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Abstract

Fungal decomposition of soil organic matter depends on soil nitrogen (N) availabil-
ity. This ecosystem process is being jeopardized by changes in N inputs that have
resulted from a tripling of atmospheric N deposition in the last century. Soil fungi
are impacted by atmospheric N deposition due to higher N availability, as soils are
acidified, or as micronutrients become increasingly limiting. Fungal communities
that persist with chronic N deposition may be enriched with traits that enable them
to tolerate environmental stress, which may trade-off with traits enabling organic
matter decomposition. We hypothesized that fungal communities would respond to
N deposition by shifting community composition and functional gene abundances
toward those that tolerate stress but are weak decomposers. We sampled soils
at seven eastern US hardwood forests where ambient N deposition varied from
3.2 to 12.6 kg N ha™ year'l, five of which also have experimental plots where at-
mospheric N deposition was simulated through fertilizer application treatments
(25-50 kg N ha™ year_l). Fungal community and functional responses to fertilizer var-
ied across the ambient N deposition gradient. Fungal biomass and richness increased
with simulated N deposition at sites with low ambient deposition and decreased at
sites with high ambient deposition. Fungal functional genes involved in hydrolysis of
organic matter increased with ambient N deposition while genes involved in oxida-
tion of organic matter decreased. One of four genes involved in generalized abiotic
stress tolerance increased with ambient N deposition. In summary, we found that the
divergent response to simulated N deposition depended on ambient N deposition
levels. Fungal biomass, richness, and oxidative enzyme potential were reduced by
N deposition where ambient N deposition was high suggesting fungal communities
were pushed beyond an environmental stress threshold. Fungal community structure
and function responses to N enrichment depended on ambient N deposition at a

regional scale.
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1 | INTRODUCTION

Atmospheric nitrogen (N) deposition over the past century has in-
creased 5- to 10-fold with industrialization in many parts of the world
(Aber et al., 2003; Galloway & Cowling, 2002). Anthropogenic N in-
puts can eutrophy and acidify soil ecosystems, reduce native plant
diversity, and suppress microbial processes (Erisman et al., 2013).
Nitrogen deposition remains high in some parts of the world un-
dergoing industrialization, and although atmospheric N deposition
has declined in recent years across many parts of North America
and Europe, soil communities, ecosystem productivity, and nutrient
cycling continues to be impacted by historic soil N loading (Gilliam
et al., 2019). Decomposition rates slow and organic matter accumu-
lates with N deposition (Chen et al., 2018; Frey et al., 2014; Nave
et al., 2009); in part, because soil fungi, key players in decomposi-
tion, are sensitive to N inputs that exceed historic loads (van Diepen
et al., 2017).

Soil fungi are integral players in ecosystem carbon (Hogberg
& Hoégberg, 2002) and nutrient cycling (Burke et al, 2011;
Cairney, 2012; Ekblad et al., 2013), and their response to N depo-
sition can impact ecosystem processes. Simulated N deposition in
temperate forests has reduced fungal biomass (Frey et al., 2004;
Wallenstein et al., 2006; Zhang et al., 2018) and altered fungal com-
munity composition (Entwistle et al., 2013; Freedman et al., 2015;
Hesse et al., 2015; Morrison et al., 2016, 2018). Shifts in soil fungal
communities in response to N deposition may explain reduced rates
of leaf litter (Knorr et al., 2005; Magill & Aber, 1998) and organic
matter decomposition (Frey et al., 2014; Liu & Greaver, 2010; Lovett
et al., 2013; Pregitzer et al., 2008; Zak et al., 2011). Decomposition
slows in part due to reduced activities of extracellular enzymes,
especially those associated with lignin breakdown (DeForest
et al.,, 2004; Saiya-Cork et al., 2002; Sinsabaugh et al., 2002;
Waldrop et al., 2004), which can be inferred by lower abundance
of genes associated with enzyme production (Hassett et al., 2009).
Richness of genes associated with breakdown of starch, cellulose,
hemicellulose, and lignin declines by 12%-16% with N addition
(Eisenlord et al., 2013). Chronic soil N inputs appear to promote
the growth and competitive ability of N-tolerant, copiotrophic taxa,
which may also have generally lower capacities for organic matter
degradation (Morrison et al., 2016, 2018). This N-induced shift in
the fungal community may come at the expense of taxa specializing
in organic matter decomposition such as white rot fungi within the
Basidiomycota (Rabinovich et al., 2004; Treseder & Lennon, 2015;
Worrall et al., 1997). Precluded by a lack of data that pair fungal
functional genes and community composition, it is unclear how
changes in fungal community composition and function respond to
N deposition at a genetic level. Relating changes in fungal commu-
nity composition and biomass to functional gene composition would
provide a genetic basis for conceptualizing ecosystem responses to
N deposition.

Our objective was to quantify the effect of simulated N deposi-
tion on soil fungal communities and their genetic functional poten-

tial across a natural gradient of ambient N deposition (seven sites

total) that vary in annual N deposition load by 3-12 kg N ha™ year'l.
Five of our study sites along this gradient also included simulated
long-term N deposition experiments where soils have been fer-
tilized with 3- to 10-fold more N than ambient levels for the past
11-28 years. Previous research has primarily focused on fungal re-
sponses to experimentally simulated N deposition at individual sites
(Contosta et al., 2011; DeForest et al., 2004; Eisenlord et al., 2013;
Entwistle etal., 2017; Freedman et al., 2015; Frey et al., 2014; Gilliam
et al., 2016; Lovett et al., 2013). We leveraged the positioning of
these long-term experimental sites across a gradient of ambient N
deposition to investigate fungal responses to experimental N addi-
tion in the context of varying background N deposition levels. To
our knowledge, fungal responses to experimental N addition have
not been investigated from the perspective of ambient N deposi-
tion, which may help to explain site-specific responses to added N.
For example, a site with low background levels of N deposition may
have a fungal community that would be more sensitive to eutrophi-
cation and acidification caused by experimentally elevated N inputs.
Sensitivity to N inputs may be driven by community membership.
Fungal community composition varies at local and regional scales
(Talbot et al., 2014) and some fungal taxa decline with N deposi-
tion while others increase in abundance (Morrison et al., 2016). This
differential response to N deposition is related to hyper-diverse
functional profiles among fungi (Morrison et al., 2016), which vary
with environmental conditions, including background N deposition
levels. We hypothesized that (a) fungal biomass, richness, commu-
nity composition, and functional potential would shift with experi-
mental N addition, especially at sites with historically low ambient
N deposition. Fungi at sites with low N deposition may be adapted to
tolerate N limitations by producing decomposition enzymes aimed
at N acquisition, but these communities may be less adapted to the
environmental stress imposed by high levels of N addition (Bowman
etal., 2008). We therefore further hypothesized that (b) fungal com-
munity composition would shift to having higher richness and rela-
tive abundance of those taxa known to tolerate stress; and (c) that
stress tolerance functional gene relative abundance would increase
while genes encoding for decomposition enzymes would decrease
with experimental N additions and in association with high ambient
N deposition.

We investigated microbial functional potential using a tar-
get-probe enrichment method that is novel to soil microbial ecology.
Other ecological investigations of microbial functional genes have
used fluorescence chip-based methods which provide information
about abundance of only certain functional genes and cannot be
used to examine fungi separately from bacteria in environmental
(soil) samples (e.g., Zhang et al., 2017). Metagenomic approaches to
characterizing soil microbial functional genes do well with bacteria
and poorly with fungi because fungi have fewer rRNA gene copies
than bacteria (Fierer et al., 2012). We characterized fungal functional
genes using a target-probe enrichment method because it generated
sequence data and can be directly related to community composi-
tion information. It was also fully customizable, enabling detection

of over 20,000 functional gene variants per sample. This method
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allowed us to target multiple variants of a gene that would, for exam-
ple, be present in the genomes of two distantly related species. The
probe enrichment method was developed for detection of DNA that
is rare in the environment. It has been used to investigate ancient
humans (Drosou et al., 2018; Loreille et al., 2018), Pleistocene horse
species (Heintzman et al., 2017), rare and cryptic primates (Aylward
et al., 2018) and wild wolf populations (Hendricks et al., 2019).
Targeting specific functional genes enabled us to hone our investi-
gation to specific fungal functions known to be important to ecosys-
tem processes and, we hypothesized, are sensitive to N deposition.

2 | METHODS
2.1 | Site descriptions

We sampled across seven mature mixed hardwood forests, lo-
cated along a natural ambient N deposition gradient spanning the
east coast region of the United States (Table 1; Figure S1). Annual
ambient atmospheric wet and dry N deposition ranges from 3.2 to
12.6 kg ha™! year™ across the site gradient (National Atmospheric
Deposition Program, 2016). Mean annual temperature ranges from
5 to 11°C and mean annual precipitation from 1,082 to 1,473 mm/
year. The soils are Inceptisols at the five southernmost sites and
Spodosols at the two northernmost sites. Dominant tree genera
across sites include maple (Acer), beech (Fagus), birch (Betula), and
oak (Quercus). Our sites were located between 135 and 822 m above
sea level. We selected sites with as similar plant communities and
abiotic factors as possible across this large geographic area by se-
lecting sites at different elevations where tree communities and soil
types were most similar (see Table 1).

Five of the seven sites had long-term simulated N deposition ex-
periments, with fertilizer application methods varying across sites.
Two experimental sites had a randomized plot design and three had
paired watershed designs. At Cary Institute for Ecosystem Studies in
the Catskills Mountains, NY (abbreviated NY1), 100 kg N ha™* year™
was applied to treatment plots from 1996 to 1999, and then
50 kg N ha™ yearf1 was applied from 2000 to 2006, as granular
NH ,NO, four times per year (Lovett & Goodale, 2011). We antici-
pated the effects of fertilizer treatments at NY1 would be detect-
able in our samples because, although treatments ceased in 2006,
fertilizer N applied in hardwood forests can be retained in soil for
decades (Lovett & Goodale, 2011; Lovett et al., 2018). At the Soil
Warming x Nitrogen Addition Study at the Harvard Forest Long
Term Ecological Research site (MA), fertilization treatments began
in 2006 and are ongoing. Fertilizer (50 kg N ha™ year'l) is applied at
equal doses monthly to treatment plots in aqueous form during the
growing season (Contosta et al., 2011). At Bear Brook Watershed
in Hancock County, ME (ME), the watershed was fertilized
(25 kg N ha™* year™) bimonthly from 1989 to 2016 via helicopter by
applying dry (NH,),SO, (Minocha et al., 2019; Norton et al., 1999).
In Bartlett Experimental Forest (NH), four 30 x 30 m plots were
established with a 10 m buffer zone in 2011 and dried NH,NO; is
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applied by hand twice during the growing season (Kang et al., 2016).
Beginning in 1989 and ongoing at the Fernow Experimental Forest
(watershed W3) in Fernow, WV (WV), 35 kg N ha™ year? is applied
aerially three times per year as (NH,),SO, (Gilliam et al., 2016). Two
of our study sites did not experimentally manipulate N addition but
represented regions with high ambient N deposition (PA and NY2,
see Table 1 for site characteristics). We sampled at NY2 on June 25,
2017, at WV on June 27, 2017, at PA on June 29, 2017, at NY1 on
June 30, 2017, at NH on July 6, 2017, at ME on July 7, 2017, and at
MA on July 12, 2017.

2.2 | Soil collection

We collected the top 10 cm of mineral soil using a tulip bulb corer
(5 cm diameter) after first removing and discarding organic horizon
material. Some sites across the gradient have thin or no organic
horizon; thus, we focused on mineral horizons to make cross-site
comparisons. At sites with simulated N deposition treatments, we
collected and homogenized into a single composite sample three soil
cores within each of the four replicate control and treatment plots.
At sites with ambient-only N deposition (NY2 and PA), there are no
long-term plots. We therefore established four replicate sampling
plots separated by at least 20 m. We collected and homogenized into
a single composite sample three soil cores collected along a 1.5 m
radius from the center of the plot. We chose this distance because
fungal communities tend to be autocorrelated at that scale (Lilleskov
et al., 2004). Soils were kept cool on ice in the field. Within 2 hr of
sample collection, we subsampled and flash froze in liquid N 2 ml
of soil for genomic analysis. We then sieved (<2 mm) the remain-
ing sample, removing visible roots, rocks, and organic debris. Sieved
soils were stored at 4°C prior to analysis, and flash-frozen soil sub-

samples for genomic analyses were stored at -20°C.

2.3 | Fungal community composition

We characterized fungal community composition by ex-
tracting DNA from subsamples (0.25 g) of frozen soil using
a DNeasy PowerSoil Kit following the manufacturer's proto-
col (Qiagen). We quantified DNA concentration fluorometri-
cally using a Qubit dsDNA HS kit (Invitrogen). Polymerase chain
reactions (PCRs) were prepared in two technical replicates
and each 5 pl reaction contained the following: 1 ul polymer-
ase (Hot FIREPol DNA Polymerase; Solis BioDyne), 0.5 ul of
each primer (2.5 uM), 2 ul ultrapure water, and 1 pl of template
DNA. We used the ITS1 (TCCGTAGGTGAACCTGCGG) and ITS2
(GCTGCGTTCTTCATCGATGC) primer pair (White et al., 1990) and
amplified the rRNA gene region using the thermocycler protocol
as follows: 95°C by 12 min, followed by 35 cycles of 15 s at 95°C,
30 s at 50°C and 30 s at 72°C with a final extension step at 72°C
for 7 min. For each sample, 3 ul of PCR was electrophoresed on

a 1.5% agarose gel to check amplification efficiency. Then the
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amplicons were pooled in equimolar amounts and purified on the
2% E-Gel SizeSelect Il Agarose Gels system (Invitrogen), following
the manufacturer's instructions. DNA concentration and fragment
length distribution of the libraries were established with the use
of a High Sensitivity D1000 Screen Tape assay on a 2,200 Tape
Station system (Agilent Technologies). Amplicons were sequenced
using the lon Torrent PGM system (lon Torrent). Clonal template
amplifications were performed using the lon Torrent One Touch
System Il and the lon Torrent OT2 Kit according to the manufac-
turer's instructions. Sequencing was carried out using the Hi-Q
View Sequencing Kit and lon 318 chip according to the manufac-
turer's instructions.

2.4 | Functional gene enrichment

To analyze functional gene abundance and diversity, we se-
quenced target fungal genes enriched using probe capture (Dowle
et al., 2016). Probes were designed based on nucleotide sequences
from 2,314 target genes downloaded from GenBank. We targeted
three fungal genes encoding hydrolytic extracellular enzymes (BG,
betaglucosidase; CBH, cellobiohydrolase; CBD, cellobioside dehydro-
genase), three genes encoding oxidative extracellular enzymes
(lipH, lignin peroxidase; MNP, manganese peroxidase; LACC, laccase
or laccase-like multicopper oxidase), and four genes encoding pro-
teins thought to confer general stress tolerance (RHEL, RNA heli-
case; NTH, neutral trehalase; FKS1, beta-1,3-glucan synthase; PKS1,
polyketide synthase). The most abundant gene family in our tar-
get gene set was LACC (913 of 2,322 genes) and the second most
abundant was CBH (700 of 2,322 genes; Table S2). A set of 20,005
probes were designed by Arbor Biosciences using proprietary al-
gorithms seeded with the target gene sequences. Each probe was
100 nt and sequences with fewer than 100 bp were padded with
Ts to reach 100 nt. The 100 nt probes were varied with 3 x til-
ing density, generating 34,249 candidate probes. Those probes
with >94% similarity across >83% of their sequences were clus-
tered and a single representative of each cluster was chosen for
the probe set. Probe-to-probe complementarity was verified to be
absent from the probe set. The custom probe set was tested by
Arbor Bioscience with quality controls and standards to ensure a
>97% target gene enrichment success rate. We used the MyBaits
kit and followed the manufacturer's protocol to target and enrich
genes in our DNA libraries.

To prepare functional gene libraries, we first sheared DNA to
350 bp segments by sonicating (Focused-ultrasonicator M220;
Covaris). We prepared libraries following a PCR-free protocol
(TruSeq PCR-free Prep Kit; lllumina) which included repairing frag-
mented ends, adenylating the 3’ ends, and ligating unique index
adapter sequences to the ends. We hybridized the probes with the
non-pooled DNA libraries using a temperature incubation technique
(Dowle et al., 2016). First, we combined 7 ul of template DNA (80-
100 ng/ul) with 5 ul of an lllumina-adaptor block mixture provided in

the MyBaits kit. The libraries were denatured on a thermocycler for
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5 min at 95°C and 18.5 ul of a hybridization buffer was warmed for
5 min at 65°C. Then, 18 ul of each hybridization buffer was added
and mixed with the DNA templates. Hybridization of probes with
DNA was completed on the thermocycler for 24 hr at 65°C. MyBaits
wash buffer solution was warmed to 65°C for 1 hr. DNA that hybrid-
ized with probes (i.e., probe-enriched DNA template) was isolated
from non-target DNA using streptavidin-coated magnetic beads
(New England Biolabs) following the manufacturer's protocol.
Bead-bound enriched templates were amplified using PCR.
We eluted libraries using a 10 mM tris-TWEEN-20 solution (0.05%
TWEEN, pH 8.0). Each 50 pl PCR contained 15 pl template bead-bound
sample, 2.5 pl each of 10 uM forward and reverse lllumina primers (P5
and P7; Kircher et al., 2012), 25 ul of 2x Kapa HiFi HotStart ReadyMix
(Kapa Biosystems), and 5 ul nuclease-free water. Amplification was
completed on a thermocycler using the following program: activation
at 98°C for 2 min, 16 cycles of annealing and extending (98°C for 20 s,
60°C for 30 s, 72°C for 40 s), a final extension at 72°C for 5 min, and
infinite hold at 8°C. Amplified enriched libraries were checked visu-
ally on an electrophoresis gel and purified for sequencing (AxyPrep
Mag; Axygen). The purified library concentrations were quantified
fluorimetrically (Qubit; Invitrogen) and pooled at equimolar concen-
trations. Sequencing was performed on an Illlumina Next-Seq 150 plat-
form at the Center for Genomics and Bioinformatics (CGB) at Indiana

University (Bloomington, Indiana, USA).

2.5 | Bioinformatics

Fungal community composition was characterized by first pre-filter-
ing raw sequence data by lon Torrent Suite software version 5.10.1
(Life Technologies) to remove polyclonal and low-quality sequences.
Sequence reads shorter than150 bp were removed from the dataset.
Leading and trailing low-quality or unknown/unidentified nucleo-
tides were removed using Trimmomatic ver. 0.39 (Bolger et al., 2014).
Fastx toolkit (Hannon, 2010) was used to extract sequences with
the minimum of 50% of bases with a quality score 225. Quality-
filtered sequences were separated into individual combinations of
indexes in Geneious R11.1.5 (https:/www.geneious.com). Next, the
sequences were trimmed at 5’ and 3’ ends to exclude PCR primers.
The USEARCH (v11; Edgar, 2010) pipeline was then used to create
an operational taxonomic unit (OTU) table. Quality control sequences
(5 million) were dereplicated and singletons were removed (453, 976)
using the -fastx_uniques and -sortbysize algorithms. We then removed
chimeras (1,664) and clustered sequences at 97% similarity using the
-cluster_otus algorithm. A total of 5,083 OTUs were clustered. We
then used Sintax to predict the taxonomy of OTUs using the utax
reference dataset and the -makeudb_usearch and -sintax functions
(Edgar, 2016). None of the sequences were assigned to non-fungal
organisms, 88% and 49% of the OTUs were assigned taxonomy at the
phylum and genus levels, respectively. Genus-level assignments were
used to predict the functional guild of taxa using FUNGuild (Nguyen
et al.,, 2016), and all “probable” or higher-level designations were in-
cluded, with 46% of the OTUs assigned a functional guild.
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The OTU table was rarefied to the lowest sequencing depth (642
sequences per sample) using the rarefy function in vegan (Oksanen
et al., 2013). We then used the diversity function in vegan with
the “index” parameter set to “Shannon” to calculate the Shannon-
Weaver alpha diversity and approximate fungal richness. The rel-
ative abundance of OTUs was then converted to a Bray-Curtis
dissimilarity matrix using the vegdist function. We tested the effects
of N addition, ambient N deposition level, and their interaction on
fungal community composition using the adonis function after 999
permutations. Functional gene abundances and biogeochemical
covariates were correlated to community composition using the
vegdist function after 999 permutations. Variation in fungal commu-
nity composition was visualized using non-metric multidimensional
scaling and the metaMDS function. Finally, we performed indicator
species analysis to determine whether taxa were exclusively found
in certain treatment groups and if these taxa were commonly found
in certain treatment groups, as revealed by the A and B components
of indicator species analysis, respectively. Indicator species analysis
was performed using the multipatt function within the indicspecis
package (De Caceres & Legendre, 2009).

To analyze functional gene composition, we created a reference
sequence database based on the 20,005 probes. We constructed
a reference file using the Burrows-Wheeler Aligner's Smith-
Waterman alignment (Li & Durbin, 2010) using the “index” function
implemented in Qiime v1.9 (Caporaso et al., 2010). lllumina HiSeq
data were initially demultiplexed and quality filtered at the CGB at
Indiana University (Bloomington, Indiana, USA). Primer sequences,
sequences <100 bp, and bases with minimum quality scores of <25
were removed by CGB using Trimmomatic. All remaining forward
and reverse reads were merged allowing a 15% mismatch rate and
default parameters for the method join_paired_ends.py in Qiime v1.9.
Only paired sequences 2100 bp were retained using the sortbylength
command in USEARCH v9.2 (Edgar, 2010). QC sequences were then
mapped to our indexed reference file using map_reads_to_reference.
py in Qiime v1.9 using default parameters.

We quantified the relative abundance and composition of 10
protein-encoding sequences (BG, CBD, CBH, FKS1, LACC, lipH, MNP,
NTH, PKS1, and RHEL). Unique functional gene OTUs that did not
map to the reference were identified using the BLASTn program
(Benson et al., 2005). We calculated relative abundance of each tar-
get gene in each of the 48 soil samples. We grouped them based on
ecological significance: hydrolytic enzymes, oxidative enzymes, and
stress tolerance.

2.6 | Soil biogeochemistry

We measured biogeochemical and edaphic parameters important to
fungal physiology and community structure, including soil moisture
content, pH, texture, total soil C and N, C and N mineralization, and
fungal biomass. Soil moisture content was measured gravimetrically
by drying samples for at least 48 hr at 105°C. Soil pH was deter-

mined in distilled water at a 1:2 (w/v) ratio using potentiometry.

Soil texture was assessed on 30 g of field-moist soil using the hy-
drometer method (Robertson et al., 1999). Soil C and N content was
measured on air-dried and finely ground subsamples (10 g) using an
elemental analyzer (Perkin EImer 2400 Series Il CHN). To estimate C
and N mineralization, we incubated 20 g field-moist soil for 28 days
in the dark at 25°C in sealed Mason jars. We collected 2 ml head-
space gas samples each day for the first seven days and on days 14
and 28. Anaerobic activity was minimized by flushing the jars with
CO,-free air after each sampling. Carbon efflux was measured on an
infrared gas analyzer (LiCor 7500). We extracted inorganic N using
2 M KCI (40 ml) from soil subsamples (10 g) taken prior to and after
the incubation. Inorganic N was determined as the sum of NHZ and
NO; measured colorimetrically (Braman & Hendrix, 1989), and N
mineralization rate was calculated as the difference between final
and initial total soil inorganic N concentrations. Microbial biomass
C and N were calculated as the difference between C and N con-
centrations in samples that were not fumigated with chloroform and
those that were fumigated for 24 hr in the dark at room temperature
(Vance et al., 1987).

Fungal biomass was estimated using phospholipid fatty acid
(PLFA) analysis on freeze-dried soil samples (Guckert et al., 1985;
White et al., 1979). Lipids were extracted from freeze-dried soil (1 g)
using phosphate buffer, chloroform, and methanol (0.8:1:2 v:v:v).
The polar lipids were isolated and purified using silicic acid chroma-
tography and methanol. Polar lipids were then methylated in 0.2 M
methanolic potassium hydroxide (1 ml) at 60°C for 30 min to form
fatty acid methyl esters (FAMES). FAMES were dried and reconsti-
tuted in hexane for quantification on a Varian CP-3800 gas chro-
matograph equipped with a flame ionization detector. We compared
FAME peaks against a standard library of FAMES specific to fungi
(18:2w6,9¢c, 18:1w9c; Matreya). Standard biomarkers were used to

convert peak area concentrations into nmol PLFA per g dry soil.

2.7 | Statistics

We analyzed the effect size of fungal responses to simulated N dep-
osition treatments across the gradient of ambient N deposition. The
effect size of fungal biomass, fungal richness, and functional gene
relative abundance responses to simulated N deposition were calcu-
lated as the log response ratio for each site (LRRq;,) as follows:

LRRg;e = |n(?N )— |n(?c)r

where ?N and \_fc are mean values for the fertilized and control treat-
ments, respectively. We tested the fit of a random effects model to our
data using the package metaforin R (Viechtbauer, 2010). We calculated
LRRs and variance by specifying the ROM method in the escalc function
and estimated model fit by specifying the restricted maximum-like-
lihood estimator method in the rma function (Viechtbauer, 2005).
Annual N deposition rate reported for 2016 (National Atmospheric
Deposition Program, 2016) was included as a fixed effect. We inter-

preted a response as increasing with fertilizer treatments relative to
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control if LRRg;,. was greater than 1. If the confidence interval for LRR
encompassed 1, we interpreted that as no effect of simulated N depo-
sition on the response variable and we report the omnibus test statistic
Q- Effect sizes for fungal biomass, oxidative enzyme encoding gene
relative abundance, hydrolytic enzyme encoding gene relative abun-
dance, and stress-response protein encoding gene relative abundance
were regressed against ambient N deposition, soil C percent, soil C:N,
soil clay percent, and site elevation in univariate models. We calcu-
lated the Akaike information criterion adjusted for small sample size
(AICc) using the package MuMlIn (Barton, 2020) in R; models within
two AICc points of each other were considered statistically similar and
the lowest AlCc score was considered the best-fit model. We analyzed
the correlation between ambient N deposition and the relative abun-
dance of each of the 10 target genes and report Pearson's correlation

coefficient (r).

3 | RESULTS

Climate and vegetation characteristics were relatively constant
across the ambient N deposition gradient, but soil biogeochemi-
cal patterns markedly varied. Soil pH ranged from 3 to 5 and de-
clined with increasing ambient N deposition (p < .001, R? = .35;
Figure S2a). Soil pH was not affected by N fertilization when con-
sidering all sites together (p = .43, 42 = 0.64) or in association with
particular ambient N deposition levels (p = .74, Q,, = 0.11). Soil C:N
ranged from 12.9 to 25.6 and declined with ambient N deposition
(p = .03, R%= .14; Figure S2b). Soil C:N was not different between
fertilized and control plots (p = .63,;{2 =0.23); C:N responded to fer-
tilizer treatment differently across sites such that it increased with
fertilizer more under high ambient N deposition than low (p = .05,
Qy = 3.72). Microbial biomass C and N declined (p = .02, R% = .09;
p < .001, R? = .29) with ambient N deposition. Total microbial bio-
mass was similar in fertilized and control plots (p = .32, ;(2 = 0.98),
and this effect was consistent across the gradient (p = .11, Qy = 7.6).
Rates of C mineralization were not different in fertilized and control
plots (p = .74, ;(2 = 0.11), and this response did not change across
the gradient (p = .25, Q,, = 1.33). In summary, most biogeochemi-
cal parameters varied across the ambient N deposition gradient but
were unaffected by N fertilization, except soil C:N which responded
to fertilizer treatments differentially across the gradient of ambient
N deposition.

3.1 | Variation in fungal communities and soil
biogeochemistry across the ambient N deposition
gradient

Total fungal biomass did not vary across the ambient N deposition gradi-
ent(p = .84), but community composition was significantly differentacross
sites (p = .001, F = 1.7; Figure 1; Table 2). Fungal community composi-
tion was significantly associated with N mineralization (p = .005, R = .35;

Figure 1; Table 3), the relative abundance of fungal decomposition
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FIGURE 1 Fungal operational taxonomic unit composition

in control plots at each site across the ambient N deposition
gradient. Each point represents average composition and bars
represent standard error. The color gradient indicates ambient N
deposition level going from low (yellow) to high (red). Vectors show
significant correlation between fungal community composition and
N mineralization and the relative abundances of decomposition
and stress tolerance functional genes (see Table 3 for correlation
statistics)

TABLE 2 PERMANOVA model output showing impacts
of ambient N deposition and simulated on fungal community
composition

R? F P
Ambient N deposition .04 1.7 .001
Simulated N deposition .01 0.78 .99
Simulated x Ambient .02 0.97 .62

Bold values indicate significance at p < .05.

TABLE 3 Pearson's correlations between fungal community
composition (Bray-Curtis dissimilarity) and environmental variables
or functional gene relative abundances

Variable R? p
Latitude .02 77
Soil pH A1 .09
C:N ratio A1 A1
N mineralization .35 .005
C mineralization .02 .62
Decomposition genes .25 .008
Stress genes .25 .008
Oxidative genes .08 .24
Hydrolytic genes .02 .70

Bold values indicate significance at p < .05.
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Site
NY1

ME

MA

NH

A%

NY2

PA

A
component

1
1

0.97

L

0.88

0.96

0.71
0.7

B
component

0.75
0.623

0.63
0.63
0.5

0.38
0.38
0.38
0.38

0.38
0.57
0.57
0.43

0.43

0.43

0.38
0.38

0.38
0.5

0.5
0.38
0.38

0.38

0.75

0.75
0.75

0.5
0.5
0.75

0.5

0.5

0.5

0.5

Indicator
value

0.87
0.79

0.79
0.78
0.71
0.61
0.61
0.61
0.61

0.61
0.76
0.74
0.66

0.66

0.61

0.61
0.61

0.61
0.71

0.69
0.61
0.61

0.61

0.85

0.73
0.73

0.71
0.71
0.87

0.71

0.71

0.71

0.71
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Taxonomy

Russula sp. 54

Cenococcum
geophilum 119

Elaphomyces sp. 636
Cortinarius sp. 48
Russula aeruginea 31
Sebacina sp. 26
Sebacina sp. 277
Tomentella sp. 113

Clavulina castaneipes
155

Helotiales sp. 384
Russula variata 4,466
R. variata 94

Hyaloscyphaceae sp.
767

Blastocladiomycetes
sp. 1,210

Thelephoraceae sp.
135

Clavariaceae sp. 71

Clavulinopsis
fusiformis 502

Sebacina sp. 590
Leohumicola sp. 874

Inocybe sp. 398
Clavariaceae sp. 16

Hygrocybe
chlorophana 126

Archaeorhizomyces
sp. 256

Cuphophyllus lacmus
35

Russula silvestris 133

Umbelopsis dimorpha
43

Boletus sp. 99
Russula sp. 177

Xylonomycetes sp.
461

Archaeorhizomycetes
sp. 148

Archaeorhizomyces
sp. 363

Mortierella alliacea
390

Xylonomycetes sp.
435

Ecology

Ectomycorrhizal

Ectomycorrhizal

Ectomycorrhizal
Ectomycorrhizal
Ectomycorrhizal
Ectomycorrhizal
Ectomycorrhizal
Ectomycorrhizal

Ectomycorrhizal

Unknown
Ectomycorrhizal
Ectomycorrhizal

Saprotroph

Unknown

Ectomycorrhizal/
Saprotroph

Unknown

Saprotroph

Ectomycorrhizal

Saprotroph/
Endophyte

Ectomycorrhizal
Unknown

Saprotroph/
Endophyte

Saprotroph

Saprotroph/
Endophyte

Ectomycorrhizal

Saprotroph

Ectomycorrhizal
Ectomycorrhizal

Unknown

Saprotroph

Saprotroph

Saprotroph

Unknown

TABLE 4 Indicator species analysis
for control soils at each site along the
ambient N deposition gradient. Sites are
ordered from lowest to highest ambient
N deposition (refer to Table 1). Fungal
taxa that are significant indicators of
community composition at each site are
shown (top five taxa). The A component
indicates how exclusive the taxon was to a
site where a value of 1 indicates the OTU
was exclusively found at that site. The

B component indicates how frequently
that taxon was found in replicate soil
samples within sites, where 1 means it
was found in every sample. The indicator
value accounts for both the A and B
components together
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encoding genes (p = .008, R2= 25; Figure 1; Table 3) and stress tolerance
encoding genes (p =.008, R2=.25; Figure 1; Table 3). Sites with the high-
est ambient N deposition levels had community compositions that were
associated with higher relative abundance of stress tolerance encoding
genes while communities where ambient N deposition was lowest were
associated with higher relative abundance of decomposition encoding
genes. Shannon index declined (p = .004, R? = .15), but taxonomic rich-
ness did not vary with ambient N deposition (p = .52).

Taxa that were indicative of fungal community composition were
ectomycorrhizal (ECM)where N deposition was low and primarily sap-
rotrophic where N deposition was high (Table 4). Several fungal indicator
taxa were exclusively found at sites on opposite ends of the ambient N
deposition gradient (Figure 2; Table 4). Indicator ECM taxa found exclu-
sively at sites with low ambient N deposition (4-4.9 kg N ha™! year™)
included species of Russula, Cenoccocum, Elaphomyces, Cortinarius, and
Sebacina. Saprotrophic indicator taxa, along with a few other ECM,
were exclusively found in plots with >11 kg N ha™ year'l, including
saprotrophic Cladophialophora, Leohumicola, Hygrocybe chlorophana,
Archaeorhizomyces sp., Mortierella alliacea, and Serpula himantioides.
Relative abundance of ECM declined with ambient N deposition in the
control plots across the gradient (p = .04, R?=.16; Figure 2a) and sap-
rotrophs did not vary (p = .15, R? = .06; Figure 2a). The ratio of ECM
to saprotrophic fungal relative abundance also did not vary across the
gradient (p = .16, R? = .06; Figure 2a).

Functional gene composition and relative abundances in control
plots shifted across the ambient N deposition gradient (Figures 3
and 6). The composition of the 20,000 functional gene variants sig-
nificantly varied with ambient N deposition (p = .001, R? = .16) and
soil C:N (p = .001, R? = .17). Each functional gene group contained
tens to thousands of different gene variants. At the functional group
level, we found that relative abundances of the groups responded
differently to ambient N deposition (Figure 4). The relative abun-

dance of genes encoding hydrolytic enzymes were either neutral or

ST Wi e L

positively correlated with ambient N deposition (BG, p = .15, R2=.04;
CBH, p = .11, R? = .05; CBD, p = .001, R? = .46). Oxidative enzyme
encoding gene relative abundances were all significantly negatively
correlated with ambient N deposition (LACC, p = .02, R? = .15; lipH,
p = .01, R? = .16; MNP, p = .002, R? = .26). One gene encoding a
protein involved in stress tolerance had relative abundance that was
positively correlated with ambient N deposition (RHEL, p = .001,
R? = .37) and the other three stress tolerance protein-encoding

genes were not correlated with ambient N deposition (p > .05).

3.2 | Effect of N fertilizer treatments across the
ambient N deposition gradient

While fungal biomass (p = .81,;(2 = 0.06) and community structure
did not vary with N fertilizer additions overall (Table 2), the effect of
fertilizer treatments on these parameters varied across the gradient.
Fungal biomass increased with fertilizer additions where ambient
N deposition was low, while it decreased where ambient N deposi-
tion was high (p = .005, Q, = 7.81; Figure 5a). Fungal biomass in-
creased with fertilizer treatments at low elevations and decreased
with fertilizer treatments at high elevation (Table S2). Likewise, the
response of OTU richness to fertilizer addition varied across the N
deposition gradient (p < .001, Q,, = 101.44; Figure 5b). Richness in-
creased with fertilizer treatments where ambient N deposition was

! year’i) and declined where ambient N deposition

low (<6 kg ha™
was highest (>10 kg ha™ year™. Relative abundances of ECM were
similar in control and fertilized plots (p = .12, Q,, = 2.43) and the
response to fertilization was not correlated with ambient N deposi-
tion across the gradient (p = .65, Q,, = 0.21). Likewise, saprotrophic
taxa had similar relative abundances in control and fertilized plots
(p = .16, Qu= 1.94) and the response to fertilization was not cor-

related with ambient N deposition (p = .55, Q,, = 0.35; Figure 2a).
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FIGURE 3 Gene variant composition and their relationships
with ambient N deposition and soil C:N. Each point represents a
gene (e.g., lipH) or gene family (e.g., multicopper oxidases), and
colors represent broadly defined gene groups: hydrolytic enzymes,
oxidative enzymes, and stress-tolerant genes. For each point, the
position was calculated based on relative abundance of that gene
across all ambient or control plots at all sites. Points closer together
indicate genes with more similar composition of gene variants
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FIGURE 4 Pearson's correlation coefficients of linear
relationships between relative abundance of each functional gene
and ambient N deposition rate. Functional genes are shown in
groups of hydrolytic enzyme-coding genes (BG, beta-glucosidase;
CBH, cellobiohydrolase; CBD, cellobioside dehydrogenase),
oxidative enzyme-coding genes (LACC, laccase; lipH, lignin
peroxidase; MNP, manganese peroxidase), and stress tolerance
genes (FKS1, beta-1,3-glucan synthase; NTH, neutral trehalase;
PKS1, polyketide synthase; RHEL, RNA helicase). Significance is
indicated by asterisks (*p < .05; **p < .01; ***p < .001)

Relative abundances of white rot fungi quadrupled with fertilizer
treatments (p = .004, Q,, = 8.31; Figure 2a) from 0.3% in control

plots to 1.3% in fertilized plots. However, white rot fungi were only

(fertilized/control)
& b

o
o

Fungal richness response ratio

5 6 7 8 9 R
Ambient N deposition (kg ha™" year™)

FIGURE 5 Response of fungal biomass (a) and fungal
operational taxonomic unit (OTU) richness (b) to N fertilization
across the ambient N deposition gradient. Each point represents
the ratio of fungal biomass or OTU richness in fertilized relative
to control plots at five experimental sites (from lowest to highest
ambient N deposition: NY1, ME, MA, NH, and WV). Shaded areas
around the trend line represent the 95% CI

detected at three of the five sites with simulated N deposition. The
increased relative abundance in white rot fungi was a similar mag-
nitude at each of the three sites they were detected at across the
gradient (p = .34, Qy=0.89).

Responses in the relative abundances of different functional
gene groups to fertilizer treatments depended on ambient N
deposition (p = .03, F = 4.91; Figure 6; Figure S3). The relative
abundance of oxidative enzyme encoding genes decreased with
fertilizer treatments, and the effect size increased with ambient
N deposition (p = .02, R? = .84; Figure 6a) and pH and decreased
with elevation (Table S2). Genes encoding hydrolytic enzymes
tended to increase in relative abundance with fertilizer treatments
(Figure S3), but the response did not vary with ambient N deposi-
tion (p > .05; Figure 6b). Functional genes shifted abundance, but
gene variant composition did not change with fertilizer treatments
across the N deposition gradient. There was no effect of fertilizer
treatments on the relative abundance of genes encoding for stress
tolerance (p > .05; Figure 6c; Figure S3). There was no significant
interaction between fertilizer treatments and ambient N depo-
sition on the composition of functional genes (p = .36, F = 1.03;
Figure S3).
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FIGURE 6 Relative abundance of genes coding for oxidative
enzymes (a), hydrolytic enzymes (b), or stress tolerance traits

(c) at sites varying in ambient N deposition. Points represent the
response ratio at individual sites. The horizontal gray dashed line
indicates an equal response in N addition relative to control plots.
Shaded areas represent the 95% Cl around the trendline

4 | DISCUSSION

This is the first study to document fungal community responses in
combination with fungal functional potential across a network of
fertilizer experiments spanning an ambient N deposition gradient
at a large spatial scale. We found that soil fungal community and
functional potential responses to fertilizer treatments depended
on ambient N deposition which may explain why belowground re-
sponses to N additions often vary in magnitude (Yue et al., 2017).
Although total fungal biomass did not vary with ambient or simu-
lated N deposition, community composition was highly dissimilar
across the N deposition gradient and that community dissimilarity
could not be explained by latitude (Table 3). We found that unique
ECM fungi were indicators of community composition in forests
with low ambient N deposition while unique saprotrophic fungi
were indicative of forests experiencing higher ambient N deposi-
tion levels. This result may reflect the long-term selective pressure
of additional N. Notably, the fungal community associated with high
ambient N deposition was negatively correlated with relative abun-

dances of decomposition-related genes and positively correlated
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with stress response genes. At low levels of ambient N deposition,
the community composition may be driven by selection for taxa that
can depolymerize organic matter to obtain inorganic N. At high lev-
els of ambient deposition, selection pressures may include increased
eutrophication and acidity (Gilliam et al., 1994) as well as limitation
of micronutrients (Whalen et al., 2018). Thus, fungal communities
were compositionally and functionally distinct across the ambient
N deposition gradient, and the effect of N fertilization on fungal
communities was predictable based on background N deposition
levels. Notably, fungal biomass and taxonomic richness were re-
duced by fertilizer treatments in forests with high ambient N deposi-
tion while they increased in forests with low ambient N deposition.
Additionally, oxidative enzyme encoding genes were reduced by in-
creasing ambient N deposition, whereas hydrolytic enzyme encoding
genes increased. Fungal genes encoding proteins involved in stress
tolerance had different associations with N deposition, potentially
because the stress-response proteins we selected are not specific
enough to N-induced stress. One of the four stress-response genes
we selected, RHEL, indicates a general physiological response to en-
vironmental stress and it increased relative abundance with ambient
N deposition rate (Figure 4). When taken together, our results sug-
gest that divergent fungal responses to fertilizer addition across the
ambient N gradient may be due to alleviation of fungal N limitation
where ambient N deposition is low and induced physiological stress
where it is high.

Fungal community composition was highly dissimilar across the
ambient N deposition gradient and was associated with N mineral-
ization and the abundance of decomposition and stress tolerance
genes. Fungal communities have been documented previously tore-
spond to chronic N addition with increased abundance of taxa with
low decomposition potential (Morrison et al., 2016, 2018; Whalen
et al., 2018). While we detected that fertilizer treatments slightly
increased white rot fungal relative abundance, a guild of fungi pre-
sumed capable of completely decomposing lignified organic matter,
the opposite pattern was observed for the relative abundance of
actual oxidative enzyme encoding genes. Together, these results
highlight the importance of investigating functional genes in addi-
tion to taxonomic shifts since relative abundances of fungal guilds
does not always align with actual functional potential. Changes in
decomposition potential with N deposition were similar to previous
findings (Morrison et al., 2016) and may be related to reduced abun-
dance of oxidative enzyme encoding genes, such as laccase (e.g.,
observed in this study and Hofmockel et al., 2007), or downregu-
lation of these genes. However, decomposition rates may further
depend on whether fungal communities are selected for stress tol-
erance. Microbial communities are hypothesized to tradeoff decom-
position potential for stress response (Lustenhouwer et al., 2020;
Treseder & Lennon, 2015), and our results suggest that high am-
bient N deposition favors stress tolerance over decomposition.
We measured total soil organic C in this study, but we hypothesize
that particulate organic carbon may be less decomposed due to
the selection of stress tolerant fungal taxa with weak decompos-

ing abilities, whereas mineral-associated organic carbon may be
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reduced because stress tolerance can reduce microbial growth ef-
ficiency (Malik et al., 2020). Selection for stress tolerant fungi is a
new lens for understanding why soil organic C tends to accumulate
in temperate forests subjected to long-term N addition (Averill &
Waring, 2018; Frey et al., 2014).

Nitrogen deposition is known to affect fungal community com-
position, even with large heterogeneity across complex environmen-
tal gradients (Cox et al., 2010). We found that ECM were indicators
of community composition where ambient N deposition was low
and saprotrophic fungi were the primary indicators where N depo-
sition was high. Half of the indicator species across the ambient N
deposition gradient were ECM, which lends support to the idea that
ECM are particularly sensitive to N deposition (Lilleskov et al., 2019;
Treseder et al., 2005; Table 4). ECM with morphological plasticity,
and thus the ability to modulate exploration strategies under dif-
ferent conditions, respond positively to N deposition and other en-
vironmental stressors (Morrison et al., 2016). Many ECM taxa are
endemic at regional spatial scales (Talbot et al., 2014) and our results
suggest that ECM taxa at low N deposition sites may be particularly
sensitive to N deposition, whereas a suite of saprotrophic fungi may
be selected for under high N deposition. Changes in ECM and sap-
rotrophic fungal membership can have major implications for local
beta-diversity with the loss of ECM taxa but gain in saprotrophic
fungal taxa fundamentally altering community composition.

Fungal biomass and OTU richness increased with N fertilizer
additions where ambient N deposition was low and decreased with
fertilizer where ambient N deposition was high. In forests with low
ambient N deposition, we presume fungal growth and activity was
limited by N availability and that experimental N addition alleviated
this limitation. Decomposition rates are positively correlated with
N availability in other long-term experiments where background N
deposition was comparable to the low ambient N deposition sites
in our study gradient (Hu et al., 2001; Neff et al., 2002; Pregitzer
et al., 2008). Enrichment of N in forests with low background N
deposition could select for taxa that otherwise cannot tolerate low
N availability, explaining our observed increase in fungal richness.
On the other hand, sites with high ambient deposition fungal bio-
mass and richness were reduced by N addition. We hypothesize that
fungal biomass and richness were reduced at sites with high ambi-
ent N deposition due to physiological stress crossing a threshold
following fertilizer treatments. Inorganic nitrogen can acidify soils,
and indeed, we found soil pH was more acidic at high compared to
low ambient N deposition sites. Soil acidification caused by N depo-
sition is largely hypothesized to reduce microbial growth and in turn
microbial biomass (Averill & Waring, 2018). In addition to soil acid-
ification, limitation of micronutrients induced by N deposition may
cause physiological stress in fungi. For example, N addition can ex-
acerbate limitation of manganese (van Diepen et al., 2015), which is
critical for production of fungal extracellular enzymes, particularly
those related to lignin degradation (Whalen et al., 2018). Our results
suggest that lower fungal biomass observed at sites with high soil
N loading may result in slowed decomposition as fungi are pushed

beyond a stress threshold.

Functional genes conferring decomposition traits responded
differentially to ambient N deposition. Oxidative enzyme encoding
genes decreased while hydrolytic enzyme encoding genes increased
with ambient N deposition. Oxidative enzyme encoding gene com-
position was more constrained than hydrolytic encoding or stress
tolerance encoding gene compositions. Half of the fungal functional
gene abundances we investigated were significantly correlated with
ambient N deposition. The strongest correlations were between
ambient N deposition and CBD (hydrolytic enzyme), MNP (oxidative
enzyme), and RNA helicase (stress tolerance protein). Oxidative en-
zyme activity has been previously shown to decline with N deposi-
tion (Chen et al., 2018; Jian et al., 2016), and our study corroborates
this previous work showing that the genetic potential for oxidative
enzyme production is reduced by high N deposition. We demon-
strate a genetic link from shifts in oxidative versus hydrolytic gene
abundances that is related to changes in enzyme activity induced by
N addition experiments that had ramifications for ecosystem soil C
storage (Chen et al., 2018). We emphasize that our study demon-
strates genetic potential for enzymatic functions; shifts in gene
composition are not always correlated with shifts in measurable
functions (Zak et al., 2019). The reduction in oxidative enzyme en-
coding genes with ambient N deposition may be related to declines
in fungal taxa that oxidize organic matter and possibly the accumu-
lation of organic matter with N fertilization (Carreiro et al., 2000).

White rot fungi are a polyphyletic group largely associated with lig-
nin decomposition (Floudas et al., 2012). While lignin decomposition
declines with N addition, our study and others have found that white
rot fungi have increased relative abundance with N addition (Entwistle
et al.,, 2017); yet; the increased abundance is not correlated with ligni-
nase activity (Morrison et al., 2016). This incongruence between white
rot fungal abundance and ligninase activity warrants further investi-
gation. For example, transcriptomic or proteomic characterization of
fungal activity could explain what enzymes these white rot fungi are
deploying in addition to oxidative enzymes because they are also ca-
pable of decomposing more labile forms of soil organic matter (Floudas
et al., 2012). Basidiomycete laccase genes have been documented
previously to decline with N deposition in forests where leaf litter
contains more lignin (black oak/white oak) relative to forests with low
foliar lignin content (sugar maple-basswood; Hofmockel et al., 2007).
Suppression of lignin-modifying enzymes due to N deposition results
in accumulation of soil C stocks as decomposition is impeded (Chen
etal, 2018).

Although the composition of stress tolerance gene variants
shifted in associating with fungal community composition character-
istic of high N deposition, the total relative abundance of protein-en-
coding genes related to stress tolerance did not directly correlate
with N deposition. One stress tolerance gene, RHEL, was correlated
with ambient N deposition. RNA helicase is important in cold toler-
ance as it prevents formation of structures on RNA that would impact
translation. RNA helicases may be part of a generalized abiotic stress
response system that rearranges RNA secondary structure to influ-
ence biochemical cascades (Owttrim, 2013). This remains an active

research topic and much is still unknown about how fungi tolerate

‘[1202/90/£0] 18 [¥b¥S1°998/1111°01/4Pdo/10D/ - T91'4TT €01°8T1 - Ansioatun preateH] £q pajutig



MOORE ET AL.

abiotic stress. Suites of traits enabling stress tolerance in fungi may
respond to N deposition, but it is possible that we targeted stress
tolerance traits that were overly general to explain the full catalogue
of stress response genes conferring resistance to N deposition. Little
is known about fungal stress tolerance (Treseder & Lennon, 2015)
and few fungal stress genes exist in databases needed to develop
probes for target-gene enrichment. Genes we recommend targeting
in future studies are specific to how fungi respond to N deposition
stress. Stress induced by N deposition could be related to soil acidi-
fication, and thus genes encoding proton pumps may become more
abundant (e.g., glutamate decarboxylase). Nitrogen deposition also
changes micronutrient availability (van Diepen et al., 2015) which,
in turn, affects fungal decay capacity and community composition
(Whalen et al., 2018). Genes that are specific for enzymes used to
acquire micronutrients could elucidate whether micronutrient lim-
itation is related to shifts in fungal communities and functions with
ambient N deposition. While much work has been done on fungal
decomposition responses to N deposition, stress responses re-
main relatively unexplored. We hypothesize that the combination
of reduced decomposition and increased stress tolerance capacity
observed in association with particular fungal communities synergis-
tically mediates ecosystem C stock responses to N deposition.

In conclusion, our study revealed that soil biogeochemical and
fungal responses to N additions depend on background ambient N
deposition levels. Fungal biomass and richness increased with fertil-
izer treatments at sites with low (<6 kg ha™ year™) and decreased at
sites with high (>8 kg ha™ year'i) ambient N deposition. Different
fungal communities were found across the gradient of ambient N
deposition with ECM being indicator taxa at low ambient N deposi-
tion and saprotrophs being indicators at high ambient N deposition
sites. Oxidative enzyme encoding genes declined and hydrolytic en-
zyme encoding genes increased with ambient N deposition. We did
not find evidence for increased stress tolerance encoding gene rel-
ative abundance which warrants further attention targeting specific
stress response systems more relevant to N addition induced stress.
Whether there is a tradeoff in fungal decomposition versus stress
tolerance encoding genes with fertilizer treatments or ambient N

deposition remains an open question.
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