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Abstract - Plants in terrestrial and aquatic environments contain a diverse microbiome. Yet, the
chloroplast'and mitochondria organelles of the plant eukaryotic cell origioatefriee-living

cyanobacteria and Rickettsiales. This represents a challenge for sagubagdlant microbiome
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with universal primers, as ~99% of 16S rRNA sequences may consist of chloroplast and
mitochondrial sequences. Peptide nucleic acid claoffps a potential solution by blocking
amplification of hostassociated sequences. We assebgedfficacy of chloroplast and
mitochondria-blockinglampsagainst a range of microbial taxa from solil, freshwater, and

marine envirenments. While we found that the mitochondrial blookenmpsappeaito be a

robust methodfor assessing aniraatociagd microbiota, Proteobacterial 16S rRNA binds to

the chloroplast'blockinglamp resulting in a strong sequencing bias against this group. We
attribute this'bias to a conserved 14 base pair sequence in the Proteobacteria that matches the 17
base pair chlaplast blockingzlamp sequence. By scanning the Greengenes Database, we

provide a reference list of nearly 1500 taxa that contain this 14 base pair sgqgouelnding 48

families sueh as the Rhodobacteraceae, Phyllebactae, Rhizobiaceae, Kiloniellaeg and
Caulobacteraceae. To determine where these taxa are found in nature, we mapped this taxa
reference list against the Bai¥licrobiome Project database. These taxa are abundant in a
variety of environments, particularly aquatic and seqisatic freshwater and marine habitats.

To facilitaterinformed decisions on effective use of orgaddtheking clamps, we provide a
searchable database of microbial taxa in the Greengenes and Silva databases matching various n

mer oligonucleotides of each PNA sequence.

Key Words"PNA clamps plant microbiome, chloroplagtarth Microbiome Project,

Proteobacteria, aquatic environments

Running Title: Identifying the plant associated microbiome

Naturalecasystems contain an incredible diversity of microbiethich remaindargely
undescribe@Locey and Lennon 2016). Recent advances in sequencing technologies have
facilitatedthe description ofhis diversity throughout a range of terrestrial and aquatic biomes
from the semnatural environments of agricultural soils to the extreme environments of {he dee

sea(Caporaso et al. 2010, Gilbert et al. 2014). We are discovering the tremendous ingpafrtanc
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freeliving and organismal-associated microbiota to both ecosystem and organisntaéhdalt
functioning (Zak et al. 2003, Smith et al. 2015). Continued advancement in this field demands
increasingly sophisticated studies that contrast the microbiomes across habitats and trace the
sourcesink dynamics of these microbialmeunities.Vital to this aim is use of a common
methodology-that enables comparisons across environments and microbial taxa. &iBdsam
genes are the typical targets for amplicon sequencing because they are conserved across
microbial taxa; yet sufficiently polymorphic for taxonomic assignment.

Plant'chloroplast and mitochondrial organelles are evolatilgrderived from frediving
Cyanobacteria and Rickettsial@dargulis 1981) Sequencing the internal external plant
microbiome thus represents a particaaallenge because these organelles retain thelbmtr
rRNA of their ancestorsSequencing plant tissue typically yields upwards of 99% chloroplast
and mitochondrial sequences (Lundberg et al. 2012, Zarraonaindia et al(s2& published
datasets in the Earth Microbiome Project Database for chloroplast content of leaf samples in
Zarraonaindia et al.)ntensive sequencing, where only the remaining 1% of sequences is
andyzed afterfiltering out chloroplast, is rarely aconomically feasible optioistead, a new
method that blocks the amplification of these organelles using peptide nucleic acid PCR clamps,
thus sequencing only the remaining microbes, has been proposed (Lundberg et arha3es3).
synthetic.eligomers physically block amplification of a contaminant by binding tightly and
specifically to the unique contaminant sequence (Egholm et al. 1993, @rum et al. 1993] Ray a
Nordén 2000, von Wintzingerode 2000, Karkare and Bhatnagar 2006). Although use of these
organelle blockers may help reveal rare tafa microbiomen the presece of eukaryotic plant
material it'might also biasliscovery rates if applied across habitats, such as aquatic systems that
often contain many free-living Cyanobactesiad Rickettsialedy blockingamplification of
nucleic acids ofaxa closely relatetb organelles

In our.study, we aim to describe the benefits and drawback of using universal Earth
Microbiome_ Project primeralone versus adding organelivcking clamps for studies across a
range of environments and microbial taxa. By sequencingicdésamples from terrestrial,
marine and'freshwater habitats we find that orga#idtieking clampsause a&trong bias
against many taxa, particularly the Proteobacteria (including 48 families sthah as

Rhodobacteraceae, Phyllobaceriaceae, Rhizobiaceae, Kiloniellaceae, and Caulobacteraceae).
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We trace this bias to a 14 base pair conserved ragiosicteriathat matches the
chloroplast-blocking primeiVe provide a scan of the Gregmmes Database

(http://greengenes.secondgenome.qdov other taxa containing this conserved region, and

using the Earth Microbiome Project Databésiép://www.earthmicrobiome.orgnd

https://qiita.uesd.edu/demonstrate thalhese particular taxa are abundant in many aquatic,
terrestrial, andi@malassociated environments. We conclude that use of these organelle
blocking clamps poses a considerable bias for any studies aiming to eventually copipate a

associated microbioenwith a diversity of other environments.

METHODS

Field collections:

Our field samples were collected for a number of different studies and are considered here only
for comparing amplification methodé/e summarize sample type and number in @dbThe
majority ofrssamples were from an experiment designed to test for the direct versus indirect
effects of individual variation within red alder tree leaf litter on microbial colonization in
streamsThe experiment was conducted in 2013 on the Hoko and Sekiu Rivére Olympic
Peninsulasof Washingtod&° 1829.58 N, 124° 21'8.59 W). We carried out a reciprocal transplant
design in which fresh green leaves from individual trees growing along rivers vedsaghin
mesh leaf packs and were eitheagad in the adjacent river or in a different river (4.5 km away).
Our reciprecahtransplant design is described in detail elsedekrel and Wootton 2014,
Jackrel et 'al=2016)Ve sequenced the microbiome of a subset of these sampglespare
sequencing results with EM#timers alonerersuswith EMP primers plus the organelle blocking
PNA clamps From each red alder tree, we construtéedl packs containing 1@aves each.

Four leaves. from each of these leaf packsewemoved after 5, 10, 15, and 20 days of
incubationsealedn WhirlPak bags, and frozen.

At each of these four time points, we also sampled the freshwater microbiota immediately
upstream ofieacleaf pack deployment location. Six liters of river water were pumped through
SterivexX™ filters (EMD Millipore, Darmstadt, Germany) usingeristalticoump. Immediately
before and after the 20 day experiment, we collected both soil samples beneath ead¢tresourc
and fresh leaves from each tree. All samples were kept cool and fre2€iGupon returning
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from the field locations, and then stored at -80°C at Argonne Nationalaiaoyuntil
processing.

Seawater samples were collected using the same method deabiwvedor freshwater
samplesCollections occurred on the outer coast of Washington Btdtemmediately from the
shore by standing aamrocky bench, Tatoosh Island, 48.39° N, 124 \Mand via shipboard
collectionoffshere at 48.432 N, 124.738 W and 48.439 N, 124.831 W at approximately 70 m and
340 m total'depth, respectiveljhe offshore samplasere takenn July and Augusbf 2011 and
2012 at both'surface depths in the photic zone as well as depths below the photic zone (100, 125,
140, 300,32%n) where 16S rRNA sequences from phototrophs would be minimal. Offshore
samples werescollected from the R/V Clifford Barnes with casts fromsatiple CTD array
(Seabird Electronics, Bellevue, Washington, USA) witH_1Qiskin bottles (General Oceanics,
Miami, Florida, USA). Environmental variables associated withahbllection are reported in
Pfister et al. 2014 and onlinbkt{p://www.bcedmo.org/dataset/489045/data).

We extracted DNA from all samples using PowerSoil DNA Isolation Kits (MO BIO
Laboratorisy€Carlsbad, California, USAlror water samples, Sterivex casings were cut with
PVC cutters and half of tHdter paperwasremoved, then ground and extracted as a solid
sample After_extraction, we amplified the 253bp length V4 region using the Earth Microbiome
Project universal primers (515F primer and 806ag@tarcoded reverse primers) (Caporaso et
al. 2012) with and without the mitochondrial and chloroplast blocking PNA clamgsefer to
this first method with PNA clamps as the ENMRIA method, and the second method as the
standard EMPymetid. The mPNA sequence tock mitochondria contamination is
GGCAAGTGTTCTTCGGA and the pPNA sequence to block chloroplast contamingtion i
GGCTCAACCCTGGACAG (PNABioThousand Oaks, &ifornia, USA).We pooled PCR
productsand cleaned products using an UltraClean®PCR AlgaKit (MO BIO Laboratories,
Carlsbad, California, USA)We sequenaeDNA fragments in a MiSeq 2x151bp run at the
Environmental.Sample Preparation and Sequencing facility at Argonne Nationahioapor
following thesprocedures of Caparaso et al. (2012).

Analysis:

We performed all sequence quality analyses and microbial community difference metrics
among samples using the QIIME pipeline (Caporaso et al. 20/0¢lassified operational
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153 taxonomic units@TUs) from the Illumina reads at the 97% similarity level using open

154 referencebased clustering with uclust. For chimera detection, we used the mothur script

155 chimera.uchiméSchloss et al. 2009), and found only 75 unique chimera sequbates

156 constituted 0.25% of the total read pool. We assigned a taxonomy using the RDP taxonomic
157 assignment.eomparing theTOs sequences against the Gremrep database (version 13_8). We
158 generated all rarefaction, alpha diversity, principal coordinate and Precamstiyses following
159 the QIIME"pipeling(Caporaso et al. 2010). We udeacrustes analysie statistically compare
160 the shapes oftasets of corresponding poini® minimize the distance between the twes st
161 points, the second matrix is superimposed on the first matrix after translasigg sod

162 rotation(Gewer,1975). In our studpur matrices arp-diversity outpus comparing samples

163 amplified with EMP primergi.e., EMP methodyersus the same samples amplified iaiP

164 primers pluPNA clamps (i.e., EMAPNA method)We alsoidentified the taxa significantly

165 enriched and therefore responsible for the differences observed via gaseshhd Wilcoxon

166 sign+ark tests both before and after correctionmultiple comparisons via Benjamini

167 Hochberg False Discovery R4t Development Core Team 2014, Benjamini and Hochberg
168 1995, Shoganset al. 2014, De Filippis et al. 20 then scanned each OTU sequence in our
169 dataset for.complete or partial matciesluding all12-mer, 13-mer, 14ners 15-mers, 16-

170 mers, and-ITrerg to the mPNA and pPNA sequences (Geneious version 9T@.5garch for
171 other OTU matches not represented in dataset, we scanned the entire Greengenes (version
172 13 8) and Silva (version 123) databases for all possibtaek2- 17-mer oligonucleotide

173 combinations*ef the mMPNA and pPNA sequences. See Supplement F, Tables 1 and 2 for a list of
174 the exact oligonuclemtes that were scanned. We extracted all sequence matches for each
175 oligonucleotide sequence and have appended this database of fasta files. In parécdée,

176 that wefound no complete matches, but we did find a subset of OTUs with a partial 14 of 17
177 base pairs.matcltGGCTCAACCCTGGACAG) to the pPNA chloroplast-blocking sequence.
178

179 Meta-analysis:

180 Our'new data described above draws comparisons across samples that were analyzed
181 identically throughout OTU pickimand all downstream analysésour metaanalyses, we

182 instead drew comparisons using existing BIOM talbesll studiesn the Earth Microbiome

183 Project Databas@ve excluded studies from lab systems or the built environr@HD)A,
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https://qiita.ucsd.edu(Supplement E). Samples includedhis database may have used varied
OTU picking methodsyhile our new dataset contied for these potential contributing sources

of variation. For the datasets included in the metlyeis, ve removed all chloroplast and
mitochondria sequences, and raétll samples to 5000 sequences. Some datasets were
excluded beeause they contained only samples with less thasé&f@énces (see Supplement

E). We scanned the remaining samples for all OTUs containing the 14 base pair match to the
chloroplastpPNA clanp (see this reference list of OTUs in Supplemenis)we did not find
bacterial OTU'sequences that matched the mitochondrial mMPNA clamp, our afoalyses on

the chloroplast-blocking clamphose samples containing at least 50 sequences of OTUs in this
reference list(ie., at least 1%) were assembled into Palaled we describe the environmental

sample type using the metadata made available by the aurthioesEMP Database.

RESULTS

Ourplantdatasegenerated using the EMP methgeherally containedreater
percentagesrathloroplast sequences than ttataset generated from tigentical samples
amplified using'th&aMP-PNA method. For example, after rarefaction to even sampling depth,
the proportion of remaining sequences in oesli red alder leaf samples that were of chloroplast
and mitochondrial origin was reduced from 77.4 + 17(6%an+ 1 S.D.) chloroplast and 1.25 +
0.47% mitochondriaf all sequencessing the EMP method to 4.84 + 3.17% chloroplast and
4.29 + 6.06%amitochondria using th&MP-PNA method Similarly, red alder leaves
decomposingin river water contained greater chloroplast content with thertekhBd versus
EMP-PNA"'method, while seawater, freshwater, and soils contained similar percentages of
chloroplast andnitochondria regardless of method (see Table 1).

Beyond this targeted reduction in chloroplast and mitochondrial amplification,
sequencing.identicalamples across a range of aquatic and terrestn@onments demonstrated
that the EMP, versusMP-PNA methods yielde substantial discontinuitie¥he Proteobacteria
phylum contained a number of taxa amplified at significantly different relabiwedances the
EMP versu€MP-PNA sequence datdVe illustrate that samplgmrticularlyenriched in
Alphaprdeobacteriasuch as seawater, show sharp discrepancies when amplified with EMP
primers versus EMP primers pIB&A clamps(Supplement D, Table 4; Figure 1A). In
particular, the Rhodobacterales (including Octadecahdt$eudoruegeria, Loktanella, and
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215 Suffitobacter species), Rhizobiales (include the Phyllobacteriaceae and Hyphomicrobiacea
216 families), and Kiloniellales (family Kiloniellaceag)ereall lower in relative abundance in

217 seawatewhen amplified withthe EMP-PNA method (all p < 0.0With false discovery rate

218 correction Supplement D, Table 4pairwise differences for all freshwater, submerged alder
219 leaves, fresh.alder leaves, and soil samples are illustraB&gplement D. In addition to these
220 results in seawater,avagain found particular taxa to be of lower abundano®ost of these

221 samples whenamplifieasing theEMP-PNA method (Supplement D, Figures 1 — 3). In

222 submergedalder leaf samples, Alphaproteobacteria (including Rhodobactedales a

223 CaulobacteralgsDeltaproteobactesi Bdellovibrionale$, Spartobacterié€Chthoniobacterales),
224  and other taxavereamplified at lower abundances using EP-PNA method (Supplement D,
225 Table 3, allp <°0.05 with false discovery rate correction). Further, while aiwieger and soll
226 results were not significant after false discovery rate correction, the same patterns were .observed
227 Infreshwater sampleglphaproteobacteriéncludingRhodobacterales, Rhizobiales, and

228 Rickettsiale} Betaproteobacterigncluding Methylophilales and Burkholderiales),

229 Deltaproteobacteri@Myxococcale¥, FlavobacteriaActinobacteriaand other taxa (Supplement
230 D, Table Iywere amplified at lower abundances WitEMP-PNA method (all p < 0.0prior
231 to correction 6r false discovery rat&Supplement DTable 1). In soil samples, we found the
232 EMP-PNA:method amplified a number of rare taxa at lower abundances, including the

233 AlphaproteobacteriaRhodobacterales, Caulobacterales, and Sphingomonadales),

234 Betaproteobacterid(rkholderiale¥, Deltaproteobactex (Myxococcales), Spartobacteria

235 (Chthoniobacterales) and other taxa (Supplement D, Table 2, all p < 0.02 prior td@oifact
236 false discovery rajelLastly, our fresh alder leaf samples were highly variable, and although we
237 did not find significant trends in this group, those samples containing a high abundance of
238 Actinobacteria and Alphaproteobacteria when amplified thi¢ghstandar@MP method showed
239 sharp declines.in these groups when amplified thithEMRPNA method

240 We_ found that nearly all of these taxa at lower abundances across these samples have a
241 common conserved 14 base pair sequence that matches most of the 17 base pair pPNA
242  chloroplast'bleckinglamp(GGCTCAACCCTGGACAG). We provide a full list of OTUs that ctain
243 this conserved 14 base pair sequence in the database of fastaSigpiement A

244  (pPNAl4merD.fna file). Additionally, we provide a list of OTUs matching thisnbet-sequence,
245 as well as all possible d@er through 17-mer oligonucleotides of the mPahd pPNA
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sequences, in both the Greengenes and Silva databases (see summary Tables 1 and 2 in
Supplement F, and fasta files in Supplement A). We found that 1,405 OTUs in the Greengenes
Databas€1.41% of the 99,32fbtal OTUs)match thisl4 base paiseqience, and therefore

likely bind_to the pPNAclamp(see comparable results for the Silva Database in Supplement F,
Table 2). Proteobacteria comprised 76% of these Green@danés Our dataset also contains
OTUs not yet included in the database, and 6,3¥eseOTUs unique to our datasetatch this

14 base"pair'sequence as walhen we filtered out this 7,796 OTU list and repeated our
pairwise comparisons across seawater, freshwater, leaf and soil samples, we found greater
community similarity between plicate samples amplified with the two methods via weighted
UniFrac distances (seawater comparisons: paitestit = 4.01, p < 0.01,igure 1B; and
Supplement Drfor ther sample comparisondjlany otherOTUs in the Greengenes Database
contained subsets of the-der described abovA total of 1,887 OTUs contained the B3er
(GGCTCAACCCTGGACAG) and 2,3810TUscontained the 12aer sectio(GGCTCAACCCTGGACAG).

The discrepancies between our replicate sasplat remain even after filtering out taxa listed in
the pPNAI4merD.fna file dbupplement A may be due to such taxa with similar sequences that
mayalso bindto the pPNA&lamp however evidence that removing all taxa containing the 12-
mer section.mpross this discrepancy is mixed (s&epplement D, Table 5). In contrast, when

we scannethe Greengenes and Silatabasgfor all 12-mersulsections of the mPNAlamp

we found no matches and therefore conclude that this clamp likely remains braddlyfars
eukaryotes, includingnimatassociated studies.

Wemext,aimed to compare these amplification methods by specifically corgrasti
communitiesswhere the abundance of photosynthetic organisms differed. Using our Tatoosh
seawater samples that were collected at varying depths, we cahgsedwo amplification
methods folsurface samplegsvhich should contain phototrophic communitieejsus samples
100m and.deeper (which in contrast should be dominated by chemolithotrophic communities).
WeightedUniFrac distances between replicated samples were used to quantify community
similarity (see Figure 1 for the distance metaceach pairwise compariso@mplification
method bias'was significantly stronger amohgtptrophic communitiethandeeper weer
assemblages that are likalgemolithotrophic (test: t = 5.66, p < 0.001)This increased bias
waslikely due to the greateraturalabundance in these phototrophic communities of the

Rhodobacteralesvhich contairthe 14mer conserved regidhat ikely binds to the pPNA
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clamp After filtering out all OTUs containing this dder (i.e.,OTUs listedin Supplement A),
phototrophic and chemolithotrophic communities showed a similar degree of bias by
amplification method ftest: ¥ = 1.07, p = 0.32).

Overalla-diversity measured as phylogenetic diversitgs greatein samples amplified
with theEMP.than EMPPNA method(Figure 2A, paired test: ti5 =3.24, p < 0.01) (see
Supplement C{or similar results using OTU #, ChasetBversity, and rarefactioourves). Even
after filtéring out taxa that contain thd-merconserved region there remairgeaterdiversity
in the EMP amplified samples (FiguzB, t4s = 3.74, p < 0.01). While we observed significant
amplification differences when using these twetinods that resulted in differesdiversity
levels andselative abundances of particular taxa, we found that each method still generated the
same general trends across sample types. Each environmental sample type is depicted in distinct
clusters regardis of method (Procrustes Analysis, p < 0.001=N0.091, Figure 3A when
filtering out only chloroplast and mitochondria, and Figure 3B when filtering for apllast,
mitochondria, and OTUs in Supplement A). Generally, analysis on each environmental sampl
type independently also showed similar trends regardless of amplificagitwdn(such as a
geographic gradient with soil samples, freshwater samples, and aquatic leaf samples, as well as a
depthgradient within seawater samples; see Supplement B, Figu5g.

Lastly, in our survey of the Earth Microbiome Project database, we found that tree OTU
containing the conserved 14 base pair sequence were abundant throughout a diversity of
environments. All except two of the 113 datasets that we surveyed contained taxa listed i
Supplement"AyNinetyive of these datasets contained at least one sample that was comprised of
at least 1%nofithese taxa (TaBle Seaweeds, seawater, freshwater, and aquatic sediments
contained the highest abundance of these taxa (2abigsh, reptile, amphibian, mammal, and
avianassociated samples also contained high abundances of these taxa. These percentages are
also likely,conservative estimates because in our dataset, over 90% of the OTUs that matched
this conserved.sequenaere from our open reference clustering of environmental samples. The
percentageswe report in our @&nalysis only scan for those taxa remaining in the closed

reference sequences that map to an OTU in the Greengenes database.

DISCUSSION
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Comparativemicrobial ecologystudies across environments are becoming increasingly
common A significant part of the discovery of microbes across ecosystems is the demonstration
that microbes live in association with anim@uegge et al. 2011, Sullam et al. 2012, Bolnick et
al. 2014, Kwong and Moran 2016) and phototrophs including seaweeds (Egan et al. 2013,
Campbell et.al. 2015, Singh and Reddy 201éyestrial angiospern{Berendsen et al. 2012,

Badri et al.,2013and moreThese plant and animaksociated microbiabenmunities are
proving‘essential for elucidating the dynamic ecology of both the organisms awb#ystems
in which they‘reside (Zak et al. 2003, Kardol et al. 2007). As plants dominate many global
environmentsunbiased comparative analytical tools to characterize the assauiatetial
ecology require,a degree of universality that until now has not been assessed.

We found thathe use of PNAhloroplast-blockinglampscan strongly biathe
characterization afiearly 1,500microbial OTUs inhabiting a diversity of environments,
particularly in aquatic samples containing high relative abundances of Alphaprateiabac
Chloroplast-blocking pPNA&lampappear to adhere to similar sequences, including those
containingsi4=of the 17 base paivdany of the discrepancies between our replicate samples that
remain even after filtering out taxa listed in Supplemenb@ld be due to ber taxa with
similar seguences, such as thasg81 OTUs containing B2-mer subsectioof the 14mer,
binding tothe pPNAclamp Howeverthe evidence for these less conserved sequences playing a
major role is weak (see Supplement D, Table 5)

We found that these taxa are abundant in a diversity of ecosystems, and would likely be
under sampled,with pPNA clamp Our metaanalysisshowing the ubiquity of thee taxa
illustrates thepotential biasesf studies contrasting the microbiome of multiple ecosystErs
example, studiethat could use thehloroplast pPNA clamps @ssessnicrobes associated with
agricultural crops may mask the presence of cetéaathat arerelatively abundant in
agricultural soilsin contrastmitochondrial mMPNA clamps did not appé¢aresult inbias, and
sotheseclampsremain useful foanimatonly studiesWe note thastudies comparing animal
and plant microbiomes, such as diet studibsuld use these clamps with cautiGiven that we
found a number of herbivorous reptiles, birds, and mammals contained thesethemagut and
feces use of pPNA clamp® assesde plant microbiome and compare that vathherbivorous
animalmicrobiomemayyield biased result$dowever, aquatic plants themselves pose one of the
largest biases for using the pPNamps due to the clear utility of chloroplast-blocking clamps

This article is protected by copyright. All rights reserved



338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

and theabundance of particular taxa, such astypecally surfaceassociatedRhodobacterales
that are abundam seawater and on the surface of seawé@dbert et al. 2012, Fu et al. 2013,
Taylor et al. 2014).

We highlighted our results from such marine systems by comparing surface phototrophi
against deeper. chemolithotrophic communities, which contrast strongly in communit
membership. We found that phototrophic communities tend to contain a far greateti@magfor
taxa containingthe 1lrher oligoucleotide Due to tlese natural differencés community
membership; theEMP-PNA amplification method yielel substantially more biased results in
the photic zone, where indeed the use of these pPNA clamps would otherwise be pgrticularl
useful for studying planéissociated microbiomes. While tB®P-PNA amplification method
may remain‘a technically viab&gtion below the photic zone because of the appdack of
taxa contaimg the 14-mer oligonucleotide, we do not expect these methods to be particularly
useful in such ecosystems with f@lvotosynthetic organisms and therefore minimal
contaminating chloroplast.

Furtherwe used our marine samplesatgk whether these amplification methods are
biased in the detection of cyanobactefia.the freeliving predecessors to chloroplast, we tested
whetheraschloroplast blocking technique would inHitétir amplification We found that both
methodsyield quite robust results for cyanobacter@f the 774 norehloroplast cyanobacteria
OTUs in our dataset and the 1389 ratreroplast cyanobacteria OTUs in Greengenely, 6
OTUs in our datasetnd 21 OTUs in Greengenes contain theriet oligamucleotidethat
matches the"pRPNA&lamp None of these OTUSs, or indeed any cyanobacteria, were amplified at
significantlydifferent levels with the two methods. With suitable seqogriepth, either
method should yield satisfactory results for studying cyanobacteria. HoweverthesiaiylP
method and simply screening out chloroplast reads will give equivalent resultaufimbegteria
without the issue of reduced Alphaproteobacteria and similar taxa (listed ireBwgoplA).

Lundberg et al. (2013) found that both arfiphtion methods yielded similar relative
abundancesof all tested microbial OTUs (including 75 OTUs in plant roots and 1,0K0i©TU
soil samples),, They found whamplifying replicate soil samples, their PNA method excluded
31 OTUs compared to the EMRethod (Lundberg et al. 2013Ithough in our scan of the
Greengeneand Silvadatabasg we found a 14-mer match to 1405 OTUs to the peldAp
Lundberg et al. scannedmer through 13wner oligmucleotides of the their pPNA and mPNA
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369 sequenceagainst th&reengnes database and did not find matches. The reason for this

370 discrepancy is unclear.

371 Despite theconstraints of organelle-blockimgamps this amplification method did not

372 obscure general trends in our datasets. We were able to clearly observe differences across soil,
373 freshwater, .seawater and plant samples. Geographic gradients within each of these sample
374 categoriesiremained consistent regardless of amplification method. These methods may therefore
375 remain Suitable*for more targeted studies fawyisin particular taxa that do not contain the

376 conservedregionVe did not find any taxa that matched either the entire pPNA or ndbavp

377 sequence. Future studies could aim to optimize these organelle clamps by modifyi@&the P
378 technique to select for higher specificity, such as through modifying the tempegmattioreol or

379 perhaps lengthening tliblampsequencéMullis et al. 1989). The standard pPNA clamp

380 sequences thatiwe used in our study was designed by considering the chloroplast squoences
381 adiverse group of 35 plant species (Lundberg et al. 2013). Now having identified certain biases
382 that result'from using these standard chlorogtéstking pPNA sequences, particularly in

383 aquatic environments, future research could design new taByst®m speciespecific pPNA

384 clamps could'be tested for improved effectiveness in aquatic systems, however apphoach
385 would not.generate a common methodology that could be used forecassstem studies and
386 largerscale'data syntheseésdditional analytical tools@uld also be investigated, such as

387 alternative OTU clustering algorithms, to attempt to improve the utility of these cl@riyes.

388 methods using different primers entirely (including modified 799F primers) have beabviils

389 successHowever, this approdxtypically involves tailoring primers to species specific

390 contaminating'Sequences, and while proven effective in limiting chloroplast coatamiin

391 plants and folivorous arthropo@€helius and Triplett 2001, Hanshew et al. 2013), such

392 approaches restripbssibilities for comparisons across studwben particular biases are

393 known, the bases of universal primers can be modified to optimize amplification of taxa of
394 interest, however such methods also limit comparisons adtaies(Sim et al. 2012). Given

395 the currentlinitations of these other methodsydies in ecosystentikely to contain many taxa
396 shown to be'biased by pPNA clamps may obtain best results by continuing to use universal
397 primers at sufficiently high sequencing depth to obtain sizable b@Eldequences remaining

398 after filtering chloroplast contaminating sequencing.

399
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Figure 1. Seawater samples from Tatoosh Island, Washington, including osistiace(#20,
#22), offshore surface (#21, #23), 1d@eep(#11), 125m deep(#24) 140m deep(#10), 300m
deep(#13) and 32%n deep(#12). Relative abutance of microbial taxa at the family level
depicted via color. (A) Includes all OTUs after filtering out chloroplastraitoichondria, and
(B) excludes all chloroplast, mitochondria and OTUs listed in Supplement A (pAN&D.fna
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file). Weighted UniFradistances listed adjacent to each sample number qutregymilarity
of the microbial community amplified witthe EMP vs EMAPNA method. $ee supplemental

materials for all habitat resujts

Figure 2. Alpha diversity is consistengyeatemwith the EMP versus EMPPNA methodboth
when (A) filtering out chloroplast and mitochondrial sequences and when (Bh{§ltzut

chloroplast,"mitochondrial sequences, and OTUs in Supplem@RMXAl4merD.fna file)

Figure 3. Larger scale trends remaindent regardless ¢fie EMP versus EMIPNA method,
illustrated asaProcrustes analysis. (A) Samples are shown after filtering out chloroplast and
mitochondria, and (B) chloroplast, mitochondria, and OTUs in Supplem@®RMNRAl4merD.fna

file). White lines point to the EMP sample and red lines point to the corresponding PNA sample.
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Table 1. Summary of organelle contamination in different sample types when using the EMP
versus EMP-PNA method. See data accessibility section to access sequencing data.

Sample Type Sample # Chloroplast content Mitochondrial content Sequencing Runs
x2) EMP vs. EMP-PNA EMP vs. EMPPNA
(mean + SD %) (mean £ SD)
Freshwater, 4 0.208 £0.229 vs. 0.189+0.14 0.0056+0.01 vs. 0.0132+0.012 # 2 (EMP-PNA), # 4 (EMP)
Terrestrial leaves 4 77.4+£17.0 vs. 4.84 £3.17 1.25+0.47 vs. 4.29 +6.06 # 1 (EMP-PNA and EMP)
Aquatic leaves 8 11.6 +7.03 vs. 0.21 +0.33 1.05+0.51 vs, 1.25+0.67 # 2 (EMP-PNA), # 4 (EMP)
Riparian Soil 5 0.236 +0.20 vs. 0.498+0.23 0.0165+0.016vs. 0.043 +0.036 # 1 (EMP-PNA and EMP)
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Table 2. Subset of datasets from the EMP Database containing samples with 1% or more of their
sequences matching taxa containing the conserved 14 base pair sequence, listed in Supplement A

(pPNAl14merD.fna).
# of Description of Samples
Dataset Range (%)
659 7 1.02-1.64  Agricultural Soils, New Zealand
1721 174 1-38.52  Agricultural Soils, Australia
1642 25 1-1.64 Rice Agricultural Soil sand Rhizosphere, Japan
1717 47 1.06 - 3.14  Agricultural Soils, Kenya
1711 51 1-3.54 Agricultural and Forest Soils, Kenya
846 13 1.2-3.84  Agricultural Soil, Italy
805 8 1-2.3 Agricultural Soils, Scotland
1001 20 1.04-3.66  Agricultural soils, Cannabis, USA
1792 63 1.02-10.8 Agricultural soil, maize, USA
1674 135 1.04-5.78 Rooftop Soils, New York City
2104 632 1-7.54 Soils, Central Park, New York City
10180 36 1-1.84 Agricultural soil, sugarcane, Brazil
1715 18 1-1.4 Agricultural Soils, coffee, Nicaragua
829 2 2.30-2.58 Semi-arid soil, Thar Desert, India
864 48 1-2.38 Montane Grassland Soils, Mongolia
990 29 1-2.62 Grassland soils, USA
1043 6 1-1.24 Grassland soils, USA
1526 82 1.02-7.3 Soils, Glens Canyon, USA
1579 43 1-4.38 Volcanic Soil, Hawaii
10278 29 1-2.92 Peat bog soils, Whales
1713 10 1.28-2.8 Forest Soils, Malaysia
1714 10 1-2.14 Forest Soils, Malaysia
1716 4 1-1.54 Forest Soils, Panama
808 11 1.00-1.70 Forest soils, Florida
1031 3 1.06-1.60 Forest soils, USA
1038 14 1-3.72 Forest soils, USA
10363 55 1.16 —4.40 Coniferous Forest Soils, USA
1030 123 1-4.44 Soils, Boreal Forest, Alaska
1036 14 1-3.74 Permafrost soils, USA
1530 85 1.14-13.12 Soils, Alaska
1578 7 1.04-3.08 Soils, Alaska
10246 58 1.02-9.02 Tundra Soils, Alaska
1692 26 1.04-6.67 Soils and Biofilms, Alaska
1037 2 1.02-3.90 Soils, Canada
632 3 1.10-1.34 Soils, Canada
1034 9 1-4.32 Sails, Arctic
1702 17 1.02-2.74 Montane Shrub land Soils, China
1035 9 1-13.82 Sand, Antarctic
1033 3 1.06 —10.32  Soils, Antarctic
776 2 1.46-1.58 Soil, Antarctica
10245 7 1-2.22 Leaflitter, Peru
807 43 1.02-2.96 Riverbed Sediments, USA
809 13 1.14-3.92  Lakebed Sediments, Canada
925 9 1-5.18 Hot springs Microbial Mats, Yellowstone
1622 35 1-15.88 Freshwater Pond Sediment, USA
1627 6 1.28-5.74  Freshwater Sediment, Tibetan Plateau
10156 47 1-4.8 Wetland Soils, USA
638 58 1.10-64.56  Freshwater Lakes, Antarctic
945 320 1-68.4 Freshwater Lakes, Germany
1041 43 1.04-5.14 Freshwater, Great Lakes, USA
1242 11 1-5.68 Freshwater, Lake Mendota, USA
1288 397 1-15.82 Freshwater, Temperate Bog, USA
1818 52 1-16.96 Wastewater, Florida
1883 794 1-16.52 Lake water, Seawater, Lake Epithilion, Alaska
861 8 1.86-24.78 Karst Sinkholes, Mexico
940 32 1-5.6 Freshwater Fish (Fecal, and Surface Mucus), USA
2259 5 1.12-3.94  Stickleback gut, USA
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10308
10272
10196
1064
10324
1845
1632
1694
1773
963
1747
2338
1734
1056
1736
894
1665
910
804
10273
10346
1740
2229
933
1197
1198
678
905
1039
1580
2080
10145
1222
1235
1240
662
723
889

172

114

285
282
1271
321
101
57
204
38

26
86
71
256
140
42
64
7

1-36.34
1.24-10.92
1.82-2.04
1.06-2.02
1.68
1.1-5.24
1-6.98
1-97.62
1.04-19.16
1-2.28
1.1-6.48
1.08 -4.56
1.12-58.76
1.06-7.72
1.12
1-24.92
1.16-17.14
1.54

1.06 -32.2
1.2-10.26
1-41.96
1-42.22
1-74.18
1.36-51.38
1.12-36.14
1.94-15.92
1-5.34
1.04-11.86
1.76 -9.2
1.18-5.94
1.08 -9.66
2.4-28.76
18.02 - 58.26
1.02-18.88
1.02-53.76
1.04-54.1
1.02-9.12
1.04-1.74

Freshwater Fish (Mucosal Surface), USA
Amphibian Skin Swabs, USA

Panamanian Golden Frog, captive, skin swab
Bee, Puerto Rico

Lone Star Tick, USA

Deer Tick, USA

Bird Eggshells, Spain

Starling Eggshells

Passerine Bird (Intestine), Venezuela

Iguana feces

Komodo Dragon saliva, captive, USA
Frugivorous bat feces, Costa Rica
Phyllostomid bat feces, Belize

Fecal, Ant-eating Mammals

Cape Buffalo feces, South Africa
Marsupial Feces, Australia

Skin Surface, Marine Mammals
Coral/algae tissue, Curacao Island
Hydrothermal Vent Chimney Biofilms

Coral Mucus Swabs, USA

Seawater and Sponges, Spain, Madagascar
Seawater and Sponges, Australia, Spain, Madagascar
Seaweeds (Surface Swab), Australia

Kelp Forest, Australia

Contaminated Ocean Sediment, Deepwater Horizon, USA
Marine Sediment, Argentina and Antarctica
Marine Sediments, England

Marine Sediments, Scandinavia

Marine Sediment and Seawater, Brazil
Saline Freshwater and Seawater, USA
Seawater, North Atlantic Ocean

Seawater, British Columbia

Seawater, Scandinavia

Seawater, Scandinavia

Seawater, English Channel

Seawater, Pacific Northwest

Seawater, Arctic

Seawater, Italy
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