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The PEN1-SNAP33-VAMP721/722 exocytic pathway is a conserved immunity-associated secretory pathway between
monocotyledonous barley and dicotyledonous Arabidopsis plants. In Arabidopsis, this secretory pathway plays an addi-
tional role in plant growth and development. However, how this pathway can be manipulated to engage in both growth/
development and immunity remains to be answered. To understand its regulation, we recently analyzed the expression of
VAMP721/722 genes whose products drive secretory vesicles to the target plasma membrane. By investigating their tran-
script and protein levels, we found that plants distinctly control the activity of this secretory pathway during biotic or abiotic
stress responses. Since stress responses are in general accompanied by growth inhibition in plants and since plants in nature
are simultaneously threatened by a number of environmental stresses, understanding of this growth/immunity-related
secretory pathway would help to generate more efficiently growth/immunity-balancing plants.

As in other eukaryotes, soluble V-ethylmaleimide sensitive fac-
tor attachment protein receptor (SNARE) proteins are essential
in plants for driving membrane fusion between different intracel-
lular compartments."> We previously identified for the first time
in plants the whole set of SNARE complex components engaged
in immune responses to filamentous pathogens in Arabidopsis.>*
The plasma membrane (PM) localization of PEN1 syntaxin and
SNAP33 adaptor, the localization of vesicle-associated mem-
brane protein (VAMP) 721/722 to intracellular mobile endo-
membrane structures, and their specific interactions indicate that
these SNARE proteins facilitate exocytosis.* They also comprise a
default secretory pathway because their depletion results in severe
growth and developmental defects,*® suggesting that this secretory
pathway is re-utilized for plant immunity. However, how this exo-
cytic pathway can function in 2 distinct physiological processes
such as plant growth and immunity is still unknown.

To understand the regulation of the VAMP721/722-mediated
secretion, we recently studied their expression patterns in response
to distinct growth-related stimuli. A bacterial flagellin fragment
called flg22 that is recognized by its cognate receptor FLS2
induces immune responses as well as growth inhibition in plants.”®
flg22 treatment as expected led to more growth inhibition in
VAMP721/722-depleted plants (VAMP721*"- VAMP722"- and
VAMP721-"- VAMP722*") compared with the wild-type (WT)
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plants,” which again supports the importance of VAMP721/722
for plant growth. However, flg22 unexpectedly induced more
accumulation of VAMP721/722 in plant cells” Therefore, we
also treated plants with a bacterial elongation factor Tu (EF-Tu)
fragment elf18 that is additional plant immune inducer.'®" Like
flg22, elf18 also rapidly increased VAMP721/722 levels in cul-
tured Arabidopsis cells (Fig. 1A). Taken together, our results sug-
gest that plants in response to pathogen attack may activate the
VAMP721/722 secretory pathway possibly to transport immunity-
associated molecules via enhancing VAMP721/722 expression.
The analysis of publically available microarray data reveals
that both flg22 and elf18 induce the transcription of VAMP722
gene (https://www.genevestigator.com)."? Since VAMP721 and
VAMP722 are functionally redundant in both plant growth
and immunity,® the enhanced VAMP721/722 protein levels
by flg22 and elf18 are most likely attributed to their tran-
scriptional upregulation. Interestingly, we recently found that
VAMP721/722 levels can also be post-translationally con-
trolled, because the single treatment of a 26S proteasome inhib-
itor MG132 upregulated their levels.” In addition, the very rapid
(within 10 min) increase of VAMP721/722 levels in cultured
cells by flg22 and elf18 cannot be explained solely by transcrip-
tion-derived translation (Fig. 1A).” Therefore, it is likely that
plants both transcriptionally and post-translationally regulate
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Figure 1. VAMP721/722 levels are distinctly regulated by growth-inhib-
iting biotic and abiotic stress inducers. Cultured Arabidopsis cells (A) or
2-wk-grown seedlings (B) were treated with 1 .M elf18 (A) or 150 mM
NaCl (B) for the indicated time. Extracted proteins with 1x PBS containing
1% Triton X-100 were subject to immunoblot with the indicated antibod-
ies. Equal loading was shown by immunoblot with the HSP70 antibody
(A) or by visualizing Rubisco stained with Coomassie (B).

the VAMP721/722 exocytic pathway for more rapid and pro-
longed defense-associated secretion in response to pathogen
attack. An important question is then why plant growth is
inhibited by flg22 and elf18”" in spite of more VAMP721/722
protein accumulation. A possible explanation is the prior-
ity of defense to growth likely for survival by allocating more
VAMP721/722 vesicles to immune responses, which results in
their less contribution to growth-related secretion.

Abscisicacid (ABA) is the hormone to induce resistance responses
to abiotic stresses such as drought, salt, and heat, which is in gen-
eral accompanied by growth retardation in plants.”” We found that
ABA treatment resulted in gradual reduction of VAMP721/722
levels as well as growth inhibition in Arabidopsis plants.” Since the
VAMP721/722-mediated secretion is essential for plant growth,*
more growth inhibition by ABA in VAMP721/722-depleted
plants compared with WT" can be easily expected by less number
of VAMP721/722 vesicles likely containing growth-related cargo.
Interestingly, VAMP721/722 levels was no more decreased by
ABA in the presence of MG132." Since our previous data and the
analysis of publically available microarray data show that the tran-
script levels of both VAMP721/722 genes are not changed by ABA
(https://www.genevestigator.com),' this indicates that ABA post-
translationally regulates the expression of VAMP721/722 to con-
trol plant growth at least in part at the level of secretion. We here
additionally investigated a change of VAMP721/722 levels by high
salt to extend our knowledge on the regulation of VAMP721/722
expression. Like ABA, NaCl treatment gradually diminished
VAMP721/722 levels (Fig. 1B). Because NaCl, similar to ABA,
has little effect on the transcriptional change of VAMP721/722
genes (https://www.genevestigator.com), this suggests that NaCl
also post-translationally controls VAMP721/722 levels. Since ABA
mediates resistance to abiotic stresses in plants, it seems that the
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NaCl-driven downregulation of VAMP721/722 levels might be an
indirect consequence by NaCl-induced ABA.

Based on our previous and present analysis of VAMP721/722
expression, it is likely that plants employ distinct strategies to con-
trol the VAMP721/722 exocytic pathway for responses to abiotic
or biotic stresses. To resist to abiotic stresses or respond to ABA,
plants transiently shut down the VAMP721/722 secretory path-
way by degrading VAMP721/722 proteins but maintaining their
transcription.”® Plants through this can more rapidly resume the
growth-related secretion via VAMP721/722 vesicles when an abi-
otic stress disappears. To defend against pathogens, plants increase
VAMP721/722 levels by inducing VAMP721/722 transcription as
well as by inhibiting the 26S proteasome-associated basal degra-
dation of VAMP721/722 proteins.”** By this dual upregulation
mechanism, plants can synergistically raise VAMP721/722 lev-
els possibly for faster delivery of immune molecules. However,
plant growth is inhibited during immune responses despite more
accumulation of VAMP721/722 proteins, because the majority
of VAMP721/722 vesicles are used for immune responses rather
than growth. This defense priority to growth can be seen in
plant cells attacked by pathogens, in which the randomly moving
VAMP721/722 vesicles are re-directed to pathogen attacking sites
for focal secretion.

In addition to PEN1, SYP132 is also required for plant growth
and immunity.” Intriguingly, SYP132 is involved solely in defense
against bacterial pathogens, whereas PEN1 is only in resistance to
fungal pathogens.** We recently found that VAMP721/722 can
specifically interact with SYP132 in addition to PEN1 in plant
cells’? Although how VAMP721/722 can change their interact-
ing PM syntaxins is not clear yet, the elevation of VAMP721/722
levels by bacteria-derived elicitors suggests a possibility that they
may interact with SYP132 in response to bacterial infection but
with PEN1 during fungal attack. Interestingly, PEN1 was reported
to be involved in ABA-related trafficking of ion and water chan-
nels."® Since VAMP721/722 levels are decreased by ABA," it is
likely that PEN1 may interact with other VAMP protein(s) than
VAMP721/722 during ABA responses. A recent finding that
reduced expression of VAMP7I genes resulted in delayed ABA-
associated stomatal closure” suggests a possibility that PENI
may interact with VAMP721/722 for defense responses but with
VAMP?71 proteins for ABA responses. Although a set of SNARE
proteins involve in a specific membrane fusion in vivo, they pro-
miscuously form the SNARE complex in vitro.?* Therefore, the
exchange of partner proteins by PEN1 or VAMP721/722 might be
assisted by accessory proteins such as Rab proteins, Secl/Muncl8-
like (SM) proteins, and synaptotagmins, which are known mam-
malian proteins to control the localization and complex-forming/
fusion activities of SNARE proteins."*!
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