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Abstract

Drought is well known to have strong effects ond¢beposition and activity of soll
microbial communities, and may be determined byight history and drought duration, but
the characterisation and prediction of these effemtains challenging. This is because soill
microbial communities that have previously beenosegl to drought may change less in
response to subsequent drought events, due teldaion of drought-resistant taxa. We set
up a 10-level drought experiment to test the eftéetater stress on the composition and
diversity of soil bacterial and fungal communitigge also investigated the effect of a
previous long-term drought on communities in swiith different historical precipitation
regimes. Saplings of the holm o&ercus ilex., were included to assess the impact of
plant presence on the effects of the drought treatnThe composition and diversity of the
soil microbial communities were analysed using D&Aplicon sequencing of bacterial and

fungal markers and the measurement of phosphdttig acids.

The experimental drought affected the bacterialroomity much more than the
fungal community, decreasing alpha diversity arapprtion of total biomass, whereas
fungal diversity tended to increase. The experi@eahiught altered the relative abundances
of specific taxa of both bacteria and fungi, andniany cases these effects were modified by
the presence of the plant and soil origin. Soilhwai history of drought had higher overall
bacterial alpha diversity at the end of the expental drought, presumably because of
adaptation of the bacterial community to droughtditons. However, some bacterial taxa
(e.g.Chloroflex) and fungal functional groups (plant pathogenssaptotrophic yeasts)

decreased in abundance more in the pre-droughtiisd so

Our results suggest that soil communities will metessarily be able to maintain the

same functions during more extreme or more freqfigate droughts, when functions are
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influenced by community composition. Drought il to continue to affect community
composition, even in soils that are acclimated,tending to increase the proportion of fungi

and reduce the proportion and diversity of bacteria

1. Introduction

Drought is a serious problem in many parts of tleldy and the impacts on plants, in both
natural and agricultural settings, are increasingdyli documented. The effects of water stress
on soils and their associated biota, however, reiesis certain, even though water stress
may be the most frequent environmental stress @quexd by soil microorganisms (Schimel
et al., 2007), with demonstrated impacts on sapprties and microbial communities.
Severe and prolonged water stress, in the mostragtscenarios, leads to desertification but
may have important consequences for soil healtrhrsaoner. An estimated one fifth of the
Earth’s soil is currently acutely degraded and shgwleclining productivity, often due to
drought-related phenomena (United Nations ConvartddCombat Desertification, 2017).
Maintaining healthy soils is important becausessare fundamental for a wide range of
ecosystem services, including food security, natregcling, timber production, and climatic
regulation. Moreover, the increasing research lielowground processes and plant-soil
interactions and the availability of methods fardsting microbial communities have raised
interesting fundamental questions about the rol@ais in mediating the effect of drought on

soil microbial communities.

Drought can directly affect microbes by desiccatiomesource limitation, because
substrate diffusion is reduced at low levels of smisture (Schimel et al., 2007; Naylor and
Coleman-Derr, 2017). Drought experiments have tegatecreases in microbial biomass

and activity (Hueso et al., 2012; Alster et al.120Hartmann et al., 2017; Castafio et al.,
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2018), reductions in carbon and nitrogen mineratsgHueso et al., 2012), and
accumulation of solutes, such as amino acids (@ebia) and polyols (in fungi), which help
prevent dehydration but are energetically expen@ehimel et al., 2007). Drought may also
have indirect effects, through interactions witars, because plants can have species-
specific effects on rhizosphere microbiota medidtgdhizodeposits (Bergsma-Vlami et al.,
2005; Haichar et al., 2008; Bressan et al., 20@8lygina and Hedlund, 2010; Philippot et al.,
2013; Lareen et al., 2016). Plants may have a gtiogeeffect on microbes that live in or near
the rhizosphere, at least when normal root funatenm be maintained. The tolerance of a
plant species to drought can therefore be impoftarthe soil community in the immediate

vicinity since the presence of a tolerant plant mmdulate the impacts on soil.

Soil microbial communities vary greatly at all gemghical scales, depending on
factors such as the chemical properties of the talclimate, and the plant community, but
some general factors associated with drought hage ldentified. For example, evidence
suggests that fungi are more tolerant than badtenaater stress (Bapiri et al., 2010; Barnard
et al., 2015; de Vries et al., 2018), and Gramipa@sbacterial lineages are generally more
drought resistant than Gram-negative lineages gpsrdue to their thicker cell walls
(Schimel et al., 2007). Some evidence suggestathahg fungi, yeasts may have a high
tolerance to drought, because they tend to be owrenon in more extreme environments
and tend to reproduce by budding, which is geneeathore stress tolerant strategy of
reproduction (Treseder and Lennon, 2015). Watesstmay affect the taxonomic diversity
of microbial communities, and both decreases (Bitlietkal., 2013) and increases (Acosta-
Martinez et al., 2014) have been reported. Miciadmenmunities with high diversity, and
particularly high functional diversity, may be mdoderant to drought (and to other

perturbations), but this tolerance is likely tostengly associated with a range of biotic and



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

abiotic features of the soil (Griffiths and Philgip2013). Many uncertainties about the

response of microbial communities to water strég®jgh, remain.

Both soil microbial communities and droughts aghhy variable, in both natural and
experimental environments. The impact of watersstgn plants and soils can depend on the
timing or duration of the event or treatment (Haoared Rogers, 2016; Mengtian et al.,
2018), the proportional change in water availapiliind the historical precipitation regime
(Evans and Wallenstein, 2012; Bouskill et al., 200 this last point, soils that have
experienced drought events may demonstrate ‘legtiegts’ whereby the soil community
continues to show the impact of the drought for ynggars, and it may even modify the
response to a later drought (de Vries et al., 28b2iskill et al., 2013; Kaisermann et al.,
2017; Meisner et al., 2018). The impact of droughl also not elicit a linear response
(Knapp et al., 2017), meaning that any negativectfinay decrease or increase as the
drought progresses, indicating acclimation or@pimg point’, respectively. All this
variability adds to the difficulty of drawing comudions about the impacts of drought on soil
microbes, and experiments are needed to test agonorglex range of drought scenarios,
including multiple levels of drought intensity ipace and time and investigating if and when

biologically relevant thresholds are exceeded (Betial., 2012).

The main objective of this study was to investigaeeffect of increasing drought
intensity on the bacterial and fungal communitiea Mediterranean soil. We focused on a
holm oak Quercus ileX..) forest system, which is a predominant hatliiedughout the
Mediterranean Basin where greater drought frequandyseverity is predicted (Field et al.,
2014; Touma et al., 2015). We set up a greenhoyssrienent with ten levels of drought and
then used DNA-based amplicon sequencing and lipgdlyaes to observe the effects on soil
bacterial and fungal communities in pots contairffnglex saplings. This experiment

allowed us to determine whether bacterial commesmivere more responsive than fungal
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communities to drought and if we could identify sbas in functional groups. We also
wanted to determine if the impacts of drought warggated or increased by the presence of
the plants and by the historical precipitation megjiof the soil, and to determine the effect of
drought intensity. We hypothesised that: (1) drawgbuld affect microbial community
composition, negatively affect diversity, and affbacteria more than fungi, (2) the presence
of Q. ilexwould decrease the impacts on the microbial conitiesnand (3) soils with a

history of drought would be more resistant to thaught treatment.

2. Materials and methods

2.1. Plant and soil material

A greenhouse experiment was established in May 201lte experimental fields of the
Autonomous University of Barcelona (Spain). Theaexxpent comprised 180 pots of 3.5 |,
half of which (90 pots) were planted with threetyell Q. ilexsaplings (provided by
Forestal Catalana, Barcelona, Spain). The oth@o®0contained substrate only. The
substrate used in all pots consisted of 45% autedigeat (12°C for 60 mins), 45% sand,
and 10% natural soil inoculum. Soil was collectexhf a south-facing slope (25%) in a
natural holm oak forest in the Prades Mountainsartheastern Spain (41”N3 0°55E; 930

m a.s.l.). This forest is the site of a long-tenmougjht experiment that began in 1999 and
reduces precipitation throughfall by approximatéd@o (Ogaya and Pefiuelas, 2007). There
were three soil inocula, each with 60 replicatdsictv had different prior treatments: control,
pre-droughted, or pre-sterilised. We collected edgsom the treatment plots of the long-
term drought experiment. Soil from the control platas used as the inoculum for the
corresponding control soil in our experiment and watoclaved (12C for 60 mins) for use

in our pre-sterilised treatment, and soil from dineught plots was used as the inoculum in
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our pre-droughted treatment. This pre-droughtedadloiwed us to test for ‘legacy’ effects of
the long-term drought. The pre-sterilised treatnvegd incorporated in order to try to
separate the effects of the previous soil commuroty the drought and plant effects and
remove any potential idiosyncratic features ofhilstorical soil community. The roots of the
Q. ilexsaplings were carefully washed in tap water betfi@esplantation to remove soil from
the previous potting mix, so that the soil commiesitvere representative of the three new
soil treatments. Whilst complete removal of pregisubstrate and original rhizosphere
microbes was not possible without causing damadgjeetooots, the soil microbes in the bulk
soil would have been predominantly composed ofetiamn the new inocula. All plants
were then allowed to adjust to the greenhouse emwvient for six weeks, receiving daily
watering (until the end of June 2015), after whtinky were top-watered every day with

amounts sufficient to maintain soil moisture atZ5%.

2.2. Experimental design

The drought treatment consisted of ten levels ofight, applied by withholding water for O,
2,4,7,9,11, 14, 16, 18, and 21 days. Each dtdegel therefore had 18 pots, divided into
six replicate blocks (Supplementary Material Fity). Soil samples were collected at the end
of the drought period specific for each droughtle¥or pots with zero days of drought this
sampling occurred at the end of the six week a@&tlon period. A subset of 90 of these soil
samples were used for the DNA sequencing anakgpsesenting all drought levels and all
soil history and plant treatments. This includeelb3eplicates for each combination of soil
history x presence @. ilex One sample was discarded for the bacteria anddmbe fungi
(see Supplementary Material, Table S1 for full detaf replication). Air temperature was
monitored throughout the experiment using an EL-t2S#ata logger (Lascar Electronics,

Wiltshire, UK) and had a mean of 26.7 °C. Soil temgpure averaged 27.0 °C across the



165 three soil types (Decagon Em50 data logger with SbMlprobes, Decagon Devices,

166  Pullman, USA) (Supplementary Material Fig. S2).| Smisture in each pot was measured at
167 the start of the experiment and at the end ofritsight period using an ML3 Theta Probe

168 connected to a HH2 Moisture Meter (Delta-T Deviceambridge, UK). Mean soil moisture
169 was 22.6% at the start of the experiment and dseteaxponentially to 0.3% by the end of
170  the 21-day drought treatment, and this did noediignificantly between pots with plants
171 and those without (Supplementary Material Fig. S3).

172

173 2.3. DNA library preparation and sequencing

174  Total community DNA was extracted from approximat@l25 g of soil using a PowerSoil
175  DNA Isolation Kit following the manufacturer’s patol (MoBio, Carlsbad, USA). The

176  hypervariable V3-V4 regions of the bacterial 168I/ARgene was amplified using the 341F —
177  806R primer pair (Klindworth et al., 2013hodified to include lllumina adapter sequences.
178  Each 25l reaction mixture contained 1,6 of undiluted DNA extract, 1l each of the

179  forward and reverse primers (L), and 12.5u of Phusion High Fidelity PCR Master Mix
180  with HF Buffer (ThermoFisher Scientific, Waltham$SH). Initial DNA concentration ranged
181  between 3.9-10.2 ng/pl and DNA concentration wasstamdardized prior to PCR. PCR

182  conditions were: initial denaturation at 98 °C 3@ s, followed by 30 cycles of denaturation
183 at 98 °C for 30 s, annealing at 55 °C for 30 s, @xteénsion at 72 °C for 30 s, with a final

184  extension at 72 °C for 4 min. After confirming sassful amplification by agarose gel

185 electrophoresis, PCR products were purified andhabzed using Sequalprep plates

186  (Thermofisher, USA), and subject to a second imigHCR such that each sample received a
187  unique combination of 6-nucleotide barcoded forwaand reverse primers. The reaction

188  mixture was as above, and the PCR program wasgtal step at 95°C for 30 s, 8 cycles of:

189  95°C for 30 s, 55°C for 30 s, 72°C for 30 s; arfohal step of 72°C for 5 min. PCR products
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were again purified and normalized with Sequalgiepes and pooled for sequencing. The
fungal ITS1 region was amplified in a one step apph using the primers ITS1f and ITS2
augmented with multiplexing barcodes (Smith andyP2@14). Each reaction mixture
contained 1 ul of the DNA extractd of forward and reverse primers (L), 200uM
dNTP's, 1X GC buffer and 0.4 U of Phusion DNA pognase. PCR conditions were: initial
denaturation at 98 °C for 30 s, followed by 40 egobf 98 °C for 30 s, 55 °C for 30 s, and 72
°C for 30 s, and a final extension at 72 °C fondi. Samples that failed to produce a PCR
product were discarded, and PCR was repeated. &mgal samples still failed to produce
usable PCR products and were excluded from fuahalyses, but this only represented three
samples out of 88 in total. Fungal PCR productsve¢so purified and normalized with
Sequalprep plates, and additionally extracted faohi5 agarose gel for size selection
(approximately 200-500 bp which covers the entrgge of length variation in the fungal
ITS1 region) and to remove primer dimers. Then tlveye additionally purified using a
QIAquick Gel Extraction Kit (Qiagen, Venlo, The Metlands). Both fungal and bacterial
libraries were quantified with real-time PCR uskK@PA Library Quantification Kits (Kapa
Biosystems, Wilmington, USA) to determine dilutifactors for the sequencing protocol.
The libraries were sequenced onlthmina MiSeq platform (lllumina Inc., San
Diego, USA), with 2 x 300 cycles (V3 chemistry) forward and reverse reads for bacteria,
and 300 cycles (V2 chemistry) in the forward dir@etonly for fungi. The reproducibility of
sample preparation and sequencing was tested bgseiqg a small number of technical
replicates (DNA isolated from the same samplesshhbjected to independent PCR reactions

with distinct primer barcodes).
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2.4. Quality filtering and bioinformatic analysis

The initial bioinformatic analysis of bacterial semces used USEARCH software (Edgar,
2013). Merging of paired-end reads was attemptediow quality basecalls in the tail of
both read directions precluded satisfactory mergivg therefore proceeded with separate
parallel analyses of the forward and reverse réaitisr truncating to 180bp and 150 bp
respectively). Both reads gave qualitatively vamyikar results, so we focus hereafter on the
longer forward read data. After primer removal sames were filtered by quality leaving a
total of 2.4 M high-quality sequences. Replicatd simgleton sequences were removed, and
a set of representative sequences of operatiaxahdanic units (OTUs) (97% similarity) was
constructed using the UPARSE-OTU algorithm (Edgad,3). Chimeras were removed
(leaving 11890 non-chimeric OTUSs), and all origiredds were mapped to the non-chimeric
OTUs using the USEARCH algorithm with global aligembs at an identity threshold of 0.97,
yielding an OTU table. All subsequent steps usdtQI(Caporaso et al., 2010b). OTUs
were aligned using the PyNAST algorithm (Caporasal.e2010a) and the Green Genes
database (release 13_8, DeSantis et al., 2006easpate alignment. A subsampled OTU
table was created by randomly sampling the origiBU table to avoid artefacts associated
with library size. Samples that contained fewensages than the requested depth (2480)
were omitted from the output OTU tables. Each OTa$waxonomically identified based on

the 97% Green Genes database (release 13 _8) heiRRDIP classifier (Wang et al., 2007).

Fungal sequences were analysed using UEEARIlowing the UPARSE pipeline
(Edgar, 2013). The sequences were trimmed to 25%hbgdiltered for quality (maximum
expected error of 0.5), leaving a total of 9.79Mwnces. While we only sequenced the
forward reads, in some instances (sequences shivate250 bp) the reverse primer is found
at the end of the forward reads and these werevednd hen, Ns were added up to 250 bp

for efficient clustering of the OTUs. Singleton seqces were removed, and all others were

10
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clustered to 97% similarity. Chimeras were filtedsinovo and through the UNITE database
of ITS1 sequences implemented in UCHIME, leavingtal of 3,323 non-chimeric OTUs,
after which original sequences were mapped agtiase OTUs at a similarity threshold of
97% and assembled in an OTU table. Representamyeesces for each OTU were aligned
to all fungal representative species in the UNIBEEablase (Kdljalg et al., 2005) (release date
20.11.2016) using the BLAST algorithm with defasdttings. The resulting hits were
assigned to taxa, selecting the hit with the loviestlue, provided it had a minimum E-
value of 1x1G° and a minimum alignment length of 75 bp. OTUs werasequently

assigned to functional groups if a genus was pea/idr the highest hit, and if it matched
one of the genera with known lifestyles providedTieglersoo et al. (2014). When the genus
level was unknown, lifestyle was assigned at thalfalevel if >80% of the genera within

that family (represented by more than three gerfead)the same lifestyle. As for bacteria,

the OTU table was downsampled, to 12,332 readsamaple.

2.5. Analysis of phospholipid fatty acids

We used the amounts of phospholipid fatty acidd=@4d) to quantify microbial biomass and
the ratio of fungal to bacterial biomass. PLFA agtion and identification followed
Frostegard et al. (1993), using 1 g of freeze-dsigitlifrom each replicate. The abundance of
individual fatty acids was determined as nmol pef dry soil, and standard nomenclature
was used (Tunlid et al., 1989). ConcentrationsachePLFA were calculated based on the
19:0 internal standard concentrations. Selectidmacterial PLFAs follows the selection of
fatty acids by Frostegard and Baath (1996), of Wwiie:0, i15:0, a15:0, i16:0, 16Gif¥c,
al7:0,i17:0, cyl7:0, 1807, and cy19:0 were present in our samples. We leslithe sum
of i14:0, i15:0, al15:0, i16:0, al7:0, and i17:Gaasndicator of Gram-positive bacteria.

Gram-negative bacteria were identified by the PLEBSIw/c, cy17:0, 18:47, and cy19:0

11
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(Zelles, 1999). The fungi were identified by 18 (Frostegard et al., 1993; Frostegard et al.,
2011). The ratio of 186 to total bacterial PLFAs was used to estimatedkie of fungal to

bacterial biomass in soils (Bardgett et al., 199@stegard and Baath, 1996).

2.6. Statistical analyses

All statistical analyses were carried out usingF4vl (R Core Team, 2016). The data for the
fungal and bacterial communities were log-transttmelative abundance of each OTU
within a sample. Non-metric multidimensional scgliNMDS) plots (using Bray-Curtis
distance with thenetaMDSunction invegar) were constructed to visualize the separation
between treatments. A permutational multivariataysis of variance (PERMANOVA) was
used to assess the effects of drought, soil historg presence of a plant on the microbial
communities, using thedonis2function in theveganpackage. Block was included as a
random factor, and 3000 permutations were used. 0¢ed Bray-Curtis dissimilarity indices
generated by theegdistfunction (also fronvegar). A pair-wise PERMANOVA analysis
was used to test for significant differences betwgars of factor levels (Martinez Arbizu,
2017). We also carried out an NMDS analysis and MEROVA with the pre-sterilised soil
removed, to check that this sterilised soil wasdrating all of the significant soil history
effect, and of the non-droughted pots only to as#es differences in the soil communities

under ambient water conditions.

Shannon diversity (H) and Simpson index were catedl as a measure of community
alpha diversity (later referred to simply as comitudiversity) using thaliversityfunction
(in vegan and analysed using linear mixed effects modeie function in thenimepackage)
with drought intensity, soil history and plant-pease as predictor variables, and block as a
random factor. The change in community diversitiofeing drought AH) was calculated

for each soil and plant treatment ag{kl— Heorn)/Hcon *100, where Honis the mean Shannon

12
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diversity under normal water conditions (zero dafydrought), and khaxis the mean
Shannon diversity under the most extreme drougied i1 days of drought). Unfortunately,
due to a lack of paired samples fajpkand Hmax Only means per treatment combination
could be calculated, and not standard errors. Adw/0 samplé-test was done to compare
the mean Shannon diversity of the bacteria andifcmmgmunities under control conditions
compared with the most extreme drought.

The relative abundance of bacterial phyla and eagsth more than 2% mean
relative abundance, and fungal functional grough wiore than 1.5% mean relative
abundance was analysed using linear regressiamdneught intensity, soil history and
plant-presence as predictor variables. PLFA dateating total microbial abundance was
analysed using a linear mixed-effects mottak(function in thenlmepackage) with block as
a random factor. The fungal:bacterial ratio andrtt® of Gram-positive to Gram-negative
bacteria were analysed with a generalised lineateinweith a quasi-binomial distribution.

In all analyses except relative abundance of tds@jght was analysed both as a
continuous and a categorical (non-ordinal) variatté levels grouped as control (0O days of
drought), low-level drought (2-7 days of drougim)jd-level drought (9-14 days of drought),
and high-level drought (16-21 days of drought). Sehgroups were selected in order to
equally divide the drought treatments, each spanaié-day period. Results are usually
shown with drought as a continuous variable, unb#issrwise stated, in which case it is due
to a non-linear relationship between the dependamble and drought, specifically for
Shannon diversity for fungi. In all cases, fv@alues shown are the result of an ANOVA

(Anovafunction in thecar package) with type 11l sums of squares.

13
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3. Results
3.1. Initial differences in the soil communities

The NMDS analysis suggested that soil history &ledoresence of the plant affected the
composition of the bacterial community before ttegtf the drought treatment (after six
weeks of acclimation) (Fig. 1a, Fig. 1b, Table ERMANOVA, soil history effectpP <

0.001, pseud®& = 0.25, plant effecP < 0.001, pseudB? = 0.16). Note that the soil effect
was driven by the strong difference between thespgglised soil and the control and pre-
droughted soils (Pairwise PERMANOVR < 0.05), with no significant difference between
the latter two soils. The presence(@filexdid not affect the fungal community (Fig. 1c), but
soil history did, with the pre-sterilised soil algeseparated from the control and pre-

droughted soils (Fig. 1d; PERMANOVA, soil historffezt, P < 0.001, pseudB’® = 0.51).

The diversity of the bacterial community measurgdhe Shannon index was
affected by an interaction between the soil histdfgct and the presence of the plant (Table
1; significant interactiory? = 29.5,P < 0.001) such that the pre-sterilised soil hadeiow
diversity than the other soils, but only in theaise of the plant (Supplementary Material,
Fig. S4a). The Simpson index showed a very simpidtern, again with a significant
interaction between plant and soil history (Tahlsi@nificant interactiony? = 21.9,P <
0.001), again with the lowest value for pre-steeitl soil without the plant (Supplementary

Material, Fig. S5a).

Soil history, but not the plant, affected the dsigrof the fungal community.
Diversity of the fungal community was higher in fhre-droughted than the pre-sterilised soil
(Table 1;2=11.9,P <0.01), with the control soil intermediate, ahd tiversity was 14.5%
higher in the pre-droughted than the control dmit, not significantly higher (Supplementary

Material, Fig. S4b). The Simpson index showed alaimpattern (Supplementary Material,
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Fig. S5b) although with an interaction between Bwtory and plant (Table 32 =9.3,P <
0.01), so that the pre-droughted soil withQutilexhad lower diversity than the control soil

with Q. ilexpresent.

3.2. Microbial abundance

The fungal:bacterial ratio increased with experitabdrought durationy¢ = 10.1,P < 0.01)
and was also higher in pots containing only sa@htthose containin@. ilex(y? = 34.2,P <
0.001) (Fig. 2a). Soil history had no effect on tinegal:bacterial ratio. Drought had no effect
on total microbial biomass, but soil history sigraitly interacted with the presence(@f

ilex in the pots containing only soj?(= 24.3, P < 0.001). In the absenc&Xfilex microbial
biomass was higher in the control and pre-droughtéld than the pre-sterilised soil.
However, microbial biomass was lower in the preddfted than the control soils whén

ilex was present, with intermediate biomass in thespealised soil (Fig. 2b). The ratio of
Gram-positive:Gram-negative bacteria decreasedaasyt duration increaseg?(= 5.5,P <
0.05) and was affected by soil histogy £ 21.3,P < 0.001), being lower in the pre-sterilised

soil and in soils withou®. ilex (y2 = 11.5,P < 0.001) (Supplementary Material Fig. S6).

3.3. Composition of the microbial community duringthe drought experiment

Drought had a strong impact on the bacterial comiypR < 0.001) but not the fungal
community (Table 2, Fig. 3). The result was almdshtical when drought was grouped into
the four categories (control and low-, mid-, anghhievel drought, Table 2), except for an
interaction between drought and the presend@. dexfor the bacterial community (Table 2;
P < 0.05). Although, note that the analysis withting pre-sterilised soil revealed an effect of
drought P < 0.05) on the fungal community when drought wasstdered as a categorical

variable (Supplementary Material, Table S2). Deéferes between each pair of categorical
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drought levels are shown in Supplementary Maté¢fiable S3). Soil history was a significant
driver of both the bacterial and fungal communiffés 0.001), and there were significant
differences (Pairwise PERMANOVA < 0.01) between all pairs of the three groupsodf s
history (Table S4). This significant effect of shistory was maintained even when the pre-
sterilised soil treatment was removed from the ysial(Supplementary Material, Table S2),
however note that the® value decreases from 0.17 to 0.05, suggestinglibaire-sterilised
soil drives much of this effect. The presenc€oflexwas important for bacteri& (< 0.001)
and fungi P < 0.001). Solil history also influenced the effetplant presence (there was a
significant interaction) on both bacteria and fuegmmunity composition (Table 2, Fig. 3),
although for fungi this interaction was not seerewkhe pre-sterilised soil was removed

from the analysis (Supplementary Material, Tablg S2

3.4. Diversity of the microbial community during the drought experiment

Drought duration had a negative effect on the ditgiof the bacterial community (Fig. 4a,
Fig. S7a; Shannon diversity = 9.0,P < 0.01, Simpson index? = 6.2,P < 0.05) but with

no interaction with either soil history or the pease ofQ. ilex(Table 3). The three soils also
had different diversities, in the order pre-drowght control > pre-sterilised (Shannon
diversity,y2 =12.7,P < 0.01), and the effect of soil history was maatifby the presence of a
plant, with a strong plant effect increasing diugrs the pre-sterilised soil (Table 3, Fig.4b,

Fig. S7b; Shannon diversity2 =37.6,P < 0.001, Simpson indey? =19.4,P <0.001).

Drought had a positive effect on fungal Shannomridity as a continuous variabjé € 3.9,
P < 0.05), but this effect was even greater whemghowas separated into discrete groups

(control and low-, mid-, and high-level drought® £ 21.6,P < 0.001), with the low- and
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388  high-level groups having higher Shannon diverstties the control group (Fig. 5a). This
389  same pattern was shown for Simpson index (Takfeg3,S8a;? = 19.0,P < 0.001). Drought
390 duration did not interact with either the preseat®. ilexor soil history for fungi (Table 3).
391  Fungal diversity was generally lower in the preaised soil than the control and pre-

392 droughted soils (Shannon diversity,=15.4,P < 0.01), and soil history interacted with the
393 presence of). ilex with a larger positive effect @. ilexin the pre-sterilised solil (Fig. 5b,

394  Fig. S8b; Shannon diversity? =9.0,P < 0.05, and Simpson indeg,=13.6,P < 0.01).

395 For bacterial communities, all combinations of $agtory and plant-presence showed
396 adecline in Shannon diversity between the corf@alays drought) treatment and the most
397 extreme (21 days) drought treatment (a negd#thte Overall, for bacteria, atest on H in

398 the control and the extreme drought treatments etdhat the difference between Shannon
399  diversity in the control and most extreme drougbatment was not significantly different

400 (Table 4;t=1.72,P = 0.10). In contrast, fungal Shannon diversitydeghto increase between
401 the most extreme drought treatment and the codtoight level (a positivAH), by up to

402  35% in one case, although in the case of soil witlistory of previous drought and with

403 presence of). ilexShannon diversity decreased slightly. Overall fimgi, at-test did not

404  reveal a significant difference between the twaugso(control — 0 days drought — and most

405  extreme drought — 21 days drought}(-1.88,P-value = 0.07).

406

407  3.5. Microbial taxonomic composition

408  Overall, the most abundant bacterial phyla wemeteobacteria(36.0% of amplicon reads),
409  Actinobacteria(18.5%),Bacteroidete$13.4%), and/errucomicrobia(6.4%). Other phyla
410 that comprised a substantial (>2%) amount of tledoal community wer@lanctomycetes

411  (5.0%),Chloroflexi(4.8%),Acidobacteria(4.5%), andrirmicutes(2.9%). Drought affected
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412  most of these phyla (Table S5), and there werenaferactions with either the plant-

413  presence or soil historjctinobacteriaandPlanctomyceteabundance increased with
414  drought whereaBroteobacterisabundance was negatively correlated with droughdatcn.
415  ForBacteroideteshere was a negative correlation with drought intea soil, and for

416  Chloroflexiabundance increased with drought in control sdildeecreased with drought in

417  pre-droughted soil.

418 Twelve bacterial classes were present at >Rfghaproteobacterig17.5%),

419  Actinobacteria(11.4%),Betaproteobacterid6.9%),Gammaproteobacteri€6.4%),

420 Saprospirad5.6%), Thermoleophilig5.5%),Cytophagia(5.3%),Deltaproteobacteria

421  (5.1%),Planctomycetig3.3%),0Opitutae(3.0%),Bacilli (2.8%), andAnaerolineag2.6%).
422  Again, the drought treatment affected most clagsgisthe effect was highly variable and
423  depended on the presenceXfilexand soil history (Table S6). A large proportioniod

424  fungal OTUs (45.8%) were unidentified, but filamau saprotrophic fungi were the most
425 abundant functional group (48.3%), followed by plpathogens (2.5%) and saprotrophic
426  yeasts (1.9%) (Table S7). Other functional grougewaer proportions (< 1.5%) of the total

427  abundance included mycoparasites, ectomycorrhimajif and saprotrophic white-rot fungi.

428

429 4. Discussion

430 The impact of various drought scenarios on soil dawbsphere microbes remains uncertain
431 and is likely to depend on soil and plant propsertleew previous studies have measured the
432  response of soil microbial communities to more ttvem levels of drought, a knowledge gap,
433 which our study aimed to address. The experimasign allowed us to determine the

434  effect of drought on microbial communities in dgtaoth as a continuous variable, to

435  observe general trends, and grouping the droughbldgto increase replication in separate
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groups and allow comparisons between drought ittessOur results have demonstrated
that bacteria and fungi can have complex respaesester stress that vary with the intensity

of the drought as well as soil history and presencgsence of plants.

4.1. Differences in the soil communities without dyught

Our analysis of pots in the zero days of drougbh{®l) treatment, which were sampled after
six weeks of acclimation in the greenhouse, revetilatQuercus ilexplants impacted
bacterial community composition and had a poskiffect on bacterial diversity but did not
affect the composition or diversity of the fungahamunity. This result may indicate either a
larger influence of the rhizosphere (e.g. root eximh) on bacteria than fungi, or that fungi
community composition responds more slowly duédn&rtionger generation times (Rousk
and Baath, 2011). Consistent with this supposedivelinertia of fungal communities,
previous soil history was found to have had a gtiafluence on the fungal community,
which may have masked any effect of the plant. édgdsoil history clearly separated both the
bacterial and fungal communities in the sterilised from those in the control and pre-
droughted soils. This showed that the sterilisatieatment successfully removed most of the
bacteria and fungi present in the soil, and thatdéw microbial communities that colonised
the soil were different than the original ones.| 8@tory also affected the diversity of
bacteria and fungi in pots with zero days of draugacterial community diversity was

higher in pre-droughted and control soils compaved sterilised soil, but only in the
absence of. ilex indicating that the presence of a plant can duidstore bacterial

diversity. This is supported by previous studies titave shown the importance of plants for

increasing bacterial diversity and richness, sictuaing habitat restoration after
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contaminated soil (Yin et al., 2000; Harris, 2003)ngal diversity was higher for the pre-

droughted than the pre-sterilised soil (but didditier from the control).

4.2. Impact of drought on microbial-community compgition

The drought treatment generally had no impact &al toicrobial biomass, which may seem
surprising, but previous studies have also reparte@d results. For example, an
experimental drought treatment actually increaseniahial biomass in a mountain meadow
(Fuchslueger et al., 2014), hypothesised to beati®e continuation of carbon inputs from
plants during the drought, especially to fungi. fanly, a study of two grasses and one
leguminous species recorded higher microbial bienuasler drought when plants were
grown in mixtures and variable trends under montaces (Sanaullah et al., 2011), and a 10-
month throughfall-exclusion experiment in a tropfoaest found no effect on microbial
biomass (Bouskill et al., 2013). Others studiesydxer, have reported a decrease in
microbial biomass linked to lower soil water corifesuch as in a six-year drought
experiment in a semiarid forest (Bastida et all,7J0in a short-term experiment without
plants (Chowdhury et al., 2011), and in a hardwimoelst correlating natural variation in soil
moisture with soil microbial biomass (Baldrian &t 2010). Importantly, total microbial
biomass in our study was lower in the pre-drouglied the control soils when the plant was
present, providing evidence that the long-term dhdweonditions damaged the soil microbial
community, rather than led to acclimation as is smes hypothesised. Soils with an
associated plant community represent a more readisénario than a bare, non-vegetated
soil, and this result may indicate that only a $ppedportion of the soil microbiota are able to

adapt to the drought conditions (Kaisermann eR8ll7).

20



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Drought duration had a significant effect on thedal:bacterial ratio, which increased
with increasing drought. This result is broadly sistent with the majority of previous
studies on this topic (Bapiri et al., 2010; Barnat@l., 2015). It is likely attributable to the
chitinous cell walls of fungi, which should increa$eir resistance to environmental
fluctuations, such as water stress (Holland an@@ah, 1987), and fungal hyphal growth
(which most bacteria do not have) allowing thensrtwss small areas of dry soil (Yuste et al.,
2011). Trends in fungal versus bacterial dominahogever, are variable and may depend
on the trait measured (e.g. biomass or growth)thadnethod used (Strickland and Rousk,
2010). Drought also decreased the ratio of Granttipessram-negative bacteria, which was
surprising because Gram-positive bacteria are &jlgicnore drought resistant (Schimel et
al., 2007). This trait, however, may be linkedte increase in root exudation Qy ilex
during increasing drought (Preece et al., 2018)abse Gram-negative bacteria preferentially
consume this type of labile carbon source, whe@am-positive bacteria tend to consume
more recalcitrant C sources (Balasooriya et all420laylor and Coleman-Derr, 2017).

In addition to reducing the proportion of bactebamass compared to fungi, drought
also clearly affected the composition of the baat@ommunity. Drought increased the
relative abundance @fctinobacteria supporting previous studies that also reportexisaame
pattern in a range of soils and in the rhizospheendosphere of various plant species
(Bouskill et al., 2013; Nessner Kavamura et al132MNaylor and Coleman-Derr, 2017). This
increase in abundance may be due to the abililcthobacteriato form spores, which
would allow them enter a dormant state during giyiof environmental stress, such as
drought (Naylor and Coleman-Derr, 2017; Taketarile2017).

The comparison of community compositions did neted an overall impact of
drought on fungal-community composition, but draugffiected specific functional groups,

although these effects depended on soil historyekample, the relative abundance of plant
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pathogens increased during drought in the contitd but decreased in the pre-droughted
and pre-sterilised soil®hytophthoradiseases such & cinnamomare generally favoured
on soils where drainage is impeded (Desprez-Loustall, 2006) and have been shown to
increase in soils during adverse climatic condgi¢such as drought or waterlogging) due to
host plants becoming less stress resistant, altpaibuild up of pathogens in the soil
(Brasier, 1996; de Sampaio e Paiva Camilo-Alvesd.e2013). However, contrary to our
findings, most soil pathogens are thought to bedieed by wetter soils (Cook and

Papendick, 1972).

In addition, the relative abundance of yeasts vesgtipely correlated with drought
duration in the pre-sterilised soil but decreasethe pre-droughted soil and did not change
in the control soil. This result suggests a completwork of interactions between
environmental factors (in this case water stresd)the pre-existing soil community, where a
difference in the history of the soil can generatgation in the subsequent response of
fungal community composition to perturbation. Poena research has predicted a potential
increase in yeasts under future drought scenasotey tend to be found in more stressful

environments (Treseder and Lennon, 2015).

4.3. Impact of drought on microbial-community diversity

The experimental drought generally had a negafieeteon bacterial-community alpha
diversity (Shannon H and Simpson index), whichdlae been reported in a previous
drought study (Bouskill et al., 2013), althoughetsity is generally not affected (Bachar et
al., 2010; Acosta-Martinez et al., 2014; Naylor &ualeman-Derr, 2017; To6th et al., 2017).
Drought had positive effects on fungal diversityesifically in the low- and high-level

drought treatments compared to the control. Prevetudies have reported higher fungal
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diversity under drought (Acosta-Martinez et al.120Schmidt et al., 2018) and may indicate
a higher tolerance of these organisms to droudhichwwould allow them to thrive if bacteria

are negatively affected.

In addition to the impact of drought on diversitye noticed a clear pattern in the
effect of plants and soil. Not surprisingly, boticterial and fungal diversity were lower in
the pre-sterilised soil than the other two soitdrigs, as communities in pre-sterilised soll
were much more recently created, with only a st for colonisation of microorganisms.
Bacterial diversity was higher in the pre-droughged, indicating a positive effect of the
past precipitation regime. This agrees with a gmesistudy that also found a positive legacy
effect of previous drought on bacterial diversityai tropical forest soil (Bouskill et al., 2013).
The presence of the plant was very beneficial gmaanting both bacterial and fungal
diversity in the soil with the lowest diversity ésterilised soil). This was almost certainly
due to the presence of microbes on the roots cdpkngs at planting, which would have
had much more of an impact in this soil historyetyplant presence has been shown to have
beneficial effects on bacterial diversity, suchraa previous study in a semiarid shrub
system which found higher Shannon index, evennegsiehness under the two shrub

species than under bare soil (Hortal et al., 2015).

When interpreting the effects of drought duratiornioe measured responses it is
important to note that samples for different draudyiration treatments were taken at
different time points. It is therefore possibletthaderlying temporal dynamics, perhaps
related to disturbance during soil sampling, arettdfore unrelated to the treatment, could be
causing the observed patterns. However, givenxtended pre-incubation and stabilization
period of six weeks prior to the initiation of dght, and the fact that disturbance effects on
microbial community in incubations attenuate owatively short time periods (e.g. Weedon

et al., 2013) we consider it unlikely that such pemal dynamics would be as large as drought
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effects. It is also important to note that the iptetation of alpha diversity measures from
amplicon data can be problematic due to potentsgdlyrious OTUs and the possibility of
some taxa falling under the detection limit duenttomplete sampling. These results should
therefore be considered as preliminary and be asele basis for more detailed future

studies.

4.4. Are bacteria more affected than fungi by drougt?

Drought tended to affect the community compositbbacteria more than fungi, and the
proportion of bacterial biomass compared with furgamass decreased under water stress,
even though total microbial biomass was unaffebiedrought. Taken together, this could
suggest important changes in the future functiowinpe bacterial community in soils
exposed to water stress, for example relating tioacaand nutrient cycling (Schimel et al.,
2007; Frank et al., 2015). During drought (in wdierted areas) decomposition rates slow,
leading to a build up in soil organic matter (SOnd lower N mineralisation (Borken and
Matzner, 2009; Larsen et al., 2011; van der Molead.e2011; Sanaullah et al., 2012;
Nguyen et al., 2018). The lack of strong effectdr@ught on fungal-community composition
may be due to different responses being found dabpgron the strength of the drought, thus
a lack of a clear unidirectional pattern: fungaledsity increased under low- and high-level
drought but not mid-level drought. Soil bacteria arore abundant than fungi, so fungi may
tend to take advantage of gaps where and wherctreyresulting in a less standardised and
more idiosyncratic response to disturbance. Fomgka we could speculate that under low
drought there is some release of competition watttdria, but during mid-level drought this
is offset by inhibitive effects, such as low substrdiffusion rates and energetically

expensive solute accumulation (Schimel et al., 20Ddring extreme drought, some fungi
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will benefit from being able to consume necromassl this may especially favour fungi if
there is an increase in the C:N ratio of this deags (Moore et al., 2004) which can happen
under drought (Crowther et al., 2015). In additithe bacterial community is able to respond
much quicker than fungi to the experimental coodsi, thus it could be that bacteria are also
more rapidly affected by the imposed drought, archsesponses are slower to be seen in
fungi. This would fit with previous studies thatesfound that soil bacterial activity was
more responsive to soil water content than fungtvisy (Bell et al., 2008) and that changes
to bacterial communities under drought were lodgsgting than for fungal communities (de
Vries et al., 2018). However, it is difficult to geralise across other systems, and there is
some evidence indicating that fungi are more seesihan bacteria to smaller changes in soil
moisture (Kaisermann et al., 2015) with some cagese fungal abundance was more

greatly reduced by drought (Cregger et al., 2012).

4.5. Does the presence @J. ilex lessen the impacts of drought on microbial

communities?

Previous studies have reported strong links betvadene and belowground communities,
and high plant diversity tends to increase soilrob@l biomass and activity due to inputs of
organic matter and the regulation of soil moist{iak et al., 2003; Lange et al., 2015;
Thakur et al., 2015). The presence of plants cam sthield microbial communities from the
impacts of drought (de Vries et al., 2012) and deeps may act as moisture hotspots during
dry seasons (Castafo et al., 2018). We hypothethatthe presence . ilexwould be
beneficial for microbes (e.g. total microbial bicga because plants are a source of carbon
inputs, such as root exudates and litter that peoai readily available energy source for

many microorganisms (Dennis et al., 2010). Indee@cent study of root exudation by our
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study speciesQ. ilex, under the same experimental conditions foundttieaexudation of
carbon increased during drought (Preece et al8)2@&Uditionally, a review summarising
published drought impacts on root exudation inngeaof species and with various
experimental methods found that carbon inputs tendcrease under drought, although this
effect may decrease or reverse under very sevetght (Preece and Pefuelas, 2016). The
impact of water stress on the overall compositioth @iversity of both bacteria and fungi in
our current study, however, was not affected byptiesence of. ilex Whilst we must be
careful about the conclusions drawn from amplicatachbout alpha diversity, these results
suggest that any protective effect of the presendee plant on microbial diversity would be

very minor, especially in comparison to other fasteuch as water stress or soil history.

Water is so limiting to microbial growth (Manzoriad., 2011) that any positive
effect of the plant under drought conditions of entiran a few days was likely minimal.
Although without measurements of water potentia ith hard to confirm. An increase in
carbon inputs to the soil by plants also likelyyoaffects a very isolated area near the roots
(Dennis et al., 2010), and these inputs cannolyedifiuse in dry soil to be able to influence
a large proportion of the soil microbes. An additibconsideration is that the length of this
experiment may not have been sufficient for denratiay the full impacts on fungi, which
have relatively slow growth compared to bacter@. é&xample, bacterial turnover time tends
to be days to weeks, whereas fungal turnover iallysweeks to months (Rousk and Baath,
2011). The complexity of the microbial communityyreso mask some impacts that affect
some groups of the community. Many specific baatemd fungal taxa showed an
interaction between the drought treatment and tbsgmce 0. ilex, although the direction
of the responses was not consistent. For exar@aleymaproteobacterieelative abundance

was negatively correlated with increasing droughemQ. ilexwas absent, but there was no
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correlation wher@. ilexwas present, where@ytophagiashowed the opposite pattern

(negative correlation with drought only whénilexwas present).

It is important to note that although the rootshaf saplings were thoroughly cleaned
before planting, it was impossible to completeinoxe the original community present on
the roots. This community was from the substraa titie plants were grown in at the nursery
they were purchased from, and could have influeiseanicrobial community that we
measured. However, this should not affect our pration of any interaction between the
presence of). ilexand the drought treatment as the impact of roeisgopresent (with all of
the accompanying rhizosphere microbes and rooegeas) versus roots being absent, would
be much greater than any small variations in righese composition due to the amount of
influence of the initial community. Additionally/laocots were treated equally, so there
should be no systematic difference in the influeoicine initial inoculum for the different

plants.

4.6. Are soil microbial communities with a historyof drought more resistant to

drought?

Recent studies have identified ‘legacy effectsdmfught-stressed soils. This means that for
soils that have been previously water stressedbsesjuent drought may have a stronger or
weaker impact on the soil community than a soihaitt such a history (de Vries et al., 2012;
Evans and Wallenstein, 2012; Bouskill et al., 2048wkes and Keitt, 2015; Kaisermann et
al., 2017; Meisner et al., 2018). A stronger impamild be due to the loss of resistance or
resilience of a repeatedly disturbed soil, wheeeagaker impact would imply the selection
of taxa that are better adapted to the conditidfesfound no interaction between drought

and soil history for the overall bacterial or fuhgamposition or diversity, but some
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evidence suggested that previous solil history tdtethe response of specific taxa to drought.
For example, the relative abundance of the battgndum Chloroflexiwas correlated
positively with drought duration in the control Sbut negatively in the pre-droughted soil.
Relative abundance may thus increase during a-gtrontdrought (the current experiment)
but not during long-term perturbations (the 16 ge#Hrthe long-term drought study).

Previous studies have fou@hloroflexito increase in relative abundance during drought
periods or increasing aridity (Acosta-Martinezlet2014; Maestre et al., 2015). However,
this is not a universal response, with anotherrrestidy finding a decrease in relative

abundance under drought (Meisner et al., 2018).

Another interesting example is the bacterial cle®srmoleophiliawhere diversity
(number of OTUs) was positively correlated withutgbt duration, but only in the pre-
droughted soil. The abundanceTldfermoleophiliavas also positively correlated with
drought duration (in the control and pre-drouglgeils) and was therefore an example of a
group of bacteria that may be able to take advanddgecurrent droughts, consistent with
previous studies reporting thethermoleophiliacan respond positively to drought (Pereira de
Castro et al., 2016; Ochoa-Hueso et al., 20IBgrmoleophiliadiversity, however, was not
higher in the pre-droughted soil before the sththe current drought experiment,
demonstrating the difficulty in both predicting tresponse of soil microbes and

understanding the mechanisms behind any adaptatidrought in long-term droughted soil.

Bacterial and fungal alpha diversity before thetsihthe drought treatment was
highest in the pre-droughted soil, which could cade a source of resilience or resistance for
the microbial community, even though the diversiys not significantly higher than in the
control soil. Further investigation of this findimgay provide evidence of adaptation to water
stress. Our results indicate a tendency for plamgél pathogens to increase under drought,

and have a higher abundance in soils with a long-testory of drought. This may be due to
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the damaging impact of drought on plants, which mayease their susceptibility to disease
and thereby increase the population of fungalsatihogens (Brasier, 1996). Pre-droughting
had a negative legacy effect on the saprotrophastge with relative abundance negatively
correlated with drought duration in the pre-droaghs$oil. The abundance of yeasts in this
case was not higher in the pre-droughted soil, whay indicate that the long-term
historical drought increased the vulnerability lnstgroup to the subsequent drought in this

experiment.

The soil inoculum used in this study was taken feoMediterranean holm oak forest,
which is exposed to relatively large variation negpitation within and between years
(Ogaya and Pefiuelas, 2007; Liu et al., 2015). @rp#riod from 1999-2015, mean annual
precipitation was 616.1 mm, and this varied grefatdyn 379.8 mm (in 2006) to 926.7 mm
(in 2010). The majority of rainfall (80%) is in $pg (March-May) and autumn (September-
November), with less than 10% in summer (June-A)glibe soil water content varies
between ~10% v/v in summer to ~30% v/v in sprind antumn. Whilst the long-term
drought treatment did decrease mean soil moistuceigthout the study period by 13%
compared with control plots (Liu et al., 2015), thigh variability in precipitation may reduce
the chance of the microbial community demonstral@ggcy effects, as the soil can cycle
between being very dry and then saturated, angtéimérol’ soil community may already be
dominated by phenotypes that can tolerate thewmnnser conditions (Curiel Yuste et al.,
2014). Thus legacy effects may be less pronouncéus Mediterranean system compared
with areas that have more uniform precipitatiorigras, such as in temperate locations (de
Vries et al., 2012; Kaisermann et al., 2017; Maigtal., 2018), humid continental (Evans

and Wallenstein, 2012), or humid tropical sitesy&all et al., 2013).
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4.7. The future of soil communities under drought

Drought is a growing threat around the world, aredhave demonstrated complex effects on
bacterial and fungal communities that depend onrttemsity of the drought, the presence of
plants, and previous soil history. We have partidyldemonstrated that bacteria may be
more negatively affected than fungi in terms ofnbéss stock and that plants may provide
some protection for maintaining microbial diversip bare soils may be more at risk. Soils
with a history of long-term drought showed a legaffect, which positively affected the
diversity of the bacterial community, presumably do the adaptation of the soil community
to these conditions. We also found, however, maaynples of taxa or functional groups
with a negative legacy effect due to the historéralught. Also it might indeed be that the
negative effect on some taxa represents an alieriat competition that leaves resources
available to other taxa, which in turn can increhsediversity. We therefore cannot assume
that soil communities will be able to adapt to dlweurrence of more frequent or severe
droughts and continue to maintain the same funstibnought will continue to have impacts
on microbial community composition, with a genesfaift towards an increasing proportion

of fungi and a decrease in the mass and divertibacteria.
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Figure and Table Captions

Fig. 1. NMDS plots based on Bray-Curtis dissimilag of the (a,b) bacterial and (c,d) fungal
communities prior to onset of drought (drought dioraof zero days), showing the difference
due to the presence @ ilexand the soil history. Points represent individsahples,

convex hulls encompass samples of the same treatmen

Fig. 2. (a) Fungal:bacterial ratio for the droudbtations withQ. ilexpresent (green lines
and dots) and for soil only (black lines and greysil There was a positive relationship with
drought P < 0.01) and a positive effect of plant-preseriee 0.001). (b) Total PLFAs (nmol
g?) separated by soil history and presenc® afex (blue) or soil only (red). n = 15 for each
plant and soil combination. Soil treatments arerfCa’, ‘Drought’ (pre-droughted) and

‘Sterile’ (pre-sterilised).

Fig. 3. NMDS plots based on Bray-Curtis dissimtlag of the (a) bacterial and (b) fungal
communities after drought treatments of 0 to 21sdaumbers (0 to 21) show the length in
days of the drought treatment, and represent iddalisamples. The six combinations of soil

history and plant presence are grouped by coloitih, shades of red wheQ. ilexwas present
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and shades of blue whéh ilexwas absent. Convex hulls encompass samples eathe

treatment.

Fig. 4. Relationships between bacterial Shannweersity and (a) drought duration (dayB) (
< 0.001) and (b) soil historyP(< 0.01, all three soil histories differed from keather) and

the presence @. ilex(significant interactionP < 0.001). n = 15 for each plant and soil
combination. Solil treatments are ‘Control’, ‘Drouigfpre-droughted) and ‘Sterile’ (pre-
sterilised). For plot (a) small grey points repregsadividual samples and larger black points

are mean values.

Fig. 5. Relationships between fungal Shannon diyeasid (a) drought duration as a
categorical variable (Control, 0 days of droughiw, 2-7 days; Mid, 9-14 days; High, 16-21
days;P < 0.001) and (b) soil history(< 0.01, pre-sterilised soil differs from the caht@nd
pre-droughted soil) and the presenc&oflex(significant interactionP < 0.001). Letters a
and b denote treatments which differ from eachrafhekey HSD testP < 0.05). n = 15 for
each plant and soil combination except those @itilexand in pre-droughted soil, where n

= 14. Soil treatments are ‘Control’, ‘Drought’ (pteoughted) and ‘Sterile’ (pre-sterilised).

Table 1. Factors affecting initial differences sl £ommunity composition (results of
PERMANOVA using the adonis2 function in the R vegackage) and Shannon diversity
(results of linear regression). Asterisks reprefi@alP-value:* =P < 0.05, ** =P < 0.01, ***

=P < 0.001. NS = non-significant.

32



769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

Table 2. Results of the PERMANOVA of microbial comsgion (Bray-Curtis dissimilarity

indices) using the adonis2 function in the R vegackage. Drought was treated as both a
continuous variable (days of drought) and as afgcbntrol, low, mid, high), as the impact
of drought may not always be linear. Asterisks egpnt the P-value: * = P < 0.05 and *** =

P <0.001.

Table 3. Effect of drought, soil history, and thregence of Q. ilex on the Shannon diversities
of bacteria and fungi. Drought duration is a cambins variable for bacteria and a categorical

variable for fungi as the response to drought waslmear.

Table 4.AH (% change after most intense drought comparedntrol) of the Shannon

diversity (H) of the bacterial and fungal commuestto drought.
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Treatment factor Bacteria Fungi
Type of drought Continuous Factor Continuous Factor
variable

R P R P R P R P
Drought 0.12 i 0.06 el NS NS NS NS
Sail history 0.17 i 0.17 el 0.40 *H* 0.40 el
Plant 0.08 el 0.08 o 0.04 e 0.04 o
Drought * Sail NS NS NS NS NS NS NS NS
Drought * Plant NS NS 0.03 * NS NS NS NS
Soil history * Plant ~ 0.03 i 0.03 el 0.03 * 0.03 *

Table 2. Results of the PERMANOVA of microbial composition (Bray-Curtis
dissmilarity indices) using the adonis2 function in the R vegan package. Drought was
treated as both a continuous variable (days of drought) and as a factor (control, low,
mid, high), astheimpact of drought may not always be linear. Asterisks represent the P-

value * =P <0.05and *** = P < 0.001.



Bacteria Fungi

Shannon Simpson Shannon Simpson
Factor Va P Vé P Va P Vé P
Drought 9.0 *x 6.2 * 216 *** 19.0 ***
Soil history 127 ** NS NS 154  **x* NS NS
Plant NS NS NS NS NS NS NS NS

Soil history * plant  37.6  *** 194 *** 9.0 * 136 **

Table 3. Effect of drought, soil history, and the presence of Q. ilex on the Shannon
diversities of bacteria and fungi. Drought duration is a continuous variable for bacteria

and a categorical variablefor fungi asthe response to drought was non-linear.



Sail history Q. ilex AH

Bacteria Fungi
Control Present -2.91 +26.04
Control Absent -1.71 +8.33
Pre-droughted Present -1.58 -1.46
Pre-droughted Absent -1.84 +17.47
Pre-sterilised Present -4.08 +15.15
Pre-sterilised Absent -3.94 +34.65

Table 4. AH (% change after most intense drought compar ed to control) of the Shannon

diversity (H) of the bacterial and fungal communitiesto drought.



Bacteria Fungi

Treatment Composition  Shannon Simpson Composition  Shannon Simpson
factor diversity index diversity index

R P P 2 P R P 2 P 2 P
Soil history 025 *** NS NS 6.3 * 051 *** 119  ** NS NS
Plant 016 *** NS NS NS NS NS NS NS NS NS NS
Soil history NS NS 295 *** 219 *** NS NS NS NS 093 *
* Plant

Table 1. Factors affecting initial differencesin soil community composition (results of PERMANOVA using the adonis2 function in the R vegan

package) and Shannon diversity (results of linear mixed effects model). Asterisksrepresent the P-value:* = P <0.05, ** = P < 0.01, *** = P < 0.001.

NS = non-significant.
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Fig. 2 With Q. ilex Soil only
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Fig. 3
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Fig. 4
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Fig. 5
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Highlights

» The current drought had greater negative effects on bacteria than fungi

» Bacterid diversity and proportion of microbial biomass decreased under drought

» Bacteria diversity was higher in soil with a history of drought than control soil

 During new drought, abundance of some taxafell morein historically droughted

s0il

» Drought can affect microbial communities even in soils with historical drought



