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Abstract

Climate change alters frequencies and intensities of soil drying-rewetting and freezing-thawing cycles. These fluctuations
affect soil water availability, a crucial driver of soil microbial activity. While these fluctuations are leaving imprints on soil
microbiome structures, the question remains if the legacy of one type of weather fluctuation (e.g., drying-rewetting) affects
the community response to the other (e.g., freezing-thawing). As both phenomenons give similar water availability
fluctuations, we hypothesized that freezing-thawing and drying-rewetting cycles have similar effects on the soil microbiome.
We tested this hypothesis by establishing targeted microcosm experiments. We created a legacy by exposing soil samples to
a freezing-thawing or drying-rewetting cycle (phase 1), followed by an additional drying-rewetting or freezing-thawing cycle
(phase 2). We measured soil respiration and analyzed soil microbiome structures. Across experiments, larger CO, pulses and
changes in microbiome structures were observed after rewetting than thawing. Drying-rewetting legacy affected the
microbiome and CO, emissions upon the following freezing-thawing cycle. Conversely, freezing-thawing legacy did not
affect the microbial response to the drying-rewetting cycle. Our results suggest that drying-rewetting cycles have stronger
effects on soil microbial communities and CO, production than freezing-thawing cycles and that this pattern is mediated by
sustained changes in soil microbiome structures.

Introduction [1, 2] as well as altered frequencies of freezing-thawing
cycles in temperate ecosystems [3]. Freezing-thawing and
drying-rewetting fluctuations affect the state of water in
soils and its bioavailability. In dry soil, water is replaced by
air, whereas in frozen soil water becomes ice [4]. Upon
rewetting, water availability increases via precipitation or
flooding. Upon thawing, water availability increases via ice
melting. Soil microorganisms have developed several stra-

tegies to adapt and face the ever-changing availability of

Climatic change leads to more variable weather conditions
characterized by extreme drought and rainfall fluctuations
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water [5, 6] and heavily rely on soil moisture for many vital
aspects, including mobility, feeding, and reproduction.
Therefore, water availability is the primary factor affecting
both soil microbiome structures and their activities [5, 6].
Thus, shifts in soil moisture availability will have important
consequences on the soil communities that regulate eco-
system functions.

Microbial responses to freezing-thawing cycles are gen-
erally studied in sub-arctic climates [7, 8], while drying-
rewetting cycles are generally studied in arid climates [9, 10];
yet, microorganisms in both environments appear to have
similar responses to drying-rewetting and freezing-thawing
cycles. For both environments, upon rewetting and thawing,
a CO, pulse is released from soil [4, 11, 12], which is likely a
carbon cost to the soil as the pulsed carbon is respired away
[7, 13, 14]. In addition, drying-rewetting affects the micro-
biome composition [15] and changes may persist for weeks
to months after the ecosystem appears to have recovered,
which is often referred to as a legacy [16-18]. Similarly, in
cold adapted ecosystems, freezing-thawing cycles affect the
microbiome composition [19, 20]. Clearly, drying-rewetting
and freezing-thawing cycles in divergent ecosystems seem to
impact soil communities in similar ways. Yet, the question
remains if soil microorganisms living in the same ecosystem,
will respond similarly to these two types of fluctuations, and
if the order of events matters.

Exposure to environmental fluctuations may create a
taxonomic legacy in the soil microbiome composition [16].
Future microbiome responses to fluctuations may be
dependent on this taxonomic legacy. For example, soils
with a history of drought contain more resistant bacteria
when exposed to an additional drying-rewetting cycle [21].
A previous drought may affect the microbial responses to
current moisture conditions [22-24] and multiple stressors
appear to increase microbial recovery to future fluctuations
[25-28]. A fluctuation can affect the microbial response to
an additional, different fluctuation, such as extreme freezing
following an extreme heat treatment [29]. Further, the order
in which the extreme fluctuations occurs matters for soil
microorganisms [30].

Soil microorganisms can be sensitive, tolerant, or oppor-
tunistic to drying-rewetting and freezing-thawing cycles
[10, 31-33]. These different responses are contingent on the
environmental niche of the individual microorganism to
drying-rewetting and freezing-thawing [31, 34]. Sensitive
microorganisms are damaged during drought or freezing
[35, 36]. Recovery of these sensitive microorganisms is dif-
ficult and because water is limiting [37], they will likely be
inactive [13, 38-40]. Microorganisms with desiccation
resistance traits can remain active and produce biomass at
subzero temperatures [41] or during water limitation.
Microorganisms can also enter a dormant state until more
favorable conditions occur [42, 43]. Traits that enable
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survival are important because surviving microorganisms can
take advantage of empty microhabitat spaces and increased
availability of substrates resulting from necromass [44, 45].
Fast responding and opportunistic microorganisms can
colonize empty spaces first [46]. These early colonizers
benefit from a “priority effect” and influence the chronology
of the ensuing microbial species to rebound or invade spaces
[47, 48]. All these microbial response patterns determine the
community composition after one or more environmental
fluctuations [16, 17].

Bacteria and fungi have different traits and responses to
freezing-thawing and drying-rewetting cycles [33, 49].
Multicellular fungi are often more drought tolerant than
bacteria [15, 17] due to their multicellular hyphal networks
allowing remote access and redistribution of water along
hydrological gradients within soil [50]. In contrast, fungi are
more vulnerable than bacteria to freezing [51-53] and freeze-
thaw cycles [33, 54]. As such, the community assembly of
soil fungi and bacteria may respond differently to drying-
rewetting and freezing-thawing cycles. However, little is
known about how one type of weather fluctuation (e.g.,
drying-rewetting) affects the response of the soil microbiome
to the other type of fluctuation (e.g., freezing-thawing).

The overall aim of this study was to test if drying-
rewetting and freezing-thawing cycles leave a similar or
different legacy in the soil microbiome. More specifically,
we tested the hypothesis that a history of either one drying-
rewetting or one freezing-thawing cycle makes the
microbiome more tolerant to an additional fluctuation, be it
the same fluctuation or not. In addition, we tested the
hypothesis that fungi are sensitive to freezing-thawing
cycles, but not to drying-rewetting cycles. To test these
hypotheses, we set up three experiments. In the first, we
tested if the soil microbiome structure and functioning
would be similarly affected upon one drying-rewetting or
freezing-thawing cycle (H1: the “similarity hypothesis”).
In the second, we studied if the legacy of a freezing-
thawing cycle influences the response of the soil micro-
biome to an additional drying-rewetting cycle compared to
a control drying-rewetting cycle legacy (H2: the “freezing-
thawing dependence hypothesis™). In the third experiment,
we conversely studied if the legacy of a drying-rewetting
cycle influences the response of the soil microbiome to an
additional freezing-thawing cycle compared to a control
freezing-thawing cycle legacy (H3: the “drying-rewetting
dependence hypothesis™).

As DNA-based methods can reflect changes of active,
inactive and dead microorganisms (e.g., relic DNA) [55, 56]
we also investigated the potentially active (rRNA-based)
fraction of the soil microbiome [57]. We performed cDNA-
(from rRNA) and DNA-based amplicon sequencing of
bacterial and fungal marker genes [58] and linked these data
to respiration.
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Material and methods
Soil

Soil was sampled on 27 July 2016 from five plots at a
naturalized grassland in the Netherlands (52.03N, 5.45E)
where agricultural production stopped in 1995 [59]. Four
1 kg soil samples were collected at each plot from the top
10 cm, sieved at 2 mm, homogenized per plot and stored
at 5 °C until use. Soil was a loamy sand (clay 1.25%; silt
11.72 %; sand 87.02%), had 5.38 £0.13% SOM (as deter-
mined by LOI) and a pH of 5.29 +0.21.

We chose this soil, because data was available that
confirmand it had experienced drought and freezing in the
past. In the period 1981-2016, the mean air temperature
was 10.3°C and the mean yearly rainfall was 895 mm
(measured ca. 40km from the sampled location, www.
knmi.nl). During these years, there were 108 periods of 9
consecutive dry days, averaging three dry spells per year.
The longest dry period was 32 days in April 2007. At 5 cm
depth, the soil experienced on average 7 days below 0 °C
annually and the lowest minimum temperature was —6 °C
in 1996 (KNMI, De Bilt, the Netherlands).

Microcosm experiments

We performed three experiments where each of the five soil
samples were considered as independent blocks (Fig. 1).
For each experiment, we set up one series of 20 166 ml
PVC microcosms that contained 30g field moist soil
adjusted to 50% of water holding capacity (WHC). The
experiments were initiated simultaneously.

Experiment 1: Effect of drying-rewetting and
freezing-thawing

The microcosms were pre-incubated at 12 °C for 1 month.
Then, the soil was exposed to the following four treatments
for 1 week: moist soil incubated at 12 °C, moist soil incu-
bated at —4 °C (frozen), moist soil incubated at 21 °C, or
soil incubated at 21 °C without lid (dry). After 1 week, all
microcosms were incubated at 12°C and the moisture
content was adjusted to 50% WHC (Fig. 1A). Microcosms
were sampled for greenhouse gas emissions and soil was
snap-frozen with liquid nitrogen for RNA and DNA isola-
tion (see below).

Experiment 2: Legacy of drying-rewetting on
freezing-thawing

In the second experiment (Fig. 1B), 20 additional micro-
cosms with the four legacies were exposed to an additional
drying-rewetting cycle. Greenhouse gas emissions were

measured upon rewetting. Soil samples were snap-frozen
with liquid nitrogen 1 week after rewetting.

Experiment 3: Legacy of freezing-thawing on
drying-rewetting

In the third experiment (Fig. 1C), 20 additional microcosms
with the four legacies were analyzed as described for
Experiment 2, except that these microcosms were exposed
to an additional freezing-thawing cycle.

Greenhouse gas measurements

Upon rewetting or thawing, 4 g soil samples from micro-
cosms were placed in 54 ml respiration vials, aired with
pressurized air, sealed with rubber septa [13] and incubated
at 12°C in darkness. Every 24-48h, gas samples were
extracted for analysis of CO,, CH4 and N,O on an SRI310C
GC (SRI Instruments, Torrance, CA, USA) equipped with a
Hayesep Q 80/100 column, an FID (connected to a
methanizer) and an ECD. For Experiment 1, gas samples
were taken at 26, 57, 98, 142 and 166 h post-rewetting or
thawing. For Experiments 2 and 3, gas samples were taken
at22,47,72, 111, 140, 166 h. All measurement points were
used to calculate cumulative gas production over 1 week.

Nucleic acid isolation

Two grams of soil were snap-frozen with liquid nitrogen
1 week after rewetting or thawing and stored at —80 °C.
RNA was isolated using the RNA PowerSoil- Total RNA
Isolation Kit according to the instructions of the manu-
facturer (Qiagen, Vedbak, Denmark). DNA was removed
from the isolated RNA using the DNaseMax Kit (Qiagen)
with an extension of the DNase reaction to 1 h to ensure that
all DNA was removed. RNA was reverse transcribed using
RevertAid RT Reverse Transcription Kit (Thermo Fischer
Scientific, Roskilde, Denmark) with random hexamer pri-
mers. DNA was co-isolated using RNA PowerSoil” DNA
Elution Accessory Kit (Qiagen). The quantity of isolated
RNA and DNA was determined on a Qubit Fluorometer
(Thermo Fischer Scientific), and the quality was determined
on a 1% agarose gel. DNA contamination of the isolated
RNA was checked using qPCR (see later for conditions).
Isolation of RNA and DNA failed for one sample (see
Tables S1-S4). This sample was excluded from further
analysis.

Quantification and sequencing of marker genes for
prokaryotes and fungi

Quantitative PCR (qPCR) was performed on a Lightcycler’
96 Real-Time PCR system (Roche, Hvidovre, Denmark).

SPRINGER NATURE
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Fig. 1 Experimental design.
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All gPCR reactions were run in technical duplicates. Pro-
karyote abundance was estimated by quantifying the V3
region of 16S rRNA gene as described previously [60] and
fungal abundance by quantifying the ITS2 region as
described previously [61].

To determine the composition of prokaryotic and fungal
communities, sequencing of 16S rRNA genes and ITS2
fragments (DNA) and transcripts (¢cDNA) was done as
described previously [62]. Raw sequence reads are depos-
ited on NCBI Sequence Read Archive (https://www.ncbi.
nlm.nih.gov/sra) under BioProject accession number
PRJEB40946. Details of the qPCR protocol, the prepara-
tions for sequencing and annotation of sequence reads can
be found in the supplementary information.

Statistical analysis

Sequences were analyzed in R version 3.5.0 [63] using
phyloseq and vegan [64, 65]. Sample summaries are
presented in supplementary information (Table S1-S4).
There were on average 16,525 16S cDNA reads
(Table S1) and 5389 16S DNA reads per sample
(Table S2). One 16S DNA sample was excluded due to
low sequencing depth (Table S2). There were on average
60,355 ITS transcripts and 50,412 ITS DNA reads per
sample (Tables S3-S4).

Univariate statistics
For alpha-diversity analysis, samples were rarefied to equal
depth before calculating richness and Shannon—Weaver

diversity index. The rarefaction level was determined by the

SPRINGER NATURE

7 14 21 28
Time (days)

sample that had the lowest number of reads in each
experiment (Tables S1-S4).

For all experiments, a similar univariate model was run
to test differences in the response of the greenhouse gas
emissions, abundance of 16S and ITS cDNA and DNA
reads, Shannon—Weaver diversity index and OTU richness.
Treatment was considered as a fixed factor and plot as
random factor. We used the LmerTest and Ime4 packages
[63, 66, 67]. A post-hoc test was run with the diffslsmeans
function in the LmerTest package when there was a sig-
nificant treatment effect [66].

Multivariate analysis

Multivariate analysis was performed on non-rarefied sam-
ples. We performed a permutational multivariate analysis of
variance on Bray—Curtis dissimilarity matrices to test
treatment differences (adonis function, 10,000 permuta-
tions, strata=block) and a distance-based redundancy
analysis on Bray—Curtis dissimilarity matrices (capscale
function, 9999 permutations, strata = block).

Heatmaps, OTU level analysis

For each category of 16S rRNA gene and ITS sequences
(DNA and cDNA), only OTUs with a relative abundance of
>0.25% in a sample were kept. Block effect was controlled
for each OTU by subtraction of the OTU block mean
(adonis, block effect P> 0.05). Treatment significance was
determined by an ANOVA using each specific treatment as
a factor. OTUs with a significant (ANOVA, P <0.05) effect
of the treatment were displayed in heatmaps to define
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Fig. 2 Cumulative CO, released during a week upon rewetting and
thawing. A Presents the cumulative respiration in Experiment 1,
which tested the effect of drying-rewetting versus freezing-thawing.
B Presents the cumulative respiration in Experiment 2, which tested
the legacy of freezing-thawing on drying-rewetting. C Presents the
cumulative respiration in Experiment 3, which tested the legacy of

response groups (z-score, heatmap.2 function, gplots [68]).
Taxonomic distribution in each response group was made
using ggplot2 [69].

Networks and CO, emissions

For each dataset (16S and ITS, DNA and cDNA), co-
response networks were made using the relative abundance
data, filtered for OTUs with >0.25% mean abundance. For
each experiment, the Spearman’s rank correlation was cal-
culated between OTUs. A coefficient cut-off of 10.65] was
used for pairs to be taken up in the co-response network
(approximate FDR for all categories = 0.02). To investigate
the link with CO, emission rates, the Spearman’s rank
correlations between the relative abundance of each OTU
and CO, emission rates were calculated and used as a
visualization overlay in the network figures. Network
visualization was done in R using the packages, ggploz2,
igraph cowplot, extragrid and ggpubr.

Results
Greenhouse gas emissions and microbial abundance

Both drying-rewetting and freezing-thawing treatments
increased CO, emission compared to controls (Figs. 2A;
S1). One drying-rewetting cycle released approximately
four times more CO, than moist controls (at both 12 and 21
°C), while one freezing-thawing cycle released ~1.5 times
more CO, upon thawing than moist controls. A legacy of
drying-rewetting decreased the release of CO, upon a sec-
ond drying-rewetting cycle compared with other legacies

drying-rewetting on freezing-thawing. 12C indicates pre-incubation at
12°C, while 21C indicates pre-incubation at 21 °C. DWindicates
drying-rewetting cycle. FT indicates freezing-thawing cycle. Different
superscript letters denote significant difference, post-hoc test at P <
0.05.

(Fig. 2B) whereas a legacy of drying-rewetting increased
CO, released upon the following freezing-thawing cycle
(Fig. 2C). A legacy of freezing-thawing tended to decrease
the release of CO, after the second fluctuation (Fig. 2B, C).

Drying-rewetting and freezing-thawing cycles had only
little effect on CH,4 uptake or N,O emissions. There was no
difference between treatments for CH4 uptake (Fig. S2).
N,O emissions decreased when incubating the soil samples
at 21 °C (Fig. S3). The abundance of 16S and ITS2 tran-
scripts (cDNA) and genes (DNA) did not differ between
treatments or legacies (Figs. S4, S5).

Richness and Shannon-Weaver index

One drying-rewetting cycle decreased richness and
Shannon-Weaver index in the 16S rRNA transcripts
(cDNA; Figs. S6A, S7A) and this decrease remained pre-
sent after a second drying-rewetting (Figs. S6C, S7C) or
freezing-thawing cycle (Figs. S6E, S7E). In contrast, the
history of one or two drying-rewetting or freezing-thawing
cycles did not affect ITS2 transcripts (Figs. S6, S7). One
drying-rewetting cycle increased 16S rRNA gene richness
and evenness (DNA; Figs. S8A, S9A), and decreased
richness and evenness of ITS2 and so did a freezing-thaw
cycle (DNA; Figs. S8B, S9B). These changes in ITS2
richness and evenness were not observed after a second
drying-rewetting or freezing-thawing cycle (DNA;
Figs. S8C-F, S9C-F).

Ordination

One drying-rewetting cycle affected the 16S profiles, which
remained different upon a freezing-thawing cycle, but not

SPRINGER NATURE
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upon a second drying-rewetting cycle. The 16S profiles at
cDNA level were separated in soils with a history of one
drying-rewetting cycle (Fig. 3A; Table S5), but did not
differ from each other when there were two drying-
rewetting cycles or one freezing-thawing cycle prior to a
drying-rewetting cycle (Fig. 3B; Table S5). In contrast, a
drying-rewetting cycle prior to a freezing-thawing cycle

SPRINGER NATURE

<« Fig. 3 Partial distance-based redundancy analysis of prokaryotes

for cDNA on Bray—Curtis dissimilarity using capscale ordination.
A is Experiment 1 where we tested if a drying-rewetting (DW) or a
freezing-thawing (FT) cycle leave different legacies in the prokaryote
community. B is from Experiment 2 where we tested how the different
legacies affected the microbial response to a drying-rewetting cycle.
C is from Experiment 3 where we tested how different legacies
affected the microbial communities after an additional ft cycle. 12C
indicates pre-incubation at 12 °C, while 21C indicates pre-incubation
at 21 °C (see Fig. 1). Significance of axes is tested with a permutation
test by axis: **P<0.01; ***p <0.001.

separated the 16S cDNA profiles from the other legacies
(Fig. 3C; Table S5). Similar results were observed for the
16S-DNA profiles (Fig. S10).

The legacy of one drying-rewetting cycle also affected
ITS2 profiles, remaining different upon a freezing-thawing
cycle or a second drying-rewetting cycle. The ITS2-DNA
and cDNA profiles were separated in soils with a history of
one drying-rewetting cycle (Figs. 4A, S11A; Table S6) and
these profiles remained different after two drying-rewetting
cycles (Figs. 4B; S11B). In addition, a legacy of one drying-
rewetting cycle affected the ITS2 profiles upon a freezing-
thawing cycle (Figs. 4C, S11C, Table S6).

Response groups within prokaryotes

Five response groups were identified for 16S-cDNA
profiles, featuring 259 OTUs (Fig. 5; P<0.05). In the
first response group, OTUs were highest in relative
abundance for samples with two drying-rewetting cycles,
followed by samples with a single drying-rewetting cycle
history; and OTUs without a history of drying-rewetting
were lowest. In the second response group, OTUs were
higher in samples with a history of one or two drying-
rewetting cycles. In the third response group, OTUs were
highest in the 12 °C and 21 °C treatments and decreased
when exposed to drying-rewetting legacies or to two
freezing-thawing cycles. In the fourth response group,
OTUs were lower in samples with a history of one or two
drying-rewetting cycles. In the fifth response group,
OTUs were higher in samples with a history of two
fluctuations (Fig. 5). At phylum level, abundance sig-
natures of major responders seemed to involve either an
increase or decrease after drying-rewetting for Proteo-
bacteria, Actinobacteria and Acidobacteria. Firmicutes
increased after one or two drying-rewetting cycles.

For 16S-DNA profiles, we identified three response
groups involving 118 OTUs (P < 0.05; Fig. S12). In the first
response group, OTUs were lowest in relative abundance
after one or two drying-rewetting cycles. In the second
response group, OTUs were highest after one or two drying-
rewetting cycles. In the third response group, OTUs were
also highest after one or two drying-rewetting cycles, but
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OTUs with the highest relative abundance were observed
in soil with two drying-rewetting cycles. Proteobacteria
decreased after one or more drying-rewetting cycles.

<« Fig. 4 Distance-based redundancy analysis of ITS2 for cDNA

on Bray-Curtis dissimilarity using capscale ordination. A is
Experiment 1 where we tested if a drying-rewetting (DW) or a
freezing-thawing (FT) cycle leave different legacies in the prokaryote
community. B from Experiment 2 where we tested how the different
legacies affected the microbial response to a drying-rewetting cycle.
C is from Experiment 3 where we tested how different legacies
affected the microbial communities after an additional ft cycle. 12C
indicates pre-incubation at 12 °C, while 21C indicates pre-incubation
at 21 °C (see Fig. 1). Significance of axes is tested with a permutation
test by axis: *P<0.05; **P <0.01; ***P <0.001.

Actinobacteria, Crenarchaeota, and Firmicutes increased
after one or more drying-rewetting cycles.

Response groups within ITS2

Three response groups were identified for 111 ITS2-
cDNA profiles (P<0.05; Fig. 6). OTUs belonging to
response group one had lower relative abundance
in soil with a history of one or two drying-rewetting
cycles. In contrast, OTUs belonging to response group
two had higher relative abundance in soil with a history of
one or two drying-rewetting cycles. OTUs belonging
to response group three showed different response pat-
terns depending on legacies: OTUs were highest in soil
subjected to two drying-rewetting cycles or a drying-
rewetting cycle before a freezing-thawing cycle; were
intermediate in soil with one drying-rewetting cycles; and
were lowest in the soil without a history of fluctuations.
OTUs belonging to Mortierellomycota and Ascomycota
both increased and decreased in soil with a history of
drying-rewetting compared to soil without it. OTUs
belonging to the Basidiomycota and Glomeromycota
decreased after one or two drying-rewetting cycles. OTUs
belonging to the protists Cercozoa increased in after one
or two drying-rewetting cycles. OTUs belonging to
Chytridiomycota were highest in soil with a legacy of
drying-rewetting. OTUs belonging to Rozellomycota and
Kickxellomycota were lowest in soil with a legacy of
drying-rewetting.

For ITS2-DNA profiles, we identified four response
groups of 149 OTUs (P <0.05; Fig. S13). The OTUs that
belonged in response group one were highest in the soil
subjected to two drying-rewetting cycles or one drying-
rewetting cycle before one freezing-thawing cycle. In
response group two, OTUs were higher in soil with a
history of one or two drying-rewetting cycles. In response
group three, OTUs were higher in soils exposed to one
or two drying-rewetting or freezing-thawing cycles. In
response group four, OTUs were lowest in soil with a
history of one or two drying-rewetting cycles. Similar
responses of OTUs were observed for both DNA and
cDNA levels.

SPRINGER NATURE
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Fig. 5 Response groups of 16S amplicons at cDNA level. A presents
heatmap of the z-score per OTU per treatment compared to the mean
relative abundance. B presents barplot with the relative abundance per

Correlations between microbial relative abundance
and CO, emissions

Two large co-response clusters were found after a single
fluctuation and after a follow-up drying-rewetting fluctua-
tion for 16S-cDNA (Fig. 7) and ITS2-cDNA (Fig. 8) OTUs.
For 16S-cDNA, Acidobacteria were mostly in the cluster
negatively affected by drying-rewetting and were also
negatively correlated with the release of CO, upon rewet-
ting. Actinobacteria and Proteobacteria were mostly in the
cluster positively affected by drying-rewetting and were
positively correlated with the release of CO, upon rewetting
(Fig. 7A-F). The formation of two main co-response
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clusters was mostly absent when the initial treatment was
followed by a freezing-thawing cycle. For these treatments,
lower correlation was observed between relative abundance
and release of CO, upon rewetting (Fig. 7G-I). For ITS-
cDNA, Mortierellomycota and Cercozoa OTUs were
mainly in the cluster negatively correlated with drying-
rewetting and were positively correlated with the release of
CO; upon rewetting. Basidiomycota OTUs were mainly in
the cluster positively correlated with drying-rewetting and
were negatively correlated with the release of CO, upon
rewetting. The co-response clusters found after drying-
rewetting and the positive and negative correlations with the
release of CO, were mostly absent after an additional
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heatmap of the z-score per OTU per treatment compared to the mean
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freeze-thawing fluctuation (Fig. 8G-I). A similar picture was
observed for correlations between CO, and OTUs relative
abundance for 16S-DNA and ITS2-DNA (Figs. S14, S15).

Discussion

Our results did not support our hypothesis that drying-
rewetting and freezing-thawing would lead to a microbiome
that was more tolerant to an additional fluctuation. A history
of a drying-rewetting, but not freezing-thawing, affected
CO; release and soil microbiome composition when the soil
was exposed to an additional drying-rewetting or freezing-
thawing cycle. Further, the microbiome composition, after
one or two drying-rewetting cycles, became more similar to
each other compared to the community composition in all
other treatments without a drying-rewetting fluctuation

0 10 20 30 40 50
Relative abundance (%)

phylum per response group. Response groups are labeled with num-
bers and correspond to the groups in (A), 1 is the bottom group, 3 is
the top group, the rest is also shown in order.

(Figs. 5, 6). This finding supports prior work reporting that
prokaryotes in soil subjected to experimental drying are
more tolerant to an additional drying-rewetting cycle [21].
As such, changes in microbiome composition after one
drying-rewetting cycle [e.g., 9, 16, 17] remain present and
may affect individual microbial responses and overall
community composition to an additional, potentially new
fluctuation.

One explanation why communities were more robust
to freezing-thawing than drying-rewetting fluctuations
may be that drying-rewetting cycles are more physiolo-
gically stressful for soil microorganisms. A harsher
environmental treatment may lead to more damage of
drought-sensitive microorganisms [35, 36], and thus a
reduction in microbial survival [13]. As such, a larger
fraction of the surviving microbial community may enter
into a dormant state [42, 43], potentially increasing the

SPRINGER NATURE
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@ Acidobacteria
@ Actinobacteria O Chloroflexi O Other
@ Armatimonadetes O Crenarchaeota @ Planctomycetes

© Bacteroidetes (O Firmicutes

@ Proteobacteria
@ Verrucomicrobia

Fig. 7 Co-response networks of the 16S OTUs at cDNA level and
correlation between relative abundance and CO, emissions. A, B,
C Show Experiment 1, single treatments. D, E, F Show Experiment 2,
single fluctuation followed by a drying-rewetting fluctuation. G, H, I,
Show Experiment 3, single fluctuations followed by a freezing-
thawing fluctuation. A, D, G Present co-response network with

relative abundance of organisms like Firmicutes (Fig. 5).
The soil was dried to ca. 1.3% wet weight, which is in
line with other studies [9, 13, 23]. However, our experi-
mental drying may have a stronger effect on water
activity than freezing at —4 °C, which mimics the natural
freezing temperatures soil microorganisms experience in
a temperate ecosystem. In contrast, other studies report-
ing strong effects of freezing, use much lower freezing
temperature, such as —15°C or —20 °C [e.g., 33, 70]. A
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lower freezing temperature would decrease microbial
activity more, as less water is available thus making more
physiologically stressful conditions [71]. A lower freez-
ing temperature also affects the microbial response upon
thawing [7]. Alternatively, our freezing-thawing cycle
may resulted in a more gradual change in water activity
than the more abrupt shifts encountered during rewetting
of dry soils, giving soil microorganisms more time to
adapt to the altered osmotic pressure [5].
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Fig. 8 Co-response networks of the ITS OTUs at cDNA level and
correlation between relative abundance and CO, emissions. A, B,
C Show Experiment 1, single fluctuations and controls. D, E, F Show
Experiment 2, single fluctuations followed by a drying-rewetting
fluctuation. G, H, I Show Experiment 3, single fluctuations followed
by a freezing-thawing fluctuation. A, D, G Co-response network with

Our results support previous observations that multiple
microbial phyla, with different traits, respond to a drying-
rewetting cycle [16]. We clustered OTUs into distinct
response groups, regardless of their phylogenetic origin. For
example, OTUs belonging to Proteobacteria responded
opportunistically or sensitively to one or more drying-
rewetting cycle. This is in line with previous research, as
Proteobacteria can be sensitive [32], tolerant [9], opportu-
nistic [18] or have a mixed response strategy [17] to drying-
rewetting cycles. Actinobacteria can also be tolerant [10],
sensitive [9, 17], opportunistic [32] or have mixed response
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mean relative abundance. B, E, H Show the co-response network with
correlation between relative abundance and CO, emissions, legend is
shown below (H). C, F, I Show boxplots with the correlations per
OTU in selected phyla.

strategies [our study, 21] to drying-rewetting cycles. Phyla
with a copiothrophic strategy may take advantage of
resource availability following stress and are thus important
for microbial succession into empty habitats left by less
resilient microorganisms [16]. In addition, oligo- and
copiothrophy are spread among phylogenetic groups [72]
and so is the response of microorganisms to perturbations.

Our results did not support our hypothesis that fungi are
more sensitive to freezing-thawing cycles than to drying-
rewetting cycles. Fungal OTUs were more responsive to a
drying-rewetting cycle than a freezing-thawing cycle. In
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addition, shifts in the fungal community mediated by one
drying-rewetting cycle remained generally stable even after
a second drying-rewetting or freezing-thawing cycle. Fun-
gal communities can be less sensitive to drying-rewetting
than bacterial communities [15, 17, 73], yet fungal com-
munity compositional shifts following drying-rewetting
cycles can lead to lasting community changes [74]. More-
over, fungal communities may be more tolerant to freezing-
thawing cycles than observed in previous studies in Artic
regions [33, 51, 53, 54]. Other studies have used lower
freezing temperatures that we did and these lower tem-
peratures may increase fungal stress.

The group of protozoa picked up by our primers suggests
an opportunistic strategy to drying-rewetting cycles for
Cercozoa that may be important for changes in food-web
dynamics upon recovery. The primers used to target the
ITS2 region (gITS7-ITS4) also picked up non-fungal taxa,
which is in line with previous observations [75]. Cercozoa
increased in relative abundance following one or two
drying-rewetting cycles. Cercozoa are generally abundant in
soils and are important for soil food-web dynamics [76].
Protists live in the aquatic phase of soils [77] and are
drought sensitive [78, 79]. Yet, Cercozoan species can be
resilient to drought [80], as they can enter cystic forms that
may survive unfavorable conditions [81, 82]. Upon recov-
ery from drought, protists respond to wetter conditions more
slowly than their prey, bacteria [79]. As Cercozoa correlated
positively with CO, emissions when soil had been exposed
to drying-rewetting fluctuations (Fig. 8), food-web dynam-
ics upon recovery may have created a cycle of predator-prey
oscillations over time when sporulated protozoa may have
the opportunity to feed upon fast-responding bacteria [8].

Similar to previous studies, the potentially active, RNA-
based, fraction of the prokaryote OTUs responded differ-
ently to the drying-rewetting fluctuations than the total
(active + inactive pool) DNA-based fraction [9, 15]. Our
results suggest that the presence of an OTU at the DNA
level may not indicate that the observed species is active.
For example, we observed that DNA from Thaumarchaea
responded opportunistically in soils with a history of
drying-rewetting (Fig. S13), which is in line with earlier
work [16, 83, 84]. However, this pattern disappeared when
observing the RNA response (Fig. 5, Crenarchaeota belong
to Thaumarchaea). Thus, our study suggests that Thau-
marchaea total abundance may increase, but their potential
activity remains the same. This confirms that high levels of
DNA in soil do not indicate that the prokaryote is in an
active state [85, 86].

Our results may indicate that a shift toward a more
drought tolerant microbiome may reduce respiration upon
a second drying-rewetting cycle. The CO, flux upon
rewetting was lower when soil experienced a previous
drying-rewetting cycle compared to soil without this
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history. This result reflects prior work where CO, flux
declined following multiple drying-rewetting cycles
[26, 27, 87]. One mechanism for a decreased respiration
upon multiple drying-rewetting cycles may be a decrease
in the supply rates of organic matter for microbial
respiration due to the high CO, pulse during the first
drying-rewetting fluctuation [22, 88]. However, an
altered microbiome composition after one drying-
rewetting cycle [16, 17] may affect the composition
present upon the second drying-rewetting cycle (this
study). Moreover, the changed microbiome composition
seems to affect the correlation with CO, emissions
(Figs. 7, 8). The correlations between CO, emissions and
microbial community are based on relative abundance
data, which does not give information on the total
abundance of changes in the microbial community [§9].
As total microbial community size seems to be unaffected
by our treatments (Figs. S4, S5) and microbial commu-
nity shifts are also present in sequence read counts
(Figs. 3, 4), our results indicate a shift in microbial
community composition. These changed microbiomes
may not only affect carbon cycling, but also affect other
ecosystem functions. For example, drought-exposed
microbiomes affect individual and community responses
of plant species to additional perturbations [90, 91].

The positive correlations between OTUs and CO,
emissions generally occurs within phyla Actinobacteria and
Proteobacteria for prokaryotes and within phyla Cercozoa
and Mortierellomycota for ITS2. These correlations may be
caused by responses at a finer taxonomic resolution. For
example, some Actinobacteria, like Arthrobacter spp.,
increase after one or two drying-rewetting fluctuations. This
genus may tolerate drought, as it can transit between a
vegetative and dormant state [92]. High CO, emission may
be released upon rewetting via germinating spores [93].
Other Actinobacteria, like Thermomonospraceae, respon-
ded sensitive to drought and may contribute less to CO,
emissions post-disturbance. There are many Proteobacteria
OTUs that represent copiotrophs. These may contribute via
an opportunistic strategy to the CO, flux upon rewetting if
they tolerate drought. As soil communities are complex, it is
likely that numerous community members not included in
our study responded to the fluctuations. For example, soil
viruses are often linked to soil hydration and microbial
community dynamics [94], thus exploring viral responses to
drying-rewetting cycles is an exciting avenue for
future work.

In conclusion, a history of drying-rewetting affected the
soil microbiome composition and its responses to future
fluctuations. Soil microorganisms that have experienced
previous drying-rewetting cycles may impact the commu-
nity response to future perturbations (e.g., [95, 96]). In
addition, changes in soil microbiomes following drought
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and freezing may affect soil processes and ecosystem ser-
vices in the future. For example, drought-exposed micro-
biomes affect the carbon cycle (this study) and the response
of plant species to additional perturbations [90, 91]. As
such, microbiome changes due to a drying-rewetting history
may have implications for functioning in ecosystems that
experience increasing frequency and/or intensity of weather
perturbations due to global change.

Acknowledgements AM was supported by an international career
grant from the Swedish Research Council (VR, Grant No.
330-2014-6430) and Marie Sklodowska Curie Actions (Cofund Pro-
ject INCA600398). AP was supported by the Danish National
Research Foundation through Center for Permafrost (CENPERM,
DNRF100). AC was supported by the U.S. Department of Energy,
Office of Science, Office of Biological and Environmental Research,
Terrestrial Ecosystem Sciences Program under Award #DE-
SC0010562, the Danish National Research Foundation to the Center
for Macroecology, Evolution, and Climate, and the Carlsberg Foun-
dation. We thank Jannie Rosendahl Christensen for technical assis-
tance, Roel Wagenaar and Martijn van der Sluijs for sampling soil and
reviewers for feedback. This is NIOO publication number 7071.

Author contributions AM designed the experiments with inputs from
AC, AP, SJ and ED. AM and ED performed lab work. JN annotated
sequences. JN, BLS and AM performed data analysis. AM wrote a first
draft of the paper. All authors contributed substantial constructive
feedback to the paper drafts and gave final approval for publication.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

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 any medium 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/.

References

1. IPCC. Managing the risks of extreme events and disasters to
advance climate change adaptation. A special report of working
groups i and ii of the intergovernmental panel on climate change.
Cambridge, UK, and New York, NY, USA: Cambridge University
Press; 2012.

2. Trenberth KE, Dai AG, van der Schrier G, Jones PD, Barichivich
J, Briffa KR, et al. Global warming and changes in drought. Nat
Clim Chang. 2014;4:17-22.

3. Kreyling J, Henry HAL. Vanishing winters in germany: soil frost
dynamics and snow cover trends, and ecological implications.
Clim Res. 2011;46:269-76.

4. Congreves KA, Wagner-Riddle C, Si BC, Clough TJ. Nitrous
oxide emissions and biogeochemical responses to soil freezing-
thawing and drying-wetting. Soil Biol Biochem. 2018;117:5-15.

5. Schimel J, Balser TC, Wallenstein M. Microbial stress-response
physiology and its implications for ecosystem function. Ecology
2007;88:1386-94.

6. Tecon R, Or D. Biophysical processes supporting the diversity of
microbial life in soil. FEMS Microbiol Rev. 2017;41:599-623.

7. Koponen HT, Baith E. Soil bacterial growth after a freezing/
thawing event. Soil Biol Biochem. 2016;100:229-32.

8. Schostag M, Priemé A, Jacquiod S, Russel J, Ekelund F, Jacobsen
CS. Bacterial and protozoan dynamics upon thawing and freezing
of an active layer permafrost soil. ISME J. 2019;13:1345-59.

9. Barnard RL, Osborne CA, Firestone MK. Changing precipitation
pattern alters soil microbial community response to wet-up under
a mediterranean-type climate. ISME J. 2015;9:946-57.

10. Drigo B, Nielsen UN, Jeffries TC, Curlevski NJA, Singh BK,
Duursma RA, et al. Interactive effects of seasonal drought and
elevated atmospheric carbon dioxide concentration on prokaryotic
rthizosphere communities. Environ Microbiol. 2017;19:3175-85.

11. Priemé A, Christensen S. Natural perturbations, drying-wetting
and freezing-thawing cycles, and the emission of nitrous oxide,
carbon dioxide and methane from farmed organic soils. Soil Biol
Biochem. 2001;33:2083-91.

12. Kim DG, Vargas R, Bond-Lamberty B, Turetsky MR. Effects of
soil rewetting and thawing on soil gas fluxes: a review of current
literature and suggestions for future research. Biogeosciences
2012;9:2459-83.

13. Meisner A, Leizeaga A, Rousk J, Bdath E. Partial drying accel-
erates bacterial growth recovery to rewetting. Soil Biol Biochem.
2017;112:269-76.

14. Blazewicz SJ, Schwartz E, Firestone MK. Growth and death of
bacteria and fungi underlie rainfall-induced carbon dioxide pulses
from seasonally dried soil. Ecology. 2014;95:1162-72.

15. Barnard RL, Osborne CA, Firestone MK. Responses of soil
bacterial and fungal communities to extreme desiccation and
rewetting. ISME J. 2013;7:2229-41.

16. Meisner A, Jacquiod S, Snoek BL, ten Hooven FC, van der Putten
‘WH. Drought legacy effects on the composition of soil fungal and
prokaryote communities. Front Microbiol. 2018;9:294.

17. de Vries FT, Griffiths RI, Bailey M, Craig H, Girlanda M, Gweon
HS, et al. Soil bacterial networks are less stable under drought
than fungal networks. Nat Commun. 2018;9:3033.

18. Bouskill NJ, Lim HC, Borglin S, Salve R, Wood TE, Silver WL,
et al. Pre-exposure to drought increases the resistance of tropical
forest soil bacterial communities to extended drought. ISME J.
2013;7:384-94.

19. Ren J, Song C, Hou A, Song Y, Zhu X, Cagle GA. Shifts in soil
bacterial and archaeal communities during freeze-thaw cycles in a
seasonal frozen marsh, northeast china. Sci Total Environ.
2018;625:782-91.

20. Mannisto MK, Tiirola M, Haggblom MM. Effect of freeze-thaw
cycles on bacterial communities of arctic tundra soil. Micro Ecol.
2009;58:621-31.

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

22. Fuchslueger L, Bahn M, Hasibeder R, Kienzl S, Fritz K, Schmitt
M, et al. Drought history affects grassland plant and microbial
carbon turnover during and after a subsequent drought event. J
Ecol. 2016;104:1453-65.

23. Hawkes CV, Waring BG, Rocca JD, Kivlin SN. Historical climate
controls soil respiration responses to current soil moisture. Proc
Natl Acad Sci. 2017;114:6322-7.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1220

A. Meisner et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Preece C, Verbruggen E, Liu L, Weedon JT, Pefiuelas J. Effects of
past and current drought on the composition and diversity of soil
microbial communities. Soil Biol Biochem. 2019;131:28-39.

de Nijs EA, Hicks LC, Leizeaga A, Tietema A, Rousk J.
Soil microbial moisture dependences and responses to
drying-rewetting: the legacy of 18 years drought. Glob Change
Biol. 2019;25:1005-15.

Evans SE, Wallenstein MD. Soil microbial community response
to drying and rewetting stress: does historical precipitation regime
matter? Biogeochemistry 2012;109:101-16.

Butterly CR, Bunemann EK, McNeill AM, Baldock JA,
Marschner P. Carbon pulses but not phosphorus pulses are related
to decreases in microbial biomass during repeated drying and
rewetting of soils. Soil Biol Biochem. 2009;41:1406-16.
Schimel JP, Clein JS. Microbial response to freeze-thaw cycles in
tundra and taiga soils. Soil Biol Biochem. 1996;28:1061-6.
Jurburg SD, Nunes I, Brejnrod A, Jacquiod S, Priemé A, Sgrensen
SJ, et al. Legacy effects on the recovery of soil bacterial com-
munities from extreme temperature perturbation. Front Microbiol.
2017;8:1832.

Calder6n K, Philippot L, Bizouard F, Breuil M-C, Bru D, Spor A.
Compounded disturbance chronology modulates the resilience of
soil microbial communities and n-cycle related functions. Front
Microbiol. 2018;9:2721.

Wilson SL, Grogan P, Walker VK. Prospecting for ice associa-
tion: characterization of freeze—thaw selected enrichment
cultures from latitudinally distant soils. Can J Microbiol. 2012;58:
402-12.

Evans SE, Wallenstein MD, Burke IC. Is bacterial moisture niche
a good predictor of shifts in community composition under long-
term drought? Ecology. 2014;95:110-22.

Yergeau E, Kowalchuk GA. Responses of antarctic soil microbial
communities and associated functions to temperature and freeze-
thaw cycle frequency. Environ Microbiol. 2008;10:2223-35.
Lennon JT, Aanderud ZT, Lehmkuhl BK, Schoolmaster DR.
Mapping the niche space of soil microorganisms using taxonomy
and traits. Ecology. 2012;93:1867-79.

Mackey BM, Derrick CM. Conductance measurements of the lag
phase of injured salmonella-typhimurium. J Appl Bacteriol.
1984;57:299-308.

Nocker A, Fernandez PS, Montijn R, Schuren F. Effect of air
drying on bacterial viability: a multiparameter viability assess-
ment. J Microbiol Methods. 2012;90:86-95.

Potts M. Desiccation tolerance of prokaryotes. Microbiological
Rev. 1994;58:755-805.

Oquist MG, Sparrman T, Klemedtsson L, Drotz SH, Grip H,
Schleucher J, et al. Water availability controls microbial tem-
perature responses in frozen soil co2 production. Glob Change
Biol. 2009;15:2715-22.

Manzoni S, Schimel JP, Porporato A. Responses of soil microbial
communities to water-stress: results from a meta-analysis. Ecol-
ogy. 2012;93:930-8.

Tovieno P, Badth E. Effect of drying and rewetting on bacterial
growth rates in soil. FEMS Microbiol Ecol. 2008;65:400-7.
Drotz SH, Sparrman T, Nilsson MB, Schleucher J, Oquist MG.
Both catabolic and anabolic heterotrophic microbial activity pro-
ceed in frozen soils. Proc Natl Acad Sci USA. 2010;107:
21046-51.

Lennon JT, Jones SE. Microbial seed banks: the ecological and
evolutionary implications of dormancy. Nat Rev Microbiol.
2011;9:119-30.

Manzoni S, Schaeffer SM, Katul G, Porporato A, Schimel JP. A
theoretical analysis of microbial eco-physiological and diffusion
limitations to carbon cycling in drying soils. Soil Biol Biochem.
2014;73:69-83.

SPRINGER NATURE

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Larsen KS, Jonasson S, Michelsen A. Repeated freeze-thaw
cycles and their effects on biological processes in two arctic
ecosystem types. Appl Soil Ecol. 2002;21:187-95.

Williams MA, Xia K. Characterization of the water soluble soil
organic pool following the rewetting of dry soil in a drought-prone
tallgrass prairie. Soil Biol Biochem. 2009;41:21-8.

Placella SA, Brodie EL, Firestone MK. Rainfall-induced carbon
dioxide pulses result from sequential resuscitation of phylogen-
etically clustered microbial groups. Proc Natl Acad Sci USA.
2012;109:10931-6.

Fukami T. Historical contingency in community assembly: Inte-
grating niches, species pools, and priority effects. Annu Rev Ecol
Evol Syst. 2015;46:1-23.

Szekely AJ, Langenheder S. Dispersal timing and drought history
influence the response of bacterioplankton to drying-rewetting
stress. ISME J. 2017;11:1764-76.

Engelhardt IC, Welty A, Blazewicz SJ, Bru D, Rouard N, Breuil
M-C, et al. Depth matters: effects of precipitation regime on soil
microbial activity upon rewetting of a plant-soil system. ISME J.
2018;12:1061-71.

Guhr A, Borken W, Spohn M, Matzner E. Redistribution of soil
water by a saprotrophic fungus enhances carbon mineralization.
Proc Natl Acad Sci USA. 2015;112:14647-51.

Yergeau E, Hogues H, Whyte LG, Greer CW. The functional
potential of high arctic permafrost revealed by metagenomic
sequencing, qpcr and microarray analyses. ISME J. 2010;
4:1206-14.

Gittel A, Barta J, Kohoutova I, Mikutta R, Owens S, Gilbert J,
et al. Distinct microbial communities associated with buried soils
in the siberian tundra. ISME J. 2014:8:841-53.

Hultman J, Waldrop MP, Mackelprang R, David MM, McFarland
J, Blazewicz SJ, et al. Multi-omics of permafrost, active layer and
thermokarst bog soil microbiomes. Nature 2015;521:208-12.
Feng X, Nielsen LL, Simpson MJ. Responses of soil organic
matter and microorganisms to freeze—-thaw cycles. Soil Biol
Biochem. 2007;39:2027-37.

Carini P, Marsden PJ, Leff J, Morgan EE, Strickland MS, Fierer
N. Relic DNA is abundant in soil and obscures estimates of soil
microbial diversity. Nat Microbiol. 2017;2:6.

Lennon JT, Muscarella ME, Placella SA, Lehmkuhl BK. How,
when, and where relic DNA affects microbial diversity. mBio
2018;9:e00637-18.

Blazewicz SJ, Barnard RL, Daly RA, Firestone MK. Evaluating
rrna as an indicator of microbial activity in environmental com-
munities: limitations and uses. ISME J. 2013;7:2061-8.
Blagodatskaya E, Kuzyakov Y. Active microorganisms in soil:
critical review of estimation criteria and approaches. Soil Biol
Biochem. 2013;67:192-211.

van de Voorde TFJ, van der Putten WH, Martijn Bezemer T. Intra-
and interspecific plant—soil interactions, soil legacies and priority
effects during old-field succession. J Ecol. 2011;99:945-53.
Nunes I, Jurburg S, Jacquiod S, Brejnrod A, Falcao Salles J,
Priemé A, et al. Soil bacteria show different tolerance ranges to an
unprecedented disturbance. Biol Fertil Soils. 2018;54:189-202.
Christiansen CT, Haugwitz MS, Priemé A, Nielsen CS, Elberling
B, Michelsen A, et al. Enhanced summer warming reduces fungal
decomposer diversity and litter mass loss more strongly in dry
than in wet tundra. Glob Change Biol. 2017;23:406-20.

Borg Dahl M, Brejnrod AD, Russel J, Sgrensen SJ, Schnittler M.
Different degrees of niche differentiation for bacteria, fungi, and
myxomycetes within an elevational transect in the german alps.
Micro Ecol. 2019;78:764-80.

RCoreTeam. R: a language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing;
2018.



Soil microbial legacies differ following drying-rewetting and freezing-thawing cycles

1221

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

McMurdie PJ, Holmes S. Phyloseq: an r package for reproducible
interactive analysis and graphics of microbiome census data.
PLOS ONE. 2013;8:e61217.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P,
McGlinn D, et al. Vegan: community ecology package. R
package version 2.5-5. https://CRAN.R-project.org/package=
vegan. 2019.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Pack-
age: Tests in Linear Mixed Effects Models. J Stat Softw.
2017;82:1-26.

Bates D, Maechler M, Bolker B, Walker S. Fitting Linear Mixed-
Effects Models Using Ime4. J Stat Softw. 2015;67:1-48.

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA,
Lumley T, et al. Package ‘gplots’: various r programming tools for
plotting data. R package version 3.0.1. https://CRAN.R-project.
org/package=gplots. 2019.

Wickham H. Ggplot2: elegant graphics for data analysis. New
York: Springer-Verlag; 2016.

Sharma S, Szele Z, Schilling R, Munch JC, Schloter M. Influence
of freeze-thaw stress on the structure and function of microbial
communities and denitrifying populations in soil. Appl Environ
Microbiol. 2006;72:2148-54.

Tilston EL, Sparrman T, Oquist MG. Unfrozen water content
moderates temperature dependence of sub-zero microbial
respiration. Soil Biol Biochem. 2010;42:1396—407.

Ho A, Di Lonardo DP, Bodelier PLE. Revisiting life strategy
concepts in environmental microbial ecology. FEMS Microbiol
Ecol. 2017;93:14.

Yuste JC, Penuelas J, Estiarte M, Garcia-Mas J, Mattana S, Ogaya
R, et al. Drought-resistant fungi control soil organic matter
decomposition and its response to temperature. Glob Change Biol.
2011;17:1475-86.

Kaisermann A, Maron PA, Beaumelle L, Lata JC. Fungal com-
munities are more sensitive indicators to non-extreme soil
moisture variations than bacterial communities. Appl Soil Ecol.
2015;86:158-64.

Clemmensen KE, Bahr A, Ovaskainen O, Dahlberg A, Ekblad A,
Wallander H, et al. Roots and associated fungi drive long-
term carbon sequestration in boreal forest. Science. 2013;
339:1615-8.

Bates ST, Clemente JC, Flores GE, Walters WA, Parfrey LW,
Knight R, et al. Global biogeography of highly diverse protistan
communities in soil. ISME J. 2013;7:652-9.

Geisen S, Mitchell EAD, Adl S, Bonkowski M, Dunthorn M,
Ekelund F, et al. Soil protists: a fertile frontier in soil biology
research. FEMS Microbiol Rev. 2018;42:293-323.

Geisen S, Bandow C, Rombke J, Bonkowski M. Soil water
availability strongly alters the community composition of soil
protists. Pedobiologia 2014;57:205-13.

Clarholm M. Protozoan grazing of bacteria in soil—impact and
importance. Micro Ecol. 1981;7:343-50.

Harder CB, Rgnn R, Brejnrod A, Bass D, Al-Soud WA, Ekelund
F. Local diversity of heathland cercozoa explored by in-depth
sequencing. ISME J. 2016;10:2488.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ekelund F, Frederiksen HB, Rgnn R. Population dynamics of
active and total ciliate populations in arable soil amended with
wheat. Appl Environ Microbiol. 2002;68:1096-101.

Miiller H, Achilles-Day UEM, Day JG. Tolerance of the resting
cysts of colpoda inflata (ciliophora, colpodea) and meseres corlissi
(ciliophora, spirotrichea) to desiccation and freezing. Eur J Pro-
tistol. 2010;46:133-42.

Stieglmeier M, Alves RJE, Schleper C. The phylum thaumarch-
aeota. In: Rosenberg E, DeLong EF, Lory S, Stackebrandt E,
Thompson F, editors. The prokaryotes: other major lineages of
bacteria and the archaea. Berlin, Heidelberg: Springer Berlin
Heidelberg; 2014. p. 347-62.

Shi Y, Adams JM, Ni Y, Yang T, Jing X, Chen L, et al. The
biogeography of soil archaeal communities on the eastern tibetan
plateau. Sci Rep. 2016;6:38893.

Pedrés-Alié C. The rare bacterial biosphere. Ann Rev Mar Sci.
2012;4:449-66.

Lynch MDJ, Neufeld JD. Ecology and exploration of the rare
biosphere. Nat Rev Microbiol. 2015;13:217-29.

Chowdhury N, Nakatani AS, Setia R, Marschner P. Microbial
activity and community composition in saline and non-saline soils
exposed to multiple drying and rewetting events. Plant Soil.
2011;348:103-13.

Fierer N, Schimel JP. Effects of drying-rewetting frequency on
soil carbon and nitrogen transformations. Soil Biol Biochem.
2002;34:777-87.

Scholer A, Jacquiod S, Vestergaard G, Schulz S, Schloter M.
Analysis of soil microbial communities based on amplicon
sequencing of marker genes. Biol Fertil Soils. 2017;53:485-9.
Lau JA, Lennon JT. Rapid responses of soil microorganisms
improve plant fitness in novel environments. Proc Natl Acad Sci
USA. 2012;109:14058-62.

Meisner A, De Deyn GB, de Boer W, van der Putten WH. Soil
biotic legacy effects of extreme weather events influence plant
invasiveness. Proc Natl Acad Sci USA. 2013;110:9835-8.
Solyanikova IP, Suzina NE, Egozarian NS, Polivtseva VN, Pri-
syazhnaya NV, El-Registan GI, et al. The response of soil
arthrobacter agilis lushl13 to changing conditions: Transition
between vegetative and dormant state. J Environ Sci Health B
2017;52:745-51.

Levinson HS, Hyatt MT. Correlation of respiratory activity with
phases of spore germination and growth in bacillus-megaterium as
influenced by manganese and l-alanine. J Bacteriol. 1956;72:
176-83.

Williamson KE, Fuhrmann JJ, Wommack KE, Radosevich M.
Viruses in soil ecosystems: an unknown quantity within an
unexplored territory. Annu Rev Virol. 2017;4:201-19.

van Kruistum H, Bodelier PLE, Ho A, Meima-Franke M, Veraart
AJ. Resistance and recovery of methane-oxidizing communities
depends on stress regime and history; a microcosm study. Front
Microbiol. 2018;9:1714.

Bérard A, Ben Sassi M, Renault P, Gros R. Severe drought-
induced community tolerance to heat wave. An experimental
study on soil microbial processes. J Soils Sed. 2012;12:513-8.

SPRINGER NATURE


https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=gplots
https://CRAN.R-project.org/package=gplots

	Soil microbial legacies differ following drying-rewetting and�freezing-thawing cycles
	Abstract
	Introduction
	Material and methods
	Soil
	Microcosm experiments
	Experiment 1: Effect of drying-rewetting and freezing-thawing
	Experiment 2: Legacy of drying-rewetting on freezing-thawing
	Experiment 3: Legacy of freezing-thawing on drying-rewetting
	Greenhouse gas measurements
	Nucleic acid isolation
	Quantification and sequencing of marker genes for prokaryotes and fungi
	Statistical analysis
	Univariate statistics
	Multivariate analysis
	Heatmaps, OTU level analysis
	Networks and CO2 emissions

	Results
	Greenhouse gas emissions and microbial abundance
	Richness and Shannon–nobreakWeaver index
	Ordination
	Response groups within prokaryotes
	Response groups within ITS2
	Correlations between microbial relative abundance and CO2 emissions

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




