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. Abstract

The longstandingpropositionthat plants may pass on a memory of stress events to the
following generations iagaingaining interest nowhata plausiblemechanism has been
identified. Specificallychanges ilDNA methylation, a dynamic epigenetic mark which
regulates gemexpression, can be inherited. Whilst indirect evidémtieates

transgenerational stress memories may involve perturbations to the DNA methylome, we are
still someway from identifying specific regions of tlepigenomewhich cancarry a

memory of strest the following generations. This research therefore sought to establish to
what extent stressiduced changes in DNA methylatiareinherited and what regions of

the genomareepigenetically regulated in the progeny of stressed plants.

A novel stressnemory was observed in the progenyachbidopsighalianaplants

subjected zinc stres$his stress memomyas observed to be stable over an untreated
generatiorand appears to be specific to zinc. RISAqQ analysis suggests that the progeny of
zinc stressed plants display an altered transcriptetagve to control progenin the

absence of stres&enes involved in iron uptake in the raoidich are upegulatedn zinc
stressshow a reduced expression in the progeny of zinc stressed Blaatsemical
analysidgdentified alterationgn iron uptake in theimc stress progeny. The activity of the

jasmorate signalling pathways also appetr be altered in the a¢ stress progeny.

Wide-scale changes in DNA methylation were not observed during zinc stress or in the
progeny of zinc stressed plants. Indeed, the DNA methylation profieabidopsis
thalianawas observed to be stable in response to a variety of swaditionsAdditionally,
none of the other stressors testesuledin a stess memory in the progeny. Thesults
presented hersuggest that transgenerational stresponsessuch as the zinc stress

memory identifiedare rare inA.thaliana
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Chapterl General Introduction

As sessile organisms, plameact to changes in environmental conditions through a complex
network of responses tljust tkeir development and cellular biochemistRaghavendrat

al., 2010; Tajt al, 2010; Turneet al, 2002) In extremeenvironmental conditionglant

survivalis dependent upon an appropriate stress respbosexample, in response to

osmotic stress, the initigtresgesponse prevesbr reducs damage, beforeomeostasis

canbe reestablished in the stressful condisgdianKang Zhu, 2002)Following the

adjustments in cellular biochemistry and systeragponses through hormonal signalling

plant growthis thenresumedat a slower rateAdditionally, exposure to stressful

environmental conditions can modify the response to subsesfesdorsvithin the same
generation, refr r ed t o a s g by Bruceesak(Bruceepal 2007) Strass

exposure can even modify the stress response of subsequence generations. When discussing
heritable effects of stress,h e t er ms fAstress memoryo and Atr e
are used to descriledfeds of parental streghat are observed only in the immediate

progeny and those observed for multiple generations after the initial stress tredtment.
should be noted at the outset that these @me
memories whih rely upon a nervous system. Unfortunately, the study of transgenerational
stress memorieg plantsis tainted by associations with Lamarckian theories on evolution

and controversial scientists, including Trofim Lysenko, who believedindlated

flowering (vernalisation) could be inherited and provided evidence folDawinian
evolution(Roll-Hansen, 1985Previous attempts to explain observed intergenerational
memories often evokddamarckiantheories on evolution as no mechanisms were known

which could encode such a memdliboff, 2005; Vargas, 2009We now know that

modifications to the epigenome can affect gene expression. These chemical modifications
include methylation of the genomic DNA and various chemical modifications to the tails of
histones. With the discovery that some environmental conditions can induce heritable

changes in DNA methylation, the hypothesis that transgenerational stress memories may be
dependent upon changes in DNA methylation is gaining traction. However, much of the
evidence is still circumstantial and, to date, there are no examples of transgenerational stress
memories which have been shown to be wholly dependent upon a defined change(s) in DNA

methylation.

This introduction will discuss in order, observations aéstrimprints and transgenerational
stress memories, thiegulation, inheritance and function@NA methylation, and the

potential role for DNA methylation in transgenerational stress memories.



Chapterl General Introduction

1.1 Stressimprinting

Stress imprintsnay be encoded in the short term by changes in the transcriptome or
proteome, for which stability is determined by the rate of mMRNA/protein turnover, or by
chromatin modifications which have the poten

lifespan.

The moleculaimpacts of stress aresually short lived. Foexample, expression of the hea
shock protein HSP70 is maintained for less than three hours after a heat shock treatment in
Oryza sativgGoswamiet al,, 2010) However, prareatment with arseaiincreases the
intensity of HSP70 expression during recovery and the duration of the recovery period,
suggesting abiotistressorénteract to influence the duration of short term stress imprints
(Goswamiet al, 2010) Stress imprints may be observeditaga few days after a stress
treatment or hormone applicatioh.thalianasubjected to prreatment witiPseudomonas
syringae(psm) pv. maculicolaor a slicylic acid(SA) analogue application display an
enhanced transcriptional response to subsegqueimding by water infiltratiorr2 hours

later (Jaskiewiczet al, 2011) Likewise, in response to repeated exposure to ABA,
A.thalianaincreases expression of AB#&sponsive genes for at least 3 days after the end of
exposurgGohet al, 2003)

Longer lating stress imprints have also been observed weeks or even months after the stress
treatmentCakile maritimaplants exposed to salinity, drought, or cadmium followed by a 14
day recovery period display an altered response to subsequent NaCl stress, including a
reduced synthesis of JA and a lower accumulation of hydrogen peroxide and
malondialdehyde, indicativef @ lower level of oxidative streq&llouzi et al, 2013) Stress
imprints can even be maintained in the absence of much of the tissue which was exposed to
the initial stress treatment. Drought treatmenAwhenatherum elatiusnhances tolerance

to a sibsequent drought treatment 3 months later, during whichthiemtotal aboveground
biomass has bedrarvested and the plant regro(Mdalteret al, 2011) The increased

tolerance involves an improved photoprotection with correlated increatanirbiomas,

although the mechanism by which the imprinting of the original drought treatment occurs

has not been identified.

The classic examples of stress imprinting are systemic acquired resistance (SAR) and
induced systeru resistance (ISRjVan Weeset al, 2008)which involvemodification ofthe
SA and JA response pathways respectively in response to bioti¢ atr@s$ke production of

volatile organic compounds (VOC) by herbivore challenged plants which signals to distal

3



Chapterl General Introduction

portions of the plant and even teighbouring plantgHeil & Ton 2008) Alongsidestress
imprinting by endogenous plant signalling molecules such as SA, JA and WO&s)ting

can also take place in responsbétaaminobutyric acidBABA) -a plant xenobiotic
compound in an ABA-depenént manne(Ton & MauchMani 2004) The mechanisms by
which biotic stress imprintingnhances biotic tolerance includes the enhanced accumulation
of inactive defence compounds and enhanced expressidA®kinases and transcription
factors(Conrathet al, 2006; Pastoet al, 2013) Stress imprints in response to biotic stress
are associated with a cost to the plant samenhanced response to one biotic stressor can
reduce fitness in response to another biotic stréSsmrathet al, 2006) Biotic stress
imprinting can alsanfluenceabiotic stress toleranghkighlighting the overlap between

biotic and abiotic stress response pathsv&yetreatment with BABA which induces
resistance against pathogd¢dakabet al 2001) alsoincreases the speetitbe stomatal
closure response to drought and Nattéssorsvith a concurrent increase in both drought
and NaCl strss tolerancéJakabet al 2007)

1.2 Stress memories

So far we have considered responses to abiotic and $iggsorsvhich maintainan
fimprintb of the stress in the treated generati or
have also been observed in response to a range of stress treatments, whereby the offspring

appeartpossess a Amemoryo of the parental stres

Leading o from the biotic stress imprints, stress memories in response to biotic stress
appeato be a commonresponseacross the plant kingdo®asmanret al, 2012b)
A.thalianaandSolanum lycopersicuprogenyoriginating from parents challenged with
catepillar herbivory orapplication of methyl jasmonate display a lower caterpillar growth
when challenged themselves wikeris rapaeor Helicoverpa zegdRasmanret al, 2012a)
TheA.thalianaprogeny exhibit higher expression of jasmoratsynthesigened. OX2
andAOSin response t®.rapae(Rasmanret al., 2012a) suggesting the increased tolerance
in the following generation is likely to depend on alteration to the jasmonate signalling
pathway. Additionally, the progeny @éfthalianaplants challenged wh Pst.exhibit lower
expression of the Jesponsive defence geesANT DEFENSIN1.2 (PDF1.2nd
VEGETATIVESTORAGE PROTEINZ2 (VSHB&)response to JfEstrella Lunaet al, 2012)
This and other experiments suggest alteration of théep®ndent bioticesponsés a

common mechaism in biotic stress memori¢Galiset al, 2009)
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An increased stress tolerance is also observed in the progeny ahddi@atreated
A.thaliana The progeny of cold treated plaméxover photosynthetic yield faster following
freezing stress than control progeny, with associgledges inranscription factor
expression level@lodneret al, 2007) However, the increased tolerance to freezing stress
is accompanied by decreaséddss in favourable conditions, suggesting the tolerance
comes with an attached cost to the plant in the absence of Stress.memories in
A.thalianain response to heat stress may be partially accedsipendent. Following 3
generations of heat sgg SheD but not Col0 plants display accelerated flowering in
control conditions compared to the progeny of untreated pl8atsr and Widmer, 2013)
Interestingly, tle progeny of Shé x Col-0 alsodisplay an increased salt stress tolerance
when eithe parental plant has experienced 3 generations of salt stress, although the
increased tolerands not observed in either sd#rtilised Sha0 or ColO, or in the

reciprocal Col0 x Sha0 crosqSuter and Widmer, 2013Jhere are indications that hybrid
vigour may involve24nt siRNAs(Groszmanret al, 2011) whichleads Suter & Widmer to
suggest thathe stress memory they obsedapend on an interaction betweéhe initial
stress treatments and heterogiy this should be observed in the $ha Col0 cross but
not the reciprocal cross is unclear, however an imbalance has been observed between
maternal and paternal 24nt siRNA in the s@ddsheret al, 2009)which may explain why

the stress memory is not observed in both crosses.

Evidence for a strasmemory mechanism in response to salinity comes from the observation
that the offspring oTaraxacum officinalédandelion) plants exposed to NaCl stress show
altered stress responses. Specifically, the progeny of NaCl stressed plants display a greater
leaf length than control progeny under NaCl stress condifdehoeven and Van Gurp,

2012) Additionally, Boyko et alobserved an increase in NaCl stress tolerance in the
immediate progeny of Na@teatedA.thaliana(Boyko et al., 2010) suggesting stress

memories in response to salinity may be a common response in plants. Stress tolerance was
assessed by germination frequency and root growth, both of which were greater in the
offspring of NaCltreated plantéBoyko et al.,, 2010) Howeve, this apparent memory of

stress was unstable, being lost following a single untreated generation. It is unclear whether
an increased germination frequency and gvowthunder high salinity can be considered
beneficial to the progeny as germination uritigh salinity is usually inhibited to protect

the seedling from developing in unfavourable conditign$arket al., 2011)and

modulation of root growth in high salinity may also be a protective resgbnSeinet al,

2008)
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In addition to the abovstress memory in response to salinftyfficinale has previously
been observed to pass on a memory of nutrient deficient condamidentified by a
greater shoot:root ratio under nutriggficiency stress the progeny of stressed plants
relativeto control progenyVerhoeven and Van Gurp, 2012owever, this observation was
not reproduciblesuggesting the observation was either false positive, or else the plant
responds to nutrient stress in interaction with other environmental conditionswéremot
sufficiently controlled More convincing evidence for stress memories in response to
nutrient stress comes from experiments Witaintago lanceolataParental effects on
offspring traits are observed in the progenyofanceolataplants grown uder low nutrient
conditions which display a shorter time to flowering under low nutrient conditions with
concurrent increases in carbon storage and biomass compared to control flragestgt
al., 2013, 201Q)

Theseobservationsllude to a possibleommonstress memory mechanism in pigiin

responseo abiotic and biotic stress conditions which modifies growth traits in the offspring.
However the progeny of\.thalianaC24 ecotype plants subjected to NaCl stress produce
hypertolerant progenfBoyko et al.,, 2010) whereas the progeny &.thalianaCol-0 or

Sha0 do not(Suter and Widmer, 2013Thisinconsistencyetween ecotype could be due to
differences in stress treatmeBbykoet alobserved a stress memory in the C24 ecotype in
response to 78iM NacCl for 3 weeks from germinatigBoyko et al,, 2010) In contrast,

Suter and Widmer did not observe a stress memory in self fertilised @dbhad ecotypes
subjected to 50 mM NaCl for 4 weeks from germinafmr3 successive generatiof&uter
andWidmer, 2013) Given the considerable variation in NaCl tolerance betwettraliana
ecotypegKatorietal,2010) it 6 s di fwhetherthekettreatmentsawddsndusesa
similar level of NaCl stres&nd hence whether the inconsisteincgliciting a stress

memory responsie due to ecotype specific stress memory mechanisms or due to differences
in the stress treatmer@urrently, he specific conditions required to elicit a stress memory
response are far from clear. In the examplesudsed, all the stress treatments were initiated
in the vegetative growth stage, however, the duration of the treatment lasted from 3 days for
the caterpillar herbivoryreatment inA.thalianaandSlycopersicum(Rasmanret al,

2012a)to the entire lifespn for thenutrient stress treatment i lanceolata(Latzelet al,

2013, 2010)As stress memories are observed in response to biotic stress and NaCl stress
when the treatment restricted tdhe vegetative state, it appears that the stress memory
meclanisn(s) does not depend upon the stress occurring during seed development. Further
experiments are required to establish the spe®ficiitions required to elicit stress

memory responsdlore detailed arlgses are also required to establiskvtwat extent the
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stress memories are beneficial to the offspring and whether modifications of hormonal

response pathways are a fundamental component of stress memories in general.

1.3 Transgenerational $ress memories

Where a stress memory is observed tstable over multiple generations in the absence of
stress, the term At r ansedlamgdadekeiab 2040 stress n
Molinier et al,, 2006) While most stress memories do not persist following an untreated
generationthere is increang evidence that plants can transeffects of stresthrough

multiple generationsalthoughthere havdbeen some difficultiereproducing observations

between laboratories.

In plants,biotic and abiotic stress conditions have been observed to indutceraasie in
homologous recombination, which functions to repair double strand Ki2ayiso et al,
2006; Lebekt al, 1993; Luchet al, 2002) Given thatmcreasedhomologous
recombination frequencHRF) in response to strebsisalsobeen observeith mammals
(Bhattacharyyat al, 1989; Boykeet al., 2006) it appearso bea general stress response
mechanismHowever, the hypothesis thatreased HRF response to stress increases the
genomic mutation rate as an adeptiesponse remaigentroversialRosenberg, 2001)
Multiple groups have also identifieddreased HRknh the offspring of stressed plants
Molinier et al identified an increased HRF in the progenyAdhalianasubjected to UMC
and flg22 treatments, which was still observed 4 gaiwers after the UMC treatment in
which it was approximately-fbld higher thann control progenyMolinier et al, 2006)
Surprisingly, gene expression wagparentlyunaffected in the UMC-treated progeny
(Molinier et al, 2006) raising the questioof how HRF activity idifferentially regulated
in the progenyand whether the increase in HRF affects the transcrittinwestill unclear
whether increased HRF in response to-0\6 heritable for multipleintreatedyenerations
Two attempts to reprode this observation confirmed that k/increases HRF in the
treated generatiofBoyko et al., 2010; Pecinkat al.,, 2009) However, Pecinkat al
observedo increase in HRF in the following generat{®@ecinkaet al, 2009) whilst

Boyko et alobservedn increase in the immediate progeny but this was much reduced
following an untreated generatigBoyko et al, 2010) Boykoet alalso reported that NaCl,
heat and cold increased HRFRle following generation, whilst drought reduced HRF
(Boykoet al., 2010). In contrastPecinkaet al (2009)did not observe an increase in HRF in
the progeny of NacCl, heat or cold treated plants and observed an increase in HRF in

response to drought in the treated generafibese results highlight the difficulties in



Chapterl General Introduction

reproducing observed transgenerational effects of stress between laboratories, even when
measuring a restricted outcome such as HRFurther concern is that the observed changes

in HRF have all been observed using transgenic constructs consisting of cwplete,
overlapping regions of a reporter gene. HRF events are then inferred from the restoration of
the functional reporter gene. As yet, the transgenerational effects on HRF observed in these

transgenic lines has not been validated by an independemanet

Further stress conditions whiblave been reported teduce transgenerational modifications
to HRF include treatments witreavy metalsTreatment witrstressfulconcentrations of
cadmium, nickel and copper ailduce arincreasen HRF in A.thalianathatcan be

inherited over untreated generatigRahaviet al, 2011) Interestingly, he increase in HRF

is also associated with an increased root growth under heavy metal stress conditions and an
increased tolerance to NaCl and genotoxicsstie the immediate progerdithough these
results suggest streseluced transgenerational changes in HRF may be linked to improved
stress tolerancehe treatments described used concentrations of heavy metal ions
approximately 1000old greater than wslly appliedto induce heavy metal streer
comparable stress experimest®(Kim et al., 2006; Meiet al,, 2009;0u et al, 2012) and
would beexpected to bkethal almost immediately. Presumably, the concentrations applied
wereactuallyconsideraby less than specified in the publicatidnfortunately the stability

of the increased root growtver an untreated generation was not assessed.
Transgenerational responses to heavy iméi@ve been studied in monocotyledons
Treatment ofD.sativawith 100 uM Hg?* significantly increases the toleranakthe second
generation progenty 106500 pM Hd* as measured by plant heigalthough no effect on
plant biomass was observfdu et al, 2012) These twaexamplesllude to a possible
generalransgenerational resporteeheavy metals across the plant kingdaithough

further experiments are required to establish if the transgenerational stress memory in
O.sativaimproves plant fitness in stress and whetheinbeased HRn A.thalianafor
multiple generations following heavy metal stress is associated with increased stress

tolerance

Inheritance of ®nsgenerational stress memories has beatied with transgene systeins

which a reporter gene is represgedngMladeket al, 2010; Pecikaet al,, 2010; SH.

Zhonget al., 2013) Transcriptionagenesilencing(TGS)of a 35S::GUSA.thalianaline is
released after heat (42 °C), freezidfC) or harsh UVB treatmefitangMladeket al,

2010) Small areas of GUS expression are still obsin the leaves of the progeny after

two intervening untreated generations, indicating the treatments induce a transgenerational

stress memory in the following generations that maintains the reduced TG$rahsgene

8
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upon stress treatment. InterestingsUS derepession is lostluringseed agingcUS
expression decreases followingg3nonths seed aging, and therepressiois completely
reversedafter 17 months of seed agificangMladeket al, 2010) In a separate stly,
reduced TGS of a transgewas observed in response to heat stress but the derepressed state
was not inheritedPecinkaet al., 2010) A likely explanation is that that the derepressed
state failed to penetrate into the meristem tissue astreasinduced nuclei deconderigm
was observed in ledfssue but not meristem tissue, hence the failure to inherit the
derepressed state through the germiiidhough these redis are based upon analysis of
transgenic loci, they provide added evidefarean endogenous transgeneratioriedss
memory response tbiotic strese A.thalianawhichis dependent upon streisgluced
derepressiopenetrating intahe meristem

Further evidence for transgenerational responsabitdic stress comes from a separate

study of the psgeny ofheattreated plants whichppear to possess a memory of the
environmental conditions of their progenitors. The progem.thfalianawhich have been
subjected to two successive generatiorsl@fated temperatugFowth conditions (30 °C)
followed by a gearation of control conditions (23 °C ) display an increased tolerance to heat
compared to control progeriWhittle et al, 2009) Interestingly, the increased tolerance is
limited to seed production and does not extend to plant growth measurehneistsahilst

the progenyf heat stressed plants displayed an increased fithess in heat stress, it does not
appear the plants possessed an overall heat stress hypertoldmdata verecollected to
investigate the mechanism underlying the stress memory batithers reasonably

postulate that epigenetic factors must play a role given that the incfiaessivas

observed afteanintervening untreated generation.

Biotic stress conditionsanalso induce a transgenerational stress memory. The
aforementionedtsess memory in response to caterpillar herbivory or application of methyl
jasmonate irA.thalianaandSolanum lycopersicungéctionl.2) is still observedafter an
intervening untreated generation and the resistance is not specific to the parentatyherbivo
treatmen{Rasmanret al,, 2012a) A.thalianaresponds similarly t®seudomonas syringae
(Pst.) with the second generation progeny of challenged plants exhitvitirepsed
accumulation o8A-induced transcripts includirgATHOGENESISRELATED GENE 1

(PRY) in response to SAr avirulentPst(Lunaet al, 2012; Slaughtest al, 2012) This
response appears to require BABA signalling as simulation of pathogen stress by BABA
treatment also leads to an increase in pathogen tolerance in the seeratign progeny,
and the BABAresponsenutantibsldisplays an abated transgenerational response
(Slaughteet al., 2012)
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In summary, both biotic and abiotic treatments may result in transgenerational responses
Observed molecular transgenerational ¢ff@aclude the release of TGS, increasing HRF

and the increased accumulatiorS#-induced transcripts upon inductiofhese molecular
changes in the second generation progeny may also be associated with an increased stress
tolerance or fithess under stsedVe shall now consider the possible mechanism by which

such transgenerational stress memories may be produced and inherited.

1.4 Possible mechanisms for transgenerational stress memories

Although there are now numerous examples of transgeneratiorsal steenories in plants,

the mechanism for these transgenerational effects of stress are still. WMtieae an

increased stress tolerance is only observed in the following generation, it may be dependent
upon changes in the seed composition, especiallyathe increased tolerance is observed
early in the lifecycle of the progenyor examplea shift inparental treatment from 2& to

15°C is sufficient to significantly increase the content of fatty acids in the(Bi@theret

al., 2007) Fatty acidsare generated by lipase catalysis of triacyclglycerol in the first stage of
oil breakdown upon initiation of germinatighheodoulou and Eastmond, 20E2)dthe

fatty acid linoleic acid (18:2) has been shown to be essential for germination under high
NaCl (Zhanget al, 2012) Hence, parental growth conditioosuldinfluence the

germination of progeny under stress condititieugh modification of seed conteMthere

the memory is observed two or more generations after the initial treatment, other

mechanisms must exist to encode the transgenerational stress memory.

As transgenerational stress memories are also obsergeinals it is worth considering

the mechanisms that have been identifiednammals, a stress memory can be maintained
throughthe maternal lin@ia modification of the hypothalarpituitary-adrenal (HPA) axis.
Exposure to stress during particular stages of pregnancysfiecsetpoint of HPA
responses in the offspring, and hence their stress toleéraadeedback loop thaan

maintain the altered HPA state for multiple generatidfestthews and Phillips, 2010)
Although asimilar mechanism obviously cannot be proposed for plants given the lack of a
neuroendocringystem modifications of hormaoal responses may play a rofe i
transgenerational stress memories in plantstatsatering the response to endogenous
hormones in the progenis discussed above, there are indications that alteratig#sand
SA responseareimportant in transgenerational responses to bgitessorsn plants(Gélis

et al,, 2009; Slaughtest al, 2012) However, the feedback loop in mammiaigolves

successive modifications of hormonal sgeesponses in each generation. A similar

10
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feedback loogannot explain thelserved stability of transgerational stress memories
over unstressed generations in plamtere the intervening generation is not exposed to the
stressarln Caenorhabditis elegansansgeneratiaa stress memories camvolve RNA
interference (RNAiFigurel), in which mRNA is targeted for degradationthg RNA-
induced silencing complex (RISC) througbmplimentary siRNAs, leading fmst
transcriptionafgenes silencing (PTG$pu et al, 2009;Leeet al, 2012) As C.elegans
possessn RNA-dependent RNA polyperase (RdRRheycan sustain the presence of a
stressinduced dRNA by continual amplification of the precursor double stranded RNA
the absence of stressdlowing a memory of stress to be maintained for multiple untreated
generationgAlcazaret al, 2008; Buckleyet al, 2012; Luteijn and Ketting, 2013;
Shirayameaet al, 2012) Although plants also possess RdRP enzymes, these have not been

implicated in the perpetuation of transgenerational stress memories.

Instead, it is proposed that stress mensoirieplants are encoded bgigenetic changes
(Akimoto et al., 2007; Bird, 2002; Gutzat and Mittelsten Scheid, 2012; Mirouze and Jerzy
Paszkowski, 2011; Moliniegt al.,, 2006; Thellier and Littge, 2013)he word epigenetics
was coined by Conrad Waddingtiin1942 to describe the complex developmental process
by which gene products are regulated to produce the pherdWgmilington, 2012)The
Greekii e-fii me avars dir A upon o, originally eefereeg to theenetwarkiofc s
developmental processes tieaistbetween the genotype and phenotyffee use of the

word epigenetic has changednsiderablyand it now commonly used to describéotically

or meotically heritable changes in chromatin anilA methylation(Jablonka and Lamb,

2002) In this sense, epigeneticso w r ef er s t o ¢ h BNiocaasociaedh ange s

proteins which are maintained through cell division and have the potential to influence

transcriptional activity.

There are at lest 8 different distinct types of modifications that can occur on histone tails,
including acetylation, methylation and ubiquitination, with each modification capable of
regulating transcriptio(Kouzarides, 2007;i et al, 2007) In plants, the specifidiects of

these modifications are becoming clearer. For exartimedistribution ohistone 3 lysine 9
acetylation(H3K9ac)andH3K4 trimethylation(H3K4me3) are correlated atidey are
predomi nately |l ocated at t heigh®xXpressiendevelsn o f
(Haet al, 2011;Zhouet al, 2010) Furtherwell characterised histone modifications include
H3K9mewhich is biagdtowards coding regions of genes and associated with low gene

expressior{Zhouet al, 2010)

11
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An additional epigenetic modification is the methylation of DNAbsine or adenosine
residuesThe functions of DNA methylation include DNA repair, preventing restriction
digest and regulating transcription, depending on species and genonf@elociavichute

et al, 2008;Cokuset al, 2008; Rateét al, 2006a; Sheldoat al.,, 2008; Slotkiret al.,

2009) In plants, the primary function of DNA methylation appears to be the transcriptional
silencing of transposable eleme(iT&s) (Bernatavichutet d., 2008;Cokuset al, 2008;

Suhua Fengt al, 2010a; R. Listeet al, 2008; Sheldoet al, 2008; Slotkiret al., 2009)
although the silencing function also controls the expression of ¢éaesand Jacobsen,
2002a;Chanet al., 2004) and additionalunctions for DNA methylation in coding regions
have been suggestéfibkuno and Gaut, 2012; Widmahal., 2009)

Additional changes to chromatin structure such as the loss of nucleosome occupancy are
sometimes referred to as epigenetic changes, howhese thanges are observed to be
transient and are therefore not heritglecinkaet al, 2010) When considering possible
epigenetic mechanisms for transgenerational stress memories, it is crucial that changes in the
epigenetic modification aneot onlymitotically heritable but alsmeiotically heritable.On
current evidence it is suggested that whitedne modifications are mitically heritable
(Kouskouti and Talianidis, 2005)eyarenot meiotically heritable(Kouzarides, 2007)

Hence, it appearalikely that changes in histone modifications could mediate a
transgenerational stress memory. In contrast, changes in DNA methglatidre

meiotically heritablein plants and are therefore considered a plausible mechanism by which
transgenerationatress memories may be transmitted between generaiives their

influence ortranscription(Bossdorfet al, 2010; Johannest al.,, 2009;Kinoshitaet al,

2007; Mathielet al, 2007; Rangwalat al., 2006; Verhoeveant al, 2010) Since the plant
gernline differentiates from meristem tissue, one would expaosgenerationatress
memories to requirastressinduced epigenetic change whigénetrateinto the meristem,

as suggestedarlierin reference to nuclei decondaetisn in response to hearass(Pecinka

et al, 2010)

The remainder of this Chapter focusedtua pathwaysvhich regulate DNA methylation,
the functions of DNA methylatigrand the inheritance of DNA methylaticand finishes
with acritical evaluatiorof the published evidendhatchanges ilDNA methylation

transmit transgenerationstress memories in plants
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1.5 DNA methylation

DNA methylation refers to the addition of a methybup to cytosine or adenine residues.
Initial studies failed to observe adenine methylation in multicellular eukaryotes above a
detection limit of ~0.1%Lawleyet al, 1972) Although adenosine methylation has now

been detected in plant8shapkinet al, 2002)and a mammalian DNA adenine
methyltransferase has been identiffB@telet al, 2006b), the presence of functional

gquantities of adenine DNA methylation in higher eukaryotes is still conter{fiRaislet al,
2006a; Vanyushin and Ashapkin, 2Q1th contrast, cytosine DNA methylation is observed

in most eukaryotes and serves various functiomdantsincludingthesilencing of

transposons and repeat elementsEB#B& (Fenget al, 2010a; Glastadt al, 2011; M. M.

Suzuki and Bird, 2008; Dani@lilberman, 2008) T hu s, the term ADNA

refers solely to the presence of a methyl group on carbon 5 of a cytosine residue.

In mammals, DNA methylation is almost completely limited to CG dinucleotides, although,
non-CG methylation hasecently been observed in embryonic stem ¢elister et al,

2009) In plants, DNA methylation is more diverse and occurs frequently in CG, CHG and
CHH contexts (where H = A, T or Qlisteret al, 2008; Xiaoyu Zhangt al, 2006) In the
model plant spaes,A.thaliang 55% ofmethylateccytosines reside in CG sites, with CHG
and CHH sites accounting for 23% and 2@&tnethylated cytosinagspectively Lister et

al., 2008) In contrast to vertebrates where methylation is observed across the genome
except in CpG island¢Suzuki and Bird, 2008)jn A.thalianaa mosaic DNA methylation
pattern is bserved across the genome, iits, pseudogenes and repeat elements
representing the majority of methylation sites and methylation observed to a lesser extent in
gene bodies and promotéfsokuset al, 2008; Suhua Fergg al, 2010a; Listeet al., 2008;
Xiaoyu Zhanget al., 2006) Methylation of TEs involves extensive CG, CHG and CHH
methylation(Bernatavichutet al, 2008; S. J. Cokust al, 2008; Sheldoetal., 2008;

Slotkin et al,, 2009) DNA methylation of coding regions is almost entirely within the CG

me t

context, with CHG and CHH methyl ation enrich

promoter regiongCokuset al, 2008)

The DNA methylation pathways éf.thalianahave been studied extensively with
methylation in each sequence context found to be controlled by distinct but overlapping
pathwaygMathieuet al, 2007; Singlet al, 2008) At the simplest level, the three seqae
contexts may be considered to be regulated by three speelfityltransferase
METHYLTRANSFERASE 1(MET1) - a homolog of mammaliaDNA

13
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METHYLTRANSFERASEL (DNMT1) - catalyses methylation of CG dinucleotides
(Finnegan an@®ennis, 1993)the plant spefic methyltransferase,
CHROMOMETHYLASE 3(CMT3) controls methylation at CHG sitélsindroth et al.,
2001) while DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2)ka
homolog of mammaliaDNMT3 is primarily responsible for CHH methylation via the
RNA-directedDNA methylation pathway (RdDM)Cao and Jacobsen, 2002Hpwever,
CG, CHG and CHH methylation are all redundantly controlleMBEy1, CMT3 and DRM2
to some extenfChanet al., 2004;Henikoff and Comai, 1998; Mirouz# al, 2009; Singlet
al., 2008; Zillermanet al, 2003) as described in the following section

1.5.1 Maintenance of DNA methylation

In A.thaliang CG methylatiorat any one sites typically80-100% whereas CHG and CHH
methylation is typically lower (380% and20-50%, respectivelyjCokusetal., 2008; R.
Listeret al, 2008) Since the above figures relate to methylome analysis on mixed tissue
samples, the higher level of CG methylation may reflect more consistent CG methylation
patterns between different tissues types. However, the obgetatdnship between
sequence coakt and degree of methylatiomay also reflecthediffering mechanisms for
maintaining CG, CHG and CHH DNA methylation patterns.

The symmetry of CG methylation allows faithful maintenance of DNA methylation patterns
after DNA replication. In mammal§NMT1 is localised to the replication fork and displays

a preference for activity at hemiethylated DNA(Ooi and Bestor, 2008Maintenance of
mammalian CG methylation is partly dependent ugBiQUITIN-LIKE, CONTAINING

PHD AND RING FINGER DOMAINS 1 (UHRFI) which binds hemimethylated DNA and
directly interacts with DNMTXBosticket al, 2007) TheA.thalianaUHRFI homolog,
VARIANT IN METHYLATION 1 (VIM1), is required for heterochromatin CG methylation
(Wooet al, 2007) suggesting a conserved mechanism for CG methylation maintenance. In
addition, VIM2 and VIM3 can compensate for the loss of VIM1 in the vim1 mytardo

et al, 2008) indicating the VIM proteins act redundantly.

The symmetrical nature of CHG methylatioould also enable faithful maintenance through
the binding of proteins to hermethylated CHG sites, however, there is no evidence that
such a mechanism exists. Instead, it appears CHG methylation is maintained at loci such as
the retrotransposoha3, through a feedback loop involving CMT3 and KRYPTONITE

(KYP) (Cao and Jacobsen, 200Z41anet al,, 2006; Jacksoat al.,, 2002; Johnsoat al.,

2007) CMT3-mediated CHG methylation is required for recruitment or activation of KYP

14
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(Johnsoret al, 2007) in tum KYP catalyses methylation of histone H3 lysine 9
(H3K9me2), enabling binding of CMT3 via its chromodom@italagnacet al., 2002) As
such, approximately 90% of CHG methylation overlaps with H3K9me2 enriched regions
(Bernatavichuteet al., 2008)

Non-CG methylation patterns can also be maintained by the RADM patfdiszyssed
below)through continuoude novamethylationby DRM2 For exampleFWAIs regulated
by methylation of repeat elements around the transcription stafksiteshitaet al, 2007)
and requires RdDM to maintain CHG and CHH methylaf©nanet al, 2004) The
specific requirement for particular methyltransferases to maintain methylation is dependent
upon the loci. Unlikd=WA, nonCG methylation aAtSN1 SUPandMEA-ISRis reducedn
bothcmt3anddrm2single mutant¢Zilbermanet al, 2003) indicatingthat
methyltransferases can function cooperatively at someHadher @idence for redundancy
in the activities ofCMT3 and DRM2 comes from their joint requirement for DEFECTIVE
IN RNA-DIRECTED DNA METHYLATION 1 (DRD1)activity (Kannoet al, 2004) and
the observation that ttemt3drm2drm1(cdd) triple mutant shows a pleiotropic suite of
developmental abnormaliti€€ao and Jacobsen, 20024)ilst thecmt3mutant andirm2
drmldouble mutant show no such abnormali{i@ao and Jacobsen, 2002b; Lindrethal.,
2001) However, some CHH methylation still remainghe cddmutant(S. J. Cokut al,
2008) suggesting CHH methylation may also be laid down by METL1. This is sugfmyrte
the observation that CHH methylation at a retrotransposon is lost onlyrmethedrm?2

double mutant and not in either single mui@tirouzeet al., 2009)

Methylation at the transgenRPSlocus is decreased in all sequence contextseii, cmt3
and drm2single mutants, with ne@G methylation reduced drastically in all three single
mutants, hinting at a possible lespecific cooperative activity between the three
methyltransferasgSinghet al, 2008) Interestingly, initiation of methylation &teRPS

loci is also independent of RADGentry andMeyer, 2013; Singlet al., 2008) and appears
to be dependent upon the stop formation potential of RPSsequenc€Gentry and
Meyer, 2013) suggesting secondary DNA secondary structure may rediatecognition
of methylation targets by methyltransferases, as has been suggested in aninfabstdso
1987)

1.5.2 RNA-dependent DNA methylation

DRM2-dependent DNA methylation is guided by-@4small interfering RNAs (SiRNAS)
via the RNAdependent DNA mthylation pathwayvhich was first discovered in tobacco
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plants challenged with viral cDNAVasseneggeat al, 1994) This TGS pathway shares
protein functions with th@ TGSRNAI pathway including the involvement of
ARGONAUTE andDICER-LIKE proteins(Huettelet al, 2007)Figurel). The RdDM
pathway is detailed here as it is most widely descridedViatzkeet al, 2009)

Production of siRNAs for RADM can occur via multiple routes, including RNA
POLYMERASE II (POLI) transcription of doublstrandedRNAs from endogenous
inverted repeats (IR) which subsequently form secondary stru¢Ruesyeret al, 2010)

or transcription by the plant specific RNA POLYMERASE IV (POL (Reamet al, 2009;
Yokthongwattanat al, 2010) POL IV appears to be physity coupled to downstream
componentgLaw et al, 2011) including RNADEPENDENT RNA POLYMERASE 2
(RDR2) which generates double stranded RNA from the POL IV trangdiagt al., 2009)
Double stranded RNA from IRs or POL IV/RDR2 activity is procedseBDICERLIKE 3
(DCL3) to generate 24t siRNAs(Liu et al, 2009)which are methylated bfUA
ENHANCER 1 (HEN1)Li et al, 2005; B. Yuet al, 2010) Subsequently, the siRNAs are
loaded onto ARGONAUTE 4 (AGO4Heet al,, 2009; Zilbermaret al, 2003) NRPE1
(previously named NRPD1b), the largest subunit of POLV then binds the ARDA,

and the complex moves towards the genomic region of homal@g@4-siRNA interacts
with the Gterminal domain (CTD) of NRPEEhamiet al, 2007)and the nascent POLV
transcript scaffoldWierzbicki et al, 2008) recruitingDRM2 which methylateshe region
of DNA homologus to the siRNAIn all sequence contex€ao and Jacobsen, 2002za; I. R.
Hendersoret al, 2010; M. Matzkest al., 2007) This process depends upamultitude of
accessory proteins, including DRM3 and KT{&aoet al., 2010; I. R. Hendersast al.,
2010; L. M. Johnsomet al, 2008; J. a Lawt al, 2011, 2010; Rowlegt al, 2011)

A considerable degree of redundancy exists within the RdADM pathwayadditional
argonaute protein®yGO6 and AGO9 can both function in place of AGE4net al, 2011;
Haveckeret al, 2010) Further redundancy is observed in the dicer proteins, of which there
are four inA.thaliana(DCL1-4) (Gasciolliet al, 2005) In the absence dCL3, bothDCL2

and DCL4 can produce RDRiependent siRNAs for the RdADM pathw@asciolliet al,

2005) This redundancy prevendsl2 anddcl3 single mutants displaying a phenotype,
whereas thelcl2 dcl3double mutant shows a stochastic developmental phenotype after three
generationgGasciolliet al,, 2005) Further evidence for the interaction between PTGS and
TGS pathways comes from the competition between siRNAs and miRINAEN1-

me di at e d tidh&he identfibagioh af mMiRNA genes which also produce siRNAs
(Chellapparet al, 2010) and the association BIOLV-dependent siRNAs with the essential
mMiRNA argonaute, AGOWWanget al, 2011) Recent reports indicate that splicing factors

16



Chapterl General Introduction

may also bénvolved in RADM during DCL3 and POLYV activifAusinet al.,, 2012;Dou et
al., 2013) However, there is still debate as to whether the general splicing machinery is

involved in RADM or only specific factors are involvgéthanget al., 2013)

The major argets of RADM in the genome are TEs and repeat elelfiturttelet al., 2006;
Kannoet al,, 2010, 2008, 2004although the promoter regions of some genes contain
elements targeted by RdDM, such that their expression is correlated with upstrearn RADM
medated DNA methylatiorfHuettelet al, 2006) Analysing the genome, methylon&-nt
siRNA and gene expression data setsAdhaliang Baevet al(2010) identified over 1700
genes with promoter regions which appear to be methylated by the RdDM pathway.
Interestingly, 100 of these genes have previously been annotated as biotic or abiotic stress
responsiveln agreement with thedendings, arecent ChiPSeq analysis diRPE1 POLV)
binding sites revealed an overrepresentation of promaberebserved tharomoters
overlapping POV binding sitescontained much higher levels of DNA methylation and 24

nt siRNAs, which was suggested to be due to the increased prevalence of trarispibsons
promoters bound by POL{Zhonget al., 2012)

In summary, RdDM involves the production of 24nt siRNAs which target genomic
sequences for DNA methylatiddy DRM2 The production of siRNAs occurs through

multiple routes and is dependent on one or more of three RNA polymerases. Redundancy
exists in the dwnstreanDICER-LIKE proteins and in thARGONAUTESwhich bring
siRNAsto POLV. RdDM and miRNA pathways interact, via the competition fer bi
functional proteins such &EN1, and the redundancy between siRNA and miRNA pathway
components. The major funati@f RADM appears to be repressing the expression of TEs
and repeat elements (discussed.m4.]); although there is increasing evidence that RADM
may regulate gene expression also. The dynamics of methylation mediated by the RADM
pathway are discussenl $ectionl.5.5.1
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Figurel. RNA interference (RNAIi) and RM#rected DNA methylation (RdDM): Shared protein functionalities
For simplicity most of the pathway components are not shown. RNAleSitrgnded RNA (ssRNA) frét@LUl|
transcription of a micro RNA (miRNA) gene folds to form axypReNA. Dicer cleavage activity produces a miRNA
which is bound by an argonaute protein and brought into Ri¢Ainduced silencing compleRISC).
miRNA:mRNA homology targets the mRNAdfegradation in posttranscriptional gene silencing (PTGS). RdDM
shares many similarities with RNAi. An Riépendent RNA polymerase produces doubles stranded RNA
(dsRNA) from &0LIVtranscript. Dicer activity produces siRNAs which are bound by an argondRit si
homology with a nasceROL \Mranscript targets the genomic region for DNA methylatiorDi3M2 dsRNAs

from POL Itranscription of inverted repeats and viral replication intermediates can also enter the RdADM

pathway.Adapted fromVerdelet al. (2009).
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1.5.3 DNA demethylation

Demethylation can occur both actively and passively. Passive loss of DNA methylation
occurs when DNA methylation patterns are not faithfully maintained following cell division
or methylC spontaneously deamieatto thymine (Fredericoet al, 1990) Active DNA
methylation requires the activity of one of four demethylaséstimliana REPRESSOR

OF SILENCING J(ROS) (Gonget al, 2002; Ponferrad®arin et al, 2009; Zhwet al.,

2007) DEMETER(DME) (Choiet al, 2002; Moket al, 2010; Pentermaet al, 2007)and
DEMETERLIKE 1 & 2 (DML1, DML2) (Choiet al, 2002) DME is predominantly

expressed in the central cell of the female gametoptiyége it functions to imprint genes

by demethylating the maternal genof@hoiet al,, 2002; Jullienet al, 2006) In contrast,
ROS1DML1 andDML2 demethylategyenic regions, including those targetedRgDM

(Listeret al,, 2008; Pentermagt al, 2007) Hypermethylation in theos1 dmll dml2riple
mutant i s pri mar iflggnesand vdriible ackoés the gedom8, Suggestinng s
the demethylation may reduce the spread of Dihylationinto specific genic regions
which could affect transcriptiofiLister et al, 2008; PonferradMarin et al., 2009; Zhuet

al., 2007) The mechania of action of ROS1 has been studied most extensively of the four
demethylasedn the current model, ROS1 binds DNA independently of DNA methylation
to perform a searching functigRonferradaMarin et al, 2010) followed byformation of a
transient 6i n tteextnude ganmal andrdanagedimpses far inspection
(PonferradaMarinet al, 2010)before conversiontoame x ci si o n ceoogritibne x 6
of the methylated DNAROS1andDME share a hitherto unique diantinuous glycosylase
domain(PonferradeMarin et al,, 2010) suggesting the mechanism of action of these two

demethylases may be conserved. Following cleavage of the phosphodiester backbone at the

0

up

5meC, the 306 phos ZINGQRINGER BNABe RHOS®P HIDESTERASE

(ZDP) (MartinezMaciaset al, 2012) and the gap filled by an undefined polymerase before

ligation to complete the conversion from methytosine tocytosine

Many second site suppressorsas-1 induced hypermethylation are RADM comats

(Heet al, 2009; Pentermaet al, 2007; Zhengt al, 2007) suggesting interplay between
these two pathways. Currently, it is not known how demethylases are targeted to specific
sequences, howeveROSlactivity is dependent upon the siRNA bingl proteinROS3
(Zhenget al, 2008) suggesting it may be targeted to genomic regions by siRN#es
counteracting DNA methylation and demethylation pathveaydd enable plants to

modulate DNA methylation at specific loci in response to internal dewedofal cues and
external environmental factors, and there is increasing evidence that this is an important

function of DNA methylatior{Baeket al.,, 2010) However, the major role of DNA
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met hyl ation in plants appeaasitiocbeDNAaalseme
We shall now consider molecular functions of DNA methylation, stawtittgits role in

genome defence.

1.5.4 Functions of DNA methylation in plants

The function of cytosine DNA methylation in prokaryotes appears to be limited to protecting
DNA from restriction digest, whilst adenosine methylation functions in DNA repair,
transposition and expressi@Ratelet al, 2006a) In plantscytosineDNA methylation

functions in genomic defence through transcriptional silencing of transposable elements
(Bernatavichuteet al., 2008; S. J. Cokust al,, 2008; Sheldoet al, 2008; Slotkiret al.,

2009) The main evidence for this comes from the obsemdhat hypomethylation directly
results in increased transpositiddiaet al, 2009; Lippmaret al, 2004, D03;Miuraet al,

2001) This is in contrast with humans, where hypomethylation is not observed to result in
increased transpositiqiVilsonetal., 2007)and DNA methylation is thought to
predominantlyexert its function at geséSuzuki and Bird, 2008)TEs and other repeat
elements have now been shown to represent the majority of methylation sites across the
genome in plantf~enget al,, 201@; R. Listeret al, 2008) suggesting the major function of
DNA methylation is to sppress the activity of TEs and repeat elements in order to protect
the genome from these parasitic elemefsswe shall see later, this silencing function at

TEs and repat elements has been-opted to control the expression of genes with repeat
elements in their promoter regiof@ao and Jacobsen, 2002a; Ckaal., 2004) and CG
methylation in coding regions likely functions entirely separately from these TGS functions
(Takuno and Gaut, 2012; Widmahal., 2009)

The molecular mechanism by which DNA methylation regulates transcription involves the
inhibition of proteinbindingby bringing about secondary changes to the chromatin structure
that render it inaccessib{Bell and Felsenfeld, 2000)n A.thaliang the loss of CG

methylation is associated with a reduction in the heterochromatic marrat3{ ariq et

al., 2003) and the percentage of DNA contained within the densely packed heterochromatic
chromocentres decreas in thenetlmutant(Vaillant et al, 2008) Fant and animainethyt
binding proteinsNIBPs) frequently either repress transcription through histone
modifications or are themselves histanedifying enzymeg¢Ballestar and Wolffe, 2001;

Feng and Zhang, 2001; Johnsral, 2007; Yaistet al, 2009; Zemach and Grafi, 2007)

For example, the humaviBP METHYL CPG BINDING FROTEIN 2(MECP2)binds to
methylated promoter regions and depressed gene expression by recruiting histone

deacetylaseéXu and PozzeéMiller, 2013). In agreement with a model in which DNA
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methylation brings itMBPsto form heterochromatin iA.thaliang MBPs are observed to
colocalise to the highly methylated chromocentres, and the colocalisation is disrupted in the
DNA methylation deficient mutantsietlandddml(Zemachet al, 2005)

1.5.4.1 DNA methylation of transposons and repeat elements

The first evidence for the importance of DNA methylation in controlling TE activity came
from studies in maize. Inactivation of tAetivator (Ac) element was observéa correlate

with the extent oDNA methylation, with activé\c elements showing hypomethylation in

their transposase promoter sequeriBeatnellet al, 1997; Chomegt al, 1987;Wanget

al., 1996) Thegenerality of this mechanism in maize was established through studies of the
Mutator (Mu) andMu-family elements in maize which also show a correlation between

DNA methylation and transposon activiankset al, 1988; Hershberget al., 1991)
Furtherstudies inA.thalianaidentified transcriptional reactivation of TEs in the DNA
methylation defectivenetlandddmisingle mutantgLippmanet al, 2004, 2003Miura et

al., 2001)

TEs are typically associated WithET1 ectivity, H3K9me2 and matching sNRs, leading

to CG, CHG and CHH methylatigBernatavichutet al.,, 2008;Cokuset al, 2008; Sheldon

et al,, 2008; Slotkiret al, 2009) However, detailed studies highlight the variability in DNA
methylation between different TE loci, and the differiaguirements to maintain
transcriptional repression. For exampggpsyclass retrotransposdkir PG3elements are
transcribed and mobilised in tdedm1single mutant and thmetl cmt3louble mutant, both

of which are depleted in CG and r6&G methylation, bt not in themetlandcmt3single
mutantg(Tsukaharat al., 2009) Similarly, theendogenous DNAype transposo@ACTA

is remobilised only in thenetl cmt3louble mutant, although transcription is derepressed in
bothmetlandcmt3single mutant¢Kato etal., 2003) By contrastEvadé (EVD), acopia

like retrotransposon, is mobilized mmetlconcurrent with a loss of CG methylation, but not
in cmt3or kyp, despite loss of CHG methylatighlirouzeet al, 2009) In themetl nrg2a
double mutant, onheVD is mobilised, with other DNA transposons remaining inactivated,
highlighting the selectivity in transposon contfilirouzeet al, 2009) Interestingly,
mobilisation ofEVD was much more pronounced in tinetl kypdouble mutant than the
metlsingle mutat althoughEVD transcript levels remained the same, and no increase in
EVD transcripts was observed in tkygpsingle mutant, suggestikypmay restrain
mobilisation ofEVD at the postranscriptional level. This requirement for post
transcriptional combl by kypto silence a transposon shares similarities with the silencing of

theLTR-retrotransposoMAGGYin the fungusMagnaporthe griseavhich occurs post
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transciptionally and does not involM@NA methylation(Nakayashikiet al., 2001)
Unfortunately H3K9me2 marks laid down WYP are closely associated with CHG
methylation inA.thaliana(Bernatavichutet al, 2008) which is a common mark in TEs
(Cokuset al., 2008; Tompat al, 2002) making inference of the respective contributions of
H3K9me2 and CHG methylation to TE silencing difficult. Interestingly, thetl cmt3
double mutant does not show the dra&MD mobilisation of themetl kypdouble mutant
(Mirouzeet al, 2009) suggesting KYRandCMT3 may act independently to repress
transpositiorat some loci. It is clear that other histone modifications also play a role in
silencing TEs in concert with the DNA methylation pathways. For example the histone
deacetylase mutartidag shows activation of several classes of TEs with an associated
DNA hypomethylation at the lo¢Lippmanet al, 2003) As both the silencing and
hypomethylation were reversible upon backcrossing with wild type plants, this suggests
HAD®G is involved inde novol' GS at these loci.

The relative contribution dRdADM to TE repression is uncledn A.thaliang metland
ddmildisplay a widespread reactivation of TEfopmanet al, 2004; R. Listeet al., 2008;
Xiaoyu Zhanget al., 2006; Daniel Zilbermaat al., 2007) whilst release of TE silencing is
restricted to a snlenumber of specific loci in RADM mutan{kluettelet al, 2006; Kanno

et al, 2010, 2008, 2004and this silencing is typically more prominent with the addition of
the metlmutation(Mathieuet al,, 2007; Mirouzeet al., 2009) Additionally, the previosly
described increase EVD mobilisation in thenetl nrpe2alouble mutant is not observed in
themetl drm2double mutant, which suggests Pl@land or POLV may operate
independently of RADM to gpress some transposdiMirouzeet al., 2009) However,

there is convincing evidence that RADM is required for complete transposon silencing at
some loci. Following backcrossing of the methylation deficilelmhlmutant, a progressive
remethylation is observed at mamgnsposonsand the transcriptional activity a

transposon 5 generations after the backcrossing was observed to correlate with its capacity to
be remethylate@Teixeiraet al, 2009) Crucially, this remethylation was severely impaired
whenddmlwas crossed withdr2, indicating the remethylation RdDM-dependent.
Furthermore, anaizerdr2 mutant displays increased expression of DNA TEs, although

transposition rates in wild type andk2 were not establishgdiaet al,, 2009)

1.5.4.2 Promoter DNA methylation

The silencing of transposons by methylatippe@ars to have been-opted to control the

expression of genes with repeat elements in the promoter regions. Consistent with this,
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RdDM is targeted towards promoters containing repeat re(f@aeset al, 2010)and

differential gene expression is obsahie RdDM-deficient maiz€Jiaet al.,, 2009)

Specific examples of promoter DNA methylation regulating gene expression include the
FWAandSDCloci, both of which haveepeat elements in their promotérkenderson and
Jacobsen, 2008; Kinoshigh al, 2007 Lippmanet al, 2004) Methylation at thé&WAgene

is restricted to the promoter arenerdting untr ans
tandem repeai(¥Xinoshitaet al, 2007; Lippmaret al, 2004) This methylation is correlated
with transcriptionasilencing which is released following demethylation of the maternal
allele in the endosper(Kinoshitaet al, 2007) Endogenous FWA is demethylated and
reactivated iddmlandmetl(Johannest al, 2009; Kakutani, 199'Kinoshitaet al, 2007)
indicating CG methylation is required for complete silencing of endogdfdids Similar to
FWA SDCcontains tandem repeats in its promoter region which are targeted by RdDM for
nonCG methylation, leading to transcriptional silenc{figgnderson andacdosen, 2008)In
contrast td~WAsilencing which is dependent uponet 1and RdDM, methylation éDC
appears to be maintained by continudasiovamethylation as silencing is immediately
restored in the F1 progeny dfmldrm2cmt®lants upon outcrossir(gienderson and
Jacobsen, 2008dr transformation wittbRM2or CMT3transgenefChanet al., 2006)

Higher levels of promoter methylation are not always correlated with low levels of gene
expression. In some specific cases, promoter DNA methylation ltelsesda correlated with
increased gene expression. Téwcinerich repeagenePib is upregulated il®.sativain
response to thielastcausing fungal pathogeéviagnaporthe griseand abioticstressors
(Wanget al.,, 1999) Two regions of the promoter wereagmined by bisulphite sequencing
(~1200 bp in total) in response to treatment witliz&cytiding5-azaC), a chemical
homolog of cytosine which reduces the activity of methyltransferases, resulting in
hypomethylatior(Li et al, 2011) Surprisingly demethylation of the heavily methylated
promoter ofPib by 5-azaC treatment was correlated with a decrease in gene expression
However the regulation oPib expression in responseMhgriseadoes not involve
demethylation at the two regions examined.the 5azaC treatment causes genome wide
hypomethylation, it is not possible to establish whether the decrPésegpressions
actuallya direct effect of promoter demethylation,asecondary effect of demethylation of
atransacting repressive faatolrhe analysis oPib highlights the difficulty in establishing
the effect of promoter DNA methylation on gene expression with treatments suelzas 5
which dfect DNA methylaion across the whole genomidditionally, there are difficulties
in analysirg the DNA methylation status of promatdyy bisulphite sequenciranly a

portion of the promoteias the regulatory elements are often unknown. Indabaontains
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a transposon 2.4 kb upstream whose methylation status was not ekaitimeugh this is
more than 1 kb upstream of the regtbat wasexamined, promoters are frequently defined
as up to 3 kb upstream of the start site siRINA targeted regions have been shown capable

of regulating gene expressifnom this far upstreamashighlighted by theexample below

In a more targeted approach to examine the role of promoter DNA methylatioetBaek
(2010) removed a putative SiRNA targeted region from the promoter of the salt stress
inducedgeneHKT1. Although this region is located 2.6 kb upstreainthe start site, their
results established that methylatwiithe siRNA region igrucial for syppressing
expression oHKT1in the aerial portion of the plarih therdr2 mutantpromoter norCG
methylation isreduced, with @orrelatedncrease in tb expression dflKT1in the aerial
portion Plants lacking the siRNA region weaksosalt hypersensitive, suggesting correct
spatial expression ¢iKT1 by RDR2-dependent methylation of the upstream region is
required for salt tolerance in Arabidopsis.

Theabove examples indicates that promoter DNA methylation controls gene expression at
specific loci, however, the genomasdde correlation between promoter DNA methylation

and gene expression is poor. For example, changes in promoter methylation and gene
expression under drought stress do not show a significant correlatfathadiana(Colaneri
andJones, 2013)urthermore, there &vidence that in humans, promoter DNA methylation
may be responsive to gene expression rather than regulating it. Follbeirecént

ENCODE publications of an integrated map dd®elements in the human genome, a
genome wide assessment of the interaction between DNA methylation and TFs has been
performed for the first tim@ernsteinet al, 2012; Thurmaet al, 2012) Althoudh this
established that >98% of sites bound by TF are in DNAasel hotspots, i.e. euchromatin
devoid of DNA methylationa negative correlatiowas observetetween the expression of

an individual TF and the methylation status of its binding sitesss thgenomegThurman

et al, 2012) It was suggested that tlusrrdationis not easily explained by DNA

methylation inhibition of TF binding and is more reasonably explained by a model in which
the DNA methylationmachinerypassively methylates vacant TF binding s{fEsurmanet

al., 2012) It is possible then that in mammals, promoter DNA methylation prevents the
binding of TFs at specific loci but that the major function of DNA methylation is to
reinforce transcriptionailencing ofinactive genes, as suggesteddind (2002) Further

studies inA.thalianaand other plant species are required to establish if this is the case for

plants also.
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So far, the functions of DNA methation which have been discussa@ genome dence
against parasitic DNA, and the control of gene expression by promoter DNA methylation.
DNA methylation is also observed in coding regions in most eukargfeéeget al, 2010a)
and may yet be found to be as important as promoter DNA methylatiegltating the

transcriptome.

1.5.4.3 Gene body DNA methylation

The function of gene body DNA methylationplantsis currently unclear, with the

regulation of alternative splicing and suppression of cryptic promoters being the most
commonly postulated functs (Chodavarapet al, 2010;Listeret al, 2008; Maunakeat

al., 2010;Zhanget al, 2006) Consideration has also been given to the suggestion that gene
body DNA methylation may simply be a4pyoduct of transcriptiofiTeixeira and Colot,

2009). Thisis supported the observation that genic DNA methylation is variable between
individuals(Vaughnet al, 2007) However, two genomeide analyses bWidmanet al
andTakuno and Gaut indicate genic DNA methylation is likely to be functional in
Arabidopsig(Takuno and Gaut, 2012; Widmahal, 2009) Widmanet alanalysed the
conservation of all nucleotides including metytosine in duplicated genes and

established that methylated cytosines were more highly conserved than any other nucleotide,
strongly sggesting a function for the methyl group. Takuno and G2a&2)took an

alternative approach, hypothesising that if gene body DNA methylation played a role in
eithersuppressingryptic promoters or enhancing splicing, as previously suggested
(Chodavarapet al, 2010; Maunakeat al, 2010) it should be enriched in essential genes
and/or long genes. Analysis of existing data sets confirmed that methylated genes tend to be
larger and knoclout mutants of these genes are more likely to have a phensiygagesting
met hyl at ed g e n e s(TaauncandhGaut, 201Hene\erpreviousa | 0
analyses indicate th#te level of DNA methylation for pseudogenes, transposons and
repeats also increases with the length of the genomi¢@wkuset al, 2008) suggesting

the observed correlation between length and gene body DNA methylation may not be
informative. Although their analysis did not provide evidence for the exact function of genic
DNA methylation, it does suggest a functional role for DNA methytatilnA.thaliang

gene body methylation does not show a linear correlation with gene expression, with
methylated genes possessing a moderate level of gene exp(&#biemmanet al, 2007)
Interestingly, loss of genic DNA methylation Anthalianaleads to an slight increase in gene
expression, which may indicate that DNA methylation interferes with transcription
elongation(Zilbermanet al, 2007) as occurs in the fungideurospora crasséRountree

and Selker, 1997and mammalgLorincz et al, 2009. In vitro experiments have
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established that DNA methylation alters the force required to separate the DNA strands, in a
sequence specific mann@everinet al,, 2011) suggesting inhibition of elongation may be

due a change in stacking energies of ytesines as a result of methylation. However, given
the relationship between genic DNA methylation and gene expression, the major function of

genebody DNA methylation irA.thalianadoes not appear to be to supress gene expression.

An enrichment of DNA métylation in exons is observed across a variety of plants and
animals, suggesting this enrichment rb@yanancestral conditio{fFenget al, 2010a) The

exon enrichment for genl@NA methylation in Arabidopsis is thought to be driven by
nucleosome enrichmein exons over intraand postulated to play a role in exon definition
and alternative splicing regulatig@hodavarapet al, 2010) DNA methylation has been
studied inhoney beeApis melliferg where it is observed at very low leveld{6) and

almost exclusively in the CG context in exdRgnget al., 2010a) Disruption of CG
methylation inA.melliferaby RNAi knockdown oDNMT3 causes widespread and diverse
changes in alternative splicing which are significantly correlated with cham@@¢A
methylation(Li-Byarlayet al, 2013) Additionally, genic DNA methylation in mammals has
been shown to regulate alternative promoters in a tesdeelitype specific manner
(Maunakeaet al, 2010)and to reduce transcriptional no{tuh et al, 2013) To the

aut hordos knowl edge, similar such observation
alternative splicing or cetlype specific promoters have not been made in plants, although a
shared functionality would not be unexpected giversttaed enrichment in exons.
Interestingly, in the absence MET1 activity in A.thaliang CHG methylation is increased

in the transcribed region of gengsdster et al, 2008) suggestingitherCHG methylation

may compensate for the lack of CG methylatiomet], or else CG methylation represses

genic CHG methylation

On current evidencexonic DNA methylation appeats be common across the plant and
animal kingdom and predominantly functions to regulate alternative sp{iiegander and
Beggs, 2010Schor and Kornblihtt, 2010yith additional functionsuppressingryptic
promotergLi-Byarlayet al, 2013)and regulating transcript elongatiflrorincz et al,

2004; Rauntree and Selker, 199Zilbermanet al., 2007)

An additional role for genic DN methylation has been proposed based on the observation
that SiRNAs are produced from introns in rice and observed to drive Ri#pleindentis-
methylation(Chenet al, 2011) The authors hypothesise this methylation functions to
homeostaticallygelfregulate transcription, however further analysis is required to establish

whether these siRN#and the intron methylation they facilitate are indeed functional or are
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predominantly due to incidental and Rloeneficial incorporation of inbnic RNA inb the
RdDM pathway.

In summary, DNA methylation has multiple molecular functions. The primary function of
DNA methylation in plants is to silence fpar
regions has also been observed to regulate gene expraessigarsbody DNA methylation

seems likely to have multiple functions, including the regulation of splicing.

1.5.5 Dynamicsof DNA methylation in A.thaliana

As described in sectioh5.3 the apparemossible dal requirement of RADM anROS?1
dependent DNA dentieylation for siRNAs may allow the two opposing pathways to target
the same genomic regio(ide et al,, 2009; Pentermaet al, 2007; Zhengt al., 2007)

Given that plants possess mechanisms for both active DNA methylation and demethylation,
and DNA methiation can influence the transcriptome, it is unsurprising that DNA
methylation is to some extent dynamic through developiitesitring andHenikoff, 2007;
Vining et al,, 2012) Perlaps the most striking examples #iedynamic DNA methylomes

of male andémale gamete&GutierrezMarcos and Dickinson, 201,2ncluding the
demethylatiorof the A.thalianaendosperm which is required fibre endospernspecific

gene expression profifE€hoiet al, 2002; Gehringt al,, 2009; Hsietet al, 2009) Clearly,
regulation ofexpression foproteins involved in the DNA methylation/demethylation
pathways couldead to genome wide changes in DNA methylation. Indeed the promoter
region ofDRM2is observed to be heavily methylai@dhapkinet al, 2002) and ROS1
expression is regulated by RdDMuettelet al, 2006; Liet al, 2012) suggestindeedback
mechanisra exists to regulate levels of DNA methylation at the genome wide level
However, how such genome wide chanigeBNA methylationcouldresult inspecific
changes in the transcriptorae part of the plant response to stress stimuli is more difficult to
envisageThe RADM pathway would appear to be a likely candidate mechanism for such
directed DNA methylation changes as expression of a particutgpament in responge
particular developmental or environmental stinwaluld drive specific changes to the
methylome. For example, in rice, the expressiomairahesporiakpecific argonaute family
proteinMEIOSIS ARRESTED AT LEPTOTENE(MELL1) is essetial for the completion

of normal sporogenesis and meiosis in both male and female ¢N@mmsmuraet al,

2007) It is reasonable to believe MELL1 drives changes in gene expression required for
sporogenesis by changing the active pool of argorzated snall RNAs. This could occur
by sequestering specific small RNA species, as occursA@GM10 axd mil65/166 in
A.thaliana(Zhuet al., 2011) or alternativly by binding small RNAs that are not normally
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bound by an argonaute. Currgntit is notclearwhether the change in MEL1 expression

drives a change in RADM activity.

This section will discuss mechanisms for dynamic DNA methylation which show potential
for specificchanges in gene expression tbatild be utilisedby plants in response to
external §muli. Following this, the inheritance of DNA methylatipatternswill be

discussed.

1.5.5.1 De novo RdDM at transposons and repeat elements

The aforementioned competing activity of RADM &@SL/DML1/DML2 at the same loci
suggests plants may be capable of fine tuning DNA methylation at some RdDM targeted
loci. Furthermore RdDM has been shown to bequiredfor de novamethylationof
unmethylated sequengesiggesting it may beavolved in methylating sites in response to
stressAs described in sectioh5.4.1 remethylation of transposons in backcrosseith 1l
plants is dependent upodr2 (Teixeiraet al, 2009) Further evidence for RdDiependent
de novdDNA methylation comes fromstudies in whicladditionalcopies of two genes with
repeat elements in their promotEL OWERING WAGENINGERNFWA) andSUPPRESSOR
OF DRM2, DRM1, CMT8SDQ were introduced intéd.thaliana(Ausin et al, 2009; Cao
andJacobsen, 2002&hanet al,, 2004) Transgenic copies #lWAaretargeted for
methylation at their promoter by RdDM and become transcriptionally sile@&esin et al,
2009; Cao and Jacobsen, 2002a; Gitaal., 2004) The requirement for RADM fate novo
DNA methylation and silencing &fWAtransgenes is demonstrateith the RADM mutants
rdr2, dcl3, drm2 drml ago4 idnlandidn2 which all show depleted ne@G methylation at
a newly introducedFWAtransgene and a ndgftWAsilenced phenotype, in contrast with
cmt3andkypwhich display the wiletype phenotypéAusinetal., 2009; Charet al., 2004)
Furthermore, a stable non silenced endogefwaspiallele can be reverted to the silenced
FWAepiallele by generating a large quantity of SiRNAs fifeWA transgenes to direct
RdDM (Kinoshitaet al, 2007) demonstratinghat RADM isrequiredto establish DNA
methylationand silencingt this loais Similarly, de novomethylation of tandem repeats in
the promoter of transgenic SDC loci is reduced in the RdADM mudam® drmlidnland
idn2 (Ausin et al, 2009; HendersoandJacobsen, 20083uggesting RdADM may be the
general mechanism by whicke novdDNA methylation is initiated iA.thaliana RADM-
dependentMET1-independentje novamethylation has also been observed at a transgenic
35S promoter following targeting tiie promoter sequence by infection with plant RNA
viruses modified to carry a portion of the 35S promoter which gendratesiogous

siRNAs(Jone=t al, 2001) On current evidence it appears tdatnovaDNA methylation
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of transposons and repeat eleméntdependent upon the RADM pathway and does not
involve MET1 or CMT3.

The observation thate novdDNA methylation can also be directed towarsfzecified loci

by generatindhomologoussiRNAs suggests that plants may be able to modify their DNA
methylation pattern by expressing straaguced siRNAs, osuppressingpecific sSiRNAs in
response to stress. This is further supported by a recent observation that induced expression
of the inverted repeat IR71 leads to production of Ha&dived siRNAs which inurn drives

DNA methylation intransandcis (Dunoyeret al, 2010) Given the role of DNA

methylation at promoter regions (discussed.m4.3, A.thalianacould potentially modify

the siRNA pool irresponse to stress to regulate gene expressiothermore, since T&

induced at the 35S promoter canrmaintained in the following generations in the absence

of the initial RADM trigger(Jonesetal, 2001) it 6 s possi bl e that stre
the siRNA pool could lead to heritable changeBNA methylation and their associated

downstream effects on gene expression.

1.5.5.2 Dynamics ofgene body DNA methylation

As described in sectioh5.4.3, DNA methylation in coding regions is predominantly
observed in the CG context and siRNAs are depleted in the gen¢Cumidyset al., 2008)

Gene body DNA methylation looks to involve two processes: CG methylation of coding
regions and restriction of GBI methylation in coding regions. Restriction of CHG
methylation appears to be dependent upon the activity of the H3K9 demethylase IBM1, as
theimblmutant displays increased genic CHG methylation without affecting CHG
methylation of transposor{Miura et d., 2009) As previously described in sectitrb.],

CMT3 activity and H3K9 methylation are closely associated. Jliheeems IBM1 restricts
genic CHG methylation by demethylating H3K9. Based on this observation, Teireira
Colot (2009)proposs amodelfor gene body DNA methylation in which POL Il activity is
coupled to MET1 adtity (by an unknown mechanismand IBM1 activity which

demethylates H3K9, preventing its recognition by the chromodeomitaining, CHG
methyltransferase CMT3. Given that ge@HG methylation occurs imetl(Listeret al.,
2008)andmetldrmldrmZCokuset al, 2008)mutant plants, it appears that genic CG
methylation may be required to recruit IBM1. This model implies that genic CG DNA
methylation at an individual loci may be dynamic in response to changes in gene expression
and could therefore be responsive to clegrig environmental conditions which necessitate
changes in the transcriptome. Thus, changes in genic DNA methylation in response to

environmental stimuli could affect alternative splicing events or regulate transcription from
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alternative start sites, gimehe postulated functions of genic DNA methylatitrb(4.3. If

these changes in DNA methylation persisted into the following generation they could then
maintain a memory of the transcriptome changes induced by the stress event. The obvious
contradictionin this model is that it requires genic DNA methylation to be dynamic in
response to the streggluced transcriptome chargyeut at least partially maintainadhen

the transcriptome changes are reversed after the stress event. For such a model to exist,
additional mechanisms are required which more permanently fix the genic DNA methylation
state, perhaps by modifying additional chromatin markers.

1.5.6 Inheritance of parental DNA methylation profile

Mammalssetdown their germline in early devgmentand reprgram DNA methylation
through genomavide erasure of DNA methylation primordial germ cellgnd in the early
stages of embryo development, befonenediate remethylation by tha&e novo
methyltransferasdaNMT3A and DNMT3B(Fenget al, 2010b; Hackett an8urani, 2013;
Hembergeet al, 2009; Reik, 2007)n contrastplants germ celldifferentiate from somatic
cells in develomg flowersand theimethylation pattern reflesthe DNA methylation

profile of the somatic cell from which they deri(oavidaet al, 2005) Thus, mammals
possess a barrier to epigenetic inheritambiech is not present in plantBdszkowski and
Grossniklaus, 2011However,Calarcoet al (2012)recently demonstrated thiie

inheritance of DNA methylation patterimsplantsdiffers for the three sequencentexts
Whereas CG and CHG methylation are faithfully maintained in both the male and female
germlines, CHH methylation is almost completely abolished in the sperm cell of the pollen
grain. The associated lossRM2expression suggests the loss of CHH methylation is due
to a limited capacity for RADM in sperm cells. the CHH methyation is restored in the
embryo when RdDM has been observed to be aglivéenet al., 2012)it is thought

RdDM restores the DNA methylati. POLIV -dependent 24t siRNAs in the seed have
previously been shown to be predominantly mateiviakheret al, 2009) Thus, the CHH
methylation pattern set down in the embryo will likely reflect the maternal epigenetic status.
Given that CG methylatih patterns are faithfully maintained through the germlines, whereas
CHH methylation undergoes a resetting process which likely involves matednaky de
novomethylation it is not surprising that CG methylatitwas previously begmostulatedo

be the coordinating epigenetic mafiathieuet al., 2007)

Differential methylation statuses of a single ganereferred to as epialleles. In some cases
epialleles have been observed to be heritable over multiple generations and can confer

phenotypegRichads, 2006) For exampleghypomethylation of th&WA promoter inddm1
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correlates with FWA expression and time to floweriK@oshitaet al, 2007) This
hypomethylation is variable and in the most highly demethylated lines, afstal@piallele
is generated which remains unsilenced after outcrossing and is not observed to
spontaneously revert to the witgpe silencedrWA epialele (Johannesgt al., 2009)
indicating stable inheritance of the altered DNA metligtastate at this locudNaturally
occurring epialleles have also been observed. An interesting example is the naturally
occurring mutant oLinaria vulgarisin which flower symmetry switchédsom bilateral to
radial, a mutant first described by Linnaeus over 250 years agonttast phenotype is
wholly dependent on the methylation statu& G Cwhich controls dorsoventral
asymmetry and is silenced by DNA methylat{@ubaset al, 1999) The hypermethylated
Icyc epiallele and its associated radial flower symmetrg@gregatewith occasional
reversion to the unmethylatédY Cepiallele(Cubaset al, 1999) A further naturally
occurring epiallele which esegregates with a phenotype is the hypermethylated epiallele of
COLOURLESS NOIRIPENING(CNR), which prevents ripening itomatoegManninget
al., 2006)

Induced changes in DNA methylation have also been shown to be heritalkeC Snduces
gene expression changdenes, 1985)ith associated developmental phenotypes including
early flowering andiwarfism in Perilla frutescent (Kondoet al,, 2010, 2006)and early
flowering in vernalisatiorequiringA.thalianaecotypegBurn et al., 1993) This 5azaC
induceddwarfismin P.frutescergis inherited(Kondoet al,, 2010) in line withsimilar
observations of mzaCGinduced heritable dwarfism phenotypes in (Banoet al, 1990)

and maizgSanoet al, 1989) Taking an alternative approach to study inheritance of DNA
methylation and the effect of DNA methylation on plant phenotyipesgroups

independently generatepigenetic Recombinant Inbred LséepiRILS) that possess almost
identical DNA sequences, but contrasting DNA methylation pat{dotennesgt al., 2009;
Reinderset al, 2009) In both cases, a wild tygethalianaCol-0 plant was crossed with a
hypornrethylation mutantretlor ddm3), before propagation through single seed descent for
at least 6 generatis to produce lines with varied stabl&lA methylation patterns.
Considerable phenotypic variation was observed between the epiRIL lines, as measured b
flowering time, NaCl stress tolerance, biom@&sgudomonaesistance and plant height
(Johannest al,, 2009; Reinderst al,, 2009) suggesting the variability in inherited DNA
methylation induced impacted on plant phenotypes. This was further sgppgrDNA
methylation analysis of thedm¥Col-0 epiRILs, in which latdlowering time outliers were

all observed to display low expression levels for FWA, and associated high DNA
methylation of the promoter regigdohannegt al, 2009) A further study of theldmCol-

0 epiRILs observed that trait plasticities in drought stress were higher within the epiRIL
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lines than the control lines, suggesting that the variation in Digfylation between the

epiRILs results in variability oftresgesponsegZhanget al., 2013)

The studies outlined above provide further evidence for the hypothesis that DNA
methylation may transmit transgenerational stress memories. Altered DNA methylation
patterns may be faithfully inherited in plants, and tHaé& methylation states are

observed to ceegregate with particular phenotypes, including stress tolerance. The
remainder of the introduction will discuss dynamic DNA methylation in stress responses,
before considering the possible role for DNA methylatiotransgenerational stress

memories.

1.5.7 DNA methylation as a stress response.

The group of Hiroshi Sanat theNara Institute of Science and Technolpdgpanwere
instrumental in providing early evidence for changes in DNA methylation in response to
stres in plantgStewardet al,, 2002;Wadaet al., 2004) Their initial observations of
decreasing global DNA methylation in the root tissues of maiea (nayd.. cv.Golden

Arrow) plants subjected to cold stress, along with a more detailed analysis of ylatiath

of CG and CHG loci in a long terminal repeat suggested that DNA methylation may regulate
expression in response to stréSewardet al, 2002) Unfortunately, this initial observation
was somewhat hindered by the severity of the treatment whislenqted recovery and
ultimately killed the plants. As such, it is difficult to assess whether the response observed
truly related to the cold stress or was the result of cell death. Their fopastudies in

tobacco plantsNicotiana tabacunev. Xanthi rt) investigated the expressiongdgnes
differentially expressed in a transgenic tobacco line in which DNA methylation was
suppressed by andenseNtMET1and hence, whose expression was thought to be regulated
by DNA methylation (Choi andSano, 2007WWada et al.,, 2004) Infection with tobacco

mosaic virus induced accumulationNtfAlixl, a known pathogen response geara was
associated witiNtAlixl genebody methylation changggvadaet al, 2004) However, the
expression changes preceded the chandebl& methylation CCGG loci by 24 hours,
indicating that changes in DNA methylation were not responsible for triggering a stress
responsive change in expression for this gene.separatetudy, they observed that
aluminium, cold and salt stresslucedexpression oNtGPDLandgenebody
demethylatior{Choi and Sano, 2007} his expression change was thought to be in response
to oxidative stress as a similar expression change was observed with paraquat treatment but
not pathogen infection. Demethylatiaras observed to precede the expression change by 5

hours, implying the expression change may be been due to the change in DNA methylation
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for this particular gene. Another early indication that DNA methylation may be important in
plant stress responsesmfrom a screen for mutants with deregulated expression of a
luciferase transgene under the control of an AB#ponsive promotdfGonget al.,, 2002)

This screen identified the DNA Glycosylase/Lyase g&@S1which functions to

demethylate RADM targetdlutants ofROSIwere observed to be hypersensitive to
genotoxicstress and hydrogen peroxide, suggesting the demethylase fundi@safmay

be important in response to some abistiessorg¢Gonget al, 2002)

For this section, DNA methylation chge in response to different stressors will be discussed
separately with most of the examptgven being experiments with the model plant species
A.thaliana

DNA methylation changes have been observed in response to NaCl skdbsiliana

(Baeket al.,, 2010; Boykoeet al,, 2010) tobaccdChoi and Sano, 200;7/naize(Tan, 2010)
cotton(Caoet al, 2011) rice (Karanet al, 2012)andcrystalline iceplan(Dyachenkeet al,

2006) suggestinglterations irDNA methylationmay be a commoNaCl stressesponse

across the plant kingdom. However, studying different rice genotypes, &aahmoted that

there did not appear to be a consistent methylation change between rice genotypes and no
correlation was observed between DNA methylation and gene exyrésaranet al,

2012) indicating that the observed DNA methylation changes in response to NaCl stress do
not necessarily represent an adaptive response. Although there is evidence that NaCl stress
preferentially leads to differential methylation ofests responsive gen@shoi and Sano,

2007; Tan, 2010QXhis observation has rarely been followed by a detailed analysis to
establish if the DNA methylation drives functional gene expression change. One example
where DNA methylation has been shown to bedrtamt for NaCl stress tolerance is the
aforementionedegulation of the Naselective uniporteHKT1in A.thaliana HKT1 gene
expression appears to be regulatediyT1 and RADM at a small RNA binding region 2.6

kb upstream of the start site tnis regio is hypomethylateth themetlandrdr2 mutants,

and removal of this region lowers NaCl stress tolerance so that it resenadtléBaeket

al., 2010) The regulation oHKT1 by DNA methylation in response to NaCl stress clearly
demonstrates th&NA metlylation can play a role in stregsderanceby modifying gene

expression.

Osmotic stresswhich is physiologically similar to NaCl stre@gerslueset al., 2006) also
alters DNA methylation in maiz@ an, 2010)rice (Zhanget al., 2013)andArabidopsis
(Colaneri and Jones, 2013Jwo genswhich function in the biosynthesis of proline which

accumulates in response to osmotic stf¥sshibaet al, 1995) PYRROLINES-

33



Chapterl General Introduction

CARBOXYLATE SYNTHESBE(P5CS andORNITHINEDELTAAMINOTRANSFERASE

(4 -OAT) (Roosenstal., 1998; Székelgt al, 2008) aredemethylatedndupregulated in

rice inresponse tpolyethylene glycol PEG treatmen{ Zhanget al, 2013) Using a
genomewide approach to examine DNA methylation changes in response to PEG in
A.thaliang Colaneriand Jones (2013) established that differentially methylated regions
centre around the transcription start site, suggesting that DNA methylation changes in
response to PEG may affect gene expression. These differentially methylated regions are
predominantlyhypermethylated and membrane transport proteins were enriched within the
genes affected. Interestingly, no correlation was observed between transcription and
differential methylation in promoter regions. The authors suggest this was due to threshold
seletions used and detection limitatigs some known stress responsive genes were not

identified as PEG stresssponsive by RNAeq(Colaneri and Jones, 2013)

Elucidation of the possible role of DNA methylatiorNaCl andosmotic stress responses in
plantsis only just beginning. On current evidence, it appears that osmotic stress induces
wide scalechanges in DNA methylation which seem to be targeted to stress responsive
genes. Which DNA methylation/demethylation mechanisms are involved is currently
unknown, although the CG hypermethylation around transcription start sites and changes in
CG methylation aP5CSanddeltaOAT loci suggests a role f&MET1 and/or DRM2

Whether the observadodified DNA methylation patterns trigger functional transcriptome

changes in response MaCl or osmotic stress has not yet been determined

Heavy metalstressorgan also cause changes in DNA methylafion et al, 2012) Rice

DNA methylation patterns are altered in response to both excddbesassential heavy

mefal ion CL?* and also in response to lower concentrations of theeseantial heavy metal
ionsCd*, Cr** and Hg" (Ou et al, 2012) These methylation changes are detected for
transposable elements and genes involved in heavy metal stress responsey eriplgad
chang in DNA methylation occurs durifgeavy metal stress. Interestingly, all the observed
changes were at CHG loci, suggesting the involveme@MI 3 in the stress response.
Again, the effect of the changes in DNA methylation on the expressithese genes was

not determined.

In low relative humidity (LRH)A.thalianareducesstomatal index (SI) and induces CG and
CHH methylation of the promoters of two stomatal developmental g8REHCHLESS
andFAMA) (Trickeret al, 2012) Both the SI an&PCHandFAMA expression are
unaffected by LRH in the methyltransferase mutdnts2drmlandmet] whereagmt3

displays a wild type response, indicating CG and CHG methylation changes at these loci are
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required for the LRH response.rfhermore, increased production of siRNAs mapping to
regions upstream @PCHand intergenic tt(AMA are detected upon LRH treatment and
the RdADM mutantg,dr2 anddcl3fail to respond to LRH, firmly implicating the RADM
pathway in the respong€&ricker etal., 2012)

The RADM pathway has also been implicatetkstricting retratansposition triggered by
envionmental stres§heretrotransposo®NSENSs transcriptionally and transpositionally
activated in response to heat stresA.thalianaand hyperativated in RADM mutants in

heat stress, indicating activation@NSENs repressed by RdDNto et al, 2011)

Interestingly, the neNSENinsertions occur predominantly in genes, andaarferheat
stressresponsive characteristics on nearby genegesiigg stress events could lead to
genome rearrangements with potential associated benefits or costs of causing novel gene
heatsensitivity(Ito et al, 2011) Intriguingly, SIRNAs have recently been shown to be
capable of moving across grafidunoyeret al., 2010; Molnaset al, 2010) suggesting the
existence of a systemic silencing pathways which could enable plants to regulate DNA
methylation in response to stress in tissues distal to the tissue perceiving the stress. Further

experiments are requirgd establish whether this does indeed occur.

In additin to the abiotistressorslescribedso far, many biotistressorfiave been observed
to cause changes in DNA methylation in plants. In the example given earlier, tobacco
mosaic virus infection ass@ted changes in DNA methylation at the pathogen response
geneNtAlix1 occurred after the increase in gene expregdiadaet al,, 2004) Since this
publication there have been a number of observations which indicate DNA methylation is
important in some pghogen stress responses. Firstly, DNA methylation can inhibit the
expression of defence genes. Chemically induced abolition of DNA methylation at the
promoter of the disease resistance gea2lGincreases expression ¥821Gand confers

an increased tolance taXxanthomanas oryzgev. Oryzae(Akimoto et al, 2007) In

contrast, demethylation of thb promoter inO.sativaby 5azaC treatment is correlated
with a decrease in gene expression and compromised blast res{gtameget al, 1999)
Secondly, dience responses include demethylation of endogenouéowgienet al.,, 2012;

A. Yu et al,, 2013) The pathogewlerived signature flg22 triggers a derepression of RADM
targetsncluding AtGP1, AtSN1and theOnsenlong terminal repeatconcurrent with a
downregulation of AGO4, AGO&ROL IV and POLV subunits, IDN2 and METMu et al,
2013) suggesting a general repression of the TGS pathways. ActivatikigNflin

response to flg22 relies upon RO&dpendent CHH demethylatig¥u et al, 2013)
indicating the depression requires active demethylation in addition to the passive

demethylation by TGS repression. The requirement for active demethylation also extends to
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the defence gerRMG1lwhose promoter is targeted by RADM and whose aativat
response to flg22 BOSXtdependenfYu et al, 2013) Growth of the bacterial pathogen
Pseudomonas syringae pv. tomati@in DC300qPst DC) is increased imosland

inhibited in RADM mutants, indicating that the identified regulation of defganes by

RdDM repression anBOSlactivity is required for the pathogen respofée et al,, 2013)

In response t&st A.thalianadifferentially methylates small regions of the genome, with an
enrichment for genic regiorif®owenet al, 2012) This occurgpredominately at CG and

CHH loci with a significant underrepresentation of CHG, in contrast with the methylation
response to heavy metals discussed above which occurred solely at CK{@Quletal.,

2012) Given that gene body methylation doescumtelate with gene expressi@filberman

et al, 2007) is it interesting to note that gebedy hypomethylation in responseRstis
associated with increased expression , indicating the methylation changes are correlated with
transcriptome changes iagponse to P¢bowenet al, 2012) Mutants impaired in CG and
CHH methylation display misregulation of these genes in the absence or preseste of
over and above the background misregulati@owenet al., 2012) further indicating the

expression ofttese genes is regulated by DNA methylation.

The list of stress conditions in which have DNA methylation changes have been observed in
plants is now considerable, and includes osm@ataneri and Jones, 2013; Tan, 2010;
Zhanget al,, 2013) NaCl(Baeketal., 2010; Caet al, 2011; Choi and Sano, 2007;
Dyachenkeet al, 2006; Kararet al, 2012; Tan, 2010YemperaturéBoyko et al., 2010;

Hashidaet al, 2006; Stewardt al, 2002) nitrogen deficiencyKou et al, 2011) low

humidity (Tricker et al, 2012) heavy meta{Ou et al, 2012; Rahawet al, 2011)stressors

and a range of biotistressor¢gDowenet al, 2012; Wadat al, 2004 Yu et al., 2013)

However, as promoters may be passively methylated at vacant transcription factor binding
sites (L.5.4.9 and gendody DNA methylation is thought to be coupled to transcription
(1.5.5.2, it appears that DNA methylation can reflect as well as regulate gene expression.
As we saw above, DNA methylation changes may occur before or after gene expression
changes in response to stress, and there have been further observations of DNA methylation
changes occurring as a secondary effect of stesgmnsive expression changeashidaet

al., 2006) Therefore, he question of whether chandesA methylation r@resent an actual
stress rgzonse with downstream effects wanscript abundance or are themselves

secondary effects caused by changes in gene expression in responseregstressfurther

investigation in each instance

In summary, DNA methylatiorsiobserved to be dynamic in response to various stress

conditions in plantsThe response to individual stressors appears to involve particular DNA
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methylation/demethylation components as different sequence contexts are afféetdter
these changes inNDA methylation actually regulate the expression of stress responsive
genes needs to be determined in each individual case by monitoring DNA methylation and
gene expression over time following stresgiation. While examples existhere DNA
methylation clanges precede gene expression changes, in the majority of casasisie

and effect relationship between the DNA methylation and gene expression changes has not
been established’he importance of DNA methylation in stress responsssggestedy

the botic stress hypersensitivity of plants in which DNA methylation has been chemically
reduced. However, such chemical treatments induce widespread demethylation of DNA,
preventing analysis of which stress response pathways might be controlled by stress
respnsive dynamic DNA methylation.

1.6 DNA methylation in stress imprinting, stress memories and

transgenerational stress memories.
Beyond the role for DNA methylatian responding transiently &tressconditions, t 6 s
becoming increasingly clear thabdfications to theDNA methylomecan be maintained
through the plantoés | i f esp@ossdarfatdl, 2010t o t he
Johannest al, 2009;Kinoshitaet al, 2007; Mathietet al, 2007; Rangwalat al., 2006;
Verhoeveret al, 2010) giving them the poteial to encode stress imprints and

transgenerationatress memories.

Given that DNA methylation is frequently altered in response to sisasstotically

heritable, and is linked to transcriptional regulation, there is considerable scope for DNA
methylation to encode some of the longer term stress imprints discussed eatrlier.
Unfortunately, many observations of strelependent changes in DNAethylation do not
include a temporal element. As such, little is known about the persistence of the changes

after stress and what contribution DNA methylation makes to stress imprints

The discovery that DNA methylation patterns can also be inherigatically in plants has

led to the hypothesis that DNA methylation may act as a epigenetic mark which carries a
memory of the stress into the following generatidayko and Kovalchuk, 2011; Thellier

and Littge, 2013)As discusseearlier, chemical altations to the DNA methylome can be
inherited, along with any associated phenotype, the classic example being the inheritance of
5-azaCinduced dwarfisnfKondoet al.,, 2010) This is in contrast to the observed

Airesettingdo of DNA maliahgeimbne developme(@Eendeteal, n' s i
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2010b; Reik, 2007)Taraxacum officina (Dandelion) exposed to low nutrient growth
conditions salt stress, jasmonic acid (JA) applicationSA applicatiorall displayed an
altered DNA methylation pattern thatlargely inherited by the progeny via asexual
reproduction (79€2% of changes inheritedVerhoeveret al,, 2010) In some of the stress
memories and transgenerational stress memories disaedieqq DNA methylation

changes were also observed in tlgpdrtolerant progeny.

A.thalianaappears toransmit stress memories through alteration in its DNA methylation
profile. NaCl stress increases HRF and NacCl tolerance in the progeny with an associated
DNA hypermethylatior{Boyko et al, 2010) The DNA hypemethylation seems essential

for the stress memory as treatment withzZaC eliminates the hypermethylation in the
progeny of NaCl treated plants and concurreetiseshe stress memoiBoyko et al,

2010) NaCtinduced hypermethylation in the progeny is observed in bothlgedeand
promoter DNA methylation and is enriched at genes involved in regulating chromatin
structure(Bilichak et al, 2012) The altered DNA methylation pattern inherited by the
progeny seems likely to encode the stress memory as DNA methylation changes broadly
correlate with changes in H3K9ac and HK9me2 and gene expression differences between
the progeny of NaCl stressed plants and control progeny. Interestingly, the stress memory is
dependent upoBCL3, suggesting a role for siRNAs and RddBloyko et al, 2010)
Furthermore, a follow up experiment in which salt stressed plants were crossed with
untreated plants showed that increased HRF is only observed in progeny in which the
materral plant was NaCl treatd@oyko and Kovalchuk, 2010Unfortunately the salt

tolerance and DNA methylation of the crosses were not assessed, although it is expected that
the increased HRF, increased salt tolerance and DNA hypermethylation-séfjoegte.

Given that RdDM is responsible for CHH methylat{dfatzkeet al., 2009)and CHH
methylation is lost in the parnalgermline shortly before fertilisatiaiCalarcoet al, 2012)

a reasonable postulation would be that the NaCl stress memory in@@sdependent

CHH hypermethylation which is maintained in the female gamete and passed onto the

following generation.

RdDM hasalsobeen implicated in transgenerational responses to biotic straghatiana
Unlike wild type plantsnrpd2a,banddcl2,3,4knock-out mutantsdo not display an

increased tolerance in the progeny of plants subjected to herbivory or MeJA application
(Rasmanret al, 2012a)suggestindRkdDM is required to lay down a memory of the parental
JA response. Additionally, in the absemégarental stress, thethalianacmt3drm2drm1
(cdd) mutant displays an increased tolerancBgbrelative to wildtype which appears

similar to the previously described transgenerational stress memory in respBate to
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challenge imA.thaliana(Lunaet al, 2012) As theincrease®A-induced PRL expression in
the progeny oPst.challenged plants is also observedhieacdd mutantin the absence of
parental stresd.unaet al, 2012) DNA hypomethylation ircddis proposed to mimic the
DNA methylome ofPst.challenged progeny.

Nitrogen deficiency stress t.sativainduces DNA methylation changes which are

inherited by approximately 50% of the progékyu et al, 2011) This new DNA

methylation pattern then becomes stable, being inherite@@ bf the following

generation. This occurs with modifications to cytosine methylation in CG, CHG and CHH
contexts, a surprising observation given that CHH methylation reglérasvamethylation

of the daughter strand following cell divisigBao and Jaobsen, 2002gnd CHH

methylation is considered to be lessiotieally heritablgCalarcoet al, 2012) Crucially,

the altered DNA methylome two generations after the stress treatment is correlated with an
increased tolerance to nitrogen deficiency, weitty those plants displaying the modified

DNA methylation pattern also displaying an increased tolerf¢meet al, 2011)

Although the regions of th®.sativaDNA methylome modified by nitrogen deficiency have
not yet been determined, these results strongly indicate that the modified DNA methylome
induced by nitrogen deficiency encodes a transgenerational stress memory. The previously
described transgeneratiorsatess memory in response to heavy metal stre@sshtivais

also observed to be concurrent with DNA methylation changes in the pr(@ery al,

2012) suggesting DNA methylation may be a general mechanism by @héztiva

encodes stress memories.

In summary, a few studies have attempted to understand the underlying biochemical basis
for the increased tolerance in the progeny of stressed plants by identifying genomic regions
which are differentially methylated in the progeny of stress pl@hete § now a

considerable body of evidence that DNA methylation patterns are responsive to stress an
stressmodified methylomes can lieherited.FurthermoreRdDM components have been
implicated in some stress memor{@ayko et al, 2010)and transgeneratiahstress
memorieqLunaet al, 2012; Rasmanet al, 2012ajand nitrogerdeficiency in rice is
associated with a stress memory two generations later in which stress tolerant-atrdsson
tolerant fall into two distinct cohorts with regard to their Dithylation patterKou et

al., 2011) Unfortunately, DNA methylation does not show a simple linear relationship with
gene expressiofColaneri andlones, 201 ilbermanet al, 2007) Thus, in many
instancesdifferences in DNA methylation are observadhe progeny but it is not possible
toinfer the downstream effects on gene expression and ultimately which changes in DNA

methylation (if any) the increased stress tolerance is dependent upon. As such, whilst some
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in the field are of the firm belief th@lants do pass on a memory of stress to the following
generation via epigenetic mechanigi@eyko and Kovalchuk, 2011)here are also those

who argue that further detailed and wadisigned experiments examining such mechanisms

are requiredmtonfigmeseli nfi obser v fPecinknmarel t owar
Mittelsten Scheid, 2012)

1.7 How could inherited changes in DNA methylation increase

stress tolerance in the progeny

As all the molecular functions of DNA methylation identified to date involve regulation of
the transcriptome, it is reasonable to expectittatanges in DNA methylatiotio indeed
transmita stress memory, theyill enhance stress tolerance by modifythg transcriptome.

One could postulate two possible routes by which DNA methylation could enhance stress
tolerance of the progeny by modifying the transcriptoRigure2). Both mechanisms

involve at least partial inheritance of the striegliced changeis DNA methylation

through to G plants in which the altered epigenome changes the transcriptome. However,
the mechanisms differ in how the altered epigenome exerts its stress tolerance benefits. In
mechanism 1, the basal transcriptome is altered suth that the plantsafes t r e s s
adj ust e dtheydisplhyeamleeted expression of stress responsive genesn

stress conditionsedudng the initial shock of stress and redhugstress sensitivity. In
mechanisn2, theG,p |l ant s ar ed fisd ¢ le tsapderiptionatmds@bnse to

stress is altered, enabling a more rapid@moreeffective response to stress. These

models are not mutually exclusive and the expression of some loci may be affected.in the G

plants both in the absence tfess and upon subsequent stress treatment.

Currently, there have been few studies characterising the transcriptome component of a
transgenerational stress memiéym which we can assess the relative contribution of these
two mechanismdn most publibed transgenerational stress memories, the hypertolerant
progeny do not display alter growth traits in reiress conditions, suggestimggechanism 2

is more likely. However he second generation progeaf/P.lanceolatgplants grown under
low nutrient condions do displayaltered plant growth traits under control conditiq@ase

et al,, 1996) and the progeny of cold treatédhalianashow a reduced fitness in favourable
conditions(Blodneret al., 2007) bothof which may be due tthe parental treatment
modifying the basal transcriptond the offspring Providing more direct evidence for

mechanism 1tiappears gene expression is affected in the progeny ofth=@dd
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A.thalianaunder control conditions and involves the hypermiatingn and reduced
expression of chromatin modifying gen@ilichak et al., 2012)although the inheritance of
these transcriptome alterations over an untreated generation was not ex@mitteslother
hand, biotic stress memories appear to involve iseaxpression of defence genes in
response to stre¢Bastoret al,, 2013; Slaughtegt al, 2012) in line with mechanism 2.
Transgenerational respoisde biotic stress appesto involve a similar stress primings
the second generation progenyRstDC3000 challenged plants display an increased
expression oPR-1in response to SA, with no change in basal expregkiomet al,

2012)
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Mechanisms for an epigenetic transgenerational stress memory

—» Genetic inheritance
----- ¥ Epigenetic inheritance (may be partial)

G,

G G Stress memory mechanism 1:
1 2

Stress event

1
7 P g g
o, —
/

PR “Stress adeStEd” Reduced initial shock of stress
“r ! Altered expression of stress response Reduced sensitivity
— - \ — — genes in the absence of stress
. \\/ AT b ey 89| > 3
LT v
Stress-induced G, inherit altered G, inherit altered  Stress memory mechanism 2: &
modification of DNA methylome DNA methylome 7/

DNA methylome % %
>

Transnent modification of:

+ Transcriptome “Stress prlmEd”

+ Proteome e
+ Lipidome Altered transcriptional response to stress
+ lonome - Responds faster

+ Metabalome - Responds more appropriately

Figure2. Possible mechasim by which stressnducedchanges in DNA methylation could enhee stress tolerance in plantsvo generations after the stress treatmeniG, plants subjected
to stress treatment which induces modification of the DNA methylome. The DNA methylome is then inherited by the folloeragiayes, with the strestnduced changes at least partially
maintained. In the gplants, twomechanisns are proposed. Mechasin 1 invokes a stress primed state for the progeny of stress plants, in which the inherited ciratfige®NA
methylome producea mild stresdike transcriptome in the abscence of stress, reducing the shock of a subsequent stress treatment and/or reducing senthig\styess treatment.
Mechansm 2 proposes that the altered DNA methylome manifdéttslf in an altered transcriptional response to the stress, increasing thedspf response andt responding to the stress

in a more efective manner. The two mechanisare not mutually exclusive.
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1.8 Concluding remarks

It is be@ming increasingly clear that plants possess mechanisms to enhance the tolerance of
their progeny in response to various stressful environmental conditions. Where this stress
memory is only observed in the immediate progeny, it is conceivable that thigasv

loading the seed with transcripts, lipids or metabolites to enhance stress tolerance. However,
transgenerational stress memories observed two or more generations after the original stress
treatment requieinformation flow between the generationsigéhcan be stably

maintained.

Evidence outlined in this Chapter leads to the hypothesis that transgenerational stress
memories in plants are encoded by modified DNA methylation patterns. DNA methylation is
dynamic in response to stregs;an be maintaied through mitosis and meiosi)d itcan

exert transcriptional control over nearby genomic regions and perhaps regulate alternative

splicing.

As discussed abovalthough an increasing body of evidence supports the hypothesis that
DNA methylation transiits transgenerational stress memoriksre are no published
experiments which directly link a stress memory to a particular DNA methylation event(s).
Until a stress memory is shown to be dependent upon DNA methylation modifications at
specific genomic mgion(s), and the downstream effects of these specific changes in DNA
methylation established, the hypothesis that DNA methylation can encode stress memories

in plantswill remain unproven

1.9 Research aims

The aims of this research project were to furthe understanding of how transgenerational
stress memories can enhance stress toleraamg® establisiwhetherchanges ildDNA
methylation caransmitstress memories in the model plant spedeabidopsighaliana

The hypothesis was thainsgeneratnal stress memoriese dependent upon stress

induced changes in DNA methylation that are inherited into the following generations. This
altered DNA methylome was expected to increase stress tolerance in the second generation

progeny by modifing the transcriptome as discussed in sedi@n

Two parallel approaches were takéiigure3). One approach was to start by analysing

DNA methylation changes during stress and then to establish whether the altered DNA
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methylome was inherited by the geny. The results dhis approach are discussed in
Chapter3.

In a second approach, stress conditions were screened to identify conditions which generate
an increased stress tolerance inftll®wing generationsThe results from the second

approach, inleiding the identification and characterisation of a novel transgenerational stress
memory are discussed in ChapteFor both approachea,wide range o$tress conditions

were examined, including conditiotisat had previously been shown to generateedh

change in DNA methylation, or a transgenerational stress memory.

Ideally one of these approaches would have identified conditions which resulted in a
transgenerational stress memory with an associated change in DNA methylagon.
inheritance of DNAmethylation could then be examined to establish if all sireksced
changes in DNA methylation were inherited and whether the inheritance was variable
between individually treated plants. Following thisranscriptome analysiould then be
utilisedto identify difference in the transcriptomes of the second geoerptogeny of
stressed plants. This would enalnieerrogationof the relative contribution of the two
mechanismg@roposed in sectioh.7, as well as identifying genomic regiofus further DNA

methylation analysis.

Unfortunately, nastress treatment wadbserved to generate a transgenerational stress
memory with an associated change in DNA methylation. Therdfwrdranscriptome
analysis was performed on the progeny of plants displayagdkel transgenerational
stress memory detailed in ChapfeiThe transcriptomics analysis and folloyy
biochemical analysis of the transgeat@nal stress memory progeny discussed in
Chapterb.

Finally, Chapte6 provides an overall discussion of the results and identifies possible future

directions.The methods employed in Chapt8f5 aredetailedin Chapter2.

44



Chapterl General Introduction

DNA methylation Transgenerational
stress memories

STAGE 1: Screen stress conditions Screen stress conditions for enhanced
Screen stress conditions for changes in DNA methylation stress tolerance of the progeny
STAGE 2: Are the DNA methylation Is stress memory inherited
Examine heritability changes inherited? through an untreated generation?
STAGE 3 Are the changes associated with Is the stress treatment associated
Correlation between an increased stress tolerance with changes in DNA methylation
DNA met.?hylatlon and stress in the G, progeny? in the G, progeny?
memory
STAGE 4: How is the transcriptome in the progeny
Examine mechanism of stress affected and how could these changes
memory increase stress tolerance of the progeny?

Figure3. Experimental plan by two parallel approacheBoth approaches staxtith a screen of suitable stress
conditions to identify either heritable DNA methylation changes or a transgenerational stress memory. If either

approach is successful the final stage is a transcriptomic analysis of the hypertolepanis.
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Chapter 2. Methods
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2.1 Plant cultivation and husbandry

The generah.thalianacultivation, husbandry and seed collections methods are detailed
below. Details of stress treatments and stress tolerance experiments are irRsgction
A.thalianawas wiltivated in soil, on agaplates and in hydroponics. Unless otherwise

specified the ecotype used in all experiments wadd0Bbl-0 seeds were obtained from

The Nottingham Arabidopsis Stock Centre (NAS@)I experiments were conducted on

seeds deriveffom a single selfertilised plant to ensure experimental plants were isogenic.
Fresh Col0 seeds were sown every 6 months to maintain a collection of fresh isogenic seeds

for experimentation.
2.1.1 Sail

Cultivation of A.thalianain soil was carried out in lingith the protocols outlined byhe

European Arabidopsis Stock Centhdtp://arabidopsis.infy/ Unik Paks with 5, 15, or O

cavities were filled with a 5:2:1 mixture of potting soil, vermiculite and perlite and treated

with Intercept (Bayed according o t he manuf ac Thieeseedsiwerei nst r uct
sown in the centre of each cavity before stratificationQ@4n the dark for 48 hours), after

which trays were placed in a growth room or glass house. Growth room relative humidity

was kept between-80%, with temperature between-22 °C and light (~ 8 umol)

supplied from above for 16 hours a day. Green house temperature was maintained between

17-24 °C, with light levels maintained at a minimum of 1060l for 16 hours a day. Soil

moisture was maintained by watering trays from below twice daily. Afidr days, plants

were thinned to 1 per cavity plug by removing the outermost seedlings.

Two methods were used to collect seeds from soil cultivated plmdirst method

involved tying inflorescence stems loosely to vertical supports approximately 2 weeks after
initiation of bolting. Upon observation of the first fully dried silique, the above ground
portion of the plant was contained within a glassinearabwatemasrestricted once
approximately 90% of siliques were fully dried. Glassine bags containing dried plant
material were excised from the plant and massaged to shatter siliques for seed collection
(section2.2).

The second method utilised microfzeated cellophane3g0holes/inch, Focus Packaging

& Desigr) tubes (48 mm in diameter, 300 mm in length, sealed at on end) which were taped

to a plastic plant label and placed over the plant 21 days post stratificgnpon
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observation of the f&t fully dried silique, the tube was tied approximately 50 mm above the
base of the inflorescence stem. Water was restricted once approximately 90% of siliques
were fully dried. Once all siliques were fully dried, the inflorescence material was excised

from the plant and the seeds collected as described above.

2.1.2 Agar-plate

Seeds were surface sterilised by vapour phase sterilisation as described by Clough and Bent
(Clough and Bent, 1998Briefly, seeds were placed into racked 1.5 ml microcentrifuge

tubes wheh were left open and placed inside a sealeth¢ainer in a fume hood.

Concentrated HOI3 ml) was added to 100 ml commercial bleach in a beaker placed inside

the container which was immediately sealed. Seeds were incubated in the resulting chlorine
gasfor 3 hours before the container was opened and the microcentrifuge tubes immediately
sealed. Sterilised seeds were sown directly onto squarelagéis containing ATS media
(section2.8.]) (Lincoln et al, 1990)solidified with 1% Bact8" Agar in a stdte

environment and sealed with micropore tape. Plates were held vertical in racks and stratified
(4 Cin the dark for 48 hours) before being placed a growth room or glasshouse as described

above.

2.1.3 Hydroponics

Hydroponic tanks were constructed consistih@ L plastic boxes made opaque with
commercial black tape into which 10 equally spacedivhuoles were punched into the lid.

For the cultivation of plants in hydroponics, plants were sown ontepdgi@s as described
above Fourteerdps(approximatelyl 3 days after germination) seedlings were transferred
into hydroponic tanks containing 900 ml AT8ore plants than required in a particular
experiment were transferred to hydroponic tafiiks% excess3o that plants which

displayed signs of wilting withi 48 hours could be removed and replaced with healthy
plants. No obvious relationship between plant growth traits at transfer and the likelihood to
display signs of wilting after transfer to hydroponics were obseselATS was

replenished every 7 daySiliques were removed once they &me dry andhey werestored

in glassine bags. Once sufficient quantities of siliques were collected, seeds were separated
from the siliques by gentle disruption and sieving before air drying arabstess detailed

below.
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2.2 Seed storage

Seeds collected from both soil and hydroponic cultivated plants were separated from the dry
reproductive material by sieving. For storage, seeds were transferred to 1.75 ml glass vials
and let at room temperature to ary for 14 days, aéir which the cap was screwed on.

Where sufficient quantities of seed were collected (i.e. for identification of stress memories),
the moisture content of seeds was measured before seed storage. Approximately 100 mg of
seeds were weighed in a 1.75 ml ghaiss and heated to 85C for 24 hours. Weight post

heating was recorded and used to calculate the moisture content of the seeds using the

formula:
% Moisture Content = 100 x ((wet weighdry weigh) / wet weight)

The measurement was repeated twiceefmh treatment group. Where moisture content
exceeded 6%, seeds werediied for a further 7 days and the moisture content
re-measured. Labelled seed vials were stored in the dark at room temperature.

2.3 General molecular biology

2.3.1 Nucleic acid extractionsand analyses
2.3.1.1DNA extraction

DNA was extracted with a DNeasy Plant Mini K
Briefly, plant tissue (rosettes, roots or whole seedlings) weighing approximatehy208s

ground to a fine powder in liquid nitrogen in a 1.5 ml microcentrifuge tube, to which

extraction buffer and RNase A were added. Successive cdlased steps to remove

detergent, proteins, and polysacchariles the lysate were followed by isopraym

precipitation of the DNA onto a silica column from which it was eluted with deionised

water. All DNA samples were analysed by agarose gel electrophoresis to inspect DNA for
degradation and analysed on a NanoDrop 2000/8000 (Thermo Scientific) tcsadtadli

concentration of the sample. Samples were stored@t(41 month) or at20 C (> 1

month).
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1.1.1.1RNA extraction

RNA extraction was based on the Trizol metfi@lomczynski and Sacchi, 2006)
Approximately 100 mg of plant tissue was ground to a finedeswn liquid nitrogen in a
microcentrifuge tube, taking care not to allow the tissue to thaw, before addition of 1 ml
Trizol reagent and vigorous mixing. After 3 minutes incubation, 0.2 ml chloroform was
added and the tube gently mixed and inverted foirites. Samples were then centrifuged
for 5 min atd20 000 g relative centrifugal force (RCF). The upper aqueous layer (500
was removd to a fresh microcentrifuge takland 500m isopropanol and 106i 3M NaOAc
added. Precipitation of RNA was cardieut by incubation abom temperaturéor 5

minutes before centrifugation @20 000 g for 20 minutes. The supernatant was removed
and the pellet washed with 1 ml 70 % ethanol and air dried for approximately 5 minutes.
RNA was dissolved in 50 pl of sikr water. All RNA samples were analysed by agarose gel
electrophoresis to inspect for degradation, and analysed on a NanoDrop 2000/8000 to
establish the concentration of the sample. Samples were steB&d @t(> 1 month) or80

“C (>1 month). After gniding of plant material, the extraction was performed on ice where

possible and centrifugation stepsreperformed at 4C.

2.4 Generation ofpromoter::GUS lines

8 genes were selected for promoter activity analiaav2 (AT2G3383), DCL3

(AT3G4392), RDR2(AT4G11130, NRPD1(AT1G6302), NRPE1(AT2G4003) CMT3
(AT1G6977) MET1(AT5G49169pandROSIAT2G36490)Promoters were defined as the
region upstream of the gene transcription start site up to the translated region of the next
upstream gene, up a maximum of 3 kb. Promoter regions were amplified from genomic
DNA by PCRwithP f u Ul t r a Bvhi¢hlis odtinisedifor amplifying long sequences
with a high fidelity. PCR primers were designed with Prin{&t8://primer3.ut.eg/

PCR was performed by addition of the following to 0.5 pl-C@NA template: 1 units
PfuUltraDNA polymerase, 5 uM dNTPs, XM 3 @rimer, 10 n Mrindebandsterile
water to 20M, with 1 X PfuUltrabuffer. Cycling parameters were dependent ygamer

annealing temperaturesésTable13). The PCR progranwas
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94" C-1min

94 C-30s

Annealing temperature é8Table13)-30s Cycle 40 times
72 C-30s

72 C-5min

4 C1i Hold

= =4 4 4 -4 -2

PCR products were purified from a 1 % agarose gel usinG¢h&xtraction Kit((GenoCruz

E ) and sequenced to confirm successful amplification of target promoter sequences.
Attempts were made one all promoter fragments into the Gate®@ENTRE entry

vector (see below). Where this was unsuccessful, promoter fragments were cloned into the
pCXGUSP binary vector (sectio?.4.3).

2.4.1 Biochemistry

2.4.1.1Ferric reductase activity assay

Root ferric reductasactivity was quantified using the method described by Yi and Guerinot
(1996) Seeds were sown onto AEgar and transferred atdpsonto ATSsupplemented

with varying containing concentrations of zinc. Atdgs root material from a whole plate

of seedings (30 plants) was pooled together, weighed and added to 1 ml assay solution
comprising 100 uM Fe(IIFEDTA, 300 uM FerroZine in distilled water. Following 20
minutes incubation in the dark, the root material was removed and the absorbancenat 562
measured with aJltraspec 2000 Spectrophotomo(Bharma Biotechzeroed at 75am.

An aliquot of assay solution containing no plants acted as a blank. The concentration of
reduced iron (Fe(lHlEDTA) was determined using the molecular extinction coefficént

28.6 mM/cm. Testing for statistical significance was carried out in SPSS usingy 2
ANOVA.

2.4.1.2Chloroform extraction

Chloroform extraction was performed based on the method described by Pali(E89)

using the aerial portion of the same seedlings from which root material was removed for the
ferric reductase assay above. Aerial tissue was submerged in 4 ml DMF and incubated
overnight in the dark at 4 °C. The DMF was then removed and stored in theg dat€

whilst a second extraction in 4 ml DMF for 6 hours was performed. The two 5 ml portions
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were then pooled and absorbance determined at 647 nm and 664 nm Wlittaspec 2000
SpectrophotomotgPharma Biotechzeroed at 750 nm and DMEsistant U\cuvettes.

Total chlorophyll (A & B) content was calculated using the equation: Chlorophyll =
17.67A% + 7.12A%* Testing for statistical significance was carried out in SPSS using a 2
way ANOVA.

2.4.2 Cloning with the Gateway® system

To enable directionallaning into the pENTE entry vector, the forward PCR primers
contained the sequence, CA @hénbasapair witihtee 5 Nj end
overhang sequence, GTGG, in the pENTRE vect
intothep ENT Riiryve ct or usi ng t-T@POP Edifightfadc@dng
the manufacturerodos instruction: PpNRPE1(POLV)

A transformation mixture was prepared consisting of 0.5 pul gel purified PCR product, 0.5 pl
salt solution , 0.5 pl sterile dwiised water and 0.5 ul vector and incubated on ice for 10
minutes. The transformation mixture was added to a vial of One Shot® TERbOcells

and incubated for 30 min on ice. Transformation was achieveeédighocking the cells for

30 seconds at2AC without shakingbefore immediately transferring to ice. The cells were
then diluted in Super Optimal Broth (S.0.C) medi{lfanahan, 1983nd incubated at

37°C for 1 hour with shaking. Cells were then spread on Lysogeny gB}HBertani,

1951)- agar plates containing 50 pug/ml kanamycin, and incubated overnight at 37°C.

Colonies were examined by PCR to identify transformants containing the insert in the
correct orientation. A pipette tip was used to pick colonies and add them to a reaction
mixture containing 1 units Tag DNA polymerase, 5 pM dNTPsiI0M13 forwardprimer
, 10 n Mringkebandsterile water to 2@, with 1 X Standard Taq buffeCycling
parameters were dependent upon primer annealing temperaag€alfle13). ThePCR

progran was

94 C-1min

94 C-30s

Annealing temperature (s@able13)-30s Cycle 30 times
72 C-30s

72 C-5min

4 Ci Hold

= 4 4 4 -4 -2
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Positive colonies were then picked and cultured overnightihl3 medium containing 50

pg/ml kanamycin beforesolation of plasmid b@IlAprep Spin Miniprep Kift QIAGEN)
according to the manufacturero6s instructions
with 0.5 pl of plasmid preparation used as template and analysed by restriction digest to

confirm the presare and orientation of the insert.

Inserts were transferred to the GatelWalyinary vector pPBGWFS7 which contains the GUS

gene(Xiao et al, 2010)by performing a recombination reaction with thateway® LR

ClonaseE | |kitAnvidogene avwicxor di ng to the manufact:
mofLi brary Eff i competeccyllEwaiktGbbtéd with the LR reaction

mixture and heashock transformed as described above. After incubation at 37 °C for 1

hour, the cells were spread onto-BBar plates containing 100 pg/ml spectinomycin.

Positive colonies were identified by colony PCR as above, before culturing in 3ml LB

medium containing 100 pg/ml spectinomycin for isolation of plasmi@@#prep Spin

Miniprep Kit according to the manufactue r 6 s i nstructi ons.

2.4.3 Amplification of promoter sequences and cloning into pCXGUS?

Promoter sequences for pNRPD1(POLIV), pPROS1 and pMET1 were incorporated into a
pCXGUSP binary Fvector according to the method described by GB6A9) Briefly, a
ligation mixture was prepared composedb0fng ofthe T-vectorandthe corresponding
concentratiorof A-tailedPCR producto give a 6:1 molar ratio of insert:vector, with 20
units T4 DNA ligase in 10 pul total volume. The ligation mixture was transformed infb 50
Li brary Eff i competencgl&by théheddshock method described above.
After incubation at 37 °C for 1 h, the cells were spread ontadgd containing 50 pg/ul
kanamycin. Positive colonies were identified by colony PCR as described bbtore,
isolation of plasmid bYIlAprep Spin Miniprep Kiand restriction digest and plasmid

sequencing to confirm insertion and direction of insert.

2.4.4 Transformation of Agrobacterium tumefaciens

Regardless of cloning procedure, successful cloning intbittaey vector (0 BGWFS7 or
pCXGUSP) was followed by transformation infgrobacteriuntumefacienstrain
GV3101 CompetenA.tumefaciensvere prepareds described by Hofgen and Willmitzer
(1988) Transformation was achieved by electroporation as deddojo&Veigel and
Glazebrool 2006) Briefly, pre-prepared frozen 500 pl aliquots of compet&nt

tumefaciensvere thawed on icenixed with 1 pl binary vector and incubated on ice for 5
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min. The cells and binary vector were then transferred to an electtigmocuvette and
electroporated in a Gene Pulser apparatusiBid) at 25 mF and 2500 V with resistance set
to 200 ohms. The cells were then diluted in 1 ml LB medium, transferred to a 1.5 ml
microcentrifuge tube andcubated at 28 °C for 2 ICells were spread onto LB containing
100 pg/ml spectinomycin (pBGWFS7) or 50 pg/ml kanamycin (pCX&)$or selection.
Positive colonies were identified by colony PCR as described above.

2.4.5 Transformation Arabidopsisthaliana

Arabidopsighalianawas transformed with the positive colonies by Algeobacterium
tumefaciensnediated floral dip method described by Clough and BE38) Briefly,

GV3101 harbouring a binary vector was cultured overnight in 3 ml LB with selective
antibiotics at 28 °C uh shaking An aliquot of100 pl was removed and added to 500 ml LB
with selective antibiotics and incubated at 28 °C with shaking overnight. An infiltration
mixture was prepared by harvesting cells by centrifugation at 5 000 g for 10 min before
resuspendig in 500 ml 5% sucrose, 0.05% Silwe¥L in a beaker. The aerial portion of
A.thalianaplants with primary bolts clipped and secondary hafitapproximately 2L0 cm
were submerged in the infiltration mixture with gentle agitation for approximately 5 s.
Dipped plants were covered to maintain humidity and left in a low light location overnight
before being uncovered and returned to the greenhouse. Seeds were harvested by the

glassine method (secti@l.l).

2.4.6 Selection of representative lines

Seeds were dlected from dipped plants and grown under selective conditions to identify
progeny containing the insertion. Selection of plants transformed with the G&teway
expression vector was carried out by sowing seeds in soil at a density of approximately 0.1
pe mntacross a seed tray insert. After 7 days, trays were sprayed with Basta
(phosphinothricipsolution 120mg/L three times over a period of 7 days. Plants which
survived the Basta treatments and appeared healthy were then potted onfentliset

before seeds collection. Segregation analysis was carried out in the following generation to
identify plants which produced progeny with a 3:1 ratio of Basta resistant:Basta sensitive as
these will only contain the resistance gene on one chromosome ahdrafere more likely

to possess a single insertion. Segregation analysis was performed by Basta to identify lines
segregating 3:1 for resistance (Exact Binomial Test conducted in R). Where the null
hypothesis that the line segregated 3:1 was not rdj§et®.05), the plants were self

fertilised to identify offspringvhich were homozygous for the Basta resistance trait. A
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minimum of 6 independent transformants were examined by GUS stainirge(tiem

2.4.7) before a single transformant was selectepogsessing a representative expression of
GUS. This line was then used for all experiments to investigate promoter activity. Selection
of representative transformants from plants transformed with the pCXG#Stor was

carried out in an identical mannetcept that hygromycin selection was used. Hygromycin
selection was performed by sowing sterilised seeds onaBb supplemented with 50

pg/ml hygromycin. Atl4dps plants displaying healthy root growth were transferred to
ATS-agar and cultivated until sidiently large to transfer to soil for seirtilisation and

seed collection.

2.4.7 GUS staining protocol

The method for visually inspecting GUS activity was adapted from the method described by
Kobayashi(2007) Plant tissue (rosette, root or whole seedjngere fixed in 3.7%
formaldehyde in pH 7.0 phosphate buffer (0.1 M d®;, 0.1 M NgHPQ,) for 30 min

before washing in several changes of ice cold phosphate buffer for 30 min. Tissues were
then submerged in 1.5 ml GUS staining solution (10 mM EDTA, 0.1 % X460, 1 mM
KsFe(CN), 2.0 mM XGluc, 0.1 M NaPQ pH 7.0 made to volume with sterile deiomise
water) in a 2 ml microcentrifuge tube and vacuum infiltrated for 5 min. Vacuum infiltration
was repeated for tissue samples that did not sink. Samples were then incubatéifat 37

24 h to allow the GUS protein to convert colourles&)Xic (B-broma4-chloro-3-indolyl 3-
Dglucuronideg to 5-br-4-CI-3-indolyl which undergoes subsequent oxidation to form an
insoluble indigo final product. GUS stained plant tissue was washed in distilled water and
taken through a series of ethan@shies by incubation in 20%5%and 50% ethanol for 30
min each. Following this, tissues were fixed for 30 min in FAA (50% Ethanol, 3.7%
Formaldehyde, 5% acetic acid, sterile water to volume) for 30 min at room temperature. A
second ethanol series followed involving incubatio@®6 (overnight), then 80% and 90%

(1 h each) ethanol, before a final overnight clearance in 1.5 ml 5:2 (w:v) chloral hydrate,
glycerol solution. Chloral hydrate cleared tissues were then mounted on slides for
microscope imaging. A 35S::GUS line (donated_byser, O) was used as a positive control
and WT Col0 used as a negative control for each GUS staining procedure. The exception to
this protocol was the GUS staining of the pMET:GUS line which was performed with a 1 h
incubation step as the activity dfet promoter was far in excess of the other promoters

examined.
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2.5 DNA methylation analysis

DNA methylation was analysed Insulphite sequencing and Methylati§ensitive
Amplified Polymorphism (MSAP).

2.5.1 Methylation Sensitive Amplified Polymorphism

MSAP protocols were basgdeviously published method€erveraet al, 2002; Kageyama
et al,, 2008) Two protocols were developed based on the Asel and Hpall/Mspl and Asel

and Mbol/Sau3Al/Dpnll restriction endonuclease combinations.
2.5.1.1Asel and Hpall/Mspl NBAP

DNA samples were digested with Asel and Hpall, and Asel and Mspl in parallel. Digestion
and ligation were carried out simultaneously having established that sequential and
simultaneous digestion and ligation steps produced the same band profilellovtiado

were added to 100 ng DNA: 10 units Asel, 10 units Hpall or Mspl, 20 units T4 DNA ligase,
62.5pM Hpall/Mspl oligonucleotide adapter, 128 Asel oligonucleotide adapter and
sterile water to 201, with 1 X T4 DNA ligase buffer. The oligonucleotidelapters were
prepared by adding equal quantities of 100 uM adapter oligonulceotides 1 Eatnle13)

and heating to 90 °C for 1 minute before bringing back down to 25 °C over 15 min.
Digestion and ligation were carried out at &7for 6 hours beforeahaturation of enzymes

at 65 C for 10 min. Ligated samples were then diluted by addition oi1 8terile water.
Preselective PCR was performed by addition of the following md diluted ligation

sample: 1unitsTaq DNA polymerase, 5 uM dNTEsSnM Asd +1 primer , 15nM

Hpall/Mspl +1 primer andterile water to 201, with 1 X Standard Taq buffer. Cycling
parameters were dependent upon primer annealing temperaturda&cks). Pre

selective programvas

72 C-2 min
94" C-1min
94 C-30s

72 C-30s
72 C-5min

1
1
1
1 Annealing temperature (s@ablel3)-30s Cycle 20 tines
1
1
1 4 C-Hold

56



Chapter2 Methods

Preselective PCR samples were analysed by agarose gel electrophoresis to examine
amplification before dilution by addition of 183 sterile water. Selective PCR was
performed by addition of the following tord pre-selective PCR sample: lunitsTagq DNA
polymerase, 5 uM each dNTPS nM Asel 2 primer, 15 nM Hpall/Mspl 8primer, and

sterile water to 201 with 1 X standard taq buffeAsel +2 primers were labelled with
ARD700 or FAM for polyacrylamide gel electrophoresis (PGE) or capillary electrophoresis
(CE) analysis respectively. Cycling parameters were dependenptipwr annealing

temperatures éeTablel3). Selective programas

94 Ci60s

94 C-30s
Stepdown PCR

(Annealing temperature +1C€)7 0.5 C/cycle-30 s
T 20 cycles

72 C-30s

94 C-30s

Annealing temperature 30 s Static PCR 20 cycles
72 C-30s

72 C-5min

= =4 4 -4 -4 A -a -2

Selective PCR samples were analysed by agarose gel electrophoresis to examine

amplification before 1:10 dilution with sterile water.

PGE was performed with a4GOR 4200L accordingtdhite manuf act urer &8s i ns
Polyacrylamide gel$6%)were preparetly addition 0of200 ylammonium @rsulfate to 5

ml of SequaFLOWGel Complete Buffer aB@ml of SequaFLOWGel XR Monomer
Solutionwhich was mixed and immediately dispensed between glass plates held between
rail assembliesRunning buffer comprised 0.8 x BEB(section2.8.4. A buffer tank was

attached to the top of the polyacrylamide gel cassette and loading buffer added to the tanks
above and below the gel. A pren was carried out for each gel to optimise the focal plane

of the detection microscopkeoading buffer 2.8.5 was then thawed on ice and added to
diluted samples (2old dilution in sterile water) which were heated to 90 °C for 5 min to
denature them. Loading buffer was removed from the top tank to below the level of the gel.
Ficoll (1.5 m) was then addetb the top of the gednd the samples contbaded onto the

gel, before gentle replacement of the running buffer. Samples were run fob&foie

removal of the combSamples were then run for 2ahd fragments detected by excitation of

the ARD700labelled Asel +2 primer as the sample passed an excitation|RBge700

50-700 Sizing Standarsamples were run at either end of the gel. Fragment
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presence/absence scores were obtained by visual inspection of the gel images and tabulated

accodingly.

Capillary electrophoresis analysis was performed witABh3130XL. 0.3 ul ofGeneScan

E 600 Liz Siasaddedtd Ga7pl dob2dld diluted sample before loading on a

96-well plate and analysis on t#d3] 3130XL accordingtothe manufat ur er 6 s i nstr u
Fragments were detected by excitation of the Fabtlled Asel +2 primer. Data analysis

was performed in GeneMapper® Software v3.7. The peak sizes of each sample were
automatically determined based on a-Bnder least squares sizalling aurveusing the

retention times for the size standard peaks. Total peak intensities for each individual sample

were normalised across the experiment.

2.5.1.2Asel and Mbol/Dpnll/Sau3Al MSAP

The Asel and Mbol MSAP assay was performed in an identical mémtter 1.3.1.Asel

and Hpall/Mspl MSARassay described above with the following exceptions. As ligation of
adapter oligos onto Mbol, Dpnll and Sau3Al reconstitutes the cleavage sites, digestion and
ligation steps were performed separately. The followingevaelded to 100 ng DNA: 10

units Asel, 10 units Mbol or Dpnll or Sau3Al, and sterile water tail@ith 1 X T4 DNA
ligase buffer, with incubation at 37 °C for 6 h befdematuration of enzymes at 65 for 10
min. Ligation was achieved by addition of @8itsT4 DNA ligase, 62.pM

Mbol/Dpnll/Sau3Al oligonucleotide adapter, 1781 Asel oligonucleotide adaptand

sterile water to 101, with 1 X T4 DNA ligase buffer. Ligation was carried out at4
overnight before denaturation of enzymes at@3%or 10min. Ligated samples were then
amplified as described above except that Hpall/Mspl primers were replaced with
Mbol/Dpnll/Sau3Al primers.

2.5.2 Bisulphite sequencing

Bisulphite sequencing to detect DNA methylation involves conversion of unmethylated
cytosine tauracil in the presence of the bisulphite ion (H$Qvith methylated cytosine
remaining unconverted.gnethylated cytosines are displayed as thymines in the resulting
amplified sequence of the sense strah@reas methylated cytosine are displayed as

cytosines.
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2.5.2.1Bisulphite conversion

To prepare genomic DNA for bisulphite conversion, a restriction digestion was performed to
reduce the complexity of the genomic DNA. DNAsadigested overnight with Apdue to

the absence of its recognition sites (GGGCCQnftbe regions which were sequenced.

Bisulphite conversion was performed with 88 DNA MethylatiorL i g ht ni @yn& Ki t
Research according to the manuf @aftighniegr 6s i nstru
Conversion Reagent was added to 100 ng of DNA Eamp@ PCR tube and mixed.

Samples were heated to 98°C for 8 min, followed by 54°C for 60 min. Samples were then

bound to silicabased column and washed to remove reagents before DN/pldesated

on-column for 20 mirat room temperature, followed by ather wash step to remove

reagents. Samples were eluted in 20 pl sterile deionised water and st@@dGit

2.5.2.2Bisulphite PCR

Primers for bisulphite sequencing were manually designed to amplify the sense strand with
minimal incorporation of cytosineintohe 36 pri mer and guanine i n
ensure that full conversion of cytosines had occurred, bisulphite sequencing was performed
on a 157 bp sequence of the chloropRsaApromoter which is not methylated and

therefore all cytosine within this region should be converted to thyr(fineset al, 2011)

For bisulphite PCR reactions, the following were added to 0.5 pl of bisulphite treated DNA
sample: 1 unifTag DNA polymeras, 5 uM dNTPs, 16M 3 @rimer, 10nM 5 @rimer and

sterile water to 20, with 1 X Standard Taq buffer. Cycling parameters were dependent

upon primer annealing temperatures ($able13 below). PCR program:

94 C-1min

94 C-30s

Annealing temperature (s@ablel3)-30s Cycle 40 times
72 C-30s

72 C-5min

4 C-Hold

Where no product of the expected size was observed, the PCR was repeated with 0.5 pl of
the first PCR reaction used as the template for an identical second reaction. Sequence reads
for thePsaA fragment indicated that 100% (21/21) of cytosines in thiregiere

converted, indicating that the bisulphite treatment was successful.
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2.5.2.3Sequencing

Bisulphite PCR samples were sequenced by the Genomics Laboratory within the
Technology facility at the University of York. Samples were analysed on a ABI Prism
3130XL. Resulting Seq files were inspected in Chromas. The underlying methylation status
of each cytosine within the region amplified was determined by visually comparing the
cytosine and thymine peak height ratio (C:T) resulting from the incorporation of these
nucleotides: C:T >3:1 = unmethylated, C:T <1:3 = methylated, 3:1<C:T>1:3 = partially
methylated

2.6 Stress treatments

Stress treatments were used for two purposes: Screening for conditions which generated
either a change in DNA methylation or a transgeneratginas memory and examining

stress tolerance in the progeny of plants subjected to stress treatments. All experiments were
conducted withA.thalianaecotype CalD unless otherwise specified. Stress treatments were
either initiated from germination onwardsat a set number of days after the end of
stratification.Where stress treatments were conducted to examine stress tolerance in the
progeny, parental plants sédfrtilised and seeds were collected from individual plants
separatelyA summary of the séiss treatments and F1 generation stress tolerance testing is

given inTablel.

2.6.1 Stress treatments for screening

2.6.1.1Screening stress conditions for DNA methylation changes

NacCl, drought, PEG, sorbitol and temperature stress treatments were performed to examine
DNA methylation in response to stress. These treatments are detailed below. The DNA
methylation profile of zinc stressed plants was also examined. The zinc strgssrite@as

performed as part of the screen for transgenerational stress memaories. This experiment in
detailed in sectio.6.2.4
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FO treatment Cultivation | Number of plantq Developmental stage] F1 stress tolerance testing (for all F1 progeny in FO treatment group) Statistical test
9 mM NG (Control) Agar 40 0-21dps CNBaK 6SA3KGY mn LELyda 2y FILNP ¢ Ya 2NI Moy aY bhi FNBY nnhn RLE 6E c NOAE$ANGVA®
1.8mMNO Agar 40 0-21dps {SSR 6SAIKGY mn LA Fydda Ay KeR2LRYyAOa® ¢NI YAFTSNNBR (2 dFyld [02yidlAyAy3 ¢ 2¥@FANDYA Ya 2NJ nod
Nitrogen deficiency [9 mM NG (Control) Hydroponics 10 >21 dps
1.8 mMNQO Hydroponics 10 >21 dps
0.9 mMMNQO Hydroponics 10 >21 dps
12°C Soil 40 >21dps Fresh weight: 20 plants in soil at 12, 22 or 34 °C for 0-21 dps (x 4 repeats) 2-way ANOVA
Tempearature extreme|22 °C (Control) Soil 40 >21 dps Seed weight: 20 plants in soil at 12, 22 or 34 °C from germination (x 4 repeats) 2-way ANOVA
34°C Soil 40 >21 dps
Elevated Nacl 1 mM NaCl (Control Agar 40 0-21dps Germination: 100 seeds on agar. 0, 50, 100, 150, 200 mM NaCl for 0-14 dps (x 4 repeats) Student's t-test with multiple testing correction and G-tes!
100 mM NaCl (Contri Agar 40 0-21 dps Root growth: 30 plants transferred at 7dps to 0, 150, 175 mM NaCl. Growth measured 9dps NA
. Control Agar 40 0-21dps Germination: 50 seeds on agar. 0, 4, 8, 12, 16 % PEG for 0-14 dps (x 4 repeats) Student's t-test with multiple testing correction and G-tes
Low water potential
+15% PEG Agar 40 0-21 dps
1uMZnSp 6/ 2|y i NPAgad 40 0-10 dps CNB&aK 6SA3IKGY pn &aSSR& 2y | 3IFNWP m xaX Hpn xa 2N pnann xa %y{h nmma RLIA 6 E2-way NSOV (& 0
Elevated Zinc 500 UM ZnSP Agar 40 0-10 dps 5505t 2LYSy it LINBAINBaaraAz2yyY on LELFyda 2y | 3FNW mxaX pn xaZX Hlpn xaZX pnan xa %NAhj FNBY w €SIF
1mMZnS Agar 40 0-10 dps Heavy metal stress tolerance. Fresh weight: 37-50 plants on agar supplemented with 50-500 Ni, 500 pM Co or 100 mM Nacl from 0f14 dps NA
Elevated Zinc 1uMzZnSp 6/ 2|y i NPAgad 80 0-10dps CNB&dK 6SA3IKGY mnn aSSRa 2y F3FLNX¥ m xal pn xa Hpn xa 2N pnn a %y {hj nmnvmmn2-WwayANGVA mn NBLISH (a
(Repeat experiment) [500 uM znsp Agar 80 0-10 dps CNBaK 6S8A3KAY mn LXlyia Ay KERNBLRYAOA® m ¥xaX pn kxa Hpn xa [PNJ pnn  xRandomised blockwesign ARQMA 6 E o

Tablel. Summary of the stress treatments and the stress toleranzarried out in the following generationFor each FO treatment, the conditions tested are described, including the

cultivation method, the number of plants in each treatment group, and the developmental stage during which the stressritesmonered. Tie F1 stress tolerance experiments were

identical for all F1 progeny from each FO treatment group. The statistical tests employed to identify significant diffeteree control and stress progeny are listed.
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2.6.1.1.1 NaCl and drought in soil

Twenty one dpsyatering was ceased for 4 trays of 40 plants each. Three trays were then
watered from below with 25, 50 or 100 mM NaCl with tfftrdy remaining unwatered to
affect drought stress. As water retention was greater in cavities in the middle of the tray, 1
5ml of sterile water was added daily to the outermost cavities to maintain more equal soil

moisture across the tray for the drought stress. An additional tray of plants were watered
throughout to provide a control group. At 8ps rosette tissue was exedfrom 10 random
plants in each tray and snap frozen in liquid nitrogen for extraction of BEEION2.3.1.)

for MSAP analysisgection2.5.1).

2.6.1.1.2 NaCl, PEG and sorbitol in hydroponics

Plants were transferred to hydroponics atifigand cultivated on djuid ATS media as

outlined in2.1.3 Severdays later, ATS was removed and replaced with ATS supplemented
with 150 or 200 mM NaCl or 5%, 10% or 15% PEG for 1 tank each (10 pl@mtsjank

was supplied with ATS not supplemented with NaCl or PEG as aotgntup. The

maximum quantum yield gfhotosystem IIEv/Fm) was measured daily with a Pocket PEA
portable dlorophyllfluorimeteras a measure of stre3geatments proceeded until a

decrease in Fv/Fm of stress plants was observed relative to comtitsl plaCl treatments

lasted for 48 hours, whilst PEG treatments lasted for 7 days. Rosette and root tissues were
separately pooled for each treatment group and snap frozen for DNA extraetitar

2.3.1.) for MSAP analysisqection2.5.1). For MSAP anlysis of the roots of individual

plants subjected to 5% PEG stress, the above 5% PEG stress treatment protocol was carried
out and DNA extracted from root tissue from each plant separately after 7 days. For the
comparison of osmotic stress induced by P&sBhitol and sterilised PEG stress, the above
5% PEG stress treatment was pearfed with 2 additional tanks. Otenk was treated with

ATS supplemented with sufficient sorbitol to induce an identical osmotic stress (as
measured by osmometer measurementseofolutions)The secondank was supplied with

a sterile solution of ATS supplemented with 5% PEG.

2.6.1.1.3 Temperature stress

Threetrays of 40 plants each were grown as describ@dlii At 21dps the trays were
placed in Sanyo MLFR852 growth cabinets set at 12 (cold), 22 C (control) or 34 C
(hot). Light intensity for all cabinets was set-at20umol, with a 16 hour photoperiod. At

35dps Fv/Fm was measured with a portalfdocophyll fluorimeterand the rosette
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diameter was measured for 10 random plants in each tray. Rosette tissue was then excised
from 20 random plants in each tray and snap frozen in liquid nitrogen for extraction of DNA
(section2.3.1.] for MSAP analysisgection2.5.1).

2.6.1.2Screening stress conditions for induction of a transgenerational stress

memory

2.6.1.2.1 Nitrogen deficiency stress

Plants were subjected to nitrogen deficiency stress orpdagass 2.1.2) and hydroponics
cultivation @.1.3. For nitrogen deficiency stress agarplates, 40 seeds each were sown

onto ATSagar with nitrogen content in the media altered to 9 mM (¢@ntrol) or 1.8 mM

NO; (nitrogen deficient) (see secti@B). At 21dps seedlings were transferred to soil and
cultivated as described th1.1 with seeds collected by the glassine bag method. Seeds were

collected separately from the 80 plants.

For nitrogen deficiency stress in hydroponics, plants were cultivated as describdd3n (
21dps ATS was removed and replaced with ATS with nitrogement adjusted to 9 mM
NO; (control), 1.8 mM or 0.9 mM N@Xnitrogen deficiency) for one tank each (10 plants).
ATS with adjusted nitrogen content was refreshed every 7 days and siliques collected as
described inZ.1.3. Seeds were collected separatebynt the 30 plants.

2.6.1.2.2 Temperature stress

Plants were cultivated as describe@i6.1.1.3except rosette tissue was not removed and
plants were maintained in the control (Z3, cold (12 C) and hot (34C) temperature

conditions through to seed collectiby the cellophane method.(.1).

2.6.1.2.3 NacCl stress

Plants were subjected to NaCl stress on Agar £.1.2. Forty seeds were sown onto ATS

agar supplemented with 100 mM NacCl, with an additional 40 seeds sown ontagar &8s

a control group. At 2tips seetings were transferred to soil and cultivated as described in
2.1.1 with seeds collected by the glassine bag method. Seeds were collected separately from
the 80 lines and labelled as €1Q (control) and N 40 (NaCl). A single seed from each of

the 40 N&lI lines was subjected to a NaCl stress and control treatment as described above,
with collected seeds denoted as NMQL(NaCl, NaCl) or NC -0 (NaCl, control). A single
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seed from each of the 40 control lines was taken through a second control treaithent,
collected seeds labelled as C@Q (control, control). An additional experiment was
conducted with the C24 ecotypes following the treatment outlined by Bxiyki§2010)
Briefly, the above experimental plan was followed with ¥2 Murashigk&og (MS) media
(see sectio.8) (Murashige and Skoog, 196@3ed in place of ATS and NaCl stress
inducedby addition of 75mM NaCl, with 80 plants in each treatment grolyventy one

dps rosette tissue was excised from 10 random plants in each trapap frozen in liquid
nitrogen for extraction of DNAsgction2.3.1.9 for bisulphite sequencingéction2.5.2.
Seeds were collected separately from the 160 lines. An equal portion of the seeds from the
two treatment groups were pooled and sown onitd section2.1.1). Twenty one dps

rosette tissue was excised from 10 random plants in each tray and snap frozen in liquid
nitrogen for extraction of DNAsgction2.3.1.9 for bisulphite sequencingéction2.5.2.

2.6.1.2.4 Drought stress

Drought stress was sitated by addition of PEG to AT&gar to reduce water potential.
PEGinfused ATSagar plates were prepared as describeddrglues(2006) Briefly, 40 ml
ATS-agar in a square petri plate was overlaid with 40 ml ATS containing 30% PEG 6000
and placed in thdark at 4 C to allow the PEG to equilibrate between the solidified and
liquid ATS. After 48 h the ATSPEG solution was removed. Water potential measurement
of the ATSPEG solution before and after incubation on top of the-Ag& confirmed that
equilibrium was reached within this time period. 40 seeds were sown ont@@ddrfPEG
plates. At 21dps plants were transferred to soil and cultivated as descritiad.ih with

seeds collected by the glassine bag method. Seeds were collected separately4@om the
lines and labelled P-40 (PEG). The initial PEG and NaCl stress experiments were
conducted at the same time, therefore the40 $eed lines acted as control for both NaCl

and PEG stress experiments.

2.6.1.2.5 Zinc stress

Plants were subjected to zinc stresATS-agarcultivation 2.1.2. Fortyseeds each were

sown onto ATSagar supplemented with 5681 ZnSQ, or 1ImM ZnSQ. Forty seeds were
sownonto ATSagar without supplemented zinc (ATS contaimdVLZnSQ,) as a control.

At 10 dps seedlings from both trement groups were transferred onto Ad@ar and at 21

dps seedlings were transferred into soil and placed in a growth room and seeds collected by
the glassine method. Seeds were collected separately from the 120 lines and labelled as
Zn(1) 1-40 (control),Zn(500)1-40 (500mM Zn**) or Zn(1000)1-40 (1 mM Z5"). A single
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seed from each of the 40 Zn(500) lines was subjecteddi o500mM Zn** stress and

control treatment as described above, with collected seeds denoted -d® ZZric, zinc) or

ZC 1-40 (zinc, control). A single seed from each of the 40 control lines was taken through a
second control treatment, with collected seeds labefiethél)CC 140 (control, control).

As a repeat of the initial stress treatment, 80 seeds each were sown ordgaTS
supplemented with 508M ZnSQ, and ATSagar (control). Seedlings were transferred at 10
dpsto trays of soil and placed in a glasshouszdS were collected separately from the 160
lines by the cellophane method and labelled ZnD@p and Controf 1-80.

2.6.2 Stress treatments for examination of stress tolerance

Unless otherwise specified, stress treatments for the examination of deeascwere
conducted on pooled seeds. These were generated by pooling an equal quantity of seeds
from each plant for each treatment group. Statistical tests applied aifeeddec each

stress treatment ifiablel.

2.6.2.1Nitrogen deficiency stress

The progew of plantssubjected taitrogen deficiency stresgere sown onto AT@gar with

nitrogen adjusted to 9 mM N@r 0.9 mM NQ as described i2.6.1.2.1 Tenplants per

parental treatment were sown onto a plate of 9 mM (i@h) or 0.9 mM NG (low)
conditions.Fourteerdps the fresh weight of the 10 seedlings was recorded. The progeny

were also cultivated hydroponicall®.(.3 on liquid ATS media with nitrogen adjusted to 9

mM (high) NG;, 1.8 mM NQ (medium) or 0.9 mM N@(low) as described if.6.1.2.1
Inflorescence stems were covered with a glassine bag once the first silique had dried, and the
total seed produced by each plant weighed once production of siliques had ceased. Average
seed weight per plant was then calculated for each parental treatreach concentration

of NOs. Both experiments were repeated 6 times.

2.6.2.2Temperature stress

Forty seeds each from the progeny of temperature stressed plants were sown onto soil and
cultivated in growth cabinets set & IC, 22 C and 34C as described isection2.6.1.1.3

At 21 dps the fresh aerial weight of 20 plants was recorded per parental treatment per
growth condition. Seeds were collected from each plant individually by Hopltane

method and weighed. Thixperiment was repeated 4 times. Qyjoustress
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Fifty seeds from the progeny of drought stressed anetmessed plants were sown onto
ATS-agar supplemented with6% PEG as describedsection2.6.1.2.4 Germination
frequency was recorded at least once every 24 hours faysdbg notingadicle

emergencelhe experiment was repeated 4 times.

2.6.2.3NaCl stress

One hundredeeds from the progeny of NaCl stressed andstressed Ced plants were
sown onto AT&agar supplemented with 800 mM NaCl. Germination frequencya®
monitoredas described above, with 4 repeat experimditiisty seeds from the progeny of
NaCl stressed and natressed Ced plants were also sown onto A‘B§ar and transferred
7 dpsonto ATSagar supplemented with 150 mM or 175 mM NaGCtamtrol ATSagar.
Rootgrowth was recorded 48later. The germinationof NaCl stressed progeny of the C24
ecotype was monitoreas describd above for the Cd) ecotype50 seeds from both
treatment groupwere sowronto ATS supplemented withI60 mM NacCl, with 4 repeat

experments.

2.6.2.47Zinc stress

The stress tolerance of the progeny of zinc stressed plants was examined by measuring plant
fresh weight, root growth and developmental progressi@&T & agar, and by measuring

plant fresh weight in hydroponics. Plant fresh weight uizde stress in ATSgar was

examined by sowing Zn(500), Zn(1000) and Control seed (50 each) ontagerS

supplemented with OuM, 258M and 500mM Zn**. Tendps the fresh weight of the

seedlings was recorded. The experiment was repeated 6 times.

For the examinatiorof stress tolerance in the secayaheration, 50 seeds each of CC, ZC
and ZZ were sown onto AF8gar supplemented withR3D0mV Zn** and the seedling

weight recorded 1@ps with 5 repeat experimentg:or the examination of stress tolerance
in the individual CC and ZC lines, 34 seeds each from 17 CC and 17 ZC lines were sown

onto ATSagar supplemented with 56 Zn**. Plant weight was measured dgs
For the examination of stress tolerance in tlegeny of plants subjected to the repeat zinc

stress, 100 seeds each of Zn(3@@)d contrdl were sown onto AT@gar supplemented
with 0-1000mV Zn** and the fresh weight measureddis
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As a screen for possible general heavy metal stress toleraneepobgeny of zinc stressed
plants, 50 Zn(500) and Control seeds were each sown onteagdiSsupplemented with
50-500 mM of NiSQ, CuSQ, CoSQ or CsCl and the seedling weight recordedih As
plant weight was higher for Zn(500) in 50, 100 and 500 LilvBBO uM Co and 100 mM
NacCl, the experiment was then repeated 3 times with-ii€8ia supplemented with these

concentrations of Ni, Co and NacCl.

Zinc stress tolerance was also examined in the Zr{%@@d) Contrdl plants in hydroponics.
Forty plants eaclof Zn(500f and Contrdl were cultivatedy hydroponics (8 tanks of 10
plants eachsectior2.1.3. At 21dps ATS was replaced with ATS supplemented with 0, 50,
250 or 500mM Zn?*. Thirty five dps root and aerial root portions from each tank were
weighed.As considerable variation was observed in the plant weight between repeat
experiment the experiment was repeated 9 tifieexamine the general heavy stress
tolerance of Zn(508) the hydroponics stress tolerance experiment was repeated with ATS
agar suplemented with 25&M Zn?*, 100nM Ni, 50 mM Cd, 50Vl Co.

To measure root growth under zinc stress, 120 Zn(500), Zn(1000) and Control seeds were
sown onto AT&agar and at dpsthe seedlings were transferred onto Adgar
supplemented with 0, 50, 250 and 580 Zn**. Root growth was measured 7 days later.

The experiment was repeated 3 times.

To monitor developmental progression under zinc stress, Zn(500), Zn(1000) and Control
seeds were sown onto AT&gar and the seedlings transferred to AQ&r supplemented

with 0, 50, 250 and 500M Zn** upon emergenazf the first two rosette leaves. The
developmental stage of the seedlings was then recorded for the next 13 days by counting
rosette leaves. For each parental treatment and growth condition 3 plates of 10 plants each

were monitored.

2.6.3 Statistical tests applied to identify parental effects

The statistical tests that were appltedest for effects of parental stress treatmentien t

stress tolerance in th€l progeny are listed iffablel. In all cases, the null hypothesis was

that parental stress treatment had no effect on stress tolerance measurements in the progeny.
The alternative hypothesis was that parental treatment dees @i stress tolerance in the
progeny. All statistical tests were designed to identify sigamifichanges in either direction

i.e. 2-tailed.In most cases @vo-way analysis of variand@-way ANOVA) with Tukey post

hoc testingvasconducted in SPS8vith the categorical variables being the FO parental
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treatment and F1 stress tolerance conditions, and the dependent variable being the
measurement of stress tolerance, e.g plant fresh weiigre significant contributions of

the parental treatment werbserved (p<0.05) these are reported.

As considerable integxperimental variation was observed when measuring fresh weight in
plants subjected to zinc stress from3Bldps, an alternative ANOVA test was applied.

Here, satistical testing was conducteding a randomised block design ANOVA to enable
testing for a parental effect on fresh weight against a background of experitoental
experiment variatiofLew, 2007)

To identify significant effects of parental stress on F1 progeny germination undertstoess
statistical tests were appliebo identify significant effects of parental treatment on the
number of germinated seealfter 14 day$n stress conditions, the results were analysitil

a Gtestwith a HolmBonferroni correction for multiple testinghe Gtest is similar to a
chi-squared test in that it is a likelihood ratio tesitable for testing for significant

deviations from the expected frequenbgwever it is preferable to the widely used chi
squared test as the etquared test involvepproximations to avoid the calculation of og
likelihood values ad is therefore less preciseei@ination frequency was recorded at least
once ever24 hours. Hencit was also possible to compare germination rates.

parameter logistics curve of theugdion F(x) = A + (D/(1+(X/C)*"B)"E was fitted to the
germination frequency data with the online ReaderFit tool (ReaderFit.com) where A is the
minimum asymptote, B is the Hill slope, C is the inflection point, D is the maximum
asymptote and E is the asymmeéiactor. The time taken for 50% of final germination
frequency to be reached (G50) was calculated by extracting parameters from the curve and

entering them into the formula:

G50 = C((2N(L/E)i 1)N(1/B))

Germination rates were compared for the parentela t me nt gr o dugstswithhy st ude

a HolmBonferroni correction applied to correct for the multiple conditions tested in the F1

progeny.
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2.7 RNA-Seq and Quantitative reverse transcriptasd®’CR

2.7.1 RNA extraction for RNA-Seq and gRFPCR

RNA extraction for RM\-Seq and gRPCR was performed with the RNeasy Plant Mini Kit
according to the supplier instructions to purify RNAs >200 nucleotides in length. Briefly,
approximately 100rg of plant tissue was placed in a microcentrifuge tube and ground to a
fine powderin liquid nitrogen. Lysis was achieved with a highly denatugngnidine
thiocyanateandb-Mercaptoethanebased buffer before homogenisation of the material via a
shredder column. RNA was precipitated and bound to a-kiisad column membrane
followed by DNase treatment of the RNA, multiple wash steps and, finally, elutionrih 50

sterile water. Samples were analysed and stored as describédlid
2.7.2 RNA-Seq

RNA samples for RNASeq were prepared from seedlings (CC and ZC; se2tth.2.9 10
dpsfollowing germination on ATSgar supplemented with 0 or 500 pM?Z(Control and
500mMM Zn). RNA-Seq was performed with a single replicate for each parental treatment
grown under each conditioRor each RNASeq sample, RNA was separately extracted
from 3 katches of seedlings (Contrel37-40 plants per batch, 50tM Zn = 100113 plants

per batch) and pooled in equal measure. R®4 samples are referred to as Mock(C),
Mock(Z), Zinc(C) and Zinc(Z) to denote whether they received a zinc stress treatment in
their parental treatment (Mock = CC, Zinc = ZC) and the conditions the G2 progeny were
grown under for transcriptome analysis ( C = control, Z = zinc strésg)of each RNA

Seq sample was sent to the University of Exeter Sequencing Service for analjaisina
HiSeq 2500. RNA samples were examined in house for contamination by peotdisalts

by nanodrop 2000/800@nd by analysis with a 2100 Bioanalyser (Agilent) at the University
of Exeter. Library preparatidinom polyA mRNA-enriched cDNAwas caried out by the
University of Exeterwithth& c r i pt S e o%eq hiliary Ridgaration K{Epicentre).
Fragments in the range of ¥360 were sequencedll 4 samples were analysed in a single

lane of an lllumina HiSeq 2500 for 100 bp paisdl sequericg.
2.7.3 Bioinformatics

Filtering and trimming of reads was conducted by the University of Exeter using the

FastgMcf sequence quality filter, clipper and processor to remove low quality Resais
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were trimmed from the 306 enbdlon20(<9%beser e bases
calling accuracy). After trimming, reads less than 20 bp were discarded. Reads with average

Phred scores below 25 were also removed.

The remainder of the bioinformatics was condudtgthe authowia the wekbased Galaxy

server using the Tuxedo suifErapnellet al, 2012) Arabidopsisthalianareference genome

and gene annotations (TAI R10) were downl oade
(http://support.illumina.com/sequencing/sequencing_software/igenome.ifFon each

sample, filtered reads were mapped onto the reference genome with the Tophat tool using

the default parameters except where specified below. A description of the paiameter

included in brackets:

-r (mean inner distance between maagg) 150

1 --matestd-dev(standard distribution for the distribution on inner distance betw
paired reads200

1 -a (minimum anchor length) 20

T -i (minimum intron length) 50

1 -l (maximum ancholength) 50000

T --library-type (pecifies the RNASeq protocoljr-unstranded

1 --no-coveragesearchdisables the coverage based search for exons)

1 -G (Supply Tophat with a set of gene model annotation as a .GTF file)

1 --no-noveljuncs(only look for reads aass junctions in the supplied .GTF file)

Quantification of transcript abundance was p
hitso .bam files from Tophat and the referen

performed with default parameters egt as specified below:

1 -N (Normalises by the upper quartiletbe number of fragments mapping to
individual loci instead of the total number of sequenced fragments. This can
improve robustness of differential expression calls for less abundant genes and
transcriptgBullard et al, 2010; Dillieset al,, 2012)

Transcript abundances wereoutpgd as fAFragments Per Kilobase
mapped fragmento (FPKM) although this is sorm
here. As the denominator the normalisation was the upper quartile of the number of

fragments mapping to an individual loci rather than the total number of fragments mapped to
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either the genome or the gene annotations, the correct unit for transcript abundance would be
i Fr a tp Par Kilobase exon model per upper quartile of fragments mapping to an

i ndividual |l oci 6. As the upper quartile of
loci will be less than the total number of mapped fragments, the denominator for

normalisaibn is lower, hence the FPKM values are higher than if normalisation was

performed against the total number of fragments.

2.7.4 Identification of differentially regulated genes

As RNA-Seq was not performed with repeats, variance of transcript abundance adodd n
estimated. Therefore to identify genes with differential expression between two samples an
alternative approach was taken. The {ditferences between gene expression in the control
samples (Mock(C) and Zinc(C)) was calculated for all genes toastitine distribution of

gene expression differences between the two samples. Relationships were observed between
the expression and length of a gene and the absolute value of the fold difference between the
two control samples; on average shorter or loexgressed a gene displayed a higher

absolute fold difference. As this was assumed to be due to a relationship between the
accuracy of transcript abundance quantification and the length and expression of a gene,
lowly expressed or short genes were removechfthe analysis. Thresholds for inclusion

were set as FPKM values greater than 0.01 in both samples and an average FPKM greater
than 1, and length in excess of 256 Bpnes with a low expression val(let501)were

removed from the analysis. Essentialhe abundance cannot be accurately quantifoed

these geness it isclose ta0. A further 80 short genes were removed, leaving 18697

remaining genes. To remove these relationships entirely, curves were fitted to the
correlations and the curve paramstesed to adjust the fold difference of each individual

gene towards the mean based on its length and average expression across the control
samples. After these adjustments, no correlation existed between the length or expression of

a gene and the fold éi#rence between the control samples.

For each gene the null hypothesis is that its expression should not be different between the
two control samples. It was expected that this null hypothesis would be correct for the vast
majority of genes. The distridoh of log, fold-differences for the control samples therefore
represents the biological variation, analytical random error and inaccuracies in the
quantification of transcript abundance. Genes which are statistically outside of this
distribution will likely be differentially regulated. Post adjustment, the distribution of fold
differences between the two samples was observed to be nprfad%, Two-sample

KolmogorowSmirnov test The average lgdold-difference between the two control
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samples wasalculated as0.046, with a standard deviation of 0.077%scbres were then
calculated for each genleased on the formula: z=(x)/0, where x is the fold difference
value for an individual gene, p is the mean of the distributionlieiadhe standard detion

of the distribution.

To calculate Zscores for the genes in other pairwise comparisons of samples, e.g Mock(C)
and Mock(Z), the same adjustment was performed to remove the relationship between gene
expression or length and absolute,limid difference between the samples. The mean of the
distribution of log fold differences was then calculateds@ores were calculated with p as

the mean of the distribution of lptpld differences for the samples being compared, and the

0 being the standard detien calculated above in the comparison of the two control

samples. This was because @alue calculated from the distribution of }dgld difference
between two samples where large numbers of genes are expected to change expression
would be inflated byhese gene expression changes and would no longer only represent the

variation occurring from the sources mentioned above.

To select genes which were differentially expressed between the two control samples, a
conservative Zcore threshold of +5 was aplied, equivalent to a-palue of <5.8 x 16
For comparisona Bonferroni correctiofAbdi, 2007)with anUvalue of 005and18 697

comparisons gives ®a corrected U of 2.7 x 10

2.7.5 Gene Ontology enrichment analysis

Gene ontology analysis was performeithvizene Ontologizer
(http://compbio.charite.de/contao/index.php/ontologizer2 ht@¢ne ontology terms and

terms relationships were downloaded from TAIR
(ftp://ftp.arabidopsis.org/home/tair/Ontologiesihe frequency of ontology terms within a
gene sewvas compared to frequencies in the genome population to identify enriched terms.
Modelbased Gene Set Analysis (MGSA) analyBiaueret al, 2010)within Gene

Ontologizer was employed to analyse all enriched terms and identify the likely active terms
by probabilistic inference. The advantage of this approach overfterterm analysis is that

it returns a much smaller set of active categories which explain the enriched terms. A
marginal posterior probability cut off of 0.5 was employed for identificaticactive

categories, as recommendedBauer(Baueret al, 2010)
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2.7.6 Quantitative reverse transcriptase PCR

RNA-Seq samples used for quantitative Rev@nsmscriptase PCR (QRFCR) were

prepared as described4r7.1 For the validation of the RNAej results, the same RNA

samples were used, such that for each parental treatment in each F2 growth condition, 3

biological replicate RNA samples were analygeédneration of complimentary DNA

(cDNA) was carried out witlsuperscript 1l reverse transcriptgssvitrogen) according to

the manufacturerods instructiongsgwanddbpyMA® 0 ng R
mM dNTP were added in a total volume of 12 pl made up with sterile deionised water. The

mixture was heated to 65 °C for 5 min and chilledaentiefore additioof 2 ul 0.1 M DTT

and 4 ul 5X luffer and incubation at 42 °C for 2 min. 1S$uiperscripRT was then added

with gentle mixing by pipette and incubation at 42 °C for 50 min. Inactivation of Superscript

RT was achieved by heating the réactto 70 °C for 15 min.

gRT-PCR primers for were designed using Primer Express®.1(Applied Biosystemps
with the supplierbés recommende-BCRpTheoratecal par arm
melting temperature (Tm) between-68 °C, 2080 % GC contentoptimal length of 20
nucl eotides and the 58 end not to contain gr

also designed to span at least one intron to avoid amplification of genomic DNA.

gRT-PCR was performed on #&BIl Prism 7000 Sequence DetectiSgstemausing 50 ng

cDNA, 12.5 uISYBR® Green | PCR Master Mix 1 Ol each of 36 and 56
and sterile deionised water to 5 ul. All primers were first tested on a pooled sample of cDNA

in a dilution series to test for linearity between thdewat which the threshold of

fluorescence was reached and the cDNA concentration. This was followed by a melting

curve to confirm that only one amplicon was produced. Where primers failed to show

linearity and a single product, new primers were designetthéatarget mRNA.

gRT-PCT was performed using tkrplicate cDNA samplethat were pooled for RN/&Seq,

with 3 technical replicates eadfor all samples, 3 normalisation genes were analysed on the
same plate. 2 normalisation genes were selected based on their previously observed stability
with increased metal concentratidiemanset al,, 2008)(AT5G1571Q AT2G2839(Q and

an inspection oftte RNASeq data which confirmed that three genes are stable over the zinc
stress treatment. The third gene (AT5G14030) was chosen based on its apparent stability in
the RNASeq data and its stability across the perturbations available in Genevestigator

(https://www.genevestigator.com/gv/
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For each amplicon, the fluorescence threshold was set automatically and the quantification
carried out in Excel. The number of cycles taken to reach the threshold (Ct) for a particular
gene in a particular sample waswstormed into dCT by subtracting the average Ct for the 3
normalisation genes in that sample. The ddCT was then calculated by subtracting the dCT
value from the control sample (Mock(C)) for the gene. Final results were either displayed as
the fold differeme in expression relative to control (ddCT) or by quantification of the
expression by calculating 100 x (Z2).

2.8 Recipes

2.8.1 ATS medium
ATS medium was prepared as described by Linebki (1990)

5 mM KNGO;

2.5 mM KPO buffer (adjusted to pH 5.5)
2 mM MgSQ

2mM Ca(NQ)

50 uM Fe(lll}-EDTA
70 UM H;BO;

14 pM MnCh,

0.5 uM CusQ

1 uM ZnSQ

0.2 uM NgMoO,

10 uM NacCl

0.01 pM CoC}

= =4 -4 A4 -4 -4 -8 -5 -5 -8 -2 -2

Adjustment of nitrogen content in ATS media required alterations to the media. Specifically,
KNO; and Ca(NQ), were reduced-fold or 10fold as required with the potassium and
calcium replaced by addition of KCl and CacCl

2.8.2 MS medium

MS medium was prepared using MS saRkytoTechnology Laboratorieg-ull strength
MS media contained the following salts and aepisted to pH 5.8.
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19 mM KNG

21 mM NH,NO;
100 uM H3BO;

3 mM CacCl

0.1 uM CoC}

0.1 uM CusQ
100 pMNaEDTA
100 pM Fe(I)SQ
1.5 mM MgSQ
100 uM MnSQ

1 uM Na;MoO,

5 uM Kl

1.25 mM KPQ monobasic
30 uM ZnSQ

= =4 4 A4 -4 -4 -8 -8 _a -8 -2 -2 -3 -°

2.8.3 Agarose gel electrophoresis loading buffer

Samples analysed by agarose gel electrophoresis were diluted 1:6 in 6X loading buffer

comprising:

30 % glycerol

0.25 % Bromophenol blue
0.25 % Xylene blue

300 pl/L 0.5 M EDTA

2.8.4 Agarose gel electrophoresis running buffer
Agarose gels were run in 1X TBE buff&X TBE stock comprised:
1 54 g/L Tris base@;H1,NO5)

1 27.5 g/L boric aciqHsBOs)
f 20 ml/L 0.5 M EDTA (pH 8.0)
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2.8.5 Polyacrylamide gel electrophoresis loading buffer

Polyacrylamide gel electrophoresis analysed samples were analysed in 1X loading buffer.

5X loading buffer comprised:

1 10 mM EDTA, pH8.0
1 240 mg/L bromophenol blue

1 Made to volume with deionised formamide

5X buffer was stored in 500 pl aliquots-20 °C.
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As discussed in the introduction there is an increasing amount of interest in transgenerational
stress memoaries in plants, and the possible role of DNA methylation in acting as the
mechanism for transgenerational information fI@MNA methylationcan regulate gene
expressior{Baeket al, 2010; Cao and Jacobsen, 2002a; Ghal, 2004; Johannest al,

2009; Kakutani, 199Kinoshitaet al, 2007; LiByarlayet al, 2013;Wanget al, 1999)and

has been observed to be dynamic ipoese to stref8aeket al, 2010; Boykeet al., 2010;

Caoet al, 2011; Choi and Sano, 2007; Colaneri and Jones, 2013; Deiva¢én2012;

Dyachenkeet al, 2006; Hashidat al, 2006; Kararet al, 2012; Kondcet al, 2010; Kouet

al., 2011; Owet al,, 2012; Rahawet al., 2011; Stewareét al, 2002; Tan, 2010; Trickeat al,
2012;Wadaet al,, 2004;Yu et al, 2013; Zhangt al, 2013) Furtremrmore, changes to the

DNA methylome have been shown to be heritable in pi@ussdorfet al, 2010; Johares

et al, 2009;Kinoshitaet al, 2007; Mathietet al, 2007; Rangwalat al., 2006; Verhoeven

et al, 2010) However, 0 date, only a few observationsstfesamemories or

transgenerational stress memories have been found to be concurrent with DNRatioethy
changes in th progenyBoyko et al., 2010;0uet al, 2012) and even fewer have linked
changes in DNA methylation to transcriptome differences which could enhance the stress
tolerance of the proger(Bilichak et al,, 2012) Further questionalsoremain surrounding

which methylation/demethylation pathways are involved in generating the inherited changes
in DNA methylation, how stable these changes are across multiple generations and whether

their stability can be enharatby successive generatioofstress treatment.

This Chapter will focuson the direct analysis &NA methylation changes during stress
starting with the development t#fchniques for examining DNA methylaticemd moving
on topresent the results obtained by utilising theshniques to study a range of stress

responses.

3.1 Developing methods tanvestigate the mechanism for stress

dependentchanges in DNA methylation

Bisulphite sequencing isonsidered the gold standaréthodfor DNA methylation analysis
as itprovides single base pair resolutiohlowever, f remains timeconsumingand requires
the experimenter to specify a genomic region of inteFestthe analysis of multiple
samplesaandwhere a genomic region of interest has not been definetthylation sensitive
amplified polymorphism (MSAP) is more suitablalterndive. This assay is based on
amplified fagmentengthpolymorphsim(AFLP) (Voset al., 1995)and utilises

methylationsensitive restriction endonucleases to enable analysis of a small fraction of
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cytosinesacross the whole genotreor the purposes of examining DNA methylation
changes in response to stress, M$&\Rore appropriate thasulphite sequencias
multiple conditions and individual plants andfissues may be analysed within a sirggé

or capillary electrophoresisun. MSAP wasthereforeutilised here to screenultiple
conditions forchanges in DNA methylation, &stablisithe reproducibility of these changes
across individual plantandto investigae the mechanism of the DNA methylatiamanges
by comparing wild type and single gene knatk lines. For thespurposes, the MSAP
assay was first modified as described below to improve the value of the assay output.

Another approach taken tavestigatehe mechanism of streslependent chaes in DNA
methylation was to genera®JSreporter lines under the control of promotinsgenes
which may benvolved inthe DNA methylation changeAnalysing theactivities of these
promotersn stress conditionwill help interrogate the possible eofor these gnesin the
stressresponsivehanges in DNA methylation.

3.1.1 Methylation sensitive amplified polymorphism assays

MSAP is frequently utilised to identify changes in DNA methylation as a result of stress
(Baraneket al,, 2009; Kararet al, 2012;Kondoet al, 2010; X. Owet al, 2012; Tan, 2010;

L. Zhonget al, 2009) Commonly, the methylaticaensitive restriction endonucleases,

Hpall and Mspl are paired with the methylatimisensitive EcCoR(Reynal 6pezet al,

1997)for MSAP analysis of DNAnethylation in plantsThe comparison of Hpall and Mspl

band profiles yields information oboth CG andCHG methylatiorasMspl cannot cleave

CCGG sites where the external cytosine is methylated, whereas Hpall cannot cleave CCGG
sites where the internal msine is methylatedutis capable of cleaving CCGG sites where

the external cytosine lemimethylatedMcClellandet al, 1994)(Figure4 andFigure5).
Frequentlythe methylation status @honymous lads inferred from the presenedsence
scoref bandg in the Hpall and Mspl profileuet al., 2012; Tan, 2010)This inference is
flawedbecause¢he loss or gain of a band may be due to either a methylatian
demethylatiorevent(Figure 9. The implications of this may be considerabld=igure 5
represented a methylation change in response to stress, the assumed methylation event could
lead one to investigate the role@MT3 and DRM2dependent methylatian the stress
response, whereas the assumed demethylation ewaldtlead one to invagate the role of

DNA demethylasesAdditionally, EcoRlIcleavage of the SATT C site is blocked by

methylation of the cytosin@rennaret al,, 1986) further complicating the inference of
methylation status from band presence/absence scores in the EetfRII&Mspl MSAP

assay.
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EcoRI HpalliMsp!

_— GAATTC _— CECGG _—
CTTAAG E— GGCC
{
AATTC——C
G—GGC
v
CTCGTAGACTGCGTACCAATTC —— CCGACTCAGGACTCAT
CTGACGCATGGTTAAG—— GGCTGAGTCCTGAGTAGCAG
R HpaWMspl aner (+I)
CTCGTAGACTGCGTACCAATTC ——— CCGACTCAG GACTCAT
CTGACGCATGGTTAAG=— GGCTGAGTCCTGAGTAGCAG
EcoR| aner (+1) o L o HpamMspl P”"“"’Va)
CTCGTAGACTGCGTACCAATTC —— CCGACTCAG GACTCAT
CTGACGCATGGTTAAG — GGCTGAGTCCTGAGTAGCAG

rrrrrr C A ATTCXX
Labe\led EcuRI Prlmer (+2)

Figure4. Methylation-sensitive amplified polymorphism assay (MSABenomic DNA

Digestion

Adapter ligation

+1 PCR

+3 PCR

is digested by Ec&RI

Hpall or EcoRI & MEpbefore ligaion of adapter oligonucleotided'wo amplification steps (+1 PCR and +3 PCR)

producea subpopulation of fragments which can be analysed by gel electrophores

is or capillary

electrophoresis. Band presence or absence will be dependent on restriction site methylation Bigtus®)

Restriction endonuclease methylation sensitivities:
Internal External External  Internal & External
Unmethylated ~ methylated hemi-methylated ~ methylated methylated
CCGG CCGG CCGG CCGG CCGG
GGCC GGCC GGCC GGCC GGCC
Mspl / X X X
Hall «/ X v X X
+ = Cleaves
C = Methylated
Inferring DNA methylation status from band absence/presence:
MSAP: Possible DNA methylation change:
Hpall Mspl CHG Methylation or Demethylation
Sample 1: we— — 01— <5 5
Sample2:  w—- o p—c <5 g
k “Simple fragment” “Complex fragment” J

Figureb. Hpall and Mspl methylation sensitivities and infiégng DNA methylation status from MSAP band

presence or absence using the isoschizomdrep:lsoschizomermethylation sensitivities. Mspl will cleave in

the absence of DNA methylation or where the internal cytosine is methylated. Hpall will cleaveabstree

of DNA methylation or where the external cytosine is hemimethylated. Bottom: Inferring methylation status.

Eachchange irEcoRI & Hpall and Mspl & Ecb&td profiles may represent a methylationaemethylation

event, depending on whetherthe bn NBLINBS &Sy (&4 | &G&A YL

§¢ 2NJ a0O2YL) SE¢

difference observed between the two samples may be due to a CHG methylation event which prevents Mspl

cleavage, or a demethylation event which allows Mspl cleavage.
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To improve the MSR assaytwo approaches were takdirstly, the original Hpall/Mspl
assay was modifieth enable inference of methylation status based on band
presence/absence scores. Secondly, the MSAP assay was completely redextiaped
intention that the new MSRA assay woulénable analysis of CG, CHG and CHH

methylation in isolation. The two approaches will be discussed in turn.

3.1.1.1Modifying the existing Hpall/Mspl MSAP assay

Threemodifications werg@roposed fothe Hpall/Mspl MSAP protocofirstly, replace

EcoRI with Asel, secondlyepeat thdinal amplificatin with only the Asel primeand

thirdly, generate an additional methylation free template aitihole genome amplification
(WGA) step(Figure6). Replacing EcoRI with Asel ensures only methylatbanges at the
Hpall/Mspl site will dfect fragment presence as the Asel site does not contain any
cytosines. The HfAAsel o nslwkiah haaewsdl sitds atbahtendes n i d e
which can therefore be removed from the analy®isen analysetly MSAP, he

methylationfree genomic template generatedW®A should produce a band profile

equivalent to a genomic DNA sample in which all sites are demethyfitask the

ficomplex fragments wi t h i nt e r nvil hot apmearinthe prdéofethea si t e s
unmethylated WGA sample, the analysismfocus ononly thefisimple fragmentsby

analysing only thosfragmentswhich arealsopresent in the WGA samplelavingremoved

t he fAAsel o0 nlrgstictetl thenagaysisia osly thersichplegfreents, assigning

the methylation status based on presence/absence in the Hpall and Mspl shofildshe
straightforwardas eactiragmentwill have onlyone Hpall/Mspl restriction site. In most
instances the methylation status of both cytasiia@ be mferred, the only exception is
fragmentswhich are present in the WGA sample Bbsent from thésel & HpallandAsel

& Mspl profiles Figure6b). In thesefragmentghe external cytosinis expected tbe fully
methylated but the methylation status of ititernal cytosine&annot be determined

As a first step in establishing the modified Hpall/Mspl MSAP assay, the fragment profiles of
32 primer pairs were analysed by capillary electrophoresis to identify the most suitable

primer pairs. An initial analysiat a single annealing temperature (55 °C) analysed the

number of peaks (fragments), the distribution of the peaks across the size range analysed and
the number of peaks that were hard to resolve for each primeirphleR). Ideally a

primer pair show produce a large number of peaks spread evenly across the size range
analysed (5700 bp), with each peak easily resolved from the surrounding peaks. Shoulder
peaks may be difficult to score as their separation from the main peak can change from

sample tesample, and are therefore best avoided.
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Original assay

WGA
4_ DNA Sample
Asel and Mspl Asel and Mspl Asel and Hpall Digestion and
adapter ligation

v v ! poR

¢ ¢ VL A"y +3 PCR
Fragment e
ana'ySIS WGA MSp| HpaII from analysis

0 0/1 0/1 Can not be

assigned

Assigning CCGG
loci methylation 1 1
status from

1 No methylation gg(ég

Internal cytosine CCGG

fragment presence 1 1 0 methylated GGCC
External cytosi CCGG
1= present 1 0 1 hxer?ﬁ’i:r?e(?;;‘i:de GGCC
0 = absent External cytosine
CCGG CCGG
1 8 0 e GGCC / GGCC
C = methylated

Figure6. A modified MSAP assay workflawrhe original assay workflow is shown in the grey box, with|EcoR
having been replaced by Asel. An additional sample is generated by whole genome amplification (WGA) of
genomic DNA which is then taken through the digestion and amplification steps. For fragment analysis, bands
which are present when performing the firenplification step (+3 PCR) with only the Asel primer are removed.
Combining the fragment presence/absence data from the WGA sample with the Asel & Mspl and Asel & Hpall

profiles, loci methylation status can Ipeeciselyassigned in most instances.

The number of peaksvhich could easily be score@ried considerably between the primer

pairs with the best primer pairs producifg peaks, anthe worst21, and two primer pairs

failing to amplify any fragment® r i mer pai rs wit h t h eisteAtly e | pri
produced a suitable fragment profile. However, primer pairs wiliff&entAsel primers

wereselected for further analysés the other Asel primers may have higher optimal

annealing temperaturemaking them appear less suitabl¢hatinitialannealing

temperatureln total,4 primer pairs weréaken forward for optimisation of anneai

temperatureTable3). From this a single annealing temperature was chosen for each primer
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pair. Ideally, the primer pair analysis would have also examinedtimber of peaks which
overlgped with WGA peaks as these represent fragments for which methylation status can
be inferredHowever MSAP analysis of a WGA samptgnerated with th&enomePle®

WGA kit wasunsatisfactorywith the final amplification step prone producing an

inconsistent fragment profileand few fragments aligning between the WGA and genomic
sampleqFigure?). Successfulvhole genome amplification was not achieved until the
redesigned MSAP had beenvédoped (1.1.1.2)after which DNA methylation anadis was
performed with the redgned MSAP assay herefore, the application of the WGA step

will be discussed alongside the redesigned MSAP assay.
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ﬁtSEI H.pall No. of peaks <200bp | >200bp |%>200bp
Primer | Primer (>100rfu)

GG TCA 75 30 a5
66 | ten [ e ] 1 | =
GG TCT 75 a5 30
GG 1GT 52 37 15
GG cGT a4 32 12
GG CGA 75 54 2
GG cct 57 36 2
GG cCcA 21 34 7
GC TCA a5 31 14
Gc 1GA a0 30 10
GC T 56 36 20
GC TGT 51 29 2
GC cGT 29 15 14
GC CGA 39 16 23
GC ccr FAILED FAILED | FAILED
GC cca a1 2 20
cc TCA a1 28 19
cc TGA 60 a7 13
cc TCT 78 50 28
cc TGT 51 28 23
cc cGT a5 17 28
cc CGA 60 28 32
cc cct 2 28 13
cc cCcA a4 20 24
cG TCA 60 30 30
cG TGA 79 a0 39
cG T 57 33 2
cG TGT 53 2 27
cG cGT 58 28 30
cG CGA FAILED FAILED | FAILED
cG ccr 34 2 12
G cca 56 20 36

Table2. MSAP primer pair analysi€82 primer pairg4 Asel x 8 Hpall/Mspl primers) were examined at a single
annealing temperaturgs5 °C)The name of the primer reflects theelectiveo Q Y dzO T AumbeR & & ©
peaks >100 relative florescence units (rfu) were recorded, along with the number of badelsand over 200

base pairs (bp), and the number of peaks which were hard to score (shoulder peaks, stutter peaks and peaks

Poor resolution
(shoulder/ stutter/ no
separation)

No. peaks - poor resolution

12

13

10

FAILED

9

6

19

14

4

10

6

14

10

8

11

FAILED

with poor separation). Primer pairs selected for further analyse highlighted in yellow.
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, Mo. of Poor resolution M2 peaks - Mo. of
Asel | Hpall | Annealing
primer| Primer | temperature peaks |<200|>200| % =200 [5!10u|der,f 5tu.tterf pDDr. peaks
(>100rfu) little separation) resolution (>500rfu)
GG TCT 57°C B84 51 | 33 14 - 70
GG TCT 59 °C 42 29 | 13 6 I 36 22
GG TCT 61°C 30 19 | 11 5 I 25 19
GG TCT 63 °C 26 16 | 10 5 I 21 21
GG | TGA s7°c__ | 118 | 67 | 51 21 N o7 | 6 |
GG TGA 59°C 59 33 | 26 14 . 45 11
GG TGA 61°C 58 36 | 22 6 . 52 20
GG TGA 63 °C 77 42 | 35 8 - 69 a7
cG | cca 57°C 105 54 | 51 14 B o 53
CG CCA 59°C 79 38 | 1 9 - 70 49
CG CCA 61°C 64 28 | 36 10 . 54 40
CG CCA 63 °C 62 26 | 36 9 . 53 38
CC CGA 57°C 46 42 15 I 31 24
CC CGA 59 °C 52 46 (i] 9 . 43 35
CC CGA 61°C 63 47 | 16 11 . 52 28
cC CGA 63 °C 63 51 | 12 11 . 52 32

Table3. MSAP primer pair annealingemperature analysis4 primer pairs selected froffiable2 and analysed
to determine the most suitable annealing temperature. Fragment profile details recorded dapk2 with

number of peaks >500 rfu also recorded. Selected annealing temperaturédighigtl in yellow.
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700 bp

500bp

350 bp

2000p ¥

Genomic WGA

Figure?7. Alignment of whole genome amplified (WGA) sample and genomic sample in MSAP assiysed

by polyacrylamide gel electrophoresiseft: A single genomic analysed by Asel & Hpall M@AFhe digestion

step repeated 4 timg. Right: The same genomic sarmglbjected to WGA anadnalysedoy Asel & Hpall MSAP

with the WGA step repeated 4 times. Black arrows indicate fragments aligning between the genomic and WGA

MSAP profiles.

3.1.1.2Redeveloping the MSAP assay forproved methylabn analysis

In addition to modifying the existing Hpall/Mspl MSAP agsthe MSAP was redeveloped

in the beliefthat this would enablanalysis of CG, CHG and CHH methylation in isolation.
Hpall/Msp were replaceevith Sau3Al/Mbol isoschizomersvhose cleavage si{6&ATC)
contains a si ngl S8aulAlidsensilivete meshylatidan lofehis 8yfosine,n d .
whereasvibol and Dpnll arenot (Hermann and Jeltsch, 2008) the final amplification

step, the additiondd 6 n u c | theStuBAdMbe| primfer specify the context in which

this3 @ytosine residest was erroneously believed thaetpresence of all fragmerftem a

single amplification would therefodepend on the methylation statudtas cytosine in the
context specified bthe Sau3Al/Mbolprimer, such that CG, CHG and CHH methylation

couldbe examined in isolation from a single digested DNA samigfgon later
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examination, it is clear that this is not the case. Whilst the sequence context of one cytosine
withintherestridt on si te can indeed be specified by t
primer, the sequence context of thhastcytosine remains unknowhigure8). As

methylation of either cytosine will prevent cleavage Imethylationsensitive restriction

endonuctase, it is not possible to determine the sequence context of the methylated

cytosine. Unfortunately, this was not realised until the assay had been developed and

employed extensively in place of the Hpall/Mspl assay as it was believed the new MSAP
repregntedan improvement upon the Hpall/Mspl assay. Hence, the results below include

results obtained using the new Asel & Sau3Al/Mbol asé&yilst this assay will still

examine changes in DNA methylation, and will allow determinatidn@fmethylation

staus it is not possible to determine the sequence context of the cytdslrigsu3Al/Mbol

pri mers were test ed aserthe develogmert G Be&Asdd& el pr i me
Hpall/Mspl MSAP assayMostprimerswere observed to produseitable fragment proés

following annealing temperature optimisation wi t h t he AGTCO0 and AAGCC

primers producing the greatest number of fragments.

Asel Mbol/Sau3Al
............ - AWAAT—GATC—
............ —_— TAAWA— CTAG—

Methylation insensitive cleavagy \Methy\ation sensitive cleavage

Cytosine context

wection AT TAAT—— GATCE——
Digestion TAAT TA——ECTAG —_
Ligation Sttosine context
and +1 PCR in final amplification
v
@ et ae Mb?\/Sau_BP:«;\ P,rime']_(*_?)
+3 PCR CTCGTAGGCTGCGTACCTAAT————GATCATCACTGACCACTC

TCCGACGCATG GATTA———CTAGTAGTGACTGGTGAGCC

Labelled Asel Primer (+2)

Figure8. Redeveloped MSAP assay. Hpall/Mspl replaced v@&u3Al/Mbolwhich cut at the GATC site 0 Q
nucleotides on Sau3Al/Mbol (+3) primer specify the sequence context in whé&bfthe cytosines residesfor

all the fragments amplifiedThe sequence context of the other cytosine is unknown.

TheGATC restriction sitavas originally chosen becausete area multitude of
isoschizomersor this site one of whichMbol has beempreviouslyshown to be methylation
insensitive(Hermann and Jeltsch, 2003) comparison of fragments produced by parallel
Asel & Sau3AlandAsel & Mbol MSAP assays would thefiore allow direct inference of
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methylation status in a similar manner to the comparison of Asel & Hpall/Mspl and WGA
fragmens. Unfortunately fragment profiles from MSARith Asel and Mbol, SauAl or

Dpnll were identica(Figure9). Furthermoredifferenaesin band profiles were observed
between the twgenetically identicabamplesindicating that all tree enzymesvere

sensitive to DNA methylatiom the conditions testeés the MSAP assay protocol is
simplified by digestion in T4 DNA ligase buffer and buffer sensitivity was lowest for Mbol,
this restriction endonuclease was used in all further MSAP aBsagnable inference ddci
methylation statuby Mbol digest alonea WGA step wastroduced to generate a band
profile from unmethylated DNA

The whole genome amplification wamstially tested during the modification of the Asel &
Hpall/Mspl MSAP assay and wagrformed through a process of gendnagmentation

adaper ligationto produce a librargndlibrary amplification.As mentionedn 3.1.1.1

MSAP analysis of the WGA sample was inconsisteitt) the fragment profile varying
considerably between independent WGA samglesrefore, an alternative WGA process
wastested utilising Phi29. This enzyme is capable of strand displacement amplification and
generates fragments up to KB long. Although the Phi2®ased/NVGA is relatively
unbiasedHosonoeet al, 2003) theAsel & Mbol MSAPband profile is not completely
7consistent between independently amplified sam{fegire10). Therefore, 6 WGA

samples weralwaysrun alongside the genomissel & Mbol MSAPsamples, with analysis

of genomic bands only performed if the band was observed in a minimum of 4 of the WGA
sampes.As we will see later, WGA band profiles for the Asel & Mbol MSAP assay are not
identical to the genomic samples, confirming the previous conclusion that Mbol is sensitive
to DNA methylation. Thus, a comparison of WGA and Mbol fragments allows infe#nc

loci methylation status. As the WGA step was not introduced immediately, some figures do
not include a WGA sample. In these cases, no inference is drawn on the nature of the DNA

methylation changes observed.
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Figure9. A comparison of the MSAP bamtofiles using Asel in combination with Mbol, Sau3Al or Dpiilvo
genetically identicaf.thalianasamples were digested with Asel in combination with the three GATC

isoschizomers and the resulting fragments amplifigch single primer paand analysedby gel electrophoresis.

89



Chapter3 DNA methylation as a stress response

700 bp

Sizing ladder

500 bp

350 bp

200 bp

|
|
|

GG + GCT GG + AGC

Figurel0. WGA fragment profiles using the Asel & Mbol MSAP asgagingle genomic sample was subjected
to 6 independent whole genome amplifications to give 6 WGA samples. WGA samples were taken through the

Asel &Mbol MSAP assay and amplified withp primer pais (specified below the gel images)

3.2 DNA methylation changes instress

3.2.1 DNA methylation in stress conditions

In order to investigate thmechanisms responsible IDNA methylationchangesn stress
respones and analyse the possible inheritance of these changes, it was first necessary to
establish conditions which generated reproducible changes in DNA methylation. Therefore,
DNA methylation was examined law-water potentiatonditions that have previoygdbeen
shown to produce changes in DNA methylation in plants, namely, osmotic stress (NaCl
(Karanet al, 2012; Tan, 2010; Verhoevehal, 2010) drought and PE@Tran, 2010), and
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cold stresgHashidaet al, 2006; Stewardt al, 2002) In addition, elevated temperature was
examined as it has previously been shown to increase stress tolerance of the progeny
(Whittle et al, 2009) presumably through an epigenetic mechanism. Initially, the DNA
methylation of a pooled sample of plantssveanalysed with the intention to-egamine the

DNA methylation of individual plants if changes were observed in the pooled stress sample.

An initial examination of DNA methylation in aerial tissuesAathalianagrown in soil with
NaCl and droughstresdrom day 2135 failed to identify any changes acrd®39 Asel &
Hpall/Msplfragments (data not shown). Since methylation changes may be limited to the
root tissues, osmotic stress conditions were reapplied under hydroponics culture to allow
DNA extractionfrom the root tissue. 14 day oidthalianawere transferreftom tissue
cultureto hydroponics culture and supplied with ATS media. Onag 50 or 200 mM

NaCl or5-15%PEG wasadded to the hydroponics media to produce an osmotic stress.
Aerial and rooDNA were extracted and analysed for DNA methylation by M&#&er 2

days (NaCl) or 7 days (PEGAdditional plants were grown in soil at 23 °C for 3 weeks and
transferred televated (34C) or reduced (10C) temperatures, with DNA extracted from
aerial tssues for MSAP analysis 3 weeks lat&tress was measured by determining the
maximum quantum yield of photosystemAMFm) and measuring leafiameter(Figure

11). Whilst 150 mM and 200 mM NaCl were both observed to significantly decrease Fv/IFm
after 2th and 48 h respectively, a significant reduction in Fv/FM in response to PEG was
only observed after 168Mheincreases in osmotic pressure (Mpapn addition of 5.5%

PEG 6000 were observed to be 0406.01, 0.10t 0.01 and 0.2% 0.02 respectivelyni

broad agreement with previous measuremgvitmey, 1989)

Of the conditiondgested only PEG stress was observed to caudeaage in DNA

methylation Figure12). Furthermore, this change in DNA methylation in response to PEG
stress was observedclusivelyin the roots, and appeared to be largely independent of the
severity of treatment. Zinc stress also failed to alter DNA methylatieither the aerial or
root tissuesThese data aggresented ithe followingsection(4.1.3.
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Fgure 1l Plant stress measurements in response to PEG, NaCl and temperature extrémieg/Fm in

response to PEG and NaCl. Fv/Fm measureti0fptants at timepoints indicatedAsterisks indicate significant
difference compared to contrqSi dzR Styfeét B&njaminHochberg correction* = p<0.05, ** p<0.005.B.

Effect of elevated or reduced temperature on growth and photosynthetic capacity. Plants grown under normal

growth conditions (22 °C) for 3 weeks before transfer to elevated (34r4€yoed (10 °C) temperature.

Rosettediameterand Fv/Fm of 10 plants measured at 5 weeksor bars =SD.
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Figurel2. Asel & Hpall/Mspl MSAP analysis of DNA methylation in response to osmotic and temperature
stress A single primer pair is shown for the A8eHpall and Asel & M§pligests of DNA sample from 10 plants.
NaCl and PEG treatments were initiated at day 21 in hydroponiagewwith samples taken at day 23 (NaCl)
or day 8 (PEGYemperature treatments were initiated at day 21 in soil with sampdéen at day 42. A=Aerial,

R=Root.
3.2.2 DNA methylation in response to PEG stress

Sincethe severity of PE@lependent changes in DNA methylation pattern lasely
unaffectedby the concentration of PEG used and did not occur with NaCl tregtamehthe
reduction in Fv/Fm was only slightly greater in 15% PEG relative to 5% PEG although the
osmotic pressure of 15% PEG wafoll greatey it was apparent that the DNA methylation
change could be due to nrosmotic stressAddition of PEG to hydroponic medraduces
availability of oxygen and can lead to hypoRierslueset al, 1998) which cann turn
encourageaprophytianicroorganismgAsao, 2012)Experiments were therefore performed
to examine the possibility that hypoxia explained the observed DNAytabn changes.

The possible contribution of hypoxia was examined by repeating the 5% PEG treatment
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under various eration regimes and by testiadine which overexpress&AP2.2vhose
expression is hypoxieesponsive and expression levels observedielate with hypoxia

survival rategHinz et al., 2010)

During the previous PEG treatments, the hydroponics solution was replacedndice
aeraedfor 20 mirutes every 2 hourausingan air pump. Altering either the extent of
aerationor maintaining theoots in the same ATS media + 5% PEG solution for the duration
of the treatmendid notaffect the severity of DNA methylation chandegure13),

suggesting the DNA methylation changes observed were not due to hyfwusther

confirm thathypoxiawasnot contributingto the changes in DNA methylation, tresponse

of a hypoxiatolerantRAP2.2overexpressadine (Hinz et al, 2010)to the5% PEG treatment
was examined. Although the gel resolution is extremely @oeisual assessment confirmed
thatDNA methylation changesccurred inthe hypoxiastresstolerantline.

In order to verify that the DNA methylation changes wadeed due to osmotic stress, an
equivalent osmotipressure (0.05 Mpayas induced with sorbitoAdditionally, alongside

the comparison of PEG and sorbitol treatments, an additional 5% PEG treatment using a pre
sterilised PEG solution was testedfurther confirmthe DNA methylation changes weamet

due to stress induced byicroorganisméntroduced with the PE@\Ithough theDNA
methylationpatternsarenot identical between the twamoticstressorssorbitoldid

produce some of the sarfragment profilechangesKigure14), indicating that, at least in

part, the DNA methylation changes in response to 5% PEG relate to thedrediiee

potential of the hydroponics solution. Thand profiles obtained from treatment with
unsterilised and sterilised PB&re not identicalwith both additional bands and missing

bands irsterilisedPEG compared tonsterilisedPEG or sorbitolsuggesting either that the
sterilisation had an effect on the stress experienced by the plants, or else that the response to
PEG is inconsistent. To examine the consistency of the DNA methytdtarges in

response to 5% PEG, the root DNA methylation ipgsfof 5 individual plants was analysed.
The PEG stress DNA methylation response was observed to be consistent between the
individual plantgFigurel15). The previously observed independence of the response to the

severity of PEG treatment was also can&d.

The observed DNA methylation changkected byAsel & Mbol and Asel & Hpall/Mspl
MSAP indicategenomewide DNA methylation changes occur in response to PEG sfress.
examinethe contribution of the DNA methylation and demethylatiathways angroteins,
themethylation profile was analysed fofrDNA knockout linesnetl, cmt3 drm2, dcl3,

rdr2 androslin the Cot0 backgroundn control and PEG stress conditicarsd compared to
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wild type (WT). Additionally, a WGA sample was also rafongside thgenomic sanies

to enable inference of the DNA methylation change in response to PEG stress. Looking at
the band profiles for CdD, it is apparent that the majority of thetmgdation changes are
DNA hypemethylationeventsas most changes in band pres#absence are eith&fGA

bands present in theontrol root sampkebut not the PEG root sample, mnWGA bands
which areabsenin the control root sample bptesent in th&EG root samplé-igure16).
Restrictingthe analysis to only those bands prese the WGA sample, we can observe that
37 out 0f41 (90.26) methylationdifferences observed between the control and PEG root
samplesn the primer pas shownin Figure16 areDNA hypermethylatiorevents Over the

7 primer pairs testedhypermethylatio events represent8s6 of methylation changes

PEG stresg§Table4).

When comparindpand profiles for the -DNA mutants undePEG stresg WT, it is
important to consider that differences may be due to changes in DNA methylation under
control conditions. Therefore analy$is eachmutant was restricted to bands whose
presence/absence score changed between control and PEG conditior8 @ms the
same in CeD and mutant profiles in control conditiomsspectinghe band prfiles in PEG
stress conditionst appears that anyof themethylation changesre maintained in the
absence of a single DNA methyltransferase, component of the RaiWay or
demethylase. Howeve2,/% of PEG stresdependent DA methylation changesre
dependent upoBRM2and in some cases the RADM pathway comporiRbDR2andDCL3
also(12%) Less than 10% of methylation changes were observed to be dependent upon
METL A multidimensional scaling approa¢(MDS) was taken to visualise the similarities
and differences between thimgle FDNA knockoutlines in PEG stres$ragment
presence/absence scores (1/0) were converted into a distatiix Again, where the
fragment presence/absenf a mutant line in control conditiongas not identical to WT,
the fragment was not included in the analy@i3. and knockout lines were then plotted in 2
dimensions to approximate the true distances between them. As we cafkigaecih?,
drm2was most dissimilar to Wih PEG stresswith the other RdADM mutantdgcl3 andrdr2
lying somewherdetween WT andrm2on the first dimensiorCompared to the RdDM
mutants met], roslandcmt3were more similar to WTin summary, PEG stress results in
DNA hypermethylationn the root tissuewhich is largely maintained in single mutant
backgrounds, althoughappears thahedrm?2,dcl3 andrdr2 mutants are impaired in their

ability to modify DNA methylation in resporesto PEG stress
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Figurel3. The effect of aeration on DNA methylation changes in response EPstressA single primer pais
shown for the Asel & Hpall and AseM&pl digests of DNA sample from 10 plants. Treatments = Control (C) and
5% PEG (P). Aerations = Constant (C), Intermi¢t@0tminutes every 2 hours (I) and No aeration (N). Fresh

media was either supplied every 3 days () or not supplied (N).
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Figureld. A comparison of DNA methylation changes in respons&%PEG5%PEG possterilisation andan
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indicatingexample methylation changese colour coded to indicate the treatments in which the change is

observed.
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Figurel5. The consistency of DNA methylation changes in responsPHSs stressPlants were treated at day
21 in hydroponics culture and DNA extracted at day 28. Where spedfiédl was extracted from the roots of a
single plant. Otherwise, DNA was extracted from 10 planisprimer pais areshown for the Asel & Mbol
MSAP assay.
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Figurel6. Effect of single knock out mutations on DNA methylation changes in response to PEG.dtiedb
instances 10 plants were subjected to 5% PEG on day 21 in hydroponics culture and DNA extracted on day 28.
Root Asel & Mbol MSAP piles withtwo primer pairsshown for wild type (Ced) and 6 IDNA knockout

mutants. Col0 whole genome amplification (WGA) samples shown alongaitglews indicate band profile

changes between WT control and WT PEG samples. Reddep&@lent changes matiained in all mutants.

Black = PE@Gependent changes which are not observed in at least one mutant.
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Figurel7. Multidimensional scaling analysis of DNA methylation patternAnthalianaroots in response to
PEG stress-ragment presence/absence scores for WT-QZahd knockout lines were converted into a
distance matrix. WT and knockout lines were then plotted in 2 dimensions to approximate the true distances

between them. The closer two points are, the more sintifeir respectivemethylation patterrs.

Primer pairs
GG + AGGGG+AG(E GG+ACCGG+ACE GC+ACGGC+AGE GC+AGE

Total differences between Control and PEG 29 25 22 24 13 26 20
Bands also present in WGA sample 23 18 17 15 8 22 16
Methylation events 3 1 2 3 1 5 2
Demethylation events 20 17 15 12 7 17 14
Total number of band changes where

. . 119 %
methylation status can be assigned
Total hypermethylation events 17 14
Total hypomethylation 102 86

Tabled. Methylation changes in PEG stress in ©olfhe number of changes in band profiles (either gain or loss
of a band) across all 7 primer pairsed are presented. For those bands which align with a band in the WGA it is
possible to assign a change in the methylation status of a loci based on the loss or gain of the band in the PEG
sample. Of the changes in band profile where methylation statugddmei assigned, 14% were hypomethylation

events and6 were hypomethylation events (demethylation).
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3.3 Promoter activity in responseto PEG stress

3.3.1 Promoter::GUS reporter lines

As discussed in the introduction, DNA methylation changes in response to stress a
frequently observed in plants. Currently, very little is known about the mechanism by which
this change in DNA methylation occurs. For instance, are the demethylation events observed
due to increased activity of a demethylase sudR@S] the decreaseattivity of a
methyltransferase such BH=T1, or a change in the siRNA profile directing RADM o

examine the mechanism of strefependent changes in DNA methylatiorAithaliang
transgenigromoter::GUY HGLUCORONIDASE reporter lines were generated. These
reporter lines contain tHeglucoronidasgene under the control of the promoter sequence

of a gene of interest. Asglucoronidaseatalyses the production of a coloured product from
a colourless substrate, it isgsible to examine the expression and tissue localisation of the
b-glucoronidasgene under the control of the specified promoter sequence. Five
promoter::GUSines were generated to examine promoter actigitgsponse to strefsr

the CG methyltransfese MET1, the RADM pathway componemMkRPDJ1, RDR2 DCL3

and the demethylag®OS1 Promoters were defined as the region between the gene of
interest and the next upstream gene, up to a maximum of 3kb. A construct containing a
promoter upstream of GUS wasldiatransformed int@.thalianaby Agrobacterium

mediated transformation. To increase the likelihood of selecting plants with a single
insertion, multiple independent lines in which the transgene was segregating with a ratio of
3:1 were taken forward. Hamaygous progeny were tested to identify lines with
representative GUS staining. These representative lines were then utilised to study the
promoter activities of the 5 promoters. The intention had been to generate further lines to
examine the activity ohe NRPE1, DRM2andCMT3promoters also, however, the number

of successfully transformed lines was insufficient to establish a representative transgenic line

for these promoters.

Before presenting the results from the transgenic line, it is important $aleothe

limitations of using a reporter gene approach to study the expression localisation of a gene.
Firstly, the promoters of these genes have not been well defined. Thattedqreomoters

used in theeporter assay may not include regulatory eleméret control expression of the
gene of interest. Although up to 3kb upstream of the transcription start site was taken to
define the promoter region, this may still miss lahigtance enhancer elements, or elements

that reside between the transcriptiow dranslation start sites. Secondly, the reporter gene
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expression has not been quantified here but rather visually assessed. As such, the assay is not

sensitive to small changes in expression.

3.3.2 Promoter activity

As described above, consistent DNA methylation changes were observed in resiGe to
stress To investigate the mechanism behind this response, the prati8rines were
utilised. The advantage of this approach over gene expression analysis bygteshsich as
gRT-PCR is that the promet:GUS lines enable visualisation of expression localisation
throughout the plant rather than providing a value for the whole tissue or part tRéaeats.
were sown onto AT@&gar plates and transferred to hydropsoulture on @y 14. On day

21, PEG stress was initiated by addition of 5% R&®ydroponics growth medi®n day

28 aerial and root tissues were taken for GUS staining. The promoter activitg #bgenes
involved in methylating DNA (MET1, NRPDRDR2andDCL3) decreased slightly in PEG
stress, whilsROS1promoter activity was largely unaffect@éigure18). No differences

were observed for the aerial tissues in control and PEG stress conditions (images not
shown) In control conditionsNRPD1promote activity was visible throughout the roots,
with GUS expression highest in the stele, root tips and root hairs of yaterglroots.

When exposed to PEG streBlRPD1promoter activity was observed to decrease slightly
andGUS expressiowas no bnger vsible in the root hairs, although expression was still
observed in the primary rodateralroots and root tipsin control conditionsRDR2

promoter activity was visible throughout the roots, with GUS expression strongest in the
primary root, and thetale and root tip ofateralroots. In PEG stress conditiof®DR2
promoter activity was slightly reduceslfhough the localisation of expression was
unchangedin control conditionstoot DCL3 promoter activity was weak witd low level of
GUS expressionbserved in theppermost portion of th@rimaryrootand a small number
of lateralroots. In PEG stres®)CL3 promoter activity was insufficient for GUS expression
to be observed anywhere in the rodd&T1 promoter activity was far in excess of theasth
promoterssuch thasubstraténcubationhad to beeduced from 24 hours to 1 hoim.

control conditions, xpression of GUS under the control of 1&T1 promoter was

observed most prominently in theeralroots and root tips, with expression in the primary
root limited to the portion closest to the aerial tissues. When exposed to PEG stress, GUS
expression in theMET1:GUS line was slightly reduced in all portions of the root tissues.
GUS expression undémne control of thdROS1promoter was observed to be weak in control
conditions and limited to the upperost section of the primary root and a small number of
lateralroots.ROS1promoter activitydid not appear teespondo PEG stresdn summary,
promoter activity forMET1and the RdDM gend20L IV, RDR2andDCL3 deceased
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slightly in response to PEG stress. Localisation of expregggronly observed to change
in PEG stress in thePOLIV :GUS line which showed loss of GUS expression in the root
hairs. GLS expression under the control of R®S1promoter was lowr thanunder the
control ofthe other promoters examingdcontrol conditionsandwasunaffected by PEG

stress.
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Figurel8. Promoter activityin PEG stres$romoter::GUdines subjected to PEG stress on day 21 in hydroponics culture by addition of 5% PEG. Root tissue harvested on day@8 and sta
for GUS expression. All lines excpET1:GUS were incubated withbromo-4-chloro-3-indolyl glucuronidgX-Gluc)for 24 hourspMET1GUSwas incubated withk-Glucfor 1 hour.The
results presented here are representative of multiple independent lifigs. following lines were used aboyOLV:GUS_3_1, pRDR2:GUS_PMET1:GUS_5_pBPCL3:GUS_6_1 and

pROS1:GUS7 3.
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3.4 Discussion

This Chapterhas detailedhe development of methods for examining the mechanism
underlying DNA methylation changes in response to stress and the results obtained with
these technique®NA methylationis frequently implicated in the s response of plants

by MSAP analysi¢Caoet al,, 2011; Kararet al, 2012;0uet al, 2012; Tan, 2010;
Verhoeveret al, 2010;Zhonget al, 2009) However, flaws were identified here with the
interpretation of MSAP output. Specifically, current MSARIlyses do not allow inference

of a discrete metHation status of locialthough this is commonpla¢€aoet al, 2011,

Karanet al, 2012; Tan, 2010; L. Zhoreg al, 2009) Direct inference of methylation status
from MSAP analysis is not possilidecause, without sequencing fragments, it is not
possible to know whether they have restriction sites only at their terminals, a prerequisite to
infer methylation status from fragment presence or absence. The modifications described
above were therefore maed out on the widely used EcoRI & Hpall/Mspl MSAP astay
restrict the analysis to only those bands with a single CCGGAsigdysis of a Phi29 WGA
sample by Asel & Mbol MSAP assay clearly demonstrated that the WGA sample aligned
well with the genomisamples, enabling inference of methylation status. A similar
alignment of Phi29 WGM SAP fragment profile witthsel & Hpall/Msplgenomic

fragment profiles would enable inference of the methylation status of cytosines in the CCGG
siteeTo t he a uledpepthisssthe krst oserof WGA in MSAP to allow direct
inference of methylation status.modified MSAP to generate a fragment profile in the
absence of methylation was proposed previolbiglBaurenst al (Baurenset al., 2003)to

enable identificatin of loci with a fully methylated external cytosiwdich in a standard
Hpall/Mspl MSAP analyses would remain undetectdtheir proposed solution was to

digest genomic DNA with EcoRl, ligate adapters and amplify the fragments before passing
the EcoRlIsanple through the complete MSAP assay, a modification previously described
for AFLP analysisand named secondary digest AFLP {8ELP) (Baurenset al,, 2003)
However, it appears they did not consider the possibility that EcoRI & Hpall/Mspl
fragments couldantain internal restriction sites as thieypothese$or why only 60% of
Hpall/Mspl fragments were observed in the-BFLP focused on the amplification steps
Regardless, SIBFLP may be seen as a direct alternative to WGA to generate a
methylationfree tenplate to enable identification of bands without internal restriction sites.
TheWGA modification proposed here has two major advantages ov&FRP: Firstly, taq
PCRamplification of EcoRI fragments will be inefficient for long fragments, whereas Phi29

is highly efficient and has a low error réBancoet al, 1989; Hutchisort al, 2005)
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secondly, EcoRis notmethylation insensitivéBrennaret al, 1986) Thus, the WGA

modification demonstrated here represents a valuable improvement on current practice.

In addition to modifying the existing EcoRI & Hpall/Mspl MSAP assayewAsel &
Mbol/Sau3AIMSAP assay was developtmexamine DNA methylation at GAT@tes.
Previous reports suggest that Mbol is cytosine methylation insensitive, whereas Sau3Ai is
sensitive to cytosine methylati¢Brooks aml Roberts, 1982; Hermann and Jeltsch, 2003)
However, when digesting in T4 DNA ligase buffer it appears both enzgreesethylation
sensitive. Previous reports have also indicated that Mbol may be impaired by cytosine
methylation(L. Huanget al, 1982) The apparent methylation sensitivity of Mbol reported
here could also explain a previous report that the promof@Rdf2is resistant to Mbol
cleavage which was postulated to be due to adenosine methylaiamad number of

Dpnll sites were identified (GATC) (Ashapkinet al,, 2002) However, there was no
correlation between lines displayidgpnll sensitivity andhose displaying Mbol
insensitivity.As far as the author is aware, this is the only report of adenine methylation to
date.lt is possible then that the resistance to Mbol digestionnsésaddue to the cytosine
methylation which was reported in the sapa@er. Given the contrasting reports of
methylation sensitivity for Mbo(Brooks and R. J. Roberts, 1982; Hermann and Jeltsch,
2003; L. Huanget al, 1982)it is clear that further experiments are required to fully elucidate
thesequences at which it witleave Parallel Asel & Mbol MSAP with digestion performed
in Mbol or T4 DNA ligase buffewas carried out here apéklded identical final fragment
profiles (data not shown)Yhus, it appear Mbol is methylation sensitive to an identical
extent as Sau3Ah the conditions tested here, and hence the combination of these two
enzymes would not yield any more information on methylation state than either in isolation.
Therefore, to generate a fragment profile which was unaffected by restriction site
methylationstatus from which the direction of methylation change could be determined, a
WGA step was introduced as per the Asel & Hpall/Mspl MSAP assay.

Theinnovationof using the GATC restriction siteas to use the amplification steps to

specify the sequence contextaafytosine within a restriction site, rather than to simply

amplify a subpopulation of fragmentis the belief that this would allow analysis of CG,

CHG and CHH methylation in isolatiobnfortunately, the sequence context of the other
cytosine was not considered. Since methylation of either cytosine will prevent cleavage by a
methylationsensitive restriction endonuclease, specifying the sequence context of a single
cytosine within theestriction site is insufficient to enable examination of CG, CHG or CHH
methylation in isolation. As this was not realised when the assay was developed, priority

was given to thelevelopment of thAsel & Mbol assayver the Asel & Hpall/Mspl assay.
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Hence when whole genome amplification was achieved with Phi29, the \at&#was used
with the Asel & Mbol assafor the continued examination afot-specificDNA
methylationchanges imesponse to PEG stress. Although the Asel & MUWSIAP assay will

still provide evidence for changes in DNA methylation, and the direction of change can be
determined by comparing samfitagmentprofiles with the WGAfragmentprofile, the

Asel & Hpall/Mspl MSAP assay would have been more suitable as it would have enabled
analyss of both CG and CCG methylation. Unfortunately, this was not realised during the
experimentation and therefore all later experiments analysing DNA methylation changes
were performedby Asel & Mbol MSAP only.

A variety ofstressordikely to result in DNAmethylation changesased upon previous
publicationswere examined by MSAP analysis, including osmotic stress ((f&Canet

al., 2012; Tan, 2010; Verhoevenal,, 2010) drought and PEGTlan, 2010), cold stress
(Hashideet al., 2006; Stewareét al,, 2002) and heat streg¥Vhittle et al, 2009) Acrossthe
stress conditions examined, DNA methylation changes were only observed in response to
PEG stressand thesehangesvere restricted to the root3he observation that DNA
methylation changes in response to PEG stress occur predominantly in the roots fits with
previous observations of DNA methylation changes in response to alkali and NaCl stress in
Gossypium hirsuturfCaoet al, 2011) NaCl and heay metal stress iDryza sativd..

(Karanet al, 2012;0uet al, 2012) Upon first observing the DNA methylation response to
PEG stress there were a number of reasons to believe the response may not be due to
osmotic stress. Firstly, no response was askto NaCl which will also result in osmotic
stress. Secondly, the severity of the response was not correlated with the severity of the
treatmentThese observationsddo a concern that the DNA methylation response may be
due to hypoxias PEG has beabserved to cause hypoxia in hydroponics culfMerslues

et al,, 1998) It appears hypoxia was not responsible for the observed DNA methylation
changes in response to PEG as this response was still observed in a hypoxia tolerant line and
was not affecte by changes to the aeration regiferthermore, a second osmoticum,

sorbibl, was also observed to indub®&lA methylation changes iA.thalianaroots,

although the changes waret identical to PEGGiven thatsorbitol issyrthesisedy some

plant specig(Teoet al, 2006)and can be taken up and broken dow\tifaliana

(Aguayoet al, 2013) whereaPEGis xenobiotic and more biologically ineitis not

surprising the changes in DNA methylation in response to sorbitol and PEG are not
identical,Aigni ng the genomic and WGA MSAP fragment
majority of methylation changes are hypermethylation evaihisse changes angghly
reproducible, with individual plants showing almost identical changes in root DNA

methylation suggeting a highlytargetechypemethylation inA.thalianaroots in response
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to PEGstressinterestinglya previous examination of DNA methylation changes in

response to PEG stressArthalianaalsofound the majority of CG methylation changes

were hypermethylation eventSolaneri and Jones, 2018)olaneri & Jonesletected 1862
differentially methylated CG sites across théhalianagenome in rggonse to PEG stress,

of which 9898 (91%) werédnypermethylation eventsniline with the observation here that

86% of the DNA methylation changes detected weremygthylation eventsFrom the

study of single knockout mutants it appears that this hypermethylapantigdependent on

the RADM pathwayHowever, even ia DRM2knockout line which should be incapable of
RdDM-mediated DNA methylation, the majority of DNA hypermethylation events were
maintained in response to PEG stress. This sugtespreviously observed redundancy at
some loci betwee@MT3 MET1andDRM2(Cao and Jacobsen, 2002a; X&al., 2006)

may partially maintain the PEG stress hypermethylation response in the absence of a single
methyltransferase of RADM component. Unfortunately, the sequence context of the
cytosines examinedehe cannot be determined from the Asel & Mbol MSAP assay,

however sinceDRM2 is capable of methylation cytosineinanycontext 6 s | i kel y t he
hypermethylation is not restricted to the previously observed CG hypermethylation
(Colaneri and Jones, 2018)jiven that RdDM has beabservedere to function in the

PEG stress response, iperhapsurprising that the activity of tHeRM2 DCL3andPOL

IV promoters in root tissues appears to decrease slightly during PEGastdlass change in
localisation of expression was observA&d exception was thBOL IV promoter, whose
activity was no |l onger observed in the root |
decrease in activity relates to the reduced growthofdtee roots during PEG stresshich

may explain why MET1 promoteictivity slightly decreased als@nd the function of

RdDM in PEG stress does not require transcriptional regulation of these or other
components of the pathwa@uantitative reversgansciptasePCRanalysisof transcript
abundance in the root tissues for components of the RdDM pathway could help establish if
the slightly decreased promoter activity observed here was indeed a reflection of reduced
growth rate, or whether these genes arly tlownregulated during PEG stress. Either way,
the role of RADM in the PEG stress response should be examined by analysis of SiRNA in
the root tissues response to PEQ@his could identifyffurtherregions of the genome that

are targeted for hypermetlayion by RdDM in the roots during PEG stre&sgrevious

analysis of functional groups affected by CG hypermethylation indicated that genes
annotated with terms relating to membrane transport were eniiC&theri and Jones,

2013) If a similar enrichmet was identified for SIRNAs generated during PEG stress, this
would provide firm evidence that RADM has a biological function in the PEG stress

response.
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Interestingly, a broadly similar change in DNA methylation in response to PEG stress was
observed awoss a range of PEG concentratiofise poorcorrelation between severity of
treatment and severity of response could indicate a gating BEBGestress DNA
methylationresponse, such that upon sufficient osmotic stress beiaiyeec the root DNA
become hypemethylated to an identical extent regardless of the severity of the osmotic
stress experiencetlow suchanapparently binary responte PEG stressould be

established is unclear although presumably this would require some form of gatingdbo restri
the observed DNA methylation changes to only those stresttiomis which cross a

threshold Before an investigation of the hypothesised gating can begin, it would be
beneficial to test a wider range of PE@centrationso establish ithe PEG resp@e is

indeed binary, or whether a correlation between PEG concentration and extent of
hypermethylatiortanbe observed at losv concentrations of PEG.

The original aim of analysing DNA methylation in response to stress was to identify
conditionswhich coud lead to changes in DNA methylation that could be inherited by the
progeny in the hope that these would correlate with an enhanced stress tolerance. As the
only changes in DNA methylation observed here were restricted to the root tissues, analysis
of inherited DNA methylation changes and their hypothesised function in plant stress
memories could not be investigated through this apprddehlack of DNA methylation
changesrni response to the other stresdested suggesthiotic stress responsas

A.thalianado notusuallyincludewide scaleegulation of DNA methylation

In summary, the modifications proposed for the EcoRI & Hpall/Mspl MSAP assay will
significantly improve the value of the data output, enabling inference of the discrete
methylation status of cytosines at CCGG which is currently not possible. Replacing EcoRl
with Asel and introducing a final amplification with only the Asel primer are both
straightforward modifications that have been carried out here. The alignment of a Phi29
WGA MSAP fragment profile with genomic MSAP fragment profiles has been
demonstrated here with another MSAP assay and could easily be incorporatediised a

& Hpall/Mspl MSAP workflow.Indeed, the WGA step could be incorporated into any
MSAP which uses a comimtion of amethylationsensitive and a nesensitive restriction
endonuclease to enable inference of the direction of methylation cAdregattempt to
develop a MSAP assay which could examine CG, CHG and CHH methylation in isolation
relied upon flawedeasoning. Howevethe Asel & Mbol MSAPassaycould be employed

in parallel with Asel & Hpall/Mspl MSAP to ensure observed methylation changes are not

limited to a parttular restriction siteAdditionally, promoter::GUSines have been
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generated which ebde examination of promoter activities in response to stress for 5 genes

involved in DNA methylation/demethylation.

Unexpectdly, DNA methylation changesgere not observed in the majority of stress
conditions examined here. Instead, only osmotic stressgted by addition of PEG or
sorbitol to the growtmedia was found to result in DNA methylation changes. Furthermore,
these changes welimited to the root tissues. The majority DNA methylation changes in
response to PEG stress were observed tiypemethylation events which are not
dependent on a single methyltransferase, RADM component or demethyggesting the
methyltransferases act redundantly in the PEG stress hypermethytadieever, there were
some DNA methylation changes which w&M2RdDM-dependentThe activity of the
MET1, NRPDJ DCL3andRDR2promoters were all slightly decreased in PEG stress,
although, with the exception of a losspdRPD1activity in the root hairs in PEG stress,
localisation changes were not observed. Thislkeh toindicate that the RADMependent
DNA hypermethylation is brought about by changes in the siRNA profile or post
transcriptional control of RADM proteindowever,given that many RdDM components
were not analysed herigjs also possible that theN&A hypermethylation depends on the

regulation of another RdDIgene in response to PEG stress.

Although the aim to investigate the role of DNA methylation in transgenerational stress
memories was not achieved by the approach detailed ahewesults do provide further
evidence for the role of DNA methylatiam low water potential stre$s A.thaliana The

next two (hapters focus on an alternative approach to studying transgenerational stress
memories, starting from a screenstriessorso identity suitable conditions to generate a
transgenerationaitress memory, and goilg to present a transcriptomics analysis of the

stress tolerant progeny.

110



Chapterd. Identification and characterisation of a novel transgenerational stress memory

Chapter 4. Identification and characterisation of a novel

transgenerational stress memor
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4.1 Identifying conditions that produce a transgenerational stress

memory in Arabidopsis thaliana

As describedn the introductionstress memories anansgenerational stress memories

have been observed in the progeny of plants subjected to a variety of stress conditions
(Boyko and Kovalchuk, 2010; Boyket al, 2010;lto et al, 2011; LangMladeket al, 2010;
Lunaet al, 2012; Molinieret al, 2006;0u et al, 2012; Rahawet al, 2011; Rasmanet al,
2012a; Slaughtest al, 2012; Whittleet al, 2009)although independent attempts to
reproduce resultgre often nosuccessfu(Boyko et al, 2010; Pecinkat al., 2009)

Thereforeto invesigate the stress memory mechaniamrabidopsighaliana a number of
stress conditions wef@st examinedIn all instances, the immediate progdRiL) were

tested foran increased stress tolerance. Where observed, stress tolerant progeny were taken
through a second generation of msiness conditions and the progeny (F2)estedto

provide evidencéor atransgenerational stress memdfygr all stress conditions tested, 40
isogenic Col0 plants were given the stress treatment, with an additionabAGpkceiving

no treatment as a control. Seeds were collected from indivichadiedplants and pooled in
egualquantitiesfor use in stress tolerantesting to ensure thexamination of thé&1

generation was not biased towards plants producing a greatder of seeds. Stress
tolerance testing in the F1 generation involved measuring germination frequency and rate,
plant fresh weight, seed production or root growth as specified. In all instances theedata
plotted with the conditions tested in the gdneration along the-axis and the parental

treatments defined in the legends.
4.1.1 Stress tolerance in the progenyf stresstreated A.thaliana

Plants were subjected to a range of conditions and examined in the following generation to
establish whether thgrogeny displayed aincreased stress tolerancarnditions examined
werechosen based on previously observed stress memories and compitisegn
deficiency,elevated and reducéemperature, excess NacCl, drought, and excesqFigare

19). Where pasible, the stress treatmentsed here emulate the previous publications with
regards to the defined treatment and the developmental stage at which treatment occurs.

Stress tolerance testing in the F1 generation also reflects the published stresssnemorie
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4.1.1.1Nitrogen deficiency

Rice Oryza sativa L).plantsgrown under rnirogen deficient conditiongroduce progeny

with an increased tolerance to nitrogen deficiemsymeasured Iplant weightand

concurrent local and global changes in DNA methylaioou et al, 2011) In order to
establish whether a similtnansgenerationatress memorynechanism existei
Arabidopsigthaliana and whethethe mechanism is sensitive to thevelopmental stags
which stress is introduceditrogen deficiency wamitiatedat two developmental stages
plants wereeithersubjected taitrogen deficiency from day 21 through to seed production
in a hydroponics set up similar to the previously publigheasgenerationatress memory

in rice (Kou et al, 2011) or subjected tmitrogen deficient conditionfsom germination for

21 daysThe progeny were examined for a stress memory by measuring fresh weight and

seed production under nitrogen deficient conditions.

As expectedfreshweight and seed productiam F1 plants was negatively affected by
reducing nitrogen concentratioHowever, a increased stress tolerangas not observeih
the progeny ohitrogen deficiency treatgalants No difference in fresh weight was
observed for the progeny sfressed plantsompared to contrgdrogenywhen grown under
nitrogen deficient conditiong-{gure20A). Likewise, seed productiaimder nitrogen

deficient conditionsvasunaffected by parental treatméRtgure20B).

4.1.1.2Elevated and reduced temperature

SubjectingArabidogsisthalianato successivgenerationso mild heat stres&0 °C)has
previously been observed to result in an insegheat tolerance ithe progay relativeto

the progeny of contrglants(Whittle et al, 2009) However, & the many fitness parameters
testedn the progeny under heat stressly seed productiowas fourd to be significantly
improved.Interestingly, mild cold16 °C)was not observed to result in an increased
toleranceto reduced temperatuire the progenyTo increase the likelihood of detecting a
stress memorwgfter a single treated generati@anless mild treatment was performed h8re;
week oldArabidopsighalianaplants were subjected to elevated {8) or reduced (10 °C)
temperature through to seesbguction In the following generation, the tolerance of the
progeny was assessed by recording fresh weight and seed production under elevated or

reduced temperature.

Both stress treatmestwereobserved to reduaesettediameter and decrease the

photognthetic capacity of thB0 plants as measurdy Fv/Fm indicatingboth elevated and
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reduced temperaturggere stressfulFigure11B). However attempts to reproduce the
publishedransgenerationatress memorgWhittle et al, 2009)in response to elevated
temperature were unsuccessful. No differemas observed in theress tolerance of the
progeny of heat or coltteated plantas measured kgerialfresh weighor seed production
(Figure21A, B).
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Germination on stress plates
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Figurel9. Schematic of stressonditions examinedA.thalianasubjected to stress either from germination on

mediaagar plates (top), from day 21 in hydroponics (middle) or from day 21 in soil (bottom).
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Figure20. Biomass accumulation and seed production in tR&progeny of plants grown under nitrogen

deficient conditions Plants subjected to nitrogen deficiency from dag210or from day 21 onwards. Sufficient
YAGNRISY T & Ya bhi&EmMbhi NBNS i oRiSdffentithysOrxxis. Parenta
treatment colour coded as indicated in legerd Progeny sown onté&\TSagarwith9mMb horn & YY bhi
Whole seedlig fresh weight recorded after 28ays. Data presented as average of 10 plaf#& repeat

experiments Error bars = SB. Progeny grow hydroponically withth Ya X wm®dy Ya .SeBdweighth Y a
recorded once the plant had ceased producing siligheda presented as average of 5 plaisepeat

experiments Error bars = SE.
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Figure21. Effect of parental treatmenton temperature stresgolerancein F1 progenyGrowth conditions on
X-axis. Parental treatment colour coded as indicated in legénderial fresh weighat 35 daysAverage oR0
plants 4 repeat experimentsError bars = SB. Seed weightAverage ofl2 dants 4 repeat experimentsError

bars = SE

4.1.1.3Drought

Low water potentiastressordiave been employed previously to examine transgenerational
memories of stress in plants with varying suc¢Bsgko et al, 2010; Pecinkat al, 2009)
Here,PEGwas usedo reduce the water potential and simulate drought stesssmotic

stress treatment in early developmental stages has previously been shown to generate a stress
memory(Boyko et al, 2010) treatment was initiated from germination for 14 days

supplenenting growth media with 15% PEG 60@fter which all plants were grown @m

nonstress conditions through to seed collection. In the following generation, germination
frequency and rajend biomasander lowwater potential (up to 16% PEG) were recorded.

Germination frequency and rate of germinatveere both lower when PEG was increased to
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12%. However, loth germination frequency and germination rate were observed to be
unaffected by parental treatméRigure 22). Likewise, plant biomass was reduced by PEG,

with no observed hypertolerance in the progeny of BE&ted plantsdata not shown
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Figure22. Effect of parental treatment on germination frequency and germination rateF1 progenyunder
low water-potential stress conditionsGrowth conditions on >éxis. Parental treatment colour coded as
indicated in legend A. Germination (radicle emergence) recorded at daydt40 plants4 repeat

experiments B. Time(hours)for half of final number ogerminated seedto germinate(G50).Error bars = SE.
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4.1.1.4NaCl

NacCl treatment oA.thaliana(acc. C24has previously been reported to increase the
germination frequencgnd root growttof the progeny under high NaCl concentrations
(Boykoet al, 2010) To examine whether NaCl treatment could also generate a stress
memory in the CeD accession, plants were subjected to 100 mM NacCl for 3 weeks from
germinationin line with the published treatmerit the following gearatian (F1),
germination frequeey and rateandroot growth were measured under high NaCl.
Germination frequencgt 150 mM NaClvas significantly increased in the progeny of NaCl
stressed plantp€0.05, Gtest) although the increase was muschallerthan previously
reported (7% compared t-40% Figure23A). Therate of germinatioiG50)and root

growth under high NaCl wengnaffected by parental treatmérigure23B, C).

To investigate if the increased NaCl toleranoald be inherited over an untreated
generation, and if ikould be enhanced hgeatingsequential generationgth NaCl, the

progeny of NaCl treated plants weaien through an untreated generatiosubjectedo a
secondNacCl stress treatmenAn identical germination experiment was performed to
examine thetsess tolerance of tHe2 progeny, referred to here as CC, NC and NN to denote
the previous two parental treatments, where C=control and N=100 mM NacCl. Germination
frequencyunder high NaClWas observed to be unaffected by parental treatrianire24).

Rate of germinationvas also unaffected (data not shown).

4.1.1.5Reproducing a published stress memory

As mentioned abov&oyko, Aet al(2010)previously observed that the progeny of
A.thaliana(C24) plants subjected to 3 weeks25 or75 mM NaCldisplayeda~40%
increasen germination frequency under 1:250 mM NaCl compared to the progeny of
control plantsHaving failed to reproduce such a considerable incresisg the CoD
accession, the NaCl stress treatment was repeated folldvarggiginal publicatn with
regards to accession, defined treatment and stress tolerance testing in the following
generatior(Boyko et al, 2010) Again, theresultcould not be reproduced herepeating
their 75 mM NaCl treatment of C24.thalianadid not result in amcreased germination
frequency or germination rate in the progeny under any concentration ofNgiie25A
& B).
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Figure23. Effect of parental treatment on NaCl stress tolerancethalianaexposed to 100 mM NacCl for 3
weeks from germination. NaCl stress toleranc€ontrol and NaGirogeny examinedA. Germination
frequency. *¢<0.05 (Gtest) 100 plants4 repeat experimentsError bars = SB. Germination rate. G50 = Time
in hours for germination to reach 50% of maxima. 100 pladigepeat experimentsError bars = SE.7 day old
plants transferred onto NaCl stress plates. Root growth measured after 48 Wauansage of 30 plast error
bars= SD.
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Figure24. Effect of two sequential treated generations on germination under high Ne&rental treatments
colour coded as indicated in legend. C=Control, NsNa®C denotes NaCl stress in FO and control growth
conditions in F1Stress tolerage testing conducted on F2 progerermination frequency of 50 plants

measured4 repeat experimentsError bars = SE.
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Figure25. Reproducing a Na&lependent stress memoryGerminatiorfrequency A) and rate B) of the F1
progeny of NaGreated A.thaliana(acc. C24) unddrighNaClcompared to Control progen$0 plants,8

repeat experimentsError bars = SE.
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4.1.2 Zinc stress results intransgenerational stress memory

Unlike the stress treatments descriBedar, elevating zinc in the media to aedsful excess
does result in an increased zinc stress tolerance in the progeny. Furthermore, the stress
tolerance appears to be specific to ziaepaintained in the progeny after an intervening
non-stress generation, aigreproducible.

4.1.2.1The progeny ozinc stressed plants are more tolerant to elevated zinc

The progenyf A.thalianaandO.sativatreatedwith heavy metaldhave previously been
reported to display an enhanced tolerafi@eet al, 2012; Rahawet al, 2011) As

discussed previously, Rahaatial (2011 reportedly grewA.thalianaon media

supplemented with 5000 mM cadmium, nickedr coppefRahaviet al,, 2011) The

reported stress memory sativainvolved paratal reatment with 5000uM mercury

and was correlated with inheritancehgppomethylated CHG lo¢Ou et al, 2012) To date,

there have been no reports of a transgenerational stress memory in any plant species after

parental treatment with zinc.

To investigate if zinc stress results in a stress memohytivalianag 40 plants vere

subjected to 4 days of elevated Zfiby germinating seeds directly &T S-agar(containing

1 pM ZnSQ,) supplemented with 508M or 1mM ZnSQ,. The intention had been to

subject plants t@1 days of elevated Zf however, extreme chlorosis walsserved with the
1mM Zrf* treatmenfrom day 10. Both stress treatments were therefore stopped on day 14
with all plantstransferred to control conditiorisr the remainder of their lifespanhe
progeny will her(®80b@En100M0d eadr adohbrabofZn

Zinc dress tolerancin the progenyvas examined by measuring fresh weight and root
growth. Seeds germinatezh AT S-agarsupplemented with,®250 or ®0 UM ZnSQ were
weighedl0 daysafter the end of stratificatiofParental treatment hads@nificant effect a
zinc tolerance in the progengn(500)and Zr{1000)displayed £23% and35 % increase
respectivelyin plant fresh weight comparéd progeny ottontrolplantswhen germinated
on 250 uM ZA* andZn(1000) was observed to bignificantly heavier than control at 500
MM Zn (p<0.05, ANOVA,; Figure26A). There was an apparent increase in fresh weight
under norstress conditions for £Z6000) however, this was not significagg>0.05,
ANOVA).
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Rootgrowthwas measured ktyansferrng 7 day old seedlings ATS-agarsupplemented
with 0-500puM Zn?* andmeasuring additional root growst day 14. Although the mean
root length was higher in Zn(500) and Zn(1066inpared to contralt 250 pM ZA, this

difference was not significafFigure 26B).

4.1.2.2The increased weight is not due to an increased rate of development in zinc

stress

In the experiments quantifying plant weight under zinc stress, a reduced developmental
progression was observed above 250 uM zinc. To investigate if the incpdasedeight in
Zn(500) relative to control progetiry zinc stressvas correlated with an increased rate of
development, seedlings at the 2 leaf stage were transferfddtagar plates supplemented
with 0, 50,2500r 500uM Zn and rosette developmentabpgression recorded for 13 days.
As expected250 uM and 500 uMinc reduced the rate of development, however, no

differencewas observed between the progenies uadgrcondition(Figure27).

4.1.2.3Zinc stress reproducibly results in an increased gliresgolerance in the

progeny

As previously discussedgported stress memoriean show poor reproducibilityro

confirm that the stress memaopserved waat leasteproduciblewithin the same
laboratory 60 isogenicCol-0 seedsvere sown onté\TS-agar supfemented with 50QxM
ZnSQ, and transferred to control conditions on day AB.a contral60 seeds were sown
onto AT S-agar without supplemented zinc and transferoediTS-agaron day D. The
progeny will be referred to here as Zn(50ind contrdl to denote the parental treatment
and their being the progeny of the repeat experini¥aiziously the increased tolerance in
the progenywas observed when seeds were sown Afits-agarsupplemented with high
Zn** and also whefi4 day old seedlings were transferrethydroponicsand subjected to
zinc stress from day 228 (data not shown, single experiment with 10 plants)each
Unexpectedly,Zn(500§ plants were not more tolerant of zinc stress as determined by fresh
weight9 days after germination on 8M00 pM Zrf* (Figure28). However,an increased
tolerance to zinc wasbserved when zinc stregderance was tested at day (Elgure29A

& B). The contribution of experimenb-experiment variation to the noise in the data
required that this variation be accountedin the statistical testing-{gure29C). A
randomized block design ANOVA waisereforeemployed to test for a significant effect of

parental treatment on plant aerial and root weightier zinc stress.his gpproach allows

123



Chapterd. Identification and characterisation of a novel transgenerational stress memory

detection of a significant effect of parental treatment against a background of expéoiment
experiment variatiofLew, 2007) A significant effecof parental treatment on both aerial

and root weights was observed at 250 pM*Zp = 0.001 & 0047, respectively). A

significant effect of experimentdhtaset was also observed on aerial and root weights at

250 uM Zrf* (p= 0.000 &0.043, respectively)n summary, the progeny of zinc stressed
plants reproducibly show an increasedratee to zinc relative to control progeny, although
the developmental stage at which the increased tolerance may be observed is inconsistent.

4.1.2.4The stress memory is stable over one untreated generation
To examine thetability of the stress memoiger oneuntreated generation and whether it

could be enhanced by multiple treatments, all 20 individué@dj) lines were subjected to

an additional stress treatment or control treatment and all control lines were progressed

through an additional control treatnten The progeny wi | | here be

and ACCoO to denote the nature of the two
a zinc stress tr eat meRatentahtreaimeft@ail a signiicann t r o |
effect onplant weigh at 500 uM zinc 1p<0.01, ANOVA), but did nosignificantly affect

plant weightat 250 uM zinc or in control conditiorfBigure30). Thestress memory

appeared stable over onetreated generation with2@% increase in plant fresh weight
observed for ZCampaed to CC when germinated on(0M Zn (p<0.05, ANOVA,

Tukey HSD post hoc)Although the average weight of ZC plants was lower than Dbt
concentrations of Ziitested the difference was not significafpt>0.05, ANOVA, Tukey

HSD post hoc)

4.1.2.5Theincreased tolerance is not limited to a hypertolerant subset of seed lines

As seeds were collected from treated plants individually, it was possible to establish whether
the observed increase in fresh weight was limited to the progeny of a suplseitsi.e.

was theransgenerationaltress memory stochastic with regards to the individually treated
plants. &eds from 17 individual CC and ZC lines were sown #t8-agarsupplemented

with 500 pM Zrf* and weighed after 14 days. As expected, ZC lines areaverage

heaver than CC lines. However, tivariance in plant weight between the individual lines

was almost identical (CC variancel2, ZC =1.29;Figure31l), indicating that the increased

tolerance was not limited to a few hypertolerant seed.lines
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4.1.2.6Theheavy metastresgolerance appears to be specific to zinc

Increased tolerance to zinc stress may be expected to correlate with increased tolerance to
other heavy/transitional metal as there @asideabledegreeof overlap between the stress
responses to excess heavy mef(iaestriet al, 2010) As a screen to identify possible
crosstolerance with other heavy metaf(500) and control seeds were germinated on
varying concentrations of nickel, copper, atitand caesiuntlfis datais not siownasno
replicates were conductgdFresh weight was higher in Zn(500) compared to control at only
200 pM Ni and 50uM Cu, results which were not verified upon repetitibiggre32A).
FurthermoreZn(500) plants were not observed to be hypertolerant of NaCl compared to
control plantsAdditionally, Zn(500§ plants were subjected to nickel, cadmium and cobalt
stress at day 2@\gain, Zn(500j plants were not observed to be more tolerameitls

other than zindFigure32B)

4.1.2.7Thetransgenerationadt r ess memory appears to

Previousnvestigationf transgenerational phenomelmave indicated that after1¥

months of seed storageparental stresdependentransgenerationaelease of silencing
may be los{LangMladeket al, 2010) To examine if a similar resetting occurred during
seed storage for the observed Ziamsgenerationatress memory, 12 month old CC, ZC
and ZZ seeds were sown onto agar plates supplemertte8aG pM Zri*. Previously, ZC
and ZZ seedlings were observed to be approximately 20% heavier than CC seEjumgs (
30). After 16 months seed storage difference was observed between the 3 parental
treatments, suggesting the memory had been ifégeté¢ 33).
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Figure26. Effect of parental treatment on zinc stress tolerancefiprogeny. Parental treatment denoted by
bar colour where Zn(500) = 500 uM Zp®Om stratificationfor 10 daysA. Fresh weight (FW) of plants sown
onto media supplemented with zin@&/eight recorded 10 days after the end of stratificatidwerage of 4&0
plants,6 repeat experimentsError bars = SE= p<0.05 relative to Control (ANOVA, Tukey post hBclRoot
growth. Plants transferred 7 days after the end of stratification and onto media supplemented with zinc and

additional root growth measured aftét days Average of 280 plants 3 repeat experimentsError bars = SE.

~&—Control (0 uM Zn?*) = Zn(500) (0 uM Zn**)
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Figure27. Effect of parental treatnent on F1 progenydevelopment in zinc stres$arental treatment
indicated by line typeSeedlings transferredt the 2leaf stageonto ATSagar plates supplemented with500
UM Zrf*and the number of additional leaves recorded daily for 13 dBgda presented as average of 30 plants

per parental treatment andinc concentration.
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Figure28. Effect of parental treatment on zinc stress tolerance inmetF1progenyassessed aan early
developmental stageParental treatmentlenoted by bar colour asdicated in legend, where Zn(500) ) = 500
UM ZnSQfrom stratification for 10 days. The superscript 2 is used to indicate that these F1 plants are the
progeny of the repeat zinc stress experimdmtesh weight (FW) of plants sown onto media supplementid w
zinc. Weight recorded 10 days after the end of stratificatidmerage of 100 plantd0 repeat experiments
Error bars = SE.

127



Chapterd. Identification and characterisation of a novel transgenerational stress memory

A
M Control? Aerial
W Zn(500)? Aerial
o5
£
+—
=
oo
o
z
c *
4
[N
0 50 250 500
Supplemented Zn?* (uM)
B
140 B Control? Root
120 B Zn(500)? Root
o 100
£
£ 80
.0
o 60
2
< 40
o
w20
0
0 50 250 500
Supplemented Zn?* (UM
C
180 - —— Control?
160 —=—Zn(500)?
2 140 -
& 120
Q
2 100
]
£ 80
©
T 60
Q
<C
40
20
1 2 3 4 5 6 7 8 9
Experiment

Figure29. Effect of parental treatment on zinc stress tolerance in tRéprogenyassesses at kter
developmental stageParental treatment denoted by bar colour as indicated in legend, where Zn(500) ) = 500
UM ZnSQ@from stratification for 10 days. The superscript 2 is used to indicate that these F1 plants are the
progeny of the repeat zinc stress experiment. F1 progarijected b zinc stress from day 2A. & B Aerial

and root portions weighed on da8b. Averageof 7-10 plants 9 repeat experimentsError bars = SE. $=<0.05
relative to Contro%(Randomized block design ANOM&)Variation in aerial fresh weight at 250 uM Zn across

the 9 replicate experiments.
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Figure30. Effect of two successive pantal treatmentson zinc stress tolerance in thE2progeny. Parental
treatment colour coded as indicated in legend, where C=control and Z=zinc stress (508" fifdnzn
stratification for 10 days), i.e ZC = zinc stress treatment in FO and control grondhi@os in F1Seeds sown
onto ATSagar plates supplemented with®00 uM ZA"and plants weighed 10 days after the end of
stratification. 50 plants, n= 5. Error bars =*SH<0.05 (ANOVA, Tukey post hoc)
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Figure31. Distribution of average plant weights foF2 progeny of zinc stressed plantS8C and ZC denote the
parental treatments as indicated Figure30. 34 seeds each from 17 individual CC and ZC lines sown onto

media supplemented with 250 uM Zmd seedlings wghed 14 days after the end of stratificatioBox =

middle quartiles, whiskers = rang@xoutlier.
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Figure32. Effect of parental zinc treatment on tolerance to heavy/transitional metals and NaxF1 progeny
Parental treatments indicated Hyar colour, where Zn(500) = 500 uNIZZinom stratification for 10 days. The
progeny ofthe repeat parental treatment ardenoted with a superscript 2. Seeds sowonto ATSagar
supplemented with metal as described andight measured 10 days after enflsiratification. Average of 37
50 plants 3 repeat experimentsError bars = SB. Seeds sown onto ATé®ar and transferred to ATS media in
hydoponics 14 days @&k stratificationand subjected to metal stress 7 days lafelant weight measured 14

dayslater. Average of 42 plants6 repeat experimentsError bars = SE.
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Figure33. Resetting of the tansgenerational sess memoryin the F2 generatiorafter 16 months seed aging
16 month old CC, ZC and ZZ sd&@sprogenysownonto ATSagar platesupplemented with 500 uM Zhand

weighed 10 days after the end of stratification. Average of 50 pldntspeat experimentsError bars = SE.

4.1.3 DNA methylation status in stress and in progeny following stress

DNA methylation changgeare frequently observedllowing stress treatmeliKaranet al.,
2012; Stewaret al, 2002; Tan, 2010; Trickeat al, 2012; L. Zhongpt al, 2009) Stress
dependent DNA methylation changes may be inhefibecet al, 2012; Verhoeveat al,,

2010) and these may be associatgth an increase in stress tolerance in the progeny
(Bilichak et al., 2012; Boykeet al, 2010; H. P. Kot al, 2011; Owet al, 2012) To

identify if the observed stress memory in response to zinc stress was associated with changes
in DNA methylationthe MSAPassay outlined in the previouhi&pterwas utilieed. Aerial

and root DNA vereextracted at the end of the zinc stress treatmentli¢lp\after recovery
(day 23 ard in the following generatiorBoth Hpall/Mspl and Mbol MSAP assays were
utilized with multiple primer pairs. As NacCl is frequently observed to moiA
methylation(Karanet al, 2012; Tan, 2010; Verhoevenal, 2010;Zhonget al, 2009)
identical primer pairs were also used to analyse DNA methylation in NaCl treat@da@adl
C24 A .thalianaplants.In totd, 534 bands were scored across the M®AP assays and
multiple primer pairsNo consistent band changes were observed compared to control for
either zinc or NaCl stress in either aerial or root tisgumeexample Asel & Mbol M&\P gel

is shown inFigure34.

To further examine a possible role for DNA methylation in the NaCl and zinc stress

response hte promoter::GUSinesdescribedn Chapter 3were utilisedo establishf either
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stresswvascorrelated with changes in the adyvof theMET1, POL IV, RDR2 DCL3 or
ROS1promotersPlants were sown onto AT&jar plates supplemented with 18 NacCl

or 500 uM Zn and stained for GUS expression on daynldll instances the expression and
localisation of GUS was unchanged in thessed plants, indicating that neither zinc nor
NacCl stress affects the activity of these 5 promotexpression of pPRDR2:GUS and
pPOLIV:GUS are shown iRigure35.

As mentioned above, an attempt to reproduce a previously observed stress (Baykoy

etal., 2010)using NaCl treatment was unsuccesdful follow up publicatia by the same

group, Bilichak A et al(2012)identified changes in DNA methylation, histone

modifications and genes expression in the progeny of ita@ledA.thaliana Their

assesment oDNA methylationinvolved Methyl-DNA immunoprecipitation (MeDIP)

using antibodies against methylated cytosine and hybridisation to a genome array consisting
of 90 bp reporters covering the whole of chromosome 2 and partially covering chromosomes
3 and 4.Two of the most extreme examples of DNA methylation change were the
hypermethylation of the promotersmfRNA 843AMIR843A andMSH& In the two

treatments (25 & 75 mM NaCl) the number of methylated reporters in the progeny
reportedlyincreasedrbom 0 to 6/7 (60/70 %) and 0 to 11 (92%) f&iR843AandMSH6
respectively relative to control progeny. In the caskl8H§ this hypermethylation was

also negatively correlated with a decrease in mRNA. In order to independently verify this
NaClstress degndent hypermethylation, bisulphite sequencing was carried out for the two
promoters, both after 21 days of stress and in the following geneiBisotphite

sequencing may be considered superior to MeDIP as it enables single base pair resolution
analysisof DNA methylation and can be used to estimate the degree of methyksian.

control to identify if full conversion had taken place, bisulphite sequencing of a 157 bp
section of the chloropla&tSAA promoter was performed. Full convensiof all 21 cytgines
indicatedconversion was complete (data not showmkontrast tdBilichak, A et al(2012)

who reported 0% methylation for thiR843Apromoter in the absence of stress, of the 148
cytosines examined here, 14 (9%) were fully methylaiad,a further 40 (27%partially
methylated. Methylation was unaffected by stress, being unchanged with regards to both the
number of methylated cytosines and the degree of methyl&tignr€36). There were a

small number of changes in the degree ofiglariethylation, however these were never
observed both during NaCl stress and in progeny of NaCl stress. Similarly, the methylation
status of the'SH6promoter was unaffected by stress, remaiilngost completely
unmethylated2.2 % methylatedl. As bisuphite sequencing was conducted on a mixed

sample of PCR products rather than cloned fragments, it is possible that a bias was
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introduced for the sequences that amplified during sequencing. No attempts were made to

verify the lack of bias in sequence amiphition by sequencing individual clones
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Figure34. MSAP analysis ahethylation in zinc and NaCl stress and in the progeny of zinc stressed plants
Band profileshown from 2 representative primer pair®¢GA=Whole genome amplified samples {@ol
Methylation analysed at the end of the stress treatment (14 or 21 days post stratification depending on the

stressor) Methylation analysis repeated in the F1 progeny at 21 days under control conditions. (labelled

timepoint =G,)
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Figure35. GUS staining athe pPOLIV:GUS and pRDR2:GUS lines in NaCl and zinc Bteags sown onto ATS

agar supplemented with NaCl or zinc as described. Staining performed 14 days after stratification. 560puM Zn
caused retardation in development compared to control conditidkis examination of GUS expression did not
identify changes in GUS expression in either line across the early developmental stages (not shown), hence all

plants shown here are 14 days old.
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Figure36. Bisulphite sequencing peaksr the MIR843A promoter. Sequencing performed directly on the PCR
product, hence observed intermediate levels of methylation as methylation varies at some sites across the
sequenced fragments within a single sam@enomic sequencehow at top. Methylation status of cytosines is
inferred from a comparison of genomic sequence #melsequencepeaksin the bisulphite treated DNA
samplesThe degree of methylation was visually assessed by comparing the peak heights resulting from
cytosine andhymineincorporation at each cytosine the genomic sequenceM=methylated(>75% cytosing
P=partially methylate@25-75%) U=unmethylated<25%)
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4.2 Discussion

4.2.1 Most stressful conditions do not produce a stress memorny Arabidopsis

thaliana

Although there are now numerous reports of stress memorethadianaand other plant
species, it is becoming clear that these represestceptionatesponse to stress rather than
the rule(Pecinkaet al, 2009) Nitrogen deficiency, elevated tempenat, drought and NagCl

all conditions that have previously been observed to generate a stress nmephanys
(Boykoet al, 2010;Kou et al, 2011; Whittleet al,, 2009) failed to increas¢olerance in the
progenyhere Taking each stress conditiamdividually, it is possible to provide plausible
explanations whll but oneof the conditions tested here were apparently not successful in
generating a stress memory. One may conjecture that the stress treatments were not
appropriate, being too short, toold or else introduced at the wrong developmental stage.
As very little is known about theensitivity of the mechanism(s) responsibletfar

generation of a stress memoryi, it is difficult to asbess appropriate the stress conditions
were However, aginc stress did generate a transgenerational stress memory, it is clear that
treating plant$or a short perioarly in their lifecycle is a suitable approach. Elevated and
reduced temperatusavere the only stress conditions testieat were applietiere solehyata
later developmental stagawever, the application of a milder temperature sfiress day

21 was previously observed to be sufficient to generate an increased tolerduece

progeny albeit after two successive treated generai{dftsttle et al., 2009) Theincreased
tolerance detectdaly Whittle, C. et al (2009)was specific to the number of seeds produced,
with no increase in plariteight, rosette diameter or dry matserved This observation

hints atanothemossibleexplanationtiat no other stress memories were detected here: the
experiments carried out to detect an increased tolerance werartownindeed, reported
increases in stress tolerance in the progeny of stressed plants is often limited to a single
measurement, sucls @lant height, and néd other measurements traie would also

expectto be affected such as plant weiglitou et al, 2011;0uet al,, 2012) It is possible
therefore that wider stress tolerance testiegecould have established the existence of an
increased tolerance where none was detected. What the biological benefit of such as
transgenerationatress memory would be is questionable; no increase in plant biomass or
seed production was observed for the progeny of nitrdgéiciency or elevated

temperature treated plants, suggesting any unobserved stress tolerance would likely have
little impact on fitness traits. The examination of stress tolerance in the progeny -of PEG

treated plants was limited to early developmental stages and only includadageam and
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plant biomass measurements. Here then, it is possible to imagine the existance of a

undetected stress memory with plant fithess benefits.

The aboveconsiderations are clearly insufficient by themselhesveverasa previously
reported stress memory could not be reprodesed when the stress treatment was
performed using an identical experimental set up in terms of accession, growth media, NaCl
concentration, period of treatment and stress tolerance testingfatldméng generation
(Boykoet al, 2010) An intriguing possibility is that the transgenic C24 I{@éd8)used by
Boyko et al(2010)maybe more liable to generag a stress memoryaving been

generated by Agrobacterium trémsnation in plant cel€ulture Indeed, pant cell culture

has been showrapable oflteing the DNA methylomdTanurdzicet al, 2008)and
regeneration from plant cell cultucan causéurther heritable changes in DNA methylation
(Stroudet al., 2013) This could also explaithe discrepancy in promoter methylation in
nonstress conditions between the bisulphite sequencing reported here and the published
MeDIP dataBilichak et al, 2012) However, given that the original transformation was
performed 20 years ago it seems kelly that line 15d8 has been stably altered in such a
way as to encourage a transgenerational response to NaCl stress. A mohyikétesis
would bethat differences ithe experimentaparametersiot reported by Boyket al (2010)
such as light intesity or humidityexplain the absence of stress memory observed Aere
recent report highlights theonsiderableariability in plant growth even across laboratories
using apparentlyery similar growth conditionéMassonneet al, 2010) and considerable
variation in plant weight was observed here across experiments with apparently identical
growth conditionsKFigure29C). It follows that having failed to reproduce the stress
memory, the previously published concurrent DNA methylation changes were tlso no
reproduced here. The differences in DNA methylation instoess conditionsetween the
bisulphite sequencing reported here and the previous MeDIPndgtae due to the
aforementioned effects of regenemngtifrom a plant cell culture but more likekflect the
higherresolution ofisulphite sequencing comparedvieDIP. If growth conditions do
explain the lack of stress memory observed here, this would suggestdsatmemories are
dependent upon t hstrespdoraitionsGoembeatignwith otem c e o f
externalfactors and not simply the stress treatment by itedfcent observations indicate
that the circadian clock gateesponss to low water potential streéSeunget al, 2012)

Such regulation of stress response pathways imnsgpto a multitude of external factors
could also exist for the regulation of plant stress memories generation of a stress
memory in response to a combinatiorstess treatment amérticular growth conditions

may also explain the observation h#rat while zinc stress reproducibhgsults inan

increasedinc stress tolerance in the progeny, the developmental stage at which this may be

136



Chapterd. Identification and characterisation of a novel transgenerational stress memory

observed iyvariable suggesting a somewhat inconsistent nature to the stress mémery.
difficulties in reprodicingtransgenerationatress memories are most strikingly highlighted

by a recent attempt to reproduce the observed incre&tiRHiin the progeny oA.thaliana
subjected to a number sfressorgMolinier et al, 2006; Pecinka and Mittelsten Scheid,

2012). Using an identical seed lin@ecinka& Mittelsten-Scheid (2012)vere unable to
reproduce the observed increase in HR in the progeny of stressed plants in all but a few of
the conditions teste and observed that the tsgenerational effects appeastdchastially,

being independent of degree of stimulatiheirhypothesighat transgenerational stress
memories may be subjected to a gating function that combines defined treatments with other
extraneous triggers or internal latches fits with the Hygsis put forward hetdatthey are
dependent upon@mbination otreatment and othexernalfactors.Unfortunately, the

results presented here do not increase our understanding of the specific environmental
conditions required to produce a stressnog/. However, athetransgenerational response

to zinc stress conditions has been shown here to be reproditdtleoped other groups

may be able to independently reproduce titsinsgenerationatress memory using the

conditions detailed herenalling a more rigorous study of the molecular mechanism.

If we choose to discount the previously observed stress memories that could not be
reproduced here, we must consider whether the observation that only zinc stress was found
to produce a transgeneratal stress memory reflects a fundamental difference in the
response of.thalianato the othestressorsAlthough no decrease in fitness was observed

in the progeny of zinc stressed plants, it must be assumed that, outside of laboratory growth
conditions,a transgenerational stress memory will involve a fitness cost in the absence of the
stress. Therefore, the balance between fithess costs and benefit could encourage the
evolution of a transgenerational stress memory response for stress conditions wihith wo
likely continue into the following generation(s), but not for more transigessorsin the

extreme, a stress condition that provided a strong consistent selective pressure would drive
genetic change within the population. Theoretically then, agererational response to a
particular stress is most likely to evolve only where the stress is intransient enough for the
benefit to outweigh the cost, and where the stress lasts only a few generations. Indeed,
transgenerational effects are usually obsdro last for only a small number of genenasio

in the absence of stre®oyko and Kovalchuk, 2010; Ladgladeket al, 2010; Rahawet
al.,,2011) and as observed here cafigub¥3®)clame #HAr eset
Mladeket al, 2010) perhapseflecting the decreasing benefit to the progeny over time. The
selective pressure for mechanisms specific to each possible parental stress would be very
weak. A more convincing argument can be made for a gein@nagenerationaltress

memory response for a broader range of stressful conditions. In this model, when production
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of atransgenerationatress memory is triggered, epigenetic modifications could feasibly
carry astablemark of the transcriptional element of the stresponse into the next
generation, modifying either the basal transcriptome and/or the stress response
transcriptome. In this way, a general transgenerational mechanism could produce a relatively
specifictransgenerationatress memory in the following gerations. That zinc was the

only stress observed here to generdtarssgenerationatress memory could indicate that
the otherstressorslid not activate this genenadlechanism. Faransient/seasonatressors
such as elevated or reduced temperatudrought it is conceivable that the mechanism is
not activatedto avoid generating a stress memory unnecessarily. Thatentdgficiency
andelevated NaCl should fail to activate the same transgenerational mechanism requires
another explanation as #estress conditiorvgould be similarly intransient in the field as

elevated zinc

Couldtherebea fitness benefit to the plant to respond transgenerdiidoa single
generation okinc stress but not tther stress conditioA©ne would expectie

relationship between the environmental conditions of #rent andheprogeny in the field
to depend ornthreemajor factors: seedispersal, seed dormanagd germinationand the
nature of the indidual environmental condition&nlike otherBrassicaceg Arabidopsis
has not evolved a mechanism to disperse sg&gghnet al, 2011) which although light
enough to be further dispersed in the wind, ugliallysettle close to the parent plant.
Arabidopsisdoes not require particularly specific conditions to germinate and will break
dormancy with either a mild stratification or dry storéBentsink and Koornneef, 2008)
However A.thalianaavoids germinating in unfavourable conditions with regards to NaCl
concentration, water potential and nitrogen availability. Germinatamobserved to be
inhibited by NaCl concentrations exceeding 100 mM and by low water poteAtialaliana
is also known to regulate germination in response to nitrogen leyed¢smpnding to nitrate
and nitric oxidegAlboresiet al, 2005; Arcet al., 2013) although no decreagegermination
was observed here when B®as reduced-5old. Interestingly, ncreasing the zinc
concentration in the media to 1 mM had no effect on gerinimad concentration observed
here to lead to a severe stress resparise/ days laterAs A.thalianaregulates germirieon

in response to high NaGgw water potential and Ngeficiency, but not in response to
zinc, this may reduce the benefit of geatigrg a transgenerational response to Nd@ught
or NG; deficiency as the progeraye capable of avoiding thesegessordy regulating

germination, a response that is not possible for high concentrations of heavy metals

In summary, most of the stressnditions tested did not result in any transgenerational

increase in stress toleranddie hypothesis put forward to explain the failure to reproduce
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previously observed stress memories is thasttess memorgnechanism responds to a
combination of thelefined treatment and other environmental conditiérsecond

hypothesis has been put forward to explain the results here without making reference to the
published stress memories that could not be reproduced: Stress memdriggened only

by intransientstress conditions thab notsignificantlyaffect germination andretherefore

likely to be experienced by the progeny. Thypothesiss not supported by experimental
databut rather has been formulated to explain the observed raestdis isolationwithin an
evolutionary frameworKt is suggested here thatthalianahas evolved a transgenerational
response to zinc becausdadts not evolved a seed dispersal mechanism and hence progeny
will likely be exposed to similar zinc concentratsoas the parent plant analdges not

regulate gemination in response to zinZinc stresgjenerates transgenerational stress
memory Experiments to test these hypatbe are put forward in Chapter 6

Whilst moststressorgxamined here did not resuitan increased stress tolerance in the

progeny, zinc stress was found to generate a transgenerational increase in stress tolerance.
Although heavy metals have previously been observed to increase tolerance in the progeny

(Ouet al, 2012; Rahavet al, 2011), the observetransgenerationatress memory in

response to el evated zi nc Furtserexperonentstindicaut hor 6
that it is reproducible, stable over one untreated genematidins not stochastic with regards

to the indivdual treated plants. The increasadtaltolerance also appears to be specific to

zinc.

The original observation of an increased tolerance in the progeny of zinc stressed plants was
not definitivelyheritable through multiple generatigms t waspossible théypertolerance

was related to zinc stregependent changes in seed composition. However, the stability of
the stress tolerance over an untreated generation suggests an epigenetic mechanism and a
truly transgenerational stress memadtys clear that the hypertolerance within the F2

progeny of treated plants is not a consequence of a subset of highly tolerant lines, indicating
that thetransgenerationatress memory mechanism has been activated at the level of the

treated population ratherahstochastically with respect to the individual plants treated

The observation that the transgenerational response, whilst reproducible, is inconsistent with
regards to the developmental stage at which an increased tolerance is detected, is difficult to
explain. Although the two treatments were identical with respect to the defined chemical
treatment, there were some differences in environmental conditions aftdrati been

transferred to soiln the first experiment, the plants remained in the sanmety room as

used during stress treatment, with seeds collected by enclosing the aerial portion of the
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plants in glassine bags, in the second experiment, the plants were placed in a temperature
and light controlled greenhouse and seed collected by @nglbe aerial portions of the

plants in micro perforated cellulose. Thus, during the periodgieesss, the plants would

have been exposed to slightly different light intensities and temperatures, and seeds would
likely have developed under different hidities. If these differences in growth conditions
poststress were found to consistently produce the observed differences in the stress
tolerance in the progeny, this would fit with the hypothesis that stress memories are
generated in response to a conaltion of defined treatment and other environmental factors,
and extend the period during which the plant is sensitive beyond the end of the stress
treatment. This could also suggest that particular conditionsspess may reduce or even
erase the stressemory in the treated generation.

Theexamination of cyasine DNA methylation &ECGG and GATCoci failed to detect any
changes in DNA methylatiogither at the end of the stress treatment, after a recovery period,
or in the following generatioms in excess 0500 loci were examined it is reasonable to
assumavide-scalechanges in DNA methylatidevelsdid not occur. However, DNA
methylation remiss the most likely mechanism, as it is the only known epigenetic
modificationwhich couldtransmita transgenerational stress memonr@ithaliana As

described in sectioh.7, C.elegandave been shown tdilise a RNAi-related pathway

whereby théneritableelement is a SRNA rather than epigenetic markAlcazaret al,

2008; Buckleyet al, 2012; Luteijn and Ketting, 2013; Shirayastaal, 2012)and a similar
mechanism operates Drosophila melanogastdGrentzingeret al, 2012) A.thalianahas

the prerequisite RNAlependenRNA polymerase tpotentially inheritsRNAs through a

similar mechanismalthough this has not been obsert@dccur Thus whilst DNA

methylation changes wenst observed, this is still considered to be the most likely
mechanism underlying the transgenerational stress memory in response to zingstreas.
proposed change in the epigenome would necessarily function to increase stress tolerance
through modifying the transcriptom@iven the considerable overlap betwestress

responses to excesses of different heavy m@estriet al,, 2010) it is surprising to note

how specific the increased tolerance appears to be. Along with the lack of global DNA
methylation changes, this suggests the tolerance is a manfestvery specific changes

in thetranscriptome of thprogeny. Directly analysing the transcriptome has the advantage
of detecting transcriptome changes regardless of the mechanism involved and more directly
examines the functional differences in tliegeny of zinc stressed plants. Another approach
would beto perform whole genome bisulphite sequencing to detect changes in DNA
methylation and to follow this up with gene expression analysis. Were DNA methylation

differences observed, this would providieect evidence for an epigenetic change in the
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progeny. Furthermore, it is possible that discrete regions of the genome observed to be
differentially epigenetically modified maye correlated with stress response genes.
However, it is not possible to agately predict the effect of changes in the DNA
methylome on the transcriptorras DNA methylation stas is not directly correlated with
expression levels even in promoter regifvising et al, 2012; Xiaoyu Zhangt al., 2006)
Thus, progressing from DANmethylome changes to changes in the transcriptome to
functional biochemical changes in the plant is not straightforward. Furthermore, it is
possible that the transgenerational stress memory mechanism isTmamstriptome

changes would still be a posk way in which a novel mechanism could increase the stress
tolerance in the progenys suchtranscriptomics may identify functional differences where
a DNA methylome approach would fail to do #dthough the developmental stage at which
the increasedtress tolerance is observed differs between the two independentreqgsri
Chapteridentifiessimilarities in theranscriptome and biochemical changes intie
independent zinc stress progenies.
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Chapter 5. Transcriptome and biochemicalchanges in

the progeny of zinc stressed plants
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5.1 RNA-sequencing analysis athe progeny of zinc stressed

plants

In order to detect transcriptome differenbesween the progenied zinc stressednd
unstressed.thalianaplants RNA-sequencing was carried aut RNA extracted from

whole CC and ZC 14 day old seedlings grown on either full strength ATS media, or ATS
supplemented with 500 uM Zithis experimental design enabldsrtification of genes
differentially expresseth ZC relative to CAn both zinestress and nestress conditions

and allows correlation of these genes withttaegriptional changes that occur durinigc
stress.

RNA sequencing sampsewere prepared @&xplained inFigure37. For each RNASeq

sample RNA was extracted from Batcheof seedlings (Control37-40 plantgper batch

+Zn = 100113per batch and pooled in equal measuRtant weight was observed to be
significantly higher in ZQhan CC at 50QM Zn (p<0.001, $ u d e test)pasthough the
increase in biomass was less than previously observed with the same seeds (11.2 %
compared to 21.0 %igure37). A significant differencén plant weight under zinc stress
wasstill observedetweerthe parental treatments when comparing just those seedling
batches used fdRNA extractions§<0.05 St u d e tes).6 RNA-Begsamples will be
referred to as Mock(C), Mock(Z), Zinc(C) and Zinc(Z) to denote whether they received a
zinc stress treatment in theanental treatment (Mock = CC, Zinc = ZC) and the conditions
the F2 progeny were grown under franscriptome analysis ( C srird, Z = zinc stresk

as described iRigure37.

RNA-Seqgsamples were analysed by lllumina HiSeq 2500 on a singldiatiee Exeter
University sequencing servick total 327M 100bp paired end sequence reads were
obtainedby Exeter UniversitfMock(C) =120M, Mock(Z)=68M, Zinc(C)=68M,
Zinc(Z)=71M). Exeter University filtered and trimmed readsemove low qualityeads
and to remove low scoring base cdksving267 million reads(82%). All further
bioinformatics was conducted by the autlH®@9million (75%) of the filtered and trimmed
reads provided by Exeter Universityapped onto thArabidopsishalianareference

genome for quantification of transcript abundance.
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Zinc stress treatment two 2 successive control
generations previously treatments

(CC)

Seed sown onto ATS
(17 per plate) and
ATS + 500 uM Zn

(34 per plate). 9
plates each per
parental treatment

ATS

Weigh and extract
RNA 14 days after 1
stratification

RNA extracted from
whole seedlings (x 3
plates) = Sample 1

Sample 2

Sample3

— _/

3 RNA samples pooled per RNA-seq sample

Seedling weight RNA-seq sample nomenclature
( 3.0 4 cc
= 251 I mZC Parental treatment
£E . cc zC
£ s .
s * g ATS Mock (C)(Zinc(C)
£ W7 £ ATS
5 o5 : E 2) |zinc(z
8 o5 l g 4500 uM zn Mock(Z) | Zinc(2)
0.0 T
ATS ATS + 500 M Zn?*

Figure37. RNAseq sample preparation, seedling weight and RNA sample nomenclatliop panelRNAseq
sample preparationCC and ZC seeds sown onto ATS and ATS + 506+mgﬂrplatesRNA etracted and

pooledas indicated 14 days after stratification. Bottom: Weight of seedlings used for RNA extraction and back
up tissuesamples=837-46 plants per ATS weight measuremet@0-113 plantsper ATS + 500 uM aneight
measurement N=6. H<0.001 @i dzR StyfedtORINASeqgsample nomenclature based on parental treatment

and growth conditions
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5.1.1 Differentially expressedgenes

RNA-Seqgwas performed without repeapgeventingestimation of expression varianaed
statistical testing of differentiafanscript abundandeetween two sample$o select genes
differentially expresseth a pairwise comparison of sarap| a cut off was set the
calculatedold changeslt was noted that negative correlations existed between gene
expression or gene lengthdatheabsoluteold-difference in expression between the two
control samplesMock(C) and Zinc(C)such thashort and/or lowly expregd transcripts
weremore likely to be differentially expressefigure38). In part these correlations could
reflectanincreased biological variabilityn expression fogenes with a low expression
level; however, these relationships are most likely due to the reduced accuteaysicript
abundance quantification for short and lowly expressed gépesying a simpleold-
change cubff would thereforepreferentially yieldshort and/or lowly expressed genes.
Instead after removing genes with a low expression simdrt gene$<256 bp) parameters
from theabovecorrelation curvesvere used to adjust tHield-change vales for the
remaining 18 697 genes, theraynoving theaforementionedelationdips between gene
expression ogene lengtlandfold changgFigure38). After adjustment, gnes with a log
fold changegreater than 5 standard deviatig8®) from the meanvere selected as
differentially regulatedThis cut off is equivalent to pvalue of <5.8 x 10. For
comparisonaconservative Bonferroni correctigAbdi, 2007)of U=0.05 with 18 697

comparisongthe number of genemalysedlgives a correctetiof 2.7x 10°.

For other pairwise comparisons, fold changes were adjusted using the correlation curves
fitted to the control samples data ancut off appliedof pairwise mean +/5 contol

sample SD. In this way1935 and2030genes were selected as beingegplated and
downregulated respectively in Mock(Z) relative to Mock(i@)a pairwise comparison of the
progeny of the two parental treatmentsler controconditions Zinc(C) vs.Mock(C), 90

genes were differentially regulatetB(downregulated,2lupreyulated). A comparison of the
two parental treatments under zinc stress condjfielded520 differentially expressed
genes, of whicl259 were upregulated in Zinc(Z) relative to Mock(@)d 261 were
downregulatedAll reported log fold changes are frotie raw datavithout adjustment

Only genes pasy the cut off are discusd&elow.
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A Raw data B Correlation curve C Adjusted data
? G "] y=-0.00x+0.04x2 - ?
(5]
= § w 0.21x +0.60 = Figure38. Adjustment of data to remove
= = R?=0.98 =
g . % < . relationships betweengene expression or gene
04
'i"E 2 UE_' length and folddifference between the two
0 ) o S "~ - .
% 2@ § control samples Expression values given as
(%] et
5 el o . .
L% gw) " X fragments per kilobase exon gene model per million
g - % gr- mapped fragments (FPKMed = Transcripts with
o
o 01 .
- g - Log Zinc(C)/Mock(C) values-& SD from thenean
: A ] > f
— T . . . ‘ after adjustmentA. Raw data presented as gene
-4 -3 2 -1 o 1 2 3 4 & 6 -2 -1 o 1 2 3 4
Log, Zinc(C)/Mack(C) Log, Expression (FPKM) Log, Zinc(C)Mock(C) expression vs. foldifference.B. Correlation curve
from plotting average foldlifference (sliding
D . E F ) ) window of 500 genes) vs. expressi@nData
Once adjusted data Correlation curve Twice adjusted data
adjusted using parameters from correlation curve in
= "] ¥y=000x-0.12x+3.28x" - C. anl plotted as per AD. Once adjustediata
=y 47.59x% + 387.95x2 - ol
= £ ™ 1,683.80x + 3,040.56 —_ presented as genkengthvs. folddifference.E.
o ) 2_ oy
8 = R?=0.92 o .| . .
c o 2 = Correlation curve from plotting average feld
I 2 5 : L
§ g & - difference (sliding window of00 genes) vgiene
o | o ]
é i 3 g ol lengthin once adjusted data. Onceadjusteddata
- 0] 03 _\ . . .
2 = g g adjusted a secahtime using parameters from
| o g =
z " correlation curve in C and plotted as g2rRed lines
= = Cut off of mearLog Zinc(C)/Mock(C) +b SD
* 1 , ‘ , o . . .~ after double adjustment
2 1 ] 1 2 3 4 8 9 10 1 12 13 1 0 " N
Log, Zinc(C)/Mock(C) Log, Expression (FPKM) Log, Zinc(C)/Mock(C)

146



Chapter 5Transcriptome and biochemical changes in the progeny of zinc stressed plants

The 50 most highly zinstress upregulated and downregulated genes (derwexckiie
Mock(Z) vs. Mock(C) comparison) are listedTiable5 & Table6. The highly upregulated
genes include 3 basic helimop-helix transcription factors which control the expression of
ion homeostasis geneBHLH038 BHLH039& BHLH100, one of theidownstream targets
which functions in iron uptake in the rootRT1), andPLANT CADMIUM RESISANCE 1
(PCRJ. The highly down regulated genes inclite SUPEROXIDE DISMUASE 1

(FSDJ), FERRITIN 4FER4 and genes responsive to the hormone jasmonic acigd (JA)
includingVEGETATIVE STORAGEROTEIN 2(VSP2 and the peroxidase superfamily
proteinNATAL All genes showing differential expression in the progeny of the zinc stressed
plants under control conditions are listed’able7 andTable8. Genes with a reded
expression in Zinc(C) compared to Mock(C) incliiiERRIC REDUCTION OXIDASE 2
(FRO2, NRAMP METAL ION TRABPORTER §NRAMPE, JA biosynthesis genes
ALLENE OXIDE CYCLASE (AOC1), AOC2andLIPOXYGENASE Z.OX2), and JA
responsive genes includiMpP1& VSP2 N-ACETYLTRANSFERASE ACTIVITY 1
(NATAD andTYROSINE AMINOTRANSFERASETAT3.

Genes with differential expression in the progeny of zinc stressed plants under zinc stress
conditions (Zinc(Z) vs. Mock(Z)) are not listed here as these genes do not show enrichment
for particular functions and the observed differences between Zinc(lack(Z) are best
considered at the level of the expression distribution for stesgmnsive genes rather than

individual genesn isolation as explained in sectidnl.1.3.

5.1.1.1EnrichedGO terms within the differentially regulated genes

Gene ontology tensdescribe the known and predicted function and localisation of gene
products Determining which gene ontology terms are significantly overrepresented within
gene set provides an indication of what pathways are most severely affected. A
straightforwardanalysis of each term in isolation (teby-term), with a confidence

correction for multiple comparisons will usually yield a large number of significantly
enriched terms from which one must establish trends in the GO terms. A more sophisticated
approachdking into account the relationships between the GO terms will yield a smaller,
more useful set of GO terms. Hastance, if a parent GO terndof all its children are
enriched, a terdby-term analysis will report all the child terms along with the parerm,
whereas an analysis taking account of GO term relationships will report only the parent
term. The modebased gene set analysis (MGSA), as outlined by Bauet a6 was used
here to identify enriched GO terr(Baueret al, 2010) This approde will yield only a

small number of terms, however, each reported term will be more directly relevant to the
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whole get set. MGSA associates a marginal posterior probability to each term that reflects

the likelihood of its involvement in the process. A afitof 0.5 is suggested by the authors.

AGl code |Gene full name [where available) Gene short name | Mock(C) FPKM | Mock({Z) FPKM | Log, fold change
AT2G14610 | PATHOGENESIS-RELATED GENE 1 PR1 0.1 41.3 8.6
AT1G14880 | PLANT CADMIUM RESISTANCE 1 PCRI 0.1 17.1 7.4
AT2G21640 |Protein of unknown function RD2 0.2 26.2 7.2
ATAG12735 | FASCICUN-LIKE ARABINGGALACTAN 2 FLAZ 0.7 91.6 7.1
AT2G41240 | BASIC HELIX-LOOP-HELIX PROTEIN 100 BHLH100 3.1 4311 7.1
ATAG36700 |RmiC-like cupins superfamily protein ATU2AFE5A 0.8 89.8 6.8
AT2G14247 |AGAMOUS-LIKE 44 AGL44 10.7 1008.3 6.6
AT5G54165 | O-METHYLTRANSFERASE 1 OMT1 0.3 25.4 6.3
AT1G47395 | 3BETA-HYDROXYSTERQID-DEHYDROGENASE/DECARBOXYLASE ISOFORM 1 3BETAHSD/D1 23.2 1816.4 6.3
AT3G56970 [BASIC HELIX-LOOP-HELIX 38 bHLH38 5.4 407.2 6.2
AT1G56160 |MYB DOMAIN PROTEIN 72 MYB72 0.1 10.4 6.2
AT2G30766 | CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 12 CYP71A12 20.1 1390.4 6.1
AT5G03210 | DAP-INTERACTING PROTEIN 2 DIP2 0.1 5.5 5.9
|AT4G10250 | Columbia endomembrane-localized small heat shock protein ATHSP22.0 0.1 4.6 5.9
AT1G61800 | GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR 2 GPT2 0.3 19.6 5.9
AT1G21240 |WALL ASSOCIATED KINASE 3 WAK3Z 0.1 3.8 5.9
ATSGS8840 | CIS-PRENYLTRANSFERASE 6 cPTE 0.1 2.9 5.8
AT1G13609 |BASIC LEUCINE-ZIPPER 58 bZiP58 0.3 18.4 5.8
AT2G04070 [DETOXIFICATION 1 DTX1 0.6 314 5.7
AT1G52120 |Mannose-binding lectin superfamily protein AR791 0.2 9.3 5.7
AT1G62420 | HIGH LEAF TEMPERATURE 1 HT1 17 86.3 5.6
AT2G30770 | CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 13 CYP71A13 0.2 104 5.6
AT1G12030 [SMALL NUCLEOLAR RNA111 SNORI111 1.7 80.0 5.6
AT5G37490 |[AGAMOUS-LIKE 105 AGLIOS 0.2 7.7 5.5
ATAG25200 | MITOCHONDRION-LOCALIZED SMALL HEAT SHOCK PROTEIN 23.6 HSP23.6-MITQ 0.3 12.1 5.4
AT5G10760 |HISTIDINE KINASE 5 HKS 0.2 121 5.4
AT2G04050 | DETOXIFICATION 1 DTX1 2.0 79.0 5.3
AT3G56980 | BASIC HELIX-LOOP-HELIX 39 bHLH39 5.8 226.1 5.3
AT2G38340 | DEHVDRATION RESPONSE ELEMENT-BINDING PROTEIN 18 DREB19 0.6 20.9 5.1
AT1G35230 |ARABINOGALACTAN PROTEIN 5 AGPS 11 33.5 5.0
AT1G47405 | 35ETA-HYDROXYSTEROID-DEHYDROGENASE/DECARBOXYLASE ISOFORM 1 3BETAHSD/D1 0.3 8.7 4.9
AT1G80130 |PHLOEM PROTEIN 2-B11 PP2-B11 14 43.9 4.9
AT2G14230 |[AGAMOUS-LIKE 44 AGL44 0.2 4.6 4.9
AT5G51440 | EMBRYO YELLOW EYE 4.5 128.4 4.8
AT5G13170 |SENESCENCE-ASSOCIATED GENE 28 SAG29 0.9 24.8 4.3
AT3G27410 |SUCCINATE DEHYDROGENASE 2-1 SDH2-1 0.2 4.1 4.3
AT5G45430 | CONSERVED PEPTIDE UPSTREAM OPEN READING FRAME 24 CPUORF24 0.4 1.3 4.7
AT1G53540 | FATTY-ACID-BiNDING PROTEIN 3 FAP3 21 55.2 4.7
AT2G18190 |MAP KINASE 7 MPK7 0.4 9.7 4.7
ATAG19690 |iRON-REGULATED TRANSPORTER 1 IRT1 8.1 208.8 4.7
AT3G28580 | DEFECTIVE IN MERISTEM DEVELOPMENT AND FUNCTION 1 TDF1 0.7 17.9 4.7
AT2G36800 | DON-GLUCOSYITRANSFERASE 1 DOGT1 3.3 85.0 4.7
AT2G18193 |MAP KINASE 7 MPK7 7.9 200.8 4.7
ATAG31398 |ABCI-LIKE KINASE RELATED TO CHLOROPHYLL DEGRADATION AND OXIDATIVE STRESS 1 |ACDO1 0.1 2.0 4.7
AT4G08867 |PUMILIO 11 PUM11 0.1 3.2 4.6
AT1GA7400 | 35ETA-HYDROXVSTEROID-DEHYDROGENASE/DECARBOXYLASE ISOFORM 1 3BETAHSD/D1 3.7 90.2 4.6
AT1G56650 | PRODUCTION OF ANTHOCYANIN PIGMENT 1 PAP1 1.2 30.2 4.6
AT2G04040 | DETOXIFICATION 1 DTXx1 1.2 23.5 4.6
ATIGO1590 | FERRIC REDUCTION OXiDASE 1 FRO1 0.1 25 4.6
AT1G58225 [EMBRYO DEFECTIVE 1674 EMB1674 0.2 5.4 4.5

Table5. Genes upregulated in zinc streas derived from the Mock(Z) vs. Mock(C) comparis®op 50 most
differentially expressed are listed in order of fold chargepression valuesre given as fragments per kilobase
exon gene model per million mapped fragments (FPRNMhere the full gene name is not available, a gene

family description is giveim lower case
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AGI code [Gene full name (Where available) Gene short name | Mock{C) FFKM | Mock({Z) FFKM| Log, fold change
ATAG25100 | FE SUPEROXIDE DISMUTASE 1 F5D1 126.6 0.7 -1.5
AT1G63710 [CYTOCHROME P450, FAMILY 86, SUBFAMILY A, POLYPEPTIDE 7 CYPBGAT 2.1 0.0 -6.3
AT3E59930 [RAE GDP DISSCCIATION INHIBITOR 2 GDI2 7.0 0.1 -6.2
AT3G43850 [cALMODULIN 7 CAM7 4.9 0.1 -6.1
AT3G25190 [CYTOCHROME P450, FAMILY 82, SUBFAMILY G, POLYPEPTIDE 1 CYP82G1 42.9 0.6 -6.1
AT5G51720 |NEET GROUP PROTEIN NEET 84.7 1.7 -5.7
AT2G33790 [ARABINOGALACTAN PROTEIN 30 AGP30 124 0.2 -5.6
AT2G40300 |FERRITIN 4 FER4 29.0 0.6 -5.6
AT5G15960 | Cold and ABA inducible protein KIN2 18.1 04 -5.6
AT3G49160 [PERCOXIDASE CB PRXCB 9.7 0.2 -5.4
AT2G38390 | PRENVLATED RAB ACCEPTOR 1.84 PRA1.B4 115.0 2.7 -5.4
AT3G62950 [ALBINO AND PALE GREEN APG2 10.6 0.2 -5.3
AT5G14650 [SHAGGY-LIKE KINASE 13 SK13 27.2 0.7 -5.2
AT4G21370 | Protein of unknown function PRXR1 34 0.1 -5.2
AT2G21650 |MATERNAL EFFECT EMBRYO ARREST 3 MEE3 26.0 0.7 -5.1
AT1G52820 [LYSOPHOSPHOLIPASE 2 LysoPL2 3.3 0.1 -5.1
AT4GE26320 [ARABINCGALACTAN PROTEIN 13 AGP12 8.9 0.3 -5.1
ATAG12550 [AUXIN-INDUCED iN ROOT CULTURES 1 AiR1 52.7 1.6 -5.0
AT2G36885 [METHIONINE ADENOSYLTRANSFERASE 3 MAT3 7.0 0.2 -5.0
AT1G58290 [ARABIDOPSIS THALIANA HEMA 1 HEMA1 260.0 8.8 -4.9
AT4G02850 [FANTASTIC FOUR 1 FAF1 6.6 0.3 -4.7
AT5GA7450 | TONOPLAST INTRINSIC PROTEIN 2,3 TIP3 16.3 0.7 -4.6
AT3G02885 [GASTI PROTEIN HOMOLOG 5 GASAS 4.9 0.2 -4.6
ATSG17170 [ENHANCER OF S083-1 ENH1 82.5 3.4 -4.6
AT2G14580 |BASIC PATHOGENESIS-RELATED PROTEIN 1 PRB1 2.2 0.1 -A.6
AT1G74890 [RESPONSE REGULATOR 15 ARR1S 4.9 0.2 -4.6
AT2G39330 [JACALIN-RELATED LECTIN 23 JAL23 9.9 0.4 -4.5
AT1G19900 [ MALE-GAMETE-SPECIFIC HISTONE H3 MGH3 2.3 0.1 -4.5
AT1G13650 [ROOT MERISTEM GROWTH FACTOR 2 RGF2 25.2 1.2 -4.4
AT2G39040 | N-ACETVLTRANSFERASE ACTIVITY 1 NATA1 2.7 0.1 -4.4
AT1G68650 [PERIANTHIA PAN 13.3 0.6 -4.4
ATAG35720 | DUOI-ACTIVATED ZINC FINGER 3 DAZ3 3.4 0.2 -4.3
AT4G36060 [BASIC HELIX-LOOP-HELIX 11 bHLH11 2.1 0.1 -4.3
ATAG37220 |HIGH CHLOROPHYLL FLUDRESCENCE 164 HCF164 4.1 0.2 -4.3
AT2G32870 | BETA GLUCOSIDASE 33 B8GLU33 18.9 0.9 -4.3
ATAGE12545 [EARLY ARABIDOPSIS ALUMINUM INDUCED 1 EARLIT 39.5 2.0 -4.3
AT1G06120 [5kP1/ASK-INTERACTING PROTEIN 16 SKIP16 3.5 0.2 -4.3
AT2G18328 [RAD-LIKE4 RL4 10.7 0.6 -4.2
AT5G64040 | Subunit of photasystem | PSAN 2762.9 151.5 -4.2
AT1G21140 [INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE 4 IGMT4 8.9 0.5 -4.2
AT3G55240 |SPLICEOSOME-ASSOCIATED PROTEIN 150 B SAP130b 83.9 4.8 4.1
AT2G33850 |FRIGIDA-ESSENTIAL 1 FES1 180.8 10.6 -4.1
AT1G02620 [MEDEA MEA 4.5 0.2 -4.1
AT5G10230 [ANNEXIN 7 ANNAT7 12.4 0.7 -4.1
AT1G32540 LSD ONE LIKE 1 LOoL1 10.4 0.6 -4.0
ATAG01390 [MAP KINASE 4 MPK4 311 19 -4.0
AT3G47340 |GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 ASNI 101.0 6.1 -4.0
AT5G24770 | VEGETATIVE STORAGE PROTEIN 2 vsp2 34.3 2.1 -4.0
ATAG35770 |SENESCENCE 1 SEN1 223.8 13.9 -4.0
AT4G37700 [HEPTAHELICAL PROTEIN 4 HHP4 6.9 0.4 -4.0

Table6. Genes downregulated in zinc streas derived from the Mock(Z) vs. Mock(C) comparisdiop 50
most differentially expressed are listed in order of fold chariggression values given as fragments per

kilobase exon gene model per million mapped fragments (FPWKre the full gene name i®t available, a

genefamily description is given in lower case.

AG| code |Gene full name (Where avialble) Gene short name | Mock(C) FPKM | Zinc{C) FPKM | Log; fold change
AT3G09480 [POL-LIKE 3 PLL3 0.4 3.8 3.4
AT2G31180 [MYE DOMAIN PROTEIN 149 MYB14 0.6 3.3 2.5
AT2GA3050 |Protein of unknown function ATPMEPCRD 2.3 5.8 1.3
AT1G56090 (LOW EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 |LOS1 5.1 12.6 1.3
AT5G02760 |5HOOT GRAWTROPISM 9 SGRS 9.9 20.7 1.1
AT2G39850 | TYPE ONE SERINE/THREONINE PROTEIN PHOSPHATASE 4 TOPP4 4.0 7.7 0.9
AT1G56660 |PRODUCTION OF ANTHOCYANIN PIGMENT 1 PAP1 10.1 19.1 0.9
AT3G11420 |PROTEIN PHOSPHATASE 2CA PP2CA 10.2 18.5 0.9
AT3GAT340 | GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 ASN1 101.0 179.0 0.8
AT5G67470 [FORMIN HOMOLOG 6 FHE 5.4 9.5 0.8
AT2G31010 (SHAGGY-RELATED PROTEIN KINASE DZETA SKDZETA 7.8 13.0 0.7
ATLG75310 [AUXILIN-LIKE 1 AULI 12.5 18.9 0.6

Table7. Genes with higher expressioin Zinc(C) relative to Mock(Qisted in order of fold changeExpression

values given as fragments per kilobase exon gene model per million maggaents (FPKMWhere the full

gene name is not available, a geflaenily description is given in lower case.
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AGI code [Gene full name (Where available) Gene short name |Mock(C) FPKM |Zinc{C) FPKM |Log; fold change
AT2G39030 | N-ACETVLTRANSFERASE ACTIVITY 1 NATAL 8.7 0.2 -5.6
AT1G61120 |TERPENE SYNTHASE 04 TP504 2.2 0.1 -5.4
AT2G24850 | TYROSINE AMINOTRANSFERASE 3 TAT3 2.1 0.1 -4.0
ATSG53820 | MILDEW RESISTANCE LOCUS 0 11 MLO11 2.2 0.1 -3.9
AT4G35710 | DUGI-ACTIVATED ZINC FINGER 3 DAZ3 19 0.1 -3.7
AT2G39330 |JACALN-RELATED LECTIN 23 JAL2Z 9.9 0.8 -3.6
ATS5G12020 |17.6 KDA CLASS il HEAT SHOCK PROTEIN HSP17.611 4.0 0.4 -3.4
ATSG07840 | PHYTOCHROME INTERACTING ANKYRIN-REPEAT PROTEIN 1 PIAl 34 0.3 -3.3
AT2G38240 | PYRIDOXINE BIOSYNTHESIS 1.1 PDX1.1 2.2 0.3 -2.9
AT1GA7400 | 38ETA-HYDROXYSTEROID-DEHYDROGENASE/DECARBOXYLASE ISOFORM 1| 3BETAHSD/D1 3.7 0.5 -2.8
AT1G33960 |AVRRPT2-INDUCED GENE 1 AlG1 3.9 0.6 -2.8
AT1G62420 |HIGH LEAF TEMPERATURE 1 HT1 17 0.3 -2.6
AT1GA7395 | 35ETA-HYDROXYSTEROID-DEHYDROGENASE/DECARBOXYLASE ISOFORM 1 |3BETAHSD/D1 23.2 3.8 -2.6
AT2G30766 | CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE 12 CYP71A12 20.1 3.3 -2.6
AT3G55970 |JASMONATE-REGULATED GENE 21 JRG21 4.2 0.3 -2.5
AT3G57260 |BETA-1,3-GLUCANASE 2 BGL2 1.7 0.4 -2.3
AT1G28480 |Glutaredoxin family protein GRX480 40.8 8.6 -2.2
AT2G24940 | MEMBRANE-ASSOCIATED PROGESTERONE BINDING PROTEIN 2 MAPR2 33.4 7.6 -2.1
AT2G37770 | CHLOROPLASTIC ALDO-KETO REDUCTASE ChiAKR 2.3 0.5 2.1
AT1G72580 |PAUSED pPsD 17.1 4.3 -2.0
AT3G44860 | FARNESOIC ACID CARBOXYL-O-METHYLTRANSFERASE FAMT 24 0.6 -2.0
ATAG23600 | CORONATINE INDUCED 1 CORI3 36.2 9.5 -1.9
ATAG17470 |Alpha/beta-Hydrolases superfamily protein HATI 6.3 17 -1.9
AT1G56240 |PHLOEM PROTEIN 2-813 PP2-B13 34 10 -1.3
ATAG12490 | EARLY ARABIDOPSIS ALUMINUM INDUCED 1 EARLI1 100.5 30.0 -1.7
ATSG15265 |FTSH PROTEASE 6 FTSHE 12.7 3.8 -1.7
AT2G07783 |ATP-BINDING CASSETTE IS ABCIS 1.8 0.6 -7
ATAG14365 | XB3 ORTHOLOG 4 iN ARABIDOPSIS THALIANA XBAT34 5.6 1.8 1.7
AT1G02820 |LATE EMBRYOGENESIS ABUNDANT 3 LEA3 8.3 2.8 -1.6
AT1G52040 | MYROSINASE-BINDING PROTEIN 1 MBP1 5.8 1.9 -1.6
AT2G07708 | MINICHROMOSOME MAINTENANCE 5 MCMS 6.0 2.0 -L5
ATSG24780 | VEGETATIVE STORAGE PROTEIN 1 VSP1 2L3 74 -L5
AT3G62280 |UBIQUITIN 5 uBQs 70.4 25.1 -1.5
AT2G15970 | COLD REGULATED 413 PLASMA MEMBRANE 1 COR413-PM1 328.2 121.3 -14
AT1G29355 |PLANT U-BOX 17 pUB17 6.0 2.2 -1.4
AT2G39920 |WLIM2A WLIM2a 10.3 3.9 -1.4
AT3G56970 |BASIC HELIX-LOOP-HELIX 38 BHLHO38 5.4 2.1 -1.4
AT3G25760 |ALLENE OXIDE CYCLASE 1 AOC1 52.6 20.3 -1.4
AT2G07687 |ATP-BINDING CASSETTE 14 ABCI4 5.8 2.3 -1.3
AT1G56430 | NICOTIANAMINE SYNTHASE 4 NAS4 7.0 2.8 -1.3
ATAG12480 | EARLY ARABIDOPSIS ALUMINUM INDUCED 1 EARLI1 103.0 42.5 -1.3
AT3G25770 |ALLENE OXIDE CYCLASE 2 AOC2 248.4 103.4 -1.3
AT3G28220 | TRAF-like family protein PMZ 40.9 17.1 -1.3
AT4GOBE70 |ARGININE AMIDOHYDROLASE 2 ARGAH2 811 35.0 -1.2
AT2G16586 | GLN PHOSPHORIBOSYL PYROPHOSPHATE AMIDOTRANSFERASE 1 ASE1 319.5 142.3 -1.2
AT3G02468 | CONSERVED PEPTIDE UPSTREAM ODPEN READING FRAME S CPUORFS 9L.3 41.7 11
ATAG18170 | WRKY DNA-BINDING PROTEIN 28 WRKY28 8.9 4.1 -L1
AT1G01580 | FERRIC REDUCTION OXIDASE 2 FRO2 3.5 1.6 L1
ATSG24770 | VEGETATIVE STORAGE PROTEIN 2 VSP2 34.3 16.2 L1
AT1G14250 |SCR-LIKE 28 SCRL28 12.2 6.0 -1.0
AT3G54830 |ZINC RIBEON 3 ZR3 11.9 5.9 -1.0
AT3G57060 | CYSTATHIOMINE BETA-LYASE €BL 7.0 3.5 -1.0
ATS5G24420 | 6-PHOSPHOGLUCONOLACTONASE 5 PGLS 18.2 9.3 -1.0
AT1G19670 |CHLOROPHYLLASE 1 CLH1 104 5.3 -1.0
AT5G19460 |NUDIX HYDROLASE HOMOLOG 20 NUDT20 371 19.0 -1.0
AT4G32130 |PHOX4 Phox4 352.2 206.0 -0.9
ATSGA5340 | CYTOCHROME P450, FAMILY 707, SUBFAMILY A, POLYPEPTIDE 3 CYP707A3 10.0 5.3 -0.9
AT5G22920 |CATION/H+ EXCHANGER & CHXS 453.1 240.2 -0.9
AT3GA5140 |LIPOXYGENASE 2 Lox2 84.2 4.6 -0.9
AT4G15830 |HEAT SHOCK FACTOR BINDING PROTEIN HSBP 72.7 38.6 -0.9
AT1G54270 |EiIFdA-2 EIF4A-2 87.5 46.5 -0.9
AT1G62430 | COP-DIACYLGLYCEROL SYNTHASE 1 CDs1 67.5 36.2 -0.9
AT5GA4680 |GALACTAN SYNTHASE 2 GALS2 157.8 106.6 -0.9
AT2G08986 |ATP-BINDING CASSETTE IS ABCIS 3.3 1.3 -0.9
AT2G38380 | PRENYLATED RAB ACCEPTOR 1.84 PRA1.B4 297.5 168.6 -0.8
ATS5G14650 |SHAGGY-LIKE KINASE 13 SK12 27.2 16.0 -0.8
AT1G15960 | NRAMP METAL ION TRANSPORTER 6 NRAMPE 16.0 9.6 -0.7
ATSGA9740 | FERRIC REDUCTION OXIDASE 7 FRO7 114 6.9 -0.7
ATSG59730 | EXOCYST SUBUNIT EXO70 FAMILY PROTEIN H7 EXOF0H7 10.5 6.3 -0.7
AT3G52640 |CELL WALL INVERTASE 2 CWINV2 8.1 4.9 -0.7
AT3G25610 |AMINOALCOHOLPHOSPHOTRANSFERASE AAPT2 5.1 3.2 -0.7
AT2G30210 |LACCASE 3 LAC3 310 19.6 -0.7
ATSGA9730 | FERRIC REDUCTION OXIDASE 6 FRO6 131.9 84.1 -0.6
AT3G44630 |CYCLOPHILIN 71 CYP71 11.4 74 -0.6
AT1G52410 | TSK-ASSOCIATING PROTEIN 1 TSA1 32.9 21.8 -0.6
ATAG16860 | RECOGNITION OF PERONOSPORA PARASITICA 4 RPP4 15.1 10.2 -0.6
AT3G13080 |ATP-BINDING CASSETTE C3 ABCC3 12.1 8.7 -0.5
AT3GO07160 |GLUCAN SYNTHASE-LIKE 10 GSL10 23.7 18.4 -0.4

Table8. Genes with lower expressiom Zinc(C) relative to Mock(Qisted in order of fold changeExpression
values given as fragments perokiase exon gene model per million mapped fragments (FPWkigre the full

gene name is not available, a gefaenily description is given in lower case.
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Enrichedgene ontology termi®r the genes differentially expressedzinc stresyMock(Z)
relative to Mock(C)are shown irmable9. GO terms enriched within the upregulated genes
includedterms expected in response to zinc stréissn ion homeostasisfhydrogen

peroxide biosynthetiprocess and 5 response termsyclopentenone, heatakakin, fungus
and UV:B.

As expected, miched GO terms within the downregulated genes inclteleds relating to

regulating plant growthiroot epidermal cell differentiatiand r e gul at i on of mer i

growt ho and fAcell cyclse reystpokisree giegdn, dRewdeelc
desiccationo, and a term relating more speci

transporto.

Upregulated Downregulated
GO term Fold enrichment | Marginal GO term Fold enrichment | Marginal
Respanse to cyclopentenone 44 0.97 Transition metal ion transport 3.5 0.94
Response to heat 3.7 0.95 Cacid phosphatase activity 3.7 0.86
Amino acid transport 3.2 0.74 Microtubule-based movement 4.7 0.79
Response to karrikin 2.7 0.71 Root epidermal cell differentiation 3.2 0.74
Iron ion homeostasis 4.4 0.68 Cell wall biogenesis 3.8 0.74
Hydrogen peroxide biosynthetic process 4.1 0.68 Lignin metabolic process 3.4 0.67
Response to fungus 3.4 0.61 Regulation of meristem growth 3.8 0.61
Nucleotide biosynthetic process 3.6 0.61 Cell cycle cytokinesis 4.2 0.60
Response to UV-B 3.0 0.61 Response to fructose stimulus 4.6 0.57
Rhythmic process 3.1 0.56 Syncytium formation 5.7 0.54
Female gamete generation 4.9 0.52 Cyclin-dependent protein kinase regulator activity 4.1 0.53
ATPase activity 3.2 0.51 Response to desiccation 5.0 0.51
UDP-glycosyltransferase activity 3.0 0.87 Xyloglucan:xyloglucosyl transferase activity 5.9 0.79
ADP binding 2.9 0.83 Plant-type cell wall 3.0 0.83
Chloroplast stroma 3.8 0.78

Biological function
Molecular function
Cellular localisation

Table9. Gene ontology terms enrichetbr genesupregulated and downregulatedh zinc stress (Mock(Z)
relative to Mock(C). Terms listed in order of marginal posterior probability. Biological function, molecular

function and cellular localisation terms listed separately.

EnrichedGOterms for genes with a reduced expression in Zipeglative to Mock(C)
included therelated termsiron ion binding  afinod ion homeostasis, as wel | as
fiasmonic acid biosynthetic procésdt he r el ated firesponse to cy

additional response terfi,r e sponse t (rablelQght i ntensity

Analyses forgeneswith an increased or decreased expressiainc(Z) vs. Mock(Z)did

not identify any enriched GO termdowever approximately 40% of the genes
differentially expressed in Zinc(Z) vs. Mock(Z) were identified as zinc stesgmonsive
(Mock(Z) vs.Mock(C)) andoverall trends were observed in the expression of zinc stress
responsive genes in Zinc(Z) vs. Mock(Z), as discugsedction5.1.1.3 GO enrichment

analysis was therefore performed on genes differentially expressed in Zinc(Z) vs. Mock(Z)
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against a backgund population of all zinc stress response genes. This analysis identified

the single

GO

term

Go term

Enrichment

Marginal

Acid phosphatase activity

24.8

1.00

Carbohydrate binding

3.8

0.99

ADP binding

4.4

0.97

Iron ion binding

4.8

0.75

Heme binding

3.0

0.70

Response to light intensity

2.7

0.65

Response to cyclopentenone

8.9

0.99

Ornithine metabolic process

124.0

0.94

Iron ion homeostasis

22.6

0.90

Lipid transport

5.4

0.86

Jasmonic acid biosynthetic process

19.4

0.64

Vacuole

6.1

1.00

Biological function
Molecular function
Cellular localisation

iresponse

to

hydrogen

Table10. Gene ontology terms enriched for genes with reduced expression in Zinc(C) relative to Mock(C).

Terms listed irorder of marginal posterior probability. Biological function, molecular function and cellular

localisation terms listed separately.

5.1.1.2Stress response genes differentially expressed in the progeny of zinc stressed

plants.

The zinc treatmestemployed here to examine the transcriptome of Mock and Zinc progeny

under zinc stress is identicalttte zinc stress treatmemio generations previously. This

allows comparison and correlatioattveen zinc stresgsponsive genasith genes whose

expression is altered in the F2 progeny of zinc stressed plants

Venn diagramare shown irFigure39 depicting the overlap between the genes

differentially regulated by zinc stregblock(Z) vs. Mock(C))and the gerseshowing

differential expression betwedme parental treatmenits non-stressconditions(Zinc(C) vs.

Mock(C)). Many genes with a lower expression in Zinc(C) relative to Mock(C) are

differentially expressed in response to zinc st(é5679 = 57 %pf which25 are zinc stress

upregulated and0 arezinc stress downregulatedyhese genes are-listedin Table11.

Genes upregulated in zinc stress with a reduced expression in Zoocgpared to Mock(C)
include a class Il heahock proteinfiISP17.61), acytochrome P450QYP71A12, the ion
homeatasis genBHLHO038andthe ferric reductaseRO2

Genes downregulated in zinc stress with a reduced expression in Ziele(@e to
Mock(C) includethe JAresponsive gend$ATAL VSP1& VSP2andthe ferric reductase

FROG
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Genes observed to be diffetialy expressed in the progeny of zinc stressed plants
compared to the progeny of mock treated plants when grown undstresa conditions

will be referred to as SMTdéransgeneration&tressMemoryTranscripts)Little overlap

was observed betwegenes differentially expressed in Zinc(C) relative to Mock(C) and
those differentially expresséal Zinc(Z) relative to Mock(Z)A few genesAVRRPT2
INDUCED GENE 1(AIG1), GRX48QEIF4A-2 andTSKASSOCIATING PROTEIN 1
(TSA), were observed to have a reddexpression in Zinc relative to Mock in both control
and stress growth conditionBgble1l).

Zindcdstress up
f;gtl/la?\gcri] genes l
255 3>
/

Relative expression in the
progeny of zinc treated
plants vs control plants
under control conditions

Figure39. Venn diagrams of overlap betweerincstress responsive genes and genes with an increased or
decreased expression ithe progeny of zinc stresseglants relative to control progenyinder nonstress
conditions Topand bottom rightcircles =stress responsive genébock(Z) vs. Mock(CBottomleft circle=
Differertial expression in the progeny of zinc stressed plants instoess condition$Zinc(C) vs. Mock(CRed
=Zinc stresglownregulated GreerrZinc stresaipregulated Blue =Reduced expressimnZinc(C) vs. Mock(C)

Yellow = Increased expressionZinc(C) vs. Mock(@rrows highlight direction of change relative to Mock(C).

5.1.1.3The pro@gny of zinc stressed plants display a reduced zinc stress response.

As mentioned abovehere is very little enrichment of functional groups within the genes
passing the cubff for differential expression ithe Zinc(Z) vs. Mock(Z)comparisn.

Instead when we observe the overall distribution of fold difference in expression for zinc
stressresponsive gendsis apparent that zinstress response genes are less
activated/repressed inn¢(Z) compared to Mock(Z)Figure40). On average, gese

upregulated in response to zinc stress show a 16.8 % reduced expression in Zinc(Z) relative
to Mock(Z), whilst downregulated genes show a 16.2 % increased expriesgion(Z)

relative to Mock(2).
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Expression (FPKM) | Fold difference in expression (log 2)

AGI code Gene full name Gene short name locus Mock(C) Mock{Z) Zinc[C) | Zinc(Z) Zinc(C)/Mock(C) Mock(Z)/Mock(C) Zinc(Z)/Zinc(C)
AT2G39030 | N-ACETYLTRANSFERASEACTIVITY 1 NATA1 2:16298226-16299202 8.7 2.2 0.2 1.0
AT2G39330  [JACALIN-RELATED LECTIN 23 JAL23 2:16419595-16421852 9.9 04 0.8 04
ATS5G12020  [17.6 KDA CLASS | HEAT SHOCK PROTEIN HSP1Z.611 5:3882236-3882338 4.0 46.3 0.4 19.6
AT1G47400 | 3BETA-HYDROXYSTEROID-DEHYDROGENASE/DECAREOXYLASE 150FOR| 3BETAHSD/D1 1:17385716-17386186 3.7 90.2 0.5 122.2
AT1G33960  [AVRRFTZ-INDUCED GENE1 AlG1 1:12346231-12348513 3.9 104 0.6 2.6
AT1GG2420  |HIGH LEAF TEMPERATURE 1 HT1 1:23102792-23104647 17 86.3 0.3 518
AT1GA7395 3BETA-HYDROXYSTERQID-DEHYDROGENASE/DECAREOXYLASE 1SOFOR| 3BETAHSD/D1 1:17383033-17383408 23.2 1816.4 3.8 823.6
AT2G30766 CYTOCHROME P450, FAMILY 71, SUBFAMILY A, POLYPEPTIDE12 CYP71A12 2:13105769-13108863 20.1 1350.4 3.3 379.1
AT3G55970  |JASMONATEREGULATED GENE 21 |JRG21 3:20766734-20769324 4.2 0.7 0.8 0.5
AT3G57260  |BETA-L,3-GLUCANASEZ BGL2 3:21188516-21189859 17 13.6 0.4 10.0
AT1G28480 GRX450 1:10013473-10014073 40.8 108.5 8.6 38.7
AT2G24940  |MEMBRANE-ASSOCIATED PROGESTERONE BINDING PROTEIN 2 MAPR2 2:10609393-10612232 33.4 15.4 7.6 17.6
AT2G37770 CHLOROPLASTIC ALDO-KETO REDUCTASE ChIAKR 2:15834866-15837001 2.3 28.8 0.5 24.2
AT1G72580  |paustD PSD 1:27334075-27334771 17.1 5.2 4.3 3.8
AT4G17470 HAT1 4:9742758-9744860 6.3 1.9 1.7 2.0
AT4G124590  [EARLY ARABIDOPSIS ALUMINUM INDUCED 1 EARLI1 4:7409620-7410406 100.5 1257.8 30.0 1386.1
AT5G15265 FTSH PROTEASE 6 FTSHE 5:4956500-4957533 12.7 1.1 3.8 2.3
AT4G14365  [¥B3 ORTHOLOG 4 IN ARABIDOPSIS THALIANA XBAT34 4:3271463-8273765 5.6 212 18 25.7
AT1G52040 MYROSINASE-BINDING PROTEIN 1 MBP1 1:19350374-19352782 5.8 0.4 19 0.2
AT5G24780 | VEGETATIVE STORAGE PROTEIN 1 VSP1 5:8507583-8508957 213 2.0 7.4 2.8
AT3G62280 5 uBas 3:23049422-23051152 70.4 9.6 25.1 23.7
AT3G56970  [BASic HELIX-LOOP-HELIX 38 bHLH328 3:21084103-21085150 5.4 407.3 2.1 259.9
AT1G56430 NICOTIANAMINE SYNTHASE 4 NAS4 1:21136943-21138087 7.0 724 2.8 57.1
AT4G12480  [EARLY ARABIDOPSIS ALUMINUM INDUCED 1 EARLI1 4:7406104-7406937 103.0 2087.9 42.5 1269.3
AT3G28220 PMZ 3:10524403-10526728 40.9 5.6 17.1 3.6
AT1G01580  |FERRIC REDUCTION OXIDASE 2 FRO2 1:209394-213041 3.5 4.7 16 59.4
AT5G24770 VEGETATIVE STORAGE PROTEIN 2 VSP2 5:8500475-8502224 34.3 2.1 16.2 2.3
AT3G57060 [a BETA-LYASE cBL 3:21114797-21121113 7.0 2.0 3.5 4.1
AT5G24420 6-PHOSPHOGLUCONGLACTONASES PGL5 5:8336613-8338008 18.2 3.1 9.3 2.7
AT5G19460  [WUDIX HYDROLASE HOMOLOG 20 NUDT20 5:6562970-6565632 37.1 15.5 13.0 30.9
AT5G22920 CATION/H+ EXCHANGER 9 CHXS 5:7664990-7667265 453.1 516 240.2 125.8
AT4G15830  |HEATSHOCK FACTOR BINDING PROTEIN HSBP 4:8992963-8996601 727 15.4 38.6 49.5
AT1G54270 EIFgA-Z EIF4A-2 1:20259691-20262266 87.5 210.9 46.5 79.9
AT1G62430  [COP-DIACYLGLYCEROL SYNTHASE 1 €Ds1 1:23105940-23109476 67.5 384 36.2 35.7
AT5GA44680 GALACTAN SYNTHASE 2 GALS2 5:18024214-18025991 137.8 27.9 106.6 29.1
AT2G38380  [PRENYLATED RABACCEPTOR 1.64 PRA1.B4 2:16076383-16078583 297.5 26.5 168.6 729
AT5G14650 SHAGGY-LIKEKINASE 13 SK13 5:4724449-4726513 27.2 0.7 16.0 1.1
AT1G15960  [WRAMP METAL iON TRANSPORTER & NRAMPE 1:5478753-5485082 16.0 9.3 9.6 9.1
AT3G25610 AMINOALCOHOLPHOSPHOTRANSFERASE AAPT2 3:9308941-9313353 5.1 13.6 3.2 14.2
AT2G30210  |LACCASES LAC2 2:12887445-12889874 31.0 14.2 19.6 15.2
AT5GA49730 FERRIC REDUCTION OXIDASE & FROG 5:20201100-20204513 131.9 11.3 84.1 14.4
AT1G52410  [T5K-ASSOCIATING PROTEIN 1 TSA1 1:19520727-19525624 329 7.8 21.8 4.1
AT4G16860 [RECOGNITION OF PERONOSPORA PARASITICA 4 RPP4 4:9488465-9495816 15.1 40.2 10.2 38.0
AT3G13080  |ATP-BINDING CASSETTECS ABCC2 3:4195785-4201265 12.1 132.8 8.7 104.6
AT3G07160 GLUCAN SYNTHASE-LIKE 10 GS5L10 3:2264944-2279383 23.7 36.1 18.4 32.1

TablellZinc stress respotige genes with a reduced expression in Zinc(C) relative to MockEpression values given as fragments per kilobase exon gene model per million mapped
fragments (FPKMJ-old changes (Lggiven where they passed the cut off of 5/SD from the mean aftedjustment. Fold changes colour coded, red=downregulated, green = upregulated
blue=reduced expression, yellow = increased expressi@mes ordered by fold dérencein Zinc (C) vs. Mock (@Yhere the full gene name is not available, a gene family gh&or is given

in lower case.
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Figure40. Differential expression of zinc stresegulatedgenes in Zinc(Z) relative to Mo(k) Data expressed

as a kernel density plot.

5.1.2 Analysis of functional gene groups

5.1.2.1DNA methylation and demethylam proteins in zinc stress

As suggested in sectignl.3 DNA methylation remains the most likely mechanism by
which a transgenerational stress memory could be passed onto the next generation.
Assumingthat changes in DNA methylatiooccurduring stress, me might expect changes

in the expression of DNA methylation and/or demethylatjenes To establish if this was

the case, the expression of 17 genes involved in DNA methylation or DNA demethylation
(Furner andviatzke, 2010Wwas analysed under zinc stresmditions. These genaxluded

the DNA methyltransferaseBIET1, CMT3 DRM2& DRM1, the DNA demethylases,

DMEL, 2& 3 andROS1 the histone H3 K9 lysine methyltransferase dechethylasgKYP
andIBM1, and the methylation DNA binding proteil$M1, 2& 3.

Table12 gives results for all genes investigat&étle DNA methyltransferas€dMT3and
MET1were observed to be downregulabeainc stress, as wA4M1 which is required for
maintenance o€G methylatio(Woo et al, 2007) ConverselylBM1 andDMEL, and

DML2 wereupregulated in zinc stress.
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None of the 17 DNA methylation/demethylation genes were differentially expressed
between the two progeniddany components of th&.thalianade novaDNA methylation

pathway have been identifié@reenberget al,, 2011) None of these were found to be zinc

stressresponsive (data not shown).

AGl code |Gene full name Gene short name |locus Mock(C) FPKM |Mock(Z) FPKM | Log. fold change
AT3IG07610 |INCREASE IN BONSAI METHYLATION 1 I1BM1 3:2426068-2432913 5.21 10.52

AT3G10010 | DEMETER-LIKE 2 DML2 3:3081813-3088195 2.85 5.59

AT5G04560 | penETER DME 5:13091592-1318401 10.43 15.36

ATAG13940 | HOMOLOGY-DEPENDENT GENE SILENCING 1 HOG1 4:8054860-8057181 275.30 372.79 0.44
AT5G14620 | DOMAINS REARRANGED METHYLTRANSFERASEZ  |DRM2 5:4715252-4718704 3.71 3.78 0.03
AT5G13960 |sU/vAR)3-9 HOMOLOS 4 SUVHE 5:4501446-4506188 6.72 6.60 -0.03
AT5G59130 |REPRESSOR OF SILENCING3 ROS3 5:23870097-23873720 3.24 2.92 -0.15
AT2G36490 | REFRESSOR OF SILENCING1 ROS1 2:15308020-15314807 5.22 4.67 -0.16
AT2G16390 | DEFECTIVE IN RNA-DIRECTED DNAMETHYLATION 1 |DRD1 2:7097279-7101261 3.33 2.86 -0.22
AT5G66750 | CHROMATIN REMODELING 1 DDM1 5:26648950-26653073 7.23 5.51 -0.39
ATAGE34060 | DEMETER-LIKE PROTEIN 3 DML3 4:16314002-16319426 2.54 1.93 -0.40
AT5GAI160 | METHYL TRANSFERASE 1 MET1 5:19932229-19938369 9.70 6.32

ATIG57820 | VARIANTIN METHYLATION 1 ViM1 1:21414169-21417346 10.18 6.16

AT5G39550 | VARIANT IN METHYLATION 3 VIM3 5:15837209-15840638 5.52 3.06 -0.85
AT1G66050 | VARIANT IN METHYLATION 2 VIiM2 1:24589486-24592747 0.53 0.27 -0.96
AT5G15380 | DOMAINS REARRANGED METHYLASE 1 DRM 1 5:4991346-4994826 0.15 0.08 -1.00
AT1G69770 | CHROMOMETHYLASE S CMT2 1:26248317-26253585 5.72 2.79

Tablel2. Expression of genes involved in DNA methylation and DNA demethylation in zinc stress (Mock(Z) vs.
Mock(C).Expression values given as fragments per kilobase gaoa model per million mapped fragments

(FPKM). Fold changes (bogiven where they passed the cut off of 5/SD from the mean after adjustment.

Fold changes colour coded, red=downregulated, green = upregulated. Genes ordered by fold difference in Mock
(2) vs. Mock (C).

5.1.2.2The JA precursot2-oxo-phytodienoic aid (OPDA) partly functions

independently to JA in response to zinc stress

As many genes with a reduced expression in Zinc(C) relative to MoalgEJA

biosynthesis geneand JAresponsive genes waedownregulated in response to zinc stress
the potential function of JA in zinc stress was explofethe JA biosynthesis genedgth a
reduced expression in Zinc(@) encoded proteins that function in the production of the JA
precursor OPDADave andsraham, 2012the RNASeqdata was interrogated to
investigate ifOPDA orJA-regulated genes are a componerthezinc stress response.
OPDAregulated and JAegulated genes hapeeviously been identifiedased on gene
expression in response to OPD or MethyhJA stimulus(Taki et al., 2005) Using hese
identifications the135geneaupregulated by OPDAvereon average 2.4ibld upregulated

in zinc stresandthe 316 JA-upregulatedjenes werenaffected Figure41A).
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5.1.2.3Specific JA and OPDAegulatedyenes have a reduced expression in the

progeny of zinc stressed plants in rgiress conditions

The expression dioth OPDAand JAupregulated geneis generallyunaffected in Zinc(C)
relative to Mock(C), suggestirtbatthereduced expressiarf OPDA synthesis genes under
nonstressconditionsdoes not havan overalleffect on the expression of either OPDA or JA
regulatedyenesn nonstress conditiond~igure41B). However there are a number of

OPDA and JAregulated genes whose expressiacafiected, as observed by the left hand
tailsin the distributios. Looking back at th&O termanalysisthetermir e s ponse t o
cycl opent en oimteed@enessvitheamowdr expression in Zinc(C) vs. Mock(C)
(Table10). Although these genes are apgatly not regulated by the cyclopentenone OPDA
(Taki et al,, 2005) it is possiblgéhattheyare regulatedby a OPDAderived compound or

OPDA precursar

A subset ofhe JAupregulated geneare affeted in norstress condition®1 out of 78

genes witlreduced expression undesrrstress conditions are identifiad JAupregulated

(Taki et al,, 2005) a 306fold enrichment over the background population. The GO term
Airesponse t o | as mo ni@enedatolaypenngtaneanalysidwithr e por t e d
MGSA as it is designed to report as few terms as possitlesome of these genes are

annotated as beingvolved in JA biosynthesis, therefore the ternsifjanic acid

bi osynthetic pr oc daded0). AmalgsingteeGO tetmeahai nst ead
termby-term basis with Benjamiftlochberg correctiofBenjamini, Y, Hochberg, 1995)

the enrichment of i the Znp(G)1vss Mock(Q) comparss@mo ni ¢ a C i
very significant (4.73e06). In summary, the expression of the vast majority of OPDA and
JA-regulated genesereunaffected by the parental treatment, although a subset of

cyclopenenone and JAegulated genes weexpressed at a lower level in Zinc(C) relative

to Mock(C).
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Figure41. Expression of OPDA and JA upregulated gendbe RNASeq dataA. Kerneldistribution plot for
the expression of OPDdnd JAregulatedgenes in zinc stress (Mock(@) Mock(C))B. Kerneldensityplot for
the expression of OPDA andtByulated genes ithe progeny of théwo parental treatments imon-stress

conditions (Zinc(G)s.Mock(C))

5.1.2.4Spliceosome differences could not be established

One of the advantages of RN&eqgover microarrays for transcriptomics is that RISAq

can provide additional information on which splice variants are exprddaémiunately,
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analysis of differential expression of splice variants yielded a great many results that were

not confirmed by visual assessment of the mapped reads. The accuracy of the parsimonious
set of transcripts constructed to explain the mapped iegsatest when combining all the
possible gene models into a single gene expression estimate. It appears that due to the lower
accuracy of the splice variant expression estimatagpared to gene expression estimates

the analysis of splice variantsigich more negatively affected by the lack of repeats.

5.1.3 Validation of RNA-Seqresults

5.1.3.1Elevated zinc and iron deficiency cause similar transcriptome changes

Similarities in the transcriptional responses to elevated zinc and iron deficiency have been
demongtated previouslyShanmuganet al, 2011; T. J. W. Yangt al., 2010) To verify

that zinc stress produced a transcriptome change in line with expectations, the preaence of
Fe-deficiency transcriptome signature was examifith e GO t e r nmemedstasdr on i on
and Atransition met al ion transpor(fable are enr
9). Additionally, a significant positive correlatiowas observed betwedine expression

changeddentified by Yanget al (2010)in Fe-deficiencyandthe expression changes

identified in Znc stresseven across different transcriptomics analysis platf@¢Rigsire42,

p<0.05,Pearson's r test of significance

Figure42. A comparison of the Feleficiency and Zn stress transcriptome responsgsprasion relative to
control (log) in zinc stress and Feficiency for genes with-Bld up/down regulation in response to

Fedeficiency by microarray analysis
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