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Abstract

In response to climate change, the nature of endophytes and their
applications in sustainable agriculture has attracted the attention of academia and
agro-industries. We focused on the endophytic halophiles of the endangered
Taiwanese salt marsh plant, Bolboschoenus planiculmis, and evaluated the functions
of the isolates through in planta salinity stress alleviation assay using Arabidopsis.
An endophytic strain Priestia megaterium BPO1R2 that could promote plant growth
and salinity tolerance was further characterised through multi-omics approaches.
The transcriptomics results suggested that BPO1R2 could function by tuning
hormone signal transduction, energy-producing metabolism, multiple stress
responses, etc. In addition, a cyclodipeptide, cyclo(L-Ala-Gly), identified by
metabolomics analysis was later confirmed to contribute to salinity stress alleviation
in stressed plants by exogenous supplementation. Here we provide a new
perspective on host-microbe interactions in the wetland biome based on the multi-
omics investigation and mixotrophic character of BPO1R2. This study revealed a
biostimulant-based plant-endophyte symbiosis with potential application in
sustainable agriculture and facilitated our understanding of those enigmatic cross-

kingdom relationships.

Keywords: endophyte, cyclic dipeptide, molecular plant-microbe interactions

(MPMI), symbiosis
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Introduction

Climate change and projected world population growth threaten our food
supply systems (1,2). To ensure adequate food security and sustainability, it's crucial
to develop new technologies for growing crops efficiently in extreme environments
(3). Apart from traditional breeding and precision genetic technologies, plant growth-
promoting rhizobacteria (PGPRs) and endophytes have also been implemented to
enhance crop nutrient and water absorbance, hormone signal transduction, stress
adaptation, etc. (4,5). Among them, endophytes that live inside plants (endosphere)
are attracting attention due to their in planta colonisation properties and specific
effects on host plants for growth promotion and tolerance to both abiotic and biotic
stresses (6-9). Various endophytes isolated from diverse origins were demonstrated
to exhibit positive effects by producing bioactive metabolites known as biostimulants

(10-15).

Endophytes isolated from saline habitats, such as salt marshes or alkaline
lakes, may be promising candidates for endophyte-assisted agriculture in saline or
overfertilized fields. For the isolation of such endophytic halophiles, plants growing in
conditions with continuously high salinity and periodic hypoxia are suitable sources
(16—18). Salt marsh plants often face multiple stresses, but many wetland-related
studies have been limited to microbe-assisted phytoremediation (19-22). Therefore,
understanding the strategies used by these unique plant-associated microbes living
in stressful environments through symbiosis mechanisms may provide novel

knowledge and tools for future applications.

In previous studies, we isolated endophytic strains from various natural
habitats and used them to construct synthetic plant-endophyte symbiosis systems for

plant cultivation under biotic or abiotic stress conditions (5,23—26). On the other
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hand, some specific metabolites, such as pyrroloquinoline quinone (PQQ) and
cyclodipeptides (CDPs), have been identified as potential biostimulants (23,27-30),
while some CDPs were also reported as agricultural agents that could protect crops
against biotic and abiotic stresses (31-35). Although some of them had been
patented for applications more than three decades ago (36), the molecular bases of
the role of cyclodipeptides in moderating plant stresses and in plant—-microbe

interactions remain to be elucidated.

Here we isolated and characterised halotolerant and PGP endophytes from
endangered salt marsh plants in Taiwan. The complete genome and metabolome of
Priestia megaterium BPO1R2 (previously known as BP-R2), plus its in planta
regulations on host transcriptome, were further investigated to reveal the molecular
mechanism among such symbiotic relationships. In the meantime, a cyclodipeptide
cyclo(L-Ala-Gly) was identified as a novel CDP biostimulant for plant salinity stress
alleviation. Overall, this study facilitates our understanding of the fundamental
science of the enigmatic cross-kingdom host-microbe interactions and unveils

promising endophytic biostimulants for sustainable agriculture.
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94 Materials and Methods

95 Plant materials and sampling

96 The plant material (Bolboschoenus planiculmis) for endophyte isolation was
97 collected from a tidal marsh in Taichung, Taiwan (Fig. 1A). The seeds of Arabidopsis
98 thaliana ecotype Columbia (Col-0) were retrieved from Chieh-Chen Huang Lab’s

99 stock.

100 Endophyte isolation, characterisation and 16S rRNA gene-based phylogeny

101 Endophytic bacteria isolation and maintenance were performed as in our

102  previous works (23,26). In brief, the endosphere fluids of surface-sterilised plant
103 tissues were used for endophyte isolation and incubation using Luria-Bertani (LB)
104  agar or broth at 37°C for 24-48 hours. The isolates were first picked based on their
105 different morphologies, and conducted a preliminary taxonomic check by 16S rRNA
106 gene-based phylogeny. The bacterial IAA production was examined as described by
107 Hwang et al. (26). The 16S rRNA genes were amplified using the primer set

108 E8F/U1510R as previously described (5,26). Multiple sequence alignments of 16S
109 rRNA genes were performed using MUSCLE v3.8.31 (37). Maximum likelihood

110 phylogenies were inferred using PhyML v3.3 (38) and visualised using FigTree

111  v1.4.4. PHYLIP v3.697 (39) was used for bootstrap analysis.

112 Plant-endophyte symbiosis and biostimulants assays

113 Unless otherwise stated, Arabidopsis was grown according to previously
114  described methods (26,40). In short, seeds were germinated on Murashige and

115 Skoog (MS) plates with NaCl (ranging from 0 mM to 170 mM) under a 10/14 hour
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116 day/night cycle at 25°C. Endophytes were incubated and inoculated to the plants as
117  described in our previous work (26). Briefly, strains BP0O1R2 and BPO2R8 were

118 adjusted on ODsoo = 0.8, = 3.5 x 107 and 9.4 x 108 CFU/mL, respectively, then diluted
119 into ODeoo = 0.4 and 0.04 as the relatively low (LCI) and high concentration inocula
120  (HCI) for the symbiosis assays. The biostimulant cyclo(L-Ala-Gly) (SS-2476, Combi-
121 Blocks; San Diego, California, United States) was purchased from UNI-ONWARD

122  Corp (New Taipei City, Taiwan) and was prepared for the plant experiments.

123 Plant total RNA extraction and transcriptomic analysis

124 Arabidopsis seedlings grown on MS plates supplemented with 100 mM NaCl
125 were harvested 15 days after inoculation (DAI). Samples were homogenised with
126  mortar and pestle using liquid nitrogen; the total RNA was extracted from the

127  mixtures of five seedlings of each treatment using TRIzol reagent. The library

128 preparation and RNA sequencing were performed following Welgene Biotech's in-
129 house pipeline as in our previous works on plant transcriptomes (41,42); all kits were
130 used according to the manufacturer's instructions, and all bioinformatics tools were
131 used with the default settings. The libraries construction was carried out with

132  Agilent's SureSelect Strand-Specific RNA Library Preparation Kit followed by size
133  selection with AMPure XP beads (Beckman Coulter; Chaska, Minnesota, United

134  States) and 75 bp single-end sequencing was performed on the lllumina Solexa

135 platform. lllumina's program bcl2fastq v2.20 was used for basecalling and low-quality
136 reads were trimmed off based on Q20 accuracy. The resultant sequence was

137 mapped to the TAIR10 genome (43). The transcript per million (TPM) method was
138 used for normalisation, and genes with TPM < 0.3 were excluded (44). Genes with

139 2.0-fold TPM differences and a probability of at least 0.95 were defined as
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140 differentially expressed genes (DEGs). StringTie v2.1.4 and DEseq2 v1.28.1 were
141 used for genome bias detection/correction (45,46). Gene set enrichment analysis
142 (GSEA) (47) was carried out, and the DEGs were accessed to Gene Ontology (GO)
143 (48) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (49) database for the

144  metabolic pathways prediction.

145 Bacterial metabolomics

146 The strain BPO1R2 was cultured on LB agar plates with or without NaCl, as
147 mentioned above. Five agar plates were collected for each sample, and metabolites
148  were extracted with ethyl acetate two times. The extracts were re-dissolved in

149 methanol and adjusted to 10 mg/mL. All samples were analysed using the linear ion
150 trap mass spectrometer system (LTQ XL, Thermo Fisher Scientific; San Jose,

151 California, United States) with direct injection at positive ion mode. The mass range
152  was from m/z 100-1500. MS raw data files were converted to mzXML format using
153 MSConvert (50). Metabolite peak detection was performed using MZmine version
154  2.53 (51), and the pre-processed data was conducted by R program (version 4.0.3)
155 (52). The pre-processed MS feature table and unknown metabolites were searched
156 and annotated against referenced metabolites of the AntiMarin database (53) by
157 exact molecular mass to identify the molecular formula and for annotation of

158 discriminating features.

159 Bacterial genome sequencing, assembly and annotation

160 The procedures for genome sequencing and analysis were based on those
161 described in our previous work on bacterial genomes (29,54). All kits were the same

162 as previously described and were used according to the manufacturer’s protocols,
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163 and all bioinformatics tools were used with the default settings unless stated

164  otherwise. Briefly, the total DNA of strain BPO1R2 was extracted and then

165 sequenced via lllumina NovaSeq 6000 2 x 150 bp paired-end and Oxford Nanopore
166  Technologies (ONT) MinlON platforms. Further filtering was conducted to remove
167  ONT reads shorter than 12,000 bp. A hybrid de novo assembly was produced using
168  Unicycler v0.4.9-beta (55). For validation, the lllumina and ONT raw reads were
169 mapped to the assembly using BWA v0.7.17 (56) and Minimap2 v2.15 (57),

170 respectively. The results were programmatically checked with SAMtools v1.9 (58)
171 and manually inspected using IGV v2.11.1 (59). For assembly completeness

172  evaluation, benchmarking universal single-copy orthologous (BUSCO v5.1.2)

173 analysis, referenced to the Bacillales dataset, was executed on gVolante (60,61).
174  The finalized assembly was submitted to the National Center for Biotechnology

175 Information (NCBI) and annotated using the Prokaryotic Genome Annotation Pipeline

176 (PGAP) (62). KofamKOALA (63) was used to examine putative metabolic pathways.

177 Bacterial comparative genomics

178 All BioProject and BioSample records of P. megaterium accessible on NCBI
179 as of Feb. 28, 2022 were retrieved for comparative analysis with BPO1R2 (Table S1).
180 FastANI v1.1 (64) was used for whole-genome comparison to calculate the

181 proportion of genomic segments mapped and the average nucleotide identity (ANI).
182 Homologous gene clusters were identified using OrthoMCL (65) for gene content
183 analysis. The genes associated with plant growth-promoting (PGP) traits and

184  rhizosphere competence were identified according to previous works on P.

185 megaterium (66) and bacterial endophytes (67); genes associated with salinity stress

186 (68-70) and autotrophs (71-74) were also identified. Multiple sequence alignments
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187 of homologous genes, maximum likelihood phylogenies and bootstrap analysis were

188 conducted based on the methods described for 16S rRNA gene phylogeny.

189 Bacterial tropism analysis

190 Anaerobic cultivation was performed according to the instructions of the

191 Leibniz Institute DSMZ (75). The Hungate anaerobic culture tube and Coy anaerobic
192 chamber (Coy Laboratory Products, United States) were used in this experiment.
193 BPO01R2 was pre-cultivated 24 hours in M9 minimal medium (248510; Becton

194  Dickinson, United States), and then washed three times using the same method

195 before use as an inoculant. The inoculant density was set at ODsoo = 0.01; the

196 cultivation volume was 5 mL, and cultivation was carried out with shaking at 120 rpm
197  and 37°C. M9 minimal medium supplemented with 2 mM MgSOa4 (131-00405;

198 FUJIFILM Wako, Japan), 0.1 mM CaClz (21075; Sigma-Aldrich, United States), 10
199 mM NaNOs (195-02545; FUJIFILM Wako, Japan) and 0.01% L-tryptophan (A10230;
200 Alfa Aesar, United States) was prepared as a general incubation medium. Extra

201 glucose as an organic carbon resource was tested at concentrations of 0.4%, 0.2%,
202 0.04% and 0%; the tube headspace gas was composed of either sterile air or 90%
203  Hz plus 10% CO2 (N2). The growth curves were measured at ODsgs using the

204 PARADIG detection platform (Beckman, United States) or Sunrise absorbance

205 microplate reader (Tecan, Austria).

206  Statistics

207 The Shapiro-Wilk and Levene's tests were used to check the normal
208 distribution of variables and homoscedasticity. A parametric one-way ANOVA

209 analysis with Tukey's post hoc HSD test or non-parametric Kruskal-Wallis test with


https://doi.org/10.1101/2023.12.12.569982
http://creativecommons.org/licenses/by-nd/4.0/

210

211

212

213

214

215

216

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.12.569982; this version posted December 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY-ND 4.0 International license.

Dunn's post hoc test was then applied to evaluate statistical significance. The data
analysis was performed using the Real Statistics Resource Pack v7.7.1 (76). For all
experiments, at least five independent biological replicates were tested and data are
shown as mean+SEM unless otherwise stated. For all data points, *P < 0.05, **P <
0.01 and ***P < 0.005, indicated significant differences between samples; otherwise,

not significant.


https://doi.org/10.1101/2023.12.12.569982
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.12.569982; this version posted December 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY-ND 4.0 International license.

217 Results

218 Halotolerant bacterial endophytes isolation

219 Totally 128 and 519 colony-forming units (CFUs) per 100 uL were found in the
220 endosphere of roots and shoots, respectively; however, the microbiome composition
221 in shoots was less diverse (Fig. 1B). Among the picked isolates, 11 endophytes

222  consisted of six genera: Priestia, Pseudomonas, Rhizobium, Bacillus, Acinetobacter,
223 and Rossellomorea (ordered from high to low enrichment) (Fig. 1C). A Priestia sp.
224  strain (designated as strain BP01R2) and a Pseudomonas sp. strain (designated as
225 strain BPO2R8) were chosen for the following experiments due to their enriched

226  distribution and cases of beneficial endophytes affiliated to these genera (66,77,78).
227  For the halotolerant test, both strains tolerate 7.0% NaCl supplementation, and

228 BPO01R2 can even survive under an extremely high concentration of 11% NacCl,

229 which was therefore identified as a halophile (Fig. 1D).

230 Plant-endophyte symbiosis

231 The symbiosis assay was first tested without salinity stress. Both BPO1R2 and
232 BPO02R8 presented plant-growth-promotion characters either been prepared as low
233  (LCI) or high concentration inocula (HCI) (Fig. 2A). At 15 days after inoculation (DAI),
234  Dboth strains improved the plant main root length (Fig. 2B) and fresh weight

235 accumulation (Fig. 2C). BP01R2 and BP02R8 induced the formation of plant lateral
236  roots under HCI (Fig. 2A, D). BPO1R2 also caused more root hairs under LCI, and
237 the statistical significance in plant main root elongation was found for both strains
238 under HCI. These results echoed the previous observation of strains on plant growth

239 promotion (26) and highlighted their potential benefits for rhizosphere competence.
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240 Endophytic biostimulants for in planta salinity stress alleviation

241 The seedlings of A. thaliana were grown in MS medium supplemented with 85
242 mM and 170 mM NaCl for 15 days to mimic salinity stress. BP0O1R2 and BP0O2R8
243  benefited the plant growth on shoots, main root and fresh weight, just like in stress-
244  free conditions (Fig. 3). Phenotypes of chlorotic and adaxial-curled leaves, fewer
245 lateral roots and shorter main root length observed in the control plant (CK) under
246 170 mM NaCl stress were mitigated through endophyte inoculations (Fig. 3A). For
247 instance, the decreasing ratio of the main root length of CK, BP0O1R2 and BP02R8
248 were 56.2%, 15.2% and 17.9%, respectively. On the other hand, both endophytes
249  improved the main root length, and BPO1R2 further alleviated the decrease of the
250 main root length under 170 mM NaCl salinity stress (Figs 2AB, 3AE). Also, two

251 endophytes significantly increased the plant's fresh weight under 85 mM and/or 170

252 mM NaCl stress (Fig. 3C, D).

253 For the transcriptomic analysis, a total of 30,956,567 (~2.3 Gb), 34,330,286
254 (~2.6 Gb), 31,539,938 (~2.4 Gb) and 32,554,093 (~2.4 Gb) trimmed reads were

255 generated for CK, BP0O1R2, CK_NaCl and BP01R2_NaCl, respectively. Strikingly, the
256  expression pattern of the CK was intermediate to the samples that suffered from

257  salinity stress, and the BPO1R2_NaCl showed a higher similarity to the CK instead of
258 the CK_NaCl, which may result from the alleviation contributed by the symbiosed
259 endophyte as seen in the phenotypic data (Fig. 4B). When the plant-BPO1R2

260 symbiosis occurred, totalling 658 DEGs within 21,028 genes were found (Fig. S1A),
261 and the gene ontology (GO) analysis showed the biological processes of plant

262 epidermal and root cell differentiation and root morphogenesis; the cellular

263 component of chromosome, cytoskeleton, transferase, and cytoplasmic vesicle; the
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264  molecular function of oxygen binding, ATPase activity, helicase activity, and ligase
265 activity was enrich-regulated (Figs S2, S3). Consistent with the GO enrichment

266 result, several PGP-related pathways (e.g., glycolysis and gluconeogenesis,

267 oxidative phosphorylation, plant hormone signal transduction, etc.) were also shown
268 to be enrich-regulated within the KEGG analysis result (Figs S4-S7). These enriched
269 gene regulations well explained the phenotypes observed in the symbiosis assays
270  (i.e., the growth improvement traits such as main root elongation, lateral root

271 induction, fresh weight accumulation, etc.) (Figs 2, 3A,C-E).

272 When the symbiosis occurred under salinity stress, a total of 1029 DEGs were
273 identified among 20,937 genes (Fig. S1B). The cell death, hypersensitive response,
274  jasmonic acid biosynthesis and response, ethylene response, MAPK signalling, and
275  glutathione metabolism, among others, were up-regulated (Figs S8-S13) and usually
276  exhibited opposite results compared to the CK_NaCl and CK comparison (Figs S14-
277  S17). Meanwhile, the plant hormone signal transduction and ribosome-related

278 pathways were consistently up-regulated, like the expression pattern for symbiosis
279  without the salinity stress. Furthermore, the simultaneously up- (co-up-DEGs) and
280 down-regulated DEGs (co-down-DEGs) between samples with and without salinity
281  stress were also examined. A total of 202 co-DEGs were universally up- or down-
282  regulated, regardless of salinity stress or not (Fig. 4B). Among them, the 48 co-up-
283 DEGs were found to be involved in plant-type cell wall organization or biogenesis,
284  xyloglucan:xyloglucosyl transferase activity, peroxidase activity, oxidoreductase

285 activity, antioxidant activity, etc. (Table S2); the 154 co-down-DEGs were enriched in
286 response to hypoxia, jasmonic acid, salicylic acid, abscisic acid, oxidoreductase,

287  oxidative stress, and related metabolism (Table S3). In summary, the transcriptome

288 data are consistent with the phenotypes and explain at the molecular level how
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289 BPO01R2 symbiosis alleviates in planta salinity stress and promotes the host plant

290 growth.

291 Cyclo(L-Ala-Gly) improves plant growth and alleviates in planta salinity stress

292 To investigate which metabolites could contribute to hosts in salinity stress
293 alleviation, we used the linear ion trap mass spectrometer system to analyse the
294  metabolomics of BPO1R2 under NaCl-present and -absent incubating conditions.
295 Totally 191 compounds were identified specifically under the NaCl-present condition,
296 and 249 compounds were found to be shared by NaCl-present and -absent

297 conditions (Fig. 5A, Tables S4, S5). Among the profiles, 18 cyclic dipeptides, also
298 known as 2,5-diketopiperazines and cyclo dipeptides (CDPs), were identified. These
299 CDPs could be classified into proline- (includes hydroxyproline) and non-proline-
300 based groups and nine were observed only under the NaCl-present condition (Table
301 S6). CDPs have been reported as biostimulants against biotic and abiotic stresses in
302 plants (31-35), and many proline- and hydroxyproline-based CDPs were patented in
303 inducing resistance in plants against abiotic stresses (36). However, our

304 understanding of those non-proline-based CDPs and their roles in MPMI remains
305 limited. Therefore, we focused on the only non-proline-based CDP, cyclo(L-Ala-Gly),
306 produced by BPO1R2 under NaCl-present conditions for the follow-up biostimulants
307 assays. After three weeks of exogenous application of cyclo(L-Ala-Gly) to plants (i.e.,
308 21 DAl to BP01R2), the 10 ppm (C10) nor 100 ppm (C100) supplementation

309 contributed to the main root elongation and lateral root development but not to the
310 growth of shoots. Still, apparent contributions on salinity stress alleviation (i.e.,

311 vigorous growth of seedlings and the alleviation of leaf chlorosis and adaxial curling)

312 were observed under 50 mM NaCl condition (Fig. 5B).
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313 The decrease in plant main root length was abated by BPO1R2, C10 and

314 C100 application under 50 and 100 mM NaCl. For normal plants, much longer main
315 root was observed in BPO1R2 and C10 compared to CK. For plants grown under 100
316 mM NaCl conditions, all treatments showed longer main roots than the CK (Fig. 5C).
317 The lateral root formation ratio of BPO1R2 and C100 was 100% compared to 80% of
318 CKand C10 under 0 mM NaCl; the ratio of all treatments was greater than the 60%
319 for CK under 50 mM NacCl; the ratio of C10 and C100 is less than CK, but the

320 BPO01R2 remained at 100% under NaCl-free condition (Fig. 5D). The lateral root

321 number of all treatments was more than the CK under 0 mM and 50 mM NaCl, while
322  only the number for BPO1R2 was greater than that for CK under 100 mM NaCl. Al
323 lateral root were classified into three different developmental phases (phases P, PlII,
324  and Plll indicate the lateral root lengths <0.5 cm, between 0.5 and 1.0 cm and >1.0
325 cm, respectively). The lateral root length of C100 in PII and PIIl was longer than that
326 in CK under 0 mm NaCl; both C10 and C100 could improve longer lateral root

327 development in different phases under 50 mM NaCl; however, both C10 and C100
328 seem not to contribute much to lateral root development (Fig. 5E). These results
329 suggested that cyclo(L-Ala-Gly), along with other metabolites, may contribute to

330 BPO1R2 in alleviating in planta salinity stress and improving plant growth. This

331 indicated its nature as a novel biostimulant, which has already been patented

332 (Taiwan Intellectual Property Office assigned number [684411).

333 Genome assembly and comparative genomics of BP01R2 and its relatives

334 To investigate the key genes for functional characterisation and evolution, we
335 sequenced the genome of strain BPO1R2. In total, 2 x 6,486,500 (~2.0 Gb) of

336 lllumina and 26,722 (~0.4 Gb; Nso: 13,469 bp) of trimmed ONT raw reads were
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337 obtained for hybrid de novo genome assembly. The lllumina and ONT reads

338 provided 349.5X and 66.7X coverage, respectively. The assembly result indicated
339 that BPO1R2 has one circular chromosome (5,228,948 bp) with 38.1% GC content
340 and six plasmids with sizes ranging from 5,296 bp to 134,664 bp. For the

341 completeness evaluation, 449 complete BUSCOs (99.8%), 1 fragmented BUSCO
342 (0.2%), and no missing BUSCOs (0.0%) were found within this assembly, which are
343 consistent with the expectation that circular chromosomal contig represents the

344  complete genome assembly. The annotation contains 15 complete sets of rRNA
345 genes and 2 additional 5S rRNA genes, 157 tRNA genes, 8 ncRNAs, 5,551 protein-
346 coding genes, and 91 pseudogenes (Table 1). To investigate the genes associated
347  with MPEI, genes involved in (a) plant growth promotion and rhizosphere

348 competence, (b) salinity stress alleviation and (c) carbon and oxygen limitation

349 adaptation were identified and discussed further for their potential contribution to the

350 symbiotic relationships (Figs 6, 7, S19).

351 For the species assignment, we calculated the genome-wide average

352 nucleotide identity (ANI) of BPO1R2 and its relatives (Table S1). Additionally, 2,155
353 single-copy genes shared by all strains were identified and used to produce a

354 concatenated alignment containing 147,671 aligned amino acid sites for maximum
355 likelihood phylogeny construction. The results showed that BPO1R2 is closely related
356 to P. megaterium NCT-2 and all of the ingroup genomes share > 95% ANI threshold
357 recommended for bacterial species delineation (64) (Fig. 6B). Based on this, strain
358 BPO01R2 was identified as P. megaterium. We also examined the BioProject and

359 BioSample records of all P. megaterium available from NCBI and checked their

360 source origin distribution. As results show, over half of P. megaterium were isolated

361 from plant-associated or environmental sources (Fig. 6A). Many of them were
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362 reported as beneficial endophytes, PGPB, or originally inhabited in alkaline and
363 hypersaline environments (e.g., salt marshes, alkaline lakes, potash salt dumps,
364 etc.), suggesting their immense potential in dealing with such abiotic stresses (79—

365 81).

366 For focused gene content investigation, we examined the genes related to
367 MPMI and salinity stress alleviation (Fig. 6C). BPO1R2 encodes 180 proteins

368 commonly related to nutrient acquisition, phytohormone production, rhizosphere

369 competence, and ability against abiotic stress in host plants (Fig. S19, Table S7).
370 Genes encoding ABC transporters (Fig. S20) and two-component systems (Fig. S21)
371 are enriched in the BPO1R2 genome and likely related to processing environmental
372 information. For rhizosphere competence, five of the nar, nas and nir genes related
373 to nitrogen assimilation and reduction (82,83), as well as a gcd, a ppx and nine pho
374  genes regulating phosphate solubilisation, transport and assimilation (84,85) were
375 found. Additionally, a total of thirty flagellar biosynthesis and assembly associated
376 protein encoding genes (i.e., flh, fli, flg and mot genes), eight che genes related to
377 bacterial chemotaxis, and three als, three ilv and six bdh genes related to bacterial
378 PGP volatiles (e.g., acetoin and butanediol) (86—88) were present within this genome

379 (Table S7).

380 For plant-growth improvement, we found eleven genes involved in the indole-
381  3-acetamide (IAM) pathway for indole-3-acetic acid (IAA) biosynthesis from

382 tryptophan (87,89), which was consistent with the metabolomic results for IAA

383  production. Moreover, four auxin efflux carrier (AEC) family transporter protein-

384 encoding genes (90,91), and ten genes encoding siderophore synthesis/Fe-uptake

385 proteins possibly made BPO1R2 capable of producing siderophores to assist host
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386 plants in chelating ferric ions under iron starvation (83,92) were identified (Fig. 6C,
387 Table S7). Concerning the usual hypoxia and hyper-alkaline/saline condition in a
388 typical niche of BPO1R2 and its plant host, abundant genes involved in reductive
389 tricarboxylic acid (rTCA) pathway (72,73), reductive glycine (rGly) pathway (74) and
390 anaerobic respiration metabolism were characterised (Fig. S19, Table S7). Also, four
391 sod genes encoding superoxide dismutase family proteins, five cat genes encoding
392 catalase proteins, and nine spe genes involved in spermidine synthesis related to in
393 planta salinity stress alleviation (93) were also found in this genome (Fig. 6C, Table

394  S7).

395 Mixotrophic characteristics identification

396 The BP0O1R2 genome contains the general nitrite reductase genes nirBD,
397  which are required for nitrate ammonification (94), a lactate dehydrogenase gene
398 Idh, which primarily mediates the NAD* regeneration during lactate fermentation (95)
399 as well as the required genes involved in the other conversion processes, such as
400 the pyruvate-acetoin-2,3-butanediol and pyruvate-acetyl-CoA-acetate reaction

401 (71,96) (Fig. 7A, S19, Table S7). Meanwhile, the anaerobic regulation related resA-
402  E operon encoded (97,98) and fnr gene were also found (99) (Table S7). Notably,
403 two nonspontaneous bacterial carbon fixation strategies were present in this

404 genome, i.e., the rGly pathway (74) and the rTCA cycle (72,73) (Figs 7A, S19, Table
405 S7). To estimate the anaerobic and autotrophic availability of BPO1R2, we incubated
406 it under oxygen and carbon resource starvation conditions by mimicking the original
407  habitat of its photoautotrophic host. The results showed that BPO1R2 grow under
408 anaerobic conditions (90% H2 plus 10% COz2) (Fig. 7B), and a high correlation

409 (R2=0.95) were found between the extra glucose supplementation and the maximum
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410 bacterial growing capability (Fig. 7C), which indicates the availability of BPO1R2 in

411  acquiring organic carbon resources for growth under an anaerobic condition.

412 Furthermore, we were interested in whether BPO1R2 use CO2 as a sole

413 carbon resource to grow under anaerobic conditions, as a chemolithoautotroph. The
414  testing glucose supplantation was 0.04% and 0%, and N2 was used to replace the
415 CO:z2 in anaerobic gas. The results confirmed that BPO1R2 can use CO: for growth
416  either with or without extra 0.04% glucose (Fig. 7D). Interestingly, bacteria grew
417  significantly better with CO2 than N2 on the 3rd day (CGO vs NGO, p=0.05; CG10 vs
418 NG10, p=0.03), and this advantage was kept when growing without glucose till the
419  16th day. A similar pattern was found in the 0.04% glucose conditions before the 9th
420 day, and a higher growth rate was observed in those CO:2 present treatments;

421  however, no significance was found in bacterial maximum growth capacity compared
422  to the N2 conditions after then. Accordingly, BPO1R2 was identified as a facultative
423  aerobic mixotroph that can use organic (glucose) or inorganic (CO2) carbon

424  resources to grow.
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425 Discussion

426 BP01R2 and cyclo(L-Ala-Gly) as versatile endophytic biostimulants

427 Auxin is well known as a crucial instructor to root/shoot morphogenesis and
428 development by converging multiple phytohormones and signalling pathways in

429 plants (100-102). In this work, several Indole-3-acetic acid (IAA)-producing-related
430 and auxin efflux carrier (AEC) family transporter genes (Table S7) and the IAA

431 production (Fig. S18, Tables S3, S4) of BPO1R2 were confirmed. Besides, some
432 plants' growth-promoting bacterial volatiles and (lateral) root-inducing biostimulants
433 (Table S4, S5) and over 40 genes related to bacterial flagella and chemotaxis (Table
434  S7) were identified in the BPO1R2 genome. Some endophytes have bacterial flagella
435 and produce biostimulants, which cause different repulsive or attractive compounds
436 and quorum sensing. The contact between endophytes and plant exudates occurs
437  accordingly, and chemotaxis driven by flagella also plays an important role in

438  colonisation (92,103—-105).

439 The root structures will change for morphological plasticity preventing salt
440 accumulation from the saline environment while plants suffer the salinity stress

441  (106,107). Besides phytohormones, multiple pathways like glutathione metabolism
442  and ribosome biosynthesis will respond in an opposite pattern than those without
443  stress (108—-110). Similar phenomena were also found within BPO1R2 inoculated
444  plants (Figs 3, S10-S17), suggesting its benefits to in planta salinity stress

445  alleviation. While looking into bacterial metabolomics under salinity stress, we

446 noticed some signals of cyclopeptides; then, we further confirmed one cyclic

447  dipeptide, cyclo(L-Ala-Gly), functions like BPO1R2 in plants (Fig. 5). Distinct from our

448 previous work describing the PGP traits and application (26), here we decipher the
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449 BPO01R2's genome and metabolome and examine the plant transcriptome to reveal
450 the molecular mechanisms of its MPMI and stress alleviation in the plant. All

451  evidence collectively suggests that BPO1R2 improves growth and alleviates salinity
452  stress with beneficial biostimulants and transcriptomic regulation in the host plant

453  (Fig. 8A).

454 Although the potential of CDPs as stress-mitigating biostimulants, especially
455  cyclo(L-Ala-Gly), has been revealed in this work, further investigations are required
456 in future work to decipher its molecular roles in plants. The mechanisms of these
457  compounds in plants remain unclear; one of the reasons is that developing an

458 efficient and specific method for detecting their in planta amount and distribution
459 remains a technical difficulty. In summary, this work facilitates our understanding of
460 CDPs and highlights the importance of these potent small compounds that deserve

461 more attention.

462 Taxonomy of Priestia species

463 Based on information available from the strains with NCBI

464  BioProject/BioSample information, > 70% of P. megaterium strains are associated
465  with plants or are environmental microbes (Fig. 6A) and all have abundant PGPR
466 and stress abatement related genetic components (Fig. 6C), suggesting the potential
467  of this species for agricultural applications. Based on genome-wide ANI analysis and
468 molecular phylogeny of conserved single-copy genes, some of the characterised
469 strains may be mis-classified. Notably, our results showed that the type strain of P.
470  aryabhattai shares > 95% ANI with P. megaterium (Fig. 6B). To clarify the species
471  assignments, we backtracked the supporting information described for these species

472  delineation (111). However, two conserved signature indels (CSls) reported by Gupta
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473 etal (111) were absent in neither the type strain of P. megaterium nor P. aryabhattai
474  (Fig. S22), suggesting that these markers are not reliable. Based on the International
475 Code of Nomenclature of Prokaryotes (Principle 8, ‘Each order or taxon of a lower
476 rank with a given circumscription, position, and rank can bear only one correct name,
477  i.e., the earliest that is in accordance with the Rules of this Code’) (112), we

478 recommend to reject the name Priestia aryabhattai (Basonym: Bacillus aryabhattai
479  (113)) and temporarily replaced it with Priestia megaterium (Basonym: Bacillus

480 megaterium (114)). This taxonomic reclassification coincides with the synonymy

481 suggestion by Narsing Rao et al. (115). Meanwhile, further confirmation of the

482  correctness and suitability of the name Priestia gen. nov. is required to avoid

483 incorrect uses.

484 Insights into symbiosis amonqgq wetland MPEI

485 As mentioned, BPO1R2 originally inhabited salt marsh plants that grow with
486  continuously high salinity and periodic hypoxia (Fig. 1A). When plants suffer abiotic
487  stress, e.g., salinity stress, drought stress and osmotic stress, the transmissible

488 sugar in plants tends to accumulate in the vacuole for water pressure manipulation
489 orrecycled into storage forms of sugar (e.g., starch, cellulose, lignin, etc.), and

490 microorganisms living in plant endosphere may suffer from in planta carbon resource
491  starvation (116—118). There is consensus that efficient carbon resource

492 transmissions (i.e., sugars, amino acids, other organic matters, etc.) from plant

493 phloem and root exudates to symbionts are important (119,120). Therefore,

494  addressing this routine multi-stress condition is important for symbiosis maintenance
495 among endophytes. The genomics (Figs 7A, S19, Table S7) and tropism analysis on

496 BPO1R2 reveal its anaerobic and autotrophic metabolisms availability and
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497  mixotrophic traits, allowing it to grow under the mimic condition of wetland plant

498 suffering multi-stresses of sugar starvation and hypoxia in vitro (Figs 7B-D).

499 Collectively, in this study, we infer that the anaerobic and autotrophic

500 characteristics of the endophyte may reduce the carbon source demand from the
501 host under hypoxia stress, such as during the high-tide period in wetlands (from
502 Phase | to Phase lll, Fig. 8B), i.e., the pathway by which strains gain energy might
503 be able to be switched from consuming sugar and the TCA cycle into anaerobic
504 carbon fixation, such as the rTCA cycle, and fermentation (Phase lll, Fig. 8B). These
505 may be a strategy and a niche for symbionts increasing competitiveness for host
506 symbiosis under multi-stress or extreme biome. Herein, based on the multi-omics
507 investigations and dynamic switching of carbon resources and energy acquisition of
508 P megaterium BPO1R2, we provide a novel perspective on molecular plant-

509 endophyte interactions (MPEI) in the wetland biome (Fig. 8). However, the

510 coordination of carbon resource acquisition (organic and inorganic) and trophic

511 patterns (heterotrophic and autotrophic) among MPMI remain obscure. Multi-

512 dimensional gene regulation research on plant-microbe interactions (121-123) and
513 tracing fluxes of carbon resources among bacteria and plant hosts (124) are

514 necessary for future work.

515 Conclusions

516 Beyond uncovering the versatile potential of P. megaterium BPO1R2 and
517 cyclo(L-Ala-Gly) for future agriculture, our multi-omics and bacterial tropism results
518 provide new insights into the unclear mechanism of trophic homeostasis among
519 MPEI. Multitudes of microorganisms colonise diverse compartments of healthy

520 plants, and their importance in the modulation of commensal or mutual relationships
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521 has been widely discussed (120,125,126). How bacterial tropism shapes the

522 endophytes' autotrophic and energy metabolisms, either in transcriptomic or

523 metabolic dynamics, to maintain their competitiveness among host-microbe

524  symbiosis systems remains an outstanding issue. The symbiosis constructed of

525 mixoautotroph and photoautotroph reported here provides a preliminary but novel
526 perspective and untapped opportunities to understand the enigmatic plant-endophyte

527  symbiotic relationships in MPMI.

528
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Table 1. Genomic features of P. megaterium strain BP01R2

Features

Accession

Size (bp)

GC content (%)
Protein-coding genes
Pseudogenes
Ribosome RNA genes
Transfer RNA genes

Non-coding RNA genes

Chromosome
CP092387.1

5,228,948

38

5231

82

40

121

pBPO1R2a
CP092388.1
134,664
34
108

3
0
0
0

pBPO1R2b
CP092389.1
133,343
345
119

4
0
1
0

pBPO1R2c
CP092390.1
50,994
35.5
44
1
4
17
0

pBPO1R2d
CP092391.1
39,414
36.5
31
0
3
18
0

pBPO1R2e
CP092392.1
12,668
34
10

1
0
0
0

pBPO1R2f
CP092393.1
5,296
36

O O O O ™
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Fig. 1 Typical habitat and bacterial endophyte identification of Bolboschoenus planiculmis. A
Typical niche, tidal marsh in Taichung, Taiwan at low- (left) and high-tide (right). | and |l show two
corresponding locations in two different photographs. The pseudo-colour marks indicate a channel
visible in the low-tide. B Endophyte microbiome. Bacterial endophytes isolated from different plant
tissues (Endosphere). Control check of last rinsing solution used for surface sterilising (Episphere). C
Unrooted 16S rRNA gene-based maximum likelihood phylogeny of eleven bacterial candidates. All
internal nodes received > 85% bootstrap support based on 1,000 re-samplings. Roman numerals
indicate that the groups belong to different genera. The groups containing isolates BP01R2 and
BP02R8 focused on in this work are shown in blue and red, respectively. D in vitro salinity stress

tolerance test of endophytes.
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984 Fig. 2 Endophytes promote host plant growth. A Plant growth promotion differs with inoculation
985 concentration and type of endophyte. The upper five panels illustrate the plant growth patterns under
986 treatment with different inocula, and the lower five panels provide a close-up view of the roots. CK:
987 control check; DAI: days after inoculation. B The main root length, C fresh weight and D lateral root
988 number of different inoculum-treated plants. Data are presented as mean+SEM. N=5. Different letters
989  show the significant difference between samples (p<0.05); 04 DAI are uncapitalised; 08 DAI are

990 capitalised. For 15 DAI, *p<0.05 ***p<0.005.
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Fig. 3 Endophytes alleviate salinity stress in the host plant. A Plant growth differs from
endophytic inoculation under salinity stress. The upper three panels illustrate the plant growth
patterns with different inocula under salinity stress, and the lower three panels provide a close-up of
the roots. CK: control check; DAI: days after inoculation. B Endophytes re-isolation. C D The fresh
weight (15 DAI) and E main root length (04 and 15 DAI) of plants treated with different inocula under

salinity stress. Data are presented as meantSEM. N=5 *p<0.05 ***p<0.005.
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1001 Fig. 4 Transcriptomic analysis. A Heatmap of Jensen-Shannon (JS) divergence between
1002 transcriptomics data for all genes. B Venn diagram of DEGs comparison between samples from with

1003  or without salinity stress.
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Fig. 5 Metabolomic analysis of BP01R2 and the biostimulant candidate mitigating in planta
salinity stress. A Cyclo(L-Ala-Gly) was identified under NaCl-specific bacterial growth conditions. B
Plant growth differed from that with BP0O1R2 and cyclo(L-Ala-Gly) under salinity stress. The lower and
upper four panels are the plants grown with 50 mM or 0 mM NaCl, respectively. CK: control check;
DAI: days after inoculation. C main root length. The round dotted line, the dashed line, and the solid
line indicate 03, 12 and 21 DAI. D Lateral root emergence ratio between 03, 12 and 21 DAI. The open
and closed marks of the circle and square indicate the control, BP01R2, cyclo(L-Ala-Gly) 10 ppm and
cyclo(L-Ala-Gly) 100 ppm, respectively. E The quant and length distribution of lateral roots under
different phases. The greater circle size refers to the greater lateral root number. Lateral root
developmental phases |, Il and Il indicate the lateral root lengths <0.5 cm, between 0.5 and 1.0 cm
and >1.0 cm and correspond to the colour keys. Data are collected from five independent seedlings

with three technical repeats and calculated as mean+SEM.
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1019 Fig. 6 Evolutionary relationships among Priestia megaterium BP01R2 and its relatives. A
1020 Source origin distribution of all available Priestia megaterium genomes. B Phylogeny of strain

1021 BPO01R2 and its relatives. The maximum likelihood phylogeny is based on the concatenated alignment
1022  of 2,155 single-copy genes shared by all strains analysed (147,671 aligned amino acid sites). The
1023  bootstrap values of those three internal nodes with < 99% were labelled. Priestia flexa NBRC 157157
1024 is included as the outgroup. The superscripts ‘T’ and ‘R’ following the strain names indicate type
1025 strains and strains assigned as NCBI representative genomes, respectively. Strains with complete
1026  genomes are presented in bold, and the strain BPO1R2 reported in this work is highlighted in blue.
1027 Information to the right of the phylogenic tree shows the grouping of genomes according to different
1028  cut-off values of genome-wide average nucleotide identity (ANI). C Gene content analysis. Empty box
1029  and box with numbers inside indicate single-copy and multiple-copy of the targeted genes,

1030 respectively. Different genes are clustered in groups: A, nitrogen assimilation and reduction (nasA-E);
1031 B, phosphate solubilization and mineralization (gcd, phoP, phoR, phoAB, phoD and ppx); C, L-

1032 tryptophane and indole synthesis (trpA-F); D, indole-3-acetic acid synthesis and transporter (gatA and
1033 an AEC family transporter encoded gene); E, acetoin and butanediol synthesis (alsD, alsS, ilvH and
1034  ilvG); F, spermidine synthesis (speAB and speDE); G, superoxide dismutase and catalase (sodACF
1035  and cat); H, ferredoxin (fer) related. See the gene locus accession details in Table S7. The icons were

1036  created with BioRender.com.
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Fig. 7 Tropism analyses on BP01R2. A The simplified autotrophic (orange and purple panels) and

anaerobic (green panel) related metabolism identified within the BP01R2 genome. All of the gene

names and locus accession details are listed in Table S7. Carbon dioxide (COz2) influx and the number

of carbon atoms in each molecule are highlighted in blue; the reactions involved in energy generation

are marked as red arrows. B D Bacterial growth curves under different carbon resources (G0, G10,

G50 and G100 indicate 0%, 0.04%, 0.2% and 0.4% glucose, respectively) and tube headspace gas

compositions (A, C and N indicate sterilised air, 90% H2 plus 10% CO2, and 90% H:z plus 10% Nz,

respectively). C Coefficient relationship between carbon resources and bacterial growth under

anaerobic conditions. X-axis, glucose content; Y-axis, the maxima (indicated by the fluorescent green

arrows) of the bacterial growth curves in B. All data points are collected from three independent

biological repeats and shown as mean+SEM.
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1050

1051 Fig. 8 Schematic illustration of molecular plant-endophyte interactions (MPEI) among wetland
1052 biomes. A Integrated multi-omics perspectives on the symbiotic relationships of wetland plants and
1053 endophytes. Green cell indicated those enriched phenotypic and transcriptomic regulations within the
1054 plant contributed by the endophyte; orange cell was generated based on metabolomic and genomic
1055 data analyses in this work. B The dynamic carbon resource acquisition switching of the endophyte
1056 may be a niche for host-symbiosis under hypoxia and sugar starvation. For simplicity, the black arrow
1057 represents any carbon flux from organic (sugar) or inorganic (CO2) carbon sources. Both dashed lines
1058 and transparent marks indicate a decreasing level of suitability or availability. Phases I, II, lll and IV
1059 indicate four timepoints among the tidal dynamics of the wetland biome, and the diagrams below
1060 indicate the timepoint-specific MPEI accordingly. Blue and red marks highlight the plant growth

1061 promotion and abiotic stress alleviation effects on the plant host, respectively. Brightly coloured
1062 symbols indicate the corresponding beneficial metabolites mentioned in the orange cell of A. Icons

1063  were created with BioRender.com.
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