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Viewpoint
The SphagnomeProject: enabling ecologicaland evolutionary insights through a

genuslevel sequencingproject
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removed as this would not usually be journal style. Oéourse, the

Acknowledgements, which provide details of the ORNL support, has been retained.]

Summary

Considerable progre$msbeenmadein ecologicalandevolutionarygeneticawith
studiesdemonstratingnow genes underlying plant amaicrobialtraits caninfluence
adaptatiorandeven‘extend’to influence communitgtructureandecosystentevel
processesProgressn this areais limited to modelsystemsawith deepgenetic and
genomicresourceshatoften havenegligibleecologicalimpactor interest.Thus,
importantilinkagebetweengenetic adaptations atiakir consequencest organismaklnd
ecologicalscalesareoftenlacking.Herewe introduce the Sphagnonoject,which
incorporates genomigsto a long-runninghistory of Sophagnum researchhat has
documented unparalleled contributidngeatlandecology, carbosequestration,
biogeochemistrymicrobiomeresearchpiche constructiorandecosystenengineering.
The Sphagnom@rojectencompasses genudevel sequencingffort thatrepresents
new type of,modedsystemdriven not only bygenetictractability, but byecologically
relevantquestions and hypotheses.

Introduction

The discovery characterizationandpredictionof genesassociatedvith traits,andhow
thosetraitsinfluenceecosysteniunction,arekey challengesespeciallyin theface of
changingelimatic conditions(Whithamet al., 2006).Climate-drivenalterationof
biologicalprocessesccursacrossall levelsof organizationandis expectedo impacta
wide range ofecosystengoods andervicesncluding biodiversity, nutrient cycling,
climatefeedbackegulation, angbroductivity (Rockstromet al., 2009).However,our
ability to associatgeneswith traits of ecologicalinterestis generallyrestrictedo plant
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modelsystemgrimarily developedor crop and bioenergieedstocksandfurther
limited by the sheercomplexity of applying genetic and genomic approathesultiple
specier communitiesYet theneedto applysystemgenetic approachés complex
communitieds paramounasevolutiontakesplacewithin acomplexweb of genetic
interactionsamongspeciegWhithamet al., 2006).

Herewe arguethat the genuSphagnum (peatmoss)representanunparalleled —
modelsystemfor ecologicaland evolutionarggenomicsempoweredy its contribution
to globalearbon cycling and emerging genongisourcesSphagnum speciegplay a
majorrole in peatlandormation, gorime example okcosystenengineering, whereby
the organism manipulatés surrounding habitagphagnum primary production
influences carbon and nutrient cyclimgichasmethane production and soil carbon
storagejn manyborealforestsand peatland€luretskyet al., 2013. Sphagnum
ecosystenengineering involvethe accumulatiorof peatthatfacilitatesits own growth
while making the surrounding environmdastilefor vasculamplants(vanBreemen,
1995).Uitimately thesemulti-level processekeadto peatlandormation that occupy
nearly3% of the landsurfaceandstore25% oftheworld’s soil carbonasrecalcitranfpeat
(Yu etwal, 2010).Thelatter pointhasled to theassertiorthat Sohagnum has egreater
impacton global carbon fluxes, anlereforeclimate,than any othesinglegenus of
plants(Clymo & Hayward, 1982yanBreemen1995).

The Sohagnum sequencing project provides a novel nonfood crop or
nonbioenergyeedstockexamplefor a plantbasedgenome sequencing projesied
specificallyat carbon cyclingThe projectis developingesourcegor within-species
geneticassociationsvith ecologicallyrelevant functionairaits,and the extension of
those genge-trait relationshipgo additionalspeciesvithin the Sophagnum genusWe
referto this effort collectivelyasthe Sphagnomeroject.In the following sectionswe
provide abrief introductionto the ecology and evolution dfis uniqueplantgenusWe
then outline aesearchroadmaphat highlightsscientific questiongelevantto the
disclosureanduse of a genugdde genomicresourcegor Sophagnum in two majorareasof
distinctbut overlappingesearch(a) carbonsequestratioandglobal biogeochemistry,

and (b)nicheconstructiongcosystenengineering, anchicrobialassociationswWe
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demonstrate that the Sphagnofrejectis anexample of a novel modsystemaimedat
addressingcologicallyrelevantquestions and hypothesasrosdevelsof organizations.

Sphagnum ecologyand evolution
Functionaltraits andecosystenfunction
Sohagnum has aremarkableability to createandthenuniquelythrive in nutrient-poor,
acidic,andwaterlogged-onditions.The suiteof morphological, physiological, aridfe
historytraitsthataffect Sohagnum fitness,hereintermedfunctionaltraits, enablethis
‘ecosystenengineer’ (Jonedt al., 1994)to gainacompetitiveadvantage over otheo-
occurringspeciesandthereforeflourish underrelatively harshenvironmental conditions
For exampletheability of Sphagnum to storeandtransportwateris controlledlargely by
threedistinctmorphological adaptations — brancharghitectureleaf sizeand
arrangemenbdn branches, and hyalicells(Fig. 1a,b; Rydin & Jeglum, 2013)hese
traitsdiffer considerably amongpeciesandareassociatedavith highly partitioned
microhabitafpreferencesvhereSphagnum speciesoexistwithin a peatlanddummock
formingspeciesgrowingc. >30cm above thavatertable,havesmallclosesetleaves
forming.numerougnterconnectedmall capillary spacegFig. 1). Spreadindpranches
allow.lateralmovement ofvaterthrough thecapillary continuumwhile numerouslose
setpendant branchegppressetb the stemform anefficient verticalwatertransport
systemConsequently§phagnum specieggrowing on hummockgsanwick moistureand
maintainmetabolicactivity evenduring droughfRice & Giles,1996).In all species,
deadhyalinecellsin theleavesandthe outercortexof thestemsandbranchesctas
waterstoragestructures.

Thecapitulaat the top of thestemarealive, butafew (c. 5) cm down 99% of the
light hasbeenabsorbe&ndmostof the Sphagnum cellsdie (Hayward& Clymo, 1983).
Fromtheredownto thewatertablethe carpetstructurels permeabldéo waterandgases
(particularlyO,) and thedampplantsubstratebeginto decayin this oxic zone termed
theacrotelm(lngram,1978;Clymo & Hayward1982).The consequenibssof stem
strengthandincreasingweighteventuallyresultin collapseof the plantstructure This
reduceshe poresizesowatercanno longefflow easilythroughit, andfrom this point
downwards th@eatis permanentlywaterloggedandthis is whatdetermineshe depth of
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thewatertable.In this waterloggedzone, oxygeiis consumed byerobicrespiration
morerapidly thanit canbereplenishedy diffusion(whichis 10000timesslowerin
waterthanit is in air), creatingthe anoxiccatotelm(Clymo, 1983).Hence through
distincttraits, Sphagnum generategnvironmental conditions thatesuitablefor its own
growth buthostilefor thevastmajority of other plants (e.yanBreemen1995; Rydin &
Jeglum, 2013).

Themechanism$®y which Sphagnum inhibits fungal andmicrobial
decompesition — and hence promgtestaccumulation-arenotfully understood, but
involve boththe external environment engineered bygpeciesaswell astheinternal
biochemistry ofts planttissue particularlythelow N : Cratio (areflectionof the
unusuallyefficientuseof N in producing nevbiomass)Bragazzaet al., 2006. A
passivemechanisnior intrinsic decayresistancen theoxic acrotelmlayeris suggested
by thecorrelationof microbial decomposition o§hagnum litter with therelative
amounts oftructuralvs metaboliccarbohydrategTuretskyet al., 2008).Active
mechanism®f antimicrobialactivity arealsoimplicated,mainly throughacid hydrolysis
of cell-walkpolysaccharidesragments ofvhich arereleasednto the soil wateras
‘sphagnan(Hajeket al., 2011).The precisemechanismgor theantimicrobialactivity of
sphagnararestill under investigation, bumay involve lowering soil pH, reducing
availability of nitrogenandcarbon or interferingwith extracellularenzymesy
immobilizing themin apolyelectrolytecomplex(Hajeket al., 2011). Soluble phenolic
compoundsgitherleachedlirectly from Sphagnum tissueor produced durings
breakdownmay play amoreminorrole in tissuepreservationphysicallyprotecting
polysaccharidethrough thdormationof humicsubstance@Hajeket al., 2011).While
environmentafactorssuchassoil oxygenprofilesserveasimportantregulatorsof peat
decompositior{cf Freemaret al., 2001)it is clearthatavariety of mechanisms
contributeto’'slow decomposition dhagnum tissue therebyretardingthe turnover of
organichiomassn peatlands angequesteringarbonin theform of peatfor centuries.

Phylogenyandevolution

Like all mossesthe haploid gametophytethe dominantife cycle stagefor Sophagnum
(Fig. 1). Haploid sporegerminateanto a filamentous protonema, quickly followed by a
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thalloid protonemaphase peforetransitioninginto maturehaploid gametophytes. A
singlesporecanresultin alargeclonalbiomass through vegetative growflurthermore,
theability to propagate clonallis ubiquitousin Sophagnum and typicaklonesizesvary
amongspecieqCronberg, 1991)n Sphagnum austinii, one cloneccursthroughout
North Americaand thesamedominatesn Europe(Kyrkjeeideet al., 2016). A single
clone ofSphagnum subnitens extenddrom Oregonto thewesternmosAleutianislands
(Karlin“etal’; 201]). Reproductiveseasongarespeciesspecificandspermrequirewater
to accesghe eggeell in thearchegonialzenterto form the zygoteThe formationof the
zygotemarksthe beginning of thbrief diploid stageof development andt maturity
meiosisoceurswithin the capsule producing haploigpores.

Sphagnum is one of four generm the classSphagnopsida (phylum Bryophyta:
mosses)anancientlineageof land plantsMolecularphylogenies suggest the
Sphagnopsida divergdébm othermosses>250-350 million yr agon(ya) [Author,
please confirm inserted text ‘million yr ago’ is correct](Shawet al., 2010), andossils
of peatmosslike fragmentwhich aretheoldestknown land planinacrofossilgo date,
havebeenfoeundin the Ordoviciarrocks(c. 500mya, CardonaCorreaet al., 2016).
FossilSehagnum andcloserelativesarerecognizeddy the uniqueell patternin leaves.
Threeof'the generan the Sphagnopsida contajast one ortwo speciesach,and none
of themform extensivgreatsnor do they dominate wetlandsdo speciesof Sophagnum.
With 200—-300speciesphagnumis by far thelargestgenusn the Sphagnopsidandthe
mostimportantfor peatlandsSphagnum specieshareacommonancestoin thelate
Tertiarypasurprisinglyrecentradiationconsidering th@reatantiquity of Sphagnopsida
(Shawet al., 2010).Thisrecentradiation,which may have occurreibllowing themid-
Mioceneclimatic optimum,coincideswith therise of boreal peatlands the northern
hemispherg¢Grebet al., 2006).

Today,Sphagnum occurs orall continentsasidefrom Antarctica(Crum, 1984).
The genus dominatesetlandhabitatsthroughout the boreal zone of tNerthern
Hemisphere bus alsodiverseattropicallatitudes,especiallyin SouthAmerica(aswell
asin tropical Africa andAsia). At tropicallatitudes,Sphagnum sometimesccursin high
altitudepeatlands, but lower altitudetropical regionstheytypically grow onwet soll
banks, alongtreamsand on dripping rocks, and do remicumulatesubstantiahmounts
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of peat.Sphagnum comprisedive major subgenerdéFig. 2a; Shawet al., 2016a). The
smallsubgenugigida (c. 2—4species)sisterto the four other subgenesgmetimes
occurin peatlandsbutits speciesarenever dominant anare not major peatformers.
Most Sphagnum speciedelongto theremainingtwo clades poth ofwhich include
importantpeatforming speciesThespeciesn oneclade(subgener&uspidata +
Subsecunda)'generallyoccupy hollowsloseto or at thewatertable,whereaghosein the
otherclade(subgener&hagnum + Acutifolia) generallycreatdawnsandraised
hummocksmoredistantfrom thewatertable(Fig. 2b). For decadespeatlandecologists
have notedhatindividual Sphagnum speciehave narrowealizedniches alonghis
hydrological gradient from low hollowto high hummockVitt & Slack,1984).
Sohagnum speciesalsoexhibitnarrowpreferenceslong achemicalgradientwith some
speciegreferringacidicombrotrophic bogs and othgpeciegpreferringfenswith more
neutralpH. Unlike preferenceslong the hydrological gradiersipeciegpreferenceslong
thechemicalgradient do not exhibit a strong phylogenstgnal (Johnsoret al., 2015).
Duringstherapidradiationof modernSphagnum, microhabitafpreferenceslong the
chemicalgradient plausibly evolved simultaneousiyunrelated groupsreatingnatural
experimentsvith which the genetibasisof microhabitatpreferencesanbedisentangled

from phylogenetic history.

Developingresourcesfor atractable Sphagnum model systemwith evolutionary and
ecologicalrelevance

Genomieresources$or Sphagnum arerapidly expanding (https://phytozome.jgi.doe.gov).
The Sphagnoméerojectwill providetwo high qualityreferencegenomes3phagnum
magellanicum and Sohagnum fallax), sequencefor 15 additionakpeciesacrosshe
Shagnum phylogeny(Fig. 2), and shallovsequencingf c. 200 individuaimembers

from a hapleidsib pedigree A draft genomeor S fallax is now available

on https://phytozome.jgi.doe.golVheseSphagnomerojectresourcesremotivatedby

two overarchingaims: (1) identifying geneticassociationsvith ecologicallyrelevant
functionaltraitswithin speciesand (2) extending those gettetrait relationshipgo

additionalspecieswithin genus.
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Sphagnum pedigreesequencingndgeneto trait mapping

The Sphagnom®rojectis producing high-qualityeferencegenomedor S,
magellanicum Brid. andS. fallax H. Klinggr (Shawet al., 2016b).Thesetwo peat
forming speciesarein differentsubgenera, occupy vedyfferentmicrohabitatsn boreal
peatlandsandwill provide strongontrastdor investigatingphylogenetic andcological
differenceqFig. 2, Johnsomt al., 2015. To fulfill thefirst aim focusing orwithin-
speciesrariation,the Sphagnomerojectwill conductresequencingf c. 200 individuals
from a'S*fallax pedigredo generatea highquality genetic linkagenapthatwill facilitate
geneto-trait experimentabpproacheéFig. 3) andgenomeassemblyThe pedigreenvas
developedrom singlestemdescenpropagation using sporelingerminatedrom a
singlefield collectedsporophyteall individualsare haploidsibs Becausegphagnum
fallax hasseparatggametophyticexespedigree individualsanbe maintainedn clonal
culturewithoutrisk of intrasgametophytiselfing. Preliminarydata showastphenotypic
variationamong haploigiblingsin responseo laboratorygrowth conditions,
temperatur@nd pH(Shawet al., 2016).Sphagnum s haploidin its dominantife cycle
stage whichieliminatesthe confounding heterozygosityhich canmaskallele
expressionThereforethe F; (gametophytic) generatiamanbeusedin trait mapping,
whichisnot possibldor geneticstudiesin diploid nonbryophyte organismghere,ata
minimum, a segregatingFpedigreds required.Furthermorethe paternal genotypmn
bereconstructedby subtractinghe progeny genetimarkersfrom thematernaimarkers.
This latterpeintis especiallyimportant,ascontrolledcrossesrecurrentlydifficult to
performin:Sphagnum. As recentlyshownin the Sohagnum mossrelative Physcomitrella
patens/(Stevensoret al., 2016), thesimplified geneticsof mossesoupledwith linkage-
analysiscanprovide a powerfulmeansof predicting phenotypegsom DNA markersand
their underlyingcausaklleles(Fig. 3).

Recentadvances maintainingSphagnum tissuecultures(Beike et al., 2015)
have improved theeliability of producingaxenicculturesthat produceSphagnum plants
thataremorphologicallysimilar to field-collectedspecimensThe Sphagnomeroject
encompasses developingiermplasncollectionthat includesulturematerialfor all
speciedeingsequenceadnd aS fallax haploidsib pedigreeThe low statureof
Sphagnum andeaseof establishing populations transwell cultureplatesthathave
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relativelysmall‘bench top’spaceequirement&nablerapid phenotyping thais
necessaryor geneto-trait studies(Fig. 3). Further,this germplasncollectioncanbeused
to testresponsesf Sphagnum genotypedo differentenvironmental condition&ecause
the complete genomed thesegenotypewill alreadybe knownasaresultof
resequencinggenetic associatiortmnbemadeassoonasphenotypiaataarecollected.
Dueto thesmall size of Sophagnum and othemossesimagingbasedphenotypingwill be
especiallyusefulin this effort. Singleimagescancapturedataon hundreds of individuals,
entirepopulations, anchixed communitiessimultaneously aiding the linkage génego
traits. The broadercollectionof geneto trait associationsanbeintegratedn network
modelsto form asystemdiology view of thetrait combinations antheir correlations

underlying pphenotypexpressiorand adaptation (Chitwood & Topp, 2015).

A genuswide approach
Extendinggeneto-trait relationships beyondsnglespeciess necessaryor
understanding the evolution efosystenfunctionin Sphagnum-dominatedpeatlands.
Traitsimportantfor ecosysteniunctiondiffer amongspeciesincluding productivityand
resouree acquisition, resourakocationsuchasproductionof secondarycompounds,
and decompositiorates(Bengtssoret al., 2016, Limpenst al., 2017).Thereforejn
additionto the intensivewithin-speciegesequencingpproactdescribedabove, the
Sphagnomérojectincludes thesequencingf 31 individualsacrossl5 species
representing théve major cladeswithin Sphagnum (Fig. 2). This information, combined
with ongeing ancexistingtranscriptomeesourcegDevoset al., 2016),will providethe
basisfor genuslevel phylogenomics and comparative genoamalysesn Sphagnum
(Fig. 3). Thisapproachs especiallyusefulfor themajority of traitsin Sphagnum where
interspecificvariationseemdo begreaterthanintraspecificvariation(e.g. Bengtssodt
al., 2016).Geneticassociationsvill betestedusingmodelsthatincorporatephylogenetic
comparative methodg.g.Blomberg& Garland, 2002Revellet al., 2009)to accountor
phylogenetidistancevhenidentifying gengo-trait relationships.

Throughthis sequencingffort, geneto-trait relationshipsf multiple specieswill
be placedwithin abroaderphylogenomic landscape thereby identifying evolutionary
patternsassociatedvith microhabitapreferencesnd functionatraits (Figs 2b, 4) While

This article is protected by copyright. All rights reserved



afew recentstudieshavetakena genuswide approacho geneticassociations (e.g.,
Haudryet al., 2013;Peasest al., 2016; Novikovaet al., 2016) the Sphagnonf&oject
encompassespecieghatco-occupy and engineer tisameecosystemWe anticipatethat
thesegenuswide sequenceghenotypalata,and comparative gere-trait relationships
will enablethe detectionof genes under purifying or positigelectionaswell asgene

family evolutionassociateavith majorecologicaland biogeographishifts.

Facilitating“new ecologicaland evolutionary understanding

Whatis the biologicabasisof uniqueSphagnum traitsor combinations ofraits,and how
dothesetrait,combinations extend beyond the organism?

Tissuechemistryis a notedfunctionaltrait for Sphagnum (Clymo & Hayward,1982).
Polyuronicacids(cell-wall polysaccharidethatform apectirtlike polymer)comprise
10-30% ofSphagnum dry mass.They have a higttationexchangeapacity(CEC)
initiallyssatisfiedwith H+, whichis rapidly exchangetbr cationsin rainwater thus
makingrthewateraround theplantsacidic (Clymo & Hayward, 1982andmakecation
nutrients unavailabl® microbes and othgrlants(Stalheimet al., 2009).However,the
guestion,of a possiblnk betweerunique organic compounds anidheengineering by
Shagnum remainsamatterof activeresearci{Hajek,2009; Limpengt al., 2017).It has
long beenspeculatedhatliving Sphagnum benefitsfrom peatformedovertime through
theaccumulatiorof deadSphagnum biomass (vamreemen,1995. Shouldthis be
viewedasonetype of extended phenotypeherethe phenotype ofertically
accumulatingpeat(deadSphagnum material)changeghe function ofiving Sphagnum at
the surfacephagnum plantsclearly modify their environmenin severalimportant
ways,but howthis influencesselectionon future offspring and otheecipientorganisms
is unknown.We believe that th&hagnum genomic resourceffersone of thebest
opportunitiego explorethesequestions andltimatelyidentify the genetidasisfor the
traits responsibldéor ecosystenengineeringn Sphagnum. Forexamplewhatis the
genetichasisof tissuechemistrytraits, and dathesetraitsimpartafitnessadvantagérom
a nutrienttompetitionperspective Furthermorehow dothesetraits extendbeyondthe
organism7or exampledo hummock formatiotraits covarywith tissuechemistryand

decompositiomates,and howwill thesecurrentlyadaptedrait combinations influence

This article is protected by copyright. All rights reserved



fitnessto changing environmental conditionsfregardto niche engineerings there
evidenceor anextended phenotype Sphagnum, andif so,whatis theunit of selection,
andatwhichlevel doesselectionoccur(Whithamet al., 2003)7Do neighborhooeffects,
suchasthe geneti@ffectof anindividual ontrait values of neighboring individuals
influencehew Sphagnum traitsinteractwith the environment™How importantis
clonality.to the extendedhagnum phenotypeTheseimportant questions exteriato
muchbroadersphereof the Sphagnomeroject(Fig. 4) and generacologicaland

evolutionary'theory.

Did adaptatiorto spatiallyor temporally varyinglimatevariationsparkSphagnum
speciesadiations?

Genuswide phylogeneti@analyse®f geographic ranges suppthe view that thewo
major peatforming, crown cladeswithin Sphagnum (Acutifolia+Sphagnum;
Cuspidata+Subsecunda) (Fig. 2a,b)originatedandfirst diversifiedin theNorthern
HemisphereJ. Shawet al., unpublished)By contrastphylogeneti@analyse®f large
seedplanteladegshatspantropicalandNorthernHemisphere ranges usuatbveal
tropicalerigins andrareexpansionnto cold northerrclimates(Janssoret al., 2013).
Shagnum representsne of asmallminority of groupsthatappearo haveinitially
diversifiedat northernlatitudesand subsequently extendieir rangesnto the tropics.
Phylogenetic patterriadicatethat southward range expansionsrefollowed by
evolutienaryradiationghatgaveriseto groups of tropicaspeciesestedwithin larger
borealclades.

Moreover, nonboreahdiationsoccurredn eachof the fourlargesubgenera of
Sphagnum, providing phylogenetipatternghatcanbeusedasreplicatednatural
experimentgo accountfor sharedancestrywheninvestigating the genetlzasisof
adaptatiorandthe evolution of functiondlaitsassociateavith range expansionin
additionto'theseradiationsafew individual borealSphagnum specieshave extended
their rangesnto tropicalhabitats presumablymorerecently.Inter- andintraspecific
comparativeanalysesanbeharnessetb addresseveralquestionsWhatgenesgene
families,andgenomic regions underwecthangesssociateavith range expansiorfsom
borealto tropicalclimatezonesAre the samegenomicfeaturesassociateavith intra-
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andwith interspecificrange changeacrosstlimatezonesAre thesameor similar
genomic changeassociateavith climateadaptationn different Sophagnum subgenera,
associateavith independentangechanges®larifying functionaltrait andgenomic
changesssaciatedvith migrationsinto warmerclimatescanprovideinformative
analogiege.how Sphagnum mossesand, perhaps, othptantsmayrespondo current

climatewarming.

Whatarethefactorsthatlimit or facilitatelocalscaleadaptive evolution?
Therehasbeenmuchinterestregarding the importance of phenotyplasticityrelativeto
local adaptationn responsé&o environmental &terogeneityand howsuchresponsesan
ultimately extendto influenceecosysteniunction(Miner et al., 2005).The sequenced
haploidsib pedigree, coupledith phenotypescreeningvill provide theresources
necessaryor quantitativegeneticso determinethe extentto which a phenotypic change
has a quantitativgeneticbasis(see the Developing resources for a tractable Sphagnum
model system with evolutionary and ecological relevance secRtsticityis inferred
asthe proportion of phenotypic variance raplainedby genetic{Merila et al., 2019.
Theuse,ofcommongardensespeciallywhenestablishedmongmultiple environments
with_appropriateaeplicationand controls, provides a powerful approaxdisentangle
geneticfrom plasticcontributiongo phenotypeThe sequence@hagnum haploidsib
pedigreeandemergingesearcltommunity surrounding the SphagnoRmejectmake
the establishmendf commongardensvith characterizedenotypes aeality. Finally, the
demonstration thatllele frequencyshifts occur confirms that evolutiodmasoccurred,
with the challengéeingtheneedto determindf changesn specificallele frequencies
arerelevantto thetraitsand phenomena beimgyvestigatedThe sequencing of 15
Shagnum speciesandnearly200 progeny individualprovidesanideal systemo
determinesharedandspeciesspecificcomponents of theollectivegenome and
relationshipghatco-occurwith phylogeneticsignals.For example does a genamily
expansion,coincide ith the lineagealiversificationto novel environments? Togethsith
commongarden experimentse will beginto addresgjuestioncenteringon therelative
importance ofocal adaptation vs phenotyptasticityin Sohagnum responseto

environmental heterogeneity.
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Whatis therole of Sohagnum andits interactingmicrobiomein ecosystentarbonand
nitrogencycling?

Hyalinecellsnot onlyplay avital functionaswaterstorageorgans, bualsocreatea
novel angsafehabitatfor a diversamicrofloraspanningall domains ofife (Fig. 1b;
Braginaet al., 2012, 2014; Kostket al., 2016).The Sphagnum-associateanicrobiome
seemdo'bedividednto two broadcategoriesThosethatarehostspeciespecific,with
specificitymaintainedacrossboththe sporophyte and gametophyte generat{@ragina
et al., 2012), and thosthatarehostspeciesagnostiavith environmentafactorssuchas
pH and:nutrienavailability explainingmuchof the communitystructure(Larmolaet al.,
2014).With-araisedpH, hyalinecellsmayserveas‘oases’for microbesn acidic
peatlandporewaters.Theecologicalfunction of Sohagnum symbiontss just beginning
to be exploredwith evidence pointingo strong linkagesvith thecycling of both carbon
(i.e. methane oxidation) and nitrog@re. nitrogenfixation). For example diazotrophic
cyanobacteriavere shownto contribute ugo 35% of cellularN to the Sphagnum host
(Bergetal.32013; Lindcet al., 2013)while methanotrophibacteriacanprovide 520%
of Sohagnum’'s CO, demand througliCH, oxidation (Raghoebarsireg al., 2005;Kip et
al., 2010). Together, methanotrophy anglfiXation aretightly linked andwasestimated
to provideoveronethird of the new N inpuin acoastalpeatlandLarmolaet al., 2014,
althoughseeHo & Bodelier (2015) Thereforea number otritical questions concerning
the Sohagnum microbiomeremain,for examplewvhatarethe signalingand
communieation pathwaysetweenSphagnum andits microbiome,and dathese
interactiongepresentrue beneficialsymbiosesHow do protistsand miroeukayotes
influence peatland C and éycles(Jasseyet al., 2015)More questionghananswers
remain,andachievinga comprehensive understanding of §bagnum microbiomewill
benefitgreatlyfrom theapplicationof comparativeand functional genomids evaluate
microbialcommunityprofilesacrossSphagnum lineagesand environments, amdeta

transcriptomicgo evaluate symbiotic pathwagsdmetabolism.

How dowe modelShagnum genotype-by-environmeiriteractions?
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The understanding dfphagnum trait characteristicand the populatiogenetics
underlyingtrait distributionsmay have importanimplicationsfor modeling
biogeochemistry and vegetatidgnamics bothwithin anecosytemandacrossegions
upto a globalscale However,the Sohagnum trait characterizatiomeededo inform these
modelsisdackingfor manyhigh4atitudeprocesshasedmodels (Turetskgt al., 2012).
Many ecosystenand regional models have adopted the concept of plant fundiypesl
(PFTs)wherePFTsaredefinedasgroupings of planspecieshatsharesimilar
characteristicandrolesin ecosystenfunction.However recentwork suggestshat
parameterizatioof PFTswith currenttrait valuesmay not bevalid under future
environmental conditionsecausérait values andrait-trait relationshipsnay change
under future environmental conditio(8&cheiteret al., 2013, \an Bodegomet al., 2012).
In this regardwe will benefitfrom population genomics programdike the Sphagnome
Project—wherepopulationgeneticsgenomics and phenotype analysasbeusedto
statisticallymodel genoméatureqsuchassinglenucleotide polymorphisitSNP)
distributions)to trait value predictionsThe ‘trait values’arethenenteredasparameter
valuesin physiological modelsAn elegantexample othis approactwaspresentedby
Reuninget al. (2014),whereQTL analysiswvasusedto geneticallyparameterize
physielegical modelo predicttranspirationof specificArabidopsis genotypesAn
intriguing questions whethersuch‘genome informed’ ecophysiological modesnbe
usedto decipher thenechanism®f local adaptationyhich providesdeepelinsightsinto
heritablevariationandtrait covariancegandtradeoffs) responsibldor evolutionary
dynamiesg(Weinig et al., 2014).

Conclusions

The Sphagnom®rojectseekdo resolveimportantandgeneraissuesn ecology and
evolution.including (1}he nichedifferentiationandco-occurrenceof manyclosely
relatedSphagnum specieswithin the samewetlandhabitat,(2) thegeneticregulationof
the uniquechemicaltraits thatdefinethe centralrole of Sphagnum speciesn engineering
thosehabitats(3) theimportance ofphagnum in determiningbiodiversitypatternsof
otherorganismsjncluding microbes, and (4)herole of Sohagnum geneticsand
physiology on biogeochemistry and hydrolagyycosystento globalscalesWith new
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genomicresourceslreadyavailableand growingapidly, we are poisedto utilize the
Sphagnum systenfor linking genomes and phenotygraitsto communityassembly,
ecosystenfunction, and evolutionarngrocessesMoreover the Sohagnum systemcan
provideuniqueinsightsinto the phylogenetic history of genome darait evolution,and
allow predictionsabout howtheseorganismafeaturesarelikely to respondo future

environmental change.
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Fig. 1 Merphologicaltraits of Sphagnum. Left panel, fourepresentativepecies
(modifiedfrom Crum,1984).(a) Plart habits showinglifferencedn branchdensity.(b)
Branchleaferosssectionsshowingarrangementsf largerhyalinecells.As in most
mosses§hagnum leavesconsist of a singl&ayer of cells,but unlike in othermossesthe
leaf cellsaredimorphic, comprisindarge hyalinecells,deadandemptyat maturity,
alternatingwith narrow photosynthetic chlorophyllosells.In somespecieqe.g.top),
those chlorophylloseellsarenotexposedat theleaf surfaceandin otherspeciegheyare
exposedatthe inneror outersurface(c) Surfaceview of brancHeaf cells,showing
variouslyarrangedores on hyalineells. The chlorphyllosecellsarevery narrow,
forming.a network aroundachhyalinecell. (d) Branchfasciclesgachincludingso
calledspreading and penddmtanches(e) Branchleaf. (f) Stemcrosssectionshowing
variously developedometime®nlargedoutercortexcells. Right panel, one (haploid)
gametophyte plamwith stalkedcapsuleseleasingspore{modifiedfrom Westonet al.,
2015. Insetdetail of branchleaf cells showingdifferentiationof chlorophyllose and

hyalinecells[Author, please note amended text ‘Inset’]

Fig. 2 Distribution, phylogeny and habitpteferenceof specieswithin the Sphagnome
Project.(a).A. recentphylogenybasedon Shawet al. 2016(a)with coloredbranches
representing subgenus designations (brdRgida; yellow, Subsecunda; green
Cuspidata; blue, ohagnum; purple,Acutifolia) and coloredtirclesnextto speciedeing
sequencewith the Sphagnomeroject;(b) generalizedhabitatpreference$or Sophagnum
speciedypical of boreapeatlandsin relationto porewaterpH and height abovevater
table;(c) global distribution ofSophagnum fallax (green) andphagnum magellanicum
(blue).Note that Sphagnum affine, Sphagnum cribrosum (Subsecunda), Sphagnum
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fimbriatum (Acutifolia), andSphagnum molle (Acutifolia) arenotin the figurebecause
theyarenot boreapeatlandspeciesput havebeensequencedspart ofthe Sphagnome

Project.

Fig. 3 Schematiof the proposed depth abdeadthgenetic approachelh geneto-trait
studiesjinkagebasedandassociatiormappingaremain approachessedto discover (or
map)the‘genetibasisof quantitativephenotypic variatiorBoth assumehatthereis
variationforthetraits of interestwithin the population being studie@ihe linkagebased
methodreliesonindividualswith knownrelationshipgo eachother andDNA variants
(termedgeneticmarkersthatsegregatéhroughthe population.The geneticmarkeris
‘linked™threughproximity to the causaloci andtheythereforesegregateogether.
Associationmapping does naequireknownrelationshipsamong individualsvithin the
population, butnsteadrelieson historicalrecombinatiorfrom manygenerations of
random mating. Togethénesemethods constitute thgeneticdepth’approach
discusseditextaimedat identifying candidategeneglower panel thatarethen
includedinsphylogenomic and comparative genocamalysegupper pangl These
analysegresimplified by thefact that Sophagnum gametophytearetypically haploid.
Two allepolyploidspecieqSphagnum palustre, Sphagnum papillosum) areincludedto
addressubsidiaryissuegelatedto the evolution of polyploid genomes.

Fig. 4 Amvintegratedapproachor Sphagnum asa modekystemlinking genetic
informatienon genes underlying function@aits (depth)with phylogenomianalyses
(breadth)o largescale emergenpropertiesatthe level of theecosystemincreasesn
theavailability of genomiaesourcesndrecentdevelopments ajermplasnresources
canfacilitate collaborativeresearclacrosanultiple disciplines.Understanding the
geneticbasisof integratedraitswill facilitate our understanding dfait-tradeoffs,
fithessandselection,and response environmental change.
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