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Nutrient and stress tolerance traits linked to fungal
responses to global change: Four case studies

Kathleen K. Treseder*, Charlotte J. Alster”, Linh Anh Cat?, Morgan E. Gorris?,
Alexander L. Kuhn', Karissa G. Lovero', Frank Hagedorn®, Jennifer F. Kerekes®,
Theresa A. McHugh®, and Emily F. Solly’

In this case study analysis, we identified fungal traits that were associated with the responses of taxa to 4
global change factors: elevated CO,, warming and drying, increased precipitation, and nitrogen (N)
enrichment. We developed a trait-based framework predicting that as global change increases limitation of
a given nutrient, fungal taxa with traits that target that nutrient will represent a larger proportion of the
community (and vice versa). In addition, we expected that warming and drying and N enrichment would
generate environmental stress for fungi and may select for stress tolerance traits. We tested the
framework by analyzing fungal community data from previously published field manipulations and linking
taxa to functional gene traits from the MycoCosm Fungal Portal. Altogether, fungal genera tended to
respond similarly to 3 elements of global change: increased precipitation, N enrichment, and warming and
drying. The genera that proliferated under these changes also tended to possess functional genes for stress
tolerance, which suggests that these global changes—even increases in precipitation—could have caused
environmental stress that selected for certain taxa. In addition, these genera did not exhibit a strong
capacity for C breakdown or P acquisition, so soil C turnover may slow down or remain unchanged following
shifts in fungal community composition under global change. Since we did not find strong evidence that
changes in nutrient limitation select for taxa with traits that target the more limiting nutrient, we
revised our trait-based framework. The new framework sorts fungal taxa into Stress Tolerating versus C
and P Targeting groups, with the global change elements of increased precipitation, warming and drying,
and N enrichment selecting for the stress tolerators.

Keywords: Elevated CO,, Precipitation, Warming, Drying, Nitrogen enrichment, Nitrogen fertilization,
Limiting nutrients, Synthesis, Fungal traits, Growth form, Extracellular enzymes, Functional genes, Tissue
phosphorus concentration

Introduction

Recent decades have witnessed a discovery stage in fungal
ecology, powered in part by advances in high throughput
DNA sequencing (Lindahl et al., 2013; Jansson and
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Hofmockel, 2020). We have learned that fungal commu-
nities frequently shift under human-induced global
change factors such as elevated CO,, warming, drought,
increased precipitation, and nitrogen (N) enrichment (re-
viewed in Allison and Martiny, 2008; Castro et al., 2010;
Pickles et al., 2012; Treseder et al., 2012; Mohan et al,,
2014; Classen et al., 2015; Jansson and Hofmockel,
2020). These changes have now been well-documented
in field studies (e.g., Hagedorn et al., 2013; Kerekes et
al., 2013; McHugh and Schwartz, 2016; Treseder et al.,
2016). Nevertheless, we have a poor understanding of why
specific fungal taxa respond the way they do (Martiny et
al., 2015). For example, why does the abundance of a given
taxon increase under elevated CO, (or another global
change factor) while another decreases? If we understand
underlying mechanisms for these shifts, we may better
predict fungal contributions to carbon and nutrient
cycling under global change.

Global changes could select for (or against) fungal taxa
with certain physiological or genetic traits (e.g., Romero-

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


https://doi.org/10.1525/elementa.2020.00144

Art. 9(1) page 2 of 19

Treseder et al: Fungal traits linked to global change responses

C limitation P limitation N limitation Stress
(T
Elevated CO, — + + =
W
(T
Warming &
e + + + +
drying
I
)
Increased — — — —
precipitation
Gl
RN
N enrichment * & - *
Nl
Mechanisms: C acquisition P acquisition N acquisition  Stress tolerance
. 2 B 1,3 glucan synthase
Functional . Phosphatase ChitxisE Cold-induced RNA helicase
. Glycoside hydrolases P transporters N tansporters Heat shock proteins
genes. Lignin peroxidase Trahalase

Figure 1. Hypothesized effects of global changes on nutrient limitation of fungal growth and activity.
Mechanisms that might underlie fungal responses to nutrient limitation or stress, and related functional genes, are also
included. See Table S1 for a complete listing of functional genes. DOI: https://doi.org/10.1525/elementa.2020.00144.f1

Olivares et al., 2021). Here, we focus on traits that enable
fungi to acquire and use carbon (C), N, and phosphorus (P)
from the environment. Fungi require these nutrients to
grow and reproduce (Sinsabaugh et al., 2008; Sinsabaugh
et al., 2009; Strickland and Rousk, 2010; Mouginot et al.,
2014). Yet, global changes can alter the relative availability
of C, N, and P (Vitousek, 2004; Chapin et al., 2011). For
instance, elevated CO, may alleviate C limitation for fungi
by boosting availability of plant C and exacerbate N or P
limitation (Chagnon et al., 2013; Johnson et al., 2013).
Accordingly, fungi with N- or P-acquisition traits may pro-
liferate under elevated CO,, while those that invest in
C-acquisition traits may decline or remain unchanged
(Velicer and Lenski, 1999; Treseder, 2005; Malik et al.,
2019). Other global change factors could also alter the rela-
tive abundance of C versus N or P, each in their own way.

Global change can also cause environmental stress for
fungi, apart from changes in limiting nutrients (Mohan et
al.,, 2014; Lenoir et al., 2016; Morrison et al., 2018; Malik et
al,, 2019; Garcia et al., 2020). For example, warming (and
the drying often associated with it) in arid ecosystems
could generate drought stress (Schimel et al., 2007;
Manzoni et al., 2012; Homyak et al., 2018). In addition,
N enrichment can lead to soil acidification, changes
in osmotic potential, or the formation of toxic
N-containing compounds such as melanoidins (Broadbent,
1965; Baath et al., 1981; Vitousek et al., 1997; Treseder,
2008; Liu and Greaver, 2010; Lu et al., 2011). Stress
tolerance traits may be advantageous under these
circumstances.

We created a framework to predict responses of fungal
communities to elevated CO,, warming, increased precip-
itation, and N enrichment and then tested the framework
on 1 case study for each global change element (Table S1;
Hagedorn et al.,, 2013; Kerekes et al., 2013; McHugh and

Schwartz, 2016; Treseder et al., 2016). We acquired data on
nutrient and stress tolerance—related traits of the fungal
taxa by assessing functional genes in published fungal
genomes housed in the U.S. Department of Energy's My-
coCosm Fungal Portal (Grigoriev et al., 2014). Then, we
used phylogenetic independent contrasts to test for rela-
tionships between the global change responses and those
functional genes. If fungal taxa respond to global changes
depending on nutrient or stress tolerance-related traits,
these responses could help us identify broadly applicable
mechanisms underlying community shifts. This approach
could allow us to use a trait-based framework to predict
fungal community shifts in response to future environ-
mental conditions.

Trait-based framework
We based our approach on the idea that fungal taxa
should invest more toward acquiring nutrients that limit
their growth and reproduction (Read, 1991). Liebig's Law
of the Minimum suggests that an organism's activity is
constrained by the scarcest nutrient that it requires, even
if other required nutrients are readily available (Liebig,
1843). Consequently, fungal taxa that preferentially target
the limiting nutrients may displace groups that focus on
other, nonlimiting nutrients. The displacement could be
particularly strong if evolutionary or physiological trade-
offs apply—if resources invested in acquiring a nonlimiting
nutrient cannot be invested in acquiring the limiting
nutrient (Velicer and Lenski, 1999; Allison et al., 2010b;
Treseder et al., 2011; Malik et al., 2019). Altogether, this
framework suggests that the relative availability of nutri-
ents selects for or against individual fungal taxa.

Global changes may alter the relative availability of C,
N, or P (Figure 1). Elevated CO, can increase C fluxes from
plants to litter and soil, potentially decreasing N and P
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availability under certain vegetation types (Staddon et al.,
1999; Norby et al., 2001; de Graaff et al., 2006; Hungate
et al., 2009; Dieleman et al., 2010; Norby and Zak,
2011). Accordingly, fungi that decompose litter and soil
organic matter may become more N- and P-limited and
less C-limited. In addition, mycorrhizal fungi may have
an advantage under elevated CO, since C allocation
from host plants to the fungi can increase (Diaz,
1996; Compant et al., 2010). Nitrogen fertilization or
anthropogenic N deposition can enrich N supplies to
fungi, alleviating N limitation and exacerbating C- and
P-limitation (Treseder and Allen, 2002; Johnson et al.,
2013; Treseder et al., 2018). Increased precipitation may
improve the availability of all 3 nutrients because the
water can dissolve and carry the nutrients to the fungi
and stimulate decomposer activity (Schimel and Ben-
nett, 2004; Chapin et al., 2011; Manzoni et al., 2012;
Manzoni et al., 2014). Warming can stimulate microbial
activity when water is not limiting but can lead to
higher water evaporation rates and soil drying in some
ecosystems (Rebetez and Dobbertin, 2004; Allison and
Treseder, 2008; Allison and Treseder, 2011). Conse-
quently, warming could enhance C and N availability
in moist ecosystems (Solly et al., 2017a; Solly et al.,
2017b), while it could reduce availability of C, N, and
P if warming induces moisture limitation (Allison and
Treseder, 2011; Parker and Schimel, 2011). We expect
that fungal taxa will respond to these shifts in nutrient
limitations depending on their nutrient-related traits.

Stress tolerance traits could also influence the dis-
tribution of fungal taxa (Malik et al., 2019). Certain
global change factors tend to reduce fungal abun-
dance, potentially because the changes create environ-
mental stresses for fungi. Fungal biomass generally
declines as N enrichment increases (Treseder, 2008).
Warming experiments have varied widely in the extent
to which fungal abundance responds, and reductions
are more common when warming is accompanied by
drying (Chen et al., 2015; Romero-Olivares et al.,
2017b; Gao and Yan, 2019). Elevated CO, tends to
increase mycorrhizal fungal biomass (Treseder, 2004;
Dong et al,, 2018), so it may alleviate environmental
stress for those fungi. Altogether, we predicted that N
enrichment and warming (if accompanied by drying)
may select for taxa with stress tolerance traits, while
elevated CO, and increased precipitation may select
against them (Figure 1).

Methods

Selected traits

Response traits

The extent to which a given fungal group becomes more
or less abundant in response to global change can be
considered a trait (sensu Lavorel and Garnier, 2002). We
quantified response traits as the increase or decrease in
relative abundance of a given fungal group in response to
a global change factor. For example, if a given fungal
group represented 30% of the fungal community under
ambient CO, controls, but rose to 40% under experimen-
tal CO, enrichment, its elevated CO, response was +10%.
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In this analysis, positive response traits will indicate pro-
liferation under global change, while negative response
traits indicate a reduction.

Functional gene traits

To test our trait-based framework, we focused on func-
tional genes for C, N, and P acquisition and environmental
stress tolerance. Certainly, possession of a gene does not
confirm that the gene is expressed or translated (Pradet-
Balade et al., 2001; Wilmes and Bond, 2006; Myrold et al.,
2014). Instead, we consider gene possession an indication
that the fungal group has the genetic capacity for that
trait. Moreover, gene frequencies or copy numbers can
influence the extent to which a trait is expressed (Zhou
et al,, 2011).

We selected functional genes encoding extracellular
enzymes that break down organically bound C for C acqui-
sition (Lynd et al., 2002; Edwards et al., 2008; Martinez et
al., 2009), chitin or lignin complexes for N acquisition
(Bending and Read, 1997; Cairney and Burke, 1998; Talbot
et al.,, 2012), and C-bound phosphate for P acquisition
(Sinsabaugh, 1994). In addition, amino acid permeases,
ammonium transporters, nitrate transporters, and phos-
phate transporters can improve uptake rates of N or P into
hyphae (Versaw and Metzenberg, 1995; Nehls et al., 1999;
Mitsuzawa, 2006; Slot et al., 2007). For stress tolerance,
B-1,3 glucan synthase allows fungi to incorporate this car-
bohydrate into their cell walls to prevent desiccation and
freezing damage (Bowman and Free, 2006; Latgé, 2007).
Furthermore, cold-induced RNA helicase and heat shock
proteins help improve cold and heat tolerance, respec-
tively (Schade et al., 2004; Owttrim, 2006; Tiwari et al.,
2015). Moreover, trehalase produces trehalose, a compati-
ble solute that protects fungi from water loss, freezing
damage, and heat shock (Wiemken, 1990; Estruch,
2000). We determined functional gene frequencies (# cop-
ies per 10,000 genes) encoding each of these traits by
examining 692 published whole fungal genomes repre-
senting 111 genera (Table 1; Figure S1). We used search
terms (Table 1) in MycoCosm to identify existing gene
annotations (last accessed February 24, 2021; Grigoriev
et al,, 2014).

Study selection

For each of the 4 global change factors, we selected 1
previously published study based on predetermined
selection criteria (Table S1). First, we used field-based
studies, so that findings could be applicable to an eco-
system setting. Second, we chose studies in which the
global change factor was experimentally manipulated
in comparison to a control, so we could calculate the
response trait based on relative abundance in the exper-
imental versus control treatments. Third, the relative
abundance data for each fungal taxon needed to be
accessible, either via published databases or directly from
authors. Fourth, we focused on studies that characterized
fungal communities at the species to genus level to allow
greatest flexibility in taxonomic rank analysis. This latter
criterion restricted us to studies that sequenced the
highly variable ITS1 or ITS2 region. In contrast, we placed
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Table 1. Functional genes and their search terms in MycoCosm (Grigoriev et al., 2014). DOI: https://doi.org/10.1525/

elementa.2020.00144.t1

Functional Gene

Glycoside Hydrolase (GH) Activity

Search Term

Amino acid permease na. IPRO04762
Ammonium transporter na. IPRO01905
B-1,3 glucan synthase na. G0:0000148
Chitinase (GH 18) Chitinase IPRO01223
Crystalline cellulase (AA 9, formerly GH 61) n.a. IPRO05103
Fungal lignin peroxidase na. IPR001621
GH 1 B-glucosidase and B-galactosidase IPRO01360
GH 7 Cleave B-1,4 glycosidic bonds in cellulose/B-1,4-glucans ~ IPR001722
GH9 Cellulases IPR001701
GH 12 Endoglucanase IPR002594
GH 13 Substrates containing a-glucoside linkages GH13

GH 15 Hydrolyze the non-reducing end residues of a-glucosides IPR011613
GH 28 Polygalacturonase IPR00743
GH 31 a-glucosidase IPRO00322
GH 32 Invertase IPRO01362
GH 76 Endo-acting a-mannanases IPRO05198
GH 81 Endo-B-1,3-glucanase [PR005200
GH 85 Endo-B-N-acetylglucosaminidase IPR005201
GH 92 Exo-acting o-mannosidases IPR0O12939
Heat shock protein na. IPR002068
Nitrate transporter na. IPR004737
Phosphatase na. IPRO00560
Phosphate transporter na. HMMPFAM: PF01384
Cold-induced RNA helicase na. IPR0O14014
Trehalase na. G0:0005991

n.a. = not applicable.

no restrictions on ecosystem type, geography, or
sequencing platform (e.g., lllumina or 454). If samples
were taken at multiple time points within the same plots,
we used the last samplings to allow the longest exposure
to the global change treatment. Upon study selection, we
contacted the lead authors of the studies and invited
them to collaborate on the analysis.

Fungal taxa identification

For most of the studies, we used taxonomic names pro-
vided by the investigators unless those taxonomies had
been revised after publication. In those cases, we updated
taxonomic names to match current names from Index
Fungorum (2021, accessed February 24, 2021). For the
N enrichment study, Kerekes et al. (2013) had not identi-
fied taxa to genus or species. For that study, we used
UNITE (Nilsson et al., 2018) to match representative se-
quences to these taxonomic ranks where possible. Across

studies, between 18.2% and 71.2% of taxa were identified
to at least the genus level (Table S1).

Experimental designs

Increased precipitation

We calculated responses to increased precipitation using
fungal community composition from samples taken at the
final sampling (i.e., 30 days after onset of treatments) of
the McHugh and Schwartz (2016) study. They collected soil
from the top 5 cm of 4 pairs of control and watered plots.

Nitrogen enrichment
Kerekes et al. (2013) characterized fungal taxa in the litter
layer in 4 control and four N-fertilized plots.

Warming and drying
Warming and drying responses of taxa were taken directly
from supplementary information in Treseder et al. (2016).
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They sampled fungi in the litter horizon of 5 control and 5
warmed plots.

Elevated CO,

We calculated elevated CO, responses using data supplied
by Hagedorn et al. (2013). They had characterized fungal
community composition in 10 blocks of control and ele-
vated CO, plots. Each block encompassed 4 plots: a control
plot and elevated CO, plot, each centered on a Larix
decidua tree; and a control plot and elevated CO, plot,
each centered on a Pinus uncinata tree. There were 40
plots in total. From each of these plots, they collected soil
from 3 horizons: litter layer, F horizon, and H horizon,
after 9 plant growing seasons of CO, enrichment. The soils
were nutrient poor and acidic Ranker or Podzols with a 10-
to 20-cm thick organic layer. We calculated mean relative
abundances across all soil horizons and both tree species.
By combining soil horizons, we obtained a more general-
izable pattern of fungal responses than if we had analyzed
each horizon separately. On the other hand, it limited our
ability to discern horizon-specific responses.

Trait compilation

We compiled the responses of taxa to elevated CO,, warm-
ing and drying, increased precipitation, and N enrichment
with functional gene frequencies (Table S2). Specifically,
for each response and functional gene trait, we calculated
genus-level means (e.g., average response of all taxa within
Boletus). We chose to take genus-level means instead of
species-level means for 2 reasons. First, many taxa were
identifiable to genus but not species. Second, the majority
of species with response traits were detected in just 1
experiment or did not have whole genomes available in
MycoCosm. By taking genus-level means, we were able to
compare traits across more taxa. We lost species-level res-
olution but gained statistical power. Many of the func-
tional gene traits we examined tend to vary most at the
order to subphylum levels (Treseder and Lennon, 2015), so
we likely captured much of the trait variation with genus-
level means.

Relationships between traits
We used phylogenetic independent contrasts to examine
relationships between each pairwise combination of
response and functional gene traits. Since the global
change experiments had sequenced the ITS1 or ITS2 re-
gions, which are highly variable, it was not feasible to
construct an accurate phylogeny from these sequences.
Instead, we used the fungal phylogeny of Choi and Kim
(2017), which was developed from 235 whole genome
sequences of fungal strains. We downloaded the phylog-
eny from Github (2020, accessed March 12, 2020). Of the
111 genera in our dataset, 41 were represented in the
phylogeny. For each of the remaining genera, we used the
closest taxon in the tree (Table S3). Sixty-one of the genera
were assigned to a taxon of the same family or order in the
phylogeny. We pruned the tree to remove all taxa not
represented in at least 1 case study (Figure S1).

For the phylogenetic independent contrasts, we used
the aotf function in Phylocom version 4.2 (Webb et al.,

Art. 9(1) page 5 of 19

2008). This function determined the difference in the va-
lues of a specific trait between daughter clades of each
node in the phylogenetic tree. It then took a series of
correlations of the contrasts between each pairwise com-
bination of traits, minimizing errors along the x and y
axes. We used the default parameters for this function,
so more recently diverged clades were weighted more in
the correlations. Where the correlations included an out-
lier with large leverage, we ranked the contrasts. We
focused on pairwise relationships with r values greater
than 0.5 or less than —0.5, which corresponded to an
unadjusted P < 0.00001 for correlations between func-
tional gene traits. The aotf function also identified nodes
at which each response trait diverged significantly (Figure
S1).

To view relationships between all traits included in the
case study analysis, we performed a nonmetric multidi-
mensional scaling analysis using the Kruskal Method with
a square (similarities) model and 2-dimensional output
(SPSS, 2017). The input was the matrix of r values from
the phylogenetic independent contrasts (Table S4).

Relationships between traits

Our results were unexpected. The fungal traits sorted into
3 distinct groups based on their relationships to one
another (Figure 2). Responses to N enrichment tended
to be positively related to responses to warming and dry-
ing as well as increased precipitation response. Collec-
tively, these response traits clustered with most of the
stress tolerance traits: -1,3 glucan synthase, trehalase,
and cold-induced RNA helicase (Group A; Figure 2). Thus,
we will refer to this group of traits as the “Stress Tolerating
Group.” A second cluster of traits featured C-targeting
enzymes and phosphate transporters (Group B; Figure
2). Specifically, crystalline cellulase was positively related
to phosphate transporters and GH Families 12 and 81
(endoglucanases). In turn, GH Family 12 was positively
related to GH Family 7 (cellulases and B-1,4-glucanases).
This group, which we will refer to as “C and P Targeting
Group,” was distinct from the group that included global
change response traits. Altogether, none of our predic-
tions were upheld. In fact, the clustering of increased
precipitation response with stress tolerance traits was
opposite to its predicted relationship.

Stress Tolerating Group

Why did genera that increased under climate change also
tend to possess stress tolerance traits? Bijlsma and
Loeschcke (2005) noted that environmental stress is
a function of both the stressor (e.g., increased precipita-
tion) and the stressed (e.g., resident fungal taxa). In other
words, environmental conditions that are suboptimal for
most fungi could be optimal for local fungi that have
adapted to them. For example, although rainfall could
alleviate drought stress for many fungi, it might generate
environmental stress in fungi adapted to arid ecosystems
(Van Gestel et al., 1993; Fierer et al., 2003; Schimel et al.,
2007). Perhaps increased precipitation, N enrichment, and
warming and drying induced stress because they exposed
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Figure 2. Relationships between traits. Traits are arrayed based on a 2-dimensional nonmetric multidimensional
scaling analysis. Traits located closer together tend to be more closely related. Each symbol represents 1 trait. Lines
connect traits with phylogenetic independent contrast r values greater than 0.5 (cyan) or less than —0.5 (yellow). Line
thickness is proportional to |r|. A given trait was assigned to a group if it was related (at |r| > 0.5) to at least one other
trait within the group. “Group A" is highlighted because it includes global change responses. Correlation graphs for
each linked pair of traits are below (Group A: Figures 3, 4, and S2; Group B: Figure 5; Group C: Figure S3). An
interactive version of this figure can be accessed at Polinode (2021). DOI: https://doi.org/10.1525/
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fungi to environmental conditions they did not typically
experience.

This may have been the case in the increased precip-
itation manipulation we analyzed. As the climate warms,
precipitation regimes change with it (Intergovernmental
Panel on Climate Change [IPCC], 2014). On average, pre-
cipitation rates are expected to increase globally (IPCC,
2014). In the increased precipitation experiment by
McHugh and Schwartz (2016), month-long water addi-
tions in an Arizonan semiarid grassland yielded faster
soil respiration rates, larger inorganic N pools, and sig-
nificant shifts in the fungal community. Previous
research has indicated that fungal community composi-
tion frequently shifts with water availability (Castro et al.,
2010; Hawkes et al., 2011; Maestre et al., 2015; Matulich
et al., 2015; McHugh and Schwartz, 2015; Gao et al.,
2016; He et al., 2017; Zhao et al., 2017; Jansson and
Hofmockel, 2020), although not everywhere (Barnard

et al., 2013; Jumpponen and Jones, 2014; Zhang et al.,
2016a).

In this experiment, water additions may have increased
fungal stress. Fungal genera whose relative abundance
increased following water additions also dedicated larger
proportions of their genomes to trehalase and -1,3 glu-
can synthase genes (Figure 3a and b). Counterintuitively,
water additions to chronically dry soils can be physiolog-
ically challenging to microbes (Schimel et al., 2007). As
soils dry, microbes tend to accumulate osmolytes to
reduce water loss (Harris, 1981). When soils are rewetted,
the osmolytes could drive water into their cells, raise inter-
nal pressures, and potentially burst the cells (Kieft et al.,
1987). Strong cell walls can help offset this risk (Kieft et
al,, 1987), so reinforcement with B-1,3 glucan might be
advantageous in this case. In addition, microbes can
quickly remove osmolytes by transforming or excreting
them (Wood et al., 2001). It is unclear why fungal genera
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Figure 3. Relationships between fungal responses to increased precipitation versus select functional genes in

the Stress Tolerating Group. Symbols represent phylogenetic nodes (Figure S1). Contrasts are differences in trait
values between daughter clades of that node. For functional genes, units are number of copies per 10,000 genes.
Symbol size is proportional to the node's assigned weight in the analysis. Lines are best fit. P values are
unadjusted for multiple comparisons. Increased precipitation responses are calculated from McHugh and
Schwartz (2016), and gene frequencies are from MycoCosm (Grigoriev et al., 2014). DOI: https://doi.org/

10.1525/elementa.2020.00144.13

with the capacity to construct trehalose tended to perform
better in the McHugh and Schwartz (2016) study, given
that osmolytes like trehalose can be disadvantageous dur-
ing rewetting. Perhaps because trehalose production can
be reversed upon rewetting, it allowed fungi to tolerate
drought stress while allowing them the flexibility to accli-
mate quickly to changing water availability (Harris, 1981).
Gene frequencies for ammonium transporters and cellu-
lases (GH Family 9) were also positively related to re-
sponses to increased precipitation (Figure 3c and d),
possibly because these stress tolerance traits require N for
enzyme construction and C for trehalose production.

Trehalase genes coincided with B-1,3 glucan synthase
genes and another stress tolerance trait: cold-induced RNA
helicase genes (Figure 4a and b). In an earlier examina-
tion of 157 whole fungal genomes, Treseder and Lennon
(2015) had noted that genes for trehalase, B-1,3 glucan
synthase, and cold-induced RNA helicases are positively
related to one another across the fungal tree of life. Our
current analysis of 692 fungal genomes reinforced that
observation.

These 3 traits may form part of a multifaceted
“environmental stress response,” which has previously
been defined for ascomycetes (Gasch and Werner-
Washburne, 2002; Gasch, 2007). In an environmental
stress response, hundreds of stress tolerance—related
genes are expressed when fungi are exposed to
a stressor such as heat shock. After the environmental
stress response has commenced, the fungus is then
tolerant of other stresses it has not been previously
exposed to, such as extreme pH (Gasch, 2007; Gasch
and Werner-Washburne, 2002). At the same time, other
genes, including those involving carbohydrate metabo-
lism, are repressed, ostensibly to divert resources to
stress tolerance traits (Gasch, 2002; Zakrzewska et al.,
2011). This type of trade-off may also have been appar-
ent in the negative relationship we observed between
cold-induced RNA helicase and a-glucosidase (GH Fam-
ily 13) genes (Figure 4c). If trehalase, B-1,3 glucan
synthase, and cold-induced RNA helicases were indeed
part of a larger environmental stress response, then it is
possible that an unidentified stress response trait—
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other than trehalase—was driving tolerance for
increased precipitation.

Responses to N enrichment and warming and drying
also belonged to the Stress Tolerating Group. Specifically,
fungal genera that responded positively to N enrichment

Treseder et al: Fungal traits linked to global change responses

in the Kerekes et al. (2013) tropical forest experiment also
tended to respond positively to increased precipitation
and warming and drying (Figure S2a and b). In this site,
N additions had reduced soil pH from 5.1 to 4.9, which
may have contributed to fungal stress (Corre et al., 2010).
Nitrogen enrichment shifts fungal community composi-
tion (Johnson, 1993; Egerton-Warburton and Allen,
2000; Allison et al., 2008; Allison et al., 2010a; Entwistle
et al.,, 2013; Amend et al., 2016; Morrison et al., 2016; Jia
et al., 2017; Chen et al., 2018) more often than not (Porras-
Alfaro et al.,, 2011; Cassman et al., 2016; McHugh et al.,
2017). In a temperate forest in the northeastern United
States, N fertilization favors stress-tolerant fungi and those
with higher gene frequencies of ammonium transporters
and amino acid permeases (Morrison et al., 2018; Romero-
Olivares et al., 2021). Our finding that responses to N
enrichment in the tropical forest tended to cluster with
stress tolerance and ammonium transporter genes was
consistent with those from the temperate forest.

With respect to warming and drying in the boreal for-
est study, departures from ambient temperature or mois-
ture (or both) might have been stressful for local fungi. In
the boreal forest experiment, warming increases evapo-
transpiration and dries the topsoil by about 22% (Allison
and Treseder, 2008). As a result, fungal abundance de-
clines (Allison and Treseder, 2008). After 8 years, the fun-
gal community in surface litter had shifted significantly
(Treseder et al., 2016; Romero-Olivares et al., 2017a).
Moreover, decomposition rates of the litter slowed, espe-
cially for cellulose (Romero-Olivares et al., 2017a). Meta-
transcriptomic profiles of the fungal community in this
experiment indicate that warming and drying induces the
expression of cell maintenance genes while repressing the
expression of GH genes, potentially owing to trade-offs
between stress tolerance and decomposition (Romero-
Olivares et al., 2019). In addition, fungi belonging to
known stress-tolerant taxa displayed higher gene tran-
scription rates in the warming and drying treatment com-
pared to controls (Romero-Olivares et al., 2019). These
findings mirror those reported from the Hubbard Brook
Experimental Forest in the northeastern United States,
where warming combined with intensified freeze/thaw
cycles selected for stress-tolerant genes in fungi and bac-
teria (Garcia et al., 2020).

Carbon and Phosphorus Targeting Group

The C and P Targeting Group of traits was centered on
crystalline cellulose genes (Auxiliary Activity Family 9; Le-
vasseur et al., 2013; Figure 2). This enzyme family releases
cellulose chains from highly crystalline or cross-linked
structures, which tend to be recalcitrant (Harris et al.,
2010; Langston et al., 2011). Fungal genera with relatively
strong capacities for crystalline cellulase production
tended to be capable of glucan breakdown as well (Figure
5a and c, GH Families 12 and 81). Moreover, gene fre-
quencies for endoglucanase production (GH Family 12)
were positively related to those for GH Family 7, which
breaks B-1,4 glycosidic bonds in cellulose and -1,4-glucan
(Figure 5d; Shoemaker et al., 1983; Teeri et al., 1983;
lImen et al., 1997). This suite of carbohydrate-targeting
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genes may form a decomposer lifestyle in fungi, distinct
from a stress tolerance lifestyle. Previous studies have
noted that C-targeting extracellular enzymes tend to coin-
cide within fungal taxa (e.g., Eastwood et al.,, 2011; Flou-
das et al., 2012; Riley et al., 2014; Treseder and Lennon,
2015).

Phosphate transporters were also linked to this trait
group. Specifically, gene frequencies of phosphate transpor-
ters were positively related to those of crystalline cellulase
(Figure 5b). Fungi use P to build DNA, RNA, adenosine
triphosphate, and phospholipids (Elser et al., 1996). Fungi
might invest in P uptake to meet stoichiometric demands
associated with increased C use (Sinsabaugh et al., 2008;
Sinsabaugh et al., 2009; Sinsabaugh et al., 2016).

Unlinked trait: Responses to elevated CO,

Several traits were not strongly linked to any others, so
they did not belong to any group here. Responses to ele-
vated CO, in alpine treeline was one example. Unlike the
other response traits, it did not cluster with the Stress
Tolerating Group. The numbers of sequences and identi-
fied taxa from this experiment were comparable to the
other experiments (Table S1), so lack of statistical power is
not a likely explanation. In this study, an increase in CO,
concentrations from approximately 370 ppm (ambient) to
563-600 ppm (elevated) yields no significant change in

fine root biomass or soil fungal biomass (Hagedorn et al.,
2013). Likewise, the soil fungal community does not shift
significantly at the operational taxonomic unit (i.e., spe-
cies) level (Hagedorn et al., 2013). In fact, soil bacterial
communities may have been more sensitive to elevated
CO, than are fungi, given that bacterial composition shifts
marginally significantly (Hagedorn et al., 2013). In this
ecosystem, temperature limitation of plants may constrain
their responses to elevated CO, (Dawes et al., 2011), which
in turn may minimize effects on belowground C supplies
and progressive nutrient limitation. Essentially, fungi in
this system may have experienced little change in envi-
ronmental conditions under elevated CO,.

This case study may not be representative of other
elevated CO, studies. Elsewhere, mycorrhizal fungi fre-
quently become more abundant (Treseder, 2004; Dong
et al., 2018). Likewise, fungal community composition
often shifts (Weber et al., 2011), sometimes owing to in-
creases in fine root production (Lipson et al., 2014). These
CO, effects in other ecosystems might be more readily
linked to stress tolerance, resource acquisition, or other
lifestyles.

Revisiting the trait-based framework
We revised our trait-based framework to center links
between stress tolerance traits and responses to increased
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Figure 6. Revised trait-based framework relating global changes to the relative abundance of fungal taxa and
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precipitation, N enrichment, and warming and drying
(Figure 6). We suggest that taxa with strong cell walls (from
B-1,3 glucose), osmolytes (e.g., trehalose), and cold tolerance
(via cold-induced RNA helicase) may have an advantage
under these conditions. The advantage may be conferred
by these specific stress tolerance traits or by a larger environ-
mental stress response with which they co-occur (Gasch and
Werner-Washburne, 2002; Gasch, 2007).

In contrast, C- and P-acquisition traits may be disadvan-
tageous under these circumstances. If stress-tolerating
fungi compete for space or resources with C and P acquir-
ing fungi, the latter group may become less prevalent.
Furthermore, GH 13 genes (a-glucosidases) were nega-
tively related to cold-induced RNA helicase genes (Figure
4c), which implies that investment in C acquisition might
trade off with stress tolerance. On the other hand, if com-
petition or trade-offs are not significant, the C and P
acquiring taxa may not necessarily decline in absolute
abundance upon exposure to increased precipitation, N
enrichment, or warming and drying. Nevertheless, fungal
species are known to compete with one another (Boddy,
2000; Fukami et al., 2007; Kolesidis et al., 2019). It would
be worth investigating whether stress tolerators compete
with decomposers under natural settings (Cray et al.,
2013; Ho et al., 2017; Malik et al., 2019).

Another question to explore is the timescale during
which stress tolerance might be advantageous under
global change. If stress is induced when fungi are exposed
to unfamiliar environmental conditions, will the stress
decline once fungi acclimate or adapt? Here, the increased
precipitation experiment was relatively brief—the water
additions lasted for 1 month (McHugh and Schwartz,
2016). By comparison, N enrichment had been maintained
for 9 years at the time of sampling (Kerekes et al., 2013).
Moreover, the warming and drying experiment had been
ongoing for 8 years. In laboratory settings, fungi can adapt
or acclimate to new conditions within hours to months

(Dettman et al., 2008; DeAngelis et al., 2010; Romero-
Olivares et al., 2015; Zhang et al., 2016b). However, we
might expect these mechanisms to operate more slowly
in the field, where conditions can be less optimal, and stress
levels are less extreme or abrupt (Leuzinger et al., 2011; Gao
et al,, 2020). In addition, direct, immediate effects of the
global change itself need not be the only sources of stress
for fungi. Indirect effects via shifts in the plant community,
changes in soil texture, disturbance, or other intermediate
processes could sustain stress over a longer time.

The revised trait-based framework suggests potential
consequences of global changes for fungal contributions
to nutrient cycling (sensu Lavorel and Garnier, 2002;
Chagnon et al., 2013; Treseder and Lennon, 2015; Ho et
al., 2017; Malik et al., 2019). In ecosystems exposed to
increased precipitation, N enrichment, or warming and
drying, we might expect that B-1,3 glucan incorporation
into fungal cell walls will increase owing to its contribu-
tions to stress tolerance. -1,3 glucan forms cross-linkages
with chitin (Cabib, 2009), forming a recalcitrant C com-
plex that may remain in the soil after the fungi die (Klis,
1994; Treseder and Lennon, 2015). This process could aug-
ment soil C storage. Conversely, as C and P targeting fungi
use the products of extracellular cellulases, they essen-
tially convert a portion of the cellulose-C to CO,. If com-
petition with stress-tolerating fungi reduce the abundance
of C and P targeting fungi, then the fungal community
may produce less CO, via this process. If competition is
not significant, however, this may not be a consequence.
Next generation trait-based models can use these trait
linkages to predict ecosystem dynamics under global
change (Follows et al., 2007; Allison, 2012; Allison,
2014; Wieder et al., 2015).

Conclusions
In summary, we found that stress tolerance traits were
positively related to the responses of fungal genera to 3
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types of global change: increased precipitation, N
enrichment, and warming and drying. Capacity for C
and P acquisition seemed less critical, as functional
genes for these traits were less strongly linked to global
change responses. Although we had expected that abil-
ity to capture limiting nutrients under global change
would influence responses of fungal genera, we found
little evidence to support this notion. We developed
a revised trait-based framework predicting that
increased precipitation, N enrichment, and warming
and drying will generate stress in fungi and select for
taxa with stress tolerance traits. Stress-tolerating fungi
may outcompete C and P targeting fungi if space or
resources are limiting. Essentially, elements of global
change—even those that might otherwise seem benefi-
cial to fungi like increased precipitation—may generate
environmental stress and select for stress-tolerating
fungi.

Data accessibility statement
The following datasets were generated:
Trait database, uploaded as Table S2 of this publication.

Supplemental files
The supplemental files for this article can be found as
follows:

Figures S1- S3. PDF

Table S1. PDF

Tables S2-S4. xlsx

Acknowledgments

We thank all authors who contributed to the studies syn-
thesized here: A. Amend, T. Bruns, J. Choi, A. Ekblad, B.
Frey, I. T. Handa, M. Hartmann, S. Hattenschwiler, D. Hilt-
brunner, M. Kaspari, S-H. Kim, M. R. Maltz, Y. Marusenko,
A. Miltner, R. Nilsson, A. Romero-Olivares, E. Schwartz, B.
Stevenson, and K. Streit. Thanks also to L. Tedersoo and an
anonymous reviewer for helpful feedback.

Funding

This work was funded by U.S. NSF DEB-1912525 and the
U.S. Department of Energy Office of Biological and Envi-
ronmental Research, Grant Number: DE-SC0020382.
Funding was also provided by the Velux Foundation
(Grant 371) and the Swiss State Secretary for Education,
Research and Innovation (COST Action ES1203).

Competing interests
The authors declare no competing interests.

Author contributions
Performed data assimilation and analysis and developed
the conceptual framework: KKT, CJA, LAC, MEG, ALK, KGL.
Helped write the manuscript, with KKT leading: All
authors.
Provided data and intellectual contributions: FH, JFK,
TAM, EFS.

Art. 9(1) page 11 of 19

References

Allison, SD. 2012. A trait-based approach for modelling
microbial litter decomposition. Ecology Letters 15:
1058-1070.

Allison, SD. 2014. Modeling adaptation of carbon use
efficiency in microbial communities. Frontiers in
Microbiology 5(571). DOI: http://dx.doi.org/10.
3389/fmicb.2014.00571.

Allison, SD, Czimczik, CI, Treseder, KK. 2008. Microbial
activity and soil respiration under nitrogen addition
in Alaskan boreal forest. Global Change Biology 14:
1156-1168.

Allison, SD, Gartner, TB, Mack, MC, McGuire, K, Trese-
der, K. 2010a. Nitrogen alters carbon dynamics dur-
ing early succession in boreal forest. Soil Biology and
Biochemistry 42(7): 1157-1164. DOI: http://dx.doi.
org/10.1016/j.s0ilbi0.2010.03.026.

Allison, SD, Martiny, JBH. 2008. Resistance, resilience,
and redundancy in microbial communities. Proceed-
ings of the National Academy of Sciences of the
United States of America 105: 11512-11519. DOI:
http://dx.doi.org/10.1073/pnas.0801925105.

Allison, SD, Treseder, KK. 2008. Warming and drying
suppress microbial activity and carbon cycling in
boreal forest soils. Global Change Biology 14(12):
2898-2909.

Allison, SD, Treseder, KK. 2011. Climate change feed-
backs to microbial decomposition in boreal soils.
Fungal Ecology 4(6): 362-374. DOL: http://dx.doi.
org/10.1016/j.funeco.2011.01.003.

Allison, SD, Weintraub, MN, Gartner, TB, Waldrop, MP.
2010b. Evolutionary-economic principles as regula-
tors of soil enzyme production and ecosystem func-
tion, in Shukla, GC, Varma, A eds., Soil enzymology.
Heidelberg, Germany: Springer: 245-258.

Amend, AS, Martiny, AC, Allison, SD, Berlemont, R,
Goulden, ML, Lu, Y, Treseder, KK, Weihe, C, Mar-
tiny, JB. 2016. Microbial response to simulated
global change is phylogenetically conserved and
linked with functional potential. The ISME Journal
10(1): 109-118. DOI: http://dx.doi.org/10.1038/
ismej.2015.96.

Baath, E, Lundgren, B, Soderstrom, B. 1981. Effects of
nitrogen fertilization on the activity and biomass of
fungi and bacteria in a podzolic soil. Zentralblatt Fur
Bakteriologie Mikrobiologie Und Hygiene I Abtei-
lung Originale C-Allgemeine Angewandte Und Oko-
logische Mikrobiologie 2(1): 90-98.

Barnard, RL, Osborne, CA, Firestone, MK. 2013. Re-
sponses of soil bacterial and fungal communities
to extreme desiccation and rewetting. The ISME Jour-
nal 7(11): 2229-2241. DOI: http://dx.doi.org/10.
1038/ismej.2013.104.

Bending, GD, Read, DJ. 1997. Lignin and soluble pheno-
lic degradation by ectomycorrhizal and ericoid
mycorrhizal fungi. Mycological Research 101:
1348-1354. DOI: http://dx.doi.org/10.1017/
s0953756297004140.

Bijlsma, R, Loeschcke, V. 2005. Environmental stress,
adaptation and evolution: an overview. Journal of

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.3389/fmicb.2014.00571
http://dx.doi.org/10.3389/fmicb.2014.00571
http://dx.doi.org/10.1016/j.soilbio.2010.03.026
http://dx.doi.org/10.1016/j.soilbio.2010.03.026
http://dx.doi.org/10.1073/pnas.0801925105
http://dx.doi.org/10.1016/j.funeco.2011.01.003
http://dx.doi.org/10.1016/j.funeco.2011.01.003
http://dx.doi.org/10.1038/ismej.2015.96
http://dx.doi.org/10.1038/ismej.2015.96
http://dx.doi.org/10.1038/ismej.2013.104
http://dx.doi.org/10.1038/ismej.2013.104
http://dx.doi.org/10.1017/s0953756297004140
http://dx.doi.org/10.1017/s0953756297004140

Art. 9(1) page 12 of 19

Evolutionary Biology 18(4): 744-749. DOI: http://dx.
doi.org/10.1111/j.1420-9101.2005.009622.x.

Boddy, L. 2000. Interspecific combative interactions
between wood-decaying basidiomycetes. FEMS
Microbiology Ecology 31(3): 185-194. DOL: http://
dx.doi.org/10.1111/j.1574-6941.2000.tb00683 x.

Bowman, SM, Free, SJ. 2006. The structure and synthesis
of the fungal cell wall. Bioessays 28(8): 799-808.
DOI: http://dx.doi.org/10.1002/bies.20441.

Broadbent, FE. 1965. Effects of fertilizer nitrogen on the
release of soil nitrogen. Soil Science Society of Amer-
ica Proceedings 29: 692—696.

Cabib, E. 2009. Two novel techniques for determination
of polysaccharide cross-links show that Crh1p and
Crh2p attach chitin to both beta(1-6)- and beta
(1-3)glucan in the Saccharomyces cerevisiae cell
wall. Eukaryotic Cell 8(11): 1626—1636. DOI:
http://dx.doi.org/10.1128/ec.00228-09.

Cairney, JWG, Burke, RM. 1998. Extracellular enzyme
activities of the ericoid mycorrhizal endophyte Hy-
menoscyphus ericae (Read) Korf & Kernan: their
likely roles in decomposition of dead plant tissue
in soil. Plant and Soil 205(2): 181-192. DOI:
http://dx.doi.org/10.1023/a:10043767312009.

Cassman, NA, Leite, MFA, Pan, Y, de Hollander, M, van
Veen, JA, Kuramae, EE. 2016. Plant and soil fungal
but not soil bacterial communities are linked in
long-term fertilized grassland. Scientific Reports
6(1): 23680. DOI: http://dx.doi.org/10.1038/
srep23680.

Castro, HF, Classen, AT, Austin, EE, Norby, R], Schadt,
CW. 2010. Soil microbial community responses to
multiple experimental climate change drivers.
Applied and Environmental Microbiology 76(4):
999-1007. DOI: http://dx.doi.org/10.1128/aem.
02874-09.

Chagnon, PL, Bradley, RL, Maherali, H, Klironomos,
JN. 2013. A trait-based framework to understand life
history of mycorrhizal fungi. Trends in Plant Science
18(9): 484-491. DOI: http://dx.doi.org/10.1016/j.
tplants.2013.05.001.

Chapin, FS, Matson, PA, Vitousek, PM, Chapin, MC.
2011. Principles of terrestrial ecosystem ecology. 2nd
ed. New York, NY: Springer.

Chen, J, Luo, YQ, Xia, JY, Jiang, LF, Zhou, XH, Lu, M,
Liang, J, Shi, Z, Shelton, S, Cao, J. 2015. Stronger
warming effects on microbial abundances in colder
regions. Scientific Reports 5: 10. DOI: http://dx.doi.
org/10.1038/srep18032.

Chen, W, Xu, R, Wy, Y, Chen, J, Zhang, Y, Hu, T, Yuan, X,
Zhou, L, Tan, T, Fan, J. 2018. Plant diversity is cou-
pled with beta not alpha diversity of soil fungal
communities following N enrichment in a semi-
arid grassland. Soil Biology and Biochemistry 116:
388-398. DOI: http://dx.doi.org/10.1016/].soilbio.
2017.10.039.

Choi, J. 2020. Available at https://github.com/jaejinchoi/
FFP. Accessed 12 March 2020.

Choi, J, Kim, S-H. 2017. A genome Tree of Life for the
Fungi kingdom. Proceedings of the National

Treseder et al: Fungal traits linked to global change responses

Academy of Sciences 114(35): 9391-9396. DOI:
http://dx.doi.org/10.1073/pnas.1711939114.
Classen, AT, Sundqvist, MK, Henning, JA, Newman, GS,
Moore, JAM, Cregger, MA, Moorhead, LC, Patter-
son, CM. 2015. Direct and indirect effects of climate
change on soil microbial and soil microbial-plant
interactions: What lies ahead? Ecosphere 6(8):
art130. DOI: http://dx.doi.org/10.1890/es15-

00217.1.

Compant, S, van der Heijden, MGA, Sessitsch, A. 2010.
Climate change effects on beneficial plant-
microorganism interactions. FEMS Microbiology
Ecology 73(2): 197-214. DOI: http://dx.doi.org/10.
1111/j.1574-6941.2010.00900.x.

Corre, MD, Veldkamp, E, Arnold, J, Wright, SJ. 2010.
Impact of elevated N input on soil N cycling and
losses in old-growth lowland and montane forests
in Panama. Ecology 91(6): 1715-1729. DOI: http://
dx.doi.org/10.1890/09-0274.1.

Cray, JA, Bell, ANW, Bhaganna, P, Mswaka, AY, Timson,
DJ, Hallsworth, JE. 2013. The biology of habitat
dominance; can microbes behave as weeds? Micro-
bial Biotechnology 6(5): 453—-492. DOI: http://dx.
doi.org/10.1111/1751-7915.12027.

Dawes, MA, Hagedorn, F, Zumbrunn, T, Handa, IT, Hat-
tenschwiler, S, Wipf, S, Rixen, C. 2011. Growth
and community responses of alpine dwarf shrubs
to in situ CO, enrichment and soil warming. New
Phytologist 191(3): 806—818. DOI: http://dx.doi.
org/10.1111/j.1469-8137.2011.03722.x.

DeAngelis, KM, Silver, WL, Thompson, AW, Firestone,
MK. 2010. Microbial communities acclimate to
recurring changes in soil redox potential status.
Environmental Microbiology 12(12): 3137-3149.
DOI: http://dx.doi.org/10.1111/j.1462-2920.2010.
02286.x.

de Graaff, MA, van Groenigen, KJ, Six, J, Hungate, B,
van Kessel, C. 2006. Interactions between plant
growth and soil nutrient cycling under elevated
CO,: A meta-analysis. Global Change Biology
12(11): 2077-2091. DOI: http://dx.doi.org/10.
1111/j.1365-2486.2006.01240.x.

Dettman, J, Anderson, J, Kohn, L. 2008. Divergent
adaptation promotes reproductive isolation
among experimental populations of the filamen-
tous fungus Neurospora. BMC Evolutionary Biology
8(1): 35.

Diaz, S. 1996. Effects of elevated [CO,] at the community
level mediated by root symbionts. Plant and Soil
187(2): 309-320.

Dieleman, WI1J, Luyssaert, S, Rey, A, De Angelis, P,
Barton, CVM, Broadmeadow, MS, Broadmeadow,
SB, Chigwerewe, KS, Crookshanks, M, Dufréne,
E, Jarvis, PG. 2010. Soil N modulates soil C cycling
in CO,-fumigated tree stands: A meta-analysis. Plant
Cell and Environment 33(12): 2001-2011. DOI:
http://dx.doi.org/10.1111/j.1365-3040.2010.
02201.x.

Dong, YL, Wang, ZY, Sun, H, Yang, WC, Xu, H. 2018. The
response patterns of arbuscular mycorrhizal and

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1111/j.1420-9101.2005.00962.x
http://dx.doi.org/10.1111/j.1420-9101.2005.00962.x
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00683.x
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00683.x
http://dx.doi.org/10.1002/bies.20441
http://dx.doi.org/10.1128/ec.00228-09
http://dx.doi.org/10.1023/a:1004376731209
http://dx.doi.org/10.1038/srep23680
http://dx.doi.org/10.1038/srep23680
http://dx.doi.org/10.1128/aem.02874-09
http://dx.doi.org/10.1128/aem.02874-09
http://dx.doi.org/10.1016/j.tplants.2013.05.001
http://dx.doi.org/10.1016/j.tplants.2013.05.001
http://dx.doi.org/10.1038/srep18032
http://dx.doi.org/10.1038/srep18032
http://dx.doi.org/10.1016/j.soilbio.2017.10.039
http://dx.doi.org/10.1016/j.soilbio.2017.10.039
https://github.com/jaejinchoi/FFP. Accessed 12 March 2020
https://github.com/jaejinchoi/FFP. Accessed 12 March 2020
http://dx.doi.org/10.1073/pnas.1711939114
http://dx.doi.org/10.1890/es15-00217.1
http://dx.doi.org/10.1890/es15-00217.1
http://dx.doi.org/10.1111/j.1574-6941.2010.00900.x
http://dx.doi.org/10.1111/j.1574-6941.2010.00900.x
http://dx.doi.org/10.1890/09-0274.1
http://dx.doi.org/10.1890/09-0274.1
http://dx.doi.org/10.1111/1751-7915.12027
http://dx.doi.org/10.1111/1751-7915.12027
http://dx.doi.org/10.1111/j.1469-8137.2011.03722.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03722.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01240.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01240.x
http://dx.doi.org/10.1111/j.1365-3040.2010.02201.x
http://dx.doi.org/10.1111/j.1365-3040.2010.02201.x

Treseder et al: Fungal traits linked to global change responses

ectomycorrhizal symbionts under elevated CO,: A
meta-analysis. Frontiers in Microbiology 9: 14. DOI:
http://dx.doi.org/10.3389/fmicb.2018.01248.

Eastwood, DC, Floudas, D, Binder, M, Majcherczyk, A,
Schneider, P, Aerts, A, Asiegbu, FO, Baker, SE,
Barry, K, Bendiksby, M, Blumentritt, M. 2011. The
plant cell wall-decomposing machinery underlies
the functional diversity of forest fungi. Science
333(6043): 762-765. DOI: http://dx.doi.org/10.
1126/science.1205411.

Edwards, IP, Upchurch, RA, Zak, DR. 2008. Isolation of
fungal cellobiohydrolase I genes from sporocarps
and forest soils by PCR. Applied and Environmental
Microbiology 74(11): 3481-3489. DOI: http://dx.
doi.org/10.1128/aem.02893-07.

Egerton-Warburton, LM, Allen, EB. 2000. Shifts in ar-
buscular mycorrhizal communities along an anthro-
pogenic nitrogen deposition gradient. Ecological
Applications 10: 484—496.

Elser, JJ, Dobberfuhl, DR, MacKay, NA, Schampel, JH.
1996. Organism size, life history, and N: P stoichi-
ometry: Toward a unified view of cellular and eco-
system processes. Bioscience 46(9): 674—685.

Entwistle, EM, Zak, DR, Edwards, IP. 2013. Long-term
experimental nitrogen deposition alters the compo-
sition of the active fungal community in the forest
floor. Soil Science Society of America Journal 77(5):
1648-1658. DOI: http://dx.doi.org/10.2136/
$s53j2013.05.0179.

Estruch, E 2000. Stress-controlled transcription factors,
stress-induced genes and stress tolerance in budding
yeast. FEMS Microbiology Reviews 24(4). 469-486.
DOI: http://dx.doi.org/10.1016/S0168-6445(00)
00035-8.

Fierer, N, Schimel, JP, Holden, PA. 2003. Influence of
drying—rewetting frequency on soil bacterial com-
munity structure. Microbial Ecology 45(1): 63-71.
DOI: http://dx.doi.org/10.1007/s00248-002-
1007-2.

Floudas, D, Binder, M, Riley, R, Barry, K, Blanchette,
RA, Henrissat, B, Martinez, AT, Otillar, R, Spata-
fora, JW, Yadav, JS, Aerts, A. 2012. The Paleozoic
origin of enzymatic lignin decomposition recon-
structed from 31 fungal genomes. Science
336(6089): 1715-1719. DOI: http://dx.doi.org/10.
1126/science.1221748.

Follows, MJ, Dutkiewicz, S, Grant, S, Chisholm, SW.
2007. Emergent biogeography of microbial commu-
nities in a model ocean. Science 315(5820): 1843—
1846. DOI: http://dx.doi.org/10.1126/science.
1138544.

Fukami, T, Beaumont, HJE, Zhang, X-X, Rainey, PB.
2007. Immigration history controls diversification
in experimental adaptive radiation. Nature
446(7134): 436-439. DOI: http://dx.doi.org/10.
1038/nature05629.

Gao, C, Kim, Y-C, Zheng, Y, Yang, W, Chen, L, Ji, NN,
Wan, SQ, Guo, LD. 2016. Increased precipitation,
rather than warming, exerts a strong influence on
arbuscular mycorrhizal fungal community in

Art. 9(1) page 13 of 19

a semiarid steppe ecosystem. Botany 94(6): 459—
469. DOI: http://dx.doi.org/10.1139/¢jb-2015-
0210.

Gao, D, Bai, E, Li, M, Zhao, C, Yu, K, Hagedorn, E 2020.
Responses of soil nitrogen and phosphorus cycling
to drying and rewetting cycles: A meta-analysis. Soil
Biology and Biochemistry 148: 107896. DOI: http://
dx.doi.org/10.1016/].50ilbi0.2020.107896.

Gao, WL, Yan, DH. 2019. Warming suppresses microbial
biomass but enhances N recycling. Soil Biology and
Biochemistry 131: 111-118. DOI: http://dx.doi.org/
10.1016/j.s0ilbi0.2019.01.002.

Garcia, MO, Templer, PH, Sorensen, PO, Sanders-
DeMott, R, Groffman, PM, Bhatnagar, JM. 2020.
Soil microbes trade-off biogeochemical cycling for
stress tolerance traits in response to year-round cli-
mate change. Frontiers in Microbiology 11(616). DOL:
http://dx.doi.org/10.3389/fmicb.2020.00616.

Gasch, AP. 2002. The environmental stress response:
a common yeast response to environmental stresses,
in Hohmann, S, Mager, P eds., Yeast stress responses.
Berlin, Germany: Springer-Verlag: 11-70.

Gasch, AP. 2007. Comparative genomics of the environ-
mental stress response in ascomycete fungi. Yeast
24(11): 961-976. DOI: http://dx.doi.org/10.1002/
yea.1512.

Gasch, AP, Werner-Washburne, M. 2002. The genomics
of yeast responses to environmental stress and star-
vation. Functional & Integrative Genomics 2(4-5):
181-92. DOI: http://dx.doi.org/10.1007/s10142-
002-0058-2.

Grigoriev, IV, Nikitin, R, Haridas, S, Kuo, A, Ohm, R,
Otillar, R, Riley, R, Salamov, A, Zhao, X, Korze-
niewski, F, Smirnova, T. 2014. MycoCosm portal:
Gearing up for 1000 fungal genomes. Nucleic Acids
Research 42(1): D699-704.

Hagedorn, F, Hiltbrunner, D, Streit, K, Ekblad, A, Lin-
dahl, B, Miltner, A, Frey, B, Handa, IT, Hittensch-
wiler, S. 2013. Nine years of CO, enrichment at the
alpine treeline stimulates soil respiration but does
not alter soil microbial communities. Soil Biology
and Biochemistry 57: 390—400. DOI: http://dx.doi.
org/10.1016/j.s0ilbio.2012.10.001.

Harris, PV, Welner, D, McFarland, KC, Re, E, Poulsen,
JCN, Brown, K, Salbo, R, Ding, H, Vlasenko, E,
Merino, S, Xu, E 2010. Stimulation of lignocellu-
losic biomass hydrolysis by proteins of Glycoside
Hydrolase Family 61: Structure and function of
a large, enigmatic family. Biochemistry 49(15):
3305-3316. DOI: http://dx.doi.org/10.1021/
bi100009p.

Harris, RE 1981. Effect of water potential on microbial
growth and activity, in Parr, JF, Gardner, WR, Elliott,
LF eds., Water potential relations in soil microbiology.
Madison, WI: American Society of Agronomy:
23-95.

Hawkes, CV, Kivlin, SN, Rocca, JD, Huguet, V, Thom-
sen, MA, Suttle, KB. 2011. Fungal community re-
sponses to precipitation. Global Change Biology

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.3389/fmicb.2018.01248
http://dx.doi.org/10.1126/science.1205411
http://dx.doi.org/10.1126/science.1205411
http://dx.doi.org/10.1128/aem.02893-07
http://dx.doi.org/10.1128/aem.02893-07
http://dx.doi.org/10.2136/sssaj2013.05.0179
http://dx.doi.org/10.2136/sssaj2013.05.0179
http://dx.doi.org/10.1016/S0168-6445&lpar;00&rpar;00035-8
http://dx.doi.org/10.1016/S0168-6445&lpar;00&rpar;00035-8
http://dx.doi.org/10.1007/s00248-002-1007-2
http://dx.doi.org/10.1007/s00248-002-1007-2
http://dx.doi.org/10.1126/science.1221748
http://dx.doi.org/10.1126/science.1221748
http://dx.doi.org/10.1126/science.1138544
http://dx.doi.org/10.1126/science.1138544
http://dx.doi.org/10.1038/nature05629
http://dx.doi.org/10.1038/nature05629
http://dx.doi.org/10.1139/cjb-2015-0210
http://dx.doi.org/10.1139/cjb-2015-0210
http://dx.doi.org/10.1016/j.soilbio.2020.107896
http://dx.doi.org/10.1016/j.soilbio.2020.107896
http://dx.doi.org/10.1016/j.soilbio.2019.01.002
http://dx.doi.org/10.1016/j.soilbio.2019.01.002
http://dx.doi.org/10.3389/fmicb.2020.00616
http://dx.doi.org/10.1002/yea.1512
http://dx.doi.org/10.1002/yea.1512
http://dx.doi.org/10.1007/s10142-002-0058-2
http://dx.doi.org/10.1007/s10142-002-0058-2
http://dx.doi.org/10.1016/j.soilbio.2012.10.001
http://dx.doi.org/10.1016/j.soilbio.2012.10.001
http://dx.doi.org/10.1021/bi100009p
http://dx.doi.org/10.1021/bi100009p

Art. 9(1) page 14 of 19

17(4): 1637-1645. DOI: http://dx.doi.org/10.1111/
J.1365-2486.2010.02327.X.

He, D, Shen, W, Eberwein, J, Zhao, Q, Ren, L, Wu, QL.
2017. Diversity and co-occurrence network of soil
fungi are more responsive than those of bacteria
to shifts in precipitation seasonality in a subtropical
forest. Soil Biology and Biochemistry 115: 499-510.
DOI: http://dx.doi.org/10.1016/].s0ilbio.2017.09.
023.

Ho, A, Di Lonardo, DP, Bodelier, PLE. 2017. Revisiting
life strategy concepts in environmental microbial
ecology. FEMS Microbiol Ecol 93(3): 14. DOI:
http://dx.doi.org/10.1093/femsec/fix006.

Homyak, PM, Allison, SD, Huxman, TE, Goulden, ML,
Treseder, KK. 2018. Effects of drought manipula-
tion on soil nitrogen cycling: A meta-analysis. Jour-
nal of Geophysical Research: Biogeosciences 122:
3260-3272. DOI: http://dx.doi.org/10.1002/
2017)JG004146.

Hungate, BA, van Groenigen, KJ, Six, J, Jastrow, JD,
Luo, YQ, De GRAAFF, MA, van Kessel, C, Osen-
berg, CW. 2009. Assessing the effect of elevated
carbon dioxide on soil carbon: A comparison of four
meta-analyses. Global Change Biology 15(8): 2020-
2034. DOI: http://dx.doi.org/10.1111/j.1365-2486.
2009.01866.x.

Ilmen, M, Saloheimo, A, Onnela, ML, Penttila, ME.
1997. Regulation of cellulase gene expression in the
filamentous fungus Trichoderma reesei. Applied and
Environmental Microbiology 63(4): 1298—1306.

IndexFungorum. 2021. Available at http://www.
indexfungorum.org/. Accessed 24 February 2021.

Intergovernmental Panel on Climate Change. 2014.
Climate Change 2013: The Physical Science Basis:
Working Group I Contribution to the Fifth Assessment
Report of the International Panel on Climate Change.
London, UK: Cambridge University Press.

Jansson, JK, Hofmockel, KS. 2020. Soil microbiomes
and climate change. Nature Reviews Microbiology
18(1): 35-46. DOI: http://dx.doi.org/10.1038/
s41579-019-0265-7.

Jia, M, Liu, C, Li,Y, Xu, S, Han, G, Huang, J, Jin, B, Zou,
Y, Zhang, G. 2017. Response of fungal composition
and diversity to simulated nitrogen deposition and
manipulation of precipitation in soils of an Inner
Mongolia desert steppe of northern China. Cana-
dian Journal of Soil Science 97(4): 613—625.

Johnson, NC. 1993. Can fertilization of soil select less
mutualistic mycorrhizae? Ecological Applications
3(4): 749-757.

Johnson, NC, Angelard, C, Sanders, IR, Kiers, ET. 2013.
Predicting community and ecosystem outcomes of
mycorrhizal responses to global change. Ecology Let-
ters 16: 140-153. DOI: http://dx.doi.org/10.1111/
ele.12085.

Jumpponen, A, Jones, KL. 2014. Tallgrass prairie soil fun-
gal communities are resilient to climate change.
Fungal Ecology 10: 44-57. DOI: http://dx.doi.org/
10.1016/j.funeco.2013.11.003.

Treseder et al: Fungal traits linked to global change responses

Kerekes, JF, Kaspari, M, Stevenson, B, Nilsson, RH,
Hartmann, M, Amend, A, Bruns, TD. 2013. Nutri-
ent enrichment increased species richness of leaf
litter fungal assemblages in a tropical forest. Molec-
ular Ecology 22(10): 2827-2838. DOI: http://dx.doi.
org/10.1111/mec.12259.

Kieft, TL, Soroker, E, Firestone, MK. 1987. Microbial
biomass response to a rapid increase in water poten-
tial when dry soil is wetted. Soil Biology and Bio-
chemistry 19(2): 119-126. DOIL: http://dx.doi.org/
10.1016/0038-0717(87)90070-8.

Klis, FM. 1994. Cell wall assembly in yeast. Yeast 10(7):
851-869. DOI: http://dx.doi.org/10.1002/yea.
320100702.

Kolesidis, DA, Boddy, L, Eastwood, DC, Yuan, C, Fowler,
MS. 2019. Predicting fungal community dynamics
driven by competition for space. Fungal Ecology
41: 13-22. DOI: http://dx.doi.org/10.1016/j.
funeco.2019.04.003.

Langston, JA, Shaghasi, T, Abbate, E, Xu, F, Vlasenko,
E, Sweeney, MD. 2011. Oxidoreductive cellulose
depolymerization by the enzymes cellobiose dehy-
drogenase and glycoside hydrolase 61. Applied and
Environmental Microbiology 77(19): 7007-7015.
DOIL: http://dx.doi.org/10.1128/aem.05815-11.

Latgé, J-P. 2007. The cell wall: a carbohydrate armour for
the fungal cell. Molecular Microbiology 66(2): 279—
290. DOI: http://dx.doi.org/10.1111/j.1365-2958.
2007.05872.x.

Lavorel, S, Garnier, E. 2002. Predicting changes in com-
munity composition and ecosystem functioning
from plant traits: Revisiting the Holy Grail. Func-
tional Ecology 16(5): 545—556.

Lenoir, I, Fontaine, J, Lounés-Hadj Sahraoui, A. 2016.
Arbuscular mycorrhizal fungal responses to abiotic
stresses: A review. Phytochemistry 123: 4-15. DOI:
http://dx.doi.org/10.1016/j.phytochem.2016.01.
002.

Leuzinger, S, Luo, Y, Beier, C, Dieleman, W, Vicca, S,
Kérner, C. 2011. Do global change experiments
overestimate impacts on terrestrial ecosystems?
Trends in Ecology & Evolution 26(5): 236-241. DOL:
http://dx.doi.org/10.1016/j.tree.2011.02.011.

Levasseur, A, Drula, E, Lombard, V, Coutinho, PM,
Henrissat, B. 2013. Expansion of the enzymatic
repertoire of the CAZy database to integrate auxil-
iary redox enzymes. Biotechnology for Biofuels 6: 41.
DOIL: http://dx.doi.org/10.1186/1754-6834-6-41.

Liebig, JV. 1843. Chemistry in its applications to agricul-
ture and physiology. 3rd English ed. London, UK:
Taylor Walton.

Lindahl, BD, Nilsson, RH, Tedersoo, L, Abarenkov, K,
Carlsen, T, Kjoller, R, Koljalg, U, Pennanen, T,
Rosendabhl, S, Stenlid, J, Kauserud, H. 2013. Fun-
gal community analysis by high-throughput
sequencing of amplified markers - a user's guide.
New Phytologist 199(1): 288-299. DOI: http://dx.
doi.org/10.1111/nph.12243.

Lipson, DA, Kuske, CR, Gallegos-Graves, LV, Oechel,
WC. 2014. Elevated atmospheric CO, stimulates soil

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1111/j.1365-2486.2010.02327.x
http://dx.doi.org/10.1111/j.1365-2486.2010.02327.x
http://dx.doi.org/10.1016/j.soilbio.2017.09.023
http://dx.doi.org/10.1016/j.soilbio.2017.09.023
http://dx.doi.org/10.1093/femsec/fix006
http://dx.doi.org/10.1002/2017JG004146
http://dx.doi.org/10.1002/2017JG004146
http://dx.doi.org/10.1111/j.1365-2486.2009.01866.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01866.x
http://dx.doi.org/10.1038/s41579-019-0265-7
http://dx.doi.org/10.1038/s41579-019-0265-7
http://dx.doi.org/10.1111/ele.12085
http://dx.doi.org/10.1111/ele.12085
http://dx.doi.org/10.1016/j.funeco.2013.11.003
http://dx.doi.org/10.1016/j.funeco.2013.11.003
http://dx.doi.org/10.1111/mec.12259
http://dx.doi.org/10.1111/mec.12259
http://dx.doi.org/10.1016/0038-0717&lpar;87&rpar;90070-8
http://dx.doi.org/10.1016/0038-0717&lpar;87&rpar;90070-8
http://dx.doi.org/10.1002/yea.320100702
http://dx.doi.org/10.1002/yea.320100702
http://dx.doi.org/10.1016/j.funeco.2019.04.003
http://dx.doi.org/10.1016/j.funeco.2019.04.003
http://dx.doi.org/10.1128/aem.05815-11
http://dx.doi.org/10.1111/j.1365-2958.2007.05872.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05872.x
http://dx.doi.org/10.1016/j.phytochem.2016.01.002
http://dx.doi.org/10.1016/j.phytochem.2016.01.002
http://dx.doi.org/10.1016/j.tree.2011.02.011
http://dx.doi.org/10.1186/1754-6834-6-41
http://dx.doi.org/10.1111/nph.12243
http://dx.doi.org/10.1111/nph.12243

Treseder et al: Fungal traits linked to global change responses

fungal diversity through increased fine root produc-
tion in a semiarid shrubland ecosystem. Global
Change Biology 20(8): 2555-2565. DOI: http://dx.
doi.org/10.1111/gcb.12609.

Liu, L, Greaver, TL. 2010. A global perspective on below-
ground carbon dynamics under nitrogen enrich-
ment. Ecology Letters 13(7): 819—828. DOI: http://
dx.doi.org/10.1111/j.1461-0248.2010.01482 .

Lu, M, Yang, Y, Luo, Y, Fang, C, Zhou, X, Chen J, Yang, X,
Li, B. 2011. Responses of ecosystem nitrogen cycle
to nitrogen addition: a meta-analysis. New Phytolo-
gist 189(4): 1040-1050. DOI: http://dx.doi.org/10.
1111/}.1469-8137.2010.03563 .

Lynd, LR, Weimer, PJ, van Zyl, WH, Pretorius, IS. 2002.
Microbial cellulose utilization: Fundamentals and
biotechnology. Microbiology and Molecular Biology
Reviews 66(3): 506-577.

Maestre, FT, Delgado-Baquerizo, M, Jeffries, TC, El-
dridge, DJ, Ochoa, V, Gozalo, B, Quero, ]JL,
Garcia-Gomez, M, Gallardo, A, Ulrich, W, Bow-
ker, MA. 2015. Increasing aridity reduces soil micro-
bial diversity and abundance in global drylands.
Proceedings of the National Academy of Sciences
112(51): 15684-15689. DOI: http://dx.doi.org/10.
1073/pnas.1516684112.

Malik, AA, Martiny, JBH, Brodie, EL, Martiny, AC, Tre-
seder, KK, Allison, SD. 2019. Defining trait-based
microbial strategies with consequences for soil car-
bon cycling under climate change. The ISME Journal.
DOI: http://dx.doi.org/10.1038/s41396-019-0510-
0.

Manzoni, S, Schaeffer, SM, Katul, G, Porporato, A,
Schimel, JP. 2014. A theoretical analysis of micro-
bial eco-physiological and diffusion limitations to
carbon cycling in drying soils. Soil Biology and Bio-
chemistry 73: 69—83. DOI: http://dx.doi.org/10.
1016/j.s0ilbio.2014.02.008.

Manzoni, S, Schimel, JP, Porporato, A. 2012. Responses
of soil microbial communities to water stress: results
from a meta-analysis. Ecology 93(4): 930-938. DOL:
http://dx.doi.org/10.1890/11-0026.1.

Martinez, AT, Ruiz-Dueiias, FJ, Martinez, M]J, del Rio,
JC, Gutiérrez, A. 2009. Enzymatic delignification of
plant cell wall: from nature to mill. Current Opinion
in Biotechnology 20(3): 348—357. DOL: http://dx.doi.
org/10.1016/j.copbio.2009.05.002.

Martiny, JBH, Jones, SE, Lennon, JT, Martiny, AC. 2015.
Microbiomes in light of traits: A phylogenetic per-
spective. Science 350(6261). DOI: http://dx.doi.org/
10.1126/science.aac9323.

Matulich, KL, Weihe, C, Allison, SD, Amend, AS, Berle-
mont, R, Goulden, ML, Kimball, S, Martiny, AC,
Martiny, JB. 2015. Temporal variation overshadows
the response of leaf litter microbial communities to
simulated global change. The ISME Journal 9(11):
2477-2489. DOI: http://dx.doi.org/10.1038/isme;.
2015.58.

McHugh, TA, Morrissey, EM, Mueller, RC, Gallegos-
Graves, LV, Kuske, CR, Reed, SC. 2017. Bacterial,
fungal, and plant communities exhibit no biomass

Art. 9(1) page 15 of 19

or compositional response to two years of simulated
nitrogen deposition in a semiarid grassland. Environ-
mental Microbiology 19(4): 1600-1611. DOI: http://
dx.doi.org/10.1111/1462-2920.13678.

McHugh, TA, Schwartz, E. 2015. Changes in plant com-
munity composition and reduced precipitation have
limited effects on the structure of soil bacterial and
fungal communities present in a semiarid grassland.
Plant and Soil 388(1): 175-186. DOL: http://dx.doi.
org/10.1007/s11104-014-2269-4.

McHugh, TA, Schwartz, E. 2016. A watering manipula-
tion in a semiarid grassland induced changes in fun-
gal but not bacterial community composition.
Pedobiologia 59(3): 121-127. DOI: http://dx.doi.
org/10.1016/j.pedobi.2016.04.003.

Mitsuzawa, H. 2006. Ammonium transporter genes in
the fission yeast Schizosaccharomyces pombe: Role
in ammonium uptake and a morphological transi-
tion. Genes to Cells 11(10): 1183-1195. DOI: http://
dx.doi.org/10.1111/j.1365-2443.2006.01014.x.

Mohan, JE, Cowden, CC, Baas, P, Dawadi, A, Frankson,
PT, Helmick, K, Hughes, E, Khan, S, Lang, A,
Machmuller, M, Taylor, M. 2014. Mycorrhizal fungi
mediation of terrestrial ecosystem responses to
global change: mini-review. Fungal Ecology 10: 3—
19. DOI: http://dx.doi.org/10.1016/j.funeco.2014.
01.005.

Morrison, EW, Frey, SD, Sadowsky, JJ, van Diepen, LTA,
Thomas, WK, Pringle, A. 2016. Chronic nitrogen
additions fundamentally restructure the soil fungal
community in a temperate forest. Fungal Ecology
23: 48-57. DOI: http://dx.doi.org/10.1016/].
funeco.2016.05.011.

Morrison, EW, Pringle, A, van Diepen, LTA, Frey, SD.
2018. Simulated nitrogen deposition favors stress-
tolerant fungi with low potential for decomposition.
Soil Biology and Biochemistry 125: 75-85. DOI:
http://dx.doi.org/10.1016/j.s0ilbio.2018.06.027.

Mouginot, C, Kawamura, R, Matulich, KL, Berlemont,
R, Allison, SD, Amend, AS, Martiny, AC. 2014.
Elemental stoichiometry of Fungi and Bacteria
strains from grassland leaf litter. Soil Biology and
Biochemistry 76: 278-285. DOI: http://dx.doi.org/
10.1016/j.s0ilbio.2014.05.011.

Myrold, DD, Zeglin, LH, Jansson, JK. 2014. The potential
of metagenomic approaches for understanding soil
microbial processes. Soil Science Society of America
Journal 78(1): 3-10. DOI: http://dx.doi.org/10.
2136/ss5aj2013.07.0287dgs.

Nehls, U, Kleber, R, Wiese, J, Hampp, R. 1999. Isolation
and characterization of a general amino acid perme-
ase from the ectomycorrhizal fungus Amanita mus-
caria. New Phytologist 144(2): 343-349.

Nilsson, RH, Larsson, K-H, Taylor, AFS, Bengtsson-
Palme, J, Jeppesen, TS, Schigel, D, Kennedy, P,
Picard, K, Glockner, FO, Tedersoo, L, Saar, .
2018. The UNITE database for molecular identifica-
tion of fungi: handling dark taxa and parallel taxo-
nomic classifications. Nucleic Acids Research. DOIL:
http://dx.doi.org/10.1093/nar/gky1022.

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1111/gcb.12609
http://dx.doi.org/10.1111/gcb.12609
http://dx.doi.org/10.1111/j.1461-0248.2010.01482.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01482.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03563.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03563.x
http://dx.doi.org/10.1073/pnas.1516684112
http://dx.doi.org/10.1073/pnas.1516684112
http://dx.doi.org/10.1038/s41396-019-0510-0
http://dx.doi.org/10.1038/s41396-019-0510-0
http://dx.doi.org/10.1016/j.soilbio.2014.02.008
http://dx.doi.org/10.1016/j.soilbio.2014.02.008
http://dx.doi.org/10.1890/11-0026.1
http://dx.doi.org/10.1016/j.copbio.2009.05.002
http://dx.doi.org/10.1016/j.copbio.2009.05.002
http://dx.doi.org/10.1126/science.aac9323
http://dx.doi.org/10.1126/science.aac9323
http://dx.doi.org/10.1038/ismej.2015.58
http://dx.doi.org/10.1038/ismej.2015.58
http://dx.doi.org/10.1111/1462-2920.13678
http://dx.doi.org/10.1111/1462-2920.13678
http://dx.doi.org/10.1007/s11104-014-2269-4
http://dx.doi.org/10.1007/s11104-014-2269-4
http://dx.doi.org/10.1016/j.pedobi.2016.04.003
http://dx.doi.org/10.1016/j.pedobi.2016.04.003
http://dx.doi.org/10.1111/j.1365-2443.2006.01014.x
http://dx.doi.org/10.1111/j.1365-2443.2006.01014.x
http://dx.doi.org/10.1016/j.funeco.2014.01.005
http://dx.doi.org/10.1016/j.funeco.2014.01.005
http://dx.doi.org/10.1016/j.funeco.2016.05.011
http://dx.doi.org/10.1016/j.funeco.2016.05.011
http://dx.doi.org/10.1016/j.soilbio.2018.06.027
http://dx.doi.org/10.1016/j.soilbio.2014.05.011
http://dx.doi.org/10.1016/j.soilbio.2014.05.011
http://dx.doi.org/10.2136/sssaj2013.07.0287dgs
http://dx.doi.org/10.2136/sssaj2013.07.0287dgs
http://dx.doi.org/10.1093/nar/gky1022

Art. 9(1) page 16 of 19

Norby, RJ, Cotrufo, MF, Ineson, P, O'Neill, EG, Cana-
dell, JG. 2001. Elevated CO,, litter chemistry, and
decomposition: A synthesis. Oecologia 127(2):
153-165.

Norby, RJ, Zak, DR. 2011. Ecological lessons from Free-
Air CO, Enrichment (FACE) experiments, in Futuy-
ma, DJ, Shaffer, HB, Simberloff, D eds., Annual
review of ecology, evolution, and systematics, Vol.
42. Palo Alto, CA: Annual Reviews: 181-203.

Owttrim, GW. 2006. RNA helicases and abiotic stress.
Nucleic Acids Research 34(11): 3220-3230. DOI:
http://dx.doi.org/10.1093/nar/gkl408.

Parker, SS, Schimel, JP. 2011. Soil nitrogen availability
and transformations differ between the summer and
the growing season in a California grassland.
Applied Soil Ecology 48(2): 185-192. DOI: http://
dx.doi.org/10.1016/j.apsoil.2011.03.007.

Pickles, BJ, Egger, KN, Massicotte, HB, Green, DS.
2012. Ectomycorrhizas and climate change. Fungal
Ecology 5(1): 73-84. DOI: http://dx.doi.org/10.
1016/j.funeco.2011.08.009.

Polinode. 2021. Available at https://app.polinode.com/
networks/explore/6045b7a2e63e6c0011ee77{7/
604a6ddbe95bf60011849440. Accessed 25 June
2021.

Porras-Alfaro, A, Herrera, J, Natvig, DO, Lipinski, K,
Sinsabaugh, RL. 2011. Diversity and distribution of
soil fungal communities in a semiarid grassland.
Mpycologia 103(1): 10-21. DOI: http://dx.doi.org/
10.3852/09-297.

Pradet-Balade, B, Boulmé, F, Beug, H, Miillner, EW,
Garcia-Sanz, JA. 2001. Translation control: Bridging
the gap between genomics and proteomics? Trends
in Biochemical Sciences 26(4): 225-229.

Read, DJ. 1991. Mycorrhizas in ecosystems - Nature's
response to the “Law of the minimum,” in Hawks-
worth DL ed., Frontiers in mycology. Regensburg,
Germany: CAB International: 101-130.

Rebetez, M, Dobbertin, M. 2004. Climate change may
already threaten Scots pine stands in the Swiss Alps.
Theoretical and Applied Climatology 79(1): 1-9. DOL:
http://dx.doi.org/10.1007 /s00704-004-0058-3.

Riley, R, Salamov, AA, Brown, DW, Nagy, LG, Floudas,
D, Held, BW, Levasseur, A, Lombard, V, Morin, E,
Otillar, R, Lindquist, EA. 2014. Extensive sampling
of basidiomycete genomes demonstrates inade-
quacy of the white-rot/brown-rot paradigm for
wood decay fungi. Proceedings of the National Acad-
emy of Sciences 111: 9923-9928. DOI: http://dx.
doi.org/10.1073/pnas.1400592111.

Romero-Olivares, AL, Allison, SD, Treseder, KK. 2017a.
Decomposition of recalcitrant carbon under experi-
mental warming in boreal forest. PLoS ONE 12(6):
€0179674. DOI: http://dx.doi.org/10.1371/journal.
pone.0179674.

Romero-Olivares, AL, Allison, SD, Treseder, KK. 2017b.
Soil microbes and their response to experimental
warming over time: A meta-analysis of field studies.
Soil Biology and Biochemistry 107: 32—40. DOI:
http://dx.doi.org/10.1016/j.s0ilbio.2016.12.026.

Treseder et al: Fungal traits linked to global change responses

Romero-Olivares, AL, Meléndrez-Carballo, G, Lago-
Leston, A, Treseder, KK. 2019. Soil metatranscrip-
tomes under long-term experimental warming and
drying: Fungi allocate resources to cell metabolic
maintenance rather than decay. Frontiers in Microbi-
ology 10(1914). DOI: http://dx.doi.org/10.3389/
fmicb.2019.01914.

Romero-Olivares, AL, Morrison, EW, Pringle, A, Frey,
SD. 2021. Linking genes to traits in fungi. Microbial
Ecology. DOI: http://dx.doi.org/10.1007/s00248-
021-01687-x.

Romero-Olivares, AL, Taylor, J, Treseder, KK. 2015. Neu-
rospora discreta as a model to assess adaptation of
soil fungi to warming. BMC Evolutionary Biology
15(1): 198.

Schade, B, Jansen, G, Whiteway, M, Entian, KD,
Thomas, DY. 2004. Cold adaptation in budding
yeast. Molecular Biology of the Cell 15(12): 5492—
5502. DOI: http://dx.doi.org/10.1091/mbc.E04-03-
0167.

Schimel, J, Balser, TC, Wallenstein, M. 2007. Microbial
stress-response physiology and its implications for
ecosystem function. Ecology 88(6): 1386—1394.

Schimel, JP, Bennett, J. 2004. Nitrogen mineralization:
Challenges of a changing paradigm. Ecology 85(3):
591-602.

Shoemaker, S, Schweickart, V, Ladner, M, Gelfand, D,
Kwok, S, Myambo, KA, Innis, M. 1983. Molecular
clonin of exo-cellobiohydrolase I from Trichoderma
reesi strain L27. Nature Biotechnology 1(8): 691-696.
DOI: http://dx.doi.org/10.1038/nbt 1083-691.

Sinsabaugh, RL. 1994. Enzymatic analysis of microbial
pattern and process. Biology and Fertility of Soils
17(1): 69-74.

Sinsabaugh, RL, Hill, BH, Follstad Shah, JJ. 2009.
Ecoenzymatic stoichiometry of microbial organic
nutrient acquisition in soil and sediment. Nature
462(7274): 795-798. DOI: http://dx.doi.org/10.
1038/nature08632.

Sinsabaugh, RL, Lauber, CL, Weintraub, MN, Ahmed,
B, Allison, SD, Crenshaw, C, Contosta, AR, Cu-
sack, D, Frey, S, Gallo, ME, Gartner, TB. 2008.
Stoichiometry of soil enzyme activity at global scale.
Ecology Letters 11(11): 1252—-1264. DOI: http://dx.
doi.org/10.1111/j.1461-0248.2008.01245 x.

Sinsabaugh, RL, Turner, BL, Talbot, JM, Waring, BG,
Powers, JS, Kuske, CR, Moorhead, DL, Follstad
Shabh, JJ. 2016. Stoichiometry of microbial carbon
use efficiency in soils. Ecological Monographs
86(2): 172-189. DOI: http://dx.doi.org/10.1890/
15-2110.1.

Slot, JC, Hallstrom, KN, Matheny, PB, Hibbett, DS.
2007. Diversification of NRT2 and the origin of its
fungal homolog. Molecular Biology and Evolution
24(8): 1731-1743. DOI: http://dx.doi.org/10.
1093/molbev/msm098.

Solly, EF, Djukic, I, Moiseev, PA, Andreyashkina, NI,
Devi, NM, Goransson, H, Mazepa, VS, Shiyatov,
SG, Trubina, MR, Schweingruber, FH, Wilmking,
M. 2017a. Treeline advances and associated shifts in

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1093/nar/gkl408
http://dx.doi.org/10.1016/j.apsoil.2011.03.007
http://dx.doi.org/10.1016/j.apsoil.2011.03.007
http://dx.doi.org/10.1016/j.funeco.2011.08.009
http://dx.doi.org/10.1016/j.funeco.2011.08.009
https://app.polinode.com/networks/explore/6045b7a2e63e6c0011ee77f7/604a6ddbe95bf60011849440. Accessed 25 June 2021
https://app.polinode.com/networks/explore/6045b7a2e63e6c0011ee77f7/604a6ddbe95bf60011849440. Accessed 25 June 2021
https://app.polinode.com/networks/explore/6045b7a2e63e6c0011ee77f7/604a6ddbe95bf60011849440. Accessed 25 June 2021
https://app.polinode.com/networks/explore/6045b7a2e63e6c0011ee77f7/604a6ddbe95bf60011849440. Accessed 25 June 2021
http://dx.doi.org/10.3852/09-297
http://dx.doi.org/10.3852/09-297
http://dx.doi.org/10.1007/s00704-004-0058-3
http://dx.doi.org/10.1073/pnas.1400592111
http://dx.doi.org/10.1073/pnas.1400592111
http://dx.doi.org/10.1371/journal.pone.0179674
http://dx.doi.org/10.1371/journal.pone.0179674
http://dx.doi.org/10.1016/j.soilbio.2016.12.026
http://dx.doi.org/10.3389/fmicb.2019.01914
http://dx.doi.org/10.3389/fmicb.2019.01914
http://dx.doi.org/10.1007/s00248-021-01687-x
http://dx.doi.org/10.1007/s00248-021-01687-x
http://dx.doi.org/10.1091/mbc.E04-03-0167
http://dx.doi.org/10.1091/mbc.E04-03-0167
http://dx.doi.org/10.1038/nbt1083-691
http://dx.doi.org/10.1038/nature08632
http://dx.doi.org/10.1038/nature08632
http://dx.doi.org/10.1111/j.1461-0248.2008.01245.x
http://dx.doi.org/10.1111/j.1461-0248.2008.01245.x
http://dx.doi.org/10.1890/15-2110.1
http://dx.doi.org/10.1890/15-2110.1
http://dx.doi.org/10.1093/molbev/msm098
http://dx.doi.org/10.1093/molbev/msm098

Treseder et al: Fungal traits linked to global change responses

the ground vegetation alter fine root dynamics and
mycelia production in the South and Polar Urals.
Oecologia 183(2): 571-586. DOI: http://dx.doi.
org/10.1007/s00442-016-3785-0.

Solly, EF, Lindahl, BD, Dawes, MA, Peter, M, Souza, RC,
Rixen, C, Hagedorn, F 2017b. Experimental soil
warming shifts the fungal community composition
at the alpine treeline. New Phytologist 215(2): 766—
778. DOL: http://dx.doi.org/10.1111/nph.14603.

SPSS. 2017. Systat 13.2. Systat Software, Inc.

Staddon PL, Fitter AH, Graves JD. 1999. Effect of ele-
vated atmospheric CO, on mycorrhizal colonization,
external mycorrhizal hyphal production and phos-
phorus inflow in Plantago lanceolata and Trifolium
repens in association with the arbuscular mycorrhi-
zal fungus Glomus mosseae. Global Change Biology
5(3): 347-358. DOI: http://dx.doi.org/10.1046/].
1365-2486.1999.00230.x.

Strickland, MS, Rousk, J. 2010. Considering fungal: bac-
terial dominance in soils - Methods, controls, and
ecosystem implications. Soil Biology and Biochemis-
try 42(9): 1385-1395.

Talbot, JM, Yelle, DJ, Nowick, J, Treseder, KK. 2012.
Litter decay rates are determined by lignin chemis-
try. Biogeochemistry 108(1-3): 279-295. DOLI:
http://dx.doi.org/10.1007/s10533-011-9599-6.

Teeri, T, Salovuori, I, Knowles, J. 1983. The molecular
cloning of the major cellulase gene from Trichoder-
ma reesi. Nature Biotechnology 1(8): 696—-699. DOI:
http://dx.doi.org/10.1038/nbt 1083-696.

Tiwari, S, Thakur, R, Shankar, J. 2015. Role of heat-
shock proteins in cellular function and in the biol-
ogy of fungi. Biotechnology Research International
2015: 132635-132635. DOI: http://dx.doi.org/10.
1155/2015/132635.

Treseder, KK. 2004. A meta-analysis of mycorrhizal re-
sponses to nitrogen, phosphorus, and atmospheric
CO, in field studies. New Phytologist 164(2): 347—
355.

Treseder, KK. 2005. Nutrient acquisition strategies of
fungi and their relation to elevated atmospheric
CO,, in Dighton, J, Oudemans, P, White, ] eds., The
fungal community. 3rd ed. Boca Raton, FL: Marcel
Dekker: 713-731.

Treseder, KK. 2008. Nitrogen additions and microbial
biomass: A meta-analysis of ecosystem studies. Ecol-
ogy Letters 11(10): 1111-1120.

Treseder, KK, Allen, EB, Egerton-Warburton, LM, Hart,
MM, Klironomos, JN, Maherali, H, Tedersoo, L.
2018. Arbuscular mycorrhizal fungi as mediators
of ecosystem responses to nitrogen deposition: A
trait-based predictive framework. Journal of Ecology
106(2): 480-489. DOI: http://dx.doi.org/10.1111/
1365-2745.12919.

Treseder, KK, Allen, ME 2002. Direct nitrogen and phos-
phorus limitation of arbuscular mycorrhizal fungi: A
model and field test. New Phytologist 155(3): 507—
515.

Treseder, KK, Balser, TC, Bradford, MA, Brodie EL, Du-
binsky EA, Eviner, VT, Hofmockel, KS, Lennon,

Art. 9(1) page 17 of 19

JT, Levine, UY, MacGregor, BJ, Pett-Ridge, J.
2012. Integrating microbial ecology into ecosystem
models: Challenges and priorities. Biogeochemistry
109: 7-18.

Treseder, KK, Kivlin, SN, Hawkes, CV. 2011. Evolution-
ary trade-offs among decomposers determine re-
sponses to nitrogen enrichment. Ecology Letters
14: 933-938. DOI: http://dx.doi.org/10.1111/j.
1461-0248.2011.01650.x.

Treseder, KK, Lennon, JT. 2015. Fungal traits that drive
ecosystem dynamics on land. Microbiology and
Molecular Biology Reviews 79: 243-262.

Treseder, KK, Marusenko, Y, Romero-Olivares, AL,
Maltz, MR. 2016. Experimental warming alters
potential function of the fungal community in
boreal forest. Global Change Biology 22(10): 3395—
3404. DOI: http://dx.doi.org/10.1111/gcb.13238.

Van Gestel, M, Merckx, R, Vlassak, K. 1993. Microbial
biomass responses to soil drying and rewetting: The
fate of fast- and slow-growing microorganisms in
soils from different climates. Soil Biology and Bio-
chemistry 25(1): 109—-123. DOI: http://dx.doi.org/
10.1016/0038-0717(93)90249-B.

Velicer, GJ, Lenski, RE. 1999. Evolutionary trade-offs
under conditions of resource abundance and scar-
city: Experiments with bacteria. Ecology 80(4):
1168-1179.

Versaw, WK, Metzenberg, RL. 1995. Repressible cation-
phosphate symporters in Neurospora crassa. Pro-
ceedings of the National Academy of Sciences 92(9):
3884-3887. DOI: http://dx.doi.org/10.1073/pnas.
92.9.3884.

Vitousek, PM. 2004. Nutrient cycling and limitation:
Hawai'i as a model system. Oxford, UK: Princeton
University Press (Princeton Environmental Institute
series).

Vitousek, PM, Aber, JD, Howarth, RW, Likens, GE,
Matson, PA, Schindler, DW, Schlesinger, WH, Til-
man, DG. 1997. Human alteration of the global
nitrogen cycle: Sources and consequences. Ecological
Applications 7(3): 737-750. DOL: http://dx.doi.org/
10.2307/2269431.

Webb, CO, Ackerly, DD, Kembel, SW. 2008. Phylocom:
Software for the analysis of phylogenetic commu-
nity structure and trait evolution. Bioinformatics
24(18): 2098-100.

Weber, CF, Zak, DR, Hungate, BA, Jackson, RB, Vil-
galys, R, Evans, RD, Schadt, CW, Megonigal, JP,
Kuske, CR. 2011. Responses of soil cellulolytic fun-
gal communities to elevated atmospheric CO, are
complex and variable across five ecosystems. Envi-
ronmental Microbiology 13(10): 2778-2793. DOI:
http://dx.doi.org/10.1111/j.1462-2920.2011.
02548.x.

Wieder, WR, Grandy, AS, Kallenbach, CM, Taylor, PG,
Bonan, GB. 2015. Representing life in the Earth
system with soil microbial functional traits in the
MIMICS model. Geoscientific Model Development
8(6): 1789-1808. DOI: http://dx.doi.org/10.5194/
gmd-8-1789-2015.

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1007/s00442-016-3785-0
http://dx.doi.org/10.1007/s00442-016-3785-0
http://dx.doi.org/10.1111/nph.14603
http://dx.doi.org/10.1046/j.1365-2486.1999.00230.x
http://dx.doi.org/10.1046/j.1365-2486.1999.00230.x
http://dx.doi.org/10.1007/s10533-011-9599-6
http://dx.doi.org/10.1038/nbt1083-696
http://dx.doi.org/10.1155/2015/132635
http://dx.doi.org/10.1155/2015/132635
http://dx.doi.org/10.1111/1365-2745.12919
http://dx.doi.org/10.1111/1365-2745.12919
http://dx.doi.org/10.1111/j.1461-0248.2011.01650.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01650.x
http://dx.doi.org/10.1111/gcb.13238
http://dx.doi.org/10.1016/0038-0717&lpar;93&rpar;90249-B
http://dx.doi.org/10.1016/0038-0717&lpar;93&rpar;90249-B
http://dx.doi.org/10.1073/pnas.92.9.3884
http://dx.doi.org/10.1073/pnas.92.9.3884
http://dx.doi.org/10.2307/2269431
http://dx.doi.org/10.2307/2269431
http://dx.doi.org/10.1111/j.1462-2920.2011.02548.x
http://dx.doi.org/10.1111/j.1462-2920.2011.02548.x
http://dx.doi.org/10.5194/gmd-8-1789-2015
http://dx.doi.org/10.5194/gmd-8-1789-2015

Art. 9(1) page 18 of 19

Wiemken, A. 1990. Trehalose in yeast, stress protectant
rather than reserve carbohydrate. Antonie Van Leeu-
wenhoek International Journal of General and Molec-
ular Microbiology 58(3): 209-217. DOI: http://dx.
doi.org/10.1007/bf00548935.

Wilmes, P, Bond, PL. 2006. Metaproteomics: Studying
functional gene expression in microbial ecosystems.
Trends in Microbiology 14(2): 92-97. DOI: http://dx.
doi.org/10.1016/j.tim.2005.12.006.

Wood, JM, Bremer, E, Csonka, LN, Kraemer, R, Pool-
man, B, van der Heide, T, Smith, LT. 2001. Osmo-
sensing and osmoregulatory compatible solute
accumulation by bacteria. Comparative Biochemistry
and Physiology Part A: Molecular & Integrative Phys-
iology 130(3): 437—460. DOI: http://dx.doi.org/10.
1016/5S1095-6433(01)00442-1.

Zakrzewska, A, van Eikenhorst, G, Burggraaff, JEC,
Vis, D], Hoefsloot H, Delneri, D, Oliver, SG, Brul,
S, Smits, GJ. 2011. Genome-wide analysis of yeast
stress survival and tolerance acquisition to analyze
the central trade-off between growth rate and cellu-
lar robustness. Molecular Biology of the Cell 22(22):
4435-4446. DOI: http://dx.doi.org/10.1091/mbc.
E10-08-0721.

Treseder et al: Fungal traits linked to global change responses

Zhang, K, Shi, Y, Jing, X, He, J-S, Sun, R, Yang, Y, Shade,
A, Chu, H. 2016a. Effects of short-term warming and
altered precipitation on soil microbial communities
in alpine grassland of the Tibetan Plateau. Frontiers
in Microbiology 7(1032). DOI: http://dx.doi.org/10.
3389/fmicb.2016.01032.

Zhang, S, Zhang, X, Chang, C,Yuan, Z, Wang, T, Zhao, Y,
Yang, X, Zhang, Y, La, G, Wu, K, Zhang, Z. 2016b.
Improvement of tolerance to lead by filamentous
fungus Pleurotus ostreatus HAU-2 and its oxidative
responses. Chemosphere 150: 33-39. DOL: http://
dx.doi.org/10.1016/j.chemosphere.2016.02.003.

Zhao, Q, Jian, S, Nunan, N, Maestre, FT, Tedersoo, L,
He, J, Wei, H, Tan, X, Shen, W. 2017. Altered pre-
cipitation seasonality impacts the dominant fungal
but rare bacterial taxa in subtropical forest soils.
Biology and Fertility of Soils 53(2): 231-245. DOL:
http://dx.doi.org/10.1007/s00374-016-1171-z.

Zhou, J, Lemos, B, Dopman, EB, Hartl, DL. 2011. Copy
number variation: The balance between gene dos-
age and expression in Drosophila melanogaster.
Genome Biology and Evolution 3: 1014-1024. DOL:
http://dx.doi.org/10.1093/gbe/evr023.

1202 ¥snbny g|. uo Jesn ABojouyos | Jo spnjsul [esepad ssIMS Aq Jpd 1L 00" 0202 BIUBWIS/9ZS L Lb/FY L 00/ L/6/4Pd-BloilE/BJUSWSIS/NPa"ssaidon-aul|uo//:dpy woly papeojumoq


http://dx.doi.org/10.1007/bf00548935
http://dx.doi.org/10.1007/bf00548935
http://dx.doi.org/10.1016/j.tim.2005.12.006
http://dx.doi.org/10.1016/j.tim.2005.12.006
http://dx.doi.org/10.1016/S1095-6433&lpar;01&rpar;00442-1
http://dx.doi.org/10.1016/S1095-6433&lpar;01&rpar;00442-1
http://dx.doi.org/10.1091/mbc.E10-08-0721
http://dx.doi.org/10.1091/mbc.E10-08-0721
http://dx.doi.org/10.3389/fmicb.2016.01032
http://dx.doi.org/10.3389/fmicb.2016.01032
http://dx.doi.org/10.1016/j.chemosphere.2016.02.003
http://dx.doi.org/10.1016/j.chemosphere.2016.02.003
http://dx.doi.org/10.1007/s00374-016-1171-z
http://dx.doi.org/10.1093/gbe/evr023

Treseder et al: Fungal traits linked to global change responses Art. 9(1) page 19 of 19

How to cite this article: Treseder, KK, Alster, CJ, Anh Cat, L, Gorris, ME, Kuhn, AL, Lovero, KG, Hagedorn, F, Kerekes, JF,
McHugh, TA, Solly, EF. 2021. Nutrient and stress tolerance traits linked to fungal responses to global change: Four case studies.
Elementa: Science of the Anthropocene 9(1). DOI: https://doi.org/10.1525/elementa.2020.00144

Domain Editor-in-Chief: Detlev Helmig, Boulder AIR LLC, Boulder, CO, USA

Associate Editor: Daniel Liptzin, Soil Health Institute, Morrisville, NC, USA

Knowledge Domain: Atmospheric Science

Published: August 6, 2021  Accepted: July 16, 2021  Submitted: September 24, 2020

Copyright: © 2021 The Author(s). This is an open-access article distributed under the terms of the Creative Commons

Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

A2 ELEMENTA Elem Sci Anth is a peer-reviewed open access OPEN ACCESS
SN\ SenseoltheAndopocene journal published by University of California Press. a

120z 1snBny g uo Jesn ABojouyoa Jo eINYISU| [e1ope SSIMS Aq Jpd b1 100 0Z0Z BIUSWSIB/AZS L LY/ L 00/L/6/4Pd-0[o1E/ElUS WIS NPa"SSIdoNBuIUO//:d)Y WO POPEOIUMOQ



