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Abstract

:

Loss of beneficial microbes and lack of native inoculum have hindered reforestation efforts in the severely-degraded lands worldwide. This is a particularly pressing problem for Ethiopia owing to centuries-old unsustainable agricultural practices. This study aimed to evaluate the inoculum potential of soils from church forest in the northwest highlands of Ethiopia and its effect on seedling growth of two selected native tree species (Olea europaea and Albizia gummifera) under a glasshouse environment. Seedlings germinated in a seed chamber were transplanted into pots containing sterilized and/or non-sterilized soils collected from under the canopy of three dominant church forest trees: Albizia gummifera (AG), Croton macrostachyus (CM), and Juniperus procera (JP) as well as from adjacent degraded land (DL). A total of 128 pots (2 plant species × 4 soil origins × 2 soil treatments × 8 replicates) were arranged in a factorial design. Overall, seedlings grown in AG, CM, and JP soils showed a higher plant performance and survival rate, as a result of higher soil microbial abundance and diversity, than those grown in DL soils. The results showed significantly higher plant height, root collar diameter, shoot, and total mass for seedlings grown in non-sterilized forest soils than those grown in sterilized soils. Furthermore, the bacterial relative abundance of Acidobacteria, Actinobacteria, and Nitrospirae was significantly higher in the non-sterilized forest soils AG, CM, and JP (r2 = 0.6–0.8, p < 0.001). Soil pH had a strong effect on abundance of the bacterial community in the church forest soils. More specifically, this study further demonstrated that the effect of soil microbiome was noticeable on the performance of Olea seedlings grown in the soil from CM. This suggests that the soils from remnant church forests, particularly from the canopy under CM, can serve as a good soil origin, which possibly would promote the native tree seedling growth and survival in degraded lands.
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1. Introduction


Land degradation is a major global problem affecting all terrestrial biomes in arid and humid regions [1,2]. Human activities, such as deforestation, overgrazing, and improper agricultural practices are the main factors causing land degradation, all of which significantly reduce environmental quality, and socio-economic sustainability [3,4,5,6]. Land degradation also causes deterioration of soil communities and negatively influences ecosystem function [7]. Studies have revealed the significant role of soil microbes in ecosystem functioning [8,9]. However, the loss of beneficial microbes, including fungi and bacteria, adversely affects the recovery potential of a degraded ecosystem [10].



Symbiotic relationships between the roots of higher plants and microbes (fungi and bacteria) strongly influence plant survival, growth, and ecosystem properties [11]. These beneficial microbes can enhance soil nutrient supply, drought tolerance, and pathogen resistance [12] of the host plant. The interaction of soil microbes with plant roots and organic matter can improve soil aeration and resistance to slaking and erosion by enhancing soil aggregation and structural stability; the microorganisms influence soil aggregation via chemical stabilization, and the organic matter contributes a cementing effect [13]. However, these functional roles of soil microbes are limited in degraded ecosystems because of a low level of microbial diversity, poor vegetation cover, high soil disturbance, and severe erosion rates [10,14,15]. Consequently, in many regions of the world, various methods of ecological restoration are necessary to rectify degraded ecosystems [16]. For instance, soil and water conservation practices [17], including afforestation and exclosure establishment [2,18], have been experimented with within Ethiopia. However, achieving restored ecosystem function through re-establishment of native tree species [19] has proved challenging due to the lack of a native soil microbial community in degraded lands (DLs) [20]. Indeed, soil microbes in combination with plant species play a crucial role in restoring DL [8,15]. In the case of the Ethiopian highlands, very little information exists about the source of native inoculum for the successful restoration of lost microbial community functions in degraded landscapes.



Small patches of natural forest, called “church forests,” exist around Ethiopian Orthodox Tewahedo churches and monasteries, and these constitute the last remnants of the original forest cover, having been conserved for more than a century. Church forests are located in a matrix of intensively degraded agricultural landscapes [21,22]. Apart from their social and spiritual value, church forests are obvious and important foci of biodiversity and act as a source of seeds and germplasm for native flora [21,22,23,24]. However, there is a lack of studies characterizing the role of microbial communities or evaluating the inoculum potential and the effects of microbes from church forests on the early stages of native tree establishment.



Olea europaea L. subsp. cuspidata and Albizia gummifera are among the most important native tree species of Ethiopia. These two tree species were selected for this study based on their social and ecological importance and their limited survival and regeneration ability in degraded lands of the Ethiopian highlands [25,26]. Olea europaea subsp. cuspidata (Wall. ex DC.) is a late-successional evergreen tree species found in dry Afromontane forest between 1250 and 3100 m a.s.l. [27]. The species is hardy and drought resistant once established, even in poor soils; adult trees are commonly 15–25 m high [28]. Albizia gummifera (J.F.Gmel.) C.A.Sm., is a deciduous tree species; it can reach up to 15 m height and occurs in semi-humid and humid highland forests between 1400 and 2500 m a.s.l. [28]. It often co-exists with Olea europaea and Juniperus procera [29]. Despite Olea europaea and Albizia gummifera are among the suitable native tree species supposed to restoring degraded lands in the highlands of Ethiopia, no or very limited information is available on the growth performance and survival rate of their seedlings in soils from conserved forest and degraded lands. This study was, therefore, designed to: (1) assess the soil microbial diversity in remnant church forest and surrounding degraded land, (2) evaluate the effect of soil microbiome, from under the canopy of church forest, on early growth and survival rate of seedlings of Olea europaea and Albizia gummifera under glasshouse conditions, and (3) evaluate the association between soil microbial and chemical properties in relation to plant growth.




2. Materials and Methods


2.1. Site Description


The study was conducted using soil sampled from Ethiopian Orthodox Tewahedo Church, Laguna St. Giorgis forest (Figure 1). Laguna St. Giorgis forest is a remnant forest around a church built in 1500 A.D. It is located at 11°39′21″ N and 37°30′36″ E at an altitude of 2100 m a.s.l. The current forest covers 5.25 ha. The mean annual rainfall ranges from 895 to 2037 mm (Figure 2a). The mean annual temperature range is 17–31 °C [30]. The vegetation type of the area is Albizia–Juniperus-Croton-dominated dry Afromontane forest [31]. Leptosols and Regosols are the major soil types in the study area [32].




2.2. Field Soil Sampling


Soil samples were collected under the canopy of three predominant native tree species: Albizia gummifera (AG), Croton macrostachyus (CM), and Juniperus procera (JP), in the church forest (Figure 1c), as well as from adjacent degraded land (DL). For each tree species and DL, three replicate soil samples were collected from the top 0 to 20 cm soil depth using a ruler and a hand shovel measuring around 3.0 kg of soil in plastic bags. Soil samples from a similar source were mixed to obtain a composite inoculum. The samples were prepared at the soil laboratory of Bahir Dar University, Ethiopia, and transported to Japan for the experiment: half of the total samples for each soil origin were sterilized using gamma-rays (30–60 kGy; [33]) to evaluate the effects of soil microbes. For each soil origin, a 2 g sample was taken to store at −80 °C for downstream DNA extraction to evaluate soil microbiome before the Glasshouse (GH) experiment.




2.3. Experimental Design


A pot experiment was carried out in a glasshouse at Tottori University, Arid Land Research Center, Japan. The temperature in the glasshouse was in the range of 21–25 °C with an average relative humidity of 65.7% (Figure 2b).



Surface-sterilized seeds of Olea and Albizia were germinated, in May 2018, using autoclaved vermiculite (15 min at 121 °C) in a seed germination chamber (MLR-351H, SANYO, Tokyo, Japan); temperature and relative humidity of the chamber was 25 °C and 60–70%, respectively. Albizia seeds were germinated in a week, while Olea seeds took 2 weeks after sowing in the chamber. The seedlings were transplanted to the glass pots (4 cm diameter and 14 cm height each) at the depth of 2–3 cm containing either sterilized or non-sterilized soil (100 g for samples from forest and 125 g for samples from degraded land). The pots were kept at room conditions (25 °C and 12 h light) for 2 weeks.



A total of 128 pots (2 plant species × 4 soil origins × 2 soil treatments × 8 replicates) were transferred to the glasshouse for further monitoring and evaluation. Pots were maintained at 15% moisture content throughout the experiment period (5 months) and were weighed every 3 days. Every 2 weeks, 10 mL of sterilized distilled water was added to the pots containing non-sterilized soil and, to control contamination, 10 mL of 1:50 antibiotic (penicillin/streptomycin/amphotericin B solution [36] and sterilized distilled water) solution was added to the pots containing sterilized soil.




2.4. Growth and Survival Data


Seedling survival was recorded monthly until the end of the GH experiment. Plant height (cm) and root collar diameter (RCD, mm) were measured using a ruler and digital caliper, respectively, at the end of the GH experiment. Root to shoot (R/S) ratio was calculated by dividing root dry weight by shoot dry weight.




2.5. Soil Analysis


Soil samples collected from field (before GH experiment) and pots (after the GH experiment) were air-dried, passed through a 2-mm sieve and analyzed for selected soil parameters: pH, organic carbon, total nitrogen, available phosphorus (P), aggregate–structure stability, and texture (particle size). Soil pH was measured in 1:2.5 soil: water suspension. Soil organic carbon (SOC) and total nitrogen (TN) were determined using a CN corder (Macro Corder JM1000CN, J-Science Lab, Kyoto, Japan). Soil available P was extracted with a solution of 1.0 M ammonium fluoride and 2.5 M hydrochloric acid (Bray II method; Bray and Kurtz [37]). Phosphate was detected by absorption spectrometry (UV–140–02; Shimadzu, Kyoto, Japan) using the molybdenum blue colorimetric procedure. Soil aggregate–structure stability (SAS) was determined using the modified high energy moisture characteristics method [38], and particle size was analyzed by the hydrometer method [39]. In addition, soil moisture content was gravimetrically measured after drying moist samples in an oven at 105 °C for 24 h [39].




2.6. Plant and Soil Sample Collection


Seedlings were harvested at 5 months after transplantation (Figures S2 and S3). At harvest, for each seedling: (i) the shoots (stem and leaves) were separated and weighed, (ii) after breaking the glass pots, the roots were carefully separated, gently washed with tap water, and weighed in fresh. Shoots and roots were then dried at 60 °C for 72 h and weighed to estimate the shoot, root and total biomass. From each pot, 2 g of soil samples were collected to store at −80 °C for further molecular microbiome characterization after the GH experiment.




2.7. Soil DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Sequencing


For each sample, 0.25 g of soil was extracted using DNeasy PowerSoil® DNA kit (Qiagen, Germany) following the manufacturer’s protocol. The extracted DNA solution was diluted 10 times and PCR was carried out using BIO-RAD T100™ Thermal Cycler (Bio-Rad Laboratories, Hercules, CA). For each sample, two replicates were amplified in a 20 μL (total volume) reaction mixture, containing 1 μL of template DNA (10 ng/μL), 7.0 μL sterilized distilled water, 10 μL of 2 × Q5 High-Fidelity DNA Polymerase (New England Biolabs Inc., Ipswich, MA, USA), and 1.0 μL for each primer.



The V4 region in the 16S rRNA gene was amplified using primers S-D-Arch-0519-a-S-15 (CAGCMGCCGCGGTAA) and S-D-Bact-0785-a-A-21(GACTACHVGGGTATCTAATCC) for bacteria [40]. The internal transcribed spacer (ITS) region was amplified with the primers ITS1F_KYO2 (TAGAGGAAGTAAAAGTCGTAA) and ITS2_KYO2 (TTYRCTRCGTTCTTCATC) for fungi [41]. Each forward primer was tagged with the Ion Torrent specific adapters and Ion Xpress barcode to distinguish the origin of samples. The expected band size for 16S rRNA and ITS primers was 350 bp and 360 bp, respectively.



The PCR thermal cycling conditions were: initial denaturation at 98 °C for 30 s, followed by 35 cycles of 98 °C for 10 s, 53 °C for 30 s, and 72 °C for 1 min, followed by a 2 min final extension at 72 °C. The PCR products were checked by agarose gel electrophoresis, and the replicates were composited to make one mix for purification. The purified DNA concentration was quantified for each PCR product with the Qubit dsDNA HS Assay Kit on a Qubit fluorometer 2.0 (Invitrogen, Carlsbad, CA, USA). Then, pooled DNA distribution and size were checked using Agilent 2100 (Agilent Technologies, Inc. Santa Clara, CA, USA) after putting an equimolar amount of amplified DNA into a tube. Following this, DNA sequencing by Ion Torrent Personal Genome Machine (Life Technology, Inc. Carlsbad, CA, USA) was performed as described by [41].




2.8. Sequence Data Processing


Sequence data processing was performed as previously described in Tian et al. [42]. Quality sequences were gained using the Quantitative Insight into Microbial Ecology (QIIME) 1.8.0 pipeline [43] after removing sequences shorter than 200 bp for bacteria and 360 bp for fungi, and sequences with expected errors predicted by Phred (Q) scores greater than 0.8. ITSx were used to precisely pick the ITS region for fungal DNA [44]. Successful sequences (Figure S1) were clustered into operational taxonomic units (OTUs) at 97% similarity level using USEARCH [45]. Then, sequencing chimeras were checked and removed using UCHIME [46]. Taxonomy of each OTU was assigned to fungal and bacterial taxa using UNITE [47] and SILVA (SILVA 128 QIIME release) databases, respectively.




2.9. Statistical Analysis


Statistical analyses were performed in R [48] using the interference implemented RStudio (version 1.1.383). The data were checked for normal distribution before analysis using the Shapiro–Wilk test, and non-normally distributed data were log and square-root transformed. The effects of soil from the four origins (DL, AG, CM, and JP) with soil treatment on plant height, R/S ratio, mass, pH, soil organic carbon (SOC), total nitrogen (TN), carbon/nitrogen (C/N) ratio, available P, and SAS were analyzed with a general linear model procedure. Three-way ANOVA was used to check the effect of species on pooled plant and soil properties, then the two species (Olea and Albizia) separately and soil origins (with and without soil treatment) were fixed factors. Two-way ANOVA was used to test the interaction between soil origins and soil treatments on plant growth indices and soil properties. Differences in means across soil origins and soil treatments were analyzed with Tukey’s HSD test using the R package Agricolae [49]. Survival was measured using the Kaplan–Meier procedure; survival curves were compared statistically using log-rank test (LogranKA package) and Cox-regression (survival package) survival analysis was used to test the interaction between soil origins and soil treatments [50].



Rarefied OTU tables were used to analyze soil microbial community composition and diversity Indices (Shannon (H′) and Simpson (D)) and number of OTUs observed. The effects of soil origin between treatments on H′, D, and number of OTUs observed were non-parametrically determined (Kruskal–Wallis test). To test the effect of soil origins and soil treatments on microbial communities, PerMANOVA (1000 permutations) was performed by using the Adonis function in the vegan package of R [51]. Non-metric multidimensional scaling based on Bray–Curtis dissimilarity was used to visualize the results, and the relationships between soil properties, and microbial communities were tested using the envfit function in the vegan package of R [51].





3. Results


3.1. Soil Microbial Community


3.1.1. Soil Bacterial Community Composition, Abundance, and Relationship with Soil Properties


Acidobacteria, Actinobacteria, Crenarchaeota, Nitrospirae and Proteobacteria were the most abundant bacterial phyla in the original forest soils (Figure 3a). Whereas, Actinobacteria, Gammatimonadetes, and Proteobacteria were the most dominant bacterial phyla in the DL soil (Figure 3a). For both plant species, the relative abundance of Proteobacteria was higher in sterilized soils (47% and 53%, respectively) than in non-sterilized ones (28% and 29%, respectively); in contrast, the relative abundance of Actinobacteria was higher in non-sterilized soils (Figure 3b,c). Also, in non-sterilized soils, the abundance of Acidobacteria was higher in DL, CM, and JP for Olea seedlings (Figure 3b) and in all soil origins for Albizia seedlings (Figure 3c).



The values of indices (H′ and D), and the number of OTUs observed for bacteria under Olea (Figure 4a,e,i), and Albizia (Figure 4c,g,k) seedlings were significantly higher in non-sterilized than in sterilized soils. The bacterial community significantly varied among soil origins (PerMANOVA; F = 13.63, p < 0.001) and between sterilize versus non-sterilize soil treatments (F = 3.27, p < 0.001) and seedling types (F =16.79, p < 0.001). The relative abundance of Acidobacteria, Actinobacteria, and Nitrospirae was significantly correlated with bacterial community in non-sterilized forest soils (r2 = 0.63, r2 = 0.77, r2 = 0.79, respectively; p < 0.001). Proteobacteria were strongly correlated with bacterial community in sterilized soils (r2 = 0.63, p < 0.001), in particular for the forest soils; for the DL soil, the bacterial communities were less related to Acidobacteria, Nitrospirae, and Proteobacteria. In addition, the bacterial communities of DL were grouped in a separate cluster distant from the forest soils (Figure 5a). Among different soil properties, soil pH was strongly correlated (r2 = 0.6, p < 0.001) with the bacterial community (Figure 5a), whereas SOC, TN, the C/N ratio, and available P did not show a strong correlation with the bacterial community.




3.1.2. Soil Fungal Community Composition, Abundance, and Relationship with Soil Properties


In the soils before GH experiment, Ascomycota (48%, 70%, 72%, and 68%) and Basidiomycota (21%, 16%, 11% and 17%) were the most abundant fungi phyla, respectively in DL, AG, CM, and JP (Figure 6a). In addition, a relatively higher abundance of Glomeromycota was found in DL soils. Similarly, for soils after GH experiment, Ascomycota and Basidiomycota were the most abundant fungal phyla under Olea and Albizia seedlings (Figure 6b,c). Ascomycota had a higher relative abundance for Olea seedlings in non-sterilized (89%, 93%, 93%, and 76%) than in sterilized (81%, 80%, 78%, and 78%) DL, AG, CM, and JP soils, respectively. However, the abundance of Basidiomycota was relatively higher in sterilized (11%, 14%, and 18%) than non-sterilized (3%, 5%, and 5%) of DL, AG, and CM soils, respectively (Figure 4b). The relative abundance of Ascomycota under Albizia seedlings in DL, AG, CM, and JP were 80%, 88%, 80%, and 83%; and 62%, 62%, 75%, and 74% for seedlings in non-sterilized and sterilized soils, respectively (Figure 6c).



Significant differences in H′ for the fungal community were found between soil treatments for Olea (Figure 4b) and Albizia seedlings (Figure 4d) in AG and JP soils, respectively. In addition, significant variation in D was found in CM and JP soils for Albizia seedlings (Figure 4h) between non-sterilized and sterilized soil. The number of OTUs observed for fungi were significantly higher under seedlings with non-sterilized AG soil for both Olea and Albizia (Figure 4j,l) than with sterilized soil, but the case was the opposite for CM soil for Olea (Figure 4j). However, the DL soil had significantly fewer OTUs for fungi than the forest soils (AG, CM, and JP).



PerMANOVA results indicated that the fungal community significantly differed among soil origins (F = 12.71, p < 0.001) and between soil treatments (F = 2.70, p < 0.001) and seedling types (F = 8.40, p < 0.001). The relative abundance of Ascomycota and Basidiomycota had a weak correlation (r2 < 0.5, p < 0.001 with the fungal community. There was no correlation between the soil properties (pH, SOC, TN, C/N ratio, and available P) and the fungal community (Figure 5b).





3.2. Effect of Soil Origins and Soil Treatments on Plant Growth and Survival


The factors including species, soil origins and soil treatments were all considered in the model for analysis of variance (Table S1). The results indicated that most of plant characteristics and soil properties are related with species, soil origins, soil treatments, and their interactions. The results of the three-way ANOVA demonstrated that species, and the interactions between species and soil origins, soil treatments and soil origins, and species, soil treatments and soil origins were the most important factors affecting plant characteristics excluding the R/S ratio (Table S1). The soil origins also significantly affected plant characteristics (p < 0.05; Table S1). Except for root mass, soil treatments substantially influenced plant characteristics. However, the interaction of species and soil treatments significantly determined survival rate, shoot and total mass of plants (p < 0.05; Table S1).



After separating per species, the two-way ANOVA indicated that soil treatments, soil origins, and their interaction had a significant effect on plant height, RCD, shoot mass, total mass, and survival rate of Olea and Albizia seedlings (Table S1). Olea seedlings grown in non-sterilized AG, CM, and JP soils showed significantly higher plant height (Figure 7a), total mass (Figure 7i), RCD (Figure S4a), and shoot mass (Figure S4c), than seedlings grown in sterilized soils. For the same plant characteristics, there was no significant difference between sterilized and non-sterilized DL soils (Figure 7a,c,e). Root mass did not vary between soil treatments, except in CM soil, where it was significantly increased more than double in non-sterilized soil (Figure S4e). In contrast, the R/S ratio for Olea seedlings grown in sterilized AG, CM, and JP soils was significantly higher than seedlings grown in the non-sterilized soils (Figure 7e). For Albizia seedlings, the RCD (Figure S4b) and shoot mass (Figure S4d) significantly varied in DL and CM non-sterilized soils than seedlings in sterilized soils. The shoot mass of Albizia seedlings were significantly higher for both treatments of AG and non-sterilized CM soil than the other treatments (Figure S4d). Root mass (Figure S4f) was significantly higher in sterilized AG and JP soils, significantly lower in CM soil, and was not significantly different in DL soil.



Survival analysis showed no significant differences in survival rate between Olea seedlings with non-sterilized and sterilized soil (χ2(1) = 3.32, p = 0.061), although the survival rate for seedlings with sterilized soil (97%) was slightly higher than for those in non-sterilized soil (95%). Survival rate significantly differed among soil origins for Olea seedlings (χ2(3) = 17.64, p < 0.001). Survival of Albizia seedlings was significantly affected by the soil treatments (Table S1) and soil origins (Table S1). Albizia seedlings survived better with the sterilized treatment (100%) than with the non-sterilized treatment (97%). The survival rate in AG, CM, and JP soils was found to be similar and significantly higher than in DL (92%). The interaction between soil treatments and soil origins had no significant effect on survival of either Olea or Albizia seedlings (Table S1; χ2(3) = 3.32, p = 0.06 and χ2(3) = 6.03, p = 0.42, respectively).




3.3. Soil Chemical and Physical Properties


Soil pH, TN content and C/N ratio were strongly dependent on species (p < 0.05). Soil origins (p < 0.05) also influenced pH, SOC, TN and available P, but not the C/N ratio. Except for available P, soil treatments did not affect soil characteristics. In addition, the interaction between species and soil origins, and species, soil origin and soil treatments affected SOC and TN contents (p < 0.05; Table S1). Available P and SOC content were also dependent on the interaction of species and soil treatments, and soil origins and soil treatments, respectively.



Significant differences (p < 0.05) in soil pH between original soil and the soils after the GH experiment were observed for both species and soil treatments in AG and JP soils (Table 1 and Table 2). SOC content for Olea and Albizia seedlings varied significantly between before (original soil) and after GH experiments in both soil treatments of AG and DL, respectively. Whereas SOC content only varied significantly in DL (sterilized) and JP (non-sterilized) soils, respectively for Olea and Albizia seedlings. The TN contents in DL soil for both species and soil treatments were significantly different between original soil and the soils after the GH experiments. There was significant variation in the C/N ratio of DL (sterilized) and AG in both soil treatments between original soil and the soils after the GH experiments. However, available P only significantly varied in non-sterilized AG soil of Albizia seedlings.



For Albizia seedlings, soil pH was significantly affected by soil treatments and soil origins and their interactions, whereas for Olea seedlings, soil origins and its interaction with soil treatments were significant (Table S1). Soil pH for Olea seedlings with non-sterilized JP soil was significantly higher than for seedlings in sterilized soil, whereas with AG soil, the opposite trend was observed (Table 2). Except for CM soil, there was a significant difference in pH between non-sterilized and sterilized soil for Albizia seedlings, i.e., in DL, AG, and JP soils, pH was significantly higher for seedlings in sterilized soil (Table 2). For both Olea and Albizia seedlings, regardless of soil treatments, pH of DL was significantly lower than AG and CM but was comparable with JP (Table 2).



Generally, SOC, TN, C/N ratio, and available P for Olea seedlings were not significantly affected by soil treatments, soil origins, and their interaction. SOC, TN, and C/N ratio for Olea seedlings did not significantly vary between soil origins (Table S1). Sterilized AG soil had a higher SOC (10.10%) and TN (0.92%) contents, whereas the lowest SOC (4.48%) and TN (0.40%) contents were found in non-sterilized DL soil (Table 2). The highest (11.40) and the lowest (10.90) C/N ratios for Olea were measured in CM sterilized and non-sterilized soils, respectively (Table 2).



Soil available P significantly differed among soil origins for Olea seedlings (Table S1). The non-sterilized AG soil had a significantly higher available P (88.00 mg kg−1) than the others. The lowest content of available P (28.40 mg kg−1) was found in DL non-sterilized soil for Olea. Available P in the forest soils was highest in AG followed by JP then CM (Table 2). In contrast to Olea seedlings, SOC, TN, C/N, and available P for Albizia seedlings significantly varied among soil origins, with SOC and TN in particular being significantly influenced by soil origins.



However, except for available P content and C/N ratio, other soil characteristics did not significantly differ between sterilized and non-sterilized soil (Table 2). SAS was numerically higher in non-sterilized than in sterilized soil for both Olea and Albizia seedlings (Table 2), significantly so for AG and CM soil with Olea seedlings, and for AG soil with Albizia. Regardless of soil treatments, for both Olea and Albizia seedlings, SAS for all of the forest soils (AG, CM, and JP) was significantly higher than for DL soil (Table 2).





4. Discussion


The soil from the four origins in this study caused significant variation in plant characteristics (Figure 7). Olea seedlings with non-sterilized soil of Albizia gummifera, Croton macrostachyus, and Juniperus procera showed higher plant growth compared to seedlings with sterilized soil. Plant characteristics of Albizia seedlings were consistently affected by non-sterilized soil from Croton macrostachyus, whereas for other soil origins the effect was not consistent. Olea and Albizia are species that co-exist in dry Afromontane forest of Ethiopia [29] and have arbuscular mycorrhizal associations [53]. Our results agree with other studies that have shown that inoculation with the appropriate microbes can significantly modify or improve seedling growth [53], pathogen resistance [12], and biomass production [54]. Conversely, seedlings of both species in non-sterilized Croton macrostachyus soil consistently varied in plant growth (Figure 7). This may be linked to the abundance of Actinobacteria and Nitrospirae for seedlings in non-sterilized soil, which is strongly related to the bacterial community of forest soils in particular with Croton macrostachyus soil (Figure 3 and Figure 6). Several reports have indicated that members of the phylum Actinobacteria are involved in organic matter decomposition, plant growth promotion, and soil pathogen control [54]. Also, Nitrospirae is one of the phyla whose members are involved in soil nitrification [55]; therefore, their abundance in soil may influence the availability of soil nitrogen [56]. However, the phylum Proteobacteria was highly correlated with seedlings in sterilized soil. Furthermore, relatively high soil pH was observed for seedlings in non-sterilized soils (Table 2 and Figure 5). Studies have reported that the abundance of Proteobacteria is positively correlated to soil pH [56].



Likewise, Ascomycota and Basidiomycota are found to be the most abundant fungi phyla in forest soils. Ascomycota is saprophytic in the soil, which had high resistance and better environmental adaptability [57]. It can also decompose most plant and animal residue into nutrients that can be available for plants [58]. Similarly, Basidiomycota plays a key role in the decomposition of organic matter in the soil, such as lignins, resins, tannin, and other compounds which might affect soil properties [59]. However, in this study, the abundance of Ascomycota and Basidiomycota was slightly influenced by species type (Figure 4). Several studies have reported that plant species type can influence the structure of the soil microbial community by producing a different amount of organic matter, altering the soil moisture and nutrition status [60,61,62]. Moreover, the quality and quantity of organic compounds released by plant roots such as carbohydrates, amino acids, organic acids, and enzymes can also influence the soil microbial community by exerting stimulatory and/or inhibiting effects [63,64]. In this study, lower forest soil TN (0.07%) and P (39.84 mg kg−1) contents were found in Croton macrostachyus soil. According to Wubet et al. [53], native tree species of the dry Afromontane forest in Ethiopia have mycorrhizal associations, which are effective tools when the soil nutrients (i.e., N and P) are limited [53]. However, fungal abundance in the experimental soil was low, and fungal communities did not correlate with the soil properties, and had lower diversity, evenness, and number of operational taxonomic units than bacterial communities. This result is in line with other studies [65,66]. Thus, when a difference in pH range preference for optimum growth pertains, soil pH is often a factor exerting more control over the abundance of the bacterial community than the fungal community. Additionally, the beneficial effect of soil from beneath Croton macrostachyus on the regeneration of Olea seedlings [67] has been reported in the highlands of Ethiopia.



As expected, Olea seedlings in degraded land soil did not vary in size among soil treatments (Figure 7). This could be due to the low level of soil microbial diversity and abundance, which are common soil characteristics of degraded land [68]. Soil microbes are widely known to enhance plant growth, increase efficiency of nutrient uptake, and facilitate establishment and competitive ability of seedlings. Moreover, in the present study, degraded land soil had lower fungal diversity and number of operational taxonomic units than forest soil. Correspondingly, SOC, TN, available P, and moisture content were found at lower levels in degraded land soil than in forest soil (Table 1).



Plant biomass allocation strategy is species-dependent and varies with environmental factors [68]. Studies have shown that resource availability controls biomass allocation patterns in plants [69,70], especially for the root to shoot ratio. In the present study, root to shoot ratios for Olea seedlings in Albizia gummifera, Croton macrostachyus and Juniperus procera sterilized soil were higher than in non-sterilized soil. The root to shoot ratio was highest in Olea seedlings, reaching 3.44 in degraded land soil, a value not influenced by soil sterilization. This could be because plants under conditions of low soil nutrients and limited water are obliged to allocate high biomass to their roots to exploit the soil resources more effectively [11,71]. In contrast, low root to shoot ratios were found in seedlings in non-sterilized forest soils, which could be because seedlings in non-sterilized soils have greater access to water and nutrients, provided by the microbial association, meaning that seedlings were able to allocate more biomass to the shoot. A similar finding was also reported by Zandavalli et al. [72].



Soil aggregate stability and the process of structure formation are complex, influenced by soil properties (e.g., clay content, organic matter), plant root development, and soil microbial activity [10]. Soil aggregate stability is an indicator of soil aeration and nutrient availability, soil erosion resistance, root penetration, and water regime of the soil [10]. In this study, soil aggregate stability was significantly higher for forest soils than degraded land soil. This result is in agreement with the findings by Delelegn et al. [73], who reported higher soil aggregate stability in natural forest soil than degraded croplands in the highlands of northern Ethiopia. A similar result was also reported by Caravaca et al. [74]. SOC is the main element in soil aggregate formation and is directly related to soil microbial diversity for Caravaca, Lax, and Albaladejo [74]. Loss of SOC results in significant deterioration in soil structure [75], which is a key indicator of soil degradation [75]. Moreover, loss of beneficial soil microbes (mainly fungi and bacteria) significantly affects soil aggregate stability [76]. Furthermore, fungi play a significant role in endorsing the formation of macro-aggregates through their hyphae, which “glue” the micro-aggregates together [77]. However, as mentioned above, the degraded land soil had lower fungal diversity than forest soil. Thus, greater soil aggregate stability under seedlings with non-sterilized Albizia gummifera and Croton macrostachyus soils (Table 2) can be attributed to the higher abundance of beneficial microbes (Figure 4) that facilitate the formation of micro and macro-aggregates [78].




5. Conclusions


Higher growth in non-sterilized, than sterilized forest (Albizia gummifera, Croton macrostachyus and Juniperus procera) soil indicates a microbial benefit to seedling growth from forest soil. We also observed higher plant growth in forest soils than in degraded soils mainly due to a higher relative abundance of beneficial bacterial phyla (Acidobacteria, Actinobacteria, and Nitrospirae). Soil pH showed a strong correlation with the abundance of the bacterial community, but no relationship was found between soil properties and fungal communities. Moreover, the effect of soil microbiome was more noticeable on the performance of Olea seedlings grown in the soil from Croton macrostachyus. This suggests that soils from Croton macrostachyus can promote growth and survival of Olea and Albizia seedlings in degraded lands. Overall, the results of this study imply that soils from the remnant church forests could serve as a potential source of soil microbiome for the restoration of degraded lands using native tree species.
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Figure 1. Location of the study area. The study site is indicated by the black circle (a,b). Albizia gummifera (AG), Croton macrostachyus (CM), Juniperus procera (JP) are tree species in the church forest, and DL is adjacent degraded land (c). 
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Figure 2. (a) Climate characteristics of the study area from 1962 to 2017 [30,34] and (b) glasshouse atmospheric conditions during the experiment. Climate diagram of the study site (a) is based on Walter and Lieth climate diagrams [35]. 
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Figure 3. Relative abundances of bacteria at the phylum level in the soil samples; before GH experiment (a) (original soil), and after GH experiment for Olea (b) and Albizia (c) seedlings with treatment (non-sterilized soil) and without treatment (sterilized soil). The values shown are means (n = 3 for soil before GH experiment and n = 8 for soil after GH experiment). DL, AG, CM, and JP represent degraded land, Albizia gummifera, Croton macrostachyus, and Juniperus procera, respectively. 
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Figure 4. Shannon (H′) index (a–d), Simpson (D) index (e–h), and number of OTUs (i–l) observed for bacteria (columns 1 and 3) and fungi (columns 2 and 4) for Olea and Albizia seedlings with (non-sterilized; green bars) and without (sterilized; yellow bars) treatments. DL, AG, CM, and JP stand for different soil origins from degraded land, or from beneath Albizia gummifera, Croton macrostachyus, and Juniperus procera, respectively. Asterisks indicate statistically significant differences between seedlings in non-sterilized (with treatment) and sterilized (without treatment) soil (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; and ns, not significant) and p-value (Kruskal test among soil origins). Values are shown as mean ± standard error (n = 8). 
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Figure 5. Non-metric multidimensional scaling based on Bray–Curtis dissimilarities for the (a) bacterial and (b) fungal communities. Shapes of symbols represent soil treatments, colors of symbols represent soil origins (AG, CM, DL, and JP), and fills with the symbols represent Albizia and Olea seedlings. Arrows indicate significant correlations and the lengths of arrows are relative to the strength of the correlation. DL, AG, CM, and JP stands for soil from degraded land or from beneath Albizia gummifera, Croton macrostachyus, Juniperus procera, respectively. 
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Figure 6. Relative abundances of fungi at the phylum level in the soil samples: before GH experiment (a) (original soil), and after GH experiment for Olea (b) and Albizia (c) seedlings with treatment (non-sterilized soil) and without treatment (sterilized soil). The values shown are means (n = 3 for soil before GH experiment and n = 8 for soil after GH experiment). DL, AG, CM, and JP represent degraded land, Albizia gummifera, Croton macrostachyus, and Juniperus procera, respectively. 
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Figure 7. Effects of soil from different origins on plant height (a,b), total biomass (c,d), and root to shoot (R/S) ratio (e,f) of Olea and Albizia seedlings, respectively, with treatment (non-sterilized soil) and without treatment (sterilized soil). DL, AG, CM, and JP stand for soil origins from degraded land, or from beneath Albizia gummifera, Croton macrostachyus, and Juniperus procera, respectively. Asterisks indicate statistically significant differences between seedlings with treatment (in non-sterilized soil) and without treatment (in sterilized soil): * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; and ns, not significant). Values are mean ± standard error (n = 8). 
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Table 1. Major soil characteristics of degraded land and church forest soils (n = 3).
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	Soil
	pH
	MC (%)
	SOC (%)
	TN (%)
	C/N
	Avail. P

(mg kg−1)
	Sand

(%)
	Silt

(%)
	Clay

(%)
	Texture Class

(USDA) a





	DL
	5.6

(0.2) b
	11.7

(1.1) c
	6.0

(0.2) b
	0.8

(0.1) b
	10.2

(0.3) b
	29.4

(1.1) b
	68
	11
	21
	Sandy clay loam



	AG
	6.1

(0.1) ab
	26.7

(2.0) a
	12.0

(1.2) a
	1.0

(0.1) a
	11.8

(1.8) a
	88.2

(5.9) a
	68
	12
	20
	Sandy loam



	CM
	6.5

(0.2) ab
	23.3

(1.5) ab
	8.1

(1.1) ab
	0.7

(0.1) b
	11.3

(0.4) a
	39.8

(4.2) b
	64
	17
	19
	Sandy loam



	JP
	7.0

(0.3) a
	17.0

(1.6) bc
	8.7

(0.4) ab
	0.8

(0.1) b
	10.8

(0.1) b
	76.3

(5.1) a
	67
	14
	19
	Sandy loam







Different lowercase letters indicate significant differences among soil origins [values are mean (±standard error)]; Tukey HSD, p < 0.05, n = 3. Soil in degraded land (DL) and under mature trees of Albizia gummifera (AG), Croton macrostachyus (CM), Juniperus procera (JP). MC, moisture content at sampling. SOC, soil organic carbon. TN, total nitrogen. C/N, carbon/nitrogen ratio. Avail.P, available phosphorus. a Soil texture class is according to [52].
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Table 2. Soil characteristics of Olea and Albizia seedlings inoculated with and without four different soil origins at the end of the 5 months experiment (DL, soil from degraded land; AG/CM/JP, soil from beneath A. gummifera, C. macrostachyus, and J. procera, respectively).
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Species

	
Soil Origin

	
pH

	
SOC (%)

	
TN (%)

	
C/N

	
Avail.P (mg kg−1)

	
SAS (SI, cm−1)




	
with

	
without

	
with

	
without

	
with

	
without

	
with

	
without

	
with

	
without

	
with

	
without






	
Olea

	
DL

	
5.9

	
5.9

	
4.5

	
7.9

	
0.4

	
0.7

	
11

	
11

	
28.4

	
30.7

	
0.02

	
0.01




	
(0.1) cA

	
(0.1) cA

	
−1.3

	
−0.8

	
−0.1

	
−0.1

	
−0.2

	
−0.1

	
(0.6) d

	
(0.4) d

	
(0.0) c

	
(0.0) c




	
ns

	
ns

	
ns

	
*

	
*

	
*

	
ns

	
ns

	
ns

	
ns

	

	




	
AG

	
6.7

	
7.2

	
6.7

	
10.1

	
0.6

	
0.92

	
11.1

	
11.4

	
88

	
86.1

	
0.05

	
0.04




	
(0.1) aB

	
(0.1) aA

	
−1.8

	
−1.5

	
−0.2

	
−0.1

	
−0.5

	
−0.2

	
(3.3) a

	
(4.7) a

	
(0.0) aA

	
(0.0) aB




	
*

	
*

	
*

	
*

	
*

	
ns

	
ns

	
ns

	
ns

	
ns

	

	




	
CM

	
6.6

	
6.6

	
6.3

	
5.7

	
0.6

	
0.5

	

	
10.9

	
42.2

	
42.5

	
0.04

	
0.03




	
(0.1) aA

	
(0.1) aA

	
−1.4

	
−1.5

	
−0.1

	
−0.1

	
−0.2

	
−0.2

	
(0.7) c

	
(0.7) c

	
(0.0) bA

	
(0.0) bB




	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	

	




	
JP

	
6.3

	
5.9

	
8.3

	
6.8

	
0.7

	
0.62

	
11.3

	
10.9

	
77.9

	
74.8

	
0.04

	
0.03




	
(0.1) bA

	
(0.1) bB

	
−1.7

	
−0.7

	
−0.1

	
−0.1

	
−0.1

	
−0.1

	
(2.2) b

	
(2.0) b

	
(0.0) b

	
(0.0) b




	
*

	
*

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	

	




	
Albizia

	
DL

	
5.6

	
5.9

	
3.9

	
3.7

	
0.4

	
0.3

	
10.1

	
11.4

	
27.3

	
28.6

	
0.02

	
0.01




	
(0.1) dB

	
(0.0) dA

	
(0.0) d

	
(0.0) d

	
(0.0) d

	
(0.0) c

	
(0.1) a

	
(0.2) a

	
(0.4) dB

	
(0.6) dA

	
(0.0) d

	
(0.0) c




	
ns

	
ns

	
*

	
*

	
*

	
*

	
ns

	
*

	
ns

	
ns

	

	




	
AG

	
7

	
7.4

	
12.1

	
11.9

	
1

	
1

	
11.6

	
11.6

	
74.1

	
86.9

	
0.05

	
0.04




	
(0.1) aB

	
(0.0) aA

	
(0.2) a

	
(0.7) a

	
(0.0) a

	
(0.1) a

	
(0.1) a

	
(0.1) a

	
(2.0) bB

	
(3.9) bA

	
(0.0) aA

	
(0.0) aB




	
*

	
*

	
ns

	
ns

	
ns

	
ns

	
*

	
*

	
*

	
ns

	

	




	
CM

	
6.5

	
6.6

	
8.3

	
8.6

	
0.8

	
0.8

	
10.7

	
10.8

	
34.5

	
47.3

	
0.04

	
0.04




	
(0.0) bA

	
(0.1) bA

	
(0.1) b

	
(0.4) b

	
(0.0) b

	
(0.0) b

	
(0.1) b

	
(0.1) b

	
(0.8) c

	
(1.1) c

	
(0.0) b

	
(0.0) a




	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	

	




	
JP

	
6

	
6.3

	
7.3

	
7.7

	
0.7

	
0.7

	
10.6

	
10.7

	
74.2

	
94.8

	
0.03

	
0.03




	
(0.0) cB

	
(0.0) cA

	
(0.1) c

	
(0.1) c

	
(0.0) c

	
(0.0) b

	
(0.1) b

	
(0.0) b

	
(3.7) aB

	
(1.5) aA

	
(0.0) c

	
(0.0) b




	
*

	
*

	
*

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
*

	








Different superscript lowercase letters indicate significant differences among soil origins for each species; different superscript uppercase letters indicate significant differences between soil treatments (Tukey HSD, p < 0.05, n = 8) and asterisks indicate statistically significant differences between before (Table 1) and after GH experiments in the same soil origin (* p ≤ 0.05; and ns, not significant). Values are mean (±standard error).
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