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21  Abstract

22 The exocyst is a conserved octameric vesicle-tethering complex essential for targeted secretion. It
23 is organized into two modules (I: SEC3, SECS5, SEC6, SECS; II: SEC10, SEC15, EXO70, EXO84).
24  In plants, the module II subunits SEC15, EXO84, and especially EXO70 have diversified into
25  multiple subfamilies, yet the evolutionary origins and functional consequences of this
26  diversification remain unclear. Here we reconstruct exocyst evolution across streptophytes using
27  phylogenomic, functional complementation, and structural modeling analyses. We show that the
28  three major EXO70 subfamilies originated in anydrophytes—the common ancestor of
29  Zygnematophyceae and land plants—indicating that EXO70 diversification had begun at the dawn
30  of plant terrestrialization. Complementation of Arabidopsis exo70 mutants with EXO70 paralogs
31 from the liverwort Marchantia polymorpha and the streptophyte alga Klebsormidium nitens
32  demonstrates that the ancestral canonical function is retained in the EXO70.1 lineage, whereas
33  other subfamilies have undergone substantial functional specialization. We further uncover an
34  evolutionary shift in exocyst membrane targeting: while Klebsormidium SEC3 retains autonomous
35  membrane-recruitment capacity, land-plant SEC3 subunits have lost this ability, rendering exocyst
36  targeting increasingly dependent on EXO70. Together, these findings suggest that early EXO70
37  diversification, combined with the redistribution of membrane-targeting functions within the
38  exocyst, enabled paralog-specific exocyst recruitment and facilitated the emergence of specialized
39  secretion pathways during plant terrestrialization.

40

41 Significance Statement

42  The exocyst is a conserved protein complex that targets secretory vesicles to the plasma membrane
43 across eukaryotes. In land plants, the EXO70 subunit diversified extensively, but the origins and
44  consequences of this diversification remained unclear. We show that three major EXO70
45  subfamilies arose in the common ancestor of land plants and their closest algal relatives, at the
46  dawn of plant terrestrialization. Cross-species complementation reveals that the EX070.1 lineage
47  retains the ancestral canonical function, whereas other subfamilies specialized. We further uncover
48  anevolutionary shift in the mechanism of exocyst membrane targeting, from SEC3 toward EXO70,
49  that could have enabled distinct EXO70 paralogs to direct secretion to different cellular sites during
50 the colonization of land.

51


https://doi.org/10.64898/2026.01.28.702365
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.28.702365; this version posted March 24, 2026. The copyright holder for this preprint
(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
available under a CC-BY 4.0 International license.

52 Main Text

53

54  Introduction

55

56  The exocyst complex is an evolutionarily conserved, hetero-octameric tethering complex that

57  directs secretory vesicles to the plasma membrane (PM) prior to SNARE-mediated membrane
58  fusion (1-3). Composed of eight subunits—SEC3, SECS5, SEC6, SECS8, SEC10, SEC15, EXO70,
59  and EXO84—the exocyst is organized into two structural and functional modules: module I (SEC3,
60 SECS5, SEC6, SEC8) and module II (SEC10, SEC15, EXO70, EX0O84), which assemble via N-
61  terminal CorEX helical bundles (4-6). While this modular exocyst architecture, dating to the last
62  eukaryotic common ancestor, is preserved across diverse lineages, the contributions of individual
63  subunits to complex function, their evolutionary diversification, and their functional conservation
64  in plants remain largely unresolved.

65 In plants, the exocyst is essential for polarized growth, cell morphogenesis, and cytokinesis
66  (7-11), and has also been implicated in autophagy-related processes (12, 13). In the model
67  angiosperm Arabidopsis thaliana, multiple exocyst subunits accumulate at sites of intense
68  secretion, including the forming cell plate during cytokinesis (14). Exocyst subunits also co-
69 localize as discrete foci at exocytically active plasma membrane domains in growing root epidermal
70  cells (9). Genetic disruption of core exocyst subunits, including SEC3, SEC6, SEC8, SEC15, or
71  EXO84, results in severe developmental defects, underscoring the conserved requirement for an
72  intact exocyst complex in plant growth and viability (15, 16).

73 While exocyst subunits are encoded by a single gene in yeast or by a few paralogs in
74  metazoans, the land plant exocyst exhibits a striking feature: expansion of the EXO70 family to 23
75  paralogs in Arabidopsis, or 47 paralogs in rice (17, 18). Previous phylogenetic analyses have
76  identified three major land-plant EXO70 subfamilies, proposed to have emerged around the
77  divergence of streptophyte algae and land plant (embryophyte) lineages (18, 19). In contrast, other
78  angiosperm exocyst subunits (except EXO84) are encoded by three or fewer paralogs (18). Among
79  Arabidopsis EXO70 paralogs, the EXO70A clade (belonging to the EXO70.1 subfamily) has been
80  the mostextensively studied due to its near-ubiquitous expression pattern and the severe phenotypic
81  deviations of exo7041 loss-of-function mutants. These include dwarfism, loss of apical dominance,
82  disruption of polarized cell expansion in root hairs, and near-complete sterility (15, 16). Another
83  EXO70 isoform, EXO70BI, is implicated in autophagy: loss-of-function mutants show reduced
84  vacuole anthocyanin accumulation and spontaneous hypersensitive response-like lesions on leaves
85  (12). Isoform EXO70H4 is involved in Arabidopsis trichome secondary cell wall biogenesis by
86  delivering callose to a specific plasma membrane—cell wall domain (20, 21).

87 A key mechanistic feature of the exocyst is that its membrane targeting—the process by
88  which the complex is recruited to specific PM domains—strongly depends on interactions between
89  specific subunits and negatively charged phospholipids. In yeast and mammals, both EXO70 and
90 SEC3 serve as membrane-targeting landmarks through their phosphoinositide-binding surfaces
91  (22-26). These interactions position the exocyst at sites of polarized secretion, enabling small
92  GTPase-regulated vesicle delivery and localized cell expansion (1, 27, 28). Importantly, the
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93  clectrostatic properties of protein surfaces determine the affinity and specificity of membrane
94  association. Because membrane-binding surfaces are also often involved in protein—protein
95 interactions within the exocyst core, electrostatic properties represent an evolutionarily tunable
96  parameter that can simultaneously influence membrane targeting and inter-subunit interfaces (29,
97  30).

98 In angiosperms, the balance between EXO70 and SEC3 in membrane targeting differs

99  markedly from the yeast paradigm. Although Arabidopsis SEC3 retains a lipid-binding PH domain,
100 its contribution to exocyst PM localization is minor (31); instead, EXO70A1 dominates exocyst
101  membrane recruitment in the Arabidopsis sporophyte (6). Similarly, in rice, the localization and
102  function of the OsSEC3a subunit in crown roots depend on lipid-driven PM recruitment of
103  OsEXO70A1 (32). Crucially, the evolutionary timing, functional consequences, and mechanistic
104  underpinnings of the shift in landmarking roles between SEC3 and EXO70 in plants remains
105  unknown.

106 Over the past decade, considerable effort has been put into understanding the evolution of
107  exocyst complex proteins in land plants, particularly the highly diversified EXO70 subunit (19, 33,
108  34). With the increasing availability of recent genomic and transcriptomic data from various
109  streptophyte lineages (35-39), we sought to reassess the plant exocyst evolution and diversification
110  with improved resolution.

111  Here, we combined phylogenetic reconstruction, cross-species complementation assays, and
112 structural bioinformatics approaches to examine the evolution and diversification of the exocyst
113 complex across streptophytes. By focusing on SEC3, SEC15 and EXO70 homologs from three
114  species spanning the Streptophyta lineage—the streptophyte alga Klebsormidium nitens, the
115  liverwort Marchantia polymorpha, and the angiosperm Arabidopsis thaliana—we analyzed the
116  conservation and divergence patterns within the exocyst and experimentally tested functional
117  relationships underlying plasma membrane targeting. Our results indicate that during plant
118 terrestrialization, subunits from EXO70.1 subfamily became the dominant determinant of exocyst
119  plasma membrane localization at the expense of SEC3.

120
121
122
123 Results

124  Exocyst evolution in plants is marked by extensive expansion of module II subunits in
125  streptophytes

126  To trace exocyst evolution across streptophytes, we collected the exocyst complex subunits
127  homologs from all currently sequenced streptophyte algae and selected embryophytes (Table S1)
128  and reconstructed their phylogenetic relationships (Fig. 1A, Fig. S1). Analysis of the two modules
129  that constitute plant exocyst complex revealed that the genes coding the subunits of the module 11
130  expanded extensively during plant evolution. Specifically, three of four subunits—SEC15, EXO70
131  and EXO84—underwent paralog diversification at distinct stages of streptophyte evolution (Fig.
132 S1). EXO84 subunit at first diversified into two subfamilies — EXO84AB and EXO84CXC — in the
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133  common ancestor of tracheophytes, followed by later duplications and losses (Fig. S1I). SEC15
134  diverged into two paralogous lineages — SEC15A and SEC15B — in the ancestor of spermatophytes
135  (Fig. S1F), consistent with the previous reports (40). Most notably, EXO70 — the most expanded
136  exocyst subunit — underwent repeated multiplication and fixation events beginning already in
137  anydrophytes (the common ancestor of Zygnematophyceae and Embryophyta). Importantly, these
138  expansion events continued in all currently most species-rich plant lineages (Fig. 1A, Fig. S1IG-H):
139  in addition to flowering plants, significant EXO70 expansion has occurred also in mosses
140  (bryophytes), and even in desmids (zygnematophytes).

141 Collectively, our analyses reveal a strikingly uneven evolutionary history of the plant
142  exocyst, in which diversification is concentrated primarily in module II, whose subunits expanded
143  across streptophyte evolution. These findings identify module II as the principal evolutionary
144  substrate for functional innovation in the plant exocyst complex.

145 EXO70 triplication predates embryophytes with independent expansions in several
146  Anydrophyta lineages

147  With the increasing availability of genomes and transcriptomes from these previously
148  undersampled groups (Table S1), we were able to reexamine the EXO70 diversification events in
149 more detail. Strikingly, we found that EXO70 homologs from conjugating algae
150  (Zygnematophyceae) cluster within the three well-defined EXO70 subfamilies originally described
151  in embryophytes (Fig. 1A). This finding extends the origin of three EXO70 subfamilies by tens of
152  millions of years (41) to the anydrophyte lineage (42). Accordingly, the number of EXO70 paralogs
153  in this group can be found from 7 in Mesotaenium kramstae (Fig. 1; Fig. S1, S2) to possibly 68 in
154  the Penium margaritaceum genome (43). Notably, an independent EXO70 duplication occurred
155  also within the Charophyceae—two Chara EXO70 homologs are shared also with their Nitella
156  relative (Fig. S1). Additionally, our data strongly put the root of the EXO70 expansion next to the
157  EXO70.1 family, as summarily indicated by the phylogenetic position orthologs from non-plant
158  models, green algae and pre-anydrophyta streptophyte algae (Fig. 1A, Supplementary Dataset. S1).

159 To gain sequence-independent insight into the early EXO70 evolution, we also analyzed
160  the conservation of exon-intron structure of EXO70s encoding genes from selected members of
161  streptophyte lineage. These data corroborate the evolutionary position of EXO70.1 subfamily
162  (including Zygnematophyceae) close to other streptophyte algae and also indicate contrasting
163  modes of evolution between the three subfamilies. While EX0O70.1 and EX070.3 subfamilies
164  evolve primarily by gene duplication, the most diversified subfamily—EXO70.2—likely
165  proliferated through reverse transcription followed by genomic integration as most representatives
166  of the EXO70.2 subfamily are intronless genes (Fig. 1B, Fig. S2).

167 Following the initial triplication in anydrophyta, EXO70 copy number remains low in
168  several early-diverging embryophyte lineages. Hornworts, liverworts, and lycophytes typically
169  encode 3—5 EXO70 homologs (one or two per subfamily), whereas extensive expansion in crown
170  mosses is largely associated with whole-genome duplication events (33). Major expansion of the
171  EXO70 family begins in Euphyllophytes. The stepwise manner of these events is evident in Fig. 1
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172 and Fig. S1, which also reveals the loss of one evolutionary conserved EX070.3 subfamily member
173  (that we termed clade J) in Angiosperms.

174 Notably, the diversification of EXO70 subunits sequences results in many instances in large
175  shifts in electrostatic charge distribution along the rod-like body of EXO70 molecules. This
176  tendency is most prominent among the 70.2 subfamily representatives (Fig.1) where N-terminal
177  part of the protein features prominent negative charge, largely deviating also from the non-plant
178  EXO70s (Fig. 1C).

179 Taken together, our data demonstrate that EXO70 diversification began early in
180  streptophyte evolution, with the establishment of three major subfamilies happening prior to
181  embryophytes, followed by lineage-specific expansions, distinct duplication mechanisms, and
182  pronounced sequence and structural divergence.

183  Marchantia encodes three EXO70 genes with distinct localization and overexpression
184  phenotypes

185  The liverwort Marchantia polymorpha possesses only three EXO70 homologs, one representing
186  each of the three EXO70 subfamilies. We took advantage of this minimal EXO70 complement,
187  together with the emerging status of Marchantia as a model plant (44), to investigate the
188  evolutionary conservation of EXO70 localization and function using GFP fusion proteins and
189  overexpression approaches. All three Marchantia EXO70 genes were N-terminally fused to GFP
190  and expressed under the control of the strong endogenous MpEF1a promoter (45).

191 The evolutionarily conserved MpEXO70.1 isoform (homologous to AtEXO70A isoforms;
192  Fig. 1) localized exclusively to the plasma membrane in thalli, rhizoid initials and rhizoids. In
193  contrast, MpEX070.2 exhibited predominantly cytoplasmic localization, while MpEX070.3
194  displayed a dual plasma membrane—cytoplasmic localization pattern (Fig. 2A, B; Fig. S3A, B).
195  Overexpression of MpEX070.1 and MpEX070.3 did not produce obvious alterations in overall
196  thallus morphology. By contrast, overexpression of MpEX070.2 caused severe disruption of
197  thallus architecture, including tearing of the upper epidermis and strongly impaired chloroplast
198  biogenesis. Regenerated thalli of MpEX070.2 overexpressors were abnormally twisted and lacked
199  gemma cups, with gemmae instead developing directly on the top of the thallus (Fig. 2C; compare
200  also with Fig. S3C).

201 Collectively, our observations highlight pronounced functional and localization differences
202  between the evolutionarily conserved EX070.1 and the more divergent EX070.2 and EX070.3
203  isoforms in M. polymorpha, that are consistent with the overall evolutionary pattern of the three
204  major EXO70 subfamilies.

205  SECI1S5 subunit shows deep functional conservation across streptophytes

206  Because SEC15 is markedly more conserved than the highly diversified EXO70 family, we used it
207  as a model subunit to test functional conservation across streptophytes. Across 39 streptophyte
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208  sequences, SEC15 proteins share 66% amino acid identity and 79% similarity, and have a mean
209  protein length of 808 + 43 amino acids (Supplementary Dataset S2). This conservation, together
210  with the clear sporophytic phenotypes of Arabidopsis secl5b mutants (40), made SEC15 a suitable
211  model subunit for testing functional conservation across streptophytes.

212 We therefore examined SEC15 orthologs from A. thaliana, M. polymorpha, and K. nitens,
213 representing angiosperms, bryophytes (as their most distant land plant sister group), and
214  streptophyte algae, respectively. When expressed under the control of the AtUBQ10 promoter in
215  Arabidopsis, both the Marchantia and Klebsormidium SEC15 homologs localized prominently to
216  the lateral plasma membrane domains of rhizodermal cells and to developing cell plates, closely
217  mirroring the localization pattern of AtSEC15b (Fig. 3A). Importantly, both orthologs fully
218  complemented the short etiolated hypocotyl phenotype of the Arabidopsis sec/5h mutant and
219  restored the overall growth defects associated with loss of AtSEC15b function (Fig. 3B, C).

220 Together, these results demonstrate that molecular conservation of the SEC15 exocyst
221  subunit correlates strongly with functional conservation across the streptophyte lineage, validating
222 cross-complementation as a robust approach for evolutionary conservation studies.

223 EXO70 diversification reveals ancestral conservation and lineage-specific functional
224  specialization in streptophytes

225  Having established SEC15 as a deeply conserved exocyst subunit whose molecular conservation
226  directly translates into functional interchangeability across streptophytes, we next asked how this
227  paradigm applies to EXO70—the most diversified exocyst component in plants. Since EXO70
228  underwent early gene multiplication into three distinct subfamilies, the question arises: how does
229  this evolutionary expansion relate to functional conservation and specialization, both within and
230  across EXO70 subfamilies?

231 To address this, we first examined the subcellular localization and complementation
232 capacity of all three Marchantia polymorpha EXO70 paralogs in Arabidopsis wild-type plants and
233 the ex070A41 mutant background. All three Marchantia genes were cloned under the constitutive
234  AtUBQI10 promoter, fused to GFP at the N-terminus, and expressed in Arabidopsis. Subcellular
235  localization was subsequently analyzed in root epidermal cells. Consistent with observations in
236  Marchantia, MpEX070.1 displayed strong enrichment at the lateral plasma membrane domain of
237  rhizodermal cells (Fig. 4A, Fig. S4A). Importantly, MpEXO70.1 complemented the severe
238  developmental defects of the Arabidopsis exo70A 1 mutant, restoring overall adult plant architecture
239  and normal developmental progression (Fig. 4B; Fig. S4B). Moreover, MpEX070.1 rescued the
240  impaired hypocotyl elongation in dark-grown seedlings and restored normal root hair growth (Fig.
241 4C,D).

242 Interestingly, MpEXO70.3 expression resulted in partial complementation across all
243  assessed traits. Although GFP:MpEXO070.3 localized mostly to cytoplasm and MpEXO70.3-
244  expressing plants remained sterile, exhibited delayed inflorescence initiation, and showed
245  compromised apical dominance similar to the exo7041 mutant, they attained greater final height
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246  than the mutant, albeit with greater variability than MpEXO70.1-expressing plants (Fig. 4B; Fig.
247  S4B). Partial rescue was also observed for hypocotyl elongation in etiolated seedlings and for root
248  hair development (Fig. 4C, D). In sharp contrast, MpEX070.2, which also localized predominantly
249  to the cytoplasm, failed to complement any of the major exo70A4 1 mutant phenotypes (Fig. 4B-D;
250  Fig. S4B).

251 We next investigated the evolutionary depth of functional conservation within the
252  EXO070.1 subfamily. Phylogenetic and structural homology analyses indicated that single EXO70
253  algal homologues predating the EXO70 triplication cluster close to the EXO70.1 subfamily (Fig.
254  1A), suggesting that this subfamily may retain the single ancestral canonical exocyst subunit
255  function. To test this hypothesis experimentally, we cloned the sole EXO70 homolog from the
256  filamentous streptophyte alga K. nitens. When expressed in Arabidopsis under the AtUBQI10
257  promoter, KnEXO70 localized to both the cytoplasm and characteristic exocyst-associated plasma
258  membrane domains at the lateral surface of root epidermal cells, as well as to developing cell plates
259  during cytokinesis (Fig. 4A). Strikingly, Klebsormidium EXO70 complemented all major
260  developmental defects of the Arabidopsis exo70A41 mutant, including impaired overall growth,
261  hypocotyl elongation, and root hair formation (Fig. 4B-D; Fig. S4B).

262 One defining feature controlling EXO70 functionality is its localized electrostatic charge,
263 which is crucial for membrane binding and interactions with other exocyst subunits (6, 30, 46). We
264  therefore sought to analyze charge distribution across streptophyte EXO70 paralogs and test
265  whether it serves as a distinguishing factor in EXO70 diversification. To this end, we generated
266  AlphaFold models for 59 distinct EXO70 proteins and quantitatively compared their electrostatic
267  surface properties using Protein Interaction Property Similarity Analysis (PIPSA) (47), thereby
268  assessing charge distribution similarities and differences across paralogs. PIPSA clustering clearly
269  distinguished members of the three EXO70 subfamilies. Strikingly, single-copy EXO70 paralogs
270  from pre-anydrophyta streptophyte algae (including Klebsormidium) clustered together with land
271  plant EX0O70.1 members, consistent with our complementation analysis (Fig. S5). Surprisingly,
272 EX070.2 and EX070.3 members from Amborella, Marchantia, and Zygnematophyceae also
273 clustered together with their respective Arabidopsis orthologs, despite their greater evolutionary
274  distance (Fig. S1, S5).

275 We therefore next tested whether functional conservation of Marchantia EXO70 paralogs
276  extends beyond the EXO70.1 subfamily and whether the single Klebsormidium EXO70 can
277  function in multiple subfamily contexts. To this end, we assessed their capacity to complement
278  phenotypes of two well-characterized Arabidopsis mutants from the EXO70.2 subfamily: exo70H4,
279  which fails to deposit secondary cell wall thickenings in trichomes (21), and exo70B1, which
280  manifests through early senescence and an anthocyanin accumulation defect (12). However, none
281  of the tested Marchantia or Klebsormidium EXO70 paralogs could complement the exo70H4 or
282  exo70B1 mutant phenotypes (Fig. S4C-E), indicating further clade-specific functional
283  diversification within the EXO70.2 subfamily.

284 Together, these results demonstrate that EXO70 diversification in land plants led to
285  pronounced functional divergence among paralogs. The canonical EXO70 function—underpinned
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286 by conserved surface charge distribution—was retained by the EXO70.1 lineage and is already
287  present in streptophyte algae, predating plant terrestrialization. Conversely, the specialized
288  functions of Arabidopsis EX070.2 subfamily members could not be complemented by either
289  MpEX070.2 or KnEXO70, indicating that these functions evolved independently in distinct land
290  plant lineages.

291  SEC3 retains ancestral membrane targeting capacity in streptophytes but becomes EXO70-
292  dependent in embryophytes

293  Studies in fungal and animal systems have established the exocyst subunit SEC3, together with
294  EXO070, as a key determinant of exocyst targeting to specific plasma membrane domains. In these
295  systems, membrane targeting relies on coordinated interactions with membrane lipids and small
296  GTPases, providing a critical “landmarking” function for exocyst assembly and activity (23-25).
297  In contrast, although SEC3 remains essential for exocyst function in plants, its landmarking role
298  appears diminished in Arabidopsis (31). Building on our analyses of SEC15 and EXO70, we
299  therefore sought to comparatively assess the functional contribution of SEC3 to exocyst
300 localization and activity across the streptophyte lineage. To this end, we transformed heterozygous
301  Arabidopsis sec3a mutants with GFP-tagged SEC3 homologs from A. thaliana, M. polymorpha,
302 and K nitens, expressed under the constitutive AtUBQ10 promoter.

303 SEC3 homologs from all three species exhibited highly similar localization patterns,
304  accumulating at the lateral plasma membrane domains of root epidermal cells, at maturing cell
305  plates, and at the tips of growing pollen tubes (Fig. 5A). Consistent with this conserved subcellular
306  localization, both Marchantia and Klebsormidium SEC3 homologs fully complemented the
307  Arabidopsis sec3a pollen transmission defect and restored wild-type growth (Fig. 5B; Fig. S6),
308  demonstrating deep functional conservation of SEC3 across streptophytes.

309 To assess how the relative contributions of SEC3 and EXO70 to exocyst plasma membrane
310 targeting evolved, we next examined the behavior of SEC3 homologs in the Arabidopsis exo7041
311  mutant background, extending previous observations indicating an increased reliance on EXO70A 1
312  for plasma membrane targeting in land plants (6, 31). Strikingly, whereas the Arabidopsis and
313  Marchantia SEC3 proteins were displaced from the plasma membrane and accumulated in
314  cytoplasmic patches in the exo70Al mutant (identical to those previously described in (6)),
315  Klebsormidium SEC3 retained partial plasma membrane localization in the absence of EXO70A1
316  (Fig. 6A, B). We confirmed that this residual membrane association occurred within the context of
317  the assembled exocyst complex, as evidenced by co-immunoprecipitation of endogenous SEC6
318  with Klebsormidium SEC3 (Fig. 6C).

319 Consistent with these localization differences, independent Klebsormidium SEC3 lines
320  partially but robustly complemented the severe growth and developmental defects of the
321  Arabidopsis exo7041 mutant, including restoration of fertility and seed production. In contrast,
322  neither Arabidopsis nor Marchantia SEC3 homologs provided detectable complementation in the
323 ex070A41 background (Fig. 6D-F).


https://doi.org/10.64898/2026.01.28.702365
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.01.28.702365; this version posted March 24, 2026. The copyright holder for this preprint
(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
available under a CC-BY 4.0 International license.

324 Taken together, these results indicate that while SEC3 remains functionally compatible
325  with exocyst complex across streptophytes, its autonomous contribution to exocyst plasma
326  membrane targeting has been reduced during land plant evolution. We propose that, concomitant
327  with the multiplication and diversification of EXO70 paralogs, EXO70.1 became the dominant
328  determinant of exocyst membrane targeting in embryophytes, whereas SEC3 retained this
329  capability only in streptophyte lineages from before EXO70 multiplication events.

330 Comparative structural modeling reveals how Klebsormidium SEC3 preserves exocyst
331  function in the absence of EXO70

332  To understand why Klebsormidium SEC3 rescues the Arabidopsis exo70al mutant phenotypes
333  more effectively than land-plant SEC3 orthologs, we first examined its sequence and structural
334  features. Multiple-sequence alignment did not identify motifs that distinguish Klebsormidium
335  SEC3 from land-plant SEC3 proteins. Likewise, surface analysis of the N-terminal PH domain,
336  which is important for membrane binding in yeast but dispensable in Arabidopsis (25, 31), did not
337  suggest altered membrane-binding properties of the Klebsormidium protein (Fig. S7). Together,
338 these results argued against a simple sequence- or surface-based explanation and suggested that the
339  beneficial effect of Klebsormidium SEC3 emerges in the context of the assembled exocyst
340 complex. We therefore used AlphaFold3 (48), followed by comparative structural analysis of
341  predicted exocyst assemblies.

342 Using a workflow benchmarked on the yeast exocyst structure (Fig. S8), we predicted near
343  full-length exocyst complexes from Arabidopsis, Marchantia, and Klebsormidium, as well as
344  Arabidopsis complexes lacking EXO70A1 and carrying SEC3 from Arabidopsis, Marchantia, or
345  Klebsormidium. All predictions converged on a similar overall architecture comprising two
346  modules connected primarily via interfaces involving the well-supported subunits SECS5, SECS,
347  SECI15, and EXOR84. In contrast, SEC3 (module I) and EXO70 (module II)—and, to a lesser extent,
348  SEC6 (module I) and SEC10 (module II)—, appeared tightly linked through their N-terminal
349  CorEX motifs but were otherwise positionally less supported, indicating their structural flexibility.
350  Predictions containing EXO70 subfamily 70.2 and 70.3 members suggested even greater positional
351  variability, especially for EXO70.2 proteins (Fig. S8).

352 We next compared the Arabidopsis-derived assemblies lacking EXO70A1. These models
353  remained globally similar to the native Arabidopsis complex, but they showed higher ipSAE
354  (interaction prediction Score from Aligned Errors) (49) subunit-subunit scores, consistent with a
355  more compact arrangement and reduced separation between the two modules (Fig. S9A-D). To
356 interpret these structural changes, we defined two functional complexes—the native Arabidopsis
357  exocyst and the EXO70A1-deficient complex carrying Klebsormidium SEC3—and two non-
358  functional complexes—EXO70A1-deficient assemblies containing either Arabidopsis SEC3 or
359  Marchantia SEC3—based on the experimentally observed rescue phenotypes and performed their
360  comparative analysis.

361 This comparison revealed that the non-functional complexes formed novel SEC5-SEC10
362 and SEC5-EXO84 interfaces that were absent from both functional variants (Fig. 7E). These
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363  aberrant contacts were concentrated in the N-terminal CorEX motifs and led to stronger coupling
364  between module I and module II. By contrast, the corresponding interfaces were much looser in
365  the functional complexes (Fig. 7H). A similarly low number of inter-module contacts was also
366  observed in the native Klebsormidium exocyst model (Fig. 7G; Fig. S9E). Although we could not
367  pinpoint a single sequence feature responsible for this behavior, we noted that the N-terminal region
368  of Klebsormidium SEC3 near the affected SECS5 region is enriched in small, uncharged residues
369 relative to the corresponding regions of land-plant SEC3 orthologs, potentially favoring a less
370  constrained packing at this interface.

371 Together, our comparative structural analysis suggests that the interface between exocyst
372  modules I and [I—mediated by CorEX motifs of SEC5, SEC10, and EXO84—is an important
373  determinant of exocyst functionality in the absence of EXO70. In the chimeric, EXO70-deficient
374  exocyst, Klebsormidium SEC3 prevents the formation of aberrant, overly stabilizing inter-module
375  contacts, thereby maintaining a looser architecture compatible with native exocyst function. These
376  findings suggest that in land-plant exocyst, the structural interplay between SEC3 and EXO70 has
377  been tuned to regulate inter-module dynamics, and that the unique structural properties of
378  Klebsormidium SEC3—Ilikely reflecting the ancestral state prior to the expansion of the EXO70
379  family—can bypass the requirement for EXO70-mediated regulation of this interface.

380

381

382

383  Discussion

384

385  Exocyst evolution in streptophytes reveals asymmetric constraint within a conserved complex

386  The exocyst is a conserved tethering complex whose core subunit composition predates the
387  divergence of major eukaryotic lineages (34), while retaining fundamental roles in exocytosis and
388  possibly also in autophagy (13, 50). Our streptophyte-wide analysis reveals, however, that
389 individual exocyst subunits have experienced markedly different evolutionary constraints. These
390 differences converge at the level of the two exocyst modules and define two principal evolutionary
391  axes discussed below: diversification of EXO70 within module II, and a plant-specific
392  redistribution of membrane-targeting roles between SEC3 and EXO70.

393 Across all streptophyte lineages, the copy number of module I subunits mostly remains
394  constrained to one or two per subunit, whereas most module Il subunits diversified extensively
395  during plant evolution (Fig. 8A). The earliest and most pronounced expansion involves EXO70,
396  beginning in anydrophytes, followed by duplication of EXO84 at the base of tracheophytes and
397  subsequent diversification in the most species-rich groups of plants (Fig. 8A; Fig. S1G-I). A further
398 module II innovation is the duplication of SECI15 in spermatophytes. While the functional
399  significance of EXO84 duplication remains unclear, we hypothesize that SEC15 duplication in seed
400  plants may be linked to increasing functional differentiation between sporophytic and gametophytic
401  programs and to processes associated with sexual reproduction (40). Together, this asymmetry
402  indicates that plant exocyst evolution proceeded not by uniform modification of the entire complex,
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403  but by the generation of multiple module II variants that interact with a comparatively constrained
404  module I to support distinct cellular functions.

405 Early EXO70 multiplication predates embryophytes and canonical function retains in
406 EXO0O70.1 subfamily

407  Previous phylogenetic studies placed the emergence of the three major EXO70 subfamilies in the
408 common ancestor of embryophytes (15, 18, 19). Our analyses extend this origin deeper, to
409  anydrophytes—the common ancestor of embryophytes and zygnematophytes (42). This timing
410 places EXO70 diversification at a critical evolutionary transition at the dawn of land colonization.
411  In anydrophytes, duplication of an ancestral single EXO70 was rapidly followed by a second
412 duplication, yielding the three subfamilies—EX070.1, EX070.2, and EX0O70.3—whose topology
413  is conserved in both zygnematophytes and embryophytes (Fig. 1, 8A).

414 To test functional consequences of this diversification, we exploited cross-species
415  complementation using SEC3, SECI15, and EXO70—subunits representing contrasting
416  evolutionary trajectories from both modules—and three phylogenetically distant species: K. nitens
417  (streptophyte alga), M. polymorpha (bryophyte), and A. thaliana (tracheophyte). Single homologs
418  of SEC3 and SECIS5 from Klebsormidium and Marchantia localized to the plasma membrane in
419  Arabidopsis and fully complemented sec3a and secl5bh mutants, confirming deep functional
420  conservation of these subunits. In contrast, EXO70 paralogs showed striking functional divergence.
421  Klebsormidium EXO70 and Marchantia EXO70.1 complemented the exo704 mutant, whereas
422  MpEXO70.3 showed partial localization and rescue, and cytoplasmic MpEX070.2 failed to
423  complement.

424 These results demonstrate that canonical EXO70 function in the whole complex was
425  already established in streptophyte algae and retained in the EX070.1 lineage. Notably, although
426  algal EXO70 proteins fall outside the EX070.1 subfamily phylogenetically, they cluster with
427  EXO70.1 in protein surface charge analyses, underscoring the importance of conserved
428  electrostatics for membrane association and protein—protein interactions (29). Together with
429  correlating localization patterns and contrasting overexpression phenotypes of the three paralogs in
430  Marchantia, these findings reveal deep functional divergence among the basal EXO70 subfamilies.

431  EXO70 diversification and exocyst association

432  Recently, De la Concepcion et al. (30) proposed that EXO70 diversification was enabled by
433  electrostatic shifts in the CorEX N-terminal region that reduce its stable association with the
434  exocyst (“complex escape’”), with evolutionarily later reassociation invoked to explain exocyst
435  binding by some Arabidopsis EXO70.2 members. In Marchantia, this model is supported by the
436  predominantly cytosolic localization of EX070.2 during cytokinesis, contrasted with EXO70.1 and
437  EXO70.3 enrichment at the cell plate alongside core subunits.

438 Our data are consistent with several core observations of this framework, including the
439  functional and localization separation of the three Marchantia paralogs and the superior ability of
440 MpEXO70.1 (and partially MpEXO70.3) to substitute for canonical EXO70A1-dependent
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441  functions in Arabidopsis. At the same time, evidence from angiosperms indicates that the
442  relationship between EXO70 diversification and exocyst association is more heterogeneous than a
443  simple dichotomy between complex-bound and complex-free states. Several EXO70.2 paralogs
444  implicated in defense, autophagy, and specialized secretion (EXO70B1, EXO70B2, EXO70E2)
445  show physical or functional association with core subunits, whereas others (EXO70C1/C2) appear
446  largely excluded from the complex and may antagonize secretion (12, 51-55). This pattern points
447  to fine-grained specialization in the degree and context of exocyst engagement within the EX070.2
448  subfamily.

449 Importantly, exocyst-independent EXO70 functions do not necessarily require permanent
450  dissociation from the complex. In opisthokonts, EXO70 exists in both free and exocyst-
451  incorporated pools, with the free pool contributing to membrane deformation and curvature
452  generation (56, 57). EXO70 paralogs may diversify primarily by modulating their equilibrium
453  between free and complex-associated states, rather than by complete evolutionary disengagement.

454 Plant exocyst function also extends beyond canonical secretion associated with primary
455  cell wall formation. Functional specificity among EX(070.2 paralogs is particularly striking, as
456  closely related isoforms are frequently non-interchangeable in vivo, indicating specialization for
457  distinct trafficking pathways and membrane domains (21, 58, 59). We hypothesize that this
458  specialization reflects differential recruitment of exocyst assemblies to pathway-specific membrane
459  environments rather than uniform “escape” from the complex.

460 Collectively, these findings support a model in which early EXO70 triplication provided a
461  platform for functional diversification of exocyst activity. Differential electrostatic properties of
462  EXO70 paralogs likely modulate the stability, geometry, and context of exocyst association,
463  enabling lineage- and pathway-specific solutions. Within this view, the complex escape model and
464  our data represent complementary perspectives on how electrostatic tuning and regulatory plasticity
465  shaped EXO70 evolution in plants.

466  Plant-specific redistribution of exocyst membrane targeting: from SEC3 contribution to
467 EXO0O70.1 dominance

468  In parallel with EXO70 multiplication, we identify a second major evolutionary transition: a
469  weakening of SEC3’s autonomous contribution to plasma membrane targeting in favor of EX070.1
470  dominance. This redistribution emerges as a defining feature of embryophyte exocyst organization.

471 Early evidence for this shift came from studies showing that the N-terminal PH domain of
472 Arabidopsis SEC3a, previously assumed to mediate membrane binding, is dispensable for SEC3
473  function. An N-terminally truncated SEC3 lacking membrane-binding capacity fully
474  complemented sec3a pollen tube defects (31). Consistently, plasma membrane localization of
475  SEC3a—and of the exocyst complex as a whole—is strictly dependent on EXO70.1 in Arabidopsis
476  (6), a dependency we now extend to Marchantia. A direct interaction between SEC3 and
477  EXO70AL, first reported in Arabidopsis (7) and absent from opisthokont systems, further supports
478  a plant-specific strengthening of SEC3-EXO70 coupling. Recent work in rice independently
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479  corroborates this conclusion by showing that SEC3a function in crown root formation depends on
480 EXO70A1 association (32).

481 Strikingly, this dependence does not apply to the evolutionarily distant streptophyte alga
482  Klebsormidium. In an Arabidopsis exo70A41 background, Klebsormidium SEC3 retains partial
483  plasma membrane localization and partially rescues mutant phenotypes. Comparative AF3-based
484  modeling suggests a mechanistic explanation: while both exocyst modules form stable cores across
485  species, SEC3 and EXO70 occupy flexible global positions. The presence of Klebsormidium SEC3
486  results in fewer stabilizing inter-module contacts, leading to a looser architecture that may permit
487  partial membrane landmarking in the absence of EXO70AIl. Although predictive, these
488  observations suggest that SEC3 sequential or structural features can tune inter-module plasticity
489  and thereby modulate reliance on EXO70.

490 In summary, we conclude that embryophyte exocyst evolution involved a coordinated
491  process in which EXO70 triplication coincided with a redistribution of membrane-targeting
492  capacity from SEC3 to EXO70.1 (Fig. 8B). This shift likely enabled different EXO70 paralogs to
493  direct the exocyst complex—or exocyst-derived subassemblies—to distinct membrane domains
494  and cellular processes.

495

496

497 Materials and Methods

498

499  Sequence retrieval and analyses

500 The goal was to acquire at least two species from each major evolutionary group (namely
501  Mesostigmatophyceae, Klebsormidiophyceae, Charophyceae, Zygnematophyceae,
502  Anthocerotophyta, Marchantiophyta, true Bryophyta, Lycopodiophyta, Monilophyta (Ferns),
503  Gymnosperms and Angiosperms), to create balanced and largely representative datasets. The
504  sequences have been retrieved from publicly available genome and transcriptome databases (Table
505  S1). Sequences from the genome releases were revisited with transcriptome assemblies within the
506 identical species or genus and occasionally accordingly reassembled using FGENESH+ (60).
507 MUSCLE (61) or Mafft (62) algorithms were used for the multiple alignments generation, and
508 maximum likelihood algorithm in PhyML (63) was employed for the phylogenetic tree
509  reconstruction with LG+G4 settings, implemented in the SeaView multiplatform program (64).

510 Constructions of binary vectors

511  To fit our needs, pMpGWBI101 binary vector (Addgene #68555) has been cut by BamHI and Sacl
512 and modified by Annealed Oligo Cloning (using P1+P2, Table S2.). Subsequently, proMpEF 1o
513  (P3+P4, Table S2.), proAtUBQ10 (P5+6, Table S2.) and GFP (P7+P8, Table S2.) have been PCR
514  amplified and ligated into the backbone using Hindlll, Ncol and BamHI restriction enzymes. All
515 the exocyst subunits were ligated N-terminally to the GFP using BamHI/Xmal-CDS-Pacl
516  restriction sites (P11-P36, Table S2).

517  Plant materials and growth conditions
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518  The M. polymorpha BoGa male strain has been maintained on '4-strength Gamborg medium (65)
519  solidified with 1.2% agar (Duchefa Biochemie) in a cultivation room at 22 °C under a 16/8 h
520 light/dark regime with a light intensity of approximately 185 pumol photons m™2 s™'. For the
521  transformation, G — AgarTrap method has been used (66) with selection on 10 pg.ml ™ Hygromycin

522 and 100 pg.ml™* Claforan.

523 A. thaliana seeds were surface sterilised, stratified for 2d at 4°C and germinated on vertical
524 2 Murashige-Skoog supplemented with 1% sucrose, vitamin mixture, and 1.6% plant agar
525  (Duchefa Biochemie) at the same regime as mentioned above. Young seedlings were transferred to
526  pellets (Jiffy Products International) and moved to ex vitro (22 °C, 16/8 light/dark regime). In this
527  study Arabidopsis mutants exo7041 (SALK 014826) (15), exo70H4 (SALK 023593) (20),
528  exo70B1 (GABI 156G02) (12), sec15b (SALK 130663) (40), and sec3a (GABI _652H12) (31)
529  were used. Genotyping of mutants was performed using the following primer combinations (Table
530 S2): exo70A41 P31+P33, P31+P32; exo70H4 P34+P35, P35+P33; exo70B1 P36+P37, P37+P40;
531  secl5b P38+P39, P39+P33; sec3a P31+P32+P36. Transgenic lines of A. thaliana were generated
532  using Agrobacterium tumefaciens GV3101 strain by floral dip method (67). To evaluate the
533  complementation capacity of evolutionary distinct variants of exocyst subunits, we analyzed their
534  functionality in the second generation of transformed exo70Al or sec3a heterozygotes. GFP-
535  positive seedlings were visually selected and transferred to soil. The phenotype was documented 8
536  weeks after germination. Plant height was measured at the post-flowering stage because exo7041
537  mutant plants exhibit delayed flowering.

538  Arabidopsis pollen tube germination

539  Pollen grains were germinated on solid medium containing 10% sucrose, 0.01% HsBOs, 5 mM
540 CaClz, | mM MgSOa., 5 mM KCl, and 1.5% low-melting agarose (pH 7.5). Petri dishes with pollen
541  grains were incubated inverted at room temperature for 3—5 h. Agarose blocks with germinated
542  pollen tubes were excised and transferred to a microscopy chamber for observation.

543  Microscopic observations and quantification

544  Subcellular localizations of selected fluorescently tagged exocyst subunits were examined in young
545  Arabidopsis roots (7d) and Marchantia gemmae using ZEISS LSM 900 (JENA/Germany) equipped
546  with Airyscan 2 using a 488/561 nm laser (objective: LD LCI Plan-Apo 40x/1,2 Imm Corr DIC
547  M27, Plan-Apochromat 63x/1.40 Oil DIC M27, alpha Plan-Apochromat 100x/1.46 Oil DIC M27).

548 In vitro thallus of M. polymorpha and etiolated seedlings of 4. thaliana were imaged on
549  Stereomicroscope Leica M205FA (objective Plan-Apochromat 2x, camera Leica DMC6200 colour
550 2.2Mp).

551 Root hairs were imaged on Olympus BXS51 stereo binocular microscope (objective
552  Olympus UplanApo 4x NA 0,16, camera Olympus DP74).
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553 For post-acquisition image processing and for all quantifications Fiji software was used
554  (68). Figures were prepared in Inkscape. The PM association was calculated as a ratio of the
555  PM/cytoplasm GFP signal based on mean gray values in narrow regions of the PM and next to it
556  in the cytoplasm, avoiding vacuoles or nuclei.

557  Co-immunoprecipitation and western blot analysis

558  In vivo interactions within the exocyst subunits were detected by co-immunoprecipitation using the
559  uMACS GFP-Tagged Protein Isolation Kit (Miltenyi Biotec) according to the manufacturer's
560 instructions with only slight modification as described below. 0,6 g 10 d old Arabidopsis seedlings
561  for each genotype were ground in liquid nitrogen and Iml of Sec6/8 buffer was added (20 mM
562  HEPES, pH 6.8, 150 mM NaCl, ] mM EDTA, 1 mM DTT, 0.5% Tween-20, 100x protease inhibitor
563  cocktail (Sigma-Aldrich). A volume of 100 pL. of Anti-GFP magnetic beads was used and Wash
564  Buffer 1 was replaced by Sec6/8 Buffer. Bound proteins were eluted with 100 puL of preheated
565  elution buffer, separated by SDS—PAGE using 4-15% Mini-PROTEAN precast gels (Bio-Rad) and
566  transferred to the membrane using the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA,
567  USA). Western blot analysis was performed according to standard procedures, using the primary
568  antibodies anti-Sec6 rabbit (oligopeptide generated antibody from Agrisera, dilution 1:10000), anti-
569  GFP mouse (AS152987, Agrisera, dilution 1:1000) and Horseradish peroxidase-conjugated
570  secondary antibodies (anti-rabbit 1:10000 and anti-mouse 1:10000; Promega). After the washing
571  step the membrane was incubated with 1000 L. Amersham ECL Prime Western Blotting Detection
572  Reagent (GE Healthcare, RPN2236) for 2 min and visualized using the ChemiDoc XRS+ Imaging
573  system (Bio-Rad).

574  In silico structural analyses

575  Structural models of near full-length exocyst complexes from A. thaliana, M. polymorpha, K. nitens
576  and Saccharomyces cerevisiae were predicted using a local installation of the AlphaFold3 server
577  (48). Prior to prediction, intrinsically disordered regions were removed from selected subunit
578  sequences as follows: Arabidopsis SEC5a (residues 1-217 and 1043—-1090) and SECS8 (1-34 and
579  226-307); Marchantia SECS (1-215 and 1042-1178) and SEC8 (1-8, 215-315, 397-440, and
580  539-610); Klebsormidium SECS (1-330, 1132-1155, and 1200-1346), SEC8 (207-310 and 536—
581  636), SEC10 (1-106), SEC15 (1-32 and 767—825), and EX084 (1-30); and Saccharomyces SEC3
582  (1-68 and 248-610), SECS (1-70), SEC8 (1-33 and 1011-1065), SEC10 (1-58 and 482-556), and
583  SECI15 (1-61 and 767-910). The accuracy of structural predictions and the propensity for inter-
584  chain interactions were assessed using the interaction prediction Score from Aligned Errors
585  (ipSAE) metric (49). Structure visualization and residue contact analyses were performed using
586  ChimeraX (69).
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759  Figure 1. Deep origin and functional diversification of EXO70 subfamilies in streptophytes.
760  (A) Phylogenetic analysis of EXO70 proteins across Viridiplantae and representative opisthokont
761  outgroups (see also Fig. S1 for details). (B) Analysis of exon—intron architecture in EXO70
762  homologs from representative streptophyte lineages. For clarity, intron lengths are not drawn to
763  scale; Fig. S2 shows the true scale. (C) Molecular surface models of selected EXO70 proteins
764  illustrating electrostatic potential distributions across evolutionary lineages and subfamilies.
765  Surface charge is shown from negative (red) to positive (blue) electrostatic potential. Chabr, Chara
766  braunii; Hs, Homo sapiens; Kn, Klebsormidium nitens; Mp, Marchantia polymorpha; Meskr,
767  Mesotaenium kramstae; Mesvi, Mesostigma viride.
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Figure 2. Localization and overexpression analyses of Marchantia EXO70 subfamily
representatives in M. polymorpha. Localization of GFP-tagged MpEXO isoforms in (A) gemmae,
(B) rhizoids. GFP, chlorophyll autofluorescence and overlay channels are shown to highlight the
true GFP signal. Panels on the right represent the quantitative analysis of the PM to cytoplasm
(PM/Cyt) fluorescence ratio at the indicated regions. Distinct letters denote statistically different
groups (Kruskal-Wallis test with Holm correction, p < 0.05). For each line, at least 50 cells from
ca. 20 independent gemmae from two independent lines were quantified. (C) 3 weeks old in vitro
Marchantia thallus morphology carrying over-expression constructs. Asterisk denotes a detailed
view of delayed gemmae emergence in EXO70.2 over-expressor after 8 weeks of cultivation. See
also Fig. S3 for additional details.
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780  Figure 3. SECI15 orthologs across
781  streptophytes display deep localization
782 and functional conservation. (A)
783  Localization of GFP-tagged SECIS
784  isoforms from Arabidopsis, Marchantia
785  and Klebsormidium in root epidermal cells,
786  focusing on lateral plasma membrane
787  domain (upper left panels) and cell plate
788  (bottom left panels). The constructs were ~oo15h povTTy
789  expressed in the sec!5b mutant background
790  under the control of AtUBQ10 promoter.
791  Panel on the right represents the
792  quantitative analysis of the PM to
793  cytoplasm (PM/Cyt) fluorescence ratio at 10 mm
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803  secl5b plants expressing GFP-tagged
804  AtSECI5b, MpSEC15 or KnSEC15. For
805  each line, at least 9 plants were quantified.
806 In all plots, distinct letters denote
807  statistically different groups (Kruskal-
808  Wallis test with Holm correction, p < 0.05).
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Figure 4. Localization and complementation analyses of Marchantia and Klebsormidium

EXO70 homologs in Arabidopsis. (A) localization of GFP-tagged Arabidopsis EXO70A1, all
three EXO70 orthologues from M. polymorpha and a single EXO70 ortholog from K. nifens in
Arabidopsis roots of exo70A4 1 mutant line. Analysis of the PM to cytoplasm (PM/Cyt) fluorescence
ratio at the outer lateral PM in exo70A1 root epidermal cells. For each line, at least 12 cells from
four independent plants were quantified. (B) Expression of GFP-tagged MpEXO070.1 and
KnEXO70 largely rescues the dwarf and fertility phenotype of exo7041 mutant. For each line, at
least 9 plants were quantified. (C) Multiple GFP-tagged Marchantia EXO70 and KnEXO70 restore
the hypocotyl elongation defect of the exo704 I mutant. For each line, 20 seedlings were quantified.
(D) Marchantia and Klebsormidium GFP-tagged EXO70 orthologs display distinct rescue effects
on the short root hair growth defect characteristic for the exo7041 mutant. For each line, the 5
longest roothairs from 10 seedlings were quantified. In all plots, distinct letters denote statistically
different groups (Kruskal-Wallis test with Holm correction, p < 0.05). See Fig. 4 for additional
details.
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826  Figure 5. Localization and complementation analyses of native, Marchantia and
827  Klebsormidium SEC3 homologs in Arabidopsis sec3a mutant. (A) Localization of GFP-tagged
828  SEC3 isoforms from Arabidopsis, Marchantia and Klebsormidium in growing pollen tubes, lateral
829  plasma membrane domain of root epidermal cells, and cell plates. The constructs were expressed
830 in the sec3a mutant background under the control of AtUBQI10 promoter. The panel below
831  represents the analysis of the PM to cytoplasm (PM/Cyt) fluorescence ratio in pollen tubes and root
832  epidermis at indicated regions. For each line, at least 6 pollen tubes were quantified and 12 root
833  epidermal cells from four independent plants were quantified. (B) Representative images and
834  heights of 6-week-old WT, and sec3a plants expressing GFP-tagged AtSEC3a, MpSEC3 or
835  KnSEC3. For each line, at least 15 plants were quantified. In all plots, distinct letters denote
836  statistically different groups (Kruskal-Wallis test with Holm correction, p < 0.05). See Fig. S6 for
837  more details.
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840  Figure 6. Evolutionary shift in SEC3-mediated exocyst membrane targeting. (A, B)
841  Localization of GFP-tagged SEC3 isoforms from Arabidopsis, Marchantia, and Klebsormidium in
842  wild-type and exo70A1 mutant backgrounds. PM-to-cytoplasm (PM/Cyt) fluorescence ratio was
843  analyzed at the outer lateral PM in root epidermal cells (A) and the transversal PM in cortical cells
844  (B). Klebsormidium SECS3 still partially localizes to the plasma membrane in Arabidopsis exo70A41.
845  Statistical significance from Mann-Whitney U tests is indicated. (C) Co-immunoprecipitation of
846  the exocyst core subunit SEC6 with GFP-tagged AtSEC3a and KnSEC3 in wild-type, sec3a, and
847  exo70A1 mutant backgrounds. Detection of SEC6 in SEC3 co-immunoprecipitates confirms
848  association of both Arabidopsis and Klebsormidium SEC3 with the exocyst complex, including in
849  the exo70A1 background. Input and co-IP controls are shown. (D, E, F) Klebsormidium SEC3
850  partially complements exo70A41 growth and fertility defects. Representative plant images (D) and
851  quantitative analysis of plant height (E) and fertility (F) show significant rescue by two independent
852  KnSEC3 lines compared with exo70A41 mutants and with Arabidopsis or Marchantia SEC3
853  expression. The number of plants analyzed is indicated at the bottom of the graph. Distinct letters
854  above boxplots denote statistically different groups (Kruskal-Wallis test with Holm correction, p <
855  0.05). See Fig. S6 for additional details.
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857  Figure 7. Comparative structural analysis of exocyst complexes reveals a unique role for
858  Klebsormidium SEC3. (A) Schematic representations of the AlphaFold3 (AF3) exocyst model
859  from A. thaliana. Subunits with uncertain global positions are shown as semi-transparent. The red
860  rectangle indicates the position of the CorEX helical bundles. (B) Predicted aligned error (PAE)
861  plots for the Arabidopsis exocyst from the AF3 prediction, showing confidence in relative residue
862  positioning. Low (dark green) and high (light green) PAE values indicate robustly predicted rigid
863  regions and flexible or uncertain regions, respectively. (C) Heatmap of ipSAE (interaction
864  prediction Score from Aligned Errors) values for individual subunit—subunit interfaces in the
865  Arabidopsis exocyst, computed with a 10 A threshold. Red rectangles indicate interactions within
866  modules I and II. (D) Chord plot projection of inter-subunit contacts in the Arabidopsis exocyst
867  complex. Inter-subunit residue—residue contacts with distance < 5 A and predicted aligned error
868 (PAE) < 10 A are shown. Regions trimmed before modelling are shown in grey. (E) Heatmap of
869  differences in ipSAE metrics and inter-subunit contacts between functional and non-functional
870  exocyst variants, presented as Cohen’s d effect sizes. Red rectangles indicate SEC5—SEC10 and
871  SEC5-EXO84 interactions. (F) Differential inter-subunit contacts between models of the native
872  Arabidopsis complex and variants lacking EXO70A1 and containing SEC3 from Arabidopsis,
873  Marchantia, or Klebsormidium. Shared contacts are grey, contacts specific to the native complex
874  are green, and contacts specific to the AEXO70A1 variants are magenta. (G) Number of interface
875  contacts between SEC5—SEC10 and SEC5-EX084 subunits. (H) Close-up of robustly predicted
876  contacts between subunits of modules I and II. The region shown corresponds to the boxed area in
877  panel A. Only contacts with distance <5 A and PAE < 10 A are shown.
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879  Figure 8. Early EXO70 diversification shapes plant exocyst function. (A) Schematic summary
880  of cladistic phylogenetic analyses illustrating the emergence and diversification of selected module
881 Il exocyst subunits (EXO70, EXO84, and SEC15) during streptophyte evolution. (B) Hypothetical
882  model depicting a plant-specific evolutionary shift of exocyst membrane-targeting mechanisms. In
883  evolutionary distant streptophyte algae, SEC3 contributes directly to plasma membrane (PM)
884  association of the exocyst complex, together with EXO70. During embryophyte evolution, this
885  contribution is reduced, coincident with EXO70 multiplication and functional specialization. In
886 land plants, EXO70.1 emerges as the dominant determinant of exocyst membrane localization to
887  plasma membrane, while SEC3 becomes increasingly dependent on EXO70 for effective PM
888  targeting. This redistribution is proposed to have enabled paralog-specific recruitment of the
889  exocyst complex or exocyst-derived subassemblies to distinct membrane domains.
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