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SUMMARY
The ‘‘ribbon,’’ a structural arrangement in which Golgi stacks connect to each other, is considered to be
restricted to vertebrate cells. Although ribbon disruption is linked to various human pathologies, its functional
role in cellular processes remains unclear. In this study, we investigate the evolutionary origin of the Golgi
ribbon. We observe a ribbon-like architecture in the cells of several metazoan taxa suggesting its early emer-
gence in animal evolution predating the appearance of vertebrates. Supported by AlphaFold2 modeling, we
propose that the evolution of Golgi reassembly and stacking protein (GRASP) binding by golgin tethers may
have driven the joining of Golgi stacks resulting in the ribbon-like configuration. Additionally, we find that
Golgi ribbon assembly is a shared developmental feature of deuterostomes, implying a role in embryogen-
esis. Overall, our study points to the functional significance of the Golgi ribbon beyond vertebrates and un-
derscores the need for further investigations to unravel its elusive biological roles.
INTRODUCTION

Sitting at the center of the exocytic pathway, the Golgi apparatus

is involved in the processing and sorting of secretory cargoes.

This biosynthetic function remains the most actively investi-

gated,1,2 but recent evidence indicate that the Golgi is also

involved in secretion-independent cellular processes, such as

stress sensing and signaling, apoptosis, autophagy, proteosta-

sis, and innate immunity.3–10 The Golgi’s structural unit is the

stack, formed by a pile of flat membrane saccules, known as

cisternae. Across eukaryotes, the Golgi occurs as a single- or

multi-copy organelle, depending on the number of stacks per

cell. In animals, when present as multi-copy organelle, the Golgi

is observed in two configurations: stacks either remain separate

or link to each other into a single centralized structure that was

first described as ‘‘ribbon-like’’ by Camillo Golgi.11 The current

consensus is that the Golgi ribbon is present only in vertebrate
This is an open access article under the CC BY-N
cells. Despite having been widely investigated, for the most

part in cultured mammalian cells, the biological functions of

the Golgi ribbon remain obscure,12,13 and it is unclear which se-

lective pressures might have led to the evolution of this Golgi

configuration. During mitosis, mammalian cells disassemble

and reassemble the ribbon in a finely tuned process14; such a

level of regulation suggests that the ribbon architecture must

be functionally important. This conclusion is supported by the

existence of several pathologies in which ribbon breakdown

(Golgi ‘‘fragmentation’’) is a morphological phenotype, most

notably neurodegenerative diseases but also cancer and viral in-

fections.15–19 Therefore, deciphering the roles that the Golgi rib-

bon plays in cellular physiology may also help us understand the

pathological consequences stemming from its disruption.

In this report, through a comparative approach borrowed from

evolutionary studies, we asked three questions regarding the rib-

bon architecture of the Golgi apparatus. (1) When did it appear
Cell Reports --, 113791, --, 2024 ª 2024 The Authors. 1
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during animal evolution? (2) Which molecules might have medi-

ated this structural innovation? (3) Which biological functions

does it carry out?We answer the first one and propose a testable

hypothesis for the second one, and, regarding the third one, we

produce experimental data that point toward development as a

biological process in which the ribbon may play a functional role.

RESULTS

A ribbon-like Golgi complex is common in animals
According to the current consensus, only vertebrate cells display

Golgi ribbons. Therefore, we were intrigued by morphological

data showing Golgi centralization in the embryos of two sea ur-

chin species, Strongylocentrotus purpuratus and Lytechinus var-

iegatus,20,21 hinting at the possibility that the ribbon organization

of the Golgi might be more common than thought at present. To

assess if this is the case, we surveyed the Golgi ultrastructure in

representatives of several animal taxa and closely related unicel-

lular eukaryotes, which, together, comprise the holozoan clade.

We assessed Golgi morphology in animal cells from published

studies and generated data from those taxa for which there

was no information available in the literature. In our morpholog-

ical survey, we distinguished between bona fide ribbon and rib-

bon-like architectures. In mammalian cells, the Golgi ribbon is

characterized by some level of membrane continuity between

cisternae of adjacent stacks, which can be detected by fluores-

cence recovery after photobleaching assays and electron to-

mography.22,23 As our survey relied, for the most part, on elec-

tron micrographs of thin sections where membrane continuity

between cisternae of juxtaposed stacks cannot be easily eva-

luated, we describe Golgi organizations reminiscent of the

mammalian ribbon as ribbon-like. Golgi stack dimers have

been observed in Drosophila melanogaster cells,24 which have

dispersed Golgi elements,25 and even in mammalian cells after

ribbon unlinking by microtubule depolymerization.26 Therefore,

we identified Golgi complexes as ribbon-like only when three

or more closely apposed stacks were observed in electron mi-

crographs (Figure 1A). Although the ribbon is the default Golgi ar-

chitecture of mammalian cells, there are exceptions. Differenti-

ated cell types such as muscle cells, acid-secreting gastric

cells, and spinal ganglion neurons display Golgi complexes

made by separated stacks.27–29 In megakaryocytes, the Golgi
Figure 1. Golgi architecture in holozoans

The Golgi ultrastructure was analyzed in holozoan exemplars; separated and link

(A) Presence of three or more Golgi stacks in close contact is the criterion ado

crographs.

(B) The xenacoelomorph Symsagittifera roscoffensis, secretory cell.

(C) The brachiopod Calloria inconspicua, epidermal cell of the mantle lobe of the

(D) The annelid Platynereis dumerilii, glial cell of the 3-day-old larva.

(E) The crustacean Parhyale hawaiensis, nerve cell.

(F) The cnidarian Clytia hemisphaerica, gastrodermal cell.

(G) The ctenophore Mnemiopsis leidyi, epithelial cells.

(H) The placozoan Tricoplax adhaerens, non-epithelial cell.

(I) The sea sponge Oscarella carmela, choanocyte.

(J) The filasterean Capsaspora owczarzaki. Scale bars: 1 mm.

(K) Deduced evolutionary emergence of the ribbon-like Golgi organization. Ribb

ecdysozoan superphylum, may indicate that loss of Golgi stack linking occurred

See also Figure S1 and Video S1.
ribbon is disassembled into individual stacks, which are pack-

aged into nascent platelets.30 These examples indicate that

the Golgi configuration can vary depending on the cell type;

therefore, wherever possible, we inspected several tissues of

the organisms under consideration.

We first looked at bilaterians. In the cells of the marine worm

Symsagittifera roscoffensis (xenacoelomorph), separated stacks

were observed (data not shown). Interestingly, some of its secre-

tory cells displayed closely apposed, though clearly distinct,

Golgi stacks: an intermediate organization between separated

Golgi elements and a ribbon-like organization (Figures 1B and

S1A). Ribbon-like Golgis were found in epidermal cells of the

three-lobed larva of the brachiopod Calloria inconspicua and in

several cell types of the marine annelid Platynereis dumerilii

(Figures 1C, 1D, and S1B; Video S1). As Ramón y Cajal reported

Golgi complexes that look unmistakably ribbon-like in neurons

and epithelial cells of the common earthworm,31 we conclude

that this Golgi organization is common among annelids. In mol-

lusks, a centralizedGolgi that fragments atmitosis was observed

in spermatocytes of the snail Paludina vivipara more than a cen-

tury ago,32 and inspection of images of other species (Helix po-

matia33 and Helix aspersa34) reveals Golgi complexes with a rib-

bon-like organization. Cells of the roundworm Caenorhabditis

elegans, a nematode, and of the fruit fly D. melanogaster, an

arthropod, two model organisms widely used in genetics and

cell biology, display Golgi complexes consisting of several sepa-

rated stacks.24,25,35 To test whether Golgi stack decentralization

is an arthropod feature, as opposed to Drosophila/insect-spe-

cific, we analyzed the ultrastructure of the crustacean Parhyale

hawaiensis, observing separated stacks in neurons (Figure 1E)

and in all other inspected cell types (data not shown). It is there-

fore likely that a decentralized Golgi is the typical configuration in

arthropods, not just of Drosophila and other insects (e.g., bees,

aphids, and mosquitos36–38). We then analyzed cnidarians: in

the hydrozoan Clytia hemisphaerica, the secretory gland cells

of the gastroderm, but not other cell types, display stacks linked

into a ribbon-like structure (Figure 1F), which is also observed in

phagocytic cells of another cnidarian, the actinia Phelliactis

robusta.39 In the ctenophore Mnemiopsis leidyi, epithelial and

comb cells (Figures 1G and S1C), nerve net neurons, mesogleal

neurons, and sensory cells (data not shown) all display sepa-

rated stacks. Among other animals, we found a single Golgi
ed Golgi stacks are highlighted in ochre and magenta, respectively.

pted for positive identification of the ribbon-like configuration in electron mi-

three-lobed larva.

on-like absence in both arthropods and nematodes, which both belong to the

in their common ancestor.
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stack in all cells of two placozoan species: Trichoplax adhaerens

(Figures 1H, S1D, and S1E) and Hoilungia hongkongensis.40 Like

placozoans, the sea sponge Oscarella carmela (Figure 1I; Laun-

don et al.41) and other species (generaChondrosia,Crambe, and

Petrosia; data not shown) have a single Golgi stack per cell. In

choanoflagellates and filastereans, which are unicellular holozo-

ans, the Golgi is also present as a single stack per cell (Figure 1J;

Laundon et al.41 and Burkhardt et al.42).

Vertebrates (chordates) and echinoderms (ambulacraria)

belong to the deuterostome clade of bilaterian animals. We as-

sessed whether the Golgi ribbon is found in non-vertebrate deu-

terostomes, investigating the ultrastructure of a sea urchin, a

tunicate, and a cephalochordate. Indeed, we find that all three

species display ribbon-like Golgis (see developmental assembly

of the Golgi ribbon below). Based on our survey, except for

ctenophores, cells with Golgi complexes consisting of multiple

stacks are observed only in cnidarians and bilaterians.

In summary, despite a relatively small sampling (Figure S1F),

ribbon-like Golgi complexes are easily observed in cells of cni-

darians and bilaterians and are not found outside these animal

taxa. The most parsimonious explanation for our findings is

that the ribbon-like Golgi likely evolved in the common ancestor

of cnidarians and bilaterians and was secondarily lost in xena-

coelomorphs, arthropods, and nematodes (Figure 1K). It is worth

pointing out that ours represents a coarse-grained outline of the

ribbon-like Golgi occurrence in animals, and future deeper sam-

pling may identify other events of secondary loss.

Except for P. dumerilii and S. purpuratus (Figures S1B and

S4E; Video S1), for which volume electronmicroscopy was avail-

able, the thin-section electron micrographs produced for our

survey did not allow us to assess whether all the Golgi stacks

in a cell are linked into a single ribbon-like organization or form

multiple ‘‘mini-ribbons.’’ Nonetheless, in those cases where we

identified the ribbon-like configuration, it is clear that stack

centralization is occurring.

Obviously, in specieswith a single-copyGolgi (such as unicellu-

lar holozoans, sponges, and placozoans), a ribbon-like Golgi

cannot occur. However, the presence of multiple stacks does

not seem sufficient for the assembly of the ribbon-like configura-

tion. This is exemplified by ctenophores (Figure 1G) and, more

strikingly, sponges. While sponges usually display a single Golgi

stack per cell (Figure 1I; Laundon et al.41), in rare instances, such

as the gemmule’s spongocytes of Ephydatia fluviatilis,43 multiple

stacks are observedbut remain separate. These observations sur-

mise the existence of a dedicated machinery for Golgi stack teth-

ering in themetazoan taxadisplaying the ribbon-like configuration.

Putative molecular mediators of ribbon-like Golgi
emergence
Next, we asked which molecular innovations might have driven

stack tethering in cells with multi-copy Golgi complexes. If this

was a single evolutionary event, as our survey seems to suggest,

then the molecular effectors of stack tethering should be

conserved across phyla. The Golgi ribbon mechanics has been

studied mostly in mammalian cells, and among the several fac-

tors involved in its formation, the molecular tethers GRASP

(Golgi reassembly and stacking protein) and the coiled-coil pro-

teins collectively known as golgins play a central role (Fig-
4 Cell Reports --, 113791, --, 2024
ure 2A).44–48 GRASPs comprise a highly conserved GRASP re-

gion, made of two atypical PDZ domains in tandem, and a

highly variable C-terminal unstructured region (Figures S2A

and S2B). GRASPs are encoded by a single gene inmost eukary-

otes, whereas a duplication event in jawed vertebrates gave rise

to two paralogs, GRASP65 and GRASP55, with the latter being

more similar to the single GRASP of most bilaterians and cnidar-

ians (Figures S2C and S2D; Data S1A and S1B). GRASPs are

involved in several cellular processes, ranging from exocytosis

and Golgi enzyme localization to stress sensing, unconventional

secretion, and autophagy.49–54 Capable of self-interaction,55

GRASPs were originally identified as mediators of cisternal

adhesion within the Golgi stack55–57; recent studies indicate

that they are essential to Golgi stack tethering and ribbon

formation.47,48

Mammalian GRASP55 and GRASP65 are recruited to Golgi

membranes by myristoylation of the glycine in position 256,58

and by interaction with golgins (Figure 2A).59,60 Such dual

anchoring is required for ribbon formation because it spatially

orients GRASPs, allowing their homo-dimerization/oligomeriza-

tion in trans, thus tethering membranes of distinct Golgi

stacks.61–63 Golgins mediate vesicular traffic specificity,64,65

and their knockdown results in secretory defects and ribbon un-

linking into constituent stacks.45 In mammals, the golgins

GM130 and Golgin-45, respectively, interact with GRASP65

and GRASP55 (Figure 2A),56,60 and knockdown of either leads

to Golgi ribbon unlinking into separate stacks.60,66 As the N-ter-

minal glycine of GRASPs is conserved across holozoans (Data

S1A), and therefore very likely also its myristoylation, we

reasoned that evolution of the second anchor point for

GRASPs, through golgin binding,may have led to the emergence

of Golgi stack tethering and therefore the appearance of the rib-

bon-like Golgi organization (Figure 2B).

The X-ray structures of mammalian GRASP55 and GRASP65

in complex, respectively, with the C termini of Golgin-45 and

GM130 have been solved, revealing the golgins’ residues neces-

sary for GRASP domain binding.67,68 The very terminal residues

of Golgin-45 and GM130 form PDZ-binding motifs, which

interact with the PDZ1 domains of GRASP55 and GRASP65,

respectively (Figure S2E).67,68 Besides that, the interactions

observed in the two complexes differ: two cysteines of Golgin-

45 interact with a cysteine and a histidine of GRASP55, forming

an atypical zinc finger (Figure S2E).67 Instead, a peculiar ‘‘boot-

like’’ conformation is adopted by GM130 in complex with

GRASP65, with additional interactions established through hy-

drophobic residues with the groove between the two PDZ do-

mains (Figure S2E).68 Mutations in these regions of the two gol-

gins abolish binding to the GRASP domains.67,68

The Golgin-45 and GM130 genes are holozoan innovations.69

Accordingly, we identified their homologs in animals and their

closest unicellular relatives. We also found that the Golgin-45

gene was lost in choanoflagellates and, among metazoans, in

most xenacoelomorphs (Data S2A), which do not display a rib-

bon-like Golgi (Figures 1B and S1A). By contrast, GM130 is pre-

sent in all the holozoan species investigated (Data S2B). To

assess conservation of the motifs required for GRASP binding,

we aligned the C-terminal sequences of the holozoan homologs

of the two golgins. Overall, we found a high level of conservation
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Figure 2. Putative molecular mediators of

the ribbon-like Golgi emergence

(A) The Golgi localized molecular tethers Golgins

and GRASPs. Golgins localize to Golgi membranes

by a transmembrane region or through recruitment

by small GTPases of the Rab, Arf, and Arl families.

Golgin and GRASP localization within the stack,

Golgin sizes (human homologs, bar length), and

evolutionary emergence are indicated.

(B) Dual anchoring ofmammalian GRASPs onGolgi

membranes is required for self-interaction in trans

and stack tethering. As GRASP myristoylation is

ancestral (see main text and Data S1), its dual

anchoring to the Golgi membrane might have

originated from the evolution of binding by golgins,

leading to the emergence of stack linking and rib-

bon formation.

(C) X-ray structures and AlphaFold2 (AF2) models

of the mammalian GRASP55/Golgin-45 and

GRASP65/GM130 complexes. Motifs crucial for

interaction of the golgins’ C termini to the respec-

tive GRASP domains are indicated.

(D) AF2 models of holozoan GRASPs in complex

with the C termini of their conspecific Golgin-45

and GM130 homologs. Presence and absence of

deduced binding are indicated by the symbols U

(green for Golgin-45, brown for GM130) and ✗,

respectively.

(E) Evolutionary origin of GRASP binding by the C

termini of Golgin-45 and GM130 (color coded with

the same symbols used in D) as deduced by AF2

models. Single- and multi-copy Golgi are indicated

by (S) and (M), respectively. Presence of the rib-

bon-like Golgi in metazoan clades is indicated by

the cartoon.

See also Figures S2 and S3 and Data S1 and S2.
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of the motifs in Golgin-45 homologs (Figure S2F) and, interest-

ingly, the occurrence of Golgin-45-like motifs in several of the

non-vertebrate GM130 homologs (Figure S2G; method details).

These observations are compatible with early evolution in the

metazoan lineage of GRASP binding by Golgin-45 and GM130.

To further assess the possibility of GRASPbinding byGolgin-45

and GM130 homologs, we took advantage of protein complex

structure prediction by AlphaFold2. Compared to simple sequ-

ence analysis, AlphaFold2 accounts for the collective contribution

of each amino acid of the golgin and of the apposed GRASP, thus

yielding more accurate predictions.70,71 We initially validated the

approach by performing untemplated predictions of mammalian

GRASP55/Golgin-45 and GRASP65/GM130 complexes, which

were modeled with high confidence (pLDDT R 80; for the defini-

tion of pLLDT, see method details) and appeared highly similar to

the crystal structures (Figure 2C). Then, complexeswith point mu-

tants of Golgin-45 and GM130 experimentally shown to abolish

binding67,68 were modeled, and AlphaFold2 produced results

that paralleled the biochemical data in the case of Golgin-45 mu-

tants (i.e., lower-confidence models, pLDDT < 70), though not in

the case of GM130 mutants (Figures S3A–S3D; but see consider-

ations on GM130 mutants in the method details). In mammalian

cells, GRASP55/Golgin-45 and GRASP65/GM130 interactions

are specific. However, co-immunoprecipitation experiments

show that GM130 can also interact with GRASP55, but Golgin-

45 cannot interact with GRASP65.60 Challenged with these

cross-interactions, AlphaFold2 modeled the GRASP55/GM130

complex, but not the GRASP65/Golgin-45 one, with pLDDT >70

and a conformation similar to the X-ray structure (Figures S3E,

S3F, and 2C). Based on the success of these validation tests,

AlphaFold2 seems to provide reliable structural predictions in

most cases. We therefore employed it to infer conspecific

GRASP/golgin interactions in extant holozoan species.70–72 For

each protein pair analyzed, we considered binding to occur

when, in their AlphaFold2model, the regionsmediating interaction

of golgins to GRASPs in the mammalian complexes (the PDZ-

binding motifs, the cysteine pair, and the hydrophobic stretch;

Figure S2E) displayed conformations similar to those in the refer-

ence X-ray structures and were modeled with pLDDT scores

R7073 (Figures 2C and S2E).

Regarding the GRASP/Golgin-45 complex, interaction was

predicted in all bilaterians and cnidarians except for the arthro-

pods D. melanogaster (Figure 2D) and P. hawaiensis (data not

shown), the nematode C. elegans (Figure 2D), and Hofstenia mi-

amia, the only xenacoelomorph species in which the Golgin-45

gene was found (data not shown). No binding was predicted in

placozoans, ctenophores, porifera, and unicellular filastereans

(Figure 2D). With respect to GM130, as it could be anticipated

from the amino acid sequences (Figure S2G), AlphaFold2

models of the vertebrate homologs predicted binding to the

conspecific GRASP65 paralogs with high pLDDT and conforma-

tions very similar to those of the human protein (Figures S3G and

S3H). However, in several non-vertebrate holozoans the GM130

C terminus sequence resembles that of Golgin-45, with a

cysteine pair and the PDZ-bindingmotif, suggesting that in these

species GM130 might interact with GRASP in a Golgin-45-like

fashion. Indeed, GRASP/GM130 AlphaFold2 models predicted

interaction with a conformation similar to that of the GRASP/
6 Cell Reports --, 113791, --, 2024
Golgin-45 complex for the proteins from sponges and placozo-

ans, although not for the other species investigated (Figure 2D).

As AlphaFold2 relies on the generation of a multiple sequence

alignment,70,72,74 divergent sequences might result in unreliable

models, characterized by lower pLDDT scores. To assess how

this factor could influence the results of our predictions, we

modeled the GRASP/golgin complexes of the fast-evolving spe-

cies Ciona robusta, which displays ribbon-like Golgi complexes

(see developmental assembly of the Golgi ribbon below) and

whose single GRASP’s sequence is divergent (Figure S2D).

AlphaFold2 predicted the binding of Golgin-45 but not of

GM130 to GRASP (Figures S3I and S3J). Interestingly, the

C. robusta GM130 homolog is missing one of the two putative

zinc finger-forming cysteines (Figure S2G; method details),

which might explain the AlphaFold2 prediction.

In our analysis, we assumed that the interaction between gol-

gins and GRASPs is an evolutionarily conserved feature. In this

framework, the models generated by AlphaFold2 provide sup-

port for the appearance of GRASP binding by GM130 and Gol-

gin-45 during the evolutionary history of metazoans. Specifically,

the models indicate that GRASP binding by GM130 likely

evolved in the common ancestor of metazoans but was later

lost in most phyla. On the other hand, binding by Golgin-45 ap-

pears to have evolved in the common ancestor of cnidarians and

bilaterians, with subsequent losses in arthropods, nematodes,

and xenacoelomorphs (Figure 2E). Interestingly, as GRASP pa-

ralogs emerged in vertebrates, GM130 and Golgin-45 diverged

in their C-terminal sequences, resulting in distinct binding con-

formations (Figures 2C, S2G, S3G, and S3H).

In summary, the AlphaFold2 models align with our hypothesis

that dual anchoring of GRASP to Golgi membranes by golgins

could have driven Golgi stack tethering and the emergence of

the ribbon-like Golgi (Figure 2E). This innovation could only occur

in an ancestral metazoan with a multi-copy Golgi, which, based

on our morphological survey, is likely to correspond to the

cnidarian/bilaterian common ancestor (Figures 1 and S1). How-

ever, the presence of multi-stack Golgi complexes in extant

ctenophores (Figure 1G) raises the possibility that a ribbon-like

configuration, mediated by the GRASP/GM130 interaction,

may have been originally present in this phylum and subse-

quently lost during evolution.

Developmental assembly of the Golgi ribbon
As published morphological data were indicative of Golgi

centralization in developing sea urchins,20,21 we analyzed Golgi

dynamics in the embryo of the sea urchin species Paracentrotus

lividus. Time course analysis of a fluorescent Golgi reporter

showed that early in development, throughout the cleavage

stage, the Golgi is present as separate elements, which then

cluster into centralized structures before hatching of the blastula

(Figures 3A, S4A, and S4B). Golgi clustering is rapid: within 1 h,

Golgi elements increase 10-fold in size, while their number de-

creases 3-fold (Figures 3B and 3C; Video S2). Afterward, central-

ized Golgi complexes are observed in all cells of the embryo and

at all developmental stages up to the planktonic pluteus larva

(Figures 3A and S4C). Confocal imaging at higher magnification

of post-clustering stages showed a morphology strongly remi-

niscent of the Golgi ribbon as observed in mammalian cells
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(Figure S4D). At the ultrastructural level, the arrangement of the

sea urchin Golgi elements recapitulated confocal microscopy

observations. Separated stacks cluster and finally establish con-

nections with each other during early development, confirming

that sea urchins centralize their Golgi apparatus into a ribbon-

like architecture (Figure 3D). Centralized Golgi complexes were

previously observed by light microscopy in the gastrula and

prism stages of S. purpuratus.20 Indeed, we also observed rib-

bon-like Golgi complexes in the pluteus larva of this sea urchin

species (Figure S4E). Like the ribbon of mammalian cells, the

sea urchin’s centralized Golgi undergoes disassembly/reassem-

bly cycles during mitosis (Figure S4F), and its maintenance re-

quires an intact microtubule network (Figures S4G and

S4H).12,14,75,76 All these characteristics strongly indicate that

the centralized Golgi complexes of sea urchin cells are bona

fide ribbons.

As echinoderm representatives, sea urchins formpart of the sis-

ter group to all chordates, including vertebrates. Therefore, the

mechanismsmediating formationof theGolgi ribbonand its devel-

opmental timing might be conserved across the deuterostome

clade. Indeed, we observed developmental Golgi stack clustering

and ribbon-like formation in the cells of two non-vertebrate

chordates, the sea squirt C. robusta (tunicate) and the lancelet

Branchiostoma lanceolatum (cephalochordate) (Figures 3E and

3F). Notably, Golgi centralization is also observed in mouse

embryos during the pre-implantation stage,77 indicating that

developmental ribbon assembly is a conserved feature across

deuterostomes. The time of ribbon formation in the sea urchin em-

bryo is significant. In the pre-hatching blastula, although the

embryo’s cells are morphologically undistinguishable, they differ-

entially express cell-fate-determining transcription factors.78

The developmental switch from separated Golgi stacks to the

ribbon-like configuration might, therefore, be functional to the

initial stages of embryogenesis.

DISCUSSION

Although the functions played by the ribbon remain unad-

dressed, indirect evidence suggest that this Golgi configuration

must be important to cellular physiology. Firstly, the mammalian

ribbon disassembles and reassembles during mitosis in prolifer-

ating cells; this process involves a finely timed regulation,12,14

which is unlikely to have evolved to preserve a cellular structure

with no biological role. Secondly, Golgi fragmentation, which in-

volves different modalities of ribbon disruption,79 is a morpho-

logical phenotype of several human pathologies, among which

are neurodegenerative diseases. Golgi fragmentation precedes
Figure 3. Developmental assembly of the Golgi ribbon

(A) Embryos of the sea urchin Paracentrotus lividus expressing Golgi and plasmam

hours postfertilization; VEB, very early blastula; PHB, pre-hatching blastula; BG, b

projections are shown); scale bars: 20 mm.

(B) Time-lapse confocal microscopy (maximum intensity projections) of an embryo

bar: 20 mm.

(C) Number and size (median and interquartile range are shown) of Golgi objects in

Whitney test, compared to 8.5 hpf.

(D–F) Golgi ultrastructure of (D) Paracentrotus lividus, (E) Ciona robusta, and (F)

Golgi complexes are outlined (isolated stacks in ochre; linked stacks in magenta

See also Figure S4 and Video S2.

8 Cell Reports --, 113791, --, 2024
phenotypic manifestations in animal models of amyotrophic

lateral sclerosis.15 In cellular models of Alzheimer’s disease,

Golgi fragmentation promotes Ab peptide production,16 and it

is one of the earliest morphological phenotypes detected in glu-

tamatergic neurons differentiated from induced pluripotent stem

cells (iPSCs) that carry familial Alzheimer’s disease mutations.19

From these observations, it follows that identification of the bio-

logical functions of the Golgi ribbon would not only advance our

knowledge of cellular physiology but also help to understand the

pathological implications of this structure’s disruption. By adopt-

ing a comparative perspective that places Golgi architecture in

an evolutionary context, here, we outline the origins of the rib-

bon-like organization, propose putative molecular drivers of its

emergence, and describe its developmentally regulated forma-

tion, which may signal its function in embryogenesis.

Previous to the present study, the ribbon organization of the

Golgi apparatus was thought to be unique to vertebrates. The

lack of a centralized Golgi in the cells of D. melanogaster and

C. elegans, two invertebrates widely used in cell biology, may

have contributed to cement this view, despite the ribbon-like

Golgi organization, although not described as such, could be

observed in a few studies on invertebrates.20,21,31–34,39 Building

on this sparse evidence, we further sampled metazoan taxa and

found that the ribbon-like centralization of Golgi stacks is likely to

be a newly evolved character of the ancestor of cnidarians and

bilaterians (Figure 1K). Evolutionary conservation of the ribbon-

like Golgi configuration in several animal phyla strongly indicates

that it must play important functions in their cellular processes. It

also begs the question of how the cells of xenacoelomorphs and

ecdysozoans adapted to its secondary loss. Comparative anal-

ysis of cellular processes in animals with the ribbon-like Golgi

and in those that lost it may provide clues regarding the functions

this structure is involved in.

Our conclusion that the ribbon-like appearance was a single

evolutionary event implies conservation of its core molecular

machinery. Emergence of the ribbon-like architecture must

depend on the evolution of Golgi stack tethering. Based on

mechanistic evidence from mammalian cells, we focused on

known Golgi tethering factors. GRASP was part of the molecular

toolkit of the last eukaryotic common ancestor.69 Biophysical ev-

idence indicates that its ability to form dimers and oligomers is

ancestral,55,80 and functional data suggest that a conserved

function of GRASPs is that of a ‘‘multi-tasking’’ membrane

tether52 in cellular stress responses.49–51 Bootstrapping on its

self-interacting and tethering capabilities, and in the context of

cells with multiple Golgi stacks, evolution of a second GRASP

anchoring point on Golgi membranes through golgin binding
embrane (PM) fluorescent reporters were imaged at the indicated stages (hpf,

lastopore gastrula) by bright-field and confocal microscopy (maximum intensity

microinjected as described in (A) and imaged at the indicated times (hpf); scale

the embryo shown in (B) were measured; **p < 0.01 and ****p < 0.0001; Mann-

Branchiostoma lanceolatum embryos at the indicated developmental stages;

); scale bars: 1 mm.
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may have therefore driven ribbon-like emergence (Figure 2B).

This hypothesis invokes a central role for the GRASP/golgins

interaction in the evolution and conservation of the mechanism

of formation of the ribbon-like Golgi. We investigated this possi-

bility by predicting binding of golgins to GRASPs using

AlphaFold2. Based on the models of GRASP/golgin complexes

in present-day species, we deduce that GRASP binding by Gol-

gin-45 evolved in the common ancestor of cnidarians and bilat-

erians, in correspondence with the emergence of the ribbon-like

organization. Modeling suggests that the GRASP/Golgin-45

complex is highly conserved and secondarily lost in species

documented to lack the ribbon-like Golgi organization (Fig-

ure 2E). In addition, the models point to the evolution of binding

between GM130 and GRASP in the common ancestor of meta-

zoans, followed by multiple secondary losses (Figure 2E). This

scenario may reflect the fact that these ancestral metazoans

were likely to have a single-copy Golgi, and therefore selective

pressure for GRASP dual anchoring by GM130 could have

been absent. On the other hand, the appearance of metazoans

displaying multiple stacks per cell and the emergence of the rib-

bon-like Golgi may have led to selective pressure for the conser-

vation of the GRASP/Golgin-45 complex. In this framework,

GM130 contribution to stack tethering in non-vertebrate animals

appears to be unnecessary or at most redundant. In summary,

AlphaFold2 modeling provides support for our hypothesis that

evolution of GRASP binding by golgins may have driven the

emergence of the ribbon-like Golgi architecture.

In eukaryotes, complex multi-cellularity evolved several

times,81 but non-animal multi-cellular organisms, such as plants

and fungi, display multiple separated Golgi stacks.82,83 Golgi

centralization may thus indicate an evolutionary trajectory with

functional requirements specific to cnidarians/bilaterians. The

question thus arises as to which functions the ribbon-like Golgi

organization evolved to carry out. If the ribbon, as believed until

now, was a configuration restricted to vertebrates, then its func-

tions might be struck off as specific to this animal lineage. Our

findings imply otherwise; while in the 600 million years since its

appearance, the ribbon-like Golgi may have accrued lineage-

specific functions, at least some of the biological processes it at-

tends to are likely to be common to all cnidarians/bilaterians. The

observation that the ribbon is formed early in embryogenesis

(this report and Kiyonari et al.77) may indicate that its first func-

tion, in the context of the whole organism, is linked to develop-

ment. This would explain why some differentiated mammalian

cells can forgo Golgi ribbons.27–29 Of note, mammalian embry-

onic stem cell lines often display unlinked Golgi stacks, and their

differentiation is accompanied by ribbon formation.84,85 iPSCs

seem to have unlinked Golgi stacks as well,86 and, remarkably,

drugs used to reprogram differentiated cells into iPSCs (e.g.,

GSK3 and HDAC inhibitors)87 induce ribbon disruption in

mammalian cells lines.88 These observations suggest a correla-

tion between Golgi architecture and the pluripotent/differenti-

ated state of cells. Ribbon formation could therefore have a func-

tion in cell differentiation. From an evolutionary point of view, it is

intriguing to speculate that this may also have been the primor-

dial role of the ribbon-like Golgi. In this hypothetical scenario,

the developmental processes of xenacoelomorphs, arthropods,

and nematodes must have adapted to dispense with the ribbon-
like Golgi altogether. We anticipate that comparative ap-

proaches employing newly introduced experimental inverte-

brates89–91 and other established vertebrate and invertebrate

models will be instrumental to unravel the range of functions

that the ribbon-like Golgi plays in animal cells.

In conclusion, Golgi centralization into a ribbon-like configura-

tion is common to several animal taxa; by the principle of parsi-

mony, we assume that this reflects a single evolutionary event

occurring in their common ancestor. Ribbon formation during

early embryogenesis suggests an unexplored, and perhaps pri-

mordial, function for this Golgi architecture in development. We

expect that our report will spark renewed interest in the ribbon-

like configuration of the Golgi apparatus and new studies aimed

at testing our hypotheses on itsmolecular origins and on its func-

tion in the context of development.

Limitations of the study
Despite the powerful capabilities of AlphaFold2, interaction of

GRASP with conspecific golgins remains to be experimentally

validated in non-vertebrates. Also, whether the binding between

golgins and GRASP is itself sufficient to induce stack tethering

and whether the linked Golgi stacks documented in non-verte-

brates reflect the presence of bona fide ribbons need to be estab-

lished through experiment. In other words, it needs to be estab-

lished whether the golgin-dependent spatial orientation of

GRASP on Golgi membranes is conducive not only to stack teth-

ering but also tomembrane continuity between cisternae of juxta-

posed stacks, as observed in mammalian cells.22,23 Mammalian

GRASPs are necessary for ribbon formation and interact with

tens of proteins.48,92 Therefore, it is possible that by recruiting a

network of interactors, oligomerization of correctly oriented

GRASPs could provide a multivalent molecular platform that

directly mediates Golgi stack tethering and indirectly coordinates

the activity of several factors in the formation andmaintenance of

the Golgi ribbon. Future studies will put to the test our hypothesis

on the structural determinants of the ribbon-like Golgi organiza-

tion. To validate AlphaFold2 predictions, biochemical binding as-

says could be employedwith GRASP/golgin pairs from species in

key places in the metazoan tree. Whether GRASP/golgin interac-

tions are sufficient to induce ribbon-like Golgi organization could

be assessed by introducing heterologous GRASP/golgin pairs

into cellular systems with non-functional homologs and separate

Golgi stacks.
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83. Bracker, C.E., JamesMorré, D., and Grove, S.N. (1996). Structure, differ-

entiation, and multiplication of Golgi apparatus in fungal hyphae. Proto-

plasma 194, 250–274.

84. Dumitru, R., Gama, V., Fagan, B.M., Bower, J.J., Swahari, V., Pevny,

L.H., and Deshmukh, M. (2012). Human embryonic stem cells have

constitutively active Bax at the Golgi and are primed to undergo rapid

apoptosis. Mol. Cell 46, 573–583. https://doi.org/10.1016/j.molcel.

2012.04.002.

85. Christoforou, A., Mulvey, C.M., Breckels, L.M., Geladaki, A., Hurrell, T.,

Hayward, P.C., Naake, T., Gatto, L., Viner, R., Martinez Arias, A., and Lilley,

K.S. (2016). A draft map of the mouse pluripotent stem cell spatial prote-

ome. Nat. Commun. 7, 8992. https://doi.org/10.1038/ncomms9992.

86. Lemonnier, T., Blanchard, S., Toli, D., Roy, E., Bigou, S., Froissart, R.,

Rouvet, I., Vitry, S., Heard, J.M., and Bohl, D. (2011). Modeling neuronal

defects associated with a lysosomal disorder using patient-derived

induced pluripotent stem cells. Hum. Mol. Genet. 20, 3653–3666.

https://doi.org/10.1093/hmg/ddr285.

87. Huangfu, D., Osafune, K., Maehr, R., Guo, W., Eijkelenboom, A., Chen,

S., Muhlestein, W., and Melton, D.A. (2008). Induction of pluripotent

stem cells from primary human fibroblasts with only Oct4 and Sox2.

Nat. Biotechnol. 26, 1269–1275. https://doi.org/10.1038/nbt.1502.

88. Gendarme, M., Baumann, J., Ignashkova, T.I., Lindemann, R.K., and Re-

iling, J.H. (2017). Image-based drug screen identifies HDAC inhibitors as

novel Golgi disruptors synergizing with JQ1. Mol. Biol. Cell 28, 3756–

3772. https://doi.org/10.1091/mbc.E17-03-0176.

89. Houliston, E., Leclère, L., Munro, C., Copley, R.R., and Momose, T.

(2022). Past, present and future of Clytia hemisphaerica as a laboratory

jellyfish. Curr. Top. Dev. Biol. 147, 121–151. https://doi.org/10.1016/bs.

ctdb.2021.12.014.

90. Darling, J.A., Reitzel, A.R., Burton, P.M., Mazza, M.E., Ryan, J.F., Sulli-

van, J.C., and Finnerty, J.R. (2005). Rising starlet: the starlet sea anem-

one, Nematostella vectensis. Bioessays 27, 211–221. https://doi.org/

10.1002/bies.20181.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Paracentrotus lividus

Adult animals collected from the Gulf of Naples (Italy) were maintained in seawater circulating aquaria at Stazione Zoologica Anton

Dohrn (Naples, Italy). The embryos analyzed were obtained by in vitro fertilization as previously described.96

Branchiostoma lanceolatum

This study used embryos generated by in vitro fertilization96 using gametes of adults collected in Argelès-sur-mer (France) and

spawned at Observatoire Océanologique de Banyuls-sur-Mer (France).

Ciona robusta

Adult animals were collected from the Gulf of Taranto (Italy) and maintained at Stazione Zoologica Anton Dohrn (Naples, Italy) as

described for Paracentrotus lividus. The embryos and larvae analyzed were obtained by in vitro fertilization.96

Calloria inconspicua

Adults ofCalloria inconspicuawere collected at Karitane Point, South Island, New Zealand andmaintained at Portobello Marine Lab-

oratory (University of Otago) at 9�C–12�C in aquarium tanks. Artificial insemination of extracted eggs and sperm was carried out

following described methods.97,98 Developing embryos were maintained in 1 L beakers, with seawater change 1–2 times per day,

until metamorphosis. Three-lobed larvae were analyzed in this study.

Strongylocentrotus purpuratus

Adult animals, collected in the Gulf of Santa Catalina (CA, United States) and distributed by Patrick Leahy (Kerckhoff Marine Labo-

ratory, California Institute of Technology, Pasadena, CA, USA), were maintained at Stazione Zoologica Anton Dohrn (Naples, Italy).

Plutei (three-day old larvae) were used in this study.

Platynereis dumerilii

Three-day old wild-type larvae from laboratory cultures were used in this study. The Platynereis dumerilii culture was originally es-

tablished in 1950s with animals from Ischia, Italy; over the years, animals from other locations have occasionally been added to

the culture.

Parhyale hawaiensis

The newly hatched embryos analyzed in this study were a gift byMichalis Averof (Institut de Génomique Fonctionnelle de Lyon, IGFL,

Lyon, France). Animals, cultured in the lab, derive from specimens originally collected in 1997 by William Browne in the seawater

filtration system of the Shedd Aquarium (Chicago, IL, USA).

Symsagittifera roscoffensis

Wild type adult animals were collected in Brittany near the Station Biologique de Roscoff, CNRS/Sorbonne Université, Roscoff

(France). Eggs of mated adults were cultivated at 15�C in sea water. Juveniles were fixed within 3 days of hatching.

Clytia hemisphaerica

Animals were from a wild-type colony maintained in the lab and originally established with specimens collected from the bay of

Villefranche-sur-Mer (France). The samples analyzed were from adult animals.

Mnemiopsis leidyi

The cydippid larvae used in this study were established andmaintained at the Sars International Center for MarineMolecular Biology,

University of Bergen, Bergen (Norway) as previously described.99

Trichoplax adhaerens

The ‘‘Grell clone’’, established by animals originally collected in the Red Sea in 1969,100 was used in this study. Animals were main-

tained in glass Petri dishes in seawater at 22�C and fed with Pyrenomonas helgolandii algae obtained from the Culture Collection of

Algae at Göttingen University (Germany).

Oscarella carmela

Specimens used in this study were collected in the sea of Carmel, CA (USA) and maintained as previously described.41

Capsaspora owczarzaki

TheCapsaspora owczarzaki ATCC30864 strain, established in 2002,93 was used. Cells were maintained in modified PYNFHmedium

(ATCC medium 1034) (https://www.atcc.org/products/327-x).
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Human umbilical vein endothelial cells
Cells collected from human umbilical cords of newborns and pooled from donors of both sexes were acquired from PromoCell. Cells

expanded and maintained as previously described101 were used within the 4th passage.

METHOD DETAILS

Plasmids
Assembly primers F1-F4 and R1-R4 (sequences in the key resources table) were designed using the NEBuilder tool (http://nebuilder.

neb.com/). PCR reactions for amplicon generation were carried out with Q5 High-Fidelity DNA Polymerase (New England Biolabs).

The amplicons described below and the pCineo plasmid (linearized by NheI/EcoRI digestion) were assembled using the NEBuilder

HiFi DNA assembly cloning kit (New England Biolabs) following the manufacturer instructions. Correct sequences were verified by

Sanger sequencing.

Plasmid pCineo_mEGFP_Giant-CT (encoding the Golgi marker mEGFP_Golgi). The plasmid encodesmEGFP in framewith a linker

sequence (GGGSGGGS) and the 69 C-terminal amino acids of human Giantin for Golgi membrane targeting. The mEGFP coding

sequence was amplified from pmEGFP-N1 vector (Clontech) with primers F 1 (lower case: pCineo sequence; upper case mEGFP

coding sequence) and R 1 (lower case: GGGS coding sequence; upper case: mEGFP coding sequence). The sequence encoding

the 69C-terminal amino acids of humanGiantin was amplified from human umbilical vein endothelial cell (HUVEC) cDNAwith primers

F 2 (italics: mEGFP coding sequence; lower case: GGGSGGGS linker coding sequence; upper case: Giantin coding sequence) and R

2 (lower case: pCineo sequence; upper case: Giantin coding sequence and two stop codons).

Plasmid pCineo_GalT_mCherry. A plasmid (the generous gift of Irina Kaverina, Vanderbilt School of Medicine) encoding the N-ter-

minal 87 amino acids of galactosyltransferase (GalT), which confer Golgi localization, in frame with mCherry was used as template to

amplify the GalT_mCherry coding sequence using primers F 3 (lower case: pCineo sequence; upper case: GatT coding sequence)

and R 3 (lower case: pCineo sequence; upper case: GatT coding sequence).

Plasmid pCineo_mCherry_CAAX (encoding the plasma membrane marker mCherry_PM). The sequence encoding mCherry in

frame with the polybasic sequence and CAAX motif of human K-Ras (GKKKKKKSKTKCVIM) for targeting to the plasma membrane

was generated by amplification of mCherry using the pmCherry-N1 (Clontech) plasmid as template and the following primers: F 4

(lower case: pCineo sequence; upper case: mCherry coding sequence) and R 4 (lower case: pCineo sequence; italics: polybasic

plus CAAX motif and stop codon coding sequence; upper case: mCherry coding sequence).

In vitro mRNA transcription and microinjections
Plasmids were linearized by digestion with NotI, a unique restriction site in the pCineo vector located downstream of the cloned se-

quences. One microgram of each linearized plasmid was used as template for in vitro transcription. Purified mRNAs were resus-

pended in DEPC-MilliQ water, their concentration measured, and their quality checked by agarose gel electrophoresis. mRNAs

were aliquoted and stored at – 80�C until used.

Sea urchin eggs’ jelly coat was dissolved by a short wash in acidic filtered sea water (1.5 mM citric acid in 0.22 mm filtered sea

water, FSW). De-jellied eggs were then immobilized on 60 mm plastic dish lids pre-treated with 1% protamine sulfate (Merck,

Sigma-Aldrich, P4380) in FSW. Eggs were then washed with FSW containing sodium para-amino benzoate (Sigma-Aldrich,

A6928; 0.05% in FSW) to prevent hardening of the fertilization envelope. In vitro transcribed mRNAs were diluted to a final concen-

tration of 300–500 ng/mL in 120 mM KCl/DEPC-water. Four to five pL of diluted mRNAs were injected per embryo, immediately after

fertilization. Embryos were allowed to develop at 18�C.

Confocal microscopy
Paracentrotus lividus
At the indicated times post-fertilization, embryo development was stopped by incubation with 0.2% paraformaldehyde in FSW,

which kills the embryos while preserving mEGFP and mCherry fluorescence. Imaging was carried out within 16 h of formaldehyde

treatment. Embryos laid on glass-bottom dishes containing FSWwere imaged with an inverted 25x (NA 0.8) water immersion objec-

tive, using a Zeiss LSM700 system. Image stacks (z-step 1 mm) were acquired. Only one-third to one-half of the embryo volumes

could be imaged at early stages, due to the opacity of yolk granules. At later stages (prism and pluteus) embryos were transparent

and their whole volume was imaged.

For live imaging experiments, eggs were laid in FWS containing glass-bottom dishes pre-treated with protamine, fertilized, and

then immediatelymicroinjectedwith fluorescent reporter encodingmRNAs. Imagingwas carried out as described above. Image stacks

(z-step 1 mm) were acquired at 15 min intervals. Higher magnification imaging of embryos was carried out on mEGFP_Giant-CT

(mEGFP_Golgi) microinjected embryos using a 40x (NA 1.10) water immersion objective with a Leica SP8 confocal system. For pre-

sentation purposes only, contrast-enhancement and gaussian-blur filtering were carried out (ImageJ) for the images shown. Human

umbilical vein endothelial cells (HUVECs). Cells were seeded on gelatin-coated 96-well plates (Nunclon surfaceª, NUNC) at 15.000

cells/well and grown in HUVEC growth medium (HGM, see Ferraro et al.101) for 24 h. After rinsing with fresh medium, cells were fed

HGM containing 0.1% (vol:vol) DMSO (control treatment) or 33 mM (10 mg/mL) Nocodazole and incubated for 4 h before fixation

with 4% formaldehyde in phosphate-buffered saline (PBS) for 10 min at RT. Fixed cells were permeabilized with 0.2% TX-100 (Merck,
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Sigma-Aldrich) in PBS for 10 min (RT) and then blocked with 5% BSA (Merck, Sigma-Aldrich) in PBS for 30 min (RT). The Golgi appa-

ratus was immuno-labeled with an antibody raised against the Golgi marker GM130 (BD Biosciences), followed by incubation with

Alexa Fluor 488 conjugated anti-mouse antibody (Life Technologies); primary and secondary antibodies were diluted in 1% BSA/

0.02% TX-100/PBS. Nuclei were counterstained with Hoechst 33342 (Life Technologies), diluted in PBS, and images acquired using

an Opera High Content Screening System (PerkinElmer) through a 403 air objective (NA 0.6).

Golgi object quantification in sea urchin embryos
Golgi objects from confocal images were analyzed with ImageJ (https://imagej.nih.gov/ij/). The Golgi channel (8-bit) was selected,

maximum intensity projection images generated and processed as follows.

Time course (Figures 3A and S4B). All images were subjected to background subtraction. Small Golgi objects observed at 2-, 4-

and 6-h post-fertilization were identified with the ‘‘find maxima’’ command and separated from each other by segmentation. The im-

ages of all time points were then subjected to thresholding and transformed into binary images. Golgi object number and size were

then quantified with the ‘‘analyze particles’’ command (area range was set at 0.25 – infinite mm2). Three embryos per time point were

analyzed. The number of Golgi objects analyzed were: 2527, 2 hpf; 2662, 4 hpf; 1131, 6 hpf; 614, 8 hpf; 620, 10 hpf.

Time-lapse (Figures 3B and 3C). Image thresholds were set automatically. At early time points, slight adjustments were done to

correctly capture the size of most Golgi objects. For later time points, default threshold values were sufficient to correctly outline

the sizeGolgi objects. After transformation into binary images, object number and sizeweremeasured as described above. The num-

ber of Golgi objects analyzed ranged from 86 to 590 and are reported as a plot in Figure 3C.

Numerical results were processed with Prism 9 (Graphpad) for graph plotting and statistical analysis.

Electron microscopy
Paracentrotus lividus, Branchiostoma lanceolatum and Ciona robusta samples, maintained at 18�C, were collected at the indicated

developmental stages and fixed at 4�C in 2% glutaraldehyde in filtered sea water (FSW). After fixation samples were first rinsed in

FSW (6 3 10 min), then in Milli-Q water (3 3 10 min) and post-fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide

(1 h, 4�C). Samples were then rinsed five times with Milli-Q water, dehydrated in a graded ethanol series, further substituted by pro-

pylene oxide, and embedded in Epon 812 (TAAB Laboratories Equipment Ltd, Berkshire, UK). Resin blocks were sectioned with an

Ultracut UCT ultramicrotome (Leica, Vienna, Austria). Sections were placed on nickel grids and observed with a Zeiss LEO 912AB

TEM (Zeiss, Oberkochen, Germany).

Calloria inconspicua. Three-lobed larvae were initially fixed in 2.5%glutaraldehyde buffered with 0.1M sodium cacodylate solution

(60 min at 5�C). A tiny amount ruthenium red solution was added to stain the extracellular matrix. Repeated rinsing in 0.1 M sodium

cacodylate buffer was followed by post-fixation in 1% osmium tetroxide solution buffered with 0.1 M sodium cacodylate (40 min at

4�C). Dehydration with an acetone series and propylene oxide led to embedding in Araldite. Resin blocks were polymerized at 60�C
for 48 h. Ultrathin serial sections (70 nm) were cut on a Reichert Ultracut E microtome, placed on formvar-coated copper slot grids,

and automatically stained with uranyl acetate and lead citrate in an LKB Ultrastainer. The sections were examined in Zeiss EM 10B

and Zeiss EM 900 transmission electron microscopes.

Parhyale hawaiensis. Embryos were pre-fixed in 2.5% glutaraldehyde, 2% paraformaldehyde, 2% sucrose in sodium cacodylate

buffer 0.1M (SC buffer) overnight at 4�C. After several rinses in SC buffer at room temperature specimens were postfixed in 1%OsO4

in 0.1 M SC Buffer (2 h, room temperature), washed in SC buffer (1 h) and dehydrated in an ethanol series. Ethanol-preserved spec-

imenswere transferred to 100%acetone and propylene oxide and subsequently embedded in araldite. Ultrathin sectionswere cut on

a Leica EM UC7, stained with Plano uranyl acetate replacement stain (UAR-EMS) and lead citrate and investigated in a LEO EM 906.

Strongylocentrotus purpuratus, Platynereis dumerilii, Mnemiopsis leidyi, Oscarella carmela and Capsaspora owczarzaki samples

were high-pressure frozen, freeze substituted and processed as previously described.41,99,102–104

Trichoplax adhaerens. Animals, alive or pre-fixed, were high-pressure frozen/freeze substituted and embedded in Epon. Sections

(70 nm) were cut with using a Leica Ultracut UCT ultramicrotome.

Symsagittifera roscoffensis. Animals were processed within three days of hatching. The head of a hatchling was processed by

high-pressure freezing. Freeze substitution was carried out in a solution of 1% osmium tetroxide and 0.1% uranyl acetate in acetone.

A Leica Ultracut UCT was used to generate 60–80 nm sections, which were poststained in a 2% uranyl acetate/lead citrate solution

and transferred to formvar-coated slit grids. Sections were imagedwith a Tecnai 12 Biotwin TEM, using a fast-scan F214ACCD cam-

era controlled by the SerialEM software (Boulder Lab). Digital image stacks were imported into the TrakEM2 package.

Clytia hemisphaerica. Dissected tissue was high-pressure frozen with a Wohlwend Compact 03 high-pressure freezing machine

(http://www.wohlwend-hpf.ch) using sea water as the freezing medium and then transferred to a frozen solution of 2% osmium in

acetone under liquid nitrogen. The samples were freeze-substituted in a Leica AFS2 freeze-substitution machine (https://www.

leica-microsystems.com). Samples were removed from the AFS chamber and allowed to reach room temperature. This was followed

by 5 acetone washes for 5 min each. Samples were infiltrated with Polybed resin in a series of steps as follows: 1:3 resin to acetone

overnight, 1:1 resin to acetone for 6 h, 3:1 resin to acetone overnight, 100% resin for 6 h followed by embedment in molds in fresh

100% resin and curation at 60�C for 2 days. Polymerized samples were then trimmed using an ultramicrotome to get their entire

cross-section. Serial 60 nm sections were collected using an Automated Tape-Collecting Ultramicrotome, mapped, and imaged

with a Zeiss Sigma FE-SEM as described previously.105
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Homology search
Canonical human GRASP (GRASP65 and GRASP55), Golgin-45 and GM130 amino acid sequences were used as initial queries. Ho-

mologs were searched in the target species using Basic Local Alignment Search Tool, BLAST, (BLASTp and TBLASTn) in available

databases (Uniprot, NCBI, Ensembl). For specific target species, the search was carried out in dedicated databases.

Amphiura filiformis: http://www.echinonet.org.uk/blast/

Mnemiopsis leidyi: https://research.nhgri.nih.gov/mnemiopsis/sequenceserver/

Nematostella vectensis: http://marimba.obs-vlfr.fr/blast.

Unicellular holozoans: https://protists.ensembl.org.

Target genomes and, whenever available, transcriptomes were interrogated. Hits with the lowest E-value and highest query

coverage were selected as candidate homologs and validated when by reverse BLAST on the human proteome the query was

retrieved as the highest scoring. If this approach did not return a hit, homologs of evolutionarily closer species were used as queries.

Golgin-45 homologs were not found in the choanoflagellates Salpingoeca rosetta and Monosiga brevicollis. To verify whether the

gene loss was specific to these two species or a general feature of choanoflagellates, we searched available transcriptomes of

several species106; no Golgin-45 was found in any of the species that were searched. Further validation of homology was obtained

by subjecting the hits to sequence and structural analysis with InterProScan (https://www.ebi.ac.uk/interpro/search/sequence/) and

by multiple sequence alignment with AliView and JalView to verify regions of sequence similarity.

Analysis of the C-terminal sequences of Golgin-45 and GM130 homologs
The PDZ binding motif and the cysteine pair are highly conserved in Golgin-45 homologs, with the exception of Drosophila mel-

anogaster, whose cells lack ribbon-like Golgi organization, and in the single stack species Trichoplax adhaerens (refer to Fig-

ure S2F, Kondylis et al.,24 Yano et al.,25 and Figure 1H). Compared to the mammalian homologs, the spacing between the cysteine

pair and the PDZ-binding motif is affected by extra or missing residues in Caenorhabditis elegans, Hofstenia miamia,Mnemiopsis

leidyi, and in the single stack species Amphimedon queenslandica. Based on the X-ray structure (see Figure S2E), changes in the

spacing between these two motifs can be expected to prevent binding of Golgin-45 to GRASP in these in the species. Overall, the

presence and the correct spacing of the binding motifs in Golgin-45 homologs mirrors the presence of the ribbon-like structure in

metazoans (see Figure 1K). With respect to GM130, the PDZ-binding motif and the stretch of hydrophobic amino acids necessary

for interaction with GRASP65 are conserved in vertebrates, but not in other metazoans. Several non-vertebrate GM130 homologs

display the presence of a cysteine pair (see Figure S2G), suggesting the possibility that GM130 and Golgin-45 originally bound to

GRASP in a similar (Golgin-45-like) fashion. Evolution of the two vertebrate GRASP paralogs appears to have driven diversification

of GM130 and Golgin-45 C-termini and binding conformations (see Figures S2E—S2G). Sequence analysis suggests that the

structural features that mediate interaction in the mammalian GRASP/Golgin-45 complexes are generally conserved in the Gol-

gin-45 homologs of extant species that display a ribbon-like organization and usually absent in those without this Golgi structure.

With respect to GM130, the motifs required for GRASP65 binding are conserved only across the vertebrate homologs, whereas in

other species a cysteine pair might be able to form an atypical zinc finger. It is plausible to conclude that the GM130 homologs of

somemetazoan species might be able to bind the conspecific GRASPs with a conformation similar to that of Golgin-45. Of note, in

contrast to Golgin-45, GM130 homologs bearing the binding-permissive motifs do not mirror the presence of the ribbon-like Golgi

organization, which may indicate that while both GM130 and Golgin-45 could have contributed to the stack tethering mechanism,

GM130 later became dispensable. This possibility is supported by AlphaFold2 modeling. In non-vertebrate species where the rib-

bon-like Golgi organization is observed, AlphaFold2 predicts GRASP binding by Golgin-45 but not GM130 (refer to Figures 2D, S3I,

and S3J).

Phylogenetic tree of chordate GRASPs
Chordate GRASP sequences (Datas S1A and S1B) were trimmed to the conserved GRASP domain and processed adopting the

Maximum Likelihood method with IQ-TREE 2.94 ModelFinder95 was used to select the model of sequence evolution. The Paracen-

trotus lividus GRASP sequence was used as outgroup. The graphical file was generated using FigTree (http://tree.bio.ed.ac.uk/

software/figtree/).

Structure modeling
Models of complexes between conspecific GRASP/Golgin-45 and GRASP/GM130 pairs were built with the Colab implementation of

AlphaFold2,71 using MMseqs2 to generate multiple sequences alignments.107 To obtain reliable predictions of the protein-peptide

complexes, AlphaFold-Multimer version v2 was used, with 12 recycles for the generation of each model.74 Complexes were built

without the use of structural templates and without Amber refinement as this step does not introduce substantial improvement, while

significantly increasing computational time.

Interpretation and predictive power of AlphaFold2 models
The introduction of AlphaFold70 and its subsequent evolutions produced a revolution in structural biology, allowing the generation of

structure models of unprecedented accuracy. Benchmark studies have demonstrated that the predictive power of AF2 extends

beyond the production of the mere structural models, yielding accurate results also for protein-protein and protein-peptide
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complexes, even when they imply conformational changes, and providing reliable hints on the effect of missensemutations.108 In the

case of protein-peptide complexes, models with higher confidence can be obtained by increasing the number of recycles during

model generation, provided that a sufficient number of sequences are detected during the generation of themultiple sequence align-

ments (MSAs).72,74 From these MSAs, AF2 predicts five structures resulting from five models trained according to different

schemes.70 These predictions are then evaluated and ranked based on a per residue score, the predicted local distance difference

test (pLDDT). This value provides ameasure, from aminimumof 0 to amaximumof 100, of the agreement between the prediction and

experimental structures. Regions within proteins and complexes that present an average pLDDTR70 are generally considered reli-

able.109 At the same time, it has been observed that low pLDDT values are indicative of intrinsically disordered regions and highly

flexible stretches within proteins.73,110 Therefore, stable complexes, in which the binding partners have reducedmobility with respect

to each other, are typically modeled with higher pLDDT scores. We carried out validation tests on the predictive capability of AF2 on

our model systems. To assess the results and the occurrence of binding, the highest-ranking structure from each AF2 prediction was

used. Overall, similar confidence scores were obtained for each of the five independent models generated. High pLDDT scores and

conformations very similar to the X-ray structures (PDB: 5H3J and 4REY, respectively) characterized the AF2models of the mamma-

lianGRASP55/Golgin-45 andGRASP65/GM130 complexes. Conversely, low pLDDT scores characterized complexes of themutants

of the Golgin-45 PDZ-binding motif and the cysteine pair, which were experimentally shown to abolish binding to GRASP55 (see

Figures S4A and S4B).67 The results were less straightforward for the mutants of GM130 that abolish binding to GRASP65,68 for

which the predictions still hinted to the possibility of forming complexes (see Figures S4C and S4D). However, it is worth noting

that in the case of the inactivating I990R mutation in the PDZ-binding motif of human GM130, two lower ranking models predicted

absence of binding. Most impressive was the test involving cross-binding. Biochemical data show that mammalian GRASP55 can

interact with GM130, while GRASP65 does not bind GM130 (see Figures 1B and 1E of Short et al.60). AF2 modeled the GRASP55/

GM130 complex with a high pLDDT score and a conformation similar to the GRASP65/GM130 complex, whereas the GRASP65/

Golgin-45 complex was modeled with a low pLDDT score (see Figures S4E and S4F). Based on these tests, we considered AF2

models as indicative of bindingwhen they displayed a conformation similar to that of the X-ray structure of themammalian complexes

and high pLDDT score for themotifs necessary to binding. Based on these criteria, we built models for representative GRASP/Golgin-

45 and GRASP/GM130 pairs from different species; the GRASPs from all species were modeled with overall high confidence

(average pLDDT R90), whereas variable results were obtained for the C-terminal peptides of the Golgin-45 and GM130 proteins.

In particular, C-termini lacking the PDZ-binding motif and/or the cysteines for Zn-finger formation (e.g., Drosophila melanogaster

and Trichoplax adhaerens) could not adopt the Golgin-45 binding conformation and were associated to very low pLDDT values.

Of note, the Golgin-45 C terminus of Parhyale hawaiensis presents both binding motifs with the same spacing as that seen in the

vertebrate homologs (see Figure S2F). This suggests that the GRASP/Golgin-45 complex could form in this species that displays

separated Golgi stacks (see Figure 1E). However, AF2 modeled the region encompassing the cysteine pair with a pLDDT score

<70, thus predicting absence of binding (data not shown). As for GM130, in non-vertebrates, the pLDDT were generally low. Strik-

ingly, as anticipated by the amino acid sequence analysis, the presence of cysteine pairs resulted in the prediction of a Golgin-45-like

conformation in T. adhaerens and A. queenslandinca, suggesting that the ancestral GM130 protein could bind GRASP even in an-

imals with a single stack per cell. Although Golgin-45-like conformations were observed in the predicted complexes of other species,

the region containing the cysteine pair was modeled with low pLDDT scores and therefore were, conservatively, considered as not

interacting.

Note about Figure 2A. Golgin and GRASP localization within the stack and their evolutionary emergence were obtained from ref-

erences44,45,69 and 111.

Note about the metazoan Tree of Life. Whether sponges or ctenophores or placozoans are the sister group to all other animals

remains an unsettled issue112–114; for this reason we drew the holozoan Tree of Life as a polytomy of these three taxa in

Figures 1K and 2E and in the graphical abstract. The animal silhouettes used in the graphical abstract were obtained from the public

domain (http://phylopic.org), when not covered by copyright, or drawn by F.F.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of the number of Golgi objects was carried out using the Mann-Whitney test; p values are indicated in the legends

of Figures 3 and S4. The number of objects per time point analyzed is reported in the ‘‘Golgi object quantification in sea urchin em-

bryos’’ section of the ‘‘method details’’.
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C. robusta Tunicates + + This paper epidermal cells of larva

B. lanceolatum Cephalocordates + + This paper ectodermal cells of gastrula

S. purpuratus Echinoderms + + This paper blastocoelar cells of pluteus 
larva

P. lividus Echinoderms + + This paper all cells from pre-hatching 
blastula to pluteus larva

L. variegatus Echinoderms + + Literature all cells in pre-hatching 
blastula

L. pictus Echinoderms + + Literature all cells in blastula and prism 
stage

D. melanogaster Arthropods + - Literature all cell types (larva and adult) 
and cell lines 

A. mellifera Arthropods + - Literature Trophocyte

A. pisum Arthropods + - Literature Mycetocytes

A. albopictus Arthropods + - Literature cell line

P. hawaiensis Arthropods + - This paper all cell types (adult)

C. elegans nematodes + - Literature all cell types

C. inconspicua Brachiopods + - This paper epidermal cells of 3-lobe larva

P. vivipara Mollusks + + Literature spermatocytes

H. pomatia Mollusks + + Literature multified gland cells

H. aspersa Mollusks + + Literature early spermatocytes

P. dumerilii Annelids + + This paper several cell types of 3-day-old 
larva

Lumbricus (unreported 
species)

Annelids + + Literature epithelial cells and neurons of 
adult 

S. roscoffensis Xenacoelomorphs + + This paper secretory granule producing 
cells

C. hemisphaerica Cnidarians + + This paper gastrodermal cells of adult

M. leidyi Ctenophores + - This paper epithelial and comb cells

T. adhaerens Placozoans - N/A This paper all cell types

H. hongkongensis Placozoans - N/A Literature all cell types

O. carmela Sponges - N/A Literature and this paper all cell types

E. fluviatilis Sponges + - Literature spongocyte

S. rosetta Choanoflagellates - N/A Literature N/A

C. owczarzaki Filastereans - N/A This paper N/A



Figure S1. Additional examples of Golgi structure in holozoans. Related to Figure 

1. (A) Golgi stack array in secretory cells of Symsagittifera roscoffensis. (B) A three-

day-old Platynereis dumerilii larva. Serial sections (40 nm each), labelled starting from 

1, are shown; in the region of interest, separated stacks (labelled a, b, c and d) in 

section 1 are seen to merge (c + d and then b + c + d) into a ribbon while progressing 

through the sections. (C) Comb cells of Mnemiopsis leidyi.  (D-E) Two cell types of 

Trichoplax adhaerens. Scale bars: 1 μm. (F) Table summarizing Golgi organization in 

species and cell types discussed in this report. 
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Figure S2. Structural features of holozoan GRASP and Golgin-45 proteins. 

Related to Figure 2. (A) Cartoon of domain structure of mammalian GRASPs. The 

evolutionarily conserved GRASP domain is formed by a tandem of atypical PDZ 

domains, followed by a C-terminal region, which in mammals is serine/proline-rich 

(SPR) and whose post-translational modifications modulate GRASP activity. (B) Size, 

in amino acids, of the GRASP domains and C-terminal regions of the holozoan 

GRASP sequences (Data S1A) were plotted; bars indicate median size. (C) Pairwise 

amino acid identity of holozoan GRASP domains plotted as a heat map. Vertebrate 

duplication into GRASP55 and GRASP65 paralogs occurred with the evolution of 

jawed vertebrates. Vertebrate GRASP55 paralogs (green outlines) are more similar to 

the cnidarian/bilaterian single GRASPs than vertebrate GRASP65 paralogs (red 

outlines); percent identity values for pairwise comparisons were obtained with 

CLUSTAL omega. (D) Phylogenetic tree of chordate GRASPs. Divergence from the 

ancestor sequence is lower in GRASP55 paralogs when compared to GRASP65 ones; 

the Paracentrotus lividus sequence was used as outgroup. Note that for the fast-

evolving species Ciona robusta the position of its single GRASP homolog does not 

reflect the tree of life. The numbers indicate bootstrap values; the scale indicates the 

average amino acid substitution per site. (E) X-ray structures of the GRASPs domains 

(yellow) of GRASP55 and GRASP65 in complex, respectively, with the C-terminal 

residues of Golgin-45 and GM130 (ball and stick); PDB accession numbers of the two 

complexes are indicated. PDZ1 and PDZ2 are indicated by circles. C-terminal residues 

experimentally shown to be necessary for interaction are rendered in color. Golgin-45: 

magenta, the two cysteines involved in the Zinc-like finger formation; light blue, the 

PDZ-binding motif. GM130: orange, the hydrophobic stretch interacting with the 

groove between the PDZ1 and PDZ2 domains; light blue, the PDZ-binding motif. (F) 

Multiple sequence alignment of the C-termini of the holozoan Golgin-45 homologs. 

The residues corresponding to the binding motifs are color coded as in Figure S2E. 

Insertions and deletions with respect to the mouse sequence are indicated by the 

symbol ±; mutations affecting the PDZ-binding motif and the cysteine pair are indicated 

by the blue and magenta symbol X, respectively. (G) Multiple sequence alignment of 

the C-termini of the holozoan GM130 homologs. The residues corresponding to the 

binding features of vertebrate homologs are color coded as in Figure S2E. In non-

vertebrate homologs a cysteine pair, similar to that present in Golgin-45, is observed 



 

in several proteins (labelled in magenta as in S2F). Mutations in the binding motifs and 

indels are indicated as described in S2F.  
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Figure S3. Testing AlphaFold2 model predictions. Related to Figure 2. (A)-(D) 

Models of GRASP domains of mammalian GRASP55 and GRASP65 with the C-

termini of Golgin-45 and GM130 bearing mutations that were shown to abolish 

interaction. (E) Model of the GRASP domain of human GRASP55 and the GM130 C-

terminus; a conformation similar to the GRASP65/GM130 complex is predicted. (F) 

Model of the GRASP domain of human GRASP65 and the Golgin-45 C-terminus. (G)-

(H) AF2 predicts vertebrate GRASP65/GM130 complexes with conformations similar 

to the human solved structure; the chicken (Gallus gallus) and the African clawed frog 

(Xenopus laevis) complexes are shown. (H)-(I) Models of the complexes of C. robusta 

GRASP with the conspecific Golgin-45 and GM130 C-termini. Based on these tests, 

AF2 seems to predict binding when two conditions are met: a conformation similar to 

that of the X-ray structure and a reliable pLDDT score (≥ 70) within the golgins’ motifs 

crucial for interaction. As in Figure 2D, the symbols ✓ and ✗ respectively indicate 

deduced presence and absence of interaction between GRASP domains and the 

golgins’ C-termini. 
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Figure S4. Golgi dynamics in the sea urchin embryo. Related to Figure 3. (A) The 

fluorescent reporter used in this study, mEGFP_Golgi, co-localizes with the widely 

used Golgi reporter GalT_mCherry in the sea urchin (Paracentrotus lividus) early 

gastrula; scale bar: 20 μm. (B) Quantification of Golgi object size (n = 3 embryos) from 

the time-course experiment shown in Figure 1A; ****, p < 0.0001 (Mann-Whitney test). 

(C) P. lividus embryos expressing the mEGFP_Golgi reporter imaged at the indicated 

stages; scale bar: 50 μm. (D) Golgi apparatus imaging of a 15 hpf P. lividus embryo. 

A single focal plane acquired with a 40x water immersion objective is shown; scale 

bar: 5 μm. (E) Golgi stacks a, b and c are seen establishing connections across serial 

sections (numbered in black), of a blastocoel cell of the sea urchin Strongylocentrotus 

purpuratus pluteus; scale bar: 1 μm. (F) Golgi disassembly/reassembly during mitosis 

in the P. lividus embryo; image series (left to right, 15 min acquisition interval); scale 

bar: 5 μm. (G-H) Treatment with the microtubule depolymerizing compound 

nocodazole induces ribbon unlinking into constituent Golgi stacks in human umbilical 

vein endothelial cells, HUVECs, and sea urchin embryos; magnifications of insets are 

shown; scale bars: 10 μm and 20 μm (HUVECs and sea urchin, respectively). 
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