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Abstract

Dynamic actin cytoskeleton reorganisation enables plant developmental processes requiring
polarised transport such as root hair and leaf trichome formation. The SCAR/WAVE complex
plays a crucial role in regulating these dynamics through ARP2/3-mediated actin branching.
SCAR/WAVE genes occur as small families across a wide range of plant species but whether
and how they fulfil different functions remains unclear. We utilise a systematic chimaera
approach to define the differential functionality of two closely related Medicago truncatula
SCAR proteins in plant development. We show that SCAR/WAVE contribution to Medicago
truncatula root hair or Arabidopsis thaliana trichome formation is dependent on two central
intrinsically disordered regions (IDRs). Differential functionalities of Medicago truncatula
SCAR proteins were furthermore associated with the presence/absence of a 42-amino acid
sequence within the IDR that impacted protein stability. Through uncovering a molecular basis
for functional differences, we advance our understanding of plant SCAR/WAVE complexes.

One Sentence Summary

Intrinsically disordered regions in SCAR/WAVE proteins drive diverse functions in root hair
and leaf trichome development.


https://doi.org/10.1101/2024.10.01.616141
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.01.616141; this version posted October 1, 2024. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

made available under a CC-BY 4.0 International license.

Introduction

Directional protein transport of endomembrane vesicles along the actin cytoskeleton network
is central to plant growth, development and interactions with the environment. In eukaryotes,
dynamic actin cytoskeleton organisation is finely tuned by two conserved molecular
complexes. The Actin-Related Protein 2/3 (ARP2/3) protein complex controls the formation of
branched actin filaments (/, 2). Actin branching is pivotal for plant development, and ARP2/3
component mutants display diverse cell polarity related phenotypes (3 - 6). ARP2/3 complex
activity is regulated by the suppressor of cAMP receptor (SCAR)-WASP family verprolin
homologous (WAVE) complex (SCAR/WAVE) consisting of the highly conserved protein
components PIR/SRA1, NAP1/NAP125, BRICK1/HSPC300, and one of several ABIL and
SCAR proteins. All SCAR proteins have terminal conserved domains, but plant SCAR proteins
carry a large and highly variable central region. The N-terminal “SCAR-homology-domain”
(SHD) of Arabidopsis thaliana (A. thaliana; At) SCARs physically interacts with ABIL1 and
BRK1 (7, 8). The C-terminal “Wiskott-Aldrich homology 2, central, and acidic” (WA) domain
of plant SCAR proteins activates the ARP2/3 complex (7 - 9). Experimental evidence regarding
the role and functional conservation of the large variable central region in plant SCAR
homologs is still lacking.

Mutations in plant SCAR/WAVE complex components also result in various cell polarity-
related phenotypes such as defects in trichome development, cell morphology, division,
expansion, and adhesion. The severity of these phenotypes varies depending on whether a
single or multi-copy gene complex component is affected. In 4. thaliana, mutations in the
single-copy genes PIR, NAPI, and BRICK1 produce the most severe phenotypes (/0 - 12),
whereas single mutants of the multi-copy ABIL and SCAR subunits exhibit less severe
abnormalities (9, 13, 14). Of the four 4. thaliana SCAR (AtSCAR1-4) genes, only scar2 single
mutants show the for ARP2/3 pathway related 4. thaliana mutants characteristic distorted
trichome phenotype (7). Subsequent genetic studies of AtSCAR double, triple and quadruple
mutants showed that AtSCARI-4 function interchangeably in trichomes but have unequal
redundancy (9, 13). A threshold model for 4. thaliana ARP2/3 activation has therefore been
proposed in which the individual contribution of the four AtfSCARs varies depending on their
biochemical efficiency and expression levels in different cell types, tissues, or organs.
However, the precise mechanisms underlying the differences in expression levels and
biochemical properties remain unclear.

In Medicago truncatula (M. truncatula; Mt), API (Aberrant Primordia Invasion) is the only
SCAR gene that has been functionally characterised to date (/5). MtAPI is a close homolog of
AtSCAR2. MtAPI mutants have shorter root hairs, enhanced resistance to Phytophthora
infection, and are impaired in root nodule symbiosis with nitrogen fixing bacteria (/6).
Interestingly, the function of MtAPI in M. truncatula can be substituted by its 4. thaliana
counterpart, AtSCAR2. However, it remains uncertain whether Mt4PI can reciprocally replace
the functionality of AtSCAR?2 in A. thaliana plants. M. truncatula also encodes two additional
Homologs of API (HAPII, HAPI2) but whether all M. truncatula SCAR genes have the same
or different functions has not been addressed.


https://doi.org/10.1101/2024.10.01.616141
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.01.616141; this version posted October 1, 2024. 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.

88 We investigated the two closely related SCAR genes MtAPI and MtHAPII and their
89 functionality in M. truncatula roots and A. thaliana leaves. We discovered that MtHAPII
90 cannot functionally replace its close homolog M¢API, as it is unable to complement the api
91  mutant. Interestingly, MtHAPII but not MtAPI can complement A. thaliana defective in
92  AtSCAR?2. This assigns divergent functions to both M. truncatula SCAR genes. Using a
93  chimaera approach, our research revealed the significance of two intrinsically disordered
94  regions within the large central domain of MtAPI and MtHAPI1, emphasising the crucial role
95  of this domain in dictating functionality. Furthermore, a destabilising element present in MtAPI
96 and missing in MtHAPI1 governs SCAR protein abundance in A. thaliana. Our findings
97  document how closely related SCAR/WAVE proteins can exert different functionality via
98 variation in their intrinsically disordered domains, advancing our understanding of

99 SCAR/WAVE complex specificity.
100

101 Results

102

103  Paralogous Medicago truncatula SCAR/WAVE proteins differ in their functionality

104

105  Our previous M. truncatula research has shown that AtSCAR?2 and the Lotus japonicus homolog
106 SCARN can substitute MtAPI functionality when expressed in M. truncatula roots (15)
107  suggesting functional conservation. Phylogenetic analysis shows that 4tfSCAR2 is closely
108  related to M¢API and MtHAPI1 (Fig. 1A), raising the question whether MtAPI and MfHAPI1
109  have similar functions.

110

111 To test this we introduced MtHAPII under control of a 2-kb long MtAPI promoter sequence
112 (I5) into roots of M. truncatula api. MtHAPII did not complement the short root hair length
113  phenotype of the api mutant (Fig. 1, B and C) while the 2-kb promoter driven MtAPI did (15).
114  Thus, MtHAPII cannot substitute for the M¢API root hair development function in M.
115 truncatula.

116

117  Next, we tested whether MtAPI and MtHAPII could substitute for the loss of
118  AtSCAR2/DISTORTED?3 in the A. thaliana dis3-4 mutants (7). These plants have normally
119  developed root hairs but display distorted trichome phenotypes. We introduced MtAPI,
120  MtHAPII, and AtSCAR?2, all under the A. thaliana UBIQUITIN3 (AtUBQ3) promoter, into
121 dis3-4 (Figure 1, D and E; fig. S1A and B). In this context, MtHAPII and AtSCAR?2 successfully
122  rectified the trichome development defects of 4. thaliana dis3-4 while MtAPI-expressing plants
123  developed distorted trichomes (Fig 1, D and E; fig. S1B). Together, these results suggest that
124 M. truncatula MtAPI and MtHAPII are phylogenetically close but differ in their functional
125  specificity.
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A AtNAP1  Fig. 1: Two closely related M. truncatula SCAR
_‘:AtSCARZ proteins exhibit different functions.
_ AtSCAR4
e MtAPI  (A) Maximum likelihood phylogenetic tree of A. thaliana
T‘: MtHAPI1 and M. truncatula SCAR proteins with AtNAPI as
AtSCAR1  outgroup. M. fruncatula proteins of interest in this study:
%o AtSCAR3 MtAPI (orange, bold), MtHAPI1 (purple, bold). Node
100 MtHAPI2 bootstrap values are shown. (B) Epifluorescence microscopy

images of transgenic API and api M. truncatula hairy roots
expressing an empty pAtUBQI10:dsRed vector control or
coexpressing pAtUBQI0:dsRed with MtHAPII under
control of the MtAPI promoter. Scale bars, 0.5 mm. (C) Root
hair length measurements (in millimetres (mm); n = 100 /
genotype). Statistics: Shapiro-Wilk test, followed by
Kruskal-Wallis with Bonferroni correction; significance
differences are indicated by letters a, b and c. (D) Scanning
electron micrographs of A. thaliana trichomes from Col,
dis3-4, and dis3-4 lines transformed with MtHAPII or
MtAPI driven by AtUBQ3 promoter. Scale bars, 90 pm. (E)
Shortest trichome branch ratios (n = 15 / genotype).
Statistics: Shapiro-Wilk test, followed by Kruskal-Wallis
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126

127  MtAPI and MfHAPI1 specificity is encoded within two intrinsically disordered regions
128

129  To determine the molecular basis underpinning functional differences of MtAPI and MtHAPI1,
130  we analysed their protein sequences and systematically assessed the function of API/HAPI1
131 chimeric proteins (Fig. 2, fig. S2). A comparison of the M¢tAPI and MtHAPII protein sequences
132 revealed five distinct regions of varying sequence similarity. The first, third, and fifth regions
133  exhibited high sequence conservation, while the second and fourth regions displayed greater
134  variability including amino acid segments missing in MfHAPII (fig. S2A). The IUPred3a web
135  server (https:/iupred3.elte.hu/) predicts a high probability for intrinsic disorder (scores
136  between 0.5 - 1) in regions 1 (post-SHD domain), 2, 4, and 5 (fig. S2B and C). Given the
137  conservation of the SHD and WA domains in regions 1 and 5, associated with SCAR/WAVE
138  complex interaction and ARP2/3 activation (7 - 9), respectively, we hypothesised that variation
139  within regions 2 and 4 may account for the differential specificity.
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Fig. 2: Exchanging two regions between MtAPI and MfHAPI1 switches their functions.

(A) Schematic of MtAPI (orange) and MtHAPI1 (purple) chimeric proteins, with M¢API regions in white and MfHAPI1 in
grey. (B to E) Epifluorescence microscopy images of transgenic M. truncatula API (A17) and api hairy roots expressing an
empty pAtUBQ10:dsRed vector control or coexpressing pAtUBQ10:dsRed with chimeric MtAPI/HAPII variants (region 2
or 4 exchanged in (B); both in (D)) under the Mt4PI promoter. Scale bars, 0.5 mm. Root hair length measurements of api
roots with single region (C) or double region (E) MtAPI/MtHAPII chimaeras in millimetres (n= 100/ genotype). Statistics:
Shapiro-Wilk test, followed by Kruskal-Wallis with Bonferroni correction; significance differences are indicated by letters
a, ab, b, ¢, d, and e F) Scanning electron micrographs of 4. thaliana trichomes from untransformed Col, dis3-4 and dis3-4
lines expressing empty vector (EV) or chimeric MtAPI/HAPII variants under the 41UBQ3 promoter. Scale bars, 90 pm. G)
Shortest trichome branch ratios (n = 15 / genotype). Statistics: Shapiro-Wilk test, followed by Kruskal-Wallis with
Bonferroni correction; significance differences are indicated by letters a and b. Orange: Mt4PI chimaeras; Purple: MtHAPII
chimaeras.
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141 To identify regions with functional specificity in M. truncatula and A. thaliana, we exchanged
142  region 2, region 4, or both regions between the two paralogs (Fig. 2A). Expression of the
143  resulting chimeric proteins under the Mt4PI promoter in M. truncatula api roots revealed that
144  swapping a single region between M!API and MfHAPI1 was insufficient to alter their
145  functionality (Fig. 2, B and C; fig. S2D). However, when regions 2 and 4 were swapped
146  together, MtAPI failed to confer normal root hair development having significantly shorter root
147  hairs, while MHAPI1 gained functionality in root hair development (Fig. 2, D and E; fig. S2D).
148  Hence, MtAPI regions 2 and 4 both contribute to its functionality in M. fruncatula root hair
149  development.

150

151  We next analysed the chimaeras for their ability to rescue the trichome defects of the 4.
152 thaliana dis3-4 mutant. Exchanging a single region between MtAPI and MfHAPII did not alter
153 their functionality (Fig. 2, F and G; fig. S2D). However, the simultaneous exchange of regions
154 2 and 4 compromised MfHAPII1 functionality in A. thaliana, whereas comparable MtAPI
155  chimaeras rescued the trichome development defects of the dis3-4 mutant defective in
156  AtSCAR2. We therefore conclude that MfHAPI1 regions 2 and 4 together condition function in
157  A. thaliana trichome development.

158

159  Taking the data from M. truncatula and A. thaliana together, we demonstrated that exchanging
160  regions 2 and 4 between MtAPI and MtHAPI1 exchanges their functionality.

161

162  Functional specificity of MfSCARSs in Arabidopsis thaliana is determined by specific
163  amino acid residues rather than sequence length

164

165 To better understand how SCAR sequence variation contributes to the distinct molecular
166  functionalities of MfAPI and MfHAPI1, we generated an extended phylogenetic tree of SCAR
167  proteins derived from 9 different legume genomes (fig. S3A). To further curate our comparison,
168  we focused solely on MfAPI and MtHAPI-like protein sequences and removed all MfHAPI2-
169 like sequences from subsequent alignments. This comparative analysis revealed that all
170  MrHAPII-like proteins lack a 42-amino-acid segment at the intersection of MtAPI region 1 and
171 2 (Segment A), as well as two segments of 20 (Segment B) and 29 amino acids (Segment C)
172  in MtAPI region 4 (fig. S3B), resulting in an overall shorter length. Some amino acid residues
173  within these API-like segments are highly conserved, others vary significantly between the
174  different species (fig. S4).

175

176  To investigate whether differential MfAPI and MfHAPI1 functionality is influenced by their
177  overall length or protein sequence composition, we either swapped all identified amino acid
178  segments between MtAPI and MtHAPI1, or substituted them with the Glycine/Serine linkers
179  of the same length (Fig. 3A). An mCitrine tag introduced into a permissive site (/7) within
180 region 2 of all MtAPI and MfHAPII variants allowed us to also assess localisation and
181  abundance of these protein variants.

182

183  First, we tested whether MrAPI protein segments A, B, and C are essential for MrAPI
184  functionality in M. truncatula root hairs. To that end, we expressed the deletion and GS-linker
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185  constructs under control of the MtAPI promoter in roots of M. truncatula api composite plants
186  (Fig. 3, B to E; fig. S5). As expected, a wildtype API-mCitrine fusion construct complemented
187  the short root hair phenotype of api (Fig. 3, B and C). Removing MtAPI segments A, B and C
188  (API**BC-mCitrine) or replacing these segments with Glycine/Serine (GS)-linkers in MtAPI
189  (APISS-mCitrine) did not impair MrAPI functionality (Fig. 3, B and C). Inserting MrAPI
190  segments A, B and C or GS-linkers into MHAPI1 (HAPI*AB¢-mCitrine; HAPI®S-mCitrine) did
191  not confer the ability to rescue api root hair defects (Fig. 3, D and E). We therefore conclude
192  that MtAPI segments A, B and C do not define MtAPI functionality and that other regions of
193  the large central domain likely condition functionality in M. truncatula roots.

194

195  We next tested the same constructs in the context of 4. thaliana trichome development (Fig. 3,
196  F and G; fig. S5). While MtAPI does not normally complement distorted trichomes in A.
197  thaliana dis3-4 mutants, the replacement of MtAPI segment A, B, and C with GS-residue
198  linkers (API®S-mCitrine) or their complete deletion (API*ABC-mCitrine) resulted in a gain of
199  function, similar to MfHAPI or AtSCAR2 (Fig. 3, F and G). API*“BC_mCitrine and API%S-
200 mCitrine polarly localised to the plasma membrane in 4. thaliana root cells, with visible signal
201  accumulation at the cell periphery (Fig. 3H), similar to the known localisation of 4fSCAR1
202  (18). By contrast, no API-mCitrine signals were visible at the cell periphery. Unlike wild-type
203  MrHAPI, the insertion of MtAPI amino acid segments A, B, and C into MHAPI1 (HAPI*ABC-
204 mCitrine) failed to rescue the A. thaliana dis3-4 trichome phenotype (Fig. 3, F and G).
205 Interestingly, the substitution of these amino acids with the same number of GS-residues
206  (HAPI®S-mCitrine) maintained functionality. In contrast to API-mCitrine, weak HAPII-
207  mCitrine signals were detectable at the cell peripheries (Fig. 3J). The insertion of GS-linkers
208  did not interfere with HAPI1-mCitrine fluorescence, but when we inserted M¢API segments A,
209 B and Cinto HAPI1-mCitrine, we were no longer able to detect fluorescence signals. Thus, the
210  presence of MtAPI segments A, B and C abolishes trichome functionality and diminishes
211 peripheral fluorescence signals. This suggests that three specific amino acid segments in the
212  MtAPI regions 2 and 4 control specificity, protein levels and localisation in 4. thaliana.
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Fig. 3: Three MtAPI amino acid segments contribute to functional separation.

(A) Schematic of M¢API (orange) and MfHAPII (purple) segment A, B and C mutant protein variants with fluorescent tags.
Segments A, B and C in M¢AP] are either deleted (dotted lines on cyan) or replaced with GS-linkers (magenta). In MfHAPI1,
MtAPI segments A, B and C (white) or GS-linkers are inserted. mCitrine tags are shown in yellow, with protein size changes
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indicated. (B to E) Epifluorescence microscopy images of M. truncatula A17 and api roots, coexpressing MtAPI (B) or
MtHAPII (D) segment mutants with pAtUBQ10:dsRed. Scale bars, 0.5 mm. Root hair length measurements of MtAPI (C,
orange) or MtHAPI1 (E, purple) segment mutants in api (in millimetres (mm), n = 100 / genotype). Statistics: Shapiro-Wilk
test, followed by Kruskal-Wallis with Bonferroni correction; significance differences are indicated by letters a, b, ¢ and d.
(F) Scanning electron micrographs of 4. thaliana trichomes from Col, dis3-4, and dis3-4 lines expressing MtAPI or
MtHAPII segment variants under the 4#UBQ3 promoter. Scale bars, 90 um. (G) Shortest branch ratios (n = 15 / genotype).
Statistics: Shapiro-Wilk test, followed by Kruskal-Wallis with Bonferroni correction; significance differences are indicated
by letters a, b and c. (H and J) Confocal microscopy of MtAPI (H) and MfHAPI1 (J) segment mutant expression and
localisation (yellow) in 4. thaliana root cells. DsRed (magenta) serves as transformation control and cytosolic marker. Scale
bars, 20 um.

214

215 A 42-amino acid sequence of MtAPI destabilises proteins in Arabidopsis thaliana and
216 Nicotiana benthamiana

217

218 To determine the amino acid segments in MfAPI region 2 and 4 which prevent
219  complementation of 4. thaliana dis3-4, we tested additional MtAPI deletion constructs (Fig. 4,
220 A to C; fig. S6A). API*A-mCitrine significantly restored trichome morphology, albeit not to
221  full extent, while API*B-mCitrine and API*“-mCitrine were indistinguishable from the
222  mCitrine negative control. API**B-mCitrine and API*AC-mCitrine fully rescued trichome
223  morphology, while API*BC-mCitrine significantly but not fully increased the length of the
224  shortest trichome branch compared to the negative controls. Taking the data from fluorescence
225  imaging and trichome morphology together, we conclude that the 42-amino acid sequence of
226  segment A is sufficient to prevent restoration of trichome morphology and to lower MtAPI
227  protein abundance.

228

229  We next tested whether the 42-amino acid sequence of MrAPI segment A functions
230 independent of the SCAR protein or plant species context. In Nicotiana benthamiana (N.
231 benthamiana) transient expression experiments under A. thaliana UBIQUITIN3 promoter
232  control, the fluorescent signal was significantly reduced in 42aa-mCitrine fusions compared to
233  mCitrine alone (Fig. 4, D and E). Replacing the 42-amino acids with a GS-linker of equal length
234  did not reduce mCitrine fluorescence levels. While the transcript levels of mCitrine and 42aa-
235 mCitrine were similar, protein levels differed significantly (Fig. 4, F and G; fig. S6, B and C).
236  Thus, the addition of a 42 amino acid sequence contained within MtAPI segment A reduces
237  protein abundance across different proteins, species and tissue contexts.

238

239  Protein stability can be affected by post translational modifications, including glycosylation,
240  ubiquitination and phosphorylation. The 42-amino acid sequence contains several potential
241 post translational modification sites (fig. S7TB). A glycosylation site was predicted with high
242  confidence for asparagine at position 5 (513 in MtAPI). Deletion of the asparagine residue in
243  the 42-amino acid mCitrine construct (41aa-mCitrine) reduced mCitrine fluorescence even
244  further (fig. S7, B and C). Mass spectrometric analysis of immunoprecipitated 42aa-mCitrine
245  revealed a ubiquitinated lysine residue at position 12 (K520 in MtAPI) (fig. S7B). However,
246  substituting all lysine residue (9, 10, 12 and 39) to arginine (R) residues (4xKtoR-mCitrine)
247  did not restore mCitrine fluorescence to control levels (fig. S7, B and D). Substituting the
248  corresponding K residues to R in API-mCitrine (K517R, K518R, K520R and K547R) did not
249  lead to a gain of function of M¢API in A. thaliana (fig. S8, A to C). Neither the single, nor
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250  multiple substitution mutant API-mCitrine variants were able to rescue the A. thaliana dis3-4
251  distorted trichome phenotype suggesting that lysine-targeted ubiquitination of the 42-amino
252  acid sequence does not contribute to MtAPI destabilisation in 4. thaliana.

253

254  Further dissection of the peptide into four parts (1-21aa, 22-43aa, 22-30aa and 31-43aa) (Fig.
255  4H; fig. S7B) and their expression as mCitrine fusions in N. benthamiana leaves showed that
256  amino acids 22-43 drove the most significant reduction of mCitrine fluorescence levels (Fig.
257  4I). These 22 amino acids include four phosphorylated serine and threonine residues (S22, T23,
258  T28, S30) (fig. S7B). To abolish phosphorylation or mimic constitutive phosphorylation, we
259  changed them to alanine (A) or aspartic acid (D) residues, respectively, in 42aa-mCitrine
260  (4xSTtoA- and 4xSTtoD-mCitrine) (fig. S7, B and E). None of these modifications resulted in
261  fluorescence levels comparable to mCitrine alone (fig. S7E). We conclude that phosphorylation
262  of the 42-amino acids does not contribute to the decreased fluorescence levels of 42aa-
263  mCitrine. In summary, the results demonstrate that a segment of 42-amino acids lowers protein
264  abundance of MfAPI and other proteins in A. thaliana and N. benthamiana via an unidentified
265  mechanism.
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Fig. 4: MtAPI segment A acts as a destabilising element in A. thaliana and N. benthamiana.

(A) Schematic of MtAPI protein variants with single or double deletions in segments A, B, and C (dotted lines over cyan).
mCitrine tags are shown in yellow, with protein size changes depicted. (B) Scanning electron micrographs of A. thaliana
Col, dis3-4, and dis3-4 lines expressing MtAPI segment A, B and C deletion variants under the control of the 41UBQ3
promoter. Scale bars, 90 pm. (C) Shortest trichome branch ratio (n=15/genotype). Statistics: Shapiro-Wilk test, followed
by Kruskal-Wallis with Bonferroni correction; significance groups: a, b, be, cd, d (D) Confocal images of mCitrine, GS-
mCitrine, and 42aa-mCitrine in N. benthamiana pavement cells (yellow) with dsRed control (magenta). Z-projections of
fluorescence ratios shown as false color images. Scale bars, 100 um. (E) Fluorescence quantification relative to dsRed.
Statistics: Shapiro-Wilk test, followed by Kruskal-Wallis with Bonferroni correction; significance difference groups
indicated by letters a, b, ¢ (F) Quantification of mCitrine variants mRNA levels in N. benthamiana leaves, using 2-AACP
with NtL23 and NtFBox as reference genes (n=6). Negative control: untransformed leaf samples. Statistics: Shapiro-Wilk
test, followed by Kruskal-Wallis with Bonferroni correction; significance groups: a, b. (G) Western Blot membrane cut-
outs (see Suppl. Fig. 6b,c for whole membranes) of mCitrine, GS-mCitrine, 42aa-mCitrine, API-mCitrine and coexpressed
dsRed protein levels in transiently transformed N. benthamiana leaves. Membranes were stained with Ponceau and probed
with GFP or RFP antibodies. Expected protein sizes: ponceau stained Rubisco (55kDa), dsRed (28kDa); mCitrine (27kDa);
GS-mCitrine (36kDa), 42aa-mCitrine (38kDa). Prestained protein ladder: Page Ruler 10-180kDa. (H) Colour coded
schematic of 42aa-mCitrine deletion constructs. Deletion parts are confined by dotted lines, followed by mCitrine tag. (I)
Fluorescence quantification: mCitrine /dsRed ratios were calculated using the FIJI plugin FRETENATOR (n=6). Statistics:
Shapiro-Wilk test, followed by Kruskal-Wallis with Bonferroni correction; significance difference groups indicated by
letters a, b, c. Construct colour code refers to schematic (H).

267

268  Discussion

269

270 In this study, we show that two closely related M. truncatula SCAR homologs underwent
271 functional diversification following a duplication event in leguminous plants. SCAR/WAVE
272  proteins are part of the evolutionary conserved actin regulatory SCAR/WAVE complex in
273  eukaryotes. While some components of this complex have been retained as single copy genes
274  during evolution, other components, such as the SCAR genes, have undergone duplication and
275  sequence diversification across multiple species. The diversification raises intriguing questions
276  about potential functional differences of SCAR/WAVE subcomplexes. Interestingly, recent
277  results of investigations of the SCAR/WAVE downstream target, the ARP2/3 complex, have
278  suggested the existence of functionally diverse ARP2/3 subcomplexes with varying subunit
279  compositions (/9). It is thus possible that different ARP2/3 subcomplexes, with varying subunit
280 compositions, could selectively interact with distinct SCAR/WAVE subcomplexes. Such
281  interactions may allow for greater diversity in actin regulation across various cellular contexts.
282

283  Although previous studies have identified SCAR mutants with visible phenotypes in Oryza
284  sativa (20), Lotus japonicus (21) and M. truncatula (22), systematic functional studies on
285 SCAR diversification have only been performed in A. thaliana. Our study expands this
286  knowledge by showing that two M. truncatula SCAR proteins are not functionally
287  interchangeable in M. truncatula or A. thaliana (Fig. 1). This contrasts with 4. thaliana SCARs
288  which function interchangeably in trichome development when expressed under the same
289  regulatory elements (/3). To rule out a contribution of differential promoter activities among
290  the different variants, all constructs in our study were driven under the same promoter.
291 Furthermore, the chimeric proteins with domain swaps did retain their original activation
292  domains (WA).

293

294  This study explores the functional similarities and differences of Mt4PI and MtHAPII in M.
295  truncatula roots and A. thaliana leaves. We have not directly compared MtHAPII with other
296  previously assigned functions of MtAPI in M. truncatula, such as its role in susceptibility to
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297  oomycete root infection (/5) or its requirement for nitrogen-fixing symbiosis (/6). Future
298  studies could benefit from the use of new genome editing tools to further explore MtHAPII
299  and MtHAPI?2 roles more comprehensively since there are no M. truncatula mutants available
300 yet. However, our findings suggest a potential role for MtHAPII in trichome development, a
301  function distinct from that of MtAPI. While MtAPI mutants do not exhibit trichome defects (735),
302  the rit/ mutant, which harbours a defective allele of M. truncatula NAPI - a single-copy
303 SCAR/WAVE complex member - displays both root hair and trichome defects (/7). Since
304  MtAPI is not involved in trichome development, it is likely that this function may be mediated
305 by MtHAPII, MtHAPI2, or both, although further work is needed to confirm this hypothesis.
306  These findings align with the idea that different SCAR/WAVE subcomplexes could serve
307 tissue-specific roles, with MtHAPII potentially involved in processes related to trichome
308  formation.

309

310  One of our key findings shows that functional differences between MtAPI and MtHAPI1 are
311 determined by two IDRs within the large central variable domain, rather than the SHD or WA
312  domains (Fig. 2; fig. S2). This highly variable central region, distinct in plant SCARs (22),
313  represents an area for further investigation, as it may contribute to the unique functionalities
314  observed in legume species. IDRs can impact protein stability through both ubiquitin-
315  dependent and -independent degradation by the proteasome (23, 24). The overall structure,
316  rather than a specific primary sequence, often defines this degradation function. It is therefore
317  not surprising that the amino acid sequences contributing to SCAR specificity can be variable.
318  Rather than their sequence, it is the striking SCAR clade specific absence or presence of the
319  destabilising segment in the IDR of several legume species (Fig. S4) that suggests a functional
320 diversification of SCAR homologs across species of the legume clade.

321

322  Interestingly, we have identified a 42-amino acid segment within the central region of plant
323  SCAR proteins as a major driver of the differential specificity of MtAPI/HAPII (Fig. 3 and 4).
324  Even a shorter 22-amino acid subsegment functions as a destabilising element, impacting
325  SCAR protein abundance (Fig. 4I). Our findings open new avenues for future research to
326 investigate how plants regulate SCAR protein abundance, which does not appear to be
327  controlled by transcript levels or ubiquitination in this case (Fig.4, Fig. S7 and S8). Our results
328  align with previous findings in A. thaliana, where SCAR/WAVE complex components
329 transiently accumulate at the root hair initiation site, with abundance inversely correlated to
330  root hair elongation speed (/7). Although the specific segment we identified in M¢API is not
331  conserved in AtSCAR2, similar destabilising elements may exist, providing a potential
332  mechanism for rapid protein dissipation during root hair elongation.

333

334  In conclusion, this work has uncovered IDRs as the molecular basis for functional differences
335  between two M. truncatula SCAR proteins, advancing our understanding of SCAR/WAVE
336 complex specificity in plant development and plant-microbe interactions. These findings
337  generate exciting new directions for future research, particularly in identifying the biochemical
338  mechanisms of SCAR protein abundance and functional regulation.

339
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340 Material and Methods

341

342  Plant materials and Growth Conditions

343  Arabidopsis thaliana: Seeds of A. thaliana Col-0 and dis3-4 seeds were kindly provided by
344  Daniel Szymanski. A. thaliana plants used for transformation, complementation assays and
345  propagation were grown in Levington F2 soil. The plants were maintained under constant light
346  conditions (170pumol m2s! PAR) at 21°C (day/night) temperature and 65% relative humidity.
347  For confocal microscopy experiments, seedlings were sterilised with chlorine gas over night
348 and grown on Y2 MS pH 5.7 medium (0.22% [wt/v] MURASHIGE & SKOOG MEDIUM
349  (Duchefa Biochemie), 0.05% [wt/v] MES monohydrate (MELFORD) and 1.2% [wt/v] Plant
350  Agar (Duchefa Biochemie).

351

352  Medicago truncatula: Seeds of M. truncatula Jemalong A17 and api were propagated from
353  previously described materials (/5). For general propagation, M. truncatula plants were grown
354  under long-day conditions (350umol m2s! PAR, 21°C for 16 hrs; Oumol m?2s! PAR, 17°C for
355 8 hrs) at 65% humidity. The growth substrate used consisted of 45% Levington F2 soil, 45%
356  Terra-Green stones/sand mixture (50:50) and 10% Perlite. For hairy root transformations, M.
357  truncatula plants were grown under long-day conditions with 16 hours of light at 20°C followed
358 by 8 hours of darkness at ambient humidity.

359

360 Nicotiana benthamiana: For transient leaf infiltration assays and propagation, seeds of M.
361  benthamiana were grown on Levington F2 soil under greenhouse conditions. The seeds are
362  progenies of a laboratory cultivar from The Sainsbury Lab, Norwich, UK and originated from
363  Australia (25).

364

365  Design of constructs and cloning

366  Primer design, sequence assembly, and analysis were performed using CLC Main workbench
367  20. Coding sequences for untagged MtAPI (Medtr4g013235/MtrunA17 Chr4g0004861) and
368  MtHAPII (Medtr7g071440/MtrunA17 Chr7g0244031) were synthesised in pUCS57 by
369 GENEWIZ, Inc. Chimeric MtAPI and MtHAPI coding sequences (CDS) were generated via
370  Gibson assembly (see Fig. 2A). MtAPI and MtHAPII regions were amplified using designated
371  primers with overhangs for assembly: MtAPI region 1 (MtAPI bases 1 to 1548), primer
372  pl apiSHD F AG and API1 R AG; MtAPI region 2 (MtAPI bases 1549 to 3153), primer
373 API2 F AG and API2 R AG; MtAPI region 3 (MtAPI bases 3154 to 3690), primer
374 API3.4.5. F AG and API1.2.3 R AG; MtAPI region 4 (MtAPI bases 3691 to 4278), primer
375 API4 HAPIl 5 F AG and apiMID hapilWH2 R AG; MtAPI region 5 (MtAPI bases 4279
376  to 4722), primer hapilMID apiWH2 F AG and apiWH2 pl R AG; MtHAPII region 1
377  (MtHAPII bases 1 to 1557), primer pl hapilSHD F AG and HAPI1 1 R AG; MtHAPII
378  region 2 (MtHAPII bases 1558 to 3054), primer HAPI1 2 F AG and HAPIl 2 R AG;
379  MtHAPII region 3 (MtHAPII bases 3055 to 3594), primer HAPI1 3.4.5. F AG and
380 HAPI1 1.2.3. R AG; MtHAPII region 4 (MtHAPII bases 3595 to 4044), primer
381 HAPI1 4 APIS F AG and hapilMID apiWH2 R AG; MtHAPII region 5 (MtHAPII bases
382 4045 to 4488), primers apiMID_hapiWH2 F AG and hapil WH2 pl R AG.
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383  MtAPI and MtHAPII mCitrine-tagged variants were synthesised with flanking Gateway-
384  compatible attl.1/2 sites and cloned into pUC57 by Genscript. The mCitrine CDS was inserted
385  with a short N-terminal linker sequence (/inker-mCitrine: GGAGGTGGAGGTGGAGCT)
386  between MtAPI CDS bases 1812 and 1813. Four silent mutations introduced single-cut HpAl
387 and Bglll restriction sites flanking the insertion site (see Data Sl).
388 14 additional silent base pair mutations were introduced into the MtAPI CDS of APIX17R-
389  mCitrine, API® 88 mCitrine, API**?R-mCitrine, API**’R-mCitrine, APP**"°R-mCitrine and
390 API*KRyCitrine, APIP*-mCitrine, APIF2-mCitrine, APFC‘-mCitrine, APF“2-mCitrine,
391 APPAC-mCitrine, APFPB¢-mCitrine, APF**8¢-mCitrine and API°S-mCitrine, to create single-cut
392  restriction sites flanking: MtAPI segment A (BstBl/BsrGl); segment B (BspEI/Nhe); segment
393 C (Spel/Sacll).
394  To generate KtoR mutant MtAPI variants, we introduced the following additional mutations:
395 KS517R involved switching alanine 1550 and guanine 1551 (AG to GA); K518R involved
396  changing alanine 1553 to guanine (A to G); K520R involved substituting alanine 1559 with
397 guanine (A to G) and K547R involved altering alanine 1640 to guanine (A to G).
398 To generate APPA-mCitrine, APFB-mCitrine, APF“-mCitrine, API**8-mCitrine, APP4¢-
399  mCitrine and APF2-mCitrine, APP*2¢-mCitrine and API°S-mCitrine, 126bp (MtAPI segment
400  A: bases 1527 - 1654), 60bp (MtAPI segment B: bases 3789 to 3850) and/or 87bp (MtAPI
401  segment C: bases 4035 to 4123) of the MtAPI CDS were deleted or swapped with
402  corresponding GS-linker sequences (GS-linker A: GGAGGTTCTGGTGGAGGTGGATCA
403 GGTGGAGGATCTGCTGGCTCCGCTGCTGGTTCTGGCGAATTCGGAGGATCTGGAG
404 GTGGAGGATCTGGAGGTGGATCTGCTGGATCTGCGCTGGTTCTGGA; GS-linker B:
405 GGATCCGGTGGTGGAGGTTCTGGAGGTTCAGCTGGATCAGCTGCTGGAGGAGGT
406 GGATCC; GS-linker C:GGATCAG GAGGTGGAGGTTCTGGAGGTGGATCAGCTGGAT
407 CAGCTGCTGGATCAGGTGAATTCGGAGGTTCTGGTGGAGGTGGATCA).

408  To create mCitrine-tagged MtHAPII variants, the linker-mCitrine CDS was inserted between
409  MtHAPII bases 1704 and 1705. Eight silent base pair mutations were introduced into the
410  MtHAPII CDS to generate single-cut restriction sites flanking the MtAPI segment A (Clal
411  /BssHII), linker-mCitrine (BspEl/Pmll), MtAPI segment B (Spel/Xhol) and MtAPI segment C
412 (BstBI/ Mfel) insertion sites. For generating HAPII*8¢-mCitrine and HAPII®5-mCitrine,
413  MtAPI segments or GS-linker sequences were inserted as follows: MtAPI segment A or GS-
414  linker A (126bp between MtHAPII bases 1536 and 1537), MtAPI segment B or GS-linker B
415  (60bp, between MtHAPII bases 3690 and 3691), MtAPI segment C or GS-linker C (87bp
416  between MtHAPII bases 3879 and 3880.

417  All 42aa-mCitrine derived constructs feature a variable N-terminal sequence, followed by a
418  shortAPI-linker-mCitrine ~ sequence  (MtAPI  bases 1655 to 1812  plus
419 “GGAGGTGGAGGTGGAGCT” linker; in total 177bp) and mCitrine with a stop codon. 42aa-
420  mCitrine was amplified from pUC57-API-mCitrine using primers SB295 and SB296. GS-
421 mCitrine was amplified from pUC57-API°S-mCitrine using primers SB323 and SB296. 4/aa-
422  mCitrine was was amplified from pKGW-pAtUBQ-42aa-mCitrine using primers SB329 and
423  SB296. 22-43aa-mCitrine was amplified from pKGW-pAtUBQ-42aa-mCitrine using primers
424  SB324 and SB296. 37-43aa-mCitrine was amplified from pKGW-pAtUBQ-42aa-mCitrine
425  using primers SB325 and SB296. 22-30aa-mCitrine was amplified from pDONR221-31-43aa-
426  mCitrine with primers SB343 and SB296. 4xKtoR-mCitrine was amplified from
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427 pUCS57 KAN API K4xR mCitrine with primers SB342 and SB296. PCR reactions were
428 performed using Phusion DNA polymerase (New England Biolab Inc, UK).
429  The CDSs of I-21aa-mCitrine, 4xSTtoA-mCitrine, 4xSTtoD-mCitrine, were synthesised with
430  Gateway-compatible attL1/2 sites and cloned into pUCS57 by Genscript. /-21aa-mCitrine
431  includes a start codon with MtAPI bases 1528 to 1587 fused to the shortAPI-linker-mCitrine
432  sequence. 4xSTtoA-mCitrine and 4xSTtoD-mCitrine include a start codon with MtAPI segment
433 A (bases 1527 to 1654) fused to the shortAPI-linker-mCitrine sequence. 4xSTtoA-mCitrine
434  features the following mutations: AGCA to GCAG (MtAPI bases 1588 to 1591), alanine 1606
435  and thymine 1612 to guanines, and thymine 1638 to cytosine. 4xSTtoD-mCitrine features the
436  following mutations: AGCAC to GATGA (MtAPI bases 1588 to 1592), ACA to GAT (MtAPI
437  bases 1606 to 1608), TCA to GAT (MtAPI bases 1612 to 1614).

438  All entry and destination vectors were validated using diagnostic restriction digest and Sanger
439  sequencing (Source BioScience). Destination clones were assembled by recombining pUC57
440  gateway compatible MtAPI and MtHAPII variants with pENTR4 I prAtUBQ3 or
441  pENTR4 1 prMtAPI and pENTR p2rp3 T35S5Term into pKGW-RR-MGW destination vector
442  with LR Clonase Plus (Thermo Fisher Scientific) (/5). All primer sequences and constructs
443  used in this study are detailed in Table S1 and S2, respectively. A fasta file containing the
444  vector and coding sequences is available as Data S1.

445

446  Generation of transgenic plants

447  Arabidopsis thaliana stable transformations: Destination vectors were introduced into
448  Agrobacterium tumefaciens strain GV3101 (resistant to Tetracycline, Rifampicin, and
449  Gentamicin) and transformed into A. thaliana accession Col-0 and dis3-4. Primary
450 transformants were screened for DsRed fluorescence at the seed and seedlings stage (5 days of
451  growth on soil). Screening was performed using a portable NIGHTSEA model SFA with the
452  GR-Green wavelength set (excitation: 510-540nm; emission: 600nm longpass). At least three
453  independent transgenic lines were propagated for each construct and background.

454

455  Medicago truncatula root transformations: Destination vectors were introduced into
456  Agrobacterium rhizogenes strain Arquall93 (resistant to Rifampicin and Carbenicillin), and
457  transformed into A/7 and api seedling roots according to Limpens et al. (26). Transformed
458  roots were subsequently grown on Fahraeus medium for three weeks.

459

460  Nicotiana benthamiana leaf infiltrations: To transiently express proteins, destination vectors
461  were introduced into Agrobacterium tumefaciens strain GV3101 (resistant to Tetracycline,
462  Rifampicin, and Gentamicin). Overnight bacterial cultures were resuspended in agroinfiltration
463 medium (10mM MgCly, 10mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 5.7 and 200
464  uM acetosyringone) to an OD of 0.6. Bacterial suspensions were injected into the abaxial side
465  of 4-week-old N. benthamiana leaves. Expression of constructs was analysed 3 days post
466 infiltration.

467

468  Bioinformatic analysis of protein sequence conservation and intrinsic disorder

469 MrAPI/HAPI1 amino acid conservation barcode: To assess amino acid conservation, the
470  protein sequences of MfAPI and MfHAPI1 were aligned using the EMBOSS Needle pairwise
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471  alignment tool (https://www.ebi.ac.uk/jdispatcher/psa/emboss needle). Alignment results,
472  reflecting the degree of similarity or mismatch between residues in the form of
473  pipe/colon/period and space symbols, were translated into colour-coded stripes using Rstudio.
474  The colour-code was as follows: black (pipe = identical residue), dark grey (colon = highly
475  similar aa), light grey (period = moderately similar aa) and white (space = alignment gap). The
476  percentage of identical residues in each region using  NCBI BLASTp search
477  (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

478

479  Intrinsic Disorder: Intrinsically disordered protein regions (IUPRED3) and disordered protein
480 binding regions (ANCHOR2) were predicted using the web server IUPRED3
481  (https://iupred3.elte.hu/). Sequences were input into [UPRED?3 to obtain disorder scores, which
482  were then plotted as line graphs using Rstudio.

483

484  Legume MtAPI/HAPI like protein alignments: Legume M¢API and MrHAPII-like
485  sequences were aligned using the “Create Alignment” function in CLC Main Workbench 20
486  with settings of gap open cost 10, gap extension cost 1, and the “very accurate” alignment
487  algorithm. The resulting alignment graphics were imported into Inkscape, where text styles

488  were adjusted to match the overall figure design.

489

490 Phylogenetic Analysis

491  Legume SCAR protein sequences were retrieved from publicly available legume reference
492  genomes using a BLASTp search with the AfSCAR2 sequence (4¢2G38440; Tair) as query.
493  Sequences for Lupinus angustifolius, Glycine max, Phaseolus vulgaris, Vigna angularis and
494  Trifolium  pratense  were  obtained  from  the  EnsemblPlants  platform
495  (http://plants.ensembl.org/index.html); for Nissolia schottii, Arachis hypogaea, Cajanus cajan
496 and Lablab purpureus from the SymDB database (https://www.polebio.lrsv.ups-
497  tlse.fr/symdb/web/); for Lotus japonicus MG20 from Lotus Base (https://lotus.au.dk/); and for
498  Medicago truncatula from the Medicago Al7 genome browser
499  (https://medicago.toulouse.inra.fr/MtrunA17r5.0-ANR/). Full-length sequences were aligned
500 and subsequently automatically trimmed using the bioconda packages “mafft” (version 7.471)
501  (https://anaconda.org/bioconda/mafft) (27) and “trimAI” (version 1.4.1)
502  (https:/trimal.readthedocs.io/en/latest/) (28). Phylogenetic trees were constructed using the
503 Dbioconda package “IQ-TREE” (version 2.0.3) (29) with maximum likelihood and
504  bootstrapping (1000Ufboot+SH-alLRT) and identified the best fitting substitution models:
505  “JTT+G4” for Fig. 1A and “HIVb+F+I+G4” for fig. S3A. Trees were visualised with the online
506  tool “interactive Tree Of Life” (iTOL version 6.9.1 :https://itol.embl.de/) (30) and stylistically
507  modified for figure presentation using Inkscape.

508

509  Microscopic analysis of root hair and trichome morphology

510 M. truncatula root hair length analysis: Three weeks post-transformation, epifluorescence
511  microscopy images of DsRed-expressing M. truncatula roots were captured using a Leica
512  M165 FC Fluorescent Stereomicroscope with a DFC310FX camera and DSR filter (10447412).
513  All images were taken at the same magnification (including a reference scale) with the Leica
514  Application Suite Software (Version 4.8.0). Root hair length was quantified using the ROI
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515  manager and Freehand line tools in ImageJ2. The image scales were globally calibrated using
516  the SetScale function. For each genotype, the length of 20 root hairs from 5 independently
517  transformed roots (n=100) was measured in millimetres. Data normality was assessed using the
518  Shapiro-Wilk test, and for p-values below 0.5, the Kruskal-Wallis test with Bonferroni p-value
519  adjustment (alpha = 0.05) was applied for posthoc analysis. Box plots were generated in R.
520 Images were adjusted for greyscale, brightness, and contrast using GIMP, and figure panels
521  were assembled in Inkscape with manually added scale bars based on the reference scale.

522

523  A. thaliana trichome branch length analysis: Scanning electron micrographs (SEM) of 4.
524  thaliana leaves and trichomes were captured using the Hitachi tabletop microscope TM4000
525  Plus with the provided software. Leaves of nine-day-old 4. thaliana plants, grown on soil, were
526  detached and mounted on sample stubs with water droplets. The cooling stage was set to -25°C
527  with low vacuum applied upon sample insertion. BSE (backscatter) detector mode was used
528  with an accelerating voltage of 15 kV. Whole leaf images were captured at 30x magnification,
529  and trichome close-ups at 150x magnification, with corresponding scale bars calculated by the
530  software. Brightness, contrast and cropping adjustments were made using GIMP. Three images
531  from independent transgenic lines per genotype were analysed. For each image, five
532  representative trichomes were selected, and the length of each trichome branch was measured
533  from branch points to tip using the Freehand Line tool in ImageJ2. The shortest branch ratio
534  was determined by dividing the length of the shortest branch by the longest branch for each
535 trichome (1 = equal length; n =15). This data was filtered, analysed and visualised as box plots
536 In R. Final figure panels, including representative trichome images, scale bars, and barplots
537  were assembled using Inkscape.

538

539  Localisation and expression analysis via confocal microscopy

540  For confocal imaging, of A. thaliana root cells and N. benthamiana pavement cells, samples
541  were mounted in water on glass slides (Fisher, 1-1.2mm) and covered with coverslips (Epredia,
542  #1.5). Imaging was performed using a LeicaTCS SP8 upright confocal microscope, equipped
543  with a white light laser system.

544

545  Imaging of A. thaliana seedling roots: Five-day-old stably transformed 4. thaliana seedlings,
546  grown on 2 MS pH 5.7, were mounted and screened for root fluorescence. Single-plain root
547  cell images were acquired with HC PL APO CS2 63w/1.20 water immersion objective and the
548  following laser/detector settings: Sequential scan; sequencel (mCitrine): excitation with WLL
549  line 518nm: 70% intensity, detection with HyD1: 523-535nm gain [%] 500, time gating on,
550  0.3-6ns; sequence 2 (DsRed): excitation WLL line 570nm: 5% intensity, detection with PMT3
551  577-602nm gain [V] 890.8 offset: -0.02. Unidirectional scan, speed: 200 Hz, line averaging: 8,
552  pinhole: 1 airy unit, zoom: 3.

553

554  Imaging of N. benthamiana pavement cells: Three days after transformation, leaf discs (cork
555  borer size three) of six independently transformed plants were analysed for fluorescence.
556  Single-plane, 16-bit images of the pavement cell were acquired with the following settings:
557  Sequential scan; sequence 1 (mCitrine): excitation 515nm: 0.5%-10% intensity, detection with
558 HyDI1: 518-537nm gain [%] 500, time gating 0.6 - 6ns; sequence 2 (DsRed): excitation
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559  560nm: 0.5%-10% intensity, detection with HyD5 574-598nm gain [%] 500, time gating 0.4 -
560  6ns. Unidirectional scan, speed: 600 Hz, line averaging: 8, pinhole: 1 airy unit, zoom: 1. Laser
561 intensities were optimised between experiments while maintaining consistent settings within
562  each experiment.
563  To calculate mCitrine/dsRed ratios, the segment and ratio tool of the FRETENATOR?2 beta
564  version (https://github.com/Jimage]/FRETENATOR?2; based on Rowe et al., 2023 (37)) FIJI
565  plug-in was used. The plug-in automatically segments images and calculates ratios for the
566  segmented pixels areas. Setting were chosen as follows: Denominator (‘Donor’) and
567  Segmentation channel: DsRed; Numerator (‘Acceptor’) channel: mCitrine; Gaussian
568  segmentation, maximum intensity: 65534 without background subtraction; pixel by pixel
569 analysis: on. For each genotype, mean ratio measurements were taken from one image per six
570 independently transformed plants, using the ‘Maximum z of emission ratio z projection X1000’
571  images (n = 6). The mean ratios were divided by 1000 and plotted using R.

572

573  Quantitative reverse transcription PCR (qRT-PCR) analysis

574  For each construct, three leaf discs (cork borer size five) were collected from a single
575  transformed N. benthamiana leaf and immediately frozen in liquid nitrogen. As negative
576  control, three leaf discs per biological replicate were also harvested from untransformed leafs.
577 A total of six biological replicates per genotype was analysed. RNA extraction was carried out
578  following the manufacturer’s protocol for the RNEasy Plant Mini Kit (QIAGEN), using buffer
579  RLC. For each sample, 4ug of total RNA was used as a template for cDNA synthesis, which
580 was performed using the Transcriptor First Strand cDNA Synthesis Kit (Roche).
581  Quantitative reverse transcription PCR (qQRT-PCR) was conducted using 2.5 pl of a 1:8 dilution
582  of the first-strand cDNA and LightCycler 480 SYBR Green I Master mix, following the
583  manufacturer’s instructions (Roche). mCitrine transcript levels were analysed using primers
584  SB268 and SB269 (Table S1). The N. benthamiana genes NtL23 (Nibenl01Scf01444g02009)
585  and NtFBOX (Nibenl01Scf04495g02005) were chosen as constitutively expressed reference
586  genes (32). NtL23 was amplified using primers SB304 and SB305 (Table S1). NtFBOX was
587  amplified using primers SB306 and SB307 (Table S1). The expression of mCitrine was
588 normalised to NtL23 an NtFBOX expression using the efficiency-corrected AACq method. The
589  data was visualised using R software.

590

591 SDS-PAGE and Immunoblot

592  For each construct, two leaf discs (cork borer size five) were collected from six independently
593 transformed N. benthamiana plants, pooled, and immediately frozen in liquid nitrogen. The
594  frozen tissue was ground into a fine powder with a porcelain pestle and mortar. To this powder,
595  500ul of lysis buffer (GTEN: 50mM Tris-HCI pH7.5, 10% [vol/vol] glycerol, ImM EDTA,
596  150mM NaCl; supplemented with 2% [wt/vol] polyvinylpolypyrrolidone, 0.1% [vol/vol]
597  Tween-20, phosphatase inhibitors (Sigma P5726 and P0044) and plant protease inhibitors
598  (Sigma P9599)) was added. The mixture was incubated on ice for 10 minutes. Following a 5-
599  minute centrifugation at maximum speed (4°C), 400ul of the supernatant was mixed with 4x
600 Lammli buffer containing beta-mercaptoethanol and boiled at 95°C for five minutes.

601  SDS-polyacrylamide gel electrophoresis (PAGE) was carried out using 4-20% Mini-
602 PROTEAN TGX Precast protein gels (Bio-Rad). After electrophoresis, proteins were
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603 transferred onto a 0.45um PVDF membrane (Immobilon, Merck). The membranes were
604  stained with a 1:1 mix of glacial acetic acid and Ponceau Red (Bio-Rad) for protein
605 visualisation,  followed by  three  brief @ washes in  deionized  water.
606  Membranes were blocked for 1 hour in a TBS-T buffer (20mM Tris Base, 150mM NaCl, 0.1%
607  [vol/vol] Tween20) containing 5% [wt/vol] milk powder. Subsequent incubations (for 1 hour)
608  were carried out in primary and secondary antibodies diluted in the same blocking solution.
609  After each incubation step, membranes were washed three times for 10 minutes with TBS-T
610  buffer. The following antibodies and dilutions were used: mouse anti-GFP (B2 sc-9996, Santa
611  Cruz biotechnology) 1:2500, rabbit anti-RFP (AB62341, Abcam), m-IgG Fc binding protein
612  HRP (sc-542732, Santa Cruz biotechnology) 1:5000 and goat anti-rabbit [gG HRP (AB205718,
613  Abcam) 1:5000. Protein bands were detected using chemiluminescence with ECL Plus
614  (Thermo Fisher Scientific) and visualised on an Amersham Imager 600.

615

616  Protein extraction, immunoprecipitation and Mass spectrometry analysis

617  Three leaves from N. benthamiana plants, transformed with either mCitrine or 42aa-mCitrine,
618  were harvested 72 hours post-agroinfiltration. The leaves were flash-frozen in liquid nitrogen
619  and ground into a fine powder using porcelain pestles and mortars. Proteins were extracted by
620 adding 5 mL of lysis buffer (GTEN: 50 mM Tris-HCI, pH 7.5, 10% [vol/vol] glycerol, 1 mM
621 EDTA, 150 mM NaCl, supplemented with 2% [wt/vol] polyvinylpolypyrrolidone, 0.1%
622  [vol/vol] Tween-20, phosphatase inhibitors [Sigma P5726 and P0044], and plant protease
623  inhibitors [Sigma P9599]) to the leaf powder.
624  For immunoprecipitation, 60 uL. of GFP-Trap® agarose bead slurry (Chromotek) was added
625  to each sample after centrifugation at maximum speed for 5 minutes at 4°C. The samples were
626  incubated for 2 hours at 4°C with slow rotation. Following incubation, the samples were
627  centrifuged at 2000 rpm for 2 minutes at 4°C, and the resulting pellet was washed five times
628 with 1 mL of immunoprecipitation (IP) buffer (GTEN, supplemented with 0.1% [vol/vol]
629 Tween-20). After the final wash, the supernatant was removed, and 20 pL of IP buffer along
630  with 10 pL of 4x Ldmmli buffer (supplemented with beta-mercaptoethanol) was added. The
631 sample proteins were denatured by heat treatment at 95°C for 5 minutes.
632  SDS-polyacrylamide gel electrophoresis (PAGE) was performed using 4-20% Mini-
633 PROTEAN TGX Precast protein gels (Bio-Rad). After electrophoresis, the gel was stained
634  overnight in 20 mL SimplyBlue™ (Invitrogen) staining solution, supplemented with 2 mL of
635 20% NaCl in water (W/v).
636  Protein bands, corresponding to mCitrine and 42aa-mCitrine, were excised and subjected to in-
637  gel reduction and alkylation, followed by trypsin digestion and peptide extraction by the
638 Cambridge Proteomics Centre. The resulting peptides were analysed by liquid
639  chromatography-tandem mass spectrometry (LC-MS/MS) and post translational modification
640 identification was performed using the MASCOT search algorithm with N. benthamiana v1.01
641  gene models (https://solgenomics.net). Additionally, M¢API segment A (MtAPI amino acids
642 510 - 551) was also analysed for potential post-translational modification sites with the web
643 server application MusiteDeep (https://www.musite.net/), which uses a deep-learning
644  framework for protein post-translational modification site prediction.

645

646  Software versions
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The following software versions were used: RStudio 2022.02.1 with R 4.1.3.; Inkscape 1.2.2;
Imagel2 software version 2.14.0 including FIJI plugins; GNU image manipulation program
(GIMP version 2.10.30).

Accession numbers/identifiers

MtAPI (Medtrdg013235/MtrunA17 Chr4g0004861)

MtHAPII (Medtr7g071440/MtrunA17 Chr7g0244031)

AtSCAR2/DIS3 (AT2G38440)

AtSCARI1 (AT2G34150), AtSCAR3 (AT1G29170), AtSCAR4 (AT5G01730)
AtNAPI (AT2G35110)

NtL23 (Niben101Scf01444202009)

NtFBOX (Niben101Scf04495g02005)
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