cDNA con primer oligo dT degenerati.

2.7 Inoculo di Tobacco Mosaic Virus - Per infettare le piante con Tobacco
Mosaic Virus (TMV) delle foglie di N. benthamiana precedentemente
infettate con il virus, e congelate, sono state pestate al mortaio e
successivamente risospese in buffer di sodio fosfato 100 mM, pH 7.
L’emulsione cosi generata €& stata poi filtrata attraverso una garza per
rimuovere i detriti delle foglie. Il liquido ottenuto €& stato ancora diluito fino
ad una concentrazione conosciuta per causare la risposta di ipersensibilita
in N. benthamiana wild-type e non in piante mutate per il recettore NLR N.
Per infettare le piante, una piccola spugna di cellulosa é stata immersa nel
liquido ottenuto, strizzata e poi strofinata su tre foglie per pianta. Ogni
genotipo delle piante silenziate € stato infettato con una spugna nuova per
evitare cross-contaminazioni.

2.8 Saggi di mortalita cellulare per Hypersensitivity Response - Per
quantificare la mortalita cellulare € stato eseguito in primis un saggio di ion
leakage: 14 giorni dopo aver infiltrato le piante con i vettori TRV-NbKIS1,
TRV-N e TRV-EV per la metodologia VIGS, le foglie superiori di ogni pianta
sono state infettate col costrutto per la replicasi del Tobacco Mosaic Virus
p35S::TMV-p50-3xHA. Dopo 46 ore sono stati tagliati due dischi da ogni
foglia precedentemente infettata, dopodiché ogni 2 ore & stata effettuata
una misurazione di leakage ionico tramite un conduttivimetro elettrolitico
(HORIBA model B-173), per un totale di 6 misurazioni. Dopo 12 ore le foglie
sono state bollite nei loro rispettivi pozzetti per ottenere una misura di
leakage ionico massimo con cui mettere in relazione i risultati ottenuti. Un
altro metodo utilizzato per visualizzare e quantificare la mortalita cellulare
stata la colorazione con Trypan blue, sostanza che penetra la membrana
plasmatica se questa & danneggiata o permeabile, caratteristica presente
nelle cellule non piu vitali. Piante di A. thaliana sono state infettate con
colture del batterio Pseudomonas syringae Pst::AvrRps4 a ODegp0=0,02. 20
ore dopo l'infezione sono state raccolte delle foglie per ogni genotipo da
testare (wild-type, kis1-1 e kis1-2) e sono state fatte bollire in una soluzione
di colorazione con Trypan blue per 1 minuto. | campioni sono stati lasciati
per 24 ore in agitazione in questa soluzione, per poi successivamente
rimuoverla e decolorarli in soluzione di cloralio idrato in agitazione per 6 ore.
Una seconda decolorazione €& stata eseguita cambiando la soluzione
vecchia con una nuova per lasciarli ancora 12 ore in agitazione, infine
quest’ultima soluzione é stata rimossa e sostituita con una soluzione al 70%
di glicerolo, per poi osservare i campioni al microscopio ottico.

2.9 Saggi di crescita batterica - Per saggiare la crescita batterica nei
campioni, piante di A. thaliana di 4-5 settimane sono state infettate con
colture di P. syringae Pst::AvrRps4 ad ODg0o=0.002. Dopo averle lasciate
due ore in serra ad asciugare, i campioni sono stati rimessi nelle condizioni



di crescita a cui erano precedentemente sottoposti. Il giorno successivo &
stato rimosso un dischetto da ogni foglia infettata, ripetendo I'operazione tre
volte per ogni genotipo in studio, per poi pestare i dischetti in una soluzione
di MgCl2 10 mM, e successivamente risospendere I'emulsione ottenuta in
una soluzione di MgClz alla stessa concentrazione. 20 ml della soluzione
cosi ottenuta sono stati piastrati su terreno King’s B contenente gli antibiotici
rifampicina (100 pg/ml) e kanamicina (25 pg/ml). Le piastre sono state
incubate a 28°C per due giorni e su di esse si & andati a contare le colonie
batteriche quantificandole secondo unita formanti colonie (CFU). Per ogni
genotipo di A. thaliana sono state effettuate 3 repliche di questo
esperimento, ottenendo risultati simili.

2.10 Microscopia confocale per la quantificazione di stromuli e le
analisi di clustering perinucleare - | campioni sono stati osservati con un
microscopio confocale Zeiss LMS 980, ad un ingrandimento 40x. Per
I'acquisizione delle immagini sono stati usati dischetti fogliari di 1 cm?
ritagliati nel sito opposto a quello di inserimento del patogeno. Immagini
degli stessi esperimenti sono state acquisite con lo stesso set di parametri
e processate in maniera identica. | laser a 455, 488, 514 e 639 nm sono
stati usati per visualizzare rispettivamente le proteine fluorescenti Cerulean,
mNeonGreen, mCitrina e la clorofilla. Per la quantificazione degli stromuli
sono stati acquisiti 20-25 differenti piani focali dell’epidermide della foglia
tramite Z-stacks. Gli stromuli sono stati resi visibili usando marker
fluorescenti specifici per lo stroma dei cloroplasti in base all’esperimento
eseguito, e sono stati contati a mano usando il software Fiji, infine il
coefficiente di induzione stromuli € stato calcolato come il numero di
stromuli normalizzato per il numero di cloroplasti presenti. Per visualizzare
i nuclei durante il saggio di clustering perinucleare le cellule sono state
infettate con Agrobacterium contenente p35s::tagCFP assieme ad uno dei
tre costrutti tra: p35s::mCitrina, pUBQ:3xHA-mCitrina-AtKIS1 o uno degli
inserti di AtKIS1 con un dominio deleto. Dopo 48 ore dall’infiltrazione con
Agrobacterium sono stati eseguiti degli Z-stacks con un ingrandimento
efficace per vedere piu nuclei possibili per immagine. Dalle immagini
ottenute € stato contato il numero di nuclei marcati con p35s::tagCFP e
quello dei cloroplasti visibili per autofluorescenza della clorofilla tramite
software Fiji, e un nucleo veniva considerato clusterizzato se attorno a lui
erano presenti piu di 4 cloroplasti.

2.11 Saggio di inibizione delle componenti citoscheletriche - Gli inibitori
dell’actina e dei microtubuli (citocalasina D e orizalina, rispettivamente)
sono stati preparati come stock a concentrazione 1 M in dimetilsolfossido
(DMSO). Le foglie di N. benthamiana sono state trasformate con i costrutti
contenenti pUBQ::3xHA-mCitrina-AtKIS1 o p35s::mCitrina 48 ore prima
dell’osservazione al microscopio. Un’ora prima dell’acquisizione delle
immagini le stesse foglie sono state infiltrate con citocalasina D 10 uM,



orizalina 1 uM o con DMSO 0.1% (come controllo negativo) diluiti nel mezzo
di filtrazione.

2.12 Analisi Western Blot - 100 mg di tessuto vegetale esprimente le
proteine di interesse sono stati omogeneizzati tramite Mini-Beadbeater, 200
uL di buffer Laemmli 2x sono stati aggiunti all'omogenato e la soluzione &
stata fatta bollire per 5 minuti. Dopo una breve centrifugazione il surnatante
e stato separato tramite SDS-PAGE, le proteine separate sono state
trasferite su una membrana di PVDF usando il sistema Trans-Blot Turbo
Transfer System. Le membrane sono state bloccate per 1 ora in una
soluzione al 5% di latte scremato, in buffer PBST (Phosphate Buffer Saline-
Tween20). Successivamente la membrana € stata incubata overnight a 4°C
con anticorpo primario di ratto anti-emoagglutinina (HA), lavando tre volte
con PBST il giorno dopo, per poi incubare con anticorpi secondari anti-ratto
per 1 ora. Infine la membrana & stata lavata per tre volte con PBST e le
bande sono state visualizzate usando come substrato chemiluminescente
il SuperSignal West Pico PLUS, acquisendo i segnali tramite ChemiDoc
Touch Imaging System.
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3. RISULTATI E DISCUSSIONE

3.1 KIS1 induce la formazione di stromuli quando sovraespresso ed e
necessario per la risposta NLR-mediata - In letteratura, € noto che i
microtubuli e i filamenti di actina svolgono un ruolo centrale durante il
movimento dei cloroplasti mediato dagli stromuli. Per individuare quali
proteine mediano l'interazione tra elementi citoscheletrici e i cloroplasti, gli
autori dell’articolo hanno investigato il ruolo che la famiglia delle chinesine
14 puo svolgere in questo contesto. Piu precisamente, si sono focalizzati
sulla sottofamiglia delle chinesine 14-B, le quali presentano un dominio di
omologia alla calponina, conosciuto per mediare il cross-talk tra microtubuli
e filamenti di actina in molte piante. Seguendo questa ipotesi, cinque delle
sei chinesine contenenti un dominio di omologia alla calponina presenti in
A. thaliana sono state clonate e fuse in frame col fluoroforo mCitrina.
Ognuna di queste proteine di fusione € stata poi sovraespressa tramite
agroinfiltrazione in foglie di piante mutanti di N. benthamiana esprimenti il
costrutto NN::NRIP1-Cerulean come marker dello stroma dei cloroplasti.
Dopo aver visualizzato i cloroplasti al microscopio confocale, gli autori
hanno osservato che una sola proteina overespressa (At5941310,
rinominata AtKIS1) ha indotto un apprezzabile aumento degli stromuli e
della loro dinamicita. Per tutte le altre 4 chinesine & stato riscontrato un
fenotipo simile a quello visualizzato nella linea di controllo sovraesprimente
la sola mCitrina, confermando che il fenotipo osservato non & un artefatto
di overespressione (vedasi Fig. 1B-C nell’articolo). Durante 'ETI mediata
dai recettori NLR si nota un aumento significativo degli stromuli. Per
verificare che KIS1 possa essere coinvolto in questa risposta, gli autori
hanno silenziato I'espressione di un omologo di AtKIS1 in N. benthamiana
(contenente il 50% di amminoacidi identici, il 70% chimicamente simili e con
la stessa disposizione dei domini di AtKIS1) tramite metodologia VIGS. Per
indurre una risposta NLR-mediata diverse linee vegetali sono state infettate
con l'effettore TMV-p50. Le piante in cui era stato silenziato KIS7 non
hanno mostrato un aumento degli stromuli durante I'ETI. Come controllo
positivo € stato silenziato con metodologia VIGS il recettore N in piante wild-
type per il gene KIS1, e dopo linfezione non & stato riscontrato alcun
aumento degli stromuli. Come controllo negativo € stata utilizzata una linea
silenziata tramite VIGS con un Empty Vector, nella quale l'infezione ha
prodotto un incremento del numero di stromuli come atteso. Per validare
I’'effetto del silenziamento di KIS1 sulla formazione di stromuliin A. thaliana,
sono state utilizzate due linee mutanti inserzionali di A. thaliana per il gene
KIS1 (denominati Atkis1-1 e Atkis1-2). Dopo aver individuato le piante
omozigoti tramite PCR e non aver notato effetti pleiotropici sul fenotipo di
sviluppo della pianta, gli autori hanno indotto una risposta ETl-mediata da
NLR tramite infezione con un ceppo avirulento del patogeno batterico
Pseudomonas syringae DC300, esprimente [Ieffettore AvrRps4
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(Pst::AvrRps4). Le linee infettate wild-type, Atkis1-1, Atkis1-2 erano state
precedentemente trasformate per esprimere il marker plastidiale NRIPctp-
tCFP. Nelle due linee mutanti Atkis1-1 e Atkis1-2, dopo l'infezione con P.
syringae DC300 gli autori hanno notato una significativa riduzione degli
stromuli formati rispetto all’ecotipo Col-0 usato come controllo positivo.
Entrambi i risultati ottenuti confermano il ruolo di KIS1 nella formazione degli
stromuli durante 'ET| mediata dagli NLR (vedasi Fig. 2A-C nell’articolo). Per
avere una comprensione piu approfondita dei possibili ruoli di KIS1, si e
andati a misurare la mortalita cellulare dopo infiltrazione di TMV-p50 in
piante con NbKIS1 o N silenziato tramite VIGS e in piante silenziate con un
empty vector come controllo negativo. Le misurazioni di ion leakage hanno
confermato che le piante con KIS1 e quelle col recettore N silenziato
mostravano una ridotta mortalita cellulare rispetto a quelle di controllo
(vedasi Fig. 5A-B nell’articolo), a supporto dell'inattivazione della risposta
ETI. L’'assenza di morte cellulare seguente alla risposta di ipersensibilita in
queste piante mutate porta il virus a diffondersi tra le cellule vive,
propagando l'infezione molto velocemente. Esperimenti di RT-PCR hanno
confermato la presenza del virus nelle foglie apicali delle piante infettate con
TMV, sintomo dell’assenza di un contenimento dell'infezione nelle piante
con uno dei due geni (No KIS1) silenziati. Infine i mutanti Atkis1-1 e Atkis1-
2 sono stati utilizzati per verificare il ruolo di KIS1 durante la risposta di
ipersensibilita; l'infiltrazione di Pst::AvrRps4, e la successiva colorazione
con Trypan Blue hanno mostrato una ridotta mortalita cellulare (Fig. 4E) nei
due mutanti inserzionali rispetto alle piante wild-type. Saggi di crescita
batterica hanno confermato un aumento del batterio Pst::AvrRsp4 nelle
piante knockout per Atkis1 rispetto alle wild type (Fig. 4F).
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Figura 4. (D) Colorazioni con Trypan Blue delle foglie infettate con P. syringae. (E)
Quantificazione delle cellule morte nell’esperimento D. (F) Quantificazione del titolo
batterico.

| risultati hanno mostrato che KIS1 ha un ruolo durante I'ETI indotta sia da
patogeni virali che batterici, e che questa chinesina svolge un ruolo chiave
anche durante la reazione di ipersensibilita.

3.2 La formazione di stromuli indotta da KIS1 dipende dai microtubuli,
mentre il clustering perinucleare & mediato dal dominio CH lungo i
filamenti di actina - Per capire come KIS1 interagisca con le componenti
del citoscheletro, in primis si & andati a verificare la co-localizzazione di KIS1
e dei microtubuli. Esprimendo linserto contenente il marker per la
microtubulina TagRFP-MAP-CKL6 in piante NN:NRIP1-Cerulean
contenenti 3xHA-mCitrina::AtKIS1 gli autori hanno osservato un forte
overlap tra il marker dei microtubuli e KIS1 (Fig. 5), con KIS1 molto
accentuato sulle punte e sulle curve degli stromuli. Allo stesso modo si &
andati a verificare la co-localizzazione tra KIS1 e i microfilamenti di actina
marcando questi ultimi col costrutto Lifeact-TagRFP, tuttavia KIS1 ha
mostrato un debole overlap con I'actina citoscheletrica.

Merged MT KIS1 Stromule

Figura 5.] Immagine esemplificativa della co-localizzazione di KIS1 in corrispondenza dei
microtubuli.

Da notare come siano stati osservati anche stromuli senza accumuli di KIST
in essi, a conferma dell’esistenza di un certo numero basale di stromuli
indipendenti dal citoscheletro, come riscontrato anche in cloroplasti isolati
in vitro. Dopodiché per verificare quali elementi citoscheletrici siano coinvolti
nella formazione degli stromuli indotta da KIS1, gli autori hanno quantificato
il numero di stromuli in piante NN:NRIP1-cerulean dopo aver trattato con
orizalina o citocalasina D contemporaneamente alla sovraespressione o
meno di KIS1. |l trattamento con orizalina, un inibitore della
polimerizzazione dei microtubuli, ha inibito la formazione di stromuli
dipendente da KIS1, con un numero di stromuli equivalente al controllo
positivo che sovraesprimeva solo mCitrina. La citocalasina D, inibitore della
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polimerizzazione dell’actina, non ha invece avuto effetto sull’attivita di KIS1
durante la formazione degli stromuli. Questi risultati dimostrano che la
formazione di stromuli indotta da KIS1 necessita solo dei microtubuli,
mentre i microfilamenti di actina non svolgono un ruolo chiave durante
questo processo. Tuttavia durante le reazioni immunitarie i cloroplasti
tendono ad aggregarsi attorno al nucleo, e i microfilamenti di actina giocano
un ruolo chiave in questo processo; percid si € andati a testare il ruolo di
KIS1 e del dominio CH durante il clustering perinucleare mediato dall’actina.
Dopo aver ottenuto delle sequenze di cDNA di KIS1 con specifici domini
deleti (motor-domain, CH-domain, CC1, CC2, tail-domain) ed averle inserite
nelle piante dotate dell'inserto 3xHA::mCitrina fuso al loro N-terminale, si €
visto che delezioni dei domini CH, CC1 e CC2 non avevano alcun effetto
negativo sul numero di stromuli indotto dall’overespressione di KIS1.
Invece, delezioni del motor-domain e del tail-domain azzeravano la
formazione di stromuli; & da notare come il solo motor-domain non fosse
sufficiente per visualizzare un aumento nel numero di stromuli. Questi
risultati sono coerenti con I'esperimento precedente: il motor-domain e i
microtubuli a cui esso silega sono entrambi fondamentali, ma non sufficienti
per la formazione degli stromuli. L'overespressione di KIS1 induce anche
un aumento del raggruppamento dei cloroplasti attorno al nucleo; sapendo
che i microfilamenti di actina svolgono un ruolo chiave in questo processo,
si & andati a verificare se il dominio CH fosse fondamentale: 'espressione
di KIS1 deleto del suo dominio CH, sebbene consenta una normale
formazione di stromuli, non induce alcun clustering perinucleare. La
delezione dei domini CC1 e CC2 porta comunque ad un normale
raggruppamento dei cloroplasti attorno al nucleo, mentre chiaramente
delezioni che inibiscono la formazione di stromuli inibiscono anche il
clustering perinucleare; questo processo, che permette I'avvicinarsi dei
cloroplasti al nucleo, attivo durante le risposte immunitarie della pianta,
necessita di una formazione efficace degli stromuli e la presenza di un
dominio CH integro (Fig. 1).

3.3 | modulatori immunitari EDS1 e PAD4 sono necessari per la
formazione di stromuli indotta da KIS1 - Visto il ruolo di KIS1 nelle
risposte immunitarie, gli autori hanno deciso di indagare dove esso Si
inserisca all’interno della cascata di segnale intracellulare indotta dalla
risposta immunitaria. Molti TNL (N incluso) necessitano della proteina
EDS1, la quale in A. thaliana si complessa con PAD4 e svolge la sua
funzione di riprogrammatore trascrizionale tramite I'NLR-helper ADR1.
Inoltre alcuni TNL necessitano del CC (coiled-coil) NLR-helper denominato
NRG1, il quale agendo col complesso EDS1 e PAD4 induce un’
Hypersensitivity Response Programmed Cell Death. In primis si & andati a
verificare se EDS1, PAD4, NRG1 e ADR1 svolgano qualche funzione
durante la formazione degli stromuli indotta da una risposta ETI. Dopo aver
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generato dei mutanti knock-out tramite metodologia CRISPR per Nbeds1,
Nbpad4 e Nbnrgl, si € andati ad infettare le medesime piante con TMV-
p50-3xHA; in nessuna di queste tre piante si & vista un’induzione di stromuli,
al contrario delle piante wild-type infettate. Silenziando NbADR71 con
metodologia VIGS si sono ottenuti gli stessi risultati, mostrando che tutte e
4 queste proteine sono necessarie per l'induzione di stromuli durante le
risposte immunitarie mediate dal TNL N nelle piante. Successivamente si &
voluto determinare se queste 4 proteine fossero necessarie per la
formazione di stromuli indotta da un’espressione transiente di KIS1. |
mutanti Nbnrg1e Nbadr1 hanno mostrato una formazione di stromuli indotta
da KIS1 fisiologica, mentre nei due mutanti Nbpad4 e Nbeds1 non e stato
osservato alcun aumento nel numero di stromuli. Cio indica che solamente
EDS1 e PAD4 sono fondamentali per indurre un aumento di stromuli,
mentre ADR1 e NRG1 no, mostrando che KIS1 svolge la sua funzione a
valle di EDS1 e PAD4, ma a monte di ADR1 e NRG1 durante la risposta
immunitaria precoce.

3.4 La formazione di stromuli indotta dall’acido salicilico necessita di
KIS1 - Poiché é noto che I’ acido salicilico induce la formazione di stromuli,
e stato esaminato se il trattamento con questo ormone difensivo potesse
restaurare il fenotipo wild-type nelle piante con NbKIS1 silenziato tramite
VIGS. Dopo l'infiltrazione delle piante con una soluzione contenente acido
salicilico, non si & vista alcuna induzione di stromuli nelle piante silenziate
per KIS1, cosi come nel controllo negativo dove le piante silenziate sono
state trattate con una soluzione di controllo senza SA. Nelle piante di
controllo positivo in cui la metodologia VIGS € applicata con un vettore
vuoto (Empty-Vector), si € invece notata una forte induzione di stromuli data
proprio dall’acido salicilico. Dopodiché si € andati a determinare quali tra i
mutanti knock-out per Nbeds1, Nbpad4 e Nbnrg1 e knock-down per
NbADR1 mostrassero una formazione di stromuli indotta dall’acido
salicilico. Infiltrazioni di questo ormone difensivo nelle piante Nbeds? e
Nbpad4 non hanno indotto alcun aumento degli stromuli;, al contrario, nelle
piante Nbnrg1 e NbADR1 si &€ osservata una formazione di stromuli indotta
dall’acido salicilico. Da notare come risultati di RT-PCR non abbiano
mostrato alcuna differenza nell’espressione di KIS1 indotta dall’acido
salicilico; questi risultati nel loro insieme mostrano che la formazione di
stromuli indotta dall’acido salicilico necessita di KIS1 e del complesso
formato dalle proteine PAD4 e EDS1, confermando I'importante ruolo che
questo complesso svolge durante la formazione degli stromuli.

3.5 Conclusione - In questo articolo si € andati a studiare il ruolo della
chinesina KIS1, contenente un dominio di omologia alla calponina, durante
il processo di formazione degli stromuli. Gli autori hanno scoperto che la
sovraespressione di questa chinesina induce un elevato numero di
stromuli, nettamente superiore di quello presente in condizioni fisiologiche.

15



Inoltre, & stato evidenziato come KIS1 abbia un ruolo chiave durante la
formazione degli stromuli indotta dalle risposte immunitarie ETI, agendo a
valle del’NLR N e I'NLR-helper NRIP1, e del complesso EDS1-PADA4.
Esperimenti riguardanti il citoscheletro hanno mostrato come KIS1 co-
localizzi con i microtubuli, e la loro presenza sia fondamentale per
'induzione degli stromuli; inoltre i microfilamenti di actina sono necessari,
cosi come il CH-domain, per il clustering perinucleare durante le risposte
ETI. Studi piu approfonditi dei meccanismi che regolano gli stromuli durante
le reazioni immunitarie nelle piante potrebbero portare ad una migliore
comprensione del complicato network (proteico, ormonale, € non solo)
presente nelle cellule vegetali durante le risposte ai patogeni. Questo lavoro
pone le basi per una piu approfondita analisi dei meccanismi molecolari che
interessano l'immunita delle piante: in primis per approfondire il
funzionamento di KIS1 e i suoi interattori proteici si potrebbe effettuare un
saggio PL-MS (proximity labeled-mass spectrometry) andando a fondere in
frame la sequenza di cDNA di KIS1 con quella della proteina biotina-ligasi.
Sarebbe preferibile utilizzare la ligasi TurbolD (Xu et al., 2023) per una
cinetica di marcatura piu veloce, data I'alta dinamicita degli stromuli.
L’enzima fuso in frame con KIS1 andra a biotinilare i residui di lisina di tutte
le proteine che si trovano nel raggio di 10 nm rispetto alla chinesina.
Chiaramente prima di effettuare questo saggio va verificata la funzionalita
di KIS1 nonostante la presenza della biotina ligasi fusa al C-terminale, e
vanno istituiti i dovuti controlli positivi e negativi. Una volta biotinilate le
proteine prossime a KIS1, le si pud estrarre tramite beads con streptavidina
ad alta efficienza, e procedere all'identificazione e quantificazione tramite
spettrometria di massa. Un altro interessante punto da approfondire
potrebbe essere la dinamica degli stromuli indotti da KIS1 nei plastidi non
fotosintetici, e la loro funzione nelle risposte immunitarie contro patogeni
fungini. Si potrebbero studiare entrambe queste caratteristiche indagando
le funzioni di KIS1 in cellule del rizoderma infettate con Phytophthora.
Questo patogeno, come molti altri patogeni delle piante, forma un austorio
(Savage et al., 2021) attraverso il quale inizia il processo d’infezione, e
proprio verso questa struttura si accumulano i plastidi con un processo
actina-dipendente.

16



4. BIBLIOGRAFIA

Banuelos, S., Saraste, M., & Carugo, K. D. (1998). Structural comparisons
of calponin homology domains: implications for actin binding. Structure, 6,
1419-1431.

Hanson, M. R., & Conklin, P. L. (2020). Stromules, functional extensions
of plastids within the plant cell. Current Opinion in Plant Biology, 58, 25-32.

Jones, J. D., & Dangl, J. L. (2006). The plant immune system. Nature, 444,
323-329.

Jung, S., Woo, J., & Park, E. (2024). Talk to your neighbors in an
emergency: Stromule-mediated chloroplast-nucleus communication in plant
immunity. Current Opinion in Plant Biology, 79, 102529.

Miki, H., Okada, Y., & Hirokawa, N. (2005). Analysis of the kinesin
superfamily: insights into structure and function. Trends in Cell Biology,
15(9), 467-476.

Roéssner, C., Lotz, D., & Becker, A. (2022). VIGS goes viral: how VIGS
transforms our understanding of plant science. Annual Review of Plant
Biology, 73, 703-728.

Savage, Z., Duggan, C., Toufexi, A., Pandey, P., Liang, Y., Segretin, M.
E., ... & Bozkurt, T. O. (2021). Chloroplasts alter their morphology and
accumulate at the pathogen interface during infection by Phytophthora
infestans. The Plant Journal, 107, 1771-1787.

Xu, S. L., Shrestha, R., Karunadasa, S. S., & Xie, P. Q. (2023). Proximity
labeling in plants. Annual Review of Plant Biology, 74, 285-312.

Yuan, M., Ngou, B. P. M., Ding, P., & Xin, X.-F. (2021). PTI-ET]I crosstalk:
an integrative view of plant immunity. Current Opinion in Plant Biology, 62,
102030.

17



APPENDICE

18



'I) Check for updates.

SCIENCE ADVANCES | RESEARCH ARTICLE

PLANT SCIENCES

Calponin homology domain containing kinesin, KIS1,
regulates chloroplast stromule formation and immunity

Nathan D. Meier', Kody Seward®>+, Jeffrey L. Caplan®>*#, Savithramma P. Dinesh-Kumar'#

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

Chloroplast morphology changes during immunity, giving rise to tubule-like structures known as stromules.
Stromules extend along microtubules and anchor to actin filaments along nuclei to promote perinuclear chlo-
roplast clustering. This facilitates the transport of defense molecules/proteins from chloroplasts to the nucleus.
Evidence for a direct role for stromules in immunity is lacking since, currently, there are no known genes that
regulate stromule biogenesis. We show that a calponin homology (CH) domain containing kinesin, KIS1 (kinesin
required for inducing stromules 1), is required for stromule formation during TNL [TIR (Toll/Interleukin-1 recep-
tor)-type nucleotide-binding leucine-rich repeat]-immune receptor-mediated immunity. Furthermore, KIS1 is
required for TNL-mediated immunity to bacterial and viral pathogens. The microtubule-binding motor
domain of KIS1 is required for stromule formation while the actin-binding, CH domain is required for perinuclear
chloroplast clustering. We show that KIS1 functions through early immune signaling components, EDS1 and
PAD4, with salicylic acid-induced stromules requiring KIS1. Thus, KIS1 represents a player in stromule
biogenesis.

INTRODUCTION

Plants have evolved with a sophisticated immune system that can
effectively defend against invading microbes. The primary
immune response to pathogenic microbes is triggered by cell-
surface localized pattern-recognition receptors (PRRs) (1). PRRs di-
rectly bind to pathogen-associated molecular patterns (PAMPs) and
initiate immune responses that are collectively referred to as
pattern-triggered immunity (PTI). Some of the PTI responses
include changes in calcium (Ca®") levels, a burst in reactive
oxygen species (ROS), mitogen-activated protein kinase (MPK) cas-
cades, phytohormone signaling, and the induction of defense genes
(1). Generally, PTI is sufficient to stave off nonadapted pathogens.
However, adapted pathogens encode a suite of effectors that can
suppress PTI. As a foil to pathogen effectors, plants have evolved
intracellular nucleotide-binding leucine-rich repeat (NLR) class of
immune receptors (2, 3). NLRs contain coiled-coil (CC) or Toll/
interleukin-1 receptor (TIR) homology domain at the N terminus
and they are referred to as CNLs and TNLs, respectively. NLRs
recognize pathogen effectors, either directly or indirectly, and
trigger a substantially stronger immune response known as

A growing body of evidence suggests that organelles such as
chloroplasts play a central role in immunity (8-11). Chloroplasts
are involved in the production of defense signaling molecules
such as ROS and Ca*" and also in the generation of precursors of
defense hormones such as salicylic acid (SA), jasmonic acid, and
abscisic acid (12, 13). Chloroplasts have also been shown to function
as defense-related motile organelles at fungal and oomycete patho-
gen entry sites (14, 15).

There appears to be a direct communication between the plasma
membrane and chloroplasts during immunity. PAMP perception at
the plasma membrane not only induces rapid bursts of cytoplasmic
Ca®*, but also induces a long-lasting increase of Ca®* concentration
in the chloroplasts (16). The calcium-sensing receptor is a thyla-
koid-membrane localized protein that is required for chloroplast-
Ca®" concentration-dependent and PAMP-induced defense gene
expression (16). Activation of PTI using effector deficient Pseudo-
monas syringae pv tomato (Pst) strain DC3000 also induces rapid
production of ROS in the chloroplasts and changes in the expres-
sion levels of nuclear-encoded chloroplast genes (17). Perception
of PAMPs has been shown to relocalize Arabidopsis calcium-de-
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effector-triggered immunity (ETI) (2, 3). ETI shares many of the
same downstream responses as PTI; however, an ETI response
often culminates in the hypersensitive response (HR), a form of
programmed cell death (PCD) at the site of infection (HR-PCD)
(4, 5). HR-PCD is thought to effectively prevent pathogen spread
from the infected cells to healthy cells. Recent evidence indicates
that PTI can potentiate NLR-mediated, bacterial-derived ETI in
Arabidopsis (6, 7).
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pendent protein kinase 16 (CDPK16) from the plasma membrane
to chloroplasts to induce defense responses (18). Chloroplasts also
play a role in generating a sustained, second ROS burst during ETI
(19). The ROS accumulation in chloroplasts during ETT is mediated
by SA-induced protein kinase (SIPK) and wound-induced protein
kinase (WIPK) in tobacco and their homologs MPK6 and MPK3 in
Arabidopsis through the inhibition of photosynthesis (19, 20).

Chloroplasts also play a direct role in NLR-mediated effector rec-
ognition and activation of ETI (21). Chloroplast-localized N recep-
tor—interacting protein 1 (NRIP1) is required for tobacco N-TNL to
recognize the p50 helicase domain of the tobacco mosaic virus
(TMV) replicase (TMV-p50) and activate an immune response
(21). NRIP1 relocalizes from chloroplasts to the cytoplasm and
nucleus upon infection with TMV; this change in localization pro-
motes N-TNL association with NRIP1 in the cytoplasm to recognize
TMV-p50, activating ETT.
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Trafficking of the defense protein NRIP1 from chloroplasts to
the nucleus during ETT is mediated by chloroplast stromules (22).
Stromules are stroma-filled tubular extensions of the chloroplast en-
velope (23). Although stromules are present at a basal level in
healthy tissue, they are significantly induced during PTT and ETI
(14, 22, 24). Furthermore, exogenous application of defense signal-
ing molecules, such as H,0, and SA, is sufficient to induce stromule
formation (22). Notably, stromules that are induced during ETI

form complex associations with the nucleus and result in perinu-
clear chloroplast clustering (21, 25). Our group and others have
shown that stromules extend along microtubules (MTs) and that
perturbations of the MT network disrupt stromule formation and
stabilization of MTs induces stromules (25, 26). Together, our pre-
vious work suggests that stromule extension along MTs, and subse-
quent anchoring to actin filaments (AFs) along nuclei, facilitates
perinuclear chloroplast clustering during ETI (25). These
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Fig. 1. Overexpression of an Arabidopsis kinesin with calponin homology domain, At5g41310, induces constitutive stromule formation. (A) Schematic diagram
of a kinesin with CH domain at the N terminus, central motor domain flanked by CC domains, and C-terminal tail. (B) Representative confocal micrographs of stromule
formation in epidermal cells of Nicotiana benthamiana NN:NRIP1-Cerulean plant leaves expressing mCitrine fused to different Arabidopsis CH domain—containing kinesins
and mCitrine control. Images were collected 48 hours after infiltration. Arrows indicate stromules. Scale bar, 22 um. (C) Quantification of stromule abundance from the
experiment described in (B). Stromule abundance is defined as the number of stromules present in each image normalized by the number of chloroplasts. Data are

represented as the means + SEM, *P < 0.05, Student's t test (n = 3).
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chloroplast-to-nucleus associations not only aid in the transport of
NRIP1 but also in transporting chloroplast-produced hydrogen
peroxide (H,0,) to the nucleus, potentially activating and/or rein-
forcing immunity (22). Perinuclear chloroplast clustering seems to
be a general response to pathogen perception because it occurs
during PTTand infection by viral and bacterial pathogens (24). Stro-
mule formation is induced significantly at and around sites of HR-
PCD, and this induction is SA-dependent (22, 27). Constitutive in-
duction of stromules can enhance NLR-mediated HR-PCD; sug-
gesting that stromules have important functions during immunity
(22). A recent report indicates that stromule induction is one of the
earliest hallmarks of NLR-mediated immunity (28).

Although the findings over the past decade have shown that
chloroplast stromules are induced during immunity and play a
role in HR-PCD, the question of whether stromules are required
for immunity still remains. To date, no genes or proteins have
been identified which are required for stromule formation or func-
tion, presenting a major challenge in studying stromules’ role. Here,
we report the identification and characterization of a kinesin, con-
taining an MT motor domain and an actin-binding calponin ho-
mology (CH) domain, which is required for stromule formation.
We refer to this kinesin as kinesin required for inducing stromules
1 (KIS1). Knockdown of KISI in Nicotiana benthamiana and
knockout of KISI in Arabidopsis abolish stromule formation
during immunity. KISI is required for NLR-mediated immunity
against viral and bacterial pathogens. Overexpression of KISI pro-
motes constitutive stromule formation and perinuclear chloroplast
clustering. Structure-function analysis indicates that stromule for-
mation is a prerequisite for perinuclear chloroplast clustering,
with perinuclear chloroplast clustering requiring an intact, actin-
binding CH domain. KISI-induced stromule formation requires
early immune signaling components ENHANCED DISEASE SUS-
CEPTIBILITY 1 (EDS1) and PHYTOALEXIN DEFICIENT 4
(PAD4), while defense hormone SA-induced stromule formation
requires KISI.

RESULTS

Overexpression of a calponin homology domain containing
kinesin, KIS1, induces stromules

Our previous report showed that chloroplast stromules use a coop-
erative action between MTs and AFs for locomotion throughout the
cell (25). Therefore, we hypothesized that MTs act as tracks for stro-
mule extension with AFs serving as anchor points to prevent stro-
mule retraction back to the chloroplast body (25). Because of this
observed cross-talk between MTs, AFs, and chloroplast stromules,
we were specifically interested in proteins that may regulate stro-
mule dynamics by interacting with both MTs and AFs. There is a
plant-specific subfamily of kinesin-14s which contains a CH
domain at the N terminus and a central MT-binding motor
domain flanked by two CC domains (CC1 and CC2) (Fig. 1A)
(29, 30). Since CH domains are found in proteins known to bind
AFs, kinesin with calponin homology domain (KCH) have been
predicted to mediate cross-talk between MT and AF networks.
Some plant KCHs have been shown to bind MTs and AFs (31—
36). Therefore, we reasoned that KCH proteins could play a role
in the cross-talk we observed between MTs, AFs, and chloroplast
stromules during the immune response (25). To this end, we
sought to determine whether the overexpression of one of the
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KCHs from Arabidopsis thaliana (Arabidopsis) could positively
regulate stromule formation. We transiently expressed five of the
six AfKCHs under the control of the CaMV 35S promoter in trans-
genic N. benthamiana plants expressing the N-NLR immune recep-
tor and chloroplast-localized NRIP1 fused to Cerulean fluorescent
protein (NN:NRIP1-Cerulean plants hereafter) (21). NRIP1-Ceru-
lean acts as a chloroplast stromal marker which facilitates monitor-
ing of stromule induction and dynamics (21, 22, 25). We used our
previously optimized methods to visualize and quantify stromules
(22, 25) (see Materials and Methods for details). Our results iden-
tified a single KCH, At5g41310, which induced a notable stromule
phenotype, showing significant increases in the number of stro-
mules formed in NN::NRIP1-Cerulean plant leaf epidermal cells
(Fig. 1, B and C). In addition to the increase in stromule abundance,
there was also significantly enhanced stromule dynamics (movie
S1). We refer to At5g41310 as AtKISI. Notably, none of the other
KCHs showed any significant change in stromule abundance com-
pared to the monomeric citrine (mCitrine) control when overex-
pressed (Fig. 1, B and C). These results indicated that the
stromule induction phenotype that we observed with AtKISI is spe-
cific and not an artifact of overexpression.

KIS1 is required for stromule induction during NLR-
mediated immunity
Previously, we have shown that stromules are significantly induced
and play a role during bacterial and viral NLR immune receptor ETI
(22). Since AtKISI functions as a positive regulator of stromule for-
mation (Fig. 1), we investigated whether KISI is required for stro-
mule induction during NLR-mediated ETI. For this, we decided to
knock down the expression of KISI in N. benthamiana using
Tobacco rattle virus (TRV)-based virus-induced gene silencing
(VIGS) (37). First, we identified the homolog of AtKISI in N. ben-
thamiana using the Sol Genomics Network database as Ni-
ben101Scf10389g01005.1 (NbKISI hereafter). The amino acid
sequence of NbKIS1 is 50% identical and 70% similar to AtKIS1
(figs. S1IA and S2) and is phylogenetically closely related to
AtKIS1 (fig. S1B). Furthermore, NbKIS1 contains a similar
domain architecture to AtKIS1; with an actin-binding CH
domain, CCI, conserved neck motif, an MT-binding motor
domain, a neck mimic motif, CC2, and a C terminus tail region
(fig. S2). Then, we used this sequence to generate TRV-NbKISI
and knocked down the expression of NbKISI (fig. S3) in NN::
NRIPI-Cerulean plants, which exhibit stromule induction after de-
livering the TMV-p50 effector that is recognized by the N-NLR (21,
22). Two weeks after TRV treatment, we expressed TMV-p50 effec-
tor via agro-infiltration in the TRV-NbKISI-treated (referred to as
NbKISI-silenced) plants and TRV empty vector—treated (TRV-EV;
nonsilenced) plants and measured stromule induction. As a positive
control, we silenced the N-NLR immune receptor using TRV-N
(37). Our results showed that TMV-p50 does not significantly
induce stromule formation in NbKISI-silenced NN::NRIPI-Cerule-
an plants compared to the transient expression of mCitrine (Fig. 2,
A and B). As we have reported previously, silencing of N-NLR also
compromises TMV-p50—-induced stromule formation (Fig. 2, A and
B). These results indicated that NbKIS1 is required for stromule for-
mation during the N-NLR-mediated immune response.

To further confirm the role of KISI in stromule induction during
immunity, we screened and identified two homozygous Arabidop-
sis T-DNA insertion mutants AtkisI-1 and AtkisI-2 (fig. S4, A to C).
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Fig. 2. KIS1 is required for stromule formation during the innate immune response. (A) Representative confocal micrographs of leaf epidermal cells of NN:NRIP1-
Cerulean plants treated with Tobacco rattle virus empty vector as control (TRV-EV), TRV with N NLR (TRV-N), and TRV with NbKIS1 (TRV-NbKIST). Two weeks after silencing,
leaves were Agro-infiltrated with TMV-p50-HA or citrine control, and images were collected 48 hours after infiltration. Arrows indicate stromules. Scale bars, 22 um. (B)
Quantification of stromule abundance for the experiment described in (A). Data are represented as the means + SEM, *P < 0.05 and **P < 0.01, Student's t test (n = 4). (C)
Representative confocal micrographs of leaf epidermal cells of wild type Col-0:NRIP1 1p-tagCFP, Atkis1-1:NRIP1rp-tagCFP, and Atkis 1-2:NRIP1 p-tagCFP plants 20 hours
after infection with Pst::AvrRPS4. Arrows indicate stromules. Scale bars, 22 um. (D) Quantification of stromule abundance from the experiment described in (C). Data are
represented as the means + SEM, **P < 0.01 and ****P < 0.0001, Student’s t test (n = 8). ns, not significant.
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Reverse transcription polymerase chain reaction (RT-PCR) analysis
showed that no KISI transcripts were detectable in either mutant
compared to the Col-0 control; hence, both AtkisI-1 and Atkisl-2
are null mutants (fig. S4D). Furthermore, AtkisI mutant plants have
no apparent growth phenotype compared to the wild-type Col-0
plants (fig. S4E). To monitor stromule induction in AtkisI plants,
we transformed both T-DNA insertion lines with a chloroplast
stroma marker including chloroplast transit peptide of NRIP1
(NRIP1.7p) fused to tagCFP (NRIP1.rp-tCFP) under the control
of ubiquitin promoter. Previously, we have shown that stromules
are induced during the RPS4-NLR-mediated immune response to
the Pst DC3000 strain expressing the AvrRps4 effector (Pst:
AvrRps4) in Arabidopsis (22). To test whether AtKISI is required
for stromule induction, we infiltrated Pst::AvrRps4 into AtkisI-1I::
NRIP1.1p-tCFP, Atkisl-2::NRIP1_.1p-tCFP, and control Col-0::
NRIP1.1p-tCFP plants. At 20 hours after infiltration with Pst:
AvrRps4, we measured stromule induction. We observed signifi-
cantly reduced stromule formation in both Atkis] mutants com-
pared to Col-0 (Fig. 2, C and D). Together, these results indicated
that KIS1I is required for stromule formation and induction during
NLR-mediated ETI.

KIS1-induced stromule formation is dependent on
microtubules but not actin filaments

Since KIS1 contains both an actin-binding CH domain and an MT-
binding motor domain, we determined the localization of KIS1
using AF and MT markers. We expressed 3xHA and monomeric
Citrine fused to AtKISI under the control of ubiquitin promoter
(3xHA-mCitrine::AtKIS1) with a previously described MT marker
TagRFP-MAP-CKL6 (25) in NN::NRIPI-Cerulean plants. We ob-
served a substantial overlap in localization between KIS1 and the
MT marker (Fig. 3, A and B). KIS1 puncta were observed at stro-
mule kinks and tips (Fig. 3, A and B). Colocalization with an
actin marker, Lifeact-TagRFP, showed that KIS1 weakly localizes
with the AFs (Fig. 3C) compared to the MTs (Fig. 3, A and B).
KISI that colocalizes to the stromule kinks and tips does not coloc-
alize with AF (Fig. 3C, arrows). Stromule tips without an accumu-
lation of KIS1 were also observed (Fig 3A, asterisks).

Previously, we have shown that stromules extend along MTs and
not AFs and that AFs have a separate function in stabilizing stro-
mules (25). Therefore, we tested whether KISI-induced stromule
formation requires MTs or AFs. We expressed 3xHA-mCitrine:
AfKIS1 in NN:NRIPI-Cerulean plants and treated the leaves with
oryzalin, to inhibit MTs, and cytochalasin D, to inhibit AFs, and
measured stromule induction. Our results showed that, after oryza-
lin treatment, there was no significant increase in KIS1-induced
stromules compared to mCitrine control (Fig. 3, D and E).
However, both cytochalasin D and the mock buffer control treat-
ment showed significant KIS1-induced stromule formation com-
pared to mCitrine control (Fig. 3, D and E). These results indicate
that KIS1-induced stromule formation only requires MTs.

CH domain of KIS1 is required for perinuclear chloroplast
clustering

We and others have shown that the clustering of chloroplasts
around the nucleus (perinuclear chloroplast clustering) is one of
the hallmarks of the plant immune response (24, 25). Furthermore,
we have shown that chloroplasts move toward the nucleus through
stromule-directed movement; with AFs playing an important role in
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mediating perinuclear chloroplast clustering during the immune re-
sponse (25). Therefore, we tested if overexpression of KIS1 induces
perinuclear chloroplast clustering and whether the actin-binding
CH domain plays a role in this process. First, we assessed the role
of different domains of KIS1 on KIS1-induced stromule formation.
For this, we generated a number of in-frame deletion constructs
with N-terminal 3xHA::mCitrine fusions (Fig. 4A). We confirmed
the expression of the proteins from each of these deletion constructs
through Agrobacterium-mediated transient expression in NN::
NRIP1-Cerulean plants (fig. S5A). Deletion of the CH, CCl, and
CC2 domains had no effect on KIS1-induced stromule formation
(Fig. 4, A and B, and fig. S5B). In contrast, deletion of the motor
domain and tail domain disrupted the robust stromule formation
seen with full-length KIS1 (Fig. 4, A and B, and fig. S5B). Expression
of the motor domain alone was not sufficient to induce stromule
formation (Fig. 4, A and B, and fig. S5B). These results indicate
that the actin-binding CH domain is not required for KIS1-
induced stromule formation, while the MT-binding motor
domain is required for KISl-induced stromule induction.
However, the motor domain alone is not sufficient to induce stro-
mule formation. These results are consistent with the above-de-
scribed MT and AF inhibitor experiments in which only the MT
inhibitor affected KIS1-mediated stromule formation (Fig. 3, D
and E).

Similar to what we have observed previously during the immune
response (25), expression of KIS1 also promoted perinuclear chlo-
roplast clustering compared to the mCitrine control (Fig. 4, C, panel
2 versus 1, and D, and movie S2). Since AFs are required for peri-
nuclear chloroplast clustering (25), we tested whether deleting the
CH domain, which can still induce stromule formation, is able to
promote perinuclear chloroplast clustering. Our results showed
that KIS1 without a CH domain does not induce perinuclear chlo-
roplast clustering compared to the mCitrine control (Fig. 4, C, panel
2 versus 3, and D). The deletion of the CC1 and CC2 domains,
which still exhibited KISI-induced stromule formation (Fig. 4, A
and B, and fig. $4B), also induced perinuclear chloroplast clustering
(Fig. 4, C, panels 4 and 6, and D). In contrast, deletions of the motor
and tail domain, which did not show KIS1-induced stromule for-
mation, also did not induce significant perinuclear chloroplast clus-
tering (Fig. 4, C, panels 5 and 7, and D). Consistent with this result,
expression of the motor domain alone or motor domain with CC1
and CC2 also did not induce significant perinuclear chloroplast
clustering (Fig. 4, C, panels 8 and 9, and D). These results indicate
that stromule formation is a prerequisite to perinuclear chloroplast
clustering and that an intact CH domain is required for KIS1-
induced perinuclear chloroplast clustering.

KIS1 is required for NLR-mediated immunity

Since our findings show that KISI is required for NLR-mediated
stromule formation (Fig. 2), we tested whether KIS1 is also required
for cell death and immunity. For this, we silenced NbKISI in N. ben-
thamiana plants containing genomic N-NLR with exons and
introns under its native promoter and 3’ end (NN plants) (21, 37)
as described above using TRV-VIGS. Two weeks after infiltration of
the TRV-NbKISI silencing construct, we conducted an ion leakage
assay after infiltration with TMV-p50. Our results showed that the
NbKIS1-silenced plants had ion leakage similar to that of TRV-N-
treated plants and significantly less ion leakage compared to the
TRV-EV control (Fig. 5A). These results indicated that NbKISI is
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Fig. 3. KIS1 localizes to micro-
tubules and is concentrated at
stromule kinks and tips and mi-
crotubules are required for
KIS1-induced stromule forma-
tion. (A) Citrine-KIS1 and the MT
marker, TagRFP-MAP-CKL6, were
transiently expressed in NN:NRIP1-
Cerulean plants that mark stro-
mules and then imaged by spin-
ning disc confocal microscopy.
Both stromules (cyan) and KIS1
(yellow) colocalized with MTs
(magenta). Scale bar, 10 um.
Magnified views of the areas
(white boxes) show examples of
colocalization of KIS1 with stro-
mule kinks (left, arrows) and a
stromule tip (right, arrow). Scale
bar, 2 um. (B) Another represen-
tative example of KIS1 localized to
a stromule kink and tip (arrow) and
also colocalized with the tips of
stromule branches (arrow, b).
Scale bar, 10 um. (C) Citrine-KIS1
and the actin marker, Lifeact-
TagRFP, were transiently ex-
pressed in NN:NRIP1-Cerulean
plants. The image shows stromule
(cyan), KIS1 (yellow), and actin
microfilament (magenta) localiza-
tion. Scale bar, 10 um (left). A
magnified view of the area (white
box) shows KIS1 localized to stro-
mule kinks and tips did not co-
localize with actin microfilaments
(arrows). Scale bar, 2 um (middle
column). A detectable amount of
KIST was found on actin microfi-
laments. Scale bar, 2 pm (right
column). (D) Representative con-
focal micrographs of KIST overex-
pressing NN:NRIP1-Cerulean plants
treated with AF and MT depoly-
merizing cytochalasin D (bottom
left) and oryzalin (bottom right),
respectively. The mock with mCi-
trine (top left) and the mock with
KIST (top right) were used as con-
trols. Arrows indicate stromules.
Scale bars, 22 um. (E) Quantifica-
tion of the stromules from the ex-
periment described in (D). Data
are represented as the means +
SEM, *P < 0.05, **P < 0.01, Stu-
dent's t test (n = 4).

KIS1

Stromule

Cytochalasin D + KIS1

required for immunity-induced cell death. To test whether NbKIS!
is also required for immunity, we treated NN plants with the TRV-
NbKISI, TRV-N, and TRV-EV silencing constructs. We then sap-
inoculated these silenced plants with equivalent titers of TMV. In
resistant NN plants, TMV would be unable to spread past the inoc-
ulated leaves. In NbKISI-silenced plants, TMV was able to move
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from the inoculated leaves into the upper parts of the plant resulting
in tip death; unlike the control-silenced plants which showed no
TMYV movement or associated tip death (Fig. 5B). The loss-of-resis-
tance phenotype observed in NbKISI-silenced plants was similar to
that of the N-NLR-silenced positive control plants (Fig. 5B). RT-
PCR results confirmed the presence of TMV in the upper part of
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Fig. 4. The CH domain is required for KIS1-induced perinuclear chloroplast clustering. (A) Schematic diagram of full-length AtKIS1 and different KIST domain de-
letions. CH, calponin homology domain; CC1, coiled-coil domain 1; Motor, kinesin motor domain; CC2, coiled-coil domain 2. (B) Quantification of stromule abundance
from confocal micrographs (see fig. S4B) of plant leaves expressing AtKIS1 and different deletions shown in (A). Data are represented as the means + SEM, *P < 0.05, **P <
0.01, and ***P < 0.001, Student’s t test (n = 4). (C) Representative confocal micrographs of perinuclear chloroplast clustering that is induced by overexpression of full-
length KIS1 and different domain deletions in (A). Nuclei are marked by transiently expressing 35S:tagCFP and chloroplasts are marked by chlorophyll autofluorescence.
Scale bars, 22 pm. (D) Quantification of perinuclear chloroplast clustering from the experiment described in (C). A nucleus was considered to be clustered if there were
more than four chloroplasts directly in contact with the nucleus. Since nuclear clustering is a proportion, values were arcsine transformed before statistical testing. Boxes

represent the second and third quartile range with whiskers being 1.5 times the interquartile range. *P < 0.05 and ****P < 0.0001, Student’s t test (n = 9).

the NbKISI-silenced plants infected with TMV compared to the
control-silenced plants (Fig. 5C). Together, these results indicate
that NbKISI plays a role in cell death and resistance to TMV.

We next used Arabidopsis kisl knockout mutants to further
evaluate the role of KISI in cell death and defense. Leaves of
AtkisI-1 and AtkisI-2 knockout mutants were challenged with
Pst::AvrRps4. After 20 hours, the leaves were stained with trypan
blue to stain dead cells. We observed significantly less cell death

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

in AtkisI-1 and AtkisI-2 knockout mutants compared to Col-0
wild-type plants (Fig. 5, D and E). Next, we assessed how this cell
death affected bacterial growth. Our results showed that 3 days after
infection, there is an increased amount of Pst::AvrRps4 in both
Atkis] knockout plants compared to the Col-0 control (Fig. 5F). To-
gether, these results indicate that KISI is required for the induction
of cell death and resistance during ETI caused by bacterial and viral
pathogens.
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KIS1-induced stromule formation is dependent on immune
modulators EDS1 and PAD4

Since our results show that KIS1 is an important player in stromule
formation during immunity, we wanted to determine where in the
immune signaling cascade KIS1 induces stromule formation. Most
tested TNLs, including N, require the early signaling component
EDS1 which encodes a lipase-like protein (37-39). In addition, N
and some TNLs require downstream CC helper NLR, N REQUIRE-
MENT GENE 1 (NRGI) (40—43). In Arabidopsis, EDS1 complexes
with PAD4 and functions through the ACTIVATED DISEASE RE-
SISTANCE 1 (ADR1) helper NLR to promote transcriptional repro-
gramming and pathogen resistance (44—46). Before testing whether
EDSI1, PAD4, NRGI, and ADRI play a role in KISI-induced stro-
mule formation, we first determined if they are required for stro-
mule induction during immunity. For this, we coexpressed
genomic N with exons and introns under the control of the native
promoter and 3’ end (pN::N) and TMV-p50-3xHA, which we have
previously shown to induce cell death and defense (21, 47), in N.
benthamiana edsl (Nbedsl), Nbpad4 (48), and Nbnrgl (41) knock-
out plants. Our results show that there was no significant increase in
stromule formation with TMV-p50 treatment compared to the
mCitrine control in either Nbedsl, Nbpad4, and Nbnrgl plants,
unlike wild-type plants which showed robust stromule formation
in response to TMV-p50 (Fig. 6, A and B). To test the role of
NbADRI in stromule formation during immunity, we knocked
down the expression of NDADRI using TRV-VIGS in NN::NRIPI-
Cerulean plants (fig. S6) and expressed TMV-p50, similar to the
previous experiments. Compared to TRV-EV-treated control
plants, NbADRI-silenced plants did not show significant stromule
formation, similar to the N-silenced positive control (Fig. 6, C and
D). These results indicate that NbEDS1, NbPAD4, NbNRGI, and
NbADRI are all required for stromule induction during N TNL-
induced immune response.

Next, we wanted to determine whether NbEDS1, NbPAD4,
NbNRG]I, and NbADRI are required for KISI-mediated stromule
formation. We found that transient expression of KISI was suffi-
cient to induce stromule formation in Nbnrgl plants, but not in
Nbeds1 or Nbpad4 knockout plants (Fig. 7, A and B). Furthermore,
silencing of NbADRI had no effect on KISI-induced stromule for-
mation, with robust stromule formation 48 hours after KISI infil-
tration (Fig. 7, C and D). Together, these results indicate that only
NbEDSI and NbPAD4 are required for KISI-induced stromule for-
mation. These findings suggest that KISI functions downstream of
EDSI and PAD4 but upstream of helper NLRs, NRG1, and ADRI.

SA-induced stromule formation requires KIS1

We reported that the exogenous application of the plant defense
hormone, SA, is sufficient to induce stromule formation in the
absence of pathogen infection (22). Since KIS1 is required for stro-
mule induction and immunity, we wanted to determine whether we
could rescue stromule formation in NbKISI-silenced plants by ex-
ogenously applying SA in NbKISI knockdown plants. For this, we
infiltrated NbKIS1-silenced and TRV-EV control plants with 1 mM
SA and measured stromule formation after 22 hours, as previously
reported (22). Our results show that SA treatment does not induce
stromule formation in NbKISI-silenced plants compared to mock
buffer infiltration, unlike the TRV-EV—treated plants which show
robust stromule formation when treated with SA (Fig. 8A and fig.
S7A). Next, we wanted to determine whether SA can induce

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

stromule formation in NbedsI, Nbpad4, and Nbnrgl knockouts,
as well as in NbADRI-silenced plants. Our results show that exog-
enous application of SA fails to induce stromule formation in both
Nbeds] and Nbpad4 mutants compared to mock buffer control
(Fig. 8, B and C, and fig. S7, B and C). In contrast, SA is sufficient
to induce stromule formation in Nbnrgl plants as well as in
NbADRI-silenced plants compared to the mock buffer control
(Fig. 8, B and D, and fig. S7, B and D). Our quantitative RT-PCR
(qQRT-PCR) results showed that SA treatment has no effect on the
expression of KISI (fig. S8). Together, these results indicate that SA-
induced stromule formation requires KISI, EDS1, and PADA4.

DISCUSSION

Here, we have revealed a function for a KCH family kinesin, KIS1, in
stromule formation and function during immunity. Previously, no
genes known to function directly in stromule biogenesis had been
identified. Although stromules were observed over a century ago
(49-52), not until the advent of fluorescent protein markers com-
bined with confocal microscopy and live cell imaging was their ex-
istence at basal levels in plant cells understood (52-54). However,
until our report in 2015 (22), the biological function of stromules
remained elusive. We demonstrated that stromules are induced
during immunity and play a role in the transport of defense
signals, such as H,O, or the defense protein NRIP1, potentiating
immunity-induced cell death (22). Since then, accumulating evi-
dence indicates that the stromules are an integral part of a plant
immune system (14, 15, 24-28). However, lacking genetic
mutants with abolished stromule formation has severely hindered
our ability to understand the direct role of stromules in immunity.
Identification and characterization of KIS1 here have now provided
direct evidence for stromules in immunity.

The kinesin-14 family, which includes KCHs, is unique to
plants. However, the function of KCHs remains largely unknown.
Rice OsKCH1 has been shown to regulate nuclear positioning (55)
and Arabidopsis KinG has been shown to play a role in the intercel-
lular movement of the SHORT-ROOT transcription factor in roots
(56). In Physcomitrella patens, KCH has been shown to play a role in
nuclear transport and tip growth of apical cells (57). Previously,
there was no evidence linking a KCH to the plant immune response.
Stromules are unable to form during the immune response in Ara-
bidopsis KISI knockouts and in KISI-silenced N. benthamiana
plants. We find that, in both AtkisI knockout plants and NbKISI-
silenced plants, stromules are still present at a basal level in the cell;
however, they are not significantly induced in response to immune
signals. It is possible that a subset of stromules does not require the
cytoskeleton to form. Short stromules can be seen extending inde-
pendently of the cytoskeleton and in isolated chloroplasts (22, 58).
In addition, our results show that loss of KISI compromises NLR-
mediated immunity to both viral and bacterial pathogens.

The KCH subfamily of kinesins is characteristic of containing a
CH domain at the N terminus. In other organisms, CH domains are
found in actin-binding proteins and play a role in actin dynamics
and signaling (31, 32, 59). This characteristic makes KCH proteins
unique, being MT-motor proteins that have actin-binding capabil-
ities. Some plant KCHs have been shown to bind MT and AFs in
vitro and in vivo (33, 34, 60—62). This characteristic cross-talk
between AFs and MTs is what initially spurred our interest in the
relationship between KCHs and stromule biogenesis. Our previous
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=4).

findings showed that stromule dynamics require cross-talk between
MTs and AFs (25). Our detailed structure-function analysis of KIS1
demonstrates that the actin-binding, CH domain is not required for
stromule formation, whereas the MT-binding motor domain is re-
quired for stromule formation. Furthermore, disruption of MTs by
oryzalin abolishes KIS1-induced stromule formation, while disrup-
tion of AFs, via cytochalasin D, has no effect on the KIS1-induced
stromule formation. These results are consistent with our previous
report that stromule formation requires MTs, while stromule an-
choring and perinuclear chloroplast clustering require AFs (25).
In line with these findings, our structure-function study also
found that KIS1 does not require the actin-binding, CH domain

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

to induce stromule formation; however, the stromules that form
as a result are unable to induce perinuclear chloroplast clustering.
These findings show that stromule formation alone is not sufficient
to induce perinuclear chloroplast clustering. Since motor domain
deletions of KISI abolish both stromule induction and perinuclear
chloroplast clustering, stromule formation is therefore a prerequi-
site for inducing perinuclear chloroplast clustering.

Our findings using immune signaling mutants reveal that stro-
mule induction is part of early immune signaling (Fig. 9). Our
results using an NbedsI mutant (48) indicate that the early
immune signaling component NVEDS] is required for N-TNL-me-
diated stromule induction in response to TMV-p50. In addition, the
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helper NLR, NbNRG1, which functions with EDSI in inducing cell
death is also required for N-TNL-induced stromule formation.
EDS1 has been shown to associate with PAD4 to mediate transcrip-
tional reprogramming of defense genes and pathogen resistance
through the helper NLR, ADR1 (44-46). N-TNL~induced stromule
formation also requires the function of NoPAD4 and NbADRI. Col-
lectively, our results reveal that an intact TNL immune signaling
pathway is required for stromule induction in response to TMV-
p50. Recently, Roql-TNL-mediated stromule induction in response
to XopQ effector from Xanthomonas campestris pv. vesicatoria has
also been shown to require NbEDSI, NDNRGI, and NbADRI (28).

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

KIS1-induced stromule formation only requires NbEDSI and
NbPAD4 but not helper NLRs, NbADRI, and NbNRG1 (Fig. 9).
Recent structural studies indicated that the TIR domain of TNL
generates small molecules such as 2-(5'-phosphoribosyl) adenosine
5'-monophosphate/diphosphate (pRib-AMP/ADP) and ADP-ribo-
sylated adenosine 5'-triphosphate (ADPr-ATP) or ADP-ribosylated
ADPR (di-ADPR) which bind to Arabidopsis EDS1-PAD4 and
EDS1-SAG101 complexes, promoting their interaction with
ADRI1 and NRGI, respectively (63, 64). Since only NbEDSI and
NbPAD4 are required for KISI-induced stromule formation, it is
possible that EDS1-PAD4 association with a helper NLR may not
be required for KIS1-mediated stromule induction. Alternatively,
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the nuclear function of EDS1 and PAD4 (44, 65) may contribute to
KIS1-induced stromule formation. A recent report showed that, in
contrast to Arabidopsis, the binding of small molecules to EDS1
may not be required for TNL-mediated immunity; instead,
nuclear EDS1 complexes are sufficient to induce ETI in N. ben-
thamiana (66). Furthermore, the recent findings that the XopQ ef-
fector can induce stromule formation in Nbnrgl mutants support
our findings that KISI-induced stromule formation occurs up-
stream of NONRGI but downstream of NbEDSI1 and NbPADA4.
Previously, we have shown that exogenous application of the
defense hormone, SA, is sufficient to induce stromules (22). Our
results described here show that KIS1 is required for SA-induced
stromule formation. Similar to our findings with KISI-induced
stromule formation, SA-induced stromules also require NbEDS]
and NbPAD4, but not NbADRI and NbNRGI. These results
further point to the prominent role of NbEDSI and NbPAD4 in
stromule induction. Given that EDSI and PAD4 play an important
role in SA-mediated inhibition of pathogen growth, it will be

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

interesting to further understand the role EDSI and PAD4 play in
KIS1- and SA-induced stromule formation during immunity.

In summary, we have identified a KCH, KIS1, which is required
for stromule formation during the TNL-mediated immune re-
sponse. Our data show that KIS1 is a key player in immunity. Con-
sidering that ETI-induced stromule formation is an integral part of
immune response (22, 28), future studies aimed at the identification
of KIS1 interactors, and their function, should provide further in-
sights into the role of KIS1 and stromules in immune signaling.

MATERIALS AND METHODS
Plant materials
Transgenic N. benthamiana with genomic N-NLR with exons and
introns under its native promoter and 3’ end (NN plants) (37) and
NN:NRIP1-Cerulean (21); CRISPR knockouts Nbeds1 (48), Nbnrgl
(41), and Nbpad4 (48) lines have been described previously.

All Arabidopsis lines used in this study are in Columbia (Col-0)
ecotype background. Arabidopsis T-DNA insertion lines
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SALK_026963 (Atkisl-1) and SALK_117796 (Atkis1-2) were ob-
tained from the Arabidopsis Biological Resource Center. T-DNA
insertion lines were genotyped by PCR using gene-specific
primers LP + RP and RP + LBb1.3 T-DNA-specific primer was
listed in table SI.

Transgenic Arabidopsis plants were generated using the floral
dip method (67). NRIP1 1p-tCFP T-DNA plasmid was transformed
into the GV3101 Agrobacterium strain and selected on LB agar
plates with appropriate antibiotics. Agrobacterium harboring dif-
ferent constructs were grown overnight in 100 ml of LB liquid
culture with appropriate antibiotics. Cells were pelleted and resus-
pended in a 5% (w/v) sucrose solution at an ODgq, (optical density
at 600 nm) = 0.8 with 0.05% Silwet L77. The above-ground parts of
the flowering Col-0, Atkis-1, and AtkisI-2 plants were dipped into
the Agrobacterium solution for 10 s, with gentle agitation. After
dipping, plants were wrapped in plastic film and stored in the
dark at room temperature for 24 hours and moved to a controlled
environment growth room. Seeds from dipped plants were harvest-
ed. Positive transformants were selected on ¥» MS media containing
BASTA (Glufosinate Ammonium) (7 pug/ml). T3 homozygous seeds
of transgenic Atkis1-1::NRIP1.rp-tCFP, AtkisI-2::NRIP1.rp-tCFP,
and Col-0:NRIP1.1p-tCFP plants were used for the experiments.

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

Plant growth conditions

Wild-type N. benthamiana, various Nb mutants, and transgenic
NN:NRIPI-Cerulean seeds were sown on Sunshine Mix 1 and
were grown in a controlled environment chamber with 14-hour
light and 10-hour dark photoperiod at 24°C.

Seeds of Arabidopsis Col-0, T-DNA insertion lines, and different
transgenic lines were sown onto Sunshine Mix 1 soil and placed at 4°
C for 5 days for stratification. Plants were grown in a controlled en-
vironment chamber under short-day conditions (8-hour light/16-
hour dark) or long-day conditions at 22°C.

Plasmid construction

Plasmids TRVI1(pYL192), TRV2-EV(pYL156), and TRV2-N
(pYL155) (37), pN::N, TMV-p50-3xHA, mCitrine, tCFP (21, 47),
and TagRFP-MAP-CKL6 (SPDK2386) and Lifeact-TagRFP
(SPDK2209) (25) have been described previously.

Different KCHs, At1g09170, At1g63640, At3g10310, At3g44730,
At5g27000, and At5g41310 were PCR-amplified using primers
listed in table SI1 with Col-0 genomic DNA as template and
cloned into AvrII-Xmal cut SPDK2734 T-DNA vector to generate
p35S:mCitrine:AtKCH:NOSterminator.
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To generate TRV2-NbKISI and TRV2-NbADRI vectors, PCR
product was generated using primers listed in table S1 with
NbKIS1 cDNA and N. benthamiana genomic DNA as templates re-
spectively were cloned into Xbal-Sacl cut pYL156(TRV2) (37).

To generate full-length AfKISI fused to N-terminal 3xHA-mCi-
trine construct (NDM49), AtKIS1 ¢cDNA was cloned into a vector
containing 3xHA-mCitrine under the control of ubiquitin promot-
er and nopaline synthase terminator. To generate the KIS1(-CH)
construct (NDM51), two PCR products were generated using
SP102964 + SP102695 and SP102696 + SP102697 primers with
AtKIS1 ¢cDNA template, and the products were cloned into
Xmal-MIul cut NDM49 using NEBuilder HiFi DNA Assembly
Cloning Kit (New England Biolabs). Similarly, PCR products gen-
erated using primers SP102694 + SP102698 and SP102699 +
SP102697; SP102694 + SP102700 and SP102701 + SP102697;
SP102702 + SP102700 and SP102703 + SP102697; SP102694 +
SP102704 and the resulting products were cloned into NDM49
using NEBuilder HiFi DNA Assembly Cloning Kit to generate
KIS1(-CC1) (NDM52), KISI1(-Motor) (NDM53), KIS1(-CC2)
(NDM54), and KIS1(-Tail) (NDM55) constructs, respectively. To
generate the construct containing CC1-Motor-CC2 region of
KIS1 (NDM56), PCR product was generated using SP102705 +
SP102706 primers with AtKIS1 cDNA template and cloned into
NDM49 using NEBuilder HiFi DNA Assembly Cloning Kit. To
generate the construct containing the motor domain of KIS1
alone (NDMS57), PCR product was generated using SP102707 +
SP102708 primers with AtKIS1 cDNA template and cloned into
NDM49 using NEBuilder HiFi DNA Assembly Cloning Kit.

The stromule marker construct (SPDK3853: pUBQ:NRIP1 yp-
tCFP) was generated by cloning 330 base pairs of the genomic
region of NRIP1 that include first intron into a vector containing
tagCFP and 3xHA under the control of ubiquitin promoter and no-
paline synthase terminator.

VIGS assay

NN:NRIPI-Cerulean or NN plants were used for the VIGS assay as
described in (21, 37). Agrobacterium tumefaciens GV2260 strain
containing TRV1, TRV2-EV, TRV2-N, TRV2-NbKISI, or TRV2-
NbADRI were grown overnight, pelleted, resuspended in infiltra-
tion media (100 mM MgCl,, 100 mM MES, and 250 uM acetosyr-
ingone) and brought to an ODgy, = 0.5. Agrobacterium cultures
were incubated at room temperature for 3 hours on a rotating
slow shaker. TRV2-EV, TRV2-N, TRV2-NbKISI, or TRV2-
NbADRI was mixed with equal volumes of TRV1 and infiltrated
into two opposite leaves of 10- to 14-day-old NN or NN::NRIPI-Ce-
rulean plants. The infiltrated plants were left overnight in the labo-
ratory and then transferred to the controlled environment chamber.
For stromule observation, leaves of 10- to 14-day post-VIGS vector—
treated plants were infiltrated with Agrobacterium containing
p35S:TMV-p50-3xHA or p35S:mCitrine. Confocal microscopy
was performed 48 hours after infiltration. After imaging, leaf
tissue from the silenced plants was collected for qRT-PCR.

RNA isolation, RT-qPCR, and RT-PCR

To assess the silencing efficiency, RNA was extracted from leaves of
plants treated with respective TRV-VIGS constructs using Direct-
Zol RNA miniprep kit (Zymo Research). First-strand cDNA was
generated from 1 pg of total RNA using the oligod(T) primer and
OneScript Plus Reverse Transcriptase (Applied Biological Materials
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Inc). qPCR was performed using a Bio-Rad CFX96 Touch Real-
Time PCR detection system (Bio-Rad) using iTaq universal SYBR
Green Supermix (Bio-Rad). NbEFla was used as an internal
control to normalize the data. The fold change in mRNA levels
was determined using the AACt method. For analysis of TMV in-
fection, primer SP6289 that anneals to the 3’ end of movement
protein (MP) gene of TMV was used to generate first-strand
cDNA followed by PCR amplification of the MP region of TMV.
As a control, first-strand cDNA was generated using oligod(T)
primer followed by PCR amplification of NbelF4a. Primers used
for RT-qPCR and RT-PCR are listed in table S1.

TMV sap inoculation

Frozen N. benthamiana plant leaf tissue infected with TMV was
ground using a pestle and mortar with freshly prepared, 100 mM
sodium phosphate buffer, pH 7. The resulting emulsion was
strained through a double-layered cheesecloth to remove leaf
debris. The sap was then diluted with phosphate buffer to create
an inoculum with a titer known to cause disease in wild-type N. ben-
thamiana but not in pN:N transgenic N. benthamiana plants in our
growth conditions. To inoculate plants, a small piece of cellulose
sponge (HD Supply) was soaked in the inoculum, wrung out, and
then rubbed onto three leaves per plant. Each silenced genotype was
inoculated using a fresh sponge to avoid cross-contamination.

lon leakage assay

The ion leakage experiments were conducted as described in (68).
Briefly, 14 days after infiltration of TRV-NbKIS1, TRV-N, or TRV-
EV into NN plants, the upper leaves were infiltrated with p35S::
TMV-p50-3xHA. After 46 hours, two leaf discs were excised from
the infiltrated leaf and used for the ion leakage assay. Measurements
were taken every 2 hours for 12 hours using an electrolytic conduc-
tivity meter (HORIBA, model: B-173). After 12 hours, leaves were
boiled in their respective wells and a final conductivity measure-
ment was taken to determine relative ion leakage.

Trypan blue staining assay

Trypan blue staining was conducted as described in (69). Briefly,
Arabidopsis plants were infiltrated with a syringe Pst::AvrRps4 at
an ODggo = 0.02. Twenty hours after infiltration, leaves for each
tested genotype were collected and boiled in a trypan blue staining
solution for 1 min. Samples were left at room temperature on a
shaker for 24 hours. The trypan blue solution was removed and re-
placed with chloral hydrate destaining solution and allowed to shake
for 6 hours at room temperature. The chloral hydrate solution was
removed and replaced with fresh chloral hydrate solution and the
samples were allowed to shake for another 12 hours at room tem-
perature. Chloral hydrate solution was removed and replaced with
70% glycerol. Leaf samples were imaged with a Zeiss axioscan
microscope.

Bacterial growth assay

The bacterial growth assay was conducted as described in (70).
Briefly, 4- to 5-week-old Arabidopsis plants grown under short-
day conditions were infiltrated with a syringe Pst::AvrRps4 with
an ODgy = 0.002. Plants were left covered with a plastic doom on
the laboratory bench for 2 hours to allow leaves to dry. Following
this, the plants were returned to the short-day growth conditions.
The following day, one leaf disc from each infiltrated leaf was
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collected and pooled. This was repeated three times for each geno-
type. The leaf discs were ground in 10 mM MgCl,, and the resulting
emulsion was serially diluted in 10 mM MgCl, Twenty milliliters of
the serial dilution was plated onto King's B plates containing rifam-
picin (100 pg/ml) and kanamycin (25 pg/ml). The plates were incu-
bated at 28°C for 2 days and bacterial colonies were counted and
CFU-calculated as described in (70). This experiment was repeated
independently three times with similar results.

Transient expression assay

A. tumefaciens GV3101 containing different expression vectors
were grown overnight in LB media, pelleted, and resuspended in in-
filtration media (100 mM MgCl,, 100 mM MES, and 250 uM Ace-
tosyringone). Agrobacterium containing p35S:TMV-p50-3xHA or
p35S:mCitrine was infiltrated into the leaf at an ODgqg = 0.5. Agro-
bacterium containing full-length KCHs, full-length KIS1, and
various KIS1 deletion constructs was infiltrated into the leaf at an
ODgpo = 1.0. For co-infiltration, Agrobacterium was mixed at
equal volumes. All experiments were performed using 4- to 5-
week-old N. benthamiana plants.

Laser scanning confocal microscopy

A Zeiss LSM 980 with an Airyscan 2 microscope with a Plan-apo-
chromat 40x water immersion lens was used for live cell imaging.
For imaging, 1-cm? leaf sections were excised from the infiltrated
leaf area, distal to the syringe infiltration site. Images within the
same figure were all captured using the same confocal settings
and processed equally. The 445-, 488-, 514-, and 639-nm laser
lines were used for Cerulean, mNeonGreen, mCitrine, and chloro-
phyll, respectively. For mCitrine-KIS1 localization, an Andor Drag-
onfly 600 spinning disc confocal on a Leica DMi8 microscope base
was used for localization with the MT marker TagRFP-MAP-CKL6
and Lifeact-TagRFP in NN::NRIPI-Cerulean stromule marker line.
A Leica HC Plan-apochromat 40x/1.1 NA water CS2 objective and
the 445-, 515-, and 561-nm laser lines were used for Cerulean, mCi-
trine, and TagRFP, respectively.

Quantification of stromules

Stromules were quantified from Z stacks taken by confocal micros-
copy as described previously (21, 25). Epidermal cells were imaged
using 20- to 25-image Z stacks. Stromules were made visible by
using chloroplast stroma-specific markers, which varied by experi-
ment. The leaf area imaged for each dataset was kept consistent
between treatments. Counting of stromules and chloroplasts was
done by hand using Fiji (71). Stromule induction was quantified
as the number of stromules normalized by the number of chloro-
plasts in any given image.

KIS1-induced and SA-induced stromule induction assay in

Nicotiana benthamiana mutants and VIGS-silenced plants

Mutants, VIGS-silenced, and wild-type plants were syringe infiltrat-
ed with Agrobacterium containing p35S:AtRBCSI1A | 540pp:
mNeonGreen. After this first infiltration, plants were left out over-
night. The following day, either pUBQ::3xHA-mCitrine-AtKIS1 at
an ODggp = 1.0 or p35S:mCitrine at an ODgyo = 1.0 was syringe-in-
filtrated into the same leaf as the mNeonGreen containing Agrobac-
terium; plants were then returned to their normal growth
conditions. Confocal microscopy was performed 48 hours after
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the second infiltration as described earlier to monitor the stromule
formation.

For SA-mediated stromule induction, mutants, VIGS-silenced,
and wild-type plants were infiltrated with Agrobacterium contain-
ing p35S::AtRBCS1A; 5 40pp::mNeonGreen. The following day, 1
mM SA in infiltration media or infiltration media alone was infil-
trated into the same leaf as the Agrobacterium. Confocal microscopy
was performed 22 hours after SA infiltration as described in (22) to
monitor the stromule formation.

Western blot analysis

For Western blot, 100 mg of plant tissue expressing proteins of in-
terest was collected and ground using a Mini-Beadbeater (Biospec
Products). Two hundred microliters of 2x Laemmli sample buffer
was added to the ground tissue and boiled for 5 min. The samples
were briefly centrifuged, and the resulting supernatant was separat-
ed by SDS—polyacrylamide gel electrophoresis. Proteins were trans-
ferred to the Immobilon-P PVDF Membrane (Millipore, catalog
number IPVH00010) using the Trans-Blot Turbo Transfer System
(Bio-Rad). Membranes were blocked for 1 hour in 5% fat-free milk
in phosphate-buffered saline with Tween 20 (PBST) and then incu-
bated with rat anti-hemagglutinin antibody (1:5000 dilution; Roche,
catalog number 11867423001) overnight at 4°C on a rocking plat-
form. Blots were washed three times with PBST and incubated with
anti-rat (1:5000 dilution; Santa Cruz Biotechnology, catalog
number sc-2065) secondary antibody for 1 hour. Blots were
washed three times with PBST and bands were visualized using
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific). Chemiluminescent signals were ac-
quired using a ChemiDoc Touch Imaging System (Bio-Rad).

Cytoskeletal inhibitor assay

Actin inhibitor cytochalasin D and MT inhibitor oryzalin were pre-
pared as 1 M stocks in dimethyl sulfoxide (DMSO). Before use, all
the solutions were suspended in infiltration media at a working con-
centration. N. benthamiana leaves were infiltrated with
pUBQ::3xHA-mCitrine-AtKIS1 or p35S:mCitrine at 48 hours
before imaging. One hour before imaging, treated leaves were infil-
trated with 10 uM cytochalasin D, 1 uM oryzalin, or 0.1% DMSO in
infiltration media. After one hour, a 1-cm? leaf distal to both infil-
tration sites was excised and mounted for imaging. Imaging and
data analysis were performed as described above.

Perinuclear clustering assay

To visualize nuclei, wild-type N. benthamiana plants were co-infil-
trated with Agrobacterium containing p35S::tagCFP along with
either p35S:mCtrine, pUBQ:3xHA-mCitrine-AtKIS1, or one of
the AtKIS1 domain deletion constructs shown in Fig. 4A. After
48 hours, infiltrated leaves were imaged using a confocal micro-
scope. Deep Z stacks were taken with a wide frame to capture as
many nuclei per image as possible. Following confocal imaging,
images were processed in Fiji (71). The number of nuclei marked
by p35S::tagCFP and the number of chloroplasts, indicated by chlo-
rophyll autofluorescence, were counted. In line with previous
reports (22, 24), a nucleus was considered clustered if there were
>4 chloroplasts directly in contact with the nucleus.
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Statistical analysis

In this study, graphs were all generated in R using the ggpubr
(https://jtr13.github.io/cc20/brief-introduction-and-tutorial-of-
ggpubr-package.html) package in R version 4.2.2 (R Core Team).
For all comparative statistics, we used a Student's ¢ test to determine
the P value for the difference between means. Data from the peri-
nuclear clustering experiment are a proportion and as such was
arcsine transformed before performing any comparative statistics.
For boxplots, boxes represent the second and third quartile range
with whiskers being 1.5 times the interquartile range. For bar
graphs, data are represented as the means + SEM. *P < 0.05, **P <
0.01, ¥*P < 0.001, and ****P < 0.0001.

Supplementary Materials
This PDF file includes:

Figs. S1 to S8

Table S1

Legends for movies S1 and S2

Legend for full dataset Excel file
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 and S2

Full dataset Excel file

REFERENCES AND NOTES

1.

Meier et al., Sci. Adv. 9, eadi7407 (2023)

T. A. DeFalco, C. Zipfel, Molecular mechanisms of early plant pattern-triggered immune
signaling. Mol. Cell 81, 3449-3467 (2021).

. J.D.G. Jones, J. L. Dangl, The plant immune system. Nature 444, 323-329 (2006).
. J. Wang, W. Song, J. Chai, Structure, biochemical function, and signaling mechanism of

plant NLRs. Mol. Plant 16, 75-95 (2023).

. Y. Peng, R. van Wersch, Y. Zhang, Convergent and divergent signaling in PAMP-triggered

immunity and effector-triggered immunity. Mol. Plant Microbe Interact. 31,
403-409 (2018).

. P.Balint-Kurti, The plant hypersensitive response: Concepts, control and consequences.

Mol. Plant Pathol. 20, 1163-1178 (2019).

. M. Yuan, Z. Jiang, G. Bi, K. Nomura, M. Liu, Y. Wang, B. Cai, J. M. Zhou, S. Y. He, X. F. Xin,

Pattern-recognition receptors are required for NLR-mediated plant immunity. Nature 592,
105-109 (2021).

. B.P.M.Ngou, H. K. Ahn, P. Ding, J. D. G. Jones, Mutual potentiation of plant immunity by

cell-surface and intracellular receptors. Nature 592, 110-115 (2021).

. M. S. Padmanabhan, S. P. Dinesh-Kumar, All hands on deck—The role of chloroplasts,

endoplasmic reticulum, and the nucleus in driving plant innate immunity. Mol. Plant
Microbe Interact. 23, 1368-1380 (2010).

. E. Park, A. Nedo, J. L. Caplan, S. P. Dinesh-Kumar, Plant-microbe interactions: Organelles

and the cytoskeleton in action. New Phytol. 217, 1012-1028 (2018).

. P. Kachroo, T. M. Burch-Smith, M. Grant, An emerging role for chloroplasts in disease and

defense. Annu. Rev. Phytopathol. 59, 423-445 (2021).

. H.Irieda, Emerging roles of motile epidermal chloroplasts in plant immunity. Int. J. Mol. Sci.

23, 4043 (2022).

. E. Kuzniak, T. Kopczewski, The chloroplast reactive oxygen species-redox system in plant

immunity and disease. Front. Plant Sci. 11, 572686 (2020).

. A. Bittner, A. Ciesla, K. Gruden, T. Lukan, S. Mahmud, M. Teige, U. C. Vothknecht,

B. Wurzinger, Organelles and phytohormones: A network of interactions in plant stress
responses. J. Exp. Bot. 73, 7165-7181 (2022).

. Z.Savage, C. Duggan, A. Toufexi, P. Pandey, Y. Liang, M. E. Segretin, L. H. Yuen,

D. C. A. Gaboriau, A. Y. Leary, Y. Tumtas, V. Khandare, A. D. Ward, S. W. Botchway,

B. C. Bateman, I. Pan, M. Schattat, . Sparkes, T. O. Bozkurt, Chloroplasts alter their mor-
phology and accumulate at the pathogen interface during infection by Phytophthora in-
festans. Plant J. 107, 1771-1787 (2021).

. H.lIrieda, Y. Takano, Epidermal chloroplasts are defense-related motile organelles

equipped with plant immune components. Nat. Commun. 12, 2739 (2021).

25 October 2023

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

6.

H. Nomura, T. Komori, S. Uemura, Y. Kanda, K. Shimotani, K. Nakai, T. Furuichi,

K. Takebayashi, T. Sugimoto, S. Sano, I. N. Suwastika, E. Fukusaki, H. Yoshioka, Y. Nakahira,
T. Shiina, Chloroplast-mediated activation of plant immune signalling in Arabidopsis. Nat.
Commun. 3, 926 (2012).

. M. Zabala, G. Littlejohn, S. Jayaraman, D. Studholme, T. Bailey, T. Lawson, M. Tillich, D. Licht,

B. Bolter, L. Delfino, W. Truman, J. Mansfield, N. Smirnoff, M. Grant, Chloroplasts play a
central role in plant defence and are targeted by pathogen effectors. Nat. Plants 1,
1-10 (2015).

. L. Medina-Puche, H. Tan, V. Dogra, M. Wu, T. Rosas-Diaz, L. Wang, X. Ding, D. Zhang, X. Fu,

C. Kim, R. Lozano-Duran, A defense pathway linking plasma membrane and chloroplasts
and co-opted by pathogens. Cell 182, 1109-1124 (2020).

. A.Shapiguzov, J. P. Vainonen, M. Wrzaczek, J. Kangasjarvi, ROS-talk - how the apoplast, the

chloroplast, and the nucleus get the message through. Front. Plant Sci. 3, 292 (2012).
J.Su, L. Yang, Q. Zhu, H. Wu, Y. He, Y. Liu, J. Xu, D. Jiang, S. Zhang, Active photosynthetic
inhibition mediated by MPK3/MPK6 is critical to effector-triggered immunity. PLOS Biol.
16, €2004122 (2018).

J. L. Caplan, P. Mamillapalli, T. M. Burch-Smith, K. Czymmek, S. P. Dinesh-Kumar, Chloro-
plastic protein NRIP1 mediates innate immune receptor recognition of a viral effector. Cell
132, 449-462 (2008).

J. L. Caplan, A. S. Kumar, E. Park, M. S. Padmanabhan, K. Hoban, S. Modla, K. Czymmek,
S. P. Dinesh-Kumar, Chloroplast stromules function during innate immunity. Dev. Cell 34,
45-57 (2015).

M. R. Hanson, P. L. Conklin, Stromules, functional extensions of plastids within the plant
cell. Curr. Opin. Plant Biol. 58, 25-32 (2020).

X. Ding, T. Jimenez-Gongora, B. Krenz, R. Lozano-Duran, Chloroplast clustering around the
nucleus is a general response to pathogen perception in Nicotiana benthamiana. Mol. Plant
Pathol. 20, 1298-1306 (2019).

A.S. Kumar, E. Park, A. Nedo, A. Algarni, L. Ren, K. Hoban, S. Modla, J. H. McDonald,

C. Kambhamettu, S. P. Dinesh-Kumar, J. L. Caplan, Stromule extension along microtubules
coordinated with actin-mediated anchoring guides perinuclear chloroplast movement
during innate immunity. eLife 7, 23625 (2018).

J. L. Erickson, N. Adlung, C. Lampe, U. Bonas, M. H. Schattat, The Xanthomonas effector
XopL uncovers the role of microtubules in stromule extension and dynamics in Nicotiana
benthamiana. Plant J. 93, 856-870 (2018).

T. Lukan, A. Zupanic, T. Mahkovec Povalej, J. O. Brunkard, M. Kmetic, M. Jutersek, S. Baebler,
K. Gruden, Chloroplast redox state changes mark cell-to-cell signaling in the hypersensi-
tive response. New Phytol. 237, 548-562 (2023).

J. Prautsch, J. L. Erickson, S. Ozyurek, R. Gormanns, L. Franke, Y. Lu, J. Marx, F. Niemeyer,
J. E. Parker, J. Stuttmann, M. H. Schattat, Effector XopQ-induced stromule formation in
Nicotiana benthamiana depends on ETI signaling components ADR1 and NRG1. Plant
Physiol. 191, 161-176 (2023).

A. S.Reddy, I. S. Day, Kinesins in the Arabidopsis genome: A comparative analysis among
eukaryotes. BMC Genomics 2, 2 (2001).

Y.-R.J. Lee, B. Liu, Cytoskeletal motors in Arabidopsis. Sixty-one kinesins and seventeen
myosins. Plant Physiol. 136, 3877-3883 (2004).

M. Gimona, K. Djinovic-Carugo, W. J. Kranewitter, S. J. Winder, Functional plasticity of CH
domains. FEBS Lett. 513, 98-106 (2002).

E. Korenbaum, F. Rivero, Calponin homology domains at a glance. J. Cell Sci. 115,
3543-3545 (2002).

M. L. Preuss, D. R. Kovar, Y. R. Lee, C. J. Staiger, D. P. Delmer, B. Liu, A plant-specific kinesin
binds to actin microfilaments and interacts with cortical microtubules in cotton fibers.
Plant Physiol. 136, 3945-3955 (2004).

T. Xu, Z. Qu, X. Yang, X. Qin, J. Xiong, Y. Wang, D. Ren, G. Liu, A cotton kinesin GhKCH2
interacts with both microtubules and microfilaments. Biochem. J. 421, 171-180 (2009).
N. Umezu, N. Umeki, T. Mitsui, K. Kondo, S. Maruta, Characterization of a novel rice kinesin
012 with a calponin homology domain. J. Biochem. 149, 91-101 (2011).

J. Klotz, P. Nick, A novel actin-microtubule cross-linking kinesin, NtKCH, functions in cell
expansion and division. New Phytol. 193, 576-589 (2012).

Y. Liu, M. Schiff, R. Marathe, S. P. Dinesh-Kumar, Tobacco Rar1, EDS1 and NPR1/NIM1 like
genes are required for N-mediated resistance to tobacco mosaic virus. Plant J. 30,
415-429 (2002).

N. Aarts, M. Metz, E. Holub, B. J. Staskawicz, M. J. Daniels, J. E. Parker, Different requirements
for EDS1 and NDR1 by disease resistance genes define at least two R gene-mediated sig-
naling pathways in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 95, 10306-10311 (1998).
J.R. Peart, G. Cook, B. J. Feys, J. E. Parker, D. C. Baulcombe, An EDS1 orthologue is required
for N-mediated resistance against tobacco mosaic virus. Plant J. 29, 569-579 (2002).
J.R. Peart, P. Mestre, R. Lu, I. Malcuit, D. C. Baulcombe, NRG1, a CC-NB-LRR protein, together
with N, a TIR-NB-LRR protein, mediates resistance against tobacco mosaic virus. Curr. Biol.
15, 968-973 (2005).

16 of 17

GZ0T “TT YOIBIA UO S10°90USI0S MMM //:sd1iY WoIj papeo[umo(]


https://jtr13.github.io/cc20/brief-introduction-and-tutorial-of-ggpubr-package.html
https://jtr13.github.io/cc20/brief-introduction-and-tutorial-of-ggpubr-package.html

SCIENCE ADVANCES | RESEARCH ARTICLE

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

T. Qi, K. Seong, D. P. T. Thomazella, J. R. Kim, J. Pham, E. Seo, M. J. Cho, A. Schultink,

B. J. Staskawicz, NRG1 functions downstream of EDS1 to regulate TIR-NLR-mediated plant
immunity in Nicotiana benthamiana. Proc. Natl. Acad. Sci. US.A. 115,

E10979-E10987 (2018).

B. Castel, P. M. Ngou, V. Cevik, A. Redkar, D. S. Kim, Y. Yang, P. Ding, J. D. G. Jones, Diverse
NLR immune receptors activate defence via the RPW8-NLR NRG1. New Phytol. 222,
966-980 (2019).

Z.Wu, M. Li, 0. X. Dong, S. Xia, W. Liang, Y. Bao, G. Wasteneys, X. Li, Differential regulation of
TNL-mediated immune signaling by redundant helper CNLs. New Phytol. 222,

938-953 (2019).

H. Cui, E. Gobbato, B. Kracher, J. Qiu, J. Bautor, J. E. Parker, A core function of EDS1 with
PAD4 is to protect the salicylic acid defense sector in Arabidopsis immunity. New Phytol.
213, 1802-1817 (2017).

D. D. Bhandari, D. Lapin, B. Kracher, P. von Born, J. Bautor, K. Niefind, J. E. Parker, An EDS1
heterodimer signalling surface enforces timely reprogramming of immunity genes in
Arabidopsis. Nat. Commun. 10, 772 (2019).

X. Sun, D. Lapin, J. M. Feehan, S. C. Stolze, K. Kramer, J. A. Dongus, J. Rzemieniewski,

S. Blanvillain-Baufume, A. Harzen, J. Bautor, P. Derbyshire, F. L. H. Menke, I. Finkemeier,
H. Nakagami, J. D. G. Jones, J. E. Parker, Pathogen effector recognition-dependent asso-
ciation of NRG1 with EDS1 and SAG101 in TNL receptor immunity. Nat. Commun. 12,
3335 (2021).

M. S. Padmanabhan, S. Ma, T. M. Burch-Smith, K. Czymmek, P. Huijser, S. P. Dinesh-Kumar,
Novel positive regulatory role for the SPL6 transcription factor in the N TIR-NB-LRR re-
ceptor-mediated plant innate immunity. PLOS Pathog. 9, e1003235 (2013).

J. Ordon, J. Gantner, J. Kemna, L. Schwalgun, M. Reschke, J. Streubel, J. Boch, J. Stuttmann,
Generation of chromosomal deletions in dicotyledonous plants employing a user-friendly
genome editing toolkit. Plant J. 89, 155-168 (2017).

G. Haberlandt, Die Chlorophyllkrper der Selaginellen. Flora 71, 291-308 (1988).

G. Senn, Die Gestalts- und Lagevernderung der Pflanzen-Chromatophoren: mit einer Beilage:
Die Lichtbrechung der lebenden Pflanzenzelle (Wilhelm Engelmann Verlag, 1908).

K. Esau, Anatomical and cytological studies on beet mosaic. J. Agric. Res. 69,

95-117 (1944).

J. C. Gray, J. A. Sullivan, J. M. Hibberd, M. R. Hanson, Stromules: Mobile protrusions and
interconnections between plastids. Plant Biol. 3, 223-233 (2001).

D. Menzel, An interconnected plastidom in Acetabularia: Implications for the mechanism
of chloroplast motility. Protoplasma 179, 166171 (1994).

R. H. Kohler, J. Cao, W.R. Zipfel, W. W. Webb, M. R. Hanson, Exchange of protein molecules
through connections between higher plant plastids. Science 276, 2039-2042 (1997).

N. Frey, J. Klotz, P. Nick, A kinesin with calponin-homology domain is involved in premitotic
nuclear migration. J. Exp. Bot. 61, 3423-3437 (2010).

Z.Spiegelman, C. M. Lee, K. L. Gallagher, KinG is a plant-specific kinesin that regulates both
intra- and intercellular movement of SHORT-ROOT. Plant Physiol. 176, 392-405 (2018).
M. Yamada, G. Goshima, The KCH kinesin drives nuclear transport and cytoskeletal coa-
lescence to promote tip cell growth in Physcomitrella patens. Plant Cell 30,

1496-1510 (2018).

J. 0. Brunkard, A. M. Runkel, P. C. Zambryski, Chloroplasts extend stromules independently
and in response to internal redox signals. Proc. Natl. Acad. Sci. U.S.A. 112,

10044-10049 (2015).

L. M. Yin, M. Schnoor, C.-D. Jun, Structural characteristics, binding partners and related
diseases of the calponin homology (CH) domain. Front. Cell Dev. Biol. 8, 342 (2020).

N. Frey, J. Klotz, P. Nick, Dynamic bridges—A calponin-domain kinesin from rice links actin
filaments and microtubules in both cycling and non-cycling cells. Plant Cell Physiol. 50,
1493-1506 (2009).

Meier et al., Sci. Adv. 9, eadi7407 (2023) 25 October 2023

61. W. J. Walter, I. Machens, F. Rafieian, S. Diez, The non-processive rice kinesin-14 OsKCH1
transports actin filaments along microtubules with two distinct velocities. Nat. Plants 1,
15111 (2015).

62. K.F.Tseng, P. Wang, Y. J. Lee, J. Bowen, A. M. Gicking, L. Guo, B. Liu, W. Qiu, The prepro-
phase band-associated kinesin-14 OsKCH2 is a processive minus-end-directed microtubule
motor. Nat. Commun. 9, 1067 (2018).

63. S.Huang, A. Jia, W. Song, G. Hessler, Y. Meng, Y. Sun, L. Xu, H. Laessle, J. Jirschitzka, S. Ma,
Y. Xiao, D.Yu, J. Hou, R. Liu, H. Sun, X. Liu, Z. Han, J. Chang, J. E. Parker, J. Chai, Identification
and receptor mechanism of TIR-catalyzed small molecules in plant immunity. Science 377,
eabq3297 (2022).

64. A.Jia, S. Huang, W. Song, J. Wang, Y. Meng, Y. Sun, L. Xu, H. Laessle, J. Jirschitzka, J. Hou,
T. Zhang, W. Yu, G. Hessler, E. Li, S. Ma, D. Yu, J. Gebauer, U. Baumann, X. Liu, Z. Han,

J. Chang, J. E. Parker, J. Chai, TIR-catalyzed ADP-ribosylation reactions produce signaling
molecules for plant immunity. Science 377, eabq8180 (2022).

65. A.V. Garcia, S. Blanvillain-Baufume, R. P. Huibers, M. Wiermer, G. Li, E. Gobbato, S. Rietz,
J. E. Parker, Balanced nuclear and cytoplasmic activities of EDS1 are required for a com-
plete plant innate immune response. PLOS Pathog. 6, e1000970 (2010).

66. J. Zonnchen, J. Gantner, D. Lapin, K. Barthel, L. Eschen-Lippold, J. L. Erickson,

S. L. Villanueva, S. Zantop, C. Kretschmer, M. Joosten, J. E. Parker, R. Guerois, J. Stuttmann,
EDS1 complexes are not required for PRR responses and execute TNL-ETI from the nucleus
in Nicotiana benthamiana. New Phytol. 236, 2249-2264 (2022).

67. S. J.Clough, A. F. Bent, Floral dip: A simplified method for Agrobacterium-mediated
transformation of Arabidopsis thaliana. Plant J. 16, 735-743 (1998).

68. N. Hatsugai, F. Katagiri, Quantification of plant cell death by electrolyte leakage assay. Bio.
Protoc. 8, 2758 (2018).

69. S.van Wees, Phenotypic Analysis of Arabidopsis Mutants: Trypan Blue Stain for Fungi, Oo-
mycetes, and Dead Plant Cells (Cold Spring Harbor Laboratory Press, 2008).

70. X.Liu, Y. Sun, C. J. Korner, X. Du, M. E. Vollmer, K. M. Pajerowska-Mukhtar, Bacterial leaf
infiltration assay for fine characterization of plant defense responses using the Arabidopsis
thaliana-Pseudomonas syringae pathosystem. J. Vis. Exp., 53364 (2015).

71. J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch,
C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri,

P. Tomancak, A. Cardona, Fiji: An open-source platform for biological-image analysis. Nat.
Methods 9, 676-682 (2012).

72. D.T.Jones, W. R. Taylor, J. M. Thornton, The rapid generation of mutation data matrices
from protein sequences. Comput. Appl. Biosci. 8, 275-282 (1992).

73. K.Tamura, G. Stecher, S. Kumar, MEGA11: Molecular evolutionary genetics analysis version
11. Mol. Biol. Evol. 38, 3022-3027 (2021).

Acknowledgments: We thank J. Stuttmann and J. Parker for Nbeds1 and NbPad4 seeds and
B. Staskawicz for Nbnrg1 seeds. Funding: This work was supported by NIH grant R0OTGM 132582
to S.P.D.-K. and J.L.C. and USDA National Institute of Food and Agriculture (USDA-NIFA)
predoctoral fellowship grant 2021-67034-35187 to N.D.M. Microscopes used for the work
performed for this paper were supported by NIH grants S100D026702, S100D030321, and P20
GM103446. Author contributions: Conceptualization: N.D.M., J.L..C., and S.P.D.-K. Methodology
and analyses: N.D.M,, K.S., J.L.C,, and S.P.D.-K. Writing—original draft: N.D.M., J.L.C,, and S.P.D.-K.
Writing—reviewing and editing: N.D.M,, K:S., J.L.C,, and S.P.D.-K. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions of the paper are present in the paper and/or the
Supplementary Materials.

GZ0T “TT YOIBIA UO S10°90USI0S MMM //:sd1iY WoIj papeo[umo(]

Submitted 15 May 2023
Accepted 25 September 2023
Published 25 October 2023
10.1126/sciadv.adi7407

17 of 17



	ad6aaf06b605896d7399d98eab6f1412de22923560b70fa4a701ce647efdf0e9.pdf
	INDICE

	ad6aaf06b605896d7399d98eab6f1412de22923560b70fa4a701ce647efdf0e9.pdf
	INTRODUZIONE
	1.1 Il sistema immunitario delle piante - Anche le piante, come gli animali, possiedono un complesso sistema immunitario: esso, evolutosi in contemporanea alla loro colonizzazione delle terre emerse, circa 500 milioni di anni fa (Jones et al., 2024), ...
	2. MATERIALI E METODI

	2.1 Materiale vegetale e condizioni di crescita - Le piante di Arabidopsis thaliana usate in questo studio appartengono all’ecotipo Col-0, le linee mutanti (per inserzione di T-DNA) Atkis1-1 e Atkis1-2 sono state ottenute dall’Arabidopsis Biological R...
	2.2 Costruzione dei plasmidi - Le sequenze codificanti le sei chinesine ipotizzate responsabili della formazione degli stromuli sono state amplificate tramite PCR con primer gene-specifici dal DNA genomico dell’ecotipo Col-0 di A. thaliana, e clonate ...
	4. BIBLIOGRAFIA


	INTRODUCTION
	RESULTS
	Overexpression of a calponin homology domain containing kinesin, KIS1, induces stromules
	KIS1 is required for stromule induction during NLR-mediated immunity
	KIS1-induced stromule formation is dependent on microtubules but not actin filaments
	CH domain of KIS1 is required for perinuclear chloroplast clustering
	KIS1 is required for NLR-mediated immunity
	KIS1-induced stromule formation is dependent on immune modulators EDS1 and PAD4
	SA-induced stromule formation requires KIS1

	DISCUSSION
	MATERIALS AND METHODS
	Plant materials
	Plant growth conditions
	Plasmid construction
	VIGS assay
	RNA isolation, RT-qPCR, and RT-PCR
	TMV sap inoculation
	Ion leakage assay
	Trypan blue staining assay
	Bacterial growth assay
	Transient expression assay
	Laser scanning confocal microscopy
	Quantification of stromules
	KIS1-induced and SA-induced stromule induction assay in Nicotiana benthamiana mutants and VIGS-silenced plants
	Western blot analysis
	Cytoskeletal inhibitor assay
	Perinuclear clustering assay
	Statistical analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

