Microbial Ecology (2022) 84:90-105
https://doi.org/10.1007/500248-021-01840-6

ENVIRONMENTAL MICROBIOLOGY q

Check for
updates

Life in the Wheat Litter: Effects of Future Climate on Microbiome
and Function During the Early Phase of Decomposition

Sara Fareed Mohamed Wahdan'*3® . Shakhawat Hossen'** . Benjawan Tanunchai' - Chakriya Sansupa’ -
Martin Schadler®” - Matthias Noll® - Turki M. Dawoud? - Yu-Ting Wu® - Frangois Buscot'7® . Witoon Purahong'*

Received: 29 March 2021/ Accepted: 5 August 2021 / Published online: 6 September 2021
© The Author(s) 2021

Abstract

Even though it is widely acknowledged that litter decomposition can be impacted by climate change, the functional roles
of microbes involved in the decomposition and their answer to climate change are less understood. This study used a field
experimental facility settled in Central Germany to analyze the effects of ambient vs. future climate that is expected in
50-80 years on mass loss and physicochemical parameters of wheat litter in agricultural cropland at the early phase of
litter decomposition process. Additionally, the effects of climate change were assessed on microbial richness, community
compositions, interactions, and their functions (production of extracellular enzymes), as well as litter physicochemical fac-
tors shaping their colonization. The initial physicochemical properties of wheat litter did not change between both climate
conditions; however, future climate significantly accelerated litter mass loss as compared with ambient one. Using MiSeq
Illumina sequencing, we found that future climate significantly increased fungal richness and altered fungal communities
over time, while bacterial communities were more resistant in wheat residues. Changes on fungal richness and/or community
composition corresponded to different physicochemical factors of litter under ambient (Ca**, and pH) and future (C/N, N, P,
K™, Ca®*, pH, and moisture) climate conditions. Moreover, highly correlative interactions between richness of bacteria and
fungi were detected under future climate. Furthermore, the co-occurrence networks patterns among dominant microorganisms
inhabiting wheat residues were strongly distinct between future and ambient climates. Activities of microbial B-glucosidase
and N-acetylglucosaminidase in wheat litter were increased over time. Such increased enzymatic activities were coupled
with a significant positive correlation between microbial (both bacteria and fungi) richness and community compositions
with these two enzymatic activities only under future climate. Overall, we provide evidence that future climate significantly
impacted the early phase of wheat litter decomposition through direct effects on fungal communities and through indirect
effects on microbial interactions as well as corresponding enzyme production.

Keywords Wheat litter decomposition - Climate change - Litter physicochemical properties - Hydrolytic enzymes - MiSeq
Ilumina sequencing - Microbial community

Introduction

Wheat litter incorporation into the soil is a well-established
sustainable practice in modern agricultural systems [1].
Decomposition of wheat residues supports plant productivity
by increasing soil organic matter and other nutrients [2]. The
Frangois Buscot and Witoon Purahong are senior authors. dynamics of the plant litter decomposition process is trig-
gered and regulated by several factors such as litter quality,
abundances, and activities of soil decomposers, especially
saprotrophs. Moreover, all of these factors are governed by
climatic conditions [3—6]. Wheat litter consists of cellu-
lose (28-39%), hemicelluloses (23-24%), lignin (16-25%),
and few contents of ashes and proteins [7]. The relative
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proportions of these compounds differ within plant organs
and determine litter quality [8]. In cropland ecosystems, it
is a common practice that only the glucan- (hemicellulose)
and lignin-rich short stems (i.e., 10 cm aboveground) remain
after harvest to be incorporated into the soil [7].

Microbes are the primary agents of decomposition,
whereby fungi play essential roles due to their ability to pro-
duce various enzymes catalyzing breakdowns of polymeric
organic plant compounds such as cellulose, hemicellulose,
and lignin [9]. Bacteria facilitate decomposition processes
directly by producing decomposing proteolytic and cellulo-
Iytic enzymes or indirectly by interacting with fungi or by
increasing available nutrients for further colonizing taxa [3,
10]. A recent study reported a stronger impact of bacteria
on litter decomposition rates than fungi [11]. Numerous
studies have demonstrated that the microbial activities, as
measured by the amount of microbial enzymes, are linked
with litter decomposition rates in different ecosystems [6,
10, 12, 13]. The antagonistic or competitive relationships
among litter-colonizing microbes significantly influence
the quantities of these litter-degrading enzymes [10, 13].
However, the complex interactions among microbial com-
munities, chemical composition of wheat litter, and enzyme
activities remain unclear, especially under the conventional
farming practices of cropland ecosystems. In addition, the
driving physicochemical factors, identity, and dynamics of
microorganisms associated with wheat residues in soil are
still poorly documented at the early stage of decomposition.
Changes of the microbial community assemblage at the early
stage of decomposition determine the microbial richness and
community compositions, nutrient cycling, and related eco-
system functions in later stages [14, 15].

At global and regional scales, climatic factors, especially
temperature and moisture, are the main driving elements
of litter decomposition, as they affect both the identity and
activity of decomposing organisms [10, 16, 17]. A large
experimental study investigated early stage litter decompo-
sition at the biome scale (across nine biomes) and showed
that climatic conditions had a significant role on litter mass
loss, whereby precipitation was the more influencing factor
over temperature [5]. In agroecosystems, a meta-analysis
reported that an increase of temperature by 2 °C accelerated
litter decomposition across China [18]. At local scale, high
moisture and temperature seasonal variations were found
to increase wheat litter decomposition rate [1]. Since lit-
ter decomposition is affected by temperature and moisture
regimes, future climate conditions including the combined
effects of both factors are expected to influence such decom-
position process. Only few studies to date have investigated
these combined factors on litter decomposition. For instance,
Yin et al. reported adverse effect of future climate conditions
on litter decomposition rate [19]. To the best of our knowl-
edge, the influence of future climate compared to ambient

climate conditions on mass loss of wheat litter and associ-
ated microbial communities along with their enzyme activi-
ties is poorly investigated.

The present study took advantage of a field infrastructure,
the Global Change Experimental Facility (GCEF), estab-
lished in Germany. This facility has been designed to investi-
gate the consequences of a predicted future climate scenario
on ecosystem processes in comparison with ambient climate
condition across different land uses [20]. Future climate sce-
nario is based on projections for the next 50-80 years with
an increased temperature and a changed precipitation pattern
consisting of reduced precipitation in summer and increased
precipitation in spring and autumn. We performed a litter
decomposition experiment in conventionally managed crop-
land ecosystem plots. In our preliminary work, we have dem-
onstrated that fungal plant pathogens are highly dominant in
wheat residues during the early phase of field decomposition
[21]. Pathogenic fungi were accounted by ~87% of the rela-
tive abundance of total mycobiome, while saprotrophs were
present at relatively low abundance (1.1-3.7%) [21]. Some
of these plant pathogens are reported to have litter-decom-
posing abilities [22]. Therefore, the aims of the present study
were to compare the influence of ambient and future climatic
conditions on (i) the diversity and community composition
patterns of both bacteria and fungi inhabiting wheat litter
during the early phase of decomposition (2 months after
field incorporation); (ii) the litter physicochemical factors
related to changes in the bacterial and fungal diversity and
community composition; (iii) the interaction between plant
pathogenic fungi and other microbes (bacteria and sapro-
trophic fungi); (iv) the changes of physicochemical proper-
ties and mass loss of wheat litter, as well as the activities of
microbial enzymes; and (v) the linkage among microbial
richness, community compositions, litter physicochemical
properties, and enzyme activities. We hypothesized that
(H1) patterns of microbial richness and community dynam-
ics would differ under ambient and future climates; (H2)
climate changes would lead to a shift in the correlative
interactions among bacteria and fungi (total, saprotrophs,
and pathogens); (H3) climate change has indirect effect on
microbial communities through influencing on wheat lit-
ter physicochemical properties; and finally (H4) direct and
indirect effects of future climate on microbial communities
negatively impact enzyme activities and mass loss of wheat
litter during the early phase of decomposition.

Methods and Materials
Study Site and Experimental Platform

Our study was carried out in a temperate cropland char-
acterized by a subcontinental climate (mean temperature
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8.9 °C, and mean annual rainfall of 498 mm for the period
1896-2013; mean temperature 9.8 °C, and mean annual
rainfall of 516 mm for the period 1995-2014) in the Global
Change Experimental Facility (GCEF), a field research sta-
tion of the Helmholtz Centre for Environmental Research
in Bad Lauchstédt, Saxony-Anhalt, Germany (51°22'60 N,
11°50'60 E, 118 m a.s.l.). During the study period (2018),
the mean temperature was 10.8 °C with an annual rainfall
of 254 mm. The GCEF (Fig. Sla) was designed to com-
paratively investigate the consequences of future climate
and ambient climate conditions on ecosystem processes in
a 50 field plots (400 m? each), with half of them subjected
to ambient and future climatic conditions, respectively [20].
The future climate conditions is a consensus scenario across
three models (COSMO-CLM [23], REMO [24], and RCAO
[25]) of climate change in Central Germany for the time
between 2070 and 2100 that manipulate both precipitation
and temperature. In the GCEF, climate manipulation has
started in 2014 (4 years prior to our experiment). Future
climate plots (Fig. S1b) are equipped with mobile shelters
and side panels, as well as an irrigation system; the roofs are
controlled by a rain sensor. As result of continuous adjust-
ment of irrigation or roof closing, precipitation is reduced
by approximately 20% in summer months and increased by
about 10% in spring and autumn. To simulate the increase
in temperature with asymmetry between daytime and night-
time warming, we used the standard method passive night-
time warming to maintain the higher daytime temperature
for increasing night temperature [26]. The shelters and pan-
els automatically close from sundown to sunrise to increase
the mean daily temperature by approximately 0.55 °C. The
resulting changes in climate conditions before and during
the study period were shown in Figure S2. Ambient climate
plots are equipped with the same steel constructions (but
without shelters, panels, and irrigation system) to mimic
possible microclimatic effects of the experimental setup
[20]. The wheat litter decomposition experiment was per-
formed on the conventional farming plots under both ambi-
ent (five replicate plots) and future climate (five replicate
plots) conditions. The conventional farming plots are char-
acterized by a typical regional crop rotation (including win-
ter rape, winter wheat, and winter barley) with tillage and
application of mineral fertilizers and pesticides. Manage-
ment details are given elsewhere [20].

Litterbag Preparation, Experimental Design,
and Sampling

After harvest of winter wheat (Triticum aestivum L.) in 2018,
the litter left over (10 cm aboveground) was sampled from
each GCEF field plot and placed in sterile plastic bags before
transferred to the laboratory on ice. The wheat litter from
each plot was oven-dried at 25 °C for 3 days to normalize the
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moisture content, and then 10 g was enclosed in a litterbag
(20 15 cm, 5 mm mesh size) [21]. Three litterbags were
returned back to each field plot (five ambient conventional
farming plots and five future conventional farming plots) in
mid-August 2018. To simulate the natural field conditions,
the litterbags were placed on the soil surface at the beginning
of the experiment and following the agricultural practices
(tillage), they were buried at 5 cm depth after 20 days. First
sampling occurred at the onset of the experiment (0 days).
The second sampling was done in first 30 days and the third
sampling at 60 days after field incorporation. For sampling,
one litterbag per plot was placed in sterile plastic bag before
transferred to the laboratory on ice. Our experiment was
therefore established at the end of the drought period under
future conditions in summer. Physicochemical properties of
soil did not differ significantly between ambient climate and
future climate plots (Table S1).

Microbial DNA Extraction, PCR, and lllumina MiSeq
Sequencing

Wheat litter from each bag (a total of 30 bags; 10 bags for
each time point where half of these are incubated under
ambient and future climate conditions, respectively) was
homogenized with the aid of liquid N, and was used for fur-
ther analyses. DNA was extracted from 150 mg of homog-
enized wheat litter sample using a DNeasy PowerSoil kit
(Qiagen, Valencia, CA, USA) according to the manufactur-
er’s instructions, then subjected to polymerase chain reac-
tion (PCR). The V5-V7 region of the bacterial 16S rRNA
gene was amplified using the following primers: BAC799F
forward (5'-AACMGGATTAGATACCCKG-3") [27] and
BACI193R reverse (5'-ACGTCATCCCCACCTTCC-3")
[28]. These bacterial primer pairs were chosen because
they do not amplify the chloroplast DNA in pyrosequenc-
ing [29]. The ITS2 region of fungi was amplified using the
following primers: fITS7 (5'-GTGARTCATCGAATCTTT
G-3") [30] and ITS4 (5'-TCCTCCGCTTATTGATATGC-3’)
[30]. The amplification was performed in a two-step process.
First amplifications were performed in 25 pL reactions with
a Qiagen HotStar Hi Fidelity Polymerase Kit (Qiagen Inc.,
Valencia, CA, USA), 1 pL of each 5 uM primer, and 1 pL
of DNA template. Reactions were performed on ABI Veriti
thermocyclers (Applied Biosystems, Carlsbad, CA, USA).
The first PCR conditions were 95 °C for 5 min, then 35
cycles of 94 °C for 15 s, 54 °C for 60 s, 72 °C for 1 min,
followed by one extension cycle of 72 °C for 10 min, and
4 °C hold. Amplicons from the first stage amplification were
diluted 1:10 and then used as a template in the second PCR.
During the second PCR, dual indexes were attached using
the Nextera XT Index Kit with the same amplification condi-
tions as the first stage, except for 10 cycles. Amplification
products were visualized with eGels (Life Technologies,
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Grand Island, NY) as explained by the manufacturer. PCR
products were then pooled equimolar and each pool was
size selected in two rounds using Agencourt AMPure XP
(Beckman Coulter, Indianapolis, IN) in a 0.75 ratio for both
rounds. Size selected pools were then quantified using the
Quibit 2.0 fluorometer (Life Technologies). Sequencing was
performed using MiSeq (Illumina, Inc., San Diego, CA)
2% 300 bp paired-end strategy according to manufacturer’s
manual.

Bioinformatic Analysis

The primer sequences were trimmed from the demultiplexed
raw reads using cutadapt [31]. The pair-end raw reads of
bacterial and fungal datasets were merged using the simple
Bayesian algorithm with a threshold of 0.6 and a minimum
overlap of 20 nucleotides as implemented in PANDAseq
[32]. Reads fulfilling the following criteria were remained
for further analyses: a minimum length of 350 (bacteria) and
120 (fungi) nt; a minimum average quality of 29 (bacteria)
or 25 (fungi) Phred score; containing homopolymers with
a maximum length of 20 nt; without ambiguous nucleo-
tides. We detected chimeric sequences using the UCHIME
algorithm [33] as implemented in MOTHUR and removed
from the datasets. The obtained reads were then clustered
into operational taxonomic units (OTUs) using the CD-
HIT-EST algorithm [34] at a threshold of 97% sequence
similarity. The OTU representative sequences (defined as the
most abundant sequence in each OTU) were taxonomically
assigned against the reference sequences from the SILVA
database v132 [35] for prokaryote 16S rRNA gene and the
unite database (version unite.v7) [36] using the naive Bayes-
ian classifier as implemented in MOTHUR [37] using the
default parameters. Rare OTUs (singletons and doubletons)
which potentially might originate from artificial sequences
[38] were removed. The read counts were normalized to
the smallest read number per sample. Therefore, the final
normalized dataset without rare OTUs was used for further
statistical analysis, unless otherwise stated. The ecological
and metabolic functions of bacterial OTUs were predicted
using FAPROTAX [39] and the functional annotation tool of
prokaryotic taxa v.1.1, whereas those of fungal OTUs were
predicted using FUNGuild [40].

Mass Loss and Physicochemical Analysis of Wheat
Litter

The dry mass of wheat litter samples from the GCEF plots
was determined after oven drying at 105 °C to constant
weight (mostly after 24 h) and was used for determination
of mass loss and moisture content at three time points (0,
30, and 60 days) under ambient and future climate regimes
conditions. Approximately 2 g of oven-dried samples (30

samples) was ground and used for detection of litter phys-
icochemical properties. In brief, total C and N concentra-
tions were determined by dry combustion at 1000 °C with
a CHNS-Elemental Analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany) according to manufacturer’s pro-
tocol. Available phosphorus was extracted and measured
according to Bray 1 method [41]. Concentration of cati-
ons (K*, Mg?*, Ca®*, and Na*) was determined by atomic
absorption spectrophotometry, using a Z 5300 instrument
(Hitachi—Science & Technology, Tokyo, Japan) following
recommendations of the manufacturer. The pH of the wheat
litter samples was measured using a WTW Multi 3510 IDS
portable meter (Weilheim, Germany).

Assay of Microbial Enzyme Activity in Wheat Litter

Activities of five microbial extracellular enzymes were
measured in the same 30 samples of homogenized wheat
litter. Of those, three are hydrolytic enzymes important for
the acquisition of polymeric carbon (B-glucosidase), nitro-
gen (N-acetylglucosaminidase), and phosphorus (phos-
phatase); and two are oxidative enzymes related to the
chemical modification of lignin (phenol oxidase and per-
oxidase) [3]. Hydrolytic and oxidative enzymes were meas-
ured based on 4-methylumbelliferone (MUB) derivatives
and 3,3',5,5'-tetramethylbenzidine (TMB), respectively, as
described previously [42].

Statistical Analysis

Statistical analyses were performed using the PAST program
v.2.17¢c [43] and IBM SPSS Statistics (version 24) software.
All the analyses were conducted based on five independent
replicate plots of the field experiment (n=35) with time as
within plot factor. Bacterial and fungal OTU richness were
calculated for each sample using the “diversity” function
in the PAST program. Sample rarefaction curves of fungi
and bacteria are shown in Fig. S3. As the rarefaction curves
indicated sufficient OTU coverage, we used the observed
OTU richness directly as a proxy for bacterial and fungal
diversity. Permutational multivariate analysis of variance
(NPMANOVA) [44] based on Jaccard distance (permuta-
tions =999) was performed to test the impact of sampling
times and climate conditions on bacterial and fungal (includ-
ing plant pathogen and saprotrophs) communities over time.
Non-metric multidimensional scaling (NMDS) was used to
visualize the variations of bacterial and fungal community
compositions among the three sampling time points (0, 30,
and 60 days), under ambient and future climate conditions,
respectively. We used the presence/absence data of bacterial
and fungal communities and Jaccard dissimilarity distances
(permutations =999) to perform the NMDS ordination plot
as they are more reliable than relative abundance data. All
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physicochemical properties that significantly affected bac-
terial and fungal community compositions (p <0.05) were
fitted in the respective NMDS ordination plots using PAST.
T-test was applied to evaluate the effect of climate on mass
loss of wheat litter at 30 and 60 days under ambient and
future climate conditions, respectively. Effects of climate,
time, and their interaction on physicochemical properties of
wheat litter and on microbial enzyme activity were assessed
by time-series analysis using SPSS as the data sets vary over
time. With this test, climate was used as a between-subject
factor and time was used as within plot factor. We tested the
correlation between bacteria and fungi (community com-
position and richness) and wheat litter physicochemical
properties. Additionally, the correlation between microbial
communities and richness and enzyme activities was inves-
tigated. The first and second axis scores of NMDS were used
to represent the bacterial or fungal community composition.
For correlation analyses, Jarque—Bera test was performed to
evaluate the distribution of the datasets [45]. Pearson’s cor-
relation and Spearman’s rank correlation were applied with
normally distributed and non-normally distributed datasets,
respectively. Due to the significance of fungal plant patho-
gens in field-incorporated wheat litter, we aimed to charac-
terize the interactions between these pathogens and other
microorganisms colonizing wheat residues. We performed
ecological network analysis (ENA) using Spearman’s rank
correlations (p <0.05) for ambient and future climate con-
ditions, separately. The ecological networks of potential
interacting taxa were visualized using cytoscape 3.0.2. [46].
Network properties were calculated using network analyzer
as implemented in cytoscape. These correlation networks
included nodes that consisted of plant pathogenic fungi and
fungal and bacterial OTUs as a proxy for “species,” while
the edges represented the correlative relations among the
OTUs [47]. Microbial hubs are defined as strongly inter-
connected taxa, which can have a severe effect on microbial
community compositions and networks if they were removed
[48].

Results

General overview of datasets

A total of 237,675 quality-filtered bacterial 16S rRNA gene
and 585,217 fungal ITS sequence reads were obtained,
resulting in rarefied 5104 bacterial and 9020 fungal sequence
reads per sample (Fig. S3). Bacterial communities under
both ambient and future climate conditions were dominated
by Proteobacteria (85-86% of the total bacterial sequences
reads), which were mostly assigned to Gammaproteo-
bacteria (95-96%) and Alphaproteobacteria (4—5%), and
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Actinobacteria (11-13% of the total bacterial sequences,
with 89-92% assigned to Micrococcales). Fungal commu-
nities were dominated by Ascomycota (98.3% of total fungal
sequences reads), while Basidiomycota was rare (1.7% of all
fungal sequences) at the early phase of wheat litter decom-
position. Information on bacterial and fungal taxonomic
compositions are provided in Figs. S4 and S5. The datasets
comprised of 2737 bacterial and 275 fungal OTUs. 15.9%
and 28.7% of bacterial and fungal OTUs, respectively, were
found only under the future climate condition.

Impact of Future Climate Condition, Time, and Their
Interaction on Microbial Richness in Wheat Litter

We investigated the impact of climate, field incorporation
time, and their interaction on bacterial and fungal OTU
richness (Fig. S6). Future climate condition significantly
increased the richness of fungal OTUs (F=16.32, p<0.001)
in wheat litter. Both bacterial (F =27.80, p <0.001) and fun-
gal (F=13.60, p<0.001) OTU richness increased over time.

Microbial Community Composition in Wheat Litter Over
Time in Correspondence to Future Climate Condition

The influences of climate condition, field incorporation time,
and their interactions on the microbial community composi-
tion colonizing wheat litter were examined at the OTU level
(97% identity) Figs. 1 & 2, (Table S2). NPMANOVA based
on Jaccard distance revealed that future climate significantly
(F=1.45, p=0.015) altered only the fungal community
composition and the dynamics of fungal colonizers over time
(F=2.06, p<0.001) (Fig. 2a, b; Table S2). We recognized
a distinct fungal community pattern in each single sampling
time only under future climate condition (Fig. 2b). On the
other hand, bacterial community composition was shaped
only by field incorporation time (F=2.25, p=0.001; Table
S2). The most abundant (> 1% of the relative abundance in
at least one of the sampling times) microbial taxa present in
the early phase of litter decomposition belonged to diverse
taxonomic groups with a shift in their relative abundance
among sampling times (bacteria, Fig. 1c; fungi, Fig. 2c¢).
However, some taxa were highly abundant at all time points
under both climatic conditions such as Pantoea (bacterial
OTU1), Massilia (bacterial OTU2), Mycosphaerella tas-
siana (fungal OTU1), and Alternaria hordeicola (fungal
OTU2). The FAPROTAX predicted specific metabolic func-
tions (N-fixation, denitrification, fermentation, and thiosul-
fate oxidation) for the bacterial colonizers (Fig. 1c), while
FUNGuild annotation revealed that the fungal community
was dominated by potential plant pathogens (Fig. 2c).
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Fig. 1 Bacterial community composition in wheat litter at the early
stage of decomposition. Non-metric multidimensional scaling
(NMDS) ordination diagrams of the bacterial community colonizing
wheat litter residues under (a) ambient and (b) future climate condi-
tions over time. NMDS ordination based on Jaccard dissimilarities
was used to determine the compositional variation of all bacterial
OTUs detected at different sampling times. In NMDS ordinations, the

Co-occurrence Networks Between Plant Pathogenic Fungi
and Other Microorganisms Are Dissimilar Between Ambient
and Future Climate Conditions

First, we performed a correlation analysis to explore the
influence of climate changes on the co-occurrence of bacte-
ria and total fungi as well as for the dominant fungal guilds
(saprotrophic and plant pathogenic fungi) (Table 1). Bac-
terial richness significantly correlated with total and sap-
rotrophic fungal richness under both climate conditions;
however, the correlation under future climate condition was
clearly stronger (R=0.91-0.92, p <0.001) as compared to

C

OTU ID, metabolic function

Flavobacterium sp. OTU64, aerobic chemoheterotrophy
Pseudomonas sp. OTU68, aerobic chemoheterotrophy
Paenibacillus sp. OTU48, aerobic chemoheterotrophy
Pseudomonas putida OTU61, dark thiosulfate oxidation
Pseudomonas fluorescens OTU44, denitrification
Pseudomonas sp. OTU49, aerobic chemoheterotrophy
Stenotrophomonas sp. OTU75, aerobic chemoheterotrophy
Pseudomonas fluorescens OTU54, denitrification
Enterobacteriaceae OTU20

Domibacillus sp. OTU135, aerobic chemoheterotrophy
Paenibacillus sp. OTU88, aerobic chemoheterotrophy
Promicromonosporaceae OTU15

Cellulomonas sp. OTU39, fermentation

Psychrobacillus sp. OTU65

Enterobacteriaceae OTU71

Exiguobacterium sp. OTU32

Pantoea sp. OTU19, fermentation

Curtobacterium sp. OTU23, aerobic chemoheterotrophy
Leifsonia sp. OTU34, aerobic chemoheterotrophy
Chryseobacterium sp. OTU41

Massilia sp. OTU47

Massilia sp. OTU56

Massilia sp. OTU42

Paenibacillus sp. OTU59, aerobic chemoheterotrophy
Streptomyces sp. OTU70, aerobic chemoheterotrophy
Flavobacterium sp. OTU36, aerobic chemoheterotrophy
Flavobacterium sp. OTU53, aerobic chemoheterotrophy
Microbacteriaceae OTU73

Microbacteriaceae OTU104

Enterobacteriaceae OTU58, aerobic chemoheterotrophy
Enterobacteriaceae OTU33

Enterobacteriaceae OTU38

Pantoea sp. OTU10, fermentation

Siccibacter sp. OTU26

Enterobacteriaceae OTU27

Pantoea sp. OTU17, fermentation

Verticia sp. OTU48, aerobic chemoheterotrophy
Enterobacteriaceae OTU29

Gammaproteobacteria OTU22

Gammaproteobacteria OTU13

Pseudomonas sp. OTUS8, aerobic chemoheterotrophy
Oxalicibacterium sp. OTU37, aerobic chemoheterotrophy
Burkholderiaceae OTU30

Massilia sp. OTU28

Massilia sp. OTU12

Massilia sp. OTU14

A.N.P. Rhizobium sp. OTU31, N fixation
Brevundimonas sp. OTU43

Stenotrophomonas sp. OTU16, aerobic chemoheterotrophy
Rhizobium sp. OTU24, N fixation

Duganella sp. OTU21

Massilia sp. OTU18

Microbacteriaceae OTU25

Sphingomonas sp. OTU11, aerobic chemoheterotrophy
Frigoribacterium sp. OTU5S

Sanguibacter sp. OTU6, fermentation

Pantoea sp. OTU7, fermentation

Pseudomonas sp. OTU9, aerobic chemoheterotrophy
Pseudomonas sp. OTU4, aerobic chemoheterotrophy
Pseudomonas sp. OTU3, aerobic chemoheterotrophy
Pantoea sp. OTU1, fermentation

Massilia sp. OTU2

Normalized
relative
abundance

High

1.00

OF OA 30A 30F 60A 60F

numbers 0, 30, and 60 represent the sampling time in days. Signifi-
cant effect of time (p <0.05) based on NPMANOVA is indicated in
bold. All community-shaping wheat litter physicochemical properties
(p<0.05) were plotted in the respective NMDS ordination plots. (c¢)
Normalized heat map of 62 dominant bacterial OTUs, which account
for at least 1% of the relative abundance at one or more sampling
times. A, ambient climate; F, future climate

the ambient one (R=0.54-0.57, p <0.05). Moreover, bac-
terial richness correlated with plant pathogenic fungi only
under future climate (R=0.55, p <0.05). Due to the eco-
nomic significance of plant pathogenic fungi colonizing
field-incorporated wheat litter, we performed ecological
network analyses (ENA) to predict the potential interactions
among the dominant plant pathogenic fungi (~87% of total
fungal sequence read abundance) and further members of
the microbial communities under each climate condition,
separately (Fig. 3). The network of ambient climate con-
dition consisted of 91 microbes (nodes) and 129 correla-
tions (edges), and the highest number of connections was
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Fig.2 Fungal community composition in wheat litter at the early
stage of decomposition. Non-metric multidimensional scaling
(NMDS) ordination diagrams of the bacterial community colonizing
wheat litter residues under (a) ambient and (b) future climate con-
dition over time. NMDS ordination based on Jaccard dissimilarities
was used to determine the compositional variation of all bacterial
OTUs detected at different sampling times. In NMDS ordinations, the

detected between the fungal pathogens, M. tassiana and
Neosetophoma rosigena, with other microbes (Fig. 3a). The
network of future climate condition was consisted of 100
nodes and 170 correlations and the highest number of con-
nections was between the fungal pathogens Pseudopitho-

myces rosae and Gibellulopsis piscis with other microbes
(Fig. 3b, Table S3 & S4).
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numbers 0, 30, and 60 represent the sampling time in days. Signifi-
cant effect of time (p <0.05) based on NPMANOVA is indicated in
bold. All community-shaping wheat litter physicochemical properties
(p<0.05) were plotted in the respective NMDS ordination plots. (c¢)
Normalized heat map of 28 dominant fungal OTUs, which account
for at least 1% of the relative abundance at one or more sampling
times. A, ambient climate; F, future climate

Effect of Climate Change and Time on Mass Loss,
Physicochemical Properties, and Microbial Enzyme
Activities of Wheat Litter

Future climate condition significantly accelerated the mass
loss of wheat litter at the early phase of decomposition. After
60 days of field incorporation, wheat litter dry matter was
reduced by 15.8% under future climate, compared to 10.6%



Life in the Wheat Litter: Effects of Future Climate on Microbiome and Function During the Early... 97

Table 1 Correlations between bacterial and fungal (total, plant path-
ogenic, and saprotrophic) richness under each climate condition,
separately. Significant correlations are indicated in bold (¥*p<0.05,
*#p <0.01, ##*p <0.001)

Richness correlation patterns Ambient Future

Total bacteria-total fungi *0.54 *##%0.91
Total bacteria-plant pathogenic fungi 0.18 *0.55
Total bacteria-saprotrophic fungi *0.57 *##%0.92
Total fungi-plant pathogenic Fungi *%0.63 *%0.69

under the ambient one (r=2.68; p <0.05) (Fig. 4a). With
regard to the physicochemical properties of litter (Fig. 4b—i),
slow nutrient release was observed during the early phase of
decomposition, except for N (F=8.09, p <0.001) and Mg>*
(F=3.51, p<0.05) that showed a significant reduction after
60 days of field incorporation. Immobilization of P and Ca*
was clearly observed as the concentrations of both elements
increased over time. Moreover future climate, these con-
ditions had a negligible influence on changes of chemical
composition of litter. Although we detected a higher release
of C and K* at 30-day sampling under future climate (during
summer drought), a bioaccumulation of both elements was
observed at 60 days (increased precipitation in autumn) to
resemble those under ambient climate condition.

Analysis of microbial extracellular hydrolytic enzyme
activities in wheat litter revealed a significant increase of
p-glucosidase (F'=15.30, p <0.001) and N-acetylglucosa-
minidase (F=16.85, p<0.001) over time (Fig. 5a, b). Both
enzymes reached the highest activity at 60-day sampling
under future climate condition. Almost no activity of oxida-
tive enzymes was detected during the early phase of litter
decomposition under both climate conditions (Fig. 5d, e).

Influence of Future Climate Condition on the Relationship
Between Resident Microbes (Richness and Community
Composition) and Physicochemical Properties as well

as Microbial Extracellular Enzymes in Wheat Litter

A correlation analysis was performed to elucidate the poten-
tial link between wheat litter physicochemical properties
and community compositions and richness of litter-resident
microbes under both climate conditions (Table 2). The con-
tribution of future climate to influence the factors shaping
microbial communities in wheat litter was highly recognized
for fungi. For instance, total fungal community composition
was significantly (p <0.05) correlated with Ca**, and pH
under ambient climate condition, while it was also correlated
with C/N, N, P, K*, pH, and litter moisture content under
future climate condition (Table 2 and Fig. 2a, b). Total fun-
gal richness was significantly correlated with C/N, N, Ca®+,
pH and moisture under future climate, whereas none of the
measured factors correlated significantly with total fungal

richness under ambient climate. The same observation was
also found in case of saprotrophic and plant pathogenic fungi
(Fig. S7). For bacteria, there were a significant correlation
between the richness and community composition and com-
mon (Ca2+, C/N, N, pH, moisture), but also differentiated
factors (P) in correspondence to climate condition (Table 2
and Fig. 1a, b).

A correlation analysis was performed between microbial
communities and enzyme activities under both climate con-
ditions (Table 3). It could be considered a potential pre-
diction of ecosystem functions under ambient and future
climate conditions. Climatic conditions significantly influ-
enced the correlation between both bacterial and fungal
community compositions and enzyme activities in wheat
residues. For instance, the bacterial and total fungal com-
munity compositions and richness were significantly cor-
related (p < 0.05) with phosphatase activity under ambient
climate condition, while they correlated with p-glucosidase
and N-acetylglucosaminidase activities under future climate
condition. Similarly, saprotrophic and plant pathogenic fungi
were found to positively correlate with B-glucosidase and/or
N-acetylglucosaminidase only under future climate.

Discussions

Differential Responses of Wheat Litter Fungi
and Bacteria to Future Climate Condition

Our work highlights major changes in the bacterial and fun-
gal richness and community compositions due to projected
climate changes at the early phase of wheat litter decompo-
sition. Since microbes differ in physiology, growth rates,
and evolutionary adaptations, they respond differentially in
the face of environmental stress. Here, we found that future
climate significantly altered fungal community composition
and shaped its patterns over time with an increasing species
richness. Moreover, future climate condition significantly
altered the correlation between fungi and wheat litter phys-
icochemical properties (hypotheses 1). Our results proved
the sensitivity and obvious turnover in the community com-
position of litter-inhabiting fungi due to climate changes.
Climate manipulation at the GCEF resulted in altering of
precipitation patterns as well as an average increase in daily
mean soil temperature by 0.55 °C in the future climate plots.
Soil warming is directly impacting microbial metabolism,
respiration, and growth, and the processes microbes medi-
ate which are temperature sensitive [49, 50]. Moreover,
drought stress forces microbes to shift energy, respiration,
and resources allocation from growth to survival mode.
For instance, they may accumulate balancing osmolytes
to reduce the water potential and maintain hydration. Such
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mechanism might lead to a shift in the soil community com-
position because the physiological costs associated with
drought stresses depend on microbial inherent resistance and
acclimation abilities which is genus species specific [51]. It
was noteworthy that our results are in line with the recent
global investigation of fungal distribution in soils across
biomes, which revealed that temperature and precipitation
are the primary and secondary elements of climate variables
explaining fungal variation, respectively [52]. On the other
hand, future climate did not significantly influence bacte-
rial richness or community composition in wheat residues.
However, a positive correlation between bacterial richness
and extracellular enzyme activities only under future climate
was found (Table 3), which is indicative for a genomic and
post-transcriptomic imprint as part of the climate response.

sons indicated by lowercase letters. n.s. represents non-significance,
and asterisks represent significant differences (p <0.05) between the
two climate treatments within each sampling time (grey bar=ambient
climate condition; red bar = future climate condition)

Likewise, a comparative study tested the influence of climate
change on bacterial communities colonizing plant litter, and
drought was found to reduce bacterial biomass; however,
metagenomics sequences revealed an increase of different
glycoside hydrolase gene families that encode enzymes
breakdown various polymers such as cellulose and chitin
[53].

Although, future climate conditions had no significant
direct effect on initial wheat litter physicochemical factors
(hypothesis 3), the correlation between fungi and wheat litter
physicochemical factors altered. Under future climate, fungi
correlated with C/N, N, P, K*, Ca>*, and pH. Elements such
as N, Ca, and P have fast mineralization rate in litter [6].
Moreover, both Ca>* and pH help in stabilization of organic
matter [54].
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The impact of future climate on microbial interactions is
so far less studied. In the present study, we detected stronger
correlative interactions between bacterial and fungal OTU
richness under future climate condition (hypotheses 2),
which support our interpretation that these interactions help
the communities to stand against environmental stress. The
result of co-occurrence networks in our study highlighted
the influence of climate change on the interaction patterns
between bacteria, saprotrophic fungi, and pathogenic fungi.
Each network could be defined as “pathobiome”: the plant
pathogens and associated microbes that may influence its
persistence, transmission, and evolution [55]. The micro-
bial networks showed that correlations (positive or nega-
tive) between pathogenic fungi and other soil microbes
have been altered in correspondence to climate conditions.
Under ambient climate, the highest number of connections
was detected between the fungal pathogens, M. fassiana and
N. rosigena, with other microbes, while the highest number
of connections was between the fungal pathogens P. rosae
and G. piscis with other microbes under future climate.
Our results suggest that global warming might enhance the
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pathogenic pressure on main crop species, which is a poten-
tial threat for future agriculture. Disease expression seems
to be the result of an imbalance between a potentially patho-
genic species and the rest of the microbial communities,
rather than just the presence of the pathogenic species [55].

Future Climate Positively Affects Mass Loss of Wheat
Residues at the Early Phase of Decomposition

We expected that the reduction of precipitation during the
summer period coupled with higher temperature of future
climate might cause a significant reduction of litter decom-
position. However, in contrast to our fourth hypothesis, we
found faster mass loss of wheat litter under future (~15%)
climate as compared to the ambient one (~ 10%). The reason
could be that we started our experiment on mid-summer
period, which is characterized by increased temperature and
reduced precipitation rate at the future climate plots in the
GCEF [20]. The mass loss was measured during autumn,
which is characterized by higher soil temperature and
increase in precipitation by 10% as compared to ambient
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Table 2 Heat table showing

the correlation coefficient
values between microbial
communities (coordinatel and
coordinate2 of NMDS) and
physicochemical properties
under (a) ambient and (b)
future climate conditions

and between (c) microbial
richness and physicochemical
properties. Cor represents the
coordinate. Significant values
(p<0.05) are indicated in

bold. Bacteria=total bacteria,
Fungi =total fungi, Plant
pathogen = plant pathogenic
fungi, Saprotroph = saprotrophic
fungi. Green and red colours
indicate values above and below
50th percentile, respectively

Table 3 Heat table showing the
correlation coefficient values
between microbial communities
(coordinatel and coordinate2
of NMDS) and enzyme under
(a) ambient and (b) future
climate conditions and between
(¢) microbial richness and
enzyme. Cor represents the
coordinate. Significant values
(p<0.05) are indicated in

bold. Bacteria =total bacteria,
Fungi =total fungi, Plant
pathogen = plant pathogenic
fungi, Saprotroph = saprotrophic
fungi. Green and red colours
indicate values above and below
50th percentile, respectively.

101
Ambient
a-Physicochemical : <
properties Bacteria Fungi Plant pathogen Saprotroph
Cor1 l Cor2 Cor1 I Cor2 Cor1 Cor2 Cor1 Cor2
C 0.16 0.45 0.46 0.25
CIN 0.15 0.30 0.03 0.28 0.36 0.09
Caz 0.39 0.54 0.53 0.13 0.20
K* 0.21 0.20 0.42 0.07
Mg+ 0.25 0.22 0.17 0.11 0.37 0.12
N 0.22 0.13 0.12 0.32 0.54
P ! 0.44 0.16 0.22 0.24 0.23
pH 0.62 0.09 0.66 0.11 0.53 0.23 0.13 0.26
moisture — 0.08 0.34 0.27 0.35 0.23 0.10 0.41
Future
b-Physicochemical : -
properties Bacteria Fungi Plant pathogen Saprotroph
Cor1 | Cor2 Cor1 | Cor2 Cor1 | Cor2 Cor 1 Cor 2
C 0.38 0.18 0.31 0.19 0.27 0.17 0.51
CIN 0.58 0.59 0.66 0.10 0.30 0.11
Ca?* 0.56 0.31 0.34 0.46 0.33 0.29 0.22 0.25
K* 0.43 0.12 0.59 0.10 0.48 0.21 0.26 0.47
Mg?* 0.08 0.20 013 006  0.14 0.09 0.39 0.13
N 0.67 0.54 0.72 0.10 0.36 0.11 0.85 0.08
P 0.16 0.62 0.12 0.39 0.51 0.10
pH 0.24 0.66 0.23 0.43 0.17 ]
moisture 0.59 0.56 0.32 0.29 0.65 0.22
C- Physicochemical Amble:[tant Fumnz’lant
properties Bacteria [ Fungi l Pathogen Saprotroph Bacteria | Fungi Pathogen Saprotroph
C 0.09 0.43 0.31 0.00 -0.20 -0.20 -0.05 -0.17
CIN 053 012 -0.26 004 [ 071 062 023 (
Ca? 052 029 0.35 0.00 054 064 = 072 054
K* 0.21 0.09 0.29 -0.20 -0.37 -0.33 -0.31 -0.27
Mg?* 0.08 0.09 0.39 0.52 -0.18 0.00 0.28 -0.12
N 041 004 0.29 0.17 021 [o70 |
P 0.04 -0.28 0.31 0.49 0.51 !
pH 0.02 0.26 -0.11 0 0.56
moisture 0.43 0.31 0.00 -0.20
Ambient
a- Enzyme Bacteria Fungi Plant pathogen Saprotroph
Cor1 Cor2 Cor1 I Cor2 Cor1 I Cor2 Cor1 Cor2
R-glucosidase 0.30 0.17 0.12 0.14 0.26 0.11 0.17 0.33
N-acetylglicosaminidase | 038 023 014 [NOG4H o028 018 015 0.47
Phosphatase 065 027  0.60 017 [J088 013 o013 0.40
Laccase 0.48 0.12 0.20 0.41 0.13 0.18 0.08 ]
Peroxidase 0.29 0.12 0.14 0.47 0.19 0.51 0.06
Future
b- Enzyme Bacteria Fungi Plant pathogen Saprotroph
Cor1 Cor1 Cor2 Cor1 I Cor2 Cor1 Cor2
R-glucosidase 0.64 0.41 0.52 0.26 0.17 0.46
N-acetylglucosaminidase | 0.64 0.48 0.36 0.25 - 0.58 0.15
Phosphatase 0.40 0.08 0.26 0.27 0.13 0.07 0.48 0.13
Laccase 0.42 0.13 050 019 | 005
Peroxidase 0.25 04 O 021 | 0.06 | 021 0.13 0.16
Ambient Future
c- Enzyme ) , Plant ) ' Plant
Bacteria Fungi Pathogen Saprotroph Bacteria Fungi Pathogen Saprotroph
R-glucosidase 0.19 0.42 -0.13 -0.28 ) 0.59
N-acetylglucosaminidase | 0.27 0.23 -0.55 0.02
Phosphatase 053 074 034 0.62 034 029 0.27
Laccase -0.14 0.12 0.01 0.41 -0.35 0.31 -0.19 -0.37
Peroxidase -0.28 0.31 -0.27 0.23 -0.02 0.02 0.05 -0.07
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climate plots. Therefore, we covered the period of increased
precipitation together with increasing soil temperature,
which coincidences with a faster decomposition rate. Thus,
the decomposition rate in our study is indicative only for a
certain period of the year when future climate might increase
decomposition. Therefore, we hypothesize that the positive
effect of future climate on accelerating wheat litter mass loss
during the early stage decomposition in the present study,
may become inversed at later stages of litter decomposition.
On other hand, we found that the mass loss values of wheat
stem were only between 10 and 15% after 60 days incuba-
tion, which is much lower than the mass loss as reported
in other studies [56]. For instance, wheat litter mass loss
reported to be 80% after incorporation in rice—~wheat rotation
system. This result was explained by the high soil moisture
content and temperature during the rice cultivation season.
Therefore, climate conditions are considered to be the pre-
dominant factor when litter quality is similar. Our results
suggest that litter decay, an important ecosystem function,
would change dramatically under future climate. This will
lead to changes in soil C stocks; in turn, altering of soil
organic carbon stock will have a major impact on future
atmospheric CO,, C sequestration, and climate.

Climate Drives the Contribution of Microbes
to the Litter Decomposition Process

Beside other soil biota, microorganisms are considered the
engines of plant litter decomposition processes. Future cli-
mate condition positively affected mass loss of wheat litter
at the early stage of decomposition directly by altering fun-
gal community composition and richness as reported before
[11]. In addition, we also detected other effects of climate
on microbial activities that contributed to the decomposition
process. At the early phase of litter decomposition, labile
compounds like simple sugars and amino acids are nor-
mally consumed first by microbes with the aid of hydrolytic
enzyme activities [3]. This corresponds to the strong posi-
tive correlation between microbial communities (both fungi
and bacteria) to B-glucosidase and N-acetylglucosaminidase
enzyme activity we found only under future climate condi-
tion. Similarly, previous study has reported that increasing
temperature altered decomposition rates by shifting micro-
bial extracellular enzyme activities [57]. We also showed
that a more complex compound such as lignin may not suf-
ficiently decompose at the early phase as lignin degrading
fungi were rarely detected and oxidative enzyme activities
were negligible in all samples. Though future climate con-
dition had no significant direct effect on initial wheat lit-
ter physicochemical factors (hypothesis 3), its interaction
with sampling time significantly affected enzyme activities.
Decomposition process of plant materials is known to be
regulated by fungal-fungal interactions [9] as well as by
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cross-kingdom relationships between fungi and bacteria [3,
58]. Therefore, changing of plant pathogenic fungal-bacte-
rial and plant pathogenic fungal-fungal and pathogen-path-
ogen interactions may also be responsible for the different
proportions of wheat litter mass loss under future and ambi-
ent climate conditions. The majority of plant pathogenic
fungi that highly dominate in the early decomposition stage
of wheat residue (~ 87% of total detected sequences) in this
study have been reported to live as decomposers and some
of them are even listed as efficient cellulose decomposers
[59]. In a word, our study reported that future climate shifts
the fungal community composition and richness over time
leading to altering interactions among microbial taxa and
hence altered the corresponding function (litter decomposi-
tion) of the ecosystem.

Conclusions

This study provides the first comprehensive view of micro-
biome (including both bacteria and fungi) associated with
the early stage of wheat residue decomposition in ambient
and future climate conditions using high-throughput DNA
sequencing technique. The strategy developed here can be
viewed as a proof-of-concept focusing on wheat residues
as a particularly microbial rich ecological compartment,
with various patterns of diversity-structure-ecosystem
functioning of fungal and bacterial taxa colonizing wheat
litter under ambient and future climate treatments. Fungal
communities associated with the early phase of wheat resi-
due response much stronger to the future climate change
than bacterial communities. Our findings pave the way for
a deeper understanding of the complex interactions among
pathogens, and other microbial communities as well as
effect of climate change on decomposition rate via the
microbes and their associated ecosystem functions.
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