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32 Summary

33 @ The morphotype of arbuscular mycorrhizal (AM) roots is distinct mostly depending

34 on AM host species: Arum, Paris, and Intermediate types. We previously reported
35 that gibberellin (GA) promotes the establishment of Paris-type AM symbiosis in
36 Eustoma grandiflorum despite its negative effects on Arum-type AM symbiosis in
37 model plants. However, the molecular mechanisms underlying the differential effects
38 of GA on different morphotypes, including Intermediate-type AM symbiosis, remain
39 elusive.

40 @ Comparative transcriptomics revealed that several symbiosis-related genes were

41 transcriptionally promoted upon AM fungal colonization in Lotus japonicus (Arum-
42 type), Daucus carota (Intermediate-type), and E. grandiflorum (Paris-type).
43 Interestingly, upon GA treatment, the fungal colonization levels and expression of
44 symbiosis-related genes were suppressed in L. japonicus and D. carota but were
45 promoted in E. grandiflorum.

46  ® Exogenous GA transcriptionally inhibited the biosynthetic process of a host-derived

47 signal molecule involved in AM symbiosis, strigolactone, in L. japonicus and E.
48 grandiflorum. Additionally, disaccharides mainly metabolized in AM roots would be
49 different between L. japonicus and D. carota/E. grandiflorum.

50 @ This study uncovered the conserved transcriptional responses during mycorrhization

51 and diverse responses to GA in AM roots with distinct morphotypes among
52 phylogenetically distant host plants.

53
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56  Introduction

57  More than 70% of terrestrial plants associate with the symbiotic fungi, arbuscular
58  mycorrhizal (AM) fungi, belonging to Glomeromycotina (Brundrett & Tedersoo, 2018).
59  AM fungi supply minerals, such as inorganic phosphate and nitrogen, to their host plants,
60  thus promoting the growth of the hosts (Ezawa & Saito, 2018; Wang et al., 2020). In
61  return, as AM fungi cannot produce carbohydrates, they obtain carbohydrates, such as
62  fatty acids, lipids, and monosaccharides, from the host plants (Bravo et al., 2017,
63  Kobayashi et al., 2018; An et al., 2019). This mutual interaction is established through
64  several steps. Before establishing AM symbiosis, the host-derived signal molecules,
65  strigolactones (SLs), exudate into the rhizosphere to attract AM fungi (Akiyama et al.,
66  2005; Besserer ef al., 2008; Tsuzuki et al., 2016). SLs are also required to continuously
67  form hyphopodia on the host root epidermis (Kobae et al., 2018). After AM fungal hyphae
68 invade the host epidermis, AM fungi form highly branched hyphal structures, the
69  arbuscule, in the root cortical cells for nutrient exchange. Some transporters are localized
70  on a specialized plant-derived membrane, periarbuscular membrane (PAM), to influx
71  mineral nutrients and efflux carbohydrates, such as lipids and glucose, between fungal
72 symbionts (Kobae & Hata, 2010; Bravo ef al., 2017; Luginbuehl & Oldroyd, 2017).

73 AM symbiosis has been known to be altered by the phytohormone, gibberellin
74 (GA). Exogenous GA severely reduces the number of hyphopodia and disturbs the
75  development of arbuscule (Floss et al., 2013; Yu et al., 2014; Takeda et al., 2015;
76  Pimprikar et al., 2016). Moreover, GA represses the expressions of some AM symbiosis-
77  related genes (Takeda ef al., 2015; Pimprikar et al., 2016). Notably, it has shown that a
78  GRAS transcription factor (TF) required for AM symbiosis, REDUCED ARBUSCULAR

79  MYCORRHIZAI (RAM]I), is transcriptionally downregulated in GA-treated Lofus
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80  japonicus. This is attributable to the GA-triggered degradation of GA signaling repressor,
81  DELLA, positively regulating RAM1 expression (Silverstone et al., 2001; Achard &
82  Genschik, 2009; Floss et al., 2013; Park et al., 2015). Notably, the RAMI also regulates
83  other downstream AM marker genes: REDUCED FOR ARBUSCULE DEVELOPMENTI
84 (RADI)-GRAS TF, Vapyrin (Vpy) (protein that regulates arbuscule development),
85  PHOSPHATE TRANSPORTER4 (PT4), AMMONIUM TRANSPORTERZ2;2 (AMT2;2),
86 FatM (acyl-acyl carrier protein thioesterase), RAMZ2 (glycerol-3-phosphate
87  acyltransferase), and STR/STR2 (ABC transporters for lipids) (Gobbato et al., 2013; Park
88 et al., 2015; Rich et al., 2015; Pimprikar et al., 2016; Rich et al., 2017; Muller et al.,
89  2020). Thereby, it has been thought that exogenous GA or the absence of functional
90 DELLA attenuates the transcriptional promotion of downstream genes, inhibiting AM
91  fungal colonization.
92 In contrast to the negative effects of GA on Arum-type AM symbiosis in L.
93  japonicus and chive, we previously reported the positive effects of GA treatment on
94 Paris-type AM symbiosis in Eustoma grandiflorum and Primula malacoides (Tominaga
95 etal.,2020a). Previous expression analysis also showed that the expression levels of AM
96  symbiosis-related genes in E. grandiflorum were promoted by GA (Tominaga et al.,
97  2020b). Arum-type AM shows that AM fungal hyphae elongate intercellular space of the
98  host cortex and form arbuscules in the cortical cells. This AM morphotype is found in rice
99  (Oryza sativa) and legume model plants roots, and generally seen in recent reports (Yu et
100 al., 2014; Takeda et al., 2015). On the other hand, in Paris-type AM, the fungal hyphae
101  invade through and show arbuscule-branched hyphal coils in the cortical cells (Smith &
102 Smith, 1997; Dickson, 2004; Dickson et al., 2007). However, our previous studies did not

103 simultaneously compare the GA-mediated transcriptional regulation between E.


https://doi.org/10.1101/2021.06.07.447186
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447186; this version posted June 8, 2021. 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-NC-ND 4.0 International license.

104  grandiflorum and other host plants at the molecular level. Moreover, some host plants
105  show an “Intermediate” type of AM; linear AM fungal hyphae intracellularly elongate
106  (Dickson, 2004). To date, the effect of GA on Intermediate-type AM symbiosis has not
107  been investigated.

108 In this study, we conducted comparative transcriptomics among three AM host
109  plants with different AM morphotypes: L. japonicus (Arum-type AM), E. grandiflorum
110 (Paris-type AM), and Daucus carota (Intermediate-type AM) (Dickson, 2004). Based on
111 plastid genomes, Fabales, Gentianales, and Apiales, to which L. japonicus, D. carota, and
112 E. grandiflorum belong, are estimated to appear c. 100 Ma, c. 90 Ma, and c. 80 Ma,
113 respectively (Li et al., 2019). Our study revealed that Rhizophagus irregularis infection
114  promoted shoot growth and the expression of several symbiosis-related genes conserved
115  in all examined plants. However, the AM fungus-promoted expressions of the orthologs
116 were decreased in L. japonicus (Arum-type) and D. carota (Intermediate-type) but further
117  increased in E. grandiflorum (Paris-type) by exogenous GA. Additionally, the negative
118  effects of GA on SL biosynthetic process were commonly observed in L. japonicus and
119  E. grandiflorum, indicating that SLs would not be involved in GA-promoted fungal
120 colonization in GA-treated E. grandiflorum. Therefore, our study uncovered the
121 conserved responses during AM symbiosis regardless of AM morphotypes. Furthermore,
122 our findings help understand that GA would be a key regulator showing diverse effects
123 on AM symbioses depending on the host species as AM morphotypes demonstrate.

124

125

126 Materials and Methods

127 The growth condition of plant and fungal materials
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128  The seedlings of L. japonicus “Miyakojima” MG-20, D. carota cv. Nantes, and E.
129 grandiflorum cv. Pink Thumb were prepared as in our previous report (Tominaga et al.,
130  2020a). Daucus carota seedlings were grown in light for 7 d. For colonization tests,
131  approximately 6000 spores of R. irregularis DAOM197198 (Premier Tech, Quebec,
132 Canada) were added to 50 ml 1/5 Hoagland solution containing 20 UM inorganic
133 phosphate. GA3z was dissolved in ethanol and treated at this procedure by diluting the
134  stock to the 1/5 Hoagland solution at indicated concentrations. Ethanol was treated in the
135 same way as the control treatment. The solution was added to approximately 300 ml
136  autoclaved mixed soil (river sand/vermiculite, 1:1) in a plastic container combined with
137  another one as described in Takeda et al. (2015). Then, the prepared seedlings were
138  transplanted into the soil and kept for 6 wk under 14 h light/10 h dark cycles at 25°C.
139

140  Quantification and observation of AM symbiosis

141 Theinoculated roots were harvested at 6 wk post inoculation (wpi), and fixation, staining,
142 and quantification of AM fungal colonization rates were conducted according to previous
143 studies (Mcgonigle et al., 1990; Tominaga et al., 2020a).

144 For fluorescence images, the fragments of fixed roots were rinsed with
145  phosphate-buffered saline (PBS) and immersed in ClearSee (FUJIFLIM Wako Pure
146 Chemical, Osaka, Japan) for 1 wk in the dark (Kurihara et al., 2015). The manufacturer’s
147  instructions were followed in the clearing procedure. The cleared roots were rinsed with
148  PBS and stained with 0.01 mg mI™* WGA-Alexa Fluor 488 (Thermo Fisher Scientific,
149  MA, USA) for 15 min. Under a fluorescent stereomicroscope, Leica M205 FCA (Leica
150  Microsystems, Wetzlar, Germany), the relatively bright green fluorescent region, which

151 indicates colonized area, was excised with a scalpel and embedded in 5% (w/v) agarose
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152 containing 1% (w/v) gelatin. Then, 30-50 um cross sections were made using a Linear
153  Slicer PRO-7 (Dosaka EM, Kyoto, Japan) and observed under a FLUOVIEW FV10i
154  confocal laser scanning microscope (Olympus, Tokyo, Japan) with 499 nm excitation and
155 520 nm emission for WGA-Alexa Fluor 488 and FV10i-SW software v1.2 (Olympus).
156 The images were merged using the ImageJ software v1.51k (http://imagej.nih.gov/ij).
157

158  Transcriptome analysis

159  RNA extraction and RNA-seq

160  Sample roots (approximately 100 mg) at 6 wpi were collected in a nuclease-free tube
161  (INA-OPTIKA, Osaka, Japan) with two 5 mm beads, frozen by liquid nitrogen. The
162  frozen root samples were set in ShakeMan6 (Bio-Medical Science, Tokyo, Japan) and
163  homogenized. Then, the total RNA was extracted using the real RNA Extraction Kit Mini
164  for Plants (RBC Bioscience, New Taipei, Taiwan) following the manufacturer’s protocol.
165 RNase-free DNase | (Takara Bio, Shiga, Japan) was applied to remove genomic DNA
166  from the RNA samples according to the manufacturer’s instructions. The purity and
167  quantity of the total RNA was calculated by measuring the absorbance at 260 and 280 nm
168  (A260: A280) with DeNovix DS-11 + (Scrum, Tokyo, Japan). RNA-seq library was
169  constructed from the total extracted RNA and sequenced, and RNA-seq with strand-
170  specific and paired-end reads (150 bp) was performed with DNBSEQ-G400 by Genewiz
171  (Tokyo, Japan). Consequently, more than 20 million raw reads per sample were obtained
172 (Table S1). Low-quality reads (< QV30) and adapter sequences were removed by Fastp
173 (Chen et al., 2018).

174

175  Data analysis
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176 Read mapping was conducted using STAR (Dobin et al., 2013) for the filtered single-end
177  reads of L. japonicus, D. carota, and R. irregularis onto their genomes, Lotus japonicus
178  Lj1.0v1, Daucus carota v2.0, and Rir_HGAP_ii_V2, retrieved from the Phytozome v13
179  (https://phytozome-next.jgi.doe.gov) and Ensembl Fungi (lorizzo et al., 2016; Maeda et
180 al., 2018; Li et al., 2020). Meanwhile, Bowtie2 with default parameters except for “--loc
181  al” was applied for E. grandiflorum to map the reads to de novo reference assembly
182 constructed from previous RNA-seq data (Tominaga et al., 2020b) by Trinity v2.8.4
183  (Grabherr et al., 2011; Langmead & Salzberg, 2012; Haas et al., 2013). In this study, we
184  mapped the reverse reads to the indicated genomes or de novo assembly data to perform
185  specific alignment. The number of mapped reads to the reference genome was counted
186  using featureCounts v1.6.4 for L. japonicus, D. carota, and R. irregularis, whereas that
187  of E. grandiflorum was quantified with eXpress v1.5.1 (Roberts & Pachter, 2013; Liao et
188 al., 2014). For identifying differentially expressed genes (DEGSs), each count data
189  showing different library sizes was normalized by the trimmed mean of the M-values
190  normalization method, and genes with |Log> fold change (FC)| > 1 and FDR less than the
191  indicated values (FDR < 0.01 for plants’ DEGs and FDR < 0.05 for fungal DEGs) were
192 considered DEGs using the EdgeR package (Robinson et al., 2010).

193 The transcripts per million (TPM) (Li et al., 2010; Wagner et al., 2012) of each
194  sample was counted from the count data using the R software v4.0.2 (R Foundation for
195  Statistical Computing). Genes that showed zero counts in all samples were excluded from
196  the analysis, unless otherwise noted. Then, the mean TPM of all samples in a condition
197  was Log-transformed for each gene. The heatmaps in this study were constructed using
198  the heatmaply package in R (Galili et al., 2018).

199
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200  Gene ontology enrichment analysis

201 DEG was sorted depending on their expression patterns using a Venn diagram
202 (http://bioinformatics.psb.ugent.be/webtools/Venn). Then, gene ontology (GO)
203  enrichment analysis was conducted using the ClueGO plugin for Cytoscape (Bindea et
204  al., 2009; Bindea et al., 2013). Additionally, the correlation network of enriched GO
205  terms was created using the ClueGO. In the analysis, P-values were calculated using a
206  two-sided hypergeometric test and corrected using the Benjamini—-Hochberg method. The
207  GOtermsof R. irregularis were annotated by EnTAP v0.10.7 (Hart et al., 2020), followed
208 by GO enrichment analysis using the topGO package in the R environment. In the topGO
209  study, the enrichment test was performed by calculating the P-values using the
210  Kolmogorov-Smirnov test (P < 0.01) and scoring with the Elim method (Alexa et al.,
211 2006).

212

213 Ortholog identification

214 Here, we identified ortholog genes in L. japonicus, D. carota, and E. grandiflorum to
215  compare the influence of AM fungal colonization and GA treatment among these
216  different host species. The proteomes of L. japonicus and D. carota was retrieved from
217  the Phytozome v12.1 and v13, respectively. Additionally, coding sequence and amino
218 acid sequences in the de novo assembly of E. grandiflorum were predicted using
219  TransDecoder v5.5.0 (Haas et al., 2013). Next, the ortholog was identified using
220  SonicParanoid with default parameters in the Python v3.8 environment (Cosentino &
221 lwasaki, 2019). Several known genes were used as queries for BLASTp search against L.

222 japonicus proteome on the website Phytozome v13 (Tables S2, S3). The resulting top hit

10
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223 L. japonicus gene and its corresponding orthologs in D. carota and E. grandiflorum were
224 considered orthogroups and analyzed.

225

226  Extraction of endogenous SLs and germination assay

227  To extract SLs from the host roots, we referred to the methods in a previous study with
228  some modifications (Flokova et al., 2020). The fresh 6-wk-old roots (100 mg) were
229  homogenized in ShakeMan6 (Bio-Medical Science) with 1 ml of 60% (v/v) acetone
230  stored at —30°C. The suspensions were collected by centrifugation and evaporated in
231  vacuo for 30 min using Savant SpeedVac DNA130 (Thermo Fisher). Hydrophobic
232 components in residual water (c. 500 pl) were extracted by ethyl acetate three times, and
233 the organic layer was evaporated in vacuo. The samples were resolved in acetone at 400
234 mg FW root mI! and stored at 4°C until use.

235 Orobanche minor seeds were incubated on two moist filter papers for 10 d at
236  24°C in the dark. An aliquot of acetone, 1 uM rac-GR24 (StrigoLab, Torino, Italy), and
237  extracted samples (20 ul) were added to 6 mm glass fiber disks. Then, the conditioned O.
238  minor seeds were placed on the disks with 20 pl distilled water. After 5 d of incubation
239  at 24°C in the dark, the germination rate (%) was counted.

240

241  Biological replicate and statistical analysis

242 One glass slide with 10 pieces of root fragments collected from one plant was considered
243 a biological replicate for colonization rate quantification. One glass fiber disc with O.
244  minor seeds was equivalent to one biological replicate. These experiments were
245  reproduced three times with more than five biological replicates. In the transcriptome

246  analysis, one library constructed from a pool of total RNA consisting of three plants was

11
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247  treated as one biological replicates. Statistical analyses were conducted using the R
248  software v4.0.2.

249

250

251  Results

252 Phenotypes of arbuscular mycorrhizal roots in different host plant species associated
253 with Rhizophagus irregularis

254  In L. japonicus, a typical Arum-type AM with intercellular hyphae and highly branched
255  arbuscules in the cortical cells were formed at 6 wpi (Fig. 1a). We also observed D. carota
256  AM roots and found linear intraradical hyphae invading the cortical cells, but no hyphal
257  coil was formed (Fig. 1c). These morphological features in D. carota roots are
258  Intermediate-type AM in association with another AM fungus, Glomus mosseae (Dickson,
259 2004). Additionally, E. grandiflorum showed a classical Paris-type AM that forms hyphal
260  coils with arbuscule branching and intracellular hyphae penetrating the cortical cells (Fig.
261  le) (Tominaga et al., 2020a). Therefore, our result confirmed that the associating plant
262  species mainly determine the AM morphologies in the same monoxenic culture
263  conditions, although some exceptions are reported (Cavagnaro et al., 2001; Dickson,
264 2004; Smith et al., 2004; Kubota ef al., 2005; Hong et al., 2012).

265 Although it has been reported that exogenous GA treatment differentially alters
266  the establishment of Arum- and Paris-type AM symbiosis (Tominaga et al., 2020a), how
267  D. carota—R. irregularis interaction responses to GA has not been tested yet. We treated
268 L. japonicus, D. carota, and E. grandiflorum with 1 uM GA3 and quantified fungal
269  colonization. The rates of total hyphal structures and arbuscules were significantly

270  decreased in GA-treated L. japonicus but increased in GA-treated E. grandiflorum

12
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271  compared with the control roots (Fig. 1g). In GA-treated L. japonicus roots, we could not
272 find any arbuscules, but we found some intercellular hyphae as described in several
273 studies (Fig. 1b, g) (Takeda et al., 2015; Pimprikar et al., 2016). Interestingly, the
274  morphologies of hyphal structures in D. carota and E. grandiflorum were not influenced
275 by GA treatment (Fig. 1d, f). These results indicate that the two plants can form normal
276  arbuscules, even in the presence of GA, implying that L. japonicus was more sensitive to
277 GAthan D. carota. The number of AM fungal entries was consistent with the colonization
278  rates (Fig. 1h). Additionally, AM fungal colonization commonly promoted the growth of
279  examined host plants in the control condition (Fig. 1i). Therefore, associating with R.
280  irregularis contributed to growth promotion in each tested plant regardless of AM
281  morphotypes, whereas the responses to exogenous GA in E. grandiflorum AM roots were
282 unique.

283

284  Comparisons of symbiosis-related genes shed light on conserved and specific
285  transcriptional responses among AM host plants

286  Based on Fig. 1, the transcriptional regulation of downstream genes required for AM
287  symbiosis would be different among the examined plants (Fig. 1g). To test this hypothesis,
288  the expression pattern of genes conserved among the host plants was compared. First,
289  orthogroups, including each known AM symbiosis-related gene, were identified using the
290  SonicParanoid software (Tables S2, S3).

291 We focused on several downstream genes in AM symbiosis: RAMI, RADI, Vpy,
292 PT4,AMT2;2, AMT2;3, FatM, RAM2, STR, and STR2 (Fig. 2a; Tables S2, S3). CBX! and
293 WRI5a/b/c, AP2/EREBP domain TFs that positively regulate RAM expression and fatty

294  acid biosynthesis, were also included in the analysis (Luginbuehl et al., 2017; Jiang et al.,

13
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295  2018; Xue et al., 2018). Additionally, we identified the sucrose synthase 1 (SucS7) and
296  glucose transporter (Sugar Will Eventually be Exported Transporter 1b; SWEETIb)
297  conserved in the examined plants. SucSI and SWEET b are predicted to catalyze sucrose
298 into glucose in arbuscule-containing cortical cells and export the monosaccharide on
299  PAM in Medicago truncatula, respectively (Hohnjec et al., 2003; Baier et al., 2010; An
300 et al,2019). Notably, these genes have been reported to be transcribed upon AM fungal
301  colonization.

302 In this analysis, the examined plants were grown under several conditions as
303  follows: non-colonized control roots (NC), AM roots (+AMF), and GA-treated AM roots
304  (+AMF+GA3). A common set of selected genes were transcriptionally promoted upon
305  fungal colonization at 6 wpi in each plant (Fig. 2b—d). AM fungal colonization, however,
306  did not induce the expression of FatM, SucSI, and SWEETIb in D. carota or E.
307  grandiflorum or both at the time point (Fig. 2c, d). In L. japonicus, the expression levels
308  of several conserved genes were undetectable or mostly reduced by exogenous GA
309  compared with NC and +AMF conditions (Fig. 2b). In contrast, the expression levels of
310  AM symbiosis-related genes in GA-treated D. carota were still increased compared with
311  the NC but decreased compared with the +AMF (Fig. 2¢). This indicates that the negative
312 effect of GA on D. carota would be relatively moderate to that on L. japonicus as the
313  colonization rates suggested (Fig. 1g). As for E. grandiflorum, the expression of the AM-
314  induced genes was further enhanced by GA than the NC and +AMF controls (Fig. 2d).
315  This result also supports the quantitative analysis of fungal colonization (Fig. 1g).

316 In this study, the SonicParanoid could not find E. grandiflorum PT4 (EgPT4)
317  and RAM?2 (EgRAM?2). Therefore, we also conducted a BLAST search for the two genes

318 in E. grandiflorum with sufficient E-value (<1E-5) (Table S4). Consequently, one gene
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319 annotated as phosphate transporter (TRINITY DN34977 c0 gl il.pl) was
320  transcriptionally enhanced upon AM fungal colonization and exogenous GA (Table S4)
321 (Tominaga et al., 2020b). However, representative genes described as glycerol-3-
322 phosphate acyltransferase (RAM?2) were not transcriptionally promoted upon AM fungal
323  colonization (Table S4). Alternatively, we might have missed EgRAM?2 in the de novo
324  assembly after removing redundant contigs with CD-HIT (Tominaga et al., 2020b).

325

326 Genes involved in phytohormone biosynthesis and signaling show similar
327  transcriptional responses to exogenous gibberellin in examined host plants

328  Since the number of infecting hyphopodia differed between L. japonicus/D. carota and
329  E. grandiflorum, we also analyzed the expression patterns of several SL-related genes.
330 D27, CCD7, CCDS8, and MAXI are necessary for SL biosynthesis (Booker ef al., 2004;
331  Booker et al., 2005; Auldridge et al., 2006; Alder et al., 2012; Waters et al., 2012a; Al-
332  Babili & Bouwmeester, 2015). PDRI in Petunia hybrida encoding a G-type ABC
333  transporter is predicted to export SLs (Kretzschmar et al., 2012). Additionally, D14,
334 DLK2, and KAI2, which belong to a D14 family, have previously been demonstrated as
335 components in SL or karrikin signaling or both (Waters ef al., 2012b; Kameoka &
336  Kyozuka, 2015; Vegh et al., 2017). Based on the identification using SonicParanoid, these
337  genes seemed to be conserved in all host plants (Fig. 3a; Table S3). For SL biosynthetic
338 genes, LjD27, LjCCD7, and LjCCDS8 were transcriptionally downregulated by GA
339  treatment (Fig. 3b). Additionally, the expression pattern of these genes in E. grandiflorum
340  was similar to that in L. japonicus, suggesting that GA inhibits SL biosynthesis and
341  exudation to the rhizosphere in E. grandiflorum as model plants (Fig. 3d) (Ito et al., 2017).

342 However, DcCCDS8 expression was significantly accelerated in GA-treated AM
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343 roots than the +AMF condition (Fig. 3c). To confirm the effect of GA on SL production,
344  we conducted a germination assay by applying O. minor whose germination is induced
345 by SLs (Ueno et al., 2014; Trabelsi et al., 2017). To prepare root extraction in the same
346  conditions as the RNA-seq experiments, the examined plants were grown in the soil
347  mixture for 6 wk. Consistent with the expression analysis, the germination activity of root
348  extracts was significantly reduced but increased in L. japonicus and D. carota by GA
349  treatment, respectively (Fig. S1). The seed germination of O. minor was not promoted by
350  E. grandiflorum root extracts, which might be attributed to the low quantities of SLs (Sato
351  etal., 2003; Halouzka et al., 2020). If we hydroponically grow E. grandiflorum, the root
352 exudates exhibited germination activity (data not shown).

353 As for several SL signaling-related genes, AM fungal colonization significantly
354  increased the expression of DLK2 genes among all host plants compared with NC control
355  (Fig. 3b—d). These results were similar in other host plants, O. sativa and Solanum
356  lycopersicum (Chot et al., 2020; Ho-Plagaro et al., 2021). Moreover, compared with the
357  +AMF control, GA treatment significantly reduced DLK2 expression in L. japonicus;
358  however, DLK2 expression further increased in E. grandiflorum (Fig. 3b, d) (Tominaga
359  etal,2020b). The expression of DLK?2 in GA-treated D. carota was slightly reduced (Fig.
360 3c).

361

362  Transcriptional responses to exogenous gibberellin reflect fungal colonization rates
363  in three host plant species

364  For further effective comparison of transcriptional responses to AM fungal colonization
365 and GA treatment, we also identified the ortholog genes with a one-to-one relationship

366  among L. japonicus, D. carota, and E. grandiflorum using SonicParanoid. This resulted
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367  in 2705 ortholog genes (Table S2). Moreover, we selected DEGs that were expressed in
368  all samples and met the criteria ([Log2FC| > 1 and FDR < 0.01) at least in one condition.
369 In this analysis, the DEGs were identified by comparing +AMF with NC, +AMF+GA3
370  with NC, and +AMF+GAz with +AMF conditions. Consequently, 221, 199, and 225
371  DEGs of the orthologs in L. japonicus, D. carota, and E. grandiflorum were arranged by
372 mean Log-transformed TPM as shown in a heatmap, respectively (Fig. 4a—). In L.
373 japonicus and D. carota, the expression pattern of the DEGs in +AMF+GA; was grouped
374 with NC but excluded from +AMF (Fig. 4a, b). However, the DEGs in +AMF+GA3 were
375  grouped with +AMF in E. grandiflorum AM roots (Fig. 4c). Consistent with the results,
376  E. grandiflorum in +AMF+GA; condition was separated from L. japonicus and D. carota
377  in the same condition when all 467 DEGs were arranged by their Log>FC (Fig. 4d). This
378  hierarchical clustering by the LogoFC values further illustrated that E. grandiflorum in
379  +AMF+GA3 condition and all plants in +AMF condition were included in the same
380  cluster.

381 Given that GA-treated FE. grandiflorum AM roots exhibited different
382  transcriptional changes from others, we further investigated how the three plants respond
383  toexogenous GA. In GA-treated plants, the shoots or leaves were significantly elongated,
384  as other studies showed (Fig. S2) (Achard & Genschik, 2009; Xu ef al., 2016; Sprangers
385 et al., 2020). In addition to promoting plant growth, GA treatment has been reported to
386  induce transcriptional changes (Cheng ef al., 2015). Therefore, GA would have common
387  effects on plant physiological aspects except for regulating AM symbioses.

388

389  Comparative gene ontology enrichment analysis among examined plant species

390  Given that the similarity and difference in the regulation of AM symbiosis were found,
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391  we next compared the physiological functions altered in the AM roots of each host plant.
392  Before that, DEGs in every host plant were determined by comparing +AMF with NC
393  and +AMF+GAz with +AMF conditions. The analysis showed that the number of DEGs
394 was 4056, 3537, and 6439 in L. japonicus, D. carota, and E. grandiflorum, respectively
395  (Fig. 5a). The relatively large number of DEGs in E. grandiflorum might be attributable
396  to the redundant or alternative transcripts in de novo assembly (Duan et al., 2012; Ono et
397  al., 2015), although the redundant contigs were removed from de novo reference data
398  using CD-HIT (Li & Godzik, 2006; Tominaga et al., 2020b). Additionally, we classified
399  the DEGs into three groups: A for AM fungus-responsive but GA-repressed DEGs, B for
400  AM fungus- and GA-responsive DEGs, and C for only AM fungus-responsive DEGs (Fig.
401  5a). Interestingly, we found that the ratio of DEGs in Group A was relatively low in E.
402 grandiflorum (3.6%) than in L. japonicus (25.2%) and D. carota (15.2%) (Fig. 5a). In
403  contrast, the percentage of DEGs in Group B was much lower in L. japonicus, with
404  0.074%, than in D. carota and E. grandiflorum, with 2.4% and 9.0%, respectively (Fig.
405  5Sa).

406 As for DEGs upregulated by AM fungal colonization (Group A+B+C), GO terms
407  associated with membrane transport were enriched in all colonized plants (Cluster VII in
408  Fig. 5b; Table S6). Additionally, the analysis also uncovered that peptidase- and fatty
409  acid-related terms were also detected in L. japonicus and D. carota (Cluster II in Fig. 5b).
410  Especially for fatty acid biosynthesis, the results are consistent with the expression pattern
411  of FatM and RAM? in the two hosts (Fig. 2b). However, many GO terms were specific to
412 each plant. For example, the activities of a-glucosidase and S-fructofuranosidase were
413 shown to be upregulated upon AM fungal colonization in L. japonicus, indicating that the

414  hydrolysis of disaccharides, such as sucrose, might be activated during AM symbiosis
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415  (Cluster III in Fig. 5b; Table S6). Alternatively, D. carota and E. grandiflorum promoted
416  the trehalose biosynthetic process and trehalase activity upon fungal inoculation,

417  respectively (Cluster I and V in Fig. 5b; Table S6). Additionally, a GO term corresponding
418  to trehalose metabolism was found in Cluster VI. These results suggest that AM fungal
419  colonization might influence different sugar metabolism between L. japonicus and the
420  other two plants.

421 Furthermore, we focused on Group As to identify the functions that were
422 upregulated upon AM fungal colonization but suppressed by exogenous GA. As
423 illustrated in the heatmap, the DEGs in the Group A of E. grandiflorum were significantly
424 enriched in GO term representing flavin adenine dinucleotide binding (GO:0050660) (Fig.
425  5c; Table S6). In contrast, GO terms representing transmembrane transport and peptidase
426  were shared in L. japonicus and D. carota (Cluster Il in Fig. 5c; Table S6). GO enrichment
427  analysis again revealed that fatty acid biosynthesis was attenuated in GA-treated L.

428  japonicus AM roots, corresponding to the expression pattern (Fig. 2b, Sb; Tables S4, S6).

429  Moreover, trehalose-related processes were shown to be downregulated in GA-treated D.

430  carota AM roots (Cluster III in Fig. 5c; Table S6).

431 Based on the positive effects of GA on AM fungal colonization and the
432 expression levels of AM markers in E. grandiflorum, enriched GO terms in the Group Bs
433  were compared with each examined plant. However, the analysis in Group B of L.

434 japonicus could not be conducted because of the relatively few DEGs within the group
435  (Fig. 5a). As illustrated in Fig. 5d, the metabolic processes of disaccharides, such as
436  trehalose, remained upregulated in GA-treated E. grandiflorum AM roots. Moreover, GO
437  terms for xenobiotic transport were enriched and shared in the Group Bs of D. carota and

438  E. grandiflorum (Fig. 5d).
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439

440  Comparison of fungal transcriptome obtained from three examined host plants

441  Since a part of extraradical and intraradical hyphae were carried to RNA-seq, the resulting
442 raw reads also contained AM fungal sequences of up to 13.7% of the total reads (Table
443 S1). Therefore, we compared the transcriptomes of R. irregularis colonizing each of GA-
444 treated L. japonicus, D. carota, and E. grandiflorum against one infecting the control
445  plants. Consequently, the number of the upregulated DEGs of R. irregularis was relatively
446  smaller in GA-treated L. japonicus than in other plants (Fig. S3a). Additionally, 8.9% of
447  the DEGs promoted in R. irregularis that colonized GA-treated E. grandiflorum were
448  shared with D. carota, whereas 4.2% of the DEGs belonged to L. japonicus (Fig. S3a).
449  However, the downregulated DEGs of R. irregularis in GA-treated L. japonicus were
450  mostly shared with D. carota (24.7%) compared with E. grandiflorum (9.9%) (Fig. S3a).
451 Rhizophagus irregularis seemed to differentially respond to the examined plants;
452 therefore, we next conducted GO enrichment analysis on the fungal DEGs. Hierarchical
453  clustering arranged by Log>FC showed six clusters depending on the expression patterns
454  of DEGs (Fig. S3b). GO terms associated with a mitogen-activated protein kinase
455  (MAPK) activity were often detected in Cluster IV, where upregulated DEGs in R.
456  irregularis associating with GA-treated E. grandiflorum were dominant (Fig. S3b; Table
457  ST). Additionally, glycogen metabolism- and wax biosynthesis-related terms were found
458  in the cluster (Fig. S3b; Table S7). Interestingly, DEGs in Cluster VI, where numerous
459  downregulated DEGs were found in GA-treated L. japonicus, were enriched in some GO
460  terms corresponding to the elongation and oxidation of fatty acid (Fig. S3b; Table S7).
461  This indicates that the allocation of host-derived fatty acids would be attenuated by GA

462  application in L. japonicus, which could be explained by GA-suppressed fatty acid
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463  biosynthesis in the plant AM roots (Fig. 3b; Table S4).

464

465

466  Discussion

467 In this study, we performed comparative transcriptomics and revealed that the
468  transcriptional response during AM symbiosis was similar among L. japonicus, D. carota,
469  and E. grandiflorum AM roots in the control condition. Moreover, a certain set of known
470  genes conserved in every tested plant were transcriptionally promoted upon AM fungal
471  colonization; this is similar to previous comparative transcriptomics between several AM
472 hosts (Fig. 2) (Sugimura & Saito, 2017; An et al., 2018). Another study revealed the
473  conservation of RADI, STR, and STR2 in AM host lineages and suggested their common
474  functions in AM symbiosis; the AM symbiosis-related genes conserved in the examined
475  plants would comparably function in establishing AM symbiosis as well (Radhakrishnan
476  etal.,2020). Additionally, most selected TFs showed significantly upregulated expression
477  levels upon AM fungal inoculation in the examined plants (Fig. 2b—d). CBXI, WRI5s,
478  RAMI, and RADI have been known to be involved in the full development of arbuscule
479 by upregulating the expression of downstream genes, such as P74, RAM?2, and STR, in
480  legume and monocot model plants (Gobbato et al., 2012; Park et al., 2015; Rich et al.,
481  2015; Pimprikar et al., 2016; Luginbuehl et al., 2017; Rich et al., 2017; Jiang, Y et al.,
482 2018; Xue et al., 2018). Therefore, the TFs conserved in D. carota and E. grandiflorum
483  might function in accommodating AM fungi and arbuscule formation and the model
484  plants. In addition to transcriptional regulation, as previously shown, growth promotion
485  was observed regardless of the distinct AM morphotypes (Fig. 1i) (Hong et al., 2012).

486  This result would be supported by the fact that phosphate and ammonium transporters
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487  were highly expressed in each host plant colonized by R. irregularis (Fig. 2b—d). Taken
488  together, our study provided knowledge supporting that the selected genes would act to
489  establish AM symbiosis in the phylogenetically distant host plants with various AM
490  morphotypes.

491 Nevertheless, this study clarified that GA treatment oppositely modulated the
492  AM fungus-responsive transcriptional changes between L. japonicus/D. carota and E.
493  grandiflorum, which are reminiscent of the colonization traits (Figs. 1g, 2b, 4). Recently,
494  CYCLOPS required for both AM symbiosis and root nodule symbiosis has been reported
495  to bind the cis-element on LjRAM1I promoter and upregulate gene expression in concert
496  with a Ca"*/calmodulin-dependent protein kinase (CCaMK) and a GA-degradable
497  repressor of GA signaling, DELLA protein (Silverstone et al., 2001; Achard & Genschik,
498  2009; Pimprikar ef al., 2016). The involvement of DELLA in the complex is thought to
499  trigger the GA-mediated inhibition of RAMI expression, resulting in the severely
500  suppressed AM fungal accommodation. Daucus carota showed reduced rates of AM
501  fungal colonization and expression levels of DcRAMI and L. japonicus, indicating that
502 the transcriptional regulation of downstream genes would be common (Fig. 6). However,
503  the expression levels of RAMI and some of the downstream genes were significantly or
504  slightly promoted in GA-treated E. grandiflorum (Fig. 2d). This implies that DELLA
505  protein might not be necessary or inhibit the expression of downstream genes in this plant.
506  Moreover, other TF genes, such as CBXI1 or RADI, might upregulate the downstream
507  genes instead of RAMI in E. grandiflorum. Primarily, RADI would act as an alternative
508  to RAMI because some AM host plants, such as Marchantia paleacea, lack RAM1 but
509  possess RADI in their genomes (Grosche et al., 2018; Radhakrishnan et al., 2020). To

510  clarify the upstream regulation of these TFs in E. grandiflorum, further investigation
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511  would be necessary.

512 AM host plants exudate some signal molecules to the rhizosphere to enhance the
513  association with symbiotic fungi and other microbes, resulting in growth promotion in
514  the hosts (Lagrange et al., 2001; Akiyama et al., 2005; Nakayasu et al., 2021). The
515  representative host-derived signal molecules toward AM fungi, SL, are required for the
516  formation of AM fungal hyphopodia, and its biosynthesis and exudation are inhibited by
517  exogenous GA (Ito et al, 2017; Kobae et al., 2018). This study indicated that GA
518  treatment would enhance SL production in D. carota despite the fact that the number of
519  invading hyphopodia was reduced in GA-treated D. carota (Figs. 1h, 2c, S1). Since SL
520  biosynthesis has a negative feedback regulation, GA-repressed SL production might
521  trigger the increase in DcCCDS8 expression upon exogenous GA at 6 wpi (Hayward et al.,
522 2009; Proust et al., 2011). Alternatively, the reduction of SL exudation by GA might have
523  occurred at an earlier time point than 6 wpi in D. carota. However, we could confirm the
524  inhibitory effects of GA on SL biosynthetic genes in L. japonicus and E. grandiflorum
525  (Figs. 3b—d, S1). Nevertheless, the number of the hyphopodia was drastically induced in
526  GA-treated E. grandiflorum roots, implying the existence of yet-to-be-identified signal
527  molecule(s) except for SL (Fig. 1h) (Tominaga et al., 2020a). We could not identify the
528  unknown signal molecule(s); however, the possible existence was assumed from the GO
529  enrichment analysis on R. irregularis. As shown in Fig. S3b, some GO terms representing
530  the activity of MAPK kinase kinase, MAPK Kinase, and MAPK were detected in R.
531  irregularis colonizing GA-treated E. grandiflorum (Table S7). In plant pathogenic fungi,
532 such as Ustilago maydis and Magnaporthe oryzae, MAPK cascade is required for the
533  formation of appressoria and their virulence after perceiving some signal molecules

534  derived from the host plants (Hamel et al., 2012; Li et al., 2017; Jiang et al., 2018).
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535  Although the necessity of the MAPK cascade in R. irregularis hyphopodia formation
536  remains unclear, the fungus might sense some signal molecule(s) different from SLs
537  exudated from GA-treated E. grandiflorum roots.

538 In nature, it has been known that host plants forming Arum-type AM are often
539  seen in vacant areas, whereas those showing Paris-type AM prefer relatively dark space,
540  such as forest floor (Yamato & Iwasaki, 2002; Yamato, 2004). Interestingly, the
541  relationship between light condition and symbiotic interactions has been indicated. For
542 instance, AM fungal colonization and SL production are attenuated by far-red or phyB
543  mutation in L. japonicus and tomato (Nagata et al., 2015). Moreover, shaded areas make
544  plants accumulate GA to elongate their stems for the light (Hisamatsu et al., 2005; Bou-
545  Torrent et al., 2014; Colebrook et al., 2014; Li et al., 2017; Yang & Li, 2017). Taken
546  together, the unique regulatory mechanisms and unidentified signal molecule(s) in E.
547  grandiflorum might be exploited to adapt to the conditions of their habitats. However,
548  Cardamine hirsute adapted to shaded area possesses a mechanism that attenuates shade-
549  induced hypocotyl elongation (Pauli$i¢ et al., 2021). Thus, the relationship between GA-
550  promoted Paris-type AM symbiosis and environmental cues should be investigated.

551 The loss of genes encoding enzymes required for polysaccharide degradation in
552 AM fungi demands host plants on glucose (Kobayashi et al., 2018). In arbuscules
553  containing cells of M. truncatula, AM fungi-responsive localization and the expression
554  of MtSucS1 and MtSWEETIb are thought to produce glucose and export it toward AM
555  fungi between the symbiotic interface (An et al., 2019). In fact, our GO enrichment
556  analysis showed activated sucrose hydrolysis during AM symbiosis in L. japonicus,
557  which was supported by AM-induced LjSucSI and LjSWEETIbs expression (Fig. 2b;

558  Table S4). Alternatively, another disaccharide, trehalose, was indicated to be broken down
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559 in D. carota and E. grandiflorum during AM symbiosis as the AM-induced activities and
560  expressions of plant trehalase (TRE) were seen in the host plants (Fig. 5b, d; Tables S4,
561  S6). This difference might be attributable to the intracellular hyphal invasion in
562  Intermediate- and Paris-type AM roots (Fig. 1c—f). However, the increase in TRE]
563  expression was also observed in L. japonicus AM roots at 6 wpi (Table S4). Interestingly,
564 it is known that most of the storage carbohydrates found in fungi are trehalose, and AM
565  fungi can synthesize and accumulate trehalose in the spores and hyphae (Shachar-Hill et
566  al., 1995; Bago et al., 1999; Pfeffer et al., 1999; Kameoka et al., 2019). Additionally, the
567  upregulation of TRE expression has also been seen in Arabidopsis thaliana infected by
568  apathogenic fungus, Plasmodiophora brassicae, which is considered as the maintenance
569  of sugar concentration and physiological homeostasis in the roots by removing fungal-
570  derived trehalose (Brodmann et al., 2002). Although we cannot exclude that trehalose is
571  wused as a carbon resource for AM fungi, TRE1 might be required to reduce AM fungi-
572 derived trehalose concentration in the host plants.

573 In summary, a particular set of conserved AM symbiosis-related genes would
574  commonly function to accommodate AM fungi in the phylogenetically distant AM host
575  plants, thereby forming distinct AM morphotypes. However, our study uncovered that GA
576  oppositely affects the transcriptions of the conserved AM symbiosis-related genes:
577  negative in Arum- and Intermediate-AM symbioses in L. japonicus and D. carota,
578  respectively, and positive in Paris-type AM symbiosis in E. grandiflorum (Fig. 6). These
579  findings advance the comprehensive understanding of transcriptomic regulation and the
580  diversity of GA-mediated effects on AM symbioses among host plants.

581

582
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952 Figure Legends

953  Fig. 1 Observation of AM morphotypes and quantification of AM fungal colonization
954  levels and plant growth promotion. AM symbiosis-related phenotypes and responses to
955  GA in the examined host plants colonized by R. irregularis were observed at 6 wpi. Each
956  host plant was treated with 0.01% ethanol (+AMF) for the control and 1 uM GA;3
957  (+AMF+GA3). The collected AM roots were stained with WAG-Alexa Fluor 488 (green).
958  (a—f) Confocal images of L. japonicus (a, b), D. carota (c, d), and E. grandiflorum (e, f)
959  inoculated with R. irregularis in the +AMF (a, c, ) and +AMF+GA3; condition (b, d, f).
960  The left sides of each confocal fluorescence image are merged with their images in bright
961  field (right sides). Arrows, arbuscules; arrowheads, intercellular hyphae; dotted lines,
962 intracellular hyphae penetrating two adjacent cortical cells; bars, 200 pum in (b) and 50
963  um in the others. (g) Quantification of AM fungal colonization rates (%) in 0.01%
964  ethanol- and GA-treated roots of the examined plants. Total, total colonization rate;
965  arbuscules, percentage of arbuscule formation (n = 5, 6). (h) The number of hyphopodia

966  penetrating the host root epidermis per root length (mm) (n= 35, 6). (i) Shoot fresh weight
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967  (mg) of each host plant grown in axenic conditions (NC) and colonized by R. irregularis
968 (+AMF) (n = 12). The average percentage values are shown as bars. Asterisks indicate
969  significant differences compared with the controls in the Wilcoxon rank-sum test (*: P <
970  0.05, **: P <0.01, ***: P <0.001).

971

972  Fig. 2 Comparative analysis on the expression patterns of AM symbiosis-related
973  downstream genes conserved among examined host plants. (a) A table showing AM
974  symbiosis-related downstream genes in L. japonicus, D. carota, and E. grandiflorum
975  identified using the SonicParanoid. Green represents the conservation of respective gene,
976  and the values show the number of homologous genes and transcripts in L. japonicus/D.
977  carota genomes and the de novo assemble data of E. grandiflorum, respectively (Table
978  S3). (b—d) Heatmaps represent the expression patterns of the selected genes in response
979  to AM fungal colonization and GA treatment in L. japonicus (b), D. carota (c), and E.
980  grandiflorum (d) at 6 wpi. The left heatmaps indicate the expression levels of selected
981  genes. The Log-transformed TPM in every sample is shown in blue (low expression level),
982  black (mean), and yellow (high expression level); the Z-score is normalized to turn the
983  average value and SD to 0 and 1, respectively, across all samples. The number below the
984  heatmaps indicates biological replicate. The middle ones show Log:-transformed fold
985  changes in the genes compared with the controls. Magenta indicates negative values,
986  green represents positive values, and white means 0. The right ones illustrate significance
987  in the fold changes in gene expression levels. DEGs (|[Log2FC| > 1, FDR < 0.01) and
988  genes showing significantly but slightly different expression levels compared with the
989  controls (FDR < 0.05) are colored with red and grey, respectively. NC, non-colonized

990  control; +AMF, R. irregularis inoculation; +AMF+GA3, simultaneous application of R.
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991  irregularis inoculation and 1 uM GA;. The DEGs were identified by comparing +AMF

992 with NC (+AMF/NC), +AMF+GA3 against NC or +AMF (+AMF+GA3/NC,

993 +AMF+GA3/+AMF). For the TPM, Log,FC, and FDR values of the selected gene, see

994  Table S4.

995

996  Fig. 3 Comparative analysis of the expression patterns of SL biosynthetic and signaling-

997  related genes conserved among examined host plants. (a) A table showing SL-related

998  downstream genes in L. japonicus and D. carota, and transcripts in E. grandiflorum

999  identified using the SonicParanoid as demonstrated in Fig. 2 (Output of SonicParanoid:
1000  Tables S2, S3). (a) This analysis was conducted at 6 wpi. The right image illustrates the
1001  biosynthetic process and exudation of SLs in the root. (b—d) The expression levels and
1002  LogFC compared with the controls of each gene are represented in the left heatmap (blue,
1003 low expression level; black, mean; yellow, high expression level) and the middle one
1004  (magenta, negative values; green, positive values; white, zero), respectively. The number
1005  below the heatmaps indicates a biological replicate. In the right one, the red and grey
1006  represent DEGs (|[Log2FC| > 1, FDR < 0.01) and genes with FDR < 0.05. NC, non-
1007  colonized control; +AMF, R. irregularis inoculation; +AMF+GA3, simultaneous
1008  application of R. irregularis inoculation and 1 uM GA3. The DEGs were identified by
1009  comparing +AMF with NC (+AMF/NC), +AMF+GA; against NC or +AMF
1010  (+tAMF+GA3/NC, +AMF+GA3/+AMF). For the TPM, Log,FC, and FDR values of the
1011 selected genes, see Table S4.
1012
1013 Fig. 4 Transcriptional responses of ortholog genes to AM fungal colonization and GA

1014  treatment. The expression patterns of orthologous genes determined as DEGs in at least
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1015  one condition are compared among the hosts at 6 wpi. (a—c) Individual hierarchical
1016  clustering of the mean Logy-transformed TPM in L. japonicus (a), D. carota (b), and E.
1017  grandiflorum (c). Blue, low expression level; black, mean; yellow, high expression level.
1018  The red marks in the right heatmaps represent DEGs (|[Log2FC| > 1, FDR < 0.01). (d)
1019  Hierarchical clustering of the Log>FC of the total orthologs (467 genes) compared with
1020  the controls. Magenta indicates negative values, green represents positive values, and
1021  white means zero. NC, axenic conditions; +AMF, R. irregularis inoculation, +AMF+GA3,
1022 simultaneous application of R. irregularis inoculation and 1 uM GA3. The DEGs were
1023 identified by comparing +AMF with NC (+AMF/NC), +AMF+GA3; against NC or +AMF
1024 (+AMF+GA3/NC, +AMF+GA3/+AMF). For the TPM, Log,FC, and FDR values of the
1025  selected genes, see Table SS5.

1026

1027  Fig. S Comparisons of enriched gene ontology among AM roots of examined host plants.
1028  (a) Total DEGs (|[Log2FC| > 1, FDR <0.01) in individual host plants during AM symbiosis
1029  at 6 wpi. Their expression patterns classify the DEGs. The values represent the number
1030  of DEGs. As for E. grandiflorum, the values indicate the number of transcripts in de novo
1031  assembly data. NC, non-colonized control; +AMF, R. irregularis inoculation;
1032 +AMF+GA3, simultaneous application of R. irregularis inoculation and 1 uM GA3. For
1033 the determination of DEGs, transcriptomes in the host plants were compared as following:
1034 +AMF vs. NC (+AMF/NC), +AMF+GA3 vs. +AMF (+tAMF+GA3/+AMF). (b, ¢)
1035  Hierarchical clustering of significantly enriched GO terms in the DEGs within Group
1036 ~ A+B+C (upregulated upon AM fungal colonization) (b) and Group A (AM fungus-
1037  responsive DEGs downregulated by GA treatment) (c) in each host plant at 6 wpi

1038  (corrected P < 0.05). The color bar shows color-coded corrected P-value. (d)
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1039  Categorization of GO terms in Group B (upregulated by AM fungal colonization and GA
1040  treatment) in D. carota and E. grandiflorum. No L. japonicus GO term was detected in
1041  the group because of the small number of DEGs. The color of circles indicates the
1042  significance of gene expression in the respective GO terms. P-values were calculated
1043  using a two-sided hypergeometric test in the Cytoscape plugin, ClueGO, and corrected
1044  using the Benjamini—Hochberg method. For the detailed lists of DEGs and complete GO
1045  terms in each cluster, see Table S6.

1046

1047  Fig. 6 Proposed model for conserved and divergent responses to AM fungi and exogenous
1048  GA in genetically distant host plants at 6 wpi. The hypothetical model and table represent
1049 common and different responses to R. irregularis colonization and exogenous GA
1050  treatment in L. japonicus (Arum-type), D. carota (Intermediate-type), and E.
1051  grandiflorum (Paris-type). AM fungal colonization contributed to growth promotion in
1052  each tested plant forming the distinct AM morphotypes. However, GA treatment
1053  suppressed but enhanced a set of conserved genes regulating AM symbiosis in L.
1054  japonmicus/D. carota and E. grandiflorum, respectively. On the other hand, GA
1055  transcriptionally inhibited SL biosynthetic genes in L. japonicus and E. grandiflorum,
1056  implying unidentified branching factor in E. grandiflorum. Moreover, disaccharide
1057  broken down during AM symbiosis might be different: sucrose and trehalose in L.
1058  japonicus and D. carota/E. grandiflorum. +, positive regulation; -, negative regulation; ?,
1059  response of the tested plants that could not be cleared in this study.

1060

1061  Supporting Information

1062 Fig. S1 Germination rate of O. minor treated with the root extracts of the examined host
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plants.

Fig. S2 Phenotyping of GA-treated host plants.

Fig. S3 Transcriptional responses to GA-treated host plants in R. irregularis.

Table S1 Results of trimming and mapping of RNA-seq read.

Table S2 Lists of SonicParanoid outputs.

Table S3 List of BLASTp results and selected genes in this study.

Table S4 Expression patterns of the selected genes in the examined host plants.

Table S5 Expression levels and fold changes of orthologs in Fig. 4.

Table S6 Enrichment analysis of the examined host plants colonized by R. irregularis
and treated with GA.

Table S7 Transcriptomic analysis of R. irregularis colonizing examined host plants in

the presence of GA.
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