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Swapping of different xyloglucan backbone structures between rice and Arabidopsis to indicate their

functional roles in plant cell walls.
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Swapping of different xyloglucan backbone structures between rice and Arabidopsis to indicate their

functional roles in plant cell walls.
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Abstract

Project Code : MRG5480289
Project Title : Swapping of different xyloglucan backbone structures between rice and Arabidopsis to
indicate their functional roles in plant cell walls.
Investigator : Dr. Supachai Vuttipongchaikij
E-mail Address : fsciscv@ku.ac.th
Project Period : 2 years
Abstract

Xyloglucans (XyGs) are important hemicellulose polymers that play role in cell walls for controlling
plant growth and development. A number of enzymes are required for coordinately synthesizing these
polymers. Especially, xylosyltransferase is a key enzyme that responsible for the whole biosynthesis
process. XyG structures have been divided into two groups based on their backbone structures between
monocots and dicots, and it is believed that XXTs are likely to be the key enzyme for this difference.
This project aims to characterize the function of rice XXTs in XyG biosynthesis and the role of different
XyG structures in plant growth and development by using Arabidopsis and rice as models for dicots and
monocots respectively. This work proceeds by cloning and overexpression of five rice XXTs in
Arabidopsis XXT knockout mutants and, in parallel, expressing Arabidopsis XXTs in rice. Five rice XXTs
were successfully cloned and a number of Arabidopsis transformants with rice XXT were selected. RT-
PCR analysis indicated that the transferred genes were expressed at transcript levels. However, rice
transformation by using Arabidopsis XXTs was unsuccessful due to low rate of shoot re-generation rate
of transformed calli, and Thailand flood event in the past year. To gain more information from these
genes, recombinant enzyme of five rice XXTs were produced by E. coli and enzyme activity was tested.
However, no xylosyltransferase activity was detected, unlike what was previously observed by using
Arabidopsis XXT recombinant enzymes. Immunolabelling using XyG specific antibodies in transformed
Arabidopsis mutants showed that three rice XXTs could produce XyG in xxt2 4 5 mutant but not in xxt1
xxt2 mutants. The labeling also showed that the present of XyGs was due to the backbone structure,
not for fucose side chains. This indicated that these three genes were indeed XTTs and could
synthesize XyGs in Arabidopsis. Nevertheless, further studies from Arabidopsis transformed with rice
XXTs are required especiallythose that involved analyzing xyloglucan biosynthesis and its impact on

plant growth and development.

Key words: Plant cell wall, xyloglucan, plant growth and development
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wnzlwaduludgadiund lassfannisazwuldluirluRoguaslufoadunlilsdveszgangy dw
a A v A v ] < o v £ 6 A oA A A &
shansasazwuldianzludzaszpangrinu ol lawsaisvasntuaaddgunivianinianu
Usznaudiniduluiaglas (cellulose microfibrils) Npsrwunmdunenudisuasiuwiaianfianlsd

=1 R v =) dl 1 1 v v R
Soswduwnuveslesssds  uazdlolanquaniendeszniadulomaglaadisviuselalanaulunis
sialassifdanulIsudimomavasiiung  wazlinadungnifulusesisszniduiideudani
°11aaLé"ulslLsﬁaQIaaLﬁaLa%umwmlﬁaanaﬂmaa%”n FIULATIFIVDINHILTRRTAANFDIUUEI lUNTU
| @ Vv o P A o { o @ '
wida widiadaduveadioaglasdiazil GAXs uaznguanmonsuludadiungannvliiinieiadn
a & A &, A o o A A ' A \ = ad
Induzaenlidrasriiatinazvwihiidwsendamelowaglasununlolanguan adalsfiounnujs

&

ﬂ&lﬂﬂﬁ’ﬁﬂ’]iﬁg’%ﬁ (Carpita and Gilbeaut, 1993)

lalanguau lavsaisuaznsdaiased
A ea LY & A A v A ] A A
lolanguawdulndusan lsdnnulubmasvasirunynofauszaniiwisssmiofdeinng
whafiliwy (Popper and Fry, 2003) fauznivasluanafnainwasranuagluntaaadifoinuaiud
wilwaay lasluanagiulngiaz 700 f9 208717 ) wiluiwas 200McCann et al., (1990luizvIlnaly

LﬁmL(ﬁ'mLLa:"LﬂLﬁﬂa@;ﬁfuﬁvl,sﬂaﬂgLmuﬁﬁimaaﬁ?ﬂqﬂi:ﬂaﬂﬂﬁammumaﬂmoa%“"wﬁl,ﬂuiwﬁma‘fmﬂma
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{ a v 'n 04 v [ &
8711289 B-1,4-glucan NQnidndIe 0-1,6-xylose uunglasmuluianafidanulasimaiutimisluana
A A a . ! A a A o A v a a1 w
nlifimaduznienguluanafignids wazluanazeslolasnduniinaesuszmudududady o-1,2-
e A o L XF o
galactose uazluananuaalasuulalagludunbinaueiadndedis O-1,2-fucose Nilinagiuzia
A X o a e . > . A o
PaINTURTUIATITUALTRATE I TARNLANG1NU (Hayashi, 1989) uwananiluiananiuanlaatsiinng
Aa % 1 AaAAa é a dl = 1 Qq: 1A [
\ndonyardasdinuludIinununis 80% wvasmymuanlaaning uddwlued Poaceae and
Solanaceae Wuidllavsassniuandranufa dmiidn 1,6-xylose LumsnguawAsIrasluanauazlay
' VA < o AN A a A Y < o AN A a .
saulngilinisaudisresluanan ldinmadn nIedutasaudronans gluanafn lddnsdunylolasay
uaﬂmﬂﬁ%ijlsﬂaaﬂhmmmgﬂlﬁmiaéhUﬁnma L-arabinose (Vincken et al., 1997)
Q Q Qq: Qs &‘ =Y v 4 v
lunsdtansintuasanumelowsglasszinsdiansiuuuidunanuaafuimas (cell
v 6 A U c.i 1 nq: d' v 1 qqz' a [ €d'
membrane)  dislouladlififeuniuninaglutusaiaiu  udlolanguaniuiinalnmidsiaaein
WANGNIAK Law kAt g ﬁﬁ@ﬁﬁmﬁﬁﬁéﬁLm’wﬁazﬁwmuagﬁ’]ﬂwao Golgi apparatus waziila 'l
languanldgnasaneiiaiadunazgnuudsldgniouenioadein  vesicle transport rauflazTIngIny
A U 1 L 6 fni o v aao & %
suloiwaglasiiessilassiemitugad  laseulodihwihfidianzdlolanguaniudsznaudis
& Y v a A ea o v A o
Law brafognattoswpiia Aa glucan synthase (Cocuron et al., 2007) (uowlminyiminngsrs B-1,4-
A o . . A o
glucan Faduunuvaslassaing xylosyltransferase (Faik et al., 2002; Cavalier and Keegstra, 2006) <411
wihAdnsiana lolastn lufiunuaadlassainy  galactosyltransferase  (Madson et al.,  2003)
& o v { a g’
fucosyltransferase (Vanzin et al., 2002) L@ arabinosyltransferase FavnminNiduiiananiuanloa vjiﬂﬁ

LLa:a:ﬁﬁIumﬁwgﬂuLaqa@nuémvu

v A
wihnvadlolanguau
lalanguanldgnisualiidulniuaaanlsdndanuidgdenisaielasiaiuaznsngua s
iwaslasnaidendamelowaglasdidisniuuazyhwinfilunisresibuazaeuibusinasing gunszyi
¥ oa X A
(Pauly et al., 1999, Cosgrove, 1999) nafaduanmeluiwasiaduazanaeuan lasianizainab
\ A o €0 o A A Aa o & a o @ )
lutsnndussdmasdnisbevsnslusnzndnsuaadenaad  noujanuddyadlolanguanild
suvayunMIEnsewlmnasriiafvhwinineadanun e TasuazA LN IATY VeI
A1 waznuiiewlmiiwaidnisrinulasesenulolanguau  (Cosgrove, 2005) leiuri  expansins
= { o v A [ }
(McQueen-Mason et al., (19925udutauladnmninaiugunistiavenovainiiimadlunnainsasine
kg o e 1 Lt =2 1A (3
dramathaoiuszlalaseuszniwlolanguanivmolowagles uazds  (lidnsdamalolanguan)
wtnaasinImelolanguanlisuiuaslowsglasiosasiinalilassaisaduuunaiu givansouly
P v A
nMsfaveng xyloglucan endo-transgluco/hydrolases (XETs) (Fry et al., 1992) Gﬁdﬂﬁﬁmmumimuqu
MIdaumpvINkITafiTwAIINL  expansin udn1svhauandunmsdamslolanguanliidumedug
wazthandagaunmdumelninuwadiignn wedales  (@wlngiiaiinanusivadluans)
@ v LY % { ' & o
lowsivaswdusadlndldfionumanzauiuimadnazassrwally  uazendo-glucanase  Giazvil

v A ' o & A < o ) o a ~ ' a A
%uﬁ“nmugvlﬂﬂuLauvlsljuaaa“ﬁu@iu“uu@lmmmi‘ﬂ"l\‘l”mﬁlzLﬂum‘s@l(ﬂa’] ﬂvLsﬁIaﬂgLLﬂuLw HNRHE NIRRT
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AAYAMNULTIVDI L ATITIHNITRRNATAITUNITHAULY  WaNINTLaW M NIRINTRARE TN lwnNT
. . . A A \ & A A L. A A v o
AILANMIANUBING (fruit ripening) WazMILALINIONRAIIITadLkeLIaNT (abscission) TaLABITRIAL

madsuulalasiairveslalanguanlunitaiaad (Rose and Bennett, 1999)
~ aoa
sufisyI5Ion

mM3laandnanan (Oryza sativa L. var. Nipponbare) wazRIINAEIadnIUNEneduluaznieauds

nmsanaansiauannaudaudnunziasslugnndaaalaidunan 2 sasilasld RNeasy
Kit (Qiagen) wa¥inNIFIATIEH cDNA lagld a1sidwenanale 1 pyg LNAL 10 mM dNTP oligi-d(T)

. & . N o < a Ao &
primer uaztaw oy reverse transcriptase (invitrogen) WATARINBUINATIAaUIUIIN cDNA NFILATIZA
o AA & v & &d o o o v & a ' o a

lalasnmsrinddensars insinasnswenudn XXT 289119119 5 % daunintnsasiagaunavadInI TN
YSunaudrsazmlsaiaadiannlniSauazyinnislaauitn pGEMTeasy 1iniaas @283 TA cloning Lie
AaldanlaanladsrinnsaTiaseuiugumaianloiaasiinsuas ez AaaUIUE

UFIUVNIRIINARRad Lo iurinlasnsaadasiunlaauandany  pENTR  Lantaaseny

€ e o 3 =< o % aq' 1 A L ~a o [ 1 A % 4
enlodaadunizudy  Fsvhnsdhedusududhgwaaiiadmiunsdiebn pH2GW7  daeianld
Clonase (Invitrogen) wasannigTaaulasndedusuaidnausinimsiewaaiianing £ coli Ui
o o A o ad ad AA & A o A Ao A o @ .
nsdadendinend fIucuaziiidenineunazhwanadafidaiianleatioghg  Agrobacterium &
Wug LHA105

mMInaalusaulu E. coli LLazmiﬁﬂﬁU%qﬂ%{

ﬁ’m’lsa%“nwmaﬁm%m%'ua%ﬁﬂﬂiﬁuiﬂUmﬂﬂaumm:%umu%éhmnsignal peptide 4 stop
codon lagmsvfideniaas iniiuesnenzasnudunisanizidasmIugainnslaawdn pGemTeasy
vector m’maauﬁm”uLuaﬁgﬂﬁaaﬁauﬁﬁmsﬁ@ﬁ'sslLauvl,enﬁ@‘i'@ai’ﬁwazLLa:L%amiaL"ﬁ’]ﬁ'u pGEX vector
LL&T@@T@Lﬁaﬂiﬂawﬁ'gﬂﬁaﬂ@U?ﬁﬁ%aﬁiawﬁumiﬁ@ﬁaULau"LmT@”m‘thw dowimanadenaaiionle
dawdng E. coli snuws BL21 udadaiRanlaaudiaddent

AOUNTNNIINNZIAELTRE. coli iealdanldifandalisaulamassluamis 2X YT e 2 %
fiawdy IPTG Ainnultudi 100 uM WFLAE9EaEN 1 T daanynMaALAEITASIAIM T WAIE Ui
MIRasuanlasnslt lyzozyme SINALWIIAL osmotic LLazﬁﬂﬁTﬂiﬁuﬁqﬂﬁ@ﬂ% Sepharose 4B
IWanusY tag ﬁ@@agj’n”ﬂﬂiauﬁwﬁmvlﬁ msasuazazlis@uaanain Sepharose 4B av19sanllyaiud

e SDS-PAGE uaziauSunmlas Bradford assay

nIaasaulfisenvediow s

avseudfisunsvasenlodlunssidonyihamalolasdigialaianazlas  (cellohexaose)

losduenloinanalddszanm 0.3[g figaunn 30°C 1dunan 50 NUsznavdntalusluradjisen 18
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mM PIPES pH 6.9, 0.5mM UDP-sugar (Xyl, Gal or Glu), 20mM B-mercaptoethanol, 150lg
oligo/polysaccharide acceptors: or cellohexaose, 5mM MgCIl2, 5mM MnCl 2and 0.37KBq of UDP-
[14C] sugar (Xyl, Gal or Glu) Tui/Sanasvin 251 LLéﬁ%q@ﬂﬁﬁ%mI@Umiﬁmﬂunm 10 W1l NTIWIN
MIaTIReUUATeIee3d TLC finauiasunan Robyt & Mukerjea ( (1994and Atichokdomchai et al.
( (2006161&1’1? Whatman TLC K 5chromatography (silica-gel) plates W&z mobile phase fa acetonitrile: -1
propanol: water: ethyl acetate (85:50:50:25) tiuinan alus warvinsaamasiduassdlasls 2
phosphorscreen MuUadU®h TLC plat 1Jwiian 16 fﬂmuﬁam’sﬁ]aaué“ryty’]mﬁamﬂ'%iao Phosphorimager
(BIO-RAD Laz@T1380 U unkvad 1oalaanazlagun TLC plat laamsdasee ) %0.1w/v) O-napthol
and ) %5v/v) sulphuric acid LLa:ﬂuﬁqm%Qﬁ 120°C 1Juian w1 10

mytaduuszmsdaiRenazniaaufamonuinaiy
mm’wslﬁuvﬁ'};jazﬁﬁ@au%mﬁmwnmsﬂgﬂazﬁﬁ@ausﬁmumzﬁaaaﬂ@aml,ﬁ';ﬁ’m'mjmaﬂaﬂu
TuINaasazlnsuuafiS NN Inasladnsumsinoduluasazany 5% sucrose WALWITLALIABIN
Wudald Weldindauarfevinnmsaatdenlasnsmnzwdan lesumsansduadlua1vis % MS Nidw
35 pg/ml hygromycin B La23z8INNI0AALA0NAUA basUMTENsunadtnziasdtszunm 2 alonn
v A et 6 ) s A v ad 1 v aA aaa [ A o v 1
nIsalRanauuiuivhlasmidalendinendjTume wnuisdjisognlanedwans lasihduiu
Aal = g ' o o Y ' o oA AaA ad a
T, Ngudmbunuwzidns desldnaudasldiduiu T, dalanlaslgnuuarmnidmyjuzan
a3t lagluin T, wu zdnansznovesduiidnodhlueenidusauuy e dulidiu dundduuuy
A o AN v aa & A aa o o o A
homozygous UAzWUL heterozygous Tadiuil ldHunuazansaeudanuuannisndenyjiiue swuibdun
fiwhudazduanaudiiesdnads ldiduiu T, udduidenduerniaeudannudazdusasin T, W
athaan 10 du vhufisinAdeniineanaseuiu lasduduiu T, uuy heterozygous vzldTudiuves
Buldasuny 10 du waduduiu T, uuy homozygous v ldTusuvasduynduniasasey uazfiaiduas

Niaaudaainarsduwan ﬂw”uﬁjl,wT

s dwdngin

MlaszIRILARE&IN  scutellum  VadLlNAa luaAMNUaaalTauua1ns MS LGN casein
hydrolysate 1g/L 2,4-D 2mg/L uazjuns 1g/L 1iuiaa 3-4 qlandt laiduuasdaudusidnisutdiadng

& & o kg \ [ i AaA A A o, A A a

NnaSRaldwnfosuny Agrobacterium  Aiwanadanildtiedn  unewmnIgaTianTLaN
Acetosyringone 100 pM iluam 3 Fu udddsdeliidesluamisganduniimuds hygromycin 50 mgiL
uae cefotaxime 250 mg/L LWaRALAaNLARAEN bAILUNNTENaHuLAzaTE Agrobacterium aNENAL L1ila
o A o .:.i a Aﬂld . wR U rfl’ n:i o v
AnianuaaaaiaanIaEIYUReIMINTE  hygromycin ladsdneluimnziesluamsgannie il

a ¥ ¥ d‘y v ¥ v dl 6 o o A v dl ¥ 1 a 1
FNAALLRILNTISLR Elxﬂ:‘ﬁLﬂ%@]u"ll']’)‘ﬂﬁllHimt.Lﬂz‘Yﬂﬂ'ﬁﬂ@Laaﬂ(ﬂu‘ﬂvl,(ﬂﬂﬁiﬂﬁ HUWE BVL‘]J
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mimaaaaumiaéﬁﬂsﬂaﬂgLmusl,uaz?ﬁ@au%aﬁ"l,ﬁ%'umirhﬂﬁu
Faduilofanurnsastutensnaasarnineudassialnuuanfusnunilusmsazans 4%
paraformaldehyde 1w 100 mM PIPES, pH 6.9 LLﬁﬁdﬁ’m’ﬁU%mﬁaLﬁaﬁ’m 3% BSA lua13azans100
mM PIPES, pH 6.9 1uian 1 33la9 Ua23905193usuandued LM15 w3a CCRC-M1 luansazans
@i 1winan 1 $2lud nasansuinesnumTazans 100 mM PIPES, pH 6.9 suasl Asias 5 W
LL&Tﬁqmwﬁ'ﬂ@T’smmuﬁuaﬁnﬁﬂgﬁ (antimouse %38 antirabbit-FITC) l#&1382a18 100 mM PIPES, pH

6.9 1uaa1 1 T2lad a9e8a1Iazany PIPE 5ﬂmwﬂ§'aLL&T’;mmaaumslﬁnﬁaaqamsﬂﬁﬂgamaméﬁu
a ¢
HALLAZINTOb

M3laanidn XXT N9 5 81 27n971)
A o ° a AN v ° o v A A & o @ 1
ANEWTNIIWIN 5 G Vl"l,@mmimmﬂaﬁﬂaﬁ@uuaﬂaia"lﬂ@aﬂngﬂumaga NBCI u&27i1iaziin
flu xylosyltransferase (XXT) aunIalaanlaasuuaing 5 81 lagvinnnslaauain cDNA A laanniiaiie
' o Y aAadAaA & & o P e @ A = & o o o o &
99209t mMedtRdeslasltinsiweininsaesauinadle Inanidusvadinsunisasnaia s b
A A s’aq/' = aq// 1 A d'l AI a U Y aaa a A 6 v K d'l 1
HaTaINIATNIMe 5 Butiuuaataglugfl 1 Wamwaiaudiinalddiod fiseigersudrindende
WANUNLUINAES pGemTeasy WaIYNMIHuEnRNLUSINMALEUIEA8LTa E. coli uazinisasiagay
A v A A & e o ' A o @ A = 4 o @ A a
TAaui [ AN D1TLaLaW TAAILNIL AawNITIATIZAENALRIAR LA NG IINNIIATIIROUSIAUTIAA
& & A A v o o A o o o o
Talnawuing 5 ﬂwnvl,@wmsm‘ngmﬂaamugmmagammu
MNeTeusznoazidsariazasiunsannazniaendauazdnlilunsidvaisiuaasagluaned
1 lasuanInuavaddn (coding sequence) Luszszaadfinaiud start codon 3ud9 stop codon Nazld
lunisanedinain ﬁwaLﬂTﬁgjazﬁﬁ@aws'ﬁa LLa:azsﬁﬁ@aw%miﬁgjﬂTn &% coding sequence for protein
expression iiuguvasdunazlluniaisondathny purification tag uazdnudhg E. coli ialdlunig
naaldsdusmiunminaseudisemesanled lesdrauusnazlsidunsaaiardusinauniiyais
5 wasdudszunm 70-150 Faadlatneg N signal peptide e waasduaIwATALININITHES

Tis@ulu E. coli
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BO7 DO1 D03 EO08 500

2000bp =>

1000bp =

500bp =—>»

WA 1 NTlaandn XXT 91017109 5 duwatiagaulagazniligdianInlnsga

@13197 1 8% Xyloglucan xylosyltransferase (XXT) va9az51daauSauazt1f kilunsdnm

Coding sequence for  prote
Gene locus Gene name Coding sequence (base pair)
expression (base pair)

At1g18690 AIXXT4 1542 -
At1g74380 AIXXTS 1374 -
At3g62720 AIXXT1 1383 -
At4g02500 AIXXT2 1386 -
At5g07720 AIXXT3 1374 -
0s02g0529600 Do1 1443 1240
0s02g0723200 E08 1344 1277
0s12g0149300 BO7 1392 1262
0Os03g0305800 D03 1452 1351
0s11g0546500 500 1452 1269

mananInauiuuuildsdulu E. coli uaznasoulfisenvesanlod
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naesdmsumsnaallsdulunimasasiils pGEX system (Amersham) 715 N-terminal GST-
fusion tag Lﬁﬂ‘*ﬁ’sﬂumatﬁﬂﬂsﬁulﬁu?qwﬁgm’f\iﬁnﬂﬁﬁmﬂ%amiaﬁwﬁnﬂg\‘] 4 fi% fia BO7 DO1 D03 Lac
E08 hgiiniaa’ pGEXlaslfianladaadunzuaziowlsd ligase udy Jsvmilaauidg E. coli ¥iims
AaldanlaauLazaTIRauANgndastadlaauldmoionlmidadinizuszaareuiduius M 2
usasunufitawlsdaadnnizussnanaians 4 farsld uazmaanmsaavasonloiideuaasisniy
Qﬂﬁawaowmaﬁ@ﬁﬁmﬁanm

Lfiavl,@i”wmaﬁ@ﬁgﬂﬁaaLLﬁﬁdﬁmfﬁdmwmaﬁmﬁﬂg} E. coli mﬂw"'uf BL21 éﬁal,ﬂumﬂw”ufﬁm%'u
mindaluseu Wald E coli BL21 ffwanafiauadisimamziasaienaalsauuasinnmsanalagls
3% osmotic pressure TINAUNNTLE lysozyme LLﬁ?ﬁ’lﬂ’liLLﬂﬂIﬂiﬁﬂﬁU%ﬁgﬂﬁ@SJFL“ﬁ' Sepharose 4B bead i
UNU GST tag ﬁ&mg}'uu‘[ﬂsﬁu Ml 3 ugasiissaanduuurlusin B07 D01 DO3 uas E08 u%qw%%
sraldmuiey Tagsnandunuilusauidany GST 119 4 fuwalszanm 72 kDa

manasauljisenvadianlod XxT fvinlaomsuanlminunuam s UDP-[c Xyl uaz@asy
A8 cellohexaose WAIATIIFAUMTANENME  xylose  TidaaaneRmsinawaiod vuluiana
cellohexaose #8 TLC uazautoradiography annmiamiameusiwwuitewlmins 4 @1 lisansalds
‘1,{’1@1’161 xylose L°1T’1§j cellohexaose batag ﬁfid@iﬂdﬁ]ﬁﬂLauvLsﬁﬂ XXT ﬁlwﬁm’mﬁumad Arabidopsis ﬁ'fid 33Mn 5
ol (XXT1, XXT2 uas XXT4)mmsnLiaﬂg’jﬁ%mmn@uﬁﬁma"lﬂaa"lﬁ aghalsmunisionladan
Fliiransnsafasoitladldmnoensiewlsfaddnildhmifiide xxT awdanenans
o9 n XXT 9naznfinauda (XXT3 uaz XXT5) ﬁ"lajmmsnLi’@1Jﬁﬁ%ﬂ’]ﬁluﬂ’ﬁmaauﬂﬁﬁ'ﬁmﬁaEJ
ANAUATIRTULALINY LL@immma%“n"l,sﬂaﬂnguvl,@TLﬁafiwﬁunngjﬁ‘*ﬁ (Vuttipongchaikij et al., 2012)

o & AKX @ o A 6 v nq(u v 1 a ¥ 1A
mummaam’maau%mmadl,auvl,sﬁwawnu@avlﬂmUmswmaumﬂﬂumqgw%

15



MWN 2 NMIRTINANFTATIRIUNINAATAaNT LWL LAWY E. coli
A, LRWANIAAGILLAW AT UNIZEINTUNIATIARaU laauuaddn BO7 D01 DO3 uas E08
o @ 2 A= ~ v ' '
ANEIAL °11‘m@1°11awumaul,amtam"lfawmULﬁugLua

B. HNaw El\‘]ﬂ’]i(ﬂi’)’ﬂaﬂ‘]ﬂﬂau"ﬂ’]ﬂﬂ’]i(;]’@ﬁ’lFL]LE]%VLGE&TGT@'ﬁ’]LWWZEIBGLL@iaZﬁ%I@ ik

electrophoresis

agarose gel
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BO7 D03 DO1 EO8

83 KDa
- - .- <— Purified GST
62KDa —3 | W - fusion rice XXTs
325KDa 5 |\ -
s = -

A a A a a o ¥ Aa af A v = . ad
NAn 3 Nﬂﬂﬁi@li’]ﬁ]ﬁﬂﬂNﬁ@]iﬂS&J‘ULL‘H%‘Yﬂl]i@]uLLﬁ::ﬂ’WTﬂ’]l‘lﬁUiij‘(l'ﬁil?NEl“l)o“lﬂ’] 4 gwan E. coli I@U’]'ﬁ

SDS-PAGE uaztiauaie Coomassie blue staining

msaﬁ”wwmaﬁm%m%’umimyﬁulf*ﬁ'nja:ﬁﬁ@au%a
s’ni nq: gd £ a ) ) a = £ A £

nawasnlglunmaasiaseiiia pH2GW7 mIaenaadarinlassinwaadavasdudnnlaawla
TIGUNIAAAILLOU b AATIUNIZLRITITINTTaNGRNULINAES pENTR LWaYINNNITRINANRAAGI3T
Gateway cloning \iadaTuaIudldwany pENTR wa391hu1a31980UfiANn19n1sdanauNazyinnsnaun
AFNAAAUNAIEAA pH2GW7 uasyinmsuanilfasudusindiduiasiaianlasl Clonase Il lagwanaia
gavhefildaziaznaudan lusluaed 355 dadqpdunilaanlduszanudioinesiiuaed lasnwuaiiat
lusauvas left border was right border U84 T-DNA uazd hygromycin resistance gene fRIUNTAALREN
wanadafldazinlddnadhg Agrobacterium lagaTiunanaslussuiusas Agrobacterium Niiwaaiia
nlftwiuag nwn 4 uaaslaunuiiowlmidasuwizvaswaaiio pH2GW Aidariufiv Bo7 Do1 DO3
wae E08 LLa:wamﬂmm‘“@@ﬁmauvl,ﬁnﬁﬁuﬂ'ummgﬂﬁawaawmaﬁ@ﬁaiﬁﬂﬁ

A A o R o A A o € o A @

MWD 4 ﬂuﬂummmgn@awaﬂﬂauwLaanvl,@“’[@ﬂmsmmaaummau"l,srmmml,wwzémvl,@wama

NULNWNINITAAALAW LT AINNITI LN BETNNAIRAN 8% 500 71 b3 LA LEAILNNNITAANITEL IaINN1T
o ot 1 a { U ;&1 5 £% % qq: U { % nq//
@mﬁlamﬂ@Umimm@uLuau,a:‘wmwwmamﬁaﬁwuuugﬂ@ad AN EUVAITIIN LARW LG ININUA
5 f% UMEHRIINARAAN LT LA LAINIRUA I@w"'u@auq@ﬁ’]ﬂ"L@Tﬁﬂmimnaaummgﬂ@‘faﬂ@al
NMIATIIRNALLUE
A A o ' A Ao o X
IﬂUagﬂwmamwwsaul*’ﬁ’lumsmUﬂuuﬁnmu 3%
5 NAIRAANNIUVAIT?

5 NAFUaNEnVaIaLNlaauT
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MW 4 masanaaliadmiumsieiudngesindaauds
wnnfimssamsienlsdansinizinisunmiasasoulnausasin BO7 D01 DO3 uaz £08 ﬁ'@iaagj
lunanaiia pH2GW7 ausay °um<ﬂ°uaa%uﬁﬁmaﬁmmvl’?ﬁ%mmflufjma
NAUBINIATIIRAL IAauINMTAaMaLan lrdaadinzaadudaziulasis agarose gel
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Summary

e The Arabidopsis genome includes seven family 34 glycosyltransferase (GT34) encoding
genes. XXT1 and XXT2 have previously been shown to encode XyG a-1,6-xylosyltransferases,
while knockout mutants of a third, XXT5, exhibit decreased XyG content, suggesting a similar
activity. Here, we extend the study to the rest of the Arabidopsis GT34 genes in terms of bio-
chemical activity and their roles in XyG biosynthesis.

e The enzyme activity of XXTs was investigated using recombinant protein expressed in
E. coli. XyG analysis of single and double T-DNA insertion knockouts, together with over-
expression of GT34s in selected mutant lines, provided detailed function of each gene.

e \We reveal the activity of the third member of the GT34 gene family (XXT4) that exhibits
xylosyltransferase activity. Double mutants for either xxt2 or xxt5 had a large impact on XyG
content, structure and size distribution. Overexpression of the remaining member, XXT3, was
able to restore XyG epitopes in xxt2, xxt5 and xxt2 xxt5 double knockouts, suggesting that it
also encodes a protein with XXT activity.

e Our work demonstrates that five of the seven Arabidopsis GT34 genes encode XXT

enzymes.

Introduction

Xyloglucans comprise the major hemicellulose polymers in the
primary walls of most angiosperms with the exception of the
grasses, where they are less abundant (Carpita & Gibeaut, 1993).
Various observations in the past have led to the hypothesis that
XyGs play a key role in growing plant cell walls by providing
major crosslinking tethers between neighbouring cellulose micro-
fibrils (Albersheim et al, 2010; Fry, 1989; Hayashi, 1989;
Cosgrove, 1999). This model has recently been challenged by
Cavalier er al. (2008), who suggested that the double insertion
knockout plants lacking XyGs could grow fairly normally and
the role of XyGs in plant growth and development is more subtle
than previously thought. In support of this, Dick-Pérez ez al.
(2011) demonstrated that cellulose-XyG crosslinks do not occur
as much as previously expected, and analysis of triple knockout
mutants suggested that the load-bearing function of the plant cell
wall relies on a single network of cellulose, hemicelluloses and
pectin rather than a cellulose-XyG network, and that the lack of
XyGs in the cell walls caused weakening of this network.
Nevertheless, follow-up work by Park & Cosgrove (2012) dem-
onstrated that, although not essential for survival, XyGs are
indeed important for wall loosening by o-expansin or through
acid-induced growth, in association with xylan and pectin poly-
mers in the walls. Together with a number of enzymes that have
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been shown to modulate cell wall extensibility and thereby cell
expansion by modifying XyG molecules (including expansins,
McQueen-Mason ez al, 1992; XyG endo-transglucosylases/hy-
drolases, Fry er al, 1992; and endo-glucanases, Park ez al, 2003),
this supports a biological role for XyGs in cell wall extension.

XyGs are complex polysaccharides comprising a [-1,4-D-
glucan backbone decorated with o-1,6-xylose (Xyl) side chains.
In most dicots, including Arabidopsis, these xylose side chains
typically occur on contiguous blocks of three glucose residues
separated by an unsubstituted glucose. Generally, seed storage
XyGs are not further substituted, whereas those from growing
plant cell walls are typically substituted with B-1,2-p-galactose
linked to the second or third Xyl residues, and these galactosyl
residues may be further substituted with o-1,2-L-fucose (Zablackis
et al., 1995).

In Arabidopsis the characterization of XyG fucosyl and
galactosyltransferases has been the subject of extensive study
(Perrin et al., 1999; Vanzin et al., 2002; Madson ez al., 2003). In
addition, two XyG xylosyltransferases genes (XX77 and XX72)
were first identified in Arabidopsis through the enzymatic activity
of recombinant proteins (Faik ez /., 2002; Cavalier & Keegstra,
20006). More recently, Cavalier ez al. (2008) demonstrated that
xxt] knockout mutants showed barely detectable alterations in
XyG content, and xxz2 mutants showed only modest decreases in
XyG content and composition. These two genes exhibited very

New Phytologist (2012) 195: 585-595 585
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similar, generally ubiquitous expression patterns, which indicate
the potential for functional redundancy. This is supported by
dramatic reductions in XyG content in double mutants. Cavalier
et al. (2008) reported that XXT1 and XXT2 are the prime
enzymes required for XyG biosynthesis as double xxz/-1 xxz2-1
mutants contained no detectable XyGs. Mutations in a third
XXT gene (XXT5) were also shown to have reduced XyG content
(Zabotina et al., 2008).

Arabidopsis glycosyltransferase family GT34 comprises seven
glycoyltransferases genes including XX7'7, XX72 and XXT5. The
GT34 family also includes two genes with a high sequence
similarity to the well-characterized o-1,6-galactosyltransferases
(GMGT), which are involved in the synthesis of the side chains
of galactomannan in fenugreek, lotus and coffee (Edwards e al.,
1999, 2004; Faik ez al., 2002; Pré et al., 2008). Here we study
this family as a whole and we demonstrate, using a combination
of approaches, that five of them (XX71-5) encode XXTs, and that
the loss of function of these genes, alone or in combinations, has
a range of impacts on XyG composition.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh seeds were germinated for 7 d
on 1% (w/v) agar plates containing V2 strength Murashige and
Skoog medium, and then grown in Levington’s compost under
the same conditions: 16 h light (115 pmol m™ s at 25°C.
Plant material for cell wall extractions and RNA preparation were
harvested in the same way. Roots were collected from seedlings
grown vertically on plates for 10 d. Hypocotyls were harvested
from seedlings grown in the dark. Rosette leaves were collected
from 3-wk-old plants. Cauline leaves, stems, siliques, buds,
flowers and pedicels were collected from 4-5 wk-old plants. For
seed and embryo samples, the seed coats were removed before
further preparation.

Recombinant protein expression and purification in E. coli

Coding sequences without transmembrane domain were ampli-
fied by PCR and inserted into the pGEX-4T-3 vector (Amer-
sham Bioscience) in-frame with GST tags. The numbers of 5
nucleotides removed from the start codon were 147, 147, 213,
180 and 216 for XX71-5 and 144 for both AtGT6 and 7 (see
primers for truncated sequence amplifications in Supporting
Information Table S1). Constructs were expressed in E. coli
(BL21) using 75 ml 2 X-YT media supplemented with ampicillin
(50 pg ml™") at 15°C with shaking at 150 rpm for 2 d. For
induction, IPTG was added to a final concentration of 0.5 mM
and incubated for a further 24 h. Cells were harvested and resus-
pended in 20 ml spheroblast buffer (750 mM sucrose, 200 mM
Tris-HCl and 0.5 mM EDTA, pH 8.0). Lysozyme was added to
a concentration of 1 mg ml™" and incubated at 4°C with shaking
for 30 min. Buffer was discarded and cells were disrupted by
resuspension in 5 ml PBS buffer containing 0.2 mM PMSE. Cell
debris was removed by centrifugation at 16 000 g for 10 min,
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and supernatants were incubated with 100 pl of 50% slurry of
Glutathione Sepharose 4B (Amersham Bioscience) with shaking
for 30 min. Sepharose beads were collected and washed three
times with 10 ml PBS. The beads were resuspended in 50 pl elu-
tion buffer (20 mM reduced-form glutathione, 100 mM
Tris-HCI, pH 8.0, and 120 mM NaCl) by shaking at 100 g for
10 min before collecting the supernatant by brief centrifugation.
This elution step was repeated three times. Purified enzymes were
quantified by Bradford assays with BSA standards and
SDS-PAGE.

Recombinant GST-fusion protein activity assays and assay
product detection using TLC

Expressed proteins were used in a form of immobilized enzymes
with the glutathione beads. Approximately 0.3 pg of proteins
were incubated at 30°C for 18 h in a reaction mixture contain-
ing: 50 mM PIPES, pH 6.9, 0.5 mM UDP-sugar (Xyl, Gal or
Glu), 20 mM B-mercaptoethanol and 150 pg of oligo/poly-
saccharide acceptors; or cellohexaose, 5 mM MgCl,, 5 mM
MnCl, and 0.37 KBq of UDP-[!4C] sugar (Xyl, Gal or Glu),
made up to a final volume of 25 pl. The reactions were stopped
by boiling at 100°C for 10 min. TLC analysis was performed
using a method described by Robyt & Mukerjea (1994) and
Atichokudomchai ez 2/ (2006). Whatman TLC K5 chromato-
graphy (silica-gel) plates and a solvent system containing
acetonitrile, 1-propanol, water and ethyl acetate at the ratio 85 :
50 : 50 : 25 by volume were used for this analysis. Reactions (5
ul) were spotted on the plates 1.5 ¢cm from the bottom and were
developed for 2 h before being dried. For radioactive detection,
TLC plates were exposed to a phosphor screen overnight and read
using a Phosphorimager (Bio-Rad). Signal intensity was converted
to quantity by calculating against UDP-["*C]xylose standard
curves. For colorimetric detection, TLC plates were dipped into
ethanol solution containing 0.1% (w/v) a-napthol and 5% (v/v)
sulphuric acid, and dried before incubation at 120°C for 10 min.

Promoter:GUS fusion analysis and RT-PCR

Promoter: GUS fusion lines were generated using c. 1.5 kb of the
5’-upstream regions of XX7 genes. The region was amplified
from BAC clones by PCR (see Table S2 for primers), and
inserted into the pHGWES7 vector (Karimi ez al, 2002).
Arabidopsis (Col-0) was transformed by floral dipping with
Agrobacterium tumefaciens (GV3101) harbouring the constructs.
Transformants were selected for hygromycin resistance (35 g
ml™") and at least 10 transformants for each construct were
examined. GUS activity was detected by infiltrating plant tissues
with  staining solution (0.5 mM K3Fe(CN)s, 0.5 mM
K4Fe(CN)g, 60 mM Na,HPOy, 30 mM NaH,POy, 0.1% (w/v)
Triton-X100 and 0.05% (w/v) X-Gluc) and incubation at 37°C
overnight. For RT-PCR, RNA from various Arabidopsis tissues
was treated with DNase I, and cDNA was synthesized from 1 pg
of total RNA using Superscript™ II RNase H™ Reverse Trans-
criptase (Invitrogen) with oligo-dT primer. PCR amplifications
of the purified RNA were performed to ensure no gDNA
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contamination. PCR reactions were performed with 1 pl of
cDNA, Tag DNA polymerase with supplied buffer, 500 uM of
dNTPs and 5 UM of each primer pair (Table S3), under condi-
tions as follows: 94°C for 2 min, 30 cycles of (94°C for 30 s,
64-55°C for 30 s and 72°C for 30 s) and 72°C for 2 min. The
annealing temperatures for XX7'1-5 and A:G76-7 were 64, 60,
55, 57, 65, respectively, and 55, 55°C, respectively. Genomic
DNA was used as a positive control, and 78s RNA primers were
used to indicate cDNA quality.

Selection of homozygous T-DNA insertion lines

T-DNA insertion lines were obtained from two sources: The Salk
Institute Genomic Analysis Laboratory and GABI-KAT. Homo-
zygous plants of each line were identified by PCR with gene-
specific primers and border primers (see primer locations in
Fig. §2 and primer sequences in Table S4). All homozygous lines
were tested by RT-PCR using cDNA synthesized from RNA
extracts of 7 d-old seedlings to confirm the complete disruption
of the genes (see primers in Table S5). Crosses were made
between homozygous lines and successful crosses identified by
PCR using DNA from F; plants before screening for double
homozygous plants in the F, population.

Immunolabelling studies

Stem tissue was hand-sectioned and fixed in 4% (w/v) parafor-
maldehyde (PFA) in 100 mM PIPES, pH 6.9, before further
labelling. Seed samples were fixed with 1% (w/v) glutaraldehyde,
2% (w/v) PFA in 100 mM sodium cacodylate, pH 7.0, before
embedding using a progressive low temperature method
(VandenBosch, 1991). Sections were blocked with 3% (w/v)
BSA in 100 mM PIPES buffer, pH 6.9, before incubation in
primary antibody: CCRC-M1 (University of Georgia, Athens) or
LM15 (XyG backbone; gift from Professor Paul Knox). Antibod-
ies were used at 1 : 10 concentration diluted in 1% (w/v) BSA in
buffer and incubated for 1 h at room temperature. After washing
three times briefly and 3 X 5 min with PIPES buffer, sections
were incubated in secondary antibody for 1 h at room tempera-
ture, in the dark. Secondary antibodies (anti-mouse and anti-rat
conjugated to FITC; Sigma) were used ata 1 : 40 dilution in 1%
BSA in PIPES buffer. Sections were washed again before viewing
using a Nikon FXA microscope. For seeds, labelling was visual-
ized by confocal microscopy (Zeiss) and lambda studies were
performed to identify autofluorescence.

Xyloglucan oligosaccharide analysis

Cell walls were extracted from stems (with siliques removed) that
were ground in liquid nitrogen and washed with absolute ethanol
at least three times. To fractionate cell wall materials, dried
samples were resuspended with 50 mM CDTA, pH 7.0, over-
night at room temperature to extract a pectin-rich fraction. For
hemicellulose extraction, the remaining insoluble cell wall mate-
rial was incubated further in 4 M NaOH containing 1% sodium
borohydride overnight, and then neutralized with glacial acetic
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acid, dialysed against water and dried. Hemicellulose extracts
were dissolved to a concentration of 1.5 mg ml™! in 100 mM
NH,OAc, pH 5.0, and incubated with 10 ug of Trichoderma
XG5 xyloglucan endo-glucanase (a gift from Novozymes) over-
night at room temperature. The reactions were stopped by boil-
ing, and unhydrolysed polysaccharides were precipitated with
80% ethanol. Oligosaccharides were separated by HPAEC using
a Dionex CarboPac PA-20 column with a linear gradient over 40
min starting with 100 mM NaOH and ending with 100 mM
NaOAc and 100 mM NaOH at a flow rate of 0.5 ml min™", and
detected using a pulsed amperometric detector.

Gel permeation chromatography and iodine quantification

One milligram of hemicellulose extracts was separated on a
Superose 6L column using a Smart chromatography system
(Pharmarcia, Stockholm, Sweden) using water as the mobile phase
at 40 pl min~" flow rate, collecting 80 pl fractions. Colorimetric
detection with iodine was employed to quantify XyGs (Kooiman,
1960). For XyG quantification, cell wall extracts were de-starched
by hydrolysis with 10 units of thermo-stable a-amylase (Sigma) at
100°C for 15 min. Following this, the extracts were precipitated
and washed using 80% ethanol before resuspension and assay with
iodine. Hemicellulose extracts from stems were assayed (40 pl of
300 pg extracts in 112 pl of 20% Na,SOy4 and 28 pl of Lugol’s
solution) and ODggg nm measured and quantified against standard
curves generated with tamarind XyGs (Dainippon Pharmaceutical
Co, Osaka, Japan). The quantities obtained were expressed on mg
g~' DW stem and then normalized in comparison to values from
wild-type stems.

Complementation studies

Overexpression cassettes for each of the seven GT34 genes were
constructed with the pH2GW?7 vector (Karimi ez 4/, 2002).
xxt2-1, xxt5 and xxr2-1 xxt5 double mutant plants were trans-
formed by floral dipping. Transformants were selected for hygro-
mycin resistance (35 pig ml™"). At least 10 selected transformants
from each transformation were examined by immunolabelling
using CCRC-M1 in stem sections.

Gene numbers

The gene numbers of the GT34 genes are: At3g62720 (XXT1),
At4g02500 (XX72), Aclg74380 (XXT5), Atlgl8690 (XXT4),
At5g07720 (XXT3), Atdg37690 (A:GT6), At2g22900 (A:GT?).

Results

Recombinant proteins encoded by three Arabidopsis GT34
genes can xylosylate cello-oligosaccharides

Previous work using recombinant protein produced in Pichia
pastoris and insect cells revealed that XXT1 and XXT?2 can cata-
lyse the transfer of xylose (Xyl) from UDP-Xyl to cellopentaose
and cellohexaose (Faik er al., 2002; Cavalier & Keegstra, 2006).
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In our hands, it proved difficult to produce detectable levels of
active protein in either P. pastoris or in insect cells, with activity
having to be determined in whole cell lysates. By contrast, we
found that active protein was more reliably produced by express-
ing truncated proteins (lacking the N-terminal transmembrane
domain) in E. coli as GST fusion proteins. All seven Arabidopsis
GT34 proteins expressed in this way were purified as shown in
Fig. 1(a). A 62 kDa protein band that co-purifies is likely to be
the bacterial chaperonin GroEL (Hou ez al, 2004), which is
frequently observed after GST purification. Quantification
using Bradford assays revealed that the yield of the purified
soluble protein was in the range of 3-7 ng per 75 ml culture.
The activity of the purified enzymes was assayed using
UDP-["*C]Xyl and cellohexaose as substrates, as previously
reported (Cavalier & Keegstra, 2006), except that the proteins
were immobilized on glutathione beads, and the radioactive
products were analysed by TLC and autoradiography. From the
seven proteins, xylosyltransferase activity was observed for XXT1
and XXT2 as reported previously (Cavalier & Keegstra, 2006),
and also for AtGT4 (Fig. 1b), now referred to as XXT4. The
measurement of the radiolabelled product by densitometry of the
TLC plates indicated that XXT1 and XXT2 showed strong activ-
ity (c. 88% and 66% of radiolabelled substrate incorporated into
cellohexaose, respectively), with XXT1 consistently higher than
XXT2, while XXT4 activity was lower (c. 40% incorporation).
Product analysis of XXT4 activity using nonradiolabelled

(a) kDa XT1 GT5 GT4 XT2 GT6 GT3 GT7 vec.
83—
— GST-GT
62— — GroEL
325—
25—
(b) XXT1 XXT2 _XXT4 XXT1 XXT2 XXT4
UDP-[“C]xylose
Cellohexaose —p
%
== Start point

Fig. 1 Expression of Arabidopsis GT34 family members as GST-fusion
proteins in Escherichia coli and analysis of enzyme reaction products.

(a) SDS-PAGE separation of GST-Sepharose purified GT34 family pro-
teins-GST fusion produced in E. coli cells (upper band) and a co-purifying
bacterial chaperonin (lower band). (b) a-napthol staining of TLC separa-
tion of enzyme reaction products (left panel). Autoradiograph obtained
from the same TLC separation (right panel) The asterisk indicates the
position of products generated by incubation with UDP-["*Clxylose (two
sharp wavy lines) and cellohexaose as acceptor for GST-XXT1, GST-XXT2
and GST-XXT4.
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UDP-Xyl by mass spectroscopy showed that XXT4 could incor-
porate up to three Xyl moieties to cellohexaose acceptors
(Fig. S1).

No activity with UDP-Xyl was observed from the other four
enzymes although a range of acceptors, including cellopentaose,
cellohexaose, tamarind-XyGs, de-galactosylated tamarind-XyGs
and hemicellulose extracts from xxz2-1 and xxz5 mutants were
tried. We also tested these enzymes with various UDP-['*C]
sugars and monosaccharide acceptors (single sugar assays) as
suggested by Egelund ez a/. (2000), in all combinations based on
cell wall polysaccharide linkages, but no incorporated products

were observed (Table S6).

Expression analysis indicates the potential for functional
redundancy amongst XXT genes

With at least four GT34s encoding XXTs, there is a clear
potential for functional redundancy amongst family members.
To examine this, we characterized the gene expression patterns of
family members using promoter: GUS fusions and RT-PCR. The
GUS expression results presented in Fig. 2 are representative of
those seen in at least 10 transformants obtained from each
gene. We provide both an overall view of the expression pattern
of whole seedlings and images of specific tissues where GUS
expression was observed for each gene. XXT'I, XXT72 and XXT5
showed similar expression patterns (Fig. 2a,b,d). All three pro-
moters drove GUS expression in most tissues including leaves,
roots and stems. GUS expression was particularly strong in
actively growing tissues. The three genes showed subtle variations
in expression in flowers and developing seed and these are pre-
sented in Fig. 2. During embryo development, XXT1:GUS
expression was very low at early stages and localized to the seed
coat and endosperm, but became more apparent as the embryo
reached maturity, while XXT2:GUS expression was strong in
carly developing embryos, declined with maturation, and was
absent from the seed coat and endosperm. By contrast,
XXT5:GUS expression was strong throughout seed development
and was present in the seed coat and embryo. RT-PCR con-
firmed the rather ubiquitous expression patterns of these three
genes (Fig. 2e). By contrast, XXT4:GUS expression was observed
only in the rosette, pedicel and the vascular tissues of the stem
(Fig. 2¢). Conversely, no XXT3:GUS expression was detected,
even though this GUS expression line was generated in the same
way as others. RT-PCR indicated that XX73 is expressed in sev-
eral specific tissues, including stem 2 and floral buds (Fig. 2e).

Characterization of T-DNA insertion mutants of the
Arabidopsis XXT genes

Although the analysis of XX7'I, XXT2 and XXT75 insertion lines
has been reported previously by Cavalier ez al (2008) and
Zabotina er al. (2008), we characterized additional single and
double mutants generated in this study to allow extensive com-
parisons of the effects of gene knockout of XX7  genes. The
T-DNA insertion positions of these lines are shown in Fig. S2.
Homozygous insertion lines of the five XX7 genes were identified
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Fig. 2 Expression of XXT genes revealed by staining of Arabidopsis plants transformed with promoter-GUS fusions and by RT-PCR studies. (a) XXT7: 1,
14-d-old seedling; ii, seed coat; iii, mature embryo; iv, silique; v, flower; vi, stem; vii, root. Bars: i, 4 mm,; ii, iii, vi, 0.1 mm; iv, v, vii, 1 mm. (b) XXT2:1i,
14-d-old seedling; ii, globular stage embryo; iii, mature embryo; iv, leaf; v, flower; vi, stem; vii, silique; viii, root; ix, root. Bars: i, 4mm; ii, iii, vi-viii, 0.1 mm;

iv, 10 mm; v, ix, 1 mm. (c) XXT4: i, 14-d-old seedling; ii, rosette; iii, stem. Bars: i, 4 mm; ii, 2 mm; iii, 0.2 mm. (d) XXT5: i, 14-d-old seedling; ii, globular
stage embryo; iii, torpedo stage embryo; iv, mature embryo; v, seed coat; vi, flower; vii, silique; viii, stem; ix, root; x, root tip. Bars: i, 4 mm; ii, 50 pm; iii-v,
0.2 mm; vi, 1 mm; vii-ix, 0.1 mm; x, 0.3 mm. (e) Reverse transcriptase-PCR analysis of transcript abundance for XXT genes in developing seeds and

mature tissues of Arabidopsis. DAF, days after flowering.

by PCR, with RT-PCR to confirm them as null alleles (Fig. S3).
We were unable to obtain a true null allele of XX73 as the only
available line with an insertion targeting this gene appeared to
produce a normal XX773 transcript, as determined by RT-PCR.
Note that the xxz/ mutants used here, designated xxz/-2 and
xxtl-3, are allelic to the xxt/-1 mutant used by Cavalier ez al.
(2008). No obvious alterations in growth or development were
observed in any of the confirmed mutants. Further observation
by profiling the monosaccharide content of cell walls revealed
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that xxz2-1, xxt2-2 and xx#5 had reduced levels of Xyl in cell walls
in a range of tissues, with the most dramatic reductions in stems,
embryos and seedlings (data not shown). These, however, agreed
with previous work reported by Cavalier eral (2008) and
Zabotina er al. (2008). Because of the potential for genetic
redundancy among XX7 genes, we generated double mutants by
crossing these lines (Fig. 3). Double homozygous lines were read-
ily recovered from F, generations at the 1 : 3 expected ratio (see

Fig. S4 for genotypic identifications).
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Fig. 3 Double T-DNA insertion mutants generated by crossing. Phylo-
genetic trees were constructed using predicted protein sequences
generated in ClustalW (European Bioinformatics Initiative, Hinxton, UK).
Double mutants are listed on the right.

xxt knockout lines show alteration in XyG immunolabelling

Immunolabelling of the xxr mutants using antibodies recognising
XyGs and galactomannans revealed that both the xxz2-7 and xxz5
mutants showed a reduction in the labelling of stem and embryo
tissues with CCRC-M1 antibody (which recognizes fucosylat-
ed-XyGs; Puhlmann ez al, 1994) and with LM15 antibody
(which binds to the XyG backbone; Marcus et al., 2008), when
compared to the wild-type (Fig. 4). In the wild-type, both anti-
bodies show a similar labelling pattern (albeit with slightly less
intensity for the LM15) where specific labelling is observed at the
cell walls of phloem, vascular cambium and primary xylem tissues
in stems and throughout the cell walls of embryos (Fig. 4). By
contrast, in stem sections of xxz2-/ and xx#5 mutants, neither
antibody recognized the phloem nor the vascular cambium, and
labelling in the primary xylem was markedly reduced (Fig. 4).
Immunolabelling of xxzI-2 xxt5 and xx22-1 xxt5 double mutants
revealed a further reduction in XyG epitopes in both stem and
embryo sections, with a complete absence of detectable labelling
in primary xylem, as compared to the reduced level seen in the
xxt2 and xxz5 single mutants. Similarly, little or no labelling was
detectable in the cell walls of the double xx#/-2 xx#5 and xxz2-1
xxt5 mutant embryos. In the xxt/ and xxz5 mutants,
immunolabelling with either antibody resulted, predominantly,
in cytoplasmic fluorescence, rather than labelling at the cell wall.
When comparing the fluorescence between xxz5 and double
xxt]-2 xxt5 mutants, the marker was most evident at the cell walls
of xxt5 in certain areas of the embryo sections in a patchy fashion
for both antbodies. The labelling apparent in the cytoplasm
using both antibodies could indicate the presence of nonsecreted
XyGs in the embryos or could be a nonspecific signal. The xxz4
mutants were indistinguishable from wild-type. Similarly, xxz4
xxt2, and xxt4 xxt5 double mutants were indistinguishable from
xxt2 and xxz5 single mutants (data not shown).

Extractable XyG content in xxt mutants

lodine staining has previously been shown to be specific for XyG
in cell wall extracts (Kooiman, 1960) and has been employed for
quantifications of XyGs from a range of plant species (Hsu &
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Reeves, 1967; Gould ez al., 1971). Thus, we used this method to
quantify the amount of XyG in de-starched alkaline extracts from
mutant and wild-type stem cell walls. This revealed that extract-
able XyG content is reduced by 32% and 50% in xxz2-1 and
xxt5 respectively, compared to wild-type (Fig. 5). In double
mutants for xxt2-1 X xxt5 and xxtI-2 X xxt5, XyG content was
reduced further to levels < 40% of the wild-type. Although a
slight reduction was observed in the xxz/-2 mutant, no detectable
decrease was observed in xxz4, and the crossing of xx#4 into the
other xxt backgrounds had no apparent additive effect on XyG
content.

Analysis of XyG oligosaccharides from cell walls of xxt
mutants

Profiling of the oligosaccharides generated by XyG-endoglucan-
ase digestion and HPAEC-PAD revealed a complexity of changes
in the side-chain distributions of XyG in the various xx# mutants.
The result showed that the ratios of oligosaccharide products of
digestion were altered in most mutants (Fig. 6), but as in other
analyses, the xxz/-2 was indistinguishable from wild-type. By
contrast single mutants of xvz2-1 and xxz4 both exhibited a simi-
lar change in the ratio of oligosaccharides compared to wild-type,
in which the relative levels of XXXG were reduced. Concomitant
increases in levels of XXFG and XLXG are observed in these
lines. A similar pattern was apparent in the xxz2-1 xxt4 double
mutant. By contrast, the changes in oligosaccharide profiles from
the cell walls of the xxt/-2 xxt5 double mutants revealed a
dramatic alteration whereby the relative levels of all galactosylated
and fucosylated oligosaccharides were considerably lower with

much higher levels of XXXG.

Molecular mass distribution of XyG in xxt mutants

We used gel permeation chromatography (GPC) of de-starched
alkaline extracts detected by iodine staining to look for changes
in the molecular mass distribution of XyGs from stem cell walls
of the various mutants (Fig. 7). As well as changes in XyG
-epitopes and content, there are also changes in the sizes of
extractable XyGs in some of the mutants. Although the XyG
profile from xx#/-2 mutants was indistinguishable from
wild-type, the profiles from xxt2-1 and xxt5 were clearly
altered from the wild-type and both showed a marked decrease
in higher molecular mass components, compared to the
wild-type profile. The profile for xxz4 was also notably differ-
ent from wild-type with a substantial decrease in high molecu-
lar mass XyGs and a peak in the mid-range rather than at the
low molecular mass end as seen in xxz2-1 and xxz5. The profile
of XyGs from xxz2-1 xxt5 double mutants showed a further
loss of mid-range and high molecular mass XyGs compared to
either single mutant. In spite of the xxtI-2 profile being
unchanged, the profile from the xxz/-2 xxt5 double mutant
revealed even more dramatic changes than the xxz5 single
mutant profile, and generally showed the most dramatic differ-
ences compared to wild-type, with an even stronger effect than
that seen in the xx22-1 xx5 double mutant.
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Fig. 4 Immunofluorescence labelling of stem and embryo xxt2-1 xxt5

sections of Arabidopsis xxt mutants using xyloglucan-
specific antibodies (CCRC-M1 and LM15). Labelling is
evident in phloem (Ph), vascular cambium (VC) and
primary xylem (1 xy), whilst autofluorescence (probably
due to lignin) is present in the secondary xylem. Negative
controls (no primary antibody) of a transverse stem
section (bar, 50 um) and a longitudinal section through a
mature embryo (bar, 100 pm) incubated with secondary
antibodies are shown.

Complementation of immunolabelling phenotypes

The decrease in labelling with XyG antibodies in xxz2-/ and
xxt5 mutants could be fully complemented by overexpressing
wild-type copies of the respective genes, as illustrated in
Fig. 8(a). As well as confirming the role of these two genes, this
enabled us to examine the capacity of other members of the
GT34s (including AtGT6 and AtGT7) to complement these two
mutants. We classified the observed complementation relative to
that of XX72 and XXT5 expressed in their respective mutant
background (Fig. 8). XXTI overexpression demonstrated a strong
complementation in xxz2-1, xxt5 and xxz2-1 xxt5 mutant back-
grounds, whereas complementation by XX72 was strong in the
xxt2-1 background but weak in xxz5 and the xxz2-1 xxz5 double
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CCRC-M1

No primary
antibody control

LM15 CCRC-M1 LM15

No primary
antibody control

mutant backgrounds (Table 1). Interestingly, XX73 strongly
complemented in all three mutant backgrounds, suggesting that
this gene does indeed encode an active protein for XyG bio-
synthesis. By contrast, complementation of the two single
mutants by XX74 was weak and did not generate any detect-
able epitope in the xxz2-1 xxz5 double mutant background.
The overexpression of XX7'5 gave strong complementation in
the two single mutants but only weak complementation in the
double mutant. The complementary effects of two other GT34
family proteins, AtGT6 and AtGT7, were also tested against
the single and double mutants, but neither protein could
restore any detectable XyG epitopes. This suggests that the
biochemical activity of the gene products of A:G76 and
AtGT7 is unlikely to be XXT.
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Fig. 5 Extractable xyloglucan (XyG) content of Arabidopsis stem xxt
mutants quantified by iodine staining. XyG was extracted from stem cell
wall material by 4 M NaOH, neutralized and treated with a-amylase,
before being measured colorimetrically by iodine staining. Data are aver-
ages from three separate extracts, each extract measured in duplicate, and
are presented as percentage of the content of Col-0, with SE bars shown.
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Fig. 6 Xyloglucan oligosaccharides generated from stem hemicellulose
extracts of xxt mutants with xyloglucan-specific endoglucanase. The
relative abundance of each oligosaccharide (in percentage) is derived from
integrated fragment signals of the pulsed amperometric detection of
oligosaccharide peaks separated by HPAEC. The data represent averages
obtained from three separate extracts and digests, each of which was
analysed twice, with SE bars shown. Abbreviations in the model structure
represent: G, B-p-Glep-(1 — 4); X, a-p-Xylp-(1 — 6); L,
B-p-Galp-(1 — 2); F, a-L-Fucp-(1 — 2).

Discussion

Previous work has shown that three of the seven members of
Arabidopsis GT34s encode XXTs (Cavalier & Keegstra, 2006;
Cavalier et al., 2008; Zabotina et al, 2008). Here we demon-
strate, using biochemical assays, that a fourth member (XX74)
encodes an XXT. Overexpression studies indicate that the final
member, XX73, is also an XXT. Expression studies revealed that
XXT1, XXT2 and XXT5 are all expressed in most organs and at
most stages of Arabidopsis development, while XX73 and XXT4
show more specialized expression patterns. Examination of
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Fig. 7 Size exclusion chromatography profile of alkali-extracted xylo-

glucans (XyGs) from the stem of Arabidopsis xxt mutants. Stem alkali

extracted XyGs were separated by size exclusion chromatography and

detected by iodine staining of the eluted fractions. Results are the averages

of samples from three separate extractions, with duplicate analysis.

knockout lines suggests that the loss of XX7'1 action has little dis-
cernable impact on XyG content, whereas xxz2-1 and xxz5
mutants show clear reductions in XyG content and changes in
extractable XyG polymer size, as well as changes in side-chain
patterns. In line with this, double xxz2-1 xx#5 mutants have even
lower XyG levels than the single mutants, but they still contain
detectable XyG and show relatively normal growth. We obtained
viable xxz/-2 xxt5 double mutants, which showed marked
decreases in XyG content compared to the xxz5 single mutant,
despite the fact that there was little difference between xxz/-2
single mutant and wild-type. This study indicates that XX71,
XXT2 and XXT5 are the major genes responsible for XyG biosyn-
thesis in Arabidopsis with  XX73 and XX74 playing more
restricted roles.

Previous work using P. pastoris and insect cells as expression
systems revealed that recombinant XXT1 and XXT2 had XXT
activity, but no activity was detected for other family members
(Faik er al., 2002; Cavalier & Keegstra, 2006). For our studies
we used E. coli as an expression host, which enabled the demon-
stration of XXT activity for XX7'1, 2 and 4. Using this system,
we successfully produced soluble protein for all seven GT34
members by removing the coding sequence for the predicted
transmembrane domain from the N-terminus, and we suggest
that this may prove a fruitful system for others working with
similar enzymes. However, it is not clear why activity was not
obtained for XX73 and 5. This may reflect the complexity of
XyG biosynthesis, with these enzymes perhaps only transferring
Xyl to partially xylosylated substrates or requiring other specific
patterns of substrate. Alternatively, these proteins may function
in complexes in plant cells, which are not present in the purified
recombinant proteins. Nevertheless, the reduction in XyG
content in xxz5 mutants and the complementation by XX73 and
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Fig. 8 Immunofluoresence labelling of stem sections
using xyloglucan (XyG)-specific antibodies of Arabidopsis
xxt mutants expressing 355:GT34 genes for complemen-
tation. Overexpression constructs for GT34 genes were
transformed into various xxt2 or xxt5 mutant back-
grounds to examine their ability to compensate for the
loss of XyG epitopes in sections from these plants. The
three panels show representative immunofluorescence
level used to rank for (a) high, (b) low, or (c) no
complementation as presented in Table 1. Bar, 100 pum.

Table 1 Levels of compensation in relative abundance of XyG epitopes in
stem sections of Arabidopsis mutant lines transformed with seven
355:GT34 constructs compared to corresponding untransformed line

Level of compensation in background genotype

Constructs xxt2-1 xxt5 xxt2-1 xxt5
355:XXT1 High High High
35S5:XXT2 High Low Low
355:XXT3 High High High
355:XXT4 Low Low None
355:XXT5 High High Low
355:GTé6 None ND ND
355:GT7 None ND ND

ND, not determined.

XXT5 overexpression of the loss of XyG in xxt2-1, xxt5 and
xxt2-1 xxt5 mutant cell walls supports the case that these genes
encode XXTs.

Our results demonstrate that, of seven Arabidopsis GT34
genes, there are at least five genes that encode XXT enzymes and
a further two encoding enzymes of unknown function (ArG76
and AtGT7). This is in accord with the proposal by Faik ez al.
(2002) who compared the protein sequences of Arabidopsis
GT34s and found them to fall into two clusters: five were
grouped with those with demonstrated XXT activity and other
two grouped with known galactomannan galactosyltransferase
(GMGT) from fenugreek (Edwards et al., 1999). We examined
whether AtGT76 and AtGT7 could encode XXT enzymes by
assaying the activity of recombinant enzymes, and by overexpress-
ing the genes in xxr mutant lines to see if they could complement
these lesions. Neither of these approaches indicated that A:GT6
and ArGT7 encode XXTs, and this, taken in conjunction with
their closer similarity to known GMGTs, suggests that they are
more likely to encode GMGTs but does not preclude the possi-
bility that they might encode XXT enzymes.

The physiological role of XX7'I appears complex. Loss of func-
tion xx#/-2 mutants exhibited no detectable changes in XyG
content despite the fact that this gene encodes the most active of
the assayed recombinant XXT proteins and is expressed at high
levels in most tissues of the plant. This is in line with the report
by Cavalier ez 4. (2008) and analyses of xxz/-3 mutants (data not
shown). Moreover, XX71 can complement the loss of XX72,
XXT5 and both genes in double xx22-1 xxz5 mutants. In addition,
the loss of XX71 function in either an xxz2, or xxt5 background
has a clear effect on XyG content. In contrast, the xxt/-2 xxt5
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double mutants grow relatively normally and show a similar
reduction in XyG content to that seen in the xxz2-1 xxz5 double
mutant. Interestingly, the extractable XyG Mr distribution from
the xxz/-2 xxt5 double mutant is substantially different to that of
the xxz2-1 xxt5 or any of the other mutants. In all of the mutants
with decreased XyG content, the most substantial decreases are
associated with the higher Mr polymers, with the lower Mr end
of the chromatograms remaining relatively unaffected, whereas
the xxtI-2 xxt5 double mutant shows reduced amounts of XyG
across all the different sizes of polymer.

It is important to note that the Mr distribution of XyGs is
modulated by the action of XyG modifying enzymes such
as XyG transglycosylase/hydrolases (XTHs), endoglucanases
(Catala ez al., 1997) and a-xylosidases (Sampedro ez al., 2010;
Giinl & Pauly, 2011) in the cell walls. Thompson ez al. (1997)
reported that XyGs are first synthesized as relatively low Mr poly-
mers before being incorporated into much higher Mr polymers
in the walls. Therefore, the alterations of XyG Mr observed in
the mutants may not be purely the direct result of altered XyG
biosynthesis, but may also be a consequence of changes in the
susceptibility of the XyG to these activities. In this context it is
interesting to note that altered extractable XyG Mr profiles
were the only obvious change that we could find in the xxr4
mutant, suggesting perhaps that a subtle change in XyG struc-
ture might have implications for integration of the polymer
into cell walls.

Changes in XyG side-chain distributions also reflect the effect
of each XXT knockout on xylose side-chain substitution. The
mutants all showed a similar trend in that XXXG oligosaccha-
rides were greatly reduced, while the relative abundance of oligo-
saccharides with galactosyl and fucosyl residues was increased.
The reduced amount and the decreased relative molecular mass
of XyG in the mutants suggest that the action of the xylo-
syltransferases is required for glucan chain elongation. It is also
possible that the increased representation of galactosylated and
fucosylated oligosaccharides in the XyG profiles indicates slow
xylosylation in the xx# mutants. The reduction in galactosyl and
fucosyl residues in XyG from the xxz/-2 xxt5 could indicate that
the early forms of XyG produced after xylosylation are not appro-
priate for further galacto- or fucosylation.

Both XX73 and XX74 appear to play restricted roles in XyG
biosynthesis, and thus it seems likely that XX77, 2 and 5 are
responsible for producing most of the XyG in the major tissues
in Arabidopsis. If we accept this general premise, then the pres-
ence of XyG in xxtI-2 xxt5 and xxt2-1 xxt5 double mutants is
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likely to be produced by XX72 or XXT1 working alone in the
major tissues of the plants. Given that XyG in the mutants con-
tains blocks of 3 Xyl residues both XX77 and XX72 may,
individually, be capable of completing the pattern of blocks of
three xylose side chains in XyGs. By contrast, it is striking that
XXT5, which is expressed fairly ubiquitously and apparently at
relatively high levels and is able to compensate for the loss of the
epitopes in all the tested mutants, is unable to complement the
loss of function of both XX77 and XX72, as shown by Cavalier
et al. (2008). This agrees with the suggestion by Cavalier er al.
(2008) that XX7'7 and XX72 may be required for the chain initia-
tion of XyG biosynthesis and that XX7'5 may lack this ability or
have it at very low efficiency.

A possible explanation for XX73 and XX75 lacking XXT
enzymatic activity but being able to complement the loss of XyG
epitopes in the mutants is that these two enzymes may function
as a part of an enzyme complex and thereby enhance the transfer-
ase activity. In a similar report Rautengarten er al (2011),
demonstrated that the UDP-Ara mutase protein family includes
proteins with and without mutase activity, interacting in a
protein complex.

In vivo, XyG xylosylation seems likely to occur in close spatial
and temporal proximity to elongating glucan chains. This is
because of the insolubility of 8-1,4-glucans, which require xylosy-
lation before more than five or six contiguous naked glucose resi-
dues are produced. Thus, it seems likely that the XXT's will work
in close proximity to the glucan synthase in the Golgi. Partially
xylosylated XyG could be the substrate for some XXTs, hence
explaining the low activity when short cello-oligomers are used.
Studies of the interactions between the glucan synthase and
side-chain glycosyltransferases may enable us to unravel the
apparent complexity of this process.
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