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Plant pathogens are increasingly considered as important agents in promoting plant coexistence, while plant symbionts like ectomycorrhizal fungi (EMF) can facilitate plant dominance by helping conspecific individuals to defend against plant pathogens. However, we know little about their relationships with plants at large scales. Here, using soil fungal data collected from 28 forest reserves across China, we explored the latitudinal diversity gradients of overall fungi and different fungal functional guilds, including putative plant pathogens, EMF, and saprotrophic fungi. We further linked the spatial patterns of alpha diversities of putative plant pathogens and EMF to the variation of plant species richness. We found that the relationships between latitude and alpha diversities of putative plant pathogens and EMF were region-dependent with sharp diversity shifts around the mid-latitude (~35°N), which differed from the unimodal diversity distributions of the overall and saprotrophic fungi. The variations in the diversities of putative plant pathogens and EMF were largely explained by the spatial regions (south vs. north/subtropical zone vs. temperate zone). Additionally, the alpha diversities of these two fungal guilds exhibited opposing trends across latitude. EMF could alter the relationship between diversities of putative plant pathogens and plants in the south/subtropical region, but not vice versa. We also found that the ratio of their alpha diversities (EMF to putative plant pathogens) was negatively related to plant species richness across the spatial regions (north to south), and explained ~10% of the variation of plant species richness. Overall, our findings suggest that plant-microbe interactions not only shape the local plant diversity but also may have non-negligible contributions to the large-scale patterns of plant diversity in forest ecosystems.

Keywords: latitudinal diversity gradient, plant pathogen, ectomycorrhizal fungi, forest ecosystems, plant-soil feedback

INTRODUCTION

The increase in species richness from polar to equatorial regions is well known for plant communities (Kier et al., 2005; Kreft and Jetz, 2007; Qian and Ricklefs, 2008; Wang et al., 2012). This latitudinal gradient of biodiversity has attracted a great interest from ecologists (Willig et al., 2003), which is one of the most general patterns for different types of organisms on the earth (Helmut, 2004). Although recent studies have reported clear diversity distribution patterns (e.g., unimodal and negative linear) of different fungal functional guilds like ectomycorrhizal fungi (EMF) and arbuscular mycorrhizal fungi (AMF) across latitude (Tedersoo et al., 2012; Davison et al., 2015), how the diversity of plant pathogens changes along the latitude remains underreported (but see Tedersoo et al., 2014), leaving a significant gap in our knowledge. Furthermore, accumulating empirical evidences have supported that plant pathogens play an important role in promoting plant species coexistence through negative plant-soil feedback at local scales (Bradley et al., 2008; Van der Heijden et al., 2008; Bever et al., 2012, 2015). Thus, exploring the spatial distribution of plant pathogens and their associations with plants at large scales is essential to obtaining a deeper understanding of potential mechanisms underlying large-scale plant diversity patterns (Bever et al., 2015).

The Janzen-Connell hypothesis (Janzen, 1970; Connell, 1971) has been widely recognized as one of the central forces organizing plant communities. It assumes that the recruitment of host-specific natural enemies, such as plant fungal pathogens, can help to maintain plant diversity in forest ecosystems (Mangan et al., 2010; Comita et al., 2014; Liu et al., 2015; LaManna et al., 2016, 2017). However, to what extent the diversity of fungal pathogens relates to plant diversity is still underreported. According to the basic assumption of the Janzen-Connell hypothesis, most of the plant enemies are host specific, expectedly resulting in consistent latitudinal gradients of diversities between plants and their fungal pathogens (Peay et al., 2016). In other words, higher plant diversity should lead to a higher diversity of fungal pathogens (Rottstock et al., 2014). Meanwhile, plant pathogens also interact with other fungal guilds, such as EMF who can help plants to defend against pathogens (Sikes et al., 2009; Laliberté et al., 2015) by reducing infection sites (Azcón-Aguilar and Barea, 1997) or releasing antibiotic compounds (Marx, 1972). Additionally, recent experimental studies found that local plant diversity can be influenced by varied plant responses to soil fungi (from negative to positive plant-soil feedbacks) through different types of mycorrhizal association (Bennett et al., 2017) and different strategies of nutrient acquisition (Teste et al., 2017). Thus, a comprehensive study linking the spatial distributions of different fungal functional guilds (e.g., EMF and plant pathogens) to plant diversity across latitude is urgently needed.

Furthermore, most plant-soil feedback investigations have focused on the changes in plant performances using potting experiments with the application of fungicide or inoculation of several fungal isolates (e.g., pathogens and EMF) (Pernilla Brinkman et al., 2010), which may, to some extent, overlook the relationships between different fungal functional guilds in natural conditions. Recently, sequencing-based profiling of fungal communities has successfully captured the structures of different fungal functional groups and trophic guilds (Öpik et al., 2009; Peay et al., 2012; Taylor et al., 2014; Tedersoo et al., 2014; Davison et al., 2015; Liang et al., 2016; Nguyen et al., 2016b; Hannula et al., 2017; Leff et al., 2017), making it possible to explore the large-scale diversity patterns of different fungal functional guilds and to further identify whether the shift of their association (i.e., EMF vs. plant pathogens) is related to the plant diversity in forest ecosystems.

Here, based on the molecular techniques and a well-defined fungal guilds database (Nguyen et al., 2016a), we profiled the soil fungal communities of 431 soil samples that were collected from 28 forest reserves along a large latitudinal range across China. We aimed to answer two questions: (1) How do the diversities of different fungal guilds change across latitude and whether the diversity of plant pathogens has the same negative relationship with latitude as plants? (2) How are the diversities of EMF and plant pathogens related to plant species richness at large scales (i.e., across China)?

MATERIALS AND METHODS

Soil Sampling

In total, 28 mountain forest reserves located across a broad range of latitudes (21° ~ 53°N) and longitudes (100° ~ 129°E) in China were surveyed in 2012 (Figure 1 and Table S1). These forest reserves are characterized by a wide range of climate zones (from subtropical to temperate region), vegetation types (from evergreen broad-leaf forest to coniferous forest), mean annual temperature (from −6°C to 22°C), and mean annually precipitation (from 100 to 2,214 mm) (see detailed information in Table S1). In each forest reserve, 2–15 sampling locations were randomly chosen along the same aspect of the mountain. In each sampling location, 3 top layer soils (10 cm depth) located ~5 m apart from each other were collected after the removal of vegetation litter. Soils were stored in sterilized polyethylene bags and kept on ice immediately in the field and then transported to the laboratory. A few soil samples were discarded, because their bags were broken during transportation. Finally, we obtained a total of 472 soil samples from the 28 forest reserves. Each sample was separated into two subsamples: one for subsequent chemical analyses and the other stored at −20°C for molecular experiment.
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FIGURE 1. Map of sampling sites, points indicate the positions of forest reserves. The point colors indicate different vegetation types. The name and sample number of each forest reserve were labeled beside the point.



Spatial and Environmental Variables, and Plant Species Richness

In this study, the latitude, longitude, and elevation of each sample were recorded by a portable GPS machine. Environmental variables included 11 soil physiochemical properties and four climate conditions. Soil pH and electrical conductivity (EC) were measured by specific electrodes (Sartorius PB-10, Göttingen, Germany) based on the soil suspension (1:2.5 of soil to deionized water). Total organic carbon (TOC) was measured by a Shimadzu TOC Analyzer (TOC-Vcsh; Shimadzu, Kyoto, Japan). The SmartChem Discrete Auto Analyzer (SmartChem®200; WESTCO Scientific Instruments Inc.) was used to measure total nitrogen (TN) and total P. Available Ca, Mg, Al, P, K were extracted using Mehlich-III solution and measured by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Optima 2100DV; Perkin-Elmer, Massachusetts, USA). Total K was also measured by ICP-OES after sample digestion.

Climate conditions for 2012, including mean annual temperature (MAT), mean annual precipitation (MAP), mean annual humidity (MAH), and mean annual evapotranspiration (MAE), were downloaded from public datasets generated by weather stations in China (http://data.cma.cn/site/index.html). These mean annual values were derived from 194 weather stations across China to represent the regional climate conditions. We predicted the climate conditions for our sampling locations through these datasets using Kriging (Gräler et al., 2016). Notably, instead of using actual records of climate conditions at the sampling dates, we aimed to use these annual measures to explore how the regional climate conditions, which were more associated with latitude, affect the distributions of overall fungi and different fungal guilds.

We obtained plant species richness from Wang et al. (2010). In brief, the plant species richness of each forest reserve was determined based on its spatial location and the woody plant distribution map (spatial resolution: 50 × 50 km), which was created by Fang et al. (2011). In this database, they compiled the plant species distributions in China from all floras published before 2008, including Flora of China, Higher Plants of China, Flora Reipublicae Popularis Sinicae, more than 120 volumes of provincial floras, and many local floras across China. Moreover, 21 senior botanists from different regions of China were invited to check and supplement the plant species distributions in each region to improve the accuracy of this database. This distribution map matched the survey-based map within 95% confidence (Wang et al., 2012).

DNA Extraction and Sequencing

For each soil sample, DNA was extracted from 0.5 g fresh soil using the MoBio PowerSoil DNA extraction kit (Carlsbad, CA) following the manufacturer's instructions. All DNA samples were stored at −20°C before polymerase chain reaction (PCR) amplification. To determine the fungal community composition, we amplified the second nuclear ribosomal internal transcribed spacer (ITS2) region of the rRNA operon by using a primer set ITS3 (5′- GCATCGATGAAGAACGCAGC-3′) and ITS4 (5′- TCCTCCGCTTATTGATATGC-3′). To permit multiplexing of samples, a 12-bp barcode unique to each sample was linked to the primer ITS3's 5′ end. The PCR reaction system included 25 μL 2 × premix (TaKaRa), 1 μL forward and reversed primers (10 mM), 30 ng DNA, and double-distilled water which was added to make the total volume 50 μL. We also included a negative control (no added DNA in reaction system) for each batch. PCR conditions were as follows: preheat 30 s at 98°C, then 35 cycles of 98°C for 10 s, annealing at 52°C for 25 s and extension at 72°C for 30 s, with a final extension at 72°C for 8 min. PCR products from different samples were pooled together in equimolar concentrations and purified by E.Z.N.A.® Gel Extraction Kit (Omega BioTek, Doraville, USA). The pooled PCR products were sequenced on a 2 × 300 paired-end MiSeq NextGen platform (Illumina; San Diego, CA, USA).

Sequence Processing and Fungal Functional Guilds Identification

After removing the low-quality bases (Phred quality scores <20) from the 3′ end of raw reads, we used FLASH (version 1.2.11) (Magoc and Salzberg, 2011) to merge the pair-end reads. Then, we demultiplexed merged sequences to samples based on their unique barcodes by using MOTHUR (version 1.36.1) (Schloss et al., 2009). During this process, barcodes and primers were trimmed, and short and low-quality sequences were filtered, with parameters: minlength = 300, maxhomop = 12, qwindowsize = 50, qwindowaverage = 20, maxambig = 0, pdiffs = 2, bdiffs = 1. We clustered high-quality sequences into OTUs (Operational Taxonomic Unit) at the 97% similarity threshold and removed chimeras by using USEARCH (version 8.0) (Edgar, 2013). After removing singletons, we assigned a taxonomic name to each OTU by using the Ribosomal Database Project (RDP) classifier (Wang et al., 2007) with a confidence threshold of 0.8 against UNITE database (version 7.2) (Kõljalg et al., 2013). We removed OTUs that were classified as “unknown,” “Plantae,” and “Protista.” Before subsequent analyses, we rarefied each sample to equal sequencing depth (900 sequences) to reduce the influence of unequal sequencing depth on diversity comparison.

We used FUNGuild (Nguyen et al., 2016a) to classified OTUs into different functional guilds based on their taxonomic names. A total of 2,893 OTUs (25% of all OTUs, accounting for 66% of the total number of sequences) were annotated into a single or multiple functional guilds. To avoid the annotation uncertainty, we removed the OTUs with annotation confidence rank of “possible.” We obtained 193 OTUs that were only assigned to plant pathogen. In case of ignoring some identified plant pathogens, we inspected the OTUs that were also assigned to other guilds besides plant pathogen by literature searching based on their taxonomic affinities. By doing this, we finally obtained 205 plant pathogen OTUs (Table S2). We performed the same procedure for EMF and obtained 420 EMF OTUs (Table S3). As for saprotrophic fungi, which is the most dominant functional group in forests (Nguyen et al., 2016b), 1,128 OTUs were assigned to the single trophic mode of “Saprotroph” (Table S4). Because our soil samples did not come from plant roots, only 14 AMF OTUs, accounting for 0.1% of the total sequences, were found in our dataset. Thus, AMF were not considered in the subsequent analyses.

Statistical Analyses

In this study, some of the forest reserves (i.e., CB, DX, SHWL, SNJ, and TM) span a large range of different latitudes/longitudes. To capture more detailed spatial variations of fungal communities, soil samples from these forest reserves were divided into 2~3 groups based on their locations. Meanwhile, a total of 41 samples, which were located far away (>37 km) from other neighboring sites, were discarded to ensure the representativeness in assessing the fungal diversity for the area. In total, 33 reserves/groups (431 samples) were included for subsequent analyses (see detailed information in Table S1, we will refer to “reserve/group” as “reserve” in the rest of this paper). We examined the changes of community compositions of overall fungi and different fungal guilds (i.e., plant pathogens, EMF, and saprotrophic fungi) across latitude by calculating the relative abundances (number of sequences belonging to one phylum or genus/total sequence number of the same sample) at phylum level and genus level, respectively (Figure S1). NMDS (non-metric multidimensional scaling) based on Jaccard distance was also performed to display the latitudinal variations of the community compositions of overall fungi and different fungal functional guilds. To explore the detailed spatial pattern of each genus of plant pathogens and EMF, we calculated their occurrence frequencies at sample or forest level by counting the samples or forest reserves they occurred in. Their latitude distribution ranges were calculated based on the minimum and maximum latitudes of the samples or forests they occurred in.

We calculated alpha diversities of overall fungi and different guilds as the mean OTU numbers of all soil samples within a given reserve. We plotted the alpha diversities against latitude to visualize their relationships and fitted linear or quadratic regression lines to these relationships based on AIC values. By doing this, we found that the alpha diversities of plant pathogens and EMF had a sharp shift around 35°N, which is also the boundary between subtropical and temperate climate zones, and their changes along latitude were region-dependent. Thus, we split the forest reserves into two spatial regions (detailed information in Table S1): north region (subtropical forests) and south region (temperate forests) and fitted the regression line for each region. To evaluate whether these patterns were robust to potential errors or misclassifications in the identification of fungal functional guilds, we subsampled the OTUs of each fungal guild using different thresholds (from 0.5 to 0.9 with step 0.1; the percentage of OTUs we kept) and redid the analyses. Theoretically, subsampling the OTUs of each fungal guild would reduce or remove the potential errors in the identification of different fungal guilds with the cost of losing some correct identifications. We could observe the same patterns (Figure S2), even when we only used half of the original data. This indicates that our results are robust to potential errors in the identification of fungal functional guilds. To estimate the independent relative contributions of spatial region, soil properties, and climate conditions to the variation of alpha diversity, we performed hierarchical variation partition by using package “hier.part” (Walsh et al., 2013). We subjected variables of soil properties and climate conditions to principal components analysis (PCA) and selected the first three PCs (account for more than 60% variation) and first two PCs (account for more than 90% variation) to represent soil properties and climate conditions, respectively. The total explained variation of alpha diversity was determined by multiple regression model. We further conducted the Pearson correlation to identify the relationships between different environmental factors and the alpha diversities of different fungal functional guilds (Table S5). Because the sampling dates were not related with the diversities of overall fungi (Pearson: r = −0.004, P = 0.98), plant pathogens (Pearson: r = 0.086, P = 0.63), EMF (Pearson: r = −0.016, P = 0.93), and saprotrophic fungi (Pearson: r = 0.083, P = 0.64), we did not include sampling dates into our model.

In this study, we aimed to link the spatial diversity patterns of EMF and plant pathogens to the variation of plant species richness across latitude. Since a similar region-dependent pattern was observed for plant species richness (Figure S3), we related plant species richness to the diversities of plant pathogens and EMF by calculating Pearson correlations for the north and south regions separately. To examine whether the diversity of EMF (plant pathogens) could alter the relationship between plant species richness and the diversity of plant pathogens (EMF), we first removed the effect of EMF (plant pathogens) on plant pathogens (EMF) by extracting the residuals of their linear regression and then recalculated the correlation between plant species richness and the residuals of diversity of plant pathogens (EMF). In addition, we identified the genus-level correlations between EMF and plant pathogens based on their relative abundances in each sample (Table S6). To explore whether the shift of association (alpha diversity ratio) between EMF and plant pathogens is related to the changes of plant species richness across latitude, we plotted EMF-to-pathogen ratio against plant species richness and fitted regression lines for each region and overall forests. Then, we used hierarchical variation partition to disentangle the independent relative contributions of EMF-to-pathogen ratio, spatial region, and climate conditions to the variation of plant species richness. The total contribution was determined by multiple regression model. All statistical analyses were performed in R version 3.3.2 (R Core Team., 2016).

RESULTS

After quality control and assembly, we obtained a total of 1,806,829 high-quality sequences with an average of 4,192 ± 2,373 (mean ± SD) sequences per sample, which were clustered into 1,1295 OTUs at the 97% similarity level. The number of OTUs detected in each sample ranged from 101 to 317, with an average of 206 according to the rarefied OTU table. Based on the taxonomic affiliations of OTUs, we identified 205 plant pathogens (Table S2), 420 EMF (Table S3), and 1,128 saprotrophic fungi (Table S4) in our dataset.

Community Compositions and Distribution Ranges

Generally, NMDS ordinations of community compositions of overall fungal communities, as well as different fungal functional guilds showed that their community structures varied along the latitudinal gradient (Figure 2). More specifically, the overall fungal communities were dominated by phylum Ascomycota (relative abundance: 31.6–85.3%, Figure S1a) across all forest reserves. Fusarium, which could be detected in all the forests and appeared in 383 of the 431 samples (Figures 3A,B), was the most dominant fungal genus among all the identified plant pathogens in this study (Figure S1b). In our dataset, we identified three species (Fusarium solani; Fusarium langsethiae; Fusarium oxysporum) with affinity to Fusarium (Table S2). Among all plant pathogens, about half of them (104/205) were endemic and only detected in less than 7 of 28 forests (Table S2). For EMF, the most widespread genus was Inocybe, which was found in all forests and appeared in 332 of the 431 samples (Figures 3C,D) and had a higher relative abundance in higher latitudes (Figure S1c). Other EMF genera, like Russula and Cortinarius, were more abundant in lower latitudes (Figure S1c). As for saprotrophic fungi, Penicillium was frequently detected in lower latitudes, and Pseudogymnoascus had higher relative abundance in higher latitudes (Figure S1d).
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FIGURE 2. Non-metric multidimensional scaling (NMDS) ordinations of the community compositions (OTU level) of all fungi (A), plant pathogens (B), ectomycorrhizal fungi (EMF) (C), and saprotrophic fungi (D) based on Jaccard distance. Sample points were colored based on their latitude locations.
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FIGURE 3. Occurrence frequencies and latitude distribution ranges of different genera of plant pathogens (A, forest level; B, sample level) and ectomycorrhizal fungi (C, forest level; D, sample level) in this study. Points represent occurrence number of a given genus (left y-axis) across different forest reserves or all samples. Bar plots show the detected latitude range (right y-axis) and the distribution range (colors) of each fungal genus.



We further explored the occurrence frequencies and distribution ranges of different identified fungal genera for plant pathogens and EMF and found that only several genera of pathogens (e.g., Fusarium, Volutella, Clonostachys, and Phacidium) and EMF (e.g., Inocybe, Cortinarius, Russula, Tomentella and Laccaria) were widespread (i.e., high occurrence and large distribution range) (Figure 3). Our results also revealed that some pathogens in genera (e.g., Penicillium, Trichothecium, and Coniella) and EMF in genera (e.g., Cenococcum and Helvella) were hardly detected but had wide latitude ranges, suggesting that the occurrence frequencies and distribution ranges are decoupled (Figure 3). Furthermore, most of the genera (plant pathogens: 62 of 70; EMF: 52 of 59) could be detected in the subtropical region (lower than ~35°N) (Figure 1), with a few of them (e.g., Sclerotinia and Humaria) only observed at higher latitudes (Figure 3).

Latitudinal Diversity Gradients and Variation Partitioning

Unlike the linear latitudinal diversity pattern of plants, the alpha diversities (OTU richness) of overall fungi and saprotrophic fungi were significantly and unimodally related to latitude (overall fungi: [image: image] = 0.17, P < 0.01; saprotrophic fungi: [image: image] = 0.11, P < 0.01) and peaked at around 35°N (Figures 4A,D), which is the boundary between subtropical and temperate zones (Figure 1). However, the relationships between latitude and diversities of plant pathogens and EMF were obviously region-dependent (Figures 4B,C). In the south region, the alpha diversities of plant pathogens and EMF showed significantly positive ([image: image] = 0.47, P < 0.01) and negative correlations ([image: image] = 0.46, P < 0.01) with latitude, respectively. However, we did not observe significant trends in the north region. These latitudinal diversity gradients of overall fungi, as well as different fungal guilds, were consistent with higher sequencing depth (Figure S4).
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FIGURE 4. The relationships between latitude and the alpha diversities (OTU level) of all fungi (A), plant pathogens (B), ectomycorrhizal fungi (EMF) (C), and saprotrophic fungi (D). Data points represent the mean (±SD) alpha diversity of each forest reserve. Linear or polynomial (degree = 2) regression lines were selected to fit the data points based on AIC values. Forest reserves were grouped into two spatial regions (north and south) based on the diversity patterns of plant pathogens and EMF (detailed information showed in methods and Table S1). We fitted regression lines to these two regions separately for plant pathogens and EMF. Gray shadows represent 95% confidence interval.



The six representative variables (i.e., soil: the first three PCs; climate: the first two PCs; region: north and south) collectively explained 25, 51, 66, and 17% of the variances in alpha diversities of overall fungi, plant pathogens, EMF, and saprotrophic fungi, respectively. Soil PC1 was the main driver for the alpha diversities of overall fungi (relative 61.0% and pure 15.3% = 61.0% × 25% explanation) and saprotrophic fungi (relative 46.8%; pure 7.96%) (Figures 5A,D). Specifically, available Ca and Mg were the major factors (Table S5). Meanwhile, spatial region explained the most variations of alpha diversities of plant pathogens (relative 49.8%; pure 25.4%) and EMF (relative 65.2%; pure 43.0%) (Figures 5B,C). Besides the effect of region, the soil PC1 and climate PC1 were the most important environmental factors influencing the alpha diversities of plant pathogens and EMF, respectively (Figures 5B,C).
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FIGURE 5. Results of hierarchical variation partitioning of the alpha diversities (OTU level) for all fungi (A), plant pathogens (B), ectomycorrhizal fungi (EMF) (C), and saprotrophic fungi (D). Forest reserves were grouped into two spatial regions (south and north) based on the diversity patterns of plant pathogens and EMF. Variables of soil properties and climate conditions were subjected to principal components analysis (PCA). The first three PCs (account for more than 60% variation) and first two PCs (account for more than 90% variation) were selected to represent soil properties and climate conditions, respectively. [image: image] shows the proportion of explained variation of alpha diversity by multiple regression with these six variables.



Relationships Between Plants, EMF, and Plant Pathogens

Expectedly, the relationship between latitude and plant species richness was negative across China, while it was also region-dependent with a steeper slope in the south region (Figure S3). The results of Pearson correlations showed significant (P < 0.01) but contrary relationships between plant species richness and the diversities of plant pathogens and EMF in the south region, with positive relationship for EMF (Pearson r = 0.298, P < 0.01) and negative relationship for plant pathogens (Pearson r = −0.227, P < 0.01) (Table 1). However, the negative relationship between plant species richness and pathogens' OTU richness was conditional and varied. It became non-significant (Pearson r = −0.090, P = 0.128) for species richness after removing the effect of EMF on plant pathogens, but not vice versa (Table 1). In the north region, we did not find any significant relationships between plant species richness and the alpha diversities of EMF and plant pathogens (Table 1). We subsequently assessed the associations between EMF and plant pathogens based on the relative abundances of different genera in each sample and found that most of the genera pairs (1892/1932) were negatively related (Table S6). Furthermore, we found that the EMF-to-pathogen diversity ratio was significantly and negatively associated with plant species richness across the spatial regions (Pearson: r = −0.658, P < 0.01), although this relationship did not keep when we examined it in each region (Figure 6A). Variation partitioning also showed that the independent contribution of EMF-to-pathogen ratio (relative 12.5%; pure 10.0 %) to the variation of plant species richness was comparable with the contributions of mean annual precipitation (relative 13.1%; pure 10.5%) and mean annual humidity (relative 13.4%; pure 10.7%) (Figure 6B).


Table 1. Pearson correlations between plant species richness and the alpha diversities of plant pathogens and ectomycorrhizal fungi (EMF).
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FIGURE 6. The relationship between plant species richness and the alpha diversity (OTU richness) ratio between ectomycorrhizal fungi (EMF) and plant pathogens (A). The independent contributions of spatial region, climate conditions, and EMF-to-pathogen ratio to the variation of plant species richness across latitude (B). In (A), forest reserves were grouped into two spatial regions (north and south) based on the diversity patterns of plant pathogens and EMF. Linear regression lines were fitted to the all data points (black line) and data points of each region. Gray shadows represent 95% confidence interval. MAP, mean annual precipitation; MAT, mean annual temperature; MAH, mean annual humidity; MAE, mean annual evapotranspiration. [image: image] in (B) shows the proportion of explained variation of plant species richness by multiple regression with the six variables.



DISCUSSION

Here, we report a first attempt to explore the large-scale biogeographic pattern of plant pathogens in forest ecosystems of China and conduct a comparison of diversity patterns between different fungal functional guilds by using sequencing-based profiling and taxonomy-based functional identification. Our results reveal an obvious community turnover of overall fungi and different fungal guilds across latitude (Figure 2), and exhibit the occurrence frequencies and distribution ranges of different fungal genera for plant pathogens and EMF (Figure 3). With large-scale molecular-based surveys, we are now able to capture the biogeography of fungi and different fungal guilds (Öpik et al., 2009; Tedersoo et al., 2014; Davison et al., 2015; Nguyen et al., 2016b; Pärtel et al., 2017), which can help generate hypotheses and guide future studies. For example, our results showed that even though the occurrence frequencies were distinct between the widespread plant pathogens, such as Volutella ciliata (brown root rot; Ebben and Williams, 1956), Phacidium lacerum (fruit rot; Wiseman et al., 2016), Fusarium solani (sudden death syndrome; Nelson and Toussoun, 1989), and hardly detected species like Coniella fragariae (Foliage blight; Griffiths et al., 2004), their distribution ranges were all large (Figure 3 and Table S2). In addition, we also detected some psychrophilic species that have been reported by previous studies, such as Sclerotinia borealis (Hoshino et al., 2010) and Humaria hemisphaerica (Lang et al., 2011) (Figure 3 and Table S2). Interestingly, their latitude distribution ranges (restricted in high latitudes) in our study supported the fact that they had psychrophilic characters. Therefore, our molecular-based results may provide important clues for the testing of host-specificity and evolutionary adaptation of fungi species in future studies.

Previous studies have observed a negative relationship between species richness and latitude for different types of organisms (Helmut, 2004), including vascular plants (Kier et al., 2005), amphibians (Buckley and Jetz, 2007), mammals (Ceballos and Ehrlich, 2006), endophytic fungi (Arnold, 2007), and marine bacteria (Pommier et al., 2007). However, we found that the alpha diversity of overall fungi was unimodally related to latitude with peaking richness around the mid-latitude (~35°N) in China, at the boundary between subtropical and temperate zones (Figure 1). Ma et al. (2017) also reported a similar biogeographic pattern of soil fungi in their recent study across eastern China. However, Tedersoo et al. (2014) found a different trend of fungal diversity at the global scale, revealing a monotonic increase in overall fungal richness toward the equator. These contrasting fungal diversity patterns are possibly caused by different surveyed latitude ranges (China vs. globe). After we further inspected the global diversity pattern of soil fungi showed by Tedersoo et al. (2014), we also found a unimodal trend with fungal diversity peaking around 40°N and declining around 25°N (Figure S5), which was also supported by the recent study (Bahram et al., 2018). Given the fact that the region around 35°N in China had experienced more climate fluctuations during the last 20 ka BP (kiloyear Before Present) (Shen et al., 2012), it's believed that the higher fungi diversity in this region (Figure 4A) is the result of their accumulative adaptive evolution in response to these vagaries of climate conditions. Besides, as a transition area between subtropical and temperate biomes (Figure 1), species richness is expected to be higher in this ecotone than the flanking community (Senft, 2009). Among all the environmental factors we collected, soil properties explained the most variation of the overall fungal diversity (Figure 5A) and calcium was the most important soil property that positively related to fungi diversity (Table S5), which was also found by Tedersoo et al. (2014). One possible explanation is that calcium could accumulate during the decay of wood debris (Smith et al., 2007) and higher fungi diversity could result in a higher decay rate (Van der Wal et al., 2013).

Unexpectedly, the relationship between latitude and the alpha diversity of plant pathogens was region-dependent, from positive in the south region to non-significant in the north region. Notably, the alpha diversity of EMF also exhibited a region-dependent relationship with latitude, from negative in the south region to non-significant in the north region, contrasting with the unimodal relationship showed by Tedersoo et al. (2012). Such region-dependent patterns might be largely due to the distinct climate zones formed by the special geography of China, which naturally divided China into humid subtropical and temperate arid regions by the Qinling Mountains (Mattauer et al., 1985; Shen et al., 2012). Variation partitioning also supported that spatial region was the main driver of the variations in diversities of plant pathogens and EMF (Figure 5). In line with a previous study (Tedersoo and Nara, 2010), we found that EMF diversity was higher in the temperate zone than subtropical zone. Tedersoo and Nara (2010) proposed three potential mechanisms (historical-biogeographic factors, habitat diversity, and resource availability-fragmentation) to explain this pattern. As for the alpha diversity of plant pathogens, contrasting with our expectation, we didn't find a positive relationship between diversities of plants and plant pathogens (Table 1). One possible explanation is that their association could be altered by EMF (Table 1), owing to the biotic interaction between plant pathogens and EMF (Duchesne et al., 1988; Perrin, 1990), which is partly supported by the opposing trends of their diversities along latitude (Figures 4B,C). It should be noted that the opposing diversity trends of plant pathogens and EMF are also possibly caused by the different ectomycorrhizal plant (EcM plant) richness and proportions in different forests. Although we do not have the data on EcM plant richness and proportions in the 28 surveyed forests, previous studies (Tedersoo and Nara, 2010; Brundrett and Tedersoo, 2018) have reported that temperate forests often have more EcM plants than tropical forests. Higher EcM plant proportion could result in higher EMF diversity by providing more habitats (host plants), which might reduce physical space for plant pathogens. Although there is no direct experimental evidence, a similar idea has been proposed that the presence of a given saprophytic fungus species or group of species might exclude the colonization of new saprophytic fungi species on the same substrate (Rayner and Todd, 1980; Boddy, 2000).

Based on the survey data of forest plants, Johnson et al. (2012) found that conspecific negative density dependence (CNDD) is a general mechanism driving plant diversity in forest ecosystems. While in this study, we tried to understand the diversity distribution of plants from a different angle by associating diversities of plants and different fungal guilds across latitude. Recent studies have reported the distinct effects of plant pathogens and symbionts on plant diversity. On the one hand, the accumulation of host-specific fungal pathogens promotes plant coexistence by causing CNDD (Bagchi et al., 2010, 2014; Mangan et al., 2010; Comita et al., 2014; Bever et al., 2015). On the other hand, plant symbionts like EMF facilitate conspecific recruitment by helping conspecifics to defend against plant pathogens and to acquire limiting nutrients from the soil, which will promote plant dominance and reduce diversity (Bever et al., 2012; Laliberté et al., 2015; Bennett et al., 2017). These ideas are partly supported by our results with the facts that the higher EMF-to-pathogen diversity ratio is related to lower plant species richness, while the lower ratio is related to higher plant species richness across the spatial regions (Figure 6A). Although the EMF-to-pathogen diversity ratio had no significant relationship with plant species richness in each region, when we viewed this relationship at a larger scale, it was significantly negative with a sharp shift in EMF-to-pathogen ratio between the two spatial regions (north and south). This sharp shift might be caused by the special geography of China as mentioned before. Furthermore, the independent contribution of the EMF-to-pathogen diversity ratio to the variation of plant species richness was comparable with the contributions of climate conditions, such as mean annual precipitation and mean annual humidity (Figure 6B). The fact that temperate forests have more EcM plants (Tedersoo and Nara, 2010; Brundrett and Tedersoo, 2018) but fewer plant species than subtropical/tropical forests further supported our inference. To our knowledge, this is the first study reporting the large-scale relationships between diversities of plants and different fungal guilds in natural forest ecosystems. Furthermore, this study suggests that the plant-microbe interactions not only shape the local plant diversity but also may provide non-negligible contributions to the large-scale patterns of plant diversity besides that of the water-energy dynamics (Kreft and Jetz, 2007) and regional effects (Ricklefs and He, 2016).

CONCLUSIONS

In summary, we reported the large-scale biogeographic patterns of the overall fungal communities and different fungal functional guilds, and subsequently linked their diversity distributions to the large-scale plant diversity pattern. Our results reveal clear region-dependent latitudinal diversity patterns of plant pathogens and EMF and suggest that their potential biotic interaction may contribute to the variation of plant species richness across different types of forest ecosystems. Through sequencing-based technology and taxonomy-based functional assignment, we are now able to characterize the changes of fungal communities at large scales, which will be beneficial in detecting the structural dynamics of different soil fungal functional guilds (Öpik et al., 2009; Tedersoo et al., 2014; Davison et al., 2015; Nguyen et al., 2016b; Pärtel et al., 2017). Notably, sequencing- and taxonomy-based identification of plant pathogens cannot ensure their pathogenicity, and comprehensive testing of the pathogenicity and host-specificity at the large scale is still a great challenge. However, these molecular technologies can provide important clues about the potential pathogenic relationships between plants and fungi with greater sampling efforts at a larger scale. Thus, in future studies, by combing direct testing through greenhouse experiments and sequencing-based investigations at the fields, we will gain a better understanding of plant-soil feedbacks (Bever et al., 2012).
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