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Abstract

Soil microbial communitieare the key drivers ahanyterrestrialbiogeochemical processes.
However, we currentack ageneralizableinderstanding of how theseil communities will
changean response to predicted increases in global temperanceg/hichmicrobiallineages

will be most impactedHere,using highthroughput marker gene sequencing of soils collected
from 18sitesthroghout North America included in a 100-day lab incubation experiment,
identified a'core’ group of abundant and nearly ubiquismismicrobes that shifh relative
abundancevith elevated soil temperatures. \Wenvalidatel and narrowdour list d
temperature sensitive microbes by compatirggresults from this laboratory experiment with
data compiledrom 210soils representingiultiple, independent globékld studies sampled
across spatial gradientvith a wide range in mean annual temperat@as results reveal
predictable and consistent responses to temperature for a core group of 189 ubiquitous soil
bacterial and archaeal taxeith these taxa&xhibiting similar temperatunesponses across a
broad rangeyofisoil typeShese microbial ‘bioindators’areuseful for understanding how sail
microbialcommunitiesespond to warmingnd to discriminate between the direct and indirect
effects of'seil warming on microbial communitid$ose taxa that were found to be sensitive to
temperature represtd a wide range of lineages and the direction of the temperature responses
were not predictable from phylogeny alomalicating thatemperature responses are difficult to
predict fromsimply describingsoil microbial communitieat broad taxonomic or phylogenetic
levels of reselution. Together these results tag foundation for anore predictive
understanding‘of how soil microbial communities respond to soil warming and how warming
may ultimately lead to changes in sdliogeochemical processes.

I ntroduction

Climate change is warming soilfsmany regions worldwiddikely altering biogeochemical
process ratefButler et al., 2012; Grimm et al., 2013pilSnicrobial communitiesnediate many
of these processéki et al., 2014; Treseder et al., 2012; Wieder et al., 2015), inclddosg that
are centratorcarbon and nitrogen cyclireg local to global scale¥et how warming affects the
structureand functioningof soil microbialcommunitieds unclear This knowledge gap persists
becausehe enormous diversity of sairlicrobial communitiefindersour ability todiscern the
organismal responses that determine the collective physiology, abundance and functional
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diversity of the microbial biomass, which in turn shape biogeochemical cycling (Arhahd e
2016). Ataxonspecificfocus for plants and animatsscontributed to the developmenttodit-
based approaches that have yielded detailed insights into how anudanhgnd animal
communitiegnay shift in response tavarming(Corlett andWestcott, 2013; Garcia-Robledo et
al., 2016). 8nilar insights into microbial communitigequire comparable workith soil

microbial taxaldentifying those microbigbxa that specifically respond to temperature will
enabledeterminatiorof temperaturgesponse traits from among the multitude of other traits that
dictate the'responses of highdixersesoil communitiego other environmental factors. The first
challenge; however, is to identifigatsubset omicrobialtaxg from the hundrdsor thousands

that can be found in any given soil sampihat consistentlghange in abundance in response to

changes irsoil temperature

There are severatasons why we still have a limited understanding of how soil microbial
communitieswill respond to changes in temperature. First, most of the bacterial taxa found in
soil remaipunderstudied (Ramirez et al., 20Wth theirspecific responses to temperature
unknown. Although there has been extensive research on thermophilic and psychibagheliia
(e.g. Aanniz et al., 2015; Bottos et al., 2008; Siddiqui et al.,)2@1Sse taxa are not likely to be
abundantinmost soils and the temperature optima that define thermophiles andgbshashr
(40 - 70°C and -20 to 105C@espectively) areitheroutside or overlaminimally with therange

of temperatures experienced fanysoils. Thus, knowing what taxa are thermophilic or
psychrophilictis, unlikely to be useful for predig how microbialcommunitiesn most soils

will respond:te‘anticipatesheanincreases in global surface temperaduie2-4°C by theyear
2100 (IPCC, 2013).

Second, despite the myriafistudies looking at microbial community responses to experimental
warming, both.in the field (e.@@eAngelis et al., 201583 astro et al., 2010; Frey et al., 2008) and
in the lab _(e«g. Waldrop and Firestone, 2004; Andrews et al., 200€pains hard to predithe
specifictaxonemic shiftsn microbial communitieshatare likely tooccur across a diversity of

soil types Most studies are typically site or sdailpe specific, making it difficult to infer if

results from one study are relevant to the broad range of soils &cvosk thevorld. Likewise,

despiteprevious work documenting how soil microbial communities change across climatic
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gradients, includinglevatioral (Whitaker et al., 204andlatitudinal gradients {Vu et al.,

2009, multiple soil biotic and abiotic characteristics ofterveoy with temperaturacross these
gradients For examplegchanges in temperature reginoéten coincide withchanges in soil
moistureor the amounts and types of organic carbon inputs (Reichstein & Beer, Z0O8.
correlationgnakeit challenging to disentangighether shifts irthe relative abundances of
specificmicrobial taxa are driven by temperatitezlf or by corresponding changes in other

factors that'can'also shapal microbialcommunities.

The primarygoal of this studyvas to identify soil bacteriadnd archaedhxa that consistently
respondo temperaturdifferencesfocusing on those microbial tak@at occuracross a wide
range of soind ecosystertypes.We refer to such taxa asicrobialbioindicatos’, and in this
study focus omicrobes that are particularly sensitive to changes in tempegatdrare
ubiquitous enough in soil that their relative abundances caftibatelyused to help understand
and predict. the community and ecosystem consequencearmges in soil temperature regimes.
There hassbegesome suggestion that a few keystone species may be particularly important in
understandingnicrobialresponses to changing climate (DeAngelis et al., 2015), but these
analysesthave been limited to one study ditst as microbiabioindicators have previously been
used to_assessvironmental conditions such sail toxin levels $hen et al., 2016)r wetland
health (Sims et al., 201,3j we canidentify microbial indicators of temperature wanthen
identify when soil communitieareaffected directly or indirectly by changes in temperature
itself, versus'the numerous other biotic and abiotic factorsitgsimilarly changeacross

environmental‘gradients

We secondarily sought tdetermine if theravas a phylogenetic signal tbemicrobial
temperaturgesponsedf there is a strong phylogenetic signal it shdaéceasier to predict
temperature responsesindividual soil microbialtaxa,becausét would suggest that those traits
associated.with temperature preferences are muflic conserved that they can be inferred from
phylogenetie information alon@here appears to beotential for using a phylogetic, trait

based framework to predict shifts in community composition for traits wittoagsphylogenetic
signal such as pHreferencegMartiny et al., 2015)Likewise, astrong phylogenetic signal for

temperature response in fungi was found in a recent warming experiment in boréaloitses
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with variance in warming response best explained at the taxonomic rank leveeof{(Ceseder
et al., 2016). IrCyanobacteria andActinobacteria, temperature preference appears to be
shallowly conserved at the species level (Martiny et al., 2015). Howeealo not hava
sufficientamount of preexisting datao inferwhether tempeture preferences are predictable

from phylogeny alone across the broad diversitiyaufteria and archaea common in.soil

Hereweuseboth dabincubation studynd fieldstudies ¢ identify bacteriabnd archaeal taxa
that are consistently sensititeechanges in soil temperature. For the lab incubation stualy, w
collected grassland and forest soils from 11 Long Term Ecological Research (LTER) areas
acrosdNorth Americaandcomparedhanges in bacteriaind archaeal communigpmposition
aftera 100-@yincubation atlifferenttemperature. We then identified aubset of taxa that

changedn relative abundande response to differences in soil incubatiemperature

To testthe validity ofour incubation-based predictions of temperafpreferencesye quantified

how the temperatureesponsive taxa identified from the lab-based study changed in response to
natural gradients in mean annual temperature across three different sets of soils collected from
field sitestacross the glol§210soils in totd). Only those taxa that consistentbreferred
warmeror.colder temperatures in both laboratand fieldstudies were considered for

downstream analyses to identify temperatbreihdicators’ and to quantify the phylogenetic

signal inmicrobialtemperature preferences.

M aterials and«M ethods.

Lab-based soil incubation study

Our aim was.to.comparaicrobial communityresponses to changes in temperature across a
wide range.of distinct soils to see if there are micrdhied that exhibitonsistent responsés
changes ingdemperature regime, i.e. taxa that consistently increase or decrease in relative
abundanceaeross a wide range of s@ils.collected sampldsom 11 Long Term Ecological
Research (LTERareaqSupplementaryable 1) during Spring 2012At eachLTER, mineral
soils(0-5 cm in depthjrom two distinctvegetation types were sampled, both forest and

grasslandoils, to yield soil samples from 18 unique sites included in this lab experiment (for 4
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153 of the LTERareasonly a forest or grasslarsil sample was obtainethus we obtainedamples
154  from 18 unique sites)[hese soils are not meant to be representative ofilddeR site, but

155 rather to captura range of ecosystem types (includvet tropical forest, tundra, prairies, and
156  borealfores). As such, lte sites spannedosoad range in climatic conditions, with mean annual
157 temperature@MAT) rangingfrom -3.2°C to 22.8°C and mean annual precipitation ranging from
158 262 t01,898 mm.y". For additionakiteinformation, see Supplementargflel. We pre-

159 incubated60'g dry weiglaf eachof the 18sitesat 20°C for 14 daysfter passing eacthrough
160 a2 mm sieveThen we transferred20 g subsample of each soil to eithkigh (28°C) or low

161 (12°C) temperature incubatdistest how microbial communities from diverse soils responded
162 tothe two differentemperatureonditions, yielding 36 soil subamplesSoil subsamples were
163  then incubatedfor 100 days.atér wasaddedweekly to each soil during the incubation period
164 to keep all soilhetweerb0-70% water holding capacity throughout the incubatimch is

165 considered optimal for microbial activity lab incubated soils (Paul et al. 2001).

166

167  After the incubatiorperiod, DNA was extracte@nd a portion of the 16S rRNA gene was PCR
168 amplified andssequenced as describeldefi et al.(2015).Briefly, amoistenedsterile swalwas
169 insertedinto.each sample aDBIA was extracted from the swab using BeverSoil DNA

170  extractionkit'(MoBio Laboratories Inc.)We included multiple negative controls per extraction
171  plate to check for possible contaminatiéfter DNA extractiona targeted portionf the 16S

172 rRNA gene was PCR amplified in triplicateactiors using the 515f/806r primer gbat

173  includedlllumina sequencingdapters and 1Bp barcodeo permitmultiplexed sequencing.

174  This primerpaitamplifies the V4V5 region of the 16S rRNA gene for Archaea and Bacteria
175  with relatively few biasesQaporasoteal., 2012) After normalizingampliconconcentrations, all
176  amplicons wer@ooled and sequenced (2 x 150 bp paegedehemistry on the lllumina MiSeq
177  platform at.the University of Colorado Next GeationSequencing Facility.

178

179  Assessment.ef‘microbial community composition

180 Raw sequencdata from the lab incubation samplesre processefllowing an approach

181 described previoushLéff et al., 2015), using a custom Python script

182 (‘prep_fastq_for_uparse paired.py’, at: https://github eififhelpercodefor-uparse) to de-
183  multiplex sequencdsefore processing in the UPARSE pipeline (Edgar 204f8yr trimming all
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sequences tthe same lengtilQ0bp), sequences werguality filtered to a “maxee” value of 0.5
(maximum per sequence expected error frequency value)jastdred into phylotypes
(sequences that shared7% sequencsimilarity) with USEARCH (Version Y. Additionally, all
sequences were dereplicated andlsiton phylotypes (phylotypes represented by only a single
read)were removed. The raw reads were mapped to the cluskenegdo database at 97%
similarity generating phylotype counts. Taxonomy was assigned to each phylotype using the
RDP classifiefWanget al., 2007 against th&reengenes databa@édcDonald et al., 2012)ith

a confidence threshold of 0Binally, chloroplast and mitochondriaéads were removaatior to
downstream analyses. To control for differences in sequence covatagenpledrom the lab
study weresrarefied to 10,000 sequences per sample (using the R package ‘matoolsr’
https://github.com/leffj/mctoolsrA total of 33 soil samples were included the finalanalyses
with threeof the)36sampleghat were incubatediscaded due tansufficientsequence

coverage.

Quantifyingsmierobial community shifts with temperaturein thelab

We tested forsshifts in community composition acrssits and temperature treatments using
permutational multivariate ANOVA (PERMANOVASupplementary dble5) with the
“Adonis” function in the vegan package in R (Version 3.282ay-Curtis dissimilarity matrices
were used tguantify differences in community compositi@s, calculatedsing theR package
mctoolsr (Wersion 0.3.2). When testing for shifts in composition with temperataobation

temperatureand siteereused as the predictor variableith 999 permutations.

To identify phylotypeshatwere responsive temperaturén the lah wefirst restricted our
analyses to only includehylotypes that were fourid soils from ateast six othe 18 sitesand

had percent.abundances exceeding 0.06%did this to ensure that rare taxa were not included,
as our goalas.to identify abundant phylotypes and to restrict our analyses only to those
phylotypes.that wereeasonably ubiquitous aridund in multiple soilsTo measur¢he

temperature responséeachindividual phylotypethat met these criterithe percerdgechange

in relative abundances from 12°C to 28°€reaveragedicrossall sites for eactphylotype

(visualized in Figla for six selecteghylotypes). Zeroes were transformed to 0.001 in
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214  calculationgsimilar to Amend et al., 2016). We thested to seié thosephylotypes identified
215 as being responsive to temperatiréhe labalso shiftedvith tenperature in natural field soils
216

217  Field data selection and compilation

218 To test iftemperaturgesponsive phylotypes from the lab experiment exhildiezttionally

219  similar responses acrosatural gradients in soil temperature reginmethe field, wecollated

220  previously=published microbial community data from three, indeperii@éhstudieghat

221 encompasseddiversearrayof mineralsoils (Supplementary dble3). The field studies

222 includd: 1) soils from both forested and herbaceous-dominated plots collectethB@ame. 1
223 Long-TermsEeological Research (LTER)easacross the United Statbst never lab incubated
224  (“US LTERwareas, Crowther et al., 2018); 2) grassland soils collected from across the globe
225 (“global grasslands”, Leff et al., 2015); ands®jls collected from 8400 melevation gradient
226  in the Peruvian AndesRerudevation gradient’Nottingham et al2016).The US LTERareas
227 datasetncluded 64 soil samples from 18 sitédsesamell US LTERareaswith forest and

228 grasslandsamples fromostLTER area$, and samplewerecollected once yearly from each
229 sitein 2010-2012. The 2012 soils were identical to those used for the lab experiment, except
230 DNA wasextracted prior to the lab incubations. To ensure that we iddmifiylotypeshat

231  would be.feund even more broadly than tAH€ER datasetwe includedhe other two field

232  studies, which markedly broadened the geographic breadth of our mbtsisaithe dobal

233 grasslandsdataseincluded 105 grassland ssamples fronl9 sites on three continents, with
234  mean annualtemperatures ranging from 0.3°C to 17-i€ Peru elevation gradient dataset
235 included 4lssamples from 12 sites along an elevation gradient in the Peruvian Artdeseavit
236 annual temperatures ranging from 6.5°C to 26.41&global grasslands dataset was filtered to
237 discard samples that received a nutrient treatment, and the Peru elevation dataset was filtered to
238  only include .samples collected from surface mineral soil horiZzbogether, these studies

239  represent globally diverse so{810field soil samplesin total included in downstream analyses)
240 that sparfour€ontinents and a broad range of mean annual temperatures.

241

242  All 210 of the soisampledrom thesdhreedatasets were analyzed using the exact same 16S
243  rRNA gene sequencing approaatd bioinformatics pipelindescribed aboveSequencing depth
244  was normalized to 4,000 sequences per sampldSdiTERareas 100,000or global
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grasslandsand 4,000 for Perelevation gradienfThe resulting datasetgere filtered to include
only phylotypeghat were alsdound in the lab study anépresented at lea3i05% of the
sequence reads per individual sdihese criteria were used to restrict our analyses only to those
phylotypes that were reasonably abundarany one samplend shared acrossoad geographic
gradientsBy.setting these abundance and ubiquity criteaiaobjective waso capture
phylotypesithat'would be useful as bioindicatdiscause taxthat are rare and/or restricted to
only a few'seil'types would not be broadly useful as bioindicators. As in the lab incubation,
phylotypes were discarded if foundfewerthanat leas5% of thesitesin each field dataséat
least 6 of 1&itesfor US LTER samples, 6 of X6r global grasslands, and 3 of iz Pery).
Phylotype tablesvith corresponding metadasad representative sequences for bioindicator taxa
areavailable viaFigshare (doihttps://dx.doi.org/10.6084/m9.figshare.3468734.v4

Statistical analyses comparing results of lab versusfield studies

Our objectivein comparing the lab incubation results to the field eseeto assess if eadf
thetemperaturgesponsive phylotypadentified from the lab study and which met the

minimum abundance and occurrence data in field soils to be included in downstream analyses
alsorespondedcrosdield climatic gradients imdirection that was predicted by dab
incubationdata In other wordsijf a phylotype increase@r decreasedh abundancén the lab
incubation we determinedvhetherit also increase(br decreased) in relative abundance across
field sitesthat vary with respect to their mean annual temperatures (MA®gJo this, wdirst
correlaed MATwand meanrelative abundance efachphylotypeacross soilsor every field
datasetusingSpearman’s rank correlatigexample data from three OTUs represented in Fig.
1b-d with loess smoothinggpearman’s rank correian is a nonparametrianethod tadescribe
the strength of the relationship between two varia@@gs to what extent relative abundance and
MAT covary.for.each phylotypeppearman correlation coefficigip) valuesindicate the

strength and. direction dfie associatian

Our next goalwas to test if ooardidatelab responsive phylotypes predicted temperature
response to the same corresponding phylotypes in the field better than we wouldfélpect i
field responses to temperature were random (notaged with response in lab). To do this we
asked whether the number of taxa that had the same directional resposise the number of
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taxa that had differing responsessgreater than we would expect by random ch&oceach
field dataset compardd the lab. Note, we only considered direction and not magnitude of
response here. For each field dataset, we assigned each phidatyygeof four possible
responses: increase in both (+ lab, + fieticrease in both (- labfield), or different responses
where the pessibilities we(e lab, -field) or (- lab, + field).To compare observed differences in
the number of taxa in each of the four categoregsus expected differences under the null
model of random response to temperature (e.temperature effect), ran Pearson’s chi
square test&Wwith Yates’ continuity correctiorSupplementary Table 7), withset to 0.05 for

a significance cutoff.

After confirming a significantlirectionalresponseo temperaturewe assessetheoverall

associatiorof the relationship between lab predictions and field observations of tentperatu
response. W used Spearman’s rank correlai@R ‘stats’ Version 3.2again this time toasses
themagnitude and direction of the relationship between lab responses (measured as average %
change ingelative abundance) and field responseales).The null hypothesisiasthat there

would be no associatiap = 0) between lab and field responses of phylotypes for each of three

datasets

Finally, we identified which phylotypes were consistently responding to temmpeendermed

those phylotypes ‘bioindicator taxatith these bioindicators classified eithepreferring

warmer orscolder soil temperaturds do thiswe filteredthe list of phylotypesurther,to only

include thosghylotypes that responded the same wagll datasetsi . thethree field datasets

and lab study)as our objedte was to identy temperaturaesponsive taxa that are found in a

wide range of soil typesVe note that the magnitude of temperature response was not necessarily
the same (e.g..a phylotype would still be considered consistently ‘warm-respongive’ if
increased.in retave abundance with increased temperatures in the lab and across field sites even
if the magnitude of this increase was variable).

We investigated the percent of bacterial sequences recovered from each soil in the fiekl dataset

that were classified asdindicators to determine what percentage of the bacterial community in
these soils were represented by the tdgatified as being temperatdresponsive. To test how
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the proportiorof warmresponsive relative toold-responsiveaxa shifted with MAT we fit
linear regressions to the percagecomposition of soils across the MAT gradient for each field

dataset for both warm and cold responsive taxa.

Phylogenetic.analyses

To test forphylogenetic signed temperature responsegthin each of the four major phyla
containing'warm and cold responsive taxa (Acidobacteria, Planctomycetes/cieria, and
Verrucomicrobia) representative sequences from eafctihe phylotypesverealigned using the
SILVA Incremental Aligner (SINA, v1.2.11) along with full length 168NA genesequences of
nearest neighbors identified from the SILVA datab&sst, sequencewerealigned to pre-
aligned sequences from the SILVA core set aligned dataPasesGe et al., 200%jth climate
sensitive archaeadhe outgroup tax@r this alignment. Next, maximum likelihad tree was
built usingRAXML version 7.3.4Stamatals et al., 200bwith a GTRGAMMA model with 100
bootstrapped replicatelsastly, we estimatethe phylogenetic depibf temperatureesponses
for majorphylasusing Blomberg’s Kcalculatedvith the R packag#icante’, versioril.6.2with
the function tultiPhylosignal”. The Kvalues indicate how well the species trait is correlated to
the phylogeny as expected with a Brownian moticsedametric of the strgth of phylogenetic
signal (Bbmberg et al., 2003), where highev&ues indicate better correlatioro test for
significant phylogenetic signg,valuesfor each Kvaluewere calculated based on teriance
of the phylogenetically independent contrasts relative to a null modeéshaifles trait values

randomly 99%imes.

Resultsand Discussion

Effect of lab incubation temperature on soil bacterial and archaeal communities

Microbial diversity and community compositiaverehighly variable across theoils used for

the lab experiment that were collecteoim 18 forest and grassland sitesoss North America
(R? = 0.78;.R£0.001 Abundant phyla (mean relative abundance across ssamieo)
includedProtegbacteria, Acidobacteria, Verrucomicrobia, Actinobacteria, Bacteroidetes,
Planctomycetes, andChloroflexi, andtheir relative abundancediffered substantiallyacross sites
(Supplementary dble4). For exampleCrenarchaeota varied in relative abundance by as much
as33-foldacross samples. Likewighe relative abundances of two bacterial ph@laproflexi
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andVerrucomicrobia, varied by up t&’-fold acrosssites Despite this considerable variability in
overall prokaryotic community composition, we wet#l able to identifya subset ofaxa that
responded in a consistent manner to temperature conditicabation temperature explained
3.9% of the variation of microbial community composition for those soils incubatee &td
different temperatures in the |48 = 0.039;P < 0.001;Supplementary dble5), with the same
taxa generallyresponsible for the community changes observed between the incubation

temperatureacross diverse soi(Supplementary dble6).

We identified a total ofL,639 unique phylotypes that respondethtoincubation temperature
(responsegneasured by peregy@ change in relative abundance between the low and high
temperaturdreatments)Of the 1639 phylotypes, 1,04@ecreaseth relative abundance with
elevatedemperature and 598creasedA total of 16,494 unique phylotypegerenot included
in downstream analyses as they were found at less than six sites or at |@s83%aabundance

in individual_soils.

We recognizesthat those phylotypes which changed significendlyundancevith lab
incubationstemperature are not necessaegponding just to changes in incubation temperature,
asother seil'variables also change when soils are inculi@atectended periods of time under
different temperature regimed/e began this study with controlled lab incubations because our
intent was'to minimizeuch changes in other factors by, for example, holding moisture levels
constantHewever, othefactors beside temperature will change with differences in incubation
temperature=For example, we would expect tatobial respiration rates are initiakjevated

at higher temperatures lab incubations (Kirschbaum, 2004; Streit et al., 2014), and thus pools
of available carbon would be expected to decline more rapidly in soils incubated at higher
temperaturelhus,the availability oflabile carborwas likely lowerin the soils incubated at

28°C relative ta those held at 12°As such, taxa that changed appreciably in relative abundance
between thedwo temperatures are respondlingately tochanges in soil temperatutauttheir
direct response may betiemperatur@and/or anotheproximalcauseHowever, we stress that

the phylotypes identified through their temporal responses in the lab incubatiamenly a

candidate set of temperaten@sponsive taxa. Thus, the next step in our appneasho pare
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down this candidate subset to identify taxa most likely responding directly to teunpeees

opposed tmther soilfactors

| dentification of temperature-responsive taxa across global soils

We compared.our latesults toabundance patternsfiield-collected soils representing multiple
independent climatic gradients, imposed by latitude and/or elev&esponse® temperature

in the lab and“acrogkethree fieldgradientsvereusedto identify ‘warmresponsivebr ‘cold-
responsivebioindicator taxaacross a broad rangesgdfils collected from across the glohée

first restricted the analyses to taxa that were shared between the field samples and the lab
incubation,samples, and thearrelated theelative abundances of taaarosanean annual
temperaturesMAT s) to assess tempeuresensitivity There werel,219 phylotypes in the US
LTER areagdata that overlapped with the incubation study, 1,499 phylotgglsglobal
grasslands data, and 778 phylotypes in the Hevatgon study.

We found ghatwour candidate temperature-responsive taxa identified from thedbhtion were

able to predictithe direction of response (e.g. increase or decrease with temperature) better than
expectedunder a null model of random response for each comparative field dataset (Barson’s
with Yate’s*€orrection for continuifySupplementary dble7; p < 0.0001 for lpbal grasslands

and Peru Elevation gradient and p = 0.82/2US LTERarea$. Further temperature response
observedn.thelab (from 12°C to 28°C) and in the field (Fig. 2egre positively correlatecs
expected ifieldyresponses were predictable from the observed lab responses to changes in
temperaturefhe identified phylotypes from tharee field sudieswere positivelycorrelated

with the lab studyhylotypes (tpbal grasslands datp,= 0.17 and p < 0.0001, for Peru elevation
gradientp = 0.31 and p<0.0001, and fdS LTERareasp = 0.11 and p < 0.00Q01Together

these results. demonstrate that there are a core grouiprobial taxa thatonsistery respond

to temperature effest andthatthese responses are detectablgoth lab andield studies.

We found 659, phylotypes that overlapentoss all studiethat met the criteria of having
relative abundance of at least 0.05% peraodbeing presenn at least 25%f sites(Fig. 2) for
each field dataset and the lab incubation. Of these, 189 phylotypes colysistsgminded to
temperature in the lab andall field datasetgFig. 2b,seeSupplementary dble2 for a
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complete list)and we term these phylotypes ‘bioindicator’ taxa. Again, we note that these taxa
were selected based on consistency in direction of response, however the magnésioenskr
for taxa may differ across thal incubation and field studie©f the 18%Xemperature
responsive phylotypes1preferred warm temperaturéscreasng in relative abundance with
elevatedemperaturand138 phylotypes preferred caotemperatures, decreag in relative
abundance witklevatedemperatureThesetemperaturgesponsive phylotypes span a broad
range of soil'‘phyla, includingcidobacteria, Proteobacteria, Planctomycetes, Bacter oidetes,
Verrucomicrobia, Actinobacteria, Armatimonadetes, Chloroflexi, Elusimicrobia,
Gemmatimonadetes, Chlamydiae, AD3, Crenarchaeota, Cyanobacteria, Firmicutes, andWPS-2.
Within Acidobaeteria, 15 temperature-responsipbylotypes are within the family
Koribacteraceae (13 of which decrease with elevated temperatures). The other dorfaimmalns
areAcidobacteriaceae, which contairseveniemperaturegesponsivaaxa(six beingcold
responsivgandSoilbacteres, which contain six temperaturesponsivehylotypes (five cold
responsive). Unfortunately, we know relativetylé aboutthe ecology or metabolism of either
Acidobacteriasfamily in part because mosbil Acidobacteria have not been cultured or
describeddespite their ubiquity in soilé.ee et al., 2007). However recent genomic and
metagenomic analyses have suggested membAcsdobacteria are likelyto play a critical role
in rhizosphere carbon dynamics (Lee et al., 2007; Ward et al., @8obacteria also
contained many temperature-responsive @iyples (Fig4). While Betaproteobacteria,
Deltaproteobacteria, andGammapr oteobacteria containedmostly cold-responsive phylotypes,
Alphaprotegbacteria were comprise@f more warm-responsive phylotypes (12 of 22), including

those withinsthéRhizobiales group.

Some of the taxa identified smsmperatureesponsivavere consistent witthose taxa described

in previousstudies as being sensititeelevated temperaturieéor examplePeAngelis et al.

(2015) identifed microbial indicator taxa from a 2@earwarming study at Harvard Forest and
alsofoundthatthose taxa whichespomledto elevated temperatuveere not necessarily
predictable*frem broader taxonomic identity. While our comparisons of which taxa respond are
gualitative, some similar taxonomicsponseso temperaturavere observedyithin the phyla
Proteobacteria, we similarly identifiedhatRhizobiales taxaincreasd with elevated

temperatures anghodospirilales decrease. DeAngelis et al(2015) cautioned thdhose taxa
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that changed in abundance in response to elevated tempenatule responding to other soil
factors that also change with temperature (e.g. soil moisttg)combined lakwhere moisture
was held constangnd field approach to identify consistent controlled temporal and

observationaspatial responsde temperatureallow us tosuggest that these taxa ardact most

likely responding directly to thgoil warming

Our list'of'temperature sensitiydylotypes is relatively shqrin part reflecting the fact that

while manyrare taxa aaso likely to be temperature sensitive, they were not the focus of our
study. Our analyses also do not capture thosethatdnave @ite-specifictemperature response
as we restricted our analys to those phylotypes exhibiting consistent temperature responses
across soiltypesiowever, the 18%arm and cold-responsive taxe identifiedcould be used

in futurestudiesiasaxa indicativeof soil warming across a wide range of soil types

example, tese'indicatortaxa’ may be useful to researchénat want to disentangtbe

multiple, cerrelagd effects of changing climate soil conditions to know which taxa are likely
respondinglirectly to temperatureversus indirectly responding to changesait moisture, soll

N availability,'soilcarbonavailability, or vegetation, that often accomparmanges in soil
temperaturgegimes Moreover with recent studies using microblabindicatorspecies to

inform reeonstructions of paleo-environmental conditions (Schirrmeisédr, @002; Zhang et

al., 2008), it may alsbe possible to use temperatuesponsive microbiddioindicatosto
reconstruct historical changes in soil temperature from microbial DNA preserved in soil or
sedimentsSpecifically,we found that sites did vary in their abundances of cold to warm-
responsivertaxa, and as expected, these differereesorrelated with the MAT of a site, with
warmer field sites having higheglative abundances of wasrasponsiveaaxa (Fig 3) and lower
relative abundances of cold-respondmea (and viceversa).We found significant correlations
between th@ercenagecomposition of warmor cold-responsiveaxa and field site temperature
(Fig. 3, right panel: for global grassland$=R.29, for Peru elevation gradiert=R0.92, and for
US LTERareask’= 0.44 and for all, p < 0.001), emphasizing the utility of the bioindicators we

identified forinferring soil temperature conditions.

While the list of temperatume@sponsive phylotypas short, these 189 taxa collectively represent

a large fraction of total soil bacter@mmunities (Fig3). Of the global fieldlatasetsve used
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in this study, warm- and cold-responsive taxa make up on average 22% of the total community
(sequence readagrross samples from the Peru elevation gradient, 20% frooSh& ERareas

and 12% from global grasslandsus, although these taxa represent a small fraction of the
taxoromic richness 18,133 totataxa detected across thtab dataset, they are sufficiently

abundant to.fender them useful as bioindicators and to suggest that they would routinely be
identified Insoils fromother sites oexperimental manipulationBerhaps most importantly, the
huge microbial"diversity in soils makes it challenging to link organismal, contyramdl

ecosystem responses to understand how global changes will affect the structurectiowirig

of these communities. The bioindicator taxa weave identifiectould serveas ‘model’
organismsseither in culturedependent studies andiorsitu targetedomic studies-to
understand-the ecolmgl and biogeohemical consequences of soil microbial temperature
responses. Foriexamp#hifts in cold andwarmresponsive taxenay be driven by tradeffs

between tolerance of cooler temperatures and competitive dominance at warmer temperatures
(Crowther'et al. 2014bFurther, an organisispecific focus ould help to discern whether and to
what extentimicrobial physiology (e.g. growth efficiencies) respond directiyripdrature,

given the potential sensitivity of soil carbon stocks to such variables (e.gnAdlisal. 2010,

Hagerty et.al. 2014). That is, by knowing which of the thousands of taxa within any one soil to
focus on,we can begin to understand the mechanisms underpinning how warming affects the

structure and function of soil microbial communities.

Taxonomy.andphylogeny are poor predictors of temperature response

Taxonony generally did not correlate with temperattgsponseacross bacteriand archaeal
phyla. Most majophyla includingProteobacteria, Acidobacteria, Planctomycetes, and
Verrucomicrobia.contained both cold- and wanmasponsivehylotypes, suggestirntgatphylum
identity alone.is, not useful for predictimghich specifictaxonwill likely be responsiveo
temperaturghanggFig. 4). However, there were a few interesting exceptionsCAllor ofl exi
and most®ctinobacteria identified as beingemperature sensitive were wargsponsive. This
finding is consistent with our lab observatioasye observed aB82% increase ithe relative
abundancef Actinobacteria with elevated temperatures (p<0.01, Supplementabfeb) and a
44% increase ihloroflexi (although p = 0.22) on average, acrsigss Within the
Bacteroidetes phylum, we only recovered temperatsensitivephylotypesthat werecold
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492  responsive, and the relative abundances of this phylum as aaldmbéensistently decreased in
493 the labincubationwith elevated temperaturetd%, p<0.05)We want to emphasizénowever,

494 that althoughmanymembers of these highlighted phyla were identified as being sensitive to
495 temperature, there are many lineages within these phyla that either did ndeotlgsisspond
496 to temperature or were not sufficiendlipundant or ubiquitous to be included in our analyses.
497  such, phylumevel identity alone was not generally a useful predictor of the temperature

498  sensitivity"ofiindividual phylotypes.

499

500 We nextinvestigated thstrength of the relationship between phylogeny and temperature

501 response to seetémperature responses could be predictéidet levels of phylogenetic

502 resolution'We found that the phylogenetic depth of temperature response varies, but is not
503 deeply conserved for mosacterial phylaFor majorphyla where both cold and warm-

504 responsive taxa were identified, we assessed the level afdraiervatisnfor temperature

505 response and found only one of four phyla to have a signifidasibgenetic signal.

506 Acidobacteriarhad the strongest phylogenetic signal (K = 0.23 and p = QF§.15), however
507 K<1 indicateghat withinAcidobacteria closely related species were actually less sinfilathe
508 given traitthan expected under the Brownian motion model of trait evolution. For altathe
509 includingProteobacteria (K = 0.15, p = 0.15)Yerrucomicrobia (K = 0.02, p = 0.08), and

510 Planctomycetes (K = 0.02), there was no significant phylogenetic signahe set cutoff level of
511 0.05.Thisadds another line of evidence suggesting ierielyknowing what taxonomic group
512  or phylogenetic lineage phylotype belongs to will not be very useful for predictiag

513 temperaturesresponsa either field or lab studies.

514

515 If phylogeretic information alone is not a particularly useful predictor of temperature responses
516  then we musshift our approacko understanding and predictingcrobial community responses
517 to elevated soiltemperatures. Indeed, most studies investigating climate change effects on soil
518 microbial cemmunitiege.g. Castro et al., 201Dgslippe et al 2012) only discusshifts in the

519 abundances ef microbial tagh broad taxonomic leve(sypically phylum or class levelsYet,

520 our data suggest thatterpretingchanges in relative abundance with elevated temperatures at
521 broad taxonomic levelgkely obscures our ability to describe and understantethperature

522  responses of soil microbial communities.
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Caveats and next steps

The 189 microbiabioindicatos identifiedin this study are not meant to be representative of all
temperature sensitive taxa. Indeed, while these temperature sensitiwetaxaasonably
abundant in.most soil samples, we did not specifically examine those phyltitgpegy have
appeared to spond to temperature at an individual site or field gradfegt 2). Cn average, at
least half of thg@hylotypes in the top 20 temperature sensitive taxa for a given field study were
not found ‘across all datasetéis wasnot surprisingasrelatively few microbial taxa are
ubiquitous across all soil types (Ramirez et al., 2014). Another challenge is tleapfsiina
bioindicatortaxa we identified as being responsive to temperai@@ot taxonomicallyell-
resolved(e.g. no taxonomic assignment at the genus or species level; Supplemabta).T
This is a commen challenge in studies @if microbes as mantaxa are not well characterized
(Ramirez et al., 2014) and thus gpecific identities and ecological atuies ofmanysoil

microbes remain unknown.

A clear next step is to determine what gene categories or genomic attributes could be used to
predict thetemperature responsesindividual taxa or lineage#f. such genes could be
identifiedgit'would be podsle to predict the temperature sensitivities of individual taxa by
analyzing the ever-expanding database of bacterial and archaeal genomes théithre pub
available.To test the feasibility of doing soegompared the 189 temperature sensitive 16S
rRNA sequences agains$ie current version of the largest publielyailable microbial genome
databasglntegrated Microbial Genomes (IMG; Markowitz et al., 2018)ng the basic local
alignment search tool (BLASTiHowever, aly 25 of the 189 matadknown genomesvith >
97%similarity. Likewise, only 22 phylotypes had 16S rRNA gene sequences that matched those
of cultivated strainslepositedn the Ribosomal Database Project (RDP). Measuring the
temperature optima of isolated strains representatiewofdicatorphylotypes would ba

useful next.stefo confirmtemperature growth optima and specisponses teoil
temperatureHowever, doing so will require a substantial amount of effiren that so few soil
taxa have been cultivated and isolated under laboratory conditions (Pham and KimSRoh2
effortsare essentidbr building a more mechanistic understanding of soil microbial responses to
temperature change.
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Our analyses represent one of the first attempts to evaluate whether there are cpatistest

to thetemperature responses of microbes across a broad range of saildiyygelsoth laboratory
and field dataThere have been extensive efforts to understand how ‘macrobial’ taxa (e.g. trees,
mammals) are likely to respond to warming. By building a similar understandisgifor

microbial communities, we hope to facilitate the same kinds of efforts that arel@dssib
macrobes‘in‘terms of understanding and projecting community and functional responses to
climate changeThe 189temperature sensitileacterial and archaeal taxa can be used as
indicators 6 soil'temperature conditionsyformation thatan be leveraged to identify when soil
communities ardéikely directly responding to soil warmingikewise, these bioindicatorould
provide thesmeans tetermine why some soil microbes are more sensitive to temperature than
others and what physiological attributes are correlated with temperature senbfivisy

generally, this work begins to establish a broader understanding afdiawicrobial

communities across the globe may respond to changesiperature anthe biogeochemical

consequepcest the resulting community shifts
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Figure Captiens

Figure 1. Examples of six temperatusensitive phylotypeand their shifts in relative
abundancevithtemperature in both the lab and field studies. (a) Megpercent change in

relative abundances (from 12°C to 28°C) of six phylotypesiteyn the lab incubation.

Confidence limits from basic nonparametriotsirap in R (baséd highlight the 95%
confidenceslimits for the meamarked by black circlesyithout assuming normality. (b-d)

Relative abundances of the same six taxa (filtiglal loess smoothing this figure to illustrate

general trend) across gradients in mean annual temperature for each of three field studies (Peru
elevation gradient, Global grasslands, US LT&®Ra$. Red and blue colors indicate warm-

responsiverand coleesponsive taxa respectively.

Figure 2."Phylotype responses to elevatethperatures in the lab compared to the field studies.
(Top row)-Points show phylotypes thaere shared between the l@lgubated sampleand each
field gradient The percent change in relative abundances in the lab (from 12°C to 28°C) and
field estimats (via Spearman rank correlationSphearman correlation coefficiefpl) values in

the bottomyright hand corner indicate #teength and direction of correlatighp < 0.05, **p

< 0.01, **p<s0.001). Bottom row) Phylotypes that werghared acrosdldab-incubated
samplesandacrossall three fieldgradientgn = 689 phylotypes). Blue and red points highlight
phylotypes that.consistdntdecrease or increasd in relative abundance with elevated

temperature. across the lab study aldield studies.

Figure 3.Bioindicatortaxa identified as being temperature sensitive make up a substantial
portion of soil communitiegLeft panels) Percent of total community composition of warm-
responsive (red) and cold-responsive taxa (blue) phydstjqr each field site, by sample. Soils
are ordered from left to right by increasing MAT. The average percent compositgiobat
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grasslands = 11.8%, for Peru elevation gradient = 21.9%, and for US &/BBR 19.8%.

(Right panels) Percent communityanposition of sites are correlated with MAT. (*) denotes
significant correlation between percent of community composition made up of cold- iespons
versus warmresponsivephylotypes andR? indicates the coefficient of determination (fitted with

linear legressions). The gray shaded regicepresent 10% confidence intervals.

Figure 4. Phylotypes identified as being temperature sensitive binned by phyla for both warm-

responsive (red) and colcesponsive taxa (blue).

Figure 5. Phylogenetidistribution of temperatursensitive bacterighylotypes across the four
most abundant:bacterial phyla. Blue clade markers signify cold-responsive taeal aighify
warm responsive taxa. Trees were built using RAXML. For a small portion of phylotypes,
taxonomi¢ assignment did not match tree topologynaaual corrections were made.
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