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Abstract

Soil archives are an important resource in agronomic and ecosystem sciences. If microbial
communities could be reconstructed from archived soil DNA, as prehistoric plant communi-
ties are reconstructed via pollen data, soil archive resources would assume even greater
value for reconstructing land-use history, forensic science, and biosphere modelling. Yet,
the effects of long-term soil archival on the preservation of microbial DNA is still largely
unknown. To address this, we assessed the capacity of high-throughput sequencing (lllu-
mina MiSeq) of ITS (internal transcribed spacer) and prokaryotic 16S rRNA genes for recon-
structing soil microbial communities across a 20 years time-series. We studied air-dried soil
archives and fresh soil samples taken from Populus bioenergy and deciduous forest
research plots at the Kellogg Biological Station. Habitat and archival time explained signifi-
cant amounts of variation in soil microbial a- and 3-diversity both in fungal and prokaryotic
communities. We found that microbial richness, diversity, and abundance generally
decreased with storage time, but varied between habitat and taxonomic groups. The high
relative abundance of ectomycorrhizal species including Hebeloma and Cortinarius
detected in older soil archives raises questions regarding traits such as long-term persis-
tence and viability of ectomycorrhizal propagules in soils, with relevance to forest health and
ecosystem succession. Talaromyces, Paecilomyces and Epicoccum spp. were detected in
fresh and across 20-year-old archived soils and were also cultured from these soils demon-
strating their long-term spore viability. In summary, we found that microbial DNA in air-dried
soils archived over the past 20 years degraded with time, in a manner that differed between
soil types and phylogenetic groups of microbes.

Introduction

Soil is a complex and diverse milieu consisting of a solid phase of minerals, organic matter,
and microorganisms, as well as a porous matrix filled with gases and water [1]. Microbial
diversity in soils is extreme, with a single gram harboring up to 10'° microorganisms and an

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020

1/19


http://orcid.org/0000-0003-1589-947X
http://orcid.org/0000-0002-0742-2279
https://doi.org/10.1371/journal.pone.0237368
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237368&domain=pdf&date_stamp=2020-08-11
https://doi.org/10.1371/journal.pone.0237368
https://doi.org/10.1371/journal.pone.0237368
https://doi.org/10.1371/journal.pone.0237368
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Fungal and prokaryotic diversity in soil archives

MH027207. S1-S16 Figs and S1 Table (S1 File), R
scripts (S2 File), ITS and 16S otu_table.biom files
(S3 and S4 Files), metadata files (S5 and S6 Files),
representative sequences of fungal culture isolates
(S7 File) are also provided as Supporting
Information files and are available on GitHub
(https://github.com/Gian77/Scientific-Papers-R-
Code).

Funding: This research was supported through
AgBioResearch NIFA, projects MICL02416 and
MICL08541, and the Great Lakes Bioenergy
Research Center, U.S. Department of Energy,
Office of Science, Office of Biological and
Environmental Research, under award number DE-
SC0018409.

Competing interests: The authors have declared
that no competing interests exist.

estimated diversity of between 4000-50,000 species per cm® [2]. Microbial ecologists have
uncovered vast microbial diversity in soils over the past decade compared to what had been
achieved in decades of classical sterile-culturing techniques, owing to advances in DNA-based
high-throughput sequencing technologies and bioinformatic computation.

Fungi and prokaryotes play key roles in soil ecosystems, carrying out diverse biogeochemi-
cal processes which are essential to long-term (i.e. pedogenesis) and short term (i.e. soil func-
tioning) ecosystem development. Some microbes are able to resist adverse environmental
conditions, such as high temperature or desiccation, by entering in resting and reversible dor-
mant states, or by forming dormant spore and spore-like structures [3,4]. Furthermore, intrin-
sic characteristics (e.g. size, composition) of organo-mineral complexes of soil aggregates can
create advantageous conditions for the accumulation and preservation of nucleic acids in the
soil environment, or they can be detrimental to its preservation [5]. Well preserved microbial
DNA has been successfully extracted in permafrost samples of 400,000-600,000 years old [6].

Long-term soil preservation and archiving is essential to ecosystem ecology, as it allows the
possibility to reanalyze samples and make direct comparison across studies and investigations
into different aspects of the microbial communities across time [7]. Soil achieving was initiated
by soil chemists, who used air drying and sieving as preservation treatments. Nowadays, several
institutions worldwide curate collections of archived soils, which include the long-term soil
archives of Rothamsted and Wageningen established in 1846 and 1879, respectively [8]. The
limits to using soil archives to address questions in microbial ecology are still not well defined.

Previous studies have used soil archives to address specific research questions. For example,
microbial communities in soils treated with animal manure differed from soil treated with
chemical fertilizers, even after more than 50 years of dry storage [9]. Still, microbial communi-
ties and their metabolic activities may not be preserved at the same quality in archived soils
[9]. In fact, functional attributes of soils change as the environment changes. For example, the
ratio of soil enzymatic activity was found to be more significantly affected by freezing than by
drying, especially in soil with high C (carbon) content, when compared to fresh soil [10,11]. A
reduction in prokaryotic diversity was recently found in soil archives of the Central Museum
of Soil Science in Russia, which had been air-dried and stored for over 70 years, relative to pro-
karyotic diversity in fresh soils [12]. Over short-term durations, Lauber et al. in 2010 [13] used
high-throughput pyrosequencing of prokaryotic 16S rRNA to show that structure and diver-
sity of prokaryotes in dried, frozen or soils stored at room temperature were not significantly
different from fresh soil samples [13]. However, using the same technology and experimental
settings but with a wider set of samples, Rubin and colleagues in 2013 [14] found that storage
time and temperature do affect prokaryotic community composition and structure.

Only a few studies have investigated the impacts of soil storage conditions and time on
eukaryotic communities. In one study, fungi and protists were detected in 18S rRNA gene
libraries from 1975 air-dried archived soils [15]. The authors showed that nearly all taxa of
eukaryotic soil microbes could be identified (fungi, cercozoans, ciliates, xanthophytes, hetero-
loboseans, amoebozoans, etc.), demonstrating that it is possible to study eukaryotic microbiota
in samples from soil archives that have been stored for more than 30 years at room tempera-
ture. However, fresh soils were not available for comparison.

Microscopy-based spore assays have been used to investigate the diversity arbuscular
mycorrhizal (AM) fungi in relation to NO, deposition in soil archives collected between 1937-
1999 [16]. Soil nitrogen enrichment was shown to correlate with decreased productivity (spore
biovolume) replacement of a formerly diverse AM community (richness = 29 species) with
one composed of only seven taxa. Moreover, species of the larger spored genera Acaulospora,
Scutellospora and Gigaspora and many Glomus species disappeared completely from the com-
munity over time.
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Although several studies have tested the effect of different soil preservation techniques and
storage times, none have investigated changes in prokaryotic and fungal community diversity
and structure in a standard set of samples. In this set of studies, we used soils archived at the
Long-Term Ecological Research (LTER) Network’s Kellogg Biological Station (KBS) and next
generation sequencing of 16S and ITS DNA markers to assess the capacity for preserving
microbial DNA in air-dried soil archives over storage time. In doing so we identified fungal
and prokaryotic taxa that are most susceptible and resilient to soil archiving. We were also able
to model microbial OTU richness decay over time. Through this research we addressed the fol-
lowing questions: 1) How are fungal and prokaryotic diversity impacted by soil archival time
and 2) how much variation is explained by soil storage time? 3) Which fungal and prokaryotic
taxa are most resilient and sensitive to soil archiving? 4) Can molecular profiles of soil archives
be useful in reconstructing land use history and management?

Material and methods
Study site

Archived soil samples were obtained from the Long-Term Ecological Networks (LTER) Kel-
logg Biological Station (KBS) Populus short-rotation (PS) woody biomass production sites and
experimental deciduous forest (DF) sites. The DF habitat consisted of a canopy dominated by
Quercus rubra L., Pinus strobus L., Carya glabra (Miller) Sweet, Pinus resinosa Aiton, Prunus
serotina Ehrh., Quercus alba L. and Picea abies (L.) Karsten. The PS site was planted In 1989,
using a hybrid poplar (Populus deltoides x P. nigra, also known as Populus x euramericana cv.
Eugenei). Trees were planted as 15 cm stem cuttings on a 1 X 2 m row spacing, with nitrogen
fertilizer applied only in the establishment year (123 kg N ha ™). A cover crop Festuca rubra L.
was planted in 1990 to help control soil erosion. Trees were harvested in 1999 and allowed to
coppice (regrow from cut stems) for 10 years. Trees were harvested again in 2008. In May
2009, Populus nigra x P. maximowiczii cv. NM6 were planted as stem cuttings. Weeds were
controlled with herbicides during the first 2 years of establishment and fertilizer was applied
once (156 kg N ha -b.

Experimental design and soil sampling

Three experiments were designed to test the impact of sampling, plot and date on microbial
reconstructions.

In experiment 1 we investigated the amount of variation in microbial community diversity
and structure with increasing time of soil storage. We obtained air-dried soils from the
LTER-KBS soil archive originating from 3 Populus short-rotation (PS) and 3 deciduous forest
(DF) sites of the following years: 1995 (only for PS), 2000, 2005, 2010, 2014. In the Fall 2015,
we collected 10 soil samples from the same selected sites for both PS and DF and mixed them
together in site-composite samples according to the same methodology used in the KBS soil
archive. Eighteen and 15 soils were analyzed in total for the PS and the DF forest sites,
respectively.

In experiment 2 we tested the impact of sampling, DNA extraction, and PCR library con-
struction on the reproducibility of results. To do this, 3 sub-samples (pseudo-replicates) of a
single LTER-KBS soil (DF1) were sampled from each of the years (2015, 2010, 2005, 2000) to
test reproducibility and consistency of the DNA-based approach used. For this experiment a
total of twelve soil samples were analyzed.

In the third experiment we assessed local spatial variation in microbial community diversity
and structure across select PS and DF sites at a single date, July 15, 2016. For this experiment
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we sampled 3 soil samples each for 3 different PS and DF sites. In total we analyzed 18 soil
samples.

DNA extraction, amplification and Illumina library preparation

Soil DNA was extracted with the MagAttack PowerSoil DNA Kit (Qiagen, USA) on a King-
Fisher Flex system (Thermo Fisher Scientific, USA). Fungal internal transcribed region (ITS)
of the ribosomal RNA (rRNA) was amplified using ITS1F-ITS4 primers [17,18]. Prokaryotic
V4 region of the 16S rRNA was amplified using the 515F-806R primers [19]. Amplicons librar-
ies were prepared according to previous studies [20-22] Libraries were then sequenced on a
MiSeq platform (Illumina Inc., USA) using the v3 kit 300PE. Complete submission of sequence
reads can be found at NCBI SRA (https://www.ncbi.nlm.nih.gov/sra) archive [23] with the
accession number SRP126404.

Bioinformatic pipeline

Raw 16S reads were merged using PEAR [24], while for ITS only the forward read (ITS1) was
used in the downstream analysis. Reads were demultiplexed according to the barcode index
with QIIME [25]. Illumina adapters and sequencing primers were removed with cutadapt
[26]. Sequences were then quality filtered, trimmed to remove conserved 18S and 5.8S motifs
and to equal length [27,28], de-replicated, and clustered into operational taxonomic units
(OTUs) based on 97% similarity using the UPARSE algorithm pipeline [29]. Singleton
sequences were removed before clustering. Taxonomy assignments were performed in QIIME
with the RDP Naive Bayesian Classifier [30] Release 2.11 for 16S rRNA representative
sequences, and with CONSTAX [31] for the fungal ITS. The Greengenes database [32] version
gg 13_8 and UNITE database [33] version 7.1 2016-08-22 were used as 16S rRNA and ITS
nrDNA taxonomic references, respectively.

Statistical analysis

For each marker gene (i.e. ITS and 16S), otu_table.biom [34] with taxonomic classifications
and metadata files, were imported into the R statistical environment [35] with the phyloseq
package [36]. Contaminant OTUs sequenced from DNA extraction and PCR negative controls
(no DNA added) were filtered from OTU tables. This accounted for 3 fungal OTUs (1.28% rel-
ative abundance) and for 16 prokaryotic OTUS (1.11% relative abundance). We filtered for
potential PCR amplification and tag mismatching errors by removing OTUs containing <10
reads across all samples [37,38]. We then calculated rarefaction curves in vegan with the func-
tion “rarecurve” [39]. Given that the three different experiments showed different minimum
library sizes, and were independent from one another, we first divided the dataset into 3 sub-
sets, each representing the different experiments described above, and then normalized sample
counts with the “rarefy_even_depth” function in phyloseq. All analyses and comparative met-
rics were calculated within each experiment, never between experiments. To test for the rela-
tionship between species richness and time (archived years) we compared linear, polynomial,
poisson, and negative binomial models on datasets form Expl and Exp2. The best model was
identified based upon the modified Akaike information (AICc) criterion. We used the func-
tion “simulateResiduals” in the DHARMa R package to create readily interpretable scaled
(quantile) residuals for fitted (generalized) linear mixed models. Models were evaluated
through implementations of ANOVA in both the stats and car packages. Coefficients’ signifi-
cance of the best models was assessed using the function “summary” for the linear and “sum”
for the negative binomial models implemented in stats and jtools, respectively.
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Multivariate analysis of B-diversity were assessed through non-metric multidimensional
scaling (NMDS) unconstrained ordination analyses, to explore changes in community struc-
tures and implemented in the “metaMDS” function in vegan [39]. And also, by a Canonical
Analysis of Principal Coordinates (CAP) constrained ordination analyses, to display differ-
ences in community structure related to the specific sample groups, implemented in the “caps-
cale” function in vegan. CAP models were validated using ANOVA (p < 0.05). From the
significant models the most parsimonious models were extracted using the “ordistep” function
(perm. = 999) in vegan. All ordination analyses were performed on Bray-Curtis dissimilarity
distance matrices [40]. A permutational multivariate analysis of variance (PERMANOVA) was
used to test differences among a priori defined sample groups [41] with the functions “adonis”
in vegan [39]. The replicate plot (i.e. site) was used as random effect in the models. Multivariate
homogeneity of groups dispersions [42] was adopted to test for variance heterogeneity of a pri-
ori defined groups (B-diversity function) using the function “betadisper” in vegan [39]. To bet-
ter detect taxa that showed variation across years of storage time, we first rescaled the read
number of each OTU to 0-1 and then plotted in colored heatmaps. Putting OTUs on the same
scale removes the differences in sequencing depth caused by differing library sizes between
taxa (See Weiss et al. [43]). All graphs were plotted using ggplot2 [44] and graphics [45] R pack-
ages. Putative mycorrhizal, pathogenic, and endophytic fungi were extracted from the ITS
dataset using FUNGuild [46] and analyzed independently. fungal guild assignments were cor-
rected manually according to available literature. A taxon-group association point-biserial cor-
relation coefficient “r” analysis was used to assess the degree of preference and significance of
taxa for years of soil storage with the function “multipatt” in the indicspecies R package [47].
To assess the dynamics of the microbial communities over time we calculated the turnover
[OTU gained + OTU lost / OTU in both timepoints] using the “turnover” function in the codyn
R package [48]. We then calculated the rate of community change as Euclidean distances of
pair-wise communities across all years [49] to assess the direction of the observed community
changes with the function “rate_change” in codyn.

Soil viability

To determine whether microbial propagules in archived soils were still viable after archival,
viability tests were carried out using 100 mg of DF and PS soils archived between 1995 and
2015. Given that the majority of soil bacteria have never been cultured [50], we focused on
fungi. To culture fungi, soils were placed into 1 mL microcentrifuge tubes and were rehydrated
with filter-sterilized deionized water. Each hydrated soil was briefly vortexed and allowed to
rest at room temperature for three hours. Soil suspensions were then gently vortexed, and then
100 pL of suspension was pipetted and evenly spread onto 4 different agar media: potato dex-
trose agar (PDA) with and without antibiotics (chloramphenicol 100 mg/L and streptomycin
100 mg/L), Modified Melin-Norkrans (MMN) with antibiotics (chloramphenicol 100 mg/L
and streptomycin 100 mg/L), Rose Bengal agar (RBA) with antibiotics (ampicillin 50 mg/L,
streptomycin 100 mg/L, kanamycin 50 mg/L). Plates were incubated at 24°C and inspected
daily. Each colony that grew was marked on the Petri dish and counted irrespective of their
morphology. Morphological traits including colony color and hyphal characteristics (e.g. septa
presence, clamp connections presence, thickness, branch angles) were used to distinguish
morphologically unique colonies, which were transferred onto new media. To identify the tax-
onomy of these isolates, DNA from the fungal colonies developed in the oldest DF and PS soils
was amplified and sequenced on a Sanger sequencer (Applied Biosystems, USA) as previously
described [51]. Sequences obtained were accessioned to NCBI sequence archive with accession
numbers from MH027189 to MH027207 and available in S7 File.
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Results
Amplicon sequencing

A total of 1,616,765 (average 26,946 + 9,135 per sample) fungal ITS and 3,332,238 (52,893 +
24,300 per sample) prokaryotic 16S raw reads resulting from 59 samples (plus 3 controls) were
analyzed, respectively. After filtering according to read quality and sample controls, 1,541,011
fungal ITS and 2,640,408 prokaryotic 16S reads remained for community analysis. After
removing non-target OTUs and control contaminants we remained with a total of 3030 fungal
and 6760 prokaryotic OTUs. Graphical representations of the overall distribution of sample
libraries, and distribution of sample libraries divided by year of storage, are provided in S1 and
S2 Figs in S1 File. Both the distribution of sample libraries as well as rarefaction curves (S3 Fig
in S1 File) of the fungal and bacterial datasets benefited from normalization (rarefaction to
minimum library depth) after separating the data from the different experiments. Datasets
were divided in 3 sub-datasets according to the experimental design, as reported in the Mate-
rial and Methods section and rarefied to minimum sequencing depth. The dataset of experi-
ment 1 (hereafter Exp1) included 2289 (2148, normalized) fungal and 6524 (5415) prokaryotic
OTUs, experiment 2 (Exp2) with 980 (919) fungal and 4421 (3483) prokaryotic OTUs, and
experiment 3 (Exp3) with 2312 (2218) fungal and 6484 (6319) prokaryotic OTUs.

Alpha diversity

Boxplots showing fungal (Fig 1A) and prokaryotic (Fig 1B) rarefied richness were plotted for
Exp1, Exp2 and Exp3. For the same datasets, boxplots showing values for observed richness
and Shannon diversity index are available in Supplemental Material for both fungi (S4A and
S5A Figs in S1 File) and prokaryotes (S4B and S5B Figs in S1 File), respectively. In DF and PS
soils (Expl), a trend of decreased species richness with archiving time was evident for both
fungi (Fig 1A Expl) and prokaryotes (Fig 1B Expl). The same pattern of diversity decay with
time is evident when only soils collected in site DF1 (Exp2) are included in the analysis (Fig 1A
and 1B). This pattern was strongest for fungal rarefied and observed richness, as well as for
Shannon diversity index, and was less pronounced for prokaryotes (S4 and S5 Figs in S1 File).
Variation in fungal and prokaryotic rarefied, observed, and Shannon diversity index in fresh
soils (Exp3) was also detected among different sites and according to different habitats (Fig 1A
Exp3, S4 Exp3 and S5 Exp3 Figs in S1 File).

The models that performed the best at describing the relationship between storage time and
rarefied species richness, selected among all the models were fit to explore the richness/storage
time relationship (S6-S11 Figs in S1 File), were negative binomial models for the fungi (both in
DF and in PS habitats), a quadratic polynomial model for the Prokaryotes in the DF habitat
and a logarithmic model for the Prokaryotes in the PS habitat (Fig 2).

In all the models, except on the model for prokaryote DF habitat, rarefied species richness
decreased significantly with storage time consistent with the hypothesis that increased storage
time negatively affects community alpha diversity. This was particularly evident for fungi
where negative binomial models fit the data at best. Storage time explained 56% in the DF and
52% in PS of the decrease in fungal rarefied richness (Table 1, Fig 2, S6-S8 Figs in S1 File). Sim-
ilar trends were observed for prokaryotic rarefied richness but only in PS, where a logarithmic
model fit the data at best and showed that storage time explained 55% decrease in rarefied spe-
cies richness. In DF, a quadratic model was the best fit for prokaryotes. The 59% of rarefied
richness was explained by variation in storage time (Table 1, Fig 2, §9-S11 Figs in S1 File).

The results obtained for Expl in the DF habitat were supported by the models obtained
from the Exp2 dataset (DF1I site only). In this case, the best models to fit our data distribution
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Fig 1. Fungal (A) and prokaryotic (B) rarefied richness boxplots (n = 3) in Experiment 1, Experiment 2, and Experiment 3 (See M&M for details). Plots are
faceted by DF (deciduous forest) and PS (Populus stand) habitats. Red diamonds represent the mean of the distribution.

https://doi.org/10.1371/journal.pone.0237368.9g001

were negative binomial and logarithmic for the fungi (S7 Fig in S1 File) and polynomial qua-
dratic or cubic for the prokaryotes (S10 Fig in S1 File).

Beta diversity

Major differences in community structure based upon deciduous forest (DF) and Populus
stand (PS) habitat and time (year) of storage were found. Fungal (Fig 3A) and prokaryotic (Fig
3B) NMDS ordinations, for both fungi and prokaryotes, showed that samples cluster in two
main groups according habitat along the first axis (i.e. NMDS1) and according year along the
second axis (i.e. NMDS2), respectively. High non-metric and linear R” of observed dissimilari-
ties against ordination distances demonstrated a good representation in the ordination space
(S12 Fig in S1 File). Fungal (Fig 3C) and prokaryotic (Fig 3D) canonical analysis of principal
coordinates (CAP) ordinations showed similar clustering patterns to NMDS. The most parsi-
monious CAP model (site + year + habitat) for Fungi explained about 27% of the community
variance and was significant (Fs,4 = 2.823, p = 0.001 after Bonferroni correction and 999
perm.) The most parsimonious model (site + year + habitat + year:habitat) for the prokaryotic
community was statistically significant (F;¢,, = 3.602, p = 0.001 after Bonferroni correction
and 999 perm.) and explained about 45% of the variance (Fig 3, Table 2).
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PERMANOVA (function “adonis”) analysis using the same models also showed significant
differences between a priori selected groups (Table 2). A significant interaction between stor-
age time and sample origin (i.e. habitat) was detected in the prokaryotic communities that

Table 1. OTU richness and storage time model details.

Fungi PS Fungi DF
equation y = 313.68 + 0.94x%/9.63 equation y = 328.85 + 0.88x%/2.60
Chisq 34.34 Chisq 14.82
R’ 0.59 R’ 0.54
Adj. R? 0.56 Adj. R 0.51
p-value <0.0001 p-value <0.0001

Prokaryotes PS Prokaryotes DF
equation y = 1445.94-67 log(x+1) equation y = 1046.42 + 58.02x - 5.86x
Fi16 21.91 Fy 12 10.995
R’ 0.58 R’ 0.65
Adj. R? 0.55 Adj. R? 0.59
p-value <0.001 p-value <0.01

Model equations as well as Chisq, R?, adjusted R?, F and p-values of the best models are reported. Models were calculated on Experiment 1 data for both fungal and

prokaryotic communities.

https://doi.org/10.1371/journal.pone.0237368.t001
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Fig 3. Non-Metric Multidimensional Scaling (NMDS) and Canonical Analysis Of Principal Coordinates (CAP)
ordinations. Plots for fungal (A, C) and (B, D) prokaryotic communities are shown. Analyses were performed on
even-depth normalized read abundance and bray-curtis distance.

https://doi.org/10.1371/journal.pone.0237368.g003

Table 2. Canonical Analysis of Principal Coordinates (CAP) and Permutational Multivariate Analysis of Variance (PERMANOVA) results.

CAP PERMANOVA
Factor Df Adj.R? P-value Df F-value R® P-value
Fungi
block + year + habitat 6 0.266 0.001
year 5 0.113 0.001 5 2.072 0.221 0.004
habitat 1 0.182 0.001 1 7.719 0.165 0.004
Total 32 32
Prokaryotes Df Adj.R* P-value Df F-value R? P-value
block + year + habitat + year:habitat 10 0.448 0.001
year:habitat 4 0.065 0.001 4 1.918 0.122 0.024
Total 32
Data refers to the Experiment 1 dataset. The models adopted were the most parsimonious.
https://doi.org/10.1371/journal.pone.0237368.t1002
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explained about 6.5% and 12% of the variance detected in the CAP model and PERMANOVA
R, respectively.

The homogeneity of group dispersion analysis (function “betadisper”) showed significant
differences of group variances across different years of soil storage in the fungal (Fs,, = 3.13,
p = 0.023, after Bonferroni correction and 999 perm.) and prokaryotic communities (Fs,, =
4.29, p = 0.005, after Bonferroni correction and 999 perm.), respectively, but no significant dif-
ferences between the sample’s habitat (PS or DF) both for fungi and prokaryotes (513 Fig in S1
File). Significant effect of the sampling site on fungal and community diversity was also
detected, as shown in the CAP performed on soils DNA replicates (Exp2) and those collected
fresh in 2016 dataset (Exp3) shown in S14 Fig in S1 File. Ordinations showed a high consis-
tency in DNA replicates of the same year with samples clustering on top of each other in Exp2
and difference in fresh soils (Exp3) primarily by habitat (CAP1) and then by site (CAP2).

Heatmap analysis

Class level heatmaps of fungal ITS based on the Expl dataset (Fig 4) showed that the biggest
drop in richness and abundance happened after 1 year, with most of the fungal taxa undetect-
able after 10 years of storage time. Interestingly, relative abundance and OTU richness did not
always consistently decrease with storage time (Fig 4). This was true for both DF and PS soils.
For example, while the OTU abundance and richness of Agaricomycetes and Glomeromycetes
decreased with storage time in DF soils, it increased after 10 years in PS soils, and then
decreased again at 15 and 20 years. Additionally, the presence/absence and abundance pattern
of taxa such as Wallemiomycetes and Olpidiomycetes remained constant across all years of
soil storage. To better detect abundance-change patterns in the DF and PS sites, we separated
the fungal genera according to functional guilds. These guild data were visualized individually
with a heatmap that shows abundance-change patterns for mycorrhizal, pathogenic, and endo-
phytic fungi (Fig 5). Richness and relative abundance of ectomycorrhizal species such as
Tomentella, Inocybe, Cortinarius, Hebeloma and Glomus varied in the PS across sampled years.
Specifically, these taxa were present and abundant in years before and after 2008 and 1999
(soils between 5 and 15 years of storage), the year when the trees were harvested, and a new
plantation was established. Tomentella, Inocybe and Russula showed a similar pattern in the
DF soils, with peaks in abundance and richness at 0 and 10 years, but no detection after 10
years. Pathogenic fungi in the PS habitat appeared to have a shorter persistence in the stored
soils compared to mycorrhizal and endophytic fungi. After 5 years of storage few pathogenic
fungal genera were detectable, with the exception of Fusarium, which was detected until imme-
diately after the Populus harvest. Fusarium was more abundant and OTU-rich in the PS soils.
Regarding endophytic fungi, Mortierella was the most abundant in both habitats, particularly
within years 0 and 10, underlining the survival ability to desiccation and the high phylogenetic
diversity within the genus.

Richness and relative abundance of prokaryotic taxa also appeared to be affected by storage
time and habitat as shown in the heatmap of S15 Fig in S1 File. Planctomycetia and Alphapro-
teobacteria had the highest richness across the different habitats. All taxa decreased with stor-
age time, except Bacilli that showed the opposite trend in both habitats. Aside from this group,
no clear pattern or decrease/increase or abundance was found for prokaryotes in relation to
the harvest of Populus.

OTU turnover

A higher total turnover of OTUs (~ 75%) between time points was found for fungi compared
to prokaryotes (~50%) (Fig 6A). Additionally, we detected a similar fluctuation pattern in
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Fig 4. Heatmap of relative abundance and OTU richness of all the fungal classes detected in DF (deciduous forest) and PS (Populus
stand) soils after increasing storage years. Taxon relative abundance was square root transformed to improved visibility. Black indicates zero
relative abundance or absent taxa. For taxa marked with * subphylum was used instead of Class incertae sedis.

https://doi.org/10.1371/journal.pone.0237368.g004

fungi DF and prokaryotes DF with a reduced OTU loss and increased gain after 15 years
(between 2000 and 2005). In PS, the lower number of OTUs gained after 10 years (between
2005 and 2010) can be explained by the fact that trees were cut in 2008. The community com-
positional changes represented by variations in Euclidean distance indicate the presence of evi-
dent directional changes in DF (i.e. the communities are increasingly dissimilar over time),
both in fungal and in prokaryotic communities, compared to PS habitat where change in spe-
cies richness and turnover are less dependent to storage time (Fig 6B).

Fungal species that persist in archived soils

In total, we obtained 16 and 100 unique fungal isolates from DF soils and PS soils, respectively.
Both the number and diversity of fungal isolates declined precipitously with soil age. The
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https://doi.org/10.1371/journal.pone.0237368.g006
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oldest soil from which fungal colonies emerged was DF1 and it was 10 years old (i.e. 2005). Iso-
lates from 20-year-old (i.e. 1995) soils were obtained from PS1, PS2, and PS3 (S1 Table in S1
File). ITS rDNA sequences derived from cultured isolate matched with sequences obtained
from Illumina ITS rDNA sequencing from these soils, which we classified to Talaromyces,
Auxarthron, Epicoccum, Paecilomyces, in order of decreasing total abundance (S16 Fig and S1
Table in S1 File).

Discussion

Long-term soil archives are maintained by research institutes globally, but their utility for
studying and reconstructing soil microbiomes remains unknown. In this study, we set out to
determine how well soil archives preserve fungal and prokaryotic DNA, and the legacy that it
may contain. Further, we sought to identify those taxa that were the most resilient and sensi-
tive soil archival. Our results demonstrate that soil samples preserved by air-drying and long-
time soil archival can be used to identify differences in microbial communities along different
temporal, spatial and organizational scales, as well as in response to soil traits and management
[9,12,52]. However, we did find that fungal and prokaryotic diversity both decrease with time,
and that this response differed between taxa and study sites.

Although long-term storage of air-dried soils is known to generally reduce microbial diver-
sity [12,15,53], effects of increased archival time on microbial communities or specific
microbes in archived soils is less explored. Our results demonstrate that fungal, and to a lesser
extent prokaryotic, OTU richness and diversity in soils from a Populus short-rotation crop
(PS) and deciduous forest (DF) decrease significantly (P< 0.01) and with time of soil archiving
(Figs 1 and 2, S2-S7 Figs in S1 File, Table 1). The most precipitous drop in richness occurs
between 0 and 1 after sampling (Figs 1 and 2, S2-S7 Figs in S1 File), particularly for the fungi,
while changes in later years seem to have more erratic behavior (going up and down after 5, 10
and 15 years). That large initial drop in richness indicates that it may be the drying rather than
the age that is causal. Compared to spores, fungal mycelium may be more prone to autolysis as
vesicles containing nucleases are ruptured. Thus, fungal DNA originating from mycelium may
not archive as well as DNA from spores, and if this is the case, could help explain the drop in
diversity that was observed after 1 year. The situation is less clear for the prokaryotes, but it
seems that the drying process has less effect on prokaryotic cells compared to fungal ones. This
may have to do with the proportion of cells that are actively growing compared to all the cells
present. While the majority of bacterial taxa decreased with storage time, Bacilli increased con-
stantly with archival time regardless of the soil habitat. This is likely due to their spore-forming
ability but could also be explained by active growth during archival, lower resistance to
mechanical rupture during DNA extraction years after years, or slower cell degradation. In
general, resistant spores by definition have evolved to protect their intact DNA and cell viabil-
ity and may be expected to naturally be more protected against drought (archival) than living
hyphae, and less biased by DNA extraction. We did not directly measure DNA degradation,
active vs inactive cells, nor DNA in spores vs. mycelium, but further experiments that manipu-
late factors could help to explain mechanisms that underlie soil archival DNA stability.

Interestingly, the magnitude of this storage effect on the microbial communities varied
according to habitat where the soils were derived, as well as by year. The presence of a signifi-
cant interaction between habitat and year confirmed that these two variables are not indepen-
dent and support the hypothesis that the preservation of microbial community DNA may
differ depending on specific soil characteristics and the specific environmental condition pres-
ent at or during sampling and archival [5]. For instance, it has been shown that degradation of
synthetic environmental DNA added to microcosm containing different natural soils varies
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with moisture, temperature and habitat characteristics (e.g. organic carbon content) [54]. Real

differences in community across time, such as through succession rather than differences from
sample degradation with time, offer another possibility of how storage time and soil origin are

not independent from each. Additionally, it is notable that site differences/time effects are dis-

proportionate between microbes and show stronger alpha- and beta-diversity impacts on fun-

gal compared to prokaryotic communities (Fig 3).

Ectomycorrhizal taxa may be indicators of land use history

The use of microbial community DNA profiles to indirectly detect variation on associated veg-
etation is not new. Gellie and colleagues (2017) used high-throughput metabarcoding of envi-
ronmental soil DNA as an effective tool to demonstrate the return of the native prokaryotic
community in an old field following native plant revegetation [55]. Similarly, Clemmensen

et al. (2015) used 454-pyrosequencing of the ITS fungal rDNA and showed that ectomycorrhi-
zal fungal community patterns correlate with differences in C sequestration from root-associ-
ated mycelium during successional development of boreal forest [56]. In this study, we show
that a few ectomycorrhizal species (e.g. Tomentella, Inocybe, Cortinarius, Glomus) were abun-
dant before Populus trees were harvested, and dropped in abundance or became absent after
harvests in 1999 (between 15 and 20 years of soil storage) and 2008 (between 5 and 10 years of
storage), which appears to reflect the known land use history. Thus, these ectomycorrhizal spe-
cies may be considered potential indicators of the presence of tree hosts. However, it is worth
noting that other ectomycorrhizal taxa such as Inocybe, Hymenogaster, and Protoglossum were
detected in nearly all the years and plots, regardless of the presence or not of Populus trees.
Other taxa, including Peziza, seemed not to be affected by plant habitat but decreased progres-
sively with storage time. These data demonstrate how some propagules of some fungal taxa
can persist in archived soils for decades with their DNA sufficiently intact to be detected using
NGS amplicon sequencing, and the challenges in interpreting NGS data from archived sam-
ples. It remains to be determined whether ectomycorrhizal fungal spores detected in older soil
samples remain viable, but spore longevity would be an important trait to score for ectomycor-
rhizal (and other) taxa [57]. “Trap-plant” seedling bioassays could be used to bait for ectomy-
corrhizal and other biotrophic microbes, including endophytes and pathogens, in soil archives
to better assess propagule viability across different trophic groups [51].

Do soil archives have utility to future microbial ecologists?

Archived soil samples represent an important potential resource for microbial ecologists.
Although not directly measured, our data suggests that DNA degradation and microbial activ-
ity (e.g. growth, production of spores) by xerophiles may comprise the integrity of air-dried
soil archives for soil microbiome analysis. Therefore, identifying long-term storage protocols
that are compatible with stabilizing soil microbiome DNA integrity are still needed. Ideally,
approaches would be energy and time efficient. Soil archives represent a long-term investment
in space and resources [9]. In molecular ecology, flash freezing soil samples and storing at —
80°C is considered best practice for preserving microbial nucleic acids prior to extraction.
However, this practice is energy intensive. Alternative methods include freeze-drying, vacuum
packing and storage at —20°C, or perhaps storage in ethanol (for DNA) or DNA buffer [58].
Standardized soil archiving protocols should consider that storage techniques, procedures,
conditions and different soil geochemical traits may produce artifacts that could be interpreted
as microbial community shifts. In addition, organisms may respond differently to archival
depending on environmental and soil variables. For example, Cui et al. (2014) showed that
freezing changed the microbial communities less than air drying, and that the microbial
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community they detected in agricultural soils was more stable than that in forest soils [59].
They also found fungal communities were more stable than prokaryotic communities, con-
trary to the results we present here. Ivanova et al. 2017 showed that long-term storage of soils
in a museum exerted a greater impact on the microbiomes of podzolic soils, while chernozem
soils preserved better in their native community [12].

Soil archiving for microbial ecology purposes may benefit from precise and strict standard
operating procedures and standards that minimize microbiome changes in samples preserved
across years and sites, which may vary due to environmental conditions (e.g. temperature,
residual moisture, humidity, geochemical). In our study, PCR amplification was used as a tech-
nique to measure microbial community member presence and relative abundance, but this
method is only semi-quantitative and limited since amplification can vary depending on tem-
plate diversity and amount.

Thus, an increase in relative abundance over time could be due to the decline of template
DNA in a sample over time, could be caused by microbial growth, or could be a result marker-
gene and metagenomic sequencing measurements that are biased toward detecting some taxa
over others. It is also known that amplicon sequencing approaches have embedded multiplicative
biases (e.g. taxon extraction efficiency, selective PCR amplification, different copy number of ribo-
somal marker genes, bioinformatic analysis) that distort measurements and perception of real
taxon abundances, which are impossible to estimate without the presence of internal controls that
are sequenced alongside true samples [60]. For example, the increasing diversity of Agaricomy-
cetes in the PS plots over time leads us to hypothesize that some fungi may be biologically active
during archival. Future approaches that are PCR free, or include spike-in controls, may help to
provide a more quantitative framework for addressing questions in microbial ecology.

In conclusion, this study demonstrates that in archived air-dried soils microbial DNA
decay over time. We identify a number of fungal and bacterial taxa that are resistant to DNA
decay, and others that are more sensitive. Moreover, significant interaction between storage
time and sample origin were found indicating that the preservation of the original microbial
community may vary according to specific soil physicochemical characteristics and site condi-
tions on top of DNA degradation. We further demonstrate that fungal propagules (e.g. spores)
of Talaromyces, Auxarthron, Epicoccum, Paecilomyces are able to persist, germinate, and grow
even after 20 years of storage. Interestingly, these same fungi were detected at high relative
abundance through metagenomic high-throughput sequencing, and share traits of being kere-
tinolytic and in having asexual phases where spores are produced in abundance. The establish-
ment of standard protocols for long-term microbiome DNA preservation from soil and
environmental samples would serve future ecologists who may want to address microbial suc-
cession and microbiome turnover between energy crop harvest cycles, crop rotations or land-
use changes. Towards this end, approaches to verify propagule viability, to identify relic DNA
that remains intact in soils after cell death, and to provide absolute quantification of microbial
communities will be valuable tools for the community [61].

Supporting information
S1 File.

(PDF)

S2 File.

R)

S3 File.
(BIOM)

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s003
https://doi.org/10.1371/journal.pone.0237368

PLOS ONE

Fungal and prokaryotic diversity in soil archives

S4 File.
(BIOM)

S5 File.
(TXT)

S6 File.
(TXT)

S7 File.
(FASTA)

Acknowledgments

We are grateful to the GLBRC and KBS LTER Network for facilitating this study. In particular,
we thank Stacey VanderWulp, Phil Robertson, Frances Trail and Kristy Gdanetz for assistance
in obtaining archived soil samples and helpful discussions.

Author Contributions

Conceptualization: Gregory Bonito.

Data curation: Gian Maria Niccolo Benucci, Gregory Bonito.

Formal analysis: Gian Maria Niccolo Benucci.

Funding acquisition: Gregory Bonito.

Investigation: Gian Maria Niccolo Benucci.

Methodology: Gian Maria Niccolo Benucci, Bryan Rennick.

Project administration: Gian Maria Niccolo Benucci, Gregory Bonito.
Software: Gian Maria Niccolo Benucci.

Supervision: Gian Maria Niccolo Benucci, Gregory Bonito.
Validation: Gian Maria Niccolo Benucci, Bryan Rennick.
Visualization: Gian Maria Niccolo Benucci.

Writing - original draft: Gian Maria Niccold Benucci, Bryan Rennick, Gregory Bonito.

Writing - review & editing: Gian Maria Niccolo Benucci, Bryan Rennick, Gregory Bonito.

References

1. Voroney RP, Heck RJ. The Soil Habitat. Soil Microbiology, Ecology and Biochemistry. 2015. pp. 15-39.
https://doi.org/10.1016/b978-0-12-415955-6.00002-5

2. Raynaud X, Nunan N. Spatial ecology of bacteria at the microscale in soil. PLoS One. 2014; 9: e87217.
https://doi.org/10.1371/journal.pone.0087217 PMID: 24489873

3. Jones SE, Lennon JT. Dormancy contributes to the maintenance of microbial diversity. Proc Natl Acad
SciU S A. 2010; 107: 5881-5886. https://doi.org/10.1073/pnas.0912765107 PMID: 20231463

4. Feofilova EP, lvashechkin AA, Alekhin Al, Sergeeva YE. Fungal spores: Dormancy, germination, chem-
ical composition, and role in biotechnology (review). Appl Biochem Microbiol. 2011; 48: 1—11. https:/
doi.org/10.1134/s0003683812010048

5. Pietramellara G, Ascher J, Borgogni F, Ceccherini MT, Guerri G, Nannipieri P. Extracellular DNA in soil
and sediment: fate and ecological relevance. Biol Fertil Soils. 2008; 45: 219-235. https://doi.org/10.
1007/s00374-008-0345-8

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237368.s007
https://doi.org/10.1016/b978-0-12-415955-6.00002%26%23x2013%3B5
https://doi.org/10.1371/journal.pone.0087217
http://www.ncbi.nlm.nih.gov/pubmed/24489873
https://doi.org/10.1073/pnas.0912765107
http://www.ncbi.nlm.nih.gov/pubmed/20231463
https://doi.org/10.1134/s0003683812010048
https://doi.org/10.1134/s0003683812010048
https://doi.org/10.1007/s00374-008-0345-8
https://doi.org/10.1007/s00374-008-0345-8
https://doi.org/10.1371/journal.pone.0237368

PLOS ONE

Fungal and prokaryotic diversity in soil archives

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Rawlence NJ, Lowe DJ, Wood JR, Young JM, Jock Churchman G, Huang Y-T, et al. Using palaeoenvir-
onmental DNA to reconstruct past environments: progress and prospects. J Quat Sci. 2014; 29: 610—
626. https://doi.org/10.1002/jgs.2740

Cary SC, Craig Cary S, Fierer N. The importance of sample archiving in microbial ecology. Nat Rev
Microbiol. 2014; 12: 789-790. https://doi.org/10.1038/nrmicro3382 PMID: 25564681

Dolfing J, Feng Y. The importance of soil archives for microbial ecology. Nature reviews. Microbiology.
2015. p. 1. https://doi.org/10.1038/nrmicro3382-c1 PMID: 25685915

Dolfing J, Vos A, Bloem J, Ehlert PAI, Naumova NB, Kuikman PJ. Microbial diversity in archived soils.
Science. 2004; 306: 813. https://doi.org/10.1126/science.306.5697.813a PMID: 15514139

Wallenius K, Rita H, Simpanen S, Mikkonen A, Niemi RM. Sample storage for soil enzyme activity and
bacterial community profiles. J Microbiol Methods. 2010; 81: 48-55. https://doi.org/10.1016/j.mimet.
2010.01.021 PMID: 20138194

Peoples MS, Koide RT. Considerations in the storage of soil samples for enzyme activity analysis.
Applied Soil Ecology. 2012. pp. 98—102. https://doi.org/10.1016/j.aps0il.2012.08.002

Ivanova EA, Korvigo 10, Aparin BF, Chirak EL, Pershina EV, Romaschenko NS, et al. The preservation
of microbial DNA in archived soils of various genetic types. PLoS One. 2017; 12: e0173901. https://doi.
org/10.1371/journal.pone.0173901 PMID: 28339464

Lauber CL, Zhou N, Gordon JI, Knight R, Fierer N. Effect of storage conditions on the assessment of
bacterial community structure in soil and human-associated samples. FEMS Microbiol Lett. 2010; 307:
80-86. https://doi.org/10.1111/].1574-6968.2010.01965.x PMID: 20412303

Rubin BER, Gibbons SM, Kennedy S, Hampton-Marcell J, Owens S, Gilbert JA. Investigating the
impact of storage conditions on microbial community composition in soil samples. PLoS One. 2013; 8:
€70460. https://doi.org/10.1371/journal.pone.0070460 PMID: 23936206

Moon-van der Staay SY, Tzeneva VA, van der Staay GWM, de Vos WM, Smidt H, Hackstein JHP.
Eukaryotic diversity in historical soil samples. FEMS Microbiol Ecol. 2006; 57: 420—428. https://doi.org/
10.1111/j.1574-6941.2006.00130.x PMID: 16907756

Egerton-Warburton LM, Graham RC, Allen EB, Allen MF. Reconstruction of the historical changes in
mycorrhizal fungal communities under anthropogenic nitrogen deposition. Proc Biol Sci. 2001; 268:
2479-2484. https://doi.org/10.1098/rspb.2001.1844 PMID: 11747567

White TJ, Bruns T, Lee S, Taylor J. AMPLIFICATION AND DIRECT SEQUENCING OF FUNGAL
RIBOSOMAL RNA GENES FOR PHYLOGENETICS. PCR Protocols. 1990. pp. 315-322. https://doi.
org/10.1016/b978-0-12-372180-8.50042—1

Gardes M, Bruns TD. ITS primers with enhanced specificity for basidiomycetes—application to the
identification of mycorrhizae and rusts. Mol Ecol. 1993; 2: 113—-118. Available: https://www.ncbi.nlm.
nih.gov/pubmed/8180733 https://doi.org/10.1111/j.1365-294x.1993.tb00005.x PMID: 8180733

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh PJ, et al. Global pat-
terns of 16S rRNA diversity at a depth of millions of sequences per sample. Proceedings of the National
Academy of Sciences. 2010; 108: 4516—4522. https://doi.org/10.1073/pnas.1000080107 PMID:
20534432

Benucci GMN, Longley R, Zhang P, Zhao Q, Bonito G, Yu F. Microbial communities associated with the
black morel cultivated in greenhouses. Peerd. 2019; 7: e7744. hitps://doi.org/10.7717/peer|.7744
PMID: 31579614

Longley R, Benucci GMN, Mills G, Bonito G. Fungal and bacterial community dynamics in substrates
during the cultivation of morels (Morchella rufobrunnea) indoors. FEMS Microbiol Lett. 2019;366.
https://doi.org/10.1093/femsle/fnz215 PMID: 31603508

Noel ZA, Chang H-X, Chilvers MI. Variation in soybean rhizosphere oomycete communities from Michi-
gan fields with contrasting disease pressures. Applied Soil Ecology. 2020. p. 103435. https://doi.org/10.
1016/j.aps0il.2019.103435

Leinonen R, Sugawara H, Shumway M, International Nucleotide Sequence Database Collaboration.
The sequence read archive. Nucleic Acids Res. 2011; 39: D19-21. https://doi.org/10.1093/nar/gkq1019
PMID: 21062823

Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate lllumina Paired-End reAd
mergeR. Bioinformatics. 2014; 30: 614—620. https://doi.org/10.1093/bicinformatics/btt593 PMID:
24142950

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al. QIIME allows
analysis of high-throughput community sequencing data. Nat Methods. 2010; 7: 335-336. https://doi.
org/10.1038/nmeth.f.303 PMID: 20383131

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.jour-
nal. 2011; 17: 10. https://doi.org/10.14806/ej.17.1.200

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020 17/19


https://doi.org/10.1002/jqs.2740
https://doi.org/10.1038/nrmicro3382
http://www.ncbi.nlm.nih.gov/pubmed/25564681
https://doi.org/10.1038/nrmicro3382-c1
http://www.ncbi.nlm.nih.gov/pubmed/25685915
https://doi.org/10.1126/science.306.5697.813a
http://www.ncbi.nlm.nih.gov/pubmed/15514139
https://doi.org/10.1016/j.mimet.2010.01.021
https://doi.org/10.1016/j.mimet.2010.01.021
http://www.ncbi.nlm.nih.gov/pubmed/20138194
https://doi.org/10.1016/j.apsoil.2012.08.002
https://doi.org/10.1371/journal.pone.0173901
https://doi.org/10.1371/journal.pone.0173901
http://www.ncbi.nlm.nih.gov/pubmed/28339464
https://doi.org/10.1111/j.1574-6968.2010.01965.x
http://www.ncbi.nlm.nih.gov/pubmed/20412303
https://doi.org/10.1371/journal.pone.0070460
http://www.ncbi.nlm.nih.gov/pubmed/23936206
https://doi.org/10.1111/j.1574-6941.2006.00130.x
https://doi.org/10.1111/j.1574-6941.2006.00130.x
http://www.ncbi.nlm.nih.gov/pubmed/16907756
https://doi.org/10.1098/rspb.2001.1844
http://www.ncbi.nlm.nih.gov/pubmed/11747567
https://doi.org/10.1016/b978-0-12-372180-8.50042%26%23x2013%3B1
https://doi.org/10.1016/b978-0-12-372180-8.50042%26%23x2013%3B1
https://www.ncbi.nlm.nih.gov/pubmed/8180733
https://www.ncbi.nlm.nih.gov/pubmed/8180733
https://doi.org/10.1111/j.1365-294x.1993.tb00005.x
http://www.ncbi.nlm.nih.gov/pubmed/8180733
https://doi.org/10.1073/pnas.1000080107
http://www.ncbi.nlm.nih.gov/pubmed/20534432
https://doi.org/10.7717/peerj.7744
http://www.ncbi.nlm.nih.gov/pubmed/31579614
https://doi.org/10.1093/femsle/fnz215
http://www.ncbi.nlm.nih.gov/pubmed/31603508
https://doi.org/10.1016/j.apsoil.2019.103435
https://doi.org/10.1016/j.apsoil.2019.103435
https://doi.org/10.1093/nar/gkq1019
http://www.ncbi.nlm.nih.gov/pubmed/21062823
https://doi.org/10.1093/bioinformatics/btt593
http://www.ncbi.nlm.nih.gov/pubmed/24142950
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0237368

PLOS ONE

Fungal and prokaryotic diversity in soil archives

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction for next-generation sequenc-
ing reads. Bioinformatics. 2015; 31: 3476-3482. https://doi.org/10.1093/bioinformatics/btv401 PMID:
26139637

Edgar R. UCHIMEZ2: improved chimera prediction for amplicon sequencing. 2016. https://doi.org/10.
1101/074252

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods.
2013; 10: 996-998. https://doi.org/10.1038/nmeth.2604 PMID: 23955772

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ Microbiol. 2007; 73: 5261-5267. hitps://doi.
org/10.1128/AEM.00062-07 PMID: 17586664

Gdanetz K, Benucci GMN, Vande Pol N, Bonito G. CONSTAX: a tool for improved taxonomic resolution
of environmental fungal ITS sequences. BMC Bioinformatics. 2017; 18: 538. https://doi.org/10.1186/
$12859-017-1952-x PMID: 29212440

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a Chimera-
Checked 16S rRNA Gene Database and Workbench Compatible with ARB. Appl Environ Microbiol.
2006; 72: 5069-5072. https://doi.org/10.1128/AEM.03006-05 PMID: 16820507

Kéljalg U, Nilsson RH, Abarenkov K, Tedersoo L, Taylor AFS, Bahram M, et al. Towards a unified para-
digm for sequence-based identification of fungi. Mol Ecol. 2013; 22: 5271-5277. https://doi.org/10.
1111/mec.12481 PMID: 24112409

McDonald D, Clemente JC, Kuczynski J, Rideout JR, Stombaugh J, Wendel D, et al. The Biological
Observation Matrix (BIOM) format or: how | learned to stop worrying and love the ome-ome. Giga-
science. 2012; 1: 7. https://doi.org/10.1186/2047-217X-1-7 PMID: 23587224

Tierney L. The R Statistical Computing Environment. Lecture Notes in Statistics. 2012. pp. 435—-447.
https://doi.org/10.1007/978-1-4614-3520-4_41

McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome Data Is Inadmissible. PLoS
Comput Biol. 2014; 10: e1003531. https://doi.org/10.1371/journal.pcbi.1003531 PMID: 24699258

Oliver AK, Callaham MA, Jumpponen A. Soil fungal communities respond compositionally to recurring
frequent prescribed burning in a managed southeastern US forest ecosystem. For Ecol Manage. 2015;
345: 1-9. https://doi.org/10.1016/j.foreco.2015.02.020

Lindahl BD, Henrik Nilsson R, Tedersoo L, Abarenkov K, Carlsen T, Kjgller R, et al. Fungal community
analysis by high-throughput sequencing of amplified markers—a user’s guide. New Phytol. 2013; 199:
288-299. https://doi.org/10.1111/nph.12243 PMID: 23534863

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecol-
ogy Package, R package version 2.5-6. 2019. Available: https://CRAN.R-project.org/package=vegan

Bray JR, Roger Bray J, Curtis JT. An Ordination of the Upland Forest Communities of Southern Wiscon-
sin. Ecological Monographs. 1957. pp. 325-349. https://doi.org/10.2307/1942268

Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001;
26: 32—46. https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

Anderson MJ, Ellingsen KE, McArdle BH. Multivariate dispersion as a measure of beta diversity. Ecol
Lett. 2006; 9: 683—-693. https://doi.org/10.1111/j.1461-0248.2006.00926.x PMID: 16706913

Weiss S, Xu ZZ, Peddada S, Amir A, Bittinger K, Gonzalez A, et al. Normalization and microbial differ-
ential abundance strategies depend upon data characteristics. Microbiome. 2017; 5: 27. https://doi.org/
10.1186/s40168-017-0237-y PMID: 28253908

H W, Wickham H. About the ggplot2 Package. Journal of Applied & Computational Mathematics. 2016;
5. https://doi.org/10.4172/2168-9679.1000321

Chambers JM. Programming with Data: A Guide to the S Language. Springer Science & Business
Media; 1998. Available: https://books.google.com/books/about/Programming_with_Data.html|?hl=&id=
Km1IBFZCRPUC

Nguyen NH, Song Z, Bates ST, Branco S, Tedersoo L, Menke J, et al. FUNGuild: An open annotation
tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 2016; 20: 241-248. https://
doi.org/10.1016/j.funeco.2015.06.006

De Céceres M, Legendre P, Moretti M. Improving indicator species analysis by combining groups of
sites. Oikos. 2010; 119: 1674—1684. https://doi.org/10.1111/j.1600-0706.2010.18334.x

Hallett LM, Jones SK, MacDonald AAM, Jones MB, Flynn DFB, Ripplinger J, et al. codyn: An r package
of community dynamics metrics. Methods in Ecology and Evolution. 2016. pp. 1146—1151. https://doi.
org/10.1111/2041-210x.12569

Collins SL, Micheli F, Hartt L. A method to determine rates and patterns of variability in ecological com-
munities. Oikos. 2000. pp. 285-293. https://doi.org/10.1034/j.1600-0706.2000.910209.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020 18/19


https://doi.org/10.1093/bioinformatics/btv401
http://www.ncbi.nlm.nih.gov/pubmed/26139637
https://doi.org/10.1101/074252
https://doi.org/10.1101/074252
https://doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1186/s12859-017-1952-x
https://doi.org/10.1186/s12859-017-1952-x
http://www.ncbi.nlm.nih.gov/pubmed/29212440
https://doi.org/10.1128/AEM.03006-05
http://www.ncbi.nlm.nih.gov/pubmed/16820507
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/mec.12481
http://www.ncbi.nlm.nih.gov/pubmed/24112409
https://doi.org/10.1186/2047-217X-1-7
http://www.ncbi.nlm.nih.gov/pubmed/23587224
https://doi.org/10.1007/978-1-4614-3520-4%5F41
https://doi.org/10.1371/journal.pcbi.1003531
http://www.ncbi.nlm.nih.gov/pubmed/24699258
https://doi.org/10.1016/j.foreco.2015.02.020
https://doi.org/10.1111/nph.12243
http://www.ncbi.nlm.nih.gov/pubmed/23534863
https://CRAN.R-project.org/package=vegan
https://doi.org/10.2307/1942268
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x
http://www.ncbi.nlm.nih.gov/pubmed/16706913
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1186/s40168-017-0237-y
http://www.ncbi.nlm.nih.gov/pubmed/28253908
https://doi.org/10.4172/2168-9679.1000321
https://books.google.com/books/about/Programming_with_Data.html?hl=&id=Km1IBFZCRPUC
https://books.google.com/books/about/Programming_with_Data.html?hl=&id=Km1IBFZCRPUC
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1111/j.1600-0706.2010.18334.x
https://doi.org/10.1111/2041-210x.12569
https://doi.org/10.1111/2041-210x.12569
https://doi.org/10.1034/j.1600-0706.2000.910209.x
https://doi.org/10.1371/journal.pone.0237368

PLOS ONE

Fungal and prokaryotic diversity in soil archives

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Steen AD, Crits-Christoph A, Carini P, DeAngelis KM, Fierer N, Lloyd KG, et al. High proportions of bac-
teria and archaea across most biomes remain uncultured. The ISME journal. 2019. pp. 3126-3130.
https://doi.org/10.1038/s41396-019-0484-y PMID: 31388130

Bonito G, Hameed K, Ventura R, Krishnan J, Schadt C, Vilgalys R. Isolating a functionally relevant guild
of fungi from the root microbiome of Populus. Fungal Ecol. 2016.

Tzeneva VA, Salles JF, Naumova N, de Vos WM, Kuikman PJ, Dolfing J, et al. Effect of soil sample
preservation, compared to the effect of other environmental variables, on bacterial and eukaryotic diver-
sity. Res Microbiol. 2009; 160: 89-98. https://doi.org/10.1016/j.resmic.2008.12.001 PMID: 19111612

Clark IM, Hirsch PR. Survival of bacterial DNA and culturable bacteria in archived soils from the
Rothamsted Broadbalk experiment. Soil Biol Biochem. 2008; 40: 1090—1102. https://doi.org/10.1016/j.
s0ilbio.2007.11.021

Sirois SH, Buckley DH. Factors governing extracellular DNA degradation dynamics in soil. Environ
Microbiol Rep. 2019; 11: 173—-184. https://doi.org/10.1111/1758-2229.12725 PMID: 30507072

Gellie NJC, Mills JG, Breed MF, Lowe AJ. Revegetation rewilds the soil bacterial microbiome of an old
field. Mol Ecol. 2017; 26: 2895-2904. https://doi.org/10.1111/mec.14081 PMID: 28261928

Clemmensen KE, Finlay RD, Dahlberg A, Stenlid J, Wardle DA, Lindahl BD. Carbon sequestration is
related to mycorrhizal fungal community shifts during long-term succession in boreal forests. New Phy-
tol. 2015; 205: 1525—1536. https://doi.org/10.1111/nph.13208 PMID: 25494880

Bruns TD, Peay KG, Boynton PJ, Grubisha LC, Hynson NA, Nguyen NH, et al. Inoculum potential of
Rhizopogon spores increases with time over the first 4 yr of a 99-yr spore burial experiment. New Phy-
tol. 2009; 181: 463—470. Available: https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1469-8137.2008.
02652.x PMID: 19121040

Cary SC, Fierer N. The importance of sample archiving in microbial ecology. Nat Rev Microbiol. 2014;
12: 789-790. Available: https://www.ncbi.nlm.nih.gov/pubmed/25564681 https://doi.org/10.1038/
nrmicro3382 PMID: 25564681

CuiH, Wang C, Gu Z, Zhu H, Fu S, Yao Q. Evaluation of soil storage methods for soil microbial commu-
nity using genetic and metabolic fingerprintings. European Journal of Soil Biology. 2014. pp. 55-63.
https://doi.org/10.1016/j.ejsobi.2014.05.006

McLaren MR, Willis AD, Callahan BJ. Consistent and correctable bias in metagenomic sequencing
experiments. Elife. 2019; 8. https://doi.org/10.7554/eLife.46923 PMID: 31502536

Carini P, Marsden PJ, Leff JW, Morgan EE, Strickland MS, Fierer N. Relic DNA is abundant in soil and
obscures estimates of soil microbial diversity. Nat Microbiol. 2016; 2: 16242. https://doi.org/10.1038/
nmicrobiol.2016.242 PMID: 27991881

PLOS ONE | https://doi.org/10.1371/journal.pone.0237368  August 11, 2020 19/19


https://doi.org/10.1038/s41396-019-0484-y
http://www.ncbi.nlm.nih.gov/pubmed/31388130
https://doi.org/10.1016/j.resmic.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19111612
https://doi.org/10.1016/j.soilbio.2007.11.021
https://doi.org/10.1016/j.soilbio.2007.11.021
https://doi.org/10.1111/1758-2229.12725
http://www.ncbi.nlm.nih.gov/pubmed/30507072
https://doi.org/10.1111/mec.14081
http://www.ncbi.nlm.nih.gov/pubmed/28261928
https://doi.org/10.1111/nph.13208
http://www.ncbi.nlm.nih.gov/pubmed/25494880
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1469-8137.2008.02652.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1469-8137.2008.02652.x
http://www.ncbi.nlm.nih.gov/pubmed/19121040
https://www.ncbi.nlm.nih.gov/pubmed/25564681
https://doi.org/10.1038/nrmicro3382
https://doi.org/10.1038/nrmicro3382
http://www.ncbi.nlm.nih.gov/pubmed/25564681
https://doi.org/10.1016/j.ejsobi.2014.05.006
https://doi.org/10.7554/eLife.46923
http://www.ncbi.nlm.nih.gov/pubmed/31502536
https://doi.org/10.1038/nmicrobiol.2016.242
https://doi.org/10.1038/nmicrobiol.2016.242
http://www.ncbi.nlm.nih.gov/pubmed/27991881
https://doi.org/10.1371/journal.pone.0237368

