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26@® Trichoderma RHTAOI1 isolated from Codonopsis pilosula exhibited the ability of
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44 Abstract
45Fungal endophytes from medicinal plants have the potential to promote plant growth and the
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46accumulation of active ingredients via different mechanisms. In this study, an endophytic
47fungus was isolated from the roots of Codonopsis pilosula, and was identified as
48Trichoderma strain RHTAO1 based on morphological analysis, fatty acid composition,
49Fourier infrared spectroscopy and molecular analysis. The strain exhibited good plant growth
50promoting capacity. In C. pilosula plants inoculated with Trichoderma strain RHTAOI1, the
S51plant defense system, total chlorophyll content and root activity were enhanced, and levels of
52antioxidant enzymes, non-enzymatic ingredients and single molecules including nitric oxide
53(NO), jasmonic acid (JA), salicylic acid (SA) and hydrogen peroxide (H.O,) were up-
S54regulated in different tissues (Root, Stem and Leave). Activities of enzymes involved in
55polysaccharide and Lobetyolin biosynthesis were up-regulated, thus increasing their
56accumulation in C. pilosula plants. The function of endophytic fungi was further clarified by
57structural equation modeling (SEM). Overall, our results provide a strong foundation for

S58further investigation of the interaction between endophytic fungi and plants.

59
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661. Introduction

67 Beneficial microorganisms are increasingly being used as biofertilizers, growth

68enhancers and natural resistance stimulants in agriculture (Meena et al., 2017). Some fungi
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69secrete auxin, cytokinin, ethylene, nitric oxide (NO) and other hormones in plants and
70regulate plant metabolic processes, such as growth stimulation, salt tolerance and induction of
71systemic and local resistance to plant pathogens (Deshmukh et al., 2006; Lahrmann et al.,
722013). Endophytes can induce structural changes in plant roots, and thus alter plant nutrient
73uptake and abiotic stress and disease resistance (Andrés et al., 2017; Bertrand at al., 2007,
74Perrine-Walker et al., 2007; Venkatesan et al., 2016). Moreover, endophytes are a valuable
75resource of natural products and have wide application range in medicine and agriculture.
76Fungal endophytes have been in close association with terrestrial plants for approximately
77400 million years (Krings et al., 2007, Zhao et al., 2018). Many studies previously focused on
78the screening of endophytic fungi from medicinal plants under unique environments, and
79these endophytic fungi have been considered novel potential sources of previously
80undescribed bioactive compounds (Ibrahim et al. 2017, Duan et al. 2019). Endophytes
81colonize healthy plants without causing any apparent harm. Endophytic colonization of host
82plants reprograms their gene expression profile and alleviates any physiological and abiotic
83stresses for improving nitrogen utilization and pathogen defense (Chow et al., 2018; Dupont
84et al., 2015; Schiliro et al., 2012; Shoresh et al., 2010; Singh and Singh, 2014). Thus,
85screening fungal endophytes facilitates the discovery of novel microbial resources; however,
86the molecular mechanism underlying the interaction between endophytes and plants is largely

87unknown.

88 Codonopsis pilosula is a traditional Chinese herb with high medicinal value, as it has
89been shown to strengthen the physique, invigorate the spleen, and nourish the lung (Liu et al.,

902002). Previously, we isolated 706 endophytic fungi from C. pilosula plants collected from



91five counties in the Gansu Province of China. The abundance and bioactivities of
92Trichoderma could improve host growth and the accumulation of active ingredients in C.
93pilosula. The genus Trichoderma, which belongs to subdivision Deuteromycotina, class
94Hyphomycetes and family Moniliaceae, is capable of surviving adverse conditions by high
95reproduction, nutrient utilization and rhizosphere modification (Irina et al. 2006, Yuan et al.
962008), and promotes plant growth (Cai et al., 2015; Haque et al., 2010; Hermosa et al., 2012,
97Khan et al., 2017; Masunaka et al., 2011; Mukherjee et al., 2012; Verma et al., 2007; Zhang et
98al., 2013, 2018). Trichoderma isolated from soil and plants shows potential for promoting
99plant growth (Harman et al. 2004), However, Trichoderma strains produce several bioactive
100secondary metabolites such as auxin (Vinale et al. 2014). In addition, Trichoderma spp. can
101linteract directly with roots, increasing plant growth potential, resistance to disease and
102tolerance to abiotic stresses (Hermosa et al. 2012). Trichoderma is often used as a
103biofertilizer (Bader et al. 2019) for increasing crop yields and promoting the accumulation of
104active ingredients. Although, as revealed by research in recent decades, Trichoderma can
105increase the nutrients availability in the plant rhizosphere , reduce the usage of fertilizers and
106resistance the abundance of soil-borne pathogens. However, the response mechanism of plant

107stress induced by Trichoderma remains were unclear.

108 In this study, we isolated 7richoderma strain RHTAO1 from the roots of C. pilosula, and
109evaluated its capacity to produce indole-3-acectic acid (IAA). We also examined the effect of
110strain RHTAO1 on the accumulation of polysaccharides and Lobetyolin in C. pilosula and on
111plant growth. The results of this study provide novel insights into the interaction between

112fungal strains and medicinal plants.

10



113
1142. Material and methods
1152.1. Plant material and growth conditions

116Codonopsis pilosula plants used in this study were sampled in August 2017 from three
117locations in Dingxi region, Gansu Province, China: LinTao city (103°886'E, 35°222'N,
1181883.6+5.2 meters above sea level [masl]), WeiYuan city (104°28'E, 35°091'N, 2067.7£5.2
119masl) and MinXian (104°18'E, 34°502'N, 2674.7+5.2 masl). Each plant was randomly
120selected. Plants were uprooted from the ground, and excess soil was removed by shaking the
121roots gently. Roots were sealed in plastic wrap, numbered, brought to the laboratory and
122stored at 4°C. 10 seeds per pot to germinate, pre-germinated healthy C. pilosula seeds which
123were selected the consistent growth for subsequent experiment were sown individually in
124plastic pots. Hydroponic C. pilosula seedlings were grown in an artificial climate chamber
125(temperature: 25°C; relative humidity: 54%) of the Lanzhou University of Technology

126(103°46'34'E, '36°3'20"N, 1530.49 + 5.2 masl) in October 2018.
1272.2. Isolation of endophytic fungi

128 Tissue sectioning and surface sterilization method was used to isolate endophytic fungi
129from C. pilosula (Wang et al, 2011). A 0.5-1.0-cm thick section of the washed root was
130treated with 75% ethanol for 2 min, followed by 5.0% sodium hypochlorite for 45-60 s, and
131then washed six times with sterile water. The sterilized root tissue and the last cleaning
132solution were placed on potato dextrose agar (PDA) medium supplemented with 100 mg L™
133ampicillin. The medium were cultured at 28°C in the dark and periodically examined until

134mycelial growth was observable. Mycelia were picked from the edge of the colony using a
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135sterile toothpick and inoculated onto the same medium multiple times until a single colony,
136representing a pure fungal culture, was obtained. The strain was stored at 4°C using the

137puncture preservation method, and the strain was named as RHTAO1.
1382.3. Identification and biological characterization of Trichoderma strain RHTAO1

139 Trichoderma strain RHTAO1 was identified based on macroscopic and microscopic
140morphological characteristics and other biological features (Pittand and Hocking 1997,
141Woudenberg et al., 2013). Genomic DNA of the strain was extracted using the Solarbio's
142fungal genomic DNA extraction kit (Beijing Solarbio Science &Technology Co., LTD). The
143isolated DNA was used as a template for PCR amplification of the internal transcribed spacer
144(ITS) of the 5.8S rRNA gene, nuclear ribosomal small subunit (SSU), nuclear ribosomal large
145subunit (LSU) and RNA polymerase second largest subunit (RPB2) using ITS1/ITS4,
146NS1/NS4, LROR/LRS and fRPB2-5F/fRPB2-7cR primer pairs, respectively (Table S1).
147Sequence similarity was analyzed by multiple sequence alignment using NCBI BLAST
148(http://www.ncbi.nlm.nih.gov), and sequences with 97% similarity were selected for
149phylogenetic analysis. The phylogenetic tree was constructed with MEGAS (Kumar et al.,
1502016) and PAUP 4.0 using maximum parsimony (MP) (Cummings. 2004) and maximum
151likelihood (ML) method (Silvestro et al. 2012), with 1,000 bootstrap (BS) replications. The
152tree length (TL), consistency index (CI), retention index (RI) and repeat scale consistency
153index (RCI) were calculated based on the MP analysis, with the heuristic search option, using
154the Tree Bisection Reconnection (TBR) algorithm with 100 random sequence additions
155(Swofford 2002). The ML method using PAUP with Kimura2-parameter model, obtained

156most probable tree via the fast BS analysis of 1,000 pseudoreplications.
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1572.4. Biological analysis of Trichoderma strain RHTA01
1582.4.1. FT-IR and fatty acid analysis

159 Fourier transform infrared spectroscopy (FT-IR) has been successfully used for the
160identification of microorganisms such as bacteria, fungi, yeast, and actinomycetes (Wenning
161et al., 2002). Dried hyphae powder (1.0 mg) was mixed with 200 mg of KBr, and a tablet was
162determination from 4000-5000 cm™ by infrared spectrum (Nexus 670 FT-IR, USA Nicolet).

163A spectral resolution was set at 4 cm™, with an average scan time of 32 scans.

164  Gas chromatography—mass spectrometry (GC-MS) has been previously used to analyze
165the fatty acid composition of Trichoderma (Ruiz et al, 2007). In this study, 300 mg of dried
166hyphae powder was mixed with 2 ml of phenyl-petroleum: ether (1:1) solution for 15 min.
167Then, 2 ml of 0.5 M NaOH-CH;OH solution was added to sample and water bath at 50°C for
16815 min, then distilled water was added until the solutions layer. Then, 2 pL of the organic
169phase was analyzed by GC analysis (Clarus 590 GC with PPC & without Integral Liuid

170Autosampler).
1712.4.2. Physiological characterization

172 Solid media were prepared using carbon-free Czapek-Dox Agar supplemented with 2%
173maltose, D-fructose, glucose or sucrose (carbon source). The isolated strain was activated 1-2
174times on PDA solid medium at 28°C for 5 days, and hyphae were inoculated in the media
175described above using the point colonization method. Four replicates were prepared for each
176medium. The inoculum was cultured at 28°C for 36 h, and the diameter of the colony was
177measured daily. Values of the diameter were plotted against the number of days to generate

178the growth curves. Additionally, solid media supplemented with 0.3% urea, potassium nitrate,
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179sodium nitrate or ammonium sulfate (nitrogen source) also were used to evaluate strain

180growth.
1812.5. Measurement of the growth promoting efficiency of Trichoderma strain RHTA01

182 To evaluate the growth promoting capacity of strain RHTAO1, hyphae were inoculated
183into Hoagland nitrogen-free medium, National Botanical Research Institute's phosphate
184growth medium (NBRIP), Ashby’s nitrogen-free agar (Ashby) and Casman Agar Base (CAS).
185The inoculated media were incubated at 28°C for 7 days, and the growth of the strain was
186monitored daily. To analyze the enzyme production characteristics of the strain, the hyphae
187were inoculated into plasmin screening medium, contact enzyme screening medium,
188chitosanase screening medium, alkaline protease screening medium, complex enzyme
189screening medium and CMC-Na medium. The strain on each medium was cultured for 3—7

190days, and the appearance of a transparent ring around the colony was monitored.

191 To analyze IAA-like substances, 50 mL each of PDA, CzA (Czapek Dox Agar), Ashby,
192NBRIP and Hoagland liquid medium was mixed with trytophan (final concentration: 2 mg
193mL™"). Then, 3 mL of the spore suspension (I x 107 colony forming units [CFU] mL™") was
194added to each medium and cultured at 28°C for 7 days on a shaker (120 rpm). Un-inoculated
195media were used as controls. The supernatant from each culture was mixed with Sackowski's
196¢color reagent and incubated in the dark for 30 min. Each sample was measured with a

197spectrophotometer at 530 nm. The IAA concentration was calculated using the standard curve

198equation (y = 17.679x + 0.0025; linear range = 0-0.1 mg mL"; R? =0.9991)

199 Then, 3 mL of the spore suspension (1 x 10" CFU mL") was inoculated into five

200different types of demineralized liquid media (PDA, CzA, Ashby, NBRIP and Hoagland), and

17 9
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201incubated at the conditions described above. Each culture was filtered through a 0.22-um
202filter, and 500 pL of the filtrate was mixed with 500 pL of dye chrome azurol S solution. The
203mixture was incubated for 1 h, and absorbance was determined at 680 nm. Deionized water
204was used as a reference (Ar). Siderophore unit (SU) was calculated using the following
205equation: SU (%) = (Ar-As)/Ar) x 100.

206 Next, 3 mL of spore suspension (1 x 107 CFU mL™") was inoculated into basal liquid
207medium supplemented with 0.03% 1-aminocyclopropane-1-carboxylate (ACC; sole nitrogen
208source) and 50 mL of Pikovskaya's Agar (PVK) . The inoculated medium was incubated at
20930°C and 120 rpm for 5 days. The activity of ACC deaminase was calculated as described
210previously (Penrose et al., 2003, Viterbo et al., 2010). The total phosphorus content was
211determined as described previously (Vyas et al., 2007) and calculated according to the
212standard curve (y = 0.0021x + 0.0785; R? = 0.9993). All assays were performed in five

213replicates.
2142.6. Plant inoculation assays
2152.6.1. Experimental design

216 A randomized design was used in this study. C. pilosula seedlings in pots were irrigated
217with spore suspension (1 x 10° CFU mL") prepared in Hoagland liquid medium
218(experimental group) or with an equal volume of sterile Hoagland medium (control group).
219All plants were grown in soil at 60-65% field water capacity. Hoagland nutrient solution was
220supplied every 3 d during the co-culture period. Plants were grown for 60 days in an
221environmentally controlled chamber at 25°C and 54% relative humidity under a 14-h

222light/10-h dark photoperiod and 50 uEm™ S™' light intensity using fluorescent lamps. Eight
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223replicates were performed for each treatment (experimental and control).
2242.6.2. Pathogenicity and mycorrhizal colonization

225 Leaves of C. pilosula plants were injected with 5 uL. of spore suspensions at different
226c¢oncentrations (1 x 10 1 x 107 and 1 x 10* CFU mL™). The injection site on the leaves was
227monitored for spots at 7 days post-inoculation (dpi). Roots of plants in the experimental
228group were sampled every 2 s, cut into 1-cm pieces and placed on glass slides. The roots
229samples were stained with Medan dye for 10 min (Mahmoud et al., 2013), and excess
230staining solution was washed away. The stained root samples were observed under an optical

231microscope (40% objective lens) to evaluate the colonization status of the RHTAO1 strain.
2322.6.3. Plant growth measurements

233 Plants were harvested from the pots after 60 days of growth, and roots were rinsed with
234water to remove the attached soil. Plant height, root diameter and root length were measured
235using a ruler and digital vernier caliper (0.001 mm). Leaf number per plant also was counted.
236Roots, stems and leaves were separated and gently blotted with filter paper. The fresh weight
2370f each tissue type was measured immediately after harvest using the Mettler-Toledo
238analytical balance, and samples were stored at -20°C for enzyme activity analysis and other

239measurements.
2402.6.4. Enzyme activity assay

241 Plant tissue samples (0.1 g fresh weight) were homogenized in 5 mL of cold sodium

242phosphate buffer (50 mM; pH 7.8) using a pre-chilled mortar and pestle under ice-cold

243conditions. After centrifugation at 12,000 % g for 20 min, the supernatants were collected and

244stored at 4°C until needed for enzyme activity assays. All tests were carried out in triplicate.

21 11
22



245Activities of antioxidant enzymes including polyphenol oxidase (PPO), superoxide dismutase
246(SOD), catalase (CAT) and peroxidase (POD) were measured using kits purchased from

247Suzhou Keming Biotechnology Co., Ltd. (China).
2482.6.5. Measurement of non-enzymatic compounds and root vitality

249 Total chlorophyll (TChl), malondialdehyde (MDA), proline (Pro), soluble protein (Cpr),
250reducing sugar (ReS), NO, hydrogen peroxide (H,0O,), salicylic acid (SA) and jasmonic acid
251(JA) contents were quantified using kits purchased from Suzhou Keming Biotechnology Co.,
252Ltd. (China). Root vitality was measured using the triphenyl tetrazolium oxide (TTC)

253method, as described previously (Lindstrom and Nystrom, 1987; Yue, 2019).
2542.6.6. Extraction and quantification of polysaccharides and Lobetyolin

255 Plant tissues (0.1 g) were mixed with 20 mL of methanol in a conical flask and subjected
256to ultrasound treatment (250 W, 40 kHz) for 30 min. The extract from each flask was
257collected and concentrated to a 5-mL volume in a water bath (80°C). The concentrated extract
258was transferred into a volumetric flask, and the volume was increased to 10 mL using
259methanol. The solution was filtered through a 0.45-um filter, and 20 uL of the filtered sample

260was subjected to high performance liquid chromatography (HPLC; JASCO, LC-2000, Japan).

261 A dilution series of Lobetyolin-methanol standard (48, 24, 12, 6, 3, 1.5, 0.75 and 0.375
262mg/L) was prepared and analyzed at 267 nm by HPLC using Agilent C18 column (4.6 mm X
263150 mm, 5 um i.d.) and acetonitrile: water (28:72, v/v) mobile phase at a flow rate of 1 mL
264min™'. The standard curve was generated by plotting peak area integral value (X-axis) against

265concentration (Y-axis).

266 To quantify polysaccharides, 0.1 g of plant tissues was added into a conical flask
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267containing 30 mL of distilled water and boiled in a water bath for 30 min. The extract was
268transferred to a 50-mL volumetric flask. Total carbohydrate content was measured using the
269phenol-sulphate colorimetry method. The polysaccharide content was calculated as the
270difference between the total carbohydrate content and reducing sugar content (Zou et al,

2712014).
2722.6.7. Determination of active ingredients

273 Activities of enzymes involved in sucrose metabolism, including sucrose phosphate
274synthase (SPS), sucrose synthase (SS) and soluble acid invertase (Al), and compound
275biosynthesis, including glutamine synthetase (GS), phenylalanine ammonia lyase (PAL) and
276nitrate reductase (NR), were measured using kits purchased from Suzhou Keming

277Biotechnology Co., Ltd. (China).
2782.7. Structural equation modeling (SEM)

279 The SEM approach was used to visualize the complex relationships among various
280physiological indicators of C. pilosula, and to explore the effects of endophytic fungi on plant
281growth and metabolite biosynthesis. To simplify the model, plant resistance index (PRI),
282signal molecule (SM), carbon metabolism enzyme (CME), nitrogen metabolism enzyme
283(NME), plant growth index (PGI) and polysaccharide content were selected. SEM analyses
284were performed using the piecewise SEM package (Smallwaters Corporation, Chicago, IL,

285USA) with the ML method (Lefcheck, 2015).
2862.8. Statistical analysis

287 All data were expressed as mean =+ standard deviation (SD). Analysis of variance

288(ANOVA) was carried out using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA), and
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289significant differences were detected at P < 0.05. All plant physiological assays were

290performed in three replicates, and microbiologic properties were measured in five replicates.
291

2923. Results

2933.1. Isolation and identification of endophytic fungi from C. pilosula

2943.1.1. Morphological characteristics of Trichoderma strain RHTAO1

295 An endophytic fungus was isolated from the roots of C. pilosula by growing pure
296c¢ultures on the PDA medium. The strain was identified based on hyphae color, spore
297morphology, sporulation structure and the presence or absence of a transverse (Gherbawy et
298al. 2010). Colonies on the PDA medium were circular and white at the center (Fig. 1A).
299Subsequently, green spores were produced at the center of the colony, along with the growth
3000f white hyphae, with short branched mycelium and ovoid spores (Fig. 1B). The species was
301initially identified as 7Trichoderma, according to the Fungal Identification Handbook, based

3020n macroscopic and microscopic morphological characteristics.
3033.1.2. Identification of strain RHTAOI by PCR

304We performed phylogenetic analysis of 16S rRNA sequences of Trichoderma,
305Cephalosporium, Penicillium and Fusidium (all belonging to class Moniliaceae). Since MP
306and ML trees were almost identical to each other, except for the branching order and branch
307length of the terminal group, we described the phylogenetic results based on the ML and MP
308tree. BLAST searches revealed that ITS sequences amplified from the sample under study
309showed the highest sequence similarity to the ITS sequences of Trichoderma (99.85%;
310coverage: 93%), (Fig. 1C). Penicillium was used as an outgroup, target strain sequence

311combined with Trichoderma 100% ML, MP BS support. BLAST searches using the SSU
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312sequence revealed the highest similarity to Trichoderma sequences (99.9%; coverage: 98%).
313Target strain sequences with Trichoderma were grouped together with 80% ML and 73% MP
314BS support in a multigene tree (Fig. 1D), and combined with Trichoderma and Hypocrea
315100% ML, MP BS support. BLAST searches using the LSU sequence revealed the highest
316similarity to 7Trichoderma sequences (100%; coverage: 95%), (Fig. 1E). Target strain
317sequences with Trichoderma and Hypocrealutea 100% ML and MP BS support is combined.
318BLAST searches using the RPB2 sequence revealed the highest similarity to 7richoderma
319sequences (100%; coverage: 73%), (Fig. 1F). Target strain sequence with Trichoderma 99%
320ML and 100% MP BS support is combined. Since ITS, SSU, LSU and RPB2 sequences

321showed consistent results, the target strain was identified as Trichoderma.
3223.1.3 Fatty acid composition

323 Fatty acids are one of the most stable compounds in microorganisms and are often used as
324a basis for the classification and identification of microorganisms such as yeast and bacteria
325(0zbek et al, 2003). The fatty acid composition of fungi is affected by various factors such as
326the species, culture media composition and conditions. The fatty acid composition of
327Trichoderma strain RHTAO1 was analyzed by GC analysis (Fig. 2A, Table 1). The linoleic
328acid content of our sample was relatively high (28.41%). Higher amounts of linoleic acid
329have been reported in other Trichoderma species such as 7. reseii (47%) (Suutari, 1995) and

3307 harzianum (48%) (Serrano-Carreon et al., 1992).

331Table 1 Fatty acid composition of strain RHTAOI compared with various standards by GC

332analysis

No. Component Standard peak Sample peak Sample peak area  Peak area Fatty acid
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time (min) Time (min) (pA*s) Percentage (%) content (%)
1 Cl40 30.066 30.075 50.2 0.33 0.31
2 Cl50 32.031 32.044 24 0.16 0.1
3 Cl16:0 34.198 34.356 2998.7 19.92 18.89
4 cCl61 35.769 35.815 259.5 1.72 1.63
5 CI7:0 36.624 36.681 30.1 0.20 0.19
6 CI7:1 38.379 38.293 56.3 0.37 0.35
7 CI8:0 39.345 39.651 1249.9 8.30 7.91
8  Cl8:In9c 41.041 41.42 5605.7 37.23 35.47
9  Cl8:2n6¢ 43.919 44.227 4491.4 29.83 28.41
10 C20:0 45.791 45.817 14.7 0.10 0.10
11 C183 47.723 47.733 143.2 0.95 0.90
12 C24:0
66.54 66.672 131.7 0.87 0.83
13 C20:5
3333.1.4. FT-IR analysis
334 FT-IR is a high resolution approach that can sensitively detect changes in molecular

335groups and their surroundings, thus serving as a perfect tool for the identification of microbial
336species and status. FT-IR analysis reflects the unique characteristics of the system at a
337macroscopic level; therefore, it is widely used for the identification of large-scale higher
338fungi and herbal (Ji et al, 2014; Lecellier et al., 2015). The infrared spectrum can
339characterize the chemical composition of Trichoderma, as different chemical groups in
340Trichoderma will exhibit unique or overlapping absorption peaks in the FT-IR spectrum. The
341FT-IR spectrum of strain RHTAO1 was divided into six absorption peaks (Fig. 2B). The
342absorption peak at 3700-2996 cm™' represented the stretching vibration region of O-H and N-

343H (Kumar et al., 2019; Popescu et al., 2010). The absorption peak at 2996-2800 cm

31
32



344corresponded to the stretching vibration region of the lipid C-H (Kumar et al., 2009; Tandy et
345al., 2010). The absorption peak at 1800—1485 cm™ was mainly derived from guanamine I and
346guanamine II bands, while that at 1485-1185 c¢cm™ corresponded to the symmetric and
347asymmetric stretching vibrations of P=0 in proteins, lipids and phosphate compounds such as
348DNA, RNA, phospholipids and phosphate carbohydrates, which are related to the nucleic
349acid content of cells. The absorption peak at 1185-900 ¢cm™ mainly corresponded to the
350stretching vibration band of C-O-C and C-O-P in carbohydrates such as polysaccharides. The
351sugar ring stretching vibration of carbohydrate produced a weak spectral absorption band at

352900-500 cm™.
3533.2. Characteristics and biological significance of Trichoderma strain RHTA01

354 The growth of Trichoderma strain RHTAO1 was analyzed on different culture media,
355and the microscopic features of the colonies were observed. The strain exhibited variation in
356¢colony size and oval spore number (Fig. S1, Table S2). Additionally, the strain showed a
357certain preference toward the nutrient substrates and displayed different growth rates,
358physiological activities, and metabolic pathways on different media. According to the
359mycelial dry weight on different culture substrates, Trichoderma strain RHTAO1 showed the
360highest utilization of glucose and urea, and the lowest utilization of maltose and potassium

361nitrate.

362 It has been shown that Trichoderma secretes a variety of cell wall degrading enzymes
363(CWDEs), such as chitinases, cellulases, xylanases, glucanases and proteinases, during
364parasitism (Vinale et al., 2010). In this study, the Trichoderma strain RHTAO1 was inoculated

3650n various media, and colony morphology was observed after 7 days (Table S3). The strain
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366showed different growth rates on PDA, Hoagland, NBRIP and Ashby media (Fig. S2a). The
367nitrogen fixation, phosphorus dissolution and IAA-like substrate production capacity of the
368strain as well as its enzyme activities are shown in Fig. S2b. The strain did not grow on
369Congo red medium and only grew transparent hyphae with no spores on Ashby medium,
370indicating that the nitrogen fixation ability of the strain was weak. Additionally, the strain
371could grow without a transparent circle on the NBRIP, plasmin screening, contact enzyme
372screening, chitosanase screening, complex enzyme screening and alkaline protease screening
373media, which suggests that the strain exhibits weak ability to dissolve phosphorus and
374produce fibrinolytic enzyme, contact enzyme, chitosanase, complex enzyme and alkaline
375protease. However, transparent circles were produced on skim milk medium, CAS medium
376and CMC-Na medium, indicating that the strain has a stronger ability to secrete protease,

377siderophore and cellulase than other enzymes ( Fig. S2c¢).

378 Next, we performed qualitative analysis of IAA and siderophore produced by
379Trichoderma strain RHTAO1 in various liquid media. When Trichoderma strain RHTAOI was
380cultured in Hoagland and Ashby liquid media at 120 rpm and 28°C for 7 days, the
381concentration of IAA reached at 1 ug mL™"' and 24.2 pg mL", respectively; however, no IAA
382could be detected in other media. The content of siderophore was 2.27%, 33.99% and 72.27%
383in CzA, Ashby and NBRIP liquid media, respectively. When the strain was cultured for 5
384days in liquid media supplemented with ACC as the sole nitrogen source, the ACC deaminase
385activities were 2.91, 2.95, 3.24, 2,92 and 2.80 umol o-ketobutyrate mg protein™'-h”,
386respectively. Based on these results, we deduced that Trichoderma strain RHTAOI is a

387beneficial microorganism and therefore could be used as a biofertilizer, growth enhancer and
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388stimulant of natural resistance.
3893.3. Effect of Trichoderma strain RHTAO1 on plant growth
3903.3.1. Pathogenicity and colonization of strain RHTAO1

391 Trichoderma strain RHTAO1 showed no pathogenicity on C. pilosula leaves. No brown
392or necrotic spots were observed at the injection site on C. pilosula leaves compared with the
393control (Fig. 3A.). After co-cultivation of C. pilosula seedlings with Trichoderma for 2
394weeks, the roots of seedlings were sectioned and stained with cotton-dyeing solution (Fig.
3953D, E). A large number of hyphae and spores was observed in the root tissues of inoculated
396seedlings compared with the control group, thus confirming that the strain had colonized the
397roots of C. pilosula. The responsiveness of the strain to root exudates was considered a major
398factor in colonization (MILLS et al., 1994), and root exudates likely induced the strain to

399colonize the root surface (Somers et al., 2004).
4003.3.2. Chlorophyll content and the activity of root system

401 When the strain RHTAO1 was used as a fertilizer on C. pilosula seedlings, the fresh
402weight, root length and leaf number of C. pilosula seedlings increased (Fig. 3B, C).
403Additionally, the total chlorophyll content and root vitality of C. pilosula seedlings in the
404experimental group increased significantly (by ~2-fold) compared with the control group
405(Fig. 3F). These results indicate that the strain could improve the photosynthetic efficiency of
406plants as well as the root respiration, metabolism and biosynthesis of amino acids,
407phytohormones and other compounds (Stierle et al., 1993). This may be because Trichoderma
408secretes extracellular enzymes such as chitinase, xylanase and glucanase to dissolve the cell

409wall of other fungi and to produce a variety of secondary metabolites such as gypsum and
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410antibacterial peptides that kill other pathogenic fungi. This explains why Trichoderma is the

411dominant genus in C. pilosula (Saravanakumar et al., 2016).
4123.4. Effect of RHTAO1 on the content of signaling molecules in C. pilosula

413 Fungi act as inducers to activate the Ca®", H,O,, NO, JA and SA signaling pathways in
414the host plant to complete colonization and commensalism and to increase stress resistance
415and secondary metabolite production (Rojo et al., 2007; Wang et al., 2011). When C. pilosula
416plants were treated with strain RHTAO1, the content of NO in roots decreased significantly (p
417< 0.05), but no difference was detected in stems and leaves. However, the content of JA
418increased significantly in roots and showed minor differences in stems and leaves. The
419content of H,O, increased slightly in root and stem tissues but decreased significantly in
420leaves (p < 0.05). The content of SA increased significantly in root and stem tissues (p <

4210.05) but only slightly in leaves.

422 In summary, contents of SA and JA were the highest in C. pilosula roots, followed by
423stems and leaves, implying that SA and JA mainly affect the metabolism of roots in C.
424pilosula. Additionally, Trichoderma strain RHTAOI reduced the H,O, content in leaves,
425whereas SA, JA and NO contents were increased in all three tissues of C. pilosula tested in
426this study. Contents of NO and H,O, were the highest in leaves, followed by roots and stems
427(Fig. 3G), suggesting that H,O, is the upstream molecular of NO. It is possible that
428Trichoderma strain RHTAO1 affected the production of H,O, in mesophyll cells, which in
429turn would affect the NO content of leaves, eventually leading to the closure of mesophyll

430cells (Praveen et al., 2019) and consequently affecting photosynthesis.

4313.5. Effect of RHTAO1 on the antioxidant system of C. pilosula
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432 Inoculation of C. pilosula plants with Trichoderma strain RHTAO1 activated the
433signaling molecules and altered their contents, as shown above. Additionally, RHTAO1 also
434affected the activity of antioxidant enzymes and the amount of non-enzymatic compounds.
435The content of MDA decreased in the roots and leaves of C. pilosula but increased
436significantly in stems (p < 0.05) (Fig. 3). Reactive oxygen species (ROS) oxidative burst may
437occur in the stem, resulting in an increased amount of lipid peroxidation products such as
438MDA (Yalcinkaya et al., 2019). These results clearly suggest that Trichoderma inoculation
439could prevent oxidative damage in roots. After colonization, the Pro content decreased
440significantly in roots (p < 0.05) but only slightly in stems; however, the Pro content of leaves
441increased, implying that the strain completely colonized the host plant, reaching a steady
442state. The content of reducing sugar (Res), one of main products of photosynthesis, was the
443highest in the leaves of C. pilosula, followed by roots and stems; chlorophyll content showed
444the same trend, suggesting that the strain could improve the photosynthetic efficiency of

445plants

446 Cpr was associated with the activities of enzymes, including PPO, POD, CAT and SOD,
447and other stress resistance indicators. Trichoderma inoculation increased the Cpr content of
448C. pilosula (Fig. 4), possibly because Cpr acts as an antioxidant and protects plant cells from
449oxidative damage.by regulating the content of various enzymes. In this study, the content of
450SOD decreased significantly in roots (p < 0.05), but no significant change was detected in
451stems and leaves. PPO also decreased significantly in roots and leaves (p < 0.05) but showed
452a minor increase in the stem. POD showed a marked decrease in the root (p < 0.05), a slight

453decline in the stem and an increase in the leaf (p < 0.05). CAT increased significantly in the
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454root (p < 0.05) but showed no difference in the stem and leaf. Thus, the application of
455Trichoderma decreased the SOD, POD and PPO activities in the roots of C. pilosula, CAT
456and POD activities in stems and CAT and PPO activities in leaves. However, CAT activity in
457roots, SOD and PPO activities in stems and SOD and POD activities in leaves were
458improved. This suggests that different oxidases played tissue-specific roles because of the
459strain RHTAO1; for example, SOD activity was inhibited for reducing the production of
460H,0,, and CAT activity was increased to scavenge H»O, These results indicate that the strain
461RHTAO1 could reduce oxidative damage by regulating the activities of antioxidant enzymes
462in plant roots, and H,O, is an important factor affecting plant growth and secondary

463metabolite synthesis.

4643.6. Effect of strain RHTAO1 on enzyme activities regulating carbon metabolism and

465polysaccharide content

466 Polysaccharide is one of the active ingredients in C. pilosula (Ming et al., 2017). The
467polysaccharide content decreased significantly in the root but increased notably in the stem
468and leaf (p < 0.05) (Fig. 5). The activity of sucrose biosynthesis enzymes (SPS, SS and AI)
469were evaluated to explore the accumulation of polysaccharides (Fig. SA). The activity of SPS
470was significantly reduced in root, stem and leaf tissues (p < 0.05), whereas that of SS and Al
471was significantly increased in root and leaf (p < 0.05), with only minor changes in the stem.
472AI hydrolyzes sucrose to glucose and fructose, whereas SPS catalyzes sucrose into UDP-
473glucose and fructose in the form of uridine diphosphate (UDP). SS degrades sucrose into
474hexose or its derivatives, which are used in various physiological metabolic pathways,

475possibly as the main transportable product of photosynthesis, and accumulated in leaves
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476(Wang et al., 2014). Relatively high activities of Al and SPS have been shown to improve
477plant growth in rice, tobacco and cotton (Cui et al, 2007). According to our results, the
478application of Trichoderma significantly increased the activities of SS and Al, resulting in
479increased accumulation of polysaccharides in stems and leaves of C. pilosula. However, the
480decreased activity of SPS in roots decreased the polysaccharide content of C. pilosula roots.
481These results suggest that SPS is the most important enzyme in the polysaccharide
482biosynthesis pathway. It is possible that Trichoderma strain RHTAO1 increased the
483expression of genes involved in photosynthesis and respiration in stem and leaf cells, which

484is consistent with our previous results on photosynthesis.

4853.7. Effect of strain RHTAO1 on the activity of key enzymes involved in nitrogen

486metabolism

487 Three nitrogen metabolism-related enzymes (GS, NR and PAL) are reportedly involved
488in the anabolism of active compounds. GS regulates nitrogen metabolism in plants
489(Vijayalakshmi et al., 2015). NR acts as both a regulating enzyme and rate-limiting enzyme,
490catalytically reduces nitrate to nitrite (NO>*—NO?) and affects the metabolic rate of NO*-N.
491NR participates in the biosynthesis and degradation of NO, thus controlling the homeostasis
4920f NO, a key signaling molecule in plant cells, and plays a central role in the overall biology
4930f plants (Chamizo-Ampudia et al. 2016, 2017). PAL is a key enzyme involved in the first
494step of the phenylpropanoid pathway and is responsible for the biosynthesis of plant
495phenylpropanoids and phenolics (Delledonne 1998; Huang et al., 2010). Change in PAL
496activity is a common response of plant cells to biotic and abiotic stresses (Kim et al., 2014).

497in soybean (Glycine max) cell culture, sodium nitroprusside (SNP), an NO donor, induces the
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498expression of genes encoding PAL and CHS (the first enzyme in the phenylpropane pathway)
499(Delledonne 1998). In this study, the application of 7richoderma decreased the activities of
500GS, NR and PAL in the roots and leaves of C. pilosula but significantly increased their
501activities in stems. These results indicate that the strain with weak nitrogen fixation ability
502could inhibit the activity of these three enzymes in roots and reduced the content of NO to
503protect the host plant, which is consistent with the quantitative analysis of NO. The increased
504relatively activity in the stem implies that some active compounds are synthesized, such as
505the highest content of Lobetyolin. Lobetyolin is another important bioactive compound
506widely distributed in the stems and leaves of C. pilosula. After colonization by Trichoderma,
507the contents of Lobetyolin in all three tissues of C. pilosula plants decreased significantly.

508This suggests that the strain regulates nutrient transport to promote plant growth.
5093.8. Correlation among various biological indicators

510 The inoculation of C. pilosula with Trichoderma strain RHTAO1 changed the biological
511indicators of various tissues of the host plant (Fig. 6A). Signal transduction is a common
512physiological and biochemical phenomenon that plays an important role in plant growth and
513development, stress resistance and resistance to diseases and insect pests (Barazani et al.,
5142007). After inoculation with the strain, receptors on the plant cell surface were activated and
515combined with strain secretion selectively (Fig. 6B). Then, the expression of related genes
516involved in complex signal transduction pathways was regulated to increase plant resistance
517and secondary metabolite accumulation (Fig. 6B). Zhai et al. (2017) proposed the
518polysaccharide biosynthesis pathway of C. pilosula (Fig. 6C), and SS was a key enzyme in

519this pathway. Redundancy analysis (RDA) analysis showed that plant indices (TChl and LN)
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520were positively correlated with plant stress resistance indices (MDA, Pro, Cpr, ReS, PPO,
521S0OD, CAT and POD) but negatively correlated with stress resistance indicators and signaling
522molecules (NO, H,0,, JA and SA) (Fig. 6D). This result showed that MDA, Pro, Cpr, ReS,
523PPO, SOD, CAT, POD could protect plant tissues and cells from oxidative damage. SA was
524negatively correlated with stress resistance indicators, indicating that SA plays an important
525role in plant cell growth and metabolism. Many studies show that endophytic fungi can be
526used as an inducer to participate in the process of secondary metabolic from herbs (Fouda et
527al., 2015). In this study, signaling molecules were negatively correlated with the contents of
528polysaccharides (CPP) and Lobetyolin (CL) (Fig. 6E). The results of correlation analysis
529among CPPs, CL and metabolic enzymes is shown in Fig. 6F. The CPP content was positively
530correlated with SS and Al activities but negatively correlated with SPS activity. In addition,
531CPP was positively correlated with GS and PAL activities but negatively correlated with NR
532activity. Sucrose metabolism plays a key role in plant development, stress response and
533biosynthesis of essential compounds by the production of various sugars as metabolites (Tang
534et al., 2009). Sucrose metabolism confers abiotic stress tolerance in plants (Ruan et al., 2010).
535This suggests that Trichoderma strain RHTAO1 enhances the yield and biotic stress tolerance
5360f the host plant by regulating signal transduction of NO, H,O,, JA and SA, although further

537investigation is needed.
5383.9. SEM analysis

539 To further understand the correlation among the physiological indexes of C. pilosula,
540bioactive components (polysaccharides and Lobetyolin) and key carbon and nitrogen

541metabolic enzymes, SEM analysis was conducted (Fig. 7). The ellipse indicates the latent
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542variable, and the rectangular box indicates the observed variable. The dashed one-way arrow
543is the model parameter for the estimation process, and the number on the two-way arrow
544pointing to the different variables represents the correlation coefficient of the two variables.
545The green and red arrows indicate positive and negative correlations, respectively. Arrow
546width indicates the strength of the causal effect. PRI and SM showed a positive correlation in
547all three tissues of C. pilosula, although the correlation coefficient (1.25) was more
548significant in roots than in stems and leaves. The effects of the remaining variables varied
549significantly among different tissues. In roots, no significant difference was detected between
550PRI and CME, NME and PGI, whereas PRI showed a significant negative correlation with
551CL. Notably, the interaction among variables was the most significant in the stem of C.
552pilosula. PRI and CME showed a significant negative correlation (r = 1.18). Additionally,
553CME and NME showed a significant negative correlation with PGI and PGI, respectively,
554whereas PRI showed a positive correlation with CL (r = 0.95). In the leaves of C. pilosula,
555the correlation among variables was significantly weak, but the correlation between CME and
556TChl was significant. Thus, by determining the biological indicators of different tissues of C.
557pilosula and comprehensively predicting the interaction among variables, we could better

558understand the impact of changes in different variables on plants.
5594. Conclusions

560 In this study, we isolated an endophytic fungus from C. pilosula roots and identified it as
5617richoderma strain RHTAO1 by molecular biology, fatty acid composition and infrared
562spectroscopy analyses. In addition, Trichoderma exhibited the ability to produce numerous

563extracellular enzymes, and its ability to produce proteases, siderophores and cellulases was
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564slightly stronger than other enzymes. C. pilosula plants treated with Trichoderma showed an
565increase in IAA, TChl content and root vitality and produced specific secondary metabolites,
566which potentially influence plant growth through various strategies. Trichoderma inoculation
567significantly increased the net activity of SS via a complicated signal transduction pathway
568and promoted the accumulation of polysaccharides and alkynes in C. pilosula. Finally, the
569role of endophytic fungi in host plant response, plant growth and active ingredient
570accumulation was further clarified by SEM analysis. Overall, our results suggest that
571Trichoderma strain RHTAO1 has tremendous potential in biotechnological and ecological

572applications.
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