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Abstract
Microbial communities are essential for soil health, but fungicide application can have major effects on their structure, and it is difficult to predict whether non-target pathogens in the soil will cause major crop damage. Using collected soil with a history of poor corn (Zea mays) seedling emergence, we demonstrate that the poor emergence of corn seedlings from seeds coated with the fungicide tebuconazole is primarily due to infection of surviving soil pathogens, particularly Pythium complexes that are not targeted by fungicide tebuconazole. We determined that the bases for the increased infection by non-target species of Pythium were: 1) the selective fungicidal activity of seed-applied tebuconazole showed a low level of control against Pythium species but had a significant effect on soil fungi, thereby releasing Pythium spp. from competition with other soil microorganisms;  2) the growth of the natural enemies in soil, Trichoderma spp., was strongly inhibited by tebuconazole; and 3) low temperature was the key factor of triggering fatal injury of Pythium pathogens to corn seeds. Taken together, the non-target effects of tebuconazole are likely not significant under favorable plant growing conditions, but are considerable as a result of low temperature stress.
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1 Introduction
Soils provide complex habitats for a wide range of microorganisms that are important for plant viability. As such, factors that affect soil microbial communities are of great importance for crop production. An example of this in an agricultural context is the application of fungicides to seeds, which can cause secondary effects on soil microbial populations.(Lo, 2010; Munoz-Leoz, Garbisu, Antiguedad, & Ruiz-Romera, 2012; Sułowicz & Piotrowska-Seget, 2016) Seed treatment with fungicides is routinely used to prevent pathogen infection of seeds and seedlings, which enhances seed germination and seedling establishment.(Taylor & Salanenka, 2012) However, such treatments have both direct effects on susceptible fungi and indirect effects on less susceptible fungi,(Nettles et al., 2016) and will likely control many, but may not inhibit all, soil-borne pathogens surrounding the surface of the planted seeds. Moreover, the surviving pathogens will experience less competition for nutrients.(Nettles et al., 2016; Waard et al., 1993) Thus, indirect effects of a seed treatment fungicide include effects on non-target microorganisms in the soil. Several studies have documented such effects, which include decreased soil microbial mass, altered structure of microbial soil communities and decreased crop productivity.(Bending, Rodríguez-Cruz, & Lincoln, 2007; Maron, Marler, Klironomos, & Cleveland, 2011; Sulowicz, Cycon, & Piotrowska-Seget, 2016; Zaller et al., 2016) However, it is difficult to predict non-target effects as they depend on many factors, such as soil properties and environmental conditions, as well as the nature and concentration of the applied fungicides. At present, the mechanism by which these factors trigger the increased prevalence of non-target plant diseases are not clear. 
[bookmark: _Hlk40707471]Apart from effects on competing microbial species, another important non-target effect relates to natural biocontrol microorganisms that suppress the growth of pathogens. Crop seeds may survive exposure to fungicide non-target pathogens due to their immunity, but the suppression of indigenous biocontrol microorganisms surrounding the seeds by fungicide treatment can increase the risk of fatal diseases. Trichoderma species are ubiquitous and are often the predominant natural enemies of soil pathogens, and have therefore been used as commercial biocontrol agents.(Mukherjee, Horwitz, Herrera-Estrella, Schmoll, & Kenerley, 2013) It has been found that the level of compatibility between a specific fungicide and Trichoderma isolates is fungicide dependent.(Pratibha, Sain, & James, 2003) Furthermore, seed-applied fungicides with different modes of action can affect arbuscular mycorrhizal fungi in different ways. Examples of systemic fungicides that can restrict mycorrhizal colonization are metalaxyl, carbathiin and thiabendazole, whereas contact fungicides, such as thiram, have little effect.(Jin, Germida, & Walley, 2013) In summary, the loss of biocontrol provided by natural enemies may favor the development of pathogen strains that are  insensitive to fungicides and attenuate the direct beneficial effects of fungicide application.(Pradeep, Madhu, Mishra, & Gupta, 2016)
[bookmark: _Hlk37943673][bookmark: _Hlk40346886][bookmark: _Hlk37946547]Here, we demonstrate that the surviving non-target soil pathogens are the primary contributors to reduced corn (Zea mays) seedling emergence as a consequence of coating seeds with the triazole fungicide tebuconazole. We also report that low soil temperature is a key factor in triggering fatal infection of tebuconazole coated corn seeds by soil-borne Pythium pathogens. Our results elucidate the mechanisms underlying the prevalence of non-targeted Pythium infection of tebuconazole coated corn seeds and help explain the low seedling emergence following the application of tebuconazole as a seed treatment.
[bookmark: _Hlk18595825]2 Materials and methods
2.1 Soil sample collection and seed treatment with tebuconazole
[bookmark: OLE_LINK3]Soil samples were collected in 2017 from 20 fields in northeast China that reported poor corn seedling emergence during the spring of 2015 (Fig S1 and Table S1). Five sites were sampled in each field, with about 5 Kg of soil collected per site. Soil samples (1 ~ 20#) from each field were mixed to generate a bulk soil sample, sealed in a plastic bag and stored at room temperature until assays were performed. Two corn seed varieties (Pioneer 335 and Zhengdan 958) used in our study are commonly cultivated in the area and were purchased from the market. The flowable suspension for seed treatment with tebuconazole (Raxil, 60 g a.i. L-1, Bayer CropScience AG) was a gift from Bayer CropScience AG. All seed treatments were applied by stirring 100 g of seeds with the fungicide formulation in 1 mL of water. The untreated control seeds were stirred in 1 mL of tap water. 
[bookmark: _Hlk47883771]2.2 Corn seedling emergence assay using sterilized and non-sterilized soils under low temperature stress
Soil sample 1# was employed. Soil sterilization was performed by autoclaving soil at 121 ℃ for 60 min. The surface of the corn seeds was coated with tebuconazole at 60, 120, or 240 mg Kg-1 seed, respectively. Ten tebuconazole coated corn seeds were planted in a 15 cm-diameter pot, with four replications for each treatment and five pots for each replication. Imbibed seeds were exposed to low temperature stress at 21 ℃ /7 ℃ (13 h/11 h) for 6 days, 10 ℃/3 ℃ (13 h/11 h) for 5 days, and then 16 ℃/7 ℃ (13 h/11 h) for 7 days. Treatment without low temperature stress was performed at 25℃/20℃ (13 h/11 h) for 3 days. Emergence counts were made on the last day of the temperature assay when there was no new seedling emerged.
2.3 Seed incubation in natural soil and DNA extraction from decaying corn seeds
[bookmark: OLE_LINK5]Soil sample 1~ 20# and corn variety Pioneer 335 were employed. Corn seeds were coated with 120 mg Kg-1 tebuconazole. Coated seeds were planted in 15 cm-diameter pots and incubated at 21 ℃ /7 ℃ (13 h/11 h) for 6 days, 10 ℃/3 ℃ (13 h/11 h) for 5 days, and then 16 ℃/7 ℃ (13 h/11 h) for 7 days. For each soil sample, eight decaying corn seeds were harvested for DNA extraction. These collected seeds were washed 3 ~ 4 min under running tap water and rinsed with sterile water. After removing excess water, embryos from eight seeds were excised and pooled. The pooled embryo samples were powdered in liquid nitrogen, and DNA was extracted using a Plant Genomic DNA Kit (Transgen, Beijing, China) according to the manufacturer’s instructions. The DNA concentration and quality were estimated using a NanoQuant Spectrophotometer (Infinite M200 PRO, Tecan) with the default setting for DNA assays.
2.4 TA-cloning based measurement of Pythium spp. from decaying corn seeds
To identify all of the Pythium spp. associated with corn seed rot in each sampling field, the TA-cloning strategy was employed by cloning a community PCR product of ITS sequences from baited corn seeds. Briefly, the universal ITS primer set DC6/ITS4 was used to amplify a portion of the 18S region, ITS1, 5.8S region, ITS2 and a portion of the 28S region of the rDNA. PCR parameters were as previously described.(Cooke, Drenth, Duncan, Wagels, & Brasier, 2000; Wang, Zhang, Wang, & Zheng, 2006) The PCR products were separated by electrophoresis on a 1.2% (w/v) agarose gel. Quadruplicate PCR products were pooled and purified with a PCR Purification Kit (TianGen Biotech, Beijing, China) then cloned using the pClone007 Versatile Simple Vector Mix (TsingKe, Beijing, China) according to the manufacturer’s instructions, and transformed into competent TreliefTM 5 α cells (TsingKe, Beijing, China). LB/Amp growth media was used for colony selection.
Using the vector specific M13 forward and reverse primers, colonies were sequenced by TsingKe (Beijing, China). After removing chimeric sequences, we sequenced 100 clones for each sampling location. Each sequence was compared with known sequences that had been deposited in the NCBI database (www. ncbi.nlm.nih.gov). For each sampling location, the 100 sequences were grouped according to the maximum similarity to known sequences in the NCBI database and each group was preliminarily assigned to a Pythium species. Each group was further compared with the ITS sequence data of recovered isolates in section 2.6 to assign the Pythium species.
[bookmark: _Hlk37921379]2.5 Isolation of Pythium spp. and Trichoderma spp. from decaying corn seeds
Decaying seeds in section 2.3 were harvested for Pythium spp. and Trichoderma spp. isolation and identification. The decaying seeds were washed for 3 ~ 4 min under running tap water and rinsed with sterile distilled water. After removing excess water, embryos were aseptically cut into 2 to 3 mm pieces.
[bookmark: OLE_LINK9][bookmark: OLE_LINK6]For Pythium spp. isolation, sections of diseased embryo tissue were placed on water agar containing ampicillin (250 μg mL-1), rifampicin (10 μg mL-1) and tebuconazole (10 μg mL-1). Plates were incubated for 3 ~ 4 days at 10℃ in the dark. Hyphal tip transfers from each colony were moved to 10% V8 juice media containing neomycin sulfate (50 μg mL-1) and chloramphenicol (10 μg mL-1) (NCV8) and incubated at 25℃ for 2 ~ 5 days.
For Trichoderma spp. isolation, sections of diseased embryo tissue were placed on potato dextrose agar (PDA) media containing streptomycin sulfate (100 μg mL-1) and tebuconazole (10 μg mL-1). Plates with embryos were incubated at 10℃ in the dark for seven days. If mycelia with Trichoderma characteristics appeared surrounding incubated embryos, the hyphal tips were transferred to PDA media containing streptomycin sulfate (100 μg mL-1) and incubated at 25℃ for 2 ~ 3 days.
2.6 Morphological and rDNA sequencing based identification of isolated Pythium spp. and Trichoderma spp. 
For isolated Pythium spp., morphological identification was conducted by comparing features listed in identification keys by Van der Plaats-Niterink(Van der Plaats-Niterink, 1981) and Dick(Dick, 1990).
For rDNA sequence analysis, the Pythium spp. ITS sequence and the Trichoderma spp. elongation factor 1-alpha (tef1) sequence were sequenced to confirm identification. Fresh mycelium from the colony edge of each isolate was excised for DNA extraction using a Plant Direct PCR Kit (Herogen Biotech, MO, USA) following the manufacturer’s instructions. To identify Pythium spp., the universal DC6/ITS4 ITS primers were used to amplify the ITS region as mentioned in section 2.4. To identify the Trichoderma spp., the EF1-728F/ TEF1-LLErev primers were used to amplify a partial tef1 gene sequence as previously described.(Jaklitsch, Samuels, Dodd, Lu, & Druzhinina, 2006)
The DNA sequences were compared with known sequences deposited in the NCBI database. For each species, the sequence data of four isolates for further bioassay were deposited in the NCBI database (only two isolates were recovered for P. dissotocum) (Table S2 and S3).
2.7 Pathogenicity assays
[bookmark: _Hlk47963097][bookmark: _Hlk47963130][bookmark: OLE_LINK2]For each Pythium species, four isolates were assayed. A 5-mm plug was cut from the edge of a colony and transferred to the center of a 90 mm petri dish containing NCV8. After four days, ten corn seeds were surface sterilized in 1% sodium hypochlorite solution for 3 min and rinsed in sterile water. The seeds were placed 2 mm from the edge of the dish and incubated in the dark in growth chambers at 10, 15, 20 and 25°C for 7 days and then at 25℃ for 3 days. Plates were arranged in a randomized complete block design at each temperature with three replicates for each treatment. Seed rot severity was determined as the percentage of non-germinated seeds showing signs of decay. Information on Pythium isolates is provided in Table S2.
2.8 Fungicide sensitivity assay 
[bookmark: _Hlk47884008]A 5-mm plug was cut from the edge of the colony of a Pythium or Trichoderma isolate. The 5-mm plug was placed at the center of a plate containing PDA media amended with 10, 20 and 50 μg mL-1 of tebuconazole. Plates were arranged in a randomized complete block design at different temperatures (10°C, 15°C, 20°C or 25°C) with six replicates for each treatment. For each isolate, plates containing PDA media without tebuconazole were used as controls. The colony diameter for each treatment was measured in two places when the mycelium size of the corresponding blank control was about 60 mm. No significant difference in sensitivity within the Pythium isolates of one species was detected, and the data for all isolates within each species were combined. For each Pythium species or Trichoderma species, four isolates were assayed (only two isolates for P. dissotocum). Information on Pythium isolates is provided in Table S2, and Trichoderma isolates in Table S3. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK10]2.9. In vitro evaluation of Trichoderma spp. antagonism to Pythium spp.
For each Trichoderma or Pythium species, two isolates (i-1 and i-2) were assayed. 5-mm plugs were cut from the edge of the colonies of Trichoderma spp. and Pythium spp. respectively. In each plate (90 mm in diameter), a 5-mm plug of Trichoderma spp. and a 5-mm plug of Pythium spp. were placed 60 mm apart on the PDA media amended with 0, 5, 10 and 20 μg mL-1 tebuconazole. For each tebuconazole concentrate, controls were performed using Pythium spp. against itself. Plates were incubated in the dark at 25℃ with three replicates. Colony radius of Pythium spp. was measured when the radius of control Pythium was about 60 mm. Data were expressed as percentage of colony growth inhibition. Information of Pythium and Pythium isolates is given in Table S2 and S3.
2.10 Sample preparation for high pressure liquid chromatography (HPLC) analysis of absorbed tebuconazole in corn seeds
Corn variety Pioneer 335 was employed. Seeds were coated with tebuconazole at a concentration of 120 mg Kg-1 seed and then imbibed in moist sand for 20 h at 10, 15, 20 or 25℃. For each replicate, one harvested seed was placed into a frozen mortar, immersed in liquid nitrogen, and ground to a fine powder. The powder was transferred into a 10-mL centrifuge tube and extracted with 5 mL of acetonitrile. The suspension was stirred and shaken for 10 min. Following centrifugation (5 min, 5,000 RPM), the supernatant was filtered through a glass fiber filter membrane (0.45 mm), the shaking and filtration steps repeated, and then 0.5 mL of 0.5 μg L-1 hexaconazole was added as an internal standard. The combined extract was transferred to a 100-ml round-bottom flask and the extract evaporated using a rotary evaporator. The pesticide residue was re-dissolved in 1 mL of acetonitrile/water (25/75). The solution was applied to a C18 cartridge (Agela Technologies, Tianjin, China). The cartridge was washed with 4 mL of acetonitrile/water (25/75) and the elution discarded. An aliquot of 6 mL of acetonitrile/water (80/20) was then applied to the cartridge and eluted for tebuconazole collection. The eluent was evaporated and the residue dissolved in 1 mL of acetonitrile. The recovery was 93.9 ± 4.6%.
2.11 HPLC analysis of absorbed tebuconazole in corn seeds
All samples were analyzed on an Acquity UPLC system (Waters, USA) equipped with an Acquuity QDa MS detector using an ODS C18 column. The analyses were conducted under gradient elution conditions with initial solvent conditions of 10% solvent A (acetonitrile] + 90% B (0.2% formic acid water) to 90% solvent A + 10% B in 5 min at a flow rate of 0.3 mL min-1. The sample injection volume was 3 μL. The MS detector parameters were: ES+ mode; capillary voltage at 0.8 kV; cone voltage at 15 V; probe temperature at 600℃; sampling rate at 15 points sec-1; monitored ion M/Z =308. The retention time was 3.80 min. 
2.12 Statistical analysis
[bookmark: _Hlk48070470][bookmark: _Hlk48070937]Statistical analysis was performed using the SPSS software (Version 19.0) (SPSS Inc., Chicago, USA). Normal distribution and homogeneity of variances were verified using the Kolmogorov-Smirnov normality test and the Bartlett-box test, respectively. One-way analysis of variance (ANOVA) was used to evaluate the effects of tebuconazole concentration on emergence of corn seedling, colony growth inhibition of Pythium isolates by Trichoderma isolates. Duncan’s multiple range test was applied to compare the mean values at  (significance level) = 0.05. Values of emergence rates of corn seedling and percentage of colony growth inhibition of Pythium isolates by Trichoderma isolates were previously transformed using y = arcsine.
3 Results
3.1 Relationship between soil sterilization and seedling emergence of tebuconazole-coated corn seeds
Table 1 shows that soil sterilization had a significant effect on seedling emergence in two corn varieties. In sterilized soil, the seedling emergence rate of the two corn varieties was > 95%, and the dose-dependent suppression effect of tebuconazole application on seedling emergence was not significant. Seedling emergence was higher in sterilized soil than in non-sterilized soil in the tested dose range of tebuconazole, irrespective of low temperature stress. In non-sterilized soil, a dose-dependent tebuconazole suppression effect on seedling emergence at ambient temperature was observed, but at recommended dose rates (60 ~ 120 mg Kg-1 seed) the suppression of tebuconazole on seedling emergence was not statistically significant. However, if seeds planted in non-sterilized soil were exposed to low temperature stress, the seedling emergence rate was ≤ 60% for the corn variety Pioneer 335 and ≤ 73% for the variety Zhengdan 958, and seedling emergence was lower with increasing dose rate of tebuconazole. Even at recommended dose rates of tebuconazole, the seedling emergence was significantly lower than the negative control at low temperatures.
3.2 Isolation and identification of Pythium spp. from decaying corn seeds
[bookmark: _Hlk43236664]In total, 11 Pythium species groups and one Pythiogenton species group were identified from the collected corn seeds through TA-cloning and rDNA sequencing (Fig. 1). Of these, ten Pythium species groups was assigned to Pythium species when compared with the ITS sequence data of recovered Pythium isolates. However, Pythium aristosporum and Pythiogenton sp. could not be recovered from corn seeds.
[bookmark: _Hlk47963653]For each sampling location, 100 clones were sequenced and analyzed and, as shown in Fig. 1, P. sylvaticum, P. ultimum and P. selbyi were the three dominant species in the decaying seeds. P. sylvaticum was identified in 17 locations with > 40 clones identified in each of 11 locations. P. ultimum was identified in 8 locations with > 40 clones identified in each of 6 locations. P. selbyi was identified at all locations with > 40 clones identified in each of 3 locations. In each sampling location, the sum of P. sylvaticum, P. ultimum and P. selbyi clones ranged from 73% to 99% of the total species identified (Fig. 1). When comparing the 20 sampling locations with the geographical distribution of Pythium spp., it was found that P. sylvaticum was dominant in the eastern locations (sample locations 1 ~ 12#) and P. ultimum was dominant in the western locations (sample locations 13 ~ 20#) (Fig. S1 and Table S1).
P. inflatum, P. torulosum, P. heterothallicum and other Pythium spp. were minor species based on isolation frequency and dominance. P. inflatum was identified in 50% of the incubated samples with 1 ~ 20 clones present in each identified sample. P. torulosum was identified in 40% of the samples with 1 ~ 14 clones present in each identified sample. P. heterothallicum was identified in 30% of the samples with 1 ~ 12 clones present in each identified sample. The rest of the identified Pythium spp. were found ≤ 30% of the samples. Pythiogenton sp. was detected in 45% of the samples with 2 ~ 17 clones present in each identified sample.
3.3 Seed rot assay
[bookmark: _Hlk47972781]As shown in Fig. 2, all the tested Pythium isolates were able to infect corn seeds. However, their aggressiveness, as measured by seed rot incidence, varied among species, with P. sylvaticum and P. ultimum causing the highest seed rot incidence. At 10°C, P. sylvaticum isolates caused seed decay in 70 ~ 87% of the seeds, and P. ultimum isolates in 83 ~ 93% of the seeds. P. dissotocum was a minor species based on abundance but highly pathogenic, causing 76.7±5.8% of the seeds to rot at 10°C (Table S4). Isolates of P. selbyi were only slightly pathogenic although it was one of the dominant Pythium species based on abundance and prevalence. Isolates of P. selbyi caused seed rot in 1 ~ 17% of the seeds at 10°C but was not lethal at 25°C. In comparison, isolates of P. inflatum were moderately pathogenic at 10°C, causing seed rot in 27 ~ 43% of the seeds at 10°C. Finally, other Pythium spp. were mildly pathogenic, causing seed rot no more than 15% of the planted seeds (Table S4).
Significant effects of temperature on the ability to infect corn seeds were observed for P. sylvaticum, P. ultimum, P. selbyi and P. inflatum (Fig. 2). For each isolate with temperature-dependent aggressiveness, we observed a trend of decreasing seed rot severity with increasing temperature. At 25°C, ≤ 7% of the planted seeds were destroyed.
For isolates of P. inflatum and P. selbyi, there was variation in seed rot severity among isolates. For each of the other Pythium spp., no significant difference in seed rot severity was detected among isolates within species (P > 0.05).
3.4 Selective tebuconazole activity 
We observed a significant effect of tebuconazole concentration on Pythium spp. growth, but also a significant variation in sensitivity (Fig. 3). The sensitivity of P. sylvaticum, P. ultimum and P. inflatum ranged from 83% to 92% growth compared to the control at 10 μg mL-1 of tebuconazole, and from 69% to 78% at 20 μg mL-1. However, at 50 μg mL-1 the growth of the three species was only between 22% and 43% of the control. Similar performance was observed for P. hypogynum, P. carolinianum, P. pleroticum and P. dissotocum (Table S5). Relatively, P. heterothallicum growth was more sensitive to tebuconazole than the other tested Pythium species, ranging from 69% ~ 77% and from 50% ~ 59% of the control at 10 and 20 μg mL-1, respectively. The effect of temperature on Pythium spp. growth was not significant at the tested concentration range of tebuconazole. 
From the subset of 12 Trichoderma isolates evaluated, we found that sensitivity to tebuconazole varied among the species and four temperatures and also among isolates within a species (Fig. 4). Each species showed temperature-dependent sensitivity to tebuconazole except isolate i-4 of T. koningiopsis and T. guizhouense at 10 and 20 μg mL-1 and isolate i-3 of T. koningiopsis at 10 μg mL-1. Their growth was more sensitive to tebuconazole as temperature decreased from 25 to 10℃. For each Trichoderma isolate, their percent growth compared to the control also decreased as the concentration of tebuconazole increased from 10 to 50 μg mL-1 at a given temperature.
Overall, all the 12 evaluated Trichoderma isolates were much more sensitive to tebuconazole than isolates of Pythium spp., and at 10 μg mL-1 tebuconazole, their maximum growth was only 32 ± 2.8% of the control (Fig. 3 and 4).
3.5 Effect of tebuconazole on the antagonism of Trichoderma spp. against Pythium spp.
[bookmark: _Hlk48381325]Colony growth inhibition of isolates (i-1) of Pythium spp. by isolates (i-1) of Trichoderma spp. was shown in Table 2. In general, recovered isolates of Trichoderma can inhibit the growth of P. sylvaticum isolates by 43 ~ 48%, and P. ultimum isolates by 36 ~ 42%. But in the presence of tebuconazole, poorer biocontrol against Pythium isolates by Trichoderma isolates was observed when compared with their counterparts in the absence of tebuconazole. Furthermore, the colony growth inhibition of Pythium isolates by Trichoderma isolates was reduced with increasing concentration of tebuconazole. At the rate of 20 μg mL-1, the colony growth inhibition of Pythium isolates by Trichoderma isolates only ranged 8 ~ 13%. Similarly, a downward trend with increasing concentration of tebuconazole for the biocontrol against other Pythium isolates by other Trichoderma isolates was also observed (Table S6). Therefore, the biocontrol effect of Trichoderma spp. against Pythium spp. can be strongly inhibited by tebuconazole.
3.6 Tebuconazole concentration in corn seeds 
As shown in Fig. 5, the concentration of tebuconazole extracted from the corn seeds ranged from 19.4 ± 1.6 to 24.1 ± 1.0 μg g-1 seed when corn seeds coated with the recommended rate of 120 mg Kg-1 tebuconazole were imbibed in moist sand for 20 h. The maximum uptake of tebuconazole was measured after imbibition at 15℃.
4 Discussion
[bookmark: _Hlk42261086]Before commercialization of a seed treatment product, phytotoxicity assessment experiments must be conducted to evaluate its safety to target crop seeds. Generally, phytotoxicity due to seed treatment would not occur if the label directions are followed exactly. Besides its fungicidal activity, tebuconazole is well-known for its plant growth retarding effects,(Child, Evans, Allen, & Arnold, 1993; Fletcher, Gilley, Sankhla, & Davis, 2000) and an over dose of tebuconazole has been shown to cause both growth retardation and reduced emergence of corn seedlings.(Yang et al., 2014) However, the underlying reasons for the failed emergence of corn seeds at recommended dose rates of tebuconazole, which occur only rarely but sometimes on a large scale, are not well understood.
We investigated the basis of reduced corn seedling emergence caused by tebuconazole seed treatment, and concluded that poor emergence was due to a combination of growth retardation caused by tebuconazole, low temperature stress, and attack by soilborne pathogens. Of these, infection by soilborne pathogens had the major effect and is the most important (Table 1). Triazole compounds, of which tebuconazole is an example, are known to have growth retarding effects on germination rate in addition to their fungicidal activity.(Child et al., 1993; Fletcher et al., 2000) We found that the growth retardation effect at low temperature stress was negligible if there was no infection by soilborne microorganisms (Table 1). However, a combination of soilborne microorganisms and low temperature caused a significant decrease in seedling emergence and was worsened by a higher tebuconazole dosage. The additive effect of tebuconazole was likely due to its growth retarding effect, which has been shown to extend the period of potential pathogen attack during the pre-emergence stage.(Hamman, Egli, & Koning, 2002; Martin & Loper, 1999) 
[bookmark: _Hlk48072171]To isolate pathogens that tebuconazole failed to control from collected corn seeds, we used tebuconazole amended media. As a result, we isolated multiple Pythium spp. from single rotted seeds, suggesting that Pythium complexes were involved in poor emergence of corn seedlings. However, one of the major challenges of managing diseases caused by more than one species of Pythium is proper identification of all the disease-associated species.(Broders, Lipps, Paul, & Dorrance, 2007) To solve this problem, TA-cloning technology and rDNA sequencing were used to preliminarily identify the Pythium species and subsequently specific Pythium taxa were targeted and isolated for morphological confirmation, rDNA sequencing and bioassays. In addition, isolation and identification of Pythium spp. from decaying corn seeds can be labor-saving in this manner.
Three dominant Pythium species (P. sylvaticum, P. ultimum and P. selbyi) were detected in the decaying corn seeds. Of these, P. sylvaticum and P. ultimum were most pathogenic at 10 ~ 15°C, whereas P. selbyi showed a very low level of pathogenicity (Fig. 2). We therefore propose that P. sylvaticum and P. ultimum are likely the primary contributors to seed rot at low temperatures during seed germination and seedling emergence. A similar observation was made for P. sylvaticum at low temperatures,(Matthiesen, Ahmad, & Robertson, 2016) and Baird et al. also reported that P. ultimum was isolated from corn seeds imbibed at low temperatures but not from seeds imbibed at warmer temperatures.(Baird, Nankam, Moghaddam, & Pataky, 1994) In our study, the aggressiveness of P. sylvaticum and P. ultimum showed a steep downward trend with increasing temperature, and at 25°C their isolates were barely pathogenic. Isolates of other species also showed very low, or no, corn seed pathogenicity at 20 ~ 25℃ (Fig. 2 and Table S4). P. selbyi was dominant in abundance and prevalence but only weakly pathogenic. The roles of these low pathogenicity species in soil microbial communities are unknown, but it has been suggested that they may provide an infection court for other soil-borne pathogens.(Griffin, 1990; Mao, Carroll, & Whittington, 1998) In seed assay experiments at room temperature, highly pathogenic Pythium isolates did not substantially inhibit germination and most of the germinated seeds were visibly healthy, sometimes with small brown lesions observed at the seedling root tips. Therefore, in favorable growing conditions, especially warm climates, corn seedlings can survive initial infection of Pythium complexes; however, under low temperature stress, Pythium infection causes poor emergence of tebuconazole-treated corn seedlings. Our result are consistent with the report of Rothrock et al, who found that the importance of Pythium increased greatly as soil temperature decreased.(Rothrock et al., 2012) It has also been suggested that cooler temperatures favor Pythium spp. in their competition with other soil microbes.(Martin & Loper, 1999) Since Pythium species are ubiquitous in soils, a major field-scale temperature drop after seed planting could represent a key factor for triggering fatal Pythium infection.
[bookmark: _Hlk47731185][bookmark: _Hlk48075557][bookmark: _Hlk48056123][bookmark: _Hlk48056285]Tebuconazole is a seed treatment fungicide with a wide spectrum of activity. It can effectively inhibit the growth of several fungal species, but provides no useful control of oomycetes, including Pythium species. The reason for this is that while tebuconazole is a triazole whose primary target is the biosynthesis of fungal ergosterol, Pythium spp. do not synthesize their own ergosterol.(Gaulin, Bottin, & Dumas, 2010; Lerksuthirat et al., 2017) However, as shown in Fig.3, tebuconazole was found to inhibit to some extent the mycelial growth of Pythium on PDA media. It has been demonstrated that oomycetes are unable to perform an own full de novo synthesis of sterols but can – to different degrees – metabolize exogenous precursors of sterols, and this sterol biosynthesis pathway in oomycetes can be inhibited by triazoles.(Madoui, Bertrand-Michel, Gaulin, & Dumas, 2009; Stenzel & Vors, 2019) This is why epoxiconazole and tebuconazole were also found to inhibit the in vitro mycelial growth of oomycete. However, this effect of triazoles took place on sterol-free media, and it can be partially complemented by adding sterols in growth media, suggesting that some oomycetes are able to acquire and to metabolize exogenous sterols from their environment.(Madoui et al., 2009) These results explained that although triazoles can inhibit the in vitro mycelial growth of oomycetes, they show no activity against oomycetes under field conditions.(Stenzel & Vors, 2019)
[bookmark: _Hlk47731614][bookmark: _Hlk48390640][bookmark: _Hlk48068144]In recent years, attention has been paid to interactions between soil-borne fungi, plant diversity and plant productivity. It has been found that a decline in soil-borne fungal diversity can have a negative impact on plant diversity and productivity.(Maron et al., 2011; Mommer et al., 2018) The effects of soil-borne pathogens diminish with increasing diversity and competition for resources.(Schnitzer et al., 2011) As shown in Fig. 5, the concentration of tebuconazole within corn seed tissues measured here was ~ 20 μg g-1 when they were coated with the recommended dosage of tebuconazole and imbibed in moist sand for 20 h. At this concentration, mycelial growth of the primary Pythium spp., including P. sylvaticum and P. ultimum, was slightly inhibited (< 27%). However, a more effective suppression of mycelial growth of fungi in the soil was observed. For example, Fusarium and Rhizoctonia species, which are common and dominant pathogens in soil,(Papazlatani et al., 2016; Pereg & McMillan, 2015) showed EC50 values of < 10 and 1.0 μg g-1, respectively.(Ivic, Sever, & Kuzmanovska, 2011; Kerns, Yan, & Butler, 2017; Muellenborn, Steiner, Ludwig, & Oerke, 2008; Zhao, Zhang, Hua, Han, & Wu, 2019) In our experiments conducted to recover Trichoderma spp., very few plates containing 10 μg mL-1 of tebuconazole amended PDA media were colonized by fungal communities, and the size of their mycelia was < 2 mm after seven days, whereas the mycelia of Pythium can cover the entire PDA media in each plate with a diameter of 90 mm. This phenomenon provides the direct proof that tebuconazole has a big selective activity between Pythium species and other soil fungi. Therefore, we conclude that the fatal Pythium infection of tebuconazole-coated corn seeds is related to the selective inhibition by tebuconazole of soil-borne fungi releasing less susceptible Pythium pathogens from resource competition. 
Another adverse effect of tebuconazole application is that it can inhibit the natural enemies of plant pathogens, such as Trichoderma spp., in the soil. Trichoderma spp. can act as effective antagonists of many soilborne pathogens including Pythium spp.,(Kandula, Jones, Stewart, McLean, & Hampton, 2015) and can also induce plant immunity to control diseases.(Howell, Hanson, Stipanovic, & Puckhaber, 2000) At 20 μg mL-1 of tebuconazole, the maximum growth of the 12 Trichoderma isolates was found to be only 23.2 ± 2.0% of the control, and some isolates showed < 5% growth of the control at 10°C (Fig. 4). Trichoderma spp. are ubiquitous and often predominant components of the mycoflora in native and agricultural soils, and a substantial Trichoderma diversity is typically found in soil samples.(Mukherjee et al., 2013) Notably, we isolated only three Trichoderma spp. from corn seeds. On 10 μg mL-1 tebuconazole amended PDA media, Trichoderma isolates grew so slowly that recovered isolates only formed < 2 mm diameter mycelia over seven days when isolated from corn seeds. But in plates including those that three Trichoderma spp. were isolate, the mycelia of Pythium can cover the entire PDA media with a diameter of 90 mm over seven days. In addition, the data of Table 2 also demonstrate that the biocontrol effect of Trichoderma spp. against Pythium spp. can be strongly inhibited by tebuconazole. When taken together, we can deduce that Trichoderma spp. provide slight, or no, control effects on soil-borne Pythium pathogens if corn seeds have been coated with a recommended dosage of tebuconazole. 
[bookmark: _Hlk48068398]In summary, infection by soilborne pathogens was the primary contributor to poor seedling emergence of seeds coated with tebuconazole. If a soil was autoclaved, the plant growth retarding effects of seed-applied tebuconazole on seedling emergence was not significant at recommended dose rates of tebuconazole. Tebuconazole amended media was used to isolate putative non-target pathogens of seed-applied tebuconazole and Pythium complexes were recovered and identified as the primary pathogens. We determined that the reasons for the increased infection by non-target Pythium species were: 1) the selective activity of tebuconazole between Pythium species and soil fungi can release to some extent the Pythium spp. from competition with other soil microorganisms; 2) the growth of the natural Pythium enemies in the soil, Trichoderma spp., was strongly inhibited by tebuconazole. Consequently, biological control provided by indigenous natural bioagents was partly lost; and 3) low temperature was a key factor in triggering fatal injury to corn seeds caused by Pythium pathogens. Tebuconazole-coated corn seeds were able to survive the initial Pythium infection at room temperature and recovered Pythium spp. only showed lethal infections at low temperatures. Moreover, Trichoderma growth suppression by tebuconazole was stronger at low temperatures. Taken together, these results suggest that the non-target effects of tebuconazole are likely not significant under favorable plant growing conditions, but are considerable as a result of low temperature stress.
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[bookmark: _Hlk48550846]Table 1 Effect of low temperature stress on seedling emergence (%) of tebuconazole-coated corn seeds in sterilized and non-sterilized soil.
	Variety
	Dosage
（mg Kg-1 seed）
	Ambient temperature
	Low temperature*

	
	
	Non-sterilized
	Sterilized
	Non-sterilized
	Sterilized

	Pioneer 335
	control
	96.7 ± 3.9 a
	98.3 ± 3.3 a
	60.0 ± 5.4 a
	100 a

	
	60
	95.0 ± 3.3 a
	100 a
	48.3 ± 8.4 bc
	98.3 ± 3.3 a

	
	120
	91.7 ± 6.4 abc
	100 a
	43.3 ± 3.9 bcd
	98.3 ± 3.3 a

	
	240
	83.3 ± 3.9 c
	100 a
	35.0 ± 6.4 d
	98.3 ± 0.0 a

	Zhengdan 958
	control
	95.0 ± 6.4 a
	98.3 ± 3.3 a
	73.3 ± 5.4 a
	100 a

	
	60
	93.3 ± 5.4 ab
	100 a
	65.0 ± 8.4 ab
	100 a

	
	120
	91.7 ± 3.3 ab
	95.0 ± 6.4 a
	56.7 ± 8.6 bc
	98.3 ± 3.3 a

	
	240
	85.0 ± 6.4 b
	98.3 ± 3.3 a
	48.3 ± 10.0 cd
	100 a


*low temperature treatment: 21℃/7℃ (13 h/11h) for 6 days, 10℃/3℃ (13 h/11 h) for 5 days, 16℃/7℃ (13 h/11h) for 7 days. Data are mean ± SE (n = 4). Values followed by the same letter within varieties in the same column are not significantly different according to Duncan’s test (α = 0.05).


Table 2 Colony growth inhibition (%) of isolates (i-1) of P. sylvaticum and P. ultimum by isolates (i-1) of T. koningiopsis, T. guizhouense and T. velutinum on PDA media containing 5, 10 and 20 μg mL-1 tebuconazole. The values are mean ± SE from three replications. Information of the isolates is given in Table S2 and S3.
	　
	Tebuconazole
（(μg mL-1)）
	T. koningiopsis
	T. guizhouense
	T. velutinum

	P. sylvaticum
	0
	43.9 ± 1.0 a
	47.2 ± 1.0 a
	48.3 ± 0 a

	
	5
	22.8 ± 1.0 b
	12.8 ±1.0 b
	23.9 ± 1.0 b

	
	10
	17.8 ± 1.0 c
	11.7 ± 0 b
	15.00 ± 0 c

	
	20
	13.3 ± 0 d
	11.1 ± 1.0 b
	13.3 ± 0 d

	
	
	
	
	

	P. ultimum
	0
	36.7 ± 0 a
	41.7 ± 0 a
	42.8 ± 1.0 a

	
	5
	19.4 ± 1.0 b
	16.7 ± 1.7 b
	13.3 ± 0 b

	
	10
	15.00 ± 0 c
	13.3 ± 1.7 bc
	12.2 ± 1.0 c

	　
	20
	13.3 ± 0 d
	11.1 ± 1.9 c
	8.9 ± 1.0 d


* Values followed by the same letter within varieties in the same column are not significantly different according to Duncan’s test (α = 0.05).Figure captions
Fig. 1. Clone Numbers of Pythium groups obtained through TA-cloning and rDNA sequencing using DC6/ITS4 primers in eight decaying corn seeds. All Pythium groups were assigned to Pythium species when compared with the ITS sequence data of recovered Pythium isolates except for P. aristosporum.

Fig. 2. Seed rot severity of four isolates (i-1, i-2, i-3, i-4) of Pythium sylvaticum, P. ultimum, P. selbyi, P. inflatum, P. torulosum and P. heterothallicum on the corn hybrid Pioneer 335 incubated at 10, 15, 20 and 25℃. The bars represent ± SE from three replicates. Information of the four isolates for each species is given in Table S2.

Fig. 3. Growth of six Pythium spp. on PDA media containing 10, 20 or 50 μg ml-1 tebuconazole. The mycelial growth of each isolate at each concentration was divided by the growth on the blank control to determine the percent mycelial growth. Percent growth of four isolates of each species was averaged for each assay. The bars represent ± SE from six replicates. Information related to the species is given in Table S2.

Fig. 4. Growth of four Trichoderma isolates on PDA media containing 10, 20 or 50 μg ml-1 tebuconazole. The mycelial growth of each isolate at each concentration was divided by the growth on the blank control to determine the percent mycelial growth. The bars represent ± SE from six replicates. Information related to the species is given in Table S3.
Fig. 5. Concentration of tebuconazole in corn seeds when seeds were coated with 120 mg Kg-1 tebuconazole and then imbibed in moist sand for 20 h at 10, 15, 20 or 25℃. The bars represent ± SE from six replicates. Values followed by the same letter within temperatures are not significantly different according to Duncan’s test (α = 0.05).





Fig. 1. Clone Numbers of Pythium groups obtained through TA-cloning and rDNA sequencing using DC6/ITS4 primers in eight decaying corn seeds. All Pythium groups were assigned to Pythium species when compared with the ITS sequence data of recovered Pythium isolates except for P. aristosporum.



 
Fig. 2. Seed rot severity of four isolates (i-1, i-2, i-3, i-4) of Pythium sylvaticum, P. ultimum, P. selbyi, P. inflatum, P. torulosum and P. heterothallicum on the corn hybrid Pioneer 335 incubated at 10, 15, 20 and 25℃. The bars represent ± SE from three replicates. Information of the four isolates for each species is given in Table S2.

 
Fig. 3. Growth of six Pythium spp. on PDA media containing 10, 20 or 50 μg ml-1 tebuconazole. The mycelial growth of each isolate at each concentration was divided by the growth on the blank control to determine the percent mycelial growth. Percent growth of four isolates of each species was averaged for each assay. The bars represent SE from six replicates. Information related to the species is given in Table S2.



[bookmark: _Hlk25826930]                  
Fig. 4. Growth of four Trichoderma isolates on PDA media containing 10, 20 or 50 μg ml-1 tebuconazole. The mycelial growth of each isolate at each concentration was divided by the growth on the blank control to determine the percent mycelial growth. The bars represent SE from six replicates. Information related to the species is given in Table S3.




[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21]Fig. 5. Concentration of tebuconazole in corn seeds when seeds were coated with 120 mg Kg-1 tebuconazole and then imbibed in moist sand for 20 h at 10, 15, 20 or 25℃. The bars represent SE from six replicates. Values followed by the same letter within temperatures are not significantly different according to Duncan’s test (α = 0.05).
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