
R E S E A R CH A R T I C L E

Arabidopsis apoplast TET8 positively correlates to leaf
senescence, and tet3tet8 double mutants are delayed in leaf
senescence

Jayde A. Zimmerman1 | Benjamin Verboonen2 | Andrew P. Harrison Hanson3 |

Luis R. Arballo4 | Judy A. Brusslan5

1Southern California Coastal Water Research

Project, Costa Mesa, California, USA

2University of California, Riverside, Riverside,

California, USA

3Burrell College of Osteopathic Medicine,

Melbourne, Florida, USA

4California State University, Long Beach, Long

Beach, California, USA

5Department of Biological Sciences, California

State University, Long Beach, Long Beach,

California, USA

Correspondence

Judy A. Brusslan, Department of Biological

Sciences, California State University, Long

Beach, Long Beach, California, USA.

Email: judy.brusslan@csulb.edu

Funding information

Andrew P. Harrison Hanson was funded by

the NIH (NIGMS) RISE program

R25GM071638. Luis R Arballo was funded by

the CSU-LSAMP (NSF-California State

University) Program (HRD-1302873). Judy A

Brusslan was funded by numerous Small

Faculty Grants from California State University

Long Beach.

Abstract

Extracellular vesicles (EVs) are membrane-bound exosomes secreted into the apo-

plast. Two distinct populations of EVs have been described in Arabidopsis:

PEN1-associated and TET8-associated. We previously noted early leaf senescence in

the pen1 single and pen1pen3 double mutant. Both PEN1 and PEN3 are abundant in

EV proteomes suggesting that EVs might regulate leaf senescence in soil-grown

plants. We observed that TET8 is more abundant in the apoplast of early senescing

pen1 and pen1pen3 mutant rosettes and in older wild-type (WT) rosettes. The

increase in apoplast TET8 in the pen1 mutant did not correspond to increased TET8

mRNA levels. In addition, apoplast TET8 was more abundant in the early leaf senes-

cence myb59 mutant, meaning the increase in apoplast TET8 protein during leaf

senescence is not dependent on pen1 or pen3. Genetic analysis showed a significant

delay in leaf senescence in tet3tet8 double mutants after 6 weeks of growth suggest-

ing that these two tetraspanin paralogs operate additively and are positive regulators

of leaf senescence. This is opposite of the effect of pen1 and pen1pen3 mutants that

show early senescence and suggest PEN1 to be a negative regulator of leaf senes-

cence. Our work provides initial support that apoplast-localized TET8 in combination

with TET3 positively regulates age-related leaf senescence in soil-grown Arabidopsis

plants.

1 | INTRODUCTION

Extracellular vesicles (EVs) are secreted vesicles surrounded by one or

more lipid bilayers produced by bacteria, archaea, fungi, animals, and

plants (Bose et al., 2020; Chaya et al., 2024; Dai et al., 2020;

Liebana-Jordan et al., 2021). Heterogenous EVs are broadly divided

into three categories based on size and biogenesis. Exosomes range

from 50 to 150 nm and form as intraluminal vesicles in multivesicular

bodies (MVBs), ectosomes (50–1000 nm) pinch off from the plasma

membrane, and apoptotic bodies (50–5000 nm) form during

plasma membrane blebbing. Exosomes play many roles in intercellular

signaling within the mammalian tumor microenvironment and in

young and aging cells (Lananna & Imai, 2021).

Plant EVs were first noted in barley epidermal cells inoculated

with biotrophic fungi. Outward budding paramural bodies were

observed by transmission electron microscopy. The paramural bodies
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localized to the site of cell wall appositions that slowed fungal pene-

tration and stained for H2O2 and the PRX7 vacuolar peroxidase, sug-

gesting a role in reactive oxygen species (ROS)-related cell wall

defense (An, Ehlers, et al., 2006; An, Huckelhoven, et al., 2006).

Plant EVs were later purified from apoplast fluid by differential

centrifugation (Cai et al., 2018; Regente et al., 2009; Rutter &

Innes, 2017). The two most studied plant EVs are described as

PEN1-associated and TET8-associated. Both PEN1 and TET8 are

plasma membrane proteins. PEN1, also known as SYP121, is a syn-

taxin while TET8 is a member of the tetraspanin family, a protein com-

ponent shared with animal exosomes. Tetraspanins CD63, CD81, and

CD9 are abundant in purified mammalian exosomes (Jeppesen

et al., 2019). Both PEN1 and TET8 are found in plant EVs.

PEN1-associated EVs are enriched after a 40,000 �g centrifugation

and estimated to be 150 nm in diameter (Rutter & Innes, 2017).

TET8-associated EVs show enrichment after 100,000 �g centrifuga-

tion (He et al., 2021). Arabidopsis expressing mCherry-PEN1 and

TET8-GFP show two non-overlapping EV populations, but differential

centrifugation does not entirely separate these two classes of EVs (He

et al., 2021). In addition, the two EV populations may have distinct

biogenesis pathways as revealed by partial overlap of TET8-YFP with

the MVB marker ARA6-CFP, but no overlap between ARA6-YFP and

CFP-PEN1 (Cai et al., 2018; He et al., 2021). However, the

PEN1-enriched EV proteome does share components with the ARA6

subcellular proteome (Heard et al., 2015).

The first EV proteome was determined from iodixanol density-

gradient purified vesicles (Rutter et al., 2017). Proteins related to

defense, ROS, membrane trafficking, vesicle transport, and ion trans-

port were identified. A second EV proteome also harbored defense

and stress response proteins (He et al., 2021). PEN1 and TET8 were

detected in the two proteomes, and in both cases, PEN1 was more

abundant. Both proteomes had high peptide counts for PEN3, an ABC

transporter protein with specificity for defense-related indole-

metabolites such as camalexin (He et al., 2019; Lu et al., 2015). The

sorghum EV proteome shares many Arabidopsis EV proteins suggest-

ing EV conservation between monocots and dicots (Chaya

et al., 2024).

mRNAs reside inside EVs, and two of these, SAG21 and APS1, are

transferred to biotrophic fungal cells, where they are translated and

contribute to reduced fungal infectivity (Wang et al., 2024). Other EV-

resident RNAs are tiny RNAs (10–17 nucleotides) from coding

sequences, transposable elements, and intergenic regions. The tiny

RNAs are mostly derived from the middle of cellular RNAs and likely

represent degradation products that remain after 50 and 30 exonucle-

ase digestion (Baldrich et al., 2019). Trypsin and RNase A digestion

were performed to remove protein-bound RNA co-purifying with EVs.

After this treatment, only seven miRNAs were shown to be EV resi-

dent with six of these being passenger strands. The function of the

EV-resident tiny RNAs and miRNAs has not been determined (Zand

Karimi et al., 2022).

Additional genetic analysis suggests that EVs play a role in

defense. PEN1 enhances defense against fungal haustorium penetra-

tion (Collins et al., 2003) and is thought to facilitate vesicle formation

for cell wall reinforcement. tet8tet9 double mutants are more suscep-

tible to Botrytis cinerea infection, displaying larger lesions than WT

(Cai et al., 2018). In contrast, tet8 mutants are less responsive to the

defense hormone salicylic acid (SA) showing reduced ROS production

and cell death (Liu et al., 2020). tet8 mutants retain �40% of EVs; this

partial reduction in EVs could be explained by PEN1-associated EVs

or EVs with other tetraspanins. TET9 is the closest paralog of TET8,

but it is expressed at low levels under the standard growth conditions

used in the Liu et al. (2020) study. TET3 is in a sister clade to TET8 and

is highly expressed (Figure S1). TET3 expression is abscisic acid (ABA),

drought and cold-responsive (Wang et al., 2015), and TET3 may be

able to form EVs in tet8 mutants.

We have previously reported that the pen1pen3 double mutant

displays early SA-dependent leaf senescence (Crane et al., 2019). Leaf

senescence is the gradual dismantling of older leaves that maximizes

nutrient export prior to leaf death. Both PEN1 and PEN3 are abun-

dant EV proteins suggesting that EVs may play a role in leaf senes-

cence. In addition, SA has been shown to increase PEN1-associated

EVs (He et al., 2021; Rutter & Innes, 2017), and age-induced leaf

senescence is regulated by SA (Buchanan-Wollaston et al., 2005). To

provide evidence supporting a role for EVs in leaf senescence, we

have quantified TET8 in apoplast fluid as an approximation of

TET8-associated EVs. We note that TET8 signal is increased in the

early senescent pen1 and pen1pen3 and in older WT rosettes. Apo-

plast TET8 is dramatically increased in older rosettes of pen1 mutants,

but not in younger rosettes, suggesting that apoplast TET8 is not

compensating for loss of PEN1 but is associated with leaf senescence.

Additionally, apoplast TET8 is increased in the early-senescent myb59

mutant (He et al., 2023). Beyond correlation, tet3tet8 double mutants

show a significant delay in leaf senescence, and the early leaf senes-

cence displayed by pen1 mutants is reversed in pen1tet3 and pen1-

tet8. Our apoplast TET8 and genetic data point to opposing roles for

PEN1 and two tetraspanins (TET3 and TET8) in leaf senescence.

2 | RESULTS

2.1 | Apoplast TET8 increases in early senescing
pen1 and pen1pen3

We have previously reported accelerated SA-dependent leaf senes-

cence in pen1pen3 mutants. PEN1 and PEN3 are abundant EV pro-

teins suggesting that EVs may play a role in the regulation of leaf

senescence. To elucidate the relationship between leaf senescence

and EVs, we measured the amount of apoplast TET8 and quantified

leaf senescence in WT, pen1, pen3, pen1pen3, and tet8 mutants after

8 weeks of growth (Boavida et al., 2013; Collins et al., 2003; Stein

et al., 2006). tet8 served as a negative control for the TET8 antibody,

and a 10-fold reduced signal was observed (Figure 1b), most likely due

to other TET homologs (Figure S1). A significantly brighter apoplast

TET8 signal was observed in the pen1 and pen1pen3 mutants com-

pared to the wild-type and the pen3 mutant (Figures 1a,b, S2). TET8

was enriched in apoplast fluid, and not consistently detectable in
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whole leaf extracts (Figure S3). The elevated apoplast TET8 (�10-fold)

in pen1 and pen1pen3 was associated with accelerated leaf senes-

cence. This was indicated by the significant increase in expression of

the leaf senescence marker transcript NIT2 (Figure 1c; Brusslan

et al., 2012; Brusslan et al., 2015) and accompanied by significantly

reduced chlorophyll (Figure 1d). Gene expression was determined

from RNA isolated from Leaves 4 and 5 while chlorophyll was isolated

from the older Leaf 3. Rosette leaves are numbered according to

emergence from the meristem with Leaf 1 emerging first (Figure S4).

Specific rosette leaves allowed comparison between leaves of similar

age, and since chlorophyll loss occurs after increases in NIT2 gene

expression, the slightly older leaves were used for chlorophyll mea-

surements. Taken together, our results suggest that pen1 and pen1-

pen3 mutants have elevated levels of apoplast TET8 correlating to

accelerated leaf senescence.

2.2 | Apoplast TET8 increases with plant age

To support the correlation between early leaf senescence and apo-

plast TET8, we next determined if the progression of leaf senescence

in WT was associated with an increase in apoplast TET8. We collected

apoplast fluid from WT rosettes at different ages and isolated RNA

and chlorophyll from the same plants (Figures 2, S5). Older rosettes

(8 weeks) presented a significant increase in apoplast TET8 (�3-fold)

compared to 5-week-old plants (Figure 2a,b). The rosettes were

undergoing leaf senescence shown by increased NIT2 expression

(Figure 2c) and a reduction in chlorophyll (Figure 2d). Older rosette

leaves were used for chlorophyll (Leaf 3) and NIT2 gene expression

(Leaves 4 and 5) while whole rosettes were used to provide sufficient

starting material for apoplast extraction, which may explain why sig-

nificant changes in leaf senescence markers (6 weeks) occurred earlier

than increased apoplast TET8 (8 weeks). These results show that apo-

plast TET8 increases during the progression of age-related leaf

senescence.

2.3 | Apoplast TET8 is increased in pen1 mutants
only during leaf senescence

Leaves contain both PEN1-associated and TET8-associated EVs, and

loss of PEN1 in the pen1 mutant could be compensated by an increase

F I GU R E 1 Apoplast TET8 increases in early leaf senescence mutants pen1 and pen1pen3. (a) TET8 was detected in leaf extract (LE) from
wild-type (WT) and apoplast fluid from WT, pen1, pen3, pen1pen3, and tet8 using an immunoblot normalized to Coomassie-stained RbcL. TET8
antibody verification on uncropped immunoblots shown in Figure S3. (b) Normalized TET8 chemiluminescent signals from three independent
experimental replicates are shown. (c) From the same 8-week-old tissue, Leaves 4 and 5 were harvested for RNA extraction and NIT2 gene
expression, normalized to ACT2, was quantified. (d) Leaf 3 was harvested, and total chlorophyll was measured and normalized to fresh weight. A
stronger TET8 signal in the apoplast is accompanied by higher NIT2 expression and lower chlorophyll levels showing a positive correlation
between apoplast TET8 and leaf senescence. tet8 (SALK_136039) served as a negative control for the antibody. Additional experimental

replicates are shown in Figure S2. p-values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001 (****). ns, not significant.
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in TET8-associated EVs, independent of leaf senescence. To explore

this possibility, apoplast was isolated from �4 g of 4-week (non-

senescent) and 8-week-old (senescent) WT and pen1 rosettes. Apo-

plast TET8 is minimally and equally abundant in WT and pen1 at

4 weeks, but significantly more abundant (�2-fold) in pen1 at 8 weeks

(Figure 3a–c, each sample is an independent experimental replicate).

The increase in apoplast TET8 is not accompanied by an increase in

TET8 gene expression (Figure 3d) demonstrating that TET8 mRNA

levels do not directly reflect apoplast TET8 abundance. These findings

show that apoplast TET8 does increase in pen1 during leaf senes-

cence, but not before, and that this change does not occur at the level

of gene expression. As pen1 displays earlier leaf senescence, these

findings also support the positive relationship between apoplast TET8

and leaf senescence.

F I G U R E 2 An increase in
apoplast TET8 was observed in
older wild-type (WT) rosettes.
(a) Apoplast TET8 was detected
from rosettes harvested at 5 to
8 weeks using an immunoblot
normalized to Coomassie-stained
RbcL. (b) Normalized TET8
chemiluminescent signals from
three independent experimental
replicates are shown. (c) NIT2
gene expression (Leaves 4 and 5)
and (d) chlorophyll (Leaf 3) are
shown from plants grown
alongside those used for apoplast
extraction. Additional
experimental replicates are shown
in Figure S3. p-values were
reported as <.05 (*), <.01 (**),
<.001 (***) and <.0001 (****). ns,
not significant.

F I GU R E 3 Apoplast TET8 is more abundant in pen1 mutants during leaf senescence but not in younger rosettes. (a) Apoplast was extracted
from wild-type (WT) and pen1 rosettes after 4 weeks (a) or 8 weeks (b) and subject to immunoblot analysis and normalization with Coomassie-
stained RbcL. Three experimental replicates at each age are shown in the immunoblot. (c) Normalized TET8 chemiluminescent signal from the
three replicates is shown, and the significant difference after 8 weeks of growth between WT and pen1 is evident. (d) TET8 gene expression,
normalized to ACT2, was measured by real-time quantitative polymerase chain reaction (RT-qPCR) in Leaves 4 and 5 from 8-week-old plants.
TET8 mRNA levels were unchanged in WT, tet3 (SAIL_617_C05), and pen1, but partial transcripts were reduced 1000-fold (2^-10) in tet8. p-
values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001 (****). ns, not significant.
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2.4 | Apoplast TET8 is increased in the early
senescing myb59 mutant

We were concerned that early senescence in pen1 and pen1pen3 might

complicate our experiments since PEN1 and PEN3 are EV-resident pro-

teins. Hence, we measured apoplast TET8 in an early leaf senescence

mutant that was not in a gene encoding an EV component. We

obtained the myb59 allele (GABI-KAT_627C09, He et al., 2023) and

observed accelerated leaf senescence when plants were transferred to

higher light intensity for the last 3 weeks of the 6-week growth period

(Figure 4a). Chlorophyll was significantly decreased, and NIT2 gene

expression was significantly increased in myb59. Early leaf senescence

was not observed when myb59 remained in lower light intensity. Apo-

plast fluid was similarly extracted from WT and myb59 (both grown

together under the same light conditions), and Figure 4b,c shows that

apoplast TET8 was increased �6-fold in the early senescing myb59 in

three separate experiments. This supports a positive correlation

between leaf senescence and apoplast TET8 accumulation that is not

related to perturbation of pen1/pen3.

2.5 | Genetic analysis indicates opposing roles for
PEN1 and tetraspanins TET3 and TET8 in leaf
senescence

Since EVs are identified as PEN1-associated and TET8-associated, we

generated a pen1tet8 mutant to reduce EV production. We noted that

TET3 is reported to be induced by leaf senescence and its expression

level is similar to TET8 (Figures S1, 3d and S6). Although TET3 is not

observed in any EV proteome, its abundance and similarity to TET8

suggest that it may have related functions. For this reason, we also

produced pen1tet3 and tet3tet8 double mutants. The tet3 T-DNA

mutant allele was shown to be a strong knockdown (Figure S6). Plants

were grown for 6 weeks, and chlorophyll and NIT2 gene expression

were used to quantify leaf senescence (Figure 5). Six weeks was cho-

sen to reduce variability encountered for longer growth times and still

induce leaf senescence (Figure 2c,d). Unexpectedly, we noted that the

early leaf senescence observed in pen1 (Figure 1c,d) was reversed by

tet3 or tet8 mutations in double mutants. In addition, the tet3tet8

double mutant showed a marked delay in leaf senescence. These find-

ings suggest that PEN1 and the two tetraspanins play opposite roles

in leaf senescence with TET3 and TET8 promoting leaf senescence

(the tet3tet8 double mutant delays leaf senescence) and PEN1 slow-

ing leaf senescence (the pen1 mutant accelerates leaf senescence).

An alternative method that induces rapid leaf yellowing is dark-

induced leaf senescence (DILS). Leaves are detached from the plant

and incubated on filter paper in the dark, and chlorophyll levels are

measured after 3 or 5 days of dark treatment. Unable to perform pho-

tosynthesis, leaves rapidly degrade chlorophyll and other macromole-

cules in response to starvation. The molecular pathway of DILS differs

from leaf senescence in soil-grown plants (Guo & Gan, 2012;

Liebsch & Keech, 2016; van der Graaff et al., 2006). We were inter-

ested in whether the double mutants would show changes in DILS

and performed experiments on Leaves 1 and 2 of 3-week-old plants.

F I GU R E 4 The myb59 mutant displays early leaf senescence and has higher apoplast TET8. (a) wild type (WT) and myb59 were grown under
long day conditions (20 h light:4 h dark) for 3 weeks at 40 μmol photons/m2/s and then transferred to 160 μmol photons/m2/s for three
additional weeks. Reduced chlorophyll in the myb59 line (GABI-KAT 627C09: T-DNA insertion in exon 3 of AT5G59780) is visible when
compared to WT. (b) WT and myb59 apoplast from rosette leaves was subject to TET8 immunoblot analysis. (c) Normalized TET8
chemiluminescent signal from the three independent replicates is shown, and the significant difference between WT and myb59 is evident. p-
values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001 (****).
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The double mutants behaved similarly to WT during DILS (Figure 6),

showing that the opposing roles for TET3/TET8 and PEN1 are specific

to age-related leaf senescence.

3 | DISCUSSION

We have presented data that positively correlate apoplast TET8 and

age-related leaf senescence. Apoplast TET8 is highly abundant in early

senescing pen1 and pen1pen3 mutants (Figure 1), and more abundant

in WT as rosettes become older (Figure 2). High levels of TET8 are

not observed in pre-senescent pen1 indicating that increased apoplast

TET8 is not constitutively compensating for the loss of PEN1

(Figure 3), rather its high abundance coincides with leaf senescence.

Further support for the correlation between apoplast TET8 and leaf

senescence is the higher level in the early senescing myb59 mutant

(Figure 4). As SA has been shown to promote age-dependent leaf

senescence and to increase EVs, these correlative data are not unex-

pected. Our mutant analysis provides genetic evidence supporting a

causal relationship (Figure 5). We found that tet8, in combination with

tet3, displayed a strong delayed senescence phenotype in soil-grown

plants undergoing age-related senescence, but no change in DILS

(Figure 6). This contrasts with pen1 (and pen1pen3), which show early

senescence. The genetic data support TET3 and TET8 promoting leaf

senescence while PEN1 and PEN3 prevent leaf senescence. TET8 was

previously found to be necessary for a full ROS and cell death

response to SA (Liu et al., 2020), consistent with our results. Our

model for these proposed roles is illustrated in Figure 7.

This work measured TET8 by immunoblot in partially purified

apoplast fluid that had large vesicles and broken cells removed by a

10,000 �g spin. The apoplast was enriched for TET8 when compared

to whole leaf extract. The TET8 signal likely arose from EVs, although

plasma membrane fragments that formed into vesicles cannot be

ruled out. Purifying EVs is challenging, and the current published Ara-

bidopsis EV proteomes share unexpected proteins such as phototro-

pin1 and phototropin2 (flavin-binding blue light photoreceptors,

Christie, 2007) that could be EV resident or from plasma membrane

micelles. Current published EV proteomes also contain contaminating

chloroplast proteins (He et al., 2021; Rutter & Innes, 2017), including

the notoriously abundant Rubisco large subunit. This protein was

most distinct in Coomassie-stained apoplast sodium dodecyl-sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and, although not the

ideal candidate, was used by us and others (He et al., 2021) to com-

pare protein amounts in apoplast samples.

When apoplast proteomes from non-senescent and senescent

Arabidopsis leaves were compared, proteins related to stress-

F I GU R E 5 Chlorophyll and NIT2 expression quantified after 6 weeks of growth in wild-type (WT) and double mutants. (a–c) Three
independent experimental replicates showing chlorophyll levels from Leaf 3 (n = 6–10). (d–f) NIT2 expression in Leaves 4 and 5 (n = 6).
Mutations in tet3 and tet8 reversed the early leaf senescence observed in pen1 while tet3tet8 double mutants displayed a significant delay in leaf
senescence. p-values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001 (****). ns, not significant.
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response were found to be enriched in the senescent apoplast

(Borniego et al., 2020). Antifungal proteins, peroxidases, and enzymes

for the catalysis of RNA were more abundant in the senescent apo-

plast. A few proteins that were more abundant in non-senescent

leaves were shared with the EV proteome, but neither tetraspanins

nor syntaxins were identified in the non-senescent or senescent apo-

plast proteomes. Differences in apoplast isolation (vesicle isolation

buffer [VIB] vs. deionized water and differences in centrifugation

steps) may account for this discrepancy.

3.1 | How might tetraspanins regulate leaf
senescence?

Tetraspanins are plasma membrane and endoplasmic reticulum-

localized proteins that form tetraspanin-enriched microdomains:

dynamic hetero oligomeric protein platforms that regulate cell signal-

ing, vesicle formation, and adhesion (Jimenez-Jimenez et al., 2019;

Konstantinova et al., 2024; Qin et al., 2024; Reimann et al., 2017).

There are 21 tetraspanins encoded by the Arabidopsis genome

(Figure S1). A plant-specific domain has been noted in the large extra-

cellular loop in TET1-TET13 (GCCK/RP) while TET14–17 and

TOM2A-TOM2AH3 have GCC, VCC or YCC in this same position

(Boavida et al., 2013; Fujisaki et al., 2008). TET18/TOM2AH2 was

identified in one Arabidopsis EV proteome (Rutter & Innes, 2017).

Since tetraspanins form heterodimers, the presence of multiple tetra-

spanins in EVs would be expected. Tetraspanins show variable expres-

sion in different plant tissues and in response to different stresses

(Boavida et al., 2013; Qin et al., 2024; Wang et al., 2015). Genetic

studies reveal roles for some tetraspanins. TET1 is important for cor-

rect auxin distribution, and tet1 (trn2) mutants have abnormal cell divi-

sions in the peripheral zone of the shoot apical meristem, disrupted

cotyledon venation, severe effects on leaf development, and reduced

numbers of vascular cell files in roots (Chiu et al., 2007; Cnops

et al., 2006; Konstantinova et al., 2024). tet5tet6 double mutants had

larger leaves with greater numbers of cells suggesting redundant roles

in attenuating cell division (Wang et al., 2015), while tet3 mutants

show reduced viral cell-to-cell movement via plasmodesmata (Zhu

et al., 2022). Mutations in all four TOM2A-related tetraspanins show

a severe growth defect (Fujisaki et al., 2008). Rice tetraspanin mutants

show reduced height, reduced secondary branching of panicles, and

lower grain yield (Qin et al., 2024). The numerous developmental

and physiological roles ascribed to tetraspanins do not provide

F I GU R E 7 Proposed model for extracellular vesicle
(EV) regulation of leaf senescence. TET8 and TET3 EVs localized in
the apoplast promote leaf senescence in soil-grown plants, and
tet3tet8 double mutants show a delay in leaf senescence.
PEN1-associated EVs slow leaf senescence, and pen1 and pen1pen3
mutants show accelerated leaf senescence. We note that we
observed TET8 in partially purified apoplast and speculate it is present
in EVs.

F I GU R E 6 Dark-induced leaf senescence in double mutants. (a–c) Chlorophyll levels in three independent experiments using detached leaves
treated in the dark for 0, 3, and 5 days (n = 7). There were no significant differences in chlorophyll levels at each day of dark treatment among
genotypes. p-values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001 (****). ns, not significant.
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information on mechanisms that could help define a role in regulating

leaf senescence. Studies that identify TET8 and TET3 binding part-

ners, and whether these two tetraspanins interact, may define a func-

tional tetraspanin-enriched microdomain.

The EV lipidome is enriched in glycosyl inositol phosphocera-

mides (GIPCs), and TET8 binds GIPCs via its C-terminal domain (Liu

et al., 2020, 2023). TET8 is proposed to facilitate EV formation by

bringing GIPC-containing vesicles from the Golgi to MVBs and then

to the plasma membrane for egress. Treating the tet8 mutant with

GIPCs partially restored the ROS burst in response to flg22, an elicitor

of pathogen associated molecular pattern (PAMP)-triggered immunity

(PTI). Further work can explore the role of GIPCs in promoting leaf

senescence, which is linked to ROS production, in the tet3tet8 double

mutant.

3.2 | How might PEN1 regulate leaf senescence?

PEN1 (SYP121) is a plasma membrane syntaxin or Qa-SNARE (soluble

N-ethylmaleimide-sensitive factor attachment receptor). SNAREs

mediate membrane fusion by forming trans-SNARE complexes

(Fujiwara et al., 2014). Proteins secreted by PEN1 act in lipid metabo-

lism, protein folding, and cell wall modification (Waghmare

et al., 2018). PEN1 localizes to detergent-resistant microdomains (Qi

et al., 2011), and it interacts with annexin 4, SYP71, and a

hypersensitive-induced reaction protein (HIR2, AT3G01290, Fujiwara

et al., 2014). PEN1 is needed for the timely formation of the pre-

invasive papillae that defend against haustorium-forming powdery

mildew and rust fungi. H2O2-containing vesicles produced in the

vicinity of pre-invasive papillae are not observed in pen1 mutants,

(Collins et al., 2003) and pen1 mutants show greater susceptibility to

initial fungal penetration. A more complete pre-invasive papillae and

post-invasive encasement defense is mounted in combination with

SYP122, a closely related paralog. Together, these two syntaxins

mediate defense against a wider range of fungi and an oomycete

(Rubiato et al., 2022). The pen1syp122 double mutant also shows a

strong auto-immune response that is reversed by mutation in FMO1,

which blocks the synthesis of N-hydroxypipecolic acid, the mobile SA

signal (Zhang et al., 2007, 2008). It is likely that early senescence in

pen1 and pen1pen3 is related to autoimmunity since it was reversed

with a sid2 mutation, which reduces SA biosynthesis (Crane

et al., 2019). The pen1syp122 auto-immune response begins about

2 weeks after germination while the response in pen1pen3 is weaker

and commences later, after 6 weeks of growth (Crane et al., 2019;

Rubiato et al., 2022). These observations support PEN1 negatively

regulating leaf senescence. PEN1’s prevention of leaf senescence may

be more related to its auto-immunity functions, potentially through its

binding to HIR2, and less related to its roles in promoting pre-invasive

papillae and post-invasive encasements.

Overall, we report that apoplast TET8 positively correlates to leaf

senescence and that tet3tet8 double mutants significantly delay

leaf senescence. Genetic analysis suggests that PEN1 slows leaf

senescence, potentially related to its roles in autoimmunity.

4 | MATERIALS AND METHODS

4.1 | Plant growth conditions

Arabidopsis thaliana seeds were sowed in Sunshine Mix #4 soil, Sun

Gro Horticulture, Agawam, MA and cold stratified at 4�C for 5 days

before being grown under long-day growing conditions (20 h of light

at 40 μmol photons/m2/s, 24�C). Rosettes were supplemented every

week with 10 mL of GRO POWER 4-8-2 (Gro-Power, Chino, CA) per

3.78 L of water and received an application of the larvicide, Gnatrol®

(0.3 g per 400 mL), on the soil surface to prevent fungus gnats at the

time of seed sowing.

4.2 | Mutants

Mutant lines used in this study are listed in Table S1. Seeds were

obtained from the Arabidopsis Biological Resource Center (ABRC,

Ohio State University). All plants used in these experiments were in

the Col-0 ecotype. Prior to experimentation, mutations or insertions

were verified by using primers designed by the iSect tool at SALK

T-DNA express (http://signal.salk.edu/tdnaprimers.2.html). Flanking

sequences were amplified using a T-DNA border primer and

sequenced to identify the insertion site. Point mutants were identified

through sequencing after amplification of the desired region. Primers

are listed in Table S1.

4.3 | DNA isolation

DNA was isolated using Plant DNAzol™ (ThermFisher, Inc.) according

to manufacturer’s instructions. Taq polymerase (New England Biolabs,

Inc.) was used for standard PCR reactions in a Bio-Rad T100 thermal

cycler using a 57�C annealing temperature.

4.4 | Apoplast extraction

The protocol was adapted and modified from Rutter and Innes (2017)

and He et al. (2021). Rosettes were harvested by cutting plants at the

hypocotyl at the soil line and removing inflorescences. To provide suf-

ficient starting material, between 5 and 10 g (approximately between

12 and 24 plants) were collected, washed in distilled water to remove

soil and then submerged in 200 mL VIB (20 mM 2-(N-morphlino)etha-

nesulfonic acid [MES] hydrate, 2 mM CaCl2, .1 M NaCl pH 6.0 with

HCl) inside a 250 mL beaker. The submerged rosettes were vacuum

infiltrated at �30 kPa for 30 s. The infiltrated rosettes were blotted

dry and placed in 50 mL conical tubes punctured at the base. A slow-

speed centrifugation (900 �g, 15 min, 4 �C) was used to collect the

raw apoplast (approximately 3 mL). The raw apoplast was centrifuged

(2000 �g, 30 min, 4�C) to pellet large cellular debris. The supernatant

was transferred to autoclaved 1.5 mL microcentrifuge tubes and spun

to pellet larger non-EV vesicles and broken cells (10,000 �g, 30 min,
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4�C). The resulting supernatant was considered partially pure apoplast

that was used for immunoblotting or stored at �20�C.

4.5 | Immunoblotting

The sample preparation for whole leaf extract and SDS-PAGE proto-

col were adapted from Martinez-Garcia et al. (1999) with 9 μL of

whole leaf extract and 1 μL of buffer Z per lane. Fourteen microliters

of apoplast and 4 μL of 4� loading buffer (250 mM Tris–HCl, pH 6.8,

10% SDS, 30% glycerol, 10 mM dithiothreitol (DTT), 0.05% bromo-

phenol blue) were denatured at 95�C prior to electrophoresis. After

electrophoresis, protein was transferred to nitrocellulose using a Bio-

Rad Transblot Turbo Transfer system. Immunoblotting was performed

using the TET8 antibody (PhytoAB PHY1490S, lot# 1941A5) and the

goat anti-rabbit horseradish peroxidase (HRP) secondary antibody

(PhytoAB PHY600, lot #2206A5). HRP was detected with Super Sig-

nal™ West Pico PLUS (ThermoFisher, Inc.). Relative protein present in

each sample was quantified with Coomassie brilliant blue dye using

the most prominent band: RbcL. TET8 signal was normalized based on

relative protein amount. Imaging for HRP detection and Coomassie

staining was performed with a ProteinSimple FluorChem Fluorescent

Western Blot Imaging System.

4.6 | Real-time quantitative polymerase chain
reaction (qPCR)

Leaves 4 and 5 were harvested from an individual plant for each sam-

ple (Figure S4). The number of samples for each condition varied from

6 to 10. Leaves were transferred to a 1.5 mL tube, frozen in liquid

nitrogen, and stored at �80�C. RNA was isolated using Trizol, and

cDNA was synthesized using MuMLV reverse transcriptase (New

England Biolabs, Inc.) primed with random hexamers. ACT2, NIT2, and

TET primers (Table S1) at 70 nM with 1� SYBR Green (qPCRBIO

SyGreen, Blue Mix Lo-ROX, PCR Biosystems) were used to amplify a

1:16 dilution of cDNA in triplicate in a Quantstudio™6 PRO real-time

thermal cycler (ThermoFisher, Inc.) with a 61�C annealing tempera-

ture. NIT2 or TET gene expression normalized to ACT2 was calculated

(40-ΔCt; Garapati et al., 2015; Livak & Schmittgen, 2001).

4.7 | Chlorophyll

Leaf 3 was harvested for each sample (Figure S4). The number of sam-

ples for each condition varied from 6 to 10. Each leaf was weighed,

transferred to a 1.5 mL tube, frozen in liquid nitrogen, and stored at

�80�C.The number of samples varied from 6 to 10. Leaves were sub-

merged in 800 μL dimethylformamide (DMF) upon thawing, and chlo-

rophyll was eluted into the DMF in the dark at room temperature for

16–24 h. Absorbance was measured at 647 and 664 nm, and chloro-

phyll concentrations were calculated using equations described in

Porra et al. (1989) and normalized to leaf weight.

4.8 | DILS

Leaves 3 and 4 were collected from plants after 21 days of growth.

Leaves 3 and 4 emerge from the meristem close to the same time and

are nearly equal in age and size at 21 days. Leaves were flash frozen

(Day 0) or arranged on filter paper (Whatman Hardened Ashless

125 mm) saturated with 1.5 mL of 3 mM MES (pH 5.8) and adhered

to a petri dish. Petri dishes were sealed with parafilm and then placed

in dark canisters in the growth chamber. Dark canisters were removed

after 3 or 5 days, and leaves were flash frozen in 1.5 mL tubes and

stored at �80�C prior to chlorophyll measurements. Samples were

not normalized to weight as the size of the leaves was uniform.

4.9 | Statistical analysis

All statistical analyses were performed in GraphPad Prism. Outliers

were removed using default parameters, and log normality was veri-

fied prior to analyses. In some instances, data were log transformed

prior to statistical analysis. Different experimental conditions were

compared to the control using a one-way ANOVA with Dunnett’s cor-

rection for multiple comparisons. For experiments with two condi-

tions, a t-test was used to determine if the difference was significant.

p-Values were reported as <.05 (*), <.01 (**), <.001 (***) and <.0001

(****). ns = not significant.
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