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Summary: 

 The extent to which ectomycorrhizal fungi decay soil organic matter SOM has 

implications for accurate predictions of forest ecosystem response to climate change. The 
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distribution of gene-traits associated with SOM decay remains poorly understood among 

ectomycorrhizal fungal communities. We hypothesized that soil inorganic N availability 

acts as an environmental filter that structures the distribution of genes associated with 

SOM decay and specifically, that ectomycorrhizal fungal communities occurring in 

inorganic N poor soils have greater SOM decay potential.

 To test this hypothesis, we paired amplicon and shotgun metagenomic sequencing of 60 

ectomycorrhizal fungal communities associating with Quercus rubra L. along a natural 

soil inorganic N gradient. 

 Ectomycorrhizal fungal communities occurring in low inorganic N soils were enriched in 

gene families involved in the decay of lignin, cellulose, and chitin. Ectomycorrhizal 

fungal community composition were the strongest driver of shifts in metagenomic 

estimates of fungal decay potential. Our study illuminates the identity of key 

ectomycorrhizal fungal taxa and gene families potentially involved in the decay of SOM, 

and we link rhizomorphic and medium-distance hyphal morphologies with enhanced 

SOM decay potential.

 Coupled shifts in ectomycorrhizal fungal community composition and community level 

decay gene frequencies are consistent with outcomes of trait-mediated community 

assembly processes. 

Keywords: community aggregated traits, community assembly, Ectomycorrhizal fungi, organic 

nitrogen, shotgun metagenomics, soil gradient, soil organic matter

Introduction:

Understanding microbial community assembly and function (Nemergut et al., 2013) is critical to 

the incorporation of microbial processes into biogeochemical models (Hall et al., 2018; Fry et 
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al., 2019; Bradford et al., 2021). Trait-based frameworks developed for plant ecology (Diaz et 

al., 1998; Cornwell & Ackerly, 2009) can be applied to investigate microbial community 

assembly (Fierer et al., 2014; Malik et al., 2020a). For example, plant traits subject to 

environmental filtering have been inferred by analyzing community-level trait distributions along 

abiotic gradients (Cornwell & Ackerly, 2009; Bernard‐Verdier et al., 2012). Functional trait 

trade-offs may constrain the attributes of viable life-history strategies present in individual taxa. 

Environmental filters may act on this variation leading to convergent or ‘underdispersed’ local 

trait distributions and significant associations between environmental conditions and species 

functional traits (Diaz et al., 1998; Ackerly & Cornwell, 2007). While trait trade-offs are 

increasingly characterized for a wide range of microbial taxa (Zanne et al., 2020; Malik et al., 

2020a,b), there remains minimal understanding of the role of functional traits in structuring 

microbial community assembly (Rath et al., 2019; Maynard et al., 2019; Bouma-Gregson et al., 

2019). 

Microbial communities, especially root mutualists, serve to modify root function and 

plant fitness across environmental conditions (Peay, 2016; Fitzpatrick et al., 2018; Ravanbakhsh 

et al., 2019). Ectomycorrhizal (ECM) fungi, in particular, dominate boreal and temperate forest 

soil microbial communities, providing plant hosts with the majority of their annual nitrogen (N) 

requirements (~70%) (Smith & Read, 2010). Despite being one of the most studied microbial 

groups, controls on the distribution of ECM fungal traits remain poorly understood (Courty et 

al., 2016; van der Linde et al., 2018; Meeds et al., 2021). One prominent ECM fungal functional 

trait is the acquisition of N bound in soil organic matter (N-SOM), which constitutes the majority 

of soil N (Vitousek & Howarth, 1991). ECM fungal access to and assimilation of N-SOM is 

contingent upon the decay of plant and microbially derived compounds present in SOM (Lindahl 

& Tunlid, 2015; Zak et al., 2019b; Lehmann et al., 2020). Historically only inorganic N and 

certain simple organic N sources were considered accessible to plants (Schimel & Bennett, 

2004); however, recent studies suggest that certain ECM fungi may allow plants to acquire N-

SOM and ‘short-circuit’ limiting supply rates of inorganic N (Lindahl & Tunlid, 2015; Zak et al., 

2019b). ECM fungal decay capacity has profound implications for ecosystem function. For 

example, plant acquisition of N-SOM is one of the most sensitive parameters determining global 

forest productivity responses to elevated CO2 (eCO2) (Terrer et al., 2016, 2021), and ECM 

fungal decay physiology may impact SOM dynamics at global scales (Orwin et al., 2011; Averill 
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et al., 2014; Sulman et al., 2019). Despite these emergent findings, factors controlling SOM 

decay capacity in ECM fungal communities remains poorly understood. 

Studies at local, regional and continental scales consistently identify soil inorganic 

nitrogen (N) availability as a key determinant of ECM fungal community composition (Taylor et 

al., 2000; Lilleskov et al., 2002a; Peay et al., 2015; van der Linde et al., 2018). Biological 

market perspectives provide insight into how N availability and fungal N acquisition traits may 

interact to structure these communities (Koide et al., 2014; Christian & Bever, 2018). Plants may 

partner with fungal mutualists that maximize N (or P) acquisition, while minimizing 

photosynthate expenditure (Hortal et al., 2017; Bogar et al., 2019; Meeds et al., 2021). 

Comparative genomic analyses suggest that ECM fungal decay potential varies widely across the 

~ 80 independent evolutionary originations of the ECM fungal lifestyle (Kohler et al., 2015; 

Shah et al., 2016; Pellitier & Zak, 2018). Accordingly, if the metabolic cost of SOM decay and 

N-SOM acquisition is high relative to inorganic N acquisition (Hammel & Cullen, 2008; Janusz 

et al., 2017), ECM fungi with greater SOM decay capacity may be disfavored under certain 

environmental contexts (Koide et al., 2014). In this study we investigate the outcome of trait-

mediated assembly processes that structure the distribution of ECM fungal SOM decay traits and 

ECM fungal communities along a natural soil inorganic N gradient. We specifically predict that 

ECM fungal communities occurring in low inorganic N soils are compositionally distinct and 

have greater genomic potential to decay SOM.

Gene based calculation of community aggregated traits (CAT’s) may be used to assess 

community-level microbial properties (Fierer et al., 2014), CAT’s are conceptually similar to 

widely used measures of community weighted mean (CWM) trait values for plant communities 

(Cornwell & Ackerly, 2009; Bernard‐Verdier et al., 2012). Because ectomycorrhizal fungi use 

decay mechanisms retained from their saprotrophic ancestors (Lindahl & Tunlid, 2015; Pellitier 

& Zak, 2018), genes found in saprotrophic fungal genomes encoding hydrolytic and oxidative 

enzymes, as well as Fenton-based decay mechanisms are likely involved in ECM fungal 

degradation of SOM (Doré et al., 2015; Kohler et al., 2015; Nicolás et al., 2019; Floudas et al., 

2020). In most cases however, the identity and activity of specific gene families, particularly 

under field conditions, remain unknown (Zak et al., 2019b). If gene families associated with 

SOM decay impact fungal persistence within a community (i.e. are functional) (Violle et al., 

2007), shifts in the relative abundance of certain gene families along the soil inorganic N 
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gradient could represent the outcome of assembly processes that favored or disfavored their 

suitability. 

We studied ECM fungal communities inhabiting sixty even-aged Quercus rubra L. trees 

arrayed along a natural inorganic N gradient in a temperate upland forest ecosystem. We used 

amplicon sequencing to characterize shifts in ECM fungal communities and calculated 

community aggregated decay trait (CADT) profiles using shotgun metagenomic sequencing. We 

identified linkages between 100 individual gene families and soil inorganic N availability using 

an extension of indicator species (gene) analysis (Baker & King, 2010). Our use of a single and 

even-aged host (~100 years old) eliminates the potentially confounding effect of host specificity 

and ontogeny in fungal community assembly (Wasyliw and Karst 2020, van der Linde et al. 

2018). 

For fungal gene families that are primarily involved in SOM decay, we hypothesize 

negative correlations with increasing soil inorganic N availability. Specifically, extracellular 

class II peroxidases appear critical to ECM fungal decay under laboratory and field conditions 

(Bödeker et al., 2014; Sterkenburg et al., 2018; Lindahl et al., 2021). Manganese peroxidases 

(MnP), lignin peroxidase (LiP) and dye-decoloring peroxidases (DxP), evolved exclusively in 

the Agaricomycetes and have some of the greatest known oxidative capacity to decay SOM 

(Janusz et al., 2017). These genes are present at relatively high abundance in certain ECM fungal 

genomes, such as the widespread genus Cortinarius (Bödeker et al., 2009; Miyauchi et al., 

2020). Additionally, genes encoding extracellular lytic polysaccharide monooxygenases 

(LPMOs) are upregulated in ECM fungal hyphae in the presence of SOM (Nicolás et al., 2019). 

Finally, cellobiose dehydrogenases (CDH) are almost exclusively produced by white-rot 

saprotrophic fungi, and for ECM fungi that originated from such lineages CDH may play a 

substantial role in the decay of SOM (Doré et al., 2015; Janusz et al., 2017). In contrast, genes 

with primarily intracellular roles, such as initiation of the mycorrhizal symbiosis or fungal cell 

wall remodeling may not exhibit significant responses to the soil inorganic N gradient.  

Materials and Methods: 

Site Descriptions: 

Sixty mature Quercus rubra L. individuals, were sampled across a natural mosaic of soil 

inorganic N availabilities in Manistee National Forest in northwestern Lower Michigan (Fig. S1). 
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Trees studied here are approximately even aged resulting from regrowth following forest 

clearing in the early 20th century; forests in this region have subsequently been free of 

anthropogenic disturbance. Five mature Q. rubra individuals that were at least 10 m apart were 

sampled within a total of 12 forest stands; previous studies indicate that these stands broadly 

span the range of soil nutrient availabilities in this region (Zak et al., 1986; Zak & Pregitzer, 

1990). Variation in nutrient cycling is derived from micro-site climatic differences in nutrient 

and water retention that have developed in the past ~10,000 yrs, and all focal trees occur within 

an elevation band of 70-130m (Zak et al., 1986). Relative differences in soil nutrient availability 

among soils have persisted for decades (Zak et al., 1986; Zak & Pregitzer, 1990). Soils across the 

study region are uniformly derived from sandy (~85% sand) glacial drift and because the 

sampling region is relatively small, with the most distant sites being ~50 km apart (Fig. S1), 

macroclimatic differences are minimal. Annual rates of net N mineralization, an estimate of 

inorganic N availability, range from 38 to 120 kg N ha-1 y-1 (calculated from Zak and Pregitzer 

1990), which broadly spans soil inorganic N availability in the upper Lake States region (Pastor 

et al., 1984; McClaugherty et al., 1985). Nitrogen deposition in the study region based on 

National Atmospheric Deposition Program estimates (year 2016) is ~ 3kg N ha-1 primarily in the 

form of NH4
+. Foliar N concentrations of the focal trees increased with soil mineralization rates 

ranging from 21-29 mg g-1 (Pellitier et al., 2021). The regional scale (~50 km) of this study may 

reduce the potential for dispersal limitation to be an overwhelming impact on community 

assembly (Peay et al., 2012), such that observed patterns in species and trait distributions 

primarily represent the outcome of differential biotic and abiotic filters on community assembly 

(Ackerly, 2003). See Supplementary Methods for further information.

Soil Characterization: 

In August 2018, ECM fungal root-tips were collected radially around the dripline of each focal 

Q. rubra individual; cores were 10-cm deep and 144 cm2 (11 x 11cm) and each of the five cores 

collected for each tree were kept intact until dissection. Soil cores for physico-chemical analysis 

were collected immediately adjacent to the root-tip cores in both May and August 2018, but were 

5-cm diameter and 10-cm deep. Oi horizon was removed where present, ranging from 0.24-2cm 

across stands. Soil net N mineralization rates, soil C and N, pH, total free primary amines 

(TFPA), as well as gravimetric soil water content, were measured from these soil cores. In 

addition, all overstory plant stems greater than 5 cm diameter breast height (DBH), within 10 m 
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of each focal Q. rubra stem, were identified and measured at DBH. A total of 1,304 non-focal 

tree stems were inventoried. See Supplementary Methods for further detail.

Isolating Ectomycorrhizal fungal Root-tips: 

Briefly, root-tip cores were pooled for each individual focal tree and root-tips were manually 

excised using a dissecting microscope after visually eliminating non-Quercus roots. Sampling 

was standardized by visually assessing the tips of ~ 90% (wet weight) of all Quercus roots in 

each of the root cores. In total, 14, 944 ECM fungal root-tips were excised. DNA was extracted 

from lyophilized tissue using the Qiagen DNeasy Plant Mini Kit (Hilden, Germany) and DNA 

pools were split for subsequent amplicon and metagenomic sequencing. See Supplementary 

Methods for further detail. 

PCR and Fungal Taxonomy: 

The ITS2 fragment of rRNA was amplified using PCR, following Taylor et al. (2016) and 

sequenced using Illumina Mi-Seq (2 x 250; San Diego, CA). Sequences were processed using 

DADA2 and amplicon sequence variants (ASV) were assigned taxonomy using the using the 

UNITE dynamic database (v.8; 97-99% sequence similarity) (Callahan et al., 2016; Nilsson et 

al., 2019). The mycorrhizal status of fungal genera was assigned using literature searches 

(Tedersoo & Smith, 2013), and genera with mixed, unidentified, or non-ECM fungal status were 

removed from subsequent analyses (~5% of overall sequences). We used the DEEMY 

(characterization and DEtermination of EctoMYcorrhizae) database (http://www.deemy.de/) to 

gather morphological information on the exploration type (hyphal foraging distance) and 

rhizomorph occurrence of taxa present in our dataset at more than 0.5% relative abundance. Taxa 

exclusively forming ‘abundant’ rhizomorphs, were scored as ‘rhizomorphic’, and all medium-

distance exploration types, were defined as ‘medium distance’. Overall, we assigned 

morphological hyphal data for 28 ECM fungal genera, comprising more than 93% of all 

identified ECM fungal sequences. 

Metagenomic Sequence Generation, Processing and Annotation: 

Shotgun metagenomic sequencing was conducted using a NovaSeq 6000 instrument (2 x 150bp) 

at the University of Michigan Advanced Genomics Core. In total, 23,203,326,006 metagenomic 

sequences were generated, and were not merged. Filtered sequences Q > 20 were mapped to the 

UniVec database (bacterial, archaeal, human, viral) sequences, as well as Quercus rubra (Konar 

et al., 2017) and Qurcus lobata genome assemblies (Sork et al., 2016) using Kraken2 with 
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default settings (v.2.0.8) (Wood et al., 2019). On average, 21.7% of sequences per sample were 

removed during this filtering step, yielding a mean of 307,041,274 putative fungal sequences per 

sample. Next, we used a direct mapping approach to annotate sequences against the CAZy and 

Peroxibase reference databases (100 total gene families; Table S1) using ‘sensitive’ setting in 

DIAMOND with an -e value: 1e-4 (v.0.9.29) (Buchfink et al., 2015) and BWA-MEM with 

standard settings (v.0.7.17) (Li & Durbin, 2009), following recommendations for unmerged 

reads (Treiber et al., 2020). The compiled gene database primarily contained previously defined 

‘core’ gene families found to be actively expressed during fungal decay of SOM (Peng et al., 

2018; Floudas et al., 2020) (CAZy: http://www.cazy.org; http://peroxibase.toulouse.inra.fr/) 

(Table S1). We tabulated the number of near-single copy genes, as a proxy for the number of 

Dikaryotic genomes present in each sample, using the OrthoDB v.9 gene database, which 

comprised 1,312 near-single copy Dikaryotic gene variants (Kriventseva et al., 2019). Further 

methodological details are presented in the Supplementary Methods.

Statistical Analysis: 

ECM fungal communities were rarefied to an even depth (24,021 sequences) and the responses 

of individual fungal genera to net N mineralization rates was conducted using Threshold 

Indicator Taxa ANalysis using the ‘TITAN2’ package in R (Baker & King, 2010). We visualized 

variation in ECM fungal community composition using NMDS with the R package vegan v. 

2.5.6 (Oksanen et al., 2020). To isolate the effect of net N mineralization and other soil 

parameters in driving shifts in community composition, we used generalized dissimilarity 

modeling (GDM) (Ferrier et al., 2007; Duhamel et al., 2019). Predictors initially included in the 

model were net N mineralization rates, pH, soil C and N, C:N, TFPA, gravimetric water 

availability and Bray-Curtis transformed plant overstory dissimilarity matrix (ran separately for 

stem frequency or stem frequencies weighted by diameter at breast height (DBH); this model 

incorporated geographic distances between individual focal trees to account for potential spatial 

autocorrelation. We used backwards model selection (Qin et al., 2020), and confirmed the 

significance of remaining predictors using matrix permutation (nperm = 500).

Gene counts derived from community-level shotgun metagenomic sequencing are 

weighted by the relative abundance of taxa present (Fierer et al., 2012, 2014; Quinn et al., 2019). 

To account for the compositional nature of the metagenomic data, we calculated the natural 

logarithm of the number of sequences mapped to a given decay gene family divided by the 
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geometric mean number of near single-copy genes present in the sample (single-copy genes). 

Note that this is identical to an additive log-ratio transformation (Quinn et al., 2018), which 

reveals how the relative abundance of decay genes present in a community behave relative to the 

number of single-copy genes (genomes) present in each sample. This allowed us to estimate, on 

average the potential decay capacity of a hypothetical, fungal genome in each community, 

thereby estimating a CADT (Fierer et al., 2014). Note that shotgun metagenomics allows for 

assessment of genotypic trait variation independent of environment impacts on expression. 

We employed an extension of GDM’s to identify environmental and biotic predictors 

correlated with shifts in the compositional abundance of the 100 decay gene families. While this 

is the first known employment of GDM for metagenomic sequences, it is conceptually similar to 

modeling genomic variation across environmental gradients using single nucleotide 

polymorphisms (Fitzpatrick & Keller, 2015), or nucleotide percentages for assembled genomes 

(Bouma-Gregson et al., 2019). Standardized gene counts were Hellinger transformed (without 

prior log-transformation) and Euclidean distances calculated; initial environmental predictors 

included those described above, as well as a Bray-Curtis dissimilarity matrix of ECM fungal 

community composition. We employed a similar modeling selection procedure as described 

above. A separate GDM was run and additionally included a dissimilarity matrix (Bray-Curtis) 

of non-mycorrhizal fungi present, including unidentified fungal sequences totaling 512 ASV. 

We employed TITAN2 (Baker & King, 2010) to identify ‘indicator’ fungal gene families 

that responded to measures of net N mineralization using IndVal thresholds similar to previous 

studies of microbial ‘omic responses to environmental gradients (Malik et al., 2020b). We 

separately conducted models where soil C, and gravimetric water content were predictor 

variables. To account for potential non-independence among trees (samples) as a result of spatial 

proximity within stands, we accounted for the exact distance among trees using distances 

calculated from GPS coordinates. We used linear mixed effect (LME) models, taking into 

account the underlying spatial sampling structure, using a gaussian correlation structure as 

random effects. Euclidean distances among trees were calculated and restricted maximum 

likelihood estimation was conducted using the package nlme 3.1 (Pinheiro et al., 2017). 

Residuals were plotted to check for violations of normality. All statistical analyses were 

conducted in R v. 4.0.2. 
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Results: 

The underlying soil inorganic N gradient measured using estimates of net N mineralization was 

temporally stable across the duration of the 2018 growing season (Fig. S2). The number of ECM 

fungal root-tips encountered, as well as their overall biomass, was inversely related with soil 

inorganic N availability (Fig. S3-4). We recovered a total of 202 ECM fungal ASV, comprising 

44 genera, of which 88% were Basidiomycetes. The proportion of sequences attributed to ECM 

fungal taxa was greatest under conditions of low inorganic N availability (P = 0.053); however, 

this trend is likely driven by certain outliers because sequences that could not be identified at the 

genus level or had mixed trophic status such as (Entoloma) were not included (Tedersoo & 

Smith, 2013). Inclusion of Entoloma, resulted in weaker shift in the proportion of ECM fungal 

sequences recovered in each sample across the gradient (P = 0.11). Alpha diversity measured as 

observed ECM fungal ASV ranged from 9-50 taxa per sample, and declined significantly across 

the soil gradient, however Simpsons index was invariant (Fig. S5).

The morphological and compositional attributes of ECM fungal communities varied 

significantly across the soil inorganic N gradient (Figure 1). For example, the relative abundance 

of ectomycorrhizal fungi possessing medium distance exploration types (R2 = 0.16, P = 0.001 

linear fit; T= -3.50, P = 0.0009 spatial LME), and rhizomorphic hyphae were more prevalent in 

soils with low rates of net N mineralization (R2 = 0.13, P = 0.003 linear fit; T= -2.94 , P=0.0047 

spatial LME; Figure 1). Importantly, the proportion of ECM fungal sequences assigned 

morphological attributes using DEEMY did not vary across samples (P = 0.50). GDM revealed 

that shifts in ECM fungal community composition were well explained by soil pH, rates of net N 

mineralization and C:N, together explaining 36% of model deviance (Figure 2; Table S2). 

The number of metagenomic sequences that passed quality filtering steps and the 

sequences remaining after removal of plant and non-fungal contaminants did not significantly 

vary across the soil inorganic N gradient (P = 0.36; Fig. S6; Table S3), nor did the geometric 

mean number of single-copy gene sequences (P = 0.17; Fig. S7). The standard error of single-

copy sequences in each sample, a coarse metric of the evenness of genome coverage per 

community, also did not significantly vary (P = 0.76). To qualitatively compare amplicon and 

metagenomic based estimates of fungal alpha diversity, we regressed the mean number of fungal 

genomes estimated using OrthoDB from metagenomic libraries against both the number of 

observed ECM fungal ASV, as well as the total number of fungal ASV; we observed no trends 
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for either relationship (Fig. S8). While we cannot conclusively determine that all sequences 

attributed to various CAZy gene families have an ECM fungal origin, only a small proportion of 

non-ECM fungi (~5%) were encountered in our amplicon libraries (SE=0.007).

We observed shifts in the relative abundance of fungal gene families active on different 

substrates present in SOM across the soil inorganic N gradient (Figure 3). The presence of genes 

encoding enzymes active on lignin, cellulose and chitin were greatest under conditions of low 

inorganic N availability (Figure 3). For example, genes active on cellulose and chitin were 5.2 

and 3.0 times more abundant under conditions of low inorganic N availability. More specifically, 

the relative abundance of fungal class II peroxidases and lytic polysaccharide moonoxygenases 

(LPMO) decreased with increasing rates of net N mineralization rates (Figure 4). Mn-

peroxidases were 4.9 times more abundant and genes encoding LPMO were 2.7 times more 

abundant under conditions of low inorganic N availability. A total of 35 fungal gene families 

(Fig. S9) were identified as responsive to net N mineralization rates, including positive (n = 20) 

and negative (n = 15) indictor gene families (Figure 5); many of these fungal gene families were 

also identified as responsive to soil C and gravimetric water content (Fig. S9-11). The summed 

abundance of ‘indicator’ fungal genes that responded negatively to increasing rates of net N 

mineralization was significantly greater than those that responded positively to inorganic N 

availability (T-test: T = -12.68, P < 0.0001; Figure 5). 

GDM analyses revealed that soil C, gravimetric water content, and ECM fungal 

community dissimilarity were significant predictors of shifts in the compositional abundance of 

metagenomic gene families (Figure 2). Together, these predictors accounted for ~ 22% of model 

variance; ECM fungal community dissimilarity explained ~ 63% of observed model deviance (P 

= 0.066; Data S2). However, when ECM fungal community composition was removed as a 

predictor, rates of net N mineralization were not a significant predictor of dissimilarity in fungal 

metagenomic composition. Finally, because non-ECM fungal taxa could potentially account for 

shifts in community gene counts (Fig. S12), we incorporated both ECM fungal and non-ECM 

fungal community dissimilarity matrices into a separate GDM; this model explained 27% of 

model deviance (Table S2; Fig. S13). Relationships between the relative abundance of individual 

fungal gene families and rates of net N mineralization, soil C, and gravimetric water content are 

reported in Table S4. The relative sequence abundance of fungal taxa forming rhizomorphic 

hyphae (T= 1.39, P= 0.17) and medium distance exploration types (T = 1.66, P = 0.10) was 
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positively correlated with the abundance of fungal gene families that exhibited negative 

responses to rates of net N mineralization (negative indicator fungal gene families; n=15) (Figure 

6). Negative indicator fungal gene families were 4.2 and 4.9 times more abundant where fungal 

taxa forming rhizomorphic hyphae and medium distance exploration types were most common. 

Finally, the relative abundance of ECM fungi in the genus Cortinarius was positively associated 

with the summed abundance of negative ‘indicator’ fungal gene families (Figure 7).

Discussion: 

ECM fungal assimilation of various N forms has been deemed both a response and effect trait, 

which simultaneously impacts the outcome of assembly processes and consequentially, 

ecosystem function (Koide et al., 2014). In this study, we document coupled shifts in ECM 

fungal community composition and community level fungal gene frequencies associated with 

SOM decay along a soil inorganic N gradient. These findings provide support for the primacy of 

N acquisition strategies, particularly SOM decay, in mediating ECM fungal community 

assembly. Overall, ECM fungal communities occurring in low inorganic N soils possessed 

greater genomic potential to decay SOM and the abundance of gene families that operate on 

components of SOM (lignin, chitin and cellulose) were most abundant under these conditions. 

While these patterns are not causative relationships, they are congruent with models of dynamic 

plant adaptation to nitrogen limited condition via symbiosis with specialized ECM fungal 

communities that may obtain N-SOM. When considered alongside paired studies of Q. rubra 

response to increasing CO2 (Pellitier et al., in press), our results suggest the context-dependent 

contribution of N-SOM to plant growth which expands existing mycorrhizal nutrient economic 

paradigms (Phillips et al., 2013).

ECM fungal community composition was the primary determinant of fungal decay gene 

frequencies. Moreover, inorganic N availability was a significant driver of ECM fungal 

community composition and may therefore act as a primary determinant of these taxonomic and 

functional gene shifts. Such a finding is notable because ECM fungal community turnover along 

both natural and polluted soil N availability gradients has been repeatedly demonstrated 

(Lilleskov et al., 2002a; Toljander et al., 2006; Cox et al., 2010; van der Linde et al., 2018) 

whereas functional shifts along soil N gradients remains poorly studied (Lilleskov et al., 2002b). 

Overall, ECM fungal communities with the greatest decay potential were dominated by the 
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genera Cortinarius and Hebeloma. These genera have retained some of the highest quantity of 

fungal genes involved in SOM decay (Bödeker et al., 2009; Kohler et al., 2015). We found 

significant correlations between the relative abundance of Cortinarius amplicons and the 

abundance of fungal genes encoding manganese peroxidases (MnP), building towards a 

functional perspective on the ecological niche of this widespread and diverse genus. Cortinarius 

is consistently found in low inorganic N soils (Sterkenburg et al., 2015; van der Linde et al., 

2018) and our results are congruent with findings that this genus may actively decay SOM 

(Lindahl et al., 2021). In contrast, so-called nitrophilic genera, commonly observed under 

conditions of high inorganic N availability, such as certain Scleroderma and Russula (Avis, 

2012; van der Linde et al., 2018), are here associated with lesser capacity to degrade SOM 

(Bödeker et al., 2009; Kohler et al., 2015; Miyauchi et al., 2020). Although not part of this 

study, ECM fungal taxa associated with high inorganic N soils may be enriched in high affinity 

membrane transporters that efficiently acquire NH4 and NO3 (Javelle et al., 2003; Kranabetter et 

al., 2015). 

Hyphal morpho-traits associated with N foraging exhibited parallel shifts with ECM 

fungal community composition and metagenomic decay potential. Taxa forming rhizomorphic 

and medium-distance exploration strategies dominated under conditions of low inorganic N 

availability. By linking metagenomic measurements of ECM fungal decay potential with 

turnover in hyphal morpho-traits, our study broadly supports the hypothesized, role of these 

hyphal morphologies in the decay of SOM (Hobbie & Agerer, 2010; Moeller et al., 2014; 

Defrenne et al., 2019). Our findings are also consistent with suggestions that fungal taxa forming 

rhizomorphic hyphae are strong competitors in conditions where plant access to inorganic N is 

scarce (Defrenne et al., 2019). Such observations contribute to predictions that plants 

dynamically allocate to C to ECM fungal symbionts that efficiently forage for N, whilst 

minimizing C cost (Koide et al., 2014; van der Linde et al., 2018). 

Certain gene families with high oxidative potential occurred at greater abundance in 

conditions of low inorganic N availability, particularly those encoding lytic polysaccharide 

monooxygenases (LPMOs – AA9,10,11,13) and manganese and dye decoloring peroxidases 

(MnP; DyPrx). These findings provide certain support for the hypothesis that ECM fungal decay 

potential, and potentially the acquisition of N-SOM, is greatest under conditions of low inorganic 

N availability. LPMOs and MnP encode primarily extracellular enzymes enabling the decay of 
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SOM (Villares et al., 2017; Janusz et al., 2017) and have been the subject of recent 

investigations of ECM fungal SOM decay under laboratory (Doré et al., 2015; Kohler et al., 

2015; Shah et al., 2016; Nicolás et al., 2019) and field conditions (Bödeker et al., 2014; 

Sterkenburg et al., 2018; Lindahl et al., 2021). In addition, cellobiose dehydrogenase catalyzes 

the production of H2O2 (Janusz et al., 2017; Sützl et al., 2018) necessary for MnP (Hammel & 

Cullen, 2008) and LPMO activity (Sützl et al., 2018); these gene families (AA3_1 and AA3_2 ) 

also declined significantly with increasing soil inorganic N availability. Overall, our results 

highlight MnP, one of the most potent fungal decay enzyme classes (Janusz et al., 2017), as 

likely playing a key role in ECM fungal decay of SOM (Bödeker et al., 2014; Zak et al., 2019a; 

Lindahl et al., 2021) and builds toward predictive understanding of the environmental controls 

governing the distribution of this decay pathway (Bödeker et al., 2014; Sterkenburg et al., 2018). 

Additionally, gene families such as CE4, CE9, and GH23 which are active on peptidoglycan also 

responded negatively to increasing soil inorganic N availability. Overall, the concomitant shifts 

in a wide array of decay gene families along the gradient of soil inorganic N availability is 

notable because it supports the existence of multiple, yet potentially coupled enzymatic decay 

pathways that ECM fungal communities may employ to decay the diversity of plant and 

microbial compounds composing SOM. Unfortunately, gene families involved in non-enzymatic 

Fenton decay mechanisms remain ambiguous and further study is critical to resolve this decay 

process (Shah et al., 2016; Janusz et al., 2017; Sützl et al., 2018). 

Certain CAZy gene families, which are not ‘functional’ with respect to fitness outcomes 

(Shipley et al., 2016), may not exhibit significant shifts across environmental gradients (Ackerly, 

2003). In fact, the majority of gene families studied here exhibited minimal shifts across the 

inorganic N availability gradient. This does not necessarily suggest that ECM fungal 

communities are broadly equivalent in their capacity to decay SOM. Metagenomic investigations 

of microbial functional traits are generally limited by their inability to link gene frequencies with 

phenotypes, limiting complete understanding of trait-based environmental filtering processes 

shaping these communities (Ackerly, 2003). Further investigation of transcriptional regulation, 

and enzymatic expression linked with plant uptake of N-SOM are required to fully understand 

plant acquisition of this critical limiting nutrient. Finally, it is critical to point out that annotation 

of ECM fungal genes involved in the decay of SOM is a substantial challenge because ECM 
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fungi remain poorly represented relative to saprotrophic and pathogenic fungi in available 

databases.

Alongside gene families that exhibited negative and neutral responses, we observed 

numerous gene families that were positively correlated with increasing soil inorganic N 

availability. Evaluating these findings with the prevailing compositional and morphological 

patterns is challenging. However, certain gene families that exhibited this pattern have 

ambiguous activity that may not be directly involved in SOM decay. For example, certain GH5 

and CE8 may play a role in mycorrhizal initiation, morphogenesis, remodeling of the fungal cell 

wall or cell wall polysaccharide branching (Kües & Rühl, 2011; Blatzer et al., 2020; Genre et al., 

2020). Gene families targeting hemi-cellulose also increased in relative abundance, as well as 

those releasing N from chitin (GH18 and GH20). We also acknowledge that certain gene 

families which exhibited negative responses to soil inorganic N availability, could also have 

alternative functions such as chitin remodeling in the fungal cell wall (AA9 or AA11). 

Capturing the role of microbial communities on host tree nutrition or other 

biogeochemical processes (Averill et al., 2014; Sulman et al., 2019) requires scaling gene 

frequencies by estimates of microbial abundance. Similar to other studies, we documented that 

the number of ECM fungal root-tips decreased substantially with increasing inorganic N 

availability (Nilsson et al., 2005; Högberg et al., 2017). Qualitative scaling of genomic estimates 

of CADT by root-tip abundance further emphasizes the greater potential of ECM fungi occurring 

in inorganic N poor soils to decay SOM. While we stress that we did not directly measure plant 

uptake of N-SOM, the metagenomic patterns we revealed are consistent with previous isotopic 

study of the same Q. rubra individuals. In a complementary study, we found highly15N depleted 

foliage for Q. rubra growing under conditions of low inorganic N availability, and enriched 

foliage for Q. rubra occupying soils with high inorganic N availability (Pellitier et al., 2021); 

these patterns are consistent with a transition from plant reliance on N-SOM to inorganic N 

uptake (Kranabetter & MacKenzie, 2010). 

This work represents one of the first to identify gene-trait environment linkages for 

microorganisms under field settings (Satinsky et al., 2017; Rath et al., 2019; Bouma-Gregson et 

al., 2019; Malik et al., 2020b). Consistent with expectations of trait-mediated assembly 

processes, metagenomic measurements of ECM fungal decay potential were associated with 

shifts in overall ECM fungal community composition. Our work provides unique support for the 
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hypothesis that ECM fungi with enhanced SOM decay capacity are favored under conditions of 

low inorganic N availability (Koide et al., 2014). Our observations of shifts in the functional 

attributes of ECM fungal communities could represent a mechanistic basis for flexibility in plant 

nutrient foraging along soil N gradients, and thereby expands understanding of the organic N 

cycle (Kielland, 1994; Nordin et al., 2004; Näsholm et al., 2009). In a seminal viewpoint, Read 

and Perez Moreno (2003) suggested that the capacity of ECM fungi to obtain N-SOM may 

control the biogeography of the ECM fungal symbiosis. Our results highlight that the decay 

attributes of ECM fungal taxa may structure their distribution along soil inorganic N gradients. 
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Figure 1: A). NMDS plot of ectomycorrhizal (ECM) fungal communities (points) inhabiting 

Quercus rubra root tips colored by rates of net N mineralization (µgN � g soil-1 � day -1; legend 

bar). The vectors indicate degree of correlation between the NMDS axes and hyphal 

morphologies. Medium and Short indicate hyphal exploration types and Contact and 

Rhizomorphic indicate presence of rhizomorphic hyphae. Plotted genus names represent scaled 

centroids for dominant (indicator) ECM fungal genera. B). TITAN analysis depicting indicator 

ECM fungal genera. Peak along the soil gradient (x-axis) represents location of greatest shift in 

generic relative abundance. ECM fungal genera that responded negatively s(green), or positively 

(blue) to rates of net N mineralization. Double peaks represent asynchronous shifts in community 

abundance, likely due to different underlying species responses.

Figure 2. Generalized dissimilarity model (GDM) output depicting significant predictors 

(panels) of shifts in ectomycorrhizal (ECM) fungal community composition (A,B,C) and 

metagenomic decay potential attributed to ECM fungal communities (D,E,F). The slope and 

shape of the line depict the rate of compositional change along the standardized gradient (x-axis). 

The maximum height of the regression line (on the y-axis) indicates the relative proportion of 

variance explained by each standardized variable. ECM fungal communities were sampled from 

Quercus rubra root tips.A
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Figure 3: Fungal gene families targeting major substrates that form SOM. Points represent the 

summed abundance of fungal genes targeting individual substrates (panels). A. Cellulose (t = -

1.37, P = 0.18); B. Hemicellulose (t = 1.00, P = 0.32); C. Lignin (t = -1.22, P = 0.23); D. Chitin 

(t = -1.03, P = 0. 31), red trend lines represent model fit taking into account geographic sampling 

structure. Note distinct y-axis scales. Fungal genes and relationships underlying substrate 

responses are presented in the Supplementary Methods. Fungal decay genes are primarily 

attributed to ectomycorrhizal (ECM) fungal communities, which were sampled from Quercus 

rubra root tips.

 

Figure 4: Fungal gene families encoding different enzymes (panel headings: A.,B.,C.) mediating 

SOM decay. Lines represent model fit accounting for geographic spatial sampling structure. AA2 

is presented for clarity, demonstrating role of distinct gene databases. Fungal decay genes are 

primarily attributed to ectomycorrhizal (ECM) fungal communities, which were sampled from 

Quercus rubra root tips.

Figure 5. A). The abundance of fungal decay genes predominately exhibits negative responses to 

increasing rates of net N mineralization. Gene families were identified as positive (n=20) and 

negative (n=15) indicators and summed. Trend lines represent statistical model fits that 

incorporates geographic sampling structure B). TITAN analysis depicts ‘indicator’ gene families. 

Peak along the soil gradient (x-axis) depicts location of greatest shift in gene relative abundance. 

Green indicates genes that responded negatively (green) or positively (blue) to rates of net N 

mineralization. Fungal decay genes are primarily attributed to ectomycorrhizal (ECM) fungal 

communities, which were sampled from Quercus rubra root tips.

Figure 6. Relative abundance of ectomycorrhizal (ECM) fungal hyphal foraging types (colors) 

and the log-transformed abundance of fungal gene families (n=15) that exhibited consistently 
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negative responses (indicator gene families) to rates of net N mineralization (rhizomorphic T= 

1.39, P= 0.17; spatial LME) (medium distance exploration types; T = 1.66, P = 0.10; spatial 

LME). Colored bands denote standard error confidence intervals. Fungal decay genes are 

primarily attributed to ectomycorrhizal (ECM) fungal communities, which were sampled from 

Quercus rubra root tips.

Figure 7. The relative abundance of the ectomycorrhizal (ECM) fungus Cortinarius is positively 

correlated with the log-transformed abundance of Manganese-peroxidase (MnP) genes. MnP 

genes were normalized to the total number of putative fungal genomes present in each sample; P 

= 0.13 linear model shown in red line with standard error shaded band. Linear mixed model 

accounting for potential spatial autocorrelation (P = 0.37). Fungal decay genes are primarily 

attributed to ectomycorrhizal (ECM) fungal communities, which were sampled from Quercus 

rubra root tips. 

The following Supporting Information is available for this article:

Fig. S1 Map of study sites

Fig. S2 Mineralization rates over the course of the growing season

Fig. S3 Colonized root-tips across the soil mineralization gradient

Fig. S4 Freeze-dried weight of root-tips collected across the soil mineralization gradient

Fig. S5 Alpha diversity of ectomycorrhizal communities 

Fig. S6 Metagenomic sequencing yield

Fig. S7 Single copy gene counts per million metagenomic sequences

Fig. S8  Abundance of fungal genomes estimated using metagenomic sequencing

Fig. S9 Change points for negatively responding gene families to soil carbon availability

Fig. S10 Change points for gene families responding positively to soil water availability 
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Fig. S11 Change points for gene families responding negatively to soil water availability

Fig. S12 Non-ECM fungi present in each sample

Fig. S13 GDM with non-ECM fungi as predictor

Table S1  CAZy gene families, enzymes and substrates 

Table S2 Generalized dissimilarity model (GDM) output

Table S3 Metagenomic sequence yield

Table S4 Mixed model output of gene family responses to soil mineralization rates

Methods S1 Detailed sampling and bioinformatic protocols
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