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SUMMARY

A major factordeterminingaluminum Al) sensitivity in higher plants is thanding

of Al taroot cell walls The Al binding capacity of cell walls is closely linked to the
extent of pectin methylesterification, as presence of methyl groups attaclhieal to
pectin backbone reduces the net negative charge of this polymer and hencal limits
binding. Despiterecent progress ianderstanthg the mokcular basis of Al resistance
in a wide=range of plantst is not well understood how the methylation status of
pectin ismediatedn response to Al stresklere weshowin Arabidopsighat mutants
lacking thegeneLEUNIG_HOMOLOG (LUH), a member of th&roucholike family

of transcriptional corepressoare less sensitive tal-mediated repression of root
growth “Thisphenotype is correlated withcreasedevels of methylategectinin the

cell walls_ofluh rootsas well asalteredexpression o€ell wall-related genes. Among
the LUHrepressed genePECTIN METHYLESTERASE46 (PME46) was identified

as reducingAl binding to cell walls andhence alleviahg Al-induced root growth
inhibition. by decreasing®ME enzyme activityseuss-like2 (slk2) mutants responded
to Al infa similar way asuh mutants suggesting LUH-SLK2 complexrepresseshe
expression oPME46. The data aréntegratedinto a modelin which it is proposed
that PME46 is a major inhibitor of pectin methylesterasactivity within root cell

walls;

INTRODUCTION

A major factor limiting crop production in acidic soils isi@inum (Al) toxicity. This
ariseswhenthe pH of soil drops below 5 leading tocreased solubility of Al and the
formationof thetrivalent cation Af* (Panda and Baluska, 2018). phytotoxicityis a
worldwide problemas ithas been estimated that approximately 50% of the world’s
potential arable lanas acidic (von Uexkull and Mutert, 1995). High levels of Al
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inhibit root growth (Horst et al., 1992; Delhaize and Ryan, 198&j)ling to a
damaged root systethatlimits nutrient and water uptake from sahd thus impede
plant growth (Kochian et al., 2004).

Plants have developed a wide variety of adaptive strategies to cope with Al
toxicitydnaeid sdis. There has been muchcentprogress towardsnderstanding the
physiological"and moleculdrasisof Al resistanceandtolerance in plants (Dehaize et
al., 2012 Kochian et al., 2015), particulariyn the model plant Arabidopsis. For
instancesinsresponse to Al stresscreasedformation of the ALMT (Al -activated
Malate “Fransporter) and MATE (Multidrug and Toxic Compound Extrusion)
transparterenhancesoot exudation ofnadate and citrate, which chelatél** and
thus preventgs uptake byroots (Hoekenga et al., 2006; Kobayashi et al., 2007; Liu et
al., 2009):Al' stress is also associated with increaaetivity of the ABC transporter
ALS3 (Al-sensitive3, which is thought toredistributetoxic Al from Al-sensitive to
non-sensitive root zones (Larsen et al., 20@®)] ALSL, which may be responsible
for the“transport of Alinto vacuoles where it is sequeaste (Larsen et al., 2007).
Central,to many of these responseshis transcription factoiSTOP1 (Sensitive to
Proton<Rhizotoxicity 1), which promotesexpression ofALMT1, MATE and ALS3
following Al exposureand thusplays a critical role itoordinatingthe transcriptional
response.té\l. stresqLiu et al., 2009 Sawaki et al., 2009).

While the organic acidanionsreleasedrom roots carlimit Al entering into the
root symplast potential Al binding sitesn the cell walé also compete with the
organic,acid anions for Al binding (Eticha et al., 2006pmposed of microfibrils
embedded-in a mat of pectins, hemicelluoses and structural proteins, the primary
cell wall either binds to Al electrostatically, via the negatively chargearboxyl
groups of wall pectinsnfostly homogalacturonamohnen, 2008), or via adsorption
to unehargedchemicellulose polymers (Vose and Randall, 196Bang et al., 1999;
Zhu et al.,2012). As a consequence of Binding to thecell walls, loosening and
anisotropic celkexpansion in the elongation zone of the root is impeded (Jones et al.,
2006; Kopittkeet al., 2008; Rangel et al., 2009; Kopittke et al., 20T4k effect on
root growth is rapidas demonstrated by recent studyshowingthat 75 uM AI**
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88 reducegoot elongationn soybearwithin 5 min due toAl binding tothe rhizodermal

89 andouter corticalcell walls (Kopittke et al.,2015) Shortterm Al accumulation in
90 rootsis closelycorrelatedto thepectin content in apical root sectipssiggesting that
91 Al bound b the pectianatrix determinesAl sensitivity (Horst et al., 1999; Eticha et
92 al., 2005}Yang et al., 2008; Rangel et al., 2009has been shown thal sensitivity

93  mainlydepends on the degree of methylation of pectin, whidatesminedy pectin

94  methyesterase (PMEjctivity (Micheli, 200)), as alterations to the methylation status
95 of homagalacturona(HG) affects the charge properties of the cell wall and hence its
96 capacitytesbind toAl (Eticha et al.2005).For instancehigher Al accumulation in an
97  Al-sensitivecompared to an Alesistantcultivar of maize wagelatedto a lower

98 degreerofpectin methylationwhile difference in pectin contemtere not apparent
99  between‘these cultivars (Eticha et al., 2005). Furthernsb@tterm PME treatment
100  of intact maize roots, which decreasesdhintof pectinmethylation enhancedoth

101 Al accumulation in root cells and Al-induced inhibition of root elongation (Harat,
102 2007). In petatoFolanum tuberosum L.), Al accumulation and Al injury quantified by
103  calloseproduction in the rootips andinhibition of root growth wereassociated wh

104 PME_expressionof transgenic plants (Schmohl et al., 2000, Horst et al., )2010
105  Similarly, cell wall PME activity andcontent of demethylated pectin in root tigere
106  higher dn.Al-sensitive cultivars ofice (Oryza sativa) (Yang et al., 2008) and pea
107 (Pisumg&ativum) (Li et al., 2016) Finally, transcriptional analysis of Al resistance in
108  maize revealed that Al exposwauséd significantly higher expression oPME gene
109  (MZ00000091) in Alsensitive genotypes (Maron et al., 2008).

110 LEUNIG HOMOLOG (LUH) and closely relatt LEUNIG (LUG) encode
111 proteins belenigpg to the Groucho/TUP1 family of transcriptional corepressadiisi (
112  and Karmarkar, 2008; Lee and Golz, 2012). Both are expressed broadly, and in many
113 instances display functional reatiancy. This is apparent duritigwer development,
114  as well as duringmbryogenesisSjtaramaret al., 2008 In other processesuch as
115 enhanced resistance to abiotic stresses, LUH functions indepenadéntlyyG

116  (Shrestha et al., 2014Recent work hashown that_UH also modulaes thepectin
117  structureof both the Arabidopsis seed mucilaged primary cell walls of mucilage
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118  secreting cells of the tes{aVestern et al., 2001; Huang et al., 2011; Walker et al.,
119 2011; Sae;Aguayo et al., 2013Mucilage, which is released from the tefibowing

120  contact with water, is primarily composed of the pectin rhamnogalacturonanl) (RG
121 and to@a much lesser extdtGs, hemicelluloses, and cellulod¥gstern et al., 2001

122 In contrast'te mucilage, HG is typically theost abundant pectin polymer found in
123 the primary cell walls of most higher plants, with RR@onstituting only a minor
124  component of the pectin polymers (Cosgrove, 2004h mutant seeds exhibit a
125  mucilage extrusion defect that arises from a failure of the mucilage to swell following
126  contact ofsthe seeds with water. This defect is correlated with increased presence of
127  galactose residues attached to the-IRliackbone and reduced expression of the
128 B-galactesidaséMUCILAGE MODIFIED 2 (MUM2) in the seed cogWalker et al.,

129  2011; Huang et al., 2011). In addititmalterativeRG-I structure, elevated levels of
130 methyl esterifiedHG are detected inboth luh mucilage and the primargell wall of

131 mucilage. seeretion cells (Western et al., 2001; Walker et al., 20&i)e reduced
132 pectin methylesterasetivity has been reported fewh mutant seedst doesnotarise

133  from elevatedactivity of the main pectin methylesterase inhibiRWIEI6 present in
134  Arabidepsis seed&aezAguayo et al., 2013

135 Given the link betweerL,UH and cell wall architecture in Arabidopsisye

136  investigated. whethdrUH plays a rolan modulationof Al sensitivityin Arabidopsis

137  roots.The resultpresentedhere suggeshatLUH increaseshe capacity of cell walls
138 to bind Al'in response to Al streskhis functioninvolvesthe repression dPME46

139  (PECTIN METHYLESTERASE 46), a genethat apparently modulates the activity of
140  pectinsmethylesterase withthe cell wall

141

142 RESULTS

143 luh mutants display enhanced resistance to Al stress

144  T-DNA insertion mutant linesuh-3 (SALK 10724%) andluh-4 (SALK 097509)

145  with insertionsat 4387 bp and 1453 bp frothe stadATG (Figureld, respectively,

146  were obtained fromthe NottinghamArabidopsis Stock CentréNASC). Consistent
147  with both conditioning strongnutantalleles,LUH expressionwas undetectable by
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148  RT-PCR analysigFigure 1b).To assess the response of these mutants to Al stress, we
149  compared the exteraf root growth inhibition ofwild type andluh mutants on
150 phytogelsolidified medium or in hydroponics following exposuréo different
151  concentrations of AlWhile increasingAl concentratios gradually inhibitedroot
152  growthgof bethwild type seedlings anduh-3 and luh-4 mutants,luh-3 and luh-4
153  showed "significantlyless inhibition (Figure 1c-e). This indicatesthat LUH is a
154  negative regulatoof Al resistanceNo differencesn root growthwere observedhen
155  wild typeandluh mutants plantsvereexposed talifferent pHsolutiors or metal iors
156  other than=Al" (Figure 1f, g), suggestinga specific role for LUH in modulating
157  responses tAl.

158 To=knaw whether Al affects the expression ofUH, we first treated
159  hydropoenically grownpLUH:GUS transgenic ling (Stahleet al., 2009)with Al.
160  Shortterm Al exposureor 6 and 24 hwas associated with reduc&US activityin
161  theroot.tipsof these linegFigureS1g. This observatiorwassubsequently confirmed
162 by gRT-PCR analysisvhich showed thatUH expression was reduced by ~30%
163  (FigureS1Dh. While statistically significant, this reduction is clearly not sufficient to
164  alleviate'the sensitivity of wild typeots to Al stress.

165

166 LUH premotes Al accumulation in the cell wall of roots

167  Hematoxylinstainingof Al distribution in roottips of luh-3 andluh-4 mutants under
168 Al stressrevealedreduced Al accumulation ioomparisorto wild type roots Figure
169  2a).Consistent with this observatioguantitative analysis of Al iB-mm root tips and
170  wholeidntaet-roots showed thah mutans hadsignificanty lower Al contens than
171 wild type reots [Figure 2b, ¢). Subsequent réctional analysis of cellular Al
172 distribution revealed thahe reducedAl content inluh roots mainly resulted from
173 significantlylessAl accumulation irthe cell wall rather tharthe symplast Figure2d).
174  Furthermore,in vitro analysis ofAl binding to ethanolisolatedcell walls showed
175 lower binding capacity iriuh root cell wallscomparedo wild-type (Figure2¢). Taken
176  together, these resultlemonstratehat LUH promotesthe bindingcapacityof root
177 cellwalls to Al.
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LUH-suppressed pectin methylation increases Al binding to cell wall

LUH has been reported to regulétte methylationof homogalacturonarHG) in both
the mucilage;and primargell walls of the mucilage secreting cells of the seedt
(Western etwal., 2001; Walker et al., 2Q1lh) these and other studies, differenaes
methylation ofHG polymershave ben visualized usinghe monoclonal antibodies
JIM5 (staining sparsely methylated pectirsg)d JIM7 (staining highly methylated)
(Etichaset al., 2005; Walker et al., 201Bpplication of these antibodieso roots
revealedreduced JIM5and elevatedlIM7 fluorescencesignak in the luh mutants
compared to the WT. This monsistent with increased methyl esterification of HG
residuesn-these linegFigure 3a-& Following Al treatment the JIM5 fluorescence
signalwas-significantly enhancd@igure 3a, left panels; Figure 3vhereas the JIM7
signal was reduced (Figure 3a, right panels; Figuren3oot tips ofbothwild type
seedlings.anduh mutans. This showsthat Al treatmenteducespectin methylation
independent of UH expression.

Aluminum exposure did naignificantly alterthe pectin contenbf roots ofwild
type_andluh mutants (Figure 3d). Howevealhe degree of pectimethylationwas
significantly reducedn the wild type but not theuh mutants Figure 3e), leading to
anincreasecamount of unmethylated pectim the wild type but not théuh mutants
(Figure3f) "Compared tahe wild type, bothluh mutant roots had slightliower
pectin contents, butan increasedlegree ofmethyhtion (Fig. 3d) and thudower
content.of unmethyated pectin (Figure 3f). Al slight decreask the content of
methylated-pectin imoots ofluh mutants(Figure 3e, f); butthe differences were not
as great as\that seen bymunofluroscence (Figur8a-c). This difference likely
reflect more. severe Al stress inhe root tips which were usal for the
immunomicroscopycompared to the whole roots used for the analysthejpectin
content Overall these resultsleaty show that luh mutants havdower levels of
unmethylated pectim their cell walls(Figure 3f)leading to reducedl binding in the

root cell walls and thus less Al injury.
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Transcriptome profiling of LUH-mediated Al resistance
To investigate theole of LUH in Al-induced inhibition of root growth and Al binding
to cell walls, we examined the transcriptional profile wild type andiuh-4 mutant
roots_inrespaense to thpresenceor absence of Ausing RNA-seq Data S1). This
analysisrevealed that 652 genes wild type (316 elevated, 336educed) and 544
genes inuh-4"mutant roots Z39 elevatedand 305reduced) displayed a twfold or
greater: difference in expression following exposure to Al. Subseqoemparisos
identified 141 geneslQ3 genes elevate®8 genegeduced)that were differentially
expressedsin untreatédh mutants roots compared vald-type, whereas 110 genes
(77 genes elevated33 genesreduced) werdlifferentially expressedn Al-treated
luh-4 reetstcompared tdl-treatedwild type roots (Figure ). According to aGO
analysis“theLUH-dependent 11@lifferentially expressed genes response to Al
strescould be classified inta diverse range of categorigsgure 4a, bData S%. 37
(33.6%).genes associated witkell wall organization/biogenesiSQ, up; 7, down)19
(17.3%)x genes in unknown/unclassified (13, up; 6, dowa),(15.5%) genes in
stressidefens@, up; 9, down), 10 (9.1%jenes in metabolic proce& up; 4, down),
8 (7.3%)genes in transportS, up; 3, down), 7(6.4%) genes incellular potein
modification(5, up; 2, down), 6 (5.5%) genes in signal transduction (5, up; 1, down).
Thuscell,wall modification appears to be a major respaiesal exposuren theluh
mutantdines

The transcriptionof twelve of differentially transcribed genes with putative
function_in cell wall organizationwere randomly selected andharacterizedusing
gRT-RCR=This analysionfirmedthe resultsobtainedfrom RNA-seqexperiments
(Figure 4c) Eurther, statistically analysis revealed kaghly significant correlation
between thé&kNA-seq and RT-PCR datgFigure S2b).As PMEs play key roles in the
regulation ofcell wall pectin methylation(Micheli, 200)), it is possible that altered
expression of these genes might account for enhanced resiatmiostAl stressin
luh mutant roots Mining the RNAseq data for PME associated genes revealed
reduced expressioRMEL7 (AT2G45220 and one member ofthe PMEI family
(AT3G 17130) inluh-4 mutant roots, buincreasedxpression oPME46 (AT5G04960)

This article is protected by copyright. All rights reserved



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

in the absence of AFurthermore, exposure to Al stress reduced expressielBL7,
PMES54 (AT5G20860),PME46 and two members ahe PMEI family AT3G17130
and AT4G25250in both wild typeand mutant The repressiorby Al of PME54 and
AT3G17130 wasgreatenn theluh-4 mutantcompared tahe wild type, but lower for
PME46@andAT4G25250 (Figure S3).Reduced expression ®ME and PMEI genes
following"Al'exposure is surprising given that PME activityredicted to increase in
response to Al stress. Similarly, increased expressi®&46 in theluh-4 mutant is
unexpeetedsas PME activity in this mutant lisepredicted to be lower @min the
wild type=gRT-PCR analysissubsequently confirmed th&ME46 expressionwas
higher{in/luh mutant roots in comparison tine wild type (Figure 4c) This is
consistentewitha negative regulation of PME46 by LUKince ALMT1, MATE,
STOP1;"ALSL and ALS3 genes are associated with Al resistance in Arabidopsis (see
Introduction), we analysettheir expressionQur analysis failed to identifgifferences
in the expression adhese genes luh mutant rootscompared tawild type under Al

stresqFigure S4).

PME46mediates Al binding to cell wall and thusAl sensitivity

To investigate whethePME46 might beassociatedvith the different responses of
wild type.and luh mutant rootsto Al, two T-DNA insert mutantspme46-1
(SAIL_612 D02) angpmed6-2 (SALK 136669 were obtained from NASQFigure
S59. gRT-PCR analysigonfirmedthat both mutants had reduceME46 expression
compared tawild-type (FigureS5bh. Al stress reduced root growth in bathld type
and pmed6-1-and pme46-2 mutants However thedegree oinhibition wasgreaterin
the mutantcompared towild type roots (Figure 5&). Hematoxylin staining of Al
distribution In root tips revealedgreaterAl accumulation inthe pme46 mutant lines
compaed tothewild type (Figure 5¢, which was further confirmed whemalyzing
the Al content in whole roots Higure 5d. Fractional analysis of cellular Al
distribution showed that the elevated Al content in rootshefpme46 mutants is
mainly associated witthe cell wall rather than the symplagtiQure 5e)As increased
Al binding to cell wallsis associated with reduced pectin methylation determined
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268 thelevels of PME activityThe analysis revealed that tRME enzyme activitywas
269 elevated in the roots of thamed6 mutantscompared tahe wild type (Figure 5f),
270  suggestinghat PME46 represses ME enzyme activityBased on these observations,
271 we propose that elevated levelsRME46 expression inuh mutant rootsaccountfor
272 the reduced\PME activitybserved in thisine.

273

274  SLK2 functionssimilar with LUH to promote Al binding to the root cell wall

275 SEUSS«(SEUV) and SEUSIKE2 (SLK2) canphysicallyinteractwith LUH forming
276  SEU/SLK2LEUH co-repressor complexem yeast assayg¢Sitaramanet al., 2008;
277  Stahlelet/al.2009 Shrestheet al., 2014)andin planta (Lee et al., 2014)While seu
278  mutantdid=not differ from the wild type in Alsensitivity both slk2-1 and slk2-2
279 mutantroots displayetigher levels of Al resistancewith sk2-1 being noticeable
280 more resistant thagk2-2 (Figure 6a)Despite increaseél resistance seen sik2-2
281  mutants,.hematoxylin staining in root tips and Al content in whole intact veads
282 only reducedn slk2-1 compared tavild-type (Figure 6b, §, and this reduction mainly
283  resulted, froma lowered Al accumulation ircell walls (Figure 6d).The observed
284  differences betweesnlk2-1 andsk2-2 mutants likely reflecthe factthat Sk2-1 is a
285 near null mutantallele, whereasslk2-2 was notan RNA null allele and hence
286  predictedto.be hypomorphic (Bao et al., 201@imilar to LUH, SLK2 promoter
287  activity/was detecteth root tipsandreducedollowing exposure to AktresgFigure
288  S6).In addition,expression o0PME46 waselevated irsk2-1 mutant rootgFigure 6e)
289  which wereless inhibited in root growth by Al (Figure 6a).

290

291  DISCUSSION

292  Although substantial physiological evidersmgggestshat pectin play a crucial role
293 in determining the capacity dhe rootcell walls to bind Al and hencemediateAl
294  resistance (Horst et al., 201@)e molecular pathways involved in this response are
295  poorly understoodThe work reportechereidentifies a link between the cell wall
296  pectin defect oArabidopsiduh mutant roots and resistance teiAtlucedroot growth
297 inhibition (Figure 1) While the pectin defectsn the seed coat mucilage &ih
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mutants mainlynvolve changes to RGstructure brought about by reduced MUM2
activity, there is also evidence of increased HG esterification in the cell Wwlkeo
mucilage secreting cells of tHah testa(Western et al.2001, Walker et al., 2009;
Huangs et ak, 2009). Given the known link between HG esterification and Al
sensitivity, itus likely thatthe increasedAl resistance observed lah roots isdue to
elevatedesterification of HG in the walls dhese cellsThis is becauselevated
methylation of HG reduces its overall charge, and hence linthts number of
potentialbinding sites for Al in cell walls(Eticha et al., 2005)lt is less likely tlat
changes«to R structure account for the altered Al bing prgperties ofluh roots.
This isprincipally due to RGI being a minor component of plant cell wall pectins, no
establishedilink between RiGand Al bindingand the fact thatmum2 mutant roots
display‘the'same sensitivity to Al as wilge roots (Figure S7)

Like LUG, LUH lacks aDNA binding domain and is therefore recadto the
regulatory..sequences of target genes either through direct association with
transcription’ facta, or indirectly, via the coregulator proteins SEUGEU) and
SEUSSLIKE (SLK) (Sridhar et al., 20Q4Gregis et al., 2006; Sridhar et al., 2006;
Stahleset al., 2009Grigorovaet al., 2011;Shresthaet al., 2014; Lee et al., 2015)
While mutations inthe SEU/SLK coregulators phenocopyg and luh mutants to
some extentthere is often variation between mutants (Bao et al., 2010; Shrestha et al.,
2014).Andeed this was reflected iaur study,where slk2 but not seu mutants,
displayedincreased resistance to-iduced root-growth inhibition (Figure 6a)/hile
this dfference might reflect functional divergence between the SEU and SLK2
proteirsya=-more likely explanation is that thegeneshavedifferent transcriptional
responseso Al stress Regardlessour data clearly shows that LUH and SLK2 are
both involved in Alstress resistance, and hence consistent with the formation of a
LUH-SLK2 complex in roots. Loss of SLK2 is also correlated with reduced
expression ofPME46, suggesting hat the LUH and SLK2 share a common
downstreantarget

Pectins aremethyhtedin medialGolgi and secreteds highly methydtedform
into cell walls,wherethey aresubsequently demettatedby PMEs (Micheli, 2007).
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Severalstudies have demonstrated thateXposureenhances PME enzyme activity,
which reduces the degree of methylation associated with pectins, andreatiag
more Al binding sites ithe cell wall(Schmohlet al., 2000; Yang et al., 2008; Li et al.,
2016). dor instance, maize plant roots treated with PME (Schmohl et al., 2000), or
rice plants overexpressimME genes (Yang et al., 2013) bind more Al to cell walls
and display a'greater Al sensitivigMEs are part ofa large multigene family in land
plants (Markovic and Janecek, 2004; Yokoyama and Nishitani, 20@jch in
Arabidopsisyconsists @6 membergSénéchaét al., 2015 PME46 (AT5G04960), a
potentialregulator of PME enzyme activity,classifiedas a member of type I/group
2 PME (proPME) subfamilythat has anN-terminal pro region with extensive
similarity=terthe PME inhibitor (PMEI) domain ofPMEI genes Micheli, 2001,
Pelloux~et™al., 2007; Wang et al., 2013)he pro region enables retention of
unprocessd PMEsin the Golgi apparatughich limits their activity and thus forms
part of aposttranslational regulatorynechanism(Wolf et al., 2009;Sénéchakt al.,
2014). Similarly, a studyin Nicotiana tabacum hasshown thatthe pro regionof a
pollenspecific PME(NtPPMEJ acts as an intracellular inhibitor of PME activity
prevent-premature demethylation of pectiBegchet al., 2005)While it is possible
that thepro domainof PME46 might inhibit the activity ofother PMEs Indeed,a
recent studyhas showrthat PMEI7represses PMES activity through interaction with
a PMEdiganebinding cleft structure§énéchakt al., 2015). An alternative possibility
is that elevated PME46 activity triggers transcriptional repression of PlltEs, thus
the precise mechanisremainsto be elucidated, bus supported bythe following
observations: (1pme46 mutantshave increased PME activity compared to the wild
type (2) pmed46 mutantsaccumulate highdevels of Al in thecell wall of roots (3)
pme46 mutantsare more sensitive to Al streg§igure 5a-f), and(4) PME46 shows
similartranscriptional response BSMEI AT4G25250 (Figure S3).

In conclusion, we propose that thecieasd resistance to Al stress Inh and
slk2 mutants likely refled a combination ofactors The firstis associated with an
increase in the amount ofethylted pectin located in the cell wall of mutant root
prior to Al stressThis changgresumablyreflects reduce®®ME activity which has
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been reported irthe seed coat dfuh mutants $aezAguayo et al., 2013) While
increasedPMEI expression mighaccountfor the altered PME activity observed in
luh roots, thispossibility seems unlikely given that changedPEI expression were
not observed imur transcriptomic analysi@Data S1) A similar observation has been
made intheluh mutant seed coatyhere increased PME activity is actually correlated
with reduced expression of the main PME found in this tigSaezAguayoet al.,
2013).instead, we proose that elevate@ME46 expression is the causal factor
leadingsto reduced PME activity. Andsa consequenceell walls ofluh andsk2
mutantsarecomposed of less charged HG, which bind less Al thod protectthe
roots fromAl Stress

Thessecondactor accounting for increased resistancdutf andslk2 roots to Al
stresgélates tdhe changes in cell wall composition that occur followAdgxposure.

In wild'type Al stresss associated witheduced esterification of pectifpresumable
due toelevated PME activilyand increased capacity of the cell wall to biidThese
changes correlate with decredde@ME46 expression, whichs predicted to release
PMEs=itom repressiorin contrast,PME46 expression iluh and slk2 roots is not
reduced to levels seen in witdpe roots following Al exposureand there is onlya
marginal decrease pectinmethylation As a result, Al exposure does not increimse
camcity,,of luh roots to bind Al, which presumably accounts féd resistant
phenotype exhibited by these mutants.

These results can be integrated into a model that describes how Al affects the
methylation status gdectinin theroot cell walls (Figure7). According to this model,
PMEA46 iis=a-majorinhibitor of PME activity and is repressedy the LUH/SLK2
complex.A prediction arising from the model is thatluh andsk2 mutants PME46
is derepressed,which reducesPME activity allowing methylated pectin to
accumulaten the cell wals. As these pectinshave a lowenegative chargehey will
bind lessAl, which accounts for the Aksistance phenotype hih andslk2 mutants
Exposure of roots to Al activates a second pathway involvedeMB46 repression
(Figure 7) ReducedPME46 expression allows PMEs to become more active, which
reduces the esterified pectin content of cell wallse increasedccumulation of
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negatively chargegectinsin the cell wall providesites for Al bindingand hence
increased\ sensitivityof wild type roots.

The study provides frameworkfor understanding howell wall modification
pathways are activated in response to Al stréssillustrated in Figure7, these
pathways areomplex with only a few of the components identified. It is not known
whether the LUH/SLK2 compleis directly recruited to the regulatory elements of
PME46: Also the transcription factorghat are involved in this processeed to be
identified Similarly, the predicted Ainducedstress responggathway thamediates
repressionsoPME46 independently of LUH is currently not defined. No dqudbture
studies willneedto address these issues in order to provide a more complete picture

of howrplants responid Al stress.

EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
Arabidopsiss mutantsiuh-3 (SALK _107245C), luh-4 (SALK_097509), seu-4
(SALK=069303,Pfluger and Zambryski, 20p4slk2-1 (SALK 089954, Alonso et al.,
2003),8K2-2 (SALK_089954,Alonso et al., 2008 mum2-10 (CS16346)mum2-11
(SALK_11046), pme46-1 (SAIL_612 D02, and pme46-2 (SALK_ 136669,
transgenic linepLUH:GUS (Stahleet al., 2009)were usedMutantsluh-3, luh-4,
pmed6-1 andpmed6-2 were obtained fromhie NottinghamArabidopsis Stock Centre
(NASC).

The seedlings were grovaitheron solidified gel mediunaccording to Larsen et
al. (1996)orin hydroponics. Br the soaked gel plateke nutrient medium (pH 4.2)
consisted of, 40 ml of 3nM MgCl,, 0.25 mM (NH4)2S0Os, 2 mM KCI, 1 mM
Ca(NGs)2, 2.75 mMCaChk, 0.18 mM KH,PO4, 100uM MnSQO,, 500uM H3BO3, 20
UM ZRSOy, 5 uM CuSQy, 2 uM NaMo;0y4, 0.1 uM CoCl,, 1% sucrose, and 0.3%
Gellan gum (Sigma, Aldrich¥or Al treatments, the solidified nutrient medium was
soaked with 30 mbf variousAICl 3 concentratior(pH 4.2) for 48 h. Afterwardghe
soaking solution was discard seeds were sowand geminated for 2 d at°€ and
further grown for 7 d ima growth chanber. For the doseesponse analysis of root
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418 growth in hydroponics, seeds were geminatedptastic mesh floating onto the
419  nutrient solution containinglCl 3 (pH 4.2) andhe same nutrients as described above
420 for 7 d ornutrient solution without AIG for 6 d and themwere transformed to the
421  various concentration of Al@ltreatment. All growth analysiwas performed ina

422  growth.chamber with a 16/8-h light/dark cycle at 22°C.

423

424  RNA Isolation and gRT-PCR

425  Approximately five hundred sixday old seedlingswere treated withAICl3, and
426  shock frezenin liquid nitrogen after harvest. Total RNA was isolated usirnige
427 RNeasy /PlantMini Kit (Qiagen) following the manufacturer’s protocol, and
428  first-strand"¢eDNA was synthesized from 1 pg of total RNA using the Trangipt or

429  First Strand cDNA Synthesis Kit (Roche) following theanufacturer’s protocol.
430 gRT-PCR was performed using the CFX ConneettTime System (BieRad) with

431  FastStart. Universal SYBR Green Mast@ox) (Roche). Samples for gHPICR were
432 run in threeviological replicatesnd two technical replicates. For the normalization of
433  gene-expression, thabiquitin geneUBQ1 (AT3G52590) was used as an internal
434  standard; and theonireated wild type was used as a sample control. Primers were
435 designedusing Priner 5 software, and the specifications of the primers of the genes
436  studied are. given imableS1.

437

438  RNAseq Analysis

439  Approximatelyfive hundredsseedlings (&lay-old) of both the wildtype Columbia
440  andluh-4=mutant linewere exposed tO or 25 uM AICl 3 (pH 4.2) in hydroponics

441  After 4 h, roots weresampledand RNA was isolated RNAseq analysis was
442 performed by BGI Tec{Shenzhen, Chinayia lon Proton platform The detailed
443  technical and data analysis were performed as described by Yang et al. d86814)
444  available on request

445  Generation of transgenic construct

446  To generatgpI.K2::GUS the 1.8kb S.K2 promoterwas amplified from genomic
447  DNA using primers pSLKZF1 (5-AACTCGAGCAAAGAGAAGTAAATACAC -3)
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and pSLK2R1 (5-TTGGTACCCAAGTGAGTCTGAAATCG3’) and cloned into

the Xhol/Kpnl sites of the GUS containing shuttle vector pRITA. P8&K2::GUS
cassette was then placed in the binary vector pMLBART before being transformed
into the GV3101 strain ofAgrobacterium tumefaciens by electroporation. The
construct'was introduced in Ceéd plants by floral dipping and T2 plants
histochemically” stained for GUS activity. A representative line was subsequently

selected for further experimentation.

GUS staining

For histochemical analysis of GUS activithe seedlingsvere immersed into the
staining=seolution consisting of 0.1 M sodium phosphate buffer (pH 2.00WM
potassium-ferri and ferrocyanide, 0.1% Triton-X00) and 2 mM Xglucuronide at

37°C avernight. The samples were observed and photographed with an Olympus

BX53 microscope equipped with an Olympus DP72 camera syStgan,)

| solation,of cell wall material and cell wall binding capacity of Al

Aproximately 10 mg seeds of wild type anhdh mutants in dry weight were
geminated orthe plastic mesh floating onto the nutrient solution (pH 5.5) for 6 days,
then the,whole intact roots were excised and the cell wall material were isolated
according toYang et al. (2010)he isolated cell walinaterials weréncubated for 30

min in 1 ml of asolution (pH 4.2) containing 600M AICl3. Then the suspension
were centrifugect 23 000 g for 10 miand the supernatant was discarddue pellet

was washed with ultrpure deionized water for twic&he residues were prepared for

Al determination.

L ocalization of pectin by immunofluorescence

Localization of pectin by indirect immunoflorescence was performed using
monoclonal antibodies which are specific for pectin wilifferent degrees of
methylation according to Eticha et al. (200Bpots were cdécted into a fixative
solution containing 4% paraformaldehyde in 50 mM 1,4-piperazine-diethanesulphonic
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acid (PIPES), 5 mM MgSO,, and 5 mM ethylene glycol bis
(B-amino-ethylether)N,N,N’,N'-tetraacetic acid (EGTApH 6.9, for 22 h, and then

the samples were washed repeatedly wthosphatdsufferedsaline (PBS and

blocked with:0.2% BSA in PBS buffer for 30 mifihenthe samples were incubated

in diluted selution of primarantibodies (JIM5 and JIM7#or 2 h at room tempature.

The primary antibody was thoroughly washed off the sampits PBS three times

for 5 min, each. Next, they wenecubated for 2 h in the 5@Id diluted solution of

the secendary antibody, abtirdtgs coupled with fluorescein isothiocyanate (F)TC

The samples were washed as mentioned above, and mounted on glass slides and

examinedundean LSM-700laserscanning confocal microscop@eiss Germany.

Cell wall"pectin content and degree of pectin methylation
Cell wall pectin content and degree of peatiethylationwere performed according
to Eticha.etal. (2005)The alcoholinsoluble cell wall materials ofroots were first
isolateds with 96% ethanol, weighed and hydrolysed by incubating samples in
concentrated K50,. The uronic acid content was determined colorimetrically using a
microplate spectrophotomet@nfinite 200 PRO, TecarSwitzerland. Galacturonic
acid was used & calibration standard, thus the root pectin contentexpsessed as
galacturenic.acieéquivalents (GaE).

The degree of pectin methylation was calculated according t@ntloeint of
released methanol from cell watlaterial. After addition of 2 U alcohol oxidas&dm
Piccia ‘pastoris, Sigma), the complex of formaldehyde with Fkiprdl5 mgml™)

(Sigma)-was measured fluorometrically.

Root cell sap preparation and Al deter mination

After treatment, roots were washed at least for three times with double distilied
excised, transferred into a 0.45 um unit of centrifugal filter (PALL, USA)and then
centrifugel at 3,000 g for 10 min af@ to remove apoplastic solutiohhe roots were
thenfrozenat-80°C overnight.The root cell sap was obtained by thawing the samples
at room temperature and theentrifugingat 22,000g for 10min. The pellet was
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532
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washed with 70% (v/v) ethanol for three times dedignated as the cell wall fraction.
For the determination of Al in roots or rofmactions the samples werdigested with
concentrated 65% ultpure HNQ, and after approximatedilution, the Al
concentration was determined by GA&S (SHIMADZU, Japan)

PME enzymeactivity assay

For theiextraction of PME, roots were homogenized and suspendeel @xtraction
buffer centaining 100 mMris-HCI (pH 7.5)and1M NaCl Extracts wereentrifuged
at 23,000g for 10 min and the supernatant were collecRME activity was
determined according to Anthon and Barrett (206#)y microliters of PME extract
were adeédinto a reaction mix containing00 mM PBS buffer0.4 mg mi* pectin

(Sigma);0:2"U alcohol oxidase, and incubated at@dor 10 min. Then 20Ql of 0.5

M NaOH solution containing mg m™ Purpald was added\fter incubationat 36C

for 30 min, 600 pl distilled water was added to give a final volume of 1 e

absorbancesat 550 nm was measured with a spectrophotaiinéitate 200 PRQ

TecanpSwitzerland

Statistical Analysis

Statistical_analysis was performed using SAS 9.2 (SAS Institute). Means
compared using Student'sest.For the statistical analysis oot growthexperiments
three biological replicates for each treatment were performed. For each reflieate,
mean of fifteen uniformprimary roos was usedAsterisks in the figures denote

significant-differences as followsp < 0.05, **p < 0.01, and ***p < 0.001.

ACCESSION NUMBERS

Sequence data from this article can be found in the Arabidopsis Gdniiaive
database and the GenBank/EMBL databases undéoltb@ing accession numbers:
LUH (AT2G32700, NM_128829 PME46 (AT5G04960, NM_120578),SEU
(AT1G43850, NM_1035115L K2 (AT5G62090, NM_125602ALMT1 (AT1G08430,
NM_100716)MATE (Atlg51340, NM_104012)STOP1 (AT1G34370, NM_103160),
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538 ALS3 (AT2G37330, NM_129289), ALSL (AT5G39040, NM_123266) RNA

539  sequencing data analyzedthis study are available in the Gene Expression Omnibus
540 database under accessimmmber GSE85292.
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567 Data S2. Up- and Down-regulated genes in roots of Al-expdsike4 mutant.

This article is protected by copyright. All rights reserved



568
569 REFERENCES
570 Alonso, J.M., Stepanova, A.N., Leisse, T.J., Kim, C.J., Chen, H., Shinn, P., Stevenson,

571 D.K., Zimmerman, J., Barajas, P., Cheuk, R., Gadrinab, C., Heller, C., Jeske, A.,
572 Koesema, E., Meyers, C.C., Parker, H., Prednis, L., Ansari, Y., Choy, N., Deen,
573 H.; Gealt;"M., Hazari, N., Hom, E., Karnes, M., Mulholland, C., Ndubaku, R.,
574 Schmidt, 1., Guzman, P., Aguikktenonin, L., Schmid, M., Weigel, D., Carter,

575 D.Es, Marchand, T., Risseeuw, E., Brogden, D., Zeko, A., Croshy, W.L., Berry,
576 C.Cwmand Ecker, J.R. (2003%zenomewide insertional mutagenesis of

577 Arabidopsisthaliana. Science, 301, 653-657.

578  AnthonyGiE: and Barrett, D.M. (2004) Comparison of three colorimetric reagents in
579 the"determination of methanol with alcohol oxidase. Application to the assay of
580 pectin mehylesterasel. Agric. Food Chem., 52, 3749-3753.

581  Audic, S..and Claverie, J.M. (1997) The significance of digital gene expression
582 profiles«{Genome Res., 7, 986-995.

583 Bao, k.. Azhakanandam, S. and Franks, R.G. (2010) SEUSS and SHIESS

584 transcriptional adators regulate floral and embryonic development in
585 ArabidopsisPlant Physiol., 152, 821-836.

586  Benjamini,.Y. and Yekutieli, D. (2001). The control of the false discovery rate in
587 multiple testing under dependengyn. Sat., 29, 1165-1188.

588  Bosch M., Cheung, A.YandHepler PK. (2005)Pectin methylesterase, a regulator of
589 pollen tube growthPlant Physiol., 138, 1334-1346.

590  Bui, Migskimy N., Sijacic, P. and Liu, Z. (2011) LEUNIG_HOMOLOG and LEUNIG
591 regulate, seed mucilage extrusion in Arabidopsdisintegr. Plant Biol., 53,

592 399-408,

593  Chang, Y.C., Yamamoto, Y. and Matsumoto, H. (1999) Accumulation of aluminium in
594 the cell wall pectin in cultured tobacchi¢otiana tabacum L.) cells treated with

595 a combination of aluminium and iroRlant Cell Environ., 22, 1009-1017.

596 Cosgrove, D.J. (2005Browth of the plant cell wallNat. Rev. Mol. Cell Bio., 6,

597 850-861.

This article is protected by copyright. All rights reserved



598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

Dean G.H, Zheng H., Tewari J., Huang, J., Young, D,$dwang Y.T., WesternT.L.,
Carpita N.C, McCann M.C., Mansfield S.D. and Haughn, GN. (2007) The
Arabidopsis MUM2 gene encodes a bagalactosidase required for the
preduction of seed coat mucilage with correct hydration propeRlast Cell,
1944007-4021.

Delhaize;"E."and Ryan, P.R. (1995). Aluminum toxicity and tolerance in pRiats.
Physiol., 107, 315-321.

Delhaize, Ey Ma, J.F. and Ryan, P.R. (2012) Transcriptional regulation of aluminium
tolerance genedrends Plant Sci., 17, 341-348.

Eticha, D., Sta3, A. and Horst, W.J. (2005) @ell pectin and its degree of
methylation in the mae rootapex: significance for genotypic differences in
aluminium resistancélant Cell Environ., 28, 1410-1420.

Gonzalez, D., Bowen, A.J., Carroll, T.&d Conlan, R.S. (2007) The transcription
corepressor LEUNIG interacts with the histone deacety#@s®19 and mediator
components MED14 (SWP) and CDK8 (HEN3) to repress transcripgioh.

Cell. Biol., 27, 5306-5315.

Gregis#V., Sessa A., Colombqg L. and Kater, M.M. (2006) AGL24, SHORT
VEGETATIVE PHASE, and APETALA1 redundantly controAGAMOUS during
early stages of flower development in ArabidopBlant Cell, 18, 13731382.

Grigorgva, B, Marg C. Hollender C, Sijacic P, Chen X. andLiu, Z. (2011)
LEUNIG and SEUSS coepressors regulat@R172 expression in Arabidopsis
flowers. Development, 138 2451-2456.

Hoekenga;©.A., Maron, L.G., Pifieros, M.A., Cancado, G.M., Shaff, J., Kobayashi, Y.,
Ryan, P.R., Dong, B., Delhaize, E., Sasaki, T., Matsumoto, H., Yamamoto, Y.,
Koyama, H. and Kochian, L.V. (2006) AtALMT1, which encodes a malate
transporter, is identified as one of several genes critical for aluminum tolerance
in ArabidopsisProc. Natl. Acad. Sci. U SA., 103, 9738-9743.

Horst, W.J., Asher, C.J., Cakmak, I., Szulkiewicz, P. and Wissemeier, A.H. (1992)
Shortterm responses of soybeanots to aluminiumJ. Plant Physiol., 140,
174-178.

This article is protected by copyright. All rights reserved



628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

Horst, W.J., Kollmeier, M., Schmohl, N., Sivaguru, M., Wang, Y., Felle, H. H.,
Hedrich, R., Schréder, W. and Stal3, A. (2007) Significance of the root apoplast
for aluminium toxicity and resistance of im@. In The apoplast of higher plants:
compartment of storage, transport, and reactions (Sattelmacher, B. and Horst, W.
eds). Derdrecht: Kluwer Academic Publishers, pp. 49-66.

Horst, W37 "Sehmohl, N., Kollmeier, M., Baluska, F. and Sivaguru, M. (19993 Doe
aluminium affect root growth of maize through interaction with the cell
wall-plasma membrareytoskeleton continuunPlant Soil, 215, 163174.

Horst, Wids; Wang, Y. and Eticha, D. (2010) The role of the root apoplast in
aluminiuminduced inhibition of rot elongation and in aluminium resistance of
plants=AreviewAnn. Bot. (Lond.), 106, 185-197.

Huang;"J:"DeBowles, D., Esfandiari, E., Dean, G., Carpita, N.C. and Haughn, G.W.
(2011) The Arabidopsis transcription factor LUH/MUML1 is required for
extrusionof seed coat mucilag®lant Physial., 156, 491502.

Jones, wD.L, Blancaflor, E.B., Kochian, L.V. and Gilroy, S. (2006) Spatial
coordination of aluminium uptake, production of reactive oxygen species, callose
production and wall rigidification in maize root®lant Cell Environ., 29,
1309-1318.

Kobayashi,.Y, Hoekenga, O.A., Itoh, H., Nakashima, M., Saito, S., Shaff, J.E., Maron,
L.G., Pifieros, M.A., Kochian, L.V. and Koyama, H. (2007) Characterization of
AtALMT1 expression in aluminusimducible malate release and its role for
rhizotoxic stress tolerance inr@bidopsisPlant Physiol., 145, 843-52.

Kochians-l=:\., Hoekenga, O.A. and Pineros, M.A. (2004) How do crop plants tolerate
acid soils? Mechanisms of aluminum tolerance and phosphorous effickanay.

Rev. Plant Biol., 55, 459-493.

Kochian, L.V., Pifieros, M.A., Liu, J. and Magalhaes, J.V. (2015) Plant adaptation to
acid soils: the molecular basis for crop aluminum resistafvaoau. Rev. Plant
Biol., 66, 571-598.

Kopittke, P.M., Blamey, F.P.C. and Menzies, N.W. (2008) Toxicities of soluble Al, Cu,
and La include ruptures to rhizodermal and root cortical cells of covAbaat.

This article is protected by copyright. All rights reserved



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

Soil, 303, 217-227.

Kopittke, P.M., Menzies, N.W., Wang, P., McKenna, B.A., Wehr, J.B., Lombi, E.,
Kinraide, T.B. and Blamey, F.P.C. (2014) The rhizotoxicity of metal cations is
related to their strength of binding to hard liganfsviron. Toxicol. Che., 33,
268-277.

Kopittke,"P:M:*"Moore, K.L., Lombi, E., Gianoncelli, A., Ferguson, B.J., Blamey, F.P.,
Menzies, N.W., Nicholson, T.M., McKenna, B.A., Wang, P., Gresshoff, P.M.,
Kaurousias, G., Webb, R.I., Green, K. and Tollenaere, A. (2015) Identification of
thewprimary lesion of toxic aluminum in plant rootBlant Physiol., 167,
1402-1411.

Larseny*P:By;Cancel, J., Rounds, M. and Ochoa, V. (2007) Arabidopsis ALS1 encodes
a root'tip and stele localized half type ABC transporter required for root growth
in‘an aluminum toxic environmerRlanta, 225, 1447-1458.

Larsen, P.B.;Geisler, M.J., Jones, C.A., Williams, K.M. and Cancel, J.D. (2008) ALS
encodes a phloefocalized ABC transportdike protein that is required for
aluminum tolerance in Arabidopsilant J., 41, 353363.

LarsenyP.B., Tai, C.Y., Kochian, L.V. and Howell, S.H. (1996) Arabidopsis mutants
with increased sensitivity to aluminuflant Physiol., 110, 743751.

Lee, J.E;;.and Golz, J.F. (201Riverse roles of Groucho/Tupl-cepressors in plant
growth and developent.Plant Sgnal. Behav., 7, 86-92.

Lee, J.E., Lampugnani, E.R., Bacic, A. and Golz J.F. (2014) Role of the SEUSS and
SEUSSLIKEZ2 in regulating KNOX and auxin pathways during Arabidopsis
embrye-developmenPlant J., 80, 122-135.

Lee, N., Park, J., Kim, K. and Choi, G. (2015) The transcriptional coregulator
LEUNIG, HOMOLOG inhibits lightdependent seed germination in Arabidopsis.
Plant Cell, 27, 2301-2313.

Li, R., Yu, C., Li, Y., Lam, T.W.,, Yiu, S.M., Kristiansen, K. and Wang, 2D00)
SOAP2: An improved ultrafast tool for short read alignmBrdginformatics, 25,
1966-1967.

Li, X., Li, Y., Qu, M., Xiao, H., Feng, Y., Liu, J., Wu, L. and Yu, M. (2016) Cell wall

This article is protected by copyright. All rights reserved



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

pectin and its methygsterification in transition zone determine aiseance in
cultivars of peaRisum sativum). Front. Plant Sci., 7, 39.

Liu, J., Magalhaes, J.V., Shaff, J. and Kochian, L.V. (2009) Aluminum activated
citrate and malate transporters from the MATE and ALMT families function
independently to confer Aralmgsis aluminum tolerancBlant J., 57, 389-399.

Liu, Z.randMeyerowitz EM. (1995)LEUNIG regulates AGAMOUS expression in
Arabidopsis flowersDevelopment, 121, 975-991.

Liu, Z.g#and Karmarkar, V. (2008) Groucho/Tupl family-repressors in plant
developmentTrends Plant Sci., 13,137-144.

Macquet A., Ralet M.C,, Loudet O, KronenbergerJ, Mouille, G, Marion-Poll, A.
and*North, HM. (2007) A naturally occurring mutation in an Arabidopsis
accession affects a befagalactosidase that increases the hydrophilic potential
of rhamnogalacturonan | in seed mucilagent Cell, 19, 3990-4006.

Markovic,.Or and Janecek, S. (2004) Pectin methylesterasequenegtructural
features and phylogenetic relationshiparbohydr Res., 339, 2281-2295.

Maronyl.G., Kirst, M., Mao, C., Milner, M.J., Menossi, M. and Kochian, L.V. (2008 )
Transcriptional profiling of aluminum toxicity and tolerance responses in maize
roots.New Phytol., 179, 116-128.

Michell.F..(2001) Pectin methylesterases: cell wall ereywith important roles in
plant physiologyTrends Plant ci. 6, 414-419.

Mohnen, D (2008) Pectin structure and biosynthes@urr. Opin. Plant. Biol., 11,
266-277.

Mortazaviz=A., Williams, B.A., McCue, K., Schaeffer, L. and Wold, B. (2008)
Mapping and quantifying mammalian transcriptomes by R®é4.Nat. Methods,

5, 621-628.

Panda, S.K. and Balka, F. (2015) Aluminum stress adaptation in plants. Springer:
Springer International Publishin§witzerland.

Pelloux, J., Rustérucci, C. and Mellerowicz, E.J. (2007) New insights into pectin
methylesterase structure and functidmends Plant Sci., 12, 267-277.

Pfluger, J. and Zambryski P. (2004) The role of SEUSS in auxin response and floral

This article is protected by copyright. All rights reserved



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

organ patterningDevelopment, 131, 4697-4707.

Rangel, A.F., Rao, I.Mand Horst, W.J. (2009) Intracellular distribution and binding
state of aluminum in root apices of two common beRimageolus vulgaris)
genotypes in relation to Al toxicit{?hysiol. Plant., 135, 162-173.

SaezAguayo, S., Ralet, M.C., Berger, A., Botran, L., Ropartz, D., MaFol, A.
and"North;"H.M. (2013) PECTIN METHYLESTERASE INHIBITOR6 promotes
Arabidopsis mucilage release by limiting methylesterification of
homogalacturonan in seed coat epidermal delsit Cell, 25, 308-323.

Sawaki,¥arluchi, S., Kobayashi, Y., Kobayashi, Y., Ikka, T., Sakurai, N., Fujita, M.,
Shinozaki, K., Shibata, D., Kobayashi, M. and Koyama, H. (2009) STOP1
regulates multiple genes that protect arabidopsis from proton and aluminum
toxicities. Plant Physiol., 150, 281-294.

Schmohl, N. and Horst, W.J. (2000) Cell wall pectin content modulates aluminium
sensitivity of Zea mays (L.) cells grown in suspension culturlant Cell
Environg 23, 735-742.

SénéchalF., Graff, L., Surcouf O, Marcelg P, Rayon C. Bouton S, Mareck A,
Meuille, G, Stintzi A., Hofte H., Lerouge P, Schalley A. andPelloux,J. (2014)
Arabidopsis PECTIN METHYLESTERASE17 is -®xpressed with and
processed by SBT3.5, a subtildike serine proteaseAnn. Bot., 114,
11611175.

Sénéchal'F., L'Enfant M., Domon J.M, Rosiay E., Crépeau M.J, Surcouf O,
Esquivel-Rodriguez, J.Marcelg P, Mareck A., Guérineau F, Kim, H.R.,
Mraveg-J, Bonnin E., JametE, Kiharg D., Lerouge P, Ralet M.C., Pelloux J.
and Rayon, C. (2015)Tuning of Pectin Methylesterification: PECTIN
METHYLESTERASE INHIBITOR 7 MODULATES THE PROCESSIVE
ACTIVITY OF CO-EXPRESSED PECTIN METHYLESTERASE 3 IN A
pH-DEPENDENT MANNER.J. Biol. Chem., 290, 23320-23335.

Sénéchal, F., Mareck, A., Marcelo, P., Lerougeand Pelloux, J. (2015) Arabidopsis
PME17 activity can be controlled by Pectin Methylesterase Inhibitelizht
Sgnal. Behav,, 10, e983351.

This article is protected by copyright. All rights reserved



748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

Shrestha, B., Guragain, B. and Sridhar, V.V. (2014) Involvement-cém@ssor LUH
and the adapter proteins SLKand SLK2 in the regulation of abiotic stress
response genes in Arabidop£81C Plant Biol., 14, 54.

Sitaraman, J., Bui, M. and Liu, Z. (2008) LEUNIG_HOMOLOG and LEUNIG
perform, partially redundant functions during Arabidopsis embryo and floral
developmentPlant Physiol., 147, 672-681.

Sridhar; V.V, SurendraraoA. andLiu, Z. (2006) APETALAL1 and SEPALLATA3
interact, with SEUSS to mediate transcription repression during flower
developmentDevelopment, 133, 3159-3166.

Sridhar, V.V, Surendrarao A., Gonzalez D., Conlan R.S and Liu Z. (2004)
Transeriptional repression of target genes by LEUNIG and SEUSS, two
interacting regulatory proteins for Arabidopsis flower developni@rc. Natl.
Acad. Sci. USA, 101, 11494-11499.

Stahle, M., Kuehlich, J., Staron, L., von Arnim, A.G. and Golz, J.F. (2009) YABBYs
and: the transcriptional corepressors LEUNIG and LEUNIG_HOMOLOG
maintain leaf polarity and meristem activity in Arabidopgtsant Cell, 21,
3105-3118

Sun, C,, Lu, L., Yu, Y., Liu, L., Hu, Y., Ye, Y., Jin, C. and Lin, X. (2016) Decreasing
methylation of pectin caused by nitric oxide leads to higher aluminium binding
in €ell walls and greater aluminium sensitivity of wheat rodt€Exp. Bot., 67,
979-989.

Von Uexkill, H.R. and Mutert, E. (1995) Global extent, development and economic
impact-of acid soilsPlant Soil, 171, 115.

Vos e P.B andRandall, P.J(1962) Resistance to aluminium and manganese toxicities
in plants.related to variety and cation exchange capatztyre, 196, 85-86.

Walker, M., Tehseen, M., Doblin, M.S., Pettolino, F.A., Wilson, S.M., Baciam
Golz, J.F. (2011) The transcriptional regulator LEUNIG_HOMOLOG regulates
mucilage release from the Arabidopsis teBtant Physiol., 156, 46-60.

Wolf, S., Rausch T. and Greiner S. (2009) The Nterminal pro region mediates
retention of unprocessed typePME in the Golgi apparatulant J., 58

This article is protected by copyright. All rights reserved



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

361-375.

Wang, M., Yuan, D., Gao, W., Li, Y., Tan, J. and Zhang, X. (2013) A comparative
genome analysis of PMBnd PMEI families reveals the evolution of pectin
metabolism in plant cell wall®LoSOne., 8, e72082.

Westerp; T, Burn, J., Tan, W.L., Skinner, D.J., MaMioCaffrey, L., Moffatt, B.A.
and"Haughn, G.W. (2001) Isolation and characterization of muti@ftstive in
seed coat mucilage secretory cell development in Arabidopisist Physiol.,

1277 998-1011.

Yang, J.lpld, Y.Y., Zhang, Y.J., Zhang, S.S., Wu, Y.R., Wu, P. and Zheng, S.J. (2008)
Cell wall polysaccharides are specifically involved in theliesion of aluminum
frometherice root apeXlant Physiol., 146, 602-611.

Yang, X'¥.;Zeng, Z.H., Yan, J.Y., Fan, W,, Bian, H.W., Zhu, M.Y.,, Yang, J.L., Zheng,
S.J. (2013) Association of specific pectin methylesterases withdéiced root
elongation inMition in rice.Physiol. Plant., 148, 502-511.

Yang, Z.B.,\Etichg D., Raqg I.M., Horst, W.J. (2010Alteration of celtwall porosity is
invelved in osmotic stresmduced enhancement of aluminium resistance in
common beanRhaseolus vulgarisL.). J. Exp. Bot., 61, 3245-3258.

Yokoyama, R. and Nishitani, K. (2004) Genomic basis forwall diversity in plants.

A comparative approach to gene families in rice and Arabidopiast Cell
Physiol.; 45, 11111121.

Zhu, X.F., Shi, Y.Z., Lei, G.J., Fry, S.C., Zhang, B.C., Zhou, Y.H., Braam, J., Jiang, T.,
Xu, X.Y., Mao, C.Z., Pan, Y.J., Yang, J.L., Wu, P. and Zheng, S.J. (2012). XTH31,
encoding an in vitro XEH/XE-®&ctive enzyme, regulates aluminum sensitivity by
modulating in vivo XET action, cell wall xyloglucacontent, and aluminum

binding capacity in Arabidopsi®lant Cell, 24, 4731-4747.

FIGURE LEGENDS

Figure 1. luh mutants display enhanced resistance to Al stress. (a) Schematic
representation of-DNA insertions within thdtUH locus. (b) Expression dfUH in

wild type (WT) seedlings and mutantsh-3 andluh-4. (c-e) Root growth analysis
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under Al stress. WT seedlings and mutant were grown on gel medium containing O to
1.5 mM AICI; (¢), or in hydroponics containing 0 to 40 uM AICl3 (d and e), at pH 4.2

for 7 days. (f) Root growth response of WT seedlings and mutantlinésandluh-4

grown jin solutions with pH 5.8, pH 5.0 and pH 4.2 for seven days. (g) Root growth
responses of WT arndh mutants grown on geolidified media containing 1.25 mM
AlCl 3, or'5uM=CuCl,, or 25 uM CdCly, or 100 uM LaCls for 7 days. In (c, @): *,

** andy*** indicate a significant difference between WT seedlings and mutant lines
at p < 0:05pp < 0.01, and p < 0.0@1€gst), respectively. Values shown are means

SD (n="3)

Figure2-LUH mediatesAl accumulation in the cell wall of roots. (a) Hematoxylin
staining“of‘root tips exposed to Al. (b) Al content imn root tips and (c) whole
intact roots ofwild type (WT) seedlings and mutants. (d) Fractional analysis of
cellular Al distribution in cell wall and symplast of Adxposed roots of WT seedlings
and mutants. (e) Al binding capacity of cell wall in roots of WT seedlings and mutants.
In (b-d):;.Six-day old WT seedlings and mutahit-3 andluh-4 were treated with 25

UM Al€ls for 24 h. In (e): Roots of the stay old WT seedlings andh mutants

were harvested andcell wall material isolated. Isolated cell wall material was treated
with 1 mL.600 uM AIC} for 30 min at pH 4.2.Values shown are means = SD (n = 4).

* and ** indicate significant differences between WT and mutant at p < 0.05 and p <

0.01 ¢-test), respectively.

Figune 3=kUH-suppressegectin methylatiormediatesAl binding to cell wall. (a)
JIM5 and JIM7 staining to detect the loand highmethylated pectin in cell wall of
wild type WT) and mutants. Bar = 100 um. (b and c) Quantitative analysis of the
fluorescege intensity of JIM5 staining (b) and JIM7 staining (c) indicated in (a) in
the root tips. Values are means + SD=(6). (d) Pectin content, (e) degree of pectin
methylation and (f) unmethylated pectin content in roots of WT plants and mutants
under Al stess. In (&) six-day old seedlings were exposed to 25 uM AlGH 24 h.
Values in (df) represent means + SD (n = 4). *, **, and *** indicate significant
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differences at p < 0.05, p < 0.01, and p < 0.G&egt), respectively, between either

—Al and +Al treatments (in black) or WT and mutant (in red).

Figured. Transcriptome analysis @UH-regulated genes in response to Al stress. (a)
Functional“categorization of differentially transcribed genes witbl® changes or
more in‘response to Al stress. @luster analysis of the expressed genes with more
than twofold changes imwild type WT) andluh-4 mutant seedlings in response to Al
stress. Fhesgluster analysis of cell wall (C¥gsociated genes was particularly listed.
RPKM (Reads Per kb per Millioreads) represents the gene expression level. (c)
Validation of the expression of several selected-&8bciated genes listed in (b) by
gRT-PCR=Sixday-old WT andluh-4 seedlings were exposed to 0 and 25 uM AICI
for 4 h"UBQ1 was used as the reference, and a-tneated WT was used as the
sample control. Values represent means £ SD (n = 3). Asterisks in black indicate that
wild-type.anduh-4 mutant and asterisks in red indicate that Al treatment means differ

significantlyat* p < 0.05, ** p < 0.01, and *** p < 0.001-fest), respectively.

Figure:5:"PME46 mediatesAl-induced inhibition of root growth and Al binding to
cell wall. (a, b) Root growth olvild type (WT) plants,pme46-1 and pme46-2 mutant

lines under. Al stress. WT seedlings and mutant were grown into the hydroponic
solution'containing 0 to 25 uM AICl3 at pH 4.2 for 7 days. Means represent valdes

SD (n=3). (c) Hematoxylin staining of Al distribution in root tips. (d) Al content in
roots of WT seedlings and mutants. (e) Fractional analysis of cellular Al distribution
in celkwall-and symplast of Adubjected roots of WT seedlings and mutants. (f) PME
enzyme activity in roots of WT seedlings and mutants. H):(Six-day old WT
seedings and mutants were treated with 25 uM Al@br 24 h. Valuesin (d-f)
represent means SD (n = 4). *, ** and *** indicate the significant difference

between WT and mutant at p < 0.05, p < 0.01, and p < 0tQ64t), respectively.

Figure 6. S K2 mediatesAl-induced inhibition of root growth and Alinding to cell
walls. (a) Root growth of wild type (WT) plants and mutants under Al stress. WT
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seedlings and mutants were grown into the hydroponic solution containing 0, 20 and
25 uM AIClz at pH 4.2 fo 7 days. Means represent values £SD=(18). (b)
Hematoxylin staining of Al distribution in root tips. (c) Al content in roots of WT
seedlings and mutants. (d) Fractional analysis of cellular Al distribution in cell walls
and symplast of Abubjected roat of WT seedlings and mutantéluesin (c, d)
represent'means SD (n = 4). (e) gRPCR analysis of the expressionRWE46 in

roots of WT seedlings angdk2-1 mutant in response to Al stress. Sixy old WT
seedlings andlk2-1 mutant were treated withoor with 25 pM AICl;3 for 6 h.Values
represent=means SD (n = 3). *, ** and *** in (a, ¢, d, and e) indicate a significant
difference between WT and mutant at p < 0.05, p < 0.01, and p < Q-0€sf)(

respectively:

Figure7. Model of Al stresgesponsedt is proposed thaPME46 is a major inhibitor

of PME_activity and the expression BME46 is limited bythe LUH/SLK2 complex.
Under ‘Al 'stressPME46 is mediated via two independent pathwafly: unknown
stressuresponsive factors af®) LUH/SLK2 complex.Under Al stress: (ijn wild
type_plants,PME46 expressionis reduced leading to increased activity R¥ME
(possibly through increased expression of otl®WMES) and thus enhanced
demethylation of pectin. Removal of methyl groups increases the negative charge of
pectin and allows root cell walls to bind more Al. Al exposure also reduces expression
of LUH leading to an elevate@&xpressionof PME46, while the elevation is
insufficient to complement the suppression by Al via path@xy(ii) in luh andslk2
(luh/dk)-mutants, the mutation of LUH and SLK2 releases the expressieMBA6

from repressioreading to lowePME activity, and thus less Al binding to root cell
walls. However, it is presently not clear how elevated Al levels med@istE46
repression in pathwafd), but may involve the activity of yet to be identified stress

response factors.
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