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Trade-Offs Between Growth Rate
and Other Fungal Traits

Karissa G. Lovero* and Kathleen K. Treseder

Department of Ecology and Evolutionary Biology, University of California, Irvine, Irvine, CA, United States

If we better understand how fungal responses to global change are governed by their
traits, we can improve predictions of fungal community composition and ecosystem
function. Specifically, we can examine trade-offs among traits, in which the allocation of
finite resources toward one trait reduces the investment in others. We hypothesized
that trade-offs among fungal traits relating to rapid growth, resource capture, and
stress tolerance sort fungal species into discrete life history strategies. We used the
Biolog Filamentous Fungi database to calculate maximum growth rates of 37 fungal
species and then compared them to their functional traits from the fun" database.
In partial support of our hypothesis, maximum growth rate displayed a negative
relationship with traits related to resource capture. Moreover, maximum growth rate
displayed a positive relationship with amino acid permease, forming a putative Fast
Growth life history strategy. A second putative life history strategy is characterized by
a positive relationship between extracellular enzymes, including cellobiohydrolase 6,
cellobiohydrolase 7, crystalline cellulase AA9, and lignin peroxidase. These extracellular
enzymes were negatively related to chitosanase 8, an enzyme that can break down a
derivative of chitin. Chitosanase 8 displayed a positive relationship with many traits that
were hypothesized to cluster separately, forming a putative Blended life history strategy
characterized by certain resource capture, fast growth, and stress tolerance traits. These
trait relationships complement previously explored microbial trait frameworks, such
as the Competitor-Stress Tolerator-Ruderal and the Yield-Resource Acquisition-Stress
Tolerance schemes.

Keywords: ecosystem function, CSR framework, YAS framework, life history strategy, maximum growth rate,
trade-offs, fungal traits

INTRODUCTION

Fungi perform essential ecosystem processes such as decomposition and nutrient cycling (Dighton,
2003). However, it is challenging to predict how microbial communities will respond to global
change and how ecosystem function will be affected (Bradford et al., 2016). For example, shifts
in microbial community composition in response to a changing environment can alter carbon
cycling (Allison and Martiny, 2008; Allison et al., 2013). A better understanding of relationships
among fungal traits may allow us to improve predictions of carbon dynamics under global change
(Allison, 2012). For example, frequently disturbed soil can provide new resources for exploitation
by fast-growing fungi (Pugh and Boddy, 1988). If fast-growing fungi tend to be poor decomposers,
then decomposition rates in frequently disturbed soils may be slower than otherwise expected.
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Examining trade-offs among fungal traits is one approach
to link community composition to ecosystem processes
(Wallenstein and Hall, 2012; Crowther et al., 2014). Trade-offs
occur when an allocation of finite resources toward one trait
reduces investment in others. For example, fungi maximizing
investment in melanin production to withstand desiccation may
in turn display a decreased growth rate (Siletti et al., 2017). Yet,
trade-offs between fungal growth rate and other traits are under-
investigated. Here we examine trade-offs between fungal growth
rate and other fungal traits related to resource capture and
stress tolerance. In addition, we determine how these trade-offs
structure fungal traits into various life history strategies.

The first challenge in predicting fungal responses to climate
change is identifying which fungal functional traits are important
for ecosystem functions (Krause et al., 2014). Functional traits
are defined as measurable properties that are of physiological,
morphological, or genetic origin (Crowther et al., 2014), that
influence an organism’s fitness, and that provide a link between
fundamental biological processes and community dynamics
(McGill et al., 2006). Maximum potential growth rate is a defining
feature of organisms and is thought to be an emergent feature
of genomic traits. For example, an increased number of rRNA
copies allows for an increase in protein synthesis, supporting
rapid growth (Cox, 2003; Scott et al., 2014). Ecologists have
used growth rates to predict nutrient cycling in ecosystems
(Elser et al., 1996). However, predictions have primarily focused
upon macroscopic organisms (Caraco et al., 1997; Allison and
Vitousek, 2004; Lovett et al., 2006). Here, we quantified fungal
growth rates for 653 fungal species and determined their
relationships with other functional traits where possible.

To link fungal traits to ecosystem processes, it can be
useful to identify principle microbial life history strategies,
each composed of distinct functional traits (Malik et al., 2020).
Microbial strategies or lifestyles are characterized by suites
of traits which may be simultaneously selected under specific
environmental conditions. While originally devised for plants,
Grime’s well-known Competitor-Stress Tolerator-Ruderal (CSR)
scheme has been applied to mycelial fungi (Grime, 1977; Pugh,
1980; Treseder and Lennon, 2015). Here, three life history
strategies exist based on the occurrence of environmental
stress or disturbance (Grime, 1977). Ruderal organisms are
often the first to colonize an area after a disturbance and
do so with a rapid growth rate (Pugh, 1980). As RNA and
protein synthesis is needed to support rapid growth, traits
relating to the uptake of phosphate, amino acids, and nitrogen
are expected to coincide with a ruderal life history strategy
(Versaw and Metzenberg, 1995; Elser et al., 1996; Slot et al,
2007; Cappellazzo et al., 2008). Stress tolerating organisms can
persist in environments that may be particularly hot, cold, or
dry (Pugh, 1980). The production of osmolytes, p 1,3-glucan,
and melanin can reduce desiccation during drought conditions
(Acharya et al., 2004; Bowman and Free, 2006; Warren, 2014).
Competing organisms are predicted to persist in low stress and
low disturbance environments (Pugh, 1980). They outcompete
other fungi via superior resource capture (Boddy, 2000). One
method is through the production of extracellular enzymes such
as lignin peroxidases and cellulases, which degrade complex

forms of carbon (Lynd et al, 2002; Martinez et al., 2009).
Although recent studies have taken a trait-based approach toward
describing bacterial communities, further research is needed
to apply these schemes to fungal traits as well (Ho et al,
2013; Krause et al, 2014; Fierer, 2017; Wood et al, 2018;
Ramin and Allison, 2019).

In this study, we asked (1) if there are trade-offs among
fungal traits relating to fast growth, resource capture, and
stress tolerance and (2) if trade-offs sort fungal traits into
life history strategies, such as CSR. We hypothesized that
trade-offs would occur between traits related to fungal growth
rate, resource capture, and stress tolerance. Accordingly, we
predicted negative relationships between these traits. To test
this, we compared growth rate measurements from the Biolog
Filamentous Fungi database with traits from funf'®, a fungal
functional traits database.

MATERIALS AND METHODS
Fungal Growth Rates

To calculate fungal growth rates, we used the Biolog Filamentous
Fungi (FF) database (BIOLOG, Inc., Hayward, CA, United States;
Biolog, 2017). This database includes optical density (OD)
readings for various fungal species growing in a specified carbon
source. Biolog measured OD at 750 nm with readings recorded
at 24, 48, 72, 96, and 168 h of incubation. These OD readings
indicate turbidity of the liquid culture, which is positively
correlated with fungal abundance (Langvad, 1999; Meletiadis
etal., 2001; Biolog, 2017). These measurements were scaled from
0 to 100, with 100 representing the maximum possible OD value.
Of the various carbon sources within the database, we chose the
simple sugar a-D-glucose to calculate maximum growth rate, as
not all fungi possess the capacity to breakdown more complex
forms of carbon, such as cellulose (Ganesan and Nellaiappan,
2014; Hu et al., 2016). To quantify growth rate for each species,
we determined the change in OD between sequential incubation
time points and divided by the incubation period (hours).
We then chose the maximum growth rate on a-D-glucose
for each species for further analysis. For species represented
by multiple strains, we averaged the maximum growth rate
across strains. In total, we recorded maximum growth rates
for 653 fungal strains, including clinically or environmentally
important fungi, plant pathogens, and indoor or food-borne
fungi (Supplementary Table 1).

Fungal Trait Database

We used fun™®, a functional trait database for fungi, to identify
continuous fungal traits that may be associated with resource
capture, stress tolerance, or growth rate (Table 1; Flores-Moreno
et al., 2018). Specifically, we used gene frequencies from the
fungal genomics program of the Joint Genome Institute of the
Department of Energy and the 1,000 Fungal Genomes Project
that were present in the database (Grigoriev et al., 2014). Genome
sizes vary widely in fungi, so gene frequency was calculated as
the count of a given gene per 10,000 genes in each genome.
While the possession of a gene does not guarantee that it will be
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expressed, it indicates the genetic potential for a given trait and
is useful toward identifying associations among traits (Wilmes
and Bond, 2006; Myrold et al, 2014). We then merged the
fungal trait data from fun™” with growth rate data from Biolog
for all overlapping species (Supplementary Tables 2, 3; Flores-
Moreno et al., 2018). This resulted in 37 fungal species from
Ascomycota, Basidiomycota, and Mucoromycota to be further
analyzed (Table 2). The growth forms of these species included
24 filamentous fungi and 13 yeasts. Furthermore, classification of
their trophic modes resulted in 12 pathotrophs, 11 saprotrophs, 1
symbiotroph, and 13 species with mixed ecologies.

Statistics

To examine relationships between each pairwise combination
of traits, we used phylogenetic independent contrasts (PIC).
PICs were appropriate here because they accounted for the
phylogenetic relatedness of the taxa (Webb et al., 2002, 2008).
We used PICs instead of standard analyses like Pearson
correlation, which require statistical independence of samples
(Ricklefs and Starck, 1996).

We used the fungal phylogeny from Choi and Kim
(2017), which is generated from whole genome sequences.
We downloaded this phylogeny from Choi (2020, accessed
12/3/2020). Of the 37 species we analyzed, 26 were
represented in the phylogeny (Supplementary Table 2 and

Supplementary Figure 1). For each of the remaining species,
we used the nearest taxon in the phylogeny. (Sequences
were not available for these remaining taxa, so we could not
construct a new phylogeny that included them.) Seven of the
species were assigned to a taxon from the same genus or family
(Supplementary Table 2). We pruned the tree to remove any taxa
not represented among the 37 species (Supplementary Figure 1).

For PIC, we used the aotf function in Phylocom v 4.2
(Webb et al., 2008). The aotf function calculated the difference
(“contrast”) in the values of a given trait between daughter clades
of each node in the phylogeny. It then generated a series of
correlations of the contrasts between each pairwise combination
of traits. More recently diverged clades carried more weight in the
correlations, which was the default setting for aotf. Trait data were
ranked to avoid outliers. Since this study was exploratory and
aimed to be as comprehensive as possible, we did not adjust for
multiple comparisons and instead present unadjusted P-values
(Rothman, 1990; Perneger, 1998; Feise, 2002; Althouse, 2016).
A negative correlation suggests a trait trade-off.

To determine relationships among all fungal traits, we
performed a non-metric multidimensional scaling (NMS)
analysis, with the PIC r coeflicients as the distance metric
(Table 3). We used the monotonic multidimensional scaling
function with the Kruskal method in SPSS version 13.2 (SPSS,
2017). This analysis generated coordinates for two dimensions

TABLE 1 | Potential fungal traits associated with each life history strategy within the Competitor-Stress Tolerator-Ruderal scheme.

Proposed life history
strategy

Fungal trait(s)

funfUn trait name

Function(s)

Resource capture life
history strategy (a.k.a.
competitor or resource
acquisition)

Stress tolerator life history
strategy

Fast growth life history
strategy (a.k.a. ruderal)

Invertase
a-Glucosidase
Amylase
B-Xylosidase
B-Glucosidases
Cellobiohydrolases
Endoglucanases
a-Mannosidase

Crystalline cellulase
Lignin peroxidase
Chitosanase

Chitinase
Endo-B-D-1,3-glucanase
Endo-B-N-
acetylglucosaminidase

B 1,3-Glucan synthase

Trehalase

Cold shock protein

Heat shock protein

Fast growth

Amino acid permease;
Phosphate, nitrate, and
ammonium transporters

Acid phosphatase

Invertase 32

a-Glucosidase 15; a-Glucosidase 31

Amylase 88
B-Xylosidase 43
B-Glucosidase 1

Cellobiohydrolase 6; Cellobiohydrolase 7
Endoglucanase 9; Endoglucanase 12
Glycoprotein synthesis 92; a-mannanase

76

Crystalline cellulase AA9

Lignin peroxidase
Chitosanase 8
Chitinase

Glucosidase 81
Glycopeptidase 85

B-Glucan synthase
Trehalase

Cold shock protein

Heat shock protein

Amino acid permease; Phosphate
transporter; Nitrate transporter;
Ammonium transporter

Acid phosphatase

Breakdown of sucrose (Boddy et al., 1993)
Breakdown of starch (Nakamura et al., 1997)
Breakdown of starch (Korman et al., 1990)
Breakdown of hemicellulose (Semenova et al., 2009)
Breakdown of cellulose (Znameroski et al., 2012)
Breakdown of cellulose (Imén et al., 1997)

Breakdown of cellulose (Rungrattanakasin et al., 2018)

Breakdown of mannose (Nakajima et al., 1976; Maruyama
et al., 1994)

Breakdown of cellulose (Langston et al., 2011)
Breakdown of lignin (Ruiz-Duenas et al., 2009)
Breakdown of chitosan (Shimosaka et al., 1993)
Breakdown of chitin (Seidl et al., 2005)

Breakdown of g 1,3-glucan (Reese and Mandels, 1959)
Breakdown of glycoproteins (Huang et al., 2018)

Strengthens cell wall, reduces water loss (Mazur et al., 1995)

Protection from desiccation, freeze damage, thermotolerance
(Singer and Lindquist, 1998)

Protection from cold stress (Homma et al., 2003; Murata
et al., 2006)

Protection from temperature, osmotic, pH stress (Lamoth
etal., 2012)

Allows rapid colonization (Siletti et al., 2017)

Augments uptake of N and P to support growth (Nehls et al.,
1999; Wipf et al., 2002; Mitsuzawa, 2006; Slot et al., 2007;
Cappellazzo et al., 2008; Sengottaiyan et al., 2013)

P mineralization (Nelson et al., 1976; Han et al., 1987)
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TABLE 2 | List of fungal species analyzed in this studly.

Fungal species

Aspergillus clavatus
Aspergillus fischeri
Aspergillus flavus
Aspergillus fumigatus
Aspergillus niger
Aspergillus ruber
Aspergillus terreus
Aureobasidium pullulans
Beauveria bassiana

Botrytis cinerea
Chaetomium globosum
Debaryomyces hansenii
Dekkera bruxellensis
Fusarium fujikuroi

Fusarium graminearum
Fusarium oxysporum
Fusarium solani
Kluyveromyces lactis
Komagataella pastoris
Neurospora crassa
Penicillium chrysogenum
Penicillium digitatum
Penicillium oxalicum
Pesotum piceae
Phanerodontia chrysosporium
Rhizopus arrhizus

Rhizopus microsporus
Saccharomyces cerevisiae
Schizosaccharomyces octosporus
Schizosaccharomyces pombe
Torulaspora delbrueckii
Trichoderma parceramosum
Trichoderma reesei
Trichoderma virens

Ustilago maydis

Yarrowia lipolytica
Zygosaccharomyces rouxii

(Supplementary Table 4). We visualized these data as a
scatterplot, with fungal traits connected according to their PIC
r coefficients using the software Polinode. We assigned traits to
life history strategies based on their relatedness to one another,
where traits were proposed to share a life history strategy if their
PIC r coefficients were greater than 0.35. A PIC r coefficient of
0.325 or greater indicated a significant relationship (P < 0.05)
before correcting for multiple comparisons. The value of 0.35
was chosen to simplify the number of relationships shown on
Figure 2 and highlight the proposed life history strategies. This
exercise generated three life history strategies, which we named
the “Resource Capture,” “Fast Growth,” and “Blended” life history
strategies. One trait, a-glucosidase 31, was associated with two life
history strategies (Resource Capture and Blended) based on this
metric. Since the PIC r coeficient linking a-glucosidase 31 to the
Blended life history strategy was larger, we assigned it to this life
history strategy.

To test if these life history strategies were statistically
supported, we conducted a permutational multivariate analyses
of variance (perMANOVAs). We used the adonis function in
the vegan package (Oksanen et al., 2020) in R version 3.5.1, set
to 10,000 permutations (R Core Team, 2020). The dependent
variables were the pairwise PIC r coeflicients (Table 3), and
the independent variable was trait life history strategy. We also
conducted a second perMANOVA in which traits had been
a priori assigned to C, S, or R life history strategies.

RESULTS

Trade-Offs Between Growth Rate and
Other Fungal Traits

The first question of this study was whether fungal growth rate
displayed a trade-off with other fungal traits. We predicted that
a negative relationship would occur between maximum growth
rate and traits related to resource capture or stress tolerance,
due to physiological or evolutionary trade-offs. We found that
maximum growth rate was negatively related to three resource
capture traits: cellobiohydrolase 7 (P = 0.025), crystalline cellulase
AA9 (P =0.008), and endoglucanase 12 (P = 0.008; Figure 1 and
Table 3, P-values listed in Supplementary Table 4).

Identification of Fungal Trait Life History

Strategies

Our second question was whether relationships among fungal
traits have created discrete life history strategies, such as CSR.
For these purposes, a suite of traits that tend to co-occur within
fungal taxa can represent a life history strategy. Moreover, if a
given suite of traits were negatively related to another suite of
traits, we would consider those suites to represent distinct life
history strategies.

Resource Capture Life History Strategy

Numerous resource capture traits were positively correlated
with each other (Table 3), and they clustered in the NMS plot
(Figure 2). Extracellular enzymes involved in the breakdown of
carbon compounds clustered tightly, including B-xylosidase 43,
endoglucanase 12, crystalline cellulase AA9, cellobiohydrolase
6, cellobiohydrolase 7, and lignin peroxidase. Other traits
that clustered within this life history strategy include nitrate
transporter and the carbon-targeting enzymes f-glucosidase
1, glycoprotein synthesis 92, and amylase 88. In addition,
cellobiohydrolase 7, crystalline cellulase AA9, and endoglucanase
12 displayed negative relationships to maximum growth rate
(P < 0.05; Table 3). Also, nitrate transporter, crystalline
cellulase AA9, cellobiohydrolase 6, cellobiohydrolase 7, and
lignin peroxidase displayed negative relationships to chitosanase
8 (P < 0.05; Table 3). Hereafter, we refer to this life history
strategy as the “Resource Capture” life history strategy.

Fast Growth Life History Strategy

Maximum growth rate was positively correlated with amino
acid permease (P = 0.010; Figure 2 and Table 3). We call
this cluster of traits the “Fast Growth” life history strategy.
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TABLE 3 | Phylogenetic independent contrast r coefficients for all fungal traits used for non-metric multidimensional scaling analysis.

Acid o-Glucosidase o-Glucosidase «-Mannanase Amino Ammonium Amylase B-Glucan p-Glucosidase B-Xylosidase Cellobiohydrolase Cellobiohydrolase Chitinase Chitosanase
phosphatase 15 31 76 acid transporter 88 synthase 1 43 6 7 8
permease
Acid phosphatase 1
a-Glucosidase 15 0.525 1
a-Glucosidase 31 0.066 0.469 1
a-Mannanase76 0.364 0.371 0.284 1
Amino acid permease 0.096 —0.105 —0.086 —0.032 1
Ammonium transporter 0.417 0.414 0.419 —0.009 0.235 1
Amylase 88 0.095 0.192 0.314 0.098 0.314 0.198 1
B-Glucan synthase —0.462 —0.158 0.249 —0.422 0.099 0.031 0.031 1
B-Glucosidase 1 —0.012 0.259 0.272 —0.077 0.113 0.171 0.481 0.209 1
B-Xylosidase 43 0.020 0.068 0.509 0.332 0.020 —0.048 0.334 0.226 0.338 1
Cellobiohydrolase 6 —0.190 0.005 0.347 0.286 —0.111 —0.076 0.162 0.229 0.350 0.377 1
Cellobiohydrolase 7 —0.283 0.178 0.426 0.147 —0.053 —0.097 0.339 0.386 0.512 0.569 0.757 1
Chitinase 0.254 0.551 0.772 0.267 —0.092 0.549 0.241 0.109 0.142 0.378 0.325 0.355 1
Chitosanase 8 0.548 0.286 0.171 0.039 —0.011 0.526 —0.220  —0.400 —0.297 —0.161 —0.350 —0.543 0.303 1
Cold shock protein 0.310 0.525 0.248 —0.060 —0.034 0.577 —0.094 0.082 -0.115 —0.183 0.064 —0.046 0.474 0.552
Crystaline cellulase -0.167 0.246 0.463 0.241 —0.148 —0.048 0.340 0.311 0.502 0.521 0.719 0.936 0.369 —0.571
AA9
Endoglucanase 12 —0.072 0.042 0.521 0.216 —0.168 -0.123 0.391 0.365 0.292 0.793 0.491 0.591 0.499 —0.271
Endoglucanase 9 0.139 0.433 0.070 0.322 —0.231 0.030 —0.033  —0.297 0.076 —0.061 0.092 —0.008 0.033 0.036
Glucosidase 81 0.366 0.426 0.198 —0.066 0.069 0.605 —0.085 0.132 —0.039 —0.205 -0.105 —0.164 0.483 0.463
Glycopeptidase 85 —0.369 —0.398 —0.283 0.006 —0.055 —0.530 0.051 -0.112 0.073 0.091 0.027 0.026 —0.487 —0.461
Glycoprotein synthesis 0.286 0.301 0.244 0.143 0.083 0.001 0.584  —0.121 0.241 0.195 0.124 0.114 0.249 —0.076
92
Heat shock protein 0.073 0.575 0.699 0.166 —0.070 0.464 0.230 0.170 0.415 0.258 0.313 0.465 0.665 0.064
Invertase 32 0.230 —0.079 0.186 0.250 —0.208 —0.045 0.092  —-0.417 —0.036 0.286 —0.118 —0.235 0.092 0.338
Lignin peroxidase 0.038 0.105 0.226 —0.118 0.020 0.210 0.393 0.394 0.487 0.300 0.261 0.488 0.175 —0.498
Maximum growth rate 0.204 —0.282 -0.312 —0.130 0.416 0.098 -0.323  —0.091 —0.206 —0.165 —0.149 —0.368 -0.172 0.301
Nitrate transporter —0.008 0.209 0.287 0.083 0.418 0.100 0.279 0.246 0.554 0.340 0.232 0.551 0.125 —0.340
Phosphate transporter 0.410 0.042 0.040 0.398 0.285 0.042 0.012 -0.234 —0.116 0.433 —0.095 —0.046 0.094 0.245
Trehalase 0.462 0.498 0.493 —0.066 0.019 0.695 0.133  —0.045 0.038 0.040 —0.047 —0.013 0.622 0.653
(Continued)

J8pasal| pue 0JSAOT

SIO-8ped] el| [ebundg


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles

B0 uIsIeRUOL MMM | 8BUBYD [BQOJS) PUE S1S8I04 Ul SISIUOIH

05995/ BIPIMY | ¥ BWNIOA | 1202 480UWBsAON

TABLE 3 | (Continued)

Cold shock Crystaline Endoglucanase Endoglucanase Glucosidase Glycopeptidase Glycoprotein Heat shock Invertase 32 Lignin Maximum Nitrate Phosphate Trehalase
protein cellulase AA9 12 9 81 85 synthesis 92 protein peroxidase growth rate transporter transporter
Acid phosphatase
a-Glucosidase 15
a-Glucosidase 31
a-Mannanase76
Amino acid permease
Ammonium transporter
Amylase 88
B-Glucan synthase
B-Glucosidase 1
B-Xylosidase 43
Cellobiohydrolase 6
Cellobiohydrolase 7
Chitinase
Chitosanase 8
Cold shock protein 1
Crystaline cellulase —0.078 1
AA9
Endoglucanase 12 —0.174 0.565 1
Endoglucanase 9 0.293 0.075 —0.226 1
Glucosidase 81 0.567 —0.189 —0.054 —0.196 1
Glycopeptidase 85 —0.535 0.050 0.009 0.417 —0.821 1
Glycoprotein synthesis  —0.154 0.162 0.412 —0.047 0.009 —0.007 1
92
Heat shock protein 0.287 0.499 0.353 0.270 0.144 —0.089 0.200 1
Invertase 32 —0.266 —0.161 0.213 —0.173 —0.105 —0.088 0.180 —0.224 1
Lignin peroxidase —0.060 0.620 0.308 0.078 0.020 0.108 0.092 0.306 —0.302 1
Maximum growth rate 0.174 —0.430 —0.432 —0.007 0.061 —0.004 —-0.323 —0.460 0.016 —0.231 1
Nitrate transporter -0.135 0.563 0.127 -0.104 —0.228 0.037 0.056 0.324 —0.187 0.344 0.097 1
Phosphate transporter  —0.054 —0.095 0.120 —0.255 —0.053 —0.248 —0.020 —0.229 0.373 —0.254 0.310 0.269 1
Trehalase 0.653 0.001 —0.025 0.046 0.558 —0.546 0.033 0.427 —0.049 0.159 0.042 —0.026 0.048 1
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FIGURE 1 | Negative relationships between maximum growth rate and other
traits. Each symbol represents an internal node within the phylogeny
(Supplementary Figure 1). Each node’s contrast value is the difference in
average trait values between its daughter clades. This approach accounts for
phylogenetic relatedness of taxa. Lines are best fit. P-values are unadjusted
for multiple comparisons. Gene frequency data are from MycoCosm (Grigoriev
et al., 2014). AO.D. = Increase in optical density at 750 nm.

Furthermore, maximum growth rate was negatively related to
various traits in the Resource Capture life history strategy, such as
cellobiohydrolase 7, crystalline cellulase AA9, and endoglucanase

12 (P < 0.05; Table 3). In addition, maximum growth rate
was negatively related to heat shock protein (see below), a trait
within the Blended life history strategy (P = 0.004). Together, this
suggests that the Fast Growth life history strategy is distinct from
both the Resource Capture and Blended life history strategies.

Blended Life History Strategy

The “Blended” life history strategy consists of traits related to
resource capture, stress tolerance, and fast growth (Figure 2). We
observed a clustering of traits related to resource capture,
including o-glucosidase 15, a-glucosidase 31, chitinase,
chitosanase 8, endoglucanase 9, and glucosidase 81. In addition,
the stress tolerance traits heat shock protein, trehalase, and
cold shock protein clustered within this life history strategy.
Also, ammonium transporter and acid phosphatase, traits
hypothesized to support fast growth, were present within the
Blended life history strategy. Furthermore, negative relationships
were observed between chitosanase 8 and multiple traits of
the Resource Capture life history strategy. Last, both acid
phosphatase and chitosanase 8 displayed negative relationships
to the stress tolerance trait p 1,3-glucan synthase.

Life History Strategy Sorting

Trait relationships varied significantly among the proposed
Resource Capture, Fast Growth, and Blended life history
strategies (r? = 0.179, P < 0.001). This result provided statistical
support for this life history framework. In contrast, we did
not find statistical support for the CSR framework (2 = 0.084,
P=0.128).

DISCUSSION

In this study, fast-growing fungal species tended to display less
genetic capacity for resource capture (Figure 2 and Table 3).
These results support our hypothesis that trade-offs occur among
traits associated with growth rate versus resource capture. On the
other hand, the lack of negative relationships between growth
rate and stress tolerance traits was not consistent with this
hypothesis. With respect to life history strategies, we observed
clusters of traits that formed putative Fast Growth (maximum
growth rate and amino acid permease) and Resource Capture
(extracellular enzymes and nutrient transporters) life history
strategies (Figure 2). In addition, we identified a Blended life
history strategy consisting of traits related to resource capture,
stress tolerance, and fast growth. This analysis comparing fungal
growth rates to other fungal traits was possible because hundreds
of fungal species were grown under common laboratory
conditions to produce the Biolog database.

Microbial Trait Frameworks

Our findings share similarities with other publications exploring
microbial trait frameworks. The Fast Growth life history strategy
in this study was similar to the ruderal (R) strategy in Grime’s
CSR framework (Grime, 1977). More recently proposed is the
YAS framework, a revised life history theory specifically for
microbes (Malik et al., 2020). The competitor (C) strategy in
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CSR is analogous to the resource acquisition strategy (A) in YAS,
which includes traits such as extracellular enzymes and uptake
transporters (Malik et al., 2020). The Resource Capture life
history strategy in this study aligned with these C and A strategies
(Grime, 1977; Malik et al., 2020). Both frameworks share the
stress tolerator (S) strategy, which was not evident in this study.

Resource Capture Life History Strategy

Extracellular enzymes, such as endoglucanase, cellobiohydrolase,
and B-glucosidase, clustered tightly together within the Resource
Capture life history strategy (Figure 2). This result may be
explained by the nature of cellulose breakdown by fungi as
follows. Cellulose, a major component of the plant cell wall,
is a significant source of energy for fungi (Klemm et al,
2005). The extracellular enzymes identified in this life history
strategy can break down cellulose into simpler compounds, such
as cellobiose and glucose, which may then be taken up and
metabolized (Lynd et al., 2002). Cellulases act in a coordinated
manner to digest cellulose (Teeri, 1997; Lynd et al., 2002). First,
endoglucanases cleave cellulose chains at random internal sites,
creating oligosaccharides that vary in length (Lynd et al., 2002).
Then, cellobiohydrolases release cellobiose and glucose from the
ends of the chains (Lynd et al, 2002). Lastly, B-glucosidases
hydrolyze cellobiose to glucose for cellular uptake by fungi (Lynd
et al, 2002; Payne et al, 2015). In addition, fungi produce

lignin peroxidase to oxidize lignin, thereby gaining access to
cellulose, nitrogen, and other nutrients (Tien and Kent Kirk,
1983). Lignin peroxidase was also present in this cluster. It
therefore follows that these enzymes would be simultaneously
selected to target cellulose and lignin breakdown and constitute
a Resource Capture life history strategy.

Unexpectedly, certain traits that were hypothesized to support
fast growth, such as nitrate and phosphate transporters, either
clustered within the Resource Capture life history strategy or
were positively related to traits within the Resource Capture life
history strategy (Figure 2). Nitrate and phosphate transporters
can acquire nitrogen and phosphorus, respectively, from the
environment (Versaw and Metzenberg, 1995; Slot et al,
2007). Nitrogen and phosphorus are essential to support the
transcription and protein synthesis involved in extracellular
enzyme production (Glenn, 1976), which might explain their
affiliation with the Resource Capture life history strategy.
Alternately, these genes could encode proteins that “moonlight”
by exhibiting other functions in addition to nutrient uptake
(Jeftery, 2018).

Fast Growth Life History Strategy

Within the Fast Growth life history strategy, maximum growth
rate was positively related to amino acid permease, a transporter
involved in the uptake of amino acids from the environment
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(Figure 2; Nehls et al., 1999). As amino acids are crucial for
protein production, this trait may support rapid growth. Since
maximum growth rate was negatively related to the resource
capture traits cellobiohydrolase 7, crystalline cellular AA9, and
endoglucanase 12, the Fast Growth life history strategy seemed
separate from the Resource Capture life history strategy (Table 3).

Recently, Ramin and Allison (2019) identified a negative
correlation between maximum growth rate and total activity of
extracellular enzymes in 49 bacterial strains isolated from leaf
litter. They proposed a resource acquisition strategy characterized
by bacteria investing heavily in extracellular enzyme production,
versus a growth strategy characterized by high growth rates
(Ramin and Allison, 2019). These strategies are consistent with
our findings of a negative relationship between growth rate and
resource capture traits in fungi.

Blended Life History Strategy

Surprisingly, the Blended life history strategy displayed positive
relationships between traits associated with resource capture,
stress tolerance, and fast growth. This contrasted with our
hypothesis that trade-offs would occur between these traits.
However, we observed negative relationships indicative of trade-
offs between Blended life history strategy traits and other
traits. For example, acid phosphatase and chitosanase 8 in the
Blended life history strategy displayed negative relationships
to B 1,3-glucan synthase, which improves stress tolerance by
strengthening cell walls (Shima et al., 2008). Possession of f 1,3-
glucan synthase may have been costly for fungi in the Blended
life history strategy, possibly explaining the observed trade-off.
Or, perhaps this trait was not beneficial for survival of fungi
in this life history strategy, as they already possessed other
stress tolerance traits, such as trehalase, heat shock protein, and
cold shock protein.

Fungal taxa possessing resource capture traits that clustered in
the Blended life history strategy may have the capacity to degrade
various forms of carbon compounds to support their metabolism.
The enzymes chitinase and chitosanase are responsible for the
hydrolysis of chitin and chitosan, respectively (Hartl et al., 2012).
Chitin is the second most abundant polysaccharide found in
nature and is a structural polymer of most fungal cell walls
(Bowman and Free, 2006). While these enzymes are involved
in the degradation and remodeling of fungal cell walls, they
also play a role in exogenous chitin decomposition (Hartl et al,,
2012). Interestingly, we observed a negative relationship between
chitosanase 8 and four enzymes in the Resource Capture life
history strategy involved in cellulose and lignin degradation. In
addition, the enzymes o-glucosidase 15 and a-glucosidase 31
hydrolyze starch, while endoglucanase 9 hydrolyzes cellulose.
Last, glucosidase 81 is an enzyme responsible for catalyzing the
breakdown of B 1,3-glucan, a major component of the fungal
cell wall (Reese and Mandels, 1959; Chesters and Bull, 1963).
This enzyme can serve a survival function by breaking down
and reusing stored B-glucans during periods of carbon limitation
(Pitson et al., 1993, Pitson et al., 1997). Therefore, fungi in the
Blended life history strategy may have possessed the ability to
degrade various sources of carbon including chitin, chitosan, and
B-glucans, whereas fungi in the Resource Capture life history

strategy possessed enzymes more specialized to target cellulose
and lignin to support their carbon metabolism.

As the positive relationships between traits associated with
resource capture, stress tolerance, and fast growth in the Blended
life history strategy did not support our hypothesis of trade-
offs, perhaps investment in these specific traits were not as
costly as predicted. Similarly, Alster et al. (2021) did not observe
trade-offs between traits associated with growth yield, resource
acquisition, and stress tolerance in fungi from a Southern
California grassland. A possible explanation may be that fungal
taxa within this Blended life history strategy required equal
investment in these traits for survival, which is why trade-offs
were not observed. As high temperatures can lead to protein
misfolding or denaturation, heat shock proteins can facilitate the
survival of fungi by assisting with protein folding and stability
(Tiwari et al., 2015). Since resource capture enzymes in this
life history strategy, such as glucosidases and chitosanase must
assume their proper three-dimensional structures to become
functional, heat shock proteins may have been particularly
advantageous for fungi within the Blended life history strategy.
In contrast, it is also possible that resource capture and fast
growth traits in this life history strategy were used to support
investment in stress tolerance as suggested by Alster et al. (2021).
For example, carbon gained through resource capture enzymes
and nutrients gained through acid phosphatase and ammonium
transporter could be invested toward trehalose production,
thereby providing protection from desiccation, freeze damage,
or heat shock (Singer and Lindquist, 1998; Schimel et al., 2007).
While fungi within the Resource Capture or Fast Growth life
history strategies can be thought of as “specialists,” fungi in the
Blended life history strategy may be more successful by possessing
traits that support varying functions and may therefore be more
of “generalists.”

Stress Tolerance Traits

We found little evidence for a Stress Tolerator life history
strategy as the stress tolerance traits did not cluster together
as hypothesized. It was surprising that other stress tolerance
traits were not positively related to one another, as has been
observed in other studies (Treseder and Lennon, 2015; Maynard
et al., 2019). This might have been due to the differences in
fungal species analyzed in this study compared to those prior.
For example, the species in this study were essentially a subset
of the species analyzed in Treseder and Lennon (2015), while
Maynard et al. (2019) included more Basidiomycetes. We were
also constrained by which fungal species were present both in
the fun™ and Biolog databases. It is possible that if we had
more species to analyze, stress tolerance traits may have separated
from others. In addition, this observation could be due to growth
rates being measured under optimal conditions versus low-
resource conditions as explained further below. Furthermore,
some stress tolerance traits may provide additional functions. For
example, while trehalase regulates levels of trehalose that protect
against environmental stressors, it can also function to hydrolyze
exogenous trehalose as a carbon source (Jorge et al., 1997). Last,
genomic markers for stress tolerance in fungi remain largely
unclassified. It is therefore possible that we have not targeted
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the relevant genes for stress tolerance, which may explain why a
Stress Tolerator life history strategy was not identified.

Overall

While it can be argued that growth rate in the laboratory may
not reflect growth rate in nature, recording growth rate under
controlled conditions allows for standardized trait measurements
and can improve our understanding of fungal ecology (Aguilar-
Trigueros et al., 2015). For example, relative growth rate of
plants measured under controlled environmental conditions has
proven useful for predicting productivity in the field (Vile et al.,
2006). Furthermore, measurements of maximum growth rate
in this study occurred under high-resource conditions. Trade-
offs may strengthen under low-resource conditions, as fewer
resources are available to support multiple traits. Ultimately,
collecting fungal trait data from as many contexts as possible
will help determine trait plasticity and further our understanding
of fungal communities. In addition, we acknowledge that
this study examined a relatively small fungal collection of 37
species that are mostly limited to the phylum Ascomycota.
We were constrained by (1) fungi that can be cultured in the
laboratory and have measured growth rates and (2) the fungal
species that have been sequenced and uploaded to the fun™®
database. As more fungal species are uploaded to the funf™®
database, we hope to incorporate their gene frequencies with
our growth rate data from 653 species to have greater fungal
diversity to be analyzed.

CONCLUSION

We identified trade-offs between fungal traits relating to fast
growth and resource capture. These trade-offs led to the
identification of three fungal life history strategies: a Fast Growth
life history strategy characterized by rapid growth and the amino
acid permease gene, a Resource Capture life history strategy
encompassed by extracellular enzymes and nutrient transporters,
and a Blended life history strategy consisting of traits related
to rapid growth, resource capture, and stress tolerance. These
relationships between fungal traits may help us predict changes
in nutrient cycling under global change (Schimel and Schaefter,
2012). For example, the frequency of wildfires is expected to
increase in response to climate change (An et al., 2015). This
frequent disturbance may select for fungi with fast growth rates.
These fast-growing fungi might possess a lower capacity for
decomposition due to trade-offs. In turn, breakdown of complex
carbon compounds may slow, leading to more carbon storage
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