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Abstract

In plants, vacuolar H+-ATPase (V-ATPase) activity acidifies both the trans-Golgi network/early 

endosome (TGN/EE) and the vacuole. This dual V-ATPase function has impeded our 

understanding in how the pH homeostasis within the plant TGN/EE controls exo- and endocytosis. 
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Here, we show that the weak V-ATPase mutant deetiolated3 (det3) displayed a pH increase in the 

TGN/EE, but not in the vacuole, strongly impairing secretion and recycling of the brassinosteroid 

receptor and the cellulose synthase complexes to the plasma membrane, in contrast to mutants 

lacking tonoplast-localized V-ATPase activity only. The brassinosteroid insensitivity and the 

cellulose deficiency defects in det3 were tightly correlated with reduced Golgi and TGN/EE 

motility. Thus, our results provide strong evidence that acidification of the TGN/EE, but not of the 

vacuole, is indispensable for functional secretion and recycling in plants.

Plant exo- and endocytic pathways converge at the trans-Golgi network/early endosome 

(TGN/EE) compartment where different cargos are sorted to further destinations1,2. In 

animal and yeast cells, acidification of intracellular organelles is crucial for the function of 

the secretory and endocytic pathways and requires proton pumping activity of the vacuolar 

H+-ATPases (V-ATPase)3–5. The V-ATPase is conserved across species and consists of 

multiple subunits that are organized in a cytosolic V1 domain, which is important for the 

ATP hydrolysis (including A, B, C, D, E, F, G, and H subunits), and an integral membrane 

V0 domain, which forms the proton pore (including a, d, c, c" and e subunits)3. In 

Arabidopsis thaliana, the V-ATPase activity is associated with both the TGN/EEs and the 

tonoplast that are marked by the differential localization of the membraneVHA-a1, VHA-a2 

and VHA-a3 isoforms1,6,7. The vha-a3 mutant and the vha-a2 vha-a3 double mutant that 

lack the tonoplast V-ATPase activity do not display severe defects in cell expansion, whereas 

the inducible inhibition of the TGN/EE-localized VHA-a1 isoform constrains it7,8. 

Treatment with the V-ATPase inhibitor concanamycinA (ConcA) resulted in loss of the 

TGN/EE identity and interfered with the trafficking of endocytic and secretory cargos1,2. 

Given the differential localization of the V-ATPases, the reduced cell expansion has been 

concluded to be caused by defects in TGN/EE compartments rather than in the vacuole8, but 

the nature of these defects has not been clarified. In contrast, the cytosolic V-ATPase subunit 

C (VHA-C), encoded by the single-copy VHA-C/DEETIOLATED3 (DET3) gene, is 

required for V-ATPase activity at the TGN/EEs and at the vacuole9. A knockdown allele of 

DET3 displayed pleiotropic phenotypes including impaired cell expansion, 

photomorphogenesis in the dark, ectopic lignification, reduced sensitivity to brassinosteroids 

(BRs) and reduced cellulose levels8–11. A clear explanation for those phenotypes is 

currently lacking. BRs are sensed at the plasma membrane by the BRASSINOSTEROID-

INSENSITIVE1 (BRI1) receptor that transits through the TGN/EE during secretion and 

endocytosis en route to the vacuole and also undergoes recycling1,2,12,13. Cellulose is 

synthesized at the plasma membrane by cellulose synthase A (CesA) complexes that are 

assembled in the Golgi, or the endoplasmic reticulum, and delivered to the plasma 

membrane where they become activated14–17. Our results reveal that the det3 mutant has a 

reduced ability to acidify the TGN/EE, but not the Golgi and the vacuole, leading to 

secretion and recycling defects that contribute to BR insensitivity and cellulose deficiency.

Results

The increased pH in TGN/EE of det3 caused low Golgi and TGN/EE motility

To investigate whether impairment of V-ATPase activity changes the pH of the TGN/EE and 

the Golgi we fused the ratiometric pH-sensor pHusion18 to the TGN/EE marker 
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SYNTAXIN OF PLANTS61 (SYP61) that co-localizes with VHA-a1 in the TGN/EE19 

(Fig. 1a and Supplementary Fig. 1). Similar constructs have been used to determine the 

localization of Syntaxin1a in mammalian cells20 and thus, we generated stable transgenic 

lines expressing SYP61-pHusion and pHusion-SYP61. Fluorescence was detected in root 

meristem epidermal cells (Fig. 1b) and in vivo calibration of SYP61-pHusion, pHusion-

SYP61 and cytosolic pHusion (Supplementary Fig. 1) resulted in sigmoidal calibration 

curves. pH values of 5.6 for SYP61-pHusion and pH 7.2 for both pHusion-SYP61 and 

cytosolic pHusion (Fig. 1c) corroborated that SYP61-pHusion was targeted to the TGN/EE 

lumen and was suitable for in vivo pH measurements in this compartment. V-ATPase activity 

inhibition by 3-h ConcA treatment raised the pH in the TGN/EE from 5.58 to 6.75 (Fig. 1d). 

In contrast, the pH in the TGN/EE of det3 was 6.13 (Fig. 1e). To check whether V-ATPase 

activity also determines the pH in trans-Golgi cisternae, we linked pHusion C-terminally to 

rat sialyltransferase (ST)21. For both, wild type and det3, a pH-value of 6.3 was obtained 

(Fig. 1f and Supplementary Fig. 1). Similarly, no significant changes in vacuolar pH were 

detected in the det3 mutant (pH 5.82) compared to the wild type (pH 5.92), whereas in vha-
a2 vha-a3 double mutant, that lacks tonoplast V-ATPase, the vacuolar pH increased to 6.45 

(Fig.1g and Supplementary Fig. 1). To assess the ultrastructure of Golgi-stacks and TGN/EE 

in the det3 mutant, we used transmission electron microscopy (TEM) sections from roots of 

light-grown seedlings. In contrast to what has been previously reported for ConcA-treated 

cells6, the ultrastructure of Golgi stacks and TGN/EE in det3 did not differ significantly 

from the wild type (Supplementary Fig. 2). In agreement with the TEM data, confocal 

microscopy-analysis of the TGN/EE-marker SYP61 and trans-Golgi marker ST revealed no 

differences in size, number and brefeldinA (BFA)-responsiveness22 of the compartments 

labelled by the respective markers (Supplementary Fig. 2).

To investigate whether the pH changes of the TGN/EEs in det3 affected the behaviour of the 

Golgi and TGN/EEs in vivo, we examined the motility of GFP-CesA3, that labels Golgi 

bodies and partially TGN/EEs16,17 and of the TGN/EE marker VHA-al-RFP1 in the det3 
mutant. Live-cell imaging and quantitative analyses indicted that the Golgi and TGN/EE 

compartments moved more slowly in epidermal cells of both etiolated hypocotyls and root 

meristems of light-grown det3 plants than in those of the wild type (Fig. 2a-e and 

Supplementary Fig. 3). In contrast, the motility of the GFP-CesA3 cytoplasmic foci was 

unaffected in vha-a2 vha-a3 double mutant cells (Fig. 2a-c).

BR signalling is impaired in det3

To verify that det3 had reduced responses to BRs9,10, we evaluated growth of hypocotyl and 

primary root of dark- and light-grown det3 seedlings, respectively, in the presence of 

increasing concentrations of brassinolide (BL) (Supplementary Fig. 4). To avoid the reported 

growth-inhibiting effect of nitrate8, the det3 seedlings were grown on solid medium without 

salts. Both hypocotyl and root lengths of det3 were partially insensitive to the BL 

application. We also monitored the phosphorylation status of the transcription factor BRI1 

EMS-SUPPRESSOR1 (BES1), routinely used as readout for BR signalling activation23, and 

found that dephosphorylated BES1 was significantly reduced in det3 mutant when compared 

to the wild type (Supplementary Fig. 4). In contrast, the vha-a2 vha-a3 mutant showed a 

slight hypersensitivity to BL and only a minor increase in dephosphorylated BES1 
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(Supplementary Fig. 4), thus excluding the contribution of tonoplast-localized V-ATPases to 

the BR insensitive phenotype of det3. Reduced sensitivity to BR was also observed when 

wild type seedlings were grown in the presence of ConcA (Supplementary Fig. 4). Thus, the 

decreased responses to BRs in det3 result from the impaired V-ATPase function in the 

TGN/EE.

Defective endocytic trafficking in det3 does not cause BR insensitivity

BRI1-ligand complexes undergo constitutive endocytosis1,2,12,24, that can be visualized by 

the bioactive fluorescent BR, Alexa Fluor 647-catasterone (AFCS)13. Therefore, we 

investigated whether the endocytic trafficking of BRI1-BR complexes is impaired in det3. In 

root epidermal cells of det3, AFCS strikingly accumulated in the TGN/EEs, marked by the 

VHA-a1-RFP1, together with BRI1-GFP25 (Fig. 3a,b), similarly to the internalization in the 

presence of ConcA13. In contrast to the wild type and the vha-a2 vha-a3 double mutant, in 

which AFCS largely accumulated in the vacuole (Supplementary Fig. 5), in det3 AFCS 

occurred mainly in the TGN/EEs, with only a minor accumulation in the vacuole, even after 

a 40-min chase. Together these data indicate that the endocytic trafficking from TGN/EE to 

the vacuole is delayed in det3. To address the question whether internalization of plasma 

membrane material in general is affected in the det3 mutant, we quantified the uptake of the 

fluorescent styryl dye FM4-64, routinely used as endocytic tracer in plants26, in root 

epidermal cells. No significant differences between wild type and det3 were observed when 

the FM4-64 uptake was quantified at early time points (Fig. 3c,d). Whereas a 4-h incubation 

with FM4-64 resulted in a clear tonoplast labelling in the wild type, the tonoplast staining in 

det3 was only faint(Fig. 3c,d), indicating that the endocytic trafficking from TGN/EE to the 

vacuole in det3 is delayed, contrary to the described complete block of FM4-64 

internalization in TGN/EE by ConcA1.

As reported earlier13, and in contrast to det3 and to ConcA-grown plants (Supplementary 

Fig. 4), short ConcA treatments (2 μM, 2 h) had no effect on BR responses in roots, as 

evaluated by the BES1 dephosphorylation assay (Supplementary Fig. 5). Hence, although 

endocytic trafficking between the TGN/EE and the vacuole is affected in det3, this 

phenotype does not explain the reduced BR sensitivity of the mutant.

Secretion defects of BRI1 contribute to the impaired BR signalling in det3

Plasma membrane-localized BRI1 accounts for most of the BR signalling13. To unravel the 

BR insensitive phenotype of the det3 mutant, we introduced the pBRI1::BRI1-GFP 
construct12 into det3. No significant differences in BRI1 expression and protein levels were 

observed between the wild type and the det3 (Supplementary Fig. 6). However, the relative 

plasma membrane BRI1-GFP fluorescence in root and hypocotyl epidermal cells was 

approximately 20% reduced in det3 (Fig. 4a,b and Supplementary Fig. 6), suggesting that 

the BR insensitivity of the mutant might be caused by decreased BRI1 levels in the plasma 

membrane.

To assess whether BRI1 trafficking to the plasma membrane is affected in det3, we 

employed fluorescence recovery after photobleaching (FRAP) in root epidermal cells. The 

recovery of the plasma membrane BRI1-GFP fluorescence in det3 was remarkably slower 
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than that of the wild type (Fig. 4c,d), suggesting that the BRI1 exocytosis was impaired. As 

a further validation, we introduced the heat-shock inducible BRI1-YFP12 into det3, ensuring 

that the expression levels of BRI1-YFP after the heat shock were the same in wild type and 

det3 (Supplementary Fig. 6) and monitored the YFP fluorescence in a time course manner 

after the heat shock. After a 30-min recovery, most of the BRI1-YFP signal was intracellular 

in det3, whereas a considerable amount of BRI1-YFP was already located in the plasma 

membrane of the wild type (Fig. 4e). Quantitative analyses after 90 min revealed that the 

plasma membrane BRI1-YFP was significantly lower in det3 than that in the wild type (Fig. 

4f), indicating that BRI1 secretion was partially inhibited in det3.

BRI1 recycling is defective in det3

To assess whether recycling contributes to the exocytosis defects of det3 we performed 

washout experiments after BFA22 application (50 μM, 30 min) in the presence of 

cycloheximide (CHX) (50 μM) in det3/BRI1-GFP and wild type roots (Fig. 5a). The number 

of BFA body-containing cells and the BFA body sizes were scored at different time points 

after washing. Almost all BRI1-GFP was relocated from the BFA body after 90 min of BFA 

washout in wild type cells but not in det3 cells even after 150 min (Fig. 5a,b). Quantitative 

analyses also revealed that the BFA compartment size decreased more slowly after BFA 

removal in the det3 mutant than in the wild type (Fig. 5c).

To evaluate the contribution of recycling to the plasma membrane pool of BRI1 in det3, we 

measured the plasma membrane levels of BRI1-GFP in the presence of CHX and after a 

combined BFA and CHX treatment (Fig. 5d-f) and calculated the recycling ratio as the 

relative reduction in plasma membrane fluorescence intensity after BFA application (Fig. 

5g). The CHX treatment decreased the plasma membrane BRI1 levels in both wild type and 

det3 epidermal root cells with approximately 10% due to inhibited de novo protein 

synthesis. Application of BFA in the presence of CHX additionally reduced the plasma 

membrane BRI1 pool, thus reflecting the recycling contribution (Fig. 5d-f). Interestingly, 

this reduction was lower in det3 than the wild type (recycling ratios of 4 % and 13 %, 

respectively; Fig. 5g).

Previously BRI1 endocytosis and degradation had been shown to be independent of its 

ligand12,24. Consistently, application of BL in the presence of CHX had no impact on 

BRI1-GFP fluorescence intensity at the plasma membrane in root epidermal cells of wild 

type and det3 (Supplementary Fig. 7), germinated with or without brassinazole (BRZ), a BR 

biosynthesis inhibitor27. The recycling ratio was also not affected by the depletion of BRs in 

either genotypes (Supplementary Fig. 8). Interestingly, the BL application was able to 

release some constrained BRI1 from BFA bodies to the plasma membrane in wild type cells 

only when grown in the presence of BRZ, indicating the existence of a BFA-insensitive 

BRI1 recycling route (Supplementary Fig. 9). Hence, we conclude that BRI1 recycling is 

impaired in det3, thus contributing to its reduced plasma membrane pool.

The cellulose-related defects in det3 are due to reduced exocytosis of cellulose synthase

Cellulose levels are reduced in det3 (Supplementary Fig. 10), and mutant seedlings are 

hypersensitive to cellulose biosynthesis inhibitors8,11. Similarly, seedlings grown on ConcA 
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also contained lower levels of cellulose than the wild type and the vha-a2vha-a3 double 

mutant (Supplementary Fig. 10). In contrast, other cell wall components were seemingly not 

affected in det3 (Supplementary Fig. 10). Cellulose is synthesized by plasma membrane-

located CesA proteins and the speed of CesAs has been used as a proxy for complex 

activity14. We analysed the behaviour of GFP-CesA3 in det328, and found that the speed of 

the plasma membrane-located GFP-CesA3 was similar to wild type in hypocotyl cells of 

det3 and in vha-a2 vha-a3, and in seedlings treated with ConcA (Supplementary Fig. 11). 

Similarly, no differences were observed in cellulose microfibril organization among 

genotypes and treatments as assessed with the cellulose binding dye Pontamine Fast Scarlet 

4B29 (Supplementary Fig. 11). These data suggest that the plasma membrane-based activity 

of the CesA proteins is not impaired in the det3 mutant. To test whether the CesAs 

trafficking is affected in det3, consistently with the observations of BRI1, we performed 

FRAP experiments of the plasma membrane plane of GFP-CesA3-expressing hypocotyl 

cells. The GFP-CesA3 repopulated the plasma membrane considerably slower in the det3 
mutant than in the wild type and the vha-a2 vha-a3 double mutant (Fig. 6a,b). Notably, the 

CesA density at the plasma membrane was similar in det3, wild type and, vha-a2 vha-a3 
double mutant (Supplementary Fig. 11). These data are consistent with the defects observed 

in for BRI1 secretion and suggest that the cellulose deficiency in det3 may be due to a 

reduced secretion, rather than activity, of the CesA complexes.

Discussion

Here, we show conclusively that the reduced V-ATPase activity in the det3 mutant affects the 

steady-state pH in the TGN/EE but not in the Golgi stack or in the vacuole. Surprisingly, this 

deficiency led to reduced motilities of both, Golgi and TGN/EE compartments. Whereas V-

ATPases are not located in the Golgi stack, the reduced ability of the TGN/EE to secrete 

molecules might cause a feedback loop, leading to changes in the Golgi lumen. For example, 

monensin treatment of sycamore maple (Acer pseudoplatanus) suspension cells resulted in 

an initial TGN swelling and, subsequently, of the Golgi cisternae30. The reduced Golgi and 

TGN/EE motilities in det3 and in ConcA-treated cells might also be related to the ability of 

V-ATPases to interact with actin filaments31 or to changes in the engagement of myosin32 

or other proteins associated with this function, as shown for small GTPases in animal 

cells33.

Endosomal pH influences the dissociation and degradation of internalized ligands and 

signalling duration34,35. We found that in det3 the internalization of the BR-bound BRI1 

from the plasma membrane to the TGN/EE is unaffected, but that the trafficking to the 

vacuole is delayed.

Consistent with the reduced BR sensitivity of det3 and wild type seedlings grown on ConcA, 

we discovered that the amount of BRI1 receptor at the plasma membrane was lower in det3 
than in the wild type. Indeed, swollen TGN/EE accumulated BRI1 after ConcA treatment2, 

suggesting that BRI1 secretion might be impaired in det3, as confirmed by FRAP 

experiments and the inducible BRI1 construct.
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Besides secretion, recycling also contributes to the plasma membrane pool of BRI1. BFA 

experiments revealed a delay in BRI1 recycling in det3. The effect was the same in plants 

grown with or without the BR biosynthesis inhibitor. Recycling of plasma membrane 

receptors in animal cells requires the dissociation of ligands in the acidic environment of the 

EEs. BR binding to BRI1 takes place in the acidic plant apoplast. In addition, the BL-

induced interaction of BRI1 with its coreceptor, the BRI1-ASSOCIATED RECEPTOR 

KINASE1 (BAK1) is promoted by low pH36. In contrast to mammalian cells, the pH in the 

plant TGN/EE is lower than that of the late endosomal compartments37–39, but does not 

differ much from that in the apoplast. As the acidic pH typically favours the BRI1-BR-

BAK1 complex, the expected pH-dependent BR dissociation from BRI1 in TGN/EE might 

not occur, and we most likely monitored the constitutive cycling of nonactive BRI1 between 

the plasma membrane and the endosome (Fig. 6c). Overall, our data suggest that plants 

might differ from animals in terms of receptor-ligand dissociation and recycling.

In addition to the BR-related phenotype, det3 also contained less cellulose8, as revealed by 

the reduced CesA secretion to the plasma membrane and consistent with the BRI1 

trafficking defects (Fig. 6c). Nevertheless, the CesA density at the plasma membrane was 

similar to that of the wild type. CesA and other cell wall components that are synthesised in 

the Golgi might plausibly be transported to the cell surface via different routes, as illustrated 

by the TGN-localized protein ECHIDNA (ECH), which affects secretion of cell wall 

material, but not that of PIN-FORMED2 (PIN2) and PIN340,41. If so, the ratio of cellulose-

to cell wall matrix polymers would be changed in det3 as indeed observed (Supplementary 

Fig. 10). In addition, because the CesA density is the same in det3 and wild type cells, also 

internalization of the proteins might be assumed to be affected, and an increase in stalled 

CesA awaiting internalization might be anticipated Closer inspection of slowly moving 

CesA in the plasma membrane revealed that det3 cells contain about three fold as many slow 

moving CesA(below 150 nm/min) (Supplementary Fig. 11) supporting a delay in 

internalization.

Whereas it is clear that the BRI1 and CesA secretion to the plasma membrane is impaired 

due to defects in the endomembrane pH, the reason for these defects is still unknown. 

Changes in the endomembrane pH may influence cargo processing such as glycosylation‥ 
Indeed, mis-glycosylation of the CesA-associated endo-glucanase Korrigan caused defects 

in the complex trafficking and led to cellulose deficiency42. The altered pH might also affect 

recruitment and tethering of the trafficking machinery on the cytosolic side of the 

endomembrane. Such regulation has, for example, been shown for the small GTPases Arf6 

and ARNO in animal cells43. Although the exact process that underpins the secretion 

defects remains to be determined, our data propose an explanation the observed phenotypic 

defects in the V-ATPase-related mutant det3 (Fig. 6c).

Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heyhn. (Columbia accession, Col-0) seeds were stratified for 1 to 

2 days at 4 °C to synchronize germination and grown vertically on half-strength Murashige 

and Skoog (1/2 MS) (Duchefa) containing 1% (w/v) sucrose and 1% agar at 22°C in a 16-
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h/8-h light-dark cycle for different periods of time depending on the experiments. For the 

BR growth assays in the dark or the light, seeds were plated on medium containing 1% 

phytagar, 1% sucrose, adjusted to pH 5.8 with 20 mM MES, pulsed with light for 4 h before 

transfer to darkness or kept in the light for 5 days. Etiolated seedlings were grown as 

described44. ConcanamycinA (ConcA), brassinolide (BL), or brassinazole (BRZ) were 

dissolved in the medium at the concentrations indicated in the figures. BRI1-GFP/det3, 

GFP-CesA3/det3, VHA-a1-RFP/det3, and pHS:BRI1-YFP/det3 were generated by crossing 

det3 (ref. 8) with endogenous BRI1-GFP12, GFP-CesA3 (ref. 28), VHA-a1-RFP1 and 

pHS:BRI1-YFP12, respectively. AFCS uptake was performed on det3 seedlings crossed 

with the BRI1-GFP overexpressing (OE) line25 and with VHA-a1-RFP. The vha-a2 vha-a3 
double mutant was described previously7.

Generation of constructs

Entire cloning procedures and manipulations of DNA were done according to standard and 

established protocols. Specifications of each primer used during the cloning procedures are 

listed in Supplementary Table 1. All coding sequences were amplified via PCR from 

plasmid DNA or first-strand cDNA. Vectors were opened with restriction enzymes 

resembling the fragments. Escherichia coli strain DH5-α was used for all procedures. 

Overexpression of all constructs generated was driven by the p16 ribosomal promoter45 out 

of a pTkan vector backbone46,47. The p16 promoter sequence was amplified via PCR out of 

a pP16Tkan plasmid (kind gift of Dr. Christoph Neubert) with primers P16-KpnI-fwd and 

P16-KpnI-rev, introducing two KpnI restriction sites. The P16 fragment was subsequently 

ligated into the pTkan vector cut with KpnI, and its correct orientation was confirmed via 

restriction digest. The P16Tkan vector was used as basic vector for all further generated 

constructs.

For the SYP61-pHusion construct, the Arabidopsis SYP61-coding sequence (AT1G28490) 

was amplified from the Arabidopsis cDNA with the primers SYP61-BamHI-fwd/SYP61-

HindIII [noSTOP]-rev primers, removing the Stop codon. pHusion was amplified from 

35S:pHusion plasmid18 with pHusion-HindIII-fwd and pHusion-SalI-rev primers. 

Fragments were sub-cloned into pJETblunt1.2 (Fermentas) for sequencing and 

multiplication. After cutting with the respective restriction enzymes, fragments were ligated 

into the p16Tkan vector via the BamHI/SalI sites. The pHusion-SYP61 construct was 

generated by amplifying SYP61 with the primers SYP61-HindIII-fwd and SYP61-SalI-rev 

as well as pHusion (pHusion-BamHI-fwd/pHusion [noSTOP]-HindIII-rev). Both fragments 

were removed from pJETblunt1.2 intermediate vector after sequencing with the respective 

restriction enzymes and inserted into p16TKan cut in the same manner. For ST-pHusion 

constructs, sialyltransferase coding sequence was amplified with ST-AatII-fwd and ST-PvuI-
rev primers, sub-cloned into pJET blunt1.2 and removed with respective restriction enzymes. 

Together with pHusion, which was amplified with primers pHusion-PvuI-fwd and pHusion-

SalI-rev and sub-cloned identically, ST was ligated into p16Tkan, pre-cut with AatII and 

SalI.
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In vivo pH measurements in the TGN/EE

pH was determined in root cells of 6-day-old T2 and T3 of SYP61-pHusion and pHusion-

SYP61 seedlings. The homozygous lines expressing the cytoplasmic pHusion have been 

described previously18. A Leica SP5 II confocal laser-scanning microscope equipped with 

two Hybrid Detectors was used for imaging. Images were obtained with a HCX PL APO λ 
blue 63.0 × 1.20 UV water immersion objective. pHusion was excited in single scans from 

eGFP with a VIS-Argon laser at 488 nm and from mRFP at 561 nm with a VIS-DPSS561 

laser. Emission was detected for eGFP and mRFP between 490 and 545 nm and between 

600 to 670 nm, respectively. Images for free cytosolic pHusion were obtained sequentially 

due to spectral bleed-through. Background and oversaturation were excluded by 

thresholding with ImageJ version 1.49d (National Institute of Health). Average intensities 

for each channel were obtained and eGFP/ mRFP ratios were calculated. In vivo calibration 

was achieved by incubating seedlings for 15 min in pH equilibration buffers of 50 mM 

MES-Bis-tris-propane (BTP) (pH 5.2 to 6.4) or 50 mM Hepes-BTP and 50 mM ammonium 

acetate. pH equilibration buffer (pH=4.8) consisted of 50 mM citrate buffer (22 mM citric 

acid and 27 mM tri-sodium citrate; adjusted with HCl) and 50 mM ammonium acetate. A 

sigmoid calibration curve was obtained by assigning ratios to the corresponding pH values in 

a Boltzmann fit by means of the Origin Pro 9.1G. pH values of all lines used were calculated 

equally.

In vivo vacuolar pH measurements

Vacuolar pH measurements and BCECF calibration were performed as previously 

described7 with slight modifications. Seedlings were grown for 6 days (1/2 MS, pH5.8, 1% 

phytoagar) and stained in respective liquid medium containing 10 μM BCECFAM[(2',7'-Bis-

(2-carboxyethyl)-5(6)-carboxyfluorescein]-(acetoxymethylester) (Molecular Probes, 

Invitrogen) in the presence of 0.02 % Pluronic F-127 (Molecular Probes, Invitrogen) for 1h 

in the dark at 22°C, and washed twice for 5min with medium. Imaging was done on a Leica 

SP5 Ilusing a HCX PL APO CS 20 × 0.70 IMM UV objective. BCECF was exited 

sequentially at 458 nm and 488 nm. Emission was detected between 510 and 550 nm. 

Average fluorescence intensity values were obtained using ImageJ version 1.49d (National 

Institute of Health). Calibration and calculation of a calibration curve were done as for the 

pH measurements in the TGN/EE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. pH in the TGN/EE of det3 is increased.
a, The ratiometric pH sensor pHusion fused N-terminally (pHusion-SYP61) and C-

terminally (SYP61-pHusion) to SYP61. b, Confocal images of Arabidopsis plants stably 

expressing N- and C-terminal fusions. Scale bars, 10 μm. c, In vivo pH measurements of 

transgenic Arabidopsis lines expressing pHusion in the cytosol (free pHusion), N-terminally 

(pHusion-SYP61) or C-terminally linked to SYP61 (SYP61-pHusion). d, In vivo pH 

measurements of the TGN/EE in wild type (Col-0) cells treated with 1 μM ConcA for 3 h or 

equal amounts of DMSO. e, In vivo pH measurements of the TGN/EE in wild type (Col-0) 
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and det3. d and e, Values represent averages of three individual experiments. P values (t -
test), *, P < 0.05. f, In vivo pH measurements of the trans-Golgi cisterna in wild type (Col-0) 

and det3. c and g, Values represent averages of three individual experiments. P values (t -
test), not significant (n.s.). g, Vacuolar pH measurements in wild type (Col-0), vha-a2 vha-a3 
and det3 epidermal and cortex cells. Values represent averages of three individual 

experiments P values (t -test), **, P < 0.01, relative to the respective controls, Col-0 for vha-
a2 vha-a3 and vha-a2 vha-a3 for det3. 6-day-old seedlings were used for all measurements. 

Error bars indicate S.D.
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Figure 2. Reduced Golgi and TGN/EE motilities in det3.
a, Reduced speed of GFP-CesA3, which labels Golgi and partly TGN/EE, at cytosolic focal 

planes in hypocotyl cell of 3-day-old etiolated det3, wild type (Col-0) and vha-a2 vha-a3 
seedlings. Only compartments with clear donghnut-like shapes (indicative of Golgi14) were 

measured. Movement is depicted as lines in a single frame that follow the GFP-CesA3 

movement over time as estimated from time average images. b, Kymograph traces of the 

typically GFP-CesA3 movement in the genotypes and treatment from a. c, Box plots 

displaying the speed of the Golgi-located GFP-CesA3 in the genotypes from a. Golgi-

located GFP-CesA3 in det3 are significantly slower than in the wild type control and vha-a2 
vha-a3 cells. Estimates are done on cells from five independent seedlings. Golgi per seedling 
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(n > 25). ***P-value < 0.001; D value from Kolmogorov-Smirnov tests. d, Reduced speed of 

VHA-a1-RFP, that labels TGN/EE in 3-day-old etiolated det3 hypocotyls when compared to 

the wild type control. VHA-a1-RFP movement is depicted as changes in VHA-a1-RFP 

location between two consecutive confocal images (10-sec interval). In merged image, 

VHA-a1-RFP marked in red and green represents T= 1 sec (first frame) and T= 11 sec 

(second frame), respectively. Note the differences in distance a typical VHA-a1-RFP signal 

travelled between the consecutive images in wild type and det3 (exemplified for three VHA-

a1-RFP particles by yellow, red, and blue arrowheads). e, Box plots displaying the VHA-a1-

RFP speed in the genotypes and treatments from d. VHA-a1-RFP compartments in det3 
have significantly reduced motilities as compared to wild type control cells. Estimates were 

done on cells from five independent seedlings. TGN/EE per seedling (n > 20). ***P-value < 

0.001; D value from Kolmogorov-Smirnov tests. Two-tailed Wilcoxon rank sum test (P-

value < 0.001) was also performed. Scale bars, 10 μm.
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Figure 3. Endocytic trafficking from TGN/EE to the vacuole is delayed in det3.
a, Pulse-chase AFCS uptake experiments in BRI1-GFP/VHAa1-RFP/Col-0 and BRI1-GFP/

VHAa1-RFP/det3 Arabidopsis lines. Seedlings were incubated in AFCS (20 μM) for 20 min 

followed by either a f 3-min or 40-min chase as indicated. b, Quantification of the 

percentage of VHAa1-RFP positive endosomes labelled by both BRI1-GFP and AFCS in a. 

c, FM4-64 (5 μM) uptake for 5 min, 10 min, 30 min, 1 h, 2 h, and 4 h. Arabidopsis root 

epidermal cells of 5-day-old wild type (Col-0) and det3 seedlings were imaged immediately 

after washing. d, Maximal intracellular fluorescence intensity normalized to the maximal 
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fluorescence intensity at the plasma membrane (PM) in root epidermal cells of wild type 

(Col-0) and det3 after incubation with FM4-64 as in c. At least 15 cells from three roots 

were calculated for each time point. No significant differences were observed for 5 min, 10 

min, and 30 min (t -test). P values (t -test), * P < 0.05, *** P < 0.001. Error bars indicate 

S.D. Scale bars, 5 μm.
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Figure 4. Secretion of BRI1 in det3 is reduced.
a, Confocal images of 5-day-old BRI1-GFP/Col-0 and BRI1-GFP/det3 root epidermal cells. 

Scale bar, 5 μm. b, Quantification of relative plasma membrane (PM) fluorescence intensity 

of BRI1-GFP/Col-0 and BRI1-GFP/det3 as shown in a (30 cells from five roots were 

measured). Plasma membrane fluorescence was normalized to background fluorescence for 

each measurement. P values (t -test), *** P< 0.001 relative to the respective control. c, 

FRAP analysis of BRI1-GFP/Col-0 and BRI1-GFP/det3 plasma membrane BRI1 recovery 

rate. Consistent ROI was selected for individual roots, followed by photobleaching to 

Luo et al. Page 19

Nat Plants. Author manuscript; available in PMC 2016 June 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



significantly reduce the target area fluorescence. Root epidermal cell fluorescence was 

recorded before bleaching and at different time points after bleaching. Scale bar, 10 μm. d, 

The fluorescence recovery was calculated on cells with totally bleached whole plasma 

membrane fluorescence. Plasma membrane fluorescence before and immediately after 

bleaching was set as 100 % and 0 %, respectively. Each recovery value was normalized to 

fluorescence value of the unbleached region (at least 15 cells from three roots were 

measured). e, In vivo analysis of heat shock-induced BRI1-YFP exocytosis. YFP signal in 5-

day-old pHS:BRI1-YFP/Col-0 and pHS:BRI1-YFP/det3 root epidermal cells chased at 30 

min, 45 min, 60 min, and 90 min after 1-h 37°C induction. Scale bar, 5 μm. f, Relative 

plasma membrane to intracellular fluorescence intensity values calculated by fluorescence 

intensities measured using ImageJ. ROI was kept constant for each measurement (at least 15 

cells from three roots were measured). Error bars indicate S.D.
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Figure 5. BRI1 recycling from TGN/EE to plasma membrane is reduced in det3.
a, BRI1-GFP in roots of 5-day-old wild type (Col-0) and det3 seedlings pretreated with 

cycloheximide (CHX) (50 μM) for 1 h, followed by treatment for 30 min with CHX (50 μM) 

plus brefeldinA (BFA) (50 μM). Seedlings were washed in CHX (50 μM) and mounted for 

imaging at 0 min, 30 min, 60 min, 90 min, and 120 min after BFA washout. Scale bar, 20 

μm. b and c, BRI1-GFP relocalization from the BFA bodies to the plasma membrane was 

quantified by either as percentage of cells with BFA body in b or BFA body size in c. d, 

BRI1-GFP fluorescence of 5-day-old wild type (Col-0) and det3 root epidermal cells treated 
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separately with DMSO (1 %) and CHX (50 μM) for 1.5 h and compared with seedlings 

treated with BFA (50 μM) for 30 min in the presence of CHX (50 μM) for 1.5 h. Scale bar, 

20 μm. e and f, Quantification of relative plasma membrane fluorescence intensities of 

BRI1-GFP in e and BRI1-GFP/det3 in f of the root epidermal cells represented in d (for 

each treatment, at least 15 cells from three roots were measured). P values (t -test), ***, P< 

0.001 relative to the respective control (CHX). g, Recycling of BRI1-GFP protein in BRI1-

GFP/Col-0 and BRI1-GFP/det3 (at least 15 cells from three roots were measured). Error 

bars indicate S.D.
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Figure 6. Delivery of CesA complexes to the plasma membrane is impaired in det3.
a, CesA delivery events after photobleaching in 3-day-old etiolated hypocotyl cells. The 

GFP channel was photobleached and the CesA delivery rate calculated44. Scale bar, 1 μm. 

b, Box plot showing CesA recovery rates in wild type (Col-0), det3, and vha-a2 vha-a3 
mutant seedlings. P values (t -test), *** P< 0.001 (n = 6 cells for each condition). c, 

Schematic model for the impact of the DET3 mutation on endomembranes trafficking in 

plant cells. In yeast a functional VMA5 (VHA-C) subunit is required for the pump 

assembly48. In wild type and the vha-a2 vha-a3 mutant plants the pH of the TGN/EE is 

acidic (5.6), and Golgi and TGN/EE are fully functional. In det3 mutant the pH of the 

TGN/EE is less acidic (6.1) but the morphology is not affected. In contrast, in plant cells 

treated with ConcA the pH in the TGN/EE is increased to 6.5 and is causing changes in 

Golgi and TGN/EE morphology. The change in pH leads to decreased Golgi and TGN/EE 
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motility and respectively reduced secretion of BRI1 and the CesA These defects result in an 

impaired ability of the plant to respond to BRs and to produce cellulose.
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