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Abstract

O-Acetylatedpectinsare abundant irthe primary cell wallof plantsand gowing evidence
suggestshey havemportant roles in plantell growthandinteraction with the environment
Despite their importancegenes required folO-acetylation of pectinsare still largely
unknown. In| this study, we showed that TRICHOME BIREFRINGENCELIKE 10
(AT3G06080is involved inO-acetylation of pectins iRrabidopsis Arabidopsis thalianp
The activity ofitheTBL10promoter was strong in tissues where pectins are highly abundant
(e.g leaves).Jwo homozygous knock-oututants ofArabidopsistbl10-1 andtbl10-2 were
isolated and shown txhibitreduced levels of all-bound acetyl estersquivalent 0f~50%

of the wild-typelevel in pectinenriched fractions derived froleaves Further fractionation
revealed thathe degree of acetylation dghe pecth rhanmogalacturonan-(RG-l) was
reduced in‘thébl10 mutantcompared to the wild typevhereaghe pecth homogalacturonan
(HG) was unaffectedlhe degreesf acetylationin hemicellulosesife. xyloglucan, xylan and
mannaf were indistinguishablebetween thebl10 mutants and the wild typ&.he mutant
plantscontained normal trichomes in leaves axtiibiteda similar level of susceptibility to
the phytopathogenic microorganisseudomonas syringge. tomato DC3000 anBlotrytis
cinereg while_they displayed enhanced tolerancedtought. These results indicate that
TBL10 isarequired forO-acetylatiom of RGI, possibly as an acetyltransferaaad suggest

thatO-acetylated R@ plays a role in abiotic stress responses in Arabidopsis.

Introduction
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In plants, thecell wall iscomposed of a dynamitetwork of polysaccharides, proteinand

lignin. This networkplays a myriad of roles in plant development, growth, and responses to

biotic and abiotic environmental stimuf{Carpita, 2015) Polysaccharides aréhe main
components of the plant cell wall and are divided into three mksses cellulose,
hemicelluloses, and pectins.elilose microfibrils are bundles of linear B-(1,4)linked
glucans angrovideload-bearing networkshat ae crosslinked via norrcovalent bonds by
hemicelluloses, and pectinfCarpita, 2015) Hemicelluloses contairbackbonesof -
(1,4)-linkedineutral sugars includinglucose(GlIc), xylose (Xyl) or mannosgMan), which

can be further'decorated with merawr oligo-saccharide side chains. the primary cell wall

of dicots=and” conifers, the major hemicellulose is xyloglucan (XyG), although

glucuron@rabinaxylans and mannans aiso found albeitto a lesser exter(Scheller and
Ulvskov, 2010).In contrast to hemicelluloses and cellulosectmscontain backbonesch in
galacturonic/acidGalA). Pectinsare classified into fourmajor types homogalacturonan
(HG), xylogalacturonan, rhamnogalaotnan(RG)l andRG-1l. HG is a homomeric polymer
consistingrofa=(1,4)-linkedb-GalA with methyl and acetykubstitutions orC6 and02/03,
respectively.The backbone oRG-l consists ofthe repeating disaccharidé)-a-D-GalA-a-
(1,2)1-Rha(1l (wherein Rha indicates rhamose), which is sibstituted with galactan,
arabinan, ‘and/or arabinogalactan side chains orRtieresidues (Atmodjcet al, 2013;
Mohnen, 2008)Pectins are highly abundant in the primary cell vgalirounding cells in
growing tissuesand play critical roles in cetb-cell adhesion, cell expansion, organ
development.and response to microbial patho¢Ritdey et al, 2001).

One of thewnetable structurdaturesof pectins and hemicelluloses is the presenc®-of
acetyl esterification.Concerning pectingnany GalA residuesin the backbones oHG and
RG-I are O-acetylatedat the positiong02 and/orO3 (Ishii, 1997; Perroneet al, 2002;
Lerougeet al, 1993) RG-1l can beacetylatedn the B side chain(Whitcombeet al, 1995;
Pabstet al, 2013) The degree of acetylation (DAY the pectic polymerseangesfrom 40 to
85% depending otissues (Linerset al, 1994; Ishii, 1997; Perroret al, 2002) Concerning
hemicelluloss, xylans are acetylated irthe Xyl backbonewith a DA of up to 50%
(Goncalvest alg72008; Xionget al, 2013; Buss&Vicheret al, 2014, Ishii, 1991)A similar
DA was also reported for mannéXiong et al, 2013; Lundgviset al, 2002; Nunet al,
2005; Manna and McAnalley, 1993n XyG, the Gal residueson the side chains can be
acetylatedGille et al, 2011) while O-acetylation of the backbort&lc residuesas also been
reported(Sims et al, 1996; Yorket al, 1996) In vitro, O-acetylation affectshe gelling
capabiliyy of pectin(Vriesmann and Petkowicz, 2013n vivo, O-acetylation of pectirhas
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been reported taffect the stiffness of tissues in potato tubers and ArabidopsiBogen
resistancan Arabidopsis andrachypodium distachyorand the assembly of the cell wall
and the cuticldayerin Arabidopsis (Pogorelket al, 2013; Orfilaet al, 2012; Gouet al,
2012; Nafisiet al, 2015).

O-Acetylation of pectins and hemicellulosesquires acetytCoA in the cytosobs the acetyl
donor (Pauly=and Scheller, 2000nd theacetyl moiety ighought to beransportedacross
the membrane in the Golgi apparatus and subsequdndlysfered to substrate
polysaceharide®y acetyltransferasesenetic evidencsuggest that a family of proteins,
REDUCED WALL ACETYLATIONs (RWAs), function as acetylansportes (Manabeet
al., 2011;/ Manabeet al, 2013; Leeet al, 2011) There are fourRWA genesin the
Arabidopsis genomeand kiock-out mutants iInRWAZ2 resultedin partial loses of O-
acetylation.in both pectsand hemicelluloseby approximately 20% of the wiltype leve]
furthermore*eembinatorial knoakut mutants amontipe four genes dramaticaltgduced the
level of celbwall'act/lation (Manabeet al, 2011; Manabet al, 2013; Leeet al, 2011) The
rwa2 knock-out mutantsexhibited pleiotropic phenotypen leaves, including collapsed
trichomes, increased surface permeability, and enhanced resistance to the necrotrophic fungal
pathogerBotrytis cineregNafisi et d., 2015; Manabet al, 2011) Regarding théransfer of
the acetyl grouponto polysaccharides, this step is thougbtbe catalyzed by proteins
belonging to'the, TRICHOME BREFRINGENCELIKE FAMILY (TBL), and this notion has
been augmented by the finding that heterologously expressed THBKI®MO1 transferred
acetyl group from acetydCoA to xylan oligosaccharidgsee et al., 2011Gille et al., 2011
Yuan et ak,.2013Urbanowicz et al., 2094 An additional protein plays a rolen iO-
acetylation®ofXyG, as recent evidencesuggestedthat ALTERED XYLOGLUCAN 9
(AXY9) is invelved in mediating the transfer of the acegmdup from RWAs to TBLs, while
this protein is not required f@ectinO-acetylation(Schultinket al, 2015).

There are 46 TBLs encoded in thAeabidopsis genom@ischoff et al, 2010) For the ease
of description, Figure S1 presentplaylogenetic treef the TBLs showinglistinct clusters
and they ardabeledas Cluster| through V. TRICHOME BIFRINGENCE (TBR), the first
reported-member iABLS, is found inCluster I. Thetbr mutantwasfound tohavea lower
level of pectinesterificationand also a reduced amountapystalline celluloseas @mpared
to the wild type (Potikha and Delmer, 1995; Bischetffal, 2010) Recently, it was shown
that thetbr mutant hasan increased level of methylesterificatiand a reduced level @-
acetylationin pectins, although it is yet unclear which type(s) of pectin was aff¢stedair
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et al, 2017) TBL44/POWDERY MILDEW RESISTANT 5 (PMRS5) is found in Cluster II
and thetbl44 mutantalsoexhibited a lower levedf pectinesterificationas compared to wild
type cell walls(Vogel et al., 200% Again, it is not yet clear whether the decrease is due to
metyl- or acetylesterificationNo TBL protein belonging t&luster Ill or its corresponding
mutantshas been @scribed sdfar. Cluster IV contains TBL3TBL29, TBL31, TBL32,
TBL33, TBL34 and TBL35, which have been shown toiteolved inacetylation ofxylan,
and mannannssome casefl ee et al, 2011; Yuanet al, 2013; Urbanowiczt al, 2014,
Yuan et aly,_2016a; Yuanet al, 2016b; Yuanet al, 2016c) Notably, a homolog of
Arabidopsis*TBE34 in ric(OsTBL1), was shown to transfer the acetyl group from acetyl
CoA to xylooligosaccharideg§Gao et al, 2016) TBL27/AXY4 and TBL22/AXY4L are
found in Cluster V and bothtbl27 and tbl22 contain reducedevels of xyloglucan O-
acaylation (Glille et al, 2011) Additionally, TBL25 and TBL26 were implicatedin
acetylation of manna(Gille et al, 2011) Hence, it idikely that TBLs belonging toCluster

IV and V are"involved irD-acetylation of hemicelluloses while TBLs belonging to one or

more of thesremaining clusters functionGracetylation of pectins.

In this study,we investigatedTBL10 (AT3G06080) belonging to Cluster | and exhibiting a
29% amino acid sequence identity to TBBuUr results showhat TBL10 is involvedn O-
acetylation ofRG-I, thl10 mutants display the wiltlype level ofsusceptibilityto P. syringae
andB. cinereawhile theyaremore resistant to drought stress.

Results
Isolation of T-DNA insertion mutants in TBL10
TBL10is annotated to contain 4 exons and encodes a protein consisting of 444 amino acid

residues _(http://www.arabidopsis.org/The deduced amino acid sequencke TBL10

cortained [ a single membrangpanning region in the N-terminus
(http://aramemnon.botanik.uni-koeln.d&chwacke et al., 2003), which is likely to serveaas

signal sequence and membrananchor based on analysis bySignalP4.0

(http://www.cbs.dtu.dk/services/Signgletersen et al., 2011%everal notable conserved

domains and mds among TBLgBischoffet al, 2010)were found withinTBL10, including

the PMRSN-terminal domain (Pfam13839) between the amino acid positions 102 and 154
GDSL/SGHIike acylesterase family domain (Pfam14416) between the amino acid positions
144 and 444, which also includdése conservedDUF231 domain (the amino acid positions
278 and444) andthe Gly-Asp-Ser motif(the amino acid positiorik76-178) andthe AspX-

X-His (the amino acid positions 424-427, wherein X indicates any amino acid residues).
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Two T-DNA insertion linesof Arabidopsis ecotype Colund@iOwith T-DNA insertionin the

1% and the % exors of TBL10 were isolated andwere designated agbl10-1
(SALK_005890C) andbl10-2 (SALK 011296) respectively(Figure 1A. The presence of
the TDNA insers in TBL10wasconfirmed by PCR (FigureB)). Both lines were shown to
possess the -DNA insert in TBL10 while the wildtype allele was nofrdetectable.In
addition, RFPER analysisshowed thathe TBL10 transcript was detectable both in the
leaves and,stems _in the wild type, whilevas not detectablan the mutants (Figur&C).
These resultgonfirmed that tbl10-1 and tbl10-2 are homozygous knoedut mutants. The
tbl10 mutantsplants grew similarly to the wild typethout notable changes morphologies
under the [conditions testedepresentative images of rosettes and mature @astshown in

Figure D.

TBL10is expressed in leaves and roots

To furtherinvestigatethe tissuewide expression pattern @BL1Q the 1800bp sequence
immediately upstream of thEBL10 start codorwas fused with thg-glucuronidase GUS
gene and wildype plants were transformed with tifgsion construct Analysis of five
independent | transformants in the T2 generasbowed that the GUS&ctivity was the
strongest in leaves and roots, wisignificantly less activity was observedstens (Figure
2A). The prometer was active ilnsette ¢aves cauline leavegpots, flowers, andeedlings
with notable_activity in the vascular systéfigure 2A, B, E,G, H). The activity was also
observed in stomata in rosette leaves (Figure, B@) not in trichomes (Figure 2D)n
flowers, theGUS activitywas mainly observed in matured flowddevelopmental stage of
16 accordingAlvarezBuylla et al, 2010, particularlyin the vasculature and pollen (Figure
2E, F).Follewing a saturating stainingtemsalso showed th&US activity, although the
intensity wasmarkedly weaker as compared to the leaffegure S2A). In silico gene
expression analysisf publicly availableArabidopsismicroarray datasetssing Arabidopsis
eFP Browser(Winter et al, 2007) confirmed high transcript levels offBL10 in leaves

(cauline leaves, adult dnuvenile leaves, cotyledong}igureS2B).

The tbl10:mutants have reducedamount of O-acetylation in pectins

The content of waHboundacetyl esters asdetermined ieaves and sims of thewild type,
tbl10-1 and tbl10-2 Total cell walls were extractedy alcohol precipitation andlcohol
insolubleresidues (AIR) were treated with a-amylase to remove starcheBtarchedAIR was
subjected to a treatment with NaOH ahé amount of acetic acid due ttee alkalilabile
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acetyl estersvas quantified colorimetrially using an enzymeoupled assayin comparing
the acetic acid levein leavessignificant reductios, to 56% and 656 of the wildtype level,
wereobserved fotbl10-1 andtbl10-2, respectivelyFigure 3A) In contrastwhen the acetic
acid contentsvere compared in theéesns,no obviousdifference was observed betweite
genotypes (Figure 3B).

Because thesleaves of thi#10 mutants showed largechange irthe content of alkaliabile

acetyl esters, monosaccharide composstafrthe cell wall polysaccharides werermined
in destarched"AlIR derived from leaved/ith an exception of minathange®bserved for the
tbl10-2, nossignificantdifference wasbservedetween the wild type and thiel10 mutants

asshown in Table 1.

Next, destarchedAIR obtaned from leaves and sterasthe wild typeandthe tbl10 mutants
were fractionated intopectinenriched and pectidepleted fractiongfter a treatmentwith
pectin methylesterase (PNMEndendopolygalacturonasesPG) followed by centrifugation.
The supernatants and the pellets represented the -pecithedand the pectindepleted
fractions respectivelyThe monosaccharide compositions of the respective fractions from the
wild type and thetbl10 mutants were indistinguishab(€igure S3). As expected with the
enzymatic treatme employed, the pectienriched fractions had a composition consistent
with them being, almost exclusively composed of pectin, whilegpdatindepleted fractios
contained._significant amounts of GalAndicating that the enzyme treatment did not
completely solubilize pectifFigure S3).Whenthe leves of alkali-labile acetylesters were
compared_forpectinenriched fractionglerived from leavesthe tbl10 mutants sbwed a
significantreduction compared to the wild typ@n the other hanghectindepleted fractios
showed a trend toward reductsyalthough this was not statistically significgfigure 4A).
Given that the pectidepleted fractions still contad pectin, the observed trenikely
reflectsreduced acetylation ithe remaining pectinfThe same analysis was performed using
fractionated destarched AIR derived from sten(Bigure 4B) The small amount of pectin in
the stem samples contributed little to the total amount of acetyl estersalthough the
pattern resetvled that of pectienriched samples from leaves, the differences wete
significant,. The pectidepleted samples from the stems had a large amount of acetyl esters,
as expected in samples with a high content of acetylated xylan, but no significanendife
was observed (Figure 4BWhen the amountsf alkali-labile acetyl esters in leavegere
normalized by the amount @alA, marked reductions (~50%) in the levels of acetyl ester
were found in the pectianriched fractions derived frothl10 mutants compared to the wild
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type (Figure 4C). Agairthere was a trend towards reductiorthe pectindepleted fractions
from the mutantsTaken together, these results indicate that the knockout mutatioB& 19

impairs acetylation of pectins.

In order to probevhich pectin polymers weraffected by thebl10 mutation, RGlI and HG
from the wild type andbl10-1wereisolated after a treatment thfe AIR with PME and G
as previouslysdescribe(btonebloomet al, 2016)and the fractions corresponding to RG
and HGwere_analyzed forlkali-labile acetyl estecontent.In theisolated RGI, the molar
ratio betweeracetyl esteand GalA was markedly reduced ibl10-1 comparedo the wild
type (Figure=5A) In contrast,the molar ratio between acetyl grogpand GalA was
indistinguishable between the wild type and the mutarthe HG fractiongFigure 5B).
These results indicate thBBL10is required for thé&-acetylation of RG-I.

Acetylation“ef*nemicelluloses are not affected in th#bl 10 mutants

The pectindepleted fractions from leaves showed a trend towards lower levelsetfl
esters in thenutants. While this could be explained by residual pectin in the fractions, we
wanted to directly assess if any hemiceulloses were altered in their acetylation dhisell.
possibility. was '\ first tested by analyzing the structure XofG, the most abundant
hemicellulose iHeaves by comparing lie oligosaccharide prdés after enzymatic digestion
followed by asmatrix-assistedaser desorptioionizationtime-of-fight mass spectrometry
(MALDI=TOE_MS) (Figure §. In most eudicots, the glucan backbone of XyG can be
substituted with Xyl, GaKyl, and FucGalXyl (where Fuc is fucose) side chains
corresponding.to notations of X, L and F, respectiyEly et al, 1993) The wild type and

the tbl10 mutantsshowed the samdistribution patterns athe acetylated and neacetylated
XyG motifskigure 6A). Moreover, the relative abundance of acetylated XyG motifs were
also unaltered (Figure 6B). These resuitdicate that TBL10 does not affect XyGO-
acetylation(Figure 6).

Mannars and xylars are dominant hemicelluloses in stems. Because the TBL10 promoter
activity in stems was notably low and also no significant impact in the level of acetylation
was observed in the stem thl10 mutants, we speculated that TBL10 is not involve®in
acetylation of these hemicellulosdgdeteronuclear single quantum coheremsg@eriments
(HSQC) of two dimensionalnuclear magnetic resonance spectrometry-KMIR), as
previously describe@Chenget al, 2013; Gilleet al, 2011) revealed that the abhdance®f
acetylated mannaand xylanare largely unaffected in th&ébl10 mutantas compared to the
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wild type (FigureS5 Method S) Consistent with these results, no difference in the
morphological appearance of the tissues including xylem and lignin staining wasedhbser
the stem sections of the wild type and tthlé 0 mutants (Figuré&6, Method SR

The tbl 10 mutants exhibit the wild-type-level of susceptibilitytowards biotic stress
Previously; etopic overexpression of aRG-l acetyksterase(RGAE) from Aspergillus
nidulans inArabidopsishas led to increased resistance against tieerotrophic fungal
pathogerB. cinerea(Pogorelkoet al, 2013) Thereforewe tested ifreducedacetylation of
RG-I in thlTO'mutants might affect susceptibility By cinerea Upon infection byB. cinerea
tbl10-1 andtblt0-2 showed lesion sizethat weresimilar to those in the wild type, while
rwa2-3, used here as a contrehowed markedly reduced lesion sizes as previously shown
(Manabe et al., 201 Nafisi et al., 201p (Figure A). Likewise, no difference between the
tbl10 mutants andhe wild typewas seen when infected witPseudomonas syringae .pv
Tomato DC3000Q' (Figure B). Hence, unlike RWA2, TBL1@oes not seem to have any

impactfor biotic'stress response under the conditions tested.

Next, theintegrity of trichomes in leavesasinspected. fichomes ofthetbr mutant contain
reduced amaunt of crystalline cellulose, lackefsingence upon UV illumination, andre
fragile or_collapsedPotikha and Delmer, 1995; Bischadt al, 2010; Suocet al, 2013)
Similarly to thetbr mutant, we have previously reported tha&2 mutants also contain
collapsed trichomes, albe#ithout notable impact on trichome birefringen@¢afisi et al,
2015).The staining of leaves witkoluidine bluewas employed as a diagnostic ttmidetect
compromisedrichomesbecause this cationic dye can penetrate through the cuticle layer of
collapsed trichemes but nof intacttrichomes (Tanakat al, 2004; Nafisiet al, 2015) The
trichomes ofith@bl10 mutants appeared normal and did not stain with toluidine blue (Figure
7C and D), whereas those of ttvea2-3 mutant exhibited collapsed and stained trichomes by
toluidine blue (Figure 7C and D).astly, water loss of detached leavegas analyzed as
collapsed trichomes can increase the surface transpiesmeviouslyobserved forwa2-3
(Nafisi et al, 2015) The rate of weight loss was indistinguishable betwherwild typeand

the tbl10 mutants,while rwa2-3 exhibited an enhanced rate of water losseurtie same
conditions, (Figure E). Hence, unlikerwa2 and tbr mutants, thetbl10 mutants possess

normal trichomes.

The tbl 10 mutants exhibited enhanced drought resistance
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Some pectin mutants have been showhaocompromised in their abiotic stress tolerance
although none of the studies have specifically addressed pectin acetylagvesque-
Tremblayet al, 2015;Chenet al, 2005; Keppler and Showalter, 201Therefore, it was of
interest to investigate the drought response oftbhE0 mutants. When the plants were
exposed to severe drought stréss watering for 15 daysyve observed a significaiicrease

of survival in bothtbl10 mutants compared to i type (Figure 8). After 2 days of
rewatering,-enly. 33% of wildype plants recovered whereas 62% and 80%blaD-1 and

tbl10-2plants _ecovered, respectively.

Discussion

In the presentstudy, we have isolated two independehtmozygous mutantines of
Arabidopsis {bl10-1 andtbl10-2) (Figure 1) The TBL10transcript was abundant in leaves
and scarce.in stems (Figure 1C), which correspondedti@tpromoter activityf TBL10 in
planta (Figure=2). The tbl10 mutaris were shown to possesgnificantly lower levels of
alkali-labileracetylestersas compared to the wild type AIR derived fromleaveswhile no
significantdifferencewas detectablén stems(Figure 3) Analysis of pectirenriched and
pectindepleted fractionshowed that the level of acedyion was reduced in the leaviest

not in stems(Figure 4).Further analysis showed significant reduction in the degree of
acetylation in the isolated RGbut not inthe isolated HGollowing enzymatic hydrolysis
(Figure 5). Avalysis ofXyG by MALDI-TOFRMS andof mannanand xylanby HSQC 2D-

NMR experiments showed no significant difference betweenhbii® mutants and the wild
type (Figure6, Figure S4).Takentogether, lhese resultindicatethat TBL10is required for
O-acetylation.of RA. Generally, based on available evidence so far, the large family of TBL
proteins have relatively narrow substrate specificities, unlike for example the much smaller
family of RWA" proteins, which clearly overlap in which polysaccharides they affect.
Nevertheless, @ cannot exclude that TBL10 may ha@meactivity in acetylation of other
polysaccharides but, if it does any such activity would be redundant with other
acetyltransferases. Indeed, other TBL proteins involved in acetylatiory®f Xylan and
mannan have already been reportieele et al, 2011; Gilleet al, 2011; Yuaret al, 2013;
Urbanowiczet.aly 2014; Yuaret al, 2016y Yuanet al, 201@; Yuanet al, 201&; Gaoet

al., 2016), The isolated HG from thebl1l0 mutants showed no change in acetylation,
suggesting that HG is predominantly or exclusively acetylated by other as yet unidentifie

enzymes.
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TBL1O is the first member of the TBL family proteins that is shown to be involved i
acetylationof RG-I. Prior to this study, nine TBLs hadeen functionallyassigned tdO-
acetylation ofhemicellulosesand all of them belong b Clusters IV and Vin the TBL
phylogenetic treéFigure S1). TBL10 belongs to Cluster I, to which TBR also beldhgsas
recently shown thabr mutants have a reduced level@facetylation in pectins, althoughe
exact class of pectins affectedthy remains unkowiiSinclairet al, 2017) Nevertheless, we
propose that<EBL family proteins belonging to Cluster I, and possibly Cluster Il, argedvol

in O-acetylation of pectis. It is plausible that TBL10 functions as an acetyltransferase
transferring=an~acetyl group to the R®ackbone, given the other TBL family proteins,
notably TBL29yhave been shown to be acetyltransferdsis also possilel that TBL10 has
other molecular functionduring O-acetylation of RA. For instance, it hasecently been
proposedhat AXY9, which possess limited sequence homology with TBL family proteins, is
involved in.acetylation of xylan and atb produce an acetylated intermediate that is part of
the O-acetylation pathway (Schultirdt al, 2015).

While TBR might also play roles i@-acetylation of pectins, there anetable differences
between TBR and TBL10 with respect to their potential biological functionglanta
Firstly, tissuewide expression patterns of tleBR and TBL10 transcripts are markedly
different. _The promoter activity offBR was prominent in vasculature and trichomes
(Bischoff et als,2010) whereas that ofBL10 was observed both in vascular and hon
vascularleat tissues but not in trichomes (FigyrEigure S2). MoreoveilBRwas found to
be ceexpressed with genes encoding components in cellulose syntG&sn8 CESAS
CESA6 POMI/CTL1 COBRA (Bischoff et al, 2010), wherea3BL10 does not appear to
have a notablecorrelation with genes involved in cellulose synthesis based on AJITED
(Obayashietsaly 2011). Secondly, thir mutant exhibied fragile and collapsed trichomes
(Suo et al, 2013; Bischoffet al, 2010; Potikha and Delmer, 1995yheras thetbl10
mutantshave morphologically normal trichomes (Figure ¥)e have previouslyproposed
that decreasedO-acetylation of pectins causesllapsed trichomegNafisi et al, 2015)
These observations suggest that TBR and TBL10 are differently involv@eaaetylation
possibly targetingdifferent pectic classee.g. HG or RGI) in different tissuesthereby

impactingithe plant physiology differently.

Previously,in-muro overexpression of a pectin acetylester@®E1), presumably targeting
O-acetylation of HG,jn tobacco Nicotiana tobaccuinled to wrinkled leavesGou et al,
2012).Another study has shown thatmuro overexpression odn RGAE from A. nidulans
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358 in Arabidopsis increasd the resistance of the transgenic plants towaBdscinerea
359 (Pogorelkoet al, 2013) Notably, thetbl1l0 mutants appeared normal and no sign of
360  wrinkling was observed (Figure 2 and 7). Furthermdrethl10 mutants exhibited the witd
361 type level of susceptibility to this fungal pathogen (Figdye How could the different
362 deacetylation mutants lead to different phenotypic outcomes@uld be noted tharoteins
363 annotated,aRGAE can exhibit mixed substraereferences. ér instance eRGAE from

364  Aspergillusqaculeatuspecifically removes acetyl groups bound to GalA residues i RG
365 (Searlevan,Leeuwenet al, 1992), whereas anoth&®GAE, also from A. aculeatus can
366  deacetylate*both HG and RGBonninet al, 2008) This ambiguity is further highlighted in
367 a recent studywhereina previously annotatelGAE in Bacillus licheniformisvas found to
368 confer acetylesterase activity specific to the acetyl group attached@3tp®sition in GalA
369 of HG (Remorozaet al, 2014) Moreover,the RGAE transgenic plantsiso contained
370 reduced amougtof O-acetylation in XyG(Pogorelkoet al, 2013), making assigments of
371  specific O=acetylated polysaccharides todefined biological functions challenging
372 Neverthelessyigen that thetbl10 mutants defective in RG O-acetylation did noexhibit
373  collapsed trichomes or altered disease susceptibiliB/ tonerea neither did thebl27/axy4-
374 3 mutant (Nafisi_et al, 2015), the possibility that deacetylation of RG&r XyG being
375 responsible for these phenotypes is unlikely. We hypothesize that deacetylation ief HG
376  more likely to be the underlining cause obllapsed trichome and increased disease
377 resistance againBt cinerea

378

379 The increased survival in response to severe drought itbith@ mutants is an interesting
380 observation,although we cannot presently provide an explanation for this phenotype. Some
381 cell wall mutants may show activation of drought defense responses in the absence of
382 exogenous'siress, for example this has been descobedefeskimolmutant deficient in
383 TBL29 (Lefebvreet al, 2011) However, this appears not to be the case withtihiD
384 mutants, which do not show any changes in growth and developmédifteoence in water
385 loss prior to theexogenoustress (Figre 7E).Interestingly, theTBL10promoter was active
386 in vascular tissues and stomata (Figure 2), which may suggestBhdtf) and hence
387 acetylated RGyplay roles in water uptake and transport.

388

389 Identification of genes involved in pecti@-acetylation isan important step towards
390 understanding the biological and molecular functionsOedicetylation in various pectic
391  molecules. In thisstudy, we presented the case wheréracetylation in R@ could be
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specifically reducedn plantaand propose that TBLs in Cluster I, and possibly Cluster II,

may function inO-acetylation of pectins.

Experimental procedures

Growth conditions of Arabidopsis plants and isolation FDNA insertional lines
Arabidopsisplants were grown in chambgiBercival Scientificlat 20 °C with70% relative
humidity withpphotoperiocbf 12-h day and 1 night at dight intensity of ~ 12Qumol m? s

! Two homezygous TDNA insertion lines in At3g06080TEL10, Salk_005890Ctl10-1)
and Salk_017129al§l10-2), were obtained fronthe Arabidopsigiological Resource Center
(abrc.osu.edu)Genotypingwas done using geneand T-DNA-specific primer sequences
obtained from the “DNA Primer Design tool provided by the Salk Institute Genomic
Analysis Laboratory Http://signal.salk.edu/tdnaprimers.2.htmprimer sequences are listed
in TableS1.

Pathogen infection assays

Detached(leaves of ® 4-weeks old plants were inoculated wiBotrytis cinerea strain
IK2018 spore solution (5 10° spores ml* in half strength potato dextrose brpths
previously describedNafisi et al, 2015). To quantify lesion sizes, high quality digital

images were acquired and processed with Imdggas(//imagej.nih.gov/i)l Treatments with

Pseudomonas:syringd®C3000were performed as previously descriljRautengarteet al,
2012).Briéfly, leaves were infiltrated with diluted suspension$oByringaeDC3000 (16

cellsmi™) in 10 mM MgCl,. Four leaves were harvested from each genotype at each time

point and the.surface wasterilized in 70% (v/v) ethanolThe bacterial growth inside the
leaves wag'enumerated by direct counting ofbtaaerialcolonies innutrient yeast glycerol

medium cohtaining 25 mg Mifampicin.

Drought stress assay

Seeds were surface sterilized and sown on solid medium containkdV0rashige and
Skoog salts including vitamins (1/2 MS medium) (Sigaidrich) and 2% (w/v) sucrose.
Following stratification (48 h, 4°C, in the dark), plates were transferred to algroam
(22°C, 106200 pmol nf s, 14h day and 14 night). Oneweekold seedlings were
transferred to soil for two weeks undée samegrowth conditionsand then subjected to
progressive drought by withholding water for 14 days. The plants neevateredand the

number of surviving, green plants was counted after 2 days.
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RNA extraction and RT-PCR

Plant materia frozen in liquid nitrogen werground with apestleand mRNA extracted
using the RNeasy Plant Mini Kit (Qiagewith on-columnDNase treatment according ttze
manufacturer’s instruan. The integrity of the RNAvas confirmed by gel electrophoresis.
Before cDNA synthesjsnRNA concentrations were quantified by NanoDrop (Théfisizer
Scientific) and nermalizedo the equal amousit cDNA was synthesized using the iScript
cDNA synthesis kit (BieRad) according to th manufacturer’'s protocol. Presencetioé
TBL10transcript in the wild typebl10-1, andtbl10-2 was analyzed by using intron-spanning
primerstlistediinfableS1,while ACTIN2(ACT2 AT3G1878(Q was used as a reference gene.

Expression analysis of th@BL10 promoter using a GUS reporter

An 1800 kb 5’ upstream sequence of fAiBL10 gene not including the start codon was
amplified By/PCR using USER compatible prim@our-Eldin et al, 2010)listed in Table
S1 The promoter sequence was inserted inph#-E41vector, containing thBAR gene
conferring=resistance to BASTA (Bayer CropScienegthin the T-DNA cassette The
resulting (vector wasintroduced to Agrobacterium tumefacienwia electroporation.
Arabidopsiswild-type plants werdransformed by floral dipping and selectiafter two
conseative spraying with BASTA following the manufacturer’s instructibhe presence of
the TBL10promotor:GUSconstruct was verified by PCR thithe primers listed ifiable S1.
Leaves stems=and roots fromBeekold transgenic plants were examined for GUS activity
after incubating.for overnight (16 h) at 25 itCa GUS staining slation consisting 060 mM
sodium phosphate buffer, pH 7.0, 10 nelthylenediaminetetraacetic ac@l1%(v/v) Triton
X-100, 0.5:mM.potassium ferricyanide, 0.5 mM potassiamocyanideand 1 mgmL™ 5-
bromo-4-chlero=3-indolylf-D-glucuronide. Under these conditions, the si@ig was not
saturating.“Fer‘saturating staining, incubation at 37 °C was perfoi@idarophyls were
extracted with 96%v/v) ethanol Initial screening folGUS expression was performed using

22 independentansgenic plais, and subsequently 5 independent T2 plants were analyzed in

detail.

AIR preparation

AIR was pepared following previously described procedures with some modificgfons
1988; Harholkt al, 2006) Leaf and stem matergalvere harvested in ligd nitrogen,ground
to a fine powdein a mixer mill (Retsch) and suspended ineodd 96% (v/v)ethanol. The
samples were placed on glass microfiber filters (GE Whatmanyvasded several times
96% (v/v) ethanol until free of chlorophydnd finally washed i100%(v/v) acetone and left
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to dry over night at room temperatuiieo remove starghdried AIR wasgroundagain in the
Retch mixer mill and sugmded in a preheated (at ~90) Westarching buffer consisting of
10 mM potassium phosphate buffer, @b, 1mM CaChk and 0.05%(w/v) sodium azide.
One hundred milligramsf AIR wereresuspended in 25 maf the destarchinguffer and
were allowed to gelatinize for 30 s before addition of ImU* thermostablex-amylase
(Megazme) followed by incubation at 85 °C for 15 milhe samples were cooled to room
temperaturesand 1 U rifileach ofamyloglucosidasand pullulanase (Megazyme) was added
The mixtures were incubatddr 16 hat room temperaturith gentle shakingDestarched
AIR was collected by cenfugation at 2J000<g for 10 min andpelles werewashed with
destarching=buffer on glass microfiber filtelGH Whatman) rinsed in waterand dried

overnight.

Fractionation of AIR

Pectirenrichediand pectidepleted fractions were obtained by incubating destarched AIR in
a digesting=buffer consisting @80 mM cyclolexane diamine tetraacetic acil0 mM
ammonium formateand 0.05%(w/v) sodum azide. SixU mL™ of ePGfrom Aspergillus
aculeatus(Megazymeé and 4U mL™* of PME (Novazyme$ were added to the solution
followed by a 24h incubation with gentleshaking. After incubation, the enzymes were
inactivated at 95°C for 10 min, and the reactions were allowed to cool to room aé&mper
before centrfugation at 21,00@g for 10 min at room teperature.The supernatants
containing.the released pectsrwere transferred to new tubes. The remaining pellets
containing hemicelluloseand residual pectiwere washed twice witthe digestion buffer
and resuspendedn 1 mL digestion buffer. Acetic acidontent from these fractionsaw
determinedcolorimetrically using an enzymmoupled assay or by reverphase high
pressure liquid‘chromatography (HPL& detailetbelow.HG andRGA wereisolatedfrom
destarchedAIR treated with G and PME as described aboveFollowing enzymatic
treatmenthydrolysatesvere filtered through nylon membrawith a pore size of 0.45um
(VWR Internationallandconcentratedy Amicon Ultra spin filters with a moleculaveight
cut-off of 10 kDa (SigmaAldrich). The tow-throughs, consistinggf HG-derived small
molecular weight productswere recovered as the HG fraction, whilee tconcentrad
materialsin. the spin filters werasubjected teize exclusion chromatography (Superdex 200
10/300 GL column) using 56nM ammamium formate (pH5.0) as eluents previously
described Stonebloonet al, 2016) The refraction index was used to monitor carbohydrates
in eluents as described previously. The HG andIRf@&ctions were analyzed faugar
composition of norcellulosic polysaccharidendacetic acid conterds described belovht
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leastthree independent biological replicates were analyzed for each genotype. Values are

expressed as relative percentage and are the mesausdard deviationsSQ).

Quantification of acetic acid

To release acetic acftbm a samplgl00puL of the samplavereincubated with 10QuL of 1

M NaOH for 1 hfollowed by neutralization by the addition @00 uL of 1 M HCI. The
amount ofreleasedacetic acid was determined using spectrophotometric procedures using a
standard curve/of acetic acid to calculate concentratisitgy an enzymeoupled assay
(Megazyme)Alternatively, the acetic acid content was measured by using redesase
HPLC. Thersamples weregpassedthrough 0.22um Hydrophilic, Low Protein Binding
Durapore ([Membrane (Merck Millipoyeand the filtrates were injected int Shimadzu
chromatograpér LC-20AD equipped with a SH20AC HT autosampler, UV detector SPD
M20A, and a reverse phase column (688/5E0, Phenomenex)Samples were eluted at a
flow rate of*0:7mL min™ in 20 mM potassium phosphate buffer, adjusted to pH 2.9 with 85%

(v/v) phospheric acid. The eluents were detected at 220 nm with a diode array dékeetor

independent biological replicates were analyzed for each genotype. Values are expressed as

relative percentage and are the means + SD.

Monosaccharidecompositionanalysis

Destarched AlR10 mg)or purified HG and R@ fractions werancubated in 1 mL of 21

TFA forgd h.at.120°CThe samples were allowed to cool to room temperature and TFA was
evaporated under vacuuand resuspended in rhL of distilled water. The samples were
filtered as,.described above, and analyzéy high-performanceanion exchange
chromatography. with pulsedrgerianetric detection (HPAE®AD), usinga PA20 column
(Thermd-isherScientific) The program settings were as previously descri@#xao et al,
2004).Threeindependent biological replicates were analyzed for each genotype. Values are

expressed as relative percentage and are the means + SD.

MALDI -TOF analysis

XyG oligosaceharides were obtained as previously reported with slight modifgation
(Dardelleet al, 2010) Briefly, the pectirdepleted fractions (5 mg) were incubatearnight

at 37 °C under agitation at 180 rpm in 500 plLeoidce(1-4)$-D-glucanase (10 U, EC
3.2.1.4; Megazyme) prepared in 10 mM sodium acetate buffer, pH 5. After the addition of 2
mL of 96 %(v/v) ethanol,samples were precipitated overnight20°C and centrifugetbr

10 min at 10,00Qy. Supernatants were evaporated under a flow of air to concentrate the XyG
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oligomers. XyG from tamarind seeds (Megazyme) was treated similarly and used as a

control.

A voyager DEPro matrixassisted laser desorption ionizatiime of flight (MALDI-TOF)

mass spectrometer (Applied Biosystems) equipped with anB8iditrogen laser was used to
analyze XyG fragments. Mass spectra were collected in the reflector delayed exiraxti®

using 2,5dihydroxybenzoic acid (Sigmaldrich) as matrix. The matrix, freshly dissolved at
5mg mL™ in.a solution composed of 70:30 acetonitrile/0.1\%) TFA, was mixed with the
watersolubilized oligosaccharides in a ratio 1:1 (v/v). The spestre recorded in a positive
mode, usingranracceleration voltage of0RP0 V with a delay time of 100 ns and above 50%

of the laser energy. They were externally calibrated using commercially available mixtures of
peptides and proteins (ProteoMassTM MALG#4libration Kit, SigmaAldrich). Laser shots

were accumulated for each spectrtomobtain an acceptable signal to noise ratio (sum of
three speetramof 1000 shots per spectruRgur independent biological replicates were
analyzed for-each genotypéaluesare expressed as relative percentage and are the means +
SD.

Accession numbers
The TBL10gene has the ID At3g06080.
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Figure S1.A phylogenetic tree based on 46 TBL proteins in Arabidopsis.

Figure S2.Expression level of BL10in various tissues Arabidopsis

Figure S3 Monosaccharide composition of peetinriched and pectidepleted fractions
derived from leaves dghewild type andbl10 mutants of Arabidopsis.

Figure S4.Monosaccharide compositions of RG@ and HG fractions isolated from leaves
of Arabidopsis wild type andtbl10-1 mutant.

Figure S5. Cemparison of expanded HSQC ADAR spectra of wiletype andbl10-2
mutant of Arabidopsis leaf cellalls solubilized in IMSO/[Emim]Ac.

Figure $6."Morphological analysis of stem sections of the wild type andbith® mutantsof
Arabidopsis

Table S1.List of primers
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Figure legends

Figure 1. Isolation of homozygousbl 10 mutants of Arabidopsis.

A. Gene model offBL10 showing FDNA insertional sites fortbl10-1 and tbl10-2 and
primer binding sites. The presence of a transmembrane domain (TMD) and motifs (GDS and
DXXH) conserved among TBL family proteins are also indicated. Nucleotide regions
encoding ‘conserved domains (Pfam13839, the PMR&riNinal domain; Pfam14416,
GDSL/SGHIike acylesterase family domain; DUF231) are marked by solid bars, wherein
dotted areas‘indicate the exoBs Genotype analysis by PCR using target specific primers as
shown in panelrA. Genomic DN(gDNA) isolated from the indicated plants was used as the
template.Cs"Analysis of the presence of tAi@L10transcript in leaves and stems. Primer 6
and 7 were used to detect the TBL10 transcript, as shown in panel A. Primer 7 spamsed e

3 and 4ACTIN2 (ACT2 was used as a reference gene. Total RNAs were isolated from the

respective genotypes, normalized to the same amount,used as the templateD.
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775  Representative images of the wilgbe and thebl10 mutant plants after 8 weeks (left) and 12
776  weels (right).

777

778  Figure 2. TheTBL10 promoter:: GUS activity in Arabidopsis.

779 T2 generations of transgenic plants bearingTtBe10promoter:GUSreporter gene fusion
780  construct were analyzed.. Mature plant (1dveeks-old plant).B-D. Closeup imags of a

781  rosette leafsshowing@ marked staining in the vasculature (B) and stomata (C),thend
782  absence of notable staining in trichon{®8. For comparison, staining of a trichome in an
783  RWAZ2promoter:GUSplant (Prwa2; Nafisi et al., 2015) is shown in theeint.E. Flowers.F.

784  Closeup images of anthers in the flower developmental stages of 16 (left) and 1k @ight
785 Roots.H. Seedlings. Plant materials shown in panels A thr@eigrere grown in soil, while
786  the seedlings_shown in pandlwere grown in ¥2 Murashigékoog media containing 1%
787  (w/v) sucrose and 1% (w/v) agar. All plants were grown in the diurnal cycle-lofligat and

788  12-h darkness:

789

790 Figure 3. (Acetyl ester contents in cell walls isolated from the wild typehpl10-1 and

791  tbl10-2 mutantsof Arabidopsis.

792  Destarched AIR derived from leave&)(and stemsR) were analyzed. Ten milligrams of
793  destarched AIR was saponified with NaOH and the acetic acid content was determined. Three
794  independentbielogical samples were analyzed for ganbtype. Error bars indicate standard
795 deviations Asterisks(*) indicate significant difference from the wild type as determined by
796  Student’s itest P < 0.05).

797

798  Figure 4. Acetylhester contents in pectienriched and pectirdepleted fractions obtained

799  from the Arabidopsis wild-type andtbl10 mutant cell walls.

800 Destarched AIR from leaved ) and stemsR) was treated with ePG and PME and separated
801 into the pectirenriched and pectidepleted fractions. Each fraction was saponified and the
802 acetic acid contds were determinedC. Normalized acetic acid contents by the GalA
803 contents in leaves. The acetic acid contents in the peatiohed and pectidepleted
804  fractions obtained from the leaf material were normalized by the GalA content in the same
805 fractions.Error bars indicate standard deviations of thoe&ve independent biological
806 replicaes. Asteriskg*) indicate significant differensdfrom the wild type as determined by
807  Student’s test P < 0.05).

808
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Figure 5. Degree of acetylation in the R and HG isolated from the wild type and
tbl10-1 mutant of Arabidopsis.

A. Isolated R@&. B. Isolated HG. RG and HG were isolated after treatment with ePG and
PME followed by size exclusion chromatographije acetic acid contents were normalized
by the GalA content in the same fractions. Error bars indicate standard deviaititour
indepenlent biolegical replicatesAsterisks (***) indicate significant difference from the
wild type assdetermined by Studenttest P < 0.001).

Figure 6. "Xyloglucan (XyG) oligosaccharide profiling of the Arabidopsis wiletype,
tbl10-1 and'tbl10=2 cell walls by MALDI -TOF MS.

A. Relative abundance of XyG oligosaccharides releasedesiiglucanase treatment. The
nomenclature_follows the one letter code proposed by Fry et al., (1993). Ac indicates the
presence "of anO-acetyl group.B. Relative abundance of totaD-acetylated XyG
oligosaccharides. Data are the mean + SD ffoun independent biological replicatelo

statisticallyssignificant difference was observed as assessed by Studest’® t 0.05).

Figure 7. Phenotypicanalysis of the wild type, thebl10 mutants, and therwa2-3 mutant

of Arabidopsis.

A. Disease development upon infection By cinereabased on at least 28 independent
biological samples for each genotype. Error bars indicate standard &rd@sowth of P.
syringaepv..tomato DC3000 in leaves, based on 6 independent biological samples for each
genotype. Error bars indicate standard deviati@hsBright-field images of trichomes on
leaves. Representative images are sh@vrloluidine blue staining of ithomes in leaves.
Representativesimages are shown. The white arrowhead points at an example of staining.
Closeup imagef trichomes are shown in insert&. Water loss kinetics in detached rosette
leaves, based offiour independent biological replicate€rror bars indicatestandard
deviation.Statistically significant differences, as assessed by StudetefSs ¢ < 0.05), are

indicated by asterisk&). Only rwa2-3 showed significant differences in panel A and E.

Figure 8. Drought response of wild type and thébol 10 mutants.

Forty-fivesplants of each genotype were grown for three weeks and then subjeseeri®
drought by withholding water for 14 days. Subsequently, the plants werateeed and the
number of green, surviving plantgas determined after two days. The experiment was

repeated twice with similar results. The datasvemalyzed with Chsquare test and both
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843  tbl10-1 and tbl10-2 showed better survival than wild typ®  0.01 and P < 0.001,

844  respectively).
845
846

847  Table 1: Monosaccharide composition of AlRsolated from leaves othe wild type and

848 the thl10'mutants of Arabidopsis.

849  After hydrolysis/of the AIR, released sugars were analyzed by HFASQ. The values are
850 expressed as'mol% and as average of three biological replicates = SD. None of the sugars
851 showed statistical difference between wild type and mutants (Studéestsath Bonferroni

852  correction;P > 0.05). Ara, arabinose; GIcA, glucuronic acid. Abbreviations for the other

853 monosaccharides are found in the text.

854
Monesaccharide wild type tbl10-1 tbl10-2

Fuc 1.81 £ 0.05 2.06 £0.11 *1.94 £ 0.07
Ara 15.74 £1.09 16.05 £ 1.06 15.57 £0.92
Rha 9.73+0.22 11.32+£0.51 *10.16 £0.23
Gal 19.10 £1.07 18.34 £ 0.87 1748 £1.19
Glc 6.50£1.16 4,98 £ 0.52 4.84 +0.32
Xyl 15.49 +£1.96 16.23 £ 0.60 15.77 £0.34
Man 2.52 +0.52 2.74+0.23 2.74+0.17
GalA 27.95+0.38 27.22 +2.42 30.32 £+ 1.96
GlcA 1.16 £ 0.09 1.07 £0.22 1.18 £ 0.36

855
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