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Abstract

:

Facing rising global food demand in a sustainable way is a great challenge of modern agriculture. Thus, the increase of crop productivity and resilience in an adverse climate scenario is urgently needed. Fungal endophytes have been described as potential biological tools to improve plant yield and tolerance to biotic and abiotic stresses; however, their application in agriculture needs further research. The fungal endophyte Colletotrichum tofieldiae strain Ct0861 establishes a mutualistic interaction with Arabidopsis thaliana, promoting plant growth and silique production at low phosphate conditions. Until now, its ability to colonize and confer benefits to other plant species remained unexplored. Here, we show that Ct0861 colonizes and promotes growth in vitro of maize (Zea mays L.) and tomato (Solanum lycopersicum L.) seedlings, resulting in significantly larger shoot length and weight. Greenhouse and field experiments in optimal nutritional conditions showed an increase between 12% and 22% of yield in both tomato and maize. The inoculated plants were not suffering from phosphate starvation, which points at different modes of action not elucidated yet. These results indicate that the beneficial effect of Ct0861 may extend to other plant species of economic importance, making Ct0861 a potentially valuable inoculant.
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1. Introduction


Feeding the growing global population in an economically and environmentally sustainable way is the main challenge of agriculture in the 21st century. Crop intensification usually relies on unsustainable agricultural practices with increasing agrochemical inputs, generating significant ecological problems [1,2,3]. Therefore, there is an urgent need to develop novel technologies that provide acceptable and durable solutions to increase plant productivity under variable climate conditions, along with the reduction of the incidence of plant diseases and pests [2,4,5]. Although the current agricultural market offers a wide list of microbial-based commercial products [6], their application as supplements to overcome crop threats is not widespread in conventional agriculture [7]. This is mainly due to variable performance in the field and their limited host range [8]. Thus, further studies and a better understanding of plant-microbe interactions in arable and horticultural crop species under field conditions are required to settle microbial products as common agricultural inputs [9,10,11].



Plants in natural ecosystems establish interactions with fungal endophytes, a highly diverse group of fungi that naturally colonize internal plant tissues without causing disease symptoms for at least part of their life cycle [12,13,14,15]. Many of these interactions seem to be mutualistic, with exchange of benefits between the host and the endophyte. The endophyte can promote plant growth, facilitate plant adaptation, and increase tolerance to biotic and abiotic stresses, while the host plant provides shelter and nutrients to the fungus [13,16,17,18]. Although studies on plant-fungal endophyte interactions have frequently been carried out under controlled laboratory conditions, these microorganisms have a real potential to be used in agricultural systems for improvement of plant health, yield, and adaptation to stress and limiting conditions [7].



Colletotrichum tofieldiae strain Ct0861 (Ct0861) has been characterized as a fungal endophyte in natural populations of Arabidopsis thaliana in Central Spain [19,20]. It was demonstrated that the fungus establishes a mutualistic interaction with A. thaliana, promoting plant growth and fertility by the translocation of phosphate (Pi) to the host under Pi starvation conditions [20,21]. Thus, the Ct0861-A. thaliana interaction has been embraced as a novel model to analyze endophytic fungi-plant associations in non-mycorrhizal plants, such as A. thaliana and other Brassicaceae. Furthermore, C. tofieldiae is a worldwide distributed species that has been isolated from many different wild plants, including both monocots and dicots, growing in diverse ecosystems [22,23,24,25]. These characteristics suggest a possible extension of its beneficial effect to other hosts and, therefore, its application to commercial crops. However, the potential benefit of this endophytic fungus in plant species of agricultural interest had not been explored yet.



Maize (Zea mays L.) and tomato (Solanum lycopersicum L.) are among the most important crops in the world. Maize is one of the most cultivated arable crops, with a global production that reached 1134 million tons in 2017, covering 197 million hectares [26]. This production greatly contributes to global food security, since it plays a key role in both human and livestock nutrition worldwide. Tomato is the second most important vegetable crop after potato [26]. Spain is among the ten leading tomato producers in the world, and the second in the European Union (EU) with a total production of five million tons in 2017 [26,27]. Tomato production is among the most advanced and innovative horticultural industries; nonetheless, improvements in the production systems are expected to continue in order to increase sustainability, for instance, by the implementation of microorganisms that might allow the reduction of chemical inputs. Although a great diversity of studies have demonstrated the beneficial impact of certain microorganisms on plant development and yield, such as arbuscular mycorrhizal fungi (AMF) and plant growth promoting (PGP) bacteria, studies on the interaction of maize and tomato with endophytic fungi are still scarce [9]. The aim of the present work was thus to test the ability of Ct0861 to colonize both a monocot and a dicot crop and to stimulate plant development and yield under agricultural conditions. For this, Ct0861 has been assayed in maize and tomato under different growing conditions, using in vitro experiments and open field and greenhouse trials.




2. Materials and Methods


2.1. Fungal Inoculum


The fungus Colletotrichum tofieldiae strain Ct0861 was originally isolated in the central Iberian Peninsula [19], and it is deposited at the Spanish Type Culture Collection (CECT) with accession number CECT 20833. To obtain the fungal inoculum, conidia were harvested with sterile water from seven-days-old cultures on potato-dextrose-agar (PDA) as described in Hiruma et al. [20].




2.2. In vitro Experiments


Maize seeds (Zea mays L. variety LG 34.90) were sterilized following the protocol described in Roca et al. [28] with minor adaptations (3 min in distilled water, 10 min in 70% ethanol, and 15 min in 20% bleach, followed by 3 washes of 3 min each in sterile distilled water), and then inoculated at a dose of 103 conidia·seed−1, or sterile distillated water for the negative controls. This dose was derived from a bulk inoculation with 700 µL of a Ct0861-conidium suspension at 1.4 × 105 conidia·mL−1, or 700 µL water for negative controls, applied to sets of 100 seeds in 50-mL falcon tubes that were then shaken vigorously to obtain an even distribution on the seed surface. Seeds were placed in squared petri plates with ½ MS agar medium at pH 5.7 and incubated in darkness at 24 °C.



Tomato seeds (Solanum lycopersicum L. variety Kenety F1) were sterilized (5 min in 70% ethanol – 0.05% Sodium Dodecyl Sulfate and 5 min in absolute ethanol) and inoculated at a dose of 104 conidia·seed−1 or sterile distillated water for the negative controls. This dose was derived from a bulk inoculation with 160 µL of a Ct0861-conidium suspension at 3.8 × 106 conidia·mL−1, or 160 µL water for negative controls, applied to sets of 60 seeds in 15-mL falcon tubes that were then shaken to allow an even distribution of the conidia on the seed surface. Square petri plates were filled with 70 mL of ½ MS agar medium at pH 5.7. Afterwards, the agar at 6 cm under the upper edge was sliced and removed, in order to avoid the shoots being in direct contact with the growth medium. Treated seeds were sown on the ledge of the agar and the plates were set vertically in a growth chamber at 24 °C with a long-day photoperiod (14 h light/10 h dark).



Shoot and root length and fresh weight of both maize and tomato seedlings were evaluated after seven days of incubation. Two independent in vitro experiments with five replicates and five plants per replicate and per treatment were carried out for each plant species. The data of a total of 50 plants per treatment were pooled for statistical analyses.



Ct0861 colonization of the seedlings was evaluated by fungal re-isolation from surface-sterilized plant tissues at 10 days after sowing. Roots, mesocotyls, and apical tissues of coleoptile of 15 maize seedlings and roots, and hypocotyls and cotyledons of 15 tomato seedlings were cut into small pieces and surface sterilized by adapting the protocol described in García et al. [19] (1 min in distilled water, 3 min in 20% bleach, and 3 times of 1 min in sterile distilled water). Tissue pieces were incubated for one week in moist chamber and PDA plates, and observed under the binocular (Supplementary Figure S1).




2.3. Confocal Microscopy


Maize and tomato seeds were grown and inoculated as described for the in vitro experiments, but using a transgenic Ct0861 strain that expresses cytoplasmic GFP (Ct0861-GFP) [20]. The plant material samples were observed on a Zeiss 880 confocal microscope under the excitation of the laser line 405 nm to detect the cell wall autofluorescence and the emission was collected in the range 410–585 nm. GFP signal was excited by the argon laser line of 488 nm and the emission was detected in the range 493–598 nm. To rule out any crosstalk, both channels were acquired sequentially. The figure was composited on Adobe Photoshop CS3 extended. To enhance the contrast of the images, only the automatic levels tool was applied.




2.4. Maize Field Trial


2.4.1. Site Description, Irrigation, and Fertilization


The experiment was conducted from May to October 2018 in an experimental station located at Pilar de la Horadada, Alicante (37°51’46.0” N-0°48’30.6” W, 35 m above mean sea level) in the south-eastern part of the Iberian Peninsula. According to the Köppen–Geiger classification, the climate is hot steppe (BSh) [29] with average annual temperature of 17.6 °C (ranging from 10.8 °C in January to 25.5 °C in August). Mean annual precipitation is 313 mm, with June, July, and August being especially dry months (average of 7, 2, and 7 mm, respectively) [30]. The mean annual humidity is 71% [30].



Field soil physico-chemical properties were analyzed before maize sowing and after harvesting (Supplementary Table S1). Based on the results, the experimental field was amended with nitrogen (176 kg·ha−1) and sulphur (96 kg·ha−1) fertilizers as recommended for maize. Plants were watered by drip irrigation and water requirements were calculated using long-term data from the closest climate station, located in San Javier (37°47’20’’ N, 0°48’12’’ W) [31].




2.4.2. Plant Material and Inoculation


Three different doses of Ct0861 (2 × 102, 2 × 103, 2 × 104 conidia·seed−1 for CtST1-Zm, CtST2-Zm and CtST3-Zm, respectively, Table 1), and water as negative control (M-Zm), were applied on fungicide-free maize seeds (Zea mays L. variety LG 34.90) just prior to sowing. These doses were derived from a bulk inoculation with 3 mL of Ct0861-conidium suspensions at 3 × 104, 3 × 105, and 3 × 106 conidia·mL−1; or 3 mL water for the negative control (M-Zm), applied to sets of 100 g of seeds (approx. 430 seeds) in clean plastic bags that were then shaken vigorously to obtain an even distribution of the conidia on the seed surface.




2.4.3. Trial Design


Four treatments with four replicates (plots) each were included in the maize experiment (Table 1). The total parcel area was 1182 m2 with 21 rows of 52.5 m in length and 0.75 m distance between rows. Each plot consisted in three rows of 9 m in length, and a total area of 20.25 m2. Due to the colonization potential of control plants by Ct0861 through soil dissemination, plots containing control treatments were separated from the Ct0861-inoculated plots by a distance of 6 m, following a split-plot design. Border and buffer plants were grown all along the plots and in the separation areas between control and inoculated plants.




2.4.4. Measurements


All measurements were taken from the plants growing in the middle row of each plot. Plant stem height was recorded from 20 plants per plot (80 plants per treatment) at reproductive stage R3. The number of mature cobs per plant was recorded for 4 plants per plot (16 plants per treatment). To calculate mean cob weight per plant, mature cobs from 44 plants from the same plot were collected and weighted together. Then, they were de-kernelled and kernels were weighted together to determine mean plant yield for each plot. The weight of 1000 of those kernels was determined twice for each plot. Kernel humidity was assessed in order to normalize weights to 15.5% of water content. Yield in t·ha-1 was calculated according to trial plant density (75,000 plants·ha−1).





2.5. Tomato Greenhouse Trial


2.5.1. Site Description, Irrigation, and Fertilization


The experiment was conducted from February to September 2019 in a production greenhouse located at the experimental station already described for the maize field trial in 2.4.1. Tomato plantlets were grown in peat (Projar, Sustrato Seed Pro5050) for two months, then transferred to the greenhouse and transplanted to 8 L pots filled with the substrate mixture 50% peat (Projar, Sustrato Seed Pro 5050)—50% perlite (Projar, Perlita Expandida 3–6 mm). Supplementary Table S2 shows the physico-chemical properties of these two substrates. Plants were watered with a drip irrigation system as needed, based on commonly-applied irrigation practices for the region, and followed a standard fertigation program for tomato (Supplementary Table S3).




2.5.2. Plant Material and Inoculation


Tomato seeds free of fungicide (Solanum lycopersicum L. variety Kenety F1) were inoculated at a dose of 105 conidia·seed−1 for the seed treatment (CtST-Sl, Table 2). This dose was derived from a bulk inoculation with 400 µL of Ct0861-conidium suspension at 5 × 107 conidia·mL−1 applied to sets of 170 seeds in 50-mL falcon tubes that were then shaken to allow a proper distribution of the conidia on the seed surface. Water was applied on seeds as negative control (M-Sl). In the irrigation treatment (CtIR-Sl, Table 2), tomato plants were treated ten days after transplanting by adding 10 mL of Ct0861 conidium suspension at 2 × 105 conidia·mL−1 on the substrate to reach a dose of 2 × 106 conidia·plant−1. At the same time, CtST-Sl and M-Sl plants received a control application of 10 mL water.




2.5.3. Trial Design


A randomized complete block (RCB) design was used in the tomato experiment with three treatments (Table 2), each with six replicates of eight plants. The total greenhouse area was 56 m2 with 8 rows of 7 m and 1 m distance between rows. Border and buffer plants were planted around the trial plot.




2.5.4. Measurements


In total, five harvests were carried out until the end of the crop cycle (08/07/2019, 05/08/2019, 09/08/2019, 16/08/2019, and 30/08/2019). Mature fruits were collected, counted, and weighted individually. The total harvest period was divided into three regular time intervals: (a) 08-25/07/2019, (b) 26/07-12/08/2019, (c) 13-31/08/2019. Harvest parameters belonging to the same time interval were summed and differences among intervals were analyzed. The final total weight was calculated by the sum of the five harvests. Mature fruits were collected, counted, and weighted individually. Yield per hectare was calculated based on a density of 20,000 plants·ha−1. To evaluate root weight, four plants per block were randomly selected at the end of the crop cycle. Roots were washed with tap water and dried at room temperature until no change in weight was observed.





2.6. Detection of Fungal Colonization


Ct0861 colonization of tomato plants was evaluated by re-isolation (as described in the in vitro experiments) in roots, stems, and leaves; and molecular detection of Ct0861 by real-time PCR in roots of 20 plants per treatment one month after inoculation. For real-time PCR, DNA was extracted from root tissues using DNeasy Plant Mini Kit (Qiagen) and its integrity verified by agarose gel electrophoresis. Brilliant III Ultra-Fast QPCR Master Mix (Agilent) was used for the PCR reaction as reagent mixture in combination with the C. tofieldiae specific primers PRB110_00602#3 5′ CTCGTGTGACTGCGTTGTTG 3′ and 5′TGGGTTGTGCGGGATTCAG 3′; and dual labelled probe DLP PRB110_00602#3 (5′-6-FAM- ATAGGTTTCCTACGCTGGCGCGTT-TAMRA-3′), using 20 ng of total template DNA in 10 µL of total reaction volume. Amplification reactions were carried out using the LightCycler® 480 System (Roche), including four technical replicates for each sample. Data acquisition and analysis were performed using the LightCycler® 480 SW 1.5 software. Ct0861 colonization of maize plants was assessed by real-time PCR in the roots from one plant per plot at harvest by using the same real-time PCR protocol as for the tomato plants.




2.7. Statistical Analyses


Statistical analyses were performed in RStudio software (Version 1.0.143). In order to check normality and homogeneity of variances assumptions, both Shapiro–Wilk normality test and Bartlett test of homogeneity of variance were performed using ‘shapiro.test’ and ‘bartlett.test’ functions, respectively (R package stats). Two-sample t-tests (p < 0.05) were used to check for inoculation effects, using the R package stats. For two-sample comparisons of data that did not meet the normality assumption, data were first checked for homogeneity of variances with the Fligner–Killeen test by running ‘fligner.test’ function (R package stats) and then a two-sample Wilcoxon–Mann–Whitney (WMW) Test (p < 0.05) was conducted using the ‘wilcox_test” function (R package coin). Multiple comparisons of data meeting normality and homogeneity of variances were performed by ANOVA tests (p < 0.05) using ‘aov’ function (R package stats). Multiple comparisons of means were analyzed by least significant difference test (LSD test) using ‘LSD.test’ function (R package agricolae). Kruskal–Wallis (KW) rank sum test (p < 0.05) was undertaken for data that did not meet ANOVA assumptions by using ‘kruskal.test’ function (R package stats). Post-hoc Nemenyi pairwise test for multiple comparisons of mean rank sums was conducted in this case using ‘posthoc.kruskal.nemenyi.test’ function (R package PMCMR). To analyze the effect of factors “treatment”, “harvest interval”, and their interaction on tomato yield parameters, a two-factor analysis of variance of aligned rank transformed data was conducted, since data did not meet normality assumptions. For this, data were first transformed with ‘art’ function (R package ARTool). The appropriateness of the procedure was verified by checking that the column sums of aligned responses and the F values of ANOVAs on aligned response not of interests tended to zero with ‘summary’ function (R package base). Finally, ANOVA was run on transformed data using ‘anova’ function (R package stats) with table type analysis of deviance table (Type III Wald F tests with Kenward–Roger degrees of freedom) and a mixed effects model (‘lmer’). Random effects were accounted for replicate (or plot) in all statistical analysis.





3. Results


3.1. Ct0861 Colonizes Maize and Tomato Plants and Increases Maize and Tomato Seedlings Growth In Vitro


Maize and tomato seeds were inoculated with Ct0861 spores and grown in vitro on MS-agar plates to evaluate the impact of the fungus on the growth of the plants at early phenological stages. After seven days, both maize and tomato seedlings inoculated with Ct0861 presented significantly longer shoots (WMW test, tomato: Z = 0.0057, p = 0.002; maize: Z = 2.7315, p = 0.005) with higher fresh weight (WMW test, tomato: Z = 3.5369, p < 0.001; maize: Z = 2.4239, p = 0.02) in comparison to the untreated controls (Figure 1, Table 3). In terms of root development, Ct0861-both inoculated maize and tomato seedlings tended to result in longer roots with greater fresh weight than the non-treated plants (Figure 1), although a significant increase was only observed in the case of tomato root length (WMW test, Z = 3.3155, p = 0.002; Table 3).



The colonization of the plants by Ct0861 was validated by the re-isolation of the fungus from the different tissues of the plants at 10 days after seed inoculation. No external signs of Ct0861 were observed in living tissues, but it was possible to observe the typical conidiomata called acervuli in cut off plant tissue sections that were surface sterilized and incubated in moist chamber (Supplementary Figure S1). We observed acervuli in surface-sterilized tissues of 93% of tomato and 100% of maize seedlings. In tomato, acervuli were observed in sections of roots and hypocotyl of 86% of the seedlings and in sections of cotyledons of 93% of the seedlings. In the case of maize, acervuli were observed in sections from both root and the coleoptile in all seedlings. No Ct0861 growth was observed in tissues from non-inoculated plants. The fact that the sections had been surface-sterilized suggests that Ct0861 was able to colonize the inner part of the different tissues of the germinating seedling, as described similarly in Hiruma et al. [20].



We used live cell confocal microscopy with the transgenic Ct0861 strain expressing GFP (Ct0861-GFP) originally described by Hiruma et al. [20] to observe in more detail the colonization process of maize and tomato seedlings six days after seed inoculation. We observed fungal hyphae growing inside the roots of both maize and tomato (Figure 2, Supplementary Videos S1 and S2). In maize, we could see hyphae occupying the intercellular space and directly penetrating epidermal root cells (Figure 2A,B and Supplementary Video S1). In tomato, a highly-dense net of hyphae was observed around the root, with some hyphae occupying the inside of epidermal cells and ramifying towards adjacent cells (Figure 2C,D, Supplementary Video S2). We did not observe hyphae inside the mesocotyl or coleoptile of maize; and neither inside the hypocotyl or cotyledons of tomato seedlings. Instead, we observed hyphae growing on the surface that produced melanized appressoria but did not differentiate invasive hyphae inside the plant tissue, similarly to what was described in Hiruma et al. [20] (data not shown). These results suggest that colonization of upper parts of the plant is carried out from the root and not directly from appressoria.




3.2. Ct0861 Increases Maize and Tomato Growth and Yield in Grower-Close Conditions


In the next step, we assessed the performance of Ct0861 on maize and tomato cultivated under standard grower conditions. In the case of maize, seeds from the commercial variety LG 34.90 were inoculated with three different doses of Ct0861 and sown in a natural soil. Plant emergence and survival measured after 30 days was between 95% and 98% and did not differ from the untreated control. For each treatment, the growth of maize plants was first assessed by recording the stem height of 80 plants at phenological stage R3. Plants inoculated with Ct0861 were significantly taller than the negative controls (KW test, Χ2 = 33.748, p < 0.001) (Table 4). No significant difference in height was observed between the plants inoculated at different doses. Reproductive parameters were evaluated at the end of the plant life cycle. Negative control plants showed yield parameters compatible with the expected yield (12–12.5 t·ha−1) provided by the seed breeder at the same plant density [32], showing that the experiment was done under optimal growth conditions. The inoculation with Ct0861 had a positive effect on the number of cobs per plant (5% of increase), cob weight per plant (7% to 20% of increase), and 1000 kernels weight (1% to 4% of increase) in a dose-response dependent manner, resulting in a significant increase in yield (kernel weight) per plant between 7% and 22%, that was highest for plants treated at the highest dose (CtST3-Zm) compared to the control plants (ANOVA, F3 = 4.167, p < 0.05, Table 4). The colonization by Ct0861 was evaluated at harvest by real time PCR in the roots of one plant per plot for CtST3-Zm and negative control (M-Zm) treatments. Ct0861 was detected in 75% of CtST3-Zm-analyzed plants and it was not detected in any of the M-Zm sampled plants.



In the case of tomato, the effect of Ct0861 was assayed by applying it either on seeds or by irrigation 10 days after transplanting. Tomato plants were cultivated in substrate-containing pots in a greenhouse using standard conditions for tomato fruit production. Both Ct0861 treatments positively affected dry root weight measured at the end of the crop cycle, which was a significant 2% higher than in negative controls (ANOVA, F2 = 4.886, p = 0.01; Table 5). Furthermore, tomato plants inoculated with Ct0861 had a significant increase in the number of buds (49% to 64% increase, KW test, Χ2 = 40.993 and 61.031, p < 0.001) and open flowers (20% to 54% increase, KW test, Χ2 = 7.0964 and 33.649, p < 0.001) measured at 12 and 13 weeks post sowing. Fruits were harvested and measurements recorded five times during trial development until the end of the plant life cycle, and data of three regular harvest intervals (Supplementary Table S4) were compared by means of a two-way analysis of variance of aligned rank transformed data (Supplementary Table S5). We observed a significant increase during the productive cycle for all the parameters measured and significant differences between treatments in each harvest interval for the number of fruits per plant (KW test, HI1: Χ2 = 31.359, p < 0.001, HI2: Χ2 = 6.9, p = 0.032; HI3: Χ2 = 13.38; p = 0.0012) and total yield (ANOVA, HI1: F2 = 10.75, p = 0.0013, HI2: F2 = 8.047, p = 0.018; HI3: F2 = 10.8; p = 0.0012) (Figure 3). However, for fruit weight and yield per plant, the significant differences were found at the beginning and the end of the productive period, but not in the middle (Supplementary Table S4). We also found a significant interaction between the factor “harvesting interval” and “treatment” (Supplementary Table S5) that reflects that the differences between treatments were not constant along the productive cycle, but were enhanced at the beginning and at the end, and that these differences depended on the treatment, being more pronounced for the irrigation treatment. This significant interaction is not found for the number of fruits per plant, meaning that the differences between treatments are maintained along the productive cycle.



The total tomato yield was calculated and expressed in kg per plant and tons per hectare (Table 5), showing a significant increase in total yield (6% to 12% increase, ANOVA, F2 = 23.45, p < 0.001) in Ct0861-inoculated tomato plants that was associated with a higher number of fruits produced per plant (4% to 8% increase, KW test, Χ2 = 28.195, p < 0.001) and an increase of the average weight per fruit (1% increase, KW test, Χ2 = 17.26, p < 0.001). The colonization by Ct0861 for each treatment was evaluated in 20 plants sampled one month after inoculation. Using a real time PCR approach, Ct0861 was detected in 13% of CtST-Sl plants and 31% of CtIR-Sl plants. In a second approach, Ct0861 was re-isolated from plant material on PDA plates. In this case, the colonization percentages were 6% (CtST-Sl) and 81% (CtIR-Sl). There was no correspondence between re-isolation and molecular detection method in CtST-Sl-treated plants, whereas all real time PCR positive plants were also positive by re-isolation in CtIR-Sl-treated plants. Thus, combining the results of the two detection methods, Ct0861 was detected in 19% of CtST-Sl plants and 81% of CtIR-Sl plants. In CtST-Sl plants, Ct0861 was only detected in roots, whereas in CtIR-Sl plants, Ct0861 was also detected in the stem. Ct0861 was not detected in any of the mock treated negative controls. Irrigation treatment gave significantly better results in terms of yield and number of fruits when compared to the seed treatment, and this result correlated with a greater detection of the fungus in the plant. This could be due to the higher Ct0861 dose applied in the irrigation treatment (2 × 106 conidia·plant−1) than in the seed treatment (105 conidia·seed−1).





4. Discussion


In this work, we provide the first evidence of the ability of the fungal endophyte C. tofieldiae to colonize maize and tomato plants and to induce plant growth, fertility, and yield increase in greenhouse and open-field trials; expanding previous knowledge obtained with the model plant A. thaliana at laboratory conditions and bringing this knowledge closer to its agricultural application. Hiruma et al. [20] demonstrated that Ct0861, isolated from a wild A. thaliana plant in central Spain, establishes a mutualistic interaction with its host, increasing Pi uptake of the plant and promoting its growth under laboratory conditions. C. tofieldiae is a fungus that is distributed worldwide and has been isolated from many different wild plant species, including both monocots and dicots, growing in diverse ecosystems [22,23,24,25]. These characteristics led us to hypothesize about the possible extension of its beneficial effect to other hosts and its application to commercial crops. It has been proposed that the ability of fungal endophytes to confer benefits to a wide range of hosts may be the rule rather than the exception [33]. However, despite increasing evidence of the positive effects of the plant microbiome, application transfer from the lab to the field across different plant species is still scarce [7,8,10]. A substantial problem hampering the agricultural adoption of beneficial microorganisms is the lack of reproducibility and consistence of their performance under varying environments, or the insufficient persistence of their effect along the whole crop cycle [7,11].



The genus Colletotrichum (ascomycete teleomorph Glomerella) is a large and widespread group, with around 40 recognized species and species aggregates, many of them plurivorous, from a wide range of host plants [34]. Some Colletotrichum species are important plant pathogens, producing anthracnose symptoms in tropical and subtropical crops [35]. However, there is increasing evidence of the high diversity and frequency of endophytic Colletotrichum species, some of them having beneficial effects on the host [36,37,38,39,40,41,42,43], and being the endophytic lifestyle associated to a wide host range [44]. The genomic comparison of different isolates of C. tofieldiae with related species suggested that this species evolved from pathogenic ancestors by reducing its set of candidate secreted effector proteins (CSEPs) and the expansion of chitin-binding and secondary metabolism-related protein families [21]. Indeed, the frontier between pathogens and endophytes is frequently blurred [45,46,47], and there are several examples where the outcome of the interaction depends on few environmental or genetic factors [48], even for mycorrhiza relationships [49,50]. Although there is some evidence showing that parasitism predates other lifestyles [21,51,52], it is still hard to draw general conclusions. However, the fact is that the type of interaction with the plant is a polyphyletic trait and, besides Colletotrichum, there are many other genera and even species that contain both pathogens and endophytes [53], such as Phoma, Plectosphaerella, and, notably, Fusarium [54,55,56]. Belonging to closely related species, pathogenic and endophytic strains may share most of their genomes and interaction mechanisms with the plant [48,57].



We have shown that Ct0861 colonizes maize and tomato seedlings in vitro without causing disease symptoms and promoting root and shoot growth. Confocal microscopy images and the re-isolation of Ct0861 from surface-sterilized tomato cotyledons and maize coleoptile fragments suggest that the fungus penetrates first the radicle tissues and then moves systemically to reach the upper parts of the plant. Our results are in agreement with previous studies in A. thaliana where Ct0861 colonized Arabidopsis roots and progressed to the shoot by the root central cylinder, but was not able to penetrate into the plant when it was inoculated on the leaves [20]. These results suggest that Ct0861 employs similar mechanisms to enter and colonize distant plant host species.



Our study reveals Ct0861 as a generalist able to improve yield in both monocotyledonous and dicotyledonous plant species, such as maize and tomato. There are some other examples of beneficial fungi such as Glomus spp. and other arbuscular mycorrhizal fungi (AMF) [58,59,60,61,62,63] or the endophyte P. indica [64] that also have wide host ranges and show beneficial effects under different conditions. It has been shown that P. indica promotes vegetative growth and early flowering, improves seed germination, and increases yield in multiple plant species [13]. Similarly to Ct0861, P. indica has been reported to increase plant fresh biomass of four-week maize [65] and tomato plants in pots grown in a greenhouse [66,67]. However, regarding yield increase, studies with P. indica on tomato are contrasting, and the effect obtained with this endophyte seems to depend on the moment of observation. At an early fruit production phase, the yield tends to be higher in colonized plants [66,67], while other studies have shown that the total fruit production and yield does not differ from the controls [68]. These results are similar to the effect found with dark septate endophytes (DSE) in tomato [69] and suggest an early or accelerated development of colonized plants rather than an increase of the total yield. Thus, it is important to measure the yield at the end of the plant life cycle in order to distinguish a true increase in yield from an effect on the development. In a recent study, 28 fungal endophytic isolates of 22 species from different crop plants were tested for their ability to promote tomato growth and yield [70]. All isolates significantly increased plant biomass parameters and six of them improved tomato fruit yield at the end of the crop cycle. Here, we show that Ct0861 improves tomato plant fertility at early reproductive stages by inducing the production of buds and flowers and enhancing yield by increasing the number of fruits and fruit weight over the whole plant life cycle, although the observable effect is not constant, being intensified at the beginning and at the end of the productive period. Our findings showed that Ct0861 induces an increase in maize yield associated to an increase in kernel weight and a higher average number of cobs per plant. AMF colonization can also increase kernel size in maize in addition to yield [60]. There are several studies on the associations of maize in field with AMF, some of them providing contrasting results in terms of yield increase [11,42,59,71,72]. However, although there is abundant work on the description of the factors affecting the composition of endophytic communities [73,74,75,76], only few data on the effect of fungal endophytes in open-field trials are available [77]. Given that maize is one of the most cultivated arable crops worldwide and the potential advantages of the utilization of fungal endophytes in modern agriculture, further investigations should focus on the interactions of this crop with these fungi and their mode of action.



We detected Ct0861 by real time PCR in the roots of 75% of the inoculated maize plants at harvest, which indicates that this fungus was able to survive throughout the whole plant life cycle in most of the plants. The molecular detection in the roots of tomato plants, however, was much lower, and depended on the inoculation method, with 13% positive seed-inoculated plants and 31% positive plants inoculated by irrigation. A higher percentage of colonized tomato plants was detected by the classical re-isolation method, reaching 81% of positive plants among those inoculated by irrigation. The lower detection capacity of real time PCR compared with re-isolation is indicative of a low amount of Ct0861 in the plant, below the detection threshold of the PCR method. Re-isolation method was more sensitive probably because very low amounts of fungus in the plant become evident when growing in optimal culture conditions. This low amount of fungus in the plant suggests that Ct0861 is not a very invasive fungus, although more studies are needed to ascertain the fungal growth dynamics during plant life cycle and its survival ability in the field. Irrigation treatment gave better results for the number of fruits per plant and yield, which correlated with the higher percentage of colonized plants. The better results of this treatment could be due to the higher Ct0861 dose applied (2 · 106 conidia·plant−1) compared with the seed treatment (105 conidia·plant−1), rather than the method itself. A dose-response effect of Ct0861 was indeed evident in maize, with a significantly higher yield of plants inoculated with the higher dose.



The already described mechanisms governing the beneficial effect of Ct0861 in Arabidopsis are regulated by Pi availability [20]. Our results with maize and tomato do not seem to be dependent on the nutritional status of the plant, since in vitro, greenhouse and field experiments were performed under optimized conditions. Thus, the beneficial effect observed in this work suggests the existence of another mode of action than described in Arabidopsis. Different modes of action have also been described for other beneficial fungi. The fungal endophyte Mucor sp. has been reported to positively regulate the growth of Arabidopsis under optimal nutrient and water supply [78]. The results suggested that the colonization of the endophytic fungus improved plant CO2 assimilation and water use efficiency and optimized photosynthesis and carbon uptake triggered by the upregulation of the expression of genes involved in typical photosynthesis response to carbon deficiency. A similar study revealed that maize root colonization by Trichoderma virens increased the photosynthetic rates in leaves because of the sucrolytic activity in the fungal cells at the root [79]. The enrichment for secondary metabolite-encoding genes in Ct0861 genome in comparison to other endophytic and mycorrhizal fungi [21] and consequently, the secretion of fungal metabolites, might play a role in the beneficial effect observed in inoculated plants. Such mechanisms have also been reported for P. indica, which relies on phytohormone production, such as auxin [80], or on the modulation of phytohormone signaling [81] and related gene expression [82,83] to produce an accelerated root development, which finally induces general plant vegetative growth promotion [84]. Moreover, the abscisic acid pathway in Arabidopsis, as a response to P. indica, improved plant growth via calcium [85], phosphoinositide, and certain protein kinases [86]. Enhanced protection against oxidative stress via production of antioxidants or its induction in the host seems also to be a common mechanism in mutualistic interactions between plants and fungal endophytes, especially under stress conditions [87,88]. Several studies reported that tolerance to different abiotic stresses induced by P. indica is associated to an increase in antioxidant activity [89,90,91,92]. The effect of Ct0861 on crops undergoing abiotic stress is currently being investigated. Taken all together, we hypothesize that several mechanisms, rather than a unique mechanism, might contribute to the benefits obtained by the plant from its interaction with Ct0861.



In summary, after it has been shown that the fungal endophyte C. tofieldiae Ct0861 confers fitness benefits in the model plant A. thaliana [20], we deliver the first example of the potential application of this fungus in agriculture and horticulture. However, the mechanisms whereby this fungus confers such benefits to these crops remain unknown and are subject to future research. Additional efforts are also required to decipher the role and effect of Ct0861 in multitrophic interactions with changing environmental conditions such as climate, soil type, microbiota, etc.—by means of further experiments in different locations and different years studying the dynamics of the colonization of the plants in the field, the persistence in the plant, and the interaction with the microbiome—in order to be able to develop predictive models to achieve optimal exploitation of Ct0861-based plant growth and production in agriculture complying with current socio-economic needs.




5. Patents


S.S. is inventor of patent WO2015/092104 on the commercial use of isolate Ct0861 assigned to UPM and PlantResponse Biotech, S.L. and licensed by PlantResponse Biotech, S.L.
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Figure 1. Representative image of maize (A) and tomato (B) seedlings from seeds inoculated with Ct0861 or water for control and grown in ½ MS medium for six days. Maize seeds were inoculated at a dose of 103 conidia·seed−1 and grown in darkness at 24 °C. Tomato seeds were inoculated at a dose of 104 conidia·seed−1 and cultivated vertically at 24 °C with a photoperiod of 14 h of light and 10 h of darkness. 
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Figure 2. Orthogonal projections obtained on a Zeiss 880 confocal microscope. (A,B) Maize roots inoculated with Ct0861-GFP. (C,D) Tomato roots inoculated with Ct0861-GFP. (A) Projection at position z = 13. (B) Maximum projection. (C) Projection at position z = 7. (D) Maximum projection. Green fluorescence detects Ct0861-GFP hyphae. The blue signal corresponds to the autofluorescence of the cell walls. Arrows show the position of the hyphae inside the cells. 
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Figure 3. Effect of Ct0861 on number of fruits per plant (A) and total yield (B) split by harvest interval (HI) of tomato grown in a production greenhouse. Labels related to different treatments are described in Table 2. Data correspond to a harvest period of 53 days divided in three regular intervals of 17 days. Yields were summed within each harvest interval. The number of fruits per plant (n = 48 plants) were analyzed by Kruskal–Wallis test with Nemenyi post-hoc test. Yield (t·ha−1) (n = 48 plants) was analyzed by one-way ANOVA with LSD post-hoc test. Different letters within each harvest interval indicate significant differences among treatments (p < 0.05). Error bars represent standard errors. 
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Table 1. Experimental design for the open-field maize trial.
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	Treatment Name 1
	Dose (Conidia·Seed−1) 2
	Dose (Conidia·ha−1)





	M-Zm
	-
	-



	CtST1-Zm
	2 × 102
	2 × 107



	CtST2-Zm
	2 × 103
	2 × 108



	CtST3-Zm
	2 × 104
	2 × 109







1. Each maize treatment comprises 4 replicates (plots). 2. Seeds were treated prior sowing with a conidium suspension in water at the indicated doses or water for the negative control (M-Zm).
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Table 2. Experimental design for the greenhouse tomato trial.






Table 2. Experimental design for the greenhouse tomato trial.











	Treatment Name 1
	Dose (Conidia·Seed−1 or Plant−1)
	Dose (Conidia·ha−1)
	Application 2





	M-Sl
	-
	-
	



	CtST-Sl
	105
	109
	Seed treatment



	CtIR-Sl
	2 × 106
	2 × 1010
	Irrigation







1. Each tomato treatment comprised 6 replicates of 8 plants each. 2. Seeds were treated prior sowing with a conidium suspension in water at the indicated doses (CtST-Sl treatment), or water for the negative control (M-Sl) and CtIR-Sl treatments. The irrigation treatment consisted of watering the plants ten days after transplanting with 10 mL of a conidium suspension (CtIR-Sl treatment), or water for M-Sl and CtST-Sl treatments.
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Table 3. Effect of Ct0861 on root and shoot growth of maize and tomato seedlings grown in vitro from inoculated seeds.
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	Treatments
	Root Length (cm)
	Root Weight (mg)
	Shoot Length (cm)
	Shoot Weight (mg)





	Maize
	
	
	
	



	Control
	9.5 ± 5.3 a
	190.3 ± 121.5 a
	10.3 ± 5.3 a
	175.7 ± 122.0 a



	Ct0861
	10.5 ± 4.0 a
	198.1 ± 118.2 a
	16.1 ± 6.2 b
	246.5 ± 141.1 b



	Tomato
	
	
	
	



	Control
	5.7 ± 2.2 a
	8.0 ± 2.1 a
	3.3 ± 1.3 a
	28.5 ± 14.5 a



	Ct0861
	7.3 ± 2.1 b
	8.2 ± 2.4 a
	4.2 ± 1.1 b
	40.7 ± 14.5 b







Data are means ± standard deviations of n = 50 plants for each host and were analyzed by two sample Wilcoxon–Mann–Whitney test. Different letters within each column and plant species indicate significant differences among treatments (p < 0.05).
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Table 4. Effect of Ct0861 in plant growth and yield of maize grown in open field.
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	Treatments 1
	Stem Height (m)
	Number of Cobs Per Plant
	Mean Cob Weight Per Plant (g)
	1000 Kernels Weight (g)
	Mean Yield·Plant−1 (g)
	Yield (t·ha−1)





	M-Zm
	2.47 ± 0.24 b
	1.25 ± 0.45 a
	198.2 ± 30.0 a
	381 ± 18 a
	169.0 ± 28.8 b
	12.5 ± 2.1 b



	CtST1-Zm
	2.62 ± 0.26 a
	-
	211.2 ± 18.4 a
	386 ± 11 a
	181.6 ± 15.0 ab
	13.4 ± 1.1 ab



	CtST2-Zm
	2.70 ± 0.21 a
	-
	224.4 ± 26.9 a
	388 ± 20 a
	191.7 ± 24.2 ab
	14.1 ± 1.8 ab



	CtST3-Zm
	2.63 ± 0.28 a
	1.31 ± 0.50 a
	237.3 ± 30.4 a
	395 ± 11 a
	206.8 ± 23.3 a
	15.2 ± 1.7 a







1 Labels related to different treatments are described in Table 1. Data (means ± standard deviations) related to stem height (m) (n = 80 plants, 20 plants per plot) and 1000 kernels weight (n = 4 plots with 44 plants each) were analyzed by Kruskal–Wallis test with Nemenyi post-hoc test. Data from number of cobs per plant (n = 16 plants, 4 plants per plot) were analyzed by two sample t-test. Data from mean cob weight per plant, mean yield per plant and yield (n = 4 plots with 44 plants each) were analyzed by one-way ANOVA with LSD post-hoc test. Different letters within each column indicate significant differences among treatments (p < 0.05).
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Table 5. Effect of Ct0861 in plant growth and yield of tomato grown in a production greenhouse.
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Treatments 1

	
Root Weight (g)

	
N. Buds·Plant−1 2

	
N. Open Flowers·Plant−1 2

	
Total Fruits Plant−1

	
Mean Fruit Weight (g)

	
Yield·

Plant−1 (kg)

	
Yield (t·ha−1)




	
M1

	
M2

	
M1

	
M2






	
M-Sl

	
363.5 ± 11.2 a

	
5.1 ± 1.6 a

	
6.6 ± 1.5 a

	
2.9 ± 1.1 a

	
3.5 ± 1.3 a

	
24.8 ± 1.6 a

	
128.5 ± 2.1 a

	
3.2 ± 0.2 a

	
63.5 ± 2.1 a




	
CtST-Sl

	
369.8 ± 8.1 b

	
7.6 ± 2.4 b

	
10.8 ± 3.4 b

	
3.7 ± 1.3 b

	
4.8 ± 1.5 b

	
25.8 ± 1.6 b

	
130.4 ± 5.1 b

	
3.4 ± 0.3 b

	
67 ± 2.1 b




	
CtIR-Sl

	
372.0 ± 9.8 b

	
8.0 ± 2.4 b

	
10.7 ± 2.6 b

	
3.5 ± 1.7 ab

	
5.4 ± 1.7 b

	
27.1 ± 2.1 c

	
130.4 ± 2.1 b

	
3.5 ± 0.3 c

	
71.1 ± 1.8 c








1. Labels related to different treatments are described in Table 2. 2. Number of buds and open flowers per plant were recorded at 12 (M1) and 13 (M2) weeks post-sowing. Data (means ± standard deviations) related to root weight (g) (n = 24 plants), yield per plant (kg), and yield (t·ha−1) (n = 48 plants) were analyzed by one-way ANOVA with LSD post-hoc test. The rest of parameters (n = 48 plants) were analyzed by Kruskal–Wallis test with Nemenyi post-hoc test. Different letters within each column indicate significant differences among treatments (p < 0.05).
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