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Abstract
Protein sorting is an essential biological process in all organisms. Tra�cking membrane proteins
generally relies on the sorting machinery of the Golgi apparatus. However, many proteins have been
found to be delivered to target locations via Golgi-independent pathways, but the mechanisms underlying
this delivery system remain unknown. Here, we report that Sec24C, a component of coat protein complex
II (COPII) vesicles, mediates the direct secretory tra�cking of the phytochelatin transporters ABCC1 and
ABCC2 from the endoplasmic reticulum (ER) to prevacuolar compartments (PVCs). After performing a
genetic screening, we found that Sec24C loss-of-function mutants are hypersensitive to cadmium (Cd)
and arsenic (As) treatments due to mislocalization of ABCC1 and ABCC2, which results in defects in the
vacuole compartmentalization of the toxic metals. Further studies showed that Sec24C recognizes
ABCC1 and ABCC2 through direct interactions to mediate their exit from the ER to PVCs in a Golgi-
independent manner. These �ndings expand our understanding of Golgi-independent tra�cking as well
as COPII vesicles.

Introduction
Vacuoles, which are cellular membrane-bound organelles, are the largest compartments of plant cells,
occupying up to 90% of the volume of cells. In plants, the vacuole is crucial for growth and development
and has a variety of functions, including storage of ions and metabolites, waste recycling, intracellular
environmental stability, and response to injury1. Implementation of these functions relies on transporters
or other membrane proteins localized in the tonoplast.

Tonoplast proteins are synthesized in the endoplasmic reticulum (ER) and delivered to their destination
via multiple routes2–4. A classic route that is highly similar to that in yeast and metazoans involves coat
protein complex II (COPII)-mediated anterograde tra�cking from the ER to the Golgi followed by
traversing of the trans-Golgi network/early endosome (TGN/EE) to prevacuolar compartments
(PVCs)/multivesicular bodies (MVBs) 5–7. However, it has also been reported that some vacuolar proteins
are delivered to the tonoplast, bypassing the Golgi8. Many cargoes and regulators in Golgi-dependent
pathways have been identi�ed2–4. In contrast, little is known about the molecular machinery mediating
the direct ER-to-vacuole pathway.

In eukaryotes, the best-described mechanism of exiting the ER is via COPII-coated vesicles, which
transport both membrane proteins and soluble cargoes to the cis-Golgi9. The COPII complex includes the
small G-protein Sar1, a Sec23-Sec24 heterodimer and a Sec13–Sec31 heterotetramer10–12. Among these
components, Sec24 functions as an adaptor to recognize the cargoes to be delivered. There are three
Sec24 paralogues in Arabidopsis thaliana whose expression patterns are similar, but mutations of each
paralogue result in distinct phenotypes. Mutations in Sec24A lead to lethal or severe protein tra�cking
defects are not complemented by overexpression of Sec24B or Sec24C13, 14. In contrast, only mild defects
in gametogenesis were observed in the sec24b knock-out mutant and the sec24b/sec24c double
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mutant15, while there was no obvious defects observed in the sec24c loss-of-function mutant. These
results suggest that different Sec24 paralogues are functionally diverse in terms of recognizing different
protein cargoes or are even involved in distinct processes.

Compartmentalization is an essential process in plants to deal with toxic heavy metals which is
dependent on a series of tonoplast transporters. Some tonoplast transporters, such as Heavy Metal
ATPase 3 (HMA3)16 and Natural Resistance Associated Macrophage Protein 4 (NRAMP4), are able to
transport Cd2+ into or out of vacuoles17, 18, but the major transporters for vacuolar sequestration of heavy
metals in A. thaliana are tonoplast-localized ATP-binding cassette transporters, namely, ABCC1 and
ABCC2, which transport glutathione-conjugate complexes into plant vacuoles19–21. However, it is still
unclear how the tonoplast localization of ABCC1 and ABCC2 is regulated.

In this study, we isolated a cadmium (Cd)- and arsenic (As)-hypersensitive mutant, cas2, which has a
mutation in Sec24C. Our results show that the loss of function of Sec24C results in retention of ABCC1
and ABCC2 in the ER and thus defects in the vacuolar compartmentalization of heavy metals. Further
studies showed that Sec24C directly binds to ABCC1 and ABCC2 and mediates their movement from the
ER to PVCs through a Golgi-independent tra�cking pathway. These �ndings help to elucidate the
molecular mechanism regulating the Golgi-independent secretory pathway and broaden our conventional
understanding of COPII.

Results
Sec24C does not affect Cd uptake or long-distance transport

A previous study showed that Sec24C is widely expressed in all tissues15. We con�rmed this by
expressing a β-glucuronidase (GUS) reporter driven by the native promoter of Sec24C, which exhibited
signals in all examined tissues, but the signals were strongest in the roots (Extended Data Fig. 2a-e). We
further examined whether Sec24C is inducible by Cd treatment by using quantitative reverse polymerase
chain reaction and GUS reporter lines, and we found that its expression was stable during treatment
(Extended Data Fig. 2f-h), supporting that Sec24C is constitutively expressed protein.

As Sec24C is expressed throughout the plant body, we wondered which tissue drives the Cd-sensitive
phenotype of cas2. We thus performed a reciprocal grafting experiment involving wild-type and cas2
plants. In terms of the primary root length, we found that the grafted plants with a cas2 scion and wild-
type roots were similar to the non-grafted or self-grafted wild-type plants when grown on media
supplemented with 30 μM CdCl2 (Extended Data Fig. 3a, b). However, the grafted plants with a wild-type
scion and cas2 roots were as sensitive to Cd as the non-grafted or self-grafted cas2 plants were
(Extended Data Fig. 3a, b). These data indicate that root expression of Sec24C determines the Cd
sensitivity of roots. However, by using the fresh shoot weight to assess the Cd sensitivity of plants, we
found that the expression of Sec24C in both the shoots and roots contributed to the Cd-sensitive
phenotype, as the shoot weights of the grafted plants either with a cas2 scion and wild-type roots or with
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a wild-type scion and cas2 roots were signi�cantly lower than those of the wild-type controls during
exposure to Cd (Extended Data Fig. 3c). Taken together, these data suggest that the Cd-sensitive
phenotype caused by the mutation in Sec24C is not a simple result of defects in Cd uptake or long-
distance transport.

To further investigate whether the Cd-sensitive phenotype of cas2 was caused by defects in ion uptake or
transport, we examined the Cd contents in roots, shoots, and xylem sap (Extended Data Fig. 3d-f). When
the plants were grown in hydroponic media consisting of 20 μM CdCl2, the root Cd content of cas2 was
similar to that of wild-type Col-0 (Extended Data Fig. 3d), while the shoot Cd content of cas2 was slightly
lower than that of Col-0 (Extended Data Fig. 3e). Moreover, there was no signi�cant difference in xylem
sap Cd content between cas2 and Col-0, either when they were grown on normal soil or soil supplied with
20 μM Cd (Extended Data Fig. 3f). These data indicated that the Cd stress-sensitive phenotype of cas2 is
not a result of excessive Cd uptake or accumulation.

Sec24C is required for vacuolar sequestration of Cd

To examine whether Sec24C confers Cd tolerance by vacuolar sequestration of this non-essential
element, the cellular distribution of Cd was examined in the wild type and the mutant by the use of a Cd
indicator dye. Protoplasts were isolated from wild-type and cas2 mutant plants grown on media in the
presence or absence of 10 μM Cd for 2 weeks, after which they were loaded with a Cd-sensitive
�uorescent probe, LeadmiumTM Green22. In the absence of Cd, protoplasts from the wild-type and mutant
plants showed a negligible LeadmiumTM Green �uorescence signal (Fig. 3a, b). In contrast, strong green
�uorescence was observed in the vacuole of the protoplasts isolated from the wild-type plants grown on
media supplemented with 10 μM Cd (Fig. 3c); however, nearly all protoplast cells isolated from cas2
grown on media containing 10 μM Cd exhibited a strong signal in the cytoplasm but a much weaker
signal in the vacuole (Fig. 3d-f). These results indicate that the amount of Cd sequestered in the vacuole
is markedly reduced in the cas2 mutant.

To con�rm the Cd indicator results, we further analysed the vacuolar Cd content via inductively coupled
plasma mass spectrometry (ICP-MS). After the plants grew for three weeks under normal conditions and
then for four days in a hydroponic solution consisting of 20 μM CdCl2, vacuoles of wild type and cas2
were isolated and their Cd contents were subsequently measured via ICP-MS. As expected, the vacuoles
isolated from the mutant contained much less Cd than did those isolated from wild type (Figs. 1g, 3g).
These results, together with those from the Cd indicator experiment, revealed that Sec24C is required for
Cd compartmentalization in vacuoles.

Sec24C regulates tonoplast targeting of ABCC1 and ABCC2

Heavy metal compartmentalization is mediated by multiple tonoplast transporters; therefore, we
hypothesized that some or all of these transporters require Sec24C for their tonoplast localization. To test
this hypothesis, we examined the subcellular localization of several tonoplast transporters related to
heavy metal compartmentalization by expressing them with a green �uorescent protein (GFP) tag in
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protoplasts and in stable transgenic plants. NRAMP3 and NRAMP4, two transporters involved in
mobilizing the export of divalent cationic metals from vacuoles17, 18, were �rst examined. According to
the GFP signals from the osmotically lysed protoplasts, NRAMP3-GFP or NRAMP4-GFP was observed to
be localized on the tonoplast either in Col-0 or cas2 (Extended Data Fig. 4a, c, g, i). These results were
further con�rmed through observations of root cells of the transgenic Col-0 and cas2 mutant lines stably
and heritably expressing a NRAMP3-GFP or NRAMP4-GFP chimeric protein (Extended Data Fig. 4b, d, h, j).
Like NRAMP3 and NRAMP4, HMA3, which sequesters Cd2+ into vacuoles, was also observed to be
localized on tonoplasts in both Col-0 and cas2 (Extended Data Fig. 4e, f, k, l). These data demonstrate
that tonoplast localization of these three tonoplast transporters does not require Sec24C.

 Though the ion forms of heavy metals such as Cd2+ can be directly transported into vacuoles, the major
heavy metal detoxi�cation strategy in plants involves metals or metalloids being sequestered into
vacuoles in the form of glutathione-conjugate complexes, which is mediated by two ABC transporters,
ABCC1 and ABCC2, in A. thaliana. We then focused on the subcellular localization of these two tonoplast
transporters. As expected, both proteins were clearly localized to the tonoplast in Col-0, as revealed by
their expression with a GFP tag in the protoplasts (Fig. 4a, e) and the stability and heritability of the
transgenic lines (Fig. 4b, f). However, subcellular localizations of ABCC1 and ABCC2 clearly changed in
cas2. Observations of the GFP signals either in root cortical cells or leaf pavement cells revealed that
both ABCC1 and ABCC2 are entirely localized to the ER-like structure in cas2 (Fig. 4d, h). Transient co-
expression of GFP-tagged ABCC1 or ABCC2 with an ER marker in protoplasts isolated from cas2
con�rmed that ABCC1 and ABCC2 indeed accumulate in the ER of the mutant (Fig. 4c, g). These �ndings
suggest that Sec24C plays a crucial role in the movement of ABCC1 and ABCC2 to the vacuolar
membrane. These data indicate that Sec24C is required for the sorting of ABCC1 and ABCC2 during their
existing from the ER.

To further con�rm that Sec24C regulates heavy metal tolerance through ABCC1 and ABCC2, we analysed
the genetic relationships of Sec24C with ABCC1 and ABCC2. We isolated the abcc1/abcc2 double mutant
and generated sec24c/abcc1/abcc2 triple mutant by crossing the double mutant with sec24c-1 and
screening the F2s. Our results revealed no signi�cant difference among the different genotypes when
grown on 1/2-strength Murashige and Skoog (MS) media (Fig. 4i, k). In contrast, when exposed to 30 μM
CdCl2, sec24c-1, abcc1/abcc2 and sec24c/abcc1/abcc2 were more sensitive to Cd than Col-0 was;
however, sec24c-1 was the most sensitive, while the sensitivities of abcc1/abcc2 and
sec24c/abcc1/abcc2 were similar (Fig. 4j, k). These data indicate that Sec24C acts upstream of ABCC1
and ABCC2 and suggest that ER localization of ABCC1 and ABCC2 probably leads to ER stress in sec24c-
1.

Sec24C is able to bind ABCC1 and ABCC2

Sec24 functions as an adaptor to recognize cargoes in the COPII complex23, 24, so we examined whether
Sec24C is able to bind and recognize ABCC1 and ABCC2 in A. thaliana. We �rst performed bimolecular
luciferase complementation (BiLC) experiments between Sec24C and the two ABCC transporters in
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Nicotiana benthamiana leaves (Fig. 5a). We found that both Sec24C/ABCC1 and Sec24C/ABCC2 are able
to restore the luciferase activity of the split LUC protein, indicating that Sec24C interacts with ABCC1 and
ABCC2 individually. To further validate the interactions of ABCC1 and ABCC2 with Sec24C, we carried out
yeast two-hybrid (Y2H) experiments by using a split ubiquitin-based membrane Y2H system (Clontech,
Mountain View, CA, USA). The results showed that the NMY51 strain yeast cells co-transformed with
pPR3-Sec24C together with the pBT3-ABCC1 or pBT3-ABCC2 construct were able to grow on selection
media (Fig. 5c), con�rming that both ABCC1 and ABCC2 are able to physically interact with Sec24C in
vitro.

To demonstrate whether Sec24C also binds ABCC1 and ABCC2 in vivo, we also conducted bimolecular
�uorescence complementation (BiFC) assays in A. thaliana mesophyll protoplasts (Fig. 5b). As expected,
the �uorescence of yellow �uorescent protein (YFP) was observed in protoplasts co-expressing Sec24C-
YFPN and ABCC1-YFPC or co-expressing Sec24C-YFPN and ABCC2-YFPC, while no yellow �uorescence
was detected from the negative control (Fig. 5b), indicating that Sec24C is able to bind to ABCC1 and
ABCC2 in vivo. To further con�rm these �ndings, we also performed a co-immunoprecipitation (Co-IP)
assay. We found that ABCC1 and ABCC2 co-immunoprecipitated with Sec24C, con�rming the interactions
of Sec24C with ABCC1 and ABCC2 (Fig. 5d, e). Taken together, these results revealed that Sec24C
functions as an adaptor to bind and recognize ABCC1 and ABCC2 in vivo.

ER-to-tonoplast tra�cking of ABCC1 is dependent on COPII but not the Golgi

The COPII complex mediates the tra�cking of cargo proteins from the ER to the Golgi. As Sec24C is
involved in the tra�cking of ABCC1 and ABCC2, we hypothesized that the tra�cking of these two
transporters from the ER to the Golgi depends on the COPII complex. To test this, we examined the effects
of overexpression of Sec12p, which inhibits assembly of COPII vesicles25-27, on ABCC1 localization. We
observed that Sec12 overexpression caused a dramatic retention of ABCC1-GFP in the ER compared with
that in the control (Extended Data Fig. 5a, b), con�rming that ABCC1 exits the ER in a COPII-dependent
manner.

To further determine the tra�cking route of ABCC1, we treated the roots of Col-0 expressing ABCC1-GFP
with brefeldin A (BFA), an inhibitor of Golgi and post-Golgi endomembrane tra�cking; this inhibition leads
to the formation of a BFA compartment comprising the Golgi, TGN, and endosome aggregates28, 29.
Surprisingly, ABCC1-GFP was not detected in the BFA bodies as indicated by FM4-64 after 2 hours of BFA
treatment (Fig. 6c, d), indicating that tra�cking of ABCC1 from the ER to the tonoplast is independent of
the Golgi. To con�rm this, we further treated the plants with concanamycin A (ConcA)30, a chemical that
causes aggregation of the TGN/EE (Fig. 6e, f). The results showed that the membrane tracer FM4-64
aggregated and blocked tonoplasts at 2 hours after ConcA treatment, while ABCC1-GFP was not found in
the aggregated compartments, further con�rming that the ER-to-tonoplast tra�cking of ABCC1 bypasses
the Golgi and post-Golgi processes.

Sec24C mediates the movement of ABCC1 from the ER to PVCs
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Given that the COPII complex is believed to function in protein sorting from the ER to the Golgi, the
tra�cking route of ABCC1 bypassing the Golgi raises the interesting question of how Sec24C mediates
the tonoplast localization of ABCC1 after the protein exits the ER. The subcellular localization of Sec24C
was previously evaluated at the ER-Golgi interface, the so-called ER exit site (ERES)15, as it is close to the
Golgi. We repeated this experiment in a previous study by co-expressing fusion proteins of Sec24C-GFP
and SYP31-mCherry in A. thaliana leaf epidermal cells. We indeed noticed that some of the punctate
structures labelled by Sec24C-GFP are close to the Golgi, as indicated by SYP31-mCherry, but most of the
structures were separated from the Golgi (Fig. 7a). To con�rm these �ndings, we co-expressed another
Golgi marker, ST-mCherry, together with Sec24C-GFP in A. thaliana mesophyll protoplasts (Fig. 7b). We
consistently observed that the co-localization of Sec24C-GFP and ST-mCherry was quite low (Fig. 7b, c).
These data suggest that Sec24C probably localizes mainly in other vesicles.

As Sec24C mediates a Golgi-independent tra�cking route from the ER to the vacuole, we wondered
whether Sec24C localizes in PVCs to mediate ABCC1 tra�cking directly from the ER to the PVCs. To
address this question, we co-expressed Sec24C-GFP with the PVC marker RFP-Rha131 in A. thaliana
mesophyll protoplasts (Fig. 7d). Interestingly, Sec24C-GFP indeed highly co-localized together with RFP-
Rha1 (Fig. 7d, e), indicating that Sec24C is able to localize in PVCs. Moreover, we also co-expressed
Sec24C-GFP together with another PVC marker, RFP-Ara732, the results of which further con�rmed the
localization of Sec24C in PVCs (Fig. 7f, g). These data demonstrate that Sec24C may mediate the direct
tra�cking of ABCC1 from the ER to PVCs. The BiFC experiment con�rming the interactions of Sec24C
with ABCC1 and ABCC2 also revealed a punctate structure at the interaction site (Fig. 5b). If Sec24C
mediates tra�cking of ABCC1 and ABCC2 directly from the ER to PVCs, Sec24C must colocalize together
with ABCC1 and ABCC2 in the PVCs. To test this hypothesis, we reperformed our BiFC experiment with the
addition of the PVC marker RFP-Rha1 (Fig. 7h-k). The results showed that the interaction site of Sec24C
and ABCC1 overlapped with the PVCs, indicating that Sec24 mediates direct ABCC1 tra�cking from the
ER to the PVCs.

Discussion
Integral membrane proteins of lysosomes in animal cells, of tonoplasts in plant cells, and of vacuoles in
yeast follow similar secretory pathways33, in which cargoes are gathered into COPII vesicles for export
from the ER and are transported to the destination membrane after being packaged into vesicles. There
are many studies on the machinery of COPII in yeast; however, vacuolar protein sorting and transport is
likely to be a more complex process in plants than in yeast, given that plants harbour genomes that are
much more complex with respect to gene and genome duplication, which may be a result of natural
selection, given that plants have to withstand harsh environmental conditions in a niche without any
protection34. A unifying model has not yet been constructed on how many different routes mediate
transport to the vacuoles. In this study, we employed a forward genetics-based approach to determine
that Sec24C, a component of COPII, mediates a novel ER-PVC tra�cking route that is indispensable for
correct targeting of ABCC1 and ABCC2 to the tonoplast and confers heavy metal tolerance to A. thaliana.
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Research on ABCC-type phytochelatin transporters in the past decade has focused predominantly on their
function in vacuolar sequestration, which plays crucial roles in plants in response to heavy metal stress.
However, the precise mechanisms that regulate ABCC1 and ABCC2 localization to tonoplasts remain
poorly understood. This study showed that tra�cking of these two transporters relies on a novel COPII-
dependent and Golgi-independent pathway. As a component of COPII, Sec24C functions as an adaptor to
recognize ABCC1 and ABCC2 through direct interaction. Loss of unction of Sec24C results in severe
defects in ABCC1 and ABCC2 in the ER and thus causes a hypersensitive phenotype in response to heavy
metal stresses. Interestingly, the sec24c-1 single mutant exhibits a more severe phenotype than does the
abcc1/abcc2 double mutant and the sec24c/abcc1/abcc2 triple mutant, demonstrating once again that
the location of a protein is probably more important than its function.

Previous studies support the notion that different vacuolar cargoes are transported from the ER via
multiple routes in plants33, 35. In many cases, the Golgi is an essential organelle for sorting these cargoes,
but some evidence indicates the existence of Golgi-independent routes for unconventional
vacuolar cargoes8. Elucidating the mechanisms underlying these processes are important not only for
determining the function and regulation of cargo but also for understanding vesicle tra�cking in general.
This study showed that vacuolar cargoes such as ABCC1 and ABCC2 can be sorted at the ER-PVC
interface, which expands our understanding of protein sorting. We show that Sec24C can bind and
recognize ABCC1 and ABCC2 directly but that Sec24C is not required for other tonoplast proteins, such as
NRAMP3, NRAMP4, and HMA3, indicating that the tra�cking route selectivity of different cargoes is
determined probably by the speci�city of recognition by different Sec24 isoforms. However, the
mechanism and motifs governing the recognition by Sec24C are still unclear. Identi�cation of additional
Sec24C-interacting proteins or identifying additional phenotypes of the sec24c mutants would help
address this question.

In all eukaryotes, the best-described mechanism of ER exiting involves COPII-coated vesicles, which
transport both membrane proteins and soluble cargoes to the Golgi. Various functions of COPII subunit
paralogues exist in plants36. Five Sar1s, seven Sec23s, three Sec24s, two Sec13s, and two Sec31s have
been identi�ed in A. thaliana. However, whether different COPII subunit paralogue combinations
constitute distinct carriers and whether differences in cargo-binding a�nity occur between Sec24
paralogues remain unknown. Loss of function of Sec24C was previously found to have little impact on
plant growth and development, which contrasts with the mild effects of mutations in Sec24B and the
severe effects of mutation in Sec24A13-15. Given the expression patterns of these three genes, the
different phenotypes of these mutants seemed to be explained only by their different recognition
speci�cities, though their corresponding cargoes were totally unknown. The identi�cation of ABCC1 and
ABCC2 as target cargoes of Sec24C represents the �rst case of COPII recognition mechanisms in plants.
In addition, we found that Sec24C localizes mainly in PVCs rather than in the ERES, as previously
reported, which, together with other evidence, indicates that Sec24C is able to mediate direct ER-to-PVC
tra�cking of phytochelatin transporters.
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In summary, this study identi�ed a key regulator that is involved in the heavy metal stress tolerance of
plants and that mediates the tonoplast localization of phytochelatin transporters through a previously
unknown ER-to-PVC transferring route. These �ndings not only improve our understanding of protein-
sorting mechanisms but also refresh our knowledge about the functional diversity of COPII.

Materials And Methods
Expression vector constructs

For sec24c complementation experiments, a genomic DNA fragment of Sec24C was obtained via PCR
and was then recombined into a pHMS plant expression vector using a one-step PCR cloning kit.
ABCC1/2-pHMS-GFP, NRAMP3/4-pHMS-GFP and HMA3-pHMS-GFP were cloned using the same strategy.
The coding sequence without the stop codon of Sec24C was ampli�ed from Col-0 cDNA and then
inserted into a 35S-driven pCAMBIA1300 OE vector to generate the Sec24C-1300 OE construct. To
generate a pSec24C::GUS construct, a 2,199-bp fragment upstream of the Sec24C start codon was
ampli�ed via PCR from Arabidopsis genomic DNA (Col-0) and then introduced into a pCAMBIA1303
vector. GUS histochemical staining was performed as previously described39. For the constructs used for
transient expression in Arabidopsis protoplasts, the cDNAs encoding the corresponding genes were
ampli�ed from Col-0, with the exception that HMA3 was cloned from Arabidopsis ecotype Wassilewskija
(Ws) and cloned into pA7 vectors modi�ed to contain GFP and RFP under the 35S promoter by restriction
digestion. For subcellular localization analysis in tobacco leaves, the cDNAs encoding the corresponding
genes were cloned into pCAMBIA1300 vectors modi�ed to contain the mCherry sequence. For luciferase
complementation imaging assays, coding sequences of ABCC1, ABCC2 and Sec24C from the Col-0 cDNA
were cloned into JW771 (N-terminal half of luciferase, NLUC) and JW772 (C-terminal half of luciferase,
CLUC)40, respectively, yielding ABCC1/2-NLUC and Sec24C-CLUC constructs, respectively, For Y2H
analysis, the cDNAs were cloned into pBT3-STE and pPR3-N vectors. For BiFC assays, ABCC1 and ABCC2
were individually recombined into pC131-YC yielding ABCC1-YFPC and ABCC2-YFPC, respectively. Sec24C
was recombined into pC131-YN yielding Sec24C-YFPN. The coding DNA sequences (CDSs) of ABCC1/2
and Sec24C were independently fused to pHB-Myc and p1306-Flag vectors, respectively. All of the above
constructs were veri�ed by sequencing, and all of the primers used in this work are listed in the
Supplementary Table 1.

Gene expression analysis

Total RNA was extracted from whole seedlings of 2-week-old Col-0 and cas2 using TRIzol reagent (R0016;
Beyotime, Shanghai, China) according to the manufacturer’s instructions. The methods applied for real-
time PCR were the same as those described in previous studies37, 38. RNAs from three batches of
independently prepared plant materials (different plants constituted different biological replicates), each
performed in triplicate (technical replications), were analysed. All of the primers used in this study are
listed in the Supplementary Table 1.
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A. thaliana grafting

Reciprocal grafting was performed as previously described37, 38. Healthy grafted plants without
adventitious roots were transferred to media supplemented with Cd and grown in the same controlled
environment as that described above. After 10 days, the seedlings on square dishes were visualized and
photographed to assess their heavy metal tolerance.

Elemental analysis

Elements within A. thaliana leaf and root tissues were analysed via ICP-MS as previously described37, 38.
The elements were analysed with an inductively coupled plasma mass spectrometer (NexION 350D;
PerkinElmer, Waltham, MA) coupled to an Apex desolvation system and an SC-4 DX autosampler
(Elemental Scienti�c Inc., Omaha, NE). All the samples were normalized with a heuristic algorithm using
the best-measured elements as previously described41.

Protoplast isolation, transformation, and osmotic lysis of plasma membranes

Protoplasts were isolated according to a previously reported protocol, with slight modi�cations42. The
pelleted protoplasts were resuspended in MMG buffer (0.4 M mannitol, 15 mM MgCl2 and 2 mM 2-(N-
morpholino)ethanesulfonic acid (MES); pH 5.7, adjusted with KOH) by inverting the tubes.

With respect to the Cd-sensing �uorescent dye, protoplasts were isolated from two-week-old seedlings
grown on 1/2-strength MS media in the presence or absence of Cd. The same number of protoplasts
from the wild type and the mutant were incubated in 0.04% (v/v) LeadmiumTM Green (Molecular Probes,
Invitrogen) in MMG buffer at room temperature for 30 min in the dark. The protoplasts were stored on ice
before microscopy observations. For transient expression, 200 microlitres of MMG/protoplast solution
and 10 micrograms of the respective DNA construct were incubated together, after which the mixture and
220 microlitres of polyethylene glycol (PEG) buffer (40% PEG 4000, 0.8 M mannitol and 1 M CaCl2) were
then mixed together. After a 5-min incubation at room temperature, the mixture was diluted with 1 mL of
W5 solution (154 mm NaCl, 125 mM CaCI2, 5 mM KCI, 2 mM MES, adjusted to pH 5.7 with KOH). The
protoplasts were centrifuged for 2 min at 100 × g, resuspended in 1 mL of W5 solution and centrifuged
again. The protoplasts were subsequently suspended in 1 mL of WI solution (0.5 M mannitol, 20 mM KCl
and 4 mM MES; pH 5.7, adjusted with KOH) and incubated overnight at 23 °C in the dark. After 24 hours,
the protoplasts were monitored directly, or they and an equal volume of lysis buffer (200 mM sorbitol,
10% Ficoll, 20 mM EDTA, 10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES); pH 8.0, adjusted
with KOH) were mixed together to destabilize the plasma membranes and release the vacuoles.

Vacuole isolation

Vacuole isolation was carried out to measure the Cd content in the vacuoles of the wild type and cas2
mutant. When they were 3 weeks old, the hydroponically grown seedlings were exposed to 0 (control) or
20 μM CdCl2 (treatment) for 4 days. Afterward, 10 mL of pre-warmed (37 °C) 10% Ficoll buffer (0.2 M
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mannitol, 10% Ficoll, 5 mM sodium phosphate, 10 mM EDTA; pH 8.0) was added to the pelleted
protoplasts, which were then transferred the lysed protoplast solution. After 2 min of incubation, the
samples were subjected to ultracentrifugation. Afterward, 5 mL of 4% Ficoll buffer (2 mL of 10% Ficoll
buffer and 3 mL of vacuole buffer) and 2 mL of vacuole buffer (0.45 M mannitol, 5 mM sodium
phosphate, 2 mM EDTA; pH 7.5) were added by the use of standard 1-mL micropipette. The mixture was
subsequently centrifuged in a compatible ultracentrifuge at 50,000 × g for 50 min at 10 °C. Vacuoles were
detected at the 4% Ficoll buffer/vacuole buffer interface and collected using a standard 200-μL
micropipette. The vacuoles were mixed with 7% nitric acid, after which elemental analysis was performed
via ICP-MS.

Xylem sap collection

Seeds of Col-0 and sec24c were sown in soil and watered with Hoagland nutrient solution weekly. When
they were 4 weeks old, the seedlings were exposed to 0 (control) or 20 μM Cd (treatment) for 4 days, after
which xylem sap samples were then collected according to a previous method43. Brie�y, stems were cut
with a razor blade 2–3 cm above the basal stems to collect xylem sap during a 2-h period. Xylem sap
collected during the �rst 10 min was discarded to avoid contamination from damaged cells. The xylem
sap and 7% nitric acid were then mixed together, after which elemental analysis was performed via ICP-
MS.

Protein interaction experiments

For the BiLC experiments, Agrobacterium (strain GV3101) harbouring the tested combinations was
in�ltrated into the leaves of N. benthamiana. The leaves were collected at 48 hours post-in�ltration and
then injected with 0.8 mM luciferin, after which the luciferase signals were captured using a Tanon 5200
system (a cooled charge-coupled device (CCD) imaging apparatus).

For Y2H assays, a DUAL membrane system (Clontech, Mountain View, CA, USA) was used according to
the manufacturer’s instructions. A pBT3-STE bait vector and a pPR3-N prey vector harbouring genes to be
tested were co-transformed pairwise into Saccharomyces cerevisiae strain NMY51. A 10× dilution series
of 10-μL aliquots of co-transformed NMY51 was spotted onto SD-Trp-Leu-Ade-His selective plates. The
plates were subsequently incubated at 30 °C for 3–5 days.

For BiFC experiments, leaf mesophyll protoplasts were prepared from the leaves of 14- to 21-day-old
plants. Ten micrograms of plasmid DNA was transfected into protoplasts by transient expression
according to the Arabidopsis mesophyll protoplast method. YFP �uorescence was observed with a Leica
TCS SP8 confocal laser scanning microscope.

For Co-IP assays, Agrobacterium-mediated transient expression in N. benthamiana was used for protein
expression. Protein samples were extracted with lysis buffer (P0013, Beyotime) and centrifuged at 15,000
rpm for 10 min. The protein extracts were then subjected to immunoprecipitation (IP) using anti-Myc
beads. The input and bound proteins were analysed by electrophoresis on SDS–PAGE gels followed by
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Western blot assays using anti-Myc or anti-Flag (BBI) antibodies. Immunoblots were detected using an
ECL Western blotting substrate (Solarbio Science & Technology) and visualized using a Tanon 5200
digital imaging system (Tanon Science & Technology, Shanghai, China).                  

Chemical treatment

Stock solutions of various pharmacological drugs were prepared using dimethyl sulfoxide (DMSO) as the
solvent at the following concentrations: 50 mM BFA, 115 μM ConcA and 4 mM FM4-64. Endocytosis and
co-localization studies were performed with 4 μM FM4-64. Six-day-old seedlings were incubated in 1 mL
of liquid media (1/2-strength MS media, 0.5% sucrose; pH 5.8) supplemented with FM4-64 (Invitrogen) for
15 min at room temperature. The seedlings were then washed three times with liquid 1/2-strength MS
media and subsequently immersed in 50 μM BFA or 2 μM ConcA for 2 hours. The treated seedlings were
then observed via confocal laser scanning microscopy (Leica TCS SP8).

Confocal microscopy

Confocal laser scanning microscopy was performed on a Leica TCS SP8 confocal microscope with the
following spectral settings: excitation at 488 nm with an argon laser; emission at 498–550 nm for GFP,
565–600 nm for RFP, and 620–680 nm for FM4-64; and emission at 505–530 for the �uorescent signal
of the Cd-sensitive dye. For the mCherry signal, the excitation wavelength was 561 nm, and the emission
was 570–620 nm.
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Figures

Figure 1

Phenotypes of the mutant cadmium-sensitive and arsenic-sensitive 2 (cas2). a-d, A. thaliana wild-type
(Col-0) and cas2 mutant seedlings grown on half-strength MS media in the absence (a) or presence of 30
μM CdCl2 (b), 10 μM As(III) (c), or 100 μM As(V) (d) for 14 days. e-f, Comparison of Cd and As tolerance
between the wild-type and cas2 mutant seedlings based on fresh weight (e) and primary root length (f).
The values are the means ± SDs (n = 21–48 for the fresh weight analysis, and n = 11–30 for primary root
length measurements). **, P<0.01 (two-tailed paired Student’s t-test). g, Col-0 and cas2 grown for 3 weeks
under normal hydroponic conditions followed by exposure to 0 (CK) or 20 μM CdCl2 (Cd-treated) for 4 
days. Scale bars, 1 cm.
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Figure 2

Map-based cloning and complementation of cas2. a, Mapping of cas2, in which 1,054 F2 plants were
used to narrow the location of the candidate gene to a 100-kb region between markers M157 and M158.
The numbers under the markers are the number of recombinants between the causal gene and the
indicated marker. The gene structure of Sec24C and the mutation in cas2 and sec24c-1 are shown at the
bottom. b-i, Two-week-old Col-0, cas2, sec24c-1, cas2 × sec24c-1 F1 (b-e), and three complementation
lines (com 1#, 5# and 10#) (f-i) grown on media without heavy metals (b,f) or with 30 μM CdCl2 (c, g), 10
μM As(III) (d,h), or 100 μM As(V) (e, i). j-k, Statistical analysis of the primary root length (j) and fresh
weight (k) of each genotype in b-e. l-m, Statistical analysis of the primary root length (l) and fresh weight
(m) of seedlings in f-i. The values are shown as the means ± SDs (n = 15–45 for primary root length
measurements, and n = 18–48 for fresh weight analysis). The different letters above the bars indicate
signi�cant differences at P < 0.01 (one-way ANOVA with Tukey’s HSD test). Scale bars, 1 cm.
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Figure 3

Loss function of Sec24C impairs Cd compartmentalization in vacuoles. a-d, Protoplasts of 2-week-old
Col-0 (a, c) and cas2 (b,d) plants stained with the Cd indicator LeadmiumTM Green. The seedlings were
grown on 1/2-strength MS media (a,b) or 1/2-strength MS media containing 10 μM CdCl2 (c,d). The green
channel shows LeadmiumTM Green-derived Cd �uorescence (left panels), the red channel shows
chlorophyll auto�uorescence (middle panels), and merged bright �eld images are shown in the right
panels. The images were captured under the same laser intensity. e, Percentage of cells exhibiting
vacuolar or cytosolic patterns of Cd �uorescence in c-d. The data represent the means ± SDs (n = 5–7). f,
Fluorescence signal intensity of the vacuoles in c-d. The data represent the means ± SDs (n = 23). g, Cd
content in isolated vacuoles of Col-0 and cas2 plants. The plants were grown in normal hydroponic



Page 19/24

culture for 3 weeks and then treated with 20 μM CdCl2 for 4 days. n = 15. The data represent the means ±
SDs. **, P< 0.01 (two-tailed paired Student’s t-test). Scale bars, 5 μm.

Figure 4

Sec24C is required for tonoplast localization of the phytochelatin transporters ABCC1 and ABCC2. a-d,
Subcellular localization of ABCC1 in protoplasts (a,c), or cells of leaves and roots (b,d) of Col-0 (a,b) and
cas2 (c,d). e-h, Subcellular localization of ABCC2 in protoplasts (e, g), or cells of leaves and roots (f,h) of
Col-0 (e,f) and cas2 (g,h). In a,e, the protoplasts were osmotically lysed to show vacuoles. In c,g, the red
channel shows the ER marker CD3-959. i,j, Phenotype of 2-week-old Col-0, sec24c-1, abcc1/abcc2
(ac1ac2) double mutant, and sec24c-1/abcc1/abcc2 triple mutant (sec24cac1ac2) plants grown on 1/2-
strength MS media only (i) or 1/2-strength MS media supplemented with 30 μM CdCl2 (j). k, Statistical
analysis of the primary root length of seedlings shown in i-j. Data represent the means ± SDs (n = 10–
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25). Different letters indicate a signi�cant difference (P< 0.01) using Tukey’s HSD test. Bars, 10 μm (a-h),
10 mm (i,j).

Figure 5

Sec24C physically interacts with ABCC1 and ABCC2. a, BiLC experiments performed in N. benthamiana
leaves. The �uorescence signal intensities represent the interaction strength between Sec24C and ABCC1
or ABCC2 (as indicated). b, BiFC assays. A. thaliana protoplasts were co-transformed with the constructs
indicated and were imaged using a confocal microscope after incubation at room temperature for 18
hours. YFP �uorescence indicates the protein–protein interaction. The combination of Sec24C-YFPN and
YFPC was used as a negative control. c, Membrane-based Y2H experiment detecting the interactions
between Sec24C and ABCC1 or ABCC2. Cells of yeast strain NMY51 co-transformed with bait and prey
vectors (as indicated) were grown on high-stringency selective media (SD/-Leu/-Trp/-His/-Ade). d,e, Co-IP
experiments to detect the interactions between Sec24C and ABCC1 (d) or ABCC2 (e). Scale bar, 5 µm.
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Figure 6

Tonoplast localization of ABCC1 is independent of the Golgi and TGN/EE. a,b, Confocal laser scanning
micrograph of root epidermal cells from 6-day-old seedlings of ABCC1-GFP transgenic plants treated with
FM4-64 for 15 min and observed after 2 h of incubation in 1/2-strength MS. c-f, ABCC1-GFP- or FM4-64-
derived signal in root epidermal cells treated with FM4-64 for 15 min followed by an incubation in BFA
(c,d) or ConcA (e,f) for 2h. The green channel shows the GFP signal (left panels), the red channel shows
the FM4-64 signal (middle panels) and the merged images are shown in the right panels. In b,d,f, Pearson
correlation coe�cient (Rp) analysis of the green and red signals in a,c, and e, respectively. Scale bar, 10
µm.
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Figure 7

Sec24C mediates PVC localization of ABCC1 and ABCC2. a-g, Co-localization analysis of Sec24C with the
Golgi markers SYP31-mCherry (a) and ST-mCherry (b,c) and the PVC markers RFP-Rha1 (d,e) and RFP-
Ara7 (f,g) in A. thaliana leaf epidermal cells (a) or protoplasts derived from A. thaliana mesophyll cells (b-
g). h-k, Co-localization analysis of the complexes of Sec24C-ABCC1 (h,i) and Sec24C-ABCC2 (j,k) with the
PVC marker RFP-Rha1. In b,d,f,h,j, images of GFP or YFP �uorescence (left), mCherry or RFP �uorescence
(centre) and the merged images (right) are shown. c,e,g,i,k, Pearson correlation coe�cient (Rp) analysis of
the green and red signals in b,d,f,h and j, respectively. Scale bars, 1 µm (b,d,f), 5 µm (a,h,j).
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Figure 8

Proposed Sec24C-mediated cargo tra�cking pathway from the ER to the vacuole. The classic vacuolar
tra�cking route utilizes COPII-mediated anterograde tra�cking from the ER to the Golgi and involves
passing through the TGN/EE to PVCs/MVBs, after which the vacuole is ultimately reached. In this
Sec24C-mediated tra�cking route model, ABCC1 and ABCC2 are selectively packed into Sec24C-
dependent COPII vesicles at the ER and destined for PVCs directly through a Golgi-independent tra�cking
pathway, ultimately targeting the tonoplast. The function of Sec24C is essential for correct targeting of
ABCC1 and ABCC2 to the tonoplast and confers heavy metal resistance to A. thaliana.
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