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White spruce [Picea glauca (Moench) Voss] is a commercially valuable boreal tree that has been known for its ability to colonize deglaciated rock tailings. Over the last decade, there has been an increasing interest in using this species for the revegetation and successful restoration of abandoned mine spoils. Herein, we conducted a glasshouse experiment to screen mycorrhizal fungi and rhizobacteria capable of improving the health and growth of white spruce seedlings growing directly on waste rocks (WRs) or fine tailings (FTs) from the Sigma-Lamaque gold mine located in the Canadian Abitibi region. After 32 weeks, measurements of health, growth, and mycorrhizal colonization variables of seedlings were performed. Overall, symbionts isolated from roots of healthy white spruce seedlings growing on the mining site, especially Cadophora finlandia Cad. fin. MBN0213 GenBank No. KC840625 and Pseudomonas putida MBN0213 GenBank No. AY391278, were more efficient in enhancing seedling health and growth than allochthonous species and constitute promising microbial symbionts. In general, mycorrhizae promoted plant health and belowground development, while rhizobacteria enhanced aboveground plant biomass. The observed beneficial effects were substrate-, strain-, and/or strains combination-specific. Therefore, preliminary experiments in control conditions such as the one described here can be part of an efficient and integrated strategy to select ecologically well-adapted symbiotic microorganisms, critical for the success of a long-term revegetation program.
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INTRODUCTION

Mining operations generate an enormous volume of waste materials that are difficult to dispose of. With more than 200 active sites, the Canadian mineral extraction industry produces over 1,000 million tons of solid waste per year (Statistics Canada, 2012; Mining Association of Canada, 2016). Prior to the first legislation in the 1970s, proper mine closure plans were not required, and residues were usually stored on adjacent wasteland where they constitute a very challenging substrate for the regeneration of natural ecosystems.

In Val-d’Or, Québec, the Sigma-Lamaque gold mine has been in operation since 1935. No mine closure plan was in place, coarse WRs and FTs cover 150 ha within the city limits that must now be efficiently revegetated. To do so, the revegetation of this area considered at low risk for contamination (Beauregard et al., 2012; Callender, 2014; Nadeau et al., 2016) with native species can be a successful strategy (Jackson et al., 1995; Larchevêque et al., 2013; Nadeau et al., 2016). White spruce is a dominant species of the boreal forest. Due to its ability to repopulate harsh environments and promote the subsequent establishment of a self-sustaining and more diverse ecosystem (Sutton, 1973), it is commonly used for land reclamation (Renault et al., 2004; Leewis et al., 2013; Onwuchekwa et al., 2014; Schoenmuth et al., 2015; Frerichs et al., 2017). A few healthy white spruce [Picea glauca (Moench) Voss] seedlings found naturally regenerating on the mine tailings revealed a mycorrhizal fungal community distinct from the neighboring ecosystems (Nadeau et al., 2016). Beneficial microorganisms discovered from the rhizosphere of seedlings can significantly ease plant growth and development – a major asset in a nutrient-depleted substrate like the Sigma-Lamaque gold mine tailings (Nguyen et al., 2006; Hoeksema et al., 2010). For instance, in tailings of a copper mine, fungal inoculation enhanced Japanese red pine (Pinus densiflora) seedlings performance (Zong et al., 2015). Similarly, in western Canada, Onwuchekwa et al. (2014) have shown that the inoculation of white spruce and jack pine (Pinus banksiana) with several fungal species (Hebeloma crustuliniforme, Suillus tomentosus, Laccaria bicolor) improved plant survival on oil sand tailings.

In addition to symbiotic fungi, rhizobacteria were also isolated from the rhizosphere of white spruce host naturally regenerating on the Sigma-Lamaque mining site. Like mycorrhizae, bacterial strains can increase plant performance as observed in coniferous tree species (Cardoso et al., 2011). As a matter of fact, the use of biofertilizers in agriculture is gaining popularity worldwide (Humphry et al., 2007; Baset Mia and Shamsuddin, 2010; Damir et al., 2011; Hrynkiewicz and Baum, 2011).

In nature, positive interactions between plant host and its symbionts occur through a number of mechanisms. Whether a beneficial microorganism is a biocontrol agent (Kropp and Langois, 1990; Pieterse et al., 2003), improves root development, water, and nutrient uptake (Blum et al., 2002; Allen, 2007; Vayssières et al., 2015) and/or limits the uptake of toxic compounds (Chaudhry et al., 2005), it co-exists with other organisms within the microbiome. Combinations of microbial strains or species may be neutral or even profitable to the plant host. However, some fungal and bacterial species can also behave like antagonists (Artursson et al., 2006; Uroz et al., 2007; Uroz et al., 2009). Plant–microbe interactions evolve with the development of a more complex ecosystem, with soil weathering and aging of the plant host (Mummey et al., 2002; Allen E.B. et al., 2003; Allen M.F. et al., 2003; Elliott et al., 2007).

White spruce has a substantial potential to be used in the phytorestoration of mine tailings. Because it is highly sensitive to transplanting shock (Nienstaedt and Zasada, 1990), the selection of adequate symbionts to improve the establishment of young seedlings could determine the success of a revegetation program with this species. Moreover, the role of mycorrhizal fungi and rhizobacteria in tree physiology on Precambrian metamorphic rocks of the Canadian Shield has never been studied. In the context of evaluating a new selection strategy for site-specific reforestation, we investigated the potential of selected cultivable fungi and rhizobacteria to improve the performance of white spruce seedling on mine tailings under glasshouse conditions. Thus, two hypotheses were formulated. First, the combined inoculation of seedlings with fungi and rhizobacteria improves the growth and overall health of seedling. Second, the use of native strains isolated directly from the mining site may give better results than the allochthonous ones.

MATERIALS AND METHODS

Seed Germination and Seedling Growth

White spruce seeds were germinated in Styroblock containers. Cavities (9.5 mL capacity) were filled with a peat–vermiculite–perlite substrate (80:15:5). The trial was conducted in a greenhouse at the Université Laval (Quebec City, QC, Canada). The greenhouse was disinfected with a bleach solution prior to the experiment. To favor seedling establishment and nutrition before inoculation, plants were fertilized 2 weeks after germination with a commercial solution (20N-8P-20K). Three weeks after germination, seedlings were transferred into 1.75 L pots filled with WRs or FTs collected from Sigma-Lamaque gold mine (Val-d’Or, QC, Canada). The mine residues are considered to have low risk of contamination (Taner et al., 1986; Beauregard et al., 2012) but soil chemical composition analyses of four randomly selected samples indicate an absence of nitrogen source ([image: image], [image: image], or [image: image]), low concentration of elements important for plant growth (P: 0.203 ± 0.123(SE) g/kg; K: 0.096 ± 0.003 g/kg) and relatively important concentration of metals (Fe: 14.5 ± 0.5 g/kg; Ca: 22.3 ± 0.5 g/kg; Mg: 4.2 ± 0.2 g/kg; and Al: 5.7 ± 0.1 g/kg); arsenic (8.75 ± 0.25 mg/kg); and cyanides (4.6 ± 0.6 mg/kg). The pH of tailings was relatively alkaline with values varying between 8.55 and 8.68. Throughout the 32-week-long experiment, seedlings were watered daily at field capacity. Greenhouse conditions for optimal growth of white spruce seedlings were set at an alternating temperature of 25/20°C (day/night). Seedlings received artificial light with light intensity of 400 lux (5.56 μE m−2 s−1) for 16 h/day.

Bacterial and Fungal Inoculation

Three bacterial strains were selected for this experiment. One commercial strain of Azotobacter chroococcum ATCC 9043 was purchased from CEDARLANE Laboratories, Ltd. (Burlington, ON, Canada). Two (Pseudomonas putida MBN0213 GenBank No. AY391278 and Rhizobium radiobacter MBN0213 GenBank No. FR828334) were isolated from the rhizosphere of healthy white spruce host naturally regenerating on coarse WRs of the mining site following the method described by Mazinani et al. (2013), a combination of the soil paste and the direct sowing of single soil grains on Mannitol-agar medium selective isolation methods for nitrogen-fixing bacteria. Bacteria were not screen for metal resistance. For accurate identification, DNA extraction, PCR amplification using standard 16S rRNA primers 27f and 1492r (Peace et al., 1994), and DNA sequencing were performed following the method employed by Herter et al. (2011).

For maximum cell production before inoculation, bacteria were cultivated in suspension cultures under aseptic conditions at 30°C for 7 days. P. putida, R. radiobacter, and A. chroococcum were respectively grown in Tryptic soybean broth – Difco medium, a liquid yeast extract mannitol medium and a liquid Waksman medium following the method developed by Agri-Tech (Aurangabad-Maharashtra, India). Bacterial cells were harvested after centrifugation (20 min, 4000 rpm at 4°C) and resuspended in sterile water until the inoculant reached a concentration of 108 CFU mL−1. Ten milliliter of the inoculant was applied onto roots of 4-week-old white spruce seedlings two times within 14 days in order to increase rhizospheric colonization success.

Three mycorrhizal fungi displaying compelling in vitro growth and tolerance to mine tailings were chosen for this experiment (Nadeau, 2014). Hebeloma crustuliniforme UAMH5247, from the Centre for Forest Research genomic and microbial collections1, was isolated from white spruce roots in a natural forest stand of the boreal forest in Canada. Both Tricholoma scalpturatum Tri. scalp. MBN0213 GenBank No. KC840613 and Cadophora finlandia Cad. fin. MBN0213 GenBank No. KC840625 were isolated from healthy naturally regenerating white spruce seedlings on Sigma-Lamaque gold mine coarse tailings (Nadeau et al., 2016).

The inoculum was produced by cultivating fungal mycelia in a liquid Melin Norkrans medium at 23°C under aseptic shaking conditions. After 2 months, the mycelia were collected and rinsed with sterile water to discard excess nutrients. Blended mycelia were mixed with sterile water (ratio 1:10) to obtain a final concentration ≥5 × 105 viable propagules mL−1. White spruce seedlings were inoculated with 5 ml of the inoculant when they were 3-week-old and a second time 4 weeks later to increase root inoculation success. The inoculum was released into the root zone using an analog adjustable-dispenser.

Experimental Design and Treatments

The experimental design was a randomized complete block (RCB) with three crossed fixed factors (Tailing type × fungi × bacteria). Tailing type was composed of two levels: WR and FT. Fungal factor had a total of four levels: none (noF), H. crustuliniforme (Hc), T. scalpturatum (Ts), and C. finlandia (Cf). Bacteria also had four levels: none (noB), P. putida (Pp), R. radiobacter (Rr), and A. chroococcum (Ac). There were 32 treatments with three replicates in each of the four blocks for a total of 384 experimental units. Each replicate was randomly assigned to experimental units within blocks. Every experimental unit consisted of a 1.75-L pot filled with tailings containing one white spruce seedling. Experimental units within blocks were separated by a thin piece of plastic to avoid cross bacterial contamination. Each block was surrounded by two guard rows to maintain the most homogeneous environmental conditions possible in all experimental units. Supplementary Figure S1 gives detailed layout and illustrations of the experimental design.

Measurements of Seedling Survival Rate and Nutrient Content Analyses

Detailed descriptions of seedling survival rate and nutrient content analyses are presented in the companion paper (Nadeau et al., 2018).

Measurements of Seedling Health and Growth

At the end of the glasshouse experiment, seedlings were brought into a growth chamber an hour before measuring chlorophyll fluorescence. Photochemical efficiency (Fv/Fm) was measured in a dark environment using a portable fluorometer PAM-2000 with the data acquisition software DA-2000 (Heinz Walz, Effeltrich, Germany). Briefly, the foliage was placed under the fluorescence booster for recording Fv/Fm data.

Needles were excised from stems, weighted, and individually positioned on a transparent plastic plate prior to scanning (WinSEEDLE PRO LA2400 scanner system and software, Regent Instruments, Inc., Quebec City, QC, Canada) were used to determine specific surface foliar areas (SSFA) of green, yellow, brown, dark-red, and light-red foliar tissues. Percentages of healthy-green foliage and dark-red foliage were calculated by comparing their SSFA with the sum of all SSFAs.

Stems were weighted and measured with a 15-cm ruler. Roots were washed gently with tap water in a 2-mm mesh sieve to remove all soil particles and thereafter weighed. The percentage of fungal colonization was calculated after manual counting under a microscope as the ratio of mycorrhizal root tips number to total root tips number multiplied by 100. Subsequently, roots were transferred onto a transparent plastic plate. WinRHIZO PRO LA2400 scanner system and software (Regent Instruments, Inc., Quebec City, QC, Canada) were used for measuring total root length, volume, and number of root tips.

For dry biomass analyses, white spruce seedling roots, shoots, and needles were dried at 65°C for 7 days. Percentage of water content was calculated by subtracting dry biomass from wet biomass, dividing the result by wet biomass and then multiplying by 100.

Statistical Analyses

Differences Among Treatments

All the statistical analyses were conducted with the SAS software (SAS Institute Inc., 2012). Seedling health, growth, and percentage of fungal root colonization data were subjected to three-way analyses of variance (Tailing type × fungi × bacteria) using PROC GLM. Proper transformations were performed when needed. Log transformations were performed with total root length, number of root tips and dry biomass data. Arcsine transformation was used with the photochemical efficiency variable. Finally, non-parametric analyses (Wilcoxon rank sum test and post hoc test) was conducted on the percentage of dark-red foliage and percentage of roots colonized by fungus because it was not possible to meet normality and/or homoscedasticity assumptions even after transformations. The non-parametric tests were performed using PROC NPAR1WAY. Significance for all analyses was set at α = 0.05 (P ≤ 0.05). Means and standard errors of each treatment were calculated for all health, growth, and colonization variables.

Correlation Analyses

Correlations between the percentage of colonized roots and other health and growth variables were investigated using PROC CORR. Furthermore, correlation analyses between health variables (photochemical efficiency, percentage of healthy green foliage, and percentage of dark-red foliage) and growth variables (root, stem, and needle dry biomass) were performed in order to determine if there was a relationship between white spruce seedling health and growth. For these analyses, individual data were used. Significance for all Pearson correlation coefficients (r) was set at α = 0.05 (P ≤ 0.05).

RESULTS

Effect of Symbiotic Association on Plant Health

After the 32 weeks of glasshouse trial in Sigma-Lamaque gold mine tailings, seedling exhibited contrasting phenotypes (Figure 1A). Seedling growth and health clearly benefitted (Figures 1B,C) from symbiotic associations that prove to be successful (Figures 1D–F).
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FIGURE 1. White spruce seedling after 32 weeks of growth in waste rocks or fine tailings from the Sigma-Lamaque gold mine. (A) Partial view of the glasshouse experiment; typical examples of (B) a healthy white spruce seedling and (C) an unhealthy white spruce seedling; root tips colonized by (D) Hebeloma crustuliniforme, (E) Tricholoma scalpturatum, and (F) Cadophora finlandia.



Belowground, the inoculation of seedlings with one of the two native mycorrhizal fungi T. scalpturatum and C. finlandia, increased root water content by 6 and 4%, respectively, when compared to non-inoculated control plants (Figure 2A, left panel; P-values < 0.0001). Despite a 2% increase, seedlings inoculated with H. crustuliniforme did not differ statistically from control. For the bacterial treatments, only A. chroococcum-associated seedlings outperformed non-inoculated control plants (Figure 2A, right panel; P-values = 0.003).
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FIGURE 2. White spruce health related parameters affected by symbiotic associations. (A) Root water content (%); (B) proportion of dark-red foliage (%); (C) proportion of healthy green foliage (%), and (D) photochemical efficiency (Fv/Fm ratio) were affected by both mycorrhizal fungal treatment and bacterial treatment after 32 weeks of growth. Values are means ± SE. Different letters indicate significant difference.



The proportion of dark-red foliage is a health-related variable indicative of element toxicity; a higher percentage value indicates reduced seedling health. In the control seedlings, almost one-third (31 ± 2%; P-values < 0.0001) of seedling foliage was dark red. This suggests the importance of the symbiotic associations with either fungal partner or a bacteria strain for plant health in a severely disturbed environment. Indeed, plants inoculated with C. finlandia exhibited significantly less dark-red foliage than controls (Figure 2B, left panel; P-value < 0.0001). The proportion of healthy green foliage on seedlings inoculated with C. finlandia and T. scalpturatum was significantly greater than control plants without fungal inoculation (Figure 2C, left panel; P-value < 0.0001). The benefit of the allochthonous fungus H. crustuliniforme was not significant, a trend we also observed for photochemical efficiency (Figure 2D, left panel).

For bacterial treatments (Figures 2C,D, right panels; P-values < 0.0001), only the A. chroococcum commercial strain significantly increased the proportion of healthy-green foliage and to a slightly lower extent, association with the locally sourced-bacteria R. radiobacter compared to control and P. putida treatments (Figure 2B, right panel; P-value < 0.0001).

Photochemical efficiency (Fv/Fm) measures the capacity of the photosystem apparatus to capture light energy. From 0.56 in control plants, Fv/Fm ratio did not improve in H. crustuliniforme-associated plants (0.58) but reached 0.63 and 0.70 in plants associated with T. scalpturatum and C. finlandia (P-value < 0.0001). Association with the A. chroococcum commercial strain also improved photochemical efficiency compared to P. putida-associated plants (P-value = 0.0048). In fact, P. putida did not improve any of the four health-related parameters measured.

Effect of Symbiotic Association on Plant Growth

A contrario, bacterial treatments, especially site-specific species, significantly improved aboveground growth (Figure 3). After 32 weeks, seedlings inoculated with P. putida had significantly greater needle biomass (P-value < 0.0001), stem biomass (P-value = 0.0048), and stem length (P-value = 0.0217) than control plants not associated with a bacterial strain.
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FIGURE 3. White spruce growth parameters affected by association with bacteria. (A) Needle dry biomass (mg), (B) Stem dry biomass (mg), and (C) stem length (mm) were affected by rhizobacterial treatments after 32 weeks of growth. Values are means ± SE. Different letters indicate significant difference.



Surprisingly, no aerial growth parameter was directly influenced by mycorrhizal fungi treatment. However, careful observation of the belowground growth was much more informative. For the number of root tips per plant, there was an interaction between the three factors Tailing type × fungus × bacteria (Figure 4; P-value = 0.0128), while root tips number was <400 in plants grown on WR and without microorganism associations: this number increased significantly by 60 to 140% (Figure 4, “WR” labeled bars on the left) with the inoculation of at least one symbiont (fungus, bacteria, or both). The association with native fungi were the most beneficial: on WRs, number of root tips went consistently above average (Figure 4, see dashed line) when plants were associated with T. scalpturatum. On FTs (Figure 4, “FT” labeled bars on the right), the number of root tips increased by 20 to 100% (from 461 when plants were grown without a partner) but only when seedlings grew in association with some specific symbiont combinations. On this tailing type, the association with T. scalpturatum was also beneficial but the inoculation of rhizobacteria was not sufficient to notice a significant increase; neither did the allochthonous fungus H. crustuliniforme alone and several other fungus × bacteria combinations.
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FIGURE 4. Number of white spruce root tips after 32 weeks of growth in 32 different conditions. There was an interaction between the three factors (P-value = 0.0128): tailing type (WR, waste rocks; FT, fine tailings); mycorrhizal fungi (no fung., no fungi; +Hc, Hebeloma crustuliniforme; +Ts, Tricholoma scalpturatum; +Cf, Cadophora finlandia); and bacteria (no bact., no bacteria; +Pp, Pseudomonas putida; +Rr, Rhizobium radiobacter; +Ac, Azotobacter chroococum). The two large light gray bars indicate average root tips number on waste rocks and FTs. Values are means ± SE, same letters are not significantly different at α = 0.05, Tukey test.



Mycorrhizal Root Colonization Rate

Root colonization was greater on WRs (45%) than on FTs (37%) (Figure 5A; P-value < 0.0001). The percentage of root tips colonized was not influenced by bacterial treatment (P-value = 0.3194) but varied between the different mycorrhizal fungi (Figure 5B; P-value < 0.0001). For instance, seedlings associated with C. finlandia displayed the greatest percentage of colonized root tips (63%).
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FIGURE 5. The proportion of root tips colonized by mycorrhizal fungi. (A) Figure is different on waste rocks than on fine tailings, (B) diverge between the different fungi inoculated. Values are means ± SE. Different letters indicate significant difference.



Interestingly, the proportion of root tips colonized correlated with health and growth variables in this experiment (Table 1). The proportion of healthy green foliage, photochemical efficiency, root growth parameters (total biomass, volume, stem length, and root tips number), stem and finally needle dry biomass correlated positively with the percentage of root tips colonized. However, those relationships broke for several growth parameters (number of root tips, stem, or needle dry biomass) when plants were associated with the allochthonous H. crustuliniforme and tended to be significantly much stronger with C. finlandia than with T. scalpturatum.

TABLE 1. Pearson correlation coefficient (r) and their associated P-values calculated for the proportion of root tips colonized by different mycorrhizal fungi and measured health and growth variables.
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DISCUSSION

In the present study, tree-symbiont associations proved to be beneficial to the establishment of white spruce seedlings on waste material of the Sigma-Lamaque gold mine. Mine-adapted mycorrhizae and rhizobacteria were respectively capable of improving plant health and growth under glasshouse conditions.

Microbial Symbiotic Association Improved Overall Plant Health

Azotobacter chroococcum and to a lesser extent R. radiobacter were more successful in enhancing white spruce seedlings health but much less than mycorrhizal fungi and C. finlandia in particular. Indeed, seedling health was greatly improved by the two fungi C. finlandia and T. scalpturatum isolated from the mining site. Inoculation with H. crustuliniforme neither improved root water uptake nor other plant health parameters, albeit Onwuchekwa et al. (2014) have demonstrated that H. crustuliniforme increased white spruce water uptake on oil sand tailings. Moreover, the same strain we used in this study had proven to be beneficial to seedlings grown on peat moss and sand mix under salt stress conditions (Mushin and Zwiazek, 2002). But as a drought intolerant strain isolated from a natural boreal forest stand (Coleman and Bledsoe, 1989), H. crustuliniforme may not be well-suited to grow in mine tailings, an environment very prone to water stress. Native C. finlandia and T. scalpturatum fungi may be better adapted, thereby capable of enhancing seedling health. Both species are commonly found in high abundance and frequency, in heavy metal polluted sites (Krpata et al., 2008; Gorfer et al., 2009). Extreme, arid, or toxic soil conditions lead to the evolution of tolerant strains, an adaptation indispensable for both tree and fungal survival (Colpaert et al., 2011). Like for many fungi (Douhan et al., 2011), the genetic diversity of C. finlandia is still unknown but, under conditions of high heavy metal concentrations, it has the capability to enhance the expression of several genes encoding extracellular and plasma membrane proteins potentially involved in detoxification processes (Gorfer et al., 2009). T. scalpturatum is a generalist species with high genetic diversity at the local scale (Carriconde et al., 2008), whereas, H. crustuliniforme has low intraspecific genetic diversity (Aanen et al., 2000).

The ability of mycorrhizae to improve seedling health is indeed site-specific and positively associated with its capacity to grow on a given substrate. Root colonization rate was much lower on FTs than on WRs, the substrate on which plants performed the best. In a preliminary in vitro experiment (unpublished), we have found that C. finlandia produced the highest mycelial biomass on poor liquid medium amended with mine tailings followed by T. scalpturatum and then H. crustuliniforme. Accordingly, in the present study, plants inoculated with H. crustuliniforme were the ones with the least colonized root system compared to T. scalpturatum and C. finlandia inoculated ones, the later being the most colonized. C. finlandia is also the one symbiont that alleviated the most Ca and Fe deleterious effects in vivo (Nadeau et al., 2018). Health-related parameters were strongly and positively correlated with root colonization rates of the two fungi isolated from the mining site but only to a smaller extent with mycorrhization rate of H. crustuliniforme, the fungus that presents the lowest potential for reforestation program in gold mine WR and FTs.

Improvement of Plant Growth Is Associated With Symbiont Type and Source

Despite its huge effect on plant health, mycorrhization did not enhance seedling aerial growth in this experiment. Moreover, mycorrhization rate of native species correlated well with root growth but much less with aerial growth parameters. Early root colonization could have a carbon cost that negates the aboveground seedling growth during the first growing season but enhances it the subsequent years (Rygiewicz and Andersen, 1994). An idea supported by the fact that several treatments with at least one symbiont yielded a higher number of fine root tips on white spruce seedlings than the control without symbiont. Mycorrhizal fungi and rhizobacteria such as species of the genus Pseudomonas and Azotobacter produce auxins that alter considerably the host root morphology (Rajkumar et al., 2009; Etemadi et al., 2014). On that account, hormone production by the investigated symbionts plays probably a very important role in plant growth behavior. The production of a higher number of root tips by seedlings inoculated with mycorrhizal fungi and/or rhizobacteria may be highly beneficial to white spruce trees by allowing extra uptake of water and nutrients.

The inoculation of white spruce with P. putida, a rhizobacteria strain isolated from the rhizosphere of healthy white spruce seedlings naturally regenerating on the mining site, was the only treatment that increased considerably seedling aerial growth. Beall and Tipping (1989) and O’Neill et al. (1992) have also reported that P. putida enhanced jack pine and spruce aerial growth.

Though the beneficial effects of A. chroococcum or R. radiobacter have been extensively demonstrated in both woody (Leyval and Berthelin, 1993; Karthikeyan and Sakthivel, 2011) and non-woody (Aquilanti et al., 2004; Humphry et al., 2007; Baset Mia and Shamsuddin, 2010) plant species, neither of the commercial strain of A. chroococcum nor the indigenous R. radiobacter influenced plant growth according to our results. However, to the best of our knowledge, the present study is the first to investigate the impact of native rhizobacteria on gold mine tailings, a completely different environment than agricultural fields and forest stands. Indeed A. chroococcum may not be adapted to tailing conditions as much as P. putida in that perspective. However, unlike P. putida, both A. chroococcum and R. radiobacter had appreciable effects on seedling health suggesting a much complex explanation for their limited plant growth promoting ability. For that reason, bacterial selection must be cautiously done in order to identify strains that have the potential to be effective in the field.

Selection of Symbiotic Partners for Successful Mine Reforestation Programs

In conclusion, our initial on-site sampling strategy proves to be effective: mycorrhizal fungi and rhizobacteria isolated from roots of healthy white spruce seedlings naturally regenerating on the mining site proved to be remarkably more efficient than allochthonous species in enhancing seedling health and growth when planted on mine tailings. Within the 32 weeks of glasshouse trial, native fungi, C. finlandia, T. scalpturatum, and the native rhizobacteria R. radiobacter promoted seedling health through better root colonization rate. The native rhizobacteria P. putida was the sole symbiont that distinctly improve seedling aerial growth but not seedling health. Allochthonous fungus, H. crustuliniforme had little effects on seedling performance, whereas plants benefited from the inoculation of A. chroococcum. Specifically, the allochthonous rhizobacteria A. chroococcum improved seedling root water uptake, especially when paired with mycorrhizal fungi. As discussed in a companion paper (Nadeau et al., 2018), a symbiont (or symbiont combination) capacity to modulate plants access to otherwise limited (water, nutrients) or toxic compounds is directly linked to the success of the white spruce seedling establishment.

Since its soil chemical composition is already well-documented, the Sigma-Lamaque gold mine at Val-d’Or is at one and the same time a land that must be revegetated once its exploitation is completed and a potential testing ground to validate the several steps involved in the development of a new green technology (Nadeau, 2014). The comprehensive analysis of the entire ecosystem – of which the present study is an important component – should unravel the significance of each parameter for the success of an integrated reforestation program including the soil chemical composition and the isolation, selection, validation, and large-scale production of the best plant–symbiont combinations (Nadeau and Khasa, 2016).
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FIGURE S1 | Illustrations and design of the experiment. Mycorrhizal fungi and rhizobacteria used in this (A) glasshouse experiment were either (B) native from the Sigma-Lamaque gold mine site [Tricholoma scalpturatum (Ts), Cadophora finlandia (Cf), Pseudomonas putida (Pp), Rhizobium radiobacter (Rr)] or isolated from a natural forest stand [Hebeloma crustuliniforme (Hc)] or of commercial origin for Azotobacter chroococcum (Ac). White spruce saplings were either planted in (C) waste rocks (WRs) or in fine tailings (FTs). (D) Randomized complete block (RCB) design with three crossed fixed factors: tailing type (FT in regular font, WR in bold); fungi [none (noF) in black; Ts, green font; Cf, blue font; Hc, red font]; and bacteria [none (noB), no background; Rr, background in red; Pp, background in blue; Ac, background in green] for a total of 32 treatments, 4 blocks, 3 replicates per treatment per block, and 384 experimental units.

FOOTNOTES

1 http://www.cef-cfr.ca/index.php?n=CEF.Collections

REFERENCES

Aanen, D. K., Kuyper, T. W., Boekhout, T., and Hoekstra, R. F. (2000). Phylogenetic relationships in the genus Hebeloma based on ITS1 and 2 sequences, with special emphasis on the Hebeloma crustuliniforme complex. Mycologia 92, 269–281. doi: 10.2307/3761560

Allen, E. B., Allen, M. F., Egerton-Warburton, L., Corkidi, L., and Gomez-Pompa, A. (2003). Impacts of early- and late-seral mycorrhizae during restoration in seasonal tropical forest, Mexico. Ecol. Appl. 13, 1701–1717. doi: 10.1890/02-5309

Allen, M. F., Swenson, W., Querejeta, J. I., Egerton-Warburton, L. M., and Treseder, K. K. (2003). Ecology of mycorrhizae: a conceptual framework for complex interactions among plants and fungi. Annu. Rev. Phytopathol. 41, 271–303. doi: 10.1146/annurev.phyto.41.052002.095518

Allen, M. F. (2007). Mycorrhizal fungi: highways for water and nutrients in arid soils. Vadose Zone J. 6, 291–297. doi: 10.2136/vzj2006.0068

Aquilanti, L., Favilli, F., and Clementi, F. (2004). Comparison of different strategies for isolation and preliminary identification of Azotobacter from soil samples. Soil Biol. Biochem. 36, 1475–1483. doi: 10.1016/j.soilbio.2004.04.024

Artursson, V., Finlay, R. D., and Jansson, J. K. (2006). Interactions between arbuscular mycorrhizal fungi and bacteria and their potential for stimulating plant growth. Environ. Microbiol. 8, 1–10. doi: 10.1111/j.1462-2920.2005.00942.x

Baset Mia, M. A., and Shamsuddin, Z. H. (2010). Rhizobium as a crop enhancer and biofertilizer for increased cereal production. Afr. J. Biotechnol. 9, 6001–6009.

Beall, F., and Tipping, B. (1989). Plant Growth-Promoting Rhizobacteria in Forestry. Toronto, ON: Forest Research Community.

Beauregard, A. J., Gaudreault, D., and D’Amours, C. (2012). NI 43-101 Technical Report on the Lamaque Property, for Integra Gold Corp. Toronto, CA: AlexandriaMineralsCorporation

Blum, J. D., Klaue, A., Nezat, C. A., Driscoll, C. T., Johnson, C. E., Siccama, T. G., et al. (2002). Mycorrhizal weathering of apatite as an important calcium source in base-poor forest ecosystems. Nature 417, 729–731. doi: 10.1038/nature00793

Callender, K. L. (2014). The Revegetation (Phytostabilization) of Gold Mine Residues at Val d’Or, QC Using Frankia-inoculated alders. M.Sc. thesis, McGill University, Quebec, QC.

Cardoso, E. J. B., Vasconcellos, R. L. F., Ribeiro, C. M., and Miyauchi, M. Y. H. (2011). “PGPR in coniferous trees,” in Bacteria in Agrobiology: Crop Ecosystems, ed. D. K. Maheshwari (Berlin: Springer), 345–359. doi: 10.1007/978-3-642-18357-7_12

Carriconde, F., Gardes, M., Jargeat, P., Heilmann-Clausen, J., Mouhamadou, B., and Gryta, H. (2008). Population evidence of cryptic species and geographical structure in the cosmopolitan ectomycorrhizal fungus, Tricholoma scalpturatum. Microb. Ecol. 56, 513–524. doi: 10.1007/s00248-008-9370-2

Chaudhry, Q., Blom-Zandstra, M., Gupta, S. K., and Joner, E. (2005). Utilizing the synergy between plants and rhizosphere microorganisms to enhance breakdown of organic pollutants in the environment. Environ. Sci. Pollut. Res. 12, 34–48. doi: 10.1065/espr2004.08.213

Coleman, M. D., and Bledsoe, C. S. (1989). Pure culture response of ectomycorrhizal fungi to imposed water stress. Can. J. Bot. 67, 29–39. doi: 10.1139/b89-005

Colpaert, J. V., Wevers, J. H. L., Krznaric, E., and Adriaensen, K. (2011). How metal-tolerant ecotypes of ECM fungi protect plants from heavy metal pollution. Ann. For. Sci. 68, 17–24. doi: 10.1007/s13595-010-0003-9

Damir, O., Mladen, P., Bozidar, S., and Srdan, N. (2011). Cultivation of the bacterium Azotobacter chroococcum for the preparation of biofertilizers. Afr. J. Biotechnol. 10, 3104–3111. doi: 10.5897/AJB10.1086

Douhan, G. W., Vincenot, L., Gryta, H., and Selosse, M. A. (2011). Population genetics of ectomycorrhizal fungi: from current knowledge to emerging directions. Fungal Biol. 115, 569–597. doi: 10.1016/j.funbio.2011.03.005

Elliott, J. C., Smith, J. E., Cromack, K., Chen, H., and McKay, D. (2007). Chemistry and ectomycorrhizal communities of coarse wood in young and old-growth forests in the Cascade Range of Oregon. Can. J. For. Res. 37, 2041–2051. doi: 10.1016/j.funbio.2011.03.005

Etemadi, M., Gutjahr, C., Couzigou, J. M., Zouine, M., Lauressergues, D., Timmers, A., et al. (2014). Auxin perception is required for arbuscule development in arbuscular mycorrhizal symbiosis. Plant Physiol. 166, 281–292. doi: 10.1104/pp.114.246595

Frerichs, L. A., Bork, E. W., Osko, T. J., and Naeth, M. A. (2017). Effects of boreal well site reclamation practices on long-term planted spruce and deciduous tree regeneration. Forests 8, 201. doi: 10.1104/pp.114.246595

Gorfer, M., Persak, H., Berger, H., Brynda, S., Bandian, D., and Strauss, J. (2009). Identification of heavy metal regulated genes from the root associated ascomycete Cadophora finlandica using a genomic microarray. Mycol. Res. 113, 1377–1388. doi: 10.1016/j.mycres.2009.09.005

Herter, S., Schmidt, M., Thompson, M. L., Mikolasch, A., and Schauer, F. (2011). A new phenol oxidase produced during melanogenesis and encystment stage in the nitrogen-fixing soil bacterium Azotobacter chroococcum. Appl. Microb. Cell Physiol. 90, 1037–1049. doi: 10.1007/s00253-011-3093-x

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C., Karst, J., Koide, R. T., et al. (2010). A meta-analysis of context-dependency in plant response to inoculation with mycorrhizal fungi. Ecol. Lett. 13, 394–407. doi: 10.1111/j.1461-0248.2009.01430.x

Hrynkiewicz, K., and Baum, C. (2011). “The potential of rhizosphere microorganisms to promote the plant growth in disturbed soils,” in Environmental Protection Strategies for Sustainable Development, eds A. Malik and E. Grohmann (New York, NY: Springer), 35–64. doi: 10.1111/j.1461-0248.2009.01430.x

Humphry, D. R., Andrews, M., Santos, S. R., James, E. K., Vinogradova, L. V., Perin, L., et al. (2007). Phylogenetic assignment and mechanism of action of a crop growth promoting Rhizobium radiobacter strain used as a biofertiliser on graminaceous crops in Russia. Antonie Van Leeuwenhoek 91, 105–113. doi: 10.1007/s10482-006-9100-z

Jackson, L. L., Lopoukhine, N., and Hillyard, D. (1995). Ecological restoration: a definition and comments. Restor. Ecol. 3, 71–75. doi: 10.1111/j.1526-100X.1995.tb00079.x

Karthikeyan, A., and Sakthivel, K. M. (2011). Efficacy of Azotobacter chroococcum in rooting and growth of Eucalyptus camaldulensis stem cuttings. Res. J. Microbiol. 6, 618–624. doi: 10.3923/jm.2011.618.624

Kropp, B. R., and Langois, C. G. (1990). Ectomycorrhizae in reforestation. Can. J. For. Res. 20, 438–451. doi: 10.1139/x90-061

Krpata, D., Peintner, U., Lancer, I., Fitz, W. J., and Schweiger, P. (2008). Ectomycorrhizal communities associated with Populus tremula growing on heavy metal contaminated site. Mycol. Res. 112, 1069–1079. doi: 10.1016/j.mycres.2008.02.004

Larchevêque, M., Desrochers, A., Bussière, B., Cartier, H., and David, J. S. (2013). Revegetation of non-acid-generating, thickened tailings with boreal trees: a greenhouse study. J. Environ. Qual. 42, 351–360. doi: 10.2134/jeq2012.0111

Leewis, M.-C., Reynolds, C. M., and Leigh, M. B. (2013). Long-term effects of nutrient addition and phytoremediation on diesel and crude oil contaminated soils in subarctic Alaska. Cold Reg. Sci. Technol. 96, 129–137. doi: 10.1016/j.coldregions.2013.08.011

Leyval, C., and Berthelin, J. (1993). Rhizodeposition and net release of soluble organic compounds by pine and beech seedlings inoculated with rhizobacteria and ectomycorrhizal fungi. Biol. Fertil. Soils 15, 259–267. doi: 10.1007/BF00337210

Mazinani, Z., Aminafshar, M., Asgharzadeh, A., and Chamani, M. (2013). Different methods for isolation and preliminary identification of Azotobacter. Int. J. Agric. Sci. Res. 3, 1–61.

Mining Association of Canada (2016). Facts and Figures of the Canadian Mining Industry. Ottawa, ON: Mining Association of Canada. doi: 10.1016/S0038-0717(02)00158-X

Mummey, D. L., Stahl, P. D., and Buyer, J. S. (2002). Soil microbiological properties 20 years after surface mine reclamation: spatial analysis of reclaimed and undisturbed sites. Soil Biol. Biochem. 34, 1717–1725. doi: 10.1023/A:1014435407735

Mushin, T. M., and Zwiazek, J. J. (2002). Colonization with Hebeloma crustuliniforme increases water conductance and limits shoot sodium uptake in white spruce (Pices glauca) seedlings. Plant Soil 238, 217–225.

Nadeau, M. B. (2014). Development of a New Green Technology for the Vegetation of Abandoned Gold Mine Tailings Using Specific Symbionts Associated With Pices glauca. M.Sc. thesis, Université Laval, Québec, QC.

Nadeau, M. B., and Khasa, D. P. (2016). Edaphic selection pressures as drivers of contrasting white spruce ectomycorrhizal fungal community structure and diversity in the canadian boreal forest of abitibi-témiscamingue region. PLoS One 11:e0166420. doi: 10.1371/journal.pone.0166420

Nadeau, M. B., Laur, J., and Khasa, D. P. (2018). Mycorrhiza and rhizobacteria on precambrian rocky gold mine tailings: II. Mine-adapted symbionts alleviate soil element imbalance for a better nutritional status of white spruce seedlings. Front. Plant Sci. 9:1268. doi: 10.3389/fpls.2018.01268

Nadeau, M. B., Quoreshi, A., and Khasa, D. P. (2016). “Ecological restoration and bioremediation of Canadian mining boreal ecosystems,” in Microbes for Restoration of Degraded Ecosystems, eds D. J. Bagyaraj and J. Khan (New Delhi: New India Publishing Agency), 259–284. doi: 10.1055/s-2006-924106

Nguyen, H., Calvo Polanco, M., and Zwiazek, J. J. (2006). Gas exchange and growth responses of ectomycorrhizal Picea mariana, Picea glauca, and Pinus banksiana seedlings to NaCl and Na2SO4. Plant Biol. 8, 646–652.

Nienstaedt, H., and Zasada, J. C. (1990). “Pices glauca (Moench) Voss,” in Silvics of North America Conifers, Vol. 1, ed R. M. Burns and B. H. Honkala (Washington, DC: United States Forest Service), 204–226.

O’Neill, G. A., Radley, R. A., and Chanway, C. P. (1992). Variable effects of emergence promoting rhizobacteria on conifer seedling growth under nursery conditions. Biol. Fertil. Soils 13, 45–49. doi: 10.1007/BF00337237

Onwuchekwa, N. E., Zwiazek, J. J., Quoreshi, A., and Khasa, D. P. (2014). Growth of mycorrhizal jack pine (Pinus banksiana) and white spruce (Pices glauca) seedlings planted in oil sands reclaimed areas. Mycorrhiza 24, 431–441. doi: 10.1007/s00572-014-0555-x

Peace, T. A., Brock, K. V., and Stills, H. F. (1994). Comparative analysis of the 16S rRNA gene sequence of the putative agent of proliferative ileitis of hamsters. Int. J. Syst. Bacteriol. 44, 832–835. doi: 10.1099/00207713-44-4-832

Pieterse, C. M. J., van Pelt, J. A., Verhagen, B. W. M., Ton, J., van Wees, S. C. M., Léon-Kloosterziel, K. M., et al. (2003). Induced systemic resistance by plant growth-promoting rhizobacteria. Symbiosis 35, 39–54.

Rajkumar, M., Ae, N., and Freitas, H. (2009). Endophytic bacteria and their potential to enhance heavy metal phytoextraction. Chemosphere 77, 153–160. doi: 10.1016/j.chemosphere.2009.06.047

Renault, S., Szczerski, C., Sailerova, E., and Fedikow, M. A. F. (2004). Phytoremediation and Revegetation of Mine Tailings and Bio-Ore Production: Progress Report on Plant Growth in Amended Tailings and Metal Accumulation in Seedlings Planted at Central Manitoba (Au) Mine Site. (NTS 52L13). Report of Activities 2004, Reston, VA: Geological Survey,257–261.

Rygiewicz, P. T., and Andersen, C. P. (1994). Mycorrhizae alter quality and quantity of carbon allocated belowground. Nature 369, 58–60. doi: 10.3389/fmicb.2014.00261

Schoenmuth, B., Schenke, D., Scharnhorst, T., Combrinck, S., McCrindle, R. I., Mueller, J. O., et al. (2015). Binding of RDX to cell wall components of Pinus sylvestris and Picea glauca and three-year mineralisation study of tissue-associated RDX residues. Int. J. Phytoremediation 17, 716-725. doi: 10.1080/15226514.2014.964836

Statistics Canada (2012). Human Activity and the Environment: Waste Management. Ottawa, CA: Statistics Canada.

Sutton, R. F. (1973). Histoire Naturelle de l’Èpinette Blanche (Pices glauca (Moench) Voss). Ottawa, CA: Ministère de l’Environnement.

Taner, M. F., Trudel, P., and Perrault, G. (1986). Géochimie de la biotite associée à certains gisements d’or de Val d’Or, Malartic et Chibougamau, Québec. Can. Mineral. 24, 761–774.

Uroz, S., Calvaruso, C., Turpault, M. P., and Frey-Klett, P. (2009). Mineral weathering by bacteria: ecology, actors, and mechanisms. Trends Microbiol. 17, 378–387. doi: 10.1016/j.tim.2009.05.004

Uroz, S., Calvaruso, C., Turpault, M. P., Pierrat, J. C., Mustin, C., and Frey-Klett, P. (2007). Effect of the mycorrhizosphere on the genotypic and metabolic diversity of the bacterial communities involved in mineral weathering in a forest soil. Appl. Environ. Microbiol. 73, 3019–3027. doi: 10.1128/AEM.00121-07

Vayssières, A., Pěnčík, A., Felten, J., Kohler, A., Ljung, K., Martin, F., et al. (2015). Development of the poplar-Laccaria bicolor ectomycorrhiza modifies root auxin metabolism, signaling, and response. Plant Physiol. 169, 890–902. doi: 10.1104/pp.114.255620

Zong, K., Huang, J., Nara, K., Chen, Y., Shen, Z., and Lian, C. (2015). Inoculation of ectomycorrhizal fungi contributes to the survival of tree seedlings in a copper mine tailing. J. For. Res. 20, 493–500. doi: 10.1007/s10310-015-0506-1

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Nadeau, Laur and Khasa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-09-01267-g001.jpg
R :
% € Jonnsn.s-
e ] i

5l 6l 7T
2 13 14 15 16 17 18 ‘_Qﬂ
i i i

i

.ﬁ;.m,ﬁ m,w...‘.ﬁrmﬁ‘» 13 14 45 46 17 BT






OPS/images/fpls-09-01267-g002.jpg
root water
content (%)

dark red foliage
(%)

o
o=
=R
o0 gy
Z o
=2
© O
Q Y4
<
Kl
=5
€L
-QCJV
i)
_8:
0.2
< O
o
3]

fungi crustuliniforme  scalpturatum finlandia

ECM fungal treatment

i N e

ab b

| | I
b
g ab
Pseulomonas RIlzoIlum Azotolacter

bacteria putida radiobacter chroococcum

PGPR bacterial treatment






OPS/images/fpls-09-01267-g003.jpg
ab
' |

<

(Sw) ssewolq Aip a|pasN

0

A o™~ ON < NN+ O

(Sw) ssewolq Aip wa1s

(ww) yadua| wais

Azotobacter

Pseudomonas Rhizobium

NOo





OPS/images/fpls-09-01267-e001.jpg





OPS/images/cross.jpg
3,

i





OPS/images/fpls-09-01267-t001.jpg
Proportion of healthy green foliage Photochemical efficiency

Cadophora r=0.75 (P-value < 0.0001) r = 0.67 (P-value < 0.0001)
finlandlia
Tricholoma r=0.71 (P-value < 0.0001) r=054 (P-value < 0.0001)
scalpturatum
Hebeloma r =0.47 (P-value < 0.0001) r =0.33 (P-value = 0.0014)
crustuliniforme
Rootdry biomass  Total root volume ~ Total root length Root tips number Stem dry Needle dry
biomass biomass
Cadophora r=056 =059 r=049 r=034
finlandlia (P-value <0.0001)  (P-value <0.0001)  (P-value < 0.0001)
Tricholoma r=043 r=047 r=041
scalpturatum (P-value <0.0001)  (P-value <0.0001)  (P-value < 0.0001) (P-value = 0.015) (P-value = 0.0078)
Hebeloma r=037 r=041 r=035 r=015 r=02
crustuliniforme (P-value =0.0003)  (P-value < 0.0001) (P-value = 0.0008) (P-value = 0.1714) (P-value = 0.0606)

Significant correlation at o < 0.05. Statistically significant values (P < 0.05) are given in bold.





OPS/images/cover.jpg


OPS/images/fpls-09-01267-e003.jpg





OPS/images/fpls-09-01267-e002.jpg





OPS/images/fpls-09-01267-g004.jpg
O 0T

m.QO o

O 0T

wm.O 0T

w0 0T

ol

w0 0T

O OUT

w0 0T

-—fa-]

WO 0T

f

1 1 1

2V +

1Y+

dd +
‘peqou

2 +

dd +
peqou
N +
Y+
dd +
peqou
2 +
1Y+
dd +
‘neqou’

I +

dd +
Ppeqou
2% +
1Y+
dd +
peqou
2 +
1Y+
dd +
‘pPeqou
2 +
1y +
dd +

PEqOU”

1200

1000

=) =) o
m mm

800

wejd 13d sdiy o001 Jo Jaquinp

o

S+
S|+
Sl+
S+
I+
Y+
Y+

IH +

‘Bunjou
‘Bunjou

‘Bunjou

Bunjou
n+

D+

IH+
aIH+
IH+

IH +

‘Bunjou
‘Bunjou

‘dunjou

Bunjou

14
14
iE]
14
14
dd
14
14
éd
14
14
14
14

14
14
UM
q
UM
qn
q
qM
UM
qM
R
q
UM
UM
UM
UM
UM
M





OPS/images/fpls-09-01267-g005.jpg
Root tips colonized by ECM fungi (%)

100

30

60

40

20

100

30

60

40

20

Waste Rocks

d

d

no
fungi

Fine Tailings

Hebeloma Tricholoma
crustuliniforme  scalpturatum

Cadophora
finlandia






OPS/images/logo.jpg
' frontiers
in Plant Science





