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Abstract 

This dissertation investigates the capacity for ectomycorrhizal fungi to obtain Nitrogen (N), 

organically bound in soil organic matter (N-SOM). In Chapter 1, I delineate the gene families 

involved in the decay of SOM, and study their distribution across the ~ 85 independent 

evolutionary lineages of ECM fungi. I provide evidence that the polyphyletic nature of the ECM 

lifestyle has resulted in considerable variation in their genetic potential to obtain N-SOM. In 

addition, I describe several untested physiological conditions that limit our understanding of the 

contribution of N-SOM to plant growth. In chapters 2 and 3, I study ECM communities arrayed 

across a natural soil fertility gradient in Northern Michigan using a standardized tree host 

(Quercus rubra L.). I develop and test a whole-plant resource allocation framework that 

explicitly considers the composition and function of ECM communities and their net effect on 

plant uptake of organic and inorganic forms of N at the ecosystem scale. In Chapter 2, I employ a 

trait-based shotgun metagenome enabled approach to study variation in the genomic potential of 

ECM communities to obtain N-SOM. Foremost, I gathered support for the hypothesis that soil 

inorganic N availability acts as an environmental filter structuring the assembly of ECM 

communities and their trait distributions. Specifically, I document that the community weighted 

mean (CWM) genomic decay potential of ECM communities is inversely correlated with soil 

inorganic N availability. Furthermore, I tested the hypothesis that Q. rubra inhabiting low 

inorganic N soils, obtain greater quantities of N-SOM than do Q. rubra occupying inorganic N 

rich soils, due to physiological variation in the attributes of their ECM symbionts. I scaled CWM 

gene counts by the number of ECM infected root-tips present on individual root-systems to 

document that Q. rubra inhabiting low inorganic N soils host greater composite quantities of 

ECM genes involved in decay. Chapter 3 incorporates dendrochronological tree core data, 

Bayesian plant growth modeling approaches and molecular characterization of ECM 

communities and associated foraging morphologies. I show that N-SOM is likely to bolster net 

primary productivity (NPP) in soils where inorganic N is relatively scarce due to compositional 

and functional variation of associated ECM communities. Moreover, I compile 

dendrochronological evidence that trees inhabiting low inorganic N soils, exhibit a positive 

response to nearly 40 years of increasing ambient [CO2]. Integrating functional attributes of 

ECM communities, provides supports for the hypothesized importance of organic N in the global 

fertilizing effect of CO2 on NPP. Because ECM fungi that can degrade N-SOM carry a high 
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carbon cost to their plant host, my results highlight potential tradeoffs in the role of the ECM 

symbiosis across soil inorganic N gradients. By documenting that N-SOM is unlikely to 

ubiquitously contribute to plant growth, my dissertation provides unique support for theory of 

optimal plant N foraging; I suggest that shifts in the functional attributes of ECM communities 

represent a mechanistic basis for plant flexibility in nutrient foraging strategies. Together, my 

analyses offers unprecedented molecular insight into the physiology of ECM communities and 

extends a functional biogeographic perspective that clarifies widespread observations of 

consistent patterns of ECM community turnover. Finally, my work adds further mechanistic 

evidence that the plant CO2 fertilization response is predicated upon the capacity of their ECM 

symbionts to obtain N-SOM, and clarifies the heterogeneous response of ECM forests to eCO2.  
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Chapter 1 Introduction 
Historically, plants were thought to exclusively assimilate inorganic N (i.e., NH4+

 and NO3-
). 

Accordingly, the slow saprotrophic release of inorganic N (i.e., net N mineralization) constrained 

plant growth (Tamm 1991), and  modern earth system models (ESM) exclusively parameterize 

net primary productivity (NPP) using inorganic N (Wieder et al. 2015, Wenzel et al. 2016). 

While approximately 95% of soil N is complexed in soil organic matter (Schulten and Schnitzer 

1997, Rillig et al. 2007), this N pool has been considered biochemically unavailable for plant 

growth (Vitousek and Howarth 1991, Schimel and Bennett 2004). Independent of temperate-

forest-centric studies of N cycling, plant uptake of low molecular weight organic N has been well 

established for certain boreal plants (Kielland 1994, Näsholm et al. 1998, Jones et al. 2005). 

Although organic N uptake may contribute to tree growth in certain contexts within temperate 

ecosystems (Näsholm et al. 2009), there is current debate regarding the importance of N-SOM 

for plant nutrition, especially the extent to which mycorrhizal fungi provide plant access to the 

large ecosystem N pool. 

Ectomycorrhizal (ECM) fungi represent the primary plant nutrient uptake organ in many forest 

ecosystems. ECM fungi associate with ~ 60% of the Earth’s plant stems (Steidinger et al. 2019) 

and provision host plants with ~80% of their annual N requirements (Leake et al. 2004). These 

root-symbionts produce prolific hyphae and greatly increase the volume of soil exploited by fine 

roots (Smith and Read 2010) and they compose ~ 33% of soil microbial biomass in boreal and 

temperate forest ecosystems (Högberg and Högberg 2002). The ECM lifestyle has repeatedly 

evolved ~ 85 times over the past 125 Mya (Hibbett et al. 2000, Tedersoo and Smith 2013) from a 
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wide phylogenetic range of free-living saprotrophic ancestors in the Basidiomycota, Ascomycota 

and the Mucoromycota (Smith and Read 2010, Kohler et al. 2015). Integrative understanding of 

the implications of the polyphyletic evolutionary history of ECM fungi from their free-living 

saprotrophic ancestors, in an ecosystem context, is a major goal of this dissertation.  

The capacity for ECM fungi to assimilate inorganic N, amino acids and amino sugars from soil 

solution and transfer the N contained therein to their plant hosts is relatively well understood 

(Abuzinadah and Read 1986, Bending and Read 1996, 1997, Lilleskov et al. 2002a). However, 

the capacity for ECM fungi to degrade N-SOM is much more contentious (Zak et al. 2019). 

Originally proposed by Frank (1898), recent whole-genome sequencing efforts have promoted 

renewed interest in the potential for ECM fungi to decay SOM (Talbot et al. 2008, Martin et al. 

2016). Early experiments decisively demonstrated variation in the capacity for ECM fungi to 

degrade proteins and access amino acids from complex substrates (Abuzinadah and Read 1986, 

Bending and Read 1996). These experiments also demonstrated, that in comparison to free-living 

saprotrophic fungi, ECM fungi have significantly reduced capacity to degrade organic N-bearing 

compounds residing in SOM. Remarkably, however, the past decade has seen the emergence of 

the generalized paradigm that all ECM fungi deploy decay mechanisms retained from their 

saprotrophic ancestors to obtain N-SOM (Phillips et al. 2013, Averill et al. 2014). In fact, ECM 

communities distributed from the tropics to the boreal forest have recently been modelled to 

function equivalently in their capacity to provision their host plant with N-SOM (Phillips et al. 

2013, Averill et al. 2014, Terrer et al. 2018). While the implications of this potential decay 

physiology are significant and multi-pronged, as I describe and demonstrate in this dissertation, 

evidence supporting widespread ECM acquisition of N-SOM remains exceptionally weak and 

theoretically unlikely. 
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The possibility that plants can ‘short-circuit’ supply rates of inorganic N (i.e., net N 

mineralization) by obtaining N-SOM has important implications for soil C cycling (Orwin et al. 

2011, Averill et al. 2014, Sterkenburg et al. 2018, Zak et al. 2019), plant coexistence , as well as 

global productivity responses to elevated atmospheric CO2 (Terrer et al. 2018, 2019). Plants lack 

the physiological capacity necessary to degrade SOM and plant access to N-SOM is entirely 

dependent on the physiology of their ECM mutualists (Lindahl and Tunlid 2015, Zak et al. 

2019). Despite the widespread implications of plant uptake of N-SOM, the extent to which ECM 

fungi can assimilate this N source under field settings remains unknown (Zak et al. 2019). In 

Chapter 1, I provide a critical review of available evidence and delineate likely ECM gene 

families required to decay the complex bonds present in SOM (Pellitier and Zak 2018). In 

addition, I utilize available genomic evidence to summarize the distribution of these gene 

families across ECM lineages. Critically, I aim to clarify how the genomic background of ancient 

saprotrophic fungal taxa-- ECM progenitors-- shapes the physiological potential of modern ECM 

fungi. Moreover, I show how observed experimental heterogeneity in the capacity of ECM fungi 

to degrade complex organic N sources (Abuzinadah and Read 1986, Bending and Read 1996, 

1997) may arise predictably from their polyphyletic evolutionary history. My results demonstrate 

that ECM fungi do not have equivalently genomic capacity to obtain N-SOM. Embracing 

intrinsic variation among lineages of ECM fungi opens inquiry into the ecological constraints 

that mediate plant uptake of N-SOM. 

Net primary productivity (NPP) has been globally stimulated by rising anthropogenic 

[CO2] and coupled climate-biogeochemical (CCB) models suggest this effect could continue to 

~2070 (Wenzel et al. 2016). Trees associating with ECM fungi, in particular, are predicted to 

experience increased growth as anthropogenic CO2 continues to accumulate in the Earth’s 

atmosphere (Terrer et al. 2016, 2019). This positive response is thought to be contingent on the 

putative capacity of their ECM symbiont to ‘short-circuit’ limiting supply rates of inorganic N, 

thereby allowing trees to obtain the N bound in SOM. Observational evidence may support such 

a possibility, because trees associating with arbuscular mycorrhiza, which are entirely dependent 

on inorganic N sources, display a net neutral response to eCO2 (Terrer et al. 2016). As a result, 

plant uptake of N-SOM is believed to be one of the most sensitive model parameters determining 

the extent to which NPP is boosted by eCO2 (Terrer et al. 2016, 2019)  
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Understanding plant uptake of N-SOM under field-conditions is critical because 

projections of a 12% to 60% increase in NPP under eCO2 may be overestimated if plants cannot 

obtain sufficient N (Reich et al. 2006, Wieder et al. 2015). This is because the positive effect of 

eCO2 on plant growth is likely to increase plant N demand, despite no significant increase in net 

N mineralization (Wieder et al. 2015). However, if N-SOM widely contributes to ECM-

associated plant N uptake, the terrestrial C sink may continue for decades (Wieder et al. 2015, 

Terrer et al. 2016). Nonetheless, the contribution of N-SOM to plant growth remains uncertain, 

and the coarse generality that all plants associating with ECM fungi will display an overall 

increase in growth due to eCO2 requires urgent field-based investigation.  

 Enhanced understanding of plant uptake of N-SOM can be addressed by building 

predictive understanding of the assembly rules structuring the functional biogeographic 

distribution of ECM communities (Violle et al. 2014).  Theoretical models of coupled nutrient 

exchange and plant resource expenditure (Kiers et al. 2011, Hortal et al. 2017) suggest that ECM 

community assembly is tied to their physiological capacity to assimilate and transfer locally 

abundant N forms (Kranabetter et al. 2015), including N-SOM (Taylor et al. 2000, Lilleskov et 

al. 2002b). Indeed, there may be a feedback between ECM N foraging abilities and soil 

characteristics, because ECM fungi that can access and transfer more N (in whatever form) to 

their plant hosts may receive more photosynthate in return (Kiers et al. 2011, Nehls et al. 2016, 

Hortal et al. 2017). As a result, distinct community-assembly trajectories may generate 

biogeographic variation in the capacity of ECM communities to biochemically modify SOM and 

provision their hosts with the N bound therein (Read and Perez-Moreno 2003, Koide et al. 2014). 

This leads to the hypothesis that the capacity for ECM fungi to obtain N-SOM is greatest when 

inorganic N supply is low.  

This framework is contextually supported by available observational data. 

Underappreciated, but convergent, patterns in ECM community turnover have been repeatedly 

documented across soil inorganic N gradients, varying in both scale and host type in British 

Columbia (Kranabetter et al. 2015), Alaska (Lilleskov et al. 2002a), Michigan (Edwards and Zak 

2010) , Sweden (Toljander et al. 2006, Bödeker et al. 2014, Sterkenburg et al. 2015, 

Clemmensen et al. 2015) as well as gradients spanning continental Europe (Taylor et al. 2000, 

Suz et al. 2014, van der Linde et al. 2018). In further support of this rationale, the ECM genera 

Cortinarius, Russula, and Piloderma,often occur in forest soils in which the supply of inorganic 
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N is low (Suz et al. 2014, Sterkenburg et al. 2018). Further, numerous studies consistently find 

that inorganic N concentrations are inversely correlated with the relative abundance of these 

ECM genera (Bödeker et al. 2014, van der Linde et al. 2018, Sterkenburg et al. 2018).  

Intriguingly, representative members of each of these genera are known to possess relatively 

high quantities of genes (class II peroxides, lytic polysaccharides monooxygenases, and certain 

glycoside hydrolases) with high oxidative capacity and hence putative capacity to decay SOM 

and release N from it (Bödeker et al. 2014, Kohler et al. 2015, Pellitier and Zak 2018). Notably, 

these ECM genera have evolved from white-rot saprotrophic ancestors (Kohler et al. 2015). 

Accordingly, these ECM genera are among the best candidates to provision N in SOM to their 

plant hosts. Additional isotopic evidence from Cortinarius sporocarps further suggests that 

members of this genus obtain organic N from SOM (Hobbie and Högberg 2012), and field 

evidence reveals that the relative abundance of Cortinarius spp are positively correlated with 

Mn-peroxidase activity, a potent extracellular enzyme mediating the oxidation of SOM (Bödeker 

et al. 2014, Sterkenburg et al. 2018). Shifts in the morphological attributes of ECM hyphae 

associated with N foraging (Moeller et al. 2014, Defrenne et al. 2019) as well as enzyme and 

culture assays (Taylor et al. 2000, Lilleskov et al. 2002a, Bödeker et al. 2014, Pierre‐Emmanuel 

et al. 2016) along soil N gradients also implicitly support the hypothesis that ECM communities 

vary in their capacity to forage for biochemically distinct N forms. In further accordance with 

this overall rationale, distinct ECM genera are generally dominant members of fungal 

communities in which quantities of inorganic N are high (Lilleskov et al. 2002b, Edwards and 

Zak 2010, Clemmensen et al. 2015) and culture-based nutritional studies of particular taxa that 

occur with fidelity in high inorganic N soils reveal that they cannot degrade complex organic N 

bearing molecules (Taylor et al. 2000, Lilleskov et al. 2002b, Wolfe et al. 2012). 

In Chapter 2, I employ a metagenomics enabled trait-based approach to test the role of 

inorganic N availability in structuring the assembly of ECM communities. I leveraged principles 

of plant community ecology in order to gather evidence in support of habitat filtering (Ackerly 

2003, Cornwell and Ackerly 2009). Specifically, I evaluated shifts in the community weighted 

mean (CWM) decay capacity of ECM communities inhabiting individual red-oak (Quercus 

rubra L.) root-systems along a well-defined natural soil inorganic N gradient. Consistent with the 

previous observational evidence summarized above, I predicted that the CWM abundance of 

decay genes in ECM communities is inversely correlated with soil inorganic N availability. 
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Moreover, I sought to test the hypothesis that Q. rubra inhabiting low inorganic N soils obtain 

greater quantities of N-SOM than do Q. rubra occupying inorganic N rich soils, due to 

functional variation in the attributes of their ECM symbionts. Evidence in support of this 

hypothesis would include observation of Q. rubra hosting greater overall quantities of ECM 

genes involved in decay of SOM in low inorganic N soils. 

In Chapter 3, I employed an integrative approach combining molecular characterization 

of ECM communities and dendrochronological analyses of the same Quercus rubra individuals 

studied in Chapter 2. I sought to shed mechanistic light into the role of organic and inorganic N 

sources in plant growth response to nearly four decades of historical increases in CO2 (+ 70 µmol 

mol
-1

). Moreover, this study aimed to provide insight into the soil conditions and biotic 

interactions that give rise to plant assimilation of N-SOM. I employed a Bayesian modeling 

framework to disentangle plant reliance on organic and inorganic N sources in order to compile 

evidence in further support of the hypothesis that N-SOM primarily contributes to plant growth 

in low inorganic N soils. In addition, I tested the hypothesis that plant uptake of N-SOM is 

required for a positive plant response to eCO2. Given that existing CCB models parametrize 

plant growth using inorganic N supplies alone, this study offers mechanistic insight into potential 

plant response to eCO2.  

The analyses presented in Chapter 2 and 3 are intended to generate integrative  , and I 

discuss their joint interpretation in the Discussion section. Namely, I discuss how mechanisms 

explaining dendrochronological evidence for uptake of N-SOM and enhanced response to 

historical increases in CO2 are supported by metagenomic insights into ECM community 

assembly. Together, positive support for hypotheses delineated in Chapter 2 and 3 would 

represent unprecedented support for the importance of N-SOM in the global fertilizing effect of 

CO2 on NPP, and the role of ECM fungi in plant uptake of N-SOM.  
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Chapter 2 Ectomycorrhizal Fungi and the Enzymatic Liberation of Nitrogen from Soil 
Organic Matter: Why Evolutionary History Matters 

 

Peter T. Pellitier & Donald R. Zak 

 

Abstract: The view that ectomycorrhizal (ECM) fungi commonly participate in the enzymatic 

liberation of N from soil organic matter (SOM) has recently been invoked as a key mechanism 

governing the biogeochemical cycles of forest ecosystems. Here, we provide evidence that not 

all evolutionary lineages of ECM have retained the genetic potential to produce extracellular 

enzymes that degrade SOM, calling into question the ubiquity of the proposed mechanism. 

Further, we discuss several untested conditions that must be empirically validated before it is 

certain that any lineage of ECM fungi actively expresses extracellular enzymes in order to 

degrade SOM and transfer N contained therein to its host plant.  
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Introduction 

In many terrestrial ecosystems, nitrogen (N) mineralization is often insufficient to account for 

annual plant N demand (Näsholm et al. 2009). To rectify this disparity, organic soil N has been 

hypothesized to be an important component of plant N supply (Neff et al. 2003). 

Ectomycorrhizal (ECM) fungi play a significant role in provisioning plants with N. Through the 

production of prolific hyphae, these fungi compose one-third of microbial biomass in boreal and 

temperate ecosystems (Högberg and Högberg 2002)ECM fungi greatly increase the volume of 

soil exploited by fine roots and hence increase inorganic N uptake by plants (Smith and Read 

2010). Additionally, ECM fungi assimilate amino acids and amino sugars from soil solution 

(Lilleskov et al. 2002a) degrade proteins(Abuzinadah and Read 1986a, Bending and Read 1996, 

1997) and transfer the N contained therein to their plant hosts(Näsholm et al. 2009). 

However, ~ 95% of soil N is complexed in the end products of plant and microbial decay, 

collectively known as soil organic matter (SOM; (Schulten and Schnitzer 1997, Rillig et al. 

2007) While saprotrophic fungi and some bacteria possess the capacity to metabolize SOM, the 

idea that ECM fungi obtain N bound in SOM has recently become generalized in a wide body of 

literature (Phillips et al. 2013, Averill and Hawkes 2016, Shah et al. 2016). This purported ECM 

physiology has significant implications for understanding soil biogeochemical cycles (Orwin et 

al. 2011, Averill and Hawkes 2016), as well as models of plant NPP. Acquisition of N from 

SOM has been postulated to provide plants with an additional source of growth-limiting N, 

thereby allowing sustained growth under elevated atmospheric CO2  (Terrer et al. 2016). The 

aforementioned studies argue their results arise, at least in part, from the physiological capability 

of ECM fungi to use lignocellulolytic enzymes that depolymerize SOM and transfer the N 

therein to the host plant. However, this generalization ignores the fact that ECM fungi have 

independently and differentially evolved from saprotrophic ancestors dozens of times (Hibbett et 

al. 2000) causing the degree to which they have retained genes with saprotrophic function to 

dramatically differ among lineages (Kohler et al. 2015). The unique evolutionary history of each 

ECM lineage seriously draws into question the assumption that all ECM function similarly to 

provide host plants with N bound in SOM.  

Understanding the capacity for ECM fungi to obtain N from SOM and transfer it to their 

plant host requires the empirical validation of several conditions outlined in Figure 1. Foremost, 

the extent to which ECM fungi metabolize SOM is first contingent on whether genes encoding 
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lignocellulolytic enzymes (i.e., glycoside hydrolases, class II fungal peroxidases, glyoxyl 

oxidases, and phenol oxidases) were retained during their evolutionary history and are deployed 

when in symbiosis with plant roots. By critically reviewing pertinent studies and their bearing on 

the conditions presented in Figure 1, we conclude that, to the best of our knowledge, direct 

evidence establishing that all these conditions simultaneously occur for any ECM fungi is 

presently absent from the literature. Finally, we discuss recent biogeochemical observations with 

respect to the implications derived from our conclusions.  

Have ECM fungi retained genes with lignocellulolytic potential from saprotrophic 

ancestors?  

ECM fungi evolved primarily in the Basidiomycetes, but independent ECM lineages also appear 

in the Ascomycota (Smith and Read 2010).  The evolution of genes encoding lignin and 

manganese peroxidases, however, appear to have primarily evolved in the Basidiomycota 

(Floudas et al. 2012). Accordingly, Ascomycete ECM fungi, such as the widespread 

Cenoccoccum geophilum, are unlikely to possess the genetic potential to depolymerize SOM.  

Although the ancestor to the Agaricomycete clade has been reconstructed as a white rot 

saprotroph (Hibbett et al. 2000, Floudas et al. 2012), the evolution of the ECM lifestyle was 

thought to involve large losses of genes mediating the decay of lignocellulose and phenolic 

compounds in SOM(Plett and Martin 2011, Wolfe et al. 2012, Martin et al. 2016). Recently, 

however, numerous copies of genes potentially mediating the decay of SOM were observed in 

some lineages of ECM fungi (Bödeker et al. 2009, Kohler et al. 2015) (Fig. 2). In fact, the largest 

survey of ECM fungal genomes to date revealed that some ECM possess genes encoding class II 

peroxidases, glyoxal oxidases, cellobiohydrolases, laccases, and other enzymes which, when 

present in the genomes of white and brown rot fungi, mediate the saprotrophic decay of plant and 

microbial detritus as well as SOM (Kohler et al. 2015). Available evidence shows that 

ectomycorrhizal genomes have fewer lignocellulolytic genes than do their saprotrophic ancestors 

(Martin et al. 2016). The occurrence of these genes has led some to speculate that ECM fungi 

actively transcribe them into enzymes that depolymerize complex organic macromolecules in 

SOM, thereby providing plants access to the large pools of N previously theorized to be 

unavailable for plant uptake (Bödeker et al. 2014b, Lindahl and Tunlid 2015).   
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Importantly, the occurrence of genes with saprotrophic function varies widely across 

lineages of ECM fungi (Fig. 2). For instance, Amanita muscaria evolved within a clade of brown 

rot saprotrophs and consequently has lost the genetic capacity to depolymerize organic matter 

(Wolfe et al. 2012, Kohler et al. 2015). Similarly, Laccaria bicolor has lost most genes encoding 

enzymes that act on crystalline cellulose and lignin, although its genome does contain 11 copies 

of lytic polysaccharide monooxygenases (LPMO; (Martin et al. 2008, Kohler et al. 2015). 

Ectomycorrhizal taxa in the well-known Boletales clade occur within a paraphyletic group of 

brown rot fungi; these ECM taxa generally lack the genetic potential to degrade the polyphenolic 

and polysaccharide components of plant cell wall, microbial residues, as well as analogous 

compounds in SOM   (Kohler et al. 2015)(Fig. 2). For the Boletales, it appears that parallel losses 

of genes mediating saprotrophic decay occurred in each of the three independent originations of a 

mutualistic lifestyle (Kohler et al. 2015).  

By contrast, Hebeloma cylindrosporum evolved from a white rot ancestor that uses class 

II fungal peroxidases to oxidize polyphenolic compounds in SOM (Kohler et al. 2015). H. 

cylindrosporum has retained 3 copies of class II peroxidases, as well as 3 LPMO copies(Kohler et 

al. 2015)(Fig 2.). Lastly, Cortinarius glaucopus has retained the greatest known number of genes 

with putative saprotrophic function, including 11 Mn-peroxidases derived from white rot 

saprotrophic ancestors (Bödeker et al. 2014b, Martin et al. 2016). Clearly, the genetic potential to 

decay SOM varies widely across lineages of ECM fungi, making broad generalizations about the 

role of these organisms as agents of litter and SOM metabolism tenuous at best. 

As each of the aforementioned lineages evolved into ECM fungi, hypothetical selective 

and drift processes governed the retention or loss of genes involved in the depolymerization of 

SOM. If ECM fungi evolved under conditions in which the fungi or host plants were consistently 

N limited, there may have been selective pressure to maintain energetically expensive 

lignocellulolytic genes that mediate the release of N from SOM. Further, because the ECM 

lifestyle evolved repeatedly over a relatively large span of evolutionary time, it would be 

unlikely that each of the dozens of independent transitions to ECM symbiosis resulted in the 

same whole-genome alterations (i.e., loss of genes with saprotrophic function). This 

phenomenon has some precedent in the fungal symbionts of ambrosia beetles, in which each of 

the multiple origins of ambrosia fungi experienced different patterns of gene loss or gain (Cassar 

and Blackwell 1996). In sum, because ECM fungi have lost genes with saprotrophic function 
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over their evolutionary history in a differential manner (Martin et al. 2016), we should not expect 

that they represent a single functional group that uniformly provides host plants with N from 

SOM.  

Are genes with saprotrophic function expressed by ECM fungi when in symbiosis? 

In cases where ECM taxa have retained genes encoding enzymes that mediate SOM decay, it 

remains unclear if these genes are actively transcribed while forming mycorrhiza (Fig. 1). 

Ecological predictions based on the results of whole-genome sequencing suggest that ECM fungi 

retaining the largest numbers of class II fungal peroxidase genes should have the greatest 

physiological ability to oxidize the polyphenolic compounds in SOM (Kohler et al. 2015). 

However, available evidence does not support this hypothesis when it has been tested in culture. 

Rather, multiple studies have found that the number of Mn-peroxidase genes present in ECM 

genomes did not predict enzyme activity when grown on SOM extracts  (Shah et al. 2016) leaf 

litter (Talbot et al. 2015).  

Insights into the ability of ECM to synthesize lignocellulolytic enzymes and alter the 

biochemistry of SOM and plant cell wall in culture are intriguing  (Rineau et al. 2012, Talbot et 

al. 2015, Shah et al. 2016); but because transcriptional profiles of ECM fungi vary depending 

upon whether the fungi are free-living or actively forming mycorrhiza (Martin et al. 2008, 

Kohler et al. 2015, Liao et al. 2016), these studies cannot conclusively demonstrate that identical 

physiology occurs when forming mycorrhiza. In fact, although L. bicolor has a limited genetic 

capacity to degrade plant cell wall, it did not transcribe these genes while forming mycorrhiza 

(Martin et al. 2008). Accordingly, there are few definitive studies demonstrating that ECM fungi 

express genes encoding saprotrophic enzymes while in symbiotic association with their plant 

hosts. In an important exception, Bödeker and colleagues (2014) observed that ECM fungi in the 

genus Cortinarius express high levels of Mn-peroxidase in boreal forest soils.  

Finally, if genes with saprotrophic potential are expressed under field conditions, it is 

likely that their expression is context-dependent, determined by a myriad of ecological and 

edaphic factors including pH, the availability of inorganic N and organic N in soil solution. This 

phenomenon is well known for saprotrophic fungi (Sinsabaugh 2010, Edwards et al. 2011) and 

has now been demonstrated for ECM fungi in the field (Bödeker et al. 2014b) For example, 

when NH4+ is added to soils in the field, the expression of ECM genes with lignocellulolytic 
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capacity are downregulated (Bödeker et al. 2014b). Extrapolations from these patterns suggest 

that ECM fungi deploying Mn-peroxidases and other energetically expensive lignocellulolytic 

enzymes do so only when they and or their plant hosts are N limited. Resolving the abiotic 

conditions and nutritional status of the host plant, as well as symbiont in which these ECM genes 

reside, will add significant insight to our understanding of this phenomenon. 

Do transcribed enzymes operate to obtain N from SOM? 

Classic studies demonstrated that certain ECM fungi can obtain N from various organic sources 

(Abuzinadah and Read 1986a, 1988). Below, we clarify why previous work has not definitively 

resolved the ability for ECM fungi to obtain N from SOM. Evidence that ECM obtain organic N 

and transfer it to their host plants comes primarily from studies using pure protein or amino acids 

as an organic N source (Abuzinadah and Read 1988, Lilleskov et al. 2002a). However, most 

protein in soil is complexed with SOM or mineral surfaces (Rillig et al. 2007, Nannipieri and 

Paul 2009), and moreover the macromolecular structure of SOM results in amino acids, amino 

sugars, and protein being both physically and chemically resistant to enzymes that degrade 

peptides (Rillig et al. 2007). Thus, studies using pure protein as an N source are unlikely to be 

ecologically realistic (Jones et al. 2005, Nannipieri and Paul 2009).Recognizing these challenges, 

Bending and Read (1996) provided N to ECM fungi as a protein-polyphenol complex in pure 

culture, and observed that ECM fungi displayed significantly reduced uptake of organic N.  

An additional level of uncertainty associated with the function of saprotrophic genes in 

ECM fungi arises from the fact that the enzymes they encode may have alternative functions. 

ECM transcribing laccase genes, thereby producing phenol oxidase enzymes, have been 

suggested as important to SOM decay (Talbot and Treseder 2010, Shah et al. 2016). However, 

laccase genes can transcribe both extra- and intracellular enzymes, the latter of which is involved 

with rigidifying fungal cell walls, producing melanin, and detoxifying cells (Kües and Rühl 

2011). Apart from Mn- and lignin peroxidases whose substrates are inherently extracellular 

(Baldrian 2006) the occurrence and expression of fungal laccase genes need not imply that ECM 

express them to operate extracellularly on SOM.  

Finally, it has been assumed that the oxidative potential of the enzymes expressed by 

ECM fungi is equivalent to those produced by saprotrophic fungi (Bödeker et al. 2014b). 

Nonetheless, genes annotated as Mn-peroxidases in ECM fungi, including H. cylindrosporum, C. 
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glaucopus and P. croceum were described as ‘atypical’ (Kohler et al. 2015, Shah et al. 2016, 

Martin et al. 2016), suggesting that the conformation of enzymes transcribed from these genes 

may not allow for the oxidation of lignin and polyphenols. Presently, we simply do not 

understand the effectiveness of the array of enzymes produced by ECM to oxidize or hydrolyze 

the wide range of organic bonds in SOM. 

Is the organic N derived from SOM transferred to the plant host?  

Finally, if some ECM taxa obtain N from SOM, they may not transfer this N to their plant hosts 

(Fig. 1). For example, Abuzinadah and Read (1986) noted that Paxillus involutus obtained N 

from pure protein, but in so doing sequestered high quantities of this N into its mycelium. This 

may be a general phenomenon, because current evidence for ECM fungi expressing saprotrophic 

enzymes in the environment occurs in boreal forests (Bödeker et al. 2014b); other studies in the 

boreal forest reveal that ECM fungi transfer only small amounts of organic N to their plant hosts 

(Näsholm et al. 2013, Högberg et al. 2017). In fact, modeling efforts in boreal forest ecosystems 

suggest that increasing atmospheric CO2, in direct contrast to Terrer et al. (2016), will exacerbate 

plant N limitation through increases in the biomass and N content of fungal mycelium, even as 

plants allocate greater amounts of photosynthate belowground (Näsholm et al. 2013, Franklin et 

al. 2014). We conclude that the role of ECM in enzymatically liberating N from SOM and 

transferring it to host plants is an open question, and, at present, no direct evidence has been 

gathered to demonstrate that ECM enhance plant N supply by accessing N in SOM. 

Concluding Remarks 

The rationale we present here highlights the significant complications invoked by the broad 

assumption that all ECM fungi liberate N from SOM. Until additional experimental evidence 

accumulates, it is ambiguous, at best, whether ECM fungi can provision their host plants with N 

from SOM. There is, however, an urgent need to test this possibility under field conditions, as 

multiple studies suggest this mechanism holds significant implications for the construction of 

accurate coupled climate-biogeochemical models (Orwin et al. 2011, Averill et al. 2014, Terrer 

et al. 2016). 

We note that the intriguing patterns observed in some recent biogeochemical models 

likely occur through a plurality of belowground interactions, including the physical and 

biochemical activity of ECM fungi on their soil surroundings. ECM may contribute to SOM 
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dynamics through the accumulation of hyphae to exploit soil volume, which can vary 

substantially in architecture and biomass (Clemmensen et al. 2015); further, hyphal traits such as 

melanization may render some hyphae more resistant to decay than others (Fernandez et al. 

2016). Accumulation of hyphae, and the greater functional exploitation of soil volume for 

inorganic and simple organic N compounds, is distinct from the idea that certain ECM fungi 

biochemically alter SOM through the exudation of extracellular lignocellulolytic enzymes. As 

we have discussed, lineages of ECM fungi that have retained genes with lignocellulolytic 

capacity are more likely to depolymerize SOM than others. Decay-resistant hyphae and 

enzymatic activities need not be mutually exclusive, and it is plausible that certain fungal 

communities contribute to SOM dynamics more than others. Finally, given current knowledge of 

the turnover of ECM communities across space (Talbot et al. 2014) it is unlikely that ECM 

lineages with the potential to operate on SOM are distributed uniformly across ecosystems. 

Therefore, improved understanding of the biogeographic distribution and enzymatic physiology 

of different lineages of ECM fungi will instruct ecologically realistic models of C and N cycling 

across ecosystems.  
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Figure 2-1 Set of minimum conditions necessary for the liberation of organic N from soil organic matter (SOM) by 
ectomycorrhizal fungi (ECM). See full text for explanation 
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Figure 2-2 Agaricomycete gene copy number for enzymes acting on organic matter, A. class II peroxidases and B. laccase gene 
copy number. Numbers at tips represent the number of genes observed, numbers at nodes represent reconstructed gene copy 
number. Question marks indicate uncertain estimates. Ecology of taxa are color coded as follows: Ectomycorrhizal fungi in 
green, White Rot in yellow, Brown Rot in brown, all others in purple. Legend: average gene copy numbers for Agaricomycotina: 
Blue: at or above average, Yellow or orange: below average, Red: no copies of the gene family. Nodes with question marks 
indicate uncertain estimates. Green star: Independent ECM origination. Modified with kind permission from Kohler et al., 2015. 
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Chapter 3 Ectomycorrhizal Community Assembly and Plant Uptake of Nitrogen Derived 
From Soil Organic Matter 

 

Peter T. Pellitier & Donald R. Zak
 

Abstract: The assembly of ectomycorrhizal (ECM) communities is critical to predicting their 

resultant impact on plant access to growth limiting Nitrogen (N). Plant access to N in soil 

organic matter (SOM) is predicated upon the decay physiology of their ECM symbionts; this 

physiology represents a complex trait encoded by a diverse array of gene families. Soil inorganic 

N availability is known to impact ECM community structure, and here we test the hypothesis 

that ECM communities occurring in low inorganic N soils, possess greater genetic potential to 

obtain N-SOM. In turn, N-SOM primarily contributes to plant growth in low inorganic N soils. 

Here we employed a metagenomics enabled trait-based approach to study the role of 

environmental filtering in ECM community assembly along a natural soil inorganic N gradient in 

a temperate upland forest. We quantified the distribution and prevalence of genes involved in the 

decay and acquisition N-SOM by studying 59 individual ECM communities inhabiting the root-

systems of the standardized plant host Quercus rubra L. We found that the community weighted 

mean (CWM) prevalence of key gene families involved in the enzymatic and free-radical 

modification of SOM were inversely correlated with soil inorganic N availability. We scaled the 

CWM gene counts by the number of colonized ECM root-tips present on Q. rubra individuals. In 

broad support of optimal plant foraging theory, our results suggest that Q. rubra inhabiting low 

inorganic N soils are likely to obtain significantly more N-SOM than trees inhabiting inorganic 

N rich soils. Together these findings provide a mechanistic basis for the role of soil inorganic N 

availability in ECM community assembly, and we highlight that ECM hosts may not have 

equivalent potential to respond to elevated CO2 if uptake of N-SOM is required.  
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Introduction: 

Quantifying patterns of trait variation across climatic and edaphic gradients has led to 

fundamental insight into community assembly processes (Diaz et al. 1998, Cornwell and Ackerly 

2009, Kunstler et al. 2016). However, unlike plant and animal communities for which linkages 

between trait and environmental gradients have been studied for well over a century (Cowles 

1899, Diamond 1973, Wright et al. 2004), there is minimal understanding of trait-environment 

linkages for microbial communities or the underlying processes that may generate them 

(Nemergut et al. 2013, Louca et al. 2018). Environmental filtering, sometimes deemed ecological 

selection, limits the establishment of species suitable for a particular environment due to a 

relatively narrow range of compatible trait-environment interactions (Ackerly and Cornwell 

2007, Vellend 2010, Bernard‐Verdier et al. 2012). Evidence for the role of environmental 

filtering in plant community assembly relies on the identification of shifts in species and 

community weighted trait means across environmental gradients (Diaz et al. 1998, Ackerly 

2003). Although, similar approaches have been proposed for microbial communities (Nemergut 

et al. 2013), relatively few studies have employed trait-based approaches to study microbial 

community assembly and the role of habitat filtering (Louca et al. 2016, 2017, Bouma-Gregson 

et al. 2019). Paradoxically, evidence to date suggests that despite hyperdivesity within microbial 

communities, they appear largely functionally redundant with respect to key biogeochemical 

transformations (Louca et al. 2018).  

Microbial ‘traits’ have primarily been measured using isotopes, gross morphology, and 

enzyme assays; however, new ultra-high-throughput metagenomic, transcriptomic, and 

proteomic approaches offer particular promise (Moran et al. 2013, Bouma-Gregson et al. 2019, 

Malik et al. 2020). Shotgun metagenomic sequencing enable the robust quantification of 

microbial genes encoding key metabolic pathways (Reed et al. 2014, Bouma-Gregson et al. 

2019). Critically, relative counts acquired from assembly-free shotgun metagenomes and 

standardized by single-copy gene markers, represent proxies for community weighted mean trait 

values (Fierer et al. 2014, Louca et al. 2018). Studying CWM trait values across ecological 

gradients has provided essential insight into environmental filters structuring plant community 

assembly (Ackerly et al. 2002, Bernard‐Verdier et al. 2012), but has rarely been employed to test 

hypotheses of microbial community assembly. While the relative standardized gene abundances 
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generated by shotgun metagenomes provide a proxy for CWM traits, comparative analyses of 

microbial assembly and function can be significantly extended if underlying shifts in microbial 

biomass are integrated (Vandeputte et al. 2017, Regalado et al. 2020). In fact, microbial biomass 

has been identified as a key factor modulating disease dynamics and ecological interactions 

(Vandeputte et al. 2017, Regalado et al. 2020). While abundance weighting procedures are often 

employed in studies of plant trait distributions (Pakeman et al. 2008, Bernard‐Verdier et al. 

2012), underlying shifts in microbial biomass are rarely directly considered in studies 

quantifying microbial metagenomic gene potential, limiting wholistic inference of the role of 

microbial communities on biogeochemical transformations.  

Ectomycorrhizal (ECM) fungi form critical nutrient mutualisms with the majority of the 

Earth’s plant roots (Smith and Read 2010, Steidinger et al. 2019) and recent continental-scale 

surveys have revealed large-scale biogeographic structure among ECM communities (Talbot et 

al. 2014; van der Linde et al. 2018; Steidinger et al. 2019). Critically, dozens of studies have 

documented that soil nitrogen (N) availability impacts ECM community composition (Taylor et 

al. 2000, Lilleskov et al. 2002a, Peay et al. 2015, Sterkenburg et al. 2015), potentially generating 

observed biogeographical patterns (Read and Perez-Moreno 2003, Steidinger et al. 2019). 

Saliently, so-called ‘nitrophobic’ and ‘nitrophyllic’ ECM taxa exhibit characteristic shifts across 

soil N gradients (Taylor et al. 2000, Lilleskov et al. 2002a, Smith and Read 2010). However, 

unlike plant leaf traits, for which ecophysiological measurements have illuminated the functional 

significance of persistent patterns of trait variation (Ackerly et al. 2002, Cornwell and Ackerly 

2009), underlying traits influencing the establishment and persistence of distinct ECM 

communities across soil N gradients remain unknown.  

Variation in the N foraging traits of ECM fungi represents a long-standing but 

inadequately tested hypothesis explaining shifts in ECM community membership along soil N 

gradients (Read and Perez-Moreno 2003). ECM fungi differentially evolved from free-living 

saprotrophic ancestors (Hibbett et al. 2000) and thus likely differ in their capacity to obtain N 

bound in soil organic matter (N-SOM) (Abuzinadah & Read 1986; Kohler et al. 2015; Pierre‐

Emmanuel et al. 2016; Pellitier & Zak 2018; Zak et al. 2019). Heterogeneity in the capacity for 

ECM taxa to obtain N-SOM may act as a key axis governing the assembly of ECM communities 

across soil N gradients (Pellitier et al. in review, Read and Perez-Moreno 2003, Koide et al. 

2014). Shifts in the morphological attributes of ECM hyphae associated with N foraging 
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(Pellitier et al. in review, Moeller et al. 2014, Defrenne et al. 2019) as well as enzyme and 

culture assays (Taylor et al. 2000, Lilleskov et al. 2002a, Bödeker et al. 2014a, Pierre‐Emmanuel 

et al. 2016) along soil N gradients, implicitly support the hypothesis that ECM communities vary 

in their capacity to forage for biochemically distinct N forms. However, support for this 

hypothesis would challenge the emergent paradigm that globally distributed ECM communities 

are functionally redundant in their capacity to obtain N-SOM (Phillips et al. 2013, Averill et al. 

2014). 

The possibility for ECM fungi to obtain N-SOM, and transfer this N to their plant host 

has been widely invoked to explain patterns in nutrient cycling among ecosystems (Phillips et al. 

2013), global patterns of SOM accumulation (Averill et al. 2014, Kyaschenko et al. 2017) as 

well as forest response to elevated CO2 (Pellitier et al. in review, Terrer et al. 2016, 2019). 

Despite dozens of studies investigating the implications of this complex fungal trait on various 

processes, the capacity for ECM communities to obtain N-SOM under field settings remains 

unknown, as do the ecological conditions under which N-SOM supplements plant growth (Zak et 

al. 2019).  

Developing predictive understanding of plant access to N-SOM may be achieved using 

trait-based inquiry of the assembly rules structuring the composition and function of ECM 

communities. Adaptive plant nutrient foraging responses to soil gradients (Kielland 1994, 

Houlton et al. 2007) may act as a coupled filter structuring the assembly of ECM communities 

with distinct nutrient foraging attributes. Mechanistically, ECM fungi that can access and 

transfer more N (in whatever form) to their plant hosts may receive more photosynthate in return 

(Kiers et al. 2011, Nehls et al. 2016, Hortal et al. 2017). As a result, distinct community 

assembly trajectories may arise from non-random variation in the capacity of ECM communities 

to biochemically modify SOM and provision their hosts with the N bound therein (Koide et al. 

2014). This leads to the hypothesis that the capacity for ECM fungi to obtain N-SOM is greatest 

when inorganic N supply is low.  

Here, we sought to test for evidence of environmental filtering structuring ECM 

community assembly using a metagenomics enabled, trait-based approach. First, we aimed to 

identify shifts in the community weighted mean (CWM) decay capacity of ECM communities 

inhabiting individual red-oak (Quercus rubra L.) root-systems across a natural soil inorganic N 

gradient. Because the capacity for ECM fungi to obtain N-SOM is predicated upon the decay of 
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SOM, we reasoned that the CWM decay capacity of ECM communities is inversely related to 

inorganic N availability. Next, we tested the hypothesis that Q. rubra inhabiting low inorganic N 

soils, obtain greater quantities of N-SOM than do Q. rubra occupying inorganic N rich soils, due 

to functional variation in the attributes of their ECM symbionts. Evidence in support of this 

hypothesis would include observation of Q. rubra hosting greater overall quantities of ECM 

genes involved in decay of SOM in low inorganic N soils. We gathered evidence for this 

hypothesis by scaling ECM CWM decay potential by the standardized number of ECM root-tips 

on individual root-systems along an inorganic N availability, thereby enabling semi-quantitative 

comparisons of the aggregated effect of ECM community function on plant N nutrition. 

Materials and Methods 
Site Descriptions 

Twelve forest stands were identified in Manistee National Forest in northwestern Lower 

Michigan. These soils span a natural soil N gradient that has been extensively characterized 

(Pellitier et al. in review, Zak et al. 1986, Zak and Pregitzer 1990). Natural variation in nutrient 

cycling among stands is derived from micro-site climatic differences in nutrient and water 

retention that have developed in the past ~10,000 yrs. Forest stands are even-aged (~100 years 

old), having all been uniformly harvested in the early 20
th

 century. In each of the 12 stands that 

span the soil inorganic N gradient, we randomly selected five dominant mature Q. rubra 

individuals (n = 60).  

Soil and Site Characterization 

In August 2018, 5 root cores were collected radially around the dripline of each focal Q. rubra 

individual in order to harvest fine roots; cores were 10 cm deep and 144 cm
2
. Soil and root cores 

were stored on ice and immediately transported to the laboratory. Soil net N mineralization rates, 

soil C, soil N, pH, total free primary amines (TFPA) in soil solution as well as gravimetric soil 

water content, were measured for the homogenized soil cores collected beneath each tree. 

Briefly, soil inorganic N was extracted from fresh sieved soil using 2M KCl, followed by a 14-

day aerobic incubation assay in order to measure rates of soil inorganic N mineralization. NO3-
 

and NH4+
 in soil extracts were analyzed colorometrically (AQ2; Seal Analytical, Mequon, WI).  
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In addition, all overstory plant stems greater than 5cm diameter breast height (DBH), within 10 

m of each focal Q.rubra individual, were identified and measured. A total of 1,304 non-focal 

stems were inventoried. See supplementary methods for further details.  

Isolating Ectomycorrhizal Root Tips 

Ectomycorrhizal root-tips were isolated from root-cores within 12 days of field sampling. 

Briefly, ectomycorrhizal root cores were pooled for each individual focal tree. Next, root-tips 

were manually excised using a dissecting microscope after visually eliminating all non-Quercus 

roots. Definitive ectomycorrhizal tips on Quercus rubra were sampled after visual confirmation 

of ECM mantle and high turgor (Agerer 2001). Root-tip sampling was standardized across 

samples by visually assessing the tips of at least 90% of all Quercus roots in each of the root 

cores. In total, 14,944 individual ECM root-tips were excised. DNA was extracted from 

lyophilized root-tips using the Qiagen DNeasy Plant Mini Kit (Hilden, Germany), following 

manufacturers protocol. DNA was extracted from the totality of each sample, using two or three 

individual extraction columns; each extraction utilized ~10 mg of lyophilized root-tip per 

extraction, so as not to bias extraction efficiencies. After confirmation of extraction success 

using gel electrophoresis, replicate extractions were pooled for each sample. Samples were split 

into DNA pools for amplicon sequencing and shotgun-metagenomic sequencing. Freeze-thaw 

cycles were carefully limited throughout the extraction and sequencing protocols in order to 

prevent shearing.  

Fungal Taxonomy 

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

libraries were barcoded using one-step golay primers, cleaned using AMPure XP, and sequenced 

using Illumina Mi-Seq (2 x250; San Diego, CA). Sequences were then demultiplexed and quality 

filtered using DADA2 and QIIME2 pipelines, and clustered into OTU assigned taxonomy using 

the dynamic UNITE database using a naïve-bayes classifier (Bokulich et al. 2018). Samples were 

rarefied using 24,021 sequences and assigned taxonomy using the UNITE database (Nilsson et 

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

and fungal taxa with uncertain or non-ECM status were removed (~20% of overall sequences). 

See supplementary materials for further details.  

Shotgun Metagenomic Sequence Library Preparation 
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Prior to metagenomic sequencing library preparation, DNA extracts were quantified (Agilent 

4200 TapeStation; Santa Clara, CA) and spiked with a fixed mass (0.4ng) ~1% w/w of synthetic 

DNA spike-in containing a range of artificial DNA sequences at known concentrations (sequins; 

Hardwick et al. 2018); Sydney, Australia). Libraries were then custom sheared using a Covaris 

S2 Focused-Ultrasonicator (Woburn, MA), to 200 bp (duty =10%, intensity = 5, cycles/burst = 

200, time=120 seconds); previous trials confirmed the efficacy of these settings. Libraries were 

prepared using the NEB Next Ultra 2 DNA Library Prep kit (Ipswich, MA) with seven cycles of 

PCR. 59 out of the 60 samples successfully yielded libraries suitable for sequencing. Sequencing 

libraries were individually barcoded and custom sequencing was conducted on an entire S4 flow 

cell of the Illumina Nova Seq 6000 instrument (2 x 150bp) at the University of Michigan 

Advanced Genomics Core. 

Metagenomic Sequence Processing and Gene Annotation 

In total, 23,203,326,006 sequences were visualized using FastQC, reads were dereplicated, 

adapters were trimmed, reads with Q >20 were retained, and reads shorter than 40 bp were 

removed using bbduk (http://jgi.doe.gov). 23,177,098,622 paired-end reads passed initial quality 

filtering. We used an additional filtering step in order to remove non-fungal sequences using 

Kraken2 paired-end mode with default parameters (Wood et al. 2019). Sequences were mapped 

against the standard Kraken2 database containing bacterial, archaeal and UniVec reads 

(containing sequencing adapters, linkers, and primer sequences), and further supplemented with 

sequences obtained from published Quercus rubra  (Konar et al. 2017) and Qurcus lobata 

genomes (Sork et al. 2016) in order to remove plant sequences (contaminants). All reads that 

mapped to the custom database were removed. On average, 21.7%  of sequences per sample 

were removed during this Kraken2 filtering step. The mean number of sequences remaining in 

each sample after Kraken mapping was 307,041,274  

We used a direct mapping approach to annotate the functional gene composition of each 

sample. Quality and Kraken2 filtered reads were mapped to functional reference gene databases 

CAZy (accessed March 2019) (Lombard et al. 2014) and Peroxibase (accessed February 2019) 

(Fawal et al. 2013). Reads were mapped to CAZy using ‘sensitive’ mode in DIAMOND v. 

0.9.31, with an -e value: 1e-4, following best practices for unmerged reads (Treiber et al. 2020). 

BWA-MEM was used to map sequences to representatives downloaded from Peroxibase, using 

default settings (Li and Durbin 2009). The number of mapped reads was averaged for unmerged 
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forward and reverse reads for each reference gene to avoid double counting, mapped reads were 

then averaged across all reference sequences for a given gene family. Many gene families are 

involved in extracellular decay of plant-cell wall and SOM; however some of these are also 

involved in an morphogenesis and intracellular processes Baldrian 2006; Janusz et al. 2017; 

Blatzer et al. 2020). As a result, we screened a core set of genes that appear across a broad range 

of Dikaryotic fungi that are actively expressed during fungal decay of complex organic 

substrates (Kohler et al. 2015, Peng et al. 2018, Floudas et al. 2020). In addition, we also studied 

genes putatively involved in Fenton chemistry, which underlies brown-rot wood decay (Janusz et 

al. 2017, Op De Beeck et al. 2018). ECM fungi derived from brown-rot saprotrophs may 

participate in Fenton chemistry, which involves the production of (Eastwood et al. 2011, Janusz 

et al. 2017).  

 Finally, we tabulated the number of near-single copy genes, as a proxy for the number of 

Dikaryotic fungal genomes present in each sample. We used Busco v3, Benchmarking Universal 

Single-Copy Orthologs, and the OrthoDB v9 orthologous ancestral gene database, which 

comprised 1312 near-single copy gene variants (Simão et al. 2015, Waterhouse et al. 2018) . 

Dikaryotic near single-copy genes were chosen because previous study of these ECM 

communities confirmed that the majority (>95% sequences) are Dikaryotic (Pellitier unpublished 

data). Instead of relying on a single arbitrarily chosen house-keeping gene that may not be at true 

single-copy abundance in complex environmental samples, we calculated the geometric mean 

number of ‘single-copy’ genes present across all orthologs and the standard error for each 

sample. Filtered forward and reverse reads for each sample were mapped to the Dikaryotic 

OrthoDB database using DIAMOND as above, and paired-end reads were averaged to prevent 

double-counting.  

Statistical Analysis 

Next-generation sequencing libraries are bounded, sometimes deemed ‘closed’, by the technical 

limitations of the sequencer, and generate compositional data (Quinn et al. 2018, 2019). We 

transformed this data using an ecologically intuitive compositional transformation to calculate a 

log-transformed number of genes per fungal ‘average’ fungal genome present, by taking the 

natural logarithm of the number of sequences mapped to a given gene family divided by the 

geometric mean number of orthologous near single-copy features present in the sample (single-

copy genes (Quinn et al. 2018). Gene counts present in a microbial community are necessarily 
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weighted by the relative, and often unknown, abundance of individual taxa (Fierer et al. 2014), 

and when counts are standardized on a per genome basis (Quinn et al. 2019), standardized 

community weighted gene counts can estimate the attributes of the mean, necessarily 

hypothetical, fungal genome present in a particular sample. 

We visualized ECM communities (taxonomic) at both the OTU and genus level, using 

non-metric multidimensional scaling (NMDS), with Hellinger transformed Bray-Curtis distance 

matrices. Next, we used the ‘rankindex’ function in vegan, to study which distance indices best 

separates the single-copy transformed decay gene matrix along the studied environmental 

gradients using rank correlations. We visualized variation in the compositional abundance of 

genes involved in decay of soil SOM using Euclidean distance matrices of the 94 CAZy gene 

families. Next, we identified a core set of decay genes that were responsive to elements of the 

studied soil gradient using an iterative approach. We employed a modification of threshold 

indicator analysis using the ‘TITAN2’ (Baker and King 2010) to identify gene families that acted 

as ‘indicator’ genes; i.e., genes which responded positively or negatively to soil C:N, soil 

mineralization rates, and soil pH. These specific environmental variables were previously 

determined to be key determinants of ECM community (OTU) turnover. This approach yielded a 

total of 22 responsive genes that had a purity and reliability greater than 0.9, metrics that are 

based on the robustness of the sign and magnitude of gene responses when resampled using 1000 

bootstraps (Baker and King 2010). We then visualized the core set of responsive gene families 

using PCoA with log-transformed Euclidean-distance matrices.  

We tested which environmental variables were most strongly correlated with fungal 

community composition (OTU) using generalized dissimilarity modeling (GDM). GDM can 

accommodate non-linear responses to environmental gradients, and identify where along 

gradients community change is slow/rapid. Modeling assemblages of fungal taxa along 

environmental gradients was accomplished by transforming predictor variables by fitting I-spline 

functions to the environmental variables and polynomial pieces are connected using knots 

(Ferrier et al. 2007). We used Bray-Curtis dissimilarity and three I-splines for each predictor 

(Ferrier et al. 2007, Qin et al. 2020). Environmental predictors by the magnitude of initially 

included in the model, included net N mineralization rates, pH, soil C and N, C:N, total free 

primary amines (TFPA), soil moisture, and a Bray-Curtis transformed plant overstory 

dissimilarity matrix. We separately assessed plant overstory using the frequency of stems of a 
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particular species, as well as summing the DBH of each overstory species. We used backwards 

model selection using gdm.varImp to iteratively remove variables that resulted in less than 0.5% 

change in model  deviance (nperm = 250; (Bouma-Gregson et al. 2019, Qin et al. 2020). We 

performed additional testing on the selected GDM to confirm significance of remaining 

predictors (nperm =500).  

A range of methods have been proposed to account for variation in microbial biomass 

across samples (Satinsky et al. 2017, Vandeputte et al. 2017, Regalado et al. 2020); however, 

each present significant technical limitations. Here we accounted for variation in the biomass of 

ECM communities, by scaling log-transformed and single-copy standardized gene counts 

(CWM) using the number of root-tips recovered from each individual root-system. While this 

approach cannot represent absolute quantification of sequence counts, absolute quantification 

remains technically challenging and potentially impossible given incalculable heterogeneity in 

cell-lysis efficiencies (Satinsky et al. 2013). Instead, because we standardized the sampling of 

ECM root-tips for each tree, colonized root-tips represent active ECM infection and provide a 

relative measure of ECM biomass (Gardes and Bruns 1996). We used Euclidean distance 

matrices to visualize differences among samples, using root-tip scaled CWM of all 94 gene 

families using PCoA.  

We employed an extension of GDM’s to identify significant predictors of the 

compositional abundance of 94 gene families within ECM communities. While this is the first 

known employment of GDM for shotgun metagenomes, it is conceptually similar to modeling 

genomic variation across environmental gradients using single nucleotide polymorphisms, which 

are generated using RAD sequencing (Fitzpatrick and Keller 2015) or average nucleotide 

percentages for assembled genomes (Bouma-Gregson et al. 2019). We used Euclidean 

dissimilarity matrices of the 94 scaled and unscaled, log-transformed gene-counts (described 

above). Initial environmental predictors included those described above, as well as a Bray-Curtis 

dissimilarity matrix of ECM community composition (OTU level), allowing us to disentangle 

between ECM community composition and soil predictors in driving shifts in ECM community 

functional gene abundances. We used backwards model selection as described above (nperm = 

250), and confirmed the significance of remaining predictors (nperm = 500). After finalizing 

model fit, we estimated the proportion of model variance uniquely attributable to soil inorganic 

N availability, by calculating the difference in the deviance explained by a GDM containing final 
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variables and a model with all variables except soil inorganic N availability. We then converted 

this difference to a percentage by dividing by the deviance explained by the finalized GDM 

(Gossner et al. 2016). All statistical analyses were conducted in R v. 3.5.3 

Results 
The characteristics of our gradient of soil inorganic N availability have been extensively 

described elsewhere (Pellitier et al. in review, Zak et al. 1986). Briefly, soil inorganic N 

availability ranges from 50 to 120 kg N ha
-1

 yr
-1

 (calculated from Zak and Pregitzer 1990), and 

we confirmed that the underlying soil inorganic gradient is temporally stable across the duration 

of the growing season by comparing soil samples collected and incubated in both May and 

August.   

We recovered a total of 202 ECM OTU, comprising 45 genera, of which 88% were 

Basidiomycetes. ECM communities displayed marked compositional variation across the soil 

inorganic N gradient at both the OTU and genera level (Figure 1a; Figure S1). Shifts in fungal 

community composition (OTU’s) were well explained by soil pH, mineralization rates and C:N 

(GDM, R2 = 0.34; Figure 1, Figure S3). Overstory trees communities occurring within 10 m of 

ECM communities were not significant predictors of ECM communities, and were not included 

in the final model. Because GDM is able to identify where along a gradient the rate of 

compositional change is greatest, it provides additional insight compared with standard distance-

based methods of community analysis (Duhamel et al. 2019). ECM communities exhibited a 

threshold response to soil pH, ~ 4.3 pH, whereas community responses to soil inorganic N 

availability and C:N were more continuous (Figure 1). 

The number of sequences that passed quality filtering, as well as those remaining after 

Kraken mapping, did not significantly vary across the mineralization gradient (P = 0.34; Figure 

S3). Moreover, the geometric mean number of single-copy genes detected in each sample 

(counts per million counts) did not significantly vary across the inorganic N availability gradient 

(Figure S4); the standard error (SE), a coarse metric of the evenness of genome coverage per 

community, also did not significantly vary across samples (P = 0.76).   

Recent transcriptomic studies have confirmed the identity of certain ECM genes 

putatively involved in the decay of SOM (Sterkenburg et al. 2018, Zak et al. 2019, Nicolás et al. 

2019), allowing for a targeted and quantitative study of their presence among ECM communities 

using shotgun-metagenomic approaches. PCoA was used to visualize variation in the in the 
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decay genes per fungal genome, which revealed minimal qualitative variation among samples 

(Figure S4a). A total of 22 responsive gene families exhibited both positive and negative 

responses with soil inorganic N supply rates, soil C:N, and soil pH (Figure S6-8). Using the 

subset of ‘responsive’ gene families, we again used PCoA to distinguish between ECM 

communities inhabiting high and low inorganic N soils (Figure S4b). We used a step-down 

modeling procedure using GDM to isolate pH, soil mineralization rates, and soil C:N as 

predictors of variation in CWM gene abundances. These predictors accounted for 25.3% of 

model variance. These environmental variables were also best predictors for ECM taxonomic 

variation among samples.  

 Using, the scaled gene counts, we observed significant variation in the composition of 

decay genes across samples and the inorganic N availability gradient (Figures 3-4; Figure S10). 

This is largely attributable to variation in the abundances of genes, because samples exhibit 

minimal variation based on community-wide presence or absence alone. We used GDM to detect 

nonlinear effects of soil parameters on the abundance of scaled gene counts for the 94 gene 

families (Figure 3). A model including soil mineralization rates, soil pH, gravimetric soil water 

availability, and soil C:N, accounted for ~16% of model deviance. Of the environmental 

predictors, soil mineralization rate was the major driver of variation in the composition of ECM 

genes involved in decay (Figure 3a; P = 0.014), whereas other model predictors were 

insignificant. Soil mineralization rates explained 27% of  variance. The effect of soil inorganic N 

availability on the scaled abundance of ECM decay genes was non-linear; and we detected 

change point at approximately 0.45 µg N g
-1

 d
-1

 and an accelerating community response with 

increasing inorganic N supply (Figure 3a). In contrast, soil pH and C:N displayed saturating 

responses (3b,c). The ECM community dissimilarity (OTU) and overstory plant community 

dissimilarity explained a negligible proportion of variance (~0.5%) and were not included in the 

full model. The scaled abundance of previously identified indicator gene families -- genes that 

exhibited positive or negative responses to soil inorganic N—exhibited significant inverse 

relationships with soil inorganic N availability (Figure 4). Finally, the relative abundance of the 

ECM genus Cortinarius was positively and significantly correlated with the scaled log-

transformed counts of Manganese-peroxidase (P = 0.05; R
2
= 0.12). 
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Discussion 
We first predicted that soil inorganic N availability serves as an environmental filter structuring 

the composition and functional attributes of ECM communities. As a consequence of this filter, 

we reasoned that the prevalence of genes mediating the modification of SOM should be greatest 

in ECM communities when the supply of inorganic N for plant growth is low.  The evidence we 

accumulated is highly consistent with these ideas, indicating a clear linkage between the 

composition and function of ECM communities and plant nutrient foraging strategies. For 

example, the relative CWM abundance of ECM genes involved in the decay of SOM, largely 

exhibited negative correlations with soil inorganic N availably. Secondly, we found that soil 

inorganic N availability was a key predictor of compositional variation in the root-tip scaled 

CWM abundance of ECM decay genes, and that Q. rubra inhabiting low inorganic N soils likely 

obtain greater quantities of N-SOM due to greater composite decay capacity of their ECM 

symbionts. Although it has been assumed that all ECM communities have the capacity to modify 

SOM and supply plants with growth-limiting N organically bound within, our results indicate 

this may only be the case when the rate of inorganic N supply is low in soil. 

Consistent with soil inorganic N availability acting as an environmental filter structuring ECM 

communities, we found evidence supporting a shift in the community-wide trait values of ECM 

decay capacity. In total, 22 ‘indicator’ gene families, exhibited significant responses to soil C:N, 

soil inorganic N supply rates and pH. These environmental predictors were previously isolated as 

the key drivers of community dissimilarity for ECM taxa. While ‘indictor’ gene families 

exhibited both positive and negative responses to soil inorganic N availability, genes with 

extracellular and definitive roles in decay of SOM largely exhibited negative responses to soil 

inorganic N availability. For example, the CWM abundances of gene families encoding 

carbohydrate esterases (CE), lytic polysaccharide monooxygenases (LPMO’s -- AA9,10,11) and 

manganese-peroxidases (MnP) displayed marked declines with increasing soil inorganic N 

availability. LPMO and MnP represent enzymes families with potent capacity to oxidize the 

bonds present in cellulose, lignin as well as polyphenols in SOM (Villares et al. 2017, Janusz et 

al. 2017). The contribution of MnP in the ECM decay of SOM is predicated upon the presence of 

suitable reaction intermediaries (Hammel and Cullen 2008). We found further evidence for 

reduced capacity of ECM taxa to decay SOM in high inorganic N soils due to the concurrent 

reduction in genes encoding the production of H2O2. For example, CWM of the ‘indicator’ gene 
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family AA3-2, encoding glucose oxidases and glucose dehydrogenase which catalyze the 

production of H2O2, declined significantly across the soil inorganic N gradient. The potent 

activity of MnPs have been extensively implicated as one of the most important fungal enzymes 

modulating the decay of SOM (Kellner et al. 2014, Janusz et al. 2017, Sterkenburg et al. 2018). 

Our analyses further corroborate the general role of MnP in ECM acquisition of N-SOM, by 

independently supporting previous findings documenting that that the activity of MnP in ECM 

communities, declines with increasing soil inorganic N availability (Bödeker et al. 2014a, 

Sterkenburg et al. 2018). Due to the technical limitations of shotgun metagenomics, unscaled 

CWM, or the ‘average’ ECM genome present within a community represents a particularly 

conservative measure with which to detect shifts in gene potentials across soil gradients. 

Although the magnitude of shifts we detected in CWM across our inorganic N supply gradient 

may appear modest, the slopes of the relationships are remarkably consistent with previous plant 

community studies identifying significant shifts in community-wide trait means (Ackerly et al. 

2002). Together these analyses support the hypothesis that ECM communities differentially 

assemble in response to soil inorganic N availability. 

Although the CWM of gene families, such as CBM13, CE8, GH53, GH62 and GH114, 

were positively correlated with inorganic N availability, many of these gene families play key 

roles in morphogenesis, fungal cell wall remodeling and modification of cell-wall polysaccharide 

branching (Blatzer et al. 2020). Why these specific gene families may be positively associated 

with inorganic N availability is currently unknown, but the metagenomic patterns may arise as a 

function of the underlying shifts in the gross morphological attributes of the fungal taxa present 

(Bloom et al. 1985, Kielland 1994). For example, the relative abundance of ECM taxa possessing 

short distance exploration types and non-rhizomorphic hyphae were positively correlated with 

soil inorganic N availability (Pellitier et al. in review). 

One potential scenario is that ECM taxa participating in Fenton chemistry via 

extracellular hydroxyl radicals (OH
•
), and the non-enzymatic acquisition of N-SOM (Shah et al. 

2016, Op De Beeck et al. 2018), are evenly distributed or even positively associated with 

inorganic N availability. As a result, the decay capacity of distinct ECM communities could be 

relatively equivalent across soil N gradients. While this specific hypothesis not been formally 

delineated, widespread functional redundancy of ECM communities is often invoked to explain 

ecosystem patterns (Averill et al. 2014, Terrer et al. 2016). While the genes involved in Fenton 
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chemistry are still under active investigation, the CWM of two gene families implicated in 

Fenton decay (cellobiose dehydrogenase and Ferric reductases) (Shah et al. 2016, Janusz et al. 

2017), which reduce Fe
3+ 

to Fe
2+

,
 
were inversely related with inorganic N availability. However, 

the copper radical oxidase family AA5, which encodes an intermediate needed for Fenton decay 

(Janusz et al. 2017) was an ‘indicator’ gene family positively associated with inorganic N 

availability.  Taken together, these results further suggests that soil inorganic N availability may 

act to limit the establishment of ECM taxa with the capacity to obtain N-SOM in soils where 

inorganic is relatively abundant. 

While the CWM of ECM communities provides essential insight into community 

assembly processes, such a relative measure cannot reveal the composite impact of the ECM 

community on plant N nutrition if there are significant differences in the biomass of ECM fungi 

inhabiting the plant host. Scaling the CWM of individual gene families by the number of ECM 

root-tips detected on each root system provided essential support for the hypothesis that Q. rubra 

inhabiting soils where inorganic N is scarce, obtain greater quantities of N-SOM. The trends 

observed among unscaled ECM communities were substantially strengthened when scaled by the 

number of ECM root-tips present on root-systems. The scaled abundance of gene families 

implicated in decay of SOM exhibited significant reductions with increasing soil inorganic N 

availability. Put simply, the composite SOM decay potential of ECM communities is 

substantially higher in low inorganic N soils. These results provides mechanistic insight 

corroborating the primacy of soil fertility in the role of ECM fungi on plant N nutrition and SOM 

dynamics (Bödeker et al. 2014a, Sterkenburg et al. 2018). Critically, our results suggest that N-

SOM is unlikely to ubiquitously contribute to plant growth, and we suggest that shifts in the 

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

nutrient foraging strategies. Although the number of ECM root-tips represents an imperfect 

proxy for ECM biomass, we argue that it likely represents a conservative estimate of variation in 

ECM biomass across the soil gradient. Specifically, in low inorganic N soils, the majority of 

ECM root-tips were colonized by medium-distance and rhizomorphic ECM morphotypes 

(Pellitier et al. in review, Agerer 2001). Excision of ECM root-tips possessing such morphology 

would necessarily result in the disproportionate loss of extraradical hyphae.   

General dissimilarity modeling (GDM) revealed that soil inorganic N availability was the 

sole significant predictor of compositional variation in the scaled abundance of the 94 gene 
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families. The non-linear effect detected suggests that the influence of soil inorganic N 

availability on the decay capacity of ECM communities and potential plant uptake of N-SOM is 

similar across a range of very low inorganic N availabilities (<0.45µg N g
-1

 d
-1

). Previously, we 

used dendrochronological analysis of these same Q. rubra individuals, and found that 

incremental growth in soils below this inorganic N threshold exhibit an enhanced growth 

response to historic ambient increases in eCO2, whereas trees inhabiting soils above this 

inorganic N threshold displayed a modest response (Pellitier et al. in review). Together our 

coupled metagenomic and dendrochronological evidence corroborates the hypothesized 

importance of N-SOM in enhanced growth response to eCO2 (Terrer et al. 2018, 2019). Here, we 

have unearthed the ecosystem conditions and decay families of the ECM taxa that likely give rise 

to differential uptake of N-SOM.  

The majority of the amplicon sequences detected in this study belonged to the 

ectomycorrhizal genus Cortinarius, and similar to previous studies, the relative abundance of this 

taxa declined significantly with increasing inorganic N availability (Suz et al. 2014, Sterkenburg 

et al. 2018). Of all ECM genera, Cortinarius has retained the highest known quantities of genes 

encoding MnP, and it’s overall decay potential may rival free-living white-rot saprotrophs 

(Bödeker et al. 2009, Pellitier and Zak 2018). Here we used scaled and unscaled metagenomic 

gene counts from a temperate forest ecosystem, to replicate previous ecological inferences. In 

this study, we found positive correlations between the relative abundance of Coritinarius 

amplicons and abundance of MnP gene in ECM communities; such findings are remarkably 

similar to the correlations found for Cortinarius and MnP mRNA’s in a Swedish boreal forest 

(Bödeker et al. 2014a). Together, this evidence suggests that at least for MnP, the gene potentials 

measured using metagenomic approaches likely have functional implications for decay of SOM, 

and further support the role of ECM decay of SOM using MnP (Bödeker et al. 2014a, 

Sterkenburg et al. 2018). 

While we found that the unscaled CWM of many gene families potentially involved in 

decay, displayed limited variation across communities and our inorganic N availability gradient, 

this result may not be unexpected from both a technical and ecological perspective. Foremost, 

many genes putatively involved in decay may also encode a range of additional functions 

(Baldrian 2006, Kües and Rühl 2011, Blatzer et al. 2020). In addition, certain enzymes are 

required for the initiation and maintenance of the ectomycorrhizal symbiosis (CAZy) (Plett and 
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Martin 2011) or cellular maintenance (Baldrian 2006, Blatzer et al. 2020). As a result, we may 

expect a priori, that certain CAzY gene families which are obligate to the ECM lifestyle or 

which are not subject to strong ecological filtering, will display minimal variation across 

environmental gradients. Consistent with this premise, we found that the gene family GH5 

implicated in host-cell wall degradation and symbiosis development (Plett and Martin 2011) as 

well as lignin-peroxidase and dye decolorizing peroxidase, which have functions unrelated to the 

acquisition of N-SOM (Martin et al. 2016) and are not expressed during ECM decay of organic 

matter (Rineau et al. 2012, Kohler et al. 2015), displayed no significant shift in CWM across the 

soil gradient. For these reasons, we caution against calculating a composite sum of all CAzY 

gene families to detect meaningful differences in CWM traits among fungal and bacterial 

communities (Bahram et al. 2020). 

It is important to note that shotgun metagenomic approaches for trait-based study of 

microbial communities present several challenges that limit their ecological inference. Foremost, 

the delimitation of microbial phenotypic traits based on genotypic potential (gene counts) 

remains extremely challenging (Fierer et al. 2014, Zanne et al. 2020, Malik et al. 2020). The 

inability for microbial ecologists to reveal consistent trait-environment linkages may in part stem 

from measurement of dormant microbial cells or measurement of genotypic trait potentials at 

excessively broad genomic scales. Unlike many soil microbial groups for which the majority of 

cells may be dormant (Jones and Lennon 2010), by exclusively sampling actively mycorrhized 

root-tips, our analyses only include physiologically active ECM fungi. Microbial communities, 

including ECM fungi, are often hypothesized to have wide functional redundancy (Burke et al. 

2011, Talbot et al. 2014, Louca et al. 2016, 2018). Although portions of our results could be 

interpreted to support such claims, we argue that apparent functional redundancy within 

microbial communities is highly dependent upon the scale of genomic inference, and the 

challenges associated with delineating functional traits from metagenomic gene potentials. Here, 

ordination of the unscaled CWM of the 94 decay gene families resulted in minimal variation 

across samples; however, we argue that functional redundancy at such broad levels of function 

may indeed be inevitable (Louca et al. 2018), just as virtually all plants possess genes encoding 

photosynthetic machinery. Instead, we found variation among ECM communities when a subset 

of gene families were considered. Delimitation of functional redundancy across microbial 
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communities represents an urgent challenge, and the technical challenges associated with current 

techniques must be considered when drawing ecological inference.  

We generated unprecedented metagenomic insight into the capacity of ECM communities 

to modify SOM, allowing us to gather support for the hypothesis that soil inorganic N 

availability acts as a key environmental filter structing the composition and functional attributes 

of ECM communities. We find that CWM capacity of ECM genomes present in low inorganic N 

soils have greater decay capacity, than those inhabiting high inorganic N soils. Together our 

results extend decades of research investigating the mechanisms structuring the role of inorganic 

N in ECM community assembly (Read and Perez-Moreno 2003). By scaling metagenomic gene 

counts by the number of colonized ECM root-tips present on individual Q. rubra root-systems, 

our results highlight that ECM associated trees do not have equivalent access to N-SOM. Plant 

uptake of N-SOM may have significant implications for plant response to rising eCO2 and our 

results demonstrate that the underappreciated importance of ECM community assembly in plant 

N nutrition. Taken together, the evidence we have assembled is consistent with the idea that 

ECM communities are not functionally redundant, and we argue that future trait-based studies of 

microbial communities must carefully delineate linkages between genotypic co-occurrences and 

phenotypic traits.  
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Figure 3-1 Ectomycorrhizal community composition visualized using NMDS. Each point represents ECM communities (OTU) present on individual Quercus rubra root-systems; 
counts were Hellinger transformed Bray-Curtis distances. Color bar depicts soil mineralization rates (ug/g/d). (B),(C),(D) Results from the generalized dissimilarity model 
(GDM), depicting change in compositional turnover along each environmental gradient. The slope and shape of the line shows the rate of community change along the 
standardized environmental gradient on the x-axis. The maximum height of the regression line indicating the relative proportion of variance explained by each standardized 
environmental variable. The environmental predictors presented each explained a significant proportion of model deviance. 
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Figure 3-2 Log-transformed unscaled gene counts, depicting community weighted mean (CWM) gene abundances for each ECM 
community. Panel A). and B). were ‘indicator’ gene families that exhibited the largest absolute (positive or negative) response to 
soil inorganic N availability. Red lines indicate linear regression and standard error. CE5 (Carbohydrate Esterase), GH71 
(Glycoside Hydrolase), MnP (Manganese-peroxidase). 
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Figure 3-3 Generalized dissimilarity model (GDM) results depicting change in the compositional abundance of genes involved in 
decay of soil organic matter (SOM)(y-axis). Genes are scaled by the number of colonized ECM root-tips present on individual 
root-systems. Of the predictors (x-axes), only soil inorganic N availability explained a statistically significant proportion of 
model deviance. The maximum height of the regression line indicates the relative proportion of variance explained by each 
standardized environmental variable. The slope of the line shows the rate of gene suite change along the environmental gradient 
on the x-axis. 
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Figure 3-4 Scaled gene abundances of gene families involved in the decay of soil organic matter (SOM)(y-axis), as a function of 
soil mineralization rates. Log transformed gene counts are scaled by the number of colonized ECM root-tips present on 
individual root-systems, and were standardized using the number of single copy genes present in each sample. Plotted gene 
families were previously implicated as ‘indicator’ genes using unscaled gene counts. MnP was included for plotting but was not 
revealed as an indicator gene family. Trend lines (red) represent linear regression.  
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Figure 3-5 Relative abundance of sequences assigned to the ectomycorrhizal genus Cortinarius in relation to the (A) unscaled 
and (B) scaled, log-transformed abundance of Manganese-peroxidase genes. A). P = 0.13;  B). P= 0.005, R2= 0.12. Note distinct 
y-axes. Cortinarius was the most abundant fungal genus detected across samples. 
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Supplementary Figures 

 

Supplementary Figure 3-1 Ectomycorrhizal community composition visualized using NMDS. Each point represents ECM 
communities (genera) present on individual Quercus rubra root-systems; counts were Hellinger transformed Bray-Curtis 
distances. Color bar depicts soil mineralization rates (ug/g/d). 
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Supplementary Figure 3-2 GDM model output for ECM community modeling. S 
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Supplementary Figure 3-3 Sequencing yield for each sample. QC (red) represent quality filtered sequences, see main text. 
Kraken Unmapped (blue), represent reads that remain after Kraken mapping and removal of contaminant reads (putative fungal 
reads). No significant relationship for either Filtering Step across the soil mineralization gradient: QC: p-value: 0.36; Kraken: P 
=0.73. Sample with very high read count was retained, note that normalized CAZy counts are not affected by this high sequence 
yield 
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Supplementary Figure 3-4 Fungal genomes per million sequences. The geometric mean number of single copy genes mapped, 
divided by the sum of all reads mapped in that sample times 1e6. Error bars represent SE of the geometric mean, and may be 
interpreted as a measure of genome coverage. No significant variation in yield of fungal genomes per sample across the soil 
mineralization gradient (P = 0.17).		 



 61 

 

Supplementary Figure 3-5 Principle coordinates analysis, of all studied (94) gene families. Samples are log transformed by the 
number of individual single copy genomes present. Individual points  indicate the composite community of ectomycorrhizal  
decay genes present on individual root-systems. Gene counts are not scaled. Communities (points) are colored by soil 
mineralization rates (legend bar) B. Ordination of 22 gene families identified as ‘responsive’ using the iterative ‘indicator’ gene 
analysis. Individual points indicate individual root systems.  
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Supplementary Figure 3-6 Unscaled gene families showing change-points for negative (blue), and positive (red), z-scores for 
‘indicator’ gene families that consistently respond to the soil inorganic N gradient. Plot depicts probability density function for 
all bootstraps (2000). Height of the peak indicates the sensitivity of the change point, for each individual gene families.  
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Supplementary Figure  3-7 Linear regressions of the individual ‘indicator’ gene families implicated using threshold indicator 
analysis to the soil inorganic N gradient. Note log-scale of the y axis, that varies among panels.  
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Supplementary Figure 3-8 Linear regressions of the individual ‘indicator’ gene families implicated using threshold indicator 
analysis to the pH gradient. Note log-scale of the y axis, that varies among panels. 
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Supplementary Figure 3-9 Linear regressions of the individual ‘indicator’ gene families implicated using threshold indicator 
analysis to the C:N gradient. Note log-scale of the y axis, that varies among panels. 
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Supplementary Figure 3-10 Trees host ECM communities with heterogeneous decay capacity. PCoA depicting Euclidean 
distance matrices of single-copy log transformed gene counts, scaled by root-tip abundances per sample. 
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Chapter 4 Ectomycorrhizal Access To Organic N Enhances Plant Growth Response to 
Rising [CO2] 

 

Peter T. Pellitier, Inés Ibáñez, Donald R. Zak, William A. Argiroff, Kirk Acharya 

 

Abstract: 

 Assimilation of nitrogen (N) bound in soil organic matter (N-SOM) may allow plants to short-

circuit growth-limiting supplies of inorganic N, resulting in enhanced growth responses to 

elevated CO2 (eCO2). Plants rely upon symbiotic associations with ectomycorrhizal fungi (ECM) 

to meet their N requirements, however, assimilation of N-SOM and how that N may affect plant 

growth response to eCO2 remains poorly understood. We studied tree growth in a mature 

temperate forest across a natural soil inorganic N gradient using dendrochronological measures 

of Quercus rubra and molecular characterization of ECM communities inhabiting individual 

trees. Historical increases in CO2 (+70 µmol mol-1: 1980-2017) stimulated tree growth in a 

context-dependent and threshold manner. Paradoxically, the largest relative growth response to 

CO2 occurred in soils with low inorganic N supply; paired change-point analyses documented 

that tree growth in these soils was decoupled from soil inorganic N supply. This response is 

likely facilitated by the composition and function of ECM communities, because ECM 

associating with trees in low inorganic N soils were enriched in morphological traits associated 

with obtaining N-SOM. Together, these analyses suggest that the greatest contribution of N-

SOM to plant growth occurs in soils where the supply of soil inorganic N is highly limiting, 

allowing for the largest relative growth response to eCO2. Our analyses provide novel insight 

into the plant-fungal interactions that modulate plant N assimilation and suggest that the global 

fertilizing effect of eCO2 on plant growth may be sensitive to an understudied N source, N-SOM.  

 

Introduction 
Net primary productivity (NPP) has been globally stimulated by rising anthropogenic [CO2] 
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(Campbell et al. 2017) and coupled climate-biogeochemical (CCB) models suggest this effect 

could continue to ~2070 (Wenzel et al. 2016). This global biogeochemical feedback could 

determine the accumulation of anthropogenic CO2 in the atmosphere (Arneth et al. 2010), 

however, current model projections of NPP under elevated CO2 (eCO2) vary widely, from +12 to 

60% (Wenzel et al. 2016, Terrer et al. 2019). This discrepancy primarily arises from the manner 

in which soil nitrogen (N) availability is represented to constrain plant growth; for example, 

under strong N limitation, models in the current Coupled Model Intercomparison Project 

(CMIP5) project a modest growth response, whereas models with nearly unconstrained supplies 

of inorganic N project very high growth responses (Hungate 2003, Wieder et al. 2015, Terrer et 

al. 2016, 2019). Additional analyses further reveal that supply rates of inorganic N (i.e., NH4+ & 

NO3- ) are likely insufficient for a decadal and positive plant growth response to eCO2 (Körner 

2003, Reich et al. 2006, Wieder et al. 2015). As a result, the accurate prediction of future NPP, 

as well as the accumulation of CO2 in the Earth’s atmosphere, is contingent on a deeper 

understanding of the interplay between soil N availability and its role in constraining plant-

growth response to eCO2 (Zak et al. 2003, Norby and Zak 2011). 

Nitrogen organically bound in soil organic matter (N-SOM), by far the largest pool of 

soil N, has been proposed as an overlooked N source that could allow plants to “short-circuit” 

limiting supply rates of inorganic N (Näsholm et al. 2009). Although N-SOM is not explicitly 

incorporated in existing CMIP5 or other CCB models, plant assimilation of N-SOM could 

provide plants with additional N that may enhance positive growth responses to eCO2 (Terrer et 

al. 2016, 2018). Nevertheless, plant assimilation of N-SOM under natural field conditions 

remains largely unknown and represents a critical knowledge gap (Näsholm et al. 2009, Zak et 

al. 2019). Plant assimilation of N-SOM is dependent on the activity of ectomycorrhizal (ECM) 

fungal symbionts (Smith and Read 2010), which associate with ~60% of terrestrial plant stems, 

the majority of which are trees (Steidinger et al. 2019). Ectomycorrhizal fungi are the primary 

nutrient absorptive interface between roots and soil, provisioning hosts with the vast majority of 

their annual N requirements (Smith and Read 2010, Högberg et al. 2010, Koide and Fernandez 

2018). ECM-associated plants are predicted to be particularly responsive to eCO2, because they 

may be able to access additional growth-limiting N in SOM (Terrer et al. 2016, 2019). However, 

the extent to which ECM fungi obtain and transfer N-SOM to their plant host under field 

conditions remains unknown, as does the resultant impact of N-SOM acquisition on plant growth 
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response to eCO2 (Zak et al. 2019). Accurate portrayals of plant growth response to eCO2 is 

contingent on understanding the factors controlling plant assimilation of both inorganic and N-

SOM. 

As a result of their polyphyletic evolutionary history (Agerer 2001, Kohler et al. 2015, 

Pellitier and Zak 2018), ECM fungi vary in their capacity to access and provision their host with 

N-SOM (Abuzinadah and Read 1986, Hobbie and Högberg 2012). Integrating intrinsic variation 

among ECM taxa with principles of fungal community assembly (Koide et al. 2014, Bogar and 

Peay 2017) becomes essential for predicting ECM community function and plant assimilation of 

N-SOM. For example, ECM taxa vary widely in the hyphal foraging traits associated with 

organic and inorganic N acquisition (Agerer 2001, Hobbie and Agerer 2010).Therefore, the 

competitive advantage of particular hyphal morphologies may shift across gradients of inorganic 

N availability, potentially influencing their distribution in the landscape (Koide et al. 2014). 

Carbon (C) intensive hyphal morphologies, particularly rhizomorphic and medium- and long-

distance extraradical ‘exploration types’, are associated with N uptake from organic sources, 

including N-SOM, and these morphological traits may be competitive in soils in which inorganic 

N is scarce (Hobbie 2006, Moeller et al. 2014, Defrenne et al. 2019). Conversely, in soils where 

inorganic N is relatively abundant, ECM taxa with metabolically inexpensive, “short” 

exploration hyphal types, may be dominant community members due to their capacity to 

maximize plant N return on a lower overall plant C investment (Lilleskov et al. 2002, Hortal et 

al. 2017, Defrenne et al. 2019). Crucially, if there are tradeoffs in ECM foraging strategies across 

soil N availability gradients, then plant assimilation of N-SOM may predominately occur in soils 

in which inorganic N is highly limiting (Read and Perez-Moreno 2003, Koide et al. 2014) (Fig 

1). Consequentially, per unit of inorganic N available, trees inhabiting inorganic-N-poor soils 

may experience the largest relative growth enhancement from eCO2 due to assimilation of N-

SOM via ECM fungi (Fig. 1).  

We employed an integrative set of analytical approaches to test key predictions linking 

ECM communities with plant uptake of N-SOM and their growth response to historical increases 

in atmospheric CO2. We first tested if ECM communities occurring in soils where the supply of 

inorganic N was highly limiting were dominated by hyphal morphologies associated with uptake 

of N-SOM, and if these traits exhibited turnover across the gradient (Fig. 1). In a second 

independent analysis, we studied tree-rings to determine how plant growth is coupled with the 
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supply of inorganic N; we tested the prediction that N-SOM primarily contributes to plant 

growth when the supply of inorganic N is lowest and highly limiting (Fig. 1). Finally, we took 

advantage of live trees experiencing nearly four decades of steadily rising ambient [CO2 ] to test 

if tree growth response to eCO2 was greatest where inorganic N supply is low and putative 

uptake of N-SOM was high (Fig. 1). We tested these predictions using dendrochronological 

measures of northern red oak (Quercus rubra L.) paired with molecular characterization of ECM 

communities inhabiting individual trees, across a landscape-level gradient of inorganic N supply 

(Michigan, USA; Fig. S1). We used a series of change-point model analyses to facilitate co-

interpretation of a diverse range of data to gain support of our key predictions (Fig. 1).  

Materials and Methods 
Study Sites 

Twelve forest stands were identified in Manistee National Forest (Manistee and Wexford 

counties, Michigan, USA; Fig. S1). These soils span a natural soil fertility gradient that has been 

extensively characterized (Zak et al. 1986, Zak and Pregitzer 1990). Natural variation in nutrient 

cycling among stands derive from micro-site climatic differences in nutrient and water retention 

that have developed in the past ~10,000 yrs (Zak et al. 1986, Zak and Pregitzer 1990). Forest 

stands are even-aged, having all been uniformly harvested in the early 20th century.  

Tree Core Sampling and Measurement 

In May 2018, we collected two opposing tree-cores at DBH from five focal Quercus rubra in 

each of the 12 forest stands for a total of 60 compiled individual growth chronologies. We 

digitally measured yearly ring width (growth) and then cross-dated individuals to assemble 

growth chronologies. See Supplementary Information for further details. 

Soil and Leaf Sampling 

Five root cores were collected radially around the dripline of each study Q. rubra individual to a 

depth of 10 cm using a 144cm2 soil punch (1440cm3 root core volume). Five soil cores (5 cm 

diameter), were sampled as above and homogenized in the field. Root and soil cores were stored 

on ice. Senesced red oak leaves (Oi horizon) were collected from the forest floor in early May 

2019, representing senesced leaves from the 2018 growing season. Full-sun green leaves were 

collected from the canopy of each study tree in August 2019 using a shotgun.  

Soil and Plant properties 
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Homogenized soil cores were immediately sieved (2 mm) and processed for soil moisture and 

extractable inorganic NO3- and NH4+, using a 14-day aerobic N mineralization soil incubation 

followed by extraction with 2 M KCl (Zak and Pregitzer 1990); extracts were analyzed 

colorimsetrically both before and after the incubation (AQ2; Seal Analytical, Mequon, WI). 

Total C and N contents were determined using combustion analysis on a LECO TruMac CN 

analyzer (LECO Corporation, St. Joseph, MI, USA). Soil pH was determined using 2:1 deionized 

water and soil slurries. Senesced leaves (Oi horizon), and green leaves (~7 leaves each), were 

individually deveined, homogenized, dried at 60 °C and ground using a ball mill and analyzed 

for total N. Total free primary amines in soil solution were determined using unincubated soil 

KCl extracts according to (Darrouzet-Nardi et al. 2013), with leucine as an internal standard. See 

Supplementary Information. 

Collection of Ectomycorrhizal Root Tips 

Root cores, stored at 4° C for less than 12 days, were carefully washed in tap water to remove 

adhering soil and homogenized for each tree. Ectomycorrhizal root tips were excised using a 

dissecting microscope, after visually eliminating all non-Quercus roots. Definitive 

ectomycorrhizal tips on Quercus rubra were sampled after visual confirmation of ECM mantle 

and high turgor (63). Root-tip sampling was standardized by visually assessing the tips of at least 

90% of all Quercus roots for each individual tree. Tips from each sample were placed in 2% 

cetyltrimethylammonium bromide (CTAB) buffer (Smith et al. 2011) and stored at -80 °C prior 

to DNA extraction.  

DNA extraction and PCR 

Lyophilized root-tips were homogenized and each root-tip sample was split into 20-25 mg 

subsamples for extraction. DNA was extracted using the Qiagen DNeasy Plant Mini Kit 

following manufacturers protocol; subsamples were pooled. The ITS2 region was amplified 

using Illumina dual-indexed primers 5.8S Fun and ITS4 Fun (Taylor et al. 2016). All PCR was 

performed in triplicate following (Taylor et al. 2016). Replicate PCR products were pooled and 

equimolar concentrations were sequenced using a full run of Illumina MiSeq (2 × 250 bp). Raw 

reads will be available upon acceptance. See Supplementary Information. 

Bioinformatic Processing and Identification of Fungi 

22,606,578 quality raw sequences were demultiplexed and assigned to individual samples. 

Reverse reads were of insufficient quality for read-joining and were discarded. The DADA2 
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pipeline was implemented to trim, denoise, detect chimeras, remove PhiX contaminants, and 

infer absolute sequence variants (ASV) (Callahan et al. 2016). A total of 6,869,462 filtered 

sequences (mean = 5.64 x 105, SD= 1.39 x 105 sequences per sample) were then assigned to 

operational taxonomic units (OTU) using the dynamic (97-99% sequence similarity) UNITE 

database (v.8.0)(Nilsson et al. 2019). Non-singleton OTUs were retained. All sequence 

processing was performed using QIIME v. 4.2019 (Bokulich et al. 2018, Bolyen et al. 2019). 

Non-ectomycorrhizal fungal genera were excluded from the analysis using literature searches. 

The DEEMY (characterization and DEtermination of EctoMYcorrhizae) database 

(www.deemy.de) was used to gather trait information on the exploration type (i.e., hyphal 

foraging distance) and rhizomorph formation of ECM fungal species (OTU) present at more than 

0.05% relative abundance in the dataset. See Supplementary Information. 

Statistical Analysis of Soil and Plant Properties and Fungal Communities 

Net N mineralization rates were calculated by averaging technical replicates, summing the 

concentrations of NO3-  and NH4+ prior to and following incubation; net N mineralization was the 

difference between these values (Zak and Pregitzer 1990). Leaf N translocation was calculated as 

the difference between green leaf N and senesced leaf N (Oi horizon) for individual trees. To test 

how the abiotic elements of soil affected the composition of the ECM fungal community, we 

fitted generalized linear models (GLMs) with the “manyglm” function in mvabund version 4.0.1 

(Wang et al. 2012). This analysis was carried out with ectomycorrhizal OTUs only. All abiotic 

parameters (pH, soil N, C:N, inorganic N availability) were included in the model without 

interaction components (Cuellar‐Gempeler and Leibold 2019) and model residuals checked. The 

effect of predictor variables was quantified using likelihood-ratio tests (ANOVA, pit trap 

resampling, 1000 bootstraps) with Bonferonni correction with the ‘summary.manyglm’ 

command. Canonical correspondence analysis (CCA) was used to visualize the variation (inertia) 

explained by the statistically significant soil abiotic attributes using Hellinger-transformed 

species abundance matrices at the OTU level. We emphasize that the CCA serves as a 

visualization of the statistically corroborated GLM results (Bálint et al. 2015). Threshold 

Indicator Analysis was used to detect ECM community level threshold responses – community 

change points – along the continuous soil N mineralization gradient, using the TITAN2 package 

(Baker and King 2010) This analysis was conducted with ECM fungi grouped at the genus level 

that occurred in more than five samples at least five times (Baker and King 2010). We identified 
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the ECM community change points as the peaks in the cumulative distributions of the negative 

and positive-z values, using both pure and reliable taxa. Analyses were conducted using R. 3.5.3. 

See Supplementary Information.  

Analysis of BAI response to N mineralization rates 

Average annual tree radial growth and diameter at breast height (DBH) at the time of sampling 

were combined to calculate past DBH by subtracting radial growth each year to the previous 

year’s DBH. We then calculated annual tree basal area (BA), BA=p(DBH/2)2 and basal area 

increments (BAI; cm2/y). BAIs were estimated for each tree (i) and year (y) as the difference in 

BA between two consecutive years: BAIi,y= BAi,y - BAi,y-1. Fifty four trees yielded high quality 

BAI estimates. We also accounted for the relationship between tree size (DBH) and growth by 

including DBH in the analysis of BAI (detrending). Furthermore, because tree growth at any 

particular year may also be affected by lag effects (growth in previous years) (Peltier and Ibáñez 

2015, Ibáñez et al. 2018), we explored how many years back previous growth could have 

affected current growth, and a lag of one showed the best relationship. We then included BAI of 

the previous year (as tree level standardized growth, BAIs) in the analysis. To also account for 

year to year variability in tree growth we included year random effects (YRE). For any particular 

tree i and year y BAI analysis likelihood and process models were: 

!"#!,#~%&'(&)*+%(!!,# , .!,#$ ) 

!!,# = 1% + (1& + 3!1$) ∙ (*567)! + 1' ∙ ln:;!<!,#= + 1( ∙ !"#>!,#)& + ?@A# 

.!,#$ = + + B ∙ %6(;!<!,#) 

We followed a Bayesian approach to estimate parameters. Parameter J is an indicator, with value 

0 before the change point, and value 1 after. This change point parameter was estimated as: 

Cℎ+6'7	F&56G~H65I&)*(0,1.25),	 allowing the change point to fall outside the range of N 

mineralization sampled (0.06-1.19 µg g-1 d-1). Variability around growth estimates (s2) was 

estimated as a function of DBH, since this seems to vary with size (Lines et al. 2012). The rest of 

the parameters were estimated from non-informative prior distributions,  

+~%&'(&)*+%(1,1000), 1∗, B~(&)*+%(0,10000), ?@A#~(&)*+%(0, .+,-$ ) ,1/

.+,-$ ~P+**+(0.0001,0.0001). 

Analysis of BAI response to atmospheric CO2 
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We first calculated an index of growth nitrogen efficiency, GNE.  This index was estimated for 

each tree (i) and year (y) as: 

P(A!,# =
./0!,#
12!34.!

. 

To easily compare temporal trends in GNE across trees we standardized GNE: 

(P(A>!,# = (P(A!,# − P(ARRRRRR!)/>;61-! 

We analyzed the past 38 years of growth (1980-2017) for the 54 focal trees to include all trees 

we had BAI data. We then analyzed GNES as a function of annual atmospheric CO2 (obtained 

from NOAA 2019) and year random effects (YRE; to account for year to year variability in 

environmental conditions other than CO2). For each tree i and year y: 

P(A>!,#~(&)*+%(P!,# , .!$) 

P!,# = S! + T! ⋅ CV$# + ?@A# 

We then analyzed the effect of CO2, slope parameters l (mean and variance), as a function of N 

mineralization rate using again a change point analysis. We tried several analyses, including 

exponential decay and logarithmic functions, and change point analysis with two different 

intercepts. The best model fitting the data, based on Deviance Inference Criterion 

(DIC)(Spiegelhalter et al. 2002), was a simple change point analysis. For each tree i: 

T!~(&)*+%(W! , .7$) 

W! = X% + (X& + 3! ∙ X$) ∙ *567)! 

Parameter J is an indicator, with value 0 before the change point, and value 1 after. This change point 

parameter was estimated as: Cℎ+6'7	F&56G~H65I&)*(0,1.25). Remaining parameters were estimated 

from non-informative prior distributions, 

	S∗, q∗~(&)*+%(0,10000), ?@A#~(&)*+%(0, .+,-
$ ) , 1/.+,-$ ~P+**+(0.0001,0.0001).  

See supplement for additional information and all analysis code. 

Results 
We reconfirmed the presence of a natural gradient of soil inorganic N availability in a late-

successional temperate hardwood forest using a laboratory incubation assay of net N 

mineralization rates (Zak and Pregitzer 1990) (Fig. S2). Soil was collected below the canopy of 

60 focal adult northern red oak trees and supply of soil inorganic N ranged from 0.06 to 1.2 µg N 

g-1 d-1 across uniformly sandy soils, Typic Haplorthods (Zak and Pregitzer 1990). This natural 
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gradient is temporally stable across the duration of the growing season (Pearson r =  0.77; Fig. 

S2), across years (Argiroff et al., unpublished), and several decades (Zak et al. 1986, Zak and 

Pregitzer 1990). All trees sampled were uniformly even-aged, because all stands were 

destructively harvested in the early 1900’s. Among these trees, green leaf N content was 

positively correlated with soil inorganic N availability (R2adj = 0.36; P <0.01), whereas the 

amount of N translocated prior to leaf senescence did not significantly vary (P > 0.05; Fig. S3-4). 

Critically, volumetric water content (P > 0.6), soil C (P >0.6) and texture (Zak and Pregitzer 

1990) were not correlated with soil inorganic N availability (Fig. S5-6).  

Ectomycorrhizal community composition and morphology 

14,944 individual ECM root-tips were collected from 60 oak root-systems, and molecular 

analyses detected a total of 179 ECM operational taxonomic units (OTU; mean= 27 OTU per 

tree, SE = 0.95,  Fig S7). Rates of net N mineralization were negatively correlated with the 

number of ECM root-tips encountered on each root system (R2adj = 0.18, P < 0.001, mean= 

264.8, SD = 131.9; Fig. S8), and their overall biomass (R2adj = 0.08, P < 0.01, mean=19.6 mg, 

SD = 11.5; Fig. S9). There was significant turnover in the composition of ECM communities 

across the soil gradient (Figure 2A). Inorganic N poor soils were dominated by the genera 

Cortinarius, Russula, Amanita and Cenoccocum; whereas Hebeloma and Tomentella, were 

strongly associated with high rates of inorganic N supply (Figure 2A). Threshold indicator 

analysis was used to identify conditions along the inorganic N supply gradient where ECM 

communities exhibit the largest turnover in composition (Baker and King 2010). ECM genera 

that responded negatively to inorganic N availability exhibited the greatest compositional 

turnover at 0.47 µg g-1 d-1 (95%CI: 0.41-0.68), whereas those that responded positively showed 

the largest change point at 0.45 µg g-1 d-1 (95% CI: 0.36-0.87; Fig. S10-11) (Baker and King 

2010). Rhizomorph presence and the degree of extraradical emanating hyphae (exploration 

types) are ECM root-tip hyphal traits broadly associated with N nutrient foraging strategies 

(Moeller et al. 2014, Defrenne et al. 2019). We detected a significant interaction-effect between 

ECM N foraging strategies and their relative sequence abundance, both above and below the soil 

N availability threshold (ANOVA). This threshold was identified by averaging the two threshold 

values for ECM community-subsets that responded positively and negatively to inorganic N 

supply (see above). There were significantly more medium-distance hyphal exploration types 
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(F1,110 = 10.94, P <0.001) and rhizomorphic hyphae (F1,110 = 8.66, P < 0.01) associated with 

organic N uptake below the mineralization threshold than above it (Fig. 2B,C).  

Tree Growth Response to Inorganic N 

We used a change point analysis (Chen and Gupta 2011) within a Bayesian modeling approach 

to study the effect of inorganic N supplies on yearly plant growth. We asserted that if plant 

growth is primarily constrained by inorganic N availability (Thomas et al. 2010), we can predict 

a consistent decrease in growth along a declining gradient of net N mineralization (blue line, Fig. 

3A). However, if plant growth in soils with a low supply of inorganic N was supplemented with 

N-SOM, the slope of this relationship may change (Fig. 3B red line), thereby decoupling 

observed growth rates from the supply of inorganic N (i.e., net N mineralization).  

Basal area increment (i.e., annual circumference growth; BAI) was analyzed as a function 

of net N mineralization rates, tree size (to detrend size-age effects), growth the year before (to 

account for lag effects) and as a function of a yearly random effect (to reflect year to year 

environmental variability; see Methods; Fig. S12). Fifty-four trees yielded usable tree-ring data 

that could be cross-dated (see Methods). We detected a change point in plant growth (BAI) at 

0.445 ± 0.011 µg g-1 d-1 (mean ± SD; Fig. 3B). The slope of the relationship between BAI and N 

mineralization was not significantly different from zero to the left of the change point (Fig. 1C), 

suggesting that inorganic N was a poor predictor of BAI in soils when inorganic N is in low 

supply. To the right of the change point, this slope was positive and significantly different from 

zero (Fig. 1C). Finally, our analyses indicated that these slope values differed (95%CI do not 

overlap; Fig. 2C).  

Plant response to historic rise in CO2 

Thirty-eight years of ring data were used to estimate the response of plant growth (BAI) to 

increasing ambient concentrations of CO2. During the sampled growth period (1980-2017), 

atmospheric CO2 increased by ~70 µmol mol-1 (www.NOAA.gov), serving as a natural gradient 

of increasing atmospheric [CO2]. Annual estimates of growth nitrogen efficiencies (GNE) for 

each tree,	"#$ = $%&
'	)*+,-./*0.1*2+, were analyzed, after being standardized as a function of yearly 

atmospheric [CO2] (Fig. 3A,D; see Methods; Fig S12). Slope parameters l (i.e., eCO2 effect) for 

individual trees were then analyzed as a function of net N mineralization (Fig. 3B,E). Our model 

detected that the relationship between tree growth and the effect of CO2 changed along the N 

mineralization gradient at 0.476 ± 0.0002 µg g-1 d-1 (Fig. 4E). Trees growing in soils below the 
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change point responded more strongly to rising historic CO2 concentrations than did trees above 

it. We found that the slope parameters (q), to the left and right of the change point were 

statistically significant and different from one another (Fig. 3F). This independently calculated 

change-point was remarkably congruent with that detected for BAI and inorganic N availability, 

as well as the ECM community threshold analysis. All parameter values and analysis code are 

presented in the Supplemental Materials. 

Discussion 
Here, we document how historical increases in CO2 have stimulated plant growth in a context-

dependent and threshold manner. Notably, our results suggest that plant assimilation of N-SOM 

augments plant capacity to respond to eCO2. Coupled analyses of plant growth and ECM 

community turnover suggest that assimilation of N-SOM is facilitated by specialized ECM 

communities with medium-distance and rhizomorphic N foraging morphologies. Local site 

conditions and mutualistic interactions appear to facilitate the assimilation of N-SOM which in 

turn, mediates plant response to eCO2. 

Our results support the prediction that N-SOM contributes to tree growth when the 

supply of inorganic N is highly limiting (Read and Perez-Moreno 2003, Koide et al. 2014). 

Quercus rubra growth displayed a stark and highly significant threshold response to inorganic N 

availability at 0.445µg g-1 d-1, and below this threshold, tree growth was decoupled from supply 

rates of inorganic N. Remarkably, TITAN analysis indicated that ECM communities exhibited 

the largest compositional turnover at near identical supplies of inorganic N  (0.45 and 0.47µg g-1 

d-1). This compositional shift was associated with turnover in the relative abundance of ECM 

traits associated with inorganic and N-SOM acquisition. The synchronized response of both plant 

growth and ECM communities suggests that plant-fungal interactions are modulated by soil 

conditions which impacts plant access and uptake of both organic and inorganic N forms. 

The steep decline in the number of ECM root-tips and their overall biomass on individual 

tree root-systems across the inorganic N gradient, is broadly consistent with predictions of 

optimal resource (C) allocation belowground to meet nutrient (N) demand (18,24,39). Indeed, 

heterogeneous belowground C allocation may impact ECM competition dynamics and 

community assembly processes (25,40). The strong plant growth response to inorganic N 

availability to the right of the change point, coupled with the dominance of short-distance and 
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non-rhizomorphic morphologies comprising less overall fungal biomass, suggests that trees 

allocate less photosynthate to their ECM mutualists in conditions where inorganic N is plentiful. 

In contrast, trees allocate more photosynthate to ECM mutualists under conditions where 

inorganic N is scarce; under these conditions, trees can support ECM taxa with hyphal 

morphologies that can obtain N-SOM. Our results also offer mechanistic insight for previous 

findings documenting intra-specific plant specialization on biochemically distinct N forms across 

soil N availability gradients (Kielland 1994, Nordin et al. 2004, Houlton et al. 2007). Functional 

redundancy across ECM communities may not be as common as presupposed; instead, coupled 

compositional and functional changes in ECM communities may drive intra-specific plant 

flexibility in nutrient assimilation (Kielland 1994, Nordin et al. 2004, Houlton et al. 2007). 

Taken together, we challenge the paradigm that all plants associating with ECM fungi can gain 

access to organic N (Averill et al. 2014, Terrer et al. 2016, 2019). Moreover, we argue that 

improving model representation of plant response to eCO2 can only be achieved by carefully 

representing variability in the impact of the ECM symbiosis on plant assimilation of N-SOM 

(4,45). 

 NPP in temperate forests is predicted to increase under eCO2 (Terrer et al. 2019). Here, 

we provide one of the first natural field tests using dendrochronological insight that both 

supports and challenges this prediction (Graybill and Idso 1993). Since 1980, atmospheric CO2 

concentrations have risen, ~70 µmol mol-1. During this time, trees growing in soils where 

inorganic N supplies were below the 0.476 µg g-1 d-1 threshold displayed a significantly greater 

growth response to eCO2 concentrations, per unit of available inorganic N, than those above the 

threshold (Fig. 4F). This model-independent change-point estimate for the effect of eCO2 on 

historic plant growth is remarkably congruent with that detected for tree growth and soil 

inorganic N availability (Fig 3B). Coupled with observations of turnover in the composition and 

putative physiology of ECM communities along the inorganic N gradient, we attribute these 

parallel growth responses as strong evidence for the threshold and asymmetric contribution of N-

SOM to plant growth and response to eCO2. 

As one of the first studies to consider organic N assimilation and plant response to eCO2, 

our results add nuance to predictions stating that the natural supply of inorganic N is insufficient 

to engender a decadal and positive NPP effect (Reich et al. 2006, Wieder et al. 2015). Plant 

growth in soils where the natural supply of inorganic N is relatively high displayed neutral to 
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weakly positive responses to eCO2; paradoxically, for trees with relatively high existing growth 

rates, incremental growth responses to eCO2 may be unable to accrue due to insufficient 

inorganic N supply (Luo et al. 2004). This result is consistent with evidence from Free Air CO2 

Enrichment (FACE) experiments that document relatively neutral eCO2 growth responses across 

studies, unless additional N is artificially added (Oren et al. 2001, Norby and Zak 2011). In 

contrast, we found that trees growing in inorganic N poor soils may be stimulated by eCO2 if 

they can short-circuit rates of net N mineralization by obtaining N-SOM via ECM symbionts. 

This positive and sustained net response to eCO2 occurred primarily for a subset of the trees 

studied here, particularly individuals with the smallest initial BAI. Although, our results stand in 

contrast to other tree-ring studies that were unable to detect an effect of CO2 on historic plant 

growth (Tognetti et al. 2000, Gedalof and Berg 2010, van der Sleen et al. 2015, Hararuk et al. 

2019, Giguère-Croteau et al. 2019), our use of a natural soil fertility gradient, appears to have 

enhanced our capacity to disentangle the role of inorganic N and N-SOM in plant growth 

response to eCO2.  

Based on our assessment of soil water content, texture and SOM content, these factors do 

not account for the detected variation in plant growth response across the gradient. Moreover, 

previous studies in our study system documented that free-living and symbiotic N fixation are 

unlikely to provide additional sources of inorganic N that we did not measure (Host and 

Pregitzer 1992). Further, it is unlikely that greater N-use efficiency could explain the enhanced 

growth rate we detected in low inorganic N soil; leaf N translocation is a robust proxy for N-use 

efficiency (Vitousek 1982, Killingbeck 1996) and it did not vary significantly across the gradient 

(Supplementary Materials). FACE studies also find that enhanced N-use efficiency cannot result 

in a positive response to eCO2 (Finzi et al. 2007, Walker et al. 2019). The specific biochemical 

compounds present in N-SOM potentially obtained by ECM fungi and available for plant growth 

remains an area for further study (Näsholm et al. 2009, Zak et al. 2019). However, differential 

assimilation of free primary amines from soil solution appears unlikely to produce the divergent 

plant growth patterns (Fig. S13; Supplementary Material), suggesting N-SOM as the primary 

source of organic N.  

We hypothesize that the relative differences detected among fungal communities and 

coupled soil characteristics have remained temporally stable over several decades, and that our 

analyses provide representative insight into the complex array of interactions that have generated 
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divergent growth responses of Q. rubra to eCO2 over the past 38 years. Over the study period, no 

significant disturbances have altered stand structure or composition (D.R. Zak pers observation), 

and prior data suggests that the underlying soil inorganic N availability gradient studied here has 

not changed over the past 35 years (Zak and Pregitzer 1990). Available molecular data from a 

subset of these study sites also suggests that ECM communities have remained compositionally 

stable over time (Edwards and Zak 2010). By standardizing several well-known variables which 

can structure ECM communities, host identity, age, soil physical properties (i.e., texture), and 

soil water availability (Sterkenburg et al. 2015, van der Linde et al. 2018), our study disentangles 

how plant response to local soil properties (i.e., inorganic N) may act as a complex 

environmental filter that drives heterogeneity in the membership and function of associated ECM 

communities. It is unlikely that dispersal limitation or other stochastic processes acting alone can 

generate the patterns in ECM community composition we have documented and there is little 

autocorrelative spatial structure among stands distributed along the inorganic N availability 

gradient (Zak and Pregitzer 1990). Moreover, most of the ECM taxa encountered in our study 

produce basidiocarps (mushrooms) which can produce spores that can travel across the breadth 

of the study area (Golan and Pringle 2017). 

The general importance and occurrence of plant assimilation of N-SOM across 

ecosystems, and the role of N-SOM in plant growth response to eCO2 remains unknown, but 

represents a critical area of future research. Recent quantitative global maps of the distribution of 

ECM plant hosts, and soil N limitation could potentially allow for spatially explicit 

representations of plant-growth response to eCO2 (Steidinger et al. 2019, Du et al. 2020). 

Fulfilling this promise will require greater understanding of plant-fungal interactions across soil 

conditions, specifically the extent to which ECM symbionts provide host plants with N-SOM. 

The accurate representation of plant growth response to eCO2 and the terrestrial C sink in 

coupled climate biogeochemical models appears to be contingent on incorporating this 

previously unrecognized ecological dynamic.   
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Figure 4-1 Conceptual framework of the contribution of different N forms to plant growth (red and orange lines; y-axis) along a 
soil inorganic N availability gradient (x-axis). Dark blue arrows show the hypothesized relativized effects (arrow width) of 
historic increases in atmospheric CO2 (eCO2) on tree growth. ECM community composition, hyphal morphology and abundance 
(speckles on tree roots) differ along the gradient. Note hypothesized turnover in the dominance of ECM taxa with extra-radical 
rhizomorphic hyphae and long-and medium-distance exploration morphologies. Illustration by Callie R. Chappell. 
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Figure 4-2 A. Constrained correspondence analysis (CCA) depicting individual ectomycorrhizal (ECM) fungal communities from 
individual Q. rubra root-systems. Points are colored by rates of net N mineralization (µg g-1 d-1). Plotted vectors (boxes) 
emerged as highly significant predictors of ECM community composition (GLM) and they constrain the ordination. Genus names 
are coordinates for ECM genera comprising more than 2% of total sequences. Axis percentages depict constrained variation. B 
& C. Tradeoffs in the relative community-wide abundance of dominant ectomycorrhizal (ECM) hyphal morphotypes above (blue) 
and below (red) the soil mineralization threshold. Soil threshold (0.46 µg g-1 d-1) identified using community change point 
analysis (TITAN). Error bars (SE) depict variation across individual root-systems. Subscripts depict significance at a < 0.05 for 
panel B, and a < 0.1 for panel C. 
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Figure 4-3 A. Representative analysis of tree growth as a function of N mineralization rates. The change point analysis identifies 
the occurrence and location of the inflection point, if any, and the value of the slope parameters on each side. B. Basal Area 
Increment (BAI), from 54 Q. rubra trees along the studied N mineralization gradient (circles). Red and blue lines indicate 
estimated BAI mean and 95% CI above and below the identified change-point. C. Slope parameters are significantly different to 
each other (95% CIs do not overlap). Asterisks indicates parameter is different from zero (95% CI does not overlap with zero). 
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Figure 4-4 A. Representative analysis framework of growth-N efficiency index (GNE) as a function of increasing concentrations 
of historic atmospheric CO2 at each point along the net N mineralization gradient (different lines and their relative slopes). B. 
Conceptual diagram of the effects of eCO2 (l) on plant growth; change point analysis will detect an inflection point along the 
gradient, if any. C. Differences in ! derived from the red and blue portion of panel B, indicate change in slope values. D. Actual 
data collected from 54 trees from the past 38 years. Individual points represent estimated annual GNE values colored by rates of 
net-N mineralization. E. Individual points represent individual trees response to eCO2 (model slopes) over the study period. Red 
and blue lines denote Bayesian change-point model with plotted 95% CI (dashed lines). F. Denotes mean and 95% CI for the red 
and blue slopes depicted in panel E; different letters denote significant differences between slopes, asterisks indicate significant 
differences from zero (95% CI do not include zero). 
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Supplementary Information 

Tree Core Sampling and Preparation 

In May 2018, we measured tree diameter at breast height (1.3 m; DBH) in cm, then extracted 

growth cores from the North and South aspect of each individual at DBH using 5.15 mm Haglöf 

increment borers. The samples were dried overnight at 100° C. We mounted tree cores on cradles 

and sanded then by hand progressively from 100 to 600 grit. The mounted cores were digitized 

for measurement by scanning them on a flatbed scanner at a resolution of 1200 dpi. We digitally 

measured yearly ring width (growth) of the scanned tree cores using the Cybis CooRecorder 

program at a precision of 0.001 mm. We then used the program Cybis CDendro for individual 

cross dating and chronology assembly by site. Crossdating was achieved when TTest values 

were greater than 5 for matching target samples using the P2YrsL normalization method. We 

created master ring width lists that were summed by stem to reflect the average yearly growth of 

each individual using cross dated North & South aspects. We estimated historical DBH of focal 

trees at each year using the yearly ring width from our master chronologies. 

Soil and Leaf Analyses  

Total free primary amines (TFPA) availability (primarily amino acids and amino sugars) were 

measured using unincubated 2M KCl extracts following (Darrouzet-Nardi et al. 2013). TFPA is 

expressed as µmol leucine equivalents (leucine was used as standard); estimates of TFPA 

availability should be considered relative indices of labile organic N availability in soil solution 

(Fig. S13). Soil was dried 105°C and total C and N contents (% of dry mass) were determined 

using  combustion analysis on a LECO TruMac CN analyzer (Fig S5 & S14; LECO Corporation, 

St. Joseph, MI, USA). Soil pH was determined for 2:1 deionized water-soil slurries with an 

Accumet 15 pH meter (Fig S15; Fisher Scientific, Waltham, MA, USA). Senesced (Oi horizon), 

and green leaves (~7 leaves each), were deveined, homogenized, dried at 60°C and ground using 

a ball mill. Leaves were analyzed for leaf N at the UC Davis Stable Isotope Facility using a PDZ 

Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 

spectrometer (Sercon Ltd., Cheshire, UK). 

DNA extraction and PCR 

CTAB from each root-tip sample was removed prior to lyophilization at -50°C. Lyophilized 

root-tips were homogenized and the totality of each root-tip sample was split into 20-25mg 
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components and each component was placed in a lysis-tube with three sterilized 2.38mm metal 

beads. Each lysis tube also contained 800µl of Buffer AP1 and 4µl of RNase A from a Qiagen 

DNeasy Plant Mini Kit. Tubes were vortexed and placed in a 65°C waterbath for 20 minutes. 

DNA was then extracted using the Qiagen DNeasy Plant Mini Kit following manufacturers 

recommended protocol. DNA extraction replicates were combined and DNA yield was assessed 

using gel electrophoresis. Assessment of DNA quality was conducted using a Nanodrop 

Spectrophotometer (Thermo Fisher). The Quant-iT PicoGreen dsDNA Assay Kit 

(LifeTechnologies) and a BioTek SynergyHT Multi-Detection Microplate Reader (BioTek 

Instruments) were used to quantify DNA concentrations prior to PCR.   

The ITS2 region was amplified using Illumina dual-indexed primers 5.8S Fun and ITS4 

Fun (Taylor et al. 2016). The forward and reverse primer each contained the appropriate Illumina 

Nextera adaptor, linker sequence and error correcting Golay barcode for use with the Illumina 

MiSeq platform. All PCRs were performed in triplicate following Taylor et al. (2016), using 

Phusion High Fidelity DNA Polymerase and master mix (New England BioLabs). Each PCR 

contained 6 μl High Fidelity Phusion 5 × buffer, 0.75 μl each primer (10 μm initial 

concentration), 0.42 μl dNTPs (20 mmol-1 initial concentration of each dNTP), 1.5 μl of template 

DNA (mean concentration 3.76 ng/μl, SD=2.82) and 0.23 μl of Taq (2 U/μl) brought to a final 

volume of 20 μl with molecular-grade water. PCR conditions consisted of an initial denaturation 

step at 94°C for 3 min, followed by 27 cycles of the following: 30 s at 94°C, 45 s at 57°C and 90 

s at 72°C followed by a final extension step of 72°C for 10 min. PhiX oligonucleotides were 

spiked for base diversity.  

Taxonomic Identification of Fungi 

All sequence processing was performed using QIIME (4.2019) The dada2 pipeline was 

implemented in QIIME in order to denoise sequences, detect chimeras, remove PhiX 

contaminants and infer absolute sequence variants (ASV) (Callahan et al., 2016). The beginning 

of each read was trimmed 10bp due to low sequence quality. A total 6,869,462 of filtered 

sequences (mean= 5.64 x 105, SD= 1.39 x 105 sequences per sample) were assigned to 

operational taxonomic units (OTU) using the dynamic (97-99% sequence similarity) UNITE 

database (v.8) (Nilsson et al., 2019) after the reference taxonomic dataset was trained scikit-learn 

naive Bayes machine-learning algorithm (Bokulich et al. 2018).This dynamic classification 

system captures evolutionary-variation among fungal clades in sequence similarity (Garnica et 
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al. 2016). The resulting dataset was rarefied with 24,021 sequences, OTU that could not be 

assigned to Fungi, and appeared less than twice across all samples were removed. The resulting 

BIOM file was used for all subsequent statistical analyses (McDonald et al. 2012).  

After filtering and processing, sequence-based rarefaction curves were highly asymptotic 

(Fig. S9), implying that sequencing depth was adequate to capture the diversity of fungi 

encountered in our samples. Individual root-systems hosted a mean of 27 ECM OTU (SE = 

0.95), and an average of 80% sequences per sample consisted of ECM taxa (SE = 0.020%). This 

is likely a slight under-estimation of per-sample ECM sequence abundance, because fungal taxa 

with questionable or uncertain biotrophic associations, although detected from ECM root-tips 

samples, were not scored as ECM (Lodge et al. 2014)  

We used the DEEMY (characterization and DEtermination of EctoMYcorrhizae) 

database (http://www.deemy.de/) to gather trait information on the exploration type (hyphal 

foraging distance) and rhizomorph formation of ECM fungal species (OTU) present in our 

dataset. When fungal species in our study were not represented in DEEMY, congeners were 

surveyed and, if 90% of the entries agreed, consensus trait values were assigned to that taxon. 

This classification system is supported by the fact that foraging-related functional traits for 

fungal hyphae are typically conserved at the genus level (Agerer 2001). This also allowed 

incorporation of ECM taxa that could only be identified to genus (Moeller et al. 2014). Long-

distance foraging types were rare in our study system, composing less than 7% of ECM-derived 

sequences in each sample (SE = 1.38) and were removed from subsequent analyses. We were 

able to assign morphological hyphal trait data for 28 ECM genera comprising more than 93% all 

identified ECM sequences.  

TITAN 2 

Threshold Indicator Analysis was used to detect ECM community level threshold responses – 

community change points- along the continuous soil N mineralization gradient, using the 

TITAN2 package in R (Baker and King 2010). Only validated ECM genera were used in this 

analysis, and taxa that occurred in less than five samples, less than five times were removed 

following (Baker and King 2010). Community-level changes are strongest where either sum (z−) 

or sum (z+) reaches a maximum. Evidence for a community-level threshold is obtained when (a) 

many species exhibit similar change points, (b) a large maximum zscore occurs relative to sums 

elsewhere on the gradient and (c) zscore maxima across bootstrap replicates occupy a relatively 
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narrow range of environmental values. We conducted this analysis after Hellinger transformation 

using 2000 bootstrap and permutation replicates. We used relative cutoff and threshold scores of 

0.85, Indvals were calculated using the relative abundance obtained by the ratio of summed 

abundance in each partition to the total, to address skew. A total of 16 genera were 

identified as pure and reliable indicators (Fig. S13). 

Generalized Linear Models (mvabund 

To test how the abiotic elements of soil affected the composition of the fungal community, we 

fitted generalized linear models (GLMs) with the “manyglm” function in mvabund version 4.0.1  

(Wang et al. 2012) and performed multivariate analyses of deviance with Hellinger transformed 

OTU abundances (i.e. ANOVA for models with non-normal error distributions; Warton et al., 

2015). GLMs explicitly model the mean-variance relationship of ecological counts (Warton et 

al., 2015), and can be used to reveal the strength and significance of the relationship between a 

predictor and the response variable (Paliy and Shankar 2016).Notably, inorganic N supply was a 

highly significant predictor of ECM community composition (GLM: Waldadj: 4.86, P <0.001). 

Soil C:N (GLM:Waldadj: 5.10, P < 0.001), pH (GLM: Waldadj: 4.42, P < 0.05) and soil N 

(GLM:Waldadj: 4.01, P < 0.05) were also significant predictors of ECM community composition. 

Analysis of BAI response to N mineralization rates 

These analyses were run in JAGS 3.4 (Plummer 2003) using the rjags package in R (R Development 

Core Team 2013). Three chains were run until convergence of the parameters, ~50,000 iterations, and 

run again for another 50,000 to estimate posterior parameter means, variances and covariances, after 

thinning every 100th iteration. 

rjags analysis code 

 

BAI analysis 

 

model{ 

   

  for(i in 2:I){  #individuals 

     J[i]<-step(miner[i]-cp)   

    

     for(y in yearBeg[i]:109){  #years 
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    bai[y,i]~dlnorm(D[y,i],tau1[y,i]) 

    bai.h[y,i]~dlnorm(D[y,i],tau1[y,i]) 

    D[y,i]<- alpha[1]+(alpha[2]+alpha[3]*J[i])*(miner[i])+alpha[4]*log(dbh[y,i])+alpha[5]*bai[y-

1,i]+YRE[y] 

    tau1[y,i]<-1/(a+b*log(dbh[y,i])) 

  }   

  } 

    

  #priors 

  cp~dunif(0,1.25) # range of values in the data 0.06-1.19 

  a~dlnorm(1,0.001) 

  b~dnorm(0,0.001)  

   

  for(i in 1:5){ 

    alpha[i]~dnorm(0,0.001) 

   } 

 

  alphacom<-alpha[2]+alpha[3] #slope after the change point 

   

    for(y in 1:108){#year 

     YRE[y]~dnorm(0,TT) 

     } 

   

TT~dgamma(0.0001,0.0001)   

 

} 

 

Analysis of GNES 

 

model{  
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  for(i in 1:N){   

    GNES[i]~dnorm(B[i],tau[indv[i]])  

    GNES.h[i]~dnorm(B[i],tau[indv[i]])  

     

    B[i]<- beta[indv[i]]+lambda[indv[i]]*CO2[i]+YRE[Year[i]] 

  }   

    

  #priors 

 

  for(i in 1:NN){ #individuals 

    beta[i]~dnorm(0,0.001) 

    lambda[i]~dnorm(0,0.001) 

    tau[i]~dgamma(0.0001,0.0001) 

   } 

 

    for(y in 1980:2017){#year 

     YRE[y]~dnorm(0,TT) 

     } 

  

TT~dgamma(0.0001,0.0001)   

  } 

 

Analysis of the slopes 

model{ 

   

  for(i in 2:NN){   

  J[i]<-step(minerS[i]-cp)  

   

  Ltau[i]<-1/(Lsd[i]*Lsd[i]) 

   

  Lambdamean[i]~dnorm(L [i],Ltau[i]) 
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  Lambdamean.h[i]~dnorm(L[i],Ltau[i]) 

  L[i]<-theta[1]+(theta[2]+theta[3]*J[i])*(minerS[i]) 

  }   

    

  #priors 

  for(i in 1:3){ 

    theta[i]~dnorm(0,0.001) 

   } 

   thetacomb<-theta[2]+theta[3] 

   cp~dunif(0,1.25) 
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Supplementary Figure  4-1 Map of the twelve forest stands in Wexford and Manistee Counties, Manistee National Forest, 
Michigan, USA. Inset: continental United States and location of Michigan, blue box. Sites are extensively described in; Zak et al., 
1986; Zak & Pregitzer 1990. 
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Supplementary Figure  4-2 Relationship between Spring and Fall mineralization rates, sampled from the base of the same 
individual trees (R2

adj: 0.58. P <0.001). Black line is 1:1 plot. 
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Supplementary Figure  4-3 Green-leaf nitrogen content from the 60 northern red oak trees along the inorganic N gradient (R2
adj 

= 0.36, P <0.001). 
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Supplementary Figure  4-4 Translocation of N into leaves, calculated as the difference between green leaf N and senesced leaf N 
(P > 0.2). 
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Supplementary Figure  4-5 Percent carbon (C) of bulk soil across the studied gradient (P > 0.6) 
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Supplementary Figure 4-6 No observed linear change in volumetric water content across the studied soil gradient. Points 
indicate site-level means for the 12 studied sites. 
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Supplementary Figure  4-7 Sequence rarefaction curves (24,021 sequences), were nearly asymptotic for all individual samples 
(i.e. root systems; colors). One sample with fewer overall sequences (~14,500 sequences) was removed from subsequent 
analyses. 
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 105 

 

Supplementary Figure  4-8 Number of colonized ectomycorrhizal (ECM) root-tips on northern red oak individuals across the 
studied soil gradient: R2

adj = 0.25, P <0.001. 



 106 

 

Supplementary Figure  4-9 Freeze-dried weight of ectomycorrhizal (ECM) root-tips collected from northern red oak individuals 
across the studied inorganic N gradient: R2

adj = 0.10, P<0.01. 
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Supplementary Figure  4-10 Community change points changes with ECM sequences clustered at the genus level. Blue indicates 
taxa with (z+) scores, red indicates taxa with (z-) scores. Community change point = 0.47µg g-1 d-1 (z+)  and 0.45 µg g-1 d-1 (z-) 
scores, showing the observed (z+) and (z-) maxima as circles with the 95th percentile of their distributions as horizontal lines. 
The bottom panel shows the estimated probability densities across all booststrap replicates. 
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Supplementary Figure  4-11 ECM taxon change point ridges, showing negative (red) and positive (blue) z-scores, for pure and 
reliable taxa > 0.70. Plot depicts probability density function for all boostraps used in the model (2000). Vertical line for certain 
genus corresponds to the change point for each individual genus that was pure and reliable (0.85) of all bootstrap replicates in a 
consistent direction (either increasing or decreasing). For plotting purposes, purity and reliability of 0.70 was chosen. 
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Supplementary Figure  4-12 Model fit, goodness of fit (predicted versus observed [in our case calculated data]) for our three 
analyses of plant growth. Solid line indicates the 1:1 relationship between the two variables. BAI = Basal Area Increment. 
GNES= standardized Growth Nitrogen Efficiency. See methods for calculation and estimations of parameters. 
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Supplementary Figure  4-13 Soil inorganic N availability is a poor predictor of total free primary amines present in soil solution 
(P>0.56) 
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Supplementary Figure  4-14 C:N is negatively correlated with soil inorganic N availability (P < 0.001 R2
adj =0.53). 
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Supplementary Figure  4-15 Correlation between soil mineralization rate and soil pH (P < 0.001 R2
adj = 0.12). 
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Table 4-1 Analysis of BAI, parameter posterior means, SD, and 95%CI 

Parameter mean SD 2.5% 97.5% 
a1 intercept -1.2237 0.0510 -1.3195 -1.1168 
a2 slope before change 

point -0.0756 0.0622 -0.1967 0.0469 
a3 difference in slope 0.4368 0.0471 0.3451 0.5292 
(a2+a3) slope after 

change point 0.3612 0.0232 0.3162 0.4070 
a4 ln(dbh) 0.1847 0.0150 0.1553 0.2140 
a5 BAIS 1.1895 0.0148 1.1593 1.2169 
Change point 0.4453 0.0106 0.4278 0.4628 
a intercept var 0.2574 0.0197 0.2203 0.2967 
B ln(dbh) -0.0385 0.0056 -0.0495 -0.0280 
s2 year RE 42.3425 7.5604 29.3199 59.0738 

 

Table 4-2 Analysis of GNES slopes parameter posterior means, SD, and 95%CI. 

Parameter mean SD 2.5% 97.5% 
q1 intercept 0.0589 0.0068 0.0455 0.0719 
q2 slope before 

change point -0.1489 0.0218 -0.1903 -0.1084 
q3 difference in 

slopes 0.0928 0.0159 0.0635 0.1245 
(q2+q3) slope 

after change point -0.0560 0.0079 -0.0712 -0.0406 
Change point 0.4763 0.0002 0.4760 0.4766 
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Chapter 5 Conclusions 
 

• The polyphyletic evolutionary history of the ectomycorrhizal (ECM) lifestyle is key to 

understanding their role in the decay of soil organic matter (SOM).The ~85 independent 

lineages of ECM fungi possess a wide and uneven range of genes potentially encoding 

the decay of SOM. Understanding the presence of putative decay genes in ECM genomes 

is critical, however, further study of the expression of these genes under field settings, the 

conformation and activity of the enzymes they encode, and the fungal transfer of N-SOM 

to the plant host, is urgently needed to understand the contribution of N-SOM to plant 

growth. Unlike the monophyletic arbuscular mycorrhiza, genomic variation among ECM 

lineages is to be expected. The impact of this variation is critical to understanding their 

community impact on ecosystem function.  

• The metagenomic evidence presented here represents a trait-based explanation for 

decades of work documenting the primacy of soil inorganic N availability in ECM 

community assembly. So called ‘nitrophobic’ ECM taxa, species that are often found in 

low inorganic N soils, have higher enzymatic potential to decay organic N bearing 

compounds. Similarly, I document that ECM communities inhabiting low inorganic N 

soils have greater genetic potential to obtain N-SOM. These patterns are likely to extend 

to boreal forests because similar patterns in community turnover have primarily 

demonstrated in such forest ecosystems. I employ metagenomic enabled trait-based 

approach to support the role of soil inorganic N as an environmental filter structuring 

ECM communities. Heterogeneity in plant C allocation to ECM fungi is likely to be a key 

component of the role of soil N availability as an environmental filter. The degree of 

variation in community weighted trait-means across a soil inorganic N gradient was 

comparable to studies of plant-trait covariance.  

• Functional redundancy within microbial communities has been predicted to be 

‘inevitable’, and here metagenomic analyses of ECM communities was used to detect a 

degree of redundancy at several scales of inference. However, for specific ‘indicator’ 
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gene families and when ECM decay was scaled by differences in biomass, ECM 

communities vary significantly in their genomic potential to decay SOM. I conclude that 

functional redundancy among ECM communities and microbial communities more 

generally, may arise as an artefact of specific levels of genomic and environmental 

inference. 

• Several ECM lineages such as Cortinarius and Piloderma may play a disproportionate 

role in plant access to N-SOM via their production of Manganese Peroxidases (MnP). 

These ECM lineages evolved from white-rot saprotrophic progenitors, whereas many 

ECM taxa that that do not possess MnP, evolved from brown-rot or Ascomycete 

ancestors. These saprotrophic lineages never evolved class II peroxidases. MnP have 

been widely implicated in boreal in temperate ecosystems as key saprotrophic and ECM 

enzymes mediating the decay of SOM. Here I found that ECM communities were 

enriched in genes encoding this enzyme in low inorganic N soils.  

• Dendrochronological evidence presented in Chapter 3, corroborate the predictions 

derived from Chapter 2. Bayesian models demonstrate that N-SOM appears to primarily 

contribute to plant growth in low inorganic N soils; shifts in the community weighted 

mean traits of ECM communities, independently confirm this mechanism. Together, 

shifts in the functional attributes of ECM communities may represent an overlooked basis 

for plant flexibility in nutrient foraging strategies, and this work broadly extends theory 

of optimal plant N foraging. This conclusion corroborates a hierarchy of plant 

preferences for distinct N sources, and emphasizes market-based perspectives on flexible 

plant C allocation for N via their ECM symbionts. 

• I find strong support for the hypothesized role of plant uptake of N-SOM in positive plant 

response to eCO2. Dendrochronological evidence supports positive response of Quercus 

rubra to eCO2, however this response was only observed for trees inhabiting low 

inorganic N soils. Metagenomic insights derived for the primary nutrient uptake organs 

inhabiting these individual plants--ECM fungi--provides mechanistic evidence for plant 

uptake of N-SOM. Although ECM fungi may partially alleviate plant N limitation, by 

foraging for N-SOM, acquisition of this N source, likely carries enhanced C costs to the 

plant host. Critically, I demonstrate that heterogeneity in ECM community composition 

and function can differentially impact plant response to climate change. Predicting plant 
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response to eCO2 requires further insight into the functional biogeographic structure of 

ECM communities at global scales. 
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