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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'#

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
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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
effector-triggered immunity (ETI) (2, 3). ETI shares many of the
same downstream responses as PTIL; 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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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-
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).

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

20of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

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

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

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:NRIP11p-tagCFP, Atkis1-1:NRIP1rp-tagCFP, and Atkis 1-2:NRIP1 1p-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.p-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

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

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::
NRIPI-Cerulean plants (fig. S5A). Deletion of the CH, CC1, 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 KISI1-
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 KIS1-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 NDKISI 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 pum.
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).

Stromule KIS1 MT

O

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
TMV 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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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
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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, NRG1, 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 eds1 (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,
NbNRGI, 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 KIS (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 KIS1 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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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 Nbeds] 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 (Atkisl1-2) 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 ODg, = 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

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

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 ODgqy = 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:AtRBCSIA | 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 ODggo = 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;_,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 (7I). 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.
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