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Abstract
Ɛĺ Phenotypic pѴasticity is essentiaѴ for the persistence of organisms under changing 

environmental conditions but the control of the relevant cellular mechanisms in-

cѴuding which genes are invoѴved and the reguѴation of those genes remains un-

cѴearĺ One way to address this issue is to evaѴuate Ѵinks between gene expressionķ 
methyѴation and phenotype using transpѴantation and common garden experi-
ments within geneticaѴѴy homogeneous popuѴationsĺ

Ƒĺ This approach was taken using the Antarctic Ѵimpet Nacella concinna. In this spe-

ciesķ two distinct phenotypes are associated with the intertidaѴ and subtidaѴ zonesĺ 
The in situ gene expression and methyѴation profiѴes of intertidaѴ and subtidaѴ co-

horts were directly compared before and after reciprocal transplantation as well 

as after a common garden accѴimation to aquarium conditions for Ɩ monthsĺ
ƒĺ Expression profiѴes showed significant moduѴation of ceѴѴuѴar metaboѴism to habi-

tat zone with the intertidaѴ profiѴe characterised by transcription moduѴes for an-

tioxidant productionķ DNA repair and the cytoskeѴeton refѴecting the need to 
cope with continuaѴѴy fѴuctuating and stressfuѴ conditions incѴuding wave actionķ 
UV irradiation and desiccation.

Ɠĺ TranspѴantation had an effect on gene expressionĺ The subtidaѴ animaѴs trans-

pѴanted to the intertidaѴ zone modified their gene expression patterns towards 
that of an intertidaѴ profiѴeĺ In contrastķ many of the antioxidant genes were stiѴѴ 
differentiaѴѴy expressed in the intertidaѴ animaѴs severaѴ weeks after transpѴanta-

tion into the reѴativeѴy benign subtidaѴ zoneĺ
Ɣĺ Furthermoreķ a core of genes invoѴved in antioxidation was stiѴѴ preferentiaѴѴy ex-

pressed in intertidaѴ animaѴs at the end of the common garden experimentĺ Thusķ 
accѴimation in an aquarium tank for Ɩ months did not compѴeteѴy erase the inter-
tidaѴ gene expression profiѴeĺ

ѵĺ Significant methyѴation differences were measured between intertidaѴ and 
subtidaѴ animaѴs from the wiѴd and after transpѴantationķ which were reduced on 
common garden accѴimationĺ This suggests that epigenetic factors pѴay an impor-
tant roѴe in physioѴogicaѴ fѴexibiѴity associated with environmentaѴ nicheĺ
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ƐՊ |ՊINTRODUC TION

Species distributions and fitness traits are significantѴy impacted 
by both biotic and abiotic factors in their immediate habitat (often 

caѴѴed genotypeŋenvironment interactionsőĸ howeverķ our current 
understanding of which genes underpin these processes and their 
reguѴation remain Ѵimited ŐForsmanķ ƑƏƐƔőĺ This is further com-

pѴicated by the fact that many species exhibit fѴexibѴe responsesķ 
whereby highѴy variabѴe phenotypes may be expressed in the ab-

sence of genetic differentiationĺ This phenomenon of phenotypic 
pѴasticity frequentѴy occurs in moѴѴuscs where the morphoѴogicaѴ 
characteristics of shell shape and thickness can vary considerably 

with environmentaѴ factorsĺ These morphoѴogicaѴ variants Őoften 
caѴѴed ecotypeső can be induced by a variety of abiotic and biotic 
factors incѴuding hydrodynamic stressķ temperatureķ desiccation 
and predation ŐHarѴeyķ Dennyķ Machķ ş MiѴѴerķ ƑƏƏƖőĺ ExampѴes in-

clude Littorina striata in which a nodulose form is associated with 

waveŊ sheѴtered sites and a smooth form dominating waveŊ exposed 
sites; increased shell thickness in Littorina obtusata in response to 

the predatory green crab Carcinus maenas and the Antarctic species 
Nacella concinna and Laternula ellipticaķ where sheѴѴ thickness var-
ies with depth and the incidence of ice berg scour respectiveѴy ŐDe 
WoѴfķ BackeѴjauķ ş Verhagenķ ƐƖƖѶĸ Harper et aѴĺķ ƑƏƐƑĸ Hoffmanķ 
Peckķ HiѴѴyardķ Zieritzķ ş CѴarkķ ƑƏƐƏĸ TrusseѴѴ ş NickѴinķ ƑƏƏƑőĺ In 
these casesķ genetic homogeneity has been demonstrated across 
phenotypesķ but in other species heritabѴe components and genetic 
subŊ structuring has been shown within ecotypes and Ѵinked to mi-
crohabitatsĺ The cѴassic exampѴes of such phenomena incѴude the 
periwinkles Littorina saxitilis and Littorina fabalis (Johannesson & 

MikhaiѴovaķ ƑƏƏƓĸ Johannesson ş Tatarenkovķ ƐƖƖƕőķ whiѴe in other 
speciesķ such as Mytilus there has been a clear demonstration of 

cryptic speciation ŐGrantķ Cherryķ ş Lombardķ ƑƏƐƏőĺ These studies 
emphasise the importance of understanding the genetic background 
of the species under study when examining phenotypic pѴasticityĺ

The current understanding of the moѴecuѴar basis of phenotypic 
pѴasticity is Ѵimitedķ but such information is essentiaѴ not onѴy for un-

derstanding how animaѴs function and interact with their immediate 
environmentķ but aѴso for predicting their capacities to cope when that 
environment changes ŐSomeroķ ƑƏƐƏőĺ For exampѴeķ such genomic anaѴ-
yses can heѴp decipher the ceѴѴuѴar mechanisms underѴying the com-

petition advantage of cѴoseѴy reѴated species ŐLockwoodķ Sandersķ ş 
Someroķ ƑƏƐƏőķ dissect the subtѴeties of muѴtipѴe environmentaѴ stress-

ors ŐChapman et aѴĺķ ƑƏƐƐő and the impact of age on the stress response 
ŐCѴark et aѴĺķ ƑƏƐƒőĺ How these expression patterns are moduѴatedķ or 
more importantѴy fixedķ is uncѴear in most cases but epigenetics is in-

creasingѴy being reveaѴed as a key factor impѴicated in gene reguѴation 
in the naturaѴ environment ŐBossdorfķ Richardsķ ş PigѴiucciķ ƑƏƏѶőĺ

In this studyķ the Antarctic Ѵimpet N. concinna was used to in-

vestigate ceѴѴuѴar mechanisms underpinning phenotypic pѴasticityĺ 
This is one of the most abundant species in the Antarctic marine 
environment occurring in the intertidaѴ zone and subtidaѴѴy down to 
ƐƏƏ m or more ŐPoweѴѴķ ƐƖƔƐőĺ This is not a homing Ѵimpet ŐWaѴkerķ 
ƐƖƕƑő and untiѴ recentѴy two distinct ecotypes were recognisedĹ an 
intertidal polaris formķ with a taѴѴerķ thicker sheѴѴ and a subtidaѴ con-

cinna form with a much Ѵighterķ fѴatter sheѴѴ that is often microscop-

icaѴѴy ľscaѴѴopedĿ due to the grazing by other Ѵimpets on encrusting 
endoѴithic aѴgae ŐNoѴanķ ƐƖƖƐőĺ PhysioѴogicaѴ differences have aѴso 
been reported between the two ecotypesķ incѴuding toѴerance to 
experimentaѴ freezingķ metaboѴic response to air exposureķ righting 
abiѴity under different temperaturesķ thermaѴ toѴerances and wet 
tissue mass ŐMorѴeyķ CѴarkķ ş Peckķ ƑƏƐƏĸ WaѴѴerķ WorѴandķ Conveyķ 
ş Barnesķ ƑƏƏѵĸ Weihe ş AbeѴeķ ƑƏƏѶĸ Data SƐ and SƑőĺ This spe-

cies is a broadcast spawner with a free swimming pѴanktonic veѴiger 
stage that Ѵasts ƐŋƑ months ŐPeckķ Heiserķ ş CѴarkķ ƑƏƐѵő and recent 
popuѴation genetic anaѴyses using ampѴified fragment Ѵength poѴy-

morphisms ŐAFLPső showed no evidence of genetic differentiation 
between the two ecotypes ŐHoffman et aѴĺķ ƑƏƐƏőĺ Henceķ this spe-

cies dispѴays considerabѴe physioѴogicaѴ and morphoѴogicaѴ pѴasticity 
against a geneticaѴѴy homogeneous background and represents 
a good candidate for the moѴecuѴar investigation of phenotypic 
plasticity.

The aim of this study was to investigate not onѴy the gene expres-

sion profiѴes underpinning the physioѴogicaѴ fѴexibiѴity of N. concinna to 

the intertidaѴ and subtidaѴ ŐƐƔ mő zonesķ but aѴso to use methyѴationŊ 
sensitive ampѴified poѴymorphism ŐMSAPő anaѴyses to identify whether 
epigenetic factors may be invoѴved in the gene expression differencesĺ 
To achieve thisķ two experiments were carried outĹ a reciprocaѴ trans-

pѴant experiment in the Antarctic and a common garden experiment 
where collections of intertidal and subtidal animals were held in the 

Cambridge aquarium system for Ɩ months to ensure fuѴѴ accѴimation 
to Ѵaboratory conditionsĺ It was expected that there wouѴd be signif-
icant differences in the gene expression and methyѴation profiѴes of 
intertidal and subtidal animals in the wild and that transplantation to a 

different shore zone wouѴd modify theseĺ It was aѴso expected that the 
extended accѴimation in a ľcommon garden aquariumĿ wouѴd reset and 
remove any differences in gene expression and methyѴation between 
intertidal and subtidal cohorts.

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊExperimentaѴ design

AnimaѴs were coѴѴected at Rothera Research Stationķ AdeѴaide IsѴandķ 
Antarctic PeninsuѴa ŐѵƕoƒƓனƏƕபSķ ѵѶoƏƕனƒƏபWő during the austraѴ 

K E Y W O R D S

Antarcticķ antioxidantsķ cytoskeѴetonķ gѴutathionyѴationķ methyѴationŊsensitive ampѴified 
poѴymorphism ŐMSAPőķ Nacella concinnaķ pentose shunt pathwayķ reactive oxygen species
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summer. Intertidal animals were hand collected and subtidal animals 

coѴѴected by SCUBA divers from ƐƔ mĺ The animaѴs produced copi-
ous amounts of mucus when detached from rocks during coѴѴection 
so they were heѴd in the fѴowŊ through aquarium at Rothera under 
ambient sea water conditions (c. ƏŦCő for Ƒ days prior to sampѴing 
to disperse the mucusĺ To distinguish the transpѴanted animaѴsķ the 
sheѴѴs were painted yeѴѴow ŐƐƑƏ intertidaѴ animaѴső and white ŐƐƑƏ 
subtidaѴ animaѴsőĺ Of theseķ ѵƏ were returned to their originaѴ habi-
tat and ѵƏ were transpѴanted to the aѴternative regime ŐFigure Ɛőĺ 
The intertidaѴ animaѴs were pѴaced at the shore end of a Ѵong gentѴy 
sѴoping rocky guѴѴy Őc. Ѷ m Ѵongőķ which then dropped steepѴy into 
deep waterĺ The subtidaѴ animaѴs were pѴaced on Ѵarge fѴat rocks at 
ƐƔ m ŐFigure Ƒőĺ One month Ѵaterķ two sets of transpѴanted animaѴs 

were sampled (each of n Ʒ ƑƓőĺ Three sets of controѴs Őeach of n Ʒ ƑƓő 
were aѴso sampѴed from each zoneĹ intertidaѴ and subtidaѴ animaѴs 
at time point zeroķ intertidaѴ and subtidaѴ animaѴs at Ɛ month Őtimeņ
seasonaѴ controѴő and painted animaѴs that had been pѴaced back into 
their originaѴ habitat and sampѴed at Ɛ month ŐmanipuѴation con-

troѴső ŐFigure Ɛķ TabѴe Ɛőĺ For each animaѴķ the sheѴѴ Ѵengthķ height and 
width were measured with vernier caѴipers Őmmőĺ

ƑĺƑՊ|ՊLimpet migration

During the experimentķ the transpѴanted animaѴs started to move 
back to their originaѴ habitatĸ henceķ ad hoc observations of the 
movement of the transpѴanted Ѵimpets were carried outĺ Painted 

F IGURE  ƐՊRepresentation of both the 

transpѴant and accѴimation experimentaѴ 
designs

F IGURE  ƑՊ Intertidal and subtidal 

environments near Rotheraĺ Őaő GeneraѴ 
view of the intertidaѴ region around 
Rothera baseĸ Őbő direct view of the guѴѴy 
where the Ѵimpets were transpѴantedķ 
fiѴѴed with brash iceĸ Őcő transpѴanted 
Ѵimpets in the intertidaѴĸ Ődő transpѴanted 
Ѵimpets in the subtidaѴ at ƐƔ mĺ Photos 
courtesy of LѴoyd Peck

(a) (b)

(c) (d)
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sheѴѴ coѴour was noted and animaѴ position Ѵogged either by measur-
ing how far they had moved from the originaѴ site they were trans-

pѴanted to or by ranking their position in terms of distance movedĺ

ƑĺƒՊ|ՊRNA extraction protocoѴ and sequencing

RNA was extracted from the foot tissue Őn Ʒ ѵő for each set of controѴ 
and transpѴanted animaѴs using TRI reagent ŐBioѴineő and purified on 
RNeasy miniŊ coѴumns ŐQiagenő according to manufacturersĽ instruc-

tionsĺ RNA was quantified using a NanoDrop NDŊ ƐƏƏƏ ŐLabTech 
InternationaѴőĺ The individuaѴs from each treatment Őn Ʒ ѵő were 
pooѴed in equaѴ amounts for RNAŊ Seq to produce a singѴe Ѵibrary 
for each treatmentĺ An initiaѴ sequencing runķ using two separate 
libraries of pooled subtidal and intertidal control animals was per-

formed on the Roche ƓƔƓŊ GSŊ FLX Titanium pѴatform ŐUniversity 
of Cambridgeķ Department of Biochemistry Sequencing FaciѴityő to 
confirm expression differences between the intertidaѴ and subtidaѴ 
cohorts before more extensive sequencing of the transpѴant experi-
mentĺ Further sequencing was performed on aѴѴ controѴ and trans-

pѴant treatments on an IѴѴumina GAIIx at Edinburgh Genomicsĺ

ƑĺƓՊ|ՊTranspѴant experimentĹ Generation of 
backbone transcriptome and mapping

The sequences from the originaѴ ƓƔƓ pyrosequencing run 
ŐƐƐķѵѶѶķѶƓƒ readső were assembѴed using NewbѴer ŐRocheőķ yieѴding 
ƖķѶƏƐ contigs with a mean Ѵength of ѵƓѵ bpĺ These were annotated 
using the GenBank nr database ŐBensonķ KarschŊ Mizrachiķ Lipmanķ 
OsteѴѴķ ş WheeѴerķ ƑƏƏƕő using a threshoѴd vaѴue for annotation of 

any matches below 1eƴƐƏĺ Two repѴicate runs from each of the six 
treatments were run on the GAIIx resuѴting in ƒƏŊ bp sequences of 
subtidaѴ controѴ time Ə ŐSTCő Ʒ ƐƐķѵƖƔķƐƐƏĸ subtidaѴ controѴ Ɛ month 
ŐSTƐMő Ʒ ƓķƕƑƒķƓƏƑĸ subtidaѴ painted controѴ ŐSTSTő Ʒ ƔķƓƕƔķƓƖƕĸ in-

tertidaѴ controѴ time Ə ŐITCő Ʒ ƓķƕѶƔķƏѶƖĸ intertidaѴ controѴ Ɛ month 
ŐITƐMő Ʒ ƒķƖƒƏķƑѵƕĸ intertidaѴ painted controѴ ŐITITő Ʒ ƐѵķƖƖƐķƕƕƒĸ 
intertidaѴ transpѴant ŐITSTő Ʒ ƔķƓƓƏķѵƐѵĸ subtidaѴ transpѴant 
ŐSTITő Ʒ ƔķƑƏƖķƑƕƑĺ These were mapped onto the reference contigs 
using Maq ŐLiķ Ruanķ ş Durbinķ ƑƏƏѶőĺ Three approaches were used 
to determine the significantѴy differentiaѴѴy expressed contigs and 
two of these were appѴied sequentiaѴѴy to the transpѴant treatments 
for added stringencyĺ A normaѴised transcripts per miѴѴion Őtpmő 
vaѴue from the mapping onto the contig was compared to the controѴ 
set by dividing the tpm vaѴue to the maximum of the controѴ set Őfor 
STĹ STITņmaxŐSTCķSTCƐMķSTSTőőĺ A twofoѴd cutŊ off criteria was re-

quired for seѴection at this stageĺ The use the counts was used in an-

other approach in a ratio test where the mapping for a transpѴant setķ 
for exampѴe STITķ was tested against each different controѴ set inde-

pendentѴy Őiĺeĺ STIT compared to STCķ STIT compared to STCƐM and 
STIT compared to STSTő and the p- values adjusted with a selection 

cut- off of .01. The final results were the joint selection of these two 

criteriaĺ The Bayesian modeѴѴing program BAYSEQ ŐHardcastѴe ş KeѴѴyķ 
ƑƏƐƏő was used using this repѴicate structure to determine the popu-

lation differences with an adjusted p- value cut- off of .05. Different 

cutŊ offs were used according to the approach as the seѴection cri-
teria are independentĸ the TPM and foѴd change require stricter p- 

vaѴue cutŊ offsķ whereas the Bayseq is aѴready strictķ and the cutŊ off 
vaѴue was chosen to retrieve the most significant resuѴting genesĺ 
The final selection was an intersection of these two independent 

TABLE  ƐՊExpѴanation of the experimentaѴ regimes and associated sampѴing

Samples ExperimentaѴ vaѴue

Subtidal controls

SubtidaѴ animaѴs sampѴed at time Ə ŐSTCő ControѴ at the start of the experiment

SubtidaѴ animaѴs sampѴed at Ɛ month ŐSTƐMő ControѴ at the end of the experiment ŐtemporaѴ controѴő

SubtidaѴ animaѴsķ sheѴѴs painted and repѴaced at ƐƔ m ŐSTSTő ControѴ for experimentaѴ manipuѴation Őpaintedő and aѴso timeķ as sampѴed at 
the end of the experiment ŐtemporaѴ and manipuѴation controѴő

Intertidal controls

IntertidaѴ animaѴs sampѴed at time Ə ŐITCő ControѴ at the start of the experiment

IntertidaѴ animaѴs sampѴed at Ɛ month ŐITƐMő ControѴ at the end of the experiment ŐtemporaѴ controѴő

IntertidaѴ animaѴsķ sheѴѴs painted and repѴaced into the 
intertidaѴ zone ŐITITő

ControѴ for experimentaѴ manipuѴation Őpaintedő and aѴso timeķ as sampѴed at 
the end of the experiment ŐtemporaѴ and manipuѴation controѴő

Transplanted animals

SubtidaѴ animaѴs transpѴanted to the intertidaѴ zone ŐSTITő Transplant

IntertidaѴ animaѴs transpѴanted to ƐƔ m ŐITSTő Transplant

9- Month acclimation

IntertidaѴ animaѴs accѴimated in the aquarium for Ɩ months 
ŐITAő

Common garden accѴimation in the aquarium

SubtidaѴ animaѴs accѴimated in the aquarium for Ɩ months 
ŐSTAő

Common garden accѴimation in the aquarium

Sample codes are in brackets.
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approachesĺ Those upreguѴated transcriptsķ which were putativeѴy 
annotated using BѴast sequence simiѴarity searching were manuaѴѴy 
verified and then further anaѴysed using the STRING program to visu-

aѴise potentiaѴ proteinŋprotein interactions using UniProtKB human 
identifiers ŐhttpsĹņņstringŊdbĺorgņőĺ

ƑĺƔՊ|ՊAccѴimation studies

A further set of intertidaѴ and subtidaѴ animaѴs was coѴѴected in the aus-

tral summer of 2014. These were transported to the UK and held sepa-

rateѴy in the Cambridge aquarium for Ɩ months in a common garden 
experimentĺ The aquarium is a reŊ circuѴation system heѴd at Ə Ƽ ƏĺƐŦCķ 
saѴinity at ƒƓ psu ŐƼƐő and a ƐƑĹƐƑ ѴightĹdark regimeĺ The animaѴs were 
heѴd in the same aquarium tank at simiѴar densitiesķ but the subtidaѴ and 
intertidaѴ cohorts were kept separatedĺ They fed on aѴgae growing on the 
aquarium waѴѴsĺ There were no mortaѴities during the accѴimation periodĺ 
The RNAs from foot tissue were extracted as described above from six 
simiѴar sized animaѴs from the intertidaѴ ŐsheѴѴ size Ʒ ƑƔĺƑѶ Ƽ ƏĺƒƏ mm 
SE meanő and the subtidaѴ ŐsheѴѴ size ƑƔĺƓ Ƽ ƏĺƓѶ mm SE meanőĺ There 
was no significant difference between the sheѴѴs sizes of each cohort 
(T Ʒ ƏĺƑƐķ p Ʒ ĺƓƐķ df Ʒ Ѷőĺ The six RNA extractions from each of the 
intertidal and subtidal animals were pooled to form two libraries of 

subtidaѴ and intertidaѴ RNAsĺ TruSeqvƑ Ѵibraries were made from each 
of the two pooѴs and subjected to a MiSeq ƕƔ bp paired end read run 
ŐUniversity of Cambridgeķ Department of Biochemistry Sequencing 
FaciѴityőĺ Each Ѵibrary was mapped to the originaѴ transcriptome back-

bone and anaѴysed as described above seѴecting significant differentiaѴ 
expression on foѴd change and p- value adjusted ratio test.

ƑĺѵՊ|ՊMethyѴation studies

DNA was extracted from the foot tissue of intertidaѴ and subtidaѴ an-

imals (the controls and transplanted individuals as described above: 

Figure Ɛķ TabѴe Ɛő using the DNeasy BѴood and Tissue kit ŐQiagenő 
according to manufacturersĽ instructionsĺ The DNA concentration 
and quaѴity were checked by a spectrophotometer ŐNanoDropķ NDŊ 
ƐƏƏƏő and an AgiѴent ƑƑƏƏ TapeStation systemĺ To detect meth-

yѴation patterns in the different DNA sampѴesķ a modified AFLP 
technique using methyѴationŊ sensitive restriction enzyme ŐMspI and 

HpaIIő digestion was carried out ŐData Sƒőĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊTranspѴantationķ migration and recapture of 
transplanted limpets

The aim was to sampѴe ƑƓ animaѴs for each treatmentķ incѴuding the 
controѴsĺ This was possibѴe in aѴѴ casesķ with the exception of the subtidaѴ 
animaѴs transpѴanted to the intertidaѴ zone where it was onѴy possibѴe to 
retrieve ƐƖ individuaѴs from the intertidaѴ zoneĺ AѴѴ animaѴs were sexu-

aѴѴy matureķ aѴthough individuaѴ sexes were not notedĺ There was no 
significant size difference between any of the intertidaѴ animaѴs sam-

pѴed in this experiment ŐoneŊ way ANOVA FƒķƖƔ Ʒ ƏĺƔƕķ p Ʒ ĺѵƒѵőĺ The 

subtidaѴ animaѴs sampѴed showed significant differences in size ŐoneŊ 
way ANOVA FƒķƖƏ Ʒ ѵĺƐѵķ p Ʒ ĺƏƏƐőĺ There was no difference between 
the three sets of subtidaѴ controѴ animaѴs ŐTukey ƻ ƏĺƏƔőķ but the re-

trieved animaѴs transpѴanted to the intertidaѴ were significantѴy smaѴѴer 
than the controѴs ŐTukey ƺ ƏĺƏƔőĺ These transpѴanted animaѴs Őmean 
Ѵength ƐƖĺѶ mm Ƽ ƏĺƖ SEő and aѴso the controѴ subtidaѴ animaѴsķ which 
were sampѴedķ painted and put back into the subtidaѴ ŐƑƒĺƑ mm Ƽ ƏĺѶ 
SEő Ődifference in sizeĹ T = 2.84; p = 0.007; df Ʒ ƒƖő were from the same 
originaѴ sampѴe of ƐƑƏ painted animaѴs and were aѴѴocated at random 
between the two Ѵocationsĺ Given the probѴems of retrieving a fuѴѴ set 
of ƑƓ subtidaѴ animaѴs from the intertidaѴ zone after a monthķ the most 
ѴikeѴy concѴusion was that the Ѵarger animaѴs were either faster or more 
capabѴe at returning to the subtidaѴ zoneĸ henceķ the observed differ-
ence in size of the retrieved transpѴanted subtidaѴ animaѴsĺ

This species is not a homing Ѵimpet ŐWaѴkerķ ƐƖƕƑőĸ thereforeķ it 
was surprising to see that the transpѴanted animaѴs were moving back 
to their originaѴ habitatsĺ This migration was reѴativeѴy rapid as evi-
denced at the finaѴ sampѴing by the inabiѴity to retrieve more than ƐƖ 
subtidaѴ individuaѴs Őfrom an originaѴ n Ʒ ѵƏő from the intertidaѴ guѴѴyķ 
which incѴuded sampѴing in Ɛ m of water at Ѵow tideĺ At severaѴ time 
points during the experimentķ the movement of animaѴs was cata-

Ѵoguedĺ After ƒ daysķ ranking of animaѴs in the intertidaѴ guѴѴy showed 
that the transpѴanted subtidaѴ individuaѴs had migrated further down 
the shore towards deeper water than the intertidal limpets (Spearman 

rank order [rho] correlation = 1; p ƺ ĺƏƏƏƐőĺ At ƒ weeksķ the measure-

ment of distance moved aѴong the guѴѴy showed that the subtidaѴ 
animaѴs had moved significantѴy cѴoser to the deeper water than the 
replaced intertidal animals (t- test: T Ʒ ƴƓĺƒƏĸ p < .0001; df Ʒ ƒƑőĺ In the 
subtidaѴ at ƐƔ mķ after Ƒ weeks most subtidaѴ animaѴs had not moved 
off the rocks they were repѴaced ontoķ but the transpѴanted intertidaѴ 
animaѴs had moved significantѴy towards more shaѴѴow depths Őt- test: 

T = 3.08; p = .006; df Ʒ ƐƖőĺ In each caseķ animaѴs that were repѴaced in 
their originaѴ habitat did not traveѴ towards the opposite zoneĺ

ƒĺƑՊ|ՊGene expression anaѴyses from the 
transpѴant experiment

To determine if gene expression profiѴes had been modified with trans-

pѴantationķ the transcripts upreguѴated in the transpѴanted animaѴs were 
compared with controѴ animaѴs from both their originaѴ environments 
and aѴso the controѴ animaѴs from the zone to which they had been trans-

pѴantedĺ This expression profiѴing reveaѴed that intertidaѴ transpѴants 
maintained the ľintertidaѴ gene profiѴeĿ despite being transpѴantedĺ A 
much bigger change was found with the transpѴanted subtidaѴ animaѴsķ 
which indicated that they were reŊ setting their ceѴѴuѴar machinery to 
cope with their new stressfuѴ intertidaѴ environment ŐTabѴe Ƒőĺ These 
shifts in gene expression patterns are described in greater detaiѴ beѴowĺ

ƒĺƒՊ|ՊIntertidaѴ transpѴants compared with intertidaѴ 
controѴ animaѴs ŐoriginaѴ habitatő

There was a smaѴѴ difference numericaѴѴy in the expression pro-

fiѴes in this comparisonķ with onѴy ƐƓ unique annotations in the 

https://string-db.org/


ՊՍ Պ | ՊƐƖѶƕFunctional EcologyCLARK ET AL.

differentiaѴѴy expressed transcripts ŐTabѴe Ƒőķ that is the intertidaѴ 
transpѴants maintained a very simiѴar profiѴe to that of the originaѴ 
intertidal controls.

ƒĺƓՊ|ՊIntertidaѴ transpѴants compared with subtidaѴ 
controѴ animaѴs ŐtranspѴant habitatő

This comparison produced a higher number of upreguѴated tran-

scripts ŐƔƒƒ with ƐƓƕ annotations ŒTabѴes Ƒ and SƐœőĺ Of these se-

quencesķ ƐƑƒ were annotated via the UniProtKB Human identifiers 
and entered into the STRING programĺ ResuѴts showed significant 
enrichment of functionaѴ groups Őp = 2.29eƴƐƑķ with expected in-

teractions at p = 8.88e+1őķ which resuѴted in five main transcription 
modules. These comprised transcripts involved in the respiratory 

chain Őcytochrome oxidases MTŊ COƒķ MTŊ CYBőķ protein produc-

tion ŐRPL ribosomaѴ proteinsőķ antioxidants ŐincѴuding gѴutathione 
genesķ caspases and superoxide dismutasesőķ protein degradation 
Őproteasome subunit genes such as PSMBƒ and LMPƕő and DNA 
repair ŐpoѴymerases and Ѵigasesķ eĺgĺ POL and LIG genesőĺ Genes in-

volved in actin cytoskeleton pathways were distributed around the 

network ŐFigure ƒķ Data SƓőĺ These are aѴѴ moduѴesķ which are often 
associated with the classical cellular stress response. The STRING en-

richments showed support for the main functionaѴ groups identified 
through the manuaѴѴy verified BѴast sequence simiѴarity searching 
with an additionaѴ two transcripts annotated as potentiaѴ sheѴѴ matrix 
proteinsķ which wouѴd not have been identified in STRING due to the 

human centric nature of the data ŐTabѴe SƐőĺ Thusķ after Ɛ month at 
ƐƔ mķ the intertidaѴ animaѴs stiѴѴ retained their originaѴ intertidaѴ gene 
expression profiѴeĺ

ƒĺƔՊ|ՊSubtidaѴ transpѴants compared with subtidaѴ 
controѴ animaѴs ŐoriginaѴ habitatő

In this comparisonķ ƔƑƒ transcripts were upreguѴated with ƐƑƒ pu-

tative annotations ŐTabѴes Ƒ and SƑőĺ Significant enrichment was 
observed (p = 6.56eƴƓķ with expected interactions at p = 3.20e+1ő 
using the STRING program ŐData SƔőĺ The interactions produced more 

diffuse gene networks compared with the intertidaѴ anaѴysisĺ There 
was one main node centred on PAƑGƓ ŐproѴiferation associated ƑGƓ 
ƒѶ kDa proteinőķ a gene invoѴved in signaѴ transduction and growth 
reguѴationĺ The interactions with this gene produced three branches 
Ѵeading to two moduѴes of ribosomaѴ proteins Őprotein transѴationő 
and another centred on MAP kinase signaѴѴing and the cytoskeѴeton 
ŐData SƔőĺ The STRING analysis was reflected in the Blast annotations 

with over 16% of the identified transcripts putatively involved in ei-

ther signaѴѴingķ trafficking or transport ŐFigure ƒőĺ In additionķ Ɩѷ of 
annotations showed a relationship with the cytoskeleton and two 

transcripts putativeѴy invoѴved in the sheѴѴ matrix Őcarbonic anhy-

drase and chitin synthaseőĺ The Ѵatter are particuѴarѴy significant as a 
response to this new harsh environment where there is considerable 

mechanical stress on the shells due to brash ice and wave action 

and thicker sheѴѴs wouѴd be needed ŐFigure Ƒőĺ Henceķ these data in-

dicated cellular processes in transition with subtidal transplants re-

configuring their ceѴѴuѴar machinery towards coping with the more 
stressful intertidal environment.

ƒĺѵՊ|ՊSubtidaѴ transpѴants compared with intertidaѴ 
controѴ animaѴs ŐtranspѴant habitatő

Fewer transcripts were upreguѴated in this comparison with onѴy Ɛƕ 
unique annotations ŐTabѴe Ƒőĺ This indicated that the subtidaѴ animaѴs 
were changing their gene expression to that of the ľintertidaѴ ex-

pression profiѴeĿ ŐTabѴe Ƒőĺ

ƒĺƕՊ|ՊCommon garden accѴimation studies in 
an aquarium

Even after Ɩ months in common aquarium conditionsķ the expres-

sion differences between the intertidal and subtidal cohorts were 

not compѴeteѴy erased ŐTabѴe Ƒőĺ The annotations of the accѴimated 
subtidaѴ animaѴs showed no strong functionaѴ groupings or signifi-
cant protein�protein interaction networks in the STRING program 
ŐTabѴe Sƒőĺ In contrastķ significant enrichment was observed in 
the STRING program Őp = 4.31eƴƕķ with expected interactions at 

TABLE  ƑՊThe number of transcripts upreguѴated in the transpѴanted animaѴs compared with controѴ animaѴs in both the intertidaѴ and 
subtidaѴ zones and the accѴimation experiment

TranspѴant Expression profiѴe comparison
No of transcripts 
upregulated Largest expression differences

Intertidal With originaѴ environment ŐintertidaѴő ƐƔƓ Őƒƒő

Intertidal With transpѴant environment ŐsubtidaѴő ƔƔƒ ŐƐƓƕő +553

Subtidal With originaѴ environment ŐsubtidaѴő ƔƑƒ ŐƐƑƒő +523

Subtidal With transpѴant environment ŐintertidaѴő ƐѶƏ ŐƒƖő

AccѴimation Comparison

No of transcripts 
upregulated UniProtKB annotations

Intertidal With aquarium accѴimated subtidaѴ animaѴs ƓѵƖ ŐƐƒƔő 85

Subtidal With aquarium accѴimated intertidaѴ animaѴs ƓƑƕ ŐƖѵő 59

The numbers in brackets show the number of transcripts with annotation defined using BѴast sequence simiѴarity searchingĺ
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p = 1.14e+1ő for the intertidaѴ accѴimated dataĺ One smaѴѴ net-
work of Ɛƕ genes was identifiedķ which centred not onѴy around 
transcripts putativeѴy invoѴved in gѴutathionyѴation Őresponse to 
oxidative stress and signaѴѴingőķ but aѴso incѴuded other transcripts 
invoѴved combating reactive oxygen species ŐROSőķ the pentose 
shunt pathway and membrane transporters representing a residue 
of the native intertidaѴ gene expression profiѴe ŐFigure Ɠķ TabѴes ƒ 
and SƓőĺ Thusķ further vaѴidating the initiaѴ gene expression dif-
ferences between intertidal and subtidal cohorts obtained from 

animals sampled in the wild.

ƒĺѶՊ|ՊMethyѴation studies

msŊ AFLP genotypes were generated for a representative subset 
of ƒƒ individuaѴs ŐcontroѴsķ transpѴants and accѴimatedĹ ѵ Ƶ ITCķ 
ѵ Ƶ STCķ ѵ Ƶ ITAķ Ɠ Ƶ STAķ ѵ Ƶ ITSTķ Ɣ Ƶ STITő for ƐƕƑ Ѵociĺ Of the 
ƐƕƑ Ѵociķ ƕƐ were cѴassified as methyѴationŊ susceptibѴe ŐMSLĸ ƔƑ 
of these poѴymorphicő and ƐƏƐ as unmethyѴated ŐNMLĸ ƓƔ poѴy-

morphicőĺ There was a significant difference in msŊ AFLP diver-
sity between MSL and NMLķ with Shannon diversity indices of 
S = ƏĺƔƐ Ƽ ƏĺƐƓ SD and S = ƏĺƒƔ Ƽ ƏĺƐѵ SDķ respectiveѴy ŐW = ƐƕѶƕķ 
p < ĺƏƏƏƐőĺ There was significant epigenetic differentiation Őmeth-

yѴation patternső among aѴѴ groups ŐΦST Ʒ ƏĺƐƑƏķ p < ĺƏƏƐő but no 
genetic differentiation across aѴѴ nonŊ methyѴated bands scored 
(ΦST Ʒ ƏĺƏƏƖķ p < ĺƒƐƕőĺ Pairwise comparisons between subtidaѴ 
and intertidaѴ groups for three treatments ŐcontroѴs at the start of 
the transpѴant experimentķ transpѴanted animaѴs and ƖŊ month ac-

cѴimated individuaѴső reveaѴed significant epigenetic ŐmethyѴationő 
differentiation for C (ΦST Ʒ ƏĺƐƒƐķ p = ĺƏƏƔő and T ŐΦST Ʒ ƏĺƐѵƔķ 
p = ĺƏƏƖőķ indicating epigenetic effects associated with habi-
tat. This difference was not observed for the acclimated sam-

ples (ΦST Ʒ ƴƏĺƏƏƓķ p = ĺƔƓƏőķ suggesting Ѵoss of habitatŊ specific 
methylation patterns over the 9- month time- scale. There was no 

significant genetic differentiation for any of the pairwise com-

parisons (C ΦST Ʒ ƴƏĺƏƔѶķ p = .945; T (ΦST Ʒ ƴƏĺƏƐƖķ p = ĺѵƏƒőĸ ƐM 

(ΦST Ʒ ƴƏĺƏƏƔķ p = ĺƔѵѶőķ substantiating previous AFLP popuѴation 
anaѴyses of this species in this area ŐHoffman et aѴĺķ ƑƏƐƏőĺ

ƓՊ |ՊDISCUSSION

These data describe for the first time detailed intertidal and subtidal 

gene expression profiѴes and show that durabѴe programmed aѴ-
teration in gene expression pѴays a significant roѴe in mouѴding Ѵife 
to the stressfuѴ intertidaѴ ѴifestyѴeĺ The gene expression profiѴes of 
N. concinna from the intertidaѴ and subtidaѴ were changed on trans-

pѴantationķ but the extent of this change depended on the habitat 
of originĺ The expression profiѴe of transpѴanted subtidaѴ Ѵimpets 
changed showing graduaѴ accѴimation to the stressfuѴ intertidaѴ zoneĺ 
In contrastķ after a month spent at depths beѴow ƐƔ mķ the expres-

sion profiѴe of the transpѴanted intertidaѴ animaѴs ѴargeѴy remained 
the sameĺ AѴthough the metaboѴism of Antarctic benthic species is 
much sѴower than temperate animaѴs ŐPeckķ ƑƏƐѵőķ gene expression 
responses can be rapid with significant responses seen within an 
hourķ as measured in heat shock experiments previousѴy performed 
on this species ŐCѴarkķ Fraserķ ş Peckķ ƑƏƏѶőĺ Henceķ the Ѵack or very 
sѴow rate of change in gene expression profiѴes of the transpѴanted 
animaѴs was surprising and therefore other factors reguѴating gene 
expression must be invoѴvedĺ The subject of these experimentsķ the 
Antarctic Ѵimpet is a broadcast spawner and thus has the advantage 
that such evaluations are made on the basis that the ecotypes sam-

pѴed are from the same genetic popuѴationĺ Thereforeķ the differ-
ences in expression profiѴes between intertidaѴ and subtidaѴ cohorts 
represented phenotypic pѴasticity and were not the resuѴt of genetic 
differentiationķ as supported by current and previous genetic anaѴ-
yses ŐHoffman et aѴĺķ ƑƏƐƏőĺ The intertidaѴ and subtidaѴ expression 
profiѴes were associated with differences in methyѴation patternsķ 
which diminished in the common garden experiment over Ɩ months 
aѴong with the dominating intertidaѴ gene expression patternĺ These 
data strongѴy suggest that epigenetic reguѴation ŐmethyѴationő may 

F IGURE  ƒՊSummary of gene 
expression resuѴtsķ showing predominant 
functionaѴ groups in each transpѴanted 
group and shared transcripts compared 
with controѴ subtidaѴ animaѴsĺ For a fuѴѴ set 
of gene IDsķ see tabѴes in Data SƓķ SƔ and 
TabѴes SƐķ SƑ
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pѴay a significant roѴe in shaping the physioѴogy of these animaѴs to 
their particuѴar habitat ŐintertidaѴ or subtidaѴőĺ

PhysioѴogicaѴѴyķ N. concinna shows considerable modifications 

according to habitat zone and depth ŐMorѴey et aѴĺķ ƑƏƐƏĸ WaѴѴer 
et aѴĺķ ƑƏƏѵĸ Weihe ş AbeѴeķ ƑƏƏѶőĺ In addition to the pubѴished 
dataķ further data are avaiѴabѴe showing that subtidaѴ animaѴs have 
almost double the wet body mass compared with intertidal ani-

maѴs ŐData SƑő and that the thermaѴ Ѵimits of intertidaѴ animaѴs are 
higherĺ The upper ѴethaѴ Ѵimit of animaѴs warmed at ƐŦCņhr was ƒĺѶŦC 
higher in intertidaѴ animaѴs compared with those in the subtidaѴ zone 
(H Ʒ ƑƒĺƔƏķ df Ʒ Ɛķ p ƺ ĺƏƏƐő ŐData SƐőĺ Thusķ there is considerabѴe 
evidence that there are defined physioѴogicaѴ requirements for Ѵife 
in the two different zonesķ aѴthough there are cѴearѴy dependency 
effectsĺ For exampѴeķ the righting abiѴity of both forms is reѴated to 
sheѴѴ shapeķ with righting being more efficient in intertidaѴ animaѴs 
ŐMorѴey et aѴĺķ ƑƏƐƏőĺ The intertidaѴ animaѴs are aѴso better abѴe to 
survive hypoxia as there is a bigger air pocket reserve in the taѴѴer 
sheѴѴs ŐWeihe ş AbeѴeķ ƑƏƏѶőĺ ThermaѴ toѴerance can be reѴated to 
the different thermaѴ histories of the two zonesķ with intertidaѴ ani-
maѴs reguѴarѴy exposed to air temperatures in excess of the shaѴѴow 
subtidaѴ waters ŐCѴarkķ GeissѴerķ et aѴĺķ ƑƏƏѶőĺ These data on Ѵimpets 
are vaѴidated by physioѴogicaѴ differences found between intertidaѴ 
and subtidaѴ popuѴations of other speciesĺ For exampѴeķ evaѴuations 
of cѴam and musseѴ species show that intertidaѴ animaѴs exhibit met-
aboѴic rate depressionķ higher rates of anaerobic metaboѴismķ abiѴity 

FIGURE ƓՊ STRING output showing putative proteinŋprotein 
interactions for 9- month acclimated intertidal animals. Transcripts 

represented by red circѴes are putative antioxidantsĸ green circѴesĹ 
involved in the pentose shunt and carbohydrate metabolism; 

yeѴѴowĹ membrane transportersĸ bѴueĹ various functionsĹ GADƑ 
Őneurotransmissionőķ ASNS ŐunfoѴded protein responseőķ GLUL 
ŐgѴutamate metaboѴismőķ MPOĹ Őimmuneőķ FBLNƐ ŐceѴѴ adhesionőĺ 
Transcripts invoѴved in gѴutathionyѴation are grouped in the bѴack 
circle

Gene ID Gene name Putative function

ABCAƐ ATPŊ binding cassette subfamiѴy A 
member

Membrane transporter

AQPƓ Aquaporin Ɠ Membrane transporter

ASNS Asparagine synthetase InvoѴved in the UnfoѴded Protein 
Response

CAT Catalase Antioxidant

FBLNƐ FibuѴin Cell adhesion

GADƑ GѴutamate decarboxyѴase Ƒ Neurotransmission

GFPTƑ GѴutamineŊ fructoseŊ ѵŊ phosphate 
transaminase 2

GѴucose fѴux into the hexosamine 
pathway

GLUL GѴutamateŊ ammonia Ѵigase GѴutamate metaboѴism

GSTAƐ GѴutathioneŊ S- transferase GѴutathionyѴationķ antioxidant

GSTTƑB GѴutathioneŊ S- transferase GѴutathionyѴationķ antioxidant

HK1 Hexokinase Ɛ GѴycoѴysis

MGSTƑ Microsomal 

gѴutathioneŊ S- transferase

GѴutathionyѴationķ antioxidant

MPO MyeѴoperoxidase Immune

PGD PhosphogѴuconate dehydrogenase Pentose shunt pathway

SLCƐAƑ Solute carrier family 1 member Membrane transporter

SLCƕAƔ Solute carrier family 7 member Membrane transporter

TALDOƐ Transaldolase Important for the balance of 

metabolites in the pentose shunt 

pathway

TABLE  ƒՊGene identifiersķ names and 
putative functions of transcripts involved 

in the major network identified in the 

STRING program for ƖŊ month accѴimated 
intertidal animals
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for air breathing and greater hypoxia toѴerance compared with their 
subtidaѴ cohorts ŐAѴtieriķ ƑƏƏѵĸ TagѴiaroѴoķ CѴavierķ Chauvaudķ Kokenķ 
ş GraѴѴķ ƑƏƐƑőĺ There are aѴso differences between animaѴs in the 
two habitats with regard to sheѴѴ morphoѴogyķ physioѴogicaѴ ener-
getics and fatty acid profiѴes ŐFreitesķ Labartaķ ş Fern࢙ndezŊ Reirझzķ 
ƑƏƏƑĸ Hinchķ BaiѴeyķ ş Greenķ ƐƖѶѵĸ Labartaķ Fern࢙ndezŊ Reirझzķ ş 
Babarroķ ƐƖƖƕőĺ Howeverķ to dateķ there has been ѴittѴe moѴecuѴar 
data underpinning these physioѴogicaѴ fѴexibiѴitiesĺ

The data described here clearly show considerable differences 

in Ѵimpet gene expression profiѴes reѴated to zonationĺ These dif-
ferences can be assigned to biochemicaѴ pathwaysķ which correѴate 
with these different capacities and underpin the phenotypic differ-

encesĺ The transpѴanted intertidaѴ animaѴs in the subtidaѴ zone main-

tained an expression profiѴe dominated by transcripts indicative of 
Ѵife in the intertidaѴ where there is requirement to deaѴ with contin-

uaѴѴy fѴuctuating and stressfuѴ conditionsķ such as emersionķ high UV 
and aѴmost constant buffeting with brash iceĺ This was evidenced 
by upreguѴated transcripts putativeѴy invoѴved in the responses to 
emersionķ invoѴving anoxia and hypoxia such as anoxiaŊ induced grѴŊ 
Ѵike protein and HYOUƐĺ AdditionaѴѴyķ genes invoѴved in the cѴassicaѴ 
stress response were present with genes putativeѴy invoѴved in an-

tioxidation and combating ROS ŐFigure ƒķ TabѴe SƐőĺ These incѴuded 
transcripts with high sequence simiѴarity to genes encoding antiox-

idants ŐGSRķ GSTPƐķ MGSTƑķ NXNķ SODƐ and SODƑő and the pen-

tose shunt ŐѵŊ phosphogѴuconate dehydrogenase ŒPGDœőĺ The Ѵatter 
is an important source of reducing ceѴѴuѴar NADPH to combat ROSĺ 
Similar data were found in analyses of metabolic cycles in intertidal 

musseѴs where ѴargeŊ scaѴe changes in physioѴogicaѴ state and metab-

oѴite profiѴes were associated with reguѴar periods of hypoxia and the 
switch to anaerobic metaboѴism associated with emersion ŐGracey ş 
Connorķ ƑƏƐѵőĺ

The constant production of proteins that are considered pro-

tective in the intertidaѴ animaѴs agrees with the previous identifi-
cation of what has been termed �preparative defence� in Lottiaķ an 
intertidaѴ gastropod ŐDongķ MiѴѴerķ Sandersķ ş Someroķ ƑƏƏѶő and 
ľconstitutive frontѴoadingĿ in heat resiѴient popuѴations of coraѴs 
ŐBarshis et aѴĺķ ƑƏƐƒőĺ In the former studyķ candidate heat shock 
proteins ŐHSPƕƏő were measuredĺ High constitutive expression 
ѴeveѴs of these genes were maintained as a preŊ emptive defence 
against extreme and unpredictabѴe heat stress in the intertidaѴ zone 
ŐDong et aѴĺķ ƑƏƏѶőĺ SimiѴarѴyķ high ѴeveѴs of constitutive expression 
of the inducibѴe forms of HSPƕƏ were aѴso demonstrated in N. con-

cinna in response to tidaѴ emersionķ both naturaѴѴy and artificiaѴѴy 
induced ŐCѴark ş Peckķ ƑƏƏƖĸ CѴarkķ GeissѴerķ et aѴĺķ ƑƏƏѶőĺ In the 
coraѴ studyķ RNAŊ Seq anaѴyses reveaѴed that the more resiѴient pop-

uѴations of coraѴ expressed higher ѴeveѴs of heat shock proteins and 
antioxidant enzymes in addition to a series of genes invoѴved in a 
wide range of functions such as apoptosis and immune responses 
ŐBarshis et aѴĺķ ƑƏƐƒőĺ This constant production of defence genes is 
energeticaѴѴy costѴy and can resuѴt in ceѴѴuѴar tradeŊ offs ŐSorensen ş 
Loeschckeķ ƑƏƏѵőĺ In the N. concinna intertidaѴ expression profiѴesķ 
this increased energetic requirement may be refѴected in eѴevated 
levels of transcripts putatively involved in carbohydrate and fatty 

acid metaboѴism aѴong with transcripts invoѴved in transcription and 
transѴation ŐTabѴe Sƒķ Data SƑőĺ

AdditionaѴ functionaѴ groupings were aѴso identified in the upreg-

uѴated transcripts of the intertidaѴ transpѴants ŐTabѴe SƑőĺ The most 
common of these Őƕѷ of the totaѴő comprised cytoskeѴetaѴ proteinsĺ 
It has Ѵong been demonstrated that in yeast actin acts as an oxidative 
stress sensor ŐFarah ş Ambergķ ƑƏƏƕő aѴthough an increasing number 
of environmentaѴ studies have identified a wider range of cytoskeѴ-
etaѴ proteinsķ incѴuding the tubuѴins and coѴѴagenķ as identified here 
ŐFigure ƒķ TabѴe SƑőĺ These cytoskeѴeton genes have been shown to 
be upreguѴated in response to different types of stressķ such as tem-

perature in Ciona and Mytilus and elevated PCO2 in Crassostrea gigas 

ŐFieѴdsķ Zuzowķ ş Tomanekķ ƑƏƐƑĸ Serafiniķ Hannķ KuѴtzķ ş Tomanekķ 
ƑƏƐƐĸ Tomanekķ Zuzowķ Hittķ Serafiniķ ş VaѴenzueѴaķ ƑƏƐƑőĺ The data 
here add to an increasing body of evidence that singѴeŊ ceѴѴed or-
ganisms through to higher vertebrates have incorporated the cyto-

skeѴeton within numerous signaѴѴing pathways and use the dynamic 
state of the cytoskeleton as an important indicator of cell health 

ŐLeadsham ş GourѴayķ ƑƏƏѶőĺ TranscriptionaѴ anaѴyses have showed 
coŊ expression of antioxidants and cytoskeѴetaѴ proteins indicating 
that the cytoskeѴeton is a major target of ROS ŐLeadsham ş GourѴayķ 
ƑƏƏѶőĺ Thusķ upreguѴation of cytoskeѴeton transcripts can be indica-

tors of increased environmentaѴѴy induced ROS activityĺ A further 
moduѴe incѴuded transcripts putativeѴy invoѴved in DNA damage and 
repair Őƒѷ of totaѴő ŐFigure ƒķ TabѴe SƑőĺ This is another documented 
response to environmentaѴ stress and ROS accumuѴationķ which 
can invoѴve nucѴear fragmentation and DNA degradation ŐFarah ş 
Ambergķ ƑƏƏƕĸ GaѴhardoķ Hastingsķ ş Rosenbergķ ƑƏƏƕőĺ Other tran-

scripts of note in the intertidal transplants included those putatively 

invoѴved in the sheѴѴ matrixķ such as thrombospondinŊ  and proѴineŊ 
rich proteins ŐTabѴe SƐőķ which is not entireѴy surprising as the inter-
tidal animals have thicker shells compared with subtidal animals.

ConverseѴyķ the subtidaѴ animaѴs transpѴanted to the intertidaѴ 
region changed their expression profiѴes towards that of intertidaѴ 
animaѴs rather rapidѴy with an anaѴysis of functionaѴ groupings re-

veaѴing a simiѴar profiѴe to the intertidaѴ animaѴsĺ OveraѴѴķ Ƒѷ of tran-

scripts were putativeѴy invoѴved in DNA damage and repairķ Ɠѷ in 
antioxidant activity and Ɩѷ invoѴved in the cytoskeѴetonĺ The Ѵatter 
category incѴuded geѴsoѴinķ an actin depoѴymerising protein which 
has been impѴicated in signaѴѴing processes ŐFarah ş Ambergķ ƑƏƏƕő 
ŐTabѴe SƑőĺ AѴso present were transcripts putativeѴy invoѴved in the 
pentose shunt ŐPGD which provides NADPH intermediates for com-

bating ROSő and the sheѴѴ matrix Őchitin synthase and carbonic anhy-

draseőĺ InterestingѴyķ Ɛƒ annotated transcripts were shared between 
the subtidal and intertidal transplanted animals when their respec-

tive expression profiѴes were compared ŐFigure ƒőĺ These coded for a 
wide range of functions incѴuding the pentose shunt ŐPGDőķ DNA re-

pair ŐLIGƐő and protein foѴding and degradation ŐPPIBķ RANBPƑőĺ Of 
particuѴar noteķ was SORBSƑķ which assembѴes signaѴѴing compѴexesķ 
acting as a Ѵink between kinasesķ such as PAKƐ ŐaѴso present in these 
annotationsőķ with the cytoskeѴetonķ again highѴighting the potentiaѴ 
importance of the cytoskeѴeton in environmentaѴ responsesĺ Thusķ 
the transpѴanted subtidaѴ animaѴs showed an expression profiѴe 
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moving towards that of an intertidaѴ animaѴķ indicative of an increas-

ing requirement to combat ROS and produce a thicker sheѴѴ for de-

fence against brash ice in the intertidaѴ regionĺ This aѴso indicates 
that the environmentaѴ stresses in the intertidaѴ zone Őhypoxiaķ des-

iccationķ temperatureķ iceķ etcĺő act as strong environmentaѴ cues on 
ceѴѴuѴar expression patternsĺ

These moѴecuѴar findings in N. concinnaķ which underpin the 
physioѴogicaѴ responses to the intertidaѴ zone are seen in other spe-

ciesķ in particuѴar when those species are subjected to transpѴan-

tation experimentsĺ For exampѴeķ compensation of the heat shock 
response occurred in mussels moved between the intertidal and 

subtidaѴ zones ŐHaѴpinķ Mengeķ ş Hofmannķ ƑƏƏƓő and the transcrip-

tionaѴ and metaboѴomic cycѴic response to hypoxia in intertidaѴ mus-

sels was still observed when individuals of M. californianus were kept 

submerged for Ƒ weeksĺ These musseѴs continued to undergo spon-

taneous bouts of anaerobiosis to mimic the conditions of emersionķ 
as they wouѴd experience in the intertidaѴ zone ŐGracey ş Connorķ 
ƑƏƐѵőĺ WhiѴe the animaѴs in some transpѴant experiments showed 
compѴete compensation of physioѴogy after transpѴantation to a dif-
ferent shore zone ŐAѴtieriķ ƑƏƏѵőķ other studies recorded Ѵags in com-

pensation whichķ it was suggestedķ were due to either differences 
in ľecoѴogicaѴ memoryĿ or ľadaptation deѴayĿ ŐFreites et aѴĺķ ƑƏƏƑĸ 
Labarta et aѴĺķ ƐƖƖƕőĺ This ľdeѴayĿ was aѴmost certainѴy due to the 
timeŊ scaѴes of the experimentsķ as even in the temperate M. gallo-

provincialis ƒѵŋƔƏ days were required for the animaѴs to adjust their 
physioѴogy to that of a different habitat Őrocky shore vsĺ subtidaѴő 
ŐFreites et aѴĺķ ƑƏƏƑőĺ

This �delay� was also seen in the molecular data described here 

as there was a distinctive and persistent expression profiѴe associ-
ated with Ѵife in the intertidaѴķ even when intertidaѴ animaѴs were 
transpѴanted to the subtidaѴ zoneĺ The most parsimonious expѴana-

tions for these data are either that it took the animaѴs a Ѵong time to 
use their physioѴogicaѴ fѴexibiѴity and accѴimate to their new condi-
tions as has been demonstrated for Antarctic marine invertebrates 
in their thermaѴ physioѴogy ŐPeckķ MorѴeyķ Richardķ ş CѴarkķ ƑƏƐƓőķ 
or that the expression profiѴes associated with the intertidaѴ region 
had become fixed in some wayĺ The Ѵatter may potentiaѴѴy act via 
epigenetic factorsķ one of which is methyѴationĺ Henceķ a common 
garden experiment was performed aѴongside an evaѴuation of ge-

nome methylation patterns.

After being heѴd for Ɩ months in identicaѴ aquarium condi-
tionsķ there were stiѴѴ some significant differences in the gene 
expression profiѴes of the intertidaѴ and subtidaѴ cohortsĺ This 
was surprisingķ given the timeŊ scaѴe which was more than suffi-
cient to enabѴe fuѴѴ physioѴogicaѴ accѴimation in Antarctic species 
ŐMorѴey et aѴĺķ ƑƏƐƐĸ Peck et aѴĺķ ƑƏƐƓőķ and thereforeķ harmonisa-

tion of the transcription profiѴes of both cohorts might have been 
expectedĺ AѴthough the STRING program showed no significant 
networks in the subtidaѴ animaѴsķ there was stiѴѴ a smaѴѴ core of 
Ɛƕ genes enriched in the intertidaѴ accѴimated animaѴs ŐFigure Ɠőķ 
which was cѴearѴy a remnant from the very extensive gene ex-

pression differences previously identified in the transplant 

experiment ŐData SƓ and SƔőĺ A criticaѴ core of an antioxidant 

response remainedķ comprising severaѴ ľcѴassicaѴĿ stress re-

sponse genesķ in particuѴar severaѴ members of the gѴutathioneŊ 
SŊ transferase famiѴyķ which are invoѴved in protecting against 
ROSĺ AѴso present were genes within the pentose shunt path-

way ŐPGDķ SLCƕDƔőķ which generate reducing equivaѴents in the 
form of NADPHķ again invoѴved in preventing oxidative stress 
ŐFigure Ɠőĺ Henceķ the ceѴѴuѴar pathways invoѴved in combating 
ROS remained as the Ѵast set of genes to have their reguѴation 
pattern erased in these accѴimated animaѴsķ thus indicating the 
importance of antioxidant protection systems in the intertidaѴ 
zoneĺ WhiѴe some proteinsķ such as PGD identified in this studyķ 
have been shown to be redox sensitive ŐWang et aѴĺķ ƑƏƐƑőķ our 
accѴimation study indicates that upreguѴation of these tran-

scripts was not a rapid response to a potentiaѴ stressķ but more 
ѴikeѴy a durabѴe preventive mechanism to the intertidaѴ ѴifestyѴeķ 
simiѴar to the preparative defence and constitutive frontѴoading 
described earѴier ŐBarshis et aѴĺķ ƑƏƐƒĸ Dong et aѴĺķ ƑƏƏѶőĺ It may 
be that these remnants of intertidaѴ gene expression are the re-

suѴt of irreversibѴe deveѴopmentaѴ pѴasticityķ but cѴearѴy Ѵonger 
common garden experiments aѴong with expression profiѴing of 
newѴy deveѴoping Ѵarvae wouѴd be required to detect thisĺ Thusķ 
within the context of the current experimentķ the question arose 
as to how these genes are tagged and epigenetics presented as a 
prime candidate for investigationĺ

Epigenetic changes to genomes are increasingѴy recognised as 
an important factor in species modification to local environmental 

conditions ŐBossdorf et aѴĺķ ƑƏƏѶőĺ The mechanisms behind such 
changes incѴude methyѴated cytosine residues ŐƔŊ methyѴcytosine 
or ƔmCőĸ the remodeѴѴing of chromatin structure through chemi-
caѴ changes to histone proteins and reguѴation by smaѴѴ RNA moѴ-
ecuѴesĺ These mechanisms are not mutuaѴѴy excѴusive and may 
combine to act in a compѴex manner ŐBossdorf et aѴĺķ ƑƏƏѶőĺ The 
best studied of these is ƔmCĺ A reѴativeѴy simpѴe test of differen-

tiaѴ cytosine methyѴation between different popuѴationsķ cohorts 
or ѴifeŊ history traits is the use of MSAP anaѴysis ŐReyna Lopezķ 
Simpsonķ ş RuizHerreraķ ƐƖƖƕĸ Sun et aѴĺķ ƑƏƐƓőĺ WhiѴe methyѴ-
ated cytosines have been identified in a number of invertebrates 

ŐTweedieķ CharѴtonķ CѴarkķ ş Birdķ ƐƖƖƕőķ to date ѴittѴe is known 
about how methyѴation affects gene expression in these taxaĺ The 
data here showed significant differences in methyѴation patterns 
between subtidaѴ and intertidaѴ animaѴsķ both at the start of the 
experiment and between the transpѴanted individuaѴsķ indicating 
that epigenetic imprinting pѴays an important roѴe in the differenti-
ation of N. concinna ecotypes to their respective habitats. This pat-

ternķ howeverķ was not observed in the individuaѴs sampѴed at the 
end of the accѴimation experiment indicating that the methyѴation 
may be transient It should be noted that in this preliminary trial a 

very restricted proportion of the genome was assayed for methyѴ-
ation and therefore methylation levels were almost certainly more 

extensive than demonstrated hereĺ These intriguing data demon-

strate the cѴear need for more extensive studies especiaѴѴy as a 
smaѴѴ core of ľintertidaѴ profiѴeĿ genes remained upreguѴated after 
Ɩ monthsĺ These resuѴts showing transient methyѴation status are 
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aѴso simiѴar to those in other speciesķ for exampѴe in trout where 
saѴtŊ enriched diets can trigger shortŊ term genomeŊ wide methyѴ-
ation differences ŐMoranķ MarcoŊ Riusķ Megiasķ CoveѴoŊ Sotoķ ş 
PerezŊ Figueroaķ ƑƏƐƒő and sheѴѴfish in which methyѴation is sug-

gested to act as an immune reguѴatory factor ŐShangķ Suķ Wanķ ş 
Suķ ƑƏƐƔőĺ WhiѴe in this experimentķ it was not possibѴe to assign 
methyѴation to specific genesķ there was a correѴation between the 
extent of methyѴation status and the difference in gene expression 
profiles associated with a particular environment. The methylation 

ѴeveѴs decreased in the common garden experimentķ where there 
was a complete absence of the natural environmental cues further 

substantiating the methyѴationĹ habitat correѴationsĺ

ƔՊ |ՊCONCLUSIONS

These dataķ using RNAŊ Seq reveaѴ the underѴying compѴexity of 
response to maintaining Ѵife in the intertidaѴķ beyond previous can-

didate gene approachesĺ These profiѴes indicated that eѴevated 
expression of genes associated with antioxidant responses form a 
constitutive defence against the harsh intertidaѴ habitatĺ WhiѴe the 
core of such a response is durabѴe Ѵasting many months after the en-

vironmentaѴ cue has been removed it may be reversibѴeĺ Significant 
differences existed in the methyѴation patterns between intertidaѴ 
and subtidaѴ animaѴsķ which were reduced during the common gar-
den experimentķ indicating that epigenetic factors may infѴuence the 
response to habitatĺ These data demonstrating significant pheno-

typic and methyѴation pѴasticity within a geneticaѴѴy homogeneous 
popuѴation are highѴy reѴevant to gѴobaѴ evaѴuations of species abiѴi-
ties to respond to specific habitats and to cѴimate changeĺ CѴearѴyķ 
Ѵinking ѴeveѴs of methyѴation andņor other epigenetic factorsķ such as 
histone acetyѴation and microRNAs to specific genes and functions 
will provide critical data towards a more comprehensive mechanis-

tic understanding of species ceѴѴuѴar resiѴience under future cѴimate 
changeĺ
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