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Phenotypic plasticity of traits is commonly measured in plants to improve understanding of organismal and ecosystem responses
to climate change but is far less studied for microbes. Specifically, decomposer fungi are thought to display high levels of
phenotypic plasticity and their functions have important implications for ecosystem dynamics. Assessing the phenotypic plasticity
of fungal traits may therefore be important for predicting fungal community response to climate change. Here, we assess the
phenotypic plasticity of 15 fungal isolates (12 species) from a Southern California grassland. Fungi were incubated on litter at five
moisture levels (ranging from 4–50% water holding capacity) and at five temperatures (ranging from 4–36 °C). After incubation,
fungal biomass and activities of four extracellular enzymes (cellobiohydrolase (CBH), β-glucosidase (BG), β-xylosidase (BX), and N-
acetyl-β-D-glucosaminidase (NAG)) were measured. We used response surface methodology to determine how fungal phenotypic
plasticity differs across the moisture-temperature gradient. We hypothesized that fungal biomass and extracellular enzyme
activities would vary with moisture and temperature and that the shape of the response surface would vary between fungal
isolates. We further hypothesized that more closely related fungi would show more similar response surfaces across the moisture-
temperature gradient. In support of our hypotheses, we found that plasticity differed between fungi along the temperature
gradient for fungal biomass and for all the extracellular enzyme activities. Plasticity also differed between fungi along the moisture
gradient for BG activity. These differences appear to be caused by variation mainly at the moisture and temperature extremes. We
also found that more closely related fungi had more similar extracellular enzymes activities at the highest temperature. Altogether,
this evidence suggests that with global warming, fungal biodiversity may become increasingly important as functional traits tend to
diverge along phylogenetic lines at higher temperatures.

ISME Communications; https://doi.org/10.1038/s43705-021-00045-9

INTRODUCTION
Few trait-based approaches in soil microbial ecology assess
phenotypic plasticity as a trait [1, 2]. Organisms with high
phenotypic plasticity exhibit a wide range of physiological or
morphological changes in response to different environmental
conditions [3]. Phenotypic plasticity is commonly studied in plants
to improve understanding of organismal and ecosystem
responses to climate change [4–7], yet far less studied in microbes
[2, 8]. Phenotypic plasticity can influence the extent and speed
with which microbial communities respond to climate change,
independent from shifts in community composition or evolu-
tionary adaptation [5]. Thus, the phenotypic plasticity of microbes
could be a critical element in ecosystem models [9].
Microbes are thought to exhibit a high degree of phenotypic

plasticity in order to reduce environmental threats to growth and
propagation [10–12], with consequences for biogeochemical
cycling [13, 14]. Decomposer fungi, for example, play a critical
role in the global carbon (C) and nitrogen (N) cycling [15]. If these
fungi have high phenotypic plasticity, they could quickly alter
ecosystem dynamics by changing soil properties and rates of
nutrient cycling [16, 17]. For example, fungal individuals

experiencing moisture stress could decrease extracellular enzyme
production, which would slow rates of decomposition in
ecosystems [18, 19]. Or, under optimal temperature conditions,
fungi could expand their hyphal networks [20, 21], resulting in
improved aggregate stability and water retention in soils [22–24].
Therefore, phenotypic plasticity is important to consider when
predicting organismal responses to climate change [2, 25].
Soil fungi may be particularly phenotypically plastic. For

example, dimorphic yeasts can switch morphologies between
single-celled yeast and multicellular hyphal structures, depending
on the environment [15, 26]. In addition, soil fungi can be resistant
to disturbance (e.g., drought and warming), which can indicate
high phenotypic plasticity [27, 28]. Yet, microbial phenotypic
plasticity studies tend to focus on bacteria and aquatic environ-
ments, rather than fungi in soils [29, 30].
A relatively large body of evidence has documented that fungal

communities or populations respond to temperature and
moisture [1, 14, 30–33], especially with respect to their extra-
cellular enzyme activity (EEA) and biomass (e.g., [34, 35]). These
changes could result from phenotypic plasticity, community shifts,
or evolution. Another study isolated the effects of phenotypic

Received: 8 April 2021 Revised: 13 July 2021 Accepted: 23 July 2021

1Ecology and Evolutionary Biology, University of California Irvine, Irvine, CA, USA. 2School of Science, University of Waikato, Hamilton, New Zealand. 3Department of Earth System
Science, University of California, Irvine, Irvine, CA, USA. 4USDA Forest Service, Pacific Southwest Research Station, Albany, CA, USA. 5Department of Microbiology and Plant
Pathology, University of California, Riverside, CA, USA. ✉email: Charlotte.Alster@Waikato.ac.nz

www.nature.com/ismecomms

http://crossmark.crossref.org/dialog/?doi=10.1038/s43705-021-00045-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43705-021-00045-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43705-021-00045-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43705-021-00045-9&domain=pdf
http://orcid.org/0000-0001-9257-771X
http://orcid.org/0000-0001-9257-771X
http://orcid.org/0000-0001-9257-771X
http://orcid.org/0000-0001-9257-771X
http://orcid.org/0000-0001-9257-771X
http://orcid.org/0000-0003-4629-7842
http://orcid.org/0000-0003-4629-7842
http://orcid.org/0000-0003-4629-7842
http://orcid.org/0000-0003-4629-7842
http://orcid.org/0000-0003-4629-7842
http://orcid.org/0000-0001-9115-3026
http://orcid.org/0000-0001-9115-3026
http://orcid.org/0000-0001-9115-3026
http://orcid.org/0000-0001-9115-3026
http://orcid.org/0000-0001-9115-3026
https://doi.org/10.1038/s43705-021-00045-9
mailto:Charlotte.Alster@Waikato.ac.nz
www.nature.com/ismecomms


plasticity by focusing specifically on individual fungal isolates [36].
In particular, they found that several strains of Neurospora discreta
(phylum Ascomycota) varied in the degree to which potential
activities of extracellular enzymes changed with temperature. In
another individual-based study, growth rates of two strains of
Trichoderma virens (phylum Ascomycota) varied similarly with
temperature, indicating that they did not differ appreciably in
phenotypic plasticity [37]. If we understand the extent to which
phenotypic plasticity varies among fungal individuals within a
given community, we can assess the value of incorporating
phenotypic plasticity as a trait in ecosystem models.
Microbial traits can also vary phylogenetically [38–41]. More

closely related taxa may show more similar trait values if those
traits are phylogenetically conserved, meaning that taxa with
greater genetic relatedness would share more similar trait values
[39]. Knowledge of phylogenetic distributions of fungal traits
could be useful in predicting traits of unstudied organisms and
linking microbial community composition to ecosystem models
[41]. For example, if phenotypic plasticity is phylogenetically
related, then we can infer the phenotypic plasticity of a given
fungal taxon based on the phenotypic plasticity of its relatives.
To examine phenotypic plasticity in fungi under simulated

climate change, we incubated isolates from grassland litter under
a range of temperature and moisture conditions and measured
their potential EEA and biomass production. We focused on
potential EEA and fungal biomass because they are sensitive to
changes in temperature and moisture [42–44] and have implica-
tions for biogeochemical cycling [45, 46]. Here, we refer to a fungal

isolate’s variation in potential EEA and biomass across a
temperature-moisture gradient as its plasticity trait. For example,
the plasticity trait of fungal biomass would be the topography, or
response surface, of all the biomass values across the
temperature-moisture gradient. In addition, we define the term
point value as the EEA or biomass measured at a specific
temperature and moisture level for a given isolate. The point
value of fungal biomass would be the biomass measured at a
given temperature and moisture (e.g., at 20 °C and 50% moisture).
We tested three hypotheses (Fig. 1A). First, across fungal

isolates, point values of traits should vary with moisture and
temperature (Hypothesis 1). Second, plasticity traits should differ
among fungal isolates (Hypothesis 2). Third, more closely related
fungi will show more similar point values at any given moisture
and temperature point across the moisture-temperature gradient
(Hypothesis 3).

METHODS
Experimental design
To measure fungal plasticity traits and point values, we constructed
microcosms of sterile litter with fungal isolates and incubated them at a
range of temperatures and moistures. We collected dry, standing litter
from Loma Ridge National Landmark in Southern California (33° 44’ 13.2” N,
117° 42’ 42.0” W, 365m elevation), which is located on the traditional
territory of the Acjachemen and Kizh communities [47, 48]. The study site
has an annual mean temperature of 17 °C and means precipitation of 30
cm [49]. Litter predominately consisted of grasses and forbs, including
Avena, Bromus, Lolium, Erodium, Lupinus, and Stipa pulchra [50, 51]. We cut,
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Fig. 1 Conceptual figure of hypotheses and example. A Conceptual figure demonstrating traits as a function of both environmental
(temperature and moisture) and genetic properties. Temperature and moisture are independent variables and the trait values are the
dependent variables. Maximum trait values are in pink and minimum values are blue. We predicted that across fungal isolates, point values
(i.e., enzyme activity or biomass at a given temperature and moisture level) should vary with temperature and moisture (Hypothesis 1). In
addition, plasticity traits (i.e., enzyme responses or biomass across the temperature-moisture gradient) should vary between fungal isolates
(Hypothesis 2). We also predicted that more similar fungi should exhibit more similar point values at specific points along with the moisture
and temperature gradient (Hypothesis 3). B Examples of three response surfaces for N-acetyl-β-D-glucosaminidase (NAG). The numbers on the
plot (panel B) represent the values of the contour lines (values are logged). In this example, the point values from the three different isolates
are similar in the center of the response surface. However, moving to the edges of the temperature gradient, NAG activity for Coprinellus aff
xanthotrhis (phylum Basidiomycota) diverges from Trichoderma koningii (phylum Ascomycota) and Sarocladium implicatum (phylum
Ascomycota), the more phylogenetically similar species. The phylogeny for all of the fungi used in this experiment is in Figure S1.
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mixed, and ground the litter (~1–2 cm) with coffee grinders. The ground
litter was mixed thoroughly to ensure homogeneity before placing 5 g of
litter into 120mL, amber widemouthed jars. The jars and litter were
autoclaved for 90min at 121 °C to sterilize.
We inoculated the jars of sterile litter with one of 15 fungal isolates that

were isolated from Loma Ridge in winter 2017. These fungi were identified
via Sanger Sequencing using the ITS1F/ITS4 primer sets [52, 53]. The
isolates represented 12 different species (some of the isolates were the
same species) from both Ascomycota and Basidiomycota phyla (Table S1;
Fig. S1). The majority of isolates were Ascomycota, which is representative
of the sequences dominating leaf litter from that site [33, 54]. The
previously isolated fungi were stored as plugs in sterile water and regrown
on potato dextrose agar (with ampicillin and gentamicin) for one week.
Afterwards, the fungi were transferred and grown in potato dextrose broth
(with ampicillin and gentamicin). After one week of growing in the broth
with continuous shaking, we centrifuged and rinsed the hyphae. The
hyphal pellet was broken up and diluted with sterile water to an optical
density of 0.2 ± 0.02 in order to ensure approximately equal fungal
inoculation into each jar [55]. We pipetted 0.5 mL of the dilute fungal
hyphae evenly onto the litter in the jars.
After inoculation, we added sterile deionized water to each microcosm

so that the percent water holding capacity (WHC) equaled 4, 11, 27, 43, or
50%, and then placed each jar in incubators set at 4, 9, 20, 31, or 36 °C.
While some of these moisture × temperature combinations are more likely
than others, we chose these levels to capture the range of conditions
encountered in the field for these fungi. Field conditions typically vary
from hot, dry conditions in the summer to cool, wet conditions in the
winter [49]. Microcosms were constructed using a response surface design
with 9 moisture and temperature combinations (Table S2), 15 isolates (plus
an additional uninoculated control), and 2 sub-replicates for each
treatment × isolate combination, for a total of 288 microcosms. We
incubated the microcosms (sterile litter, fungi, and water) for five weeks,
airing out the jars weekly for at least one minute to avoid anoxic
conditions, while maintaining constant moisture levels. The jars were aired
out one at a time in a laminar flow cabinet to prevent cross-contamination
between samples. After five weeks, we mixed the samples in the jars and
froze part of the litter at −20 °C for fungal hyphal biomass measurements
and the other part of the litter at −80 °C for extracellular enzyme activity
measurements.

Extracellular enzyme activity and fungal biomass
We measured the potential activities of four extracellular enzymes:
cellobiohydrolase (CBH), β-glucosidase (BG), β-xylosidase (BX), and N-
acetyl-β-D-glucosaminidase (NAG). CBH and BG degrade cellulose, BX
degrades hemicellulose, and NAG degrades chitin, which are common
components of plant fibers and fungal cell walls that decomposer fungi
degrade [56, 57]. Sample homogenates and fluorometric enzyme assays
were conducted according to methods described in Alster et al. [43, 58]. In
brief, we mixed 0.2 g of litter with 75ml of 25mM maleate buffer (pH 6.0)
using a Polytron automated homogenizer. We added 200 μl of this
homogenate and 50 μl of a fluorescent substrate to a 96-well plate. Each
sample was replicated eight times. We used 4-Methylumbelliferone as a
standard and included controls for the fluorescence of the homogenate,
buffer, and substrates. After a one-hour incubation at room temperature,
we added 10 μl of NaOH (1M) to terminate the assay. The plates were read
at 365 nm excitation and 450 nm emission. The final activity was calculated
using the standard, controls, and average fluorescence of the eight
replicates, adjusting for litter mass.
We measured fungal biomass as an additional metric of plasticity. We

also used the fungal biomass measurements to standardize the potential
EEA values so that EEA values were not simply a reflection of the change in
biomass with moisture and temperature (i.e., enzyme activity may be a
function of biomass). To calculate fungal hyphal biomass we used a
procedure modified from Allison et al. [59], which involved extracting and
staining the fungal hyphae. Frozen litter (0.5 g) was stirred in a 39.5 g/L
sodium hexametaphosphate solution and subsamples (5 mL) were
vacuum-pumped through a 0.2 µm nylon filter. These filters were stained
with acid fuchsin and this procedure was repeated twice per sample. Filters
were mounted on slides and dried overnight at 60 °C. We took 5 photos
from each filter (10 photos total per sample) using an Axioplan 2 imaging
microscope. We measured fungal hyphal length using AxioVision
and calculated fungal hyphal length per gram of litter [60]. We
converted fungal hyphal length to biomass assuming a fresh density of
1.1 g cm−3, 33% dry mass, 40% C in dry mass, and a 5.2 µm hyphal

diameter [51, 59, 61–63]. These estimates were based on average hyphal
diameter in soil fungi and are representative of the fungal taxa in our
study. We divided each EEA value by fungal biomass so that units were
µmol h−1 µg−1 C.

Statistical analysis
To test Hypotheses 1 and 2, we examined how point values varied across
the temperature and moisture gradients, and how plasticity traits varied
among fungi. All statistics were conducted in R version 3.5.3 [64]. We used
response surface methodology [65] to characterize the topography of EEA
and fungal biomass change with temperature and moisture for each
isolate. This approach allows us to explore the relationship between
multiple explanatory variables (i.e., moisture and temperature) on the
response variables (i.e., fungal biomass and EEA) without having to take
measurements at every point along each gradient [66, 67]. Although we
included two sub-replicates at every measured point, response surface
methodology reduces the need for replication [68, 69] because there is
hidden replication in the factorial design; the average values and
differences between treatments at any given moisture-temperature level
can always be estimated. Thus, response surface methodology is ideal for
measuring phenotypic plasticity along multiple environmental gradients.
The response surface methodology uses a linear regression model to

estimate a first- and second-order approximation to the topography.
Hypothesis tests can then be used to determine which topographic
approximation is best for each isolate, and which isolates have different
approximate surfaces. The regression model terms are grouped into three
categories: first-order, two-way interaction, and pure-quadratic. The first
term is all that is needed for a first-order approximation, and if either of the
second two terms are included then a second-order approximation is
needed. We determined which terms were necessary by backward
selection using sequential analysis of variance (ANOVA). First, the two-
way interaction is tested, then the pure-quadratic, and finally the first-order
terms are tested. This step is important to determine the approximate
relationship between the independent variables (i.e., temperature and
moisture) and the dependent variable (i.e., each trait) [65] and ensures an
appropriate relationship between points (linear or non-linear). Additionally,
we added isolate-specific intercepts and included interaction terms with
isolate to allow for isolate-specific effects and to test for differences in
response surfaces among isolates. We found that potential activities of
CBH, BG, BX, and NAG all were significant for the pure-quadratic interaction
(Table S3), but not for the two-way interaction (n= 270). Thus, we fit CBH,
BG, BX, and NAG according to Eq. (1):

Yi ¼ βi þ βtiXt þ βmiXm þ βti2X
2
t þ βmi2X

2
m; (1)

where Yi represents the vector of logged values of CBH, BG, BX, or NAG for
isolate i, βi is the isolate’s intercept, βti is the isolate-specific regression
coefficient for temperature, βmi is the isolate-specific regression coefficient
for moisture, Xt is the temperature (°C), and Xm is moisture (%WHC). For
fungal biomass, only the first-order term was significant (Table S3). Thus,
we fit fungal biomass according to Eq. (2):

Y ¼ βi þ βtiXt þ βmiXm (2)

Using these optimized models, we ran a regression analysis and ANOVA
to evaluate how temperature and moisture interacted with each isolate to
determine significant differences in plasticity traits (n= 270). The R2 for
these model fits ranged from 0.53–0.97 (P < 0.0001). In addition, we ran
another ANOVA to determine the significance of temperature, moisture,
and fungal isolate type on point values across all fungal isolates (n= 270).
We used the log-transformed values for these analyses to improve
normality after inspection of residual plots for un-logged trait values.
Uncertainty is accounted for in the model by using the normalized
variances as weights.
To test for where significant differences occurred at each specific point

value on the response surface, we created an array of points representative
of the moisture and temperature levels we measured (330 total moisture
and temperature points). We then used the ‘emmeans’ package to
compute the pairwise estimated marginal means based on the ANOVA and
contrasts between the specific points for each isolate [70]. This generated a
P-value statistic and size difference for every point in the array. We were
then able to determine if there was a significant difference, and
the magnitude of the difference, between the same points along the
response surface for pairs of isolates. To visualize the data, we also created
contour plots for each isolate using response surface regression generated
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from the ‘rsm’ package [65]. Significant effects of temperature and
moisture on point values would support Hypothesis 1. Significant
interactions between isolates and temperature (or between isolates and
moisture) would indicate that plasticity traits differ across fungal isolates, in
support of Hypothesis 2.
To test Hypothesis 3 and determine if point values were more similar for

more closely related fungi, we conducted phylogenetic signal tests. For
each point measured in the response surface, we calculated Pagel’s λ [71]
and Bloomberg’s K [72] test statistics for each trait using the ‘phytools’
package [73]. These tests quantify if traits from more closely related species
are most similar. We used the mean value for each fungal species at each
moisture × temperature point for the phylogenetic signal tests (n= 12). For
species with multiple isolates measured, the mean values at each
moisture × temperature point were also averaged. We inferred the
presence of a phylogenetic signal if both Pagel’s λ and Blomberg’s K tests
resulted in P < 0.05. Bonferroni adjusted P-values were also calculated for

reference to account for multiple comparisons. The presence of a
significant phylogenetic signal would support Hypothesis 3.

RESULTS
Point values varied significantly with temperature for BG, NAG,
and fungal biomass, and with moisture for CBH and BG, which
supported Hypothesis 1 (Table S4). For CBH, BG, and BX, point
values peaked at moderate temperatures and lower moisture
(Fig. 2 and Figs. S2–S4). For NAG, point values tended to decline
with temperature (Fig. 2 and Fig. S5). In contrast, on average
fungal biomass increased with temperature and did not vary
significantly with moisture (Fig. 2 and Fig. S6).
Interactions between isolates and temperature were significant

for CBH, BG, BX, NAG, and fungal biomass (Table 1), indicating that
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Fig. 2 Response surface plots. Contour plots of log-transformed data for the average activities of all of the isolates for (A) cellobiohydrolase
(CBH), (B) β-glucosidase (BG), (C) β-xylosidase (BX), and (D) N-acetyl-β-D-glucosaminidase (NAG), and (E) fungal biomass across the moisture-
temperature gradient (n= 18 for each response surface). Each response surface is on a separate scale, as indicated by the numbers on the
lines on each contour plot. All maximum values are pink, and all minimum values are blue. The small black circles indicate incubation
conditions. Response surfaces for each fungal isolate individually can be found in Figures S2–S6.

Table 1. ANOVA results for cellobiohydrolase (CBH), β-glucosidase (BG), β-xylosidase (BX), N-acetyl-β-D-glucosaminidase (NAG), and fungal biomass
demonstrating the effect of the isolate as well as temperature and moisture within response surfaces (n= 270).

CBH BG BX NAG Fungal biomass

df F P F P F P F P F P

Isolate 15 21.770 <0.0001 1.506 0.106 33.264 <0.0001 12.013 <0.0001 409.314 <0.0001

Isolate*Temperature 15 1.271 0.224 2.743 0.001 1.207 0.269 2.618 0.001 2.364 0.004

Isolate*Moisture 15 1.411 0.145 2.298 0.005 0.768 0.712 1.232 0.250 1.671 0.058

Isolate*(Temperature^2) 15 6.940 <0.0001 8.003 <0.0001 4.141 <0.0001 2.900 <0.0001 NA NA

Isolate*(Moisture^2) 15 0.212 0.999 0.306 0.994 0.269 0.997 0.355 0.988 NA NA

*Because higher-order interactions were not significant for fungal biomass (Table S3), there are no results for the quadratic terms. Bold indicates significance
(P < 0.05).
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fungal isolates differed in their plasticity traits with respect to
temperature. However, interactions between isolates and moisture
were only significant for BG (Table 1). Therefore, Hypothesis 2 was
partially supported. These findings are visualized in Figs. S7–S11
(Tables S5–S9) where differences between points along the
response surface are most evident at the temperature extremes,
such as higher than 30 °C.
All of the EEAs displayed phylogenetic signals at the highest

temperature point (36 °C, 27% WHC), although with the multiple
comparison adjustment, some of these relationships were only
marginally significant (Fig. 3; Table S2). A phylogenetic signal was
also found at the highest moisture level (20 °C, 50% WHC) for CBH
activity, however this relationship was no longer significant when
accounting for multiple comparisons. No phylogenetic signal for
point values at any other moisture or temperature levels was
observed. Fungal biomass also did not have a phylogenetically
signal at any point along the temperature and moisture gradients
for the isolates measured here. Overall, Hypothesis 3 was also
partially supported. Of related interest, phenotypic plasticity for
isolates of the same species was sometimes not consistent. For
example, in Fig. S6, the biomass of Coprinellus aff xanthotrhis is not
identical across all three strains.
We summarize our findings with an example illustrated in

Fig. 1B. Response surfaces for NAG activity for three isolates,
Trichoderma koningii (phylum Ascomycota), Sarocladium implica-
tum (phylum Ascomycota), and Coprinellus aff xanthotrhis (phylum
Basidiomycota), are shown. For all three isolates, point values vary

across the temperature gradient, and to a lesser degree the
moisture gradient (Hypothesis 1). Plasticity traits were also
different between the three isolates (Hypothesis 2). Although
NAG activity peaked at moderate temperature and moisture in all
isolates, point values diverge at high and low temperatures, so
that the two Ascomycota species were more similar to one
another than to the Basidiomycota species (Hypothesis 3).

DISCUSSION
In this study, we examined the phenotypic plasticity of EEA and
fungal biomass and the degree to which this phenotypic plasticity
has a phylogenetically signal. We found that plasticity traits varied
for fungi (Fig. 2), mainly due to divergence in trait values at
environmental extremes, such as at temperatures greater than
30 °C (Fig. S7–S11). Additionally, at the highest temperature,
closely related fungi tended to display more similar EEAs than did
more distantly related fungi (Fig. 3). Likewise, at the highest
moisture level, CBH activity had a phylogenetic signal, although
this signal was not significant when adjusting for multiple
comparisons (Fig. 3). In other words, fungal contributions to
organic matter breakdown under extreme conditions tended to
be more phylogenetically related than activities under moderate
conditions.
Differentiation of fungal responses under more extreme

temperatures (Fig. S7–S11) suggests that with global warming,
fungal biodiversity may increasingly influence organic matter
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dynamics. Biodiversity has been a major focus in trait-based
microbial studies [74, 75]. In the current study, fungal isolates did
not differ markedly in EEA point values when exposed to
moderate conditions. While we only examined 12 fungal species
in this study, this finding suggests that changes in fungal
biodiversity at moderate temperatures and moistures might not
have a substantial effect on organic matter breakdown in this
southern California grassland. However, because EEA point values
varied more strongly at the warmer temperatures, biodiversity
may more strongly influence ecosystem function as the climate
warms. Under these higher temperatures, some fungi may be less
attuned for optimal growth and survival, leading to greater
differentiation in phenotypic plasticity between fungal strains. This
hypothesis is supported by other studies noting the importance of
diversity in maintaining ecosystem function with warming [76–78].
Likewise, under ambient conditions, functional differences
between soil microbial communities from a grassland ecosystem
were limited, but under heat stress, biodiversity mattered [79].
The appearance of a phylogenetic signal for EEA at the most

extreme environmental conditions is perhaps surprising. We may
expect to find a stronger phylogenetic signal under milder
environments because of increased competition between species
[80, 81]. However, differences in EEA point values at environ-
mental extremes may have resulted from a trade-off between
enzyme production and expression of other traits more directly
related to stress tolerance [82, 83]. For example, under high stress,
fungi might invest resources toward the production of stress
proteins rather than degradative enzymes [84]. Perhaps certain
fungi have developed different types of adaptations for increasing
and decreasing extracellular enzyme production under these
more stressed environmental conditions [85–87]. It is possible that
measurement of other traits, such as peroxidase or phenol oxidase
enzyme activities, may have resulted in different types of response
surfaces and phylogenetic relationships than what we observed
here. Additionally, perhaps the seasonality of when the fungi were
isolated could have influenced the observed results. Because the
fungi were isolated from litter collected in cooler months, that
may explain the greater similarity between trait responses at the
cooler and drier temperatures.
In contrast to the observed phylogenetic signals at certain

points along the response surface, we also found some evidence
that isolates of the same species differ in their plasticity (e.g., in
Figure S6 plasticity differed for fungal biomass between the three
stains of Coprinellus aff xanthotrhis). Perhaps these strains were
isolated from different microclimates in the soil/litter. Thus,
despite being the same species, adaptations to different micro-
climate conditions may have resulted in differences in plasticity.
Alternatively, experimental errors, such as unintended anoxic
conditions in some of the jars, could have contributed to this
unexpected variation. It would be useful to investigate this
intraspecies variation in phenotypic plasticity in future studies to
elucidate any mechanisms at play.
These results also demonstrate the value of measuring traits

under more than one environmental condition. In the current study,
point values of biomass and EEA varied most with temperature
(Table 1), which is consistent with assertions that measurements at
multiple growth temperatures could be particularly informative
[44, 88, 89]. Temperature can shape enzyme production and activity
through structural adaptations of isoenzymes and through tem-
perature sensitivity of enzyme kinetics [86, 90]. Potential BG activity
varied with moisture as well (Fig. 2). While we may have expected
greater differentiation of biomass and EEA point values between
species under less common environmental conditions (e.g., very wet
conditions), we did not find evidence of this except for with BG
activity. Moisture regulates enzyme production and activity, in part
by altering diffusion rates [91]. Perhaps the BG enzyme-substrate
complex is relatively sensitive to changes in diffusion rates,
compared with the other EEA measured here, leading to a greater

need for BG production under dry conditions to offset lower
diffusion.
In conclusion, our work highlights the importance of examining

phenotypic plasticity as a fungal trait. We found that plasticity
traits differed among isolates, with trait values varying most at
environmental extremes. This work suggests that fungal biodi-
versity may become increasingly important in maintaining
ecosystem function with global warming, in this southern
California ecosystem, since fungal responses tended to diverge
at higher temperatures. While this work provides a starting point,
we would encourage other scientists to use this response surface
approach to investigate the phenotypic plasticity of traits from
other microbes. Overall, understanding the phenotypic plasticity
of fungal traits across environmental gradients may be useful in
better connecting microbial trait response to ecosystem function
and biogeochemical cycling.

REFERENCES
1. Wallenstein MD, Hall EK. A trait-based framework for predicting when and where

microbial adaptation to climate change will affect ecosystem functioning. Bio-
geochemistry. 2012;109:35–47.

2. Behm JE, Kiers ET. A phenotypic plasticity framework for assessing intraspecific
variation in arbuscular mycorrhizal fungal traits. J Ecol. 2014;102:315–27.

3. Relyea RA. Phenotypic plasticity in the interactions and evolution of species.
Ecology. 2005;86:321–6.

4. Matesanz S, Gianoli E, Valladares F. Global change and the evolution of pheno-
typic plasticity in plants. Ann N Y Acad Sci. 2010;1206:35–55.

5. Nicotra AB, Atkin OK, Bonser SP, Davidson AM, Finnegan EJ, Mathesius U, et al.
Plant phenotypic plasticity in a changing climate. Trends Plant Sci.
2010;15:684–92.

6. Suding KN, Lavorel S, Chapin FS, Cornelissen JHC, Díaz S, Garnier E, et al. Scaling
environmental change through the community-level: a trait-based response-and-
effect framework for plants. Glob Chang Biol. 2008;14:1125–40.

7. Sultan SE. Phenotypic plasticity for plant development, function and life history.
Trends Plant Sci. 2000;5:537–42.

8. Chevin LM, Gallet R, Gomulkiewicz R, Holt RD, Fellous S Phenotypic plasticity in
evolutionary rescue experiments. Philos Trans R Soc B Biol Sci. 2013;368:20120089.

9. Valladares F, Matesanz S, Guilhaumon F, Araújo MB, Balaguer L, Benito-Garzón M,
et al. The effects of phenotypic plasticity and local adaptation on forecasts of
species range shifts under climate change. Ecol Lett. 2014;17:1351–64.

10. Slepecky RA, Starmer WT. Phenotypic plasticity in fungi: a review with observa-
tions on Aureobasidium pullulans. Mycologia. 2009;101:823–32.

11. Grimbergen AJ, Siebring J, Solopova A, Kuipers OP. Microbial bet-hedging: the
power of being different. Curr Opin Microbiol. 2015;25:67–72.

12. Rong M, Zheng X, Ye M, Bai J, Xie X, Jin Y, et al. Phenotypic plasticity of sta-
phylococcus aureus in liquid medium containing vancomycin. Front Microbiol.
2019;10:1–11.

13. Schmidt K, van Oosterhout C, Collins S, Mock T. The role of phenotypic plasticity
and epigenetics in experimental evolution with phytoplankton. Perspect Phycol.
2016;3:29–36.

14. Graham EB, Crump AR, Kennedy DW, Arntzen E, Fansler S, Purvine SO, et al.
Multi’omics comparison reveals metabolome biochemistry, not microbiome
composition or gene expression, corresponds to elevated biogeochemical
function in the hyporheic zone. Sci Total Environ. 2018;642:742–53.

15. Treseder KK, Lennon JT. Fungal traits that drive ecosystem dynamics on land.
Microbiol Mol Biol Rev. 2015;79:243–62.

16. Frac M, Hannula SE, Belka M, Jȩdryczka M. Fungal biodiversity and their role in
soil health. Front Microbiol. 2018;9:1–9.

17. Ritz K, Young IM. Interactions between soil structure and fungi. Mycologist.
2004;18:52–59.

18. Kwon MJ, Haraguchi A, Kang H. Long-term water regime differentiates changes in
decomposition and microbial properties in tropical peat soils exposed to the
short-term drought. Soil Biol Biochem. 2013;60:33–44.

19. Sardans J, Peñuelas J. Drought decreases soil enzyme activity in a Mediterranean
Quercus ilex L. forest. Soil Biol Biochem. 2005;37:455–61.

20. Hsu JP, Chen TH, Wang HH. A kinetic study of the growth of a Rhizopus colony. J
Theor Biol. 1989;140:445–51.

21. Baath E. Estimation of fungal growth rates in soil using 14C-acetate incorporation
into ergosterol. Soil Biol Biochem. 2001;33:2011–8.

22. Querejeta JI. Soil water retention and availability as influenced by mycorrhizal
symbiosis: consequences for individual plants, communities, and ecosystems.
Mycorrhizal mediation of soil. Elsevier; 2017. p. 299–317.

C.J. Alster et al.

6

ISME Communications



23. Tisdall JM. Fungal hyphae and structural stability of soil. Aust J Soil Res.
1991;29:729–43.

24. Augé RM, Stodola AJW, Tims JE, Saxton AM. Moisture retention properties of a
mycorrhizal soil. Plant Soil. 2001;230:87–97.

25. Chevin LM, Lande R, Mace GM. Adaptation, plasticity, and extinction in a chan-
ging environment: towards a predictive theory. PLoS Biol. 2010;8:e1000357.

26. Rodriguez C, Dominguez A. The growth characteristics of Saccharomycopsis
lipolytica: morphology and induction of mycelium formation. Can J Microbiol.
1984;30:605–12.

27. De Vries FT, Liiri ME, Bjørnlund L, Bowker MA, Christensen S, Setälä HM, et al. Land
use alters the resistance and resilience of soil food webs to drought. Nat Clim
Chang. 2012;2:276–80.

28. Xiong J, Peng F, Sun H, Xue X, Chu H. Divergent responses of soil fungi functional
groups to short-term warming. Microb Ecol. 2014;68:708–15.

29. Chevin LM, Collins S, Lefèvre F. Phenotypic plasticity and evolutionary demo-
graphic responses to climate change: taking theory out to the field. Funct Ecol.
2013;27:967–79.

30. Beier S, Rivers AR, Moran MA, Obernosterer I. Phenotypic plasticity in hetero-
trophic marine microbial communities in continuous cultures. ISME J.
2015;9:1141–51.

31. Hall EK, Singer GA, Kainz MJ, Lennon JT. Evidence for a temperature acclimation
mechanism in bacteria: an empirical test of a membrane-mediated trade-off.
Funct Ecol. 2010;24:898–908.

32. Lennon JT, Aanderud ZT, Lehmkuhl BK Jr, Mapping DRS. the niche space of soil
microorganisms using taxonomy and traits. Ecology. 2016;93:1867–79.

33. Glassman SI, Weihe C, Li J, Albright M, Looby CI, Martiny AC, et al. Decomposition
responses to climate depend on microbial community composition. Proc Natl
Acad Sci USA. 2018;115:11994–9.

34. Bárcenas‐Moreno G, Gómez‐Brandón M, Rousk J, Bååth E. Adaptation of soil
microbial communities to temperature: comparison of fungi and bacteria in a
laboratory experiment. Glob Chang Biol. 2009;15:2950–7.

35. Geisseler D, Horwath WR, Scow KM. Soil moisture and plant residue addition
interact in their effect on extracellular enzyme activity. Pedobiologia.
2011;54:71–78.

36. Allison SD, Romero-Olivares AL, Lu L, Taylor JW, Treseder KK. Temperature
acclimation and adaptation of enzyme physiology in Neurospora discreta. Fungal
Ecol. 2018;35:78–86.

37. Cross D, Kenerley CM. Modelling the growth of Trichoderma virens with limited
sampling of digital images. J Appl Microbiol. 2004;97:486–94.

38. Ramin KI, Allison SD. Bacterial tradeoffs in growth rate and extracellular enzymes.
Front Microbiol. 2019;10:1–10.

39. Martiny AC, Treseder K, Pusch G. Phylogenetic conservatism of functional traits in
microorganisms. ISME J. 2013;7:830–8.

40. Evans SE, Wallenstein MD. Climate change alters ecological strategies of soil
bacteria. Ecol Lett. 2014;17:155–64.

41. Amend AS, Martiny AC, Allison SD, Berlemont R, Goulden ML, Lu Y, et al. Microbial
response to simulated global change is phylogenetically conserved and linked
with functional potential. ISME J. 2016;10:109–18.

42. A’Bear AD, Jones TH, Kandeler E, Boddy L. Interactive effects of temperature and
soil moisture on fungal-mediated wood decomposition and extracellular enzyme
activity. Soil Biol Biochem. 2014;70:151–8.

43. Alster CJ, German DP, Lu Y, Allison SD. Microbial enzymatic responses to drought
and to nitrogen addition in a southern California grassland. Soil Biol Biochem.
2013;64:68–79.

44. Alster CJ, Weller ZD, von Fischer JC. A meta‐analysis of temperature sensitivity as
a microbial trait. Glob Chang Biol. 2018;24:4211–4224.

45. Schneider T, Keiblinger KM, Schmid E, Sterflinger-Gleixner K, Ellersdorfer G,
Roschitzki B, et al. Who is who in litter decomposition Metaproteomics reveals
major microbial players and their biogeochemical functions. ISME J.
2012;6:1749–62.

46. Luo L, Meng H, Gu JD. Microbial extracellular enzymes in biogeochemical cycling
of ecosystems. J Environ Manage. 2017;197:539–49.

47. Haas L. Conquests and historical identities in California, 1769–1936. 1995. Uni-
versity of California Press.

48. KIZH Nation. KIZH NATION (Pronounced Keech), Gabrieleño Band Of Mission
Indians. https://gabrielenoindians.org/. Accessed 23 Sep 2020.

49. Kimball S, Goulden ML, Suding KN, Parker S. Altered water and nitrogen input
shifts succession in a southern California coastal sage community. Ecol Appl.
2014;24:1390–404.

50. Potts DL, Suding KN, Winston GC, Rocha AV, Goulden ML. Ecological effects of
experimental drought and prescribed fire in a southern California coastal
grassland. J Arid Environ. 2012;81:59–66.

51. Martiny JB, Martiny AC, Weihe C, Lu Y, Berlemont R, Brodie EL, et al. Microbial
legacies alter decomposition in response to simulated global change. ISME J.
2017;11:490–9.

52. White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky
JJ, White TJ (eds). Pcr protocols: a guide to methods and applications. 1990.
Academic Press, Inc., San Diego, California, USA; London, England, Uk., pp
315–22.

53. Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes ‐
application to the identification of mycorrhizae and rusts. Mol Ecol. 1993;2:113–8.

54. Matulich KL, Weihe C, Allison SD, Amend AS, Berlemont R, Goulden ML, et al.
Temporal variation overshadows the response of leaf litter microbial commu-
nities to simulated global change. ISME J. 2015;9:2477–89.

55. Connor EW, Sandy M, Hawkes CV. Microbial tools in agriculture require an eco-
logical context: Stress-dependent non-additive symbiont interactions. Agron J.
2017;109:917–26.

56. Sinsabaugh RL, Carreiro MM, Alvarez S. Enzyme and microbial dynamics of litter
decomposition. Enzymes in the Environment activity ecology and applications.
Marcel Dekker, New York, Basel 2002; 249–65.

57. Wohl DL, McArthur JV. Aquatic actinomycete-fungal interactions and their effects
on organic matter decomposition: a microcosm stu in the dy. Microb Ecol.
2001;42:446–57.

58. Alster CJ, Allison SD, Glassman SI, Martiny A, Treseder K. Exploring trait trade-offs
for fungal decomposers in a Southern California grassland. Front Microbiol.
2021;12:665.

59. Allison SD, Lu Y, Weihe C, Goulden ML, Martiny AC, Treseder KK, et al. Microbial
abundance and composition influence litter decomposition response to envir-
onmental change. Ecology. 2013;94:714–25.

60. Shen Q, Kirschbaum MUF, Hedley MJ, Arbestain MC. Testing an alternative
method for estimating the length of fungal hyphae using photomicrography and
image processing. PLoS One. 2016;11:1–12.

61. Killham K. Soil Microbiology and Biochemistry. By EA PAUL and FE CLARK. 23×15
cm. Pp. xiii+340 with 108 text-figures. San Diego, CA, USA: Academic Press: 2nd
Edition, 1996. Price h/b: £29.95, ISBN 0 12 546806 7. New Phytol. 1998;138: 563–6.

62. Sylvia DM 3 Quantification of external hyphae of vesicular-arbuscular mycorrhizal
fungi. Methods in microbiology. 1992. Elsevier, pp 53–65.

63. Bakken LR, Olsen RA. Buoyant densities and dry-matter contents of micro-
organisms: conversion of a measured biovolume into biomass. Appl Environ
Microbiol. 1983;45:1188–95.

64. R Core Team. R: A Language and Environment for Statistical Computing. 2020. R
Foundation for Statistical Computing, Vienna, Austria.

65. Lenth RV. Response-surface methods in R, using RSM. J Stat Softw. 2009;32:1–17.
66. Khuri AI. A general overview of response surface methodology. Biometrics Biostat

Int J. 2017;5:87–93.
67. Aydar AY. Utilization of response surface methodology in optimization of

extraction of plant materials. Statistical approaches with emphasis on design of
experiments applied to chemical processes. InTech; 2018. p. 157–69.

68. Brasil JL, Martins LC, Ev RR, Dupont J, Dias SLP, Sales JAA, et al. Factorial design for
optimization of flow-injection preconcentration procedure for copper(II)
determination in natural waters, using 2-aminomethylpyridine grafted silica gel as
adsorbent and spectrophotometric detection. Int J Environ Anal Chem.
2005;85:475–91.

69. Montgomery DC. Design and analysis of experiments, ninth. 2017. Wiley.
70. Lenth R. emmeans: Estimated Marginal Means, aka Least-Squares Means. R

Package version 133, 2019. https://CRAN.R-project.org/package=emmeans
71. Pagel M. Inferring historical patterns of biological evolution. Nature.

1999;401:877–84.
72. Blomberg SP, Garland T, Ives AR. Testing for phylogenetic signal in comparative

data: Behavioral traits are more labile. Evolution. 2003;57:717–45.
73. Revell LJ. phytools: An R package for phylogenetic comparative biology (and

other things). Methods Ecol Evol. 2012;3:217–23.
74. Krause S, Le Roux X, Niklaus PA, Van Bodegom PM, Lennon JT, Bertilsson S, et al.

Trait-based approaches for understanding microbial biodiversity and ecosystem
functioning. Front Microbiol. 2014;5:251.

75. Green JL, Bohannan BJM, Whitaker RJ. Microbial biogeography: from taxonomy
to traits. Science. 2008;320:1039–43.

76. García FC, Bestion E, Warfield R, Yvon-Durochera G. Changes in temperature alter
the relationship between biodiversity and ecosystem functioning. Proc Natl Acad
Sci USA. 2018;115:10989–94.

77. Pold G, DeAngelis KM. Up against the wall: the effects of climate warming on soil
microbial diversity and the potential for feedbacks to the carbon cycle. Diversity.
2013;5:409–25.

78. Nielsen UN, Wall DH, Six J. Soil biodiversity and the environment. Annu Rev
Environ Resour. 2015;40:63–90.

79. Griffiths BS, Ritz K, Bardgett RD, Cook R, Christensen S, Ekelund F, et al. Ecosystem
response of pasture soil communities to fumigation-induced microbial diversity
reductions: An examination of the biodiversity-ecosystem function relationship.
Oikos. 2000;90:279–94.

C.J. Alster et al.

7

ISME Communications

https://gabrielenoindians.org/
https://CRAN.R-project.org/package=emmeans


80. Goberna M, Navarro-Cano JA, Valiente-Banuet A, García C, Verdú M. Abiotic stress
tolerance and competition-related traits underlie phylogenetic clustering in soil
bacterial communities. Ecol Lett. 2014;17:1191–201.

81. Mayfield MM, Levine JM. Opposing effects of competitive exclusion on the
phylogenetic structure of communities. Ecol Lett. 2010;13:1085–93.

82. Morrison EW, Pringle A, Van Diepen LTA, Frey SD. Simulated nitrogen deposition
favors stress-tolerant fungi with low potential for decomposition. Soil Biol Bio-
chem. 2018;125:75–85.

83. Romero-Olivares AL, Meléndrez-Carballo G, Lago-Lestón A. Soil metatran-
scriptomes under long-term experimental warming and drying: fungi allocate
resources to cell metabolic maintenance rather than decay. Front Microbiol.
2019;10:1–9.

84. Malik AA, Martiny JBH, Brodie EL, Allison SD, Martiny AC. Defining trait-based
microbial strategies with consequences for soil carbon cycling under climate
change. ISME J. 2020;14:2236–47.

85. Bradford MA. Thermal adaptation of decomposer communities in warming soils.
Front Microbiol. 2013;4:4.

86. Alster CJ, von Fischer JC, Allison SD, Treseder KK. Embracing a new paradigm for
temperature sensitivity of soil microbes. Glob Chang Biol. 2020;26:1–9.

87. Rafiq M, Hassan N, Rehman M, Hasan F. Adaptation mechanisms and applications
of psychrophilic fungi. In: Tiquia-Arashiro SM, Grube M (eds). Fungi in extreme
environments: ecological role and biotechnological significance. 2019. Springer
International Publishing, Cham, pp 157–74.

88. Alster CJ, Baas P, Wallenstein MD, Johnson NG, von Fischer JC. Temperature
sensitivity as a microbial trait using parameters from macromolecular rate theory.
Front Microbiol 2016;7:1821.

89. Angilletta Jr MJ, Angilletta MJ. Thermal adaptation: a theoretical and empirical
synthesis. 2009. Oxford University Press.

90. Wallenstein M, Allison SD, Ernakovich J, Steinweg JM, Sinsabaugh R. Controls on
the temperature sensitivity of soil enzymes: a key driver of in situ enzyme activity
rates. Soil Enzymology. 2011. Springer Berlin/Heidelberg, pp 245–58.

91. Allison SD, Weintraub MN, Gartner TB, Waldrop MP. Evolutionary-economic
principles as regulators of soil enzyme production and ecosystem function. Soil
Enzymology. 2011. Springer, pp 229–43.

ACKNOWLEDGEMENTS
We thank L.A. Cat, E. Morrison, D. Nguyen, H. Samy, M. Yang for their help in the field
and laboratory. We also thank J.B.H. Martiny, C. Weihe, and T. Tsai for their support
with the fungal collection. This study was funded by Grants from NSF (DEB 1912525)
and the Department of Energy Office of Science, Biological and Environmental
Research (DE-SC0016410 and DE-SC0020382).

AUTHOR CONTRIBUTIONS
K.T. and S.A. obtained funding for this research. C.A. and K.T. designed the
experiment with involvement from N.J. on the statistical approach. S.G. isolated the
fungi. C.A. conducted the experiment and analysis and N.J. wrote the main script for
the statistical analysis. C.A. wrote the original manuscript draft with involvement from
K.T. and S.A. All authors contributed to editing the paper and approved the
submitted version.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43705-021-00045-9.

Correspondence and requests for materials should be addressed to C.J.A.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

C.J. Alster et al.

8

ISME Communications

https://doi.org/10.1038/s43705-021-00045-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phenotypic plasticity of fungal traits in response to moisture and temperature
	Introduction
	Methods
	Experimental design
	Extracellular enzyme activity and fungal biomass
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




