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Summary 27 

Endoplasmic Reticulum (ER)-to-Golgi trafficking is a central process of the secretory system of 28 

eukaryotic cells that ensures proper spatiotemporal sorting of proteins and lipids1–5. However, the nature 29 

of the ER-Golgi Intermediate Compartments (ERGIC) and the molecular mechanisms mediating the 30 

transition between the ERGIC and the Golgi, as well as the universality of these processes amongst 31 

Eukaryotes, remain undiscovered. Here, we took advantage of the plant cell system in which the Golgi is 32 

highly dynamic and in close vicinity to the ER6–9. We discovered that the ERGIC is composed from at 33 

least two distinct subpopulations of cis-Golgi. A subpopulation is a reticulated tubulo-vesicular network 34 

mostly independent from the Golgi, highly dynamic at the ER-Golgi interface and crossed by ER-induced 35 

release of luminal cargos at early stage. Another subpopulation is more stable, cisterna-like and mostly 36 

associated to the Golgi. Our results identified that the generation and dynamics of the ER-Golgi 37 

intermediate tubulo-vesicular network is regulated by the acyl-chain length of sphingolipids as well as the 38 

contacts it establishes with existing Golgi cisternae. Our study is a major twist in the understanding of the 39 

Golgi by identifying that the ERGIC in plants is a Golgi-independent highly dynamic tubular network 40 

from which arise more stable cisternae-like Golgi structures. This novel model presents a mechanism for 41 

early secretory trafficking adapted to respond to developmental and environmental stimuli, including 42 

susceptibility or resistance to diseases, autophagy or cell-reprograming. 43 
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Main 57 

The secretory system is an intricate set of membranes that plays fundamental functions to coordinate 58 

fluxes and ensure the accurate destination of molecules involved in cellular processes and responses to 59 

developmental and environmental stimuli. The first point in the carriageway of this system occurs at the 60 

endoplasmic reticulum (ER)-export sites (ERES) that convey proteins to the Golgi apparatus9,10. In animal 61 

cells, the Golgi apparatus is a ribbon of the Golgi units gathered at the centrosome-nucleated 62 

microtubules. In plant cells, Golgi units are dispersed within the cytosol and move along actin cables 63 

close to the ER. In animal cells, the traditional vesicle carriers model was challenged by the recent nano-64 

resolved structure of ERES that was identified as a continuous network of interwoven membrane tubules 65 

that connects the ER and emits pearled membrane extensions that lie in the direction of the Golgi 66 

apparatus4. The ERES-derived transport carriers were previously known to be enriched at the tubulo-67 

vesicular ER-Golgi Intermediate Compartment (ERGIC), but how the ERGIC-to-Golgi transition is 68 

ensured remain unadressed4,11. In plant cells, due to the close proximity of the Golgi and ERES, it has 69 

been suggested that no equivalent of the ERGIC exists6,12. However, it has been described that some part 70 

of the ER, or some ER-derived protrusions, can from contacts with the Golgi apparatus7,13–15. In addition, 71 

it has been observed that inducing Golgi movement by trapping the Golgi with optical tweezers results in 72 

the dynamic remodeling of the ER network, thereby suggesting that the ER and the Golgi are in physical 73 

contact16. However, the resolution limit of the microscopes employed in plant cells studies has not been 74 

sufficient to conclude that the ER-protrusions are tubular intermediates between the ER and the Golgi. In 75 

plant cells, it has been shown that while the medial and trans cisternae of the Golgi apparatus disappear 76 

upon treatment with the Golgi-denaturing drug brefeldin A (BFA), and their proteins absorbed into the 77 

ER, the cis-Golgi Qa-SNARE SYP31 and Retrieval protein1B (RER1B) remain located in dotty 78 

structures that are in close proximity to the ERES. Those structures, or the core cis-cisternae where 79 

SYP31 and RER1B localize are called “Golgi Entry Core Compartment (GECCO)”, given their special 80 

nature at the Golgi entry face17. In plants and yeasts, GECCO is thought to be the equivalent of the animal 81 

ERGIC5,18–20. However, the identity and morphology of these structures as well as their dynamics and the 82 

molecular mechanisms involved in their transition to the Golgi remain unknown. In this study we 83 

employed improved resolution airyscan microscopy combined with novel quantification methods to track, 84 

detect and quantify potential dynamic association between pre-Golgi and Golgi compartments in native 85 

BFA-untreated live cells. Unexpectedly, our results revealed that a subpopulation of cis-Golgi labeled by 86 

the Qb-SNARE MEMBRIN12 (MEMB12) is made of tubules and vesicles, is mostly independent from 87 

the rest of the Golgi and displays a highly dynamic behavior characterized by transient associations with 88 

the medial-Golgi as well as with the ERES. We established the Retention Using Selective Hooks (RUSH) 89 

system in plants to release cargos synchronously from the ER and showed that luminal cargos are 90 
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crossing the MEMB12 subpopulation upon release. Importantly, we establish lifetime tau-STimulated 91 

Emission Depletion (τ-STED) and Expansion Microscopy (ExM) super-resolution methodologies to 92 

decipher the structure of pre-Golgi compartments in plants. Our results identified a Golgi-independent 93 

MEMB12-positive tubular network that resembles the Vesicular-Tubular Cluster (VTC)/ERGIC of 94 

animal cells and that link locally with the Golgi cisternae. Furthermore, we observed that the cis-Golgi 95 

marker SYP31 labels a more stable Golgi-associated cisterna. We propose that the highly dynamic Golgi-96 

independent MEMB12-tubular structure is part of the ERGIC in plants and that it constitutes an early 97 

structure within the GECCO. Our study further identified a functional regulation of the dynamics of the 98 

ER-Golgi intermediate structures by both sphingolipids and local contacts with Golgi cisternae that 99 

stabilize the intermediate-network into a larger cisterna-like structure. This study proposes a complete 100 

reevaluation of the ER-Golgi interface in plant cells by identifying an ER-to-Golgi trafficking via a highly 101 

dynamic cis-Golgi tubular network and by providing novel structural and functional identification of the 102 

ERGIC/GECCO in plants.   103 

 104 

A subpopulation of the cis-Golgi is Golgi-independent and highly dynamic  105 

GECCO was first identified in BY-2 tobacco cell culture, upon inhibition of BFA-sensitive ARF-GEFs by 106 

BFA treatment17. In Arabidopsis, given that the ARF-GEF GNOM-LIKE1 (GNL1) is involved in ER-107 

Golgi transport and resistant to BFA, we introduced the cis-Golgi GFP-SYP31 fluorescent marker in gnl1 108 

knockout mutant in which an engineered GNL1-BFA sensitive version was introduced beforehand21,22. In 109 

this genetic background, our results indicate that GFP-SYP31 remains in small dotty structures after BFA 110 

treatment (Extended data 1a, b). Contrastingly, the trans-Golgi marker ST-mRFP is relocated to the ER 111 

upon BFA (Extended data 1c, d). These results indicate that GECCO-like structures exist in the 112 

Arabidopsis root model. We next checked whether the cis-Golgi could behave, for a portion of it, 113 

independently from the rest of the Golgi in native condition, i.e without BFA in wild-type genetic 114 

background. To test this hypothesis, we used airyscan microscopy that provides a 1.4-fold increase in 115 

lateral resolution (~ 140 nm) as compared with conventional confocal microscopes23. To compare the 116 

localization and dynamics of the cis-Golgi to the rest of the Golgi we crossed the cis-Golgi mCherry-117 

MEMB12 or mRFP-SYP31 with the medial-Golgi marker NAG1-GFP and performed live cell airyscan 118 

acquisitions in root epidermal cells24–26. We first performed 5 min time-laps acquisitions and found cis-119 

Golgi compartments moving together with the medial-Golgi, consistently with the conventional Golgi 120 

stack model (Fig. 1a, c; videos 1 and 2). However, we additionally observed cis-Golgi compartments 121 

moving independently from the medial-Golgi for both MEMB12 and SYP31 (Fig. 1b, d; videos 1 and 2). 122 

To be sure that the Golgi-independent compartments were completely separated from the Golgi in 3D, we 123 
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acquired 3D-stacks by airyscan microscopy in living root epidermal cells. 3D-stacks were visualized and 124 

analyzed by IMARIS software to determine the 3D position of the Golgi-independent compartments from 125 

the medial-Golgi. Interestingly, we found cis-Golgi structures clearly separated in 3D from the medial-126 

Golgi for both MEMB12 and SYP31, we also found Golgi-associated cis-Golgi (Fig. 1e, f; video 3; 127 

Extended data 1e,f). IMARIS surface rendering of reconstructed cis- and medial-Golgi objects 128 

additionally confirmed these observations (Fig. 1g-n; video 3; Extended data 1g, h). We next evaluated 129 

the proportion of the cis compartment that was independent from or associated with the medial-Golgi in 130 

our 3D acquisitions and found that Golgi-independent cis can reach up to more than half of the total 131 

population of cis-Golgi (Fig. 1o). These results challenge the traditional Golgi stack representation. 132 

Notably, we found a striking difference between the cis-markers: SYP31-positive compartments being 133 

mostly associated with the Golgi while MEMB12-compartments are mostly independent from it (Fig. 1g-134 

o). These results suggest that the two cis-markers label two different populations of cis-Golgi 135 

compartments. Using IMARIS surface rendering we found that the cis-Golgi subpopulations are variable 136 

in size and display different morphologies (Fig. 1g-n). SYP31-compartments that associate with the rest 137 

of the Golgi are rounder and bigger than those labeled by MEMB12 which appear more fragmented (Fig. 138 

1g-n, Extended data 1e-h). We next ranked the cis-compartments according to their distance to the rest 139 

of the Golgi. Interestingly, our results show that the largest cis-compartments are found in close proximity 140 

of the Golgi while the smallest are the most distant from the Golgi (Fig. 1p, Extended data 1i). We 141 

visualized this correlation for both MEMB12 and SYP31 cis-Golgi markers although the profiles were 142 

different between the two markers. We calculated that SYP31-compartmens are packed in one population 143 

that stayed within a 3-4 µm distance from the rest of the Golgi (Fig. 1p, Extended data 1i). 144 

Contrastingly, MEMB12-compartment are spread in a binomial distribution, one major population is 145 

located within a 3-4 µm distance from the rest of the Golgi, similar to SYP31, while a second population 146 

locates between 10-15 µm from the Golgi (Fig. 1p, Extended data 1i). These results suggest that the cis-147 

compartments form larger structures in proximity of the Golgi and that at least two subpopulations of cis-148 

Golgi co-exist, SYP31 that is close from the Golgi and MEMB12 that can be both close and distant from 149 

it. Thus, our next question was to address how these independent cis-Golgi behave dynamically. To 150 

address this question, we setup a workflow composed of lived airyscan microscopy acquisition, tracking 151 

of individual objects in both channels using the Detect Track and Co-localize (DTC) plugin of imageJ27. 152 

This plug-in identifies the interactions occurring between compartments of two channels and calculates 153 

their durations. Within our 5 min time-lapse acquisition, we found that the cis-Golgi compartments could 154 

either stay associated with the medial-Golgi (Fig. 2a, d; videos 1 and 2), remains independent from it 155 

(Fig. 2b, e; videos 1 and 2), or show transient interactions with the Golgi (Fig. 2c, f; videos 1 and 2; 156 

Extended data 2a, e). Importantly, in addition to the MEMB12-compartments we often and consistently 157 
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detected a network of MEMB12-interconnected tubules that displays a super-fast kinetic and that is 158 

locally wrapped or packed into denser clustered structures that eventually associate with the medial-Golgi 159 

(white stars in Fig. 1a, b, e; Fig. 2a-c; videos 1, 2, 4, 5; Extended data 2a). Next, we quantified the 160 

proportion of MEMB12-structures that either associate with, are independent from, or show transient 161 

interaction with the Golgi. Our results showed clear differences between MEMB12 and SYP31 markers. 162 

MEMB12 mainly displayed transient interactions with the medial-Golgi, the rest of the MEMB12 163 

population equally remains either associated to or independent from the Golgi (Fig. 2g, h). In contrast, 164 

SYP31 mainly remains associated to the medial-Golgi, or display transient interactions with it, while very 165 

few Golgi-independent entities were detected (Fig. 2g, h). If we now consider the population of transient 166 

interactions only, we quantified that the number of associations is equal to the number of dissociations 167 

within this population, for both MEMB12 and SYP31 markers (Fig. 2i). These results further argue that 168 

the interaction is only transient. Again, we noticed that MEMB12 displays about four times more 169 

association/dissociation than SYP31 (Fig. 2i). Our results are consistent with those we obtained in 3D 170 

IMARIS-reconstructed images (Fig. 1g-o). Next, we quantified the time of interaction and found out that 171 

the duration is around 15 seconds in average, for both MEMB12 and SYP31 markers (Fig. 2j). To be sure 172 

that the transient interactions we detected are not due to the loss of the objects during the tracking, we 173 

checked the average duration of one track and found that it was superior (around 22 sec) to the average 174 

association time (Extended data 2a, b, e, f), this gave us the upper edge of our quantification method. To 175 

obtain the lower edge, we evaluated the stochastic background of the method, in other words: what is the 176 

chance to detect an interaction just by chance? To check this, we either turned one channel by 180° or 177 

mirrored it vertically or horizontally and keep the other channel still. We found that the number of Golgi-178 

associated cis is reduced close to 0 and that the number of Golgi-independent cis is much higher 179 

(Extended data 2c, g). Furthermore, the average interaction time is strongly reduced to 5-6 seconds 180 

(Extended data 2d, h). Thus, the interaction events we see are not due to random movements.  181 

 182 

MEMB12 subpopulation dynamically associates with the ERES and is loaded with luminal cargos  183 

To decipher whether the MEMB12-structures could be some ER-Golgi intermediate compartments we 184 

tested whether the MEMB12-compartments could associate with the ERES in plant cells and whether 185 

some cargos could be loaded into it. To check this possibility, we crossed the ERES marker MAIGO5 186 

(MAG5)-GFP28,29 with the mCherry-MEMB12 fluorescent line and performed live cell airyscan time laps 187 

two-colors acquisitions in root epidermal cells (video 6). Interestingly, the MEMB12-population mainly 188 

displays either transient interactions or remains independent from the ERES in equal proportion (Fig. 3a-189 

d; video 6). The number of MEMB12-structures that remained associated to the ERES all over the 5 min 190 
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acquisition time is close to 0 further suggesting that MEMB12/ERES interactions are never stabilized, 191 

contrastingly to MEMB12/NAG1-medial Golgi interactions (Fig. 3d, 2h). Furthermore, within the 192 

dynamic population that display transient interactions, the number of association and dissociation is equal 193 

supporting the dynamic nature of the MEMB12-compartments regarding the ERES (Fig. 3e). We 194 

calculated the average interaction time and found that MEMB12-compartments stay associated with 195 

ERES for around 12 sec (Fig. 3f). Our upper edge control shows that the average track time is higher 196 

(around 22 sec) than the average association time (Extended data 3a). The lower edge 180° rotation and 197 

mirrored stochastic controls shows that the number of ERES-independent MEMB12-compartments are 198 

increased while the association time is decreased (Extended data 3b, c). Together, these results show that 199 

the cis-Golgi is able to be connected with the ERES in a dynamic way. As the ERES are supposed to be 200 

the sites of cargo loading, we established the Retention Using Selective Hook (RUSH)4,30 system in plants 201 

to test the possibility that some cargos, that are stacked at the ER in the first place and then synchronously 202 

released upon application of a chemical, are actually loaded into the MEMB12-compartments. The ER-203 

hook we designed is composed from a ER-resident signal, the HDEL peptide31, a bait that is a mutated 204 

version of the FKBP-rapamycin binding (FRB) domain of the Human kinase TOR able to self-interact 205 

with itself32, and the fluorescent protein TagBFP2 (Fig. 3g). As a cargo we employed the fluorescent 206 

marker sec-EGFP that is widely used to identify ER-to-Golgi trafficking mechanisms in plants33, to which 207 

we fused a FKBP domain. We combined in one construct the ER-hook and the secretory cargo with the 208 

self-cleaving peptide P2A in between them. As the affinity of the mutated FKBP is higher for FKBP-209 

ligand than for itself, the addition of FKBP-ligand will release the cargo construct from the ER (Fig. 3h). 210 

In transient expression in the Arabidopsis cotyledons, we could perfectly see an ER-pattern for sec-211 

EGFP-RUSH that perfectly matches the ER-pattern of the HDEL-hook (Fig. 3i-k). In stable expression in 212 

the Arabidopsis root epidermis, the fluorescence of the HDEL-hook was too weak to be detected but sec-213 

EGFP-RUSH was efficiently stacked at the ER network (Extended data 3d). Upon cargo release by the 214 

FKBP-ligand, we observed that sec-EGFP-RUSH labels some endomembrane compartments that either 215 

closely associate or co-localize with the MEMB12-compartments, both in transient expression in 216 

cotyledons (Fig. 3 l-n) and stable expression in roots (Fig. 3o-x). We also noticed that the sec-EGFP-217 

RUSH is reaching pro-vacuole-like structures within 10 min and larger vacuoles within 60-80 min after 218 

cargo release both in roots (Extended data 3e-g) and cotyledons (Extended data 3h-j). To quantify the 219 

trafficking of sec-EGFP-RUSH through the Golgi, we performed airyscan localization analyses of sec-220 

EGFP-RUSH at different time points after cargo release, up to 20 min, in the root system. Interestingly, 221 

we found that the co-localization of sec-EGFP-RUSH with the mCherry-MEMB12-compartments is 222 

strongly increased after 5 min of cargo release and progressively decreases already from 10 min after 223 
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release (Fig. 3y). These results show that the luminal sec-EGFP-RUSH is indeed crossing the MEMB12 224 

subpopulation at early time points after leaving the ER.  225 

 226 

The MEMB12 subpopulation is a tubulo-vesiculated network mostly independent from the Golgi 227 

but displaying local Golgi-cisterna association  228 

In our airyscan time-lapse acquisitions, we not only found dynamic MEMB12-compartment but also a 229 

network of super-dynamic MEMB12-interconnected tubules (white stars in Fig. 1a, b, e; Fig. 2a-c; 230 

videos 1, 2, 4, 5; Extended data 2a). However, airyscan microscopy has around 140 nm resolution in 231 

lateral dimension and might not have sufficient resolution to fully distinguish membrane tubules. To 232 

confirm that MEMB12 labels such as network we employed a super-resolution microscopy approach 233 

using STED microscopy34,35. To obtain the best resolution we employed the τ-STED technology that uses 234 

Fluorescence Lifetime Imaging Microscopy (FLIM) approach to discriminate the background from the 235 

fluorophores36,37. Additionally, we used nanobodies, the smallest known antibodies, coupled to STED-236 

compatible fluorophores to obtain the maximal resolution38,39. In our images, we calculated that the lateral 237 

resolution is 63 nm (+/- 12 nm) in τ-STED while we obtained 166 nm (+/- 19 nm) in airyscan microscopy 238 

(see methods section). We performed two-colors τ-STED microscopy with the mCherry-MEMB12 239 

marker and the medial-Golgi marker NAG1-GFP. Strikingly, the localization pattern of the two markers 240 

appeared completely different. The medial-Golgi is a cisterna that looks either flat, like a rice grain, or 241 

circular with an edge localization of NAG1-GFP, like a donut, depending on the orientation of the 242 

cisternae (Fig. 4a, d, g). Contrastingly, the MEMB12-compartments were a tubulo-vesicular network 243 

with small vesicles connected by tubules, similar to the VTC/ERGIC of animal cells (Fig. 4b, e, h). To 244 

quantify these observations, we used a morphometric workflow that calculates three parameters: the area, 245 

the circularity and the solidity (the circularity measures if a structure is carved or branched) of the 246 

structures. We found that the area of MEMB12-structures was higher than for NAG1 but the values were 247 

also much more spread (Fig. 4j). The circularity of the medial-Golgi was seemingly spread in two groups, 248 

we found out that this was due to the orientation of the cisterna, either like a rice grain or like a donut 249 

(Fig. 4f, Extended data 4a). The circularity and solidity values of MEMB12-structures were lower than 250 

NAG1 but again more spread than for NAG1 (Fig. 4j, Extended data 4a). These results indicate that 251 

MEMB12-structures are more heterogeneous in shape than NAG1-medial-Golgi and quantitatively 252 

confirm that the MEMB12 compartments are not like Golgi-cisternae but are rather a mix of branched 253 

tubular network and vesicles (Fig. 4a-i). While the MEMB12 network appears mostly independent from 254 

the medial-Golgi cisterna, we consistently see close associations or intertwined connection of the 255 

MEMB12 compartments with the medial-Golgi (Fig. 4c, f, i). In proximity of the medial-Golgi we 256 
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detected either several vesicle-shaped structures or more expanded structures (Fig. 4f, i), consistently to 257 

what we described earlier by IMARIS (Fig. 1g-j) or what was described by electron microscopy at the 258 

vicinity of the Golgi stack7. The mCherry-MEMB12 construct is under the control of the mild expressing 259 

promoter pUBQ10. Thus, we wanted to address whether the network we observed is an artefact due to the 260 

mild expression of the protein or whether we could also observe this network in native condition. For this, 261 

we performed an immuno-localization of MEMB12 protein with an antibody recognizing specifically 262 

MEMB12 and its close homolog MEMB1140. Our τ-STED results indicate that we could detect a similar 263 

tubulo-vesicular network, mostly independent from the medial-Golgi with local association or imbrication 264 

with the medial-cisterna (Fig. 4k-s). We noted that sometimes MEMB12 was labeling structures that 265 

appear like a tubulo-vesicular cluster independent form the Golgi or like a membrane sheet or cisterna 266 

associated with the medial-Golgi (Fig. 4p, s). The morphometric analysis of anti-MEMB12 basically 267 

show similar results as for the mCherry-MEMB12 with spread values for the area, circularity and solidity 268 

representative of a mix between tubules and vesicles (Fig. 4t). Hence, we confirmed that the tubulo-269 

vesicular network labeled by MEMB12 is present in plants that do not express any cis-Golgi fluorescent 270 

markers. Strikingly, we performed τ-STED on p35S::mRFP-SYP31 and saw a cisterna-like structure, 271 

similar to the medial-Golgi although being smaller than NAG1-cisterna (Extended data 4c-m). Cisterna-272 

like structures were also observed for pUBQ10::YFP-SYP32 or pSYP32::GFP-SYP32 Arabidopsis lines 273 

(Extended data 4c-k) and were also smaller than the medial-Golgi (Extended data 4l, m, area). These 274 

results are consistent with the IMARIS morphometric analyses where SYP31 compartments appeared 275 

bigger and less fragmented than MEMB12 compartments (Fig. 1g-j). Finally, to confirm our findings by 276 

yet another independent approach than τ-STED processing, we performed Expansion Microscopy (ExM) 277 

to physically expand our samples by a 4X factor and acquire 2D images and 3D-stacks by conventional 278 

confocal microscopy. In our ExM images we obtained a lateral resolution of 91 nm (+/- 8 nm). Our 279 

results clearly show that the MEMB12-labeling is distributed over a tubulo-vesiculated network that is 280 

mostly independent from the medial-Golgi (Fig. 4u-w) but that can locally display contact with it (Fig. 281 

4x-ac). Contrastingly, the medial-Golgi is a cisterna, with an accumulation of NAG1-EGFP at the edges 282 

of the cisterna, like what we described in τ-STED (Fig. 4u, x, aa; Fig. 4a, d, g, k, n, q). Furthermore, we 283 

acquired 3D ExM stacks, reconstructed them using IMARIS surface rendering and confirmed that 284 

MEMB12 appears like a Golgi-independent fragmented network while NAG1 is more an isotropic 285 

compartment (in Fig. 4ad-ag, video 7, white arrows). Interestingly, some part of the MEMB12 network 286 

locally surrounds or entangle the medial-Golgi (Fig. 4ad-ag, white arrowheads) and tubular structures 287 

seems to connect the Golgi-independent and Golgi-associated MEMB12 network (Fig. 4ad-ag, white 288 

stars). Altogether, our τ-STED and ExM results demonstrate that the morphology of MEMB12-structures 289 

is a Golgi-independent tubulo-vesiculated network that can intertwine the Golgi cisternae.  290 
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 291 

The dynamic behavior of MEMB12 subpopulation is regulated by sphingolipid membrane 292 

composition and its contacts with the Golgi cisternae 293 

MEMB12 is localized on a tubular network. Interestingly, it is known that the sphingolipids ceramides 294 

containing Very-Long Chain Fatty Acids (VLCFAs) of 24 atoms of carbon (C24-ceramides) favor the 295 

formation of tubular structures through the formation of interdigitated phases41. Thus, we used the 296 

FumonisinB1 (FB1), an inhibitor of the Arabidopsis ceramide synthases LOH1 and LOH3 that 297 

specifically synthesize C24-ceramides42. As an additional tool, we used Metazachlor (Mz), that 298 

specifically inhibits the synthesis of C24 fatty acids that will next be integrated into sphingolipids43,44. 299 

However, FB1 is more specific towards ceramides but generates an accumulation of free Long Chain 300 

Bases (LCB) while Mz is not specific towards a sphingolipid specie but has less side-effects42. Our results 301 

show that FB1 treatment, but not Mz, strongly reduces the number of MEMB12-compartments as well as 302 

the number of NAG1 medial-Golgi (Fig. 5a, b, d, e; Extended data 5a). These results suggest that FB1 303 

inhibits the de novo generation of MEMB12-compartments and Golgi stacks. As a result of the loss of 304 

MEMB12 and medial-Golgi upon FB1, the number of Golgi-associated, Golgi-independent and transient 305 

association of MEMB12 with the medial-Golgi is strongly reduced upon FB1, but not upon Mz 306 

(Extended data 5b, c). If we now only look at the population that transiently associate with the medial-307 

Golgi, we quantified that the number of associations/dissociations was strongly reduced upon both FB1 or 308 

Mz (Fig. 5c, f). These results suggest that the effect of Mz is milder as compared to FB1 and the dynamic 309 

interaction of MEMB12-compartments with the medial-Golgi is dependent on the acyl-chain length 310 

composition of sphingolipids. As controls, the velocity of MEMB12-compartments or the time of 311 

association with the medial-Golgi was not altered neither upon FB1 nor upon Mz (Extended data 5d-g). 312 

Additionally, to these dynamic quantifications, we noticed in our airyscan time-lapse acquisitions that 313 

FB1 or Mz treatment alters the MEMB12 tubular-network, some tubules are still visible in the 314 

surroundings of the Golgi but the main tubular-network is absent in Golgi-free zones (videos 8 and 9). 315 

These results suggest that sphingolipids are involved in the generation of the tubular-network and its 316 

dynamics and that the interaction with the Golgi could stabilize the MEMB12-network, as we already 317 

suggested in several set of experiments earlier in this study. Thus, next we addressed whether the contact 318 

of the MEMB12-compartments with the rest of the Golgi additionally contributes to its dynamics. Our 319 

dynamic airyscan, IMARIS and τ-STED results suggest that SYP31 is mostly a stable cisterna close to the 320 

medial-Golgi while MEMB12 is mostly a highly dynamic tubulo-vesiculated structure that can sometimes 321 

be stabilized at the Golgi cisternae. Thus, we wondered whether the MEMB12-network displays dynamic 322 

association with SYP31-cisterna. To address this, we crossed mCherry-MEMB12 into EGFP-SYP31 and 323 
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performed airyscan time laps acquisitions. Indeed, we quantified that MEMB12 is mostly transiently 324 

associated with SYP31, with an average time of association between 12-15 sec, consistently to what we 325 

observed for the medial-Golgi (Fig. 5g-j; video 10). Our controls show that the track time is higher than 326 

the association time and that the rotation or inversion of one channel results in the increase of the number 327 

of SYP31-independent MEMB12-compartments and decrease of the association time (Extended data 6a-328 

c). Our IMARIS analyses showed that the MEMB12-compartments are getting enlarged when they get 329 

close to the medial-Golgi, suggesting that they get stabilized at the Golgi (Fig. 1g-j). Thus, we quantified 330 

the velocity of MEMB12-compartments that are either associated with or independent from the Golgi and 331 

found that the speed of MEMB12-compartments was lower when it is associated with either SYP31-cis or 332 

NAG1-medial Golgi (Fig. 5k, l). Similarly, the SYP31 compartments that are independent from the 333 

medial-Golgi are faster than the ones associated with it (Extended data 6d). Altogether, our dynamic and 334 

morphometric analysis suggest that the MEMB12-stucture is mostly dynamics but gets stabilized and 335 

enlarges into bigger structures when it locally contacts the cis-Golgi cisterna. Indeed, in our videos we 336 

often and consistently see that the dynamic MEMB12-network gets locally wrapped into a denser 337 

clustered structure at the proximity of either NAG1-medial or SYP31-cis cisternae (videos 1, 2, 4, 5, 10). 338 

 339 

Conclusion 340 

Our study revises and transforms our understanding of the architecture and dynamics of the Golgi in a 341 

Eukaryotic multicellular system. Our results demonstrate that the cis-Golgi of Arabidopsis is constituted 342 

from different subpopulations, one is labeled by Qa-SNARE SYP31/32 and is mostly a stable cisterna-343 

like compartment attached to the medial-Golgi. Another subpopulation is labeled by the Qb-SNARE 344 

MEMB12 and is highly dynamic network of membrane tubules and vesicles that is mainly independent 345 

from either the Golgi or the ERES but can still interacts with them either transiently or more stably. Why 346 

was this cis-Golgi network never observed before in plant cells? Actually, membrane tubules were 347 

suggested to exist between the ER and the plant Golgi for a long time12,13,45. However, previous immuno-348 

EM experiments using cis-Golgi markers were all focused on the Golgi stack and, consistently with our 349 

results, all show a pearled membrane structure at the cis-side of the stack7,40,46,47. So up to now our 350 

understanding of the Golgi apparatus was biased by a stack-centered view of the Golgi and the governing 351 

idea that the cis-Golgi is a cisterna moving with the rest of the Golgi. GECCO was originally described 352 

using the SYP31 cis-Golgi marker17,48 which mostly labels a Golgi-associated cisterna in this study. We 353 

now propose that the highly dynamic Golgi-independent cis-Golgi MEMB12-tubulo-vesicular network is 354 

part of the ERGIC in plants and constitutes an early station of the GECCO, while the more stable Golgi-355 

associated cis-Golgi SYP31-cisterna would correspond to a more mature part of GECCO. We show here 356 
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that the MEMB12-tubular network dynamically interacts with both the ERES and the Golgi and is able to 357 

transport cargos from the ER to the Golgi due to that the sec-EGFP-RUSH construct is crossing the 358 

MEMB12-compartment shortly after induced ER-release. We noticed that the vacuole is also stained 359 

quickly after ER-release, thus we cannot exclude that luminal cargo follow an additional direct path from 360 

the ER as was described earlier for other type of cargos49. Our results show that the MEMB12-network is 361 

very dynamic in a lipid-dependent manner. More precisely, we found that the acyl-chain length of 362 

sphingolipids is involved in the generation of the MEMB12-tubular-network and in the dynamic 363 

interaction of MEMB12-compartments with the Golgi. Acyl-chain length of sphingolipids induces 364 

interdigitated membrane phase and the formation of tubules41. Thus, we postulate that a fine-tuned 365 

balance in membrane sphingolipid composition participates, probably in combination with other factors, 366 

to keep a flexible and dynamic MEMB12-tubular network. Consistently, our results show that the 367 

MEMB12-compartments are less tubular, enlarged and more stable when they get at the proximity of a 368 

Golgi-cisterna. Alternatively, acyl-chain length of sphingolipids could directly be involved in differential 369 

protein sorting, similarly to what has been described in yeast at ERES50. The results presented in this 370 

study open the way to the establishment of a revised model of the Golgi in which at least a part of the ER-371 

to-Golgi trafficking occurs via a cis-Golgi intermediate tubular network. In this model, some discrete 372 

regions of the super-dynamic tubular MEMB12-network stabilize into an intertwined membrane sheet, 373 

eventually giving rise to a new cis-Golgi cisterna. This could explain how the Golgi maintains its integrity 374 

while being constantly crossed by cargos, by forming new cis-cisternae from the intermediate network. In 375 

mammalian cells, the ERGIC markers ERGIC-53 and Rab1 localize not only to the structures that are 376 

apart from the Golgi ribbon but also to the cis-face of the main Golgi body, suggesting that the similar 377 

organization of the intermediate compartments at the ER-Golgi interface is shared across kingdoms5,51,52. 378 

Our work paves the way to future exploration on this topic, more specifically on how the Golgi is 379 

generated and what is the role of membrane trafficking and remodeling during cell responses to 380 

environmental stimuli and/or developmental cell-reprograming membrane processes. 381 

 382 
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 533 

Legends of the videos 534 

Video 1. Airyscan time-lapse acquisition of MEMB12-mCherry and NAG1-EGFP in root epidermal 535 

cells. MEMB12 is labelling vesicle-like structures as well as a tubular network (white star) that is highly 536 

dynamic. MEMB12-structures display both independent movements from the medial-Golgi (white arrow) 537 

and Golgi-associated movements. Scale bar is 1 µm, the time in seconds is indicated at the upper right.    538 

 539 
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Video 2. Airyscan time-lapse acquisition of SYP31-mRFP and NAG1-EGFP in root epidermal cells. 540 

SYP31 is mostly labelling vesicle-like structures that display Golgi-associated movements. Scale bar is 1 541 

µm, the time in seconds is indicated at the upper right.    542 

 543 

Video 3. 3D-airyscan acquisition and IMARIS surface modelling of cis-/medial-Golgi 544 

compartments. (a, b) 3D-airyscan images and surface modelling of either MEMB12-mCherry or 545 

SYP31-mRFP together with NAG1-EGFP in root epidermal cells. MEMB12-structures are more 546 

fragmented and dispersed than SYP31 that is closer to the Golgi and labelling the edge of a cisterna, like a 547 

donut. (c-f) Additional examples of 3D-reconstructed MEMB12 and SYP31 structures.  548 

 549 

Video 4. Single channel airyscan time-lapse acquisition of MEMB12-mCherry in root epidermal 550 

cells. MEMB12 labels a highly dynamic tubular network that is locally wrapped or packed into denser 551 

clustered structures. Scale bar is 1 µm, the time in seconds is indicated at the upper right.    552 

 553 

Video 5. Another single channel airyscan time-lapse acquisition of MEMB12-mCherry in root 554 

epidermal cells. MEMB12 labels a highly dynamic tubular network that is locally wrapped or packed 555 

into denser clustered structures. Scale bar is 1 µm, the time in seconds is indicated at the upper right.    556 

 557 

Video 6. Airyscan time-lapse acquisition of MEMB12-mCherry and MAIGO5-EGFP in root 558 

epidermal cells. MEMB12-structures transiently associate (white arrows) with ERES structures labelled 559 

by MAIGO5-EGFP. Scale bar is 1 µm, the time in seconds is indicated at the upper right. 560 

 561 

Video 7. 3D-expansion microscopy (ExM) and IMARIS surface modelling of the MEMB12-562 

network. 3D-airyscan ExM images and surface modelling of MEMB12-mCherry together with NAG1-563 

EGFP in root epidermal cells. The Golgi-independent MEMB12-network display intertwined connection 564 

with the medial-Golgi and is often found to surround it.  565 

 566 

Video 8. Airyscan time-lapse acquisition of MEMB12-mCherry and NAG1-EGFP in root epidermal 567 

cells treated with 100 nM Mz. The Golgi-independent MEMB12-network disappeared upon Mz, only 568 
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some part of the MEMB12-network remains close to the Golgi (white arrow). Scale bar is 1 µm, the time 569 

in seconds is indicated at the upper right. 570 

 571 

Video 9. Airyscan time-lapse acquisition of MEMB12-mCherry and NAG1-EGFP in root epidermal 572 

cells treated with 2.5µM FB1. The Golgi-independent MEMB12-network disappeared upon FB1, only 573 

some part of the MEMB12-network remains close to the Golgi (white arrow). Scale bar is 1 µm, the time 574 

in seconds is indicated at the upper right. 575 

 576 

Video 10. Airyscan time-lapse acquisition of MEMB12-mCherry and SYP31-EGFP in root 577 

epidermal cells. MEMB12 is labelling vesicle-like structures as well as a tubular network (white star) 578 

that is highly dynamic. MEMB12-structures display both independent movements from SYP31-579 

compartments (white arrow) and SYP31-associated movements. MEMB12 labels a highly dynamic 580 

tubular network that is locally wrapped or packed into denser clustered structures close to SYP31-581 

compartments. Scale bar is 1 µm, the time in seconds is indicated at the upper right.  582 

 583 

Methods 584 

Cloning, plant material and growth conditions. The following Arabidopsis transgenic fluorescent 585 

marker lines were used: pUBQ10:: mCherry-MEMB12 (Wave 127R)24, p35S::NAG1-EGFP26, 586 

p35s::GFP-SYP31, p35s::mRFP-SYP31, pSYP32::GFP-SYP32, pMAG5::MAG5-GFP28,29. To generate 587 

p35S::GFP-SYP31 and p35S::mRFP-SYP31, the DNA fragments coding p35S::XFP-SYP31-Nos3’ were 588 

amplified by PCR from the SYP31 vectors previously published53. They were cloned into pENTR/D-589 

TOPO (Thermo Fisher Scientific/Invitrogen), and recombined into pKGW by LR Clonase II (Thermo 590 

Fisher Scientific/Invitrogen). To generate pSYP32::GFP-SYP32, the Arabidopsis genomic SYP32 DNA 591 

fragment which contains 2.5 kb 5’ and 0.8 kb 3’ flanking sequences was amplified by PCR and cloned 592 

into pENTR/D-TOPO. The DNA fragment coding GFP was inserted at the 5’ side of SYP32 by In-Fusion 593 

HD Cloning Kit (Takara), and the whole sequence was recombined into pGWB1 by LR Clonase II. To 594 

generate p35S::ST-mRFP, first the DNA fragment coding ST was amplified by PCR and cloned into 595 

pENTR/D-TOPO, and recombined into pH7RWG2. Next, the DNA coding ST-mRFP was amplified from 596 

it and cloned into pENTR/D-TOPO again, and recombined into pGWB2 by LR Clonase II. These 597 

constructs were transformed into WT Arabidopsis or GNL1-Myc BFA-sensitive Arabidopsis line21 by 598 

floral dipping using Agrobacterium tumefaciens54. Double fluorescent lines were obtained by crossing of 599 

the lines above. For all observations, seeds were treated with 0.1% Triton in water during 5 minutes, then 600 
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washed three times with sterile deionized water and kept 3-4 days at 4°C in water. The seed were then 601 

sterilized using a 0.9% chlorine/0.1% Triton solution during 20 minutes and sown on ½ Murashige and 602 

Skoogs (MS) agar medium plates (0.8% plant agar, 1% sucrose, and 2.5mM morpholinoethanesulfonic 603 

acid pH5.8 with KOH). The seedlings were grown 5 days vertically in long day conditions (150 mE/m2/s 604 

-1, 16h light/ 8h dark) at 22°C. 605 

 606 

Live cells airyscan and confocal microscopy. Live time-lapse and Z-stacks acquisitions in Fig. 1, 2, 3 607 

(except for 3i-n), 5, 6 and extended data 1e-h, 2, 3a-g, 5, 6 were done using the Airyscan1 module of a Zeiss 608 

LSM 880 using 40X oil-immersion objective (NA 1.3). Live cell airyscan microscopy were performed on 609 

time-lapse acquisition for the dynamic tracking of compartments association, 3D-reconstruction using the 610 

IMARIS software and cargo trafficking analysis using the Retention Using Selective Hooks (RUSH) 611 

system. In all cases, seedlings were mounted between an Epredia™TM SuperFrost Plus slide and a 20x20 612 

mm #1.5 coverslip spaced by double-sided tape (except for RUSH observation, the double-sidedtape was 613 

not used), in this small chamber the seedlings were incubated with ½MS liquid medium (1% sucrose, and 614 

2.5mM morpholinoethanesulfonic acid pH5.8 with KOH). Dynamic time-series acquisitions were 615 

performed as follow: 150 frames, 1 frame every 2 seconds. 3D Z-stacks series were done with a Z-step of 616 

100 nm through 10 µm thickness. The 561 nm excitation laser was used for mCherry or mRFP while the 617 

488 nm laser was used to imaged GFP, the MBS used was 488/561/633 and the filters used were BP495-618 

550 + LP570. Live cell confocal imaging in Fig. 3i-n, Extended data 1a-d, 3h-j was performed with a Zeiss 619 

LSM 880 using 40X oil-immersion objective (NA 1.3). The 488 nm excitation laser was used for GFP, the 620 

561 nm laser was used for mRFP and the 405 nm laser was used for the tagBFP2. 621 

 622 

3D Modelling. 3D reconstruction and analysis was performed using the IMARIS10 software. Prior to 623 

IMARIS analysis a median filter (3x3x1) and a subtract background (rolling radius 2, except for 624 

p35S::NAG1-EGFP where no subtract background was done) were applied to the Z-stack acquisitions. 3D 625 

volumes were created for both channels and then sorted according to the distance between either mCherry-626 

MEMB12 or mRFP-SYP31 compartments with the nearest p35S::NAG1-EGFP compartment. We then 627 

classified them as Golgi-associated or Golgi-independent and calculated their areas.  628 

 629 

Quantitative live tracking of compartment association. The dynamic analysis was done using the Detect, 630 

Track, and Colocalize (DTC) plugin of ImageJ (https://github.com/fabricecordelieres/IJ-Plugin_DTC)27. 631 

Images were pre-treated as follow before being analysed with the DTC: individual cells were manually 632 
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delimited using the polygon selection tool and added to the ROI manager; a Gaussian blur filter (sigma 2) 633 

and a subtract background (rolling radius 10, except for p35S::NAG1-EGFP were the rolling radius was 5) 634 

were applied to all images. The geometrical centres or centroids were calculated for all compartments in 635 

the two channels and for each time points. The compartments were tracked if they were at least detected in 636 

two successive frames. The maximum of displacement of a given object between two time-frames was 637 

setup to 9 pixels. We setup a reference value for the distance of association between two compartments by 638 

measuring, for each couple of markers, the average distance between two compartments when they were 639 

clearly associated. This distance of association was then applied to the time-lapse acquisitions to distinguish 640 

when a compartment in the first channel is associated to another in the second channel. If the distance 641 

between one compartment in the first channel and the nearest compartment in the second channel is inferior 642 

to the reference distance of association, then we considered that they were associated. Oppositely, if their 643 

distance was superior to the reference distance of association, then we considered that they were not 644 

associated, e.g. independent. For the RUSH quantification, we applied as association distance the resolution 645 

limit for the AiryScan cell per cell analysed. All values were calculated for each detected compartment, in 646 

both channels and each time-frames, the values were then sorted using an excel macro we established and 647 

made available on demand.  648 

 649 

Inducible cargo release using the Retention Using Selective Hooks (RUSH) system. Cloning of the 650 

RUSH system for plant expression was based on multisite Gateway® three-fragment vector construction. 651 

In the first vector (pDONR P4-P1r) we introduced the mild-expressing UBQ10 promoter (pUBQ10)24, in 652 

the second cassette (pDONR P1-P2) we introduced the cargo and in the third cassette (pDONR P2r-P3) we 653 

introduced the ER-hook. The three cassette were combined into the pB7m34GW plant expression vector. 654 

The luminal cargo sequence was made of an ER-signal peptide (SP) followed by EGFP (optimized for 655 

Arabidopsis) and FKBP (Table 1). The ER-hook sequence was made of a peptide 2A (P2A), an ER-signal 656 

peptide (SP) followed by TagBFP2, a linker, FKBP and the ER-retention HDEL peptide (Table 1). The 657 

cargo and hook sequences were obtained by gene synthesis and then integrated into pDONR P1-P2 and 658 

pDONR P2r-P3, respectively. We transformed by floral dip the pUBQ10::SP-EGFP-FKBP-P2A-SP-659 

TagBFP2-linker-FKBP-HDEL/ pB7m34GW construct into Arabidopsis thaliana plants expressing the 660 

pUBQ10::mCherry-MEMB12 marker. We selected 3 homozygote mono-insertion lines and further worked 661 

with one line. The selection was based on resistance to Basta (10 µM phosphinotricine final concentration 662 

in MS plate). Live imaging microscopy was performed on 5 days old seedlings that were mounted between 663 

a slide and coverslip into ½ MS liquid media containing 200 µM of the synthetic FKBP ligand GPI1485 664 

(MedChemExpress). The glass slides were then vacuumed 90 seconds at 600mmHg and then immediately 665 
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placed under the microscope for acquisition. The co-localization quantification was based on the limit of 666 

resolution measured in our airyscan images, the geometrical centres or centroids were calculated for all 667 

compartments in the two channels. If the distance between one compartment in the first channel and the 668 

nearest compartment in the second channel is inferior to 166 nm, then we considered that they were co-669 

localized. Oppositely, if their distance was superior to 166 nm, then we considered that they were not co-670 

localized. 671 

 672 

Inhibitor treatments. Metazachlor (Mz, Merck, Sigma PESTANAL®) treatment was performed on 673 

seedlings grown for 5 days on 100 µM Mz-containing ½ MS plates. Fumonisin B1 (FB1, Merck Sigma) 674 

treatment was performed on 5-day old seedlings grown on normal ½ MS plates that were transferred for 16 675 

hours into multiwall plates containing liquid ½ MS medium with 2.5 µM FB1. Brefeldin A (BFA, Merck 676 

Sigma) treatment was performed on seedlings grown for 5 days on ½ MS plates that were transferred for 677 

1.5 hours into multiwell plates containing liquid ½ MS medium with 50 µM BFA.  678 

 679 

Immuno-staining. The immuno-localization protocol was adapted from Boutté and Grebe, 201455 and used 680 

an Intavis InsituPro VSi robot. After seedling fixation (4% paraformaldehyde dissolved in MTSB: 50mM 681 

PIPES,5mM EGTA, 5mM MgSO4 pH 7 with KOH) and root tip dissection on polylysine-coated Epredia® 682 

SuperFrost Ultra Plus Gold slides (ThermoFisher Scientific), the slides with the root samples were mounted 683 

under a counter slide using 1X MTSB solution and positioned in the InsituPro VSi holder. The program for 684 

single and double staining are described in the supplemental Table 2. At the end of the program, slides were 685 

mounted under a coverslip #1.5 using ProlongGold anti-fade mounting-medium (ThermoFischer 686 

Scientific). The following antibodies and nanobodies were used: anti-MEMB1240 1/100, goat anti-rabbit-687 

AlexaFluor AF594 1/300 (Abcam), GFPbooster-ATTO647N 1/200 (Proteintech) and RFPbooster-688 

ATTO594 1/200 (proteintech).  689 

 690 

Lifetime tau-Stimulated Emission Depletion (τ-STED) microscopy. Acquisitions were done using a 691 

Leica SP8 (DMI6000 TCS SP8 X) equipped with a STED and a FALCON module in sequential mode with 692 

a 93X Glycerol immersion objective (NA 1.4). The excitation laser wave lines were 594 nm for the AF594 693 

and ATTO594 and 640 nm for the ATTO647N. The power of the excitation laser was set between 5-15%, 694 

the power of the 775 nm depletion laser (used for AF594, ATTO594 or ATTO647N) was set between 30-695 

50%, depending on the expression strength of the protein marker and the fluorophore used. Emission signals 696 

were collected between 610-640 nm for AF594/ATTO594 and between 655-690 nm for ATTO647N with 697 
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a frame accumulation between 10 and 12 for FLIM measurements. Images were automatically processed 698 

by the τ-STED module of Leica. 699 

 700 

Morphometric analysis of τ-STED images. τ-STED images were filtered using a median filter (3x3x2) 701 

and converted into binary images. Then the analyse particle plugin of ImageJ was applied using the 702 

following set up: area from 0.04 to infinity, circularity from 0 to 1, add to ROI manager and exclude on 703 

edge. The ROIs were applied on the original images and ROIs that do not correspond to an individual 704 

structure were eliminated. Measurement were set up to obtain the area and shape descriptor of each 705 

individual ROI, from the shape descriptor we extracted the circularity; a line has a circularity of 0 and a 706 

circle a circularity of 1; and the solidity. The solidity is a ratio of the full convex area on the area of an 707 

object, if the full convex area and the area are the same the solidity will be close to 1.   708 

 709 

Expansion Microscopy (ExM). The proExM method was adapted from Tillberg et al., 2016. After fixation 710 

and immunolabeling root tips are glued to 12 mm round glass coverslips coated with Poly-L-Lysine prior 711 

to proExM protocol. Then after digestion, gels containing the roots are detached from the coverslip 712 

and carefully dissected to eliminate excess of empty gel. Root-containing gels are transferred to a clean 713 

container and expanded in water. Water is renewed several times until plateau is reached. Gels are finally 714 

mounted in a coverslip glass previously treated with poly-L-lysine for imaging. Expended root tips were 715 

imaged using a Leica SP8 (DMI6000 TCS SP8 X) in sequential mode with a 25X water plunging objective 716 

(NA 0.8). The excitation laser wave lines were 594 nm for the AF594 and 647 nm for the ATTO647N. The 717 

power of the excitation laser was set between 5-15%, and emission signals were collected between 610-640 718 

nm for AF594 and between 655-690 nm for ATTO647N.  719 

 720 

Calculation of the limit of resolution. References were taken in images from τ-STED, ExM and 721 

airyscan images to calculate the resolution of the system directly on the image using FIJI. The intensity 722 

distributions were fitted to the nearest gaussian and the full width at half maximum “d” value were used 723 

to calculate the resolution with the following formula:  724 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  2 × �2 × ln(2) × 𝑑𝑑 725 

A minimum of 20 measures have been done for each technics and “d” values were used only if the fitting 726 

curve displayed a R2>0,90. 727 

 728 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2023. ; https://doi.org/10.1101/2023.10.27.563925doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.27.563925
http://creativecommons.org/licenses/by-nc-nd/4.0/


Statistical information. The normality test was performed on each data set by the Shapiro-Wilk test to 729 

determine whether the data follow a Gaussian distribution. To compare two groups, unpaired t-test’s rank 730 

sum test was used if the datasets follow a Gaussian distribution (with welch’s correction if the standard 731 

deviation of the two datasets are separated by more than one unit). If the datasets do not follow a Gaussian 732 

distribution, the two-sided Wilcoxon’s rank sum test was used. To compare three groups or more, the One-733 

Way ANOVA Brown-Forsythe test was performed if all the datasets follow a Gaussian distribution, 734 

otherwise the Kruskal-Wallis test was used. 735 
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Figure 1. The cis-Golgi contains two subpopulations, the MEMB12-population is mostly Golgi-independent 
while the SYP31-population is mostly Golgi-associated. (a-d) Time-lapse airyscan acquisition in root epidermal 
cells of either mCherry-MEMB12 (cis-Golgi) x NAG1-EGFP (medial-Golgi) (a, b) or mRFP-SYP31 (cis-Golgi) x 
NAG1-EGFP (c, d) showing cis-compartments that remains either associated with (white arrowheads) or remains 
independent from the medial-Golgi (white arrows). White stars in a, b, e indicate MEMB12 tubular-like structures. 
(e, f) 3D airyscan acquisition of either mCherry-MEMB12 x NAG1-EGFP (e) or mRFP-SYP31 x NAG1-EGFP (f) 
showing that Golgi-independent compartments are not connected to other Golgi in the Z dimension. (g-n) 3D 
reconstruction (g, h, k, l) and surface modelling by the IMARIS software (i, j, m, n) of either mCherry-MEMB12 x 
NAG1-EGFP (g-j) or mRFP-SYP31 x NAG1-EGFP (k-n). (o) quantification of IMARIS surface modelling 
(n= 27 015 Golgi compartments identified out of 12 cells for MEMB12 x NAG1, n= 3 727 Golgi compartments 
identified out of 12 cells for SYP31 x NAG1) confirming that while SYP31 population is mostly associated to the 
Golgi, MEMB12 is mostly independent from the Golgi. (p) Ranking of IMARIS-modelled area (in µm²) of MEMB12- 
and SYP31-compartments according to their distance to the closer medial compartment. The MEMB12 population 
is more spread than SYP31, with one peak close to the Golgi (within 3-4 µm) and another peak 10-15 µm away 
from the Golgi. For both SYP31 and MEMB12, the closer to the Golgi and the largest are the compartments. 
All scale bars are 1µm.
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Figure 2. MEMB12 cis-Golgi is highly dynamic and displays transient interactions with the medial-Golgi. 
(a-f) Time-lapse airyscan acquisition in root epidermal cells of either mCherry-MEMB12 x NAG1-EGFP 
(medial-Golgi) (a-c) or mRFP-SYP31 x NAG1-EGFP (d-f). (a, d) Representative time-lapse of an association of 
either MEMB12- (a) or SYP31-compartments (d) with the medial-Golgi. (b, e) Representative time-lapse of 
Golgi-independent movements of either MEMB12- (b) or SYP31-compartments (e) away from the medial-Golgi. 
(c, f) Representative time-lapse of transient movements of either MEMB12- (c) or SYP31-compartments (f) with 
the medial-Golgi. White stars in a, b, c indicate MEMB12 tubular-like structures. (g) Schematic representation of 
the quantification workflow used for time-lapse acquisitions. Each compartment is followed for a certain time before 
it disappears from the field of acquisition, this is the track time. An association is detected if an opposite 
compartment crosses the association-zone (light blue) during the track time. The association is followed for a certain 
amount of time, this is the interaction sequence. (h) Number of MEMB12 or SYP31 compartments (normalized by 
cell area in µm²) that are either Golgi-associated, Golgi-independent or display a transient interaction with the Golgi. 
MEMB12 is more dynamic and independent from the Golgi than SYP31 (**** p<0.0001, by two-sided Wilcoxson 
and t-test rank sum tests). (i) Within the population of transient interaction, SYP31 displays less events of 
association and dissociation than MEMB12 (**** p<0.0001, by two-sided Wilcoxson and t-test (welch correction) 
rank sum tests). (j) Both MEMB12 and SYP31 have an interaction time around 15 sec with the medial-Golgi. 
n= 40 cells in all set of data ‘** p<0.0021, t-test rank sum test). All scale bars are 1µm.
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Figure 3. MEMB12 cis-Golgi displays transient interactions with the ERES and is crossed by the luminal 
cargo sec-GFP early after inducible-release from the ER. (a-c) Time-lapse airyscan acquisition in root 
epidermal cells of mCherry-MEMB12 x MAG5-GFP (ERES). (a) Representative time-lapse of 
MEMB12-compartments either associated to the ERES, (b) independent from the ERES or (c) in transient 
interaction with the ERES. (d) Number of MEMB12-compartments (normalized by cell area in µm²) that are either 
ERES-associated, ERES-independent or display a transient interaction with the ERES (n= 40 cells, **** p<0.0001, 
by two-sided Wilcoxson and t-test (welch correction) rank sum tests). (e) Within the population of transient 
interaction, MEMB12 displays equal number of association and dissociation events with the ERES (n= 40 cells, 
**** p<0.0001, by two-sided Wilcoxson rank sum test). (f) MEMB12 has an interaction time around 12 sec with the 
ERES (n= 40 cells). (g, h) Schema of the sec-EGFP-RUSH retained at the ER by the HDEL-hook by 
FKBP-dimerization and released upon incubation with FKBP-ligand. (i-n) Confocal images of transient 
transformation in epidermal cotyledon cells of the sec-EGFP-RUSH construct. (i-k) The sec-EGFP-RUSH (i) is 
retained by the tagBFP2-HDEL-hook at the ER-network (j, merged in k). (l-n) Shortly after release, 
sec-EGFP-RUSH (l) strongly co-localizes with mCherry-MEMB12 (m) as visible in the merged picture (n). 
(o-x) Airyscan acquisition of root epidermal cells stably expressing mCherry-MEMB12 together with 
sec-EGFP-RUSH. The timing of incubation with the FKBP-ligand is indicated in the upper-left corner of each 
images. (y) Quantification of the percentage of co-localization between sec-EGFP-RUSH and mCherry-MEMB12 
up to 20 minutes of incubation with the FKBP-ligand. n=40 cells for each experiment in d-f, n= 548 cells out of 
36 roots in y (**** p<0.0001 by two-sided Wilcoxon rank sum test). Scale bars are 1 µm in a-c, 4 µm in h-j and 
2 µm in o-x. 
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Figure 4. MEMB12 cis-Golgi is a tubular network mostly independent from the Golgi that displays local 
intertwined connection with the medial-Golgi. (a-t) Lifetime τ-Stimulated Emission Depletion (τ-STED) of 
either mCherry-MEMB12 x NAG1-EGFP (a-i) or α-MEMB12 immuno-stained compartments in NAG1-EGFP 
expressing plants (k-s). (j, t) Morphometric quantification of a-i and k-s, respectively. The circularity of NAG1 
was split in two groups, the highest one corresponds to donut-like structures while the lowest group corresponds 
to rice grain-like structures (see Extended data Fig. 4). The solidity of NAG1 was high indicative of a homogenous 
and quiet isotropic structure. Contrastingly, the circularity and solidity of MEMB12 were a spread population with 
lower values for anti-MEMB12 than for mCherry-MEMB12 indicative that anti-MEMB12 is better revealing the 
tubular network than mCherry-MEMB12. n=3049 compartments for mCherry-MEMB12, n=161 for NAG1-EGFP i
n j; n=1837 compartments for α-MEMB12, n=238 for NAG1-EGFP in t. (u-ag) 4X Expansion Microscopy (ExM) 
performed on α-MEMB12 immuno-stained compartments in NAG1-EGFP expressing plants. (u-ac) 2D acquisitions, 
(ad-ag) 3D acquisitions, reconstruction and surface rendering by IMARIS. For both τ-STED and ExM, MEMB12 is 
localized on a tubulo-vesicular network (white arrows and arrowheads) while NAG1 is a cisterna looking a rice grain 
or a donut, depending on its orientation (note the edge localization of NAG1). The MEMB12 tubulo-vesicular network 
is mostly independent from the medial-Golgi (arrowheads in b, c, l, m, v, w, ad-ag) but intertwined connection are 
often observed between MEMB12-network and NAG1-cisterna, like on the white arrows in 
e, f, h, i, o, p, r, s, y, z, ad-ag. The white stars in ad-ag indicate tubular connections between Golgi-associated and 
Golgi-independent MEMB12-network. Connections between MEMB12 and NAG1 can further extend to cisterna-like 
compartments labelled by MEMB12 that lies close to the medial-cisterna (arrows in r, s, ab, ac). * p<0.05; 
** p<0.005; *** p<0.0005; **** p<0.0001 by Wilcoxon rank sum test. Scale bars are 1µm in a-i, k-s and 250 nm 
in u-ag.
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Figure 5. The dynamic behaviour of MEMB12-structures is regulated by sphingolipids and its interaction 
with the Golgi-cisternae. (a-f) Root epidermal cells expressing mCherry-MEMB12 x NAG1-EGFP (medial-Golgi) 
upon either 2.5µM FB1 (a-c) or 100 nM Mz (d-f) treatment. (a, d) Time-lapse airyscan acquisitions showing 
Golgi-independent MEMB12 compartments. (b, e) Quantification of the total number of MEMB12-compartments 
showing a severe decrease upon FB1 but not upon Mz (n=40 cells for either FB1 or Mz, **** p<0.0001 by t
wo-sided Wilcoxon’s rank sum test for FB1 and two-sided t-test rank sum test for Mz). (c, f) MEMB12 displays less 
association and dissociation with the medial-Golgi upon either FB1 (c) or Mz (f) treatment than control condition 
(n=40 cells for either FB1 or Mz, **** p<0.0001 by Wilcoxon’s rank sum test for FB1 and t-test’s (welch correction) 
rank sum test for Mz). (g-l) Root epidermal cells expressing mCherry-MEMB12 x EGFP-SYP31. (g, h) Time-lapse 
airyscan acquisition of mCherry-MEMB12 x GFP-SYP31 showing independent and associated movement of 
MEMB12 with SYP31 (g) or transient interaction with SYP31(h). (i-l) Quantification of the MEMB12 dynamics, 
relative to SYP31. (i) MEMB12 is mostly displaying transient interaction or stable association with SYP31 (n= 40 
cells, **** p<0.0001 by Kruskal-Wallis test and two-sided Wilcoxon’s rank sum tests). (j) The interaction time of 
MEMB12-compartments with SYP31 is close to 12 seconds. (k, l) The velocity of MEMB12-compartments is 
decreased when it associates to either SYP31 (k) or the medial-Golgi (l) (n= 40 cells, **** p<0.0001 by two-sided 
t-test (welch correction) rank sum test). All scale bar are 1µm. 
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Extended data 1. The SYP31-positive Golgi Entry Core Compartment (GECCO) exists in Arabidopsis root 
epidermal cells and is mostly associated to the Golgi in untreated cells. (a-d) Arabidopsis epidermal root 
cells expressing either GFP-SYP31 (a, b) or ST-mRFP (c, d) in the gnl1 mutant background complemented with 
a BFA-sensitive version of GNL1. (a, c) In absence of BFA, SYP31 and ST localize to Golgi-like structures. (b, d) 
In presence of BFA, SYP31 (b) remains in dotty-structures while ST (d) is redistributed to the ER-network. (e-h) 
Additional display of Fig. 1g-n. 3D acquisition (e, f), reconstruction and IMARIS surface modelling (g, h) of either 
mCherry-MEMB12 x NAG1-EGFP (e, g) or mRFP-SYP31 x NAG1-EGFP (f, h). MEMB12 is more fragmented and 
distant from the medial-Golgi than SYP31. (i) Another way of representing the data of Fig. 1p. Quantification of the 
areas generated by surface rendering. SYP31-structures are close to the Golgi (within 4 µm) and bigger than 
MEMB12-structures that are distributed at various distances from the Golgi. A subpopulation of MEMB12 lies 
within 4µm-distance from the Golgi while another subpopulation is located between 8-14 µm-distance from the 
Golgi (n=27 015 or n=3 727 compartments for MEMB12 x NAG1 or SYP31 x NAG1, respectively, out of 12 cells 
for each markers. **** p<0.0001 by two-sided Wilcoxson rank sum test.). Scale bars are 10 µm in a-d and 1µm 
in e-h.
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Extended data 2. Validation of the quantitative data obtained from the time-lapse airyscan acquisition 
of Fig. 2. (a, e) Time-lapse airyscan acquisition in root epidermal cells of either (a) mCherry-MEMB12 x 
NAG1-EGFP (a) or mRFP-SYP31 x NAG1-EGFP (e). The time series show an independent MEMB12- or 
SYP31-compartment that undergo an association with the medial-Golgi. The white star in a indicates a tubular 
structure. (b, f) Upper edge control: individual MEMB12- (b) or SYP31- (f) compartments could be tracked for 
an average track time of 22 sec and 17 sec, respectively. (c, g) Lower edge control: one channel was flipped 
either horizontally or vertically, or rotated by 180°. Without rotation or flip, the number of MEMB12-compartments 
(c) that either remain associated to or remain independent from the medial-Golgi is similar, contrastingly to 
SYP31 (g) that mostly associate with the Golgi. With rotation or flip of one channel, the number of MEMB12- 
or SYP31-compartments that remain associated to the Golgi drop to close to 0 while the number of 
compartments that remain independent from the Golgi drastically increases. (d, h) Time of interaction between 
either MEMB12 (d) or SYP31 (h) with the medial-Golgi. Without rotation or flip, the average interaction time is 
around 15 sec for MEMB12/medial-Golgi and 12 sec for SYP31/medial-Golgi, respectively. With rotation or flip, 
the average time of interaction drops to 5-6 sec for both MEMB12 and SYP31. n=40 cells for all set of data, 
**** p<0.0001, ns p<0.1234 by kruskal-wallis and two-sided Wilcoxon’s rank sum tests. All scale bars are 1µm.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 27, 2023. ; https://doi.org/10.1101/2023.10.27.563925doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.27.563925
http://creativecommons.org/licenses/by-nc-nd/4.0/


sec-eGFP-RUSH mCherry-MEMB12 merged

M
EM

B1
2

Se
c-

G
FP

-R
U

SH

FKBP-ligand incubation time

a b

c

d 10mine 50minf 80ming

Ti
m

e 
of

 in
te

ra
ct

io
n 

(s
ec

)

horizo
ntal fli

p

vertic
al fli

p

180° ro
tation

whithout ro
tation

MEMB12 x MAG5

0

10

20

30

40

ns

****

0

10

20

30

40

tra
ck

 ti
m

e 
(s

ec
)

MEMB12

N
um

be
r o

f c
om

pa
rtm

en
ts

 (/
µm

²) ERES-associated
ERES-independent

MEMB12

horizo
ntal fli

p

vertic
al fli

p

180° ro
tation

whithout ro
tation

0

10

20

30

ns

****

ns

****

-FKBP

h i j

Extended data 3. Validation of the quantitative data obtained from the time-lapse airyscan acquisition 
of Fig. 3 and additional RUSH-images. (a) Upper edge control: individual MEMB12-compartments could be 
tracked for an average track time of 22 sec. (b) Lower edge control: one channel was flipped either horizontally 
or vertically, or rotated by 180°. Without rotation or flip, the number of ERES-independent 
MEMB12-compartments is much higher than the number of ERES-associated compartments. With rotation or 
flip of one channel, the number of MEMB12-compartments that remain associated to the ERES drop to close 
to 0 while the number of compartments that remain independent from the ERES drastically increases (n=40 
cells, **** p<0.0001, ns p<0.1234 by either one-way ANOVA Broth-Forsythe and two-sided t-test or Wilcoxon’s 
rank sum test for ERES-independent or ERES-associated MEMB12, respectively). (c) Time of interaction 
between MEMB12-compartments and the ERES. Without rotation or flip, the average interaction time is around 
12 sec. With rotation or flip, the average time of interaction drops to 5-6 sec (n=40 cells, **** p<0.0001, ns 
p<0.1234 by kruskal -wallis and two-sided Wilcoxon’s rank sum tests). (d-g) Confocal images of root epidermal 
cells stably expressing both sec-GFP-RUSH construct and mCherry-MEMB12. (d) In absence of FKBP ligand, 
sec-GFP-RUSH localizes to the ER. In presence of FKBP-ligand, sec-GFP localizes to small dotty structures 
as well as bigger pro-vacuole-like compartments after 10 min of incubation, or bigger vacuoles after 80 min 
of incubation. (h-j) Transient expression of the sec-GFP-RUSH (h) construct in epidermal cotyledon cells stably 
expressing mCherry-MEMB12 (i, merged in j). Vacuole-like compartments are labelled by sec-GFP-RUSH 
upon incubation with FKBP-ligand. All scale bars are 4µm.
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Extended data 4. MEMB12 labels a heterogeneous network while NAG1, SYP31 and SYP32 label cisternae. 
(a, b) Morphometric analysis of either mCherry-MEMB12 x NAG1-EGFP (a) or α-MEMB12 immunostaining in 
NAG1-EGFP expressing plants (b). MEMB12-structures display higher area and lower circularity and solidity with 
a more spread repartition of the values than NAG1. The binomial distribution of NAG1 values in Fig. 4 is 
explainable by the orientation of the cisterna during the acquisition. If the cisterna is oriented on the side it will look 
like a rice grain. If the cisterna is viewed from the top or bottom it will look like a donut. Donut-like structures have 
an area, circularity and solidity index higher than rice grain structures. (c-k) τ-STED images of either NAG1-EGFP 
(c, f, i), mRFP-SYP31 (d, g, j) or EGFP-SYP32 (e, h, k). (l, m) Morphometric analyses of images in c-k. Although 
being all localized on cisternae-like structures, SYP31- and SYP32-compartments are different from the 
medial-Golgi labelled by NAG1. Notably, the area of SYP31- and SYP32-compartments is smaller than for the 
NAG1 medial-Golgi. n= 315 compartments including 199 “rice” and 116 “donut” for NAG1, n=311 compartments 
including 217 “rice” and “90” donuts for SYP31, n= 134 compartments including 68 “rice” and 66 “donut” for 
pSYP32 from 16 cells. * p<0.05; ** p<0.005; *** p<0.0005; **** p<0.0001 by Wilcoxon rank sum test for “rice” and 
“donut” comparisons (a, b, m) and Brown Forsythe Anova (a, b, i, m). Scale bars are 1µm.
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Extended data 5. Sphingolipid function in the MEMB12-compartments dynamic interaction with the 
medial-Golgi (additional data and controls from Fig. 5). (a) Quantification of the total number of NAG1 
medial-Golgi showing a severe decrease upon FB1 but not upon Mz treatment (n=40 cells, **** p<0.0001 by 
either two-sided Wilcoxon or t-test rank sum test for FBI or Mz treatment, respectively). (b, c) Number of 
Golgi-associated, Golgi-independent or transient interaction of MEMB12 with the medial-Golgi upon either 
FB1 (b) or Mz (c) revealing a major drop of all compartments upon FB1 but not Mz (n=40 cells, **** p<0.0001 
by either two-sided Wilcoxon or t-test (welch correction) rank sum test for FBI or Mz treatment, respectively). 
(d, e) The velocity of the MEMB12-compartments that are either associated with or independent from the 
medial-Golgi is not altered in either case nor by FB1 nor by Mz treatment (n=40 cells, ns p<0.1234 by two-sided 
t-test (welch correction) rank sum test). (f, g) The time of interaction between MEMB12-compartments and the 
medial-Golgi is not altered upon FB1 and is slightly increased upon Mz (n= 40 cells, **** p<0.0001 by two-sided 
t-test (welch correction for Mz)  rank sum test).
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Extended data 6. Validation of the quantitative data obtained from the time-lapse airyscan acquisition 
of Fig. 6. (a) Upper edge control: individual MEMB12-compartments could be tracked for an average track 
time of 15-17 sec (n=40 cells, **** p<0.0001 by two-sided Wilcoxon or t-test rank sum tests respectively for 
FBI and Mz treatment. (b) Lower edge control: one channel was flipped either horizontally or vertically, or 
rotated by 180°. Without rotation or flip, the number of SYP31-independent MEMB12-compartments is much 
higher than the number of SYP31-associated compartments. With rotation or flip of one channel, the number 
of MEMB12-compartments that remain associated to SYP31-compartments drop to close to 0 while the 
number of compartments that remain independent from SYP31-compartments drastically increases (n=40 
cells, **** p<0.0001, ns p<0.1234, by kruskal-wallis and Wilcoxon’s rank sum tests). (c) Time of interaction 
between MEMB12- and SYP31-compartments. Without rotation or flip, the average interaction time is around 
12 sec. With rotation or flip, the average time of interaction drops to 5-6 sec (n=40 cells, **** p<0.0001, 
* p<0.0332 by kruskal-wallis and Wilcoxon’s rank sum tests). (d) The velocity of SYP31-compartments is 
decreased when it associates to the medial-Golgi. n=40 cells, **** p<0.0001, by Wilcoxon’s rank sum test.
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