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Running title: SNARE-RNAI boosts ter pene production

Short summary

We show that coexpression oVAMP72-RNAI (Vi) and a caryophyllene synthasg) @ene

results in higher terpene levels. RNA-sequencing indicates strong interaction upon
coexpression of these two genes, resulting in increased levels of ubiquinated proteins. This

indicates that reduced protein turnover may contribute to the higher terpene production.
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Abstract

Plants produce numerous terpenes and much effort has been dedicated to the identification
and characterization of the terpene biosynthetic genes. However, little is known about how
terpenes are transported within the cell and from the cell into the apoplast. To investigate a
putative role of vesicle fusion in this, we ug&gtobacterium tumefaciens-mediated transient
co-expression iMicotiana benthamiana of an MtVAMP721e-RNAi construct Vi) with either

a caryophyllene synthase or a linalool synthase, respectively. Headspace analysis of the
leaves showed that caryophyllene or linalool emission increased about 5-fold Nvhen
benthamiana VAMP72 function was blocked. RNA-sequence and protein ubiquination
analysis of the agro-infiltrated. benthamiana leaf extracts suggested that increased terpene
emissions may be attributed to proteasome malfunction based on three observations: (1)
leaves withTPS+Vi showed higher level of a DsRed marker protein, (2) they show higher
level of ubiquinated proteins and (3) leaves witRS+Vi show cooordinated induced
expression of multiple proteasome genes, presumably caused by lack of proteasome mediated
feedback regulation. However, caryophyllene or linalool did not inhibition proteasome
related protease activity im vitro assays. While results are not conclusive for a role of
vesicle fusion in terpene transport, they do show a strong interaction between inhibition of
vesicle fusion and ectopic expression of certain terpenes. Results have potential applications

in metabolic engineering.

Keywords: terpene transport, vesicle-associated membrane prot@iAMP72),
caryophyllene synthase, linalool synthase, proteasome, photosynthdsistiana

benthami ana.
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I ntroduction

Plants produce numerous volatile terpenoids, which have many different functions,
varying from plant hormones to abiotic stress protectants (e.g. heat protection) or in biotic
stress responses (e.g. attraction of predators of plant herbivores) (Holopainen and
Gershenzon, 2010). Emission of volatile terpenes from plant cells may involve multiple
pathways, e.g. (1) insertion of the hydrophobic terpene into vesicle membranes followed by
transport and fusion to the plasma membrane, (2) it may involve carrier proteins that
transport these molecules to the (plasma) membrane [e.g. similar to the role of GST proteins
in flavonoid transport; (Zhao and Dixon, 2010)], (3) membrane ABC transporters may be
involved in the translocation of terpenes over the plasma membrane and (4) there could be
direct diffusion between the ER and/or plastidial (stromule) membranes and the plasma
membrane, possibly through specific contact sites. Multiple transport pathways have also
been described for the transport of non-volatile lipids, involving both a vesicle and non-
vesicular transport mechanism (Lev, 2010).

As lipophilic compounds would favor sequestering into membranes, one option for
transport of terpenes within the cell could be through vesicle transport between subcellular
compartments and delivery of the terpenoids to target membranes by vesicle fusion. Hints
that terpenoids may be transported by vesicles come from studrbasomdium falciparum
for which it was shown that the sesquiterpene lactone artemisinin is transported from the red
blood cell into the parasité’@asmodium falciparum) via parasite-derived membrane vesicles
(Eckstein-Ludwig et al., 2003; Gershenzon and Dudareva, 2007). A stuSgupomatum
guttatum flowers showed fusion of vesicles from the ER with the plasma membrane and this
correlated with the heat-induced release of sesquiterpensgpéene and caryophyllene)
(Skubatz et al., 1995), hinting at the involvement of vesicle transport and fusion in terpene
emission. The results from this study may be an indication that terpenes are stored in vesicles
which are transported to the plasma membrane and supposedly fusion of these vesicles with
the plasma membrane result in the release of the volatile sesquiterpenes. The fusion of
vesicles with target membranes is mediated by a group of proteins called SNAREs (Soluble
N-ethylmaleimide sensitive factor Attachment protein REceptor) (Lang and Jahn, 2008). One
v-SNARE (SNARE protein on the transport vesicle) pairs with three t-SNARE proteins
(SNARE proteins on the target membrane, including syntaxins) (Lang and Jahn, 2008),
leading to membrane fusion between the two compartments. v-SNAREs consist of long

vesicle-associated membrane proteins (VAMPS) or ‘longins’ (containing an N-terminal
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longin domain) and short VAMPs or ‘brevins’ (Filippini et al., 2001). However, in plants
only the longin-type v-SNARESs occur, and they can be further classified into three major
groups: VAMP7-like, Ykt6-like and Sec22-like (Fujimoto and Ueda, 2012). A sub-group of
the VAMP7-likes, the VAMP72 family, has been shown to be involved in exocytosis in
plants (Kwon et al., 2008; Sanderfoot, 2007), while a VAMP72 protein et cago
truncatula (MtVAMP721) was shown to be involved in the exocytosis pathway required for
arbuscule formation (lvanov et al., 2012).

Here we addressed the question whether vesicle transport is involved in transport of
terpenoids within the cell and whether vesicle fusion plays a role in the emission of the
terpenoids into the apoplast. As a model we used the volatile sesquiterpene caryophyllene,
which is not easily converted to oxidized and/or glycosylated, non-volatile, compounds upon
ectopic production in plants, and the monoterpenoid linalool. To evaluate the role of vesicle
transport/fusion we combined transient expression of caryophyllene synti&8e qr
linalool synthase RaNES) with a SNARE-RNAi construct targeted aN. benthamiana
VAMP72 genes. Surprisingly, the coexpressionG3T (C) with MtVAMP721e-RNAI (Vi)
resulted in 5-fold higher caryophyllene emission levels. Sequence analysis of RNA from
samples withC+Vi showed a stronger transcriptional response t@amr Vi alone.
Specifically a coordinated upregulation of genes encoding components of the 26S proteasome
was noted, which may be a hallmark of reduced negative feedback on proteasome gene
expression when proteasome functionality is impaired (Kobayashi and Yamamoto, 2005;
Villeneuve et al., 2010). Indeed, higher levels of ubiquinated proteins were found in extracts
from the CST+MtVAMP721e-RNAI agroinfiltrated leaves, indicating that reduced protein
turnover may be causal to the higher terpene production. However, caryophyllene did not
inhibit protease activity of proteasomes in ianvitro assay. Results are discussed in the

context of the different pathways that may be involved in terpene emission.

Results
Expression of VAMP72-RNAI enhances transient caryophyllene production

For the production of the volatile sesquiterpene caryophyllene in plants a fragment of
Arabidopsis genomic DNA was isolated, encoding the caryophyllene synthase (CST) TPS21
and this fragment was fused to the constitutive CaMV35S promoter in a construct we used

for transient expression iN. benthamiana. Caryophyllene production was assayed by a
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headspace trapping assay for isolated leaves, harvested at seven days post agroinfiltration.
Pilot studies indicated that substantial amounts of caryophyllene are produced by leaves
agroinfiltrated with the35S CST (C) construct (data not shown). For the inhibition of
VAMP72 gene expression iMN. benthamiana we used theMtVAMP721e-RNAi (Vi)
expression construct previously described to inhibit vesicle transphiieditago truncatula

(lvanov et al., 2012)We identified fourteeWAMP72 genes in\. benthamiana and sequence
analysis of the\. benthamiana genome shows fourtee®AMP72-like genes with 67-8%

DNA sequence identity toMtVAMP72le, with highest DNA sequence identity to
NbVAMP72c (Figure S1A and S2A)The MtVAMP721e-RNAI (Vi) was transiently expressed

in N. benthamiana leaves and RNA was isolated at seven days post agroinfiltration. gRT-
PCR analysis usiniltVAMP72c specific primers indicated that the transient expressidn of
reduced VAMP72c mRNA levels almost 9-fold compared to the control (Figure S2B),
indicating that the heterologoddtVAMP721e-RNAI can efficiently targefN. benthamiana
VAMP72 genes. Because the high levels of RNAI in transient expression may generate
pleiotropic effects on gene silencing (e.g. by titration of Argonaute complexes), we also
tested the effect of BsRed-RNAi (Di) construct in combination witB5S CST (C). Note that

all vectors containing an RNAI construct also containBdRed marker gene (see Figure 1).

For all the different treatments the relative dosag€ ahdVi was kept constant by
combining expression witlDi. For Di the relative gene dosage was kept constant by
combining expression with an empty vectpBif: P). To determine the effect on headspace
emission of caryophyllene we compared the treatmegBe+DsRed-RNAi (P+Di),
MtVAMP721e-RNAi+DsRed-RNAi ~ (Vi+Di), = CST+DsRed-RNAi ~ (C+Di)  and
CST+MtVAMP721e-RNAI (C+Vi). All treatments were evaluated at seven days post
agroinfiltration by harvesting the infiltrated leaves and measuring the amount of
caryophyllene that is released into the headspace in 30 minutes in the light. As expected,
leaves transiently expressifg Di or Vi+Di produced only very low levels of caryophyllene,
which can be attributed to endogendlisbenthamiana CST activity (Figure 2). However,
leaves withC+Di produced substantial amounts of caryophyllene in the 30 minutes of
headspace trapping (Figure 2). One could expect that if vesicle fusion is involved in
caryophyllene transport, inhibition of vesicle fusion by downregulationVAMP72
expression would decrease the emission of caryophyllene. However, @+Wietreated
leaves the caryophyllene emission was approximately 5-fold higher (Figure 2). This indicates

that inhibition ofN. benthamiana VAMP72 gene expression does affect the flux through the
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caryophyllene emission pathway, but in an unexpected way. In total, the experiment was
repeated six times, every time yielding similar results. To understand better wiy e

treatment resulted in higher caryophyllene emission levels we choose to perform RNA-seq on
the different leaf samples to investigate the transcriptional response to the different

agroinfiltration treatments.

RNA-seq analysis of agroinfiltrated leaves

To better understand how the inhibition of vesicle transport, when combined with
CST, leads to enhanced caryophyllene emission we performed semi-quantitative sequence
analysis on RNA isolated from the agroinfiltrated leaves. For this, RNA was extracted from
the leaves at seven days post agroinfiltration of the combina®ebs, Vi+Di, C+Di and
C+Vi for quantification by RNA-seq (see Materials and Methods). The relative expression
levels of genes was compared to that of the control treatrimeiidi) and differentially
expressed genes betwe¥ntDi, C+Di or C+Vi and the control were selected, using a
threshold of the absolute value of #6gldChange>1 at a false discovery rate (FDR(.05.
Figure 3A shows the total transcriptional response of differentially expressed genes and the
treatment-specific response (total differential transcriptional response minus the overlap with
either of the other two treatments). Results show that inhibition of vesicle fusion (treatment
Vi+Di) causes upregulation of only 144 and downregulation of 214 genes (Figure 3A). The
transcriptional response to caryophyllene overproduction (treati@eimi) was more
pronounced, with 619 upregulated and 769 downregulated genes compdeditoln
contrast, the transcriptional response to the combination of caryophyllene overproduction
with inhibition of VAMP72 activity (treatmen€+ Vi) resulted in the upregulation of 1822
genes and downregulation of 1353 genes compared with the control. Also when corrected for
the overlap in transcriptional response, the co-expressi@iSbfand MtVAMP721e-RNAI
causes a much larger change in the gene expression profile (1400 up, 1192 down) than the
specific response to eith&r+Di (49 up, 63 down) o€+Di (412 up, 454 down) (Figure 3A).
The Venn diagrams of the overlap in transcriptional response for the different treatments are
shown in Figure 3B. To get insight in the biological processes affected by the different
treatments, a GO-term enrichment analysis was performed on the differentially expressed
genes, usind®<0.05 (Tables S1-S3). In addition, the differentially expressed genes of the
different treatments were mapped to the reference canonical plant pathways in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Tables S4-S6). For each of the three

treatments, the top ten of pathways that were most affected are shown in Table S7. The
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pathways that were most strongly affected by the different treatments were also visualized via
the MapMan tool (Thimm et al., 2004). An overview of all differentially expressed genes
betweenVi+Di, C+Di and C+Vi versus controP+Di for cellular metabolism is shown in
Figure S3. A list of all up- or down-regulated differentially expressed genes corresponding to

MapMan functional categories are provided in Table S8.

Transcriptional response to Vi+Di treatment

Analysis of the differentially expressed genes that are specifiMfe@AMP721e-
RNAiI shows that the/AMP72 genes ofN. benthamiana are most strongly affected (as
expected). As a result, the SNARE interaction pathway of vesicular transport shows up for
this treatment as the pathway that is strongly affected (Table S7). Figure S1B shows the
average number of RNA reads for each member of VABP72 gene family inN.
benthamiana, for each of the treatments. Results indicate that ten out of the fourteen different
N. benthamiana VAMP72 genes the expression was downregulated in leave samples
agroinfiltrated with thaitVAMP721e-RNAI construct Yi+Di or C+Vi). This indicates that
the M. truncatula MtVAMP721e-RNAI targets multipleVAMP72 genes inN. benthamiana,
but otherVAMP genes (e.gVAMP71 gene family members) are not affected by either the
Vi+Di or C+Vi treatment. Using the threshold of<@O05, other pathways were not
significantly affected byi+Di (Tables S7). Figure S3A shows the MapMan projection of
differentially expressed genes for cellular metabolism, indicating that no major pathway was
affected by thé&/i+Di treatment. Details of the Gene Ontology classification of differentially
expressed genes are given in Table S1, S2 and S3. Details of the KEGG enrichment analysis

for theVi+Di treatment are given in Table S4.

Transcriptional responseto C+Di treatment

Analysis of the transcriptional responseG8T indicates that ectopic production of
caryophyllene is creating a substantial pleiotropic effect in leaves (Table S7). GO term
enrichment analysis of the specific differentially expressed genes iG+#be treatment,
shows that glucan metabolic processes in cell periphery and cell wall are affected by the
ectopic caryophyllene production. In addition, ectopic production of caryophyllene had a
strong negative effect on the expression of genes involved in glycosaminoglycan degradation,
suggesting a reduced breakdown of glycosaminoglycans. Projection of the data in MapMan
shows thatC+Di also resulted in downregulation of genes involved in cell wall biosynthesis

(Figure S3B), while biotic response, heat stress response, calcium signaling and development



232 genes were significantly induced (Table S8). Details of the Gene Ontology classification of
233 differentially expressed genes are given in Table S1, S2 and S3. Details of the KEGG
234 enrichment analysis for th@+Di treatment are given in Table S5.

235

236  Transcriptional response to the C+Vi treatment

237 CST was a component of th€+Di and C+Vi treatments, both having the same

238 dosage of theCST expression construct in the agroinfiltration. Using the cut-off value
239 logzFoldChangel, the CST transgene was not part of the differentially expressed genes.
240 Although the read counts QIST in theC+Di andC+Vi treatments indicated a slightly higher

241 count in theC+Vi treatment (1.8-fold) (Figure 4), this is not sufficient to account for the 5-
242 fold increased emission of caryophyllene in this treatment (Figure 2). In the RNA reads we
243 can distinguish between thabidopsis CST sequence anll. benthamiana CST genesN.

244 benthamiana has six genes with close homologyAi@bidopsis CST. Curiously, the number

245 of RNA reads specific for these endogenbib€ST homologs were actually more than two-

246 fold down inC+Di andC+Vi compared to thE+Di treatment (Figure S4).

247 When caryophyllene production was combined with inhibition of VAMP72 function,
248 some of the specific transcriptional response€® alone were abolished. For instance,

249 compared with theC+Di treatment, theC+Vi treatment does no longer show a significant
250 increase in differentially expressed genes involved in biotic stress, heat stress and calcium
251 signaling (Table S8). Most interestingly, the combinat@nVi specifically upregulates

252 processes related to protein turnover by the 26S proteasome complex and downregulates
253 processes related to photosynthesis (Table S1). Visualization of the output of KEGG for the
254  ubiquitin dependent degradation pathway shows specific upregulation 6 Widreatment

255 of almost every gene encoding component of the proteasome. These include 14/14
256 components of the proteasome core, 6/9 components of the proteasome lid and 7/9
257 components of the proteaseome base (Figure 5). None of the upregulated genes were affected
258 by theC+Di treatment and only one gene was affected bywith®i treatment (proteasome

259  lid subunit N6 was down regulated bothG Vi andVi+Di compared to contrd?+ Di).

260 Analysis of the data shows that also genes involved in cell wall-related processes
261 were downregulated in thé+Vi treatment (Figure S3C). We performed a Wilcoxon rank
262 sum test of differentially expressed genes for the treatments (Table S8) which shows that
263 some genes of the phenylpropanoid pathway (mainly lignin biosynthesis) showed reduced
264 expression (Table S8, Bin 16.2). Besides the many genes involved in cellular processes for

265 which expression was downregulated by Vi treatment, a number of transcription
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factors were upregulated by this treatment (e.g. AP2/EREBP, C2C2(Zn) CO-like, MADS box
transcription factor family) (Table S8, Bins 27.3.3, 27.3.7 and 27.3.24). The upregulation of
these transcription factors may explain why so many more genes are affectedCirvihe
treatment compared to the other treatmewts i, C+Di) in which just few transcription
factors were induced (Figure 3, Table S8). Details of the Gene Ontology classification of
differentially expressed genes are given in Table S1, S2 and S3. Details of the KEGG
enrichment analysis for the+ Vi treatment are given in Table S6 and details of the Wilcoxon

rank sum test of differentially expressed genes is given in Table S8.

I ndications of reduced proteasome activity in the C+Vi treatment

Results from the transcriptional response @&8T+MtVAMP721e-RNAI (C+Vi)
indicate a coordinated upregulation of genes encoding the lid, base and core particle of the
26S proteasome complex. From yeast and mammalian studies it is known that transcriptional
control of proteasome genes is under feedback regulation by a transcription factor (NF-E2-
related factor 2, Nrf2), which itself is targeted for degradation by the 26S proteasome
(Kobayashi and Yamamoto, 2005). When proteasome function is impaired, the activity of
this transcription factor increases and consequently so does the expression of proteasome
genes (Meiners et al., 2003). Although such feedback regulation has not been described for
plants yet, the upregulation of proteasome gene expression in respons€+t¥itheatment
in N. benthamiana (Figure 5) could be indicative of reduced proteasome activity. If indeed
proteasome function in impaired in tl& Vi treatment, this could then also account for the
higher caryophyllene emissions if enzymes in the caryophyllene biosynthesis pathway
display higher protein stability.

The DsRed gene is part of all RNAI constructs, but the treatméxtBi, Vi+Di and
C+Di also contain @sRed-RNAi construct. Indeed, in these treatments the expression level
of DsRed was low, while the number of counts fDsRed RNA were high in theC+Vi
treatment (data not shown).

To get further information on possible effects on protein stability in Gh&/i
treatments, we analyzed the effect on DsRed protein accumulation. In a separate experiment
we tested the effect of an em@}AI vector Ei, which only contains a small linker) on CST
activity. Leaves transiently expressi@gEi emitted similar levels of caryophyllene @sDi,
while againC+Vi stimulated caryophyllene emission (Figure 6A, compare to Figure 2).
Because both thEi andVi vector contain th&5S DsRed gene, we now could also compare

the accumulation of DsRed protein in the combinaticnr&i and C+Vi. Leaves infiltrated
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with C+Vi visually had a higher DsRed level than the empty vector control (Figure 6B).
Semi-quantification of the signal in the red and green components of the images - setting the
average signal for the red (DsRed) and green (chlorophyll) channel G+tBeimage at

100% - showed a significant increase of about 25% for the red signal @+ Wietreatment

(Figure 6C), indicating reduced turnover of the DsRed protein in this treatment. In the same
leaf the green signal was reduced by 10% (Figure 6C), which is in accordance with the
reduction in photosynthesis related gene expression (Figure S3C). Because DsRed protein
turnover is supposedly to be mediated by the proteasome (Verkhusha et al., 2003), these
results support the interpretation that in @wVi treated leaves the 26S proteasome activity

is reduced.

Protein ubiquination levels are specifically increased in C+Vi agroinfiltrated leaves

Proteins are targeted for degradation by protein ubiquination after which the proteins
are recognized by the regulatory particle of the 26S proteasome, which delivers the
ubiquinated protein to the proteasome core for protein degradation. If protein degradation is
indeed inhibited in leaves expressi@g Vi, for instance because of inactivity of the 26S
proteasome, this is expected to result in a higher level of ubiquinated proteins. We therefore
analyzed protein extracts from the leaves from the different treatments for protein
ubiquination levels, using Western blot and a ubiquitin specific antibody. As multiple
proteins are targeted for ubiquination and multiple ubiquitins are attached to the same protein,
the signals of ubiquinated proteins on a Western blot are not distinct but diffuse, covering
many masses. The signal of ubiquinated proteins from extracts with the different treatments
was guantified and corrected for small differences in loading of the samples as determined by
CBB staining of replicate gels. Results show that indeed the signal in the extracts from leaves
with C+Vi was 1.8-fold higher than in the extracts from leaves WittDi (Figure 7, for
original Western blot see Figure S5). The increased levels of ubiquinated prot€#¥iin
agroinfiltrated leaves does suggest that indeed proteasome function in impaired by this
combined treatment. Subsequently we tried to investigate what can be the cause of

proteasome inhibition in thé+Vi treatment.

Caryophyllene does not inhibit 20S proteasome activity in in vitro assays
We tested whether caryophyllene can affect protease activity of the proteasome
directly in anin vitro assay. The protease activity of the proteasome can be monitored using a

fluorescent probe (MVBO003) which covalently links to the active sites of the caspase-like
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(B1), trypsin-like 32) and chymotrypsin-likef6) proteasome catalytic subunits that are part

of 20S core particle (Kolodziejek et al., 2011). Thus, fluorescent labeling by MVBO003 of
these proteases can be used as a measure for proteasome activity in a protein extract.
Proteasome fractions were obtained frdimbenthamiana leaves and incubated with the
MVBO0O03 probe combined with increasing amounts of caryophyllene. Results show that the
labeling of the protease activity in the proteasome was not affected by caryophyllene up to a

concentration of 10QM in thesein vitro assays (Figure 8A).

No reduced 20S proteasome activity in extracts from C+Vi agroinfiltrated leaves

While no indications were found that caryophyllene directly affects protease activity
of the 20S proteasome, it could be that caryophyllene has an indirect effect on proteasome
function, which may require longer time. For instance, part of the caryophyllene in the cell
may be converted to caryophyllene oxide and this compound was shown before to cause the
formation of reactive oxygen species (Park et al., 2011). Oxidative damage is known to cause
disassociation of the 19S and 20S particles, where the 20S proteasome remains functional,
and may lead to 19S inactivation by kinase activity (Lee et al., 2010). Therefore we tested
whether protein extracts from the leaves agroinfiltrated with etkddi, C+Vi, Vi+Di or
P+Di showed signs of reduced protease activity. Proteasome containing protein fractions
were prepared as described before (see Material and Methods) and the proteasome activity in
the extracts was tested with and without additional g®Ocaryophyllene. Results showed
that the proteasome activity in leaves WithVi was not lower than in leaves from any of the
other treatments and again, activity was not influenced by the addition of caryophyllene
(Figure 8B). We did note a trend of higher labeling of proteasomes i@+tke fractions,
suggesting a higher level of proteasome particles in these samples (Figure 8B). This is in
agreement with the higher expression of proteasome related gene€iMihleaves (Figure
5), but still raises the question why the level of ubiquinated proteins is elevated in these
samples (Figure 7).

General oxidative damage may result in protein carbonylation, and carbonyl moieties
allow for derivatization with 2,4-dinitrophenylhydrazine (DNPH), which leads to the
formation of a stable dinitrophenylhydrazone (DNP) product. Such modified proteins may be
separated PAA gel electrophoresis followed by the identification of the DNP moieties of the
protein on Western blots using anti-DNP antibodies and such OxyBlots™ may be used for

determination of total protein carbonyl formation (Xiong et al., 2007). However, analysis of
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proteins by the OxyBlot procedure did not give any indication of increased oxidative damage
in theC+Vi treated leaves (Figure S6).

Combined these assays show that neither there are indications of reduced proteasome
levels, nor protease activity and no trace of increased oxidative protein damage was found in

C+Vi treated leaves.

Also other terpene synthases increase protein stability

To test whether inhibition of vesicle fusion MtVAMP721e-RNAI can be used to
boost production of other terpenes, we repeated the experiment with a linalool synthase
(plastid targeted FaNES, cloned from strawberry). Transient expresskaNgS (F) in N.
benthamiana leaves results in the emission of the monoterpenoid linalool into the headspace
(Figure 9A). WhenFaNES expression was combined wilhtVAMP721e-RNAI expression
(F+Vi) the linalool production was enhanced about 8-fold (Figure 9A), similar to the
stimulatory effect ofVi on caryophyllene emissions (Figures 2 and 6A). Previously, it was
shown that part of the linalool produced in leaves of transgenic plants is converted to
glycosylated linalool products (Aharoni et al., 2003; Lucker et al., 2001), but linalool
captured in these soluble products can be released by glycosidase treatment. Extracts isolated
from leaves agroinfiltrated withF+Ei or F+Vi were treated with glycosidases and the
volatiles released by this treatment were quantified by GC-MS analysis. Results indicated
that also the accumulation of glycosylated linalool products was boosted biy+ie
treatment compared with tiferEi treatment (data not shown). The boosting of the linalool
production correlated with increased stability of the DsRed marker protein, ds+tfie
treatment resulted in more red leaves than Fhdési treatment (Figures 9B and 9C).
Combined, the results show that both sesquiterpene and monoterpene can be boosted when
VAMP72 mediated vesicle fusion is inhibited. Also for linalool we tested whethen thio
proteasome activity can be inhibited by linalool, but up to a concentration iV.@iBalool

had no effect on protease labeling (Figure S7).

Discussion
Strong interaction between caryophyllene production and inhibition of VAMP72
Although this study started with the question whether vesicles are involved in the

transport of volatile terpenes, results were not conclusive about a direct role of vesicles in
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terpene transport. Instead we found an unexpected strong interaction between ectopic
expression of a terpene synthase (CST or FaNES) and inhibit\AMIP72 genes through
coexpression witiMtVAMP721e-RNAI (Vi), resulting in higher caryophyllene or linalool
emission respectively (Figures 2 and 6). Transcript analysis shows that the treat@vebt of
or Vi+Di resulted in only a limited transcriptional response compared to the control treatment
(P+Di) (Figure 3A/B) and that th&i is able to suppress multipdAMP72 genes inN.
benthamiana (Figure S1). However, the RNA-seq analysis of @€V treatment showed a
stronger transcriptional response than thatCeDi and Vi+Di combined (Figure 3A/B).
Most pronounced is the coordinated upregulation of multiple genes related to the proteasome
base, core and lid i€+Vi (Figure 5). However, the higher expression of the proteasome
related genes does not result in a higher protein turnover, but rather coincides with an
apparent increase in protein stability (increased DsRed; Figure 6, increased level ubiquinated
proteins; Figure 7). An increase in stability of proteins in the caryophyllene biosynthesis
pathway may explain the higher emission of caryophyllene inCthéi compared to the
C+Di treatment (Figure 2)

Qualitatively, similar results were obtained by combining linalool synthiasevith
Vi. The F+Vi treatment resulted in both increased linalool emission and accumulation of
linalool derived glycosides (Figure 9) indicating that indeed overall production is increased.
Because also DsRed accumulation is increas€d-WVi leaves, this is indicative of a similar

effect on protein stability ifr+Vi as observed for thé+ Vi treatments.

Feedback regulation of proteasome genesin N. benthamina?

We interpret the coordinated upregulation of the proteasome gene<On\théeaves
as the result of a proteasome malfunction. Studies in mammals and yeast have shown that
proteasome gene expression is under feedback control of transcription factor(s) which are
target for proteasome mediated degradation (Kobayashi and Yamamoto, 2005; Villeneuve et
al.,, 2010). As a result, impaired proteasome function causes stabilization of these
transcription factors, resulting in an upregulation of proteasome genes in an attempt to
maintain the homeostasis in proteasome functionality (Dreger et al., 2010; Meiners et al.,
2003). Presumably, proteasome homeostasis in plants is under a similar transcriptional
feedback control. The apparent impairment of proteasome function by+ttietreatment
could therefore explain the upregulation of the expression of proteasome-associated genes in
our study (Figure 5, Table S8). In yeast thapl gene is responsible fate novo 20S

proteasome formation and if there is a coordinated upregulation of proteasome genes, this
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gene is most likely also involved (Ramos et al., 1998). Indeed, besides the proteasome lid,
base and core component genes, also the closest homoldgydf in N. benthamiana
(NbS0001250890011.1) was upregulated 2-fold in th@+ Vi treated leaves.

The upregulation of the proteasome gends+ivi leaves seems not to be sufficient to
fully restore proteasome functionality as the level of ubiquinated proteins is still elevated in
these leaves (Figure 7) and also our marker protein DsRed shows higher levels of
accumulation inC+Vi (Figure 6). Recently it was shown that Amabidopsis the genes
encoding components of the 26S proteasome are under control of the NAC transcription
factor ANACO78 (Nguyen et al., 2013; Yabuta et al., 2011). We blasted the sequence of
ANACO78 to theN. benthamiana proteome to identify the putative homologsANACO78 in
N. benthamiana. The two targets with highest homology ABIAC078 (NbS00000666g0007
andNbS00038001g0007) did not display any differential transcriptional activity in the leaves
with C+Vi treatment. Therefore, when either of these proteins is indeed involved in
proteasome related gene expressioil.itenthamiana, the effect of theC+Vi treatment on
upregulation of proteasome gene expression must be mediated by effects on the stability of
these ANAO78 homologs.

Additional indirect indications of proteasome impairment in C+Vi agroinfiltrated leaves

The transcriptional activity of the endogenddsCST genes were down i€+ Vi
compared taP+Di (Figure S4). Moreover, the RNA-seq analysis indicated thatCthél
treatment resulted in downregulation of the expression of multiple genes of the MVA
pathway HMGS, HMGR, IDI) and the MEP pathwayMCS, HDS IDI) and the first step
towards sesquiterpene biosynthe&iB$) (Figure S8). These effects were specific @atVi
as no down regulation of these genes was observed in Eitfizir or Vi+Di. Although the
transcriptional activity ofCST was slightly higher in th€+Vi than in theC+Di treatment
(Figure 4), we assumed that this alone cannot account for the 5-fold increase in caryophyllene
emission by leaves agro-infiltrated witB+Vi. The higher caryophyllene emissions may
therefore be explained by a decreased turnover of enzymes in the caryophyllene biosynthesis
pathway. This inferred increased stability of cayophyllene biosynthesis enzymes may relate
to the apparent proteasome impairment inGh&/i treatment.

Recently it was reported that the expression of photosynthesis genes is mainly
controlled by the transcriptional repressor PIF3, for which protein stability is regulated by
ubiquination and proteasome-mediated degradation (Liu et al., 2013). Impaired proteasome

activity could result in stabilization of thH. benthamiana PIF3 homolog, resulting in



468 enhanced suppression of photosynthesis genes, as was observed @atVihgeatment

469 (Figure S3C). The reduced photosynthesis gene includes reduced activity of magnesium-
470 protoporphyrin  O-methyltransferase  (NbS0004536690002.1), a key enzyme in
471 protochlorophylide biosynthesis, which may explain the reduced chlorophyll contéavin

472 agroinfiltrated leaves (Figure 6C).

473

474  Decreased interaction between proteasome lid and corein C+Vi treated |eaves?

475 While there are multiple indirect (Figures 2, 6, 9 and S8) and direct indications
476 (Figures 5, 7 and S5) of a diminished turnover of (ubiquinated) proteins by the proteasome in
477 the C+Vi leaves, it is not clear where this apparent inhibition of proteasome function takes
478 place. For instance, the vitro assay of protease activity of isolated proteasome fractions
479 from C+Vi did not show indications of impaired protease activity in @€/i samples

480 (Figure 8). Actually, the results from thevitro proteasome activity assays hints at increased
481 rather than decreased proteasome related protease activityGa Whegroinfiltrated leaves

482 (Figure 8). Also, ectopic expression @fST without Vi did not result in proteasome

483 impairment and also in d@n vitro assay caryophyllene did not inhibit the protease activity in
484 isolated proteasome fractions (Figure 8). Therefore, there is a seemingly discrepancy between
485 the proteasome activity as measured inithgitro assays and the reduced degradation of
486 ubiquinated proteingn planta. These seemingly conflicting results may still be explained
487 when we assume that the delivery of ubiquinated proteins by the regulatory particle (lid) to
488 the proteasome core (20S) of the 26S proteasome is somehow impaired in leaves
489 agroinfiltrated withC+Vi.

490

491 Concluding remarks

492 More research will be needed in the future to investigate whether the interaction between
493 proteasome lid and core is the basis for proteasome impairment i@+tiie treatment.

494 Moreover, it needs to be determined whether caryophyllene and linalool have a specific role
495 in this process. Due to the unexpected effects of inhibition of vesicle transport we remain
496 cautious about the role of vesicles in transport of terpenes. Analysis of a direct effect of
497 vesicle fusions on terpene emission will require time-resolved caryophyllene emission
498 measurements, combined with an inducMP72-RNAI construct. Although at present the

499 role of vesicles in terpene transport has not been resolved, our study does show for the first
500 time that terpene production may actually be improved by inhibition of vesicle fusion.

501 Moreover, as proteasomes are targets in cancer research (Yang et al., 2006; Schumacher et
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al., 2010; Adams, 2004; Almond and Cohen, 2002; Kupperman et al., 2010), our findings

may also provide new leads for the role of terpenes in medical research.

Materialsand M ethods

Vector construction
35S DsRed-RNAI. The Gateway pK7GWIWG2(11§310::DsRED binary vectomwhich contain
the red fluorescent marker DSRED1 under the constitétiabidopsis Ubiquitin10 promoter

was obtained from Dr. Sergey Ivanov (lvanov et al.,, 2012). To constrDsRed-RNAI
construct, a 223 bp fragment was amplified using the primer pair attB1l-DsRed-F/attB2-
DsRed-R (Table S9) using the pK7GWIWG2@}0::DsRED vector as template. The
amplicon was subcloned into the pDONR221 vector (Invitrogen) using the BP clonase I
enzyme mix (Invitrogen) to generate an entry vector pDONR221-DsRed. In a subsequent
step, the RNAIi fragments were cloned into the pK7GWIWGZpP::DSRED vector
through LR recombination (Invitrogen). The vector was transferredAgmbacterium
tumefaciens AGL-0 by electroporation. 35S MtVAMP721e-RNAI _and 35S EV-RNAI.
MtVAMP721e-RNAI andEV-RNAI which both contain th®sRed reporter gene were kindly
provided by Dr. Sergey Ivanov and Prof. Ton Bisseling (lvanov et al., 2853)CST.
Genomic DNA was extracted fromrabidopsis thaliana (L.) Heynh (Col.0) leaves by the
cetyltrimethylammonium bromide (CTAB) method (Chen et al., 2008). A 2160-bp genomic

DNA fragment containing 6 introns from start codon to stop codon of caryophyllene synthase
(At5923960) was amplified by PCR using the primer pair CST-F/CST-R (Table S9). The
primers used introduce Ncol and Notl restriction sites which were used for cloning into
ImpactVectorplV1A_ 2.1, which contains the CaMV35S promoter and Rbcsl terminator
(http://www.wageningenur.nl/en/show/Productie-van-farmaceutische-en-industriele-eiwitten-
door-planten.htm). The resulting pIV1A_2.1/CST was cloned into the PinPlus binary vector
using LR recombination (Invitrogen) (van Engelen et al., 1995). The PinPlus construct
containing the35S.CST was transferred toAgrobacterium tumefaciens AGL-0 using
electroporation.35S. FaNES. The strawberry linalool/nerolidol synthaseaNES with a
synthetic intron (Yang et al., 2008) was cloned into ImpactVectorplV1A 2.4, which contains
a CaMV3s5S promoter, plastid targeting signal and Rbcsl terminator
(http://www.wageningenur.nl/en/show/Productie-van-farmaceutische-en-industriele-eiwitten-

door-planten.htm) (obtained from Jan G. Schaart, Plant Breeding, Wageningen University).
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pIV1A 2.4/FaNES was cloned into the PinPlus binary vector using LR recombination

(Invitrogen) (van Engelen et al., 1995).

N. benthamiana VAMP72 gene sequence analysis

To identify theN. benthamiana VAMP72 genes, we use@rabidopsis VAMP72 genes to
BLAST against theN. benthamiana genome sequence which resulted in NlWVAMP72
genes. The percentage of sequence similarity betveeAMP721e and NoVAMP72s was
calculated using BLAST (Altschul et al, 1997) at the NCBI website
(http://blast.ncbi.nim.nih.gov/).

Transient expression assaysin N. benthamiana

Transient expression in leaves fbenthamiana was done as previously reported (Ting et

al., 2013). The total dosage Afgrobacterium tumefaciens within each experiment was kept
constant for the different gene combinatioNs.benthamiana leaves were infiltrated with
Agrobacterium containing the following expression constructs: gB)n+DsRed-RNAI, (2)
MtVAMP721e-RNAi+ DsRed-RNAI, (3) CST+DsRed-RNAi, (4) CST+MtVAMP721e-RNAI,

(5) CST+EV-RNAI, (6) FaNES+MtVAMP721e-RNAI, (7) FaNES+EV-RNAI (six plants per
construct, one leaf per plant). Infiltrated leaves were harvested seven days post
agroinfiltration. Per sample two leaves were pooled, resulting in three biological replicates

for each treatment.

Headspace trapping and analysis of volatiles by GC-MS

The volatile headspace of the agro-infiltraddenthamiana leaves was analysed by placing

leaves in a vial with water to prevent dehydration, and placing the vial in a 1 L glass jar from
which volatiles were collected for 30 minutes (between 13:45 pm and 14:15 pm) using
dynamic headspace trapping as described (Houshyani et al., 2013). The headspace samples
were analysed by GC-MS as described (Houshyani et al., 2013). Terpenoids were identified
by comparison of mass spectra and retention time with authentic standards: caryophyllene
(Sigma-Aldrich) and linalool (Fluka). Quantification of terpene levels was accomplished by
determining the peak area of the characteristic(133 for caryophyllene and 71 + 93 for

linalool).

RNA isolation
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After harvest, leaves were immediately frozen in liquid nitrogen and ground to a fine powder
for RNA isolation. RNA was extracted using the RN&aByant Mini kit (Qiagen, Hilden,
Germany) with on-column RNase-Free DNase digestion (Qiagen, Hilden, Germany). The
guantity and quality of RNA for qRT-PCR was determined using a NanoDrop (NanoDrop
Technologies, USA) and agarose gel electrophoresis. For RNA-seq analysis the RNA quality
was checked using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

Quantitative reverse transcription PCR (gRT-PCR)

cDNA was transcribed from fig of RNA using the iScript cDNA Synthesis kit (BioRad,
USA) and diluted 20-fold before use as template for gRT-PCR. A gene specific primer pair
NbVAMP72c-FINbVAMP72c-R was used for PCR. GADPH was used for normalization
(Torres-Barcel6 et al., 2008) (Table S9). Each PCR reaction mixture contajtiedONA
template, 2uL of each primer (31M), 10 uL of iQ™ SYBR® Green Supermix master mix
(Biorad) and 5uL of deionized water. The PCR was performed in the iCycler iQ5 system
(BioRad) using a three-step temperature program: (1) 95°C for 3 minutes, (2) 40 cycles of
95°C for 10 seconds, 55°C for 30 seconds and (3) 95°C for 1 minutes, followed by melting
curve analysis from 65 to 95°C. Relative expression values were calculated using the

efficiencydCt (cycle threshold) method (Livak and Schmittgen, 2001).

RNA-sequencing and data analysis

Construction of the cDNA libraries and subsequent lllumina paired-end sequencing (lllumina
Hiseq™ 2000) was performed by BGI, China. The processed and raw data are available from
the Gene Expression Omnibus (GEO: GSE60061). The processed reads were assembled by
BGI, using the availabl®l. benthamiana genome sequence as template (Bombarely et al.,
2012), which was carried out using the SOAPaligner/SOAP2 program with the default
settings (Li et al., 2009). The gene expression level was calculated using the RPKM method
(Reads Per kb per Million reads) (Mortazavi et al., 2008). We used a false discovery rate
(FDR) < 0.05 and the absolute value of log2Rati@ as the threshold to select significance

of gene expression differences. Differentially expressed genes were then used for gene
ontology (GO) functional analysis, using Blast2GO (Conesa et al., 2005). For pathway
analysis, we mapped all differentially expressed genes to terms in the Kyoto Encyclopedia of

Genes and Genomes (KEGG) (Ogata et al., 1999). MapMan was used to visualize gene
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expression changes, using the tomato pathways

(http://mapman.gabipd.org/web/guest/mapmanstore) (Thimm et al., 2004).

Analysis of proteasome activity

Ubiquinated protein Western blot: 26S protein ubiquination level was inferred from semi-
guantified ubiquitinylated protein levels on Western blots. Liquid nitrogen frozen
agroinfiltrated leaf material was fractured with two (5/35) metal bullets by a dismembrator at
30 sweeps/s. Proteins were extracted in a fresh 50 mM Tris-Hcl (pH8; Biomol GmbH,
Hamburg, Germany) buffer of 4°C with 5 mM dithiothreitol (DTT), 2 mM sodium dodecyl
sulfate (SDS; Fisher Scientific, Massachusetts, USA) and a complete protease inhibitor
cocktail tablet (cOmplete that also delivers 1ImM EDTA; Roche Diagnostics Nederland B.V.,
Flevoland, the Netherlands) [adapted from (Lough et al., 1998)hples were prepared for
SDS-Polyacryl amide gel electrophoresis (SDS-PAGE) throudh atdcking gel and 7%
running gel (from 3% acrylamide/bis; 37.5:1; Bio-Rad Laboratories, California, USA). Gels
were stained with Coomassie Brilliant Blue (CBB) [according to (Wondrak, 2001)] to judge
the loading equality or were blotted onto a OB pore Polyvinylidene difluoride (PVDF)
membrane (Thermo Scientific, Illinois, USA) at 4°C under a constant voltage (90V;
20mA/blot) for 60 minutes. Excess protein was discarded from the blot with Tris-buffered
saline (TBS). Blocking buffer [TBS with% non-fat dried milk (FrieslandCampina, Utrecht,

the Netherlands)] was applied to the blot for 60 minutes at room temperature. Ubiquitinylated
proteins were targeted by polyclonal anti-UBQ11 rabbit antibodies (antibodies-online.com,
GmbH, Aachen, Germany). Repeated washing with TBS, incubation with secondary anti-
rabbit antibodies from goat (GE Healthcare UK Limited, Buckinghamshire, UK) and further
washing prepared the incubation with luminol (GE Healthcare UK Limited,
Buckinghamshire, UK). Luminol oxidation and excitation was catalyzed by horse radish
peroxidase ligated to the secondary antibodies for one minute. An Acton Pixis 1024 camera
(Princeton Instruments, New Jersey, USA), air-cooled to -78°C, recorded the ubiquitin
derived luminescence for 20 seconds of exposure time. Gray scale CBB and luminescence
signals were semi-quantified with the Measure Mean gray value function of the software

program ImageJ.

Protein oxidation Western blot: As a source of 26S proteasome disintegration, oxidative

damage to proteins was probed. Using the OxyBlot™ kit (Merck KGaA, Hesse, Germany)
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protein carbonylation was visualized on a Western blot. Carbonyls were derivatized with 2,4-
dinitrophenylhydrazine (DNPH) in extension to the protein extraction. To this en&HB

was dissolved in the protein extract prior to an equal volume of a low pH buffer with 2,4-
dinitrophenylhydrazine (according to the instruction manual). With the addition of
neutralization buffer after 15 minutes the reaction to 2,4-dinitrophyenylhydrazone (DNP) was
discontinued. A 100x dilution of rabbit primary anti-DNP antibodies (OxyBlot, Merck
KGaA, Hesse, Germany) in blocking buffer was applied to the Western blot that was

prepared, processed and examined as described for the ubiquinated protein Western blot.

Proteasome activity measurements. Four leaves of each sample (approx. 2.5 gr of tissue)
were ground in 5 mL buffer containing 2 mM DTT and 67 mM Tris pH 7.5. Extracts were
centrifuged and filtered through a 0,2@n PVDF membrane until a clear sample was
produced. Protein samples were labeled at room temperature pMhVIVBOO3 for 2 hours

in a total volume of 6QiL (Kolodziejek et al., 2011). For the competition assay samples were
pre-incubated with different concentrations of caryophyllene (Sigma-Aldrich) or linalool
(Fluka) for 30 minutes followed by labeling with MVB0O03 for 2 hours. An equal amount of
all samples were combined and 0.5% DMSO was added to generate the no-probe-control
(NPC). Reaction was stopped by boiling the samples in 1X gel loading buffer (GLB)
containing SDS. Protein samples were separated 6 3RS-PAGE protein gels and
fluorescently labeled proteins were detected by in-gel fluorescence scanning using the
Typhoon FLA9000 with the following settings: 532 nm laser, BPGL1 filter and 1000 PTM

sensitivity.
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669 Figurelegends

670 Figurel. Maps of constructs used in this study.

671 pNOS promoter of Nopaline Synthase gepétUbqgl0, Arabidopsis Ubiqutinl0 promoter;
672 p35S CaMV35S promoterT-nos, terminator of Nopaline Synthase gene, Katanamycin
673 resistance; Cfiy Chloramphenicol resistancettR1-attR2, recombination sites for LR
674 reaction;ccdB, negative bacterial selection marker.

675

676 Figure 2. Caryophyllene emission from Nicotiana benthamiana leaves.

677 (A) GC-MS chromatograms showing the caryophyllene emitted fiambenthamiana
678 transiently expressingpBin+DsRed-RNAi  (P+Di), MtVAMP721e-RNAi+DsRed-RNAI
679 (Vi+Di), CST+DsRed-RNAi (C+Di) andCST+MtVAMP721e-RNAi (C+Vi). *: caryophyllene.
680 (B) Mass spectrum of caryophyllene emitted\bypenthamiana.

681 (C) Mass spectrum of caryophyllene standard.

682 (D) Peak area of caryophyllene produced by leavedl.obenthamiana, as detected by
683 headspace GC-MS analysis. Each bar represents the mean of three biological replicates + SE.
684  Statistically significant different between contré+Di) and treatmentsV{+Di, C+Di and
685 C+Vi) are indicated by an asterisk (Studeisst; ** p < 0.01; *** p < 0.001).

686

687 Figure 3. Overview of transcriptional responserelative to the pBin+DsRed-RNAi (P+Di)
688 treatment.

689 (A) Total (black) and treatment specific (gray) gene response relatiRelin

690 Treatment specific response = total response minus overlap with either of the other treatments.
691 (B) Venn diagrams showing common genes significantly up- and down-regulatdd in
692 benthamiana leaves transiently expressing+Di, C+Di or C+Vi compared to leaves
693 infiltrated with P+Di.

694 (cut-off logpFoldChange1 and false discovery rai®.05)

695 V+Di, MtVAMP721e-RNAi+ DsRed-RNA;; C+Di, CST+DsRed-RNAi; C+Vi,
696 CST+MtVAMP721e-RNAI.

697
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Figure 4. Total number of CST reads in leaves agroinfiltrated with pBin+DsRed-RNAI,
MtVAMP721e-RNAi+DsRed-RNAI, CST+DsRed-RNAi and CST+MtVAMP721e-RNA..

All RNAseq data were based on three independent replicates. Error bars indicate standard
deviation. Statistically significant different between contr@Bi(+DsRed-RNAiI) and
treatments NIitVAMP721e-RNAi+ DsRed-RNAI, CST+DsRed-RNAI and CST+ MtVAMP721e-

RNAI) are indicated by an asterisk (Studettest; *** p < 0.001).

Figure 5. Proteasome genesin leaves agroinfiltrated with CST+MtVAMP721e-RNAI that

wer e differentially expressed were mapped in KEEG pathway.

The green and red boxes indicate up or downregulation a gene or a group of genes that is
mapped to that category. Whereas, boxes with half green and half red boxes indicate the
presence of genes that showed down or upregulation and mapped to the category of gene in

the map.

Figure 6. Caryophyllene emission and DsRed stabilization in CST+MtVAMP721e-RNAI
agroinfiltrated leaves.

(A) Caryophyllene emission in leaves agroinfiltrated witBST+EV-RNAI and
CST+MtVAMP721e-RNAI.

(B) Coloration of leaves seven days post agroinfiltration w@BT+EV-RNAI and
CST+MtVAMP721e-RNAI.

(C) Quantification of relative Red and relative Green signal intensities in (B).

Each bar represents the mean of three biological replicates + SE. Statistically significant
different betweerCST+EV-RNAiI and CST+ MtVAMP721e-RNAI are indicated by an asterisk
(Student’'st-test; ** p< 0.01; *** p < 0.001).

Figure 7. Protein ubiquination levelsin agroinfiltrated leaves.

Quantification of ubiquinated protein levels in extracts frdin benthamiana leaves
transiently expressingBin+DsRed-RNAi, MtVAMP721e-RNAi+DsRed-RNAi, CST+DsRed-

RNAiI and CST+MtVAMP721e-RNAi. Each bar represents the mean of three biological
replicates plus Standard Error. Statistically significant different between control
(pBin+DsRed-RNAI) and treatmentaMtVAMP721e-RNAi+DsRed-RNAi, CST+DsRed-RNAI

and CST+ MtVAMP721e-RNAI) are indicated by an asterisk (Studemtiest; *** p < 0.001).

For original blot see Figure S5.



732  Figure 8. Proteasome activity assays.

733 (A) Proteasome activity is not inhibited by caryophyllene: Fluorescence of proteasome
734 associated protease activity by MVBO003 fluorescent labelid) lrenthamiana leaf extracts

735 with increasing amount of caryophyllene (0-100 uM).

736 Bottom: CBB staining of the gel showing sample loading.

737 (B) Proteasome activity is not lower @+ Vi agroinfiltrated leaves: Protein was isolated from
738 N. benthamiana leaves agroinfiltrated withpBin+DsRed-RNAi (P+Di), MtVAMP721e-

739 RNAi+DsRed-RNAi (Vi+Di), CST+DsRed-RNAi (C+Di) and CST+ MtVAMP721e-RNAI

740 (C+Vi) and proteasome related protease activity was visualized using the MVBO003
741 fluorescent labeling, with (+) or without (-)2100 uM caryophyllene.

742 Bottom: CBB staining of the gel showing sample loading.

743

744  Figure 9. Linalool emission and DsRed protein stability in FaNES+MtVAMP721e-RNAI

745 agroinfiltrated leaves.

746 (A) Linalool emission in leaves agroinfiltrated withFaNES+EV-RNAI and

747 FaNES+MtVAMP721e-RNAI.

748 (B) Coloration of leaves seven days post agroinfiltration WHHNES+EV-RNAI and

749 FaNEStMtVAMP721e-RNAI.

750 (C) Quantification of relative Red and relative Green signal intensities in (B).

751 Each bar represents the mean of three biological replicates + SE. Statistically significant
752 different betweerFaNES+EV-RNAI and FaNES+MtVAMP721e-RNAI are indicated by an

753 asterisk (Student'stest; *p < 0.05; *** p < 0.001).
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