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Abstract

The spatial and temporgpatterns of diversitycommunity structureand their drivers are fundamental issues in
microbial ecology.This study aimed toinvestigate therelative importance opatialand seasonatontrok on the
distribution of nitrogen cyclingmicrobes in sediments of estuarine tidal flatnd to test the hypothesis that metals
impact thedistribution of nitrogencycling microbes in the coastalsystem.Two layers of ediment samplesvere
collected from three estuarine tidal flats of Laizhou Bay 2010 winter and 2011summer The alpha diversiies
(Shannon and Simpson indicess)d community structureof ammoniaoxidizing bacteria (AOB) and archaea (AQA)
denitrifier and anammokacteria (AMB)were revealed using denaturing gradient gel electrophaadiglone library
analysis ofamoA nosZand 16S rRNA genenarkes. We found thatboth AOB and AMB exhibiteddistinct seasonal
patterrs in eitheralphadiversity or community turnoveAOA had different alphaliversifes in two layers, but neither
spatial nor seasonal patterns were found for their community turnéeeever, no distincspatiotemporal pattern was
observe for either diversity orcommunity composition ofnosZtype denitrifiers.For correlationsbetweenalpha
diversities and environmental factorggrsficant correlations were found betweA®B and ammonium,temperature
and As, betweendenitrifiers andnitrite, salinity and Pb, and betweerAMB and Pb, C/N, ammonium,pH and DO.
Salinity and sediment grain size were the most important factors shaping AOB and AOA commuegjestively;
whereas AMB communitgtructurewas mostly determined kgmperature, dissolved oxygen, pH d@&hvy metal#\s
and Cd. These results stress thammonia oxidizers, denitrifiers and anammox bacteria hpareerally different
distributional patternsacross time and spacend heavy metak might have contributed taheir differentiated

distributiorsin coastal sediments.

Keywords Biogeography = @mmunityturnover Environmenal factors Heavy metals Nitrogencycle
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Introduction

Microbe-driven nitrification, denitrification and theanaerobic ammoniuraxidation (anammox) playa pivotal rolein
nitrogen cyclingin estuarine and coastsystemgSpencer and MacLeod 2003pwarth and Marino 2008;am et al.
2007. These processasan relieve nitrogen load delivered to coastal watersgdudng the risk of eutrophication
(Howarth 2008.

The spatial and temporal patterns bé tdiversity and distribution dfl-cycling functional group underlie the
changes oN-cycling processes Based on theamoAgene (encoding ammonia monooxygenasanmaonia oxidation
was previously thought to be restricted sgonmoniaoxidizing bacteria (AOB) whichare mostly presented hiie

-proteobacteriaNitrosomonasndNitrosospirg and a fewL Q \Apkok¢obacteriaNitrosococcugPurkhold et al. 2000
Horz et al. 2004 Dang etal. (201(®) reportedthat nearbywastewater treatmepiants and polluted riversould have
significant impact onAOB compositionand distributionof Jiaozhou Bay estuaryfterwards ammoniaoxidizing
archaea(AOA) belongng to the Crenarchaeotaroup 1.1a and Group 1.1b (now known as a separate clade,
Thaumarchaeota@BrochierArmanetet al. 2008 were revealed to beritical for the global nitrogen cyclevhich also
had functional amoAgene Franciset al. 2007 Zhang et al. 2012 Frartis et al. (2005pbservedthat AOA were
pervasivein marinewater columnsand sedimentsanddiverse and distinct AOAZommunitieswere associated with
each of these habitafBhe nosZgenecodes for nitrous oxide reductase which catalyzes the reductisOoto N,, the
final step of denitrificationScala and Kerkhof (1999hvestigatedthe diversity ofnosZgenein sediments obtained
from the Atlantic Ocean and Pacific Oceasontinental shelvesnd foundthat denitrifier communities nght be
restricted geographically Like denitrification, anammox contributesignificartly to the production ofN,. The
anammox bacterisgspecific 16S rRNA (AMB 16S rRNAY)enein Mai Poestuary sedimergerformed strong seasonal
dynamicsdue to the anthropogenic atetrestrial inputgLi et al. 2011).

Salinity has been reported @se mostimportant driver for ammoniaoxidizer communites. The shift from
low-salinity Nitrosomonasommunities to higisalinity Nitrosospiracommunities has been observed in many estuarine
systemgFrancis et al. 2003Bernhard et al. 2009jn et al. 2011 AOA amoAsequencesftenformed distinct group
according tosalinity (Moister and-rancis 2008Abell et al. 2010. Additionally, AOA were proposed to hienportant
actors in lownutrient, low S+ D Q G -6bKt&ning lenvironments (Erguder et al. 200Bhere werespatial and
temporal variations of denitrifying communities at the FitzRiyer and San Francisco Bayestuaies, and salinity,
organic carbon, nitrogerhlorophyll . andsomemetals werdound to befactors influencinghe community structure

(Abell et al. 2010 Moister andFrancis 2Q@0). The anammox bacteriatlistributions presentedstrong spatial and



71  seasonlavariationsalong the Cape FedRiver estuarine gradientvhich werealso highly correlatedwith salinity

72  variation (Dale et al. 200P Neverthelesspur knowledge abouspatiotemporal patterns ambntrok of N-cycling

73  microhal communitiesin tidal flats with high anthropogenicdisturbanceis limited. The dynamics of these
74  nitrogenremoval groups are likely to be complard tightly coupledwhenthey compete for a common ecological
75  niche.However, studiegxamiring and comparing the seasomald spatial patterns aimmonia oxidizers, denitrifiers,

76  and anammox bacteria irsaglesurveyare still rare

77 Estuarine sediments are also sinks of meftais different origins.Trace amounts of some metals, which are
78  necessary cofactors in enzynmmsco-enzymesand electron transport chajnsan be stimulatory to microbial activity
79  (Granger and Ward 200¥ang et al. 2013)There are @dencesthat metals may be an important factor in regulating
80 nitrogen transformations in sediment habitdsr example, m the Douro River estuary (nofthest Portugal)the

81  transcription diversity ohosZgene showed a drastic decrease with the increase of Cu concentviaigaih@es et al.

82  2011). The metal toicity was modulated bgediment propertie@metal concentrations, grain sizarganic carbon to

83  nitrogenratio, etc.) and denitrification revealed high sensitivity to heavy metals Cu, Cr, Pb, Zn and Cd in sandy sites
84  but not in muddy sitedMagalhaes et al. 20Q.However,the effect of heavy mals onnitrogen cycling populations in

85 sediments has not been studmdficiently, andlittle is known aboutthe linkage betweemmetalsand the nitrogen

86  microbial communitystructurein estuarine ygstens.

87 Estuarine tidal flatof the Laizhou Bay (LZB, asemienclosed bay of the Bohai Sea, northern Chiiaae been

88  hypernutrifieddue tohigh level ofdissolved inorganic nitrogen (DINdrganic pollutant&ind heavy metals discharged
89 from coastal indusies (e.g. aquaculture, subsurface brindustriesand dyeingindustrie$ and agriculture(Hu et al.

90 201Q ZzZhang et al. 204). These tidal flatghus present ideal environments for studying the multiple environmental
91  stresses on nitrogeemoval microorganismaVe have carried out an ecological study on benthic microbial nitrogen
92  cycling inthis areaanddemonstrated thatbundances dfl-cycling functional groups respond differently to variations
93  of environmental conditions, and metals Cu and Cd affect AOA/A@Bidance (Zhang et al. 2@}l As another

94  contribution, this study focused onthe following objectives: (1) to investigatethe relative importance ofpatial

95  (locatiors, layers) and seasonebntrok on thedistribution of ammonia oxidizers, denitrifiergnd anammox bacteria

96 and (2) to test the hypothesis that metals impact the diversity and community compositittrogen microbial

97  community intheestuarine system.

98

99  Materials and Methods

100
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Samplingandenvironmental parameteanalyss

The physicalconditiors of threehypernutrifiedestuarindidal flatsin mouths ofliaolai River(JL), Bailang River BL)

and Di River (Di) of the Laizhou Bayhas been described previously in de@ihang et al. 204). These three rivers

have different pollutiorhistory and dischargesources (e.gdying industries, mariculture and brimglustrie3. The

sampling andanalyss of the environmentaparametersncluding dissolvedoxygen, pH, salinity, and temperature of

overlying water and nitrate, nitriteammonium total organic carbon and nitrogen contents, sediment grainaside

trace metal As, Co, Cd, Cr, Cu, Ni, P&En levels of sedimentswere also performed aslescribed in the previous

publication(Zhang et al. 204).

In brief, surfacesediment samples were collected4610 winter (Novembef and 2011summer Augus), and

three sediment replicatédL1-3, BL1-3 and Dit3) wererandomlysampledin eachestuarine tidal flatThe sediment

cores were sectioned into the upper laye? m) and the lower layer {2 cm). The sediment samplegerereferred to

as thdocaion, layer and season collectgelg. J.-=U-W and Jl:L-W).

DNA extraction and PCR amplification

The environmentalgenomic DNAwas extracted from.5 g of sediment usinthe Ultra Clean Soil DNA Isolation kit

(Mo-Bio, USA). DNA concentration was quantified using a NanoDBR®0C Spectrophotometer (Thermo Scientific,

USA). The DNA was diluted 10 times before the P@Rgification.

PCR pimersusedin this studywereshown inTable 1.The PCR amplification procedure was performed with a

Tprofessional ThermocycléBiometra, Germanylising the PCR kit DreamT&4 Green PCR Master Mix (Fermentas

USA). The reactions were set up in volumes of | containing | WHPSODWH '1$ Q0 RI HDFK SULF

of PCR Master Mix.PCR programs were a®llows: 95°C for 3 min, 3G85 cycles of 95°C for 30 s, 57°C

(@amoAlFamoArnew) or 56°C (ArchamoAF/ArchamoAR) or 53°C

(nosZF/nosZ1622R)or 58°C

(Plad6tGC/Amx368r)for 40 s followed by 72°C for 40 s, and finally 72°C for 10 min.

Denaturing gradient gel electrophoresisningandsequencing

PCR products oAMB 16S rRNA genewere analyzed bydenaturinggradient gel electrophoresi® GGE) with a

DCode mutation detection system (BXad, USA).Forty | PCR productg100-

Q J) were loaded onto a 6%
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polyacrylamide gel with a denaturant gradient between 20% and 80% (100% denaturant contdinirep@and 40%
formamidg. Electrophoress wererun ata constant voltage of 200 V and 60°C for Slubsequentlythe gels were
stained for 30 min irlx GeneFindelBio-V, China), and then visualized im &maging system (Syngene, USA)he
main bands were excisd and incubated overnight at 4°@n | sterilized deionized wateras templates for
reamplification.The PCR products werdecked for single bands on DGGRurified usinga Purification Kit (Tangen
Biotech, China), and sequenced aycommercial compangSangon Shanghai, ChinaDGGE images were analyzed
using Quantity One 2.1 (BiRad, USA) to generate a densitometric profile. The peak areas of the fingerprint patterns
were used to indicate the intensities. Bands with a relative intensity of less.5Bamf0the sum of all band intensities
were discarded.

As for AOB amoA AOA amoAandnosZgenss, triplicate of PCR products were poolelijatedinto the pTZ57R/T
vector (Fermentas)and transferred int@wompetentEscherichia coliTOP10 cells(Tianger). Therefore, 12clone
libraries of each genavere constructed foB samplinglocatiors, 2 layers and 2 seasor®ositive recombinants were
selected using >GaFIPTG LB indicator plates amended with ampicil{itD0 mg/m}). The insertionwas determined by
PCRamplification with he universal primesetM13F and M13RAmplicons of correct size were digested separately
with endonucleases (Ferment&l)al, Rsalfor amoAgene(Jin et al. 201Q)andMspl, Rsalfor nosZgene(Rich et al.
2003) Restriction fragments were resolved by electrophoresis on 2.5% agaroseagéleestrictionfragment length
polymorphism (RFLP) pattern watefined as an perationaltaxonomic unit (OTU), and representative clones were
randomly selected for sequencingfgon).

Alpha diversities(local diversities ofa given community such asShannon ) and Simpson[§) indices, were
calculatedbased omumber andntensitiesof DGGE band, ornumber and relative abundance@fUs in libraries.

These indicesverecalculated with an online diversity calculatbittp://www.changbioscience.conThe coverageQ)

of clone libraries was calculated @s[1-(n1/N)]x100, where nl is the number of unique (frequency=1) R¥dtiern

detected in a library and N is the total number of clones in the same libtalling et al. 1995.

Phylogenetic analysiand sequence deposition

Possible chimerical DNA sequences were checked with programs CHIMERA_CHEG@#dharovat al.2010) and
Bellerophon (Huber et al. 2004Nucleotide sequences were aligned wiBenBank sequenceausing ClustalW
(Thompson et al. 1994)Phylogenetictrees were constructedith MEGA 5.0 (Tamura et al. 20)1using the

neighbofjoining and method and bootstrap resamplingnalysis for 1,000 replicates was performed to estimate the


http://www.changbioscience.com/

161 confidence of the tree topologies.

162 The nucleotide sequences obtained in this shalye beerdeposited in the GenBank database under accession
163  numbers JX465178 JX465197 AMB 16S rRNA), JX465198 to JX465201 (AC#moA, JX465202 to JX465230
164 (AOB amoA, and JX465231 tdX465276(nos3.

165

166  Statistical analys

167

168 Mean values otlphadiversiies were compared witthe pairwiset-testor oneway ANOVA analysisfollowing by a

169 leastsignificance difference (LSD) test at the 0.05 confidence le6eSHDUPDQYV FRUUHQDMWIL RQ FRI
170 calculated to explore the relationshiygtweenalpha diversiies and environmental variableThese analyses were
171  performed using thstatisticsoftwareSPSS 13.0 for windows (SPSS, Chicago, USA).

172 Community clustering ohitrogenfunctional groups waanalyzedwith the principal coordinate analysis (PCoA)
173  using the UniFrac program (Lozupone and Knight 2005 according to the instructions at théniFrac website
174  (http://bmf2.colorado.edu/unifrac/index.psifferences in ommunity composition clustered samplinglocation

175 layer and seasomere pairwise or globally tested basmuweighted UniFrac metriRelationshipsetweemmicrobiota

176 and environmental factors weemalyzedusing the software CANOCO (version 4.5, Microcomputer Power, Ithaca,
177 USA) (TerBraak and Smilauer 20D2A detrendedcorrespondence analysis (DCA) was conducted in order to decide
178 whether a canonical correspondence analysis (CCA) or redundancy analysis (RDA) should be used in ordination
179 (Ysebaert and Herman 200ZThe statistical significance of the variable added westetl using a Monte Carlo
180 permutation test (99fermutations)

181

182  Results

183

184 DGGEand clone libray analyss

185

186  Atotal of 321 bands were detectedd@®GE gelsof AMB 16S rRNA(Fig. S1) The bands from triplicateamplesvere

187 combinal for subsequent analgs and then the number of bands per sample varied between 7 and 16 (Tablie121).
188 amoAgenes ofAOB andAOA, andnosZgeneclone libraries375 394 and 380 insertpositive clones were identified

189  resulingin 29, 4 and 46uniqueOTUs, respectivelyThe numbers o©TUsranged fron? to 9 (for AOB), from 2 to 4

190 (for AOA), andfrom 4 to 10 (for nos3 (Table S1).The coverageQ@) valuesof bacterial and archaeamoAandnosZ


http://bmf2.colorado.edu/unifrac/index.psp

191 genelibrariesweremore than 8%, indicating thatmostammoniaoxidizer and denitrifiehad beerdetected Archaeal
192 amoAgeneexhibited relativelyjower diversiies (H 0.10~ 0.60 D 0.08~ 0.28, while AMB 16SrRNA gene appeared
193  highly diverse d 1.86~2.68 D 0.83~0.93 (TableS1)

194

195  Spatial and seasonal patternalphadiversiies

196

197 ANOVA and t-testanalyseswvere performed to compare thiphadiversity indies of ammonia oxidizers, denitrifiers
198 and anammox bacteria from different sampliocations(JL, BL and Di), layergupper and lower) and seasons (winter
199 and summer]Table 2) Theresultsshowed thathe alphadiversiies of AMB varied greatlyamongsamplinglocations
200 layers or seasonswith significanty lower indicesin Di tidal flat (vs. JL and BL)P=0.004 for H; P=0.0QL for D), in
201  upper layen(vs. lower)(P=0.003for H; P=0.018 for D) andin winter (vs. summer)YP=0.015for H; P=0.022 for D).
202  Alphadiversities ofAOB amoAgeneweresignificantly higher inwinter than insummer(P=0.025for H; P=0.048 for
203 D). NeverthelesshOA amoAgenewasmore diverse irthe lowerthan inthe uppetayerin terms ofD index (P=0.043),
204  but not inH (P=0.068). No differences were found falphadiversitiesof nosZgene

205

206  Correlations betweealphadiversiiesandenvironmentafactors

207

208 In order to explore the relationship between géinersitiesandervironmental variables, Spearmiv FRUUHODWLRQ\
209 performed(Table 3) Among the eight metals determined, six (Co, Cr, Cu, Ni, Pb and Zn) cediieear (!> 064,
210 P<0.05, andthusonly Ph As and Cdwasretained for subsequent correlation analyseandD of bacterialamoAwere
211  negatively correlated witthe concentration dfiH,"-N ( !=-0.76 and-0.72,P<0.01, respectively, temperaturé !=-0.69,
212  P<0.05; '=-0.72, P<0.01, respectively and metal As (I=-0.61, P<0.05, whereaH andD of archaeabmoAexhibited
213 no correlation withall environmental variables examinebtllosZ gene diversiies had positive correlatios with
214  concentration oNO,-N (!=0.60,P<0.05for H) andsalinity (!=0.69, P<0.05 for H), andnegative correlatiawith Pb
215 (!=-0.64 and-0.68, P<0.05 for H andD, respectively. H andD of AMB 16S rRNA geng werepositively correlated
216  with Pb ('=0.74and0.76,P<0.01), ratio of organic carbon to nitrogé@/N, '=0.73and0.72,P<0.01, respectivelyand
217  NH,-N (!=0.70and0.71,P<0.05, respectively, butnegativelywith pH of overlying water (=-0.72 and-0.75,P<0.01,

218  respectivelyand DO (=-0.59,P<0.05).

219

220 Phylogenetic analyses
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The phylogenetic tredased orpartial AOB amoAgene sequencagveakd that no OTUswere commonacrossall
sampleqFig. ). BLASTing against GenBank revealed tiatarge proportion(246 out of 375pf the clones closely
matcted with these foundl URP K\SHUQXWUL¢HG V H Gihcribifg 8D Flankisgd’ Bay RMpBi¢t @il V
Francis 2008), Pearl River (Jin et al. 2011), Jiulong River, and Jiaozhou Bay (Dang et al, @@id4i)nganammox
bacterid assemblages these coastal environment® gthylogenetically similaregardles®f geographidocations All
OTUs of AOB amoAwere affiliated to -Proteobacteriaand distributed into 8 clusters. Two clusters containir® 1
clones appeared to beNitrosospirarelated with the remaining clusters Nitrosomonasgelated In the
Nitrosospirarelated cluster, some OTUsere first detectedin this study probablyrepreserihg novel Nitrosospira
lineagesA NitrosomonagelatedOTU (AOBS8) was closely related to sequences from Jiaozhou Bay A5 statiich
wascharacterized by high efflux of heavy metals from wastewater treatmen{Pkg et al. 2010b)

Phylogenetic analysis of AOAmoAgeneshowed that a majorit§864 out of 394pf sequencewereplacedin the
SPDULQH VHGLPHQW Z xMdedlbhg&mittHN@asbpkikiDdHRatibugHM345611) a representative of
Crenarchaeota group 1.{&ig. S3). Phylogenetically,iese sequencegere closely related tthose from sediments of
Jiaozhou Bay estuary (Dang et al. 2008), Bahia del Tastrary (Beman and Francis 2006) as well as wastewater
treatment plants (WWTP). OnBOclones(7.6%) IHOO H[FOXVLYHO\ LQWR WKH 3d¢adawhitcB ULQJ V.
includes the Crenarchaeota group 1cldne Candidatublitrososphaera gargensiSA15P03.Sequences between two
groupsexhibitedonly 79~-80% similaritiesat the nucleotide level. The most dominant OTU AO88.8%) occurredin
all clone librariesinterestinglyOTU AOA4 wasnheverrecovered fronthe Di tidal flat

All nosZOTUs were groupednto 3 major clustersin the phylogenetic tre€rig. S4). Cluster 1 was mainly
comprised ofcloneV FORVHO\ U B Q BVetddbadt¢ii, cluster 2 mostly -Proteobacteria, and clustert®
.-Proteobacteriaonly. There vere no common genotypesacrossall samples and no OTJappearedparticularly
dominant More than half ohosZsequencewereD |1 L O L D W H -@rofebhddteridgirdra, such d@uegeriaNisaea
PolymorphumRhodobacterAzospirillum MesorhizobiumandBradyrhizobium These genera wepgeviouslyfound in
marine sediment habitats, polluted soils, and activated sliitigeng et al. 2001Urios et al. 2008Huo et al. 2011; Nie
HW DO 7KH VHFRQG PRVW DE X Q G-PRt#dbactdriaXincdingeneraHaldmhohbasl O D W H G
Marinobacter Pseudomonaand Alcaligenes which wereusedin discoloration(Mabinya et al. 2011)heavy metals
biosorption (Hussein et al. 2004) m¥ductionof chemical oxygen deman@OD) (Rajeshkumar and Jayachandran
2004) from high alt wastewater.

A total of 25 DGGE gelbandsof AMB in different positionsvere excised andequencedAll sequencegrouped



251 into 4 clustersin the phylogenetic tree based on the 16S rRNA géfigsS5). A large proportion (15 out of 25) of our
252  sequencesvasgrouped into the cluster &, distinctcladewith <87% sequence identitpgainstGenBank suggeshg
253  novel genetic diversity ofAMB species inthe Laizhou Bay estuariedn cluster 2 four sequencesffiliated to
254  CandidatusScalinduawereonly recovered from winter sampledone of our sequences was place€lnster 3 which
255  included othemvell-known AMB (e.g., Kuenenia,Brocadia Jettenia asiaticaand Anammoxoxoglobus propionicus
256  Cluster 4, a putative anammox or Planctomycetes c|usiatainedhe sequenceenly occurringin summer.

257

258  Spdial and seasonal patteroscommunitystructure

259

260  According toweightedUniFrac significance testthe community structure cfOB (P=0.03) andAMB (P<0.01)was
261  seasonallydifferent. However, the community differences AOA or nosZtype denitrifiers were insignificargcross
262 locatiors, layers or seasos (P > 0.10) (Table 4) These resultsvere consistent with the PCoplots (Fig. 1), in which
263 AOB and AMB were evidently separated intwinter and summegroups,with the first principal coordinates (P1)
264  explaining73.026 and 77.93%of the totalcommunity variabilityrespectively whereaso distinct patterrs could be
265  recognizedor eitherAOA or denitrifiers

266

267  Environmental factorinfluencing @mmunityturnover

268

269 To further understand how environmental factors impatdegetgere distributiors, the weighted CCAnalyses
270  weremade.DCA resultsshowed that CCA model better approximated A@BoAandnosZspecies relationship to the
271  explanatory variables (maximum gradient lengteater thart), but RDA model should be selected for AMB 16S
272 rRNA and AOA amoA (maximum gradient lengthess than B The optimal models were produced with manual
273 deselection of @linear variables andhanualforward selection via Monte Carlo permutation significance t&tsll
274  the environmental factors analyzed, salinigis significantly correlated with community changesA@B (P=0.009
275  Fig. 2A). Sediment grain sizevasthe mostimportantfactor influencing thecommunity structuref AOA (P=0.048)
276  (Fig. 2B). The metal As had thestrongest correlation withnosZtype denitrifier community changeshough no
277  variables were significar{P=0.16)(Fig. 2C). For AMB, severaknvironmental factors, such asriperaturéP=0.001)
278  dissolved oxygen(P=0.00%, pH (P=0.016) and meta As (P=0.029) and Cd R=0.03) presentedsignificant
279  correlationgFig. 2D); summertime samplesf the Ditidal flat with high pH valuegroupedseparatly from these oflL

280 and BL(Fig. 2D).

10
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Discussion

Sediments provide a range of niches focy¢ling microbes which couldo-occuror spatiotemporally isolateDur
study investigated the alpha diversities and community structure of four functional groups, whiebparesiblefor
interlinked Ncycling processes igediment samples. We explorditeir spatial and seasonal patteamsl associations
with environmenrdl conditionsin estuarine tidal flatdt should be noted that the methodologies (i.e., DGGE and clone
library analysis) we employed in this study may have some limitatibmsse includehe norrintensive sampling of
communities which leads tahe incapability to detect uncommon or rare phylotypes in the communéies thus
underestimation of richneg8ent and Forney 2008) NeverthelessShannon and Simpson indicean be estimated
more accurately because rare phylotypes generally have a smaller relative numerical amgabe use of
fingerprinting methodsfor manyof samplesfollowed by cluster analysier clone library analysisare still useful in
revealingdistributional patterns and composition of microbial communitReEn{and Forney2008). In this study, &
found that ammonia oxidizers, denitrifiers, and anammox bacteria had contrasting distributional patterns across
locations, layers or seasons, whichyades an integrated view of the community assenabigunderlyingmechanisra

of N-cycling functional groups in the these typical coaktdlitas.

Ammonia oxidizers

Differences inammonia oxidizerddistribution in estuaries are undoubtedly determined by the complex interplay of
biological and environmental variablds this studypoth ANOVA andUniFrac significance testindicated that AOB
diversity and community turnover in sediment exhibited distsgatsonapatterns(Fig. 1, Table 2).Furthermore, our
correlation analysis indicated that the lower diversityAOB in summercould bedue to higher concentrations of
ammnonium and As in the sediment and the higher temperature (TabEn&)higter temperature will increase the
activity of heterotrophic microbes in sediment, leadingttie increaseof remineralizationwhich supplies more
ammonium for ammonia oxidizersf which increase of abundance should be expedtedontrast we observeda
negative correlation between AG&bundanceand temperaturgZhang et al. 204). Despite thatAOB diversity was
demonstrated to bkigher in lowsalinity sites than in highalinity sites(Sahan and Muyzer 20B8no significant
correlations between salinity and alpha diversities were found in our. thdge indicate that temperatwhould

represent a highly limited factor for AG@versity and community sizéor which differentiated ecology of AORlades
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at different temperatures could be accounted. For inst&at®gn and Muyzg2008) showed thallitrosomonasspp.
often was dominant in higtemperature (May, July and Septembseasonswhile Nitrosospirawas abundant in
low-temperatureseason in estuaine sediments Tourna et al. (2008)demonstrad that in slurry incubation
Nitrosospiracluster 1completelydisappeared at high temperat(8°C). Our CCA showed thatadinity was the most
influential physicochemical fact@tructuringAOB community compositioiiFig. 2), which is consistent with previous
studies(Francis et al. 2003Bernhard et al. 2005; Mosier and Francis 2008; Jin et al.)280B at the higksalinity
sites were most similar taNitrosospiraclade, but at the midand lowsalinity sites were distributed amoNgtrosospira
and NitrosomonassequencesBernhardet al. 200%. Taken together, these data suggest that alpha diversity and
community composition of AOBn surface sediment are primarily shaped by temperature and salinity, respectively,
which, in turn,account for the seasonal patterns of A@i&ribution in these environments

Our data suggedhat AOA haverather stablediversity and composition in estuarine sediments, regardless of
reason and location (Table 2, 4). The only significant factors we observed for Simpson index and community structure
lie in the vertical distribution (upper and lower layers) and grain sfzsediment(Table 2, Fig. 2) Nevertheless,
athough this study demonstrates clearly the distributional patterns of AOA inddedinsity and compositiorin
estuarine sedimentshe underlyingenvironmentalmechanisma remain inconclusiveas the different layers argtain
sizes of sedimentare closelyrelated to other environmentphrametergAndrieux-Loyer and Aminot 2001), such as
dissolvedoxygenand pH which were not measured feediment in this studynifact, sedimentpH wasfound to be
importantfor AOA distributionin sediments and soil&(guder et al2009 Li et al. 201).

The negative correlation between AOB diversity amdtal As found in this studyis coincidentwith our recent
report that theAOB abundancevas negatively correlated witks in the studied sampléghang et al. 204), suggesting
that AOB are sensitive to As, as have been demonstrated in a laboratory study that As (Il and V) decreased soil
potental nitrification activity and was toxic to AOB (Gong et al. 2002). The metal As is toxic to bacteria by inhibiting
basic cellular functions, which are often linked with energy metabolism, microbial biomass C and respiration (Ghosh et
al. 2004). Neverthelss no correlation between AOA and metals was found in this study, suggbstidAg@A could be
more toleranto As than AOB. In contrasinetal As contributed the most to AOA distinctionpolluted mangrove

sedimens (Cao et al. 201)] possibly because Amesented with much higher concentrations in the mangrove sediment.

Denitrifiers

Similar to AOA, nosZtype denitrifiers exhibited neithespatal nor seasonapatternsof diversity and compositiorin
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this study This is contrast to the notion thatlinity is a major driver of denitrifying communitiesn aquatic
environmenton the global scal@Jones and Halli2010).The insignificant effect of salinity on community turnover of
nosZtype denitrifierscould be due to the fact that most of @amples were much more salirg6.350.3 ps) than
generally expected for estuarine sampld® positive correlation between salinity ar@sZgene diversity in this study
remain unexplainable (Table 3), asmy bacteria cannot survive in highlinity ervironmentsthusthe high salinity
shouldlimit the bacterial diversity

Pbwasnegativelycorrelated withalphadiversiies ofnosZgene(Table 3), suggesting aotentially toxiceffect of
Pb on nosZtype denitrifiers. The links between heavy metals adenitrifiers have been demonstrated in previous
studies. For examplendérease ofPb concentratiorin soils led to geater sensitivity of BD reductasgBollag and
Barabasz1979) Pb also affected theliversity of soil nirK-type denitrifierseven at the low concentratidqt ppm)
(Sobolevand Begonia2008) In SanFrancisco Bay estuarPb was also closely correlated withnirS-type denitrifier
abundanceMoister andFrancis 2Q0). Nevertheless, these potential effects on denitrifiers should be only attributed to
Pb, the associatienwith other metals Qu, Co, Cr, Niand Zr), which are collinear with Pb, arealso potential

contributors Cao et al2008)

Anammox bacteria

Comparing with other estuarine environments, such as Cape Fear River ¢Bailaret al. 2009)Mai Po Nature
Reserve estuarfli et al. 2011)and Yodo River estuargAmano et al. 2007)the diversity of AMB in Laizhou Bay
estuariesvas relatively lower, asonly the Scalindud-like phylotypeswererecovered. Tis result is consistent with
well-known adaptation of6 F D O L €@ Gafilz” environments, ang&uenenia D Q Broéadia” are low-salinity taxa
(Dale et al. 2009Junier et al. 2010 Similar to a previous study ofiaozhou BayestuariegDang et al. 2014), this
study ofLZB estuariesalsorevealedsomephylotypes which presented patativdy new clustersof AMB within the
phylum Planctomycete (Fig. S5) Despite of thelower alpha diversities the abundance oAMB was high in the
investigated sites (Zhang et al. 2)1suggestinganimportant roleof AMB in N, production in thesediments of. ZB
tidal flats.

In the highsalinity estuaries of LZB, we identifietemperatureand pH were significantly correlated with
community changes of AMBFig. 2).High temperature environments provide special niches for some AMB, such as
the presence of % U R F ID®&LMD 3. X H AhMiQyp&Es” inhot spring and deepea hydrothermal ven{8yrne et al.

2009; Jaeschke et a2009, anda novel 36 F D O VML @RIR Lcladé iH RigBtémperature oil reservoifki et al. 2010).
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pH can affect the equilibrium &Hs/NH," in environments. Higher pH is conducive to the formatiofred NHs, of
which higher concentrations codtthibit anammoxAktan et al.2012. This explains the negative correlations of
pH with diversity (Table 3), anccompositionof AMB (Fig. 2), and a separate AM&8ssemblagi the Di estuary
wherea large amounbf alkaline watewasdischargedIn the meantimgour data showed that high€/N ratio could
promote the diversitpf AMB. However,Hu et al.(2012 observedhigher diversity ofAMB in sampleswith lower
organic contentsThe strong competition or cooperation for nitrite may occur betw&kiB and denitrifers in low
organic environments, leading to higher diversityAdB (Dalsgaard and Thamdrup 2Q(Rysgaard et al. 2004
addition heavymetak (e.g. b, As andCd) alsostronglyinfluencedAMB diversity andcompositionin LZB sediment
sample (Fig. 2, Table 3)Similarly, a significant correlation betwedtb andhzogene (a functional gene of AMB)

diversity was revealedLi et al. 2011)

Conclusions

In summary,we investigated thepatal and seasonal patterns of alpha diversities and community turnover of
co-occurringAOA, AOB, nosZtype deritrifiers and AMB in sediment samples &fZB estuarine tidal flatsGenerally
speaking, these four-islycling functional groups exhibited contrasting distribution patterns: seasonality was evident for
diversities and community composition of AOB and AMB, but notAQA and nosZtype cenitrifiers, diversities of
these Ncycling groupsseldomvaried with location of sampling sites or sediment layer, except for AMB which
exhibited significant difference among locations and between lajemsher analysesdentified different sets of
physicochemical pameters that could explain the distributional patterns of these functional ghoygsticular, we
found that the distributions of bacteriatdycling players (e.g., AOBjosZtype denitrifier and AMB) were potentially
relatedto severalheavy metalsn sedimentswhich however,was neverfound for AOAin this study Overall, ar
results highlightthe differentiated distributional patterns of-a@ocurring N-cycling functional microbesn coastal

sediments
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569 Tables

570 Table 1Characteristics of the PCR primers used in the study

Application  Target gene Primer 6HTXHQFH . Length of Reference
amplicon (bp)
Cloning AOB amoA amoAlF GGGGTTTCTACTGGTGGT 490 Agoguéet al.
amoArnew CCCCTCBGSAAAVCCTTCTTC 2008
AOA amoA Arch-amoAF STAATGGTCTGGCTTAGACG 635 Agoguéet al.
Arch-amoAR GCGGCCATCCATCTGTATGT 2008
nosZ noszF CGYTGTTCMTCGACAGCCAG 267 Zhou et al.
nosZ1622R CGSACCTTSTTGCCSTYGCG 2011
DGGE AMB16S rRNA Pla46f GGATTAGGCATGCAAGTC 453 SanchezMelsio
AMX368r-GC CCTTTCGGGCATTGCGAA et al. 2009

571 GC =CCGCCGCGCGGCGGGCGGGACGGGAACGGGGGG
572
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573  Table 2 Comparison oShannon i) and Simpsor{D) diversiies of target geneacrosssamplinglocatiors or layes or

574  seasoausingtheoneway ANOVA or t-testanalyss*

AOB amoA AOA amoA nosZ AMB 16S rRNA
H D H D H D H D
Location
JL 1.14+£0.17 0.63t0.06 0.38+£0.06 0.18+0.04 1.31+0.26 0.63t0.10 2.43+0.13  0.9+0.01%
BL 1.10£031 0.56t0.10 0.31£0.10 0.14+0.05 1.35£0.09 0.71+0.02 2.48+0.06  0.9+0.01%
Di 1.21+£0.23 0.61+0.09 0.20£0.05 0.09:0.02 1.65+0.18 0.76£0.05 1.96+0.04  0.84+0.00°
P-value 0.951 0.844 0.270 0.264 0.417 0.379 0.004 0.001
Layer
Upper 0.99£0.16 0.55t0.06 0.21+£0.05 0.09:0.02 1.43+0.11 0.71+0.04 2.23+0.12 0.88+0.01
Lower 1.31+0.19 0.64:0.06 0.38+£0.06 0.18+0.03 1.45£0.20 0.69t0.07 2.35£0.12 0.89+0.01
P-value 0.194 0.283 0.068 0.043 0.901 0.782 0.003 0.018
Season
Winter 1.43£0.13 0.7Qt0.03 0.29+£0.05 0.13+0.03 1.50+£0.14 0.74£0.03 2.17£0.10 0.87+0.01
Summer  0.87+0.16 0.50t0.06 0.31+0.08 0.14+0.04 1.38+0.17 0.65t0.07 2.41+0.13 0.90t0.01
P-value 0.025 0.048 0.848 0.845 0.661 0.344 0.015 0.022

575  *Values are provided as mean and standard erfferent superscript letters indicate significapairwisedifference

576 (P<0.06) in multiple comparison following ANOVAAII significant differences®P<0.05) arehighlighted in bold.

577
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578 Table36SHDUPDQYV FRUUH Q) bhemeREenFiRtirdntd fadt@ra\aBdannonH) and Simpsornndices

579 (D) of target genes across seasons, locations and layers*

AOB amoA :‘gg‘A nosZ AI\rARBNfS
H D H D H D H D
As -0.61 -0.61 ns ns ns ns ns ns
Cd ns ns ns ns ns ns ns ns
Pb ns ns ns ns -0.64 -0.68 0.74 0.76
CIN ns ns ns ns ns ns 0.73 0.72
DO ns ns ns ns ns ns -0.59  -0.59
Grainsize ns ns ns ns ns ns ns ns
NH,*-N -0.76 -0.72 ns ns ns ns 0.70 0.71
NO,-N ns ns ns ns 0.60 ns ns ns
NOs-N ns ns ns ns ns ns ns ns
pH ns ns ns ns ns ns -0.72  -0.75
Salinity ns ns ns ns 0.69 ns ns ns
Temperature -0.69 -0.71 ns ns ns ns ns ns

580 *Only the significant correlationd?&0.05) are shown, and the highly significant correlatid®s0(01) are highlighted
581 in bold.

582  *C/N=ratio of organic carbon toitrogen;DO = dissolved oxygen; ns= not significant.
583
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584  Table 4 Comparisons of community composition of target gesmmengdifferent sampling stations, layers or seasons

585 using weighted UniFrac significance test*

Group pairs P-value
AOB amoA AOAamoA nosZ AMB 16SrRNA
Location
JLvs. BL 0.96 1.00 0.99 1.00
BL vs. Di 1.00 1.00 1.00 1.00
JLvs. Di 1.00 1.00 1.00 0.45
Layer
Upper vs. Lower 0.73 0.78 0.42 0.99
Season
Winter vs. Summer 0.03 0.96 0.68 i

586  *The significant correlationfP<0.05) are highlighted in bold.
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587  Figure Captions

588

589  Figure 1 Plots of principal coordinateanalysisbased oruniFrac weightednetric of AOB-amoA(A), AOA-amoA(B),
590 noszZ(C), andAMB-16S rRNA(D), showingspatial and/or seasonal changesNitycling microbial assemblages in
591  sedimentof estuarine tidal flats

592

593  Figure 2 Plots of canonical correspondence analyarsd redundancy analysishowing the relationships betwetre
594  environmental factors andll-cycling microbial communities ofAOB-amoA (A), AOA-amoA (B), nosZ (C), and
595 anammox bacterid 6S rRNA geng(D)

596

597
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606  Supporting Information
607
608 Table S1Shannonkl) andSimpson D) diversity andcoverage €%) estimates for AMB16S rRNA, AOBmoA AOA amoA andnosZgenes

DGGE Clone libraries
Sample AMB 16S rRNA AOB amoA AOA amoA nosZ
Bands H D No. of OTUs C% H D No. of OTUs C% H D No. of OTUs C% H D
clones clones clones
JL-U-W 9 211 0.87 43 6 97.7 157 0.76 37 4 973 043 0.19 26 5 96.2 1.42 0.72
JL-L-W 11 232 0.90 30 5 96.7 125 0.67 37 3 973 042 0.22 27 8 96.3 1.99 0.86
BL-U-W 11 231 0.89 27 4 913 112 0.62 36 3 944 0.20 0.08 43 7 97.7 1.44 0.74
BL-L-W 13 246 091 32 9 875 198 0.82 32 3 969 027 011 25 4 96.0 1.07 0.65
Di-U-w 7 186 0.83 35 5 943 121 0.65 31 2 96.8 010 0.04 36 7 100.0 1.83 0.83
Di-L-wW 8 196 0.85 33 9 85.8 148 0.65 30 3 96.7 032 0.15 44 6 977 1.27 0.68
JL-U-S 15 2,60 0.92 25 4 96.0 090 0.53 29 3 931 020 0.08 29 5 97.4 1.00 0.53
JL-L-S 16 2.68 093 50 3 100.0 0.83 0.54 33 3 100.0 0.48 0.24 38 5 97.4 0.85 0.40
BL-U-S 14 253 091 34 3 100.0 0.58 0.39 26 2 100.0 0.17 0.08 37 5 97.3 1.42 0.73
BL-L-S 15 260 0.92 44 3 100.0 0.73 041 40 4 975 060 0.28 44 7 95.5 1.48 0.70
Di-U-S 8 197 085 33 2 100.0 055 0.37 30 3 933 020 0.08 27 6 88.9 1.45 0.69
Di-L-S 9 2.06 0.85 36 6 972 160 0.77 33 3 939 020 0.08 30 10 86.7 2.05 0.85
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Figure S1 '**( S UR gfGaHammox bacterial 16S rRNA gefrem Laizhou Baytidal flats in winter (A) and in

summer B). Positionof bands was higlighted with the numbered arrewv

Figure S2 A neighborjoining tree showing the phylogenetic posiai ammoniaoxidizing bacterinamoAgenefrom
tidal flats of Laizhou Bay Bootstrap valuesio less tharb0% are shown at the nodes. The scale baticates 0.1

nucleotide substitution per siféhe -proteobacteriBNitrosococcus oceats used as the outgroup

Figure S3 A neighborjoining phylogenetictree showing theffiliation of ammoniaoxidizing archaealamoA genes
obtainedfrom tidal flats of Laizhou BayBootstrap values no less th&f% are shown at the nodes. The scale bar
indicates 0.05 nucleotide substitution per siftheammoniaoxidizing bacteria(JX465202)from tidal flats of Laizhou

Bayis used as the outgroup

Figure $4 Phylogeneticanalysis of denitrifyinghosZgene obtainedrom Laizhou Bay estuarine tidal flatBootstrap
valuesno less tharb0% were shown at the nodes. The scale baticates 0.1 nucleotide substitution per sifEhe

[-proteobacteriBAnaeromyxobacter dehalogendasised as the outgroup

Figure S5 Phylogenetic relationships of anammox bactek&S rRNA gengas determined by neighbjmining method.
Bootstrap valueso less thald0% wereshown at the nodes. The scale inaticates 0.1 nucleotide substitution per site.

Two Planctomycets speciesléosphaera pallidandPirellula sp) areused as the outgroup
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