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19 Abstract

20  Calreticulins are multifunctional proteins involved in calcium homeostasis, protein folding,
21 and cellular signaling. In common bean (Phaseolus vulgaris), the molecular mechanisms

22 that regulate infection and nodule development remain incompletely understood. The
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main objective of this study was to characterize the role of the calreticulin gene PvCRT08
during infection and nodulation processes. We first analyzed the calreticulin gene family
in the P. vulgaris genome and identified three members, with PvCRT08 showing the
highest transcript accumulation in roots and after inoculation with rhizobia. Spatial and
temporal promoter analyses in transgenic composite bean roots revealed PvCRT08
activity in root hairs and in infected cells and vascular bundles of mature nodules. RNA
interference (RNAi)-mediated PvCRT08 down-regulation in transgenic roots increased
the number of infection threads and enhanced nitrogen fixation efficiency, leading to the
formation of larger and more functional nodules, although total nodule number was
unaffected. In contrast, overexpression of PvCRT08 impaired infection thread
progression, reduced the expression of key nodulation marker genes (PvCyclin and
PvNIN), decreased nodule number, and diminished nitrogen fixation capacity. These
findings identify PvCRTO08 as a key regulatory component of early infection events and
nodule development in common bean. Furthermore, the study provides new insights into
the molecular control of symbiotic efficiency and highlights PvCRT08 expression is critical

to optimize the equilibrium between infection efficiency and nodule functionality.

Keywords: Calreticulin, nodulation, Phaseolus vulgaris, nitrogen-fixation

Introduction

Nitrogen is essential for all living organisms as it is a major component of amino acids
and nucleic acids. Although the Earth’s atmosphere is composed of 78.1% diatomic
nitrogen gas (N,), plants are unable to use this form of nitrogen, so most farmers use
chemical nitrogen fertilizers to improve crop productivity. However, the excessive use of

nitrogen fertilizers causes serious environmental damage [1,2]. The nitrogenase enzyme
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and the ability to fix N are exclusively prokaryotic. There are free-living and symbiotic
nitrogen-fixing bacteria, the latter associated with the root of legumes, some of which
belong to the Rhizobiacea family [3,4]. Common bean (Phaseolus vulgarisL.) is an
important legume crop as it has been part of the human diet since ancient times. It
belongs to the family Fabaceae, subfamily Papilionoideae, tribe Phaseoleae, subtribe

Phaseolinae, genus Phaseolus and Phaseolus vulgaris species [5].

Nodule formation is the result of the symbiotic interaction between legumes and
nitrogen-fixing soil bacteria of the family Rhizobiaceae (called rhizobia). This process
begins through a highly specific molecular dialog between both symbionts. The roots of the
host plant exude flavonoid compounds into the rhizosphere, which attract bacteria to the
apical region of the root hairs and activate the bacterial gene transcription factor NodD.
This factor controls the expression of nodulation genes in rhizobia. These nodulation genes
are involved in the synthesis and secretion of specific lipo-chito-oligosaccharides, also
known as Nod Factors (NFs) [6,7]. The NFs are recognized by receptors in the root
hair, triggering morphological and physiological changes such as root hair curling, which
traps bacteria, and initiates the formation of the infection thread (IT). The IT is a tubular
invagination of the host cell wall and plasma membrane, the lumen of which is filled with
bacteria. The IT grows within the root hair toward the cortex cells and eventually
branches within the nodule primordium cells from which the nodule develops, ultimately
leading to biological nitrogen fixation. Both infection thread formation and nodule
organogenesis processes are regulated by various biochemical signals, mainly calcium

spiking and the decoding of this signal [8-11].

Calreticulin (CRT) is a protein that is ubiquitously expressed in all multicellular eukaryotes,

such as humans, nematodes and plants. Several studies indicate that CRT is found
3
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primarily in the endoplasmic reticulum (ER), but it can also be found in the nuclear
envelope and nucleus. The protein participates in several intra and extracellular
processes, such as the regulation of intracellular Ca?* homeostasis, apoptosis, the control
of cell adhesion and it exhibits chaperone activity in the folding of newly synthetized

proteins in the ER [12-14].

The CRT is a chaperone protein with a molecular weight of 46 kDa, highly conserved and
located mainly in the ER. The protein contains three distinct structural and functional
domains: a globular N-domain, a proline-rich P-domain, and a polyacid C-domain. The N
domain includes two well-conserved motifs (KHEQKLDCGGGYVKLL and IMFGPDICG)
and a signal peptide for the ER. The middle third, or P-domain of the CRT, is a proline-
rich segment responsible for the high affinity (Kd=1M), and low capacity (1 mol Ca?*/
2mol of protein) of the Ca®*binding site. It contains two sets of three sequence repeats (A
and B) implicated in the chaperone function. These sequences are highly conserved
among the CRTs of various animal and plant species. In plants, the A repeat has
the structure of PXXIXDPXXKKPEXWDD while the consensus sequence for the B
repeat is GXWX-AXXIXNPXYK; in contrast, the repeated sequences in animals are
PXXIXDPDAXKPEDWDE and GXWXXPXIXNPXYK, respectively. The C-domain
contains many negatively charged residues, is highly acidic, and binds Ca?* with a
relatively high capacity but low affinity (25 mol of Ca?*/mol of protein). The C-domain ends
with the ER recovery signal KDEL (Lys-Asp-Glu-Leu) in animals, and the sequence

HDEL (His-Asp-Glu-Leu) in plants [12,13,15].

Earlier, using a phosphoproteomic approach, we analyzed the abundance of a
phosphorylated calreticulin  (phytozome accession number Phvul.007G200800,

PvCRTO08) in P. vulgaris roots in response to inoculation with Rhizobium etli. The results
4


https://doi.org/10.64898/2026.04.09.717402
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.09.717402; this version posted April 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

94 obtained showed that these levels increased significantly up to 24 h (Ortega-Ortega,

95 unpublished data). Based on these results, we decided to explore the role of this protein

96 in the bean-rhizobia symbiosis through reverse genetics. To achieve this, we first analyze

97 whether the gene of interest is part of a gene family and then determined the levels of

98 accumulation of the corresponding transcript, in response to inoculation with rhizobia. We

99 also examined the promoter activity of the gene at different stages of nodulation.
100 Regarding the functional analysis of the gene, knocking-down and overexpression
101  approaches were performed to resolve this issue. The results obtained indicate that the
102  promoter activity of PvCRT08 was detected in the root hairs inoculated with rhizobia and
103 in the vascular bundles of mature nodules. The participation of PvCRTO08 in the
104 common bean symbiosis with Rhizobium tropici, using these approaches revealed
105 that this protein plays a regulatory role in both infection and nodulation processes.

106
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107 Materials and Methods

108  Plant growth conditions and Rhizobia inoculation

109 Seeds of P. wvulgaris cv. Negro Jamapa (obtained from the local farmers’ markets,
110  Cuernavaca, Mexico) were surface-sterilized and germinated at 28°C for 2 days in the
111 dark. At 2 days post-germination, the apex of root was sectioned from seedlings and
112  frozen in liquid nitrogen. Separately, the root hairs were gently broken off from roots
113  without apex using a magnetic stir bar in a stainless-steel tank with liquid nitrogen.
114  The bared roots were separated by filtering through a sieve, and the root hairs were
115  collected in liquid nitrogen. All the material was stored at -70 °C until subsequent

116  RNA extraction and reverse-transcription quantitative PCR (RT-gPCR) assays.

117  Composite common bean plants were generated according to the protocol
118  developed by Estrada-Navarrete et al [16]. Hairy roots (10-13 days post-emergence)
119  were generated using Rhizobium rhizogenes strain K599 [17]. Transgenic composite
120 plants carrying the corresponding construct were observed under epifluorescence
121 microscopy to confirm the presence of the reporter gene (GFP or TdTomato), and
122  untransformed roots were removed. Composite common bean plants were planted in
123  pots with vermiculite and inoculated with 20 mL of R. tropici-GUS or R. tropici—
124  DsRed suspension at an optical density at 600 nm (OD600) of 0.05 (undiluted suspension
125 had OD600 = 0.8-1.0). Plants were grown under greenhouse conditions with a
126  controlled environment (26—28 :C, 16 h light:8 h dark) and were watered with B&D medium

127 [18].

128 Identification of PvCRT sequences, and relative transcript accumulation in

129 different organs and tissues
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130 Using the Phvul.007G200800 as template, searches for CRTs in the Phytozome v12

131  database (http://phytozome.jgi.doe.gov/pz/portal.html) [19] were performed for P.

132 wulgaris, Glycine max, Medicago truncatula and Arabidopsis thaliana. Oryza sativa,
133  Marcanthia polymorpha, Selaginella moellendorffii and Homo sapiens protein sequences
134  homologous to CRT were identified and downloaded from the PlanGDB

135  (http://www.plantgdb.org/), MarpolBase (https://marchantia.info/nomenclature/) and

136 NCBI (https://www.ncbi.nlm.nih.gov/) databases, respectively (S1 Table). Multiple

137  sequence alignment of the CRT amino acid sequences was performed using MUSCLE
138  Geneious prime software. A phylogenetic tree was generated by the maximum likelihood
139 method based on the JTT matrix and FreeRate with 3 categories using Geneious prime
140  software version 2020.2.4 from 10,000 bootstrap replicates. The P. vulgaris

141  Genome Expression Atlas (PvGEA, http://plantgrn.noble.org/PvGEA/) was used

142 in order to estimate the PvCRT transcript accumulation profile from different organs
143  and tissues of P. vulgaris analyzed by RNA sequencing and expressed as reads per

144  kilobase of transcript per million mapped reads.

145 RT-gqPCR assays

146  High quality RNA was isolated from frozen tissues using TRIzol®Reagent
147  (Invitrogen, Life Technologies, USA) following the manufacturer’'s recommendations. RNA
148 integrity and concentrations were determined by electrophoresis and NanoDrop
149  (2000c, Thermo Scientific) spectrophotometry, respectively. Genomic DNA
150 contamination from RNA samples was removed by incubating the samples with RNase-
151  free DNase (1 U-uL™") at 37 °C for 15 min and then at 65 °C for 10 min. RT-gPCR assays
152  were performed using an iScript™ One-step RT-PCR Kit with SYBR®Green (Bio-

153  Rad) from DNA-free RNA samples, according the manufacturer's recommendations, in a
7
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154  LightCycler®Nano cycler (Roche). RNA template concentration was 40 ng (10 ng-uL-1)
155 in each reaction. DNA-free RNA samples were used as a control to confirm the
156 absence of DNA contamination. Relative expression values were calculated using the
157  formula 2-ACT, where cycle threshold value (ACt) is the cycle threshold (Ct) of the gene
158  of interest minus the Ct of the reference gene [20,21]. RT-gPCR data were generated
159  from at least two biological replicates with three independent plants each one, together
160  with three technical replicates. The gene encoding elongation factor 1-alpha (EF1a)
161  was used as a reference gene to normalize the experimental data. The genes analyzed

162  are listed in S2 Table, together with their specific oligonucleotides used.

163  Plasmid construction

164 To develop a pPvCRT08:GUS-GFP construct, a 2086-bp fragment upstream of the
165 PvCRTO08 translation start site was amplified using bean genomic DNA and primers
166 pPvCRTO08-Up and pPvCRTO08-Lw (Table S6) and cloned into vector pENTR/SD/D-TOPO
167  (Invitrogen). The Gateway LR reaction was performed between the entry vector
168 pENTR/SD/D-TOPO-PvCRTO08 and the destination vector pBGWFS7.0 [22] according
169 to the manufacturers’ instructions (Invitrogen). Control transgenic roots harbored a

170 cassette with no promoter sequences upstream of the GFP-GUS sequence.

171 To generate the RNAI construct, a fragment corresponding to the 3 -untranslated region
172  of the PvCRT08 gene was amplified from cDNA isolated from common bean roots at 2
173 days post germination using the following primers: PvCRT08-RNAi-Up (5°-
174 TAGGCAGTTTGCAAAACGGAT-3") and PvCTRO08-RNAi-Lw (5°-

175 AGATTGAAACAAAAGCTCTCCAGC-3’). The resulting PCR product was cloned into
176  pENTR/D-TOPO (Invitrogen) vector and transformed by heat-shock into Escherichia coli

177 TOP10 chemically competent cells. The recombination into the destination vector
8
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178 pTdT-DC-RNAI [23] was performed with the LR clonase, using the Gateway System
179  (Invitrogen). The appropriated orientation of the insert was confirmed by PCR and
180  sequencing using the PvCRT08-RNAIi-Up primer for the  pTdT-PvCRTO08-RNAI

181  plasmid together with  WRKY-5-Rev (5'-GCAGAGGAGGAGAAGCTTCTAG-
182 3°) or WRKY-3-Fwd (5-CTTCTCCAACCACAGGAATTCATC-3") primer. As a
183 control, a truncated and irrelevant sequence from A. thaliana pre-mir159 (kindly
184 provided by Dr. José Luis Reyes), lacking the target sequence of miR159
185 (ACAGTTTGCTTATGTCGGATCCATAATATATTTGACAAGATACTTTGTTTTTCGATA
186 GATCTTGATCTGACGATGGAAGTAGAGCTCTACATCCCGGGTCA), was cloned
187 into the pTdT-DC-RNAI vector. The correct orientation of the sequence in the construct

188  was confirmed by DNA sequencing.

189 To construct an overexpression vector for PvCRT08, the 1263-bp ORF of PvCRTO08
190  (Phvul.007G200800) including the 5’ -untranslated region (56 bp) and a 3’-untranslated
191 (124 bp) fragment was isolated from P. vulgaris cDNA. This region was amplified from P.
192  vulgaris root cDNA at 2 days post-germination using PvCRT08-OE-Up and PvCRTO08-
193  OE-Lw primers (Table S2). The fragment was cloned into the pENTR/D-TOPO vector
194  (Invitrogen) and sequenced. The resulting pPENTR-PvCRT08 plasmid was recombined
195 into the binary vector pH7WG2tdT under the control of the constitutive 35S promoter [24].
196  Briefly, this vector was derived from vector pH7WG2D; the cassette pEgfpER and the 35S
197  terminator were respectively replaced by a TdTomato reporter (red fluorescent protein)
198  obtained from the pTd-DC-RNAI vector and an E9 terminator. Empty pH7WG2tdT vector

199 was used as the control.

200 Promoter activity analysis

201 Composite P. vulgaris plants harboring pPvCRT08:GUS-GFP were transferred into pots
9
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202  of vermiculite and each plant was inoculated with 20 mL of R. tropici-DsRed suspension
203  (with an ODeoo of 0.05). Roots and nodules were collected at 3, 5, 7 and 21 dpi (days
204  post-inoculation). Samples were histochemically analyzed for GUS activity according
205 to the method of Jefferson [25] and images were acquired with a Retiga 4000R CCD
206 camera coupled to a Nikon TE300 inverted microscope. Promoter activity during early
207 infection events was detected using an inverted confocal microscope (Nikon eclipse Ti
208 in combination with a Yokogawa CSU-W1 spinning disk confocal system) and images
209 were processed using Imaged version 1.48 (US National Institutes of Health). GFP

210 fluorescence was excited at 488 nm, while DsRed fluorescence was excited at 543 nm.

211 Analysis of infection events, nodule number and nodule diameter

212  Composite plants expressing any of the different silencing, overexpressing, or control
213  constructs were selected as described above. These roots were transferred to pots with
214  vermiculite and inoculated with R. tropici-GUS to analyze IT progression, nodulation, and
215 nitrogen fixation. Infection events were analyzed in the control and PvCRT08 transgenic
216  roots under a Zeiss Axioskop light microscope (Carl Zeiss, Jena, Germany) equipped
217  with a X63 objective. Images were captured by a Nikon Coolpix 5000 camera with a
218 UR-E6 adapter and an MDC lens attached to the microscope. GUS activity was
219 analyzed according to the method of Jefferson [25]. Images of nodulated transgenic
220 roots at 7, 10, 13, and 21 dpi stained with GUS were taken using a Perfection 4490
221 scanner (Epson) and captured in TIFF format at a resolution of 6108 x 6108 pixels. Nodule
222  diameter was measured using ImageJ 1.48 (US National Institutes of Health) and classified
223  according to their diameter (d) into four groups: Group | (d < 0.5 mm), Group Il (0.5 <d
224 < 1.0 mm), Group Il (1.0 <d =£1.5 mm), and Group IV (1.5 <d <2.0 mm). The number of

225 nodules was counted manually at 21 dpi.
10
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226  Acetylene reduction analysis

227 The acetylene reduction assay [26] was used to quantify the nitrogenase activity in
228 transgenic nodules at 21 dpi. The nodulated roots were transferred to bottles with rubber
229 seal stoppers and acetylene was injected into each bottle until a final concentration of
230 10% of the gas phase was reached. Each sample was incubated for 120 min at room
231  temperature, and ethylene production was determined by gas chromatography in a Variant
232  model 3300 chromatograph. Specific activity is expressed as ymol ethylene="'.(g nodule dry

233 weight)™'-h™

234  Statistical analysis

235  Statistical analyses were computed using GraphPad Prism version 6.00 for
236 Windows, (GraphPad Software, San Diego, CA, USA). Significance tests were
237 performed wusing an unpaired Student's t-test. Differences were considered

238  significant if p < 0.05. Results are presented as means + standard error of the mean.

239

11
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240 Results

241  Calreticulin genes constitute a small family in the P. vulgaris genome

242 To examine the presumed participation of P. vulgaris calreticulin in its symbiotic
243 interaction with rhizobia, we first identified the calreticulin genes in the P. wvulgaris
244  genome by searching the Phytozome v12 database

245  (http://phytozome.jgi.doe.gov/pz/portal.html) [19], using Phvul.007G200800, PvCRT08

246  (previously identified in a phosphoproteomic analysis, Ortega-Ortega, unpublished
247  results), as query. Three calreticulin genes were identified in the genome of P. vulgatris,
248  similar to data reported in monocotyledons and non-leguminous dicotyledons, and
249  consistent with those found in the legume G. max (S3 Table). The deduced calreticulin
250 proteins were named by including two digits of their access number: PvCRTOS,
251  PvCRT25 and PvCRT53 [12,27,28]. Analysis of the exon-intron organization showed that
252  the gene structure is highly conserved among PvCRT genes, with 12 to 14 exons, which
253 is a similar exon organization reported in G. max (S1 Fig) and M. truncatula [29]. The
254  nucleotide sequence identity among PvCRT genes ranged from 59.7% to 69.8% (S4
255 Table), while identity between deduced amino acid sequences of PvCRT ranged from
256  50.1% to 80% (S5 Table). Multisequence alignment of protein sequences deduced from
257 PvCRT and Arabidopsis AthCRT revealed the conserved residues and motifs
258  previously reported by Michalak et al. [13] (S2 Fig). In addition, the PSORT program
259 predicted that PvCRT proteins are located mainly in peroxisome, lysosome, nucleus,
260 and endoplasmic reticulum; and their theorical molecular weights range from 48 to 53

261 kDa (S6 Table).

262 To gain further insight into the evolutionary relationship between PVCRT proteins, a

12


http://phytozome.jgi.doe.gov/pz/portal.html
https://doi.org/10.64898/2026.04.09.717402
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.09.717402; this version posted April 12, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

263  phylogenetic analysis was performed using sequences from both legumes (G. max, M.
264  truncatula, P. vulgaris) and non-legumes (O. sativa, A. thaliana, M. polymorpha, S.
265 moellendorffii) (S1 Table). In relation to the A. thaliana CRT family, the proteins
266 clustered phylogenetically into two clades (S3 Fig), whereas PvCRTO08 clustered
267 into a subclade closely related to AthCRT1 and AthCRT2, which showed high expression

268 inroot tips, floral tissues and around leaf vascular tissues [27].

269 PvCRTO08 transcript is highly expressed in roots and after inoculation with
270 rhizobia

271 CRT genes have been reported to show tissue-specific expression patterns in different
272  plant systems and during various stages of development [28,30]. To determine PvCRT
273  transcript levels, qPCR analysis was performed on different P. vulgaris tissues, such as
274  root hairs, root apices, and stripped roots. As shown in Fig 1, the accumulation of PvCRT
275 transcripts showed different patterns in the tissues examined. The expression pattern
276  of PvCRT53 could hardly be detected in any tissue, while PvCRT25 showed the highest
277  relative accumulation in stripped roots. However, the abundance of PvCRTO08 transcripts

278 was the highest in all tissues tested.

279 Fig 1. PvCRTO08 transcript is highly expressed in roots. Transcript accumulation
280 profiles of P. vulgaris calreticulin genes in root hairs, root tips, and bare roots of seedlings
281  harvested 2 days post-germination. Total RNA was isolated from each biological sample.
282  The elongation factor (EF1a) was used as endogenous reference gene. Bars represent

283 the mean * SEM of three biological replicates (n > 6) with three technical replicates each.

284 These results are consistent with the in silico analysis based on RNA-sequencing,

285 reported in the P. vulgaris Gene Expression Atlas (PVGEA,

13
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286  http://plantgrn.noble.org/PvGEA/). Interestingly, the PvCRT53 gene was expressed to

287 a greater extent in the pods and leaf tissues collected 5 and 21 days after plant
288 inoculation with rhizobium. In contrast, no PvCRT25 transcripts were detected in any of
289 the organs or tissues analyzed (S4A Fig). Consistent with the PvGEA data, the
290 PVCRTO08 gene was expressed in most of the organs and tissues examined and its
291  transcript levels increased in inoculated roots and prefixed nodules, collected 5 dpi (S4B
292  Fig). Furthermore, our previous findings indicate that the relative abundance of
293 PvCRTO08 increased after Nod factor treatment (Ortega-Ortega, unpublished data).
294 Taken together, these results strongly suggest that PvCRTO08 is involved in the
295 symbiosis of the common bean root with R. tropici; therefore, we decided to

296 characterize it functionally using reverse genetics.

297 PvCRTO08 is expressed during different stages of nodulation with R. tropici

298 Toinvestigate whether the abundance of PvCRTO08 transcripts varies after inoculation with
299 R. tropici CIAT899, we monitored PvCRT08 mRNA levels by RT-gPCR in whole roots
300 during the early stages of nodulation (Fig 2A). In addition, the relative abundance of
301 PvCRTO08 transcripts was analyzed in nodules and in nodule-free roots at 7, 10, 14 and 21
302 dpi(Fig 2B). During the early stages, PvCRTO08 transcript levels increased at 7 dpi, in whole
303 roots, while during late stages PvCRTO08 transcript levels were significantly higher in nodules

304 at7,10and 21 dpi, and decreased at 14 dpi compared to nodule-free roots.

305 Fig 2. PvCRTO08 transcript levels increased during nodule development. (A)
306 Accumulation of PvCRT08 transcripts in whole roots that were either uninoculated or
307 inoculated with R. tropici CIAT899, at the indicated number of days post-inoculation (dpi).
308 (B) Relative accumulation of PvCRTO08 transcripts in nodules and nodule-free roots at the

309 indicated number of days post-inoculation (dpi). For both A and B, total RNA was isolated
14
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310 from each biological sample and used in RT-gPCR analysis. The elongation factor EF1a
311 was used as an endogenous reference gene. Each bar represents the mean + SEM of
312 two independent biological replicates (n> 6) with three technical repeats. **p<0.005 and

313  ****p<0.0001 based on Student’s t-test.

314  Activity of the PvCRT08 promoter was detected in root hairs, cortical cells, and in

315 infected and vascular bundles of mature nodules.

316 To examine the spatial and temporal gene expression of the PvCRTO08 gene, a
317  transcriptional fusion of the PvCRTO08 promoter (2086 pb region upstream of the start
318 codon) with the chimeric reporter GFP-GUS was constructed. Transgenic roots of P.
319 wulgaris were generated by R. rhizogenes K599-mediated transformation with
320 pPvCRTO08:GFP-GUS. PvCRTO08 promoter activity was monitored by measuring GUS
321  activity or GFP fluorescence in whole roots, hairy roots and nodules of the composite
322 plants [16]. The spatial expression pattern of PvCRT08 showed basal activity in vascular
323  bundles, root tips, emerging primordial roots, and uninoculated root hairs (Fig 3A to 3F).
324  Promoter activity was also monitored in transgenic roots after inoculation with R.tropici
325 DsRed. In inoculated roots, promoter activity was detected in root hairs at 3 and 5 dpi,
326 mainly in root hairs harboring growing ITs (Fig 4) and in adjacent dividing cortical cells
327 (Figure 3G). During nodule organogenesis, high pPvCRT8:GFP-GUS activity was found
328 in the core tissue of nodule-forming primordia, at 7 dpi (Fig 3H) and in infected cells
329 and vascular bundles of mature nodules at 21 dpi (Fig 31 and 3J). This expression
330 pattern suggests that PvCRT08 has an important role during lateral root development,

331 the progression of infection threads, as well as during nodule organogenesis.

332 Fig 3. Promoter activity of PvCRTO08 was detected in uninoculated roots and during

15
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333 nodule organogenesis. Promoter activity was detected in the vascular bundles of
334 uninoculated P. vulgaris roots (A), and in emerging lateral root primordia (B, D, E, F).
335 Promoter activity was also detected in root hairs of uninoculated roots (C). The
336 spatiotemporal expression pattern of the PvCRTO08 promoter was monitored in
337 transgenic roots after-inoculation with R. tropici DsRed (G—J). (G) Infection site at 5 dpi.
338 (H) Nodule primordium at 7 dpi. (I and J) Mature nodules at 21 dpi. (J) Free-hand
339 sections of nodules at 21 dpi. RH: root hair; IT: infection thread; CCD: cortical cell

340 division; IC: infected cell.

341  Fig 4. Activity of the PvCRT08 promoter was identified in root hairs containing
342 growing ITs. Promoter activity was monitored in root hairs after inoculation with R.
343  tropici-DsRed at 3 and 5 dpi. Control transgenic roots harboring a vehicle without promoter
344  sequence. Promoter activity was observed by confocal microscopy on transgenic roots
345 expressing 2086 pb of the PvCRT08 promoter region fused with GFP and GUS. dpi: days
346  post-inoculation. Arrows indicate infection threads and the arrowhead points out a root

347 hair.

348 Loss-of function of the PvCRT08 gene increases the number of infection events
349 and nitrogen fixation levels.

350 To assess the role of PvCRT08 in nodulation, the effects of RNAi-mediated
351  downregulation of this gene in P. vulgaris roots were investigated. To achieve this goal,
352 transgenic bean roots were generated using R. rhizogenes K599 carrying PvCRT08-
353 RNAI, and the control vector (roots transformed with a vector expressing an RNAI
354  construct harboring an irrelevant sequence). Transgenic roots were identified by
355 detecting red fluorescence derived from the red fluorescent protein marker (TdTomato)

356 [23]. The abundance of PvCRTO08 transcripts in PvCRTO08 knockout roots was 76%
16
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357 lower compared to the control transgenic roots. This effect was gene-specific, as no
358 statistically significant differences were detected in the abundance of PvCRT2 and
359 PvCRT53 transcripts in the transgenic PvCRTO08-RNAI roots compared to the control (S5
360 Fig).

361 To evaluate the participation of PvCRTO08 during the symbiotic relationship, the number
362 of infection events within cortical cells of silenced roots inoculated with R. tropici CIAT899
363 was examined. As shown in Fig 5, the number of infections within cortical cells of silenced
364 roots at 7 dpi was significantly higher than in control roots. These results suggest

365 that PvCRTO08 affects the number of infections during the early stages of symbiosis.

366 Fig 5. PvCRTO08-RNAi increased the numbers of infection events in composite
367 plants. Number or infection events within root hairs or cortical cells of PvCRT08-RNAI
368 and control transgenic roots at 7 dpi with R. tropici. Values are mean + SEM with

369 n>9 roots for each condition * p<0.05 according to Student’s t-test.

370 To better understand the regulatory role of PvCRTO08 in early rhizobial symbiosis, we
371 quantified the abundance of PvCyclin, PvEnod2 and PvNIN transcripts in transgenic roots
372 inoculated with R. tropici CIAT899 (3 and 7 dpi), as markers of symbiosis progression
373 (S6A, S6B, S7A, S7B, 8SA and 8SB Fig). Cyclin genes are suitable markers of dividing
374  cells such as nodule formation [31]. We did not detect statistical differences in PvCyclin
375 transcript abundance in PvCRTO8-RNAI infected roots at any of the times points
376  compared to control roots (S6A and S6B Fig). However, PvEnod2 transcript abundance,
377 a well-established marker of cortical cell division during early nodulation [32], was
378 significantly decreased in PvCRT08-RNAI roots at 3 dpi, while at 7 dpi they showed
379 increased transcript abundance compared to control roots (S7A and S7B Fig). NIN is a

380 marker for IT formation [33]. Interestingly, PvNIN transcription levels were significantly
17
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381 reduced in roots lacking PvCRT08 at 3 dpi, whereas no differences in transcript
382 abundance were observed at 7 dpi compared with control roots (S8A and S8B Fig).

383 These results indicate an impaired activation of the nodulation signaling pathway.

384 Since downregulation of PvCRTO08 increased IT formation and progression, it could
385 be predicted that the number of nodules would also be higher in silenced roots compared
386 to control roots. However, the results obtained indicate that there were no significant
387 differences in the total number of nodules in PvCRTO8-RNAI roots (39.08 + 2.32)
388 compared to control transgenic roots (42.32 + 2.94) at 21 dpi (Fig 6A). Interestingly, the
389 nodules in the PvCRTO8-RNAI roots were significantly larger than those in the control
390 roots (S9 Fig) and were more efficient at nitrogen fixation (45%) compared to the control at
391 21 dpi (Fig 6B). These results reveal that PvCRTO08 plays an important role in nodule

392 function.

393 Fig 6. Silencing of PvCRTO08 does not affect the number of nodules but enhances
394 nitrogen fixation capacity. Nodulation and nitrogen fixation capacity of PvCRTO08-
395 RNAi and control transgenic roots. (A) Nodules were collected and counted on
396 PvCRT08-RNAIi and control transgenic roots inoculated with R. tropici CIAT-899 at 21
397 dpi. (B) Nitrogenase activity was determined by acetylene reduction in nodules collected
398 from PvCRTO08-RNAI and control transgenic roots at 21 dpi. Bars represent the mean

399 1 SEM for three biological replicates with n=10. ****p<0.0001 based on Student’s t-test.

400 Overexpression of PvCRT08 disrupts infection progression, decreases nodule

401  formation, and negatively affects nitrogen fixation efficiency

402 To analyze the effect of PvCRT08 overexpression during nodulation, the transcript levels

403 of PvCRTO08in P. vulgaris composite plants were overexpressed, using the 35S promoter

18
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404 (S10 Fig). Subsequently, the levels of the gene transcript were determined in the
405 overexpressing transgenic roots, revealing that the gene was expressed 3.5-fold higher
406 (p < 0.001, Student’s t-test) than in control transgenic roots (containing an empty
407 pH7WG2tdT vector (24). Following overexpression of PvCRTO08, 52% of infection were
408 arrested at the base of the root hairs at 7 dpi (Fig 7), whereas 87% of infections reached
409 the cortical cells in the control transgenic roots. Unlike to the results for PvCRT08-RNA,
410 the abundance of PvCyclin and PvNIN transcripts in overexpressed transgenic roots
411  decreased significantly at 3 and 7 dpi. In contrast, PvCRT08 overexpression led to a

412  marked upregulation of PvEnod2 transcripts at 3 dpi (S7C Fig).

413 Fig 7. Overexpression of PvCRTO08 significantly reduces the number of infection
414 events. Number of infection events within root hairs or cortical cells of transgenic
415 PvCRTO08-OE and control roots at 7 dpi with R. tropici. Values are expressed as
416 mean + SEM with n>9 roots for each condition **** p<0.0001 according to Student’s t-

417  test

418 In addition, the average number of nodules per plant in PvCRT08-OE was 54% lower
419 than the control at 21 dpi, while they showed a nitrogen fixation capacity 21% lower
420 than that of the control roots (Fig 8). Interestingly, no differences were observed in
421  the total size of the nodules in the overexpressed roots (S11 Fig). These results indicate

422 that PvCRTO08 affects nodule development and function.

423 Fig 8. Overexpression of PvCRTO08 negatively affects the number of nodules and
424  nitrogen fixation capacity. Nodulation and nitrogen-fixing capacity of PvCRT08-OE
425 transgenic and control roots. (A) Nodules were collected and counted from control

426 and PvCRTO08-OE transgenic roots inoculated with R. fropici CIAT-899 at 21 dpi. (B)
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Nitrogenase activity determined by acetylene reduction in nodules collected from
PvCRT08-OE and control transgenic roots at 21 dpi. Bars represent the mean + SEM of

four biological replicates with n=10.****p<0.0001, *** p<0.001, based on Student’s t-test.
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431 Discussion

432  Calreticulins are multifunctional proteins involved in calcium homeostasis, protein folding,
433 and cellular signaling [12,13]. In legumes, similar functions of calreticulins have been
434  described during plant—-microbe interactions [34]. For instance, in M. truncatula, CRT is
435  essential for calcium mobilization and the accommodation of Rhizophagus within cortical
436 cells, as well as for arbuscule development [35]. The results presented here provide
437  compelling evidence that PvCRT08 plays a similar dual role in regulating early infection
438 events and subsequent nodule development and function in P. vulgaris. In mycorrhizal
439  roots of M. truncatula, colocalization of CRT and calcium ions were found on the surface
440  of fungal structures and at the periphery of infected cortex cells [35]. The promoter activity
441  of PvCRT08 was detected in root hairs and infection sites after inoculation with R. tropici,

442  suggesting that PvCRTO08 could increase Ca?* ions flux.

443  The downregulation of PvCRTO08 altered the transcriptional responses of key nodulation
444  genes such as PvNIN and PvEnod2, which are essential for infection thread progression
445 and cortical cell division in the early phases of nodule development [32,33]. Furthermore,
446  PvCyclin and PvNIN levels in overexpressed transgenic roots decreased significantly at
447 3 and 7 dpi. This suggests that PvCRT08 may act as a molecular checkpoint to optimize
448  symbiotic outcomes during early stages. This activity resembles the expression pattern of
449  NIN, ENOD11 and the activated form of Ca?*/calmodulin-dependent protein kinase
450 (CCaMK), which are required not only for the formation of the infection thread, but also

451  for maintaining the development and function of the nodule [36,37].

452  Silencing PvCRTO08 increased the number of infection threads and enhanced nitrogen

453 fixation efficiency, while its overexpression impaired infection progression and reduced
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454  both nodulation and symbiotic effectiveness. The contrasting phenotypes observed in
455 PvCRTO08-silenced lines versus overexpressed lines highlight the importance of
456  maintaining optimal CRT activity. Similar regulatory patterns have been observed in
457 CCaMK, where specific deletion of the autoinhibition domain -that negatively regulates
458 the kinase activity- leads to the autoactivation of the nodulation signaling pathway in the
459  Sinorhizobium meliloti-M. truncatula symbiosis [36]. Notably, overexpression of the
460 His173 mutant of CRT2 in Arabidopsis confers enhanced resistance to PstDC3000
461 infection [38]. Because this conserved histidine is critical for CRT chaperone function [39],
462 it is plausible to propose that PvCRTO08 influences infection progression through its

463  chaperone activity.

464 It is noteworthy that the increased nitrogenase activity in larger nodules of PvCRTO08-
465  silenced roots, suggests that this gene protein product also influences the metabolic and
466  physiological competence of the nodules, extending its function beyond early signaling
467 events. CRT, predominantly located in the endoplasmic reticulum, has been shown to
468 localize in plasmodesmata connecting uninfected cells in nitrogen-fixing root nodules of
469 the Australian tree Casuarina glauca [34]. Plasmodesmal connections between infected
470 cells, and to a lesser extent between infected and uninfected cells, were reduced during
471  the differentiation of infected cells, suggesting a their role in cell-to-cell transport [40]. We
472  propose that, during nodule development in P. vulgaris, infected cells reduce their
473  plasmodesmatic connections with neighboring cells, a process linked to the decrease of
474  PvCRTO08 and which probably facilitates a greater exchange of metabolites.

475 Taken together, our findings highlight PvCRT08 as a central regulator of symbiotic
476  efficiency in the common bean, operating at multiple stages of the infection and nodulation

477  processes. The dual impact of its downregulation and overexpression underscores the
22
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478 need for a tight controlled balance of CRT activity, which may serve as a molecular
479  strategy to optimize the equilibrium between infection efficiency and nodule functionality.

480
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485 Supplementary Figure captions

486  S1 Fig. Exon-intron organization of CRT genes

487  S2 Fig. Alignment of the deduced amino acid sequences of PvCRTs and AthCRTs.

488 S3 Fig. Phylogenetic tree of CRT family proteins

489  S4 Fig. Transcript abundance of CRT genes in different organs and tissues of P.

490 wulgaris.

491 S5 Fig. Expression of PvCRT genes in control and PvCRTO08-RNAI transgenic roots at
492 10 days post emergence

493  S6 Fig. Transcript abundance of PvCyclin in CTR-RNAI transgenic roots at 3 dpi (A) and
494 7 dpi (B). Transcript abundance of PvCyclin in CTR overexpression roots a 3 dpi (C) and
495 7 dpi (D).

496  S7 Fig. Transcript abundance of PvEnod?2 in CTR-RNAI transgenic roots at 3 dpi (A)
497 and 7 dpi (B). Transcript abundance of PvEnod2 in CTR overexpression roots a 3 dpi
498 (C)and 7 dpi (D).

499 S8 Fig. Transcript abundance of PvNIN in CTR-RNAI transgenic roots at 3 dpi (A) and 7
500 dpi (B). Transcript abundance of PvNIN in CTR overexpression roots a 3 dpi (C) and 7
501  dpi (D).

502 S9 Fig. Nodule diameters on PvCRTO08-RNAI and control transgenic roots after
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inoculation with R. tropici expressing GUS

S10 Fig. Expression of PvCRT genes in control and PvCRT08-OE transgenic roots at
10 days post emergence.

S11 Fig. Nodule diameters on PvCRTO08-OE and control transgenic roots after
inoculation with R. tropici expressing GUS

Supplementary Table captions

S1 Table. Calreticulin protein annotations from multiple plant genomes and human
S2 Table. Gene-specific oligonucleotides

S3 Table. Size of the CRT gene family in various plants

S4 Table. Percentage of nucleotide sequence identity among P. vulgaris CRT genes
S5 Table. Percentage of amino acid sequence identity between PvCRT and AthCRT
proteins

S6 Table. Characteristics of predicted bean calreticulin proteins.
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