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Summary: Phenotypic evaluationf epigenetic mutants is mainly based the analysi®f
plant growth and morpholagpl features However, there are cellular level changes trat
not visible to thenakedeye and requiranalysiswith higher resolution techniques.

In this study, we carried owt phenotypic charactestion of severalArabidopsis thaliana
hypomethylatiormutantsby quantitative image analysombined withflow cytometry. This
phenotyping approagbhermitted identitation ofabnormalities at the cellular leviel mutants
with wild-type morphology at theorgan level. Morphometry of adaxial leaf epidermis
revealedvariationsin the size and number of pavement cells, hredlensity andistribution
of stomatan the analysedecond rosette leavé®m the mutants studied direct correlation
between DNA ploidy status and Igadvementell sizein wild type and mutant leaves was
observed Recognitionof hidden phenotypic variations coulthcilitate the identification of
key genetic lociunderlying thephenotyes caused bymodificatiors of DNA methylation.
Thus, this studyutlinesan easy and fast phenotyping stratéupt can be used as eeliable

tool for characterisation of epigenetic mutaatshe cellular level

Key words: Arabidopsis;DNA methylation;DNA ploidy; pavement celishypomethylation
mutants leaf morphology.

Abbreviations: CMT2 - CHROMOMETHYLASE 2; CMT3 — CHROMOMETHYLASE 3;
DDM1 - DECREASE IN DNA METHYLATION; DIC - differential interference contrast
DRM1 - DOMAINS REARRANGED METHYLTRANSFERASES ;IDRM2 - DOMAINS
REARRANGED METHYLTRANSFERASES2; MET1 - METHYLTRANSFERASE 1
RdDM - RNA-directed DNA methylation



INTRODUCTION

Evaluation of plant growth is considered to be one ofth&n ways to rapidly screeand
evaluatedifferent mutantsand responses tstress factorslt provides information on the
plantstatus andenablesfollowing of the integrated responsa the wholeplant level.
However, this type of characterisation is not always accuratesaffiiciently reproducible
and providedimited insight intopotentialmechanismsinderlyingthe phenotypicdifferences
Molecular profiling techniquearearother populaapproacho identify specific aspectsf the
phenotypesassociated witlgenetic and epigenetic modificationslthough very powerful,
this approach restristour understanding to thmolecularlevel, showing ratherndirecty
which contribution aparticular mutatiormakes with regard talteredplant morphology. A
betterunderstanahg of the basis ophenotyjc variationscould be provided by a combination
of growth and molecular analysesth studies at the cellular levelhis approach integrate
molecularlevel regulationto the tissue, organ and whaiant level(Nelissenet al. 2013).

In plant epigenetics, most of the phenotypic differences are caadjon the basis o&
comparison ofmorphologcal features(Migicovsky et al. 2014 Virdi et al. 2015. Disruption
of the DNA methylation machinery may affect growth, bolting rate phenology and
phenotypic plasticity of the model plaAtabidopsis thaliana (Bossdorf et al2010;Chanet
al. 2006 Sazeet al. 2003 However, many cellular level alteratiomse not visible to the
nakedeye and requir@nalysisusing special techniques with l@gher resolution. €ll-scale
analysesreoften focugd ontheepidermal layebecausét is more accessible and considered
to be the major growtdriving tissue layer(Savaldi-Goldsteiret al. 2007 Dhondtet al.
2013. Leaf epidermisffectscell division rateandplays a important role in regulating organ
size(Marcotrigiano2010).

The Arabidopsis genome iscommonly methylatedat cytosine baseis three sequence

contexts,CG, CHG, and CHHwhereH = A, T, or C) CG methylation is maintained by



METHYLTRANSFERASE 1 (MET1)symmetrical DNA methylation in the CHG context is
maintained by CHROMOMETHYLASE3 (CMT3) and de novo DOMAINS
REARRANGED METHYLTRANSFERASES 1 (DRM1) and 2 (DRM2ye responsible for
CHH methylation through the RNAirected DNA methylation (RdDM) pathway
CHROMOMETHYLASE2 (CMT2) methylates both CHG and CHsites attargetsthat are
regulated by H3K9 methylation Arabidopsis (Stroudet al.2014). It has been showinat the
chromatin remodeler DECREASE IN DNA METHYLATION (DDM1) ensuredo some
extent access for MET1, CMT3 and CMT2 to heterochromgilemachet al. 2013).
Manipulation of these methylation systems inArabidopsis leads to morphological
abnormalities becausey geneshat regulat@lantdevelopmenaremisregulated

In this study, we performed phenotypic charactesation of severalhypomethylation
mutantsof A. thaliana, combining image analysis with flow cytometry approaches. Some of
these mutants are known to display a vijide phenotype at the whepdant level (Bartee et
al. 2001;Ito et al. 2015) By quantitative phenotyping ofhe mutant rosette leaveswe
determinedspecific changes the size and number aflaxial epidermal (pavement) cedisd
stomatathat could not be seamaided.Pavement cellarethe most abundant epiderncall
type, typically showingendopolyploidy(Ramsay and Glover 20Q9n Arabidopsis, ploidy
levels rang from 2C to 64QMelaragnoet al. 1993, Barow 2006We determinedhe DNA
ploidy pattern of the wild type and mutant leaves, and found consistency bettheen

observed variations in the leaf morphology and ploidy levels.

MATERIAL AND METHODS

Plant material

Seeds of Arabidopsis thaliana ecotype Columbia (Ceéd) and the homozygous

methylation mutants in Cdl ecotype backgroundnetl-1 (Kankel et al. 2003) ddm1-10



(SALK_09300%), cmt3 (Lindroth et al. 2001) cmt2 (SALK _012874C) anddrm2-2
(SALK _150863),were sterilised for2 min in 70% ethanol antl5 minutes in30% sodium
hypochlorite(NaOCI)in 1.5 mlEppendortubes, thermplated ontd2 MS medium (Murashige
and Skoog 1962kolidified with 8 g/L plant tissue culture agahfter a stratification period
of 48 h in the dark at 4°Ghe plates wergansferrednto agrowth chamber under continuous
light (light intensity 50 pmol m? s?) at 21°C. For leaf phenotypic analysed; or 5-day-old
sedallings were transferred into round plates (Greiner Labortechnik)ithS mediumand
regularly spacedabout2.0 an apart.After two weeks,the fully developed second rosette

leaves were used for clearing and assessment of ploidy level.

L eaf size and cell mor phology

Digital images ofthe second rosetteeavesfrom 21-d-old plantsweretakenby a Stereo

microscope BMS 140 Bino Zoonhttp://www.breukhoven.ihl For the preparation of

microscopy slidesthe leaveswere collected in 2 mL Eppendorf tubes amtubated in
absolute ethandior at least 48 hourto clear off chlorophyll, then transferred inta25M
NaOH: EtOH (1 : 1 v/v) solution for 2 h at 60°Cand finallymountedin lactic acid(Acros
Organics) onmicroscopic slides with the daxial side upwards. The samples were
photographed wittwith a HIGH CONTRAST DIC and XC50 digital microscopeamera

connected t@n Olympus BX51 upright microscope.

Morphometric analysis

The leaf bladeareawas measuredusing the image processingoftware ImageJ1.48
(National Institutes of Health Bethesda USA). Microscopic examination of adaxial
epidermal cells as carried out in themiddle regionof the leaf blade and approximately

midway between the leaf midvein andhrgin Size and number of individual pavement cells


http://www.breukhoven.nl/

and number of stomataereanalysed byheimaging softwareCell B (Olympus, Germany).
Rosette leaves from at lee®® plantsper mutant line andCol-O controlwere examined to
determine theonsistencyf leaf epidermal featureand three independent experiments were

performed.

DNA ploidy analysis

Assessmenf nuclear DNA contenvas performedising flow cytometryTo release cell
nuclei, leaves werechoppedwith a sharp razor blade in 200 mL Gf/stain UV Precise P
Nuclei extraction buffer (Partec), then stainedh 800 mL of staining buffer. Thmix was
filtered through a 5@nm green filter and read through the CyflowMiBw cytometer
(Partec). Thelatawere analyzed with th€yflogic v.1.2.1software (CyFlo, Turku, Finland)
Rosette leavefrom at least twenty plangger mutant line an€ol-0 controlwere analged

and three independent experiments were performed

Statistical analysis
Data wereevaluatedby analysis of variance (ANOVA) usinfTATGRAPHICS PLUS
5.1 software (Statistical Graphics, Warrenton, VAA P-value of less than0.05 was

considered statistically significant.

RESULTS

Wild-type Arabidopsis thaliana ecotypeColumbia-0(Col-0) plantsand mutantshatare
deficient inkey enzymes involved in DNA methylatiowere characterizetbr phenotypic
differencesby analyzingleaf size andepidermal cellmorphology(Fig.1A-D). A detailed

analysis was performeoh the secondosette leaf, which we consider as a representative of



the adult vegetative phaqdésl et 4. 2011).Reduced levels dDNA methylation inmetl-1
plantsresulted in significantly smalleosette leaves compareddther methylation mutants
andthe wild type(Fig. 1A). Rosettdeaves otldm1-10, cmt2 andcmt3 mutantshada slightly
largersizebut the differencenvas not statistically significantivhen comparetb the wild type
Col-0.drm2 mutantleavesdid not show any deviations from the wild type.

To gaincellularlevel insightsinto the changed leaf sizethe adchaxial epidermisof the
secondrosette leabf the methylationmutants vas examinedising differential interference
contrast DIC) microscopy Representativémagesof leaf epidermalmorphology areshown
in Fig. 2A-D. Apart from metl-1 (Fig. 2B), the leaves ofCol-0 (Fig. 2A) and other
methylation mutantgFig. 2C, D) had pavementcells with the characteristicArabidopsis
jigsaw puzzle celshape Guerrieroet al. 2014) In the metl-1 mutant, theseells were of
highly variable shameandalignments(Fig. 2B). The average number ofietl-1 epidermal
cells (per mnf) was approximatelyt.5 times higher, but their size wa$.0 times reduced,
compared to Ce0 (Fig. 1B). This mutantalsodifferedfrom the wild type in stomatal density
and distribution Somatain met1-1 leaves were.0 timesmoreabundanthan in ColO leaves
(Fig. 1D) The mutantsddml-10, cmt3 andcmt2 developedewer butlarger pavementells
(Fig. 1B, Q. In ddm1-10, giantpavementells couldfrequently beseen(Fig. 2C).Mutatiors
in DDM1 andCMT3 resultedin a1.8-fold and 1.5fold increasdn stomatal density in rosette
leaves respectivelycompared to the contr@Fig. 1D) It shouldalsobe noted that leaves of
ddm1-10 andmet1-1 displayedan abnormastomatalpatterning as manifested by the frequent
presence of a number of closely locatedristemoidsn metl-1 (Fig. 3A-C), andpaired and
clustered stomata ddm1-10 (Fig. 3D-F).

Theeffects ofaberranDNA methylation on leaf cell morphologyf methylation mutants
were compared witlthe wild-type bymeasuring théNA ploidy levelin leavesusing flow

cytometryanalysis(Fig. 4). In metl-1, over 80% ofthe leaf cells hagloidy levelsof 2C and



4C, whereagells with 32Cploidy were notdetectedBy contrastloss ofDDM1 andCMT3
genefunctions increasethe number of polyploidy cells. Proportions of 32C cellsasette
leavesof ddm1-10 were 11%.and incmt3 about 8%,as compared t€@% for Col-0. In the
rosette leaves amt2 anddrm?2, overallDNA ploidy patterns were not significanttifferent

comparedo Col-0.

DISCUSSION

Manipulationof DNA methylation levelsan havephenotypic effectat the molecular,
cellular, tissue organand organisnlevels Currentasseswiens of phenotyjc variation of
different methylation mutants rely mostly on visible changes in plant morpholognd
molecularidentification of target genek themet1-1 mutant, carrying a point mutation the
MET1 gene, DNA methylation levelsare highly reduced anglants displaysevere
developmental defecthat can beletectednacroscopicallyfKankelet al. 2003. These plants
possessnarrow leavesshort primary rod, altered flowering time and reduced fertility
Similarly, the metl-3 mutant,wherethe MET1 geneis taggedby a T-DNA insert exhibits
even more severe phenotypes, manifestedniogual development patterns alohost sterile
plants Gazeet al. 2003). However, there areother types of methylation mutants,where
phenotypicaberranciesannotbe seen by the naked ejdée metl-2 mutant,with methylation
levels reducedby 50% displaysnormal development and morpholo@iankel et al. 2003)
Despite decreased BG methylation cmt3 mutants grow normally anéxhibit wild-type
morphology even after multiple generations (Bartee et al. 200difial mutants ofthe
Arabidopsis chromatin remodeler geri@DM1 showa global reduction of DNA methylation
in transposons and repealsjt grow relatively normally(lto et al. 2015) Developmental
abnormalitiesof the ddml mutantarise after multiple rounds of sgibllination (Kakutaniet

al. 1996 Kakutani 1997).While somemethylation mutantslisplay wild-type growth and



morphology theymay have hidden abnormalities at the tissue and cellular level, associated
with aberrant cell proliferationexpansion andlifferentiation changesthat are harder to
detect. In accordance although the leaf size of ddml1-10 and cmt3 mutants show no
significant change from the witype, microscopic examinatioonf the adaxial leaf epidermis
of these mutantsrevealed substantial phenotypic variatiors. Both mutans displayed
significant enlargemenf pavement cell sizand a decreased numbefr pavement cells
together witha higherstomatdabundanceThe ddm1-10 rosetteleaves revealthe presence
of individual giant cellsthatwereat least three timebe sizeof regularpavement cellsHow
cytometry analyses confirmedthat leaf cells of the ddm1-10 and cmt3 mutantsundewent
extra rounds of endoreplicatiomesulting inincreased levels of 16C and 32C celis.
addition, the ddm1-10 mutant formed leaveswith stomatal patterning defects such as
clusteredand pairedstomata In Arabidopsis and most dicot leavesstomataldistribution
follows a pattern known as th®ne-cell-spacing rulg meaning thattwo stomata are
separated by at least one rsinmatal epidermal celHaraet al. 2007) Disruption of this
patternin ddm1-10 could beassociateavith abnormal regulation ahastergenesinvolved in
the stomataldevelopment networkMacAlisteret al. 2007 Pillitteri et al. 2007 thatarelikely
to be under direct or indireEtDM1-dependenimethylation control

Surprisingly, themetl-1 mutant showedhe opposite trendf cell morphology changes
observed in thedml-10, manifested byhe reducedpavementell size and an increase in the
number ofpavementells. In rosette leavesf metl-1, 80% ofthe pavementells hadploidy
levels of 2C and 4C suggesting thaleaf tissue is inan activelydividing state The high
population of 2C cells imet1-1 could, in part, beexplaired by thethreefoldincreasen the
number of stomatabecausestomatal guard cellhave an exclusively2C DNA content
(Melaragno et al. 1993Although we cannot excluddat these dferencescould bepartly

dueto delaysin metl-1 developmenassociated with the demethylation of the floegdressor
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FWA (Kankelet al. 2003)analysis of the phenotype ainetl-1 at later growth stageshowed
very similar defecs in leaf morphology (data not presented), includamextremereduction

in leaf sizecomparedvith the wild type. It should also be notdthtthe observedncrease in
meristemoid divisionsn metl-1 leavesis very similar tothe disrupted stomatalpatterning
associated with inactivation t¢fie basic helixoop-elix transcription factor SPEECHLESS
(SPCH)(Lauet al. 2014)1t is possiblethat misregulation afhe methylationmachinerycould
affecta number of genes involved stomatalformation andpatterning It has alreadyeen
shown that correct methylation is important for the size of the stomatal stem cell populatio
the leaf epidermigyamamuroet al. 2014).

This studyoutlinesan easy and fast phenotyping stratéust can be used as eeliable
tool for the characterisation of epigenetic mutaatsthe cellular levelQuantitative image
analysiscombined withflow cytometricassessmenevealed hidden phenotypic variations in
hypomethylation mutants with witype morphology at therganlevel. Detectionof these
variations and defectsould trigger theidentification of key genetic lociunderlying the

phenotype caused by DNA methylatiomodifications.
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L egends of figures

Figure 1. Quantification of morphologyf the secondrosette leave®f the Arabidopsis
thaliana wild type Col-0,and the hypomethylation mutamt&tl-1, ddm1-10, cmt3, cmt2 and
drm2: (A) leaf blade area (mf) (B) number of leaf pavement cefer mn?; (C) size of leaf
pavement cellper unt; (D) stomatalabundancén the adaxialepidermisper mn?. Rosette
leaves from at leasB5 plants per mutant line and contralere examinedand three
independent experiments were performBata represent average + standard e(RE).
Different letters indicate statistically significant differencé® < 0.05 for multiple

comparisons.

Figure 2. Representativ®IC images ofadaxialepiderms from the second rosette leaves of
21-d-old plants (A) Col-0; (B) metl-1; (C) ddml-10; (D) cmt3. Labels asterisks, polyploid
cells; arrowheads, stomatal clusters;arrows, paired stomata;m, closely located

meristemoidsScale bar = 50 pm.

Figure 3. Aberrantstomatalpatterningin adaxialrosetteleaf epiderms of metl-1 (A-C) and
ddm1-10 (D-E): (A) closely locatedneristemoidqdm); (B) misplacedsatellite meristemoids
(m); (C) abnormal meristemoid division@rrows); (D) stomatal clusters irddml-10; (E)

paired stomata iddm1-10; (F) clusteredand pairedstomatan ddm1-10. Scale bar 20 pum.

Figure 4. DNA ploidy levek of thesecond rosette leavestbk A. thaliana wild-type (Cot0)
and the hypomethylation mutantsietl-1, ddml-10, cmt3, cmt2 and drm2. The values
represent averagpercentageof the observedloidy levels of at least twenty biological

repeatdrom three independemixperiments.
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