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Abstract: The establishment of the symbiosis between legumes and nitrogen-fixing
rhizobia is finely regulated at the transcriptional, posttranscriptional and
posttranslational levels. Argonaute5 (AGO5), a protein involved in RNA silencing, is
able to bind both viral RNAs and microRNAs to control plant-microbe interactions
and plant physiology. For instance, AGO5 regulates the systemic resistance of
Arabidopsis against Potato Virus X as well as the pigmentation of soybean (Glycine
max) seeds. Here, we show that AGO5 is also playing a central role in legume
nodulation based on its preferential expression in common bean (Phaseolus
vulgaris) and soybean roots and nodules. We also report that the expression of AGO5
is induced after 1 hour of inoculation with rhizobia. Down-regulation of AGO5 gene
in P. vulgaris and G. max causes diminished root hair curling, reduces nodule
formation and interferes with the induction of three critical symbiotic genes:
NUCLEAR FACTOR Y-B (NF-YB), NODULE INCEPTION (NIN) and FLOTILIN2 (FLOTZ2).
Our findings provide evidence that the common bean and soybean AGO5 genes play
an essential role in the establishment of the symbiosis with rhizobia in determinate
legumes.
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1. Introduction

Legumes are able to establish symbiosis with nitrogen-fixing bacteria
(rhizobia). Through this symbiosis, atmospheric nitrogen is fixed to be assimilated
(i.e. amino acids) by the plant [1]. Hence, the symbiosis between legumes and
rhizobia has a considerable relevance at the ecological level. In fact, it has been
estimated that the legume-rhizobia symbiosis fixes 60 million metric tons of
nitrogen worldwide, and reduces the use of synthetic fertilizers [2].

To establish this symbiosis, a molecular dialog between rhizobia and legume
partners is required [3, 4]. This dialog begins with the detection by compatible
rhizobia of legume-produced flavonoids and isoflavonoids, [3, 4]. In response,
rhizobia synthesize and exudate lipo-chitooligosaccharides (LCOs), known as Nod
Factors (NFs). The legume-host perceives NFs via LysM-domain receptor kinases
Nod Factor Receptorl (NFR1) and NFR5, both located at the legume root hair
plasma membrane. Upon NFs perception, the transcription and phosphorylation of
several symbiosis-related genes and proteins is activated, respectively [5]. These
molecular responses are required for subsequent steps of rhizobial infection and the
formation of a new organ termed nodule [4-5]. For instance, in different legumes,
including common bean and soybean, rhizobia colonize legume roots through
epidermal root hairs [6]. This colonization process begins with the attachment of
rhizobia to a growing root hair tip, which induces a continuous reorientation of the
tip growth, eventually leading to root hair deformation or curling [6]. In the center
of this curl, an infection chamber is formed, where rhizobia are entrapped and
multiply to form a micro-colony [7]. Upon rhizobia entrapment, an infection thread
is formed, going from the infection chamber through the nodule primordium
developed via cell division of root cortical cells [8]. Rhizobia within the infection
thread are then released into the nodule primordium cells and differentiate into
bacteroids that are now able to fix nitrogen within the nodule [5].

Although the rhizobia infection of root hair cells and nodule development are
processes controlled by two independent genetic programs, they are finely
coordinated by a set of symbiotic genes [3, 4]. Among these genes, NFR5 and NFRI,
along with SYMRK/DMI2/NORK (in Lotus japonicus, Medicago truncatula and
Medicago sativa), encoding a leucine-rich repeat (LRR) receptor like kinase, are
required for the perception and interpretation of the NFs signal [4, 9]. As a first
response to NFs perception, legumes activate the expression of the potassium-
permeable channel DMI1, calcium channels of the CNGC15 family, the calcium pump
MCA8, and nucleoporins (NUP85, NUP133, and NENA), as well as the expression of
the mevalonate biosynthesis pathway, all of them required to generate rapid
oscillations in the nuclear and perinuclear calcium concentrations known as
“calcium spiking” [10-17]. To decode the calcium spiking, a calcium and calmodulin-
dependent protein kinase (CCaMK) is activated, which phosphorylates the
transcription factor CYCLOPS [18-19]. Downstream, transcription factors such as
Nodulation Signaling Pathwayl (NSP1)/NSP2, Nodule Inception (NIN), Ethylene
Response Factor Required for Nodulation1 (ERN1), and Nuclear Factor YA-1 (NF-
YA1)/NF-YB1, are activated. The coordinated action of all these transcription factors
is essential to activate the expression of different genes required for the infection of
the root hair cell by rhizobia [3, 4].
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Recent evidence indicates that the expression of several symbiotic genes, in
both rhizobia and legumes, is regulated at the epigenetic level [20]. For instance, in
the legume model M. truncatula, demethylation of genomic DNA by DEMETER (DME)
regulates the expression of genes encoding Nodule-specific Cysteine-rich (NCR),
Calmodulin-like and leghemoglobin proteins, which are all required for both
rhizobia differentiation and nodule development [21, 22]. Similarly, the methylation
pattern of the rhizobial genome affects their ability to form nodules in legumes [20].
For instance, overexpression of the DNA methyltransferase CcrM in Mesorhizobium
loti leads to the deregulation of the methylation profile of the microbial gDNA
leading to a delay in the development of Lotus japonicus nodules [23].

Argonaute (AGO) proteins bind small RNAs to form RNA-induced silencing
complexes (RISC) involved in transcriptional and posttranscriptional gene silencing.
Arabidopsis thaliana genome encodes ten AGO proteins, named as AGO1 to AGO10
[24]. Comparative genomic studies revealed the differential evolution of the AGO
family in various flowering plants upon gene duplication and functional divergence.
For instance, soybean (Glycine max) and common bean (Phaseolus vulgaris) encode
23 and 14 AGO proteins, respectively. It has been hypothesized that this duplication
led to new, diverged or specific biological functions of the AGO proteins [25]. To
date, AGO proteins have been involved in different developmental process and in
the adaptation of plants to the changing environment, including their interaction
with microbes [24]. For instance, as supported by the role of different microRNAs as
major regulators of the nodule process, AGO1 has been indirectly associated with
the regulation of the symbiosis between legumes and rhizobia [26]. Other AGO
proteins have been involved in the control of the reproductive stage; for instance,
there is evidence supporting the role of AGO5 and AGO9 in gametogenesis and in the
restriction of the number of megaspore mother cells, respectively [27-29]

Although the genetic control underlying the establishment of the symbiosis
between legumes and rhizobia has been extensively studied over the past two
decades, large-scale analyses (e.g. transcriptomics and phosphoproteomics) from
rhizobia-inoculated or NFs-treated roots from different legumes have revealed the
existence of several potential new regulators of the symbiosis between legumes and
rhizobia [30-32]. However, the majority of these genes has not been functionally
characterized.

Here, we report the functional characterization of one of these potential new
regulator of this symbiosis, AGO5, in common bean and soybean, two major crop
legumes. Upon mining of the common bean and soybean transcriptional databases
[33-35], we found AGO5 preferentially expressed in roots and nodules. Further
experimental validation revealed that AGO5 is induced in response to rhizobia. To
punctually demonstrate the role of AGO5 during nodulation, we applied an RNAi
strategy to down-regulate its expression. Upon silencing of AGO5 genes in P. vulgaris
and G. max, we observed a defect in nodule formation and defects in the induction of
three critical symbiotic genes: Nuclear Factor Y-B (NF-YB), Nodule Inception (NIN)
and FLOTILLINZ (FLOTZ2). Our findings show that AGO5 might play an essential role
in the establishment of the symbiosis between rhizobia and determinate legumes.
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2. Material and Methods
2.1. Plant material

Common bean (Phaseolus vulgaris L. cv Negro Jamapa) and soybean [Glycine
max L. (Merrill) Williams 82] seeds were Kkindly provided by Dr. Georgina
Hernandez from the Center for Genomics Science, UNAM, Mexico, and by Dr. Gary
Stacey from the University of Missouri-Columbia, USA. Seeds were surfaced
sterilized by soaking in 70% ethanol for 1 min, followed by treatment for 10 min
with 10% bleach. Seeds were subsequently washed ten-times in sterile water.
Sterilized common bean seeds were germinated for two days in Petri dishes
containing sterile wet germination paper under dark conditions at 25 9C. After three
days of germination, common bean seedlings were transferred into 25 x 25 cm Petri
dishes containing nitrogen-free Fihraeus medium [36] or into pots containing wet
agrolite. Sterilized soybean seeds were germinated for three days in 25 x 25 cm
Petri dishes containing nitrogen-free Fahraeus medium at 25 °C and in dark
conditions. Soybean seedlings were kept under these conditions for further analyses
or transferred into pots containing wet agrolite.

2.2 Bacterial strains and culture conditions

The empty vector pTDT-DC-RNAi and the hairpin RNA interference (RNAi)
construct against common bean and soybean AGOS5 (see below for details) were
propagated in Escherichia coli DB 3.1 and DH5a cells, respectively. E. coli bacterial
cells were handled using standard procedures.

Agrobacterium rhizogenes K599 strain was used to induce transgenic roots in
common bean and soybean plants (see below for details). A. rhizogenes cells were
grown on 5mg/l peptone/3mg/l yeast extract (PY) plates for two days at 30 OC.
100ug/ml spectinomycin was added to select for the presence of plasmid vectors.

Rhizobium tropici CIAT899 and Bradyrhizobium japonicum USDA110 strains
were used to inoculate common bean and soybean plants, respectively. R. tropici
cells were grown on PY plates supplemented with 20ug/ml nalidixic acid for two
days at 30 9C. B. japonicum cells were grown on YEM (0.4g/L yeast extract, 10g/L
mannitol, 0.2g/L MgS0s4, 0.5g/L KHPO4, 0.1g/L NaCl, pH 7.0) plates for four days at
30 °C.

2.3. AGO5 down-regulation by RNA interference

A 150 bp 3’UTR fragment was used to generate a hairpin RNAi against AGO5.
The amplified fragment was then cloned into the pENTR-D-TOPO (Thermo Fisher
Scientific, USA) vector and verified by subsequently sequencing. The resulting
pENTR-AGO5-RNAi plasmid was recombined into the pTDT-DC-RNAi binary vector
containing the constitutively expressed fluorescent Tandem-Double-Tomato (TDT)
reporter gene [37]. The correct orientation was verified by PCR using the primers
WRKY Intron-fwd and AGO5-rev (for oligonucleotide sequences see Table S1). A.
rhizogenes K599 was transformed with this RNAi vector or with the control empty
vector (pTDT-DC-RNAI). A. rhizogenes-mediated transformation of common bean
and soybean plants was performed according to [38] and [39], respectively. The
transgenic roots were selected upon observation of TDT fluorescence with an
epifluorescence stereomicroscope (SZX10, Olympus, Center Valley, PA) equipped
with an Olympus UC50 camera (Olympus, Center Valley, PA).
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184  2.4. Treatments

185 Three days-old soybean and common bean seedlings were transferred into
186  nitrogen-free Fahraeus plates. Two days after transplanting, seedlings were
187 inoculated with R. tropici CIAT899 (common bean symbiont) or B. japonicum
188 USDA110 (soybean symbiont). Inoculated seedlings were kept under dark
189  conditions at room temperature (RT). At 1, 3, 6, 12, 24 and 48 hours post
190 inoculation, roots were harvested in liquid nitrogen and stored at -80 until used for
191  transcriptional analyses. Additionally, leaves and roots from three-week-old plants
192  as well as 25 day-old nodules were harvested in liquid nitrogen and stored at -80 °C
193  until use. Three biological replicates were included.

194 Composite plants (plants with transformed root system and untransformed
195 shoot system), expressing the construct AGO5-RNAi or control vector were
196 transferred into 25 x 25 cm Petri dishes containing nitrogen-free Fahraeus medium.
197  After four days, transgenic roots were inoculated with R. tropicci (common bean
198 composite plants) or B. japonicum (soybean composite plants). One hour after
199 inoculation, the TDT fluorescent transgenic roots were harvested, then frozen in
200 liquid nitrogen and stored at -80 °C until use. For this experiment seven biological
201 replicates, each one containing roots from four different composite plants, were
202  included.

203  2.5. Gene expression analysis

204 To analyze the expression of the AGO5, NSP2, NIN, FLOTILLIN2, and ENOD40
205  genes, total RNA was extracted from 0.5g of rhizobia-inoculated or mock-inoculated
206 roots using ZR Plant RNA MiniPrep kit (Zymo Research, USA) according to
207  manufacturer’s instructions. Genomic DNA (gDNA) was removed from purified RNA
208 by using DNasel RNase-free (Thermo Fisher Scientific, USA) according to
209 manufacturer’s instructions. 1 ug of gDNA-free total RNA was used to synthesize
210 cDNA using Thermo Scientific RevertAid Reverse Transcriptase (Thermo Fisher
211  Scientific, USA) according to manufacturer’s instructions. cDNA samples were used to
212  analyze the expression of the above-mentioned genes by quantitative real-time PCR
213  (qRT-PCR) in a Step-One qPCR thermocycler (Applied Biosystems, USA). The
214  housekeeping genes PvActin (for common bean; Phvul.008G011000.1) or Cons6 and
215  Consl6 (for soybean) [40] were used to normalize gene expression levels. The expression
216  level of different genes was calculated according to the equation E=Pet2Y. Peyr is the
217  primer set efficiency calculated using LinRegPCR [41] and ACt was calculated by
218  subtracting the cycle threshold (Ct) value of the housekeeping gene from the Ct values of
219  a given gene. The nucleotide sequences of the qRT-PCR primers used in this study are
220 provided in Table S1. For this experiment, three biological replicates were analyzed.

221  2.6. AGOS5 protein accumulation in response to rhizobia

222 To detect the accumulation of AGO5 protein in response to rhizobia, 0.3 g of
223  fresh rhizobia-inoculated roots (see Treatment section for details) was ground in
224 0.5 ml of extraction buffer (50 mM NasP207, 1mM Na2MoO4, 25 mM NacCl, 10 mM
225 EDTA-Na, 0.5% PVP, 250 mM Sucrose, 50 mM HEPES, 5% glycerol, pH 7.5)
226  supplemented with a protease inhibitor cocktail (Sigma-Aldrich, USA). Total protein
227  extract was centrifuged at 12,000 g for 5 min at 4 9C. Proteins were separated by 10
228 % SDS-PAGE, and then transferred to nitrocellulose blotting membranes
229  (Amersham Protran 0.2 um) by electroblotting. Detection of AGO5 was performed
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230 by probing membrane with anti-AGO5 antibody (Agrisera; 1:1,500 dilution)
231 followed by the use of anti-IgG rabbit-HRP polyclonal antibodies (1:5,000. Sigma-
232 Aldrich, USA). Equal loading of proteins between samples was confirmed by
233  Coomassie blue staining. The intensity of the bands detected by western blot was
234 quantified by densitometry using the Image] (www.imagej.net), and the
235 inoculated/un-inoculated ratios were obtained.

236  2.7. Root hair deformation analysis

237 Common bean or soybean composite plants, expressing the control vector or
238 AGO5-RNAi construct and growing in 25 x 25 cm Petri dishes containing Fahrdeus
239  medium, were inoculated with 1 ml of saturated (O.D= 1) rhizobia suspension (R. tropici
240  for common bean or B. japonicum for soybean). Forty-eight hours after inoculation,
241  TDT-positive transgenic roots were collected and stained with methylene blue to
242  maximize contrast, and then observed with a bright field microscope. A total of 15
243  independent biological replicates were generated, each one including ten plants.

244  2.8. Nodulation assay

245 Common bean or soybean composite plants expressing the control vector or the
246  AGO5-RNAI construct were transferred into pots with wet agrolite. After five-days of
247  transplanting, common bean or soybean roots were inoculated with 3 ml of R
248  tropici or B. japonicum, respectively. Inoculated composite plants were kept in a
249  green house at 25-27 °C. Four weeks after inoculation, composite plants were
250 removed from pots and those nodules developed on TDT-positive transgenic roots
251  were counted. Five independent biological replicates, each one including ten plants,
252 were generated.

253  2.9. Histology of nodules by light microscopy

254 Images of ten whole transgenic nodules were captured using a SZX10
255  stereomicroscope (Olympus, Center Valley, PA) equipped with an Olympus UC50
256  camera (Olympus, Center Valley, PA). Nodule samples were sequentially dehydrated
257  for two hours in 30%, 50%, and 90%, followed by treatments with 100% ethanol
258  (3X), with absolute ethanol-xylene (75%-25%, 50%-50%, 25%-75%, by two hours
259  each) and finally with 100% xylene. Upon dehydration, nodules were incubated in
260  xylene-paraplast (50%/50%) during 24 hours before embedded in LR-White resin.
261  Semi-thin sections (25 um) were prepared using a hand-microtome and stained
262  with safranine in 80% ethanol. Safranine-stained semi-thin sections were examined
263  with a NIKON ECLIPSE E200 bright-field microscope and pictures were obtained
264  with NIS ELEMENTS BR 3.2 software. Representative photographs of control vector
265  or AGO5-RNAi nodules are shown.

266  2.10. Sequence collection and phylogenetic analysis

267 We performed a BLAST search to identify AGO family members in Glycine max,
268  Medicago truncatula, and Phaselous vulgaris based on the most recent release of their
269  gene annotations (Wm82.a2.v1, Phaselous vulgaris v2.1 and Mt4.0v2). BLAST analyses
270  were conducted using GmAGOS5 (Gm.11G190900) as a query. Potential family members
271  were searched and validated using two BLAST resources: Phytozome and HMMER.
272 Applying a stringent cutoff (e-value<e™'%’), we identified 10, 23, 20 and 14 AGO genes in
273  Arabidopsis, soybean, Medicago truncatula and common bean genomes, respectively.
274  The AGO proteins were validated based on the presence of the conserved Piwi and PAZ
275  domains using Interpro bioinformatics resources (http://www.ebi.ac.uk/interpro/).
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276 In addition, to better understand the evolution of this gene family, we also included
277  the Arabidopsis thaliana AGO family members in our phylogenetic analysis. The
278  phylogenetic relationships between legume and Arabidopsis AGO genes were established
279 wusing the multiple alignment software “Molecular Evolutionary Genetic Analysis”
280 (MEGA) [42]. Bootstrap analyses of 100 resampling replicates were made to test for the
281  statistical significance of nodes.

282  2.11. Statistical Analyses

283 All the statistical analyses were conducted using R software 3.0.1. The specific
284  statistical tests performed are indicated in the legend of the corresponding figures.
285

286  3.Results

287  3.1. AGOS5 is preferentially expressed in roots and nodules of common bean plants

288 Transcriptomic analyses provide an overview of the plant transcriptional
289 responses to any developmental and environmental stimuli. Moreover, these types
290 of analyses also represent an excellent source to identify new potential regulators of
291 a given biological process. In order to identify new regulators of the symbiosis
292  between legumes and nitrogen-fixing rhizobia, we conducted a data-mining analysis
293  ontranscriptional data from P. vulgaris interacting with rhizobia.

294 Our data-mining analysis on the P. vulgaris Gene Expression Atlas (PvGEA;
295  http://plantgrn.noble.org/PvGEA/) [33], allowed us to identify several candidate
296  genes, among them Phvul.011G088200.1, predicted to encode AGO5 protein. Based
297  on available transcriptional data in common bean, this gene shows high expression
298 in nodules and roots, followed by pods, leaves, and flowers (Figure S1). To validate
299  these transcriptomic data, we evaluated the expression of this gene by qRT-PCR
300 (Figure 1a). These quantitation analyses confirmed that the Phvul.011G088200.1
301 geneis preferentially expressed in nodules and roots from common bean plants.

302 AGOS5 protein from A. thaliana (AT2G27880) has seven domains: Argonaute N-
303 terminal, Argonaute Linker1, PAZ, Argonaute Linker2, Argonaute Mid, Ribonuclease
304 H-like, and PIWI (Figure S2). To confirm the evolutionary relationships between
305 Phvul.011G088200.1 and AtAGO5 proteins, we conducted a protein domain and a
306 phylogenetic analysis (Figure S2). Comparison of AtAGO5 and Phvul.011G088200.1
307  deduced protein sequence showed a 60% identity between them. Furthermore, our
308 protein domain analysis revealed that the AGO5 protein encoded in
309 Phvul.011G088200.1 carries all the characteristic domains of AtAGO5, except the
310 Mid domain (Figure S2). Additionally, our phylogenetic analysis showed that the
311 protein encoded in the gene Phvul.011G088200.1 can be grouped in the AtAGO5
312  clade. Altogether, these data indicate that the Phvul.011G088200.1 gene encodes for
313  a P.vulgaris AGO5 protein, preferentially expressed in roots and nodules of common
314  bean plants.

315
316 3.2 PvAGOS5 expression is induced in response to rhizobia
317 Because AGO5 is preferentially expressed in roots and nodules, we hypothesized

318 that the expression of AGO5 might be activated at early stages of the symbiosis
319 between legumes and rhizobia. To test this hypothesis, we evaluated the expression
320 of AGO5 in common bean roots inoculated with rhizobia at various time points (1, 3,
321 6, 12, 24 and 48 hours) (Figure 1b). Our expression analysis revealed that upon
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322  bacteria inoculation, AGO5 transcript accumulates more than 2-fold during the first
323 three hours, followed by a decrease between 6 and 48 hours after bacteria
324 inoculation (Figure 1b). To look at the correlation between these transcriptomic and
325  AGOS5 protein levels, we performed an immunoblotting analysis using AGO5 specific
326 antibodies. This analysis revealed that AGO5 protein accumulation (2-fold) is
327 detected after one hour of rhizobia inoculation, consistent with its relative
328 transcript accumulation timing (Figure 1c). After six hours post-inoculation, a
329 second wave of AGOS5 protein accumulation was detected, this higher relative
330 accumulation levels seems to be maintained up to 24 hours after rhizobia
331 inoculation (Figure 1d). This transcript and protein accumulation patterns indicate
332 that AGOS is required during the early stages of common bean and rhizobia
333  symbiosis.
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336  Figure 1. PvAGOS is preferentially expressed in root and nodules

337 (a) Expression pattern of PvAGOS5 in leaves, roots and nodules from three-weeks old
338 common bean plants. (b) Expression profile of PvAGO5 in rhizobia-inoculated roots from
339  two-days old common bean plants. Box plots represent first and third quartile (horizontal
340 Dbox sides), minimum and maximum (outside whiskers). Data shown was obtained from four
341 independent biological replicates. One-way ANOVA followed by a Tukey Honest Significant
342  difference (HSD) test was performed (p-value<0.01). Statistical classes sharing a letter are
343  not significantly different. (c-d) AGO5 protein expression in rhizobia-inoculated roots from
344  two-days old common bean plants. Inmunoblot shown is a representative figure from three
345  Dbiological replicates. The intensity of the bands was quantified densitometrically, and the
346  inoculated/un-inoculated expression ratios were obtained for each time point. Values are
347 mean and standard error of three biological replicates. Asterisks indicate a significant
348  difference according to Student’s t-test (p-value < 0.01). hpi= hours post-infection.

349
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350 3.3 AGO5 is required for rhizobia-induced root hair deformation and the activation of
351  symbiosis-specific genes

352 Upon NFs perception by NFR5 and NFR1, different molecular and physiological
353 responses are triggered [4], including the activation of Early Nodulin (ENOD) genes
354  and the deformation of the root hair cell [5, 43]. Because AGO5 is expressed during
355  the first three hours after inoculation with rhizobia, we thus hypothesized that AGO5
356  might be involved in the control of some of the early steps of the symbiosis between
357 common bean and rhizobia. To test this hypothesis, we first designed an RNAIi
358 construct targeting PvAGO5 and utilized Agrobacterium rhizogenes-mediated
359 transformation to knockdown PvAGOS5. The expression of PvAGOS5 in common bean
360 transgenic roots expressing the RNAi construct was reduced on an average by 60%
361 compared to roots transformed with a control vector (Figure 2a). To test whether
362  the reduction in the expression of PvAGOS5 affects the rhizobia-induced root hair
363 deformation, common bean transgenic roots expressing either PvAGO5-RNAi or
364  control vector were inoculated with R. tropici CIAT899. Forty-eight hours after
365 inoculation, 95 % (n=60) of the control vector-transformed roots showed the
366  characteristic rhizobia-induced root hair deformation (Figure 2b), whereas only 20
367 % (n=60) PvAGO5-RNAi-transformed roots did (Figure 2c).

368
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369 Figure 2. Down-regulation of PvAGO5 reduces the rhizobia-induced root hair
370  deformation in common bean

371  (a) PvAGOS5 expression levels in transgenic roots expressing a control vector or the PvAGO5-
372  RNAi construct. Data shown was obtained from five independent biological replicates, each
373  one containing roots from four different composite plants. (b) Rhizobia-induced root hair
374  deformation in common bean transgenic roots expressing a control vector or (c) the
375  PvAGO5-RNAI. (d) Number of rhizobia-induced root hairs observed in control transgenic
376  roots and PvAGOS5-silenced roots. One-way ANOVA followed by a Tukey Honest Significant
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377  difference (HSD) test was performed. Asterisk indicates a significant difference (p-
378  value<0.01).

379

380

381 The fact that PvAGOS5 is up-regulated during the first three hours following
382  rhizobia inoculation and that the down-regulation of PvAGO5 reduces the rate of
383 rhizobia-induced root hair deformation, suggest that PvAGOS5 participates in
384 promoting some the early molecular events leading to nodule development,
385 including the transcriptional activation of ENOD genes. To further investigate the
386 molecular role played by PvAGO5, we evaluated the expression of the symbiosis-
387 related genes: PvNSP2, PvNIN, PvFLOTILLINZ, and PvENOD40 in common bean
388 transgenic roots expressing either the PvAGO5-RNAI construct or the control vector
389 and inoculated for one hour with R. tropici (Figure 3). Our expression analysis
390 revealed that the expression of these symbiotic genes in response to rhizobia was
391 reduced in average by 50% in RNAIi-PvAGO5 roots compared to the roots
392 transformed with the control vector (Figure 3). Together, these results indicate that
393  PvAGOS is involved in controlling the expression of some of the major regulatory
394  genes, whose products participate during the early events of common bean-rhizobia
395 symbiosis.
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397  Figure 3. Down-regulation of PvAGOS5 affects the expression of symbiotic genes

398  Rhizobia-triggered expression of PvNSP2 (a), PvNIN (b), PvFlotillin2 (c) and PvENOD40 (d)
399  in control- and PvAGO5-silenced common bean transgenic roots. Data shown was obtained
400 from six independent biological replicates, each one containing four transgenic roots from
401  the same number of composite plants. One-way ANOVA followed by a Tukey Honest
402  Significant difference (HSD) test was performed. Asterisk indicates a significant difference
403  (p-value<0.01).
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404 3.4 Down-regulation of PvAGOS5 affects nodule development in common bean

405 The relative high expression of PvAGO5 detected in common bean mature
406 nodules (Figure 1a) suggests that PvAGO5 might also play a role during nodule
407  development. To test whether the down-regulation of PvAGO5 affects the
408 development of common bean nodules, we conducted a nodulation assay on RNAi-
409  PvAGOS5 transgenic roots (Figure 4). Down-regulation of PvAGO5 resulted in 60%
410 reduction in the nodule number in silenced roots (Figure 4a). Interestingly, those
411  nodules that reach maturity in the PvAGO5-silenced roots were irregular, smaller
412  and white, in contrast to the round, large and pink nodules formed in the transgenic
413  roots expressing the control vectors (Figure 4b and Figure S3).
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—
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414  Figure 4. PvAGO5-silenced roots develop less, small and white nodules in common
415 bean

416  (a) Nodulation assay on control- and PvAGO5-silenced common bean transgenic roots. Data
417  shown was obtained from 30 independent biological replicates. One-way ANOVA followed
418 by a Tukey Honest Significant difference (HSD) test was performed. Asterisk indicates a
419  significant difference (p-value<0.01). (b) Nodules observed in control- and PvAGO5-silenced
420  common bean transgenic roots. (c -d) Safranine-stained sections of R. tropici-inoculated
421  nodules showing the morphology and organization of representative samples collected
422  from transgenic control (c) and PvAGO5-RNAi (d) roots. c: Cortex; ic: infected cells; vb:
423  wvascular bundle.

424

425 To examine the structural characteristics of the nodules formed in the
426  transgenic roots expressing PvAGO5-RNAi, we observed semi-thin sections of
427  PvAGO5-RNAi and control vector nodules stained with safranin under a light
428  microscope (Figure 4c-d). Control vector nodules showed the characteristic outer
429  and inner cortexes, the nodule vascular bundles, and the central tissue that contains
430 infected and uninfected cells (Figure 4c). In contrast, PvAGO5-RNAi nodules showed
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431 a clear different structure with fewer infected cells (Figure 4d). Altogether, these
432  results indicate that the down-regulation of PvAGOS5 significantly affects common
433  bean nodule development and rhizobia colonization.

434 3.5 AGOS5is also required in soybean to establish symbiosis with B. japonicum

435 Because the evident effect of AGO5 relative low levels on nodule development,
436  we investigated whether this effect could be extrapolated to other legumes. For this,
437  we examined the Soybean Knowledge Base (SoyKB; http://www.soykb.org/) [34-
438  35], and found that Glyma.11g190900.1 gene encodes a putative AGO5 protein. The
439 predicted protein AGO5 soybean protein contains the seven characteristics domains
440 present in AtAGO5 (Figure S2), and groups in the same clade as AtAGO5 and
441 PvAGOS5 (Figure S2). Similarly to PvAGO5, GmAGO5 transcript was highly
442  accumulated in soybean nodules and roots (Figure 5a), as well as in roots after one
443  hour of B. japonicum inoculation, this pattern was similar for GmAGO5 protein
444  accumulation level (Figure 5c-d).

445
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446  Figure 5. AGO5 is preferentially expressed in soybean roots and nodules

447  (a) Expression pattern of GmAGOS5 in leaves, roots and nodules from three-weeks old
448  soybean plants. (b) Expression profile of GmAGO5 in rhizobia-inoculated root from two-
449  days old soybean plants. Box plots represent first and third quartile (horizontal box sides),
450 minimum and maximum (outside whiskers). Data shown was obtained from four
451  independent biological replicates. One-way ANOVA followed by a Tukey Honest Significant
452  difference (HSD) test was performed (p-value<0.01). Statistical classes sharing a letter are
453  not significantly different. (c-d) AGO5 protein expression in rhizobia-inoculated roots from
454  two-days old soybean plants. Immunoblot shown is a representative figure from three
455  biological replicates. The intensity of the bands was quantified densitometrically, and the
456  inoculated/uninoculated expression ratios were obtained for each time point. Values are
457  mean and standard error of three biological replicates. Asterisks indicate a significant
458  difference according to Student’s t-test (p-value < 0.01). hpi= hours post-infection.
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459 Because we observed that GmAGO5 showed a similar expression pattern to
460  PvAGOS5 in response to rhizobia, we also generated an RNAi-GmAGO5 construct to
461 silence GmAGOS5 transcript in transgenic soybean roots produced by A. rhizogenes-
462 mediated transformation. The expression of GmAGO5 in soybean transgenic roots
463  expressing the RNAI construct was reduced on an average by approximately 50%
464 compared to the transcript accumulation obtained for roots transformed with a
465 control vector (Figure 6a). To test whether the reduction in the expression of
466 GmAGOS5 affects the typical rhizobia-induced root hair deformation, soybean
467  transgenic roots expressing either AGO5-RNAi or control vector were inoculated
468 with B. japonicum USDA110. Although GmAGO5-RNAIi transgenic roots showed
469 characteristic rhizobia-induced root hairs, we observed that these AGO5-silenced
470 roots predominantly exhibit “spatula-like” root hairs (Figure 6b). This root hair
471 phenotype was observed only in GmAGO5-RNAI transgenic roots inoculated with B.
472  japonicum, indicating that this phenotype is dependent on symbiotic signaling.
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474  Figure 6. GmAGOS5-silenced soybean roots develop rhizobia-induced “spatula-like”
475  root hair deformation

476  (a) GmAGOS5 expression levels in transgenic roots expressing a control vector or the
477  GmAGO5-RNAi construct. Data shown was obtained from ten independent biological
478  replicates, each one containing roots from four different composite plants. (b) Rhizobia-
479  induced root hair deformation in transgenic soybean roots expressing a control vector or
480  the GmAGOS5-RNAI construct. (d) Number of rhizobia-induced “spatula-like” deformed root
481  hairs observed in control transgenic roots and GmAGO5-silenced roots. One-way ANOVA
482  followed by a Tukey Honest Significant difference (HSD) test was performed. Asterisk
483  indicates a significant difference (p-value<0.01).

484

485

486
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487 To explore if GmAGOS5 also plays a role during nodule development similar to
488 what we observed for PvAGO5, we conducted a nodulation assay on soybean
489  transgenic roots expressing GmAGO5-RNAI or control vector. This assay revealed
490 that GmAGO5-silenced roots developed 50% less nodules than control vector roots
491  (Figure 7a). Similar to RNAi-PvAGO5 nodules, the nodules formed on the GmAGOS5-
492  silenced transgenic roots were smaller and white, indicating a lack of leghemoglobin
493  (Figure 7a). Light microscopy analysis of transgenic nodule semi-thin sections
494  stained with safranin staining revealed that GmAGO5-RNAi nodules contain less
495 infected cells than control vector-transformed nodules. These results also indicate
496  that, similar to what we observed for PvAGOS5, silencing of GmAGOS5 results in
497  reduced in a specific root hair deformation phenotype, along with reduced nodule
498 formation efficiency and nodule morphology defects. Altogether, our data indicate
499  that AGOS5 is playing a central role in the establishment of the symbiosis with
500 rhizobia in determinate legumes.
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502  Figure 7. Down-regulation of AGO5 affects nodule development in soybean

503 (a) Nodulation assay on control- and GmAGOS5-silenced common bean transgenic roots. Data
504  shown was obtained from 30 independent biological replicates. One-way ANOVA followed
505 by a Tukey Honest Significant difference (HSD) test was performed. Asterisk indicates a
506  significant difference (p-value<0.01). (b) Nodules observed in control- and PvAGO5-
507  silenced common bean transgenic roots. (c —-d) Safranine-stained sections of B. japonicum-
508 inoculated nodules showing the morphology and organization of representative samples
509  collected from transgenic control (c) and GmAGO5-RNAi (d) roots. c: Cortex; ic: infected
510 cells; vb: vascular bundle.

511
512 4. Discussion
513 The symbiosis between legumes and rhizobia has been extensively studied.

514 However, transcriptomic, proteomic and even phosphoproteomic analyses have
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515 uncovered the existence of potential new regulators of this important symbiosis
516 [30-32]. Nevertheless, few of them have been functionally characterized and
517  assigned a role in the establishment of this process [44-47]. In the present study, we
518 provide evidence supporting the participation of AGO5 in the regulation of both
519 early and late symbiotic processes in common bean and soybean, two worldwide
520 important legume crops. We demonstrated that the expression of AGO5 is induced
521  during the first three hours of rhizobia inoculation. Further experimentation on
522  AGO5-silenced common bean roots revealed that the rhizobia-induced root hairs
523 deformation and the expression of PvNSP2, PvNIN, PvFLOTILLINZ and PvENOD40
524  symbiosis-related genes were notoriously affected. Accordingly, we showed that
525 AGOS5-silenced common bean transgenic roots developed 50% less nodules and their
526 nodules were smaller with few infected cells compared to the control transgenic
527  roots. The effect of the down-regulation of AGO5 in the symbiosis with rhizobia was
528 also observed in soybean AGO5-silenced roots. These results led us to propose that
529  AGOS5 is an essential component in the establishment of the symbiosis with rhizobia
530 in determinate legumes.

531 Like other AGO proteins, AGO5 binds different types of non-coding small RNAs,
532  particularly those initiating with cytosine, to form RISC, the complex mediating the
533 transcriptional and posttranscriptional gene silencing [48]. AGO5 gene is present in
534 most land-plants and its expression pattern is likely plant-species specific [49].
535  Additionally, AGO5 has been involved in the regulation of the systemic resistance of
536 A. thaliana against Potato Virus X [50]. There is also evidence indicating that the
537 AGOS5 expression is activated by different abiotic stresses, including drought and
538 salinity in apple [49]. Recently, it was demonstrated that the soybean seed
539  pigmentation is controlled by AGO5-associated small interference RNAs targeting
540 chalcone synthase transcript [51]. Here, we reported an additional AGO5 function,
541  which might be legume-specific. However, we do not exclude the possibility that
542  AGO5 may also play a role in the interaction of non-legume plants with soil
543  beneficial microbes.

544 Early molecular responses activated upon NFs perception are critical for a
545  successful symbiosis between legumes and rhizobia [4, 5]. Some of these early
546  responses include: protein phosphorylation [3], rapid oscillations in the nuclear and
547  perinuclear calcium concentration (calcium spiking) [10], the synthesis and
548 accumulation of mevalonate [17] and the activation of different NOD genes [3].
549  These early molecular responses, in turn, are finely regulated by a set of genes that
550 altogether conform the so-called Common Symbiosis Pathway (CSP) [3, 9]. One of
551 the characteristics of the CSP participating genes is their preferential expression in
552  roots and their early activation, few hours after NFs perception. These early
553  molecular responses positively control the root hair deformation or curling, which is
554 required for rhizobia colonization. In this study, we showed that PvAGO5-silenced
555 common bean transgenic roots showed a significant reduction in the rhizobia-
556 induced root hair deformation. However, the deformed roots hairs were similar to
557 those observed in control transgenic roots (Fig 1B). In contrast, GmAGO5-silenced
558 soybean roots predominantly exhibited “spatula-like” root hairs (Fig 6). This
559  spatula-like phenotype has also been observed in M. truncatula ernl1/ern2 and dmil
560 mutant plants [36, 52]. This defect in the root hair deformation has been associated
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to an inhibition of the polar elongation of the root hair cell, which affects the
formation of the infection chamber and the subsequent rhizobia colonization and
nodule formation [36, 52, 53]. The fact that the AGO5 expression is activated during
the first three hours of interaction with rhizobia and that AGO5-silenced transgenic
roots show defects in the rhizobia-induced root hair deformation, suggest that AGO5
has a critical role in the rhizobia colonization by controlling the polar growth of root
hairs and the formation of the infection chamber.

PvAGO5-silenced common bean transgenic roots showed 50% less accumulation
of PvNSP2, PvNIN, PvFLOTTILINZ and PvENOD40 symbiotic transcripts, all of them
required for the infection thread formation and rhizobia colonization [54-57]. NSP2
along with NSP1 forms a DNA binding complex regulating NIN and ERN1 symbiotic
gene expression, required for rhizobia infection and colonization [56]. It has been
reported that nsp2 M. truncatula mutant plants show a reduction in the rhizobia-
induced root hair deformation and a complete absence of rhizobia infection [58]. In
contrast, M. truncatula nin mutants show an excessive root hair deformation
without rhizobia infection nor nodule formation [55]. Other genes required for
rhizobia infection and colonization are FlotillinZ and Flotillin4 [57]. Down-regulation
of these two flotillin genes seriously affects the infection thread elongation and
nodule formation in M. truncatula transgenic roots [57]. Likewise, it has been
demonstrated that the symbiotic gene ENOD40, which is expressed in pericycle-,
nodule primordium- and nodule cells, is required for optimal nodule and bacteroid
development [55]. Somewhat similar to the phenotype observed in the nsp2 mutant
plants and FLOTILLIN-silenced roots was observed in the present study (Figure 3, 4,
and 7). Considering that the down-regulation of AGO5 significantly reduced the
expression of NSP2, NIN, FLOTILLINZ and ENOD40, that the rhizobia-induced root
hair deformation was significantly reduced and that the nodules formed in the
AGO5-silenced roots were smaller and showed few infected cells, these data support
our hypothesis that AGO5 is critical for rhizobia colonization. Additionally, because
AGO5-silenced roots did not show reduction in the expression of the symbiosis-
related gene CYCLOPS (Figure S4), but genes acting downstream of this
transcription factor do (e.g. NSP2 and NIN), with this data it is tempting to speculate
that AGO5, along with its associated small RNAs, might act upstream of the
NSP2/NSP1 complex. However, further experimentation is needed.

It has been demonstrated that both phasiRNAs and microRNAs, particularly
those that with a cytosine at the 5’-end, interact with AGO5 [48, 59]. Additionally, it
has also been reported that miR167 and miR172c¢ are the most abundant
microRNAs when AGO5-associated small RNAs were determined by co-IP in A.
thaliana [48]. Interestingly, there is evidence indicating that the nodes miR172c-
APETALAZ2-1 and miR167-GmARF8 control early events (e.g. rhizobia-induced root
hair deformation and the activation of symbiosis-related genes) of this symbiosis
and the nodule development in common bean and soybean, respectively [60-61].
Hence, it is possible that the defects in the establishment of the symbiosis between
common bean/soybean and rhizobia might be due to a misregulation in the activity
of AGO5-dependent microRNAs that control symbiosis-related genes.
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607 5. Conclusions

608 The data presented in this study shed light on the role of AGO5 in the
609  establishment of the symbiosis between legumes and rhizobia and the correct
610 development of functional nodules. However, it is still not clear the role that AGO5 is
611 playing in this process. One possibility is that some AGO5-associated small RNAs
612  target particular symbiotic genes. Ongoing work in our laboratory is oriented to
613  identify the small RNAs that are associated to AGO5 in common bean and soybean
614  under both symbiotic and non-symbiotic conditions.

615

616  Supplementary Materials

617  Additional supplementary information may be found in the online version of this
618 article.

619  Fig S1. Expression profile of AGO5 from common bean and soybean

620 Fig S2. Domain and phylogenetic analysis of AGO5 from common bean and soybean
621  Fig S3. AGO5-RNAi nodules are small and white

622  Fig S4. Expression level of PvCYCLOPs in AGO5-RNAi roots

623  Table S1. Primers used for qRT-PCR analysis

624

625 Acknowledgments: This research was funded by a grant from Programa de Apoyo
626 a Proyectos de Investigacion e Innovacion Tecnolégica (PAPIIT-DGAPA grant
627  #IA203815 and #IN213017) and Consejo Nacional de Ciencia y Tecnologia
628  (#CB219759) to OVL. This work was also supported by the United States National
629  Science Foundation grant numbers 10S-1339194 and 10S-1453613 to ML. Maria del
630 Rocio Reyero-Saavedra is a doctoral student from Programa de Doctorado en
631 Ciencias Biomédicas, Universidad Nacional Auténoma de México and received
632  fellowship 347027/239879 from CONACYT.

633

634  Author Contributions: Oswaldo Valdés-Lopez, Marc Libault, Jose L. Reyes and
635  Alejandra A. Covarrubias proposed and designed the study. Rocio Reyero-Saavedra
636 performed the gene and protein expression analysis, generated composite plants,
637 nodulation and root hairs deformation assay, nodule histology and analyzed the
638  data. Maria del Socorro Sanchez-Correa generated the RNAi constructs, performed
639  part of the gene and protein expression and rhizobia-induced root hair deformation.
640 Zhenzhen Qiao performed the bioinformatics analyses, generated the AGO5
641 phylogenetic analysis. Mario Diaz-Pineda performed part of the nodulation assay.
642  Maria del Rocio Reyero-Saavedra, Marc Libault and Oswaldo Valdés-Lopez wrote
643  the manuscript. All authors read and approved the manuscript.

644

645  Conflict of interest: The authors declare no conflict of interest

646 References

647 1. Gresshoff, P.M.; Hayashi, S.; Biswas, B.; Mirzaei, S.; Indrasumunar, A.; Reid, D.;
648 Samuel, S.; Tollenaere, A.; van Hameren, B.; Hastwell, A.; et al. The value of
649  Dbiodiversity in legume symbiotic nitrogen fixation and nodulation for biofuel and
650 food production. ] of  Plant Physiol 2015, 172, 128-136.
651 DOI:10.1016/j.jplph.2014.05.013

17


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2017

652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

2. Castro-Guerrero, N.A.; Isidra-Arellano, M.C.; Mendoza-Cozatl, D.M.; Valdés-Lopez,
0. Common bean: a legume model on the rise for unraveling adaptations to iron, zinc
and phosphate deficiencies. Front Plant Sci 2016, 7, 600. DOI:
10.3389/fpls.2016.00600

3. Genre, A.; Russo, G. Does a common pathway transduce symbiotic signals in plant-
microbe interactions? Front Plant Sci 2016, 7, 96. DOI: 10.3389/fpls.2016.00096

4. Venkateshwaran, M.; Volkening, J. D.; Sussman, M. R.; Ané, ]. M. Symbiosis and the
social network of higher plants. Curr Opin Plant Biol 2013, 16, 118-127. DOI:
10.1016/j.pbi.2012.11.007

5. Oldroyd, G. E. D. Speak, friend, and enter: signaling system that promote beneficial
symbiotic associations in plants. Nat Rev Microbiol 2013, 11, 252-263. DOI:
10.1038/nrmicro2990

6. Murray, ].D, Invasion by invitation: rhizobial infection in legumes. Mol Plant
Microbe Interact 2011, 24, 631-639. DOI: 10.1094/MPMI-08-10-0181

7. Fournier, J.; Teillet, A.; Chabaud, M.; Ivanov, S.; Genre, A.; Limpens, E.; de Carvalho-
Nievel, F.; Barker, D. Remodeling of the infection chamber before infection thread
formation reveals a two-step mechanism for rhizobial entry into the host legume
root hair. Plant Physiol 2015, 167, 1233-1242. DOI: 10.1104/pp.114.253302

8. Xiao, T. T.; Schilderink, S.; Moling, S.; Deinum, E. E.; Kondorosi, E.; Franssen, H.;
Kulikova, O.; Niebel, A.; Bisseling, T. Fate map of Medicago truncatula root nodules.
Development 2014, 141, 3517-3528. DOI: 10.1242/dev.110775

9. Singh, S.; Parniske, M. Activation of calcium- and calmodulin-dependent protein
kinase (CCaMK), the central regulator of plant root endosymbiosis. Curr Opin Plant
Biol 2012, 15, 444-453.DO0I: 10.1016/j.pbi.2012.04.02

10. Ané, ].M,; Kiss, G.B.; Riely, B. K.; Penmetsa, R.V.; Oldroyd, G.E.; Ayax, C.; Lévy, J.;
Debellé, F.; Baek, ].M.; Kalo, P.; et al. Medicago truncatula DMI1 required for bacterial
and fungal symbioses in legumes. Sciences 2004, 303, 1364-1367.

11. Kanamori, N.; Madsen, L. H.; Radutoiu, S.; Frantescu, M.; Quistgaard, E.M.; Miwa,
H.; Downie, J.A.; Jame, E.K,; Felle, H.H; Haaning, L.L.; et al. A nucleoporin is required
for induction of calcium spiking in legume nodule development and essential for
rhizobial and fungal symbiosis. Proc Nat Acad Sci U. S. A. 2006, 103, 359-364.

12. Peiter, E.; Sun, J.; Heckmann, A. B.; Venkateshwaran, M.; Riely B.K,, Otegui, M.S,;
Edwards, A.; Freshour, G.; Hahn, M.G.; Cook, D.R,; et al. The Medicago truncatula
DMI1 protein modulates cytosolic calcium signaling. Plant Physiol 2007, 145, 192-
203.

13. Saito, K.; Yoshikawa, M.; Yano, K.; Miwa, H.; Uchida, H.; Asamizu, E.; Sato, S.;
Tabata, S.; Imaizumi-Anraku, H.; Umehara, Y.; et al. NUCLEOPORINSS is required for
calcium spiking, fungal and bacterial symbioses, and seed production in Lotus
japonicus. Plant Cell 2007, 19, 610-624.

14. Groth, M.; Takeda, N.; Perry, J.; Uchida, H.; Draxl, S.; Brachmann, A.; Sato, S.;
Tabata, S.; Kawaguchi, M.; et al. NENA, a Lotus japonicus homolog of Sec13, is
required for rhizodermal infection by arbuscular mycorrhizal fungi and rhizobia but
dispensable for cortical endosymbiotic development. Plant Cell 2010, 22, 2059-
2526.DO0I:10.1105/tpc.109.069807

15. Capoen, W.; Sun, J.; Wysham, D.; Otegui, M.S.; Venkateshwaran, M.; Hirsch, S,;
Miwa, H.; Downie, ].A.; Morris, R.J.; Ané, ].M.; et al. Nuclear membranes control

18

d0i:10.20944/preprints201710.0123.v1


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2017 d0i:10.20944/preprints201710.0123.v1

698  symbiotic calcium signaling of legumes. Proc Nat Acad Sci U. S. A. 2011, 108, 14348-
699  14353.DOI: 10.1073/pnas.1107912108

700 16. Charpentier, M.; Sun, J.; Vaz Martins, T., Radhakrishnan, G. V.; Findlay, K,;
701  Soumpourou, E.; Thouin, ]J.; Véry, A. A,; Sanders, D.; Morris, R. ].; et al. Nuclear-
702  localized cyclic nucleotide-gated channels mediate symbiotic calcium oscillations.
703  Science 2016, 352,1102-1105. DOI: 10.1126/science.aae0109

704  17. Venkateshwaran, M.; Jayaraman, D.; Chabaud, M.; Genre, A.; Ballon, A. ].; Maeda,
705 ].; Forshey, K,; den Os, D.; Kwiecien, N. W.; Coon, J. ].; et al. A role for the mevalonate
706  pathway in early plant symbiotic signaling. Proc Natl Acad Sci U. S. A 2015, 112,
707  9781-9786.DO0I: 10.1073/pnas.1413762112

708  18. Miller, J. B.; Pratap, A.; Miyahara, A.; Zhou, L.; Borneman, S.; Morris, R. ].; Oldroyd,
709  G. E. Calcium/Calmodulin-dependent protein kinase is negatively and positively
710 regulated by calcium, providing a mechanism for decoding calcium responses
711 during symbiosis signaling. Plant Cell 2013, 25, 5053-5066. DOI:
712  10.1105/tpc.113.116921

713 19. Singh, S.; Katzer, K.; Lambert, J.; Cerri, M.; Parniske, M. CYCLOPs, a DNA-binding
714  transcriptional activator orchestrates symbiotic root nodule development. Cell Host
715  Microbe 2014, 15,139-152. DOI: 10.1016/j.chom.2014.01.011

716  20.Zogli, P.; Libault, M. Plant response to biotic stress: is there a common epigenetic
717  response during plant-pathogenic and symbiotic interactions? Plant Science 2017,
718  263,89-93.D0l.org/10.1016/j.plantsci.2017.07.008

719  21. Satgé C.; Moreau, S.; Sallet, E.; Lefort, G.; Auriac, M. C.; Rembliere, C.; Cottret, L.;
720  Gallardo, K;; Noirot, C.; Jardinaud, M. F.; et al. Reprograming of DNA methylation is
721  critical for nodule development in Medicago truncatula. Nat Plants 2016, 16166.
722  DOI:10.1038/nplants.2016.166

723  22. Nagymihaly, M.; Veluchamy, A.; Gyorgypal, Z.; Ariel, F.; Jégu, T.; Benchamed, M.;
724  Szics, A.; Margaert, P.; Kondorosi, E. Ploidy-dependent changes in the epigenome of
725 symbiotic cells correlate with specific patterns of gene expression. Proc Natl Acad.
726  Sci. 2017, 114, 4543-4548.D0I: 10.1073 /pnas.1704211114

727  23. Ichida, H.; Yoneyama, K.; Koba, T.; Abe, T. Epigenetic modification of rhizobial
728 genome is essential for efficient nodulation. Biochem. Biophys. Res. Commun. 2009,
729  389,301-304.DOI: 10.1016/j.bbrc.2009.08.137

730  24. Fang, X.; Qi, Y. RNAI in plants: An Argonaute-centered view. Plant Cell 2016, 28,
731  272-285.DOI: 10.1105/tpc.15.00920

732 25.Zhang, H,; Xia, R.; Meyers, B. C.; Walbot, V. Evolution, functions, and mysteries of
733 plant ARGONAUTE proteins. Curr Opin Plant Biol 2015, 27, 84-90.
734 DOlorg/10.1016/jpbi.2015.06.011

735  26. Simon, S. A.; Meyers B. C.; Sherrier D. J. MicroRNAs in the rhizobia legume
736  symbiosis. Plant Physiol 2009, 151, 1002-1008. DOI: 10.1104/pp.109.144345

737  27.Borges, F.; Pereira, P. A,; Slotkin, R. K;; Martienssen, R. A.; Becker, ]J. D. MicroRNA
738 activity in the Arabidopsis male germline. ] Exp Bot 2011, 62, 1611-1620. DOI:
739  10.1093/jxb/erq452

740  28. Tucker, M. R,; Okada, T.; Hu, Y.; Scholefield, A.; Taylor, ]J. M.; Koltunow, A. M.
741  Somatic small RNA pathways promote the mitotic events of megagametogenesis
742  during female reproductive development in Arabidopsis. Development 2012, 139,
743  1399-1404.DOI: 10.1242/dev.075390

19


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2017

744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

29. Olmedo-Monfil, V.; Duran-Figueroa, N.; Arteaga-Vazquez, M.; Demesa-Arévalo, E.;
Autran, D.; Grimanelli, D.; Slotkin, R. K.; Martienssen, R. A.; Ville-Calzada, ]. P. Control
of female gamete formation by small RNA pathway in Arabidopsis. Nature. 2010,
464, 628-632.DO0I: 10.1038/nature08828

30. Nguyen, T. H.; Brechenmacher, L.; Aldrich, ]. T.; Clauss, T.R.; Gritsenko, M.A,;
Hixson, K.K.; Libault, M.; Tanaka, K.; Yao, F.; et al. Quantitative phosphoproteomic
analysis of soybean root hairs inoculated with Bradyrrhizobium japonicum. Moll Cell
Prot 2012 11, 1140-1155. DOI: 10.1074/mcp.M112.018028

31. Rose, C. M.; Venkateshwaran, M.; Volkening, ]J. D.; Grimsrud, P. A.; Maeda, J;
Bailey, D. ].; Park, K.; Howes-Podoll, M.; den Os, D.; Yeun, L. H.; et al. Rapid
phosphoproteomic and transcriptomoci changes in the rhizobia-legume symbiosis.
Mol Cell Proteomics 2012, 11, 724-744.DOI: 10.1074/mcp.M112.019208

32. Larrainzar, E.; Riely, B. K.; Kim, S. C.; Carrasquilla-Garcia, N.; Yu, H. ]J.; Hwang, H.
J; Oh, M.; Kim G. B.; Surrendrarrao, A. K.; Chasman, D.; et al. Deep sequencing of the
Medicago truncatula root transcriptome reveals a massive and early interaction
between nodulation factor and ethylene signals. Plant Physiol 2015, 169, 233-265.
DOI: 10.1104/pp.15.00350

33. O’'Rourke, J. A,; Iniguez, L. P.; Fu, F.; Bucciarelli, B.; Miller, S. S.; Jackson, S. A,;
McClean, P. E; Lj, J.; Dai, X;; Zhao, P. X;; et al. An RNA-Seq based gene expression atlas
of the common bean. BMC Genomics 2014, 15, 866. DOI: 10.1186/1471-2164-15-
866

34. Joshi, T.; Patil, K.; Fitzpatrick, M. R.; Frnaklin, L. D.; Yao, Q.; Cook, J. R;; Zhen, W;
Libault M.; Brechenmacher, L.; Valliyodan, B.; et al. Soybean knowledge (SoyKB): a
web resource for soybean translational genomics. BMC Genomics 2012, 1, S15.
DOl.org/10.1186/1471-2164-13-S1-S15

35. Joshi, T.; Fitzpatrick, M. R.; Chen, S.; Liu, Y.; Zhan, H.; Endacott, R. Z.; Gaudiello, E.
C.; Stacey, G.; Nguyen, H. T.; Xu, D. Soybean knowledge base: (SoyKB): a web
resource for interaction of soybean translational genomics and molecular breeding.
Nucleic Acids Res 2014, 42, D1245-D1252. DOI: 10.1093 /nar/gkt905

36. Catoira, R.; Galera, C.; de Billy, F.; Penmetsa, R. V.; Journet, E. P.; Maillet, F,;
Rosenberg, C.; Cood, D.; Gough, C.; Dénarié, J. Four genes of Medicago truncatula
controlling components of a Nod Factor transduction pathway. Plant Cell 2000, 12,
1647-1665.

37.Valdés-Lopez, O.; Arenas-Huertero, C.; Ramirez, M.; Girard, L.; Sdnchez, F.; Vance,
Cp. P.; Reyes, ]. L.; Hernandez, G. Essential role of MYB transcription factor: PvPHR1
and microRNA: PvmiR399 in phosphorus-deficiency signaling in common bean
roots. Plant Cell Environ 2008, 31, 1834-1843. DOI: 10.1111/j.1365-
3040.2008.01883

38. Estrada-Navarrete, G.; Alvarado-Affantrager, X.; Olivares, ]. E.; Guillén, G.; Diaz-
Camino, C.; Campos, F.; Gresshoff, P. M.; Sanchez, F. Fast, efficient and reproducible
genetic transformation of Phaseolus spp. by Agrobacterium rhizogenes. Nat Protoc
2007, 2,1819-1824.

39. Kereszt, A; Li, D.; Indrasumunar, A.; Nguyen, C.D.; Nontachaiyapoom, S.;
Kinkema, M.; Gresshoff, P. M. Agrobacterium rhizogenes-mediated transformation of
soybean to study root biology. Nat Protoc 2007, 2, 948-952.

20

d0i:10.20944/preprints201710.0123.v1


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2017 d0i:10.20944/preprints201710.0123.v1

789  40. Libault, M.; Thibivilliers, S.; Bilgin, D. D.; Radwan, O.; Benitez, M.; Clough, S. J.;
790 Stacey, G. Identification of four soybean reference genes for gene expression
791 normalization. Plant Genome. 2008, 1, 44-54, DOI:
792  10.3835/plantgenome2008.02.0091

793  41. Ramakers, C.; Ruijter, J. M.; Deprez, R. H.; Moorman, A. F. Assuption-free analysis
794  of quantitative real-time polymerase chain reaction (PCR) data. Neurosc Lett 2003,
795 13, 62-66.

796  42. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGAD5:
797  molecular evolutionary genetics analysis using maximum likelihood, evolutionary
798  distance, and maximum parsimony methods. Mol Biol Evol 2011, 28, 273-79. DOI:
799  10.1093/moldev/msr121

800  43. Amor, B. B;; Shaw, S. L.; Oldroyd, G. E.; Maillet, F.; Penmetsa, R. V.; Cook, D.; Long,
801 S.R.; Dénarié, S. R.; Gough, C. The NFP locus of Medicago truncatula controls an early
802  step of Nod Factor signal transduction upstream of a rapid calcium flux and root hair
803  deformation. Plant ] 2003 34, 495-496.

804  44. Pumplin, N.; Mondo, S. J.; Topp, S.; Starker, C. G.; Gantt, S.; Harrison, M. Medicago
805  truncatula Vapyrin is a novel protein required for arbuscular mycorrizal symbiosis.
806  Plant] 2010 61, 482-494.DO0I: 10.1111/j.1365-313X.2009.04072

807  45. Libault, M,; Zhang, X. C.; Govindarajulu, M.; Qiu, J.; Ong, Y. T.; Brechenmacher, L.;
808 Berg, R. H.; Hurley-Sommer, A.; Taylor, C. G.; Stacey, G. A member of the highly
809 conserved FWL (tomato FW2.2-like) gene family is essential for soybean nodule
810 organogenesis. Plant ] 2010, 62, 852-864. DO0I: 10.1111/j.1365-313X.2010.04201.x
811  46. Mbengue, M.; Camut, S.; de Carvalho-Niebel, F.; Deslandes, L.; Froidure, S.; Klaus-
812  Heisen, D. K.; Moreau, S.; Rivas, S.; Timmers, T Hervé, C.; Cullimore, ]. The Medicago
813  truncatula E3 Ubiquitin ligase PUB1 interacts with LYK3 symbiotic receptor and
814 negatively regulates infection and nodulation. Plant Cell 2010, 22, 3474-3488. DOLI:
815 10.1105/tpc.110.075861

816  47.Murray, . D.; Muni, R. R. D,; Torres-Jerez, I.; Tang, Y.; Allen, S.; Andriankaja, M.; Li,
817  G.; Laxmi, A.; Cheng, X.; Wen, ].; et al. Vapyrin, a gene essential for intracellular
818 progression of arbuscular mycorrhizal symbiosis, is also essential for infection by
819 rhizobia in the nodule symbiosis of Medicago truncatula. Plant ] 2011, 65, 244-252.
820 DOI:10.1111/j.1365-313X.2010.04415.x

821 48.Mj,S,; Cai, T,; Hu, Y.; Chen, Y.; Hodges, E.; Ni, F.; Wu, L.; Li, S.; Zhou, H.; Long C.; et
822  al. Sorting of small RNAs into Arabidopsis Argonaute complexes is directed by the 5’
823  terminal nucleotide. Cell 2008, 133, 116-127.DOI: 10.1016/j.cell.2008.02.34

824  49. Xu, R; Liu, C; Li, N.; Zhang, S.; Global identification and expression analysis of
825  stress-responsive genes in the Argonaute family in apple. Mol Genet Genomics 20186,
826  291,2015-2030.DO0I: 10.1007/s00438-016-1236-6

827  50. Brosseau, C.; Moffett, P. Functional and genetic analysis identify a role for
828  Arabidopsis ARGONAUTES in antiviral RNA silencing. Plant Cell 2015, 27, 1742-
829 1754.DOI:10.1105/tpc.15.00264

830 51. Cho, Y,; Jones, S. I,; Vodkin, L. O. Mutation in Argonaute5 illuminate epistatic
831 interactions of the K1 and / loci leading to saddle seed color patterns in Glycine max.
832  PlantCell 2017, 29,708-725.DO0I: 10.1105/tpc.17.00162

833 52. Cerri, M. R,; Frances, L.; Kelner, A.; Fournier, ].; Middleton, P. H.; Auriac, M. C,;
834 Mysore, K, S.; Wen, |.; Erard, M.; Barker, D. G.; Oldroyd, G. E.; de Carvalho-Niebel, F.

21


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 October 2017 d0i:10.20944/preprints201710.0123.v1

835 The symbiosis-related ERN transcription factors act in concert to coordinate
836  rhizobial host root infection. Plant Physiol 2016, 171, 1037-1054. DOI:
837 10.1104/pp.16.00230

838  53. Arrighi, J. F.; Godfroy, O.; de Billy, F.; Saurat, O.; Jauneau, A.; Gough, C. The RPG
839 gene of Medicago truncatula controls Rhizobium-directed polar growth during
840 infection. Proc  Natl Acad. Sci. 2008, 105, 9817-9822. DOI:
841 10.1073/pnas.0710273105

842 54. Marsh, J. F.; Rakocevic, A.; Mitra, R. M.; Brocard, L.; Sun, J.; Eschstruth, A.; Long, S.;
843  Schultze, M.; Ratet, P.; Oldroyd, G. E. D. Medicago truncatula NIN is essential for
844 rhizobial-independent  nodule  organogenesis induced by  autoactive
845  calcium/calmodulin-dependent protein kinase. Plant Physiol 2007, 144, 324-335.
846 55. Wan, X.; Hontelez, J.; Lillo, A.; Guarnerio, C.; van de Peut, D.; Fedorova, E,;
847  Bisseling, T.; Franssen, H. Medicago truncatula ENOD40-1 and ENOD40-2 are both
848 involved in nodule initiation and bacteroid development. J Exp Bot 2007, 58, 2033-
849  2044.

850  56. Hirsch, S.; Kim, J.; Mufioz, A.; Heckmann, A. B.; Downie, J. A.; Oldroyd, G. E. D.
851 GRAS proteins form a DNA binding complex to induce gene expression during
852  nodulation signaling in Medicago truncatula. Plant Cell 2009, 21, 545-557. DOI:
853 10.1105/tpc.108.064501

854 57. Haney, C. H. Long, S. R. Plant flotillins are required for infection by nitrogen-
855 fixing bacteria. Proc Natl Acad. Sci. 2010, 107, 478-483. DOI:
856 10.1073/pnas.0910081107

857  58. Oldroyd, G. E. D. Long, S. R. Identification and characterization of Nodulation-
858  Signaling Pathway 2, a gene of Medicago truncatula involved in Nod Factor signaling.
859  Plant Physiol 2003, 131, 1027-1032. DOI: 10.1104/pp.102.010710

860 59. Komiya, R;; Ohyanagi, H.; Niihama, M.; Watanabe, T.; Nakano, M.; Kurata, N.;
861 Nonomura, K.I. Rice germline-specific Argonaute MEL1 protein binds to phasiRNAs
862 generated from more than 700 lincRNAs. Plant | 2014, 78, 385-397. DOL:
863 10.1111/tpj.12483

864  60. Nova-Franco, B.; fﬁiguez, L. P; Valdés-Lopez, O.; Alvarado-Affantranger, X.; Leija,
865 A,; Fuentes, S. I; Ramirez, M.; Paul, S.; Reyes, J. L.; Girard, L.; Hernandez, G. The
866  Micro-RNA171c-APETALA2-1 node as a key regulator of the common bean-
867  Rhizobium etli nitrogen fixation symbiosis. Plant Physiol 2015, 168, 273-291. DOI:
868 10.1104/pp.114.255547

869 61. Wang, Y. W,; Li, K;; Chen, L.; Zou, Y.; Liu, H,; Tian, Y.; Li, D.; Wang, R.; Zhao, F.;
870  Ferguson, B. ].; Gresshoff, P. M,; Li, X. MicroRNA167-directed regulation of the auxin
871 response factors GmARF8a and GmARF8b is required for soybean nodulation and
872 lateral root development. Plant Physiol 2015, 168, 101-116. DOI:
873 10.1104/pp.15.00265

22


http://dx.doi.org/10.20944/preprints201710.0123.v1
http://dx.doi.org/10.3390/genes8120352

