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Summary

Using functional interaction assays, Tinctoporellus species isolate ARS8 was identified as a plant
growth-promoting fungus from Arabidopsis roots.

Confocal microscopy revealed interstitial growth and intracellular endophytic colonization
within root cortex by ARS8 hyphae prior to induction of beneficial effects.

ARS8 improved plant growth and fitness across a broad range of monocot and dicot host species.
ARS solubilized inorganic phosphate and enabled macronutrient phosphorus assimilation into
the host plants, and the resultant growth promotion required an intact phosphate starvation
response therein.

Metabolomics analysis identified a highly specific subset of primary and secondary metabolites
such as sugars, organic acids, sugar alcohols, amino acids, and phenylpropanoids, which were
found to be essential for the plant growth-promoting activities of ARS.

trans-Cinnamic acid was identified as a novel AR8-induced plant growth promoting metabolite.
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Introduction

Plants provide ecological niches for a plethora of microorganisms, which build highly complex
communities therein, and profoundly influence the overall functioning and stability of such
tripartite plant-microbe-environment ecosystems. Numerous studies have revealed that such
microbial associations affect seed germination, growth and development, plant nutrition,
resilience, and reproduction in the plant hosts (Berendsen et al., 2012; Vandenkoornhuyse et al.,
2015; Leach et al., 2017). Given these paramount functions, such microbial assemblies are seen
as an extended or second plant genome, and are also referred to as microbiota (comprising all
microorganisms) or microbiome (comprising all microbial genomes). The rhizosphere is a
ubiquitous region for a set of microbial populations that support plant fitness too (Lundberg et
al.,, 2012; Ofek-Lalzar et al., 2014). The below-ground interactions between roots and
microbiota are critical for the plant adaptation capacity, which can determine plant growth and
health through various direct or indirect mechanisms (Bever et al., 2012; Herrera Paredes and
Lebeis, 2016). Therefore, it is of major interest to study plant microbiota that enhance growth,
biomass and/or provide resistance against pathogen infection in the host plants.

The mycobiome, or mycobiota, is the fungal community associated with an organism or a
habitat. Dependent on the multiple pivotal ecological functions driven by soil fungi, plant
performance can be governed and modified by changing the rhizosphere mycobiota. Arbuscular
mycorrhizal fungi (AMF) are a characteristic example of plant growth-promoting fungi (PGPF)
in the symbiotic system. It is now widely accepted that AMF symbiosis contributes to plant
nutrition (mainly phosphate; Pi), including solubilization, mineralization, and/or transfer of
nutrients in the bioavailable forms, which allows plants to thrive in harsh environments with
poor nutrient availability (Hijikata et al., 2010; Balliu et al., 2015; Etesami et al., 2021). The
role of root fungal endophytes in beneficial interactions with plants has been underestimated
but has recently attracted a great deal of attention due to their ability to provide mycorrhizal-

like functions to non-mycorrhizal plants. For example, Colletotrichum tofieldiae solubilizes
3
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plant-inaccessible hydroxyapatite and transfers Pi to Arabidopsis thaliana under low-Pi
conditions (Hiruma et al., 2016). Similarly, the Helotiales fungus F229 transfers Pi to Arabis
alpina under both low- and high-Pi conditions (Almario et al., 2017). These studies endorse
that fungus-to-plant Pi transfer, commonly assigned as a hallmark of mycorrhizal symbiosis,
also occurs in root fungal endophytes and non-mycorrhizal plant interactions. Given this
scenario, in-depth studies of symbiotic mycobiota members and their function(s) on non-
mycorrhizal plants are critical to expand our knowledge of the ecological relevance of these
associations for plant growth and development.

The advantage of root fungal endophytes for plant growth promotion through different
beneficial pathways shows great potential in developing new strategies for sustainable
agriculture (Calvo Velez et al., 2014; Olanrewaju et al., 2017; Sood et al., 2020). Despite their
benefits, the use of root fungal endophytes in agriculture remains far below the number of fungi
described with plant growth-promoting activities. Lack of knowledge about molecular features
of plant-fungus symbiosis is the main issue limiting the use of these PGPF as sustainable
alternatives. Metabolomics analysis focusing on plant-fungal interaction has shown that the
specialized metabolic phenotypes of host plants are essential for shaping the morpho-
physiological traits of functional symbiosis with AMF. For example, the carbon demands of
AMF affect the photosynthetic capacity of plants, thereby enhancing sugar accumulation and
increasing plant biomass (Kaur and Suseela, 2020; Kaur et al., 2022). Furthermore, the
reprogramming of secondary metabolism in carotenoid, flavonoid, and phenylpropanoid
biosynthesis due to AMF symbiosis enables the plants to better stress tolerance (Fester et al.,
2005; Scervino et al., 2005; Schweiger and Miiller, 2015; da Silva and Maia, 2018). Thus, the
specificity of plant metabolome not only illustrates molecular signatures but also reflects
symbiotic outcomes in the plant-fungal interactions. More importantly, understanding the
dynamics of plant metabolites in symbiotic associations would help decipher the plant growth-

promoting mechanisms, especially since the functional symbiosis elicited by root fungal
4
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87  endophytes is highly host-specific.
88 Plants of the Brassicaceae family are found within the group of non-mycorrhizal symbiosis,
89  which comprises several model species of great scientific interest (i.e., A. thaliana) and/or
90  agronomic importance (i.e., food crops within the genus Brassica) (Cosme et al., 2018). On the
91  basis of accumulating evidence, the interactions between root fungal endophytes with plant
92 hosts resemble mycorrhizal symbiosis. However, most studies were conducted on the model
93  plants in controlled and optimized growth environments while only a few were performed under
94  less favorable field conditions. In this study, the primary objectives were to harness
95  mycobiome-based functions to improve plant growth by: (1) the identification of root fungal
96  endophyte(s) that can benefit green leafy vegetable Choy Sum (Brassica rapa var.
97  parachinensis) (2) the analysis of plant metabolome underlying the beneficial effects imparted
98 Dby the root fungal endophyte to the host plant; (3) the field trials to clarify plant growth-
99  promoting activity of root fungal endophyte and its ecological relevance as a potential
100  biofertilizer for agriculture.
101 Here, we identify a novel mycorrhizal fungus, the Tinctoporellus species isolate ARS8
102 (hereafter AR8), which demonstrated robust plant growth-promoting activity in green leafy
103 vegetables in indoor and field conditions. Characterization of AR8-inoculated Choy Sum
104  revealed that AR8 hyphae systemically colonized the inter- and intracellular spaces within the
105  host root cortex and thus underscored the capability of fungal hyphae to transfer soil nutrients
106  to host plants. Indeed, in vitro studies confirmed that the contribution of ARS8 to plant growth
107  promotion involves the solubilization of inorganic Pi and the transfer of bioavailable
108  phosphorus by root-associated hyphae. Detailed metabolite profiling extended our findings by
109  providing mechanistic and functional insight into the repertoire of primary and secondary
110  metabolites that significantly changed in Choy Sum upon ARS8 inoculation. We also identified
111  and characterized trans-cinnamic acid (+~CA) as the metabolite with plant growth-promoting

112 activity. Increased shoot biomass by #-CA in exogenous complementation assays provided
5
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113 further evidence for its bioactive functions, likely associated with enhanced plant growth in the
114 ARS8 symbiosis model. Collectively, our results support a mycorrhizal model system that
115  imparts beneficial functions in plant growth via a new member of rhizosphere mycobiota with
116  potential applications in improving productivity in traditional and modern urban farm crops.
117

118  Materials and Methods

119

120  Plant materials and growth conditions

121 Arabidopsis thaliana ecotype Columbia (Col-0) wild type, the mutant line phr/, Choy Sum
122 (Brassica rapa var. parachinensis), Kailan (Brassica oleracea var. alboglabra), rice cultivar
123 CO39, and barley cultivar Express were used in this study. Seeds were stored at 4°C in the dark
124  to allow stratification. Seeds were surface-sterilized with 70% ethanol for 5 min, 10%
125  commercial bleach for 2 min, and followed by five times rinsing in sterile distilled water.
126  Sterilized seeds were placed on full Murashige and Skoog basal salts medium (Sigma-Aldrich;
127 no. M5524) with 1% sucrose and 1% agar (MS-agar) for germination and incubated vertically
128  in a plant growth chamber (AR95L, Percival Scientific) under long day conditions (16 h /8 h
129  light/dark photoperiod) at 22°C with 60% relative humidity and 120 pmol m s™! light intensity.
130 For plant growth promotion assays, seedlings were transferred to trays containing
131  autoclaved (121°C, 1 hour) peat/perlite mix (BVB Substrates, Netherlands) prior to fungal
132 inoculation. Plants in the tray were watered (1000 ml/day) according to the method described
133 previously (Tan et al., 2020), and no additional fertilizers were added during the experimental
134 period.

135  Plant growth promotion assays

136  For qualitative and quantitative analysis of the growth-promoting effects of fungal isolates
137  extracted from Arabidopsis rhizosphere, conidial suspension (10° spores) were inoculated into

138  the rhizosphere region of Choy Sum plants. Four day-old Choy Sum seedlings were transferred
6
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139  to the sterilized soil and conidia were directly inoculated to the roots and surrounding soil.
140  Distilled water was used as a mock control with the same inoculation method. Shoot fresh
141  weight was measured at 7, 14, and 21 days post-inoculation (dpi). To further verify the effect
142 of the fungal isolate AR8 on reproductive growth, the number of siliques was counted at 49 dpi.
143 A. thaliana Col-0, Kailan, rice, and barley were used as models for monocot and dicot species
144 to test ARS8 growth-promoting effect using the same settings and methodology.

145  Confocal microscopy and imaging

146  For microscopic analysis of fungus-root interactions, four day-old Choy Sum seedlings were
147  inoculated with ARS8 conidia (10° spores) for 16 and 24 hours post-inoculation (hpi) (conidia
148  morphology and germination), and 4, 7, 14 dpi (root colonization). Distilled water was used as
149  amock control with the same inoculation method. Conidia and roots were stained with 10 pg/ml
150  Wheat Germ Agglutinin, Alexa Fluor™ 488 Conjugate for 10 minutes and 10 pg/ml Propidium
151  iodide for 10 minutes to visualize fungal structure and root cell walls, respectively. Imaging
152 was done on a Leica TCS SP8 X inverted confocal system equipped with an HC Plan
153 Apochromat 20x%/0.75 CS2 Dry objective or a 63%/1.40 CS2 Oil objective. Green fluorescence
154  (Wheat Germ Agglutinin Alexa Fluor™ 488 Conjugate) was excited at 488 nm and detected at
155  500-530 nm and Red fluorescence (Propidium iodide) excited at 561 nm and detected at 600-
156 700 nm. All parts of the system were under the control of Leica Application Suite X software
157  package (release version 3.5.5.19976).

158  Elemental analysis by Inductively-Coupled Plasma mass spectrometry (ICP-MS)

159  Samples of 21 dpi Choy Sum shoot (with or without ARS8 inoculation) were dried for 5 days at
160 65 °C. For pre-digestion, Homogenized plant powder (100 mg) was performed by 2.5 ml of
161  HNOs (66% v/v) and 0.5 ml of H202 (30% v/v) overnight. High Performance Microwave
162  Digestion System was followed to digest samples for 3 hours. Final solution was diluted by
163 1:10 dilution with deionized water and stored at 4 °C before analysis. The determination of

164  nitrogen, phosphorus, and potassium levels was performed with an Agilent 7700 ICP-MS
7
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165  (Agilent) following the manufacturer’s instructions.

166  Pi translocation assay

167  Square petri dishes (root/hyphal compartment, RHC; 12.5 x 12.5 cm) were prepared with either
168  Pi-limiting (100 uM KH2PO4) or Pi-rich (1250 uM KH>POs) sucrose-free MS-agar medium.
169  Inside each square petri plate, a circular petri dish (hyphal compartment, HC; 3.8 cm in diameter)
170  was prepared with Pi-rich sucrose-free MS-agar medium and placed at the bottom. Notably, the
171  two compartments were separated by the plastic wall of the circular petri dish, which impeded
172 the growth of plant roots towards the content of the smaller plate. Two PA agar plugs (5 mm)
173 with or without AR8 mycelia were inoculated to HC for pre-inoculation 7 days. During the pre-
174  inoculation, ARS8 hyphae spread from HC to the RHC, bridging the two compartments. Seven
175  day-old A. thaliana Col-0 or phrl mutant seedlings were transferred to the RHC and cultivated
176  vertically for 7 days. Shoot fresh weight was measured to determine the effect of fungal Pi
177  transport activity.

178  Metabolomics profiling

179  Metabolite profiling was performed by gas chromatography coupled to electron impact
180  ionization/time-of-flight mass spectrometry (GC-EI/TOF-MS) using Agilent 7890A gas
181  chromatogram with split and split-less injection onto the Agilent J&W GC column DB-5MS
182 (30 m length, 0.25 mm inner diameter, 0.25 pm film thickness, Agilent), which was connected
183  toa 7200 quadrupole time-of-flight mass spectrometer. Helium was used as carrier gas and the
184  flow rate was 1 ml/min. Injection volume was 1 pl in split and split-less mode. Injection and
185  transfer line temperatures were 250°C and 280°C, respectively. The oven temperature was held
186  at 70°C for 1 minute, and then increased to 250°C at 10°C/min and then it was increased to
187  300°C at 25°C/min and held for 6 minutes. The GC total run time was 27 minutes. The solvent
188  cut time was 4 minute. The ion source was operated in electron ionization (EI) mode and its
189  temperature was 230°C. The scan range for TOF was from m/z 50 to 800.

190  Statistical Analysis
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191  Statistical analysis was carried out using GraphPad prism software (San Diego, CA. and the
192 values of the treatments represented as mean with standard error. The significance of differences
193 between the treatments was statistically evaluated using Student’s ‘t’ test and significance was
194  considered at a probability level of P <0.05 (*), P <0.01(**), and P < 0.001 (**%*).

195

196  Results

197

198  Characterization of the mycobiota from Arabidopsis thaliana rhizosphere

199  We used extracts from the surface-sterilized roots of A. thaliana Col-0 to obtain the
200 mycobiomes or fungal microbiota via subculture on PA medium. The fungal isolates thus
201  obtained were taxonomically identified by amplifying and sequencing the ITS region of fungal
202  the ribosomal DNA from the respective fungal isolates. Barcoding and identification of fungal

203  DNA on the NCBI BLAST database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was subsequently

204  conducted to assign the taxonomic identity of the mycobiont based on the highest ID scores. As
205  aresult, a total of 21 individual fungal genera, including 18 isolates from Ascomycota and 3
206  isolates from Basidiomycota, were obtained from A. thaliana roots. To further verify the impact
207  (if any) on plant growth, we inoculated Choy Sum seedlings with our fungal isolates
208  individually and cultivated them under soil conditions. Shoot fresh weight or biomass of the
209  mock control and the fungus-inoculated plants was measured at 21 days (Fig. S1).

210 Based on our analysis, Choy Sum showed an increase in shoot biomass when co-cultivated
211  individually with 9 of the 21 fungal isolates, thus suggesting their plant growth-promoting effect
212 on Choy Sum under soil conditions (Fig. S1b). More importantly, the fungal isolate ARS8
213  exhibited a better and more consistent beneficial effect on growth of Choy Sum shoots
214  compared to the other PGPF isolates. Thus, we selected ARS8 to further investigate such
215  beneficial effects on plant biomass (Figure 1a,b). The significantly improved Choy Sum growth

216  provided by ARS8 under soil conditions was evident at 14 dpi. AR8-inoculated plants exhibited
9
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219 Fig. 1 ARS8 promotes significant increase in Choy Sum growth under soil conditions. (a-b) Representative images
220 of Choy Sum seedlings grown in soil in indoor conditions for 21 days (a) or in coco peat in field conditions for 28
221 days (b) with water (mock control) or inoculated with AR8 conidial suspension (10° spores in total). Scale bar, 10
222 cm. (c-d) Time course (7, 14, and 21 dpi) analysis of Choy Sum shoot (c) and root fresh weight (d) in soil inoculated
223 with water or AR8 conidia (n=12-20 plants per experiment) shown in (a). Data presented (mean + S.E) was derived
224 from 3 independent replicates of the experiment. Asterisks (***) represent significant differences compared to the

225  mock control at P < 0.001 (t-test).

227  asignificantly higher shoot biomass increase by 22.01% at 14 dpi, and 37.07% at 21 dpi (Fig.
228  lc,d S2a). To address the long-term impact of ARS8 interaction/colonization, the reproductive
229  growth of Choy Sum was also studied as an index of fertility. We observed that Choy Sum
230  inoculated with the beneficial mycobiont ARS8 displayed an earlier transition to flowering and
231  anoverall increase in production of siliques (Fig. S2b), thus indicating that the beneficial fungus
232 ARS8 promotes the growth and development during both the vegetative and reproductive stages
233 in the host plants. We also tested the impact of ARS8 on the model Brassicaceae species A.
234 thaliana Col-0 and Kailan, and in the cereal crops rice and barley. Remarkably, not only

235  Arabidopsis and Kailan but also barley demonstrated a significant improvement with an
10
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236
237 Fig. 2 The morphological characteristics of the beneficial fungus ARS. (a-b) AR8 was cultured on PA agar (a) for

238 5 days and conidia (b) were harvested after subculture under light conditions for 7 days. (c) ARS8 conidia were
239 cultured with or without Choy Sum roots for 16 and 24 hours. Laser scanning confocal microscopy of ARS8 stained

240  with Wheat Germ Agglutinin-Alexa488 (green; fungal cell wall). Scale bars: 10 um.

241

242 average increase of 53.61%, 22.85%, and 21.91% , respectively, upon ARS8 inoculation under
243  soil conditions (Fig. S3,S4c,d). However, AR8 showed a growth inhibitory effect on rice, and
244  the shoot fresh weight of rice was significantly decreased by 18.19% upon ARS8 inoculation
245  (Fig. S4a,b). Collectively, we report a novel PGPF ARS8, which demonstrates a robust growth
246  promotion effect on a range of crop species. Thus, the rhizosphere inoculation of AR8 conidia
247  on seedlings of leafy greens was an applicable strategy to maximize the crop growth and yield
248  in such urban crops.

249  The nature of ARS8 growth and its systemic colonization in Choy Sum roots

250  To investigate the growth characteristics of ARS8, we performed confocal microscopy to first
251  assess the morphology and conidial germination. AR8 conidia produced on PA medium were
252  oblong or short rod-shaped with a uniform length of 4-8 pm (Fig. 2a,b). Interestingly, AR8
253  conidia germinated and produced apparent germ tubes in water in the presence of Choy Sum
254  roots at 16 and 24 dpi, respectively. By contrast, AR8 conidia failed to germinate in the absence
255  of Choy Sum roots under these conditions (Fig. 2c). This suggested that (Choy Sum) root
256  exudates led to a significant acceleration of conidial germination in ARS8, which resembles

257  mycorrhizal symbiosis in being mutually beneficial for both the partners.

11
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258
259 Fig. 3 ARS8 shows systemic colonization as an endophyte in Choy Sum roots in soil conditions. (a-c) Choy Sum
260  roots were inoculated with water (mock control) and cultivated under sterilized soil conditions for 4 (a), 7 (b), and
261 14 days (c). No fungal conidia or mycelia are evident around the roots. (d-f) Choy Sum roots inoculated with ARS8
262 conidia (10° spores) in sterilized soil for 4 days. Representative image showing the attachment of AR8 hyphae on
263 the root surface without penetrating the epidermis or inner cortex of the roots (d). Enlarged images of the sections
264  (e-f) from projections shown in (d). (g-j) Choy Sum roots inoculated with ARS8 conidia (10 spores) for 7 days.
265 Representative images showing the external (g) and intercellular hyphae (h) of ARS8 on the root surface and
266 between root epidermal cells. Enlargement (i) and orthogonal (j) of the sections from the projections is shown in
267 (h). Arrows indicate the intercellular hyphae between Choy Sum root epidermal cells. (k-m) Choy Sum root
268 inoculated with ARS8 conidia (10° spores) for 14 days. Representative images of extra-radical hyphae (k) enveloped
269 Choy Sum root and intracellular hyphal (I) colonized in the root cortex. Enlargement of the section (m) from
270 projections shown in (1). Laser scanning confocal microscopy of Choy Sum roots upon water and ARS8 inoculation

271 were all stained with Wheat Germ Agglutinin-Alexa488 and Propidium iodide. Scale bars: 100 um.
272

273 Next, to trace in planta colonization process of ARS8 by live-cell confocal imaging, we
274  inoculated ARS8 conidia on Choy Sum roots and stained with Wheat Germ Agglutinin Alexa
275  Flour*®® conjugate and Propidium iodide to visualize fungal structures and root cell walls,
276  respectively, under sterilized soil conditions. Tracing the fluorescent signals, indicated a lack

277  of fungal hyphae or mycelial structures in the roots of control samples during in planta
12
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278  colonization analysis (Fig. 3a-c). By contrast, Wheat Germ Agglutinin Alexa signal in ARS-
279  inoculated plants indicated that AR8 hyphae attach to the root surface at 4 dpi (Fig. 3d-f).
280  However, at this stage, none of the fungal AR8 hyphae penetrated the epidermal region or
281  colonized the endosphere. Around 7 dpi, AR8 showed a stable interaction with host roots, with
282  fungal hyphae in the rhizosphere gradually enveloping the roots (Fig. 3g). More importantly,
283  ARS entered the roots interstitially, producing intercellular hyphae that advanced between PI-
284  labeled root epidermal cells (Fig. 3h-j). Thus, we hypothesized that ARS8 establishes a biotrophic
285  interaction with plant roots (causing no damage/death, and keeping the host alive) at the early
286  stages of host colonization. Physically intact host root cells clearly outlined by the intercellular
287  hyphae, suggested the viability of host and fungal cells during such intricate AR8 colonization.
288  Following the entry into the root epidermis, ARS8 further colonized the root cortex with both
289  inter- and intracellular hyphae at 14 dpi. At this stage, an extensive network of extra-radical
290  hyphae formed and enveloped the host roots (Fig. 3k). The root cortical cells colonized by
291  intracellular hyphae remained unharmed and were inferred to have established a stable
292  biotrophic and symbiotic mycorrhizal interaction within the root system (Fig. 31,m).

293  ARS promotes plant growth by translocating assimilated phosphorous into the host plants
294  There have been several studies on fungal endophytes with nutrient solubilizing and/or
295  transport activities, providing evidence that fungus-to-plant nutrient transfer is not only
296  restricted to mycorrhizal symbiosis but is also a common trait between soil fungi and plant
297  associations (Mendes et al., 2013). To address whether AR8 improves plant growth by acquiring
298  and providing soil nutrients, we measured the 3 major macronutrients, nitrogen, phosphorus,
299  and potassium, in Choy Sum under soil conditions by using ICP-MS. We found that AR8
300 inoculation significantly increased (by about 17%) the phosphorus levels in the shoots whereas
301  the concentration of nitrogen and potassium remained unperturbed therein (Fig. 4).

302 Fungal hyphae are known to capture environmental Pi outside the rhizosphere and transfer

303 it to the host plants (Bucher, 2007). To verify the Pi acquisition to plant growth in our model,
13
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304
305 Fig. 4 ARS increases phosphorus accumulation in Choy Sum plants. (a-c) The concentration of nitrogen (a),
306  phosphorus (b), and potassium (c) in shoots of Choy Sum inoculated with water (mock control) or ARS8 conidia
307 (108 spores) for 21 days. The nutrient concentration was calculated in mg/kg based on the shoot dry weight (n=16
308 plants per experiment; three replicates of the experiment). The boxes reveal the first quartile, median and third
309 quartile; the whiskers indicate the minimum and maximum values. Asterisk (**) represents significantly different

310 means compared to the mock control at P < 0.01 (t-test).

311

312 we tested hyphal transport in the bi-compartment system with wild-type and the phr/ mutant
313 (defective in Phosphate Starvation Response 1) Arabidopsis plants. In this system, ARS8
314 mycelial plugs were inoculated in the inner compartment (HC) while plants were cultivated in
315 the external compartment (RHC) (Hiruma et al., 2016). These two compartments were
316  separated by a plastic barrier, which only allowed the crossing over of AR8 hyphae. By
317  adjusting the Pi concentration in RHC, we aimed to understand whether Pi accumulation in
318  host plants is due to the ARS8 hyphal transport. Remarkably, in the low-Pi conditions (100 uM
319  KH2POs), the plant size was significantly improved only in the ARS8 inoculated wild-type
320  plants. By contrast, the phr/ mutant defective in Pi starvation response was impaired in such
321  ARB8-mediated plant growth promotion (Fig. 5a). Shoot fresh weight of phr/ mutant plants was
322 comparable between mock and ARS8 inoculation (Col-0: 1.52-fold; P <0.001 versus phri: 1.23-
323 fold; P=0.179) (Fig. 5b). Similarly, in the high-Pi conditions (1250 uM KH>POs), shoot fresh
324  weight in the AR8-inoculated plants was significantly improved in the wild-type Arabidopsis

325  plants compared to the phrl mutant (Col-0: 1.52-fold; P < 0.001 versus phri: 1.34-fold; P <
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326
327  Fig. 5 ARS8 hyphae are capable of transporting phosphorus to the roots for plant growth promotion. (a-b)

328  Representative images of the bi-compartment system for assessing the Pi transportation. Mock or ARS8 mycelial
329  plugs were placed on the MS medium in small round petri dishes (hyphal compartment; HC) of the bi-compartment
330  system while Arabidopsis thaliana Col-0 or the phrl mutant seedlings were transferred to MS medium with either
331  low (a) or high Pi (b) in square petri plates (Root hyphal compartment; RHC) of the bi-compartment system. (c-d)
332 Shoot fresh weight of Arabidopsis thaliana Col-0 or the phrl mutant line with or without AR8 mycelial plugs in
333 low (c) or high Pi (d) conditions in the bi-compartment system (n=10 plants per experiment; three replicates of the
334  experiment). The boxes reveal the first quartile, median and third quartile, while the whiskers indicate the
335 minimum and maximum values. Asterisks represent significantly different means compared to the corresponding

336  mock control at *P < 0.05 and ***P < 0.001 (t-test).

337

338  0.05), thus indicating the AR8-to-Choy Sum Pi transfer activity (Fig. 5c,d). In summary, we
339  conclude that the transfer of Pi from and/or via AR8 hyphae to the host plants supports shoot
340  growth under both low- and high-Pi conditions, suggesting the functional symbiosis between
341 ARS8 and Choy Sum in Pi acquisition and transport.

342 To further characterize the Pi solubilizing capacity, AR8 was inoculated in Pikovskaya
343 broth with different inorganic Pi sources (Fig. S5a) (Nautiyal, 1999). AR8 was found to
344  significantly solubilize tricalcium phosphate and hydroxyapatite. The soluble phosphorus
345  concentration was 11.61 ng/ml in tricalcium phosphate and 10.70 ng/ml in hydroxyapatite,
346  respectively (Fig. S5b). Taken together, these results indicate that the formation of extra-radical

347 ARS8 hyphal networks likely increases the nutrient absorptive area and rate within the host root
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348  system. Furthermore, the Pi solubilizing activity of AR8 was conducive to plant growth and
349  development in natural soils, under low as well as high bioavailable Pi conditions, and thus
350  leading to improved crop productivity.

351 ARS8 induces global metabolic changes in Choy Sum

352  To assess the physiological responses by GC-MS-based metabolic profiling (Wagner et al.,
353  2003; Erban et al., 2007), Choy Sum upon mock or ARS8 inoculation was performed to identify
354  the changes in primary metabolism in the fungus-inoculated Choy Sum plants in comparison to
355  the mock control. Plants were harvested at the following stages: microgreen stage (7 dpi, first
356  true leaf developed beyond the two cotyledons), seedling stage (14 dpi, with first three true
357 leaves developed after the two cotyledons), and adult stage (21 dpi, in line with harvest time in
358  agricultural practice). Principal component analysis (PCA) and partial least squares-
359  discriminant analysis (PLS-DA) revealed the clustering information between the different
360  groups. Both PCA and PLS-DA showed that the 20 samples (5 biological replicates for each of
361  the 2 treatments at 2 time points) were well-separated and assembled into 4 distinct groups (Fig.
362  S6). The distribution of samples suggested that the shift of metabolic phenotypes was not only
363  across time points but also between treatment regimes.

364 The time-dependent trajectory analysis demonstrated the metabolic signatures and
365 provided biological insights into plant growth-promoting effect in global (untargeted)
366  metabolomics (Fig. 6a). A total of 309 metabolites were identified based on matches against
367  the NIST mass spectral library. Sugars are products of photosynthesis, and are key metabolites
368  that connect to the tricarboxylic acid (TCA) cycle for energy production (Sheen, 2014). During
369  the vegetative growth phase in Choy Sum, ARS8 inoculation strongly increased the levels of
370  most sugars, including monosaccharides (glucose, fructose, and galactose) and sugar alcohols
371  (inositol, xylitol, ribitol, and glycerol). Moreover, TCA intermediates showed higher
372  accumulation in AR8-inoculated Choy Sum, with several metabolites such as citric acid, malic

373  acid, fumaric acid, and succinic acid, showing an increase compared to the mock control.
16
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375 Fig. 6 Metabolome profiling and pathway analysis using global (untargeted) metabolomics for Choy Sum. (a)
376 Primary metabolites profiled by GC-EI/TOF-MS and matched to NIST library are displayed as a heatmap for
377 shoots metabolome of Choy Sum at 14 and 21 dpi upon water and ARS8 inoculation. The heatmap was generated
378 for Pareto scaling, log transformation, and colored by relative abundance ranging from low (blue) to high (red) via
379  MetaboAnalyst 4.0. Samples (column) are average of five biological replicates while metabolites (rows) are
380  clustered for sugars, organic acids, and amino acids. (b-c) Metabolic pathway analysis in AR8-inoculated plants
381 at 14 (b) and 21 dpi (c) tabled output of metabolic pathway enrichment analysis. The annotated and statistically
382 significant metabolites (P < 0.05, fold change > |1.5|) are using for metabolomics pathway analysis. The Y-axis
383 indicates the logP value of the enrichment analysis while X-axis refers to the pathway impact values. The node
384  color is based on the pathway P value and the node radius (range 0 to 1, where 1 is maximal impact) displays

385 pathway impact values. Individual nodes represent individual pathways.

386

387 Amino acids are primary metabolites with crucial functions as building blocks and/or
388  precursors for the synthesis of nucleic acids, proteins, chlorophyll, and secondary metabolites,
389  regulating key metabolism as well as the formation of vegetative tissues during plant growth
390 and development (Bjorkman et al., 2011; Yang et al., 2020; Trovato et al., 2021). There were
391  significant increases in amino acids levels in Choy Sum upon ARS inoculation. For example,
392  isoleucine, glycine, and alanine are linked to carbon sources biosynthesis and energy

393  metabolism (Yang et al., 2020). Increased accumulation of these 3 amino acids was observed
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394  at both the seedling and adult stages of AR8-inoculated Choy Sum plants.

395 In the detailed (targeted) analysis, eight sugars, including four monosaccharides (glucose,
396 fructose, mannose, and galactose), a disaccharide (sucrose), and three sugar alcohols (inositol,
397  erythritol, and mannitol) were measured (Fig. S7a). Carbohydrate metabolism was significantly
398  impacted, and in general, we further confirmed the increased accumulation of these primary
399  metabolites in AR8-inoculated Choy Sum. Accumulation of glucose and fructose, the two major
400  monosaccharide carbon sources, was significantly increased during vegetative growth (Fig.
401  7a,b), while other monosaccharides and sugar alcohols were also observed with significant
402  changes (Fig. S7a). By contrast, the disaccharide, sucrose, did not show significant changes
403  during vegetative growth of AR8-inoculated and control plants (Fig. 7c). On the other hand, the
404  concentration of 19 proteinogenic amino acids were quantified, for which cysteine was found
405  to be lower than the detection limit, and hence was excluded from the analysis (Fig. S7b). AR8
406  inoculation led to an increased accumulation of amino acids directly related to energy-
407  producing metabolism (Hildebrandt et al., 2015; Yang et al., 2020). These include lysine,
408  isoleucine, methionine, and alanine, which showed significant accumulation at microgreen and
409  adult stages of growth in the host plants (Fig. 7d-g). Besides, aromatic amino acids
410  (phenylalanine, tyrosine, and tryptophan) in the AR8-inoculated Choy Sum showed significant
411  differences during vegetative growth, except for tryptophan in microgreens and seedlings and
412 tyrosine in seedlings only (Fig. S7b). Aromatic amino acids are essential components for the
413  synthesis of secondary metabolites with multiple biological functions (Tzin and Galili, 2010).
414  This observed accumulation in Choy Sum indicates an increased rate/induction of secondary
415  metabolism pathway(s) upon interaction with ARS. In summary, our results reveal the profile
416  of various primary metabolites at different growth stages of Choy Sum, and further provide a
417  metabolic link between ARS8 and the associated plant growth promotion effect. The increase in
418  the levels of glucose and fructose suggests that the increased pool of carbon sources is likely

419  an attempt to promote core metabolism for energy production. Higher concentrations of sugar
18
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421  Fig. 7 ARS increases the accumulation of sugars and amino acids during vegetative growth of Choy Sum. (a-c)
422 Quantification of glucose (a), fructose (b), and sucrose (c) in in shoots of Choy Sum inoculated with water (mock
423 control) or AR8 conidia (10° spores in total) for 7 (microgreen), 14 (seedling), and 21 dpi (adult) grown in soil.
424 (d-g) Quantification of lysine (d), isoleucine (e), methionine (f), and alanine (g) in in shoots of Choy Sum
425 inoculated with water or ARS8 conidia for 7, 14 and 21 dpi grown in soil. Choy Sum shoots (n=16 plants per
426 experiment) of each group were pooled to measure metabolite concentration. The concentration was calculated in
427 ng/g based on the shoot dry weight. Data presented (mean =+ S.E) were derived from 3 independent replicates of
428 the experiment. Asterisks represent significant differences compared to AR8 and corresponding mock control at

429 *P <0.05, **P <0.01, #*P <0.001 (t-test).

430

431  alcohols and growth-related amino acids also reflect the scenario of greater energy-producing
432  and growth-promoting metabolism enabled by 7Zinctoporellus ARS8 strain in Choy Sum plants.
433 ARS8 induces the phenylpropanoid #-CA as a growth-promoting metabolite in Choy Sum
434  The mode of action of a fungal endophyte on plant growth is complex and unable to be
435  accurately described in terms of just a set of metabolites. Instead, a wide range of direct or
436  indirect metabolic targets interacting with multiple enzymes or pathways characterizes the
437  response of PGPF in plant growth and development. Thus, we further evaluated the metabolic
438  changes of ARS to plant growth promotion by pathway analysis. The annotated and statistically

439  significant (P < 0.05, fold change > |1.5]) metabolites detected in the untargeted metabolomics
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440  analysis were subjected to such pathway classification/predictions using MetaboAnalyst 4.0

441  (https://www.metaboanalyst.ca/MetaboAnalyst/home.xhtml) (Xia and Wishart, 2011). The

442  results showed that the metabolic pathways most likely to be reprogrammed upon ARS8
443  inoculation in Choy Sum were: arginine biosynthesis, phenylpropanoid biosynthesis,
444  glyoxylate and dicarboxylate metabolism, glycolysis/gluconeogenesis, and pentose phosphate
445  pathway at 14 dpi (Fig. 6b); and glucosinolate biosynthesis, tyrosine metabolism, isoquinoline
446  alkaloid biosynthesis, cysteine and methionine metabolism, and phosphatidylinositol signaling
447  systems at 21 dpi (Fig 6c¢). Characterized below are the significant changes evident in
448  phenylpropanoid biosynthesis during Tinctoporellus-Choy Sum interaction (Fig. S8). We
449  focused on this pathway since it is critical to plant-environment interactions, i.e., metabolites
450  of phenylpropanoid pathway contribute to the priming of plant defense (Dixon et al., 2002;
451  Bressan et al., 2009). Moreover, recent findings have provided a potential link between
452  phenylpropanoid biogenesis and plant growth (Brown et al., 2001; Kurepa et al., 2018).
453  Therefore, observed changes at the seedling stage of Choy Sum upon ARS8 inoculation
454  prompted us to explore the role of specific phenylpropanoids in such beneficial plant-fungus
455  interactions.

456 Phenylalanine derived from shikimic acid is the starting point for the phenylpropanoid
457  pathway, which can be converted into ~-CA and diverted towards the biosynthesis of a number
458  of polyphenol classes, including lignin and flavonoids. These are reported to function in several
459  plant growth and developmental processes and are metabolic signatures in mycorrhizal
460  associations (Kaur and Suseela, 2020; Dong and Lin, 2021). In AR8-plant interaction, Shikimic
461  acid was significantly increased at the microgreen and seedling stages in Choy Sum (Fig. S8).
462  Hydroxycinnamic acids (z-CA, caffeic acid, and ferulic acid) showed a different trend in
463  contrast as they showed a significant increase in the seedlings or/and adult Choy Sum plants,
464  albeit with a dramatically decreased accumulation at the microgreen stage (Fig. S8). Lignin is

465  derived from hydroxycinnamic acid and is one of the major components of the plant cell wall.
20
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466  As the main pathway involved in plant cell wall composition or strengthening, lignin plays a
467  vital role in plant growth, defense response, and environmental adaptation (Dong and Lin, 2021).
468  Intermediates of lignin biosynthesis in which caffeic acid and ferulic acids serve as precursors,
469  including coniferaldehyde, sinapic acid, caffeoylquinic acids, and feruloylquinic acids also
470  significantly increased in Choy Sum during vegetative growth in the presence of AR8 (Fig. S8).
471  In summary, quantification of hydroxycinnamic acids and their derivatives confirmed the
472  patterns observed in the untargeted metabolomics and pathway analyses, providing further
473  evidence for the reprogramming of phenylpropanoid biosynthesis upon and during prolonged
474  association of ARS8 with the host plants.

475 Intriguingly, the increase of hydroxycinnamic acids at the seedling stage of Choy Sum
476  upon ARS inoculation was concomitant with the observed dramatic growth promotion effect.
477  Hence, we hypothesized that hydroxycinnamic acids triggered by ARS8 contribute to induction
478  of plant growth. To characterize the impact of hydroxycinnamic acids on plant growth, Choy
479  Sum seedlings were grown in MS medium supplemented with either +~-CA, p-coumaric acid,
480  caffeic acid, or ferulic acid (Fig. S9). As expected, seedlings grown in the medium
481  supplemented with -CA showed a growth-promoting effect on shoot biomass (an increase of
482  28.30%) while seedlings grown in other hydroxycinnamic acids did not. Subsequently, the
483  growth-promoting activity of -CA was tested in a dose-dependent manner on Choy Sum
484  seedlings (Fig. S10). A clear trend towards growth promotion was only observed in shoot
485  biomass of Choy Sum (an increase of 22.93%, 38.01%, and 24.69%, respectively) upon
486  treatment with low concentration (1, 2.5, and 5 uM) of #~-CA. By contrast, the growth inhibitory
487  effect of exogenous #-CA at high concentration was evident in Choy Sum whereby a strong
488  decrease in shoot biomass (18.42% and 76.16%, respectively) was observed upon treatment
489  with 10 and 50 uM #-CA.

490 To gain insight into the growth-promoting effect of #~-CA in the AR8 model in Choy Sum,

491  seedlings were cultivated in the presence of a low dose (1 or 2.5 uM) of #~CA and ARS8
21
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492
493  Fig. 8 Light source and quality affects growth promotion effect of #~CA and ARS8 in Choy Sum seedlings. (a-b)
494 Representative images of #~CA application in low concentration and/or in combination with AR8 on Choy Sum.
495 Choy Sum seedlings were grown in MS medium inoculated with either #~CA (1 and 2.5 uM), AR8 mycelial plugs,
496  orin combination under tube light (a) or LED lighting conditions (b) for 7 days. Scale bar, 5 cm. (c-d) Shoot fresh
497 weight of Choy Sum seedlings (n=5 plants per experiment; three replicates of the experiment) upon ARS
498 inoculation, #-CA treatment (1 and 2.5 uM), or denoted concentration of /~-CA with AR8 in combination under tube
499  light (c) and LED lighting conditions (d). Data presented (mean + S.E) were derived from 3 independent replicates
500 of the experiment. Asterisks represent significant differences compared to AR8 and corresponding mock control

501  at*P<0.05 (t-test).

502

503  separately and/or in combination (Fig. 8a,b). Importantly, a further enhancement was observed
504  in Choy Sum when #-CA and ARS8 were applied together. Compared with ARS8 inoculation alone,
505  the combined treatment (1 uM #~-CA+ARS and 2.5 uM #-CA +ARS) led to a further growth
506 increase of 17.99% and 47.69% on Choy Sum, respectively. These results suggest an additive
507  effect or positive interaction between 7-CA-dependent and ARS8-mediated plant growth-
508  promoting mechanisms.

509 CA exists as a cis or trans isomer in plants. Notably, the isomerization of CA is driven by

510  UV-B light. The duration and intensity of light directly determines the efficiency of such isomer
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511  conversion. In previous findings, UV-B from the incandescent tube lights could establish a
512 60/40 cis/trans-CA equilibrium throughout the experiment in plant growth chambers
513 (Steenackers et al., 2017). To explore whether isomerization of CA contributes to growth
514  promotion in plant-fungus interactions, Choy Sum seedlings were cultivated as described above
515  under LED light conditions (Fig. 8c,d). In the absence of UV-B in the LED spectrum, seedlings
516  grown in the medium in the presence of /~-CA and ARS8 separately and/or in combination did
517  not show any growth induction or increase in shoot biomass. These results helped us reach two
518  conclusions. First, c-CA is likely the bioactive compound providing plant growth-promoting
519  activity. Second, since shoot biomass is greatly reduced under LED conditions, it is more likely
520 that ARS8 increases and utilizes phenylpropanoid metabolism including cinnamic acid
521  biosynthesis to stimulate plant growth.

522 ARS8 is a PGPF that confers beneficial effects to Choy Sum: from macro- to micro-scale
523  In summary, we propose a model integrating the beneficial mechanisms of ARS8, a new fungal
524  endophyte identified from the rhizosphere of Arabidopsis. Typically, the colonization by ARS8
525  initiates on the root surface but it can also systemically colonize both intra- and intercellular
526  regions of Choy Sum roots. These extra-radical hyphae and the Pi solubilizing activity of ARS8
527  enhance soil exploration capacity and promote higher plant nutrition in Choy Sum. Proceeding
528  to the molecular mechanism(s) of plant growth promotion, the reprogramming in the shoot
529  metabolome further ensures the beneficial phenotype following the plant-fungal interaction.
530  The higher abundance of sugars, amino acids, and phenylpropanoids reveals the metabolic
531  signatures in Choy Sum upon ARS inoculation, which resembles functional mycorrhizal
532 symbiosis. More importantly, we used the metabolic signatures to identify a specific metabolite
533  and characterized its plant growth-promoting function. Our results support a model explaining
534  the increase in shoot biomass as the consequence of higher #-CA levels upon ARS8 inoculation.
535  Our study also highlights the beneficial activity of ARS8 on different crop species. This

536  emphasizes the necessity to further explore the host range and plant growth-promoting
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537  mechanism(s) (e.g., phytohormones) in plant-ARS8 beneficial mycorrhizal associations for
538  improved crop production.

539

540  Discussion

541  In this study, ARS8 was reported to be a PGPF in the urban farm crop Choy Sum (Figs 1, S11).
542  The phylogenetic analysis of ARS8 revealed a close relationship to other Tinctoporellus species
543  in particular epimiltinus based on the ITS-based rDNA sequence analysis. However, little
544  information is currently available on the colony characteristics of 7inctoporellus and/or its
545  phylogeny. It was first circumscribed as a monospecific genus by Ryvarden and 7. epimiltinus
546  was described as a type species (Ryvarden, 1979). Thereafter, T_ isabellinus, T. bubalinus, and
547 T hinnuleus were added to this genus in 2003 and 2012, respectively (Ryvarden and Iturriaga,
548 2003, Yuan and Wan, 2012). To gain more insights into the biological functions of AR8-plant
549 interaction, further studies will focus on the whole-genome sequencing, annotation and analysis
550  of AR8 genome and the identification of transcriptome in the host plants to elucidate the
551 molecular correlation with the plant growth-promoting metabolism reported here for this
552 beneficial mycorrhizal endophyte.

553 In the AR8-Choy Sum interaction, Choy Sum provides the required nutrient niche to
554  improve the germination of ARS8 conidia and promote the establishment of such beneficial
555  interaction in the rhizosphere (Fig. 2). Intriguingly, the root colonization by ARS8 appeared to
556  be a more prolonged process compared to other fungal endophytes. Taking C. tofieldiae as an
557  example, it only takes 2 days for C. fofieldiae to initiate biotrophic interaction with inter- and
558 intracellular hyphae in the root endosphere of A. thaliana (Hiruma et al., 2016). In comparison,
559  from hyphal attachment to the intracellular endophytic growth pattern, AR8 took around 1-2
560  weeks to establish a stable interaction within the Choy Sum roots (Fig. 3). Thus, we predict that
561  the beneficial impact of AR8 on the host plant growth already initiates/occurs during the early

562  stages of colonization. The molecular and biochemical mechanisms in host plants are likely to
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563  be highly activated or induced and continuously improved plant growth and development from
564  hyphal attachment that precedes the initial intercellular hyphal growth or interstitial interaction
565  around the cell-cell junctions in the roots. If we refer to the growth promotion assay (Figs 1b,
566  S2a), there is no significant increase in shoot biomass until the formation of intracellular AR8
567  hyphae in Choy Sum roots at 7-14 dpi (Fig. 31, 3m). These results partially confirmed our
568  predictions and helped us propose the spatiotemporal dimension of the endophytic colonization
569  process associated with the plant growth promotion effects by AR8. Overall, we suggest that
570 ARS8 is a beneficial mycorrhizal endophyte, which colonizes the intra- and intercellular
571  compartments of the host roots and provides significant beneficial effects to the plants without
572  causing any apparent damage or detrimental symptoms.

573 Plant growth promotion by ARS8 was shown to be associated with Pi acquisition. AR8 was
574  able to transport Pi to plants under high- and low-Pi conditions (1250 and 100 uM KH2POs4,
575  respectively) on MS agar medium (Fig. 5). This stands in stark contrast to the fungal endophyte
576  C. tofieldiae, in which beneficial activities are restricted strictly to the low-Pi conditions (50
577  uM KH2PO4) (Hiruma et al., 2016). In accordance with the role of ARS8 in Pi acquisition, the
578  increased nutrient absorption from the soil implies the potential use of ARS as a biofertilizer in
579  agriculture. Indeed, the colonization of ARS reflects an expanded capacity of host roots to
580  access Pi by the long-distance transport of/via fungal hyphae. In addition to improving soil
581  exploration capacity through fungal hyphae, the solubilization of plant-inaccessible Pi might be
582  one of the relevant mechanisms by which ARS8 accesses environmental P sources. Notably, an
583  invitro study of ARS8 indicates that the beneficial activity of ARS8 involves the solubilization of
584  inorganic Pi (tricalcium phosphate and hydroxyapatite) sources (Fig. SS5). Although the
585  insoluble Pi solubilization activity of AR8 was lower than that of the known PGPF B9 (Gu et
586  al., 2023), it convincingly supports the notion that AR8 expands the range of nutrient absorption
587 by Pi solubilization and hyphal transport, thereby promoting plant growth. Taken together, our

588  research provides evidence that fungus-to-plant Pi transport, generally attributed to mycorrhizal
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589 interactions, is also found in the ARS8 model.

590 The metabolic profiling helped gain molecular insights into the AR8-Choy Sum interaction.
591 A marked increase in the levels of primary metabolites suggests an improved plant growth
592  performance upon ARS8 inoculation (Figs 6a, 7, S7). Sugars are the key components that reflect
593  energy status and, therefore, the capacity to respond to sugar levels is critical for plants to
594  maintain an appropriate physiological state (Lastdrager et al., 2014). Further increases in the
595  content of various sugars in AR8-inoculated Choy Sum during vegetative growth provide
596  evidence for the advanced photosynthetic capacity and the idea of plant growth promotion (Figs
597  7Ta-c, S7a). On the other hand, in plant-mycorrhizal symbiosis, host plants reciprocate the
598  nutrient supply of AMF by providing sugars and fatty acids (Schweiger and Miiller, 2015; Jiang
599  etal., 2017). Thus, higher concentrations of sugars found in the leaves of mycorrhizal plants
600  suggest that AMF reprogram the sugar metabolism as an upgrade of carbon source and regulate
601  the sugar accumulation in roots to meet their demands (Lendenmann et al., 2011). In addition
602  to plant metabolome, trehalose is a fungus-specific sugar converted from hexose (e.g., glucose
603  and fructose) assimilated by AMF in the intra-radical hyphae, which can be linked to a
604  functional mycorrhizal symbiosis (Bago et al., 2000; Lohse et al., 2005). In the AR8 model, the
605  higher relative abundance of trehalose in AR8-inoculated Choy Sum in global metabolomics
606 indicates a potential carbon drain from the host plants to ARS8 (Fig. 6a).

607 Apart from sugars, AR8 also impacts the TCA cycle and amino acid biosynthesis in Choy
608  Sum (Figs 6a, 7d-g, S7b). The activation of the TCA cycle provides the adenosine triphosphate
609  and carbon skeletons necessary for amino acid production (Lohse et al., 2005). These increased
610  metabolites help plants in their growth as well as adaptation to the environment. Among the
611  mentioned compounds, ~-CA was brought to the front as an essential factor in the AR8 model.
612  In plant-mycorrhizal interactions, a higher abundance of hydroxycinnamic acids and their
613  derivatives is recognized as the priming of the defense system of the plant. On the other hand,

614  as defense molecules, a massive accumulation of these metabolites may negatively affect
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615  mycorrhizal colonization due to their antimicrobial properties (Maier et al., 2000; Aliferis et al.,
616  2015). Thus, in our case, the plant growth-promoting activity of cinnamic acid during the
617  experiment is likely to be unintentional. The accumulation of -CA at the seedling stage of AR8-
618 inoculated Choy Sum was likely exposed to environmental UV-B, thereby converting to c-CA
619  and promoting plant growth (Fig. 8). Cinnamic acid is claimed to be a growth-promoting
620  compound in 4. thaliana (Kurepa et al., 2018). The narrow dose range in which cinnamic acid
621  acts as a growth stimulant may be a general effect not only in Choy Sum but also in other plant
622  species (Fig. S10). c-CA is the most promising candidate that can alter auxin transport and affect
623  plant growth among metabolites in phenylpropanoid pathways (Steenackers et al., 2019).
624  However, whether and at what level auxin signaling interacts with c-CA for plant growth
625  promotion in plant-fungal interaction remains to be tested. The possibility of ¢-CA being
626  involved in auxin-independent mechanisms cannot be excluded from the ARS8 model, although
627  auxin seems to have a crucial role based on previous findings. Regardless of the hypothesis, the
628  fact that phenylpropanoid cinnamic acid induction by AR8 governs the developmental control
629  of Choy Sum growth, suggests an intricate and multifaceted plant-mycorrhiza interaction that
630  influences overall growth and fitness in the host.

631 Taken together, despite fungi not being the major microbiome constituents in the
632  rhizosphere, we cannot overlook their contribution to plant growth and health. In our study,
633 ARS8 demonstrated a biotrophic lifestyle and colonized the root inter- and intracellular
634  compartments without causing negative influences and led to increased plant biomass. More
635  importantly, the Choy Sum-ARS interaction provides an excellent example of a symbiotic
636  partnership for exploring such poorly understood mycorrhizal associations. Lastly, increased
637  molecular understanding of the biology of host-mycorrhizal endophyte systems will further the
638  adoption and application of such biofertilizers in sustainable- and precision agriculture.

639
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825  Figure Legends

826  Fig. 1 ARS8 promotes significant increase in Choy Sum growth under soil conditions. (a)
827  Representative images of Choy Sum seedlings grown in soil with water (mock control) or
828  inoculated with AR8 conidial suspension (10° spores in total) for 21 days. Scale bar, 10 cm. (b-
829  ¢) Time course (7, 14, and 21 dpi) analysis of Choy Sum shoot (b) and root fresh weight (c) in
830  soil inoculated with water or AR8 conidia (n=12-20 plants per experiment). Data presented
831 (mean + S.E) was derived from 3 independent replicates of the experiment. Asterisks (**%*)
832  represent significant differences compared to the mock control at P < 0.001 (t-test).

833

834  Fig. 2 The morphological characteristics of the beneficial fungus ARS. (a-b) ARS8 was cultured
835  on PA agar (a) for 5 days and conidia (b) were harvested after subculture under light conditions
836  for 7 days. (c) ARS8 conidia were cultured with or without Choy Sum roots for 16 and 24 hours.
837  Laser scanning confocal microscopy of ARS8 stained with Wheat Germ Agglutinin-Alexa488
838  (green; fungal cell wall). Scale bars: 10 um.

839

840  Fig.3 ARS8 shows systemic colonization as an endophyte in Choy Sum roots in soil conditions.
841  (a-c) Choy Sum roots were inoculated with water (mock control) and cultivated under sterilized
842  soil conditions for 4 (a), 7 (b), and 14 days (c). No fungal conidia or mycelia are evident around
843  the roots. (d-f) Choy Sum roots inoculated with AR8 conidia (10° spores) in sterilized soil for
844 4 days. Representative image showing the attachment of ARS8 hyphae on the root surface
845  without penetrating the epidermis or inner cortex of the roots (d). Enlarged images of the
846  sections (e-f) from projections shown in (d). (g-j) Choy Sum roots inoculated with ARS8 conidia
847  (10°spores) for 7 days. Representative images showing the external (g) and intercellular hyphae
848  (h) of ARS8 on the root surface and between root epidermal cells. Enlargement (i) and orthogonal
849  (j) of the sections from the projections is shown in (h). Arrows indicate the intercellular hyphae

850  between Choy Sum root epidermal cells. (k-m) Choy Sum root inoculated with ARS8 conidia
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851 (10 spores) for 14 days. Representative images of extra-radical hyphae (k) enveloped Choy
852  Sum root and intracellular hyphal (1) colonized in the root cortex. Enlargement of the section
853  (m) from projections shown in (I). Laser scanning confocal micrographs of Choy Sum roots
854  inoculated with water or AR8 conidia and stained with Wheat Germ Agglutinin-Alexa488 and
855  Propidium iodide. Scale bars: 100 pm.

856

857  Fig. 4 ARS increases phosphorus accumulation in Choy Sum plants. (a-c) The concentration of
858  nitrogen (a), phosphorus (b), and potassium (c) in shoots of Choy Sum inoculated with water
859  (mock control) or ARS8 conidia (10 spores) for 21 days. The nutrient concentration was
860  calculated in mg/kg based on the shoot dry weight (n=16 plants per experiment; three replicates
861  of the experiment). The boxes reveal the first quartile, median and third quartile; the whiskers
862  indicate the minimum and maximum values. Asterisk (**) represents significantly different
863  means compared to the mock control at P < 0.01 (t-test).

864

865  Fig. 5 ARS8 hyphae are capable of transporting phosphorus to the roots for plant growth
866  promotion. (a-b) Representative images of the bi-compartment system for assessing the Pi
867  transportation. Mock or AR8 mycelial plugs were placed on the MS medium in small round
868  petri dishes (hyphal compartment; HC) of the bi-compartment system while A. thaliana Col-0
869  or the phrl mutant seedlings were transferred to MS medium with either low (a) or high Pi (b)
870  in square petri plates (Root hyphal compartment; RHC) of the bi-compartment system. (c-d)
871  Shoot fresh weight of A. thaliana Col-0 or the phrl mutant line with or without AR8 mycelial
872  plugs in low (c) or high Pi (d) conditions in the bi-compartment system (n=10 plants per
873  experiment; three replicates of the experiment). The boxes reveal the first quartile, median and
874  third quartile, while the whiskers indicate the minimum and maximum values. Asterisks
875  represent significantly different means compared to the corresponding mock control at *P <

876  0.05 and ***P < 0.001 (t-test).
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877

878  Fig. 6 Metabolome profiling and pathway analysis using global (untargeted) metabolomics for
879  Choy Sum. (a) Primary metabolites profiled by GC-EI/TOF-MS and matched to NIST library
880  are displayed as a heatmap for shoots metabolome of Choy Sum at 14 and 21 dpi upon water
881  and ARS inoculation. The heatmap was generated for Pareto scaling, log transformation, and
882  colored by relative abundance ranging from low (blue) to high (red) via MetaboAnalyst 4.0.
883  Samples (column) are average of five biological replicates while metabolites (rows) are
884  clustered for sugars, organic acids, and amino acids. (b-c) Metabolic pathway analysis in AR8-
885  inoculated plants at 14 (b) and 21 dpi (c) tabled output of metabolic pathway enrichment
886  analysis. The annotated and statistically significant metabolites (P < 0.05, fold change > |1.5])
887  are using for metabolomics pathway analysis. The Y-axis indicates the logP value of the
888  enrichment analysis while X-axis refers to the pathway impact values. The node color is based
889  on the pathway P value and the node radius (range O to 1, where 1 is maximal impact) displays
890  pathway impact values. Individual nodes represent individual pathways.

891

892  Fig. 7 ARS8 increases the accumulation of sugars and amino acids during vegetative growth of
893  Choy Sum. (a-c) Quantification of glucose (a), fructose (b), and sucrose (c) in in shoots of Choy
894  Sum inoculated with water (mock control) or ARS8 conidia (10° spores in total) for 7
895  (microgreen), 14 (seedling), and 21 dpi (adult) grown in soil. (d-g) Quantification of lysine (d),
896  isoleucine (e), methionine (f), and alanine (g) in in shoots of Choy Sum inoculated with water
897  or ARS8 conidia for 7, 14 and 21 dpi grown in soil. Choy Sum shoots (n=16 plants per experiment)
898  of each group were pooled to measure metabolite concentration. The concentration was
899  calculated in pg/g based on the shoot dry weight. Data presented (mean + S.E) were derived
900 from 3 independent replicates of the experiment. Asterisks represent significant differences
901  compared to ARS8 and corresponding mock control at *P < 0.05, **P < (.01, ***P < 0.001 (t-

902  test).
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903

904  Fig. 8 Light source and quality affects growth promotion effect of +~-CA and ARS8 in Choy Sum
905 seedlings. (a-b) Representative images of #-CA application in low concentration and/or in
906  combination with AR8 on Choy Sum. Choy Sum seedlings were grown in MS medium
907  inoculated with either +~-CA (1 and 2.5 pM), AR8 mycelial plugs, or in combination under tube
908 light (a) or LED lighting conditions (b) for 7 days. Scale bar, 5 cm. (c-d) Shoot fresh weight of
909  Choy Sum seedlings (n=5 plants per experiment; three replicates of the experiment) upon AR8
910  inoculation, -CA treatment (1 and 2.5 uM), or denoted concentration of #~CA with ARS in
911  combination under tube light (¢c) and LED lighting conditions (d). Data presented (mean = S.E)
912 were derived from 3 independent replicates of the experiment. Asterisks represent significant
913  differences compared to ARS8 and corresponding mock control at *P < 0.05 (t-test).

914

915  Fig. S1 Fungal isolates from Arabidopsis rhizosphere modulate Choy Sum growth. (a-b) Shoot
916  fresh weight of Choy Sum plants inoculated with non-PGPF isolates (AR1, AR2, AR4, AR12,
917 ARI13,AR14, AR19, AR22, AR30, AR36, AR50, and AR51) (a) or PGPF isolates (ARS8, AR9,
918 ARI1, ARI18, AR32, AR36, AR51, AR65, and AR70) (b) in soil conditions. Choy Sum
919  seedlings (n=8 plants per experiment; three replicates of the experiment) inoculated with water
920  (mock control) or conidia (10° spores in total) from the indicated fungal isolate in each instance,
921  and shoot fresh weight measured at 21 days post-inoculation (dpi). M refers to mock control
922  inoculated with water. Numbers in (b) represent the fold change in shoot fresh weight between
923  fungal inoculation and mock control. The boxes reveal the first quartile, median and third
924  quartile; the whiskers indicate the minimum and maximum values. Asterisks represent
925  significantly different means compared to the mock control at *P < 0.05, **P < 0.01, ***P <
926  0.001 (Student’s t-test).

927
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928  Fig. S2 ARS8 promotes plant growth and fertility under soil conditions. (a) Representative
929  images of Choy Sum seedlings grown in soil with water (mock control) or ARS8 conidia (10°
930  spores) for 7 and 14 days. Scale bar, 10 cm. (b) Representative images of floral initiation time
931  point in mock control or AR8-inoculated Choy Sum plants. Images shown are at 28 dpi. (c)
932  Silique number produced by Choy Sum grown in soil measured at 49 dpi. Data presented (mean
933 £ S.E) was derived from 3 independent replicates of the experiment. The boxes reveal the first
934 quartile, median and third quartile; the whiskers indicate the minimum and maximum values.
935  Asterisks (*) represent significantly different means compared to the mock control at P < 0.05
936  (t-test).

937

938  Fig.S3 ARS8 promotes growth in Brassicaceae plants under soil conditions. (a-b) Representative
939  images of Arabidopsis thaliana Col-0 (a) and Kailan (b) grown in soil with water (mock control)
940  or ARS8 conidia (10° spores) for 21 days. Scale bars, 10 cm. (c-d) Shoot fresh weight of
941  Arabidopsis thaliana Col-0 (c) and Kailan (d) grown in soil inoculated with water or AR8
942  conidia (n=12 and 24 plants per experiment, respectively; three replicates of the experiment).
943  The boxes reveal the first quartile, median and third quartile; the whiskers indicate the minimum
944  and maximum values. Asterisks represent significantly different means compared to the mock
945  control at **P < (.01, ***P < 0.001 (t-test).

946

947  Fig.S4 ARS8 promotes growth in cereal crops under soil conditions. (a-b) Representative images
948  ofrice cultivar CO39 (a) and barley cultivar Express (b) grown in soil with water (mock control)
949  or ARS8 conidia (10° spores) for 21 days. (c-d) Shoot fresh weight of rice cultivar CO39 (¢) and
950  barley cultivar Express (d) grown in soil inoculated with water or AR8 conidia (n=20 plants per
951  experiment, respectively; three replicates of the experiment). The boxes reveal the first quartile,
952  median and third quartile; the whiskers indicate the minimum and maximum values. Asterisks

953  represent significantly different means compared to the mock control at *P < 0.05 (t-test).
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954

955  Fig. S5 ARS8 solubilizes inorganic Pi sources in Pikovskaya broth. (a) Pi solubilizing capability
956 of AR8 and B9 in different inorganic Pi sources (tricalcium phosphate, hydroxyapatite,
957  aluminum phosphate, and iron phosphate) after 7 days. (b) Soluble Pi concentration produced
958 by ARS8 and B9 in in Pikovskaya broth with different inorganic Pi sources. Mycelial plugs (ARS8
959  and B9) were inoculated to Pikovskaya broth with different inorganic Pi sources for 7 days and
960  the soluble Pi concentration was measured using phosphomolybdenum spectrophotometry.
961  Data presented (mean + S.E) was derived from 3 independent replicates of the experiment.
962  Asterisks represent significant differences compared to the mock control at ***P < 0.001 (t-
963  test).

964

965  Fig. S6 Overview of metabolic changes in Choy Sum upon ARS8 inoculation. (a-b) The PCA (a)
966  and PLS-DA (b) score plots for shoots metabolome of Choy Sum plants inoculated with water
967  or ARS8 conidia (10° spores) at 14 and 21 dpi as captured by GC-EI/TOF-MS. The colored
968 ellipses represent 95% confidence regions for each group.

969

970  Fig. S7 Repertoire of primary metabolites (sugars and amino acids) accumulating in Choy Sum
971  during beneficial association with ARS. (a-b) Heatmap showing quantitative and qualitative
972  changes in concentration of sugars (a) and amino acids (b) in Choy Sum shoots at three growth
973  stages (microgreen, seedling, and adult) upon water or ARS8 conidial inoculation were
974  performed by targeted analysis. The heatmap was generated through log transformation and
975  colored by concentration (ug/g), e.g., 10 becomes 1, highlighted in blue (low) or red (high) via
976  GraphPad Prism 8§, respectively. Numbers represent the average concentration of corresponding
977  metabolites derived from five biological replicates.

978

979  Fig. S8 Repertoire of phenylpropanoid (hydroxycinnamic acids) accumulating in Choy Sum
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980  during beneficial association with AR8. Heatmap showing quantitative and qualitative changes
981 inabundance of hydroxycinnamic acids and their derivatives in Choy Sum shoot at three growth
982  stages (microgreen, seedling, and adult) upon water or ARS8 inoculation were performed by
983  targeted analysis. The heatmap was generated through log transformation and colored by
984  concentration (ng/g), e.g., 10 becomes 1, highlighted in blue (low) or red (high) via GraphPad
985  Prism 8§, respectively. Numbers represent the average concentration of corresponding
986  metabolites abundance of five biological replicates.
987
988  Fig. S9 Impact of specific hydroxycinnamic acids on the growth of Choy Sum. (a)
989  Representative images of Choy Sum seedlings grown in MS medium containing #-CA (2.5 uM),
990  p-coumaric acid (60 uM), ferulic acid (20 uM), and caffeic acid (20 uM) for 7 days. Scale bar,
991 5 cm. (b) Shoot fresh weight of Choy Sum grown on control and hydroxycinnamic acids-
992  supplemented (-CA, p-coumaric acid, ferulic acid, and caffeic acid) medium for 7 days (n=10
993  plants per experiment). Data presented (mean + S.E) were derived from 3 independent
994  replicates of the experiment. Asterisks represent significant differences compared to the mock
995  control at **P < (.01 (t-test).
996
997  Fig. S10 trans-Cinnamic acid displays growth-promoting activity in Choy Sum plants in a
998  dosage-dependent manner. (a) Representative images of Choy Sum seedlings grown in MS
999  medium containing the denoted amounts of -CA (0, 1, 2.5, 5. 10, and 50 uM) for 7 days. Scale
1000  bar, 5 cm. (b) Shoot fresh weight of Choy Sum grown on uninoculated control or #-CA-
1001  supplemented medium for 7 days (n=10 plants per experiment). Data presented (mean =+ S.E)
1002  were derived from 3 independent replicates of the experiment. Asterisks represent significantly
1003  different means compared to the mock control at *P < 0.05, **P < 0.01, ***P < (.001 (t-test).

1004
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1005  Fig. S11 ARS8 promotes Choy Sum growth in urban farm conditions. (a) Representative images
1006  of Choy Sum plants grown in coco peat with water (mock control) or ARS8 conidia (10° spores
1007  per coco peat) in outdoor field conditions. Choy Sum seeds placed on the surface of coco peat
1008  bungs (ensuring 1 seedling per bung per pot) were inoculated with water or with AR8 conidial
1009  suspension. (b) Shoot fresh weight at 28 dpi of Choy Sum seedlings inoculated with or without
1010  ARS. The boxes reveal the first quartile, median and third quartile; whereas the whiskers
1011  indicate the minimum and maximum values. Asterisks (***) represent significantly different
1012  means compared to the mock control at P < 0.001 (t-test).

1013

1014  Supporting information

1015  Fig. S1 Fungal isolates from Arabidopsis rhizosphere modulate Choy Sum growth.

1016  Fig. S2 ARS8 promotes plant growth and fertility under soil conditions.

1017  Fig. S3 ARS8 promotes growth in Brassicaceae plants under soil conditions.

1018  Fig. S4 ARS8 promotes growth in cereal crops under soil conditions.

1019  Fig. S5 ARS solubilizes inorganic Pi sources in Pikovskaya broth.

1020  Fig. S6 Overview of metabolic changes in Choy Sum upon ARS8 inoculation.

1021  Fig. S7 Repertoire of primary metabolites (sugars and amino acids) in Choy Sum upon ARS8
1022 inoculation.

1023 Fig. S8 Repertoire of phenylpropanoid (hydroxycinnamic acids) in Choy Sum upon ARS
1024  inoculation.

1025  Fig. S9 Impact of hydroxycinnamic acids on the growth of Choy Sum.

1026  Fig. S10 trans-Cinnamic acid displays growth-promoting activity in Choy Sum plants in a
1027  dosage-dependent manner.

1028  Fig. S11 ARS8 promotes Choy Sum growth in urban farm conditions.

1029  Methods S1 Fungal molecular identification and growth conditions.

1030  Methods S2 Pi solubilizing activity assay.
43


https://doi.org/10.1101/2023.07.06.547905
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.06.547905; this version posted July 6, 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 aCC-BY-NC-ND 4.0 International license.

1031  Methods S3 Phenotypic characterization of the effect of hydroxycinnamic acids on Choy Sum.
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