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44 Abstract

45

46  The host-produced nodule specific cysteine-rich (NCR) peptides control the terminal
47  differentiation of endosymbiotic rhizobia in the nodules of IRLC legumes. Although the
48  Medicago truncatula genome encodes about 700 NCR peptides, only few of them have been
49  proved to be crucial for nitrogen-fixing symbiosis. In this study, we applied the CRISPR/Cas9
50 gene editing technology to generate knock-out mutants of NCR genes for which no genetic or
51 functional data were previously available. We have developed a workflow to analyse the
52 mutation and the symbiotic phenotype of individual nodules formed on Agrobacterium
53 rhizogenes-mediated transgenic hairy roots. The selected NCR genes were successfully edited
54 by the CRISPR/Cas9 system and nodules formed on knockout hairy roots showed wild type
55  phenotype indicating that peptides NCR068, NCR089, NCR128 and NCR161 are not
56 essential for symbiosis between M. truncatula Jemalong and Snorhizobium medicae
57 WSM419. We regenerated stable mutants edited for the NCR068 from hairy roots obtained
58 from A. rhizogenes-mediated transformation. The analysis of the symbioctic phenotype of
59 stable ncr068 mutants showed that peptide NCR0O68 is not required for symbiosis with S,
60 meiloti strains 2011 and FSM-MA either. Our study reports that gene editing can help to
61 elicit therole of particular NCRs in symbiotic nitrogen fixation.
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63 Introduction

64

65 Most legumes establish nitrogen-fixing symbiotic interaction with soil bacteria termed
66 rhizobia. Compatible interaction between the host legumes and their rhizobia partner induces
67 the formation of a specialised organ on the root, referred to as nodules. Rhizobia colonize the
68 symbiotic cells of the nodules and differentiate into their symbiotic form, the bacteroids
69  which convert the atmospheric nitrogen into ammonia’. The indeterminate nodules formed on
70 the roots of temperate legumes, such as the model legume Medicago truncatula, possess a
71  persistent apical meristem?. The continuous activity of the meristem (zone I) produces cells
72  creating a developmental gradient in the nodules, whereupon these nodules are cylindrical in
73  shape. The new cells mature, many of them become infected in zone Il (infection zone)
74  wherein bacteria are engulfed by a plant-derived membrane forming new organelles, the
75 symbiosomes. Infected host cells and rhizobia differentiate in interzone (1Z) and the reduction
76  of nitrogen takes place in zone Il (nitrogen fixation zone). The completely developed and
77  effectively nitrogen-fixing nodules produce leghemoglobin which gives wild type nodules
78  their pink colour.

79 Rhizobia in the nodules of legumes belonging to the inverted repeat—acking clade (IRLC),
80 including M. truncatula, and some Dalbergoid species undergo irreversible differentiation

81 mediated by nodule-specific cysteine-rich (NCR) peptides®

. These host produced peptides
82  contain four or six cysteine residues in conserved positions and possess signal peptides which
83  target them to the symbiosomes through a nodule-specific protein secretory pathway®’ where
84  they govern the transition of rhizobia into bacteroids. The M. truncatula genome encodes a
85 large family of NCR peptides with more than 700 members®®. Although these high number of
86 peptides show remarkable amino acid sequence variation, their function was initialy
87  presumed redundant. Nevertheless, recent studies have identified some peptides, NCR169,
88 NCR211, NCR247, NCR343 and NCR-new35, crucia for the bacteroid differentiation and
89 persistence in M. truncatula nodules but also found peptides (NCR178, NCR341, NCR344
90  and NCR345) which are not essential for nitrogen-fixing symbiosis'® ™. The identification of
91 most of these essential peptides was random during the forward genetic analyses of
92 mutagenized M. truncatula populations. Therefore, the reverse genetic approach provides a
93 comprehensive and targeted way to analyse the function of the NCR gene family members.
94  The recently developed CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
95  Repeats/CRISPR-associated protein 9) system is a simple and precise tool for targeted gene
96 editing and analyse gene function in various plants'®. Several reports described the application
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97 of CRISPR/Cas9 gene editing system in legume species (soybean®’; peanut®; pea'®; Lotus
98 japonicus® including M. truncatula®*. Unfortunately, most legume species are largely
99 recalcitrant to somatic embryogenesis and in vitro plant regeneration, therefore generating
100 stable transformant legume plants using the Agrobacterium tumefaciens-mediated
101 transformation system is a cumbersome and time-consuming process. In contrast, the A.
102  rhizogenes-mediated hairy root transformation does not need complete plant regeneration,
103 therefore it provides an efficient tool for a fast and large-scale functiona analysis of root-
104 related traits, such as symbiotic nodule development. Despite its robustness, the A.
105 rhizogenes-mediated hairy root transformation has some disadvantages. For instance, the
106  transformation efficiency varies, and gene transfer is not achieved in all root cells®, or the
107  emerged hairy roots develop from multiple cells with different gene editing events which can
108  result in mosaicism of transformed and untransformed cells or even multiple genotypes. This
109  could cause trouble during gene editing of a wild-type genome to generate knockouts because
110 a smal amount of residual wild-type cells could affect the phenotype to be analysed.
111  Therefore, the removal of untransformed or partially transformed roots and analysing the
112  genotype of the whole hairy root is particularly important.

113 The CRISPR/Cas9 gene editing system, have been applied successfully to knockout and
114  analyse the requirement of peptides NCR247, NFS1 and NFS2'#%%" using A. rhizogenes-
115 mediated hairy root transformation. In these reports, the targeted NCR genes were selected
116 based on preliminary genetic or functiona studies. In this study, we optimized the
117 CRISPR/Cas9 system using hairy root transformation to generate mutation in selected NCR
118 genesand developed aworkflow to conduct their functional analysis for symbiasis.

119

120

121  Results

122  Testing the efficiency of a modified vector for CRISPR/Cas9 gene editing system to
123  target NCR169

124  To analyse the function of NCR genes, the CRISPR/Cas9 gene editing technology was used to
125  generate composite Medicago truncatula plants mutated in hairy roots. In order to monitor the
126  presence of CRISPR constructs, delivered into the genome of M. truncatula root cells using
127  the Agrobacterium rhizogenes-mediated hairy-root system®, the gene coding for the DsRed
128  fluorescent transformation marker was introduced into the CRISPR/Cas9 plant transformation
129  vector pKSE401 resulting in the vector pKSE401-RR. The constitutively active red

130 fluorescent marker allowed us to remove non-transgenic roots at the early stages to promote
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131 the growth of transgenic hairy roots. To test the efficiency of targeted mutagenesis of
132 pKSE401-RR, we designed three different single guide RNA (sgRNA) constructs targeting
133 the NCR169 gene, previously proved to be essential for effective nitrogen-fixing symbiosis™.
134 Each sgRNA (NCR169a, b and c) was designed directing to the first half of the coding
135 sequence of NCR169 but the initial 5 nucleotides for the protospacer sequences of NCR169b
136 and NCR169c were C instead of the optimal G(/A) which is preferred by the AtU6 promoter
137  (Fig. Sla;®). Nevertheless, we used these two suboptimal sgRNA constructs as well because
138  the short, 189 bp long coding sequence of NCR169 constrained the available optimal target
139  sequences. The three constructs carrying each sgRNAs were introduced into roots of wild-
140 type M. truncatula 2HA genotype using A. rhizogenes-mediated hairy root transformation. At
141 least ten transformed roots for each construct, detected by the DsRed fluorescent marker, were
142  sampled and used for genomic DNA isolation. The region surrounding the targeted sequence
143 in NCR169 was amplified by PCR. The sequence analysis of the amplicons detected only
144  wild-type genotypes on al the NCR169b-transformed roots and roots transformed with the
145 construct NCR169c were heterogeneous of wild-type and various mutant genotypes.
146  However, the construct NCR169a generated mutations at higher efficiency and beside
147  chimeric roots having both wild-type and distinct mutations, we could identify roots with
148 homozygous or bialelic mutations for NCR169 (Fig. S1d). The results indicated that the
149 presence of G at the 5" end of the protospacer sequence (G(/A)N19NGG) is crucia and using
150 Cinthis position greatly reduced the efficiency of genome editing which restricts the number
151 of possible target sites in the case of small genes such as NCRs. In addition, the sequence
152 analysis of amplicons containing the targeted region revealed that the sequences obtained by
153  Sanger method composed of multiplex sequence traces around the break site (Fig. S1b). An
154  online tool, TIDE, enabling the decomposition of mixed sequence signals was applied™ that
155 predicted the types of the mutation and the size of the deletion or insertion. For instance, the
156  decomposition of one of the amplicons of NCR169c disclosed the mixture of wild-type and
157 CRISPR/Cas9 edited sequences containing a 7 bp deletion and/or a one bp insertion (Fig.
158  Slc).

159  In agreement with a previous report™, we also found that different genome editing events
160  occurred in distinct hairy roots of a single plant which necessitates the analysis of individual
161  nodules separately. These findings led us to the conclusions that the effectiveness of genome
162  editing and the reliability of the identification of the nature of genome editing events needed
163  to beimproved in our system. Therefore (i) we replaced the Arabidopsis U6-26 promoter with
164 the M. truncatula U6 (MtU6.6) promoter driving sgRNA synthesis, (ii) we developed a
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165 preparation procedure allowing phenotypic and genotypic analysis of individual nodules, and
166  (iii) applied an NGS amplicon sequencing approach to assess alele distribution in individual
167  nodules.

168

169 Inducing mutations in NCR169 and NCR-new35 using the optimized CRISPR/Cas9-
170  mediated genome editing system

171  Previous studies found that the M. truncatula U6 promoter enhanced the expression efficiency
172  of guide or hairpin RNAs in legume species™®. To increase the efficacy of targeted
173  mutagenesis by CRISPR/Cas9, the Arabidopsis U6-26 promoter was replaced with MtU6.6 in
174  the pKSE401-RR resulting in the vector pK SE466-RR. We inserted the sgRNAs NCR169a
175 and another one, targeting the NCR-new35, of which requirement for effective symbiosis has
176  been recently demonstrated™, into pK SE466-RR, respectively. To validate the efficiency of
177 the pKSE466-RR vector construct, the empty vector and pKSE466-RR-NCR169a were
178 introduced into wild-type M. truncatula 2HA plants using A. rhizogenes-mediated hairy root
179 transformation and plants were inoculated with S. medicae WSM419. Nodules developed on
180 DsRed fluorescent transformed roots were harvested 3-4 weeks post inoculation (wpi) with
181 rhizobia, individually fixed and sections were stained with nucleic acid-binding dye SY TO13.
182  Following image capturing, genomic DNA was purified from nodule sections and the regions
183  surrounding the targeted sequences were amplified by PCR.

184  The elongated nodules developed on empty vector-transformed roots were pink and showed
185 the characteristic zonation of indeterminate nodules (Fig. 1a and d). The nodules on the roots
186 of M. truncatula 2HA transformed with the pK SE466-RR-NCR169a were either pink and
187  elongated, suggesting that these nodules were functional wild-type (Fig. 2g, i and k), or white
188  undeveloped, implying that these were ineffective symbiotic nodules (Fig. 1b and 2b, d and f).
189 To determine the nature of the mutations at the targeted region, the sequence analysis of the
190 amplicons, generated from randomly selected elongated and undeveloped nodules, was
191 carried out. The targeted amplicon sequences were determined using a next-generation
192 sequencing (NGS) approach and the quantitative allele composition and the verification of
193  genome editing mutations were analysed using the online tool CRISPRess02*. The analysis
194  revealed that all the white undeveloped nodules carried few base pair biallelic insertions or
195 deletions at a high ratio and the very few reads of wild-type alleles identified in these nodules
196 were probably derived from sporadic wild-type cells or the trace amount of wild-type
197  contamination (Fig. 1b, Fig. 2af). The morphology and bacterial occupancy of these
198 SYTO13-stained undeveloped nodules were very similar to the nodulation phenotype of the
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199 deletion mutant dnf7-2 showing no fluorescence in the nodule region proximal to the root
200 (Fig. 1e). In addition, these plants, compared with empty-vector-transformed plants, showed
201 the symptoms of nitrogen starvation (yellowish leaves and stunted growth habit) indicating
202 the defect of symbiotic nitrogen fixation of these nodules (Fig. 1b). Contrary to these, the
203  seguence analysis of the randomly selected elongated pink nodules showed that they either
204  carried amost exclusively wild-type aleles (Fig. 2g and h) or they were heterozygous for
205 example for a 4 bp deletion and the wild-type alleles (Fig. 2i and j). We also found a wild-
206  type nodule that predominantly carried a homozygous deletion of 3 base pairs resulting in a
207  deletion of the first single Glu residue of the mature peptide of NCR169 which mutation did
208 not abolish the symbiotic function of NCR169 (Fig. 2k and I).

209 We aso applied the developed CRISPR/Cas9 toolkit to target NCR-new35, a recently
210 identified NCR gene which is crucid for the persistence of bacteroids in M. truncatula cv.
211  Jemalong nodules™. The empty vector and the pK SE466-RR-NCRnew35 constructs were
212  introduced into the roots of M. truncatula 2HA and M. truncatula ecotype R108 plants using
213 A rhizogenes-mediated hairy root transformation. Nodules on empty vector-transformed roots
214  displayed the characteristic zonation of indeterminate nodules showing cells occupied by
215  rhizobia (Figure S2e and m). In contrast, undeveloped nodules were observed on roots of M.
216 truncatula 2HA and R108 plants transformed with the editing construct of NCR-new35
217  (Figures S2 and Fig. S3g-r and Fig. 4e-h). The sequence analysis showed that undeveloped
218 nodules, randomly collected from transformed roots of M. truncatula 2HA and R108 plants,
219 carried bialelic or monoallelic homozygous mutations in the amplicons containing the target
220  sequence in MINCR-new35 (Fig. 4q and r). SYTO13-staining revealed that these nodules did
221  not show the typical zonation and only their apical part fluoresced indicating that the region
222  corresponding to the prospective nitrogen fixation zone was devoid of rhizobia (Figure S2f-h
223 and n-p). The morphology and bacterial occupancy of genome edited nodules were in
224  agreement with the nodulation phenotype of Mtsyml19 and Mtsym20 nodules defective in
225 NCR-new35™. These results also revealed that NCR-new35 is crucial for the symbiotic
226  interactions not only between M. truncatula 2HA and S medicae WSM419 but between M.
227  truncatula R108 and S meliloti FSM-MA as well.

228

229  Selecting of NCR genesto be targeted by CRISPR/Cas9 editing

230 The M. truncatula genome contains a large gene family coding for more than 700 NCR
231  peptides but only few of them, NCR169, NCR211, NCR247, NCR343 and NCR-new35, have

0

232 been proved to be crucial for symbiosis'®™. The sequences of the essential NCR genes are
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233  highly variable, and their common feature is that they contain four cysteine residues in
234  conserved positions. The peptide NCR247 is unigque among the crucial and most of the other
235 NCR peptides because it contains five residues between the third and fourth conserved
236 cysteines compared with the canonical four internal residues®. In addition, no common
237 feature could be identified among few NCR peptides found to be non-essential for
238  symbiosis'®***3, Therefore, it was not straightforward to ascertain which additional NCR
239  peptides are essential and should be targeted. Despite all that, we have set up a selection
240 pipelineto identify NCR genes to be targeted. We have analysed several features of more than
241 700 predicted NCR genes identified in the M. truncatula genome®. The signal peptides of
242 NCRs are crucia for delivering the peptides to the bacteroids™®’, therefore, (i) first we
243  selected 655 NCR genes coding for peptides possessing a predicted signa peptide (Fig. 3a).
244 The pool of NCR genes to be targeted (ii) were further enriched by selecting the encoded
245  peptides with four cysteine residues in conserved positions. (iii) We have analysed the
246  expression profile of the diminished list of 248 NCR genes in the database obtained by laser-
247  capture microdissection of M. truncatula nodules®. We identified 11 NCRs with no reads,
248  evidently seem to be pseudogenes, and 65 NCRs which are expressed at low level (< 10 000
249  reads) in nodules compared with other NCRs. The recently identified NCR-new35 shows the
250  lowest expression level among the crucial NCRs™ and thus, we have selected genes from the
251 172 NCRs showing similar or higher expression level as NCR-new35 (Fig. 3c and d). (iv)
252  These NCR genes were analysed to predict whether they had contained sequences which were
253 amenable to CRISPR-based editing. The cysteine residues are essential for the function of
254  NCR peptides in planta >3, therefore we have prioritised those NCRs which could be
255 targeted prior to the fourth conserved cysteines to generate presumably non-functional
256  peptides. We have further searched the M. truncatula genome using an online prediction tool
257  CRISPOR™ for off-target sites that could be recognized by sgRNAs designed for NCR genes.
258 Theisoeletric points (pl) of crucial NCR peptides vary between 4.78 and 10.15 implying that
259  anionic, neutral and cationic NCR peptides could be essential for nitrogen-fixing symbiasisin
260 M. truncatula. For this reason, the gene of NCR peptides with wide range of charges were
261 selected to be edited (Fig. 3b). (v) Finaly, we have selected four NCR genes, NCROGS,
262 NCRO089, NCR128 and NCR161, to be targeted by CRISPR/Cas9 editing. The pl of the
263  encoded mature peptides varied between 5.75 and 8.34 (Fig. 3b). NCR128 and NCR161 are
264  induced in the late infection zone and showed expression in the interzone but NCR068 and
265 NCRO089 are preferentialy expressed in the interzone and at lower level in the nitrogen
266 fixation zone based on the LCM transcription data (Fig. 3c,®). The transcription activity of


https://doi.org/10.1101/2023.08.23.554415
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.554415; this version posted August 25, 2023. 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-ND 4.0 International license.

267  the four selected NCRs was lower than NCR169 and NCR211 but similar or higher than NCR-
268 new35 (Fig. 3d).

269

270  Inducing mutationsin selected NCR genes using the CRI SPR/Cas9 system

271  To induce mutations in genes NCR068, NCR089, NCR128 and NCR161 by CRISPR/Cas9-
272  mediated cleavage, sgRNA constructs targeting a single site of each gene were designed. The
273  designed sgRNAs targeted either the upstream region of the gene close to the sequence coding
274 for thefirst residues of the mature peptide or at least at a site prior the sequence coding for the
275 last cysteine residue (Fig. 3e). These sgRNA constructs along with the control empty vector
276  and the constructs targeting NCRnew-35 and NCR169 were introduced into M. truncatula
277  2HA roots using A. rhizogenes-mediated hairy root transformation. Transformed plants were
278  inoculated with S. medicae WSM419 at 2-3 weeks after removal of non-transformed roots and
279  the symbiotic phenotype of transformed plants were scored at 4-7 wpi. The aerial part of
280 plants transformed with empty vector or the constructs targeting NCR068 did not show the
281 symptoms of nitrogen deficiency (Fig. 1la and ¢) and plants transformed with constructs
282  targeting genes NCR089, NCR128 and NCR161 displayed the similar growth habit (data not
283  shown) indicating the effective symbiotic nitrogen fixation capacity of these plants. Nodules
284 formed on roots transformed with sgRNA constructs of the four selected NCRs were
285 elongated and pink suggesting that they were functional nodules (Fig. 4j, |, n and p). The
286  staining of nodule sections with SYTO13 revealed that the bacterial colonization of nodules
287  targeted for mutagenesis of genes NCR068, NCR089, NCR128 and NCR161 was identical to
288  the wild-type indeterminate nodules devel oped on empty-vector transformed roots (Fig. 4i-p).
289 Contrary, 2HA plants carrying mutations in NCR169 or NCR-new35 in each hairy root
290 displayed retarded growth, showed the symptoms of nitrogen starvation characteristically
291 (Fig. 1b) and slightly elongated white nodules were found on their roots (Fig. 4f, Figures S2
292 and S3). In addition, the occupancy of nodules mutagenized for NCR169 and NCRnew-35
293  showed the phenotype characteristic for the previously described deletion mutants'®*® (Fig.
294 1b, 4e-h, Figures S2 and S3).

295 To verify the result of CRISPR/Cas9 genome editing, the targeted regions were amplified
296  from nodule sections following microscopic anaysis and sequenced using a MiSeq platform.
297  The sequence analysis of the amplicons was carried out with the online tool CRISPResso2.
298 The Cas9-induced mutations were predominantly indels, with frequencies between 47 and
299  100% of total reads (Table 1.). The genotyping also revealed that individual nodules were

300 often chimeric containing more than two alleles or the ratio of the two alleles deviated from
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301 the expected 1:1 ratio indicating that the tissues of these nodules on hairy roots originated
302 from multiple founder cells with different genetic background. The identified indels generated
303 frameshift mutations in the targeted NCR genes presumably producing malfunctioning
304  peptides. Nevertheless, all the nodules carrying biallelic mutations in the targeted NCRs were
305 elongated and pink, indicating the presence of leghemoglobin, and were fully colonized by
306 rhizobia indicating that peptides NCR068, NCR089, NCR128 and NCR161 are not required
307 for the effective symbiotic nitrogen fixation between M. truncatula 2HA and S medicae
308 WSM419 (Fig. 4i-p. and 4).

309

310 The nodulation phenotype of stable mutant of NCRO68 regenerated from gene edited
311 hairy rootsisnot strain dependent

312 To analyse the symbiotic phenotype of genome editing mutants in more detail, we regenerated
313 transgenic plants from hairy roots mutagenized for NCR genes. As a proof of concept, we cut
314  root segments that had been transformed with the editing construct of NCR068 and stable
315 transformants were regenerated using a slightly modified formerly published protocol®. DNA
316 was purified from the leaves of hairy root-derived regenerated plants and the sequence
317 analysisreveded that all the plants were homozygous containing a single adenine insertion in
318 NCRO068 (Fig. 5g). The one bp insertion generates a frame shift in the coding sequence of
319 NCRO068 and the mutant sequence encodes a chimera peptide containing 27 NCR068-specific
320 and 23 non-NCRO068-specific residues before termination. The fourth cysteine residue in the
321  conserved position is lacking in the chimeric NCRO68 peptide and based on the necessity of
322  cysteines for the function of NCRs in planta “***, we reckoned that the mutant NCRO068
323  peptide does not function correctly.

324 To confirm the symbiotic phenotype of regenerated ncrO68 mutant, T1 seeds were
325  synchronously germinated and planted into substrate with no nitrogen content. Three wpi with
326 S medicae WSM419, ncr068 stable transformants did not show symptoms of nitrogen
327  starvation and developed like wild type M. truncatula 2HA plants (Fig. 5a). Nodules, formed
328 on the roots of stable transformant ncr068 mutant plants were elongated similarly what we
329 found on the hairy roots of composite plants induced by the transformation construct targeting
330 NCRO068 (Fig. 5¢c and €). The staining of ncrO68 nodule sections with SYTO13 reveded
331 infected cells in interzone and nitrogen fixation zone fully occupied with elongated bacteria,
332 similarly asit was found in wild-type nodules and NCRO68-targeted hairy roots (Fig. 1d and f,
333 5b and d). The nodulation phenotype of the regenerated mutant ncrO68 confirmed that the
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334  peptide NCRO68 is not essential for the nitrogen-fixing symbiaosis between M. truncatula and
335 S medicae WSM419.

336 Different symbiotic efficiency has been reported for Sinorhizobium sp.**%’

, therefore we
337 assayed the strain-dependent nodulation phenotype of regenerated ncrO68 mutant in response
338 to S meliloti strains 2011 and FSM-MA compared with S. medicae WSM419. The growth
339 habit of wild-type M. truncatula 2HA and ncrO68 mutant plants was similar following
340 inoculation with any of the tested strains (Fig. 6). We observed a similar shoot dry weight of
341  wild-type and ncr068 plants inoculated with S. meliloti FSM-MA or S. medicae WSM419
342  (Figure S5). In agreement with published results®, the performance of wild-type and, in our
343  study ncrO68 plants as well, inoculated with S medicae WSM419 superseded the plants
344  inoculated with S. meliloti 2011 (Figure S5). The dnf7-2 mutant showed the previously
345  described ineffective symbiotic phenotype with all three tested rhizobia strains (Fig. 6). In line
346  with the growth habit, the nodules developed on wt and ncr068 roots inoculated with the
347  highly compatible strains S. medicae WSM419 and S mdiloti FSM-MA were cylindrical,
348 pink and fully colonized by rhizobia but nodules elicited by the less effective strain S. meliloti
349 2011 were only slightly elongated (Fig. 6). In brief, no difference in plant development and
350 nodule structure was noticed between wt and ncr068 plants with the tested rhizobia which
351  suggests that the symbiotic phenotype of plants lacking NCRO68 is not strain-dependent.

352

353

354  Discussion

355

356 NCR peptides, present solely in IRLC clade and Dalbergoid legumes, modulate the
357 differentiation of nitrogen-fixing endosymbiont bacteria “>%. NCRs compose a large gene
358  family with more than 700 members’ in M. truncatula and because this large number of
359 NCRs, their function was thought to be redundant. The identification of few individua NCRs
360 crucial for nitrogen-fixing symbiosis disproved this concept ®*°. These essentid NCRs
361 except for NCR247, which was analysed by reverse genetic approach, were identified
362 fortuitously using deletion mutant collections of M. truncatula. In addition, the large deletions
363  in mutants dnf4-1 and NF-FN9363 unveiled NCR peptides, NCR178, NCR341, NCR344 and
364 NCR345, which are not crucial for the effective nitrogen-fixing symbiosis with the studied
365 rhizobia strains™'3. Moreover, no specific chemical properties, charge or amino acid
366 composition have been observed for the NCRs which would discriminate between crucial and

367 non-crucial NCR peptides. Therefore, the targeted gene editing is the most promising tool to
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368  ascertain the need of a particular NCR peptide for nitrogen-fixing symbiosis. In this study, we
369 used the CRISPR/Cas9 technology in the model legume M. truncatula to knock-out four
370 selected NCR genes encoding for peptides with four conserved cysteine residues representing
371 theanionic, neutral and cationic members of the gene family.

372 The A. rhizogenes-mediated hairy root transformation produces chimeric root system
373 composed of different ratio of transformed and non-transformed roots depending on the
374  efficiency of transformation. To identify transformed roots in a convenient and non-
375 destructive way and improve gene editing efficiency, a modified vector system carrying the
376  DsRed transformation visible marker and single-site gRNAs under the control of the M.
377  truncatula U6 promoter were applied to generate mutations in the selected NCR genes in M.
378 truncatula 2HA and R108 plants. Despite of its robustness, the A. rhizogenes-mediated hairy
379  root transformation system has the disadvantage of occasionally emerged chimeric roots of a
380 mixture of transformed and -non-transformed cells. In addition, the CRISPR/Cas9 system is
381 not necessarily competent to edit the target sites in every cell or independent gene editing
382 events occur in severa transformed cells. Our results provided evidence of both cases; we
383 found chimeric roots containing the mixture of wild-type and mutant alleles with different
384 ratio, these roots mostly retained wild-type nodulation phenotype, and we detected roots
385 having multi-allelic mutations at target sites. To eliminate these interfering effects and reveal
386 the association between CRISPR/Cas9-induced mutations and the symbiotic phenotype
387  without a doubt, we have sequenced the amplified fragment population of the targeted sites of
388 SYTO13-stained and examined sections of individual nodules. This enabled the precise
389 analysisof alarge set of nodules and gene editing events could be coupled with the phenotype
390  of each nodule.

391 We used two essential NCRs, NCR169 and NCR-new35, to prove the efficiency of the
392 CRISPR/Cas9 gene editing tool in our A. rhizogenes-mediated hairy root transformation
393 system and selected four NCRs (NCR068, NCR089, NCR128 and NCR161) to assay their
394 requirement for symbiotic nitrogen fixation. We generated mutant versions of the four
395 previously non-investigated NCRs and the analysis of the colonization of the corresponding
396 nodulesindicated that these four NCRs are not essential for the symbiotic interaction between
397 M. truncatula 2HA and S medicae WSM419. The removal of variable number of non-
398 transgenic roots from each plant and the potential presence of root cells with non-edited
399 genome did not enable the reliable analysis of the nitrogen starvation phenotype (stunted
400 growth, yellow leaves) of the shoots of transformed plants. The nodules of all the previously
401 identified mutants defective in essential NCRs were white and slightly elongated and showed
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402  defects in colonization of the region corresponding to the nitrogen fixation zone'*****°,

403  Therefore, we assessed the symbiotic phenotype of genome edited nodules mostly based on
404  their size, colour, and the colonization of the nitrogen fixation zone. The coordinated
405 sequence and phenotype analyses which we carried out on every single nodule, clearly
406 demonstrated that CRISPR/Cas9-induced mutations generating corrupted open reading frames
407 in the coding sequence of NCR068, NCR089, NCR128 and NCR161 did not affect the
408 nodulation phenotype of gene edited roots, thus these NCR peptides are not essentia for the
409 nitrogen-fixing symbiosis between M. truncatula 2HA and S. medicae WSM419. Although
410 the four target NCR genes were selected based on the common features of the encoded
411  essential peptides (four cysteine residues in conserved positions, predicted signal peptide,

412  nodule-specific expression, unique sequence, various pl;'%**3

), these criteria were not
413  adequate to identify essentials NCR peptides. This conclusion was supported by the genetic
414  studies that identified non-essential peptides, NCR341, NCR344 and NCR345, possessing
415  thesefeatures. The four NCR peptides targeted in this study extend the group of NCRs proved
416 to be non-required for nitrogen fixation under the symbiotic conditions used in this study. Our
417  findings show that peptides NCR068, NCR089, NCR128 and NCR161 are either not crucial
418 or have minor or redundant roles in symbiosis. Alternatively, these peptides may be required
419  under specific symbiotic or environmental conditions or essential for strain-specific symbiotic
420 interaction.

421 We have demonstrated that the A. rhizogenes-mediated hairy root transformation was
422  successfully adapted to screen the requirement of NCR peptides for nitrogen fixation. We
423  have regenerated plants of gene edited knockout of NCR0O68 gene directly from transformed
424 hairy root segments to carry out a more detailed analysis of CRISPR/Cas9-induced mutations
425 in stable transformants. A previous proteomic study identified peptide NCRO68 in
426  bacteroids® and we anticipated that NCR068 may have a crucia role in symbiosis. The
427  mutant plants carrying a frame-shift mutation, induced by the insertion of a single base pair,
428 in NCRO68 in their germline showed similar nodulation phenotype to nodules found on A.
429  rhizogenes-mediated mutant hairy roots proving the efficiency and usability of CRISPR/Cas9-
430 mediated mutagenesis using hairy root transformation. The stable ncr068 mutant enabled us
431  to assay the symbiotic phenotype with S. medicae strain WSM419 and two S. meliloti strains,
432 2011, alaboratory reference strain and FSM-MA, which is highly effective symbiotic partner
433 of M. truncatula A17 and R108%". All the three tested rhizobia strains induced the formation
434  of wild-type nodules on the root of ncrO68, indicating that its symbiotic phenotype is not
435  strain-specific.


https://doi.org/10.1101/2023.08.23.554415
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.23.554415; this version posted August 25, 2023. 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-ND 4.0 International license.

436  Our study demonstrates that an optimized gene editing CRISPR/Cas9 vector construct and the
437  developed workflow (Fig. S6) to analyse nodules developed on hairy roots mediated by A.
438 rhizogenes- transformation is an effective system to analyse the symbiotic function of NCR
439  genes. Although the selected NCR peptides were found to be non-essential for nitrogen-fixing
440 symbiosis, the gpplication of the technology can identify additional indispensable and crucial
441  NCR peptides for nitrogen-fixing symbiosis.

442

443 Materialsand Methods

444  Plant material, growth conditions, bacterial strains and nodulation assay. Medicago
445  truncatula cv. Jemalong 2HA line® (2HA) and the M. truncatula R108 accession (R108)
446  were used for transformation experiments. For sterilization and scarification, seeds were
447  soaked in concentrated sulfuric acid for 8 minutes, then rinsed with distilled water. Sterilized
448  seeds were vernalized for 3 days on inverted 0.8 % (w/v) water agar plates at 4 °C and
449  germinated overnight at room temperature before transformation. Seedlings were grown in
450 zeolite substrate (Geoproduct Kft., Mad, Hungary) for five days before inoculation with
451  rhizobia. Plants were grown in SANY O HM 350 environmental test chambers at 23 °C at 16/8
452  hours light/dark periods.

453 M. truncatula 2HA plants were inoculated with Snorhizobium (Ensiferi) medicae strain
454  WSM419 (SmWSM419) carrying pXLGD4 plasmid®, constitutively expressing the lacZ
455  reporter gene under the control of the hemA promoter. To test strain specific symbiotic
456  phenotype of ncr068 mutants, T1 plants were inoculated with S. meliloti 2011, S. meliloti
457 FSM-MA and SmMWSM419 (pXLGD4) strains. M. truncatula R108 plants were inoculated
458  with S meliloti FSM-MA. The rhizobium strains were grown overnight in liquid TA medium.
459  The bacteria were pelleted, resuspended and diluted to ODeggo 0.1 in nitrogen free liquid
460  Fahraeus medium * and used for inoculation.

461

462  Construction of the CRI SPR/Cas9 binary vector used for gene editing

463 For CRISPR/Cas9-based gene editing experiments, a modified version of the pKSE401
464  vector® was generated. DsRed fluorescent protein under the control of the 830 bp promoter of
465 UBQ10 gene from Arabidopsis thaliana was inserted into the EcoRI digested vector to allow
466 the identification of transformed roots based on their fluorescence. This generated construct
467 (pKSE401 RR) was further modified by replacing the AtU6 promoter with MtU6.6
468  promoter®™* resulting the construct pk SE466_RR. The MtU6.6 fragment was amplified from
469 the genomic DNA of M. truncatula A17 using the primers MtU6.6_prom_InF_F1 and
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470 MtU6.6_prom_InF_R aong with the guide cassette fragment amplified from pKSE401 RR
471  using the primers pKSE401 empty InF F2 and pKSE401 InF R2 (Table S1) and the
472  amplified fragments were assembled into the HindllI digested pK SE401_RR vector backbone
473  using In-Fusion cloning (Takara Bio, Kusatsu, Japan).

474

475  Selection of targeted genes and generating CRI SPR/Cas9 constructs

476  To select the M. truncatula NCR genes to be targeted, we have analysed the previously
477  collected and described NCR peptide sequences’. During the selection, first the signal peptide
478  prediction was repeated with the SignalP 5.0 tool®. If the prediction did not detect signal
479  peptide, the whole peptide sequence was considered as mature peptide. Further on, NCR
480  peptides possessing four cysteine residues in conserved position (X;-C-X5-C-Xn-C-X4-C-Xp)®
481 were selected. The transcriptional activity of this set of NCR genes was analysed in the
482 RNAseq data of M. truncatula nodules® and genes with more than 10 000 reads were
483  retained. The final set of 157 NCR genes was classified based on their isoelectric point® and
484  few genes showing low similarity to other NCRs were selected from each category and were
485 selected to design sgRNA constructs. All sgRNAs were designed using the online tool
486  available a http://crispor.tefor.net/ * using the M. truncatula A17 (MtrunA17r5.0) genome as

487  reference®. In each case, the targeted region was in the first half of the coding sequence of the
488 NCR gene and upstream from the last conserved cysteine residue. To minimize the risk of off-
489 target mutations all selected sgRNA had at least two mismatches comparing with potential
490 off-target sites (Table S2). Targets with GNig NGG motif were preferred for optimal
491  expression controlled by the MtU6.6 promoter. Plasmid constructs were assembled following
492  the protocol described by Xing at al.*®

493

494  Agrobacterium rhizogenes-mediated hairy root transfor mation

495 CRISPR constructs were introduced into the ARqual strain of Agrobacterium rhizogenes and
496 used for hairy root transformation of M. truncatula 2HA and R108 seedlings as described by
497  Boisson-Dernier et al.?®. Each CRISPR construct was transformed into the roots of at least 35
498 plants in transformation and experiments were repeated at least twice. Following
499 transformation, the seedlings were grown for one week in sgquare petri dishes containing
500 antibiotic-free Fahraeus medium and then seedlings were transferred to selective Fahraeus
501 medium supplemented with 25 mg/l kanamycin. To prevent root growth into the agar, the
502  roots were carefully positioned between two layers of Whatman filter paper. Following the

503 plant growth for additional two weeks, non-transgenic roots, identified based on the absence
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504 of red fluorescence, were excised. After then, plants were transferred into zeolite
505 supplemented with Fahraeus medium containing 2 mM NH4NO;. Plants were further grown
506 in plastic boxes to preserve rhizobium-free conditions and inoculated with rhizobia after 2-3
507 weeks. Prior inoculation with rhizobia, newly emerged non-transgenic roots were excised
508 again.

509

510 Embryonicinduction and plant regeneration from hairy-root cultures

511 Plantlets were regenerated from transformed hairy roots grown on plate under sterile
512 conditions using a slightly modified protocol described previously®. Three-week-old
513 transgenic hairy roots were identified by DsRed fluorescence using a Leica MZ10-F
514  fluorescence stereo microscope (Leica Microsystems GmbH, Wetzlar, Germany) and cut into
515  approximately 0,5-1 cm segments and placed on modified MTR-2 medium (Murashige and
516  Skoog medium including vitamins supplemented with 5.0 mg/lI 2,4-Dichlorophenoxyacetic
517 acid, 0.5 mg/l 6-Benzylaminopurine (BAP), 3 % (w/v) sucrose, 50 mg/l kanamycin, 250 mg/I
518 cefotaxime solidified with 0.8 % (w/v) agar) to induce primary calli. After 2-3 weeks of
519 incubation in dark at room temperature, calli were transferred to the modified MTR-3 medium
520  supplemented with BAP (Murashige and Skoog medium including vitamins supplemented
521  with 0.5 mg/l BAP, 2 % (w/v) sucrose, 50 mg/l kanamycin, 250 mg/l cefotaxime solidified
522  with 0.8 % (w/v) agar) to induce embryonic calli and plates were kept in plant growing
523  chambers with a photopheriod of 16 h of light and 8 h darkness at 24 °C. The calli were
524  transferred to fresh medium in 1-2-week intervals. Shoots developed on MTR-3 + BAP
525  medium were put on MTR-3 medium (without selective agent) in glass tubes and transferred
526  to fresh medium on every 2-5 weeks to promote development and induce roots. Well-grown
527  shoots were propagated by cutting the apical 2-3 cm of the shoots and they were transferred
528 into separate tubes. After rooting, the TO regenerated plants were transferred into jars
529  containing zeolite, watered with Fahraeus medium supplemented with 2 mM NH4NO;. The
530 jarswere kept in growth chambers under the same condition as described above and humidity
531 in the jars was gradually decreased. Once new healthy leaves emerged, the plantlets were
532 inoculated and tested for nodulation phenotype or alternatively, they were transferred to
533  nutrient-rich soil in the greenhouse for seed collection.

534

535 Phenotypic characterization of transformed plants and micr oscopy analysis

536 To observe intact roots and nodules and detect fluorescence of transformed roots, a Leica
537  MZ10F fluorescent dissecting microscope equipped with ET DSRED, and GFP LP filters was
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538 used (Leica Microsystems). Transgenic nodules were harvested, promptly immersed into ice-
539 cold 1xPBS (pH 7.4) and fixed with 4% paraformaldehyde. Fixed nodules were embedded in
540 5% (w/v) agarose gel prepared in 1xPBS and 100 um tick longitudinal sections were prepared
541  with Leica VT 1200S vibratome. Nodule sections were stained in 1XPBS solution containing
542 5 puM SYTO13 dye (Thermo Fisher Scientific, Waltham, MA, USA) for 30 minutes at room
543 temperature. Images of stained nodule sections were captured using a Leica SP5 AOBS
544  confocal laser scanning microscope (Leica Microsystems).

545

546  DNA isolation from sections of transgenic nodules

547  To purify DNA from fixed nodule sections, 2-8 sections per nodule sample were collected
548  after SYTO13 staining and microscopic analysis and transferred into nodule lysis buffer [100
549 mM Tris-HCI (pH 8), 0,5M EDTA (pH 8), 0.2 % SDS, 5 mM NaCl, Proteinase K 0.02 pg/ul].
550 The samples were homogenized using glass pestles and incubated at 56 °C overnight.
551 Proteinase K was inactivated by incubating the samples at 95 °C for 15 minutes. Samples
552  were spin down by microcentrifuge and cooled them to room temperature. Subsequently 2 L
553 RNase A (from 10 mg/ml stock) was added and incubated a room temperature for 2 min.
554  After that, 200 pL binding buffer [2.55M Guanidium-HCI, 10 % Triton X-100, 37 % ethanol]
555 was added and briefly vortexed, and 200 pL of 96 % ethanol was added to the mix and
556  vortexed immediately. The mixture was centrifuge a 8000 rpm for 30 second to pellet the
557  tissue debris. The supernatants were then transferred to QIAprep Spin Miniprep columns
558 (Qiagen, Hilden, Germany). Following centrifugation at 8000 rpm for 1 min, the flow-through
559  was discarded and columns were washed two times with 500 pL washing solution (10 mM
560 TrissHCI pH 7.5, 80% ethanol). After the second washing step flow-through was discarded
561 and columns were centrifuged a 13.000 rpm for 3 min. DNA elution was performed by
562 incubating the columns with 35-50 pL of de-ionized water at 50 °C for 3 minutes and eluted
563 DNA was collected by centrifugation at 13,000 rpm for 1 min.

564

565  Sequenceanalysis of tar geted genesin gene-edited nodules

566 The analysis of the result of target site mutagenesis of transgenic roots targeted by the
567 sgRNAs NCR169a, NCR169b and NCR169c was performed by Sanger sequencing of PCR
568 fragments amplified from the target region using ncr169 F1 and ncrl69_R17 primer pair. To
569 analyse the edits of targeted regions of genes NCR169, NCR-new-35, NCR068, NCR128,
570 NCRO089 and NCR161 in nodule samples, the PCR amplified fragments were analysed by
571  next-generation sequencing (NGS). The genomic regions of appr. 200 bp, including the target
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572  sites, were amplified using GoTag™ G2 polymerase (Promega corp. Madison WI, USA)
573 according to the manufacturer's instructions and gene specific primer pairs containing 5
574  adaptor sequences (Table S1) The samples were sequenced on [llumina platform, generating
575 10 000 reads per sample. NGS sequence analysis was carried out by using CRISPresso2
576  program> using default parameters.

577
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717  Figurelegends

718

719 Figure 1. Plant gross and nodulation phenotype of Agrobacterium rhizogenes-mediated
720 transgenic M. truncatula Jemalong 2HA hairy-roots mutagenized with CRISPR/Cas9 gene
721  editing. No sign of nitrogen deficiency was observed on plants transformed with empty vector
722 (@) or the construct targeting NCRO68 (c) 4 weeks post inoculation with S. medicae WSM419.
723  Transgenic roots were identified by fluorescence of DsRed protein. Elongated pink nodules,
724 showing the characteristic features of indeterminate nodules, developed on transgenic roots.
725  These nodules were fully colonized by rhizobia visualized by the fluorescent dye SYTO013 (d
726 and f). (b) Targeted mutagenesis of NCR169 resulted in transgenic plants showing the
727  symptoms of nitrogen starvation. Small, spherical and white ineffective nodules were formed
728 on NCR169-targeted roots. (€) ncr169 mutant nodules did not contain infected cells in the
729  region corresponding to the nitrogen fixation zone of wild-type plants. Inset images in (d-f)
730  show the higher magnification of cellsin nodule regions indicated by white rectangles. (g and
731 h) The targeted regions were amplified and sequenced from the transgenic nodules. The
732  sequence analysis revealed biallelic mutations causing frameshifts in edited NCR169 (g) and
733  NCRO068 (h) genes. ZII: infection zone; 1Z: interzone; ZII1: nitrogen fixation zone; EV, empty
734 vector

735

736  Figure 2. The nodulation phenotype of hairy roots transformed with the construct pK SE466-
737 RR-MtNCR169a was associated with the proportion of wild-type NCR169 allele or with the
738  presence of mutant NCR169 lacking a single residue. White (Fix-) and pink (Fix+) nodules
739  were randomly harvested 3-5 wpi with S. medicae WSM419 and the result of gene editing
740 wasidentified by the sequencing of the targeted region using an lllumina platform. The ratios
741  of reads assigned to mutant (brown ochre) and wild-type (blue) alleles are presented in pie
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742  chart. Fix- nodules (b, d, and f) carried aimost exclusively insertions or deletions resulting in
743  frameshift in the coding sequence of NCR169 (a, ¢ and €). Contrary, pink nodules (g, i and k)
744  carried either unmodified alleles on alarge scale (>40%) (h and j) or adeletion of 3 base pairs
745  that did not result in the loss of function of NCR169 (1).

746

747  Figure 3. Selection of NCR genes to be targeted by CRISPR/Cas9 mutagenesis. (a) 679 M.
748 truncatula NCR genes were grouped based on the presence of a signa peptide in their
749  encoded peptide sequence and containing four cysteine residues in conserved positions. (b)
750  the 248 NCR peptides complying with all the three features (a) were classified based on the
751 charge of the encoded mature peptides. NCR peptides crucial for symbiosis are highlighted in
752  red, peptides targeted in this study by gene editing are in black and peptides found to be non-
753  essential in the former study™ are in purple. (c) Relative spatial expression of four NCR genes
754  essential for symbiosis and four NCRs mutageni zed using CRISPR/Cas9 method in this study.
755  Expression was determined by RNAseq of nodule zones obtained with laser-capture
756  microdissection described in the study®. (d) The total read number of the NCR transcripts
757 identified by RNAseq and analysed in panel (c). All the four NCRs selected for gene editing
758  show higher transcriptional activity than NCR-new35 showing the lowest expression activity
759 among the crucial NCR genes. (e) The cleavage sites of Cas9 on the sequences of NCR genes
760 targeted by CRISPR/Cast gene editing in this study. The target sites of each guideRNA were
761 designed upstream of the nucleotides coding for the fourth conserved cysteines of each NCR
762  peptides. ZIlI: nitrogen fixation zone; 1Z: interzone; I1D: distal part of infection zone; I1P:
763  proximal part of infection zone; pl: isoelectric point

764

765 Figure 4. (a-p) Nodulation phenotype of M. truncatula 2HA (e, f, i-p) and R108 (g and h)
766  plants mutagenized using the CRISPR/Cas9 method with A. rhizogenes-mediated hairy root
767  transformation. Transformation with gene editing construct designed to target NCR-new35 (e-
768 h) resulted in ineffective white and slightly elongated nodules while the homozygous or
769  bidlelic mutant alleles of NCR0O68 (i and j), NC089 (k and I), NCR128 (m and n) and
770 NCR161 (o and p) were similar to the elongated and pink nodules formed on empty vector-
771  transformed roots of M. truncatula 2HA (a and b) and R108 (c and d) plants. Images of
772  nodule sections following SYTO13 staining and whole nodules were taken 4-5 weeks post
773 inoculation with S medicae WSM419 used for M. truncatula 2HA and S meliloti FSM-MA
774  for R108 plants. (g-v) Allele-specific results of CRISPR/Cas9 editing of the targeted NCR
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775 genes identified by next generation sequencing on Illumine platform. Black and brown
776  rectangles show deleted and inserted nucleotides, respectively.

77

778  Figureb. (a) Stable ncr068 mutants regenerated from segments of transgenic hairy roots with
779  induced mutations in NCRO68 using the CRISPR method retained wild type symbiotic
780 phenotype similar wild wild-type (WT) M. truncatula 2HA plants 3 wpi with S. medicae
781 WSM419. (b and ¢) The gene edited nodules developed on A. rhizogenes-transformed hairy-
782  roots were elongated and pink with colonized cells in the nitrogen fixation zone. (d and €)
783  Nodules developed on the roots of regenerated stable ncrO68 mutants were similar to the
784 nodules found on hairy-roots mediated by A. rhizogenes. (f) The selected hairy root
785 (NCR068-5 S138) was chimeric and compaosed of cells with homozygous insertions of A or
786 G in the targeted region of NCR068. (g) The regenerated stable ncr068 mutants (Ac2211)
787  carried ahomozygous A insertion causing a frameshift in the coding sequence of NCR068. (h)
788 Thealignment of WT and mutant NCR068 peptide sequences encoded by the mutated genein
789  the stable ncr068 mutant. Identical residues are highlighted by black background, conserved
790 Cysresiduesareinred. SP, signal peptide; MP, mature peptide

791

792  Figure 6. Stable ncr068 T1 mutant plants inoculated with three rhizobia strains show wild-
793  type symbiotic phenotype. Wild-type M. truncatula 2HA (WT), the deletion mutant deficient
794  in NCR169 (dnf7-2) and ncr068 mutant plants were inoculated with S medicae WSM419, S.
795 meliloti FSM-MA or S. meliloti 2011 and scored for symbiotic phenotype at 5 wpi. WT and
796  ncr068 plants showed similar growth habit but presented less effective symbiatic interaction
797  with S meliloti 2011 compared with the two other strains. Mutant dnf7-2 showed nitrogen
798 deficiency with all three tested rhizobia strains. SYTO13-staining revealed a similar
799  colonization of WT and ncr068 nodules while only bacteria in infection threads and sporadic
800  saprophytic bacteriafluoresced in the basal part of dnf7-2 nodules.

801

802 Table 1. Editing efficiency of different targeted NCR genes in nodules harvested from hairy
803  roots mediated by A. rhizogenes transformation. Randomly selected nodules were harvested
804  3-5 wpi with S medicae WSM419 and total DNA was isolated from fixed nodule sections.
805 The PCR amplified target regions were sequenced on Illumina platform and the reads were
806 analysed by using the CRISPresso2 tool. The gene NCR169 was targeted for gene editing as a
807  control. Three pinkish elongated nodules were selected randomly from hairy roots and also
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808 three small white nodules were picked randomly from plants which did not form any pink
809  noduleson their roots.

810 *One of the pinkish nodules carried mutant alleles on large proportion (94%). This mutation
811 was athree bp deletion that resulted in an in frame deletion of the first Glu residue of the
812 mature peptide NCR169. The lack a of this single residue probably did not abolish the
813  function of peptide NCR169.

814

815

816  Additional information

817

818  Supplementary infor mation

819

820 Fig. S1. Analysisof three sgRNAstargeting NCR169.

821  Fig. S2. The symbiotic phenotype of nodules formed on M. truncatula Jemalong and R108 hairy roots
822  edited for NCR-new35.

823  Fig. S3. The symbiotic phenotype of nodules formed on M. truncatula Jemalong and R108 hairy roots
824  edited for NCR169 and NCR-new35.

825  Fig. $4. The nodulation phenotype of hairy roots edited for NCR089, NCR0128 and NCR161.

826  Fig. S5. The shoot biomass of stable ncr068 mutant plants inoculated with three rhizobia strains.

827 Fig. S6. The workflow applied for simultaneous genetic and phenotypic analysis of gene edited
828 individual nodules.

829 TableS1. List of primersused in this study.

830 Table S2. Off-target prediction using the CRISPOR tool.
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NCR169 NCRO68 NCRO089 NCR128 NCR161
Number of sequenced nodules 3 white 3 pink 15 13 10 20
Number nodules carrying max. 50% WT allele 3 2 15 13 9 19
Number of fully mutant nodules (mismatch/indel) 3 0* 14 13 9 12
Number of fully mutant nodules (only indel) 3 0* 7 13 9 12
Nodule samples carrying only indel alleles 100% 0% a47% 100% 90% 60%
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