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UDP-glucuronic acid (UDP-GlcA) is the precursor of many plant cell wall polysaccharides and is required for production of
seed mucilage. Following synthesis in the cytosol, it is transported into the lumen of the Golgi apparatus, where it is converted
to UDP-galacturonic acid (UDP-GalA), UDP-arabinose, and UDP-xylose. To identify the Golgi-localized UDP-GlcA transporter,
we screened Arabidopsis thaliana mutants in genes coding for putative nucleotide sugar transporters for altered seed
mucilage, a structure rich in the GalA-containing polysaccharide rhamnogalacturonan I. As a result, we identified UUAT1,
which encodes a Golgi-localized protein that transports UDP-GlcA and UDP-GalA in vitro. The seed coat of uuat1 mutants
had less GalA, rhamnose, and xylose in the soluble mucilage, and the distal cell walls had decreased arabinan content. Cell
walls of other organs and cells had lower arabinose levels in roots and pollen tubes, but no differences were observed in GalA
or xylose contents. Furthermore, the GlcA content of glucuronoxylan in the stem was not affected in the mutant. Interestingly,
the degree of homogalacturonan methylation increased in uuat1. These results suggest that this UDP-GlcA transporter plays
a key role defining the seed mucilage sugar composition and that its absence produces pleiotropic effects in this component
of the plant extracellular matrix.

INTRODUCTION

The plant cell wall is a complex and dynamic structure that is
mainly composed of polysaccharides, with cellulose being a key
component. The synthesis of noncellulosic polysaccharides
(hemicellulose and pectin) occurs in the Golgi apparatus, where
anumberofglycosyltransferases (GTs) are located (Liepmanetal.,
2010; Scheible and Pauly, 2004). GTs transfer the sugar residue
from an activated nucleotide donor, in the form of aUDP- orGDP-
sugar, to a growing polysaccharide chain. Most GTs are type-II
membrane-bound proteins with a catalytic domain facing the
Golgi lumen (Sterling et al., 2001; Wulff et al., 2000; Scheible and
Pauly, 2004).However,most nucleotide sugarsutilizedbyGTsare

produced in the cytosol (Bar-Peled andO’Neill, 2011; Bonin et al.,
1997; Seifert, 2004). Therefore, the Golgi membrane is a physical
barrier blocking access to the active GT site.
Nucleotide sugar transporters (NSTs) in the Golgi membrane

overcome this topological problem and supply the substrates
neededintheGolgi lumenforpolysaccharidebiosynthesis (Orellana
et al., 2016; Reyes and Orellana, 2008; Temple et al., 2016). In
Arabidopsis thaliana, the genes encoding for NSTs are similar to
those encoding for plastidic triose phosphate translocators (TPTs);
together, 44 NSTs and 7 TPTs form a gene family of 51 members
(Knappeetal.,2003;Rautengartenetal.,2014).Todate,anumberof
theseNSTs fromArabidopsis havebeen functionallycharacterized,
specifically transporters forGDP-mannose (GDP-Man),GDP-fucose
(GDP-Fuc), UDP-galactose (UDP-Gal), UDP-glucose (UDP-Glc),
UDP-rhamnose (UDP-Rha), and UDP-xylose (UDP-Xyl) (Bakker
et al., 2005; Baldwin et al., 2001; Ebert et al., 2015; Handford et al.,
2012, 2004; Norambuena et al., 2002, 2005; Rautengarten et al.,
2014, 2016; Rollwitz et al., 2006).
Hemicellulose and pectins have diverse structures and sugar

compositions, and several nucleotide sugars are required for their
synthesis. UDP-glucuronic acid (UDP-GlcA) plays a critical role in

1 Address correspondence to aorellana@unab.cl or francisca.reyes.
marquez@gmail.com.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Ariel Orellana (aorellana@
unab.cl).
OPENArticles can be viewed without a subscription.
www.plantcell.org/cgi/doi/10.1105/tpc.16.00465

The Plant Cell, Vol. 29: 129–143, January 2017, www.plantcell.org ã 2017 American Society of Plant Biologists. All rights reserved.

http://orcid.org/0000-0001-7703-5613
http://orcid.org/0000-0001-7703-5613
http://orcid.org/0000-0001-7703-5613
http://orcid.org/0000-0003-4442-1731
http://orcid.org/0000-0003-4442-1731
http://orcid.org/0000-0001-8717-0034
http://orcid.org/0000-0001-8717-0034
http://orcid.org/0000-0001-8717-0034
http://orcid.org/0000-0001-9270-6286
http://orcid.org/0000-0001-9270-6286
http://orcid.org/0000-0001-9270-6286
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-9243-808X
http://orcid.org/0000-0002-9243-808X
http://orcid.org/0000-0002-9243-808X
http://orcid.org/0000-0002-9243-808X
http://orcid.org/0000-0001-7703-5613
http://orcid.org/0000-0003-4442-1731
http://orcid.org/0000-0001-8717-0034
http://orcid.org/0000-0001-9270-6286
http://orcid.org/0000-0002-6702-3560
http://orcid.org/0000-0002-2080-3826
http://orcid.org/0000-0002-9243-808X
http://crossmark.crossref.org/dialog/?doi=10.1105/tpc.16.00465&domain=pdf&date_stamp=2017-01-31
mailto:aorellana@unab.cl
mailto:francisca.reyes.marquez@gmail.com
mailto:francisca.reyes.marquez@gmail.com
http://www.plantcell.org
mailto:aorellana@unab.cl
mailto:aorellana@unab.cl
http://www.plantcell.org/cgi/doi/10.1105/tpc.16.00465
http://www.plantcell.org


noncellulosic polysaccharide synthesis, as it is the precursor for
several nucleotide sugars involved in hemicellulose and pectin
synthesis. These sugars include UDP-galacturonic acid (UDP-
GalA), UDP-Xyl, UDP-arabinose (UDP-Ara), and UDP-apiose
(UDP-Api) (Reboul et al., 2011). Therefore, UDP-GlcA is a major
precursor required for hemicellulose and pectic polysaccharide
synthesis. Substrate interconversion is required for poly-
saccharide biosynthesis, and in Arabidopsis leaves, poly-
saccharides containing sugars derived from UDP-GlcA account
for nearly 50%of the cell wall biomass (Zablackis et al., 1995). The
cytosol contains some of the enzymes for the interconversion of
UDP-GlcA, such as soluble UDP-xylose synthase (UXS) (Harper
and Bar-Peled, 2002; Pattathil et al., 2005; Kuang et al., 2016),
UDP-apiose/UDP-xylose synthase (Guyett et al., 2009; Mølhøj
et al., 2003), and UDP-arabinose mutase (Konishi et al., 2007;
Rautengarten et al., 2011). There are also Golgi-localized inter-
converting enzymes. These include UDP-glucuronate epimerase,
which converts UDP-GlcA into UDP-GalA (Gu and Bar-Peled,
2004; Mølhøj et al., 2004), membrane attached UXS (Harper and
Bar-Peled,2002;Kuangetal.,2016),andUDP-xylose-4-epimerase,
which catalyzes UDP-Xyl to UDP-arabinopyranose (UDP-Arap)
epimerization (Burgetetal., 2003).All theseenzymesarepredicted
type-II membrane proteins, and their catalytic domain faces the
lumen. Therefore, the transport of UDP-GlcA into the Golgi lumen
is a critical step for UDP-GalA biosynthesis, as well as for part
of the luminal UDP-Xyl. Additionally, UDP-Arap produced from
lumen-synthesizedUDP-Xylmay relyonthis transporter.UDP-GlcA
transport is also important for glucuronoxylan biosynthesis be-
cause this polymer is synthesized in the Golgi lumen, where GlcA
units are added to the xylan backbone. An NST that transports
UDP-GlcA has been described in Caenorhabditis elegans, and
mutations in the protein responsible for this activity lead to
an abnormal development in this organism (Berninsone and
Hirschberg, 2000). A Golgi-localized UDP-GlcA transporter is likely
to play a critical role in plant cells by providing the substrate pre-
cursors needed for pectin and hemicellulose biosynthesis in the
Golgi lumen. In this context, this transporter couldplay an important
role in determining the content of plant cell wall sugars that are
derived from UDP-GlcA.

To identify a UDP-GlcA transporter and analyze its role in de-
fining cell wall composition, we took advantage of the fact that
Arabidopsis seeds produce copious amounts of a pectin-rich
substance that is referred toasseedcoatmucilage. It is composed
of gel-like molecules that are extruded from mature seeds fol-
lowing water imbibition (Saez-Aguayo et al., 2013; Western et al.,
2000;Western, 2012; Young et al., 2008). Early visual examination
of themucilageprovidedevidenceof its pectic nature andshowed
the presence of two distinct mucilage layers. Both layers contain
large amounts of the GalA-containing polysaccharides rhamno-
galacturonan I (RG-I) and homogalacturonan (HG). RG-I is mostly
unbranched in the external layer, the solublemucilage (SM), and it
is branched, having arabinan and galactan side chains in the in-
ternal layer, the adherent mucilage (AM) (Macquet et al., 2007;
Western et al., 2000; Willats et al., 2001). The AM also contains
methylesterified HG and cellulose microfibrils (Macquet et al.,
2007; Saez-Aguayo et al., 2013;Western et al., 2004;Willats et al.,
2001). Because mucilage contains high pectin levels, changes in
thepathway leading to the synthesis ofUDP-GalAwill alterRG-I or

HG synthesis, affecting the seed mucilage formation and com-
position. Therefore, the seed coat NST expression analysis was
combined with a mucilage release-screening assay of NST mu-
tants to select any novel NSTs potentially involved in the RG-I
or HG synthesis. We identified UUAT1 (UDP-URONIC ACID
TRANSPORTER1), a gene encoding a protein that can transport
UDP-GlcA and UDP-GalA in vitro. A knockout line lackingUUAT1
has lessGalAandRha inbothAMandSM,and lessXyl inSM.Also,
a decrease in arabinan content was observed in the seed coat.
Analyses ofUUAT1 expression in other organs and cells revealed
differences inAra content in uuat1mutant versuswild-type tissue.
Interestingly, besides changes in sugar content, a change in the
HG methylation pattern was observed in the mucilage and more
methyl groupswere released fromcell wall material frommucilage
and stem, suggesting that HGmethylation is also altered in some
organs and indicating that pleiotropic changesmight take place in
the mutant cell wall. Our results suggest that UUAT1 transports
UDP-GlcA in vivo. Furthermore, the loss of function of this
transporter leads to changes in monosaccharide composition, in
the cell wall, mainly in those sugars related to UDP-GlcA me-
tabolism in theGolgi lumen. These results show the importance of
the transport ofUDP-GlcA in thebiosynthesis of theplant cellwall.

RESULTS

Analysis of NSTs Expressed in Seed Coats and Identification
of UUAT1

In silico data analyses revealed that 21 out of the 51 members of
the NST/TPT Arabidopsis family (Rautengarten et al., 2014) are
expressed in the seed coat during the developmental stages
when mucilage is produced and accumulated in epidermal cells
(Supplemental Figure 1) (Le et al., 2010; http://seedgenenetwork.
net/arabidopsis). Of these 21 candidates, we disregarded
thosewith reported functions (10 knownNSTs) in the Arabidopsis
UDP-rhamnose/UDP-galactose transporter (URGT) family
(Rautengarten et al., 2014), UDP-galactose transporter 1 (UTR1),
UTR2, and UTR3 (Norambuena et al., 2002, 2005; Reyes et al.,
2006, 2010), and GalT1 (Bakker et al., 2005). Among the 11 target
genes that were expressed throughout seed development and
lack a known function (Supplemental Figure 1), At5g17630 was
discarded from the analysis because as it belongs to the triose
phosphate translocator clade. Of the 10 remaining genes, ho-
mozygous mutants could be obtained for seven of them, but only
heterozygous mutants were obtained for the other three. Soluble
mucilage content was assessed by measuring the uronic acid
released following water imbibition. The results showed that
a mutant allele of At5g04160, uuat1, exhibited the lowest level of
mucilage uronic acid (Supplemental Figure 2).UUAT1 expression
was also measured during seed development to confirm that it is
expressed during the mucilage production stages (6 to 8 d
after pollination [DAP]). Supplemental Figure 3 shows a peak in
UUAT1 expression at 8 DAP, a pattern similar to the expression
of genes involved in mucilage synthesis (Macquet et al., 2007;
Saez-Aguayo et al., 2013; Rautengarten et al., 2014). UUAT1
encodes a polytopic transmembrane protein with 10 putative
membrane spanning domains (Supplemental Figure 4) and
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belongs to a subclade composed of five paralogs with identi-
ties ranging from 81 to 49% (Supplemental Table 1). However,
their expression levels are much lower than those of UUAT1
(Supplemental Figure 3).

Given these results, we decided to focus on UUAT1 by ana-
lyzing its role in the biosynthesis of seed coat mucilage. Three
T-DNA insertion lines were identified in the At5g04160 locus and
were designated uuat1-1,uuat1-2, anduuat1-3 (Figure 1A). These
mutant lines had a lower content of GalA and Rha residues in the
SM fraction compared with the wild-type Col-0 plants (Figure 1C;
Supplemental Table 2). When compared with the other two allelic
lines, uuat1-2 exhibited the most pronounced decrease in both
sugars. UUAT1 transcripts were undetectable in the uuat1-2
mutant line, whereas the other two lines (uuat1-1 and uuat1-3)
exhibitedsomeUUAT1expression,albeit at lower levels thanwild-
type Col-0 (Figure 1B). Thus, we concluded that uuat1-2 had the
strongest phenotypebecause itwasa true knockout line,whereas
the other alleleswere knockdown lines and so the studies focused
on the uuat1-2 allele. Molecular rescue of the uuat1-2 mutant
confirmed that the absence of UUAT1 was responsible for
the phenotypes observed in uuat1-2 (Supplemental Figure 5). The
uuat1-2 line was transformed with a construct that contains the
UUAT1codingsequence (CDS) fused toaGFP tagand isdrivenby
the UUAT1 endogenous promoter. Several independent trans-
formants were obtained and the presence of the transgene was
confirmed by RT-PCR (Supplemental Figure 5A). Wild-type ru-
thenium red staining of the AM and sugar content levels were
observed in two independent transgenic lines, indicating that

UUAT1-GFP had successfully rescued themutant (Supplemental
Figures 5B and 5C).

UUAT1 Is a UDP-Uronic Acid Transporter in the Golgi

To determine the substrate specificity of UUAT1 in vitro, it
was expressed heterologously in Saccharomyces cerevisiae
(yeast), and transport assays were conducted as reported by
Rautengarten et al. (2014). Transport assays were performed
using the microsomal proteins reconstituted in proteoliposomes.
An immunoblot analysisof the reconstitutedprotein confirmed the
presence of UUAT1 in proteoliposomes (Figure 2A). Proteolipo-
somes were preloaded with UMP, GMP, CMP, or AMP and then
incubated with a mixture of 15 nucleotides/nucleotide sugars to
determine substrate specificity (Figure 2D; Supplemental Figure
6). Nontransported substrates were removed by gel filtration and
the proteoliposome content analyzed with liquid chromatography-
tandemmass spectrometry (LC-MS/MS). The substrate preference
exhibited by UUAT1 could readily be assessed after LC-MS/MS
analysis when compared with the empty vector control. UUAT1
demonstrated clear preferences for UDP-GlcA and UDP-GalA
when proteoliposomes were preloaded with UMP (Figure 2D). No
significant differences in transport activity between the control
and UUAT1 were observed for any other nucleotide sugar apart
from UDP-Arap, although this activity was much lower than that
observed for the UDP-uronic acids (Figure 2D).
These substrate preferences were only specific when the

proteoliposomes were preloaded with UMP and not with GMP,

Figure 1. Characterization of Mutants in UUAT1.

(A)Schematic representation ofUUAT1 structure, as annotated in TAIR (http://www.arabidopsis.org/). The sites and orientations of the T-DNA insertions in
allelic lines uuat1-1, uuat1-2, and uuat1-3 are indicated. Numbers indicate the positions (in base pairs) of the start and stop codons and the T-DNA insertion
sites. White boxes, 59- and 39-untranslated regions; gray boxes, protein coding sequences; black lines, introns; LB, left border.
(B)Analysis ofUUAT1 expression in T-DNA insertion lines. RT-PCRanalyseswere performedonRNAs isolated fromwild-typeCol-0, uuat1-1,uuat1-2, and
uuat1-3 lines using specific primers for the full-length coding sequence of UUAT1. EF1a expression was used as a control.
(C)Measurement of galacturonic acid and rhamnose levels in solublemucilage after 10minof seed imbibition inwater. Error bars represent SE (n=6) of three
biological replicates. Asterisk indicates significant difference from the wild type using the t test, P < 0.05.
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CMP, or AMP (Supplemental Figure 6). Given the additional
negative charge present in UDP-uronic acids, UDP was also
tested as a potential antiporter substrate, but no transport was
observed (Supplemental Figure 6). Proteoliposomes preloaded
with GMP could transport GDP-sugars and some lower activity
was also observed when proteoliposomes were preloaded with
AMP (Supplemental Figure6), but this is likely tobe the result of the
endogenous transport activities of the yeast microsomal prepa-
ration, since the proteoliposome UUAT1 expression activity did
not differ from the control, as has been observed previously (Ebert
et al., 2015). UDP-GlcA transport by UUAT1 did not achieve
saturation within the concentration range utilized in the assay
(Figure 2B); however, transport was affected in a time dependent
manner (Figure 2C). Analysis of transport rates indicated that
UUAT1 has an apparent Km of 1.5 mM for UDP-GlcA (Figure 2B).

A C-terminal translational fusion with GFP was used to de-
termine the subcellular localization of UUAT1 using confocal laser
scanning microscopy on transient transformed epidermal cells
(Figure 3). The UUAT1-GFP distribution pattern was compared
with those obtained for the cis-Golgi marker a-mannnosidase-I

(Saint-Jore-Dupas et al., 2006) and an endoplasmic reticulum
(ER) marker (Nelson et al., 2007). The fluorescence signal ob-
tained from the UUAT1-GFP protein colocalized with the
punctate pattern obtained for the cis-Golgi marker a-Man-I but
not with the ER marker (Figures 3A to 3F). To confirm the lo-
calization of UUAT1, trichomes of transgenic rescued plants
expressing UUAT1-GFP under the endogenous promoter were
analyzed, and they also showed motile structures exhibiting
a punctate pattern, as has been described for Golgi resident
proteins (Figure 3G) (Boevink et al., 1998). Taking these data
together, these results indicate that UUAT1 is a Golgi-localized
UDP-uronic acid transporter.

Absence of UUAT1 Has Pleiotropic Effects on Seed Coat
Cell Walls and Mucilage

In order to better understand the effects on the composition of cell
wall polysaccharides caused by the absence of UUAT1, we an-
alyzed the sugar content of the polysaccharides present in the
seed mucilage (Table 1) in both wild-type Col-0 and uuat1-2
mutant plants. The SM, as expected, contained mostly GalA and
Rha. However, decreases in bothGalA (20%) andRha (22%)were
observed in the uuat1-2 mutant compared with the wild type
(Table 1). Interestingly, despite the low Xyl levels in the sample, it
displayed a similar reduction (21%). Furthermore, the seed+AM
fraction from uuat1-2 showed a 5% decrease in GalA content
along with a 9% reduction in Rha (Table 1).
To further investigate the differences observed in the seed+AM

fraction and tobetter understandwhichpolysaccharidesmight be
altered in themutant,weperformedwhole-mount immunolabeling
assays using antibodies against the epitopes present in cell
wall polysaccharides (Figure 4). Based on the measured mono-
saccharide composition and considering the mucilage poly-
saccharide composition, the labeling was performed using the
following antibodies: CCRC-M36 (anti-RG-I), LM6 (anti-arabinan),
JIM7, and LM20 (both antimethylated HG) (Macquet et al., 2007;
Verhertbruggen et al., 2009; Willats et al., 2001). In addition, to
visualize the cell wall, we used calcofluor or propidium iodide,
which stainb-1,4 glucans andpolysaccharides. RG-I labelingwas
reduced in theAMofuuat1-2 seeds comparedwithwild-typeCol-0
seeds (Figures 4A and 4C, green signal). Moreover, the calcofluor
labeling showed a distal cell wall defect in the mutant when
compared with wild-type Col-0 (Figures 4B and 4D, pink labeling),
likely due to an abnormal cell wall rupture. The LM6 antibody
showed less arabinan in the uuat1-2 AM compared with the wild-
typeCol-0,especially in thedistalwallof theepidermalcells (Figures
4Eand4F). The lackof stainingwith theLM6antibodywas restored
in the transgenic plants that expressed UUAT1-GFP with the en-
dogenous promoter (Supplemental Figure 7), providing further
evidence that this phenotype is due to the UUAT1 absence.
As the rupture of the distal cell wall upon water imbibition

seemed tobealtered,we reasoned that thecellwall stiffnessmight
have changed. Because the degree of HGmethylation affects the
stiffness of the cellwall (Peaucelle et al., 2008), the LM20andJIM7
antibodies were used to look at the highly methylesterified HG
distribution (Figure5;Supplemental Figure8).An increase inLM20
labeling in AM was observed in the uuat1-2 mutant when com-
pared with wild-type Col-0 (Figures 5A and 5B), suggesting the

Figure 2. UUAT1 Is a UDP-Uronic Acid Transporter.

(A) Immunoblot of the yeast microsomal fractions used to make the
proteoliposomes. Total protein (2.5 mg) was probed with an anti-V5 tag
antibody, and strong expression of UUAT1 (;35 kD) was observed.
(B)Kinetics of UDP-GlcA transport at varying concentrations (0.5–400 mM)
into proteoliposomes preloadedwith UMP and then incubated for 2 min at
25°C.
(C) Time course for UDP-GlcA (50 mM) uptake into proteoliposomes
preloaded with UMP and then incubated at 25°C. All values were nor-
malized to the total protein content of theproteoliposomepreparations and
are means 6 SD of four independent experiments.
(D) Quantification of nucleotide sugar uptake into proteoliposomes con-
taining UUAT1 that were preloaded with UMP. Data are the means6 SD of
four independent transport assays quantified by LC-MS/MS and nor-
malized to the total protein content of the reconstituted proteoliposomes.
The empty expression vector was used as a negative control. Significantly
different values are marked with asterisks: *P < 0.05 and **P < 0.01;
Student’s t test.
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presence of HGwith a higher degree ofmethyl esterification in the
mutant. This result was also observed using the JIM7 antibody in
the allelic lines uuat1-1 and uuat1-3 (Supplemental Figure 8).
Analysis of the uuat1-2 lines expressing UUAT1 supported this
observation by showing less labeling than in themutant, butmore
labeling than inwild-typeCol-0whenJIM7andLM20wereused to
assess the methylated HG content (Supplemental Figure 7). In
addition, we performed ruthenium red staining in the presence
of EDTA, a chelator that removes cations and increases the ex-
posure of carboxylic groups, thus enhancing the ruthenium red

staining (Figures 5C and 5D). Wild-type Col-0 seeds showed in-
tensestainingbutmutant seedsexhibitedapale color, suggesting
that fewer carboxylic groups were available for binding the dye
(Figure 5D). To confirm changes in HG methylesterification in the
uuat1-2 mutant, the contents of methyl groups present in the
soluble mucilage and seed+AM fractions were determined by
measuring the methanol released upon saponification. Both
fractions displayed greater methanol release of 37 and 67%,
respectively (Figure 5E). Finally, these HG methylesterification
changes correlated with a 10% decrease in pectin methylesterase

Figure 3. UUAT1 Is Located in the Golgi Apparatus.

(A) to (F) Tobacco epidermal cells were cotransformed with agrobacteria carrying vectors containing Pro35S-UUAT1-GFP with the cis-Golgi marker
a-Mannosidase-I-Cherry ([A] to [C]) or theERmarkerwall-associatedkinase-2-signal peptide-mCherry-HDEL ([D] to [F]). GFP labelingcolocalizedwith the
Golgi marker (C) but not with the ER marker (F). Bars = 5 mm.
(G) Subcellular localization of UUAT1-GFP in trichomes from uuat1-2 plants rescued with the ProUUAT1-UUAT1-GFP construct. Bar = 100 um.

Table 1. Sugar Composition of Seeds plus Adherent Mucilage (Seed+AM) and Extracted SM from Wild-Type Col-0 and uuat1-2 Plants

Structure Sugar Wild-Type Col-0 uuat1-2

Seed+AM GalA 20.67 (0.21)* 19.68 (0.42)*
Rha 21.77 (0.77)* 20.02 (0.45)*
Fuc 1.74 (0.05) 1.72 (0.03)
Ara 41.21 (1.59) 39.62 (1.06)
Xyl 11.37 (0.56) 11.45 (0.47)
Man 3.44 (0.12) 3.69 (0.16)
Gal 30.23 (0.40) 29.06 (1.13)
Glc 7.43 (0.26) 8.18 (0.29)
GlcA 2.44 (0.08) 2.55 (0.07)

Total Seed+AM 140.30 (2.80) 135.96 (1.92)
SM GalA 5.66 (0.21)* 4.56 (0.22)*

Rha 8.65 (0.49)* 6.76 (0.43) *
Ara 0.08 (0.02) 0.09 (0.01)
Xyl 0.43 (0.02)* 0.34 (0.02)*
Gal 0.31 (0.04) 0.26 (0.02)

Total SM 15.15 (0.64) 11.99 (0.95)

To analyze monosaccharide composition, a water-soluble extraction was used to isolate the SM fraction. The adherent mucilage cannot be detached
from the seed and form the seed + soluble mucilage fraction (seed+AM). Sugar content was obtained using HPAEC-PAD from seed+AM and from SM.
Values are in mg/g of dry seeds and are the means of three biological replicates. Standard errors are shown in parentheses for two technical replicates
each. Asterisks indicate significant statistical differences using the Wilcoxon test (P < 0.05).
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(PME) activity,measured in drymutant seeds (Figure 5F). All these
results provide strong evidence that UUAT1 absence leads to an
increase of highly methylesterified HG epitopes in mucilage.

UUAT1 Functions in Different Plant Organs

Wenextanalyzed theUUAT1expressionpattern inorganssuchas
roots, seedlings, rosette and cauline leaves, stems, flowers, sili-
ques, and seeds at different development stages (Supplemental
Figure 9). The UUAT1 transcript was detected by qPCR in all
organs analyzed, with expression peaking in stems and flowers
(Supplemental Figure 9A). The GUS reporter gene (Jefferson,
1989) was cloned under the control of the UUAT1 promoter and
transformed into wild-type Col-0 plants to obtain spatial in-
formation regarding UUAT1 expression. Strong GUS activity was
detected in roots, seedlings, trichomes, flowers, and developing
seeds (Supplemental Figure 9B), confirming that UUAT1 is pre-
dominantly expressed in these organs.

All obvious phenotypes in the uuat1-2 mutant were examined
first to investigate whether theUUAT1mutation leads to changes
in plant development and/or cell wall composition in organs or

tissues apart from the seed mucilage. Interestingly, the only
change observed was in the primary stem, as uuat1-2 plants
displayed an early elongation phenotype when compared with
wild-type Col-0 plants (Figure 6A). However, this morphological
difference disappeared once the plants reached amature stage.
No changeswere observed in sugar composition of the stemcell
wall for any of the sugars analyzed, including Xyl (Figure 6C), the
most abundant sugar due to the presence of glucuronoxylan,
one of the more abundant stem polymers. Because glucur-
onoxylan also contains GlcA in a given branching frequency,
a carbohydrate gel electrophoresis (PACE) polysaccharide
analysis (Mortimer et al., 2010) was used to quantify the oligo-
saccharides Xyl, Xyl2, and GlcAXyl4/[MeGlcA] Xyl4 released by
xylanase GH11. No changes were found in the GlcA/Xyl ratio,
suggesting that the glucuronoxylan structure is normal in the
uuat1-2mutant (Figure 6D). Additionally, because changeswere
observed in mucilage HG methylesterification, this modification
was further analyzed in three development stages in stems. The
methylesterification levels were observed to be significantly
higher in all conditions in the uuat1-2 mutant when compared
with wild-type Col-0 (Figure 6B).

Figure 4. The uuat1-2 Mutant Is Affected in Seed Mucilage Structure and Composition.

RG-I and arabinan labeling in adherent mucilage from wild-type Col-0 seeds and the uuat1-2 mutant line. Confocal microscopy optical section re-
construction of AM released from imbibed seeds. Asterisks represent differences in labeling. Bars = 100 mm in (A) and (C) and 50 mm in (B) to (F).
(A) to (D) CCRC-M36 antibody (green) was used to label RG-I domains, and calcofluor white was used to detect b-1,4-glucans (purple). (B) and (D) are
magnifications of (A) and (C), showing greater detail of the AM, the distal cell wall (dw), and the columella cells (C).
(E) and (F) The LM6 antibody was used to label arabinan (green) in both wild-type Col-0 and uuat1-2 seeds.
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The alcohol-insoluble residue (AIR) sugar composition in
uuat1-2mutant roots, trichome, andpollen tube preparationswas
analyzed touncover anypossible changes incellwall composition
in other UUAT1-expressing organs (Figure 7). Ara levels were
reduced in roots andpollen tubes.Aslight decreasewasobserved
in trichomes, but it was not significant. No decrease in GalA or Xyl
was observed in any other of the tissues analyzed; thus, Ara was
the only sugar whose content consistently decreased in the
mutant, and this decrease was tissue specific. In conclusion, our
results indicate that plants lacking UUAT1 show changes in the
composition of cell wall monosaccharides derived from the me-
tabolism of UDP-GlcA in the Golgi, with arabinose being themost
affected. Furthermore, mutants in UUAT1 show enhanced levels
of methylesterification in cell wall polysaccharides, a likely re-
sponse to cope with changes in cell wall composition.

DISCUSSION

UDP-GlcA issynthesizedandutilized in theplantcell cytosol, but it
is also required in the Golgi lumen for synthesis of UDP-GalA,
UDP-Xyl, and UDP-Arap. Therefore, UDP-GlcA needs to be
transported from the cytosol across the Golgi membrane into the
Golgi lumen to be converted into these nucleotide sugars. Our
work led to the identificationofUUAT1, aprotein that can transport

UDP-GlcA, UDP-GalA, and low levels of UDP-Arap in vitro.
However, UUAT1 is unlikely to transport significant amounts of
UDP-GalA or UDP-Arap in vivo because both UDP-GlcA
4-epimerase and UDP-Xyl 4-epimerase, the enzymes involved in
the synthesis of UDP-GalA and UDP-Arap, respectively, are lo-
cated in the Golgi lumen (Burget et al., 2003; Gu and Bar-Peled,
2004; Mølhøj et al., 2004). A cytosolic salvage pathway for UDP-
GalA has been reported (Yang et al., 2009) but requires release
from the cell wall of GalA, which can then be converted into UDP-
GalA by the enzymes GalA kinase and Sloppy, a promiscuous
UDP-sugar pyrophosphorylase (Kotake et al., 2007). Therefore,
this salvage pathway may be active only under certain circum-
stancesandperhapscytosolicUDP-GalA formedvia this pathway
could be transported by UUAT1. UDP-Arap can also be bio-
synthesized by UGE1 and UGE3 in the cytoplasm, using UDP-Xyl
to form UDP-Arap. This would presumably be in addition to their
roles in the UDP-Glc to UDP-Gal epimerization. However, mu-
tations in these genes suggest that this cytosolic pathway is less
important than that located in the Golgi (Rösti et al., 2007; Kotake
et al., 2009; Rautengarten et al., 2011; Kotake et al., 2016). Fur-
thermore, becauseUUAT1did not exhibit in vitro transport activity
forUDP-Araf (arabinose in its furanose form),wepostulate that the
main in vivo role for UUAT1 is to transport UDP-GlcA to the Golgi
lumen. Finally, we believe the low UDP-Arap activity observed is

Figure 5. The uuat1-2 Mutant Shows Increased Pectin Methylesterification and Has Reduced Pectin Methylesterase Activity in Seeds.

(A) and (B) Labeling of highly methylesterified HG in the adherent mucilage from seeds of wild-type Col-0 (A) and the uuat1-2mutant line (B) imaged using
confocal microscopy optical section reconstruction of AM released from imbibed seeds. The LM20 antibody (green) was used to label HG domains, and
propidium iodide was used to stain the seed coat surface (pink). Bars = 100 mm.
(C) and (D) Appearance of seed adherent mucilage from wild-type Col-0 (C) and uuat1-2 (D) in the presence of a cation chelator. Seeds were stained with
ruthenium red after 1 h of imbibition in 0.5 M EDTA. Bars = 100 mm.
(E)Degree of methylesterification in wild-type Col-0 and uuat1-2 in seed+AM and the solublemucilage fractions. Error bars represent SE (n = 16, from three
biological replicates). ANOVA and Tukey tests were performed and compared with wild-type Col-0 (*P < 0.05).
(F)SeedPMEactivity. Total protein extracts frommaturedry seedsofwild-typeCol-0anduuat1-2wereused tomeasurePMEactivity. ThePMEactivitywas
normalized to the average wild-type activity (100). Error bars represent SE (n = 16 for SM and n = 12 for seed+AM from three biological replicates).
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not a function specific to UUAT1 because it is also observed in
other nucleotide sugar transporters, such as the UDP-Rha/UDP-
Gal transporters and the UDP-Xyl transporter (Ebert et al., 2015;
Rautengarten et al., 2014)

UUAT1 is expressed in seed coat epidermal cells and knockout
plants showed a number of mucilage-related phenotypes. The
uuat1-2mutant displayed reduced GalA and Rha content in both
the SM and the seed+AM fraction. Thus, theGalA decrease could
be explained by a lower UDP-GlcA transport rate to the Golgi
lumen, the substrate required for the UDP-GalA synthesis. Thus,
its reduced transport rate could lead to lower levels of this nu-
cleotide sugar in the mutant. On the other hand, UUAT1 does not
transport UDP-Rha, so the Rha decrease is likely due to an im-
pairment in synthesis of theRG-I backbone,which is composedof
repeating (GalA-Rha)n disaccharide units. Because one of the
substrates (UDP-GalA) is reduced, it is likely that Rha in-
corporation has been also affected, leading to lower levels of this
sugar in SM and the seed+AM fraction. Something similar occurs
in mutants in URGT2, a UDP-Rha transporter that is also ex-
pressed in seed coat epidermal cells. SM in this mutant also

exhibits lowered Rha and GalA, even though URGT2 does not
transport UDP-uronic acids (Rautengarten et al., 2014). The GalA
and Rha decrease observed in mucilage (a RG-I-enriched matrix)
from UDP-Rha and UDP-GlcA transporter mutants suggests
a coordination in the supply of both nucleotide sugars during RG-I
biosynthesis.
The uuat1 mutants exhibit a decrease in arabinan in AM, as

detected by LM6 antibody immunolabeling. Ara is an abundant
sugar in the seed+AM fraction and can be present in other
polysaccharides (Western et al., 2001), so changes in the total Ara
content may not reveal the differences in a low-abundant Ara-
containing polymer. The use of antibodies can detect precise
changes in arabinan, which is present in the wild type and almost
undetectable in the mutant, suggesting that UUAT1 plays an
important role in providing the precursor for arabinan synthesis.
The absence of UUAT1 also results in a reduction in Xyl in SM.
However, this phenotype is different from the one observed for
muci21 and irx14, xylosyltransferases mutants that show alter-
ations in epidermal cell mucilage adhesion (Hu et al., 2016;
Voiniciuc et al., 2015; Ralet et al., 2016). On the other hand, no Xyl

Figure 6. The uuat1-2Mutant Line Displays an Early Stem Elongation Phenotype and an Increase in Methylesterification but Shows NoChanges in Sugar
Content in Stem Cell Walls.

(A) The uuat1-2mutant displays early stem elongationwhen comparedwith thewild-typeCol-0. Seven-week-oldwild-typeCol-0 and uuat1-2plants show
a pronounced difference in stem height. This difference disappears once the plants reach their adult state. This phenotypewas observed in three biological
replicates.
(B)Determination of the degree ofmethylesterification in stems. Error bars represent SE (n= 8) from twobiological replicates. Asterisks represent significant
difference from wild-type Col-0 using ANOVA and Tukey tests (P < 0.05).
(C) High-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) was used to quantify the cell wall extract
monosaccharide composition from wild-type Col-0 and uuat1-2 stems (20–24 cm). Error bars represent SE (n = 6) from three biological replicates.
(D) Ratio of GlcA/Xyl content of xylan products digested with GH11 xylanase. AIR material from basal stems of wild-type Col-0 and uuat1-2 was used to
determine the frequencyofGlcAbrancheson thexylanbackboneusingPACE.Thequantity of eachof theoligosaccharides releasedbyGH11xylanase [Xyl,
(Xyl)2, GlcA-(Xyl)4/MeGlcA(Xyl)4] was calculated and the GlcA/Xyl ratio determined. Error bars represent SE (n = 9) from three biological replicates.
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changes were observed in the seed+AM fraction, suggesting
a precise and discrete role for UUAT1 in Xyl-containing polymer
synthesis.

The results show that both theSMandseed+AMmatrices in the
uuat1 mutants have lower levels of sugars (GalA, Xyl, and Ara)
provided by UDP-sugars derived from the metabolism of UDP-
GlcA in the Golgi. This supports the role of UUAT1 as an in vivo
UDP-GlcA transporter. Because these sugars are not completely
diminished, it suggests that other UDP-GlcA transporters are
present in seed coat epidermal cells. Alternatively, some com-
pensatory mechanisms, such as UDP-Xyl transport by specific
transporters, could be activated (Ebert et al., 2015).

In addition to the changes in cell wall composition, our calco-
fluor staining studies revealed that distal cell walls of seed coat
epidermal cells exhibited an abnormal rupture upon imbibition.
Whether thechangesobserved inGalA,Rha, Xyl, andarabinanare
responsible for this feature remains tobedetermined.However, an
interesting observation was that the uuat1-2 mutant exhibits an
increase in the level of HGmethylation, a feature that was partially
rescued in plants expressing UUAT1. The increase in labeling by
the LM20antibody inmucilage correlatedwith reduced ruthenium
red staining, a dye that binds to the HG carboxyl groups, sug-
gesting their blockage bymethyl groups. In addition, moremethyl
groupswere released frommucilage derived from uuat1-2mutant
seeds and lower PME activity was detected. This methylation
increasemay be the result of the adaptation that takes place in the
uuat1-2 mutant to compensate for changes in its cell wall. Be-
cause the degree of HG methylation correlates to cell wall stiff-
ness,methylationchangesmaycontribute to thealtered ruptureof
distal cell walls during seed imbibition. RegardingHGmethylation
and arabinan content, it is interesting to note that mutants con-
taining lower HG methylation levels due to defective pectin
methyltransferase activity exhibit an increase in Ara (Kim et al.,
2015),whichcouldaccount forhigher arabinan levels.Bycontrast,
uuat1-2 plants show agreater HGmethylation and lower arabinan

levels, suggesting that an inverse correlation may exist between
arabinan content and the degree of HG methylation.
The expression pattern of UUAT1 indicates that it might have

additional functional roles in other organs or cell types. Indeed,
an evaluation of the cell wall sugar composition of other organs
and cells from the uuat1-2mutant showed lower levels of Ara in
roots and pollen tubes, but not a decrease in Xyl or GalA. These
results suggest that changes in the mutant plant cell wall
composition are organ dependent. In this sense, Ara is the sugar
most affected in the organs evaluated, suggesting that the
supply of UDP-Ara for arabinosyltransferases ismore affected in
uuat1-2 plants. On the other hand, the levels of GalA and Xyl did
not exhibit significant differences in the mutant, except in
seeds. These results could be explained due to redundancy of
paralog genes present in subclade V of the NST gene family
(Rautengarten et al., 2014),which could supplyUDP-GlcA for the
UDP-GalA synthesis. This explanation is also valid for the ab-
sence of Xyl changes, but it is important tomention that UDP-Xyl
levels in theGolgi lumenare also directly controlledby aUDP-Xyl
transporter (UXT1), described recently by Ebert et al. (2015).
Mutants in this transporter had decreased Xyl content in stems,
and glucuronoxylan was strongly affected (Ebert et al., 2015),
suggesting that the UDP-Xyl biosynthesized by cytosolic UXS
and transported by UXT1 may be required for xylan synthesis.
Furthermore, an Arabidopsis cytosolic UXS triple mutant was
shown to have an irregular xylem phenotype, while the lumenal
UXS triple mutant had no Xyl-associated phenotype (Kuang
et al., 2016). Thesefindingssuggest thatUUAT1 is less important
in the synthesis of Xyl-containingpolysaccharides. Furthermore,
it is likely that the UDP-Xyl made in the cytosol is used to syn-
thesize Xyl-containing polysaccharides, whereas the UDP-Xyl
made in the Golgi lumen could be used for the synthesis of UDP-
Arap in a tissue-specific manner. However, more data will be
required to confirm this hypothesis. No changes were observed
in theGlcA/Xyl ratio of glucuronoxylan, one of themain polymers

Figure 7. Monosaccharide Composition of Different Organs, Tissues, or Cells from Wild-Type Col-0 and uuat1-2 Mutant Plants.

Quantification of the monosaccharide composition of the cell wall extracts from wild-type Col-0 and uuat1-2 mutant plants using HPAEC-PAD and gas
chromatograph-flame ionization detection. Error bars represent SE (n= 6) from three biological replicates. Asterisk indicates significant differences from the
wild type using the Wilcoxon test (P < 0.05).
(A) Roots from 7-d-old plants.
(B) Trichomes from 14-d-old plants.
(C) Pollen tubes from 6-h-old plants.
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containing GlcA, supporting the idea of redundancy in the UDP-
GlcA transport.

Cell walls of the uuat1-2mutant also exhibited other pleiotropic
changes in sugar composition and HG methylation depending on
the tissue analyzed. For instance, a Gal decrease was observed in
roots, and a GalA increase occurred in pollen tubes. HGs can
modulate cell wall stiffness in pollen tubes (Parre and Geitmann,
2005a), and callose content changes may also have an impact on
thecellwallmechanicsofpollentubes (ParreandGeitmann,2005b).
Consequently, thesechangesmaybea response to theArachange
observed in the uuat1-2 mutant. Stems also showed methylation
increases at different development stages, which correlate with an
early plant bolting phenotype. These pleiotropic events may cor-
respond toadaptations of themutantdue to the absenceofUUAT1
andarean indicationof theplasticity displayedby theplantcellwall.

METHODS

Plant Material and Growth Conditions

Unless specified otherwise, Arabidopsis (Arabidopsis thaliana) and tobacco
(Nicotiana benthamiana) plants were germinated and grown in a growth
chamber using a long-day regime (16 h photoperiod); the light intensity was
100 mmol m22 s21 and the temperature 21°C. For seeds and aerial tissue
collection, plantswere grown in soil (Terracult blue substrate) supplemented
with fertilizer (Basacoteplus6M;CompoExpert) ina relativehumidityof60%.
The plants were grown inMSmedia (Duchefa) (2.155 g/L), 1% sucrose, and
0.8% agar to obtain root material. T-DNA insertion lines for UUAT1
(SALK_124146C/uuat1-1, SALK_105023C/uuat1-2, and SALK_048507/
uuat1-3) were obtained from the ABRC (http://abrc.osu.edu/) using the
SIGnALSalk collection (Alonso et al., 2003). SALK_105023Cwas annotated
as uuat1-2. Wild-type Col-0 and mutants were transformed using Agro-
bacterium tumefaciens (GV3101:pMP90) carrying the specified vectors,
using the standard floral dip method (Clough and Bent, 1998).

Infiltration of Tobacco Leaves and Subcellular Localization
of UUAT1-GFP

Six-week-old tobacco leaves were infiltrated with Agrobacterium strain
GV3101:pMP90 as described (Batoko et al., 2000). Two independent
transformations were undertaken for analyzing UUAT1 subcellular local-
ization. ER localization was analyzed using UUAT1-GFP and the ER
marker AtWAK-mCherry-HDEL (Wall Associated Kinase-2 carrying an
ER retention signal). Golgi localization was analyzed by cotransformation
of UUAT1-GFP and the Golgi-localized protein a-mannosidase I
(a-mannosidase I-mCherry; Nelson et al., 2007). Fluorescent signals were
analyzed60hafter infiltrationbyconfocal laser scanningmicroscopyusing
an Olympus Fluoview FV1000 spectral microscope.

GUS Staining

Thehistochemical localization ofGUSactivitywasperformedasdescribed
by Jefferson (1989). Tissues were imaged using an Olympus SZ61 ste-
reoscopic microscope, and seeds were analyzed with an Olympus Fluo-
view FV1000 confocal microscope. Excitation at 488 nm and emission of
485 and 491 nm were used for the analysis of seed GUS staining by
confocal microscopy (Truernit et al., 2008).

Ruthenium Red Staining

Mucilage released from mature dry seeds was stained either directly with
0.03% (w/v) ruthenium red or after imbibition in 0.5 M EDTA, pH 8.0, for

90 min. After EDTA treatment, seeds were stained for 2 min and observed
with a light microscope (Olympus SZ61).

Genotyping

Genomic DNA was extracted from Arabidopsis 7-d-old cotyledons as de-
scribedbyEdwardsetal. (1991).PCRwasconductedtoamplify thewild-type
and mutant alleles using the primers described in Supplemental Table 3.

Cloning Procedures

The UUAT1 CDS without the stop codon was amplified from cDNA pre-
pared from Arabidopsis leaf RNA, using the primers described in
Supplemental Table 3. Resulting PCR products were introduced into the
pENTR/D TOPO vector according to standard protocols (Life Technolo-
gies) to generate the entry clone pENTR-UUAT1. The C-terminal GFP
fusion under the control of the cauliflower mosaic virus 35S promoter was
generated by introducing the UUAT1 CDS from the entry clone into the
gateway destination vector pK7FWG2.0 (Karimi et al., 2002) using LR
clonase (Thermo Fisher Scientific). For the rescue construct, the intergenic
region (653 bp) between At5g04170 and At5g04160 was defined as the
UUAT1 promoter (pUUAT1) and was amplified from Arabidopsis genomic
DNA using the primers described in Supplemental Table 3. Resultant
PCR products were introduced into the pENTR 5-TOPO vector (Thermo
Fisher Scientific) to generate the pENTR5-pUUAT1 entry clone. Both
C-terminal GFP and HA fusions were obtained by recombining the entry
clones pENTR-UUAT1 and pENTR5-pUUAT1 with destination vectors
R4pGWB504andR4pGWB513, respectively. For the transcriptional fusion
of pUUAT1 to the GUS reporter gene, the entry clone pENTR5-pUUAT1
and thedestination vector pKGWFS7 (Karimi et al., 2002)were recombined
using LR clonase (Thermo Fisher Scientific).

Expression Analysis

Total RNA fromstems, rosette and cauline leaves, and rootswas extracted
using Trizol (Thermo Fisher Scientific). For developing seeds, the polli-
nation time in days after pollination was defined phenotypically as the time
at which the flowers are just starting to open and the long stamens grow
over the gynoecium, as previously described by Western et al. (2000).
Seeds were dissected from approximately nine siliques in each DAP for
further RNA extraction. RNA extractions were performed using an RNeasy
Plus Micro Kit, according to the manufacturer’s instructions (Qiagen). One
microgram of total RNA was used as a template for first-strand cDNA
synthesis with an oligo(dT) primer and SuperScript II (Thermo Fisher
Scientific), according to the manufacturer’s instructions. The primers
described in Supplemental Table 3 were used to amplify PCR products
fromsingle-strandedcDNA inthewild-typeanduuat1-2samples for theCDS
of UUAT1. The primers used to amplify EF1aA4 were those described by
North et al. (2007). qPCR was performed using the Fast EvaGreen qPCR
Master Mix kit (Mx3000P; Stratagene). Reactions contained 1 mL of 1:2
diluted cDNA in a total volume of 10 mL. Reactions were performed using
primers that has been previously tested for their efficiency rates and sen-
sitivity in a cDNA dilution series. The quantification and normalization pro-
ceduresweredoneusing the followingequation,asdescribedbyStratagene:

Relative Expression

5
ð11E targetÞ2DCt target

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�ð11E Norm1Þ2DCtNorm1�3�ð11E Norm2Þ2DCt Norm2�q

where E corresponds to the efficiency of amplification of target and
reference genes, Ct is threshold cycle, and Norm1 and Norm2 refer to
the references or normalizer genes. Primers for UUAT1, UUAT2,
UUAT3, UUAT4, UUAT5 , EF1a (Hong et al., 2010), UBC9, and seed
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reference gene At4g12590 (Hong et al., 2010) were those described in
Supplemental Table 3.

Analysis of in Vitro UUAT1 Transport

For heterologous expression, we used the uracil-auxotrophic Saccharo-
myces cerevisiae strain INVSc-1 (MATa his3D1 leu2 trp1-289 ura3-52MAT
his3D1 leu2 trp1-289 ura3-52; Thermo Fisher Scientific). The UUAT1
coding sequence was cloned onto the Gateway expression vector pYES-
DEST52 (ThermoFisherScientific) and then introduced into the yeast strain
with theS.c. EasyComp Transformation Kit (Thermo Fisher Scientific). The
control was the yeast strain transformed with the empty vector pYES-
DEST52.Microsomal fractionswere obtained from200-mLcultures grown
at 30°C. Yeast cells were pelleted and spheroplasts produced in 10 mL
resuspension buffer (50 mM potassium phosphate, pH 7.1, 1.4 M sorbitol,
10 mM NaN3, 40 mM 2-mercaptoethanol, and 6000 units of Lyticase
[Sigma-Aldrich]) for 1 h at 37°C. Spheroplasts were harvested by centri-
fugation and washed with 0.8 M sorbitol, 10 mM triethanolamine/acetic
acid, pH 7.2, and 1 mM EDTA. The spheroplasts were lysed with glass
beads in 5 mL 0.8 M sorbitol, 10 mM triethanolamine/acetic acid, pH 7.2,
1 mM EDTA, protease inhibitor cocktail from Sigma-Aldrich, and 1 mM
PMSF. Microsomes were isolated by sequential centrifugation (8000g for
10min [F1] and100,000g for 75min [F2]). TheF2 fractionwas reconstituted
in 10 mM Tricine-KOH, pH 7.5, 50 mM potassium gluconate, and 20%
glycerol. Proteoliposomes were generated with acetone-washed soybean
L-a-phosphatidylcholine (Avanti Polar Lipids) in reconstitution buffer (10mM
Tricine-KOH, pH 7.5, 50 mM potassium gluconate, and 20% glycerol).
Reconstitution of microsomal membranes obtained from the UUAT1-
expressing yeast or the control cells was undertaken using ;400 mg mi-
crosomal protein in reconstitution buffer, lipid at a ratio of 13:1 (lipid:protein),
10mM exchange substrate, and 50mM octyl-b-glucoside. Unincorporated
components were removed from reconstituted liposomes using Sephadex
G50 columns (GE Healthcare). Aliquots (200 mL) were incubated with
nucleotide sugar substrates at 25°C for the indicated times to assess
transporter activities. Kinetic parameters were calculated with nonlinear
regression using the Prism 7 application (GraphPad Software). Poly-
acrylamide gel electrophoresis was performed with 2.5 mg protein of pro-
teoliposomesona7 to15%SDS-PAGEgel. Immunoblottingwasconducted
with theanti-V5antibody,usinga1:10,000dilution (ThermoFisherScientific).

Nucleotide Sugar Quantification Using Tandem Mass Spectrometry

The transport assay reactionswere purifiedusingENVI-CarbSPEcolumns
(Sigma-Aldrich) and then lyophilized overnight, as outlined by Ito et al.
(2014), and then analyzed by LC-MS/MS. Nucleotide sugars were sepa-
rated using a Hypercarb column (150 mm3 1 mm, 5 mm) at a flow rate of
50 mL min21 with an 1100 series HPLC system (Agilent Technologies) and
a 4000QTRAPLC-MS/MS system (Sciex) equippedwith a Turbo ion spray
ion source. Initial conditions were 95% buffer A (LC-MS grade water with
0.3% formic acid, pH 9.0, with ammonia) and 5% buffer B (100% ace-
tonitrile) for1min followedbyagradient to75%(A) in20min, then50%(A) in
5 min before returning to 95% (A) in 5min. The instrument was operated in
negative ion mode, using the multiple reaction monitoring scan type.
Declustering potential was240, entrance potential was210, and collision
cell exit potential was 215. The ion spray voltage was set at 24200 V,
source temperature (TEM) was 425°C, collision gas (CAD) was set to high,
and source gas 1 (GS1) and 2 (GS2) were both set to 20. A time of 100 ms
was applied for each transition, resulting in a duty cycle of 1.0501 s with
both Q1 and Q3 resolution set to “unit.” All data were acquired using
Analyst 1.6 Build 3773 (Sciex). Nucleotide sugars were quantified using
MultiQuant 2.1 software (build 2.1.1296.02.1; Sciex) by integrating the
signal peakareasof samplesagainst a rangeofnucleotidesugar standards
(2.5 to 20 pmol).

Seed Immunolabeling

Immunolabeling was performed with four monoclonal antibodies, CCRC-
M36 (labels RG-I), LM6 (arabinan), JIM7 (highly methyl-esterified homo-
galacturonan), and LM20 (highly methyl-esterified homogalacturonan)
(Saez-Aguayo et al., 2013). A double labeling with an antibody plus cal-
cofluor white (0.01%) or propidium iodide (20 mg mL21) was performed as
indicated for each antibody to observe the seed surface and AM layer.
Optical sections were obtained using an Olympus LX81 spectral confocal
laser scanning microscope. A 488-nm argon laser line was used to excite
Alexa Fluor 488, a 405-nm diode laser line was used to excite calcofluor
white, and a 543-nm neon laser line was used to excite propidium iodide.
Fluorescence emission was detected between 504 and 579 nm for Alexa
Fluor 488, 412 and 490 nm for calcofluorwhite, and 550 nmand 725 nm for
propidium iodide. For comparisons of the signal intensity within one ex-
periment, the laser gain values were fixed.

Trichome Isolation

Trichome isolationwas performed as described byMarks et al. (2008), with
slight modifications. The aerial parts of 18-d-old seedlings were placed in
a 50-mL tube with 15mL of preheated (37°C) PBS (137mMKCl, 10mMK2

HPO4, and 2 mM KH2PO4) containing 100 mM EGTA-KOH (pH 7.5) and
50 mg of glass beads (425 to 600 mm; Sigma-Aldrich). The plant material
was then subjected to four cycles atmaximumvortex speed for 30 s andon
ice for 30 s. The trichomes were recovered using a nylon cell strainer (pore
size 70 mm; BD Falcon) and resuspended in PBS buffer without EGTA.

AIR Preparation

Plant tissues were ground in liquid nitrogen and extracted twice in 80%
ethanol with agitation for 1 h at room temperature followed by removal of
lipids by washing twice with methanol:chloroform (1:1) and twice with
acetone. The final AIR was dried overnight at room temperature. A se-
quential extraction procedure was used for determining the sugar com-
position of SM and seed+AM. Twenty milligrams of seeds was imbibed
three timeswith1mLofwater for20min; theSMwasseparatedby10minof
centrifugation at 12,000g, lyophilized, and resuspended in 300mL of water
before hydrolysis. The seed+AM fraction was lyophilized and AIR prepa-
ration was prepared as described above.

Acid Hydrolysis

Two milligrams of AIR was hydrolyzed for 20 min for soluble mucilage and
1h for other tissueswith450mL2Mtrifluoroacetic acid (TFA) at 121°C. TFA
was evaporated at 60°Cwith nitrogen and the samples werewashed twice
in 250 mL of 100% isopropanol and dried in a SpeedVac. The suspension
was clarified by passing through a syringe filter (pore size: 0.45 mm),
transferred to a new tube, and used for HPAEC-PAD analysis as described
below. Inositol was used as the internal control for TFA hydrolysis.

In Vitro Pollen Tube Growth and Cell Wall Extraction

Pollen was grown in vitro in a liquid medium according to the method
described by Boavida and McCormick, (2007) and Dardelle et al. (2010).
Forty freshly opened flowers were submerged in 1 mL of germination
medium containing 5 mM CaCl2, 0.01% (w/v) H3BO3, 5 mM KCl, 1 mM
MgSO4, and 10% (w/v) sucrose (pH 7.5), and tubes were shaken with
a vortex to release the pollen grains from the anthers. Flowers were re-
movedwithapair of tweezers, and thepollen suspensionwas thenpelleted
at 3200g for 6 min. New GM (250 mL) was added to the pellet, and pollen
grains were grown in a growth chamber in the dark at 22°C for 6 h. Before
any further manipulation, pollen germination and pollen tube growth were
assessed with an inverted microscope. After 6 h, three volumes of 95%
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ethanol were added to the GM and stored at 4°C until use. Six-hour-old
pollen tubes from 480 flowers were pooled, centrifuged at 5000g, and
rinsed three times with 1 mL of 70% ethanol to remove salts and sucrose.
The insoluble material was ground and treated three times with 70%
ethanol at 70°C for 15min followed by an incubationwith 1mL of amixture
of chloroform:methanol (1:1, v/v) for 15 min. After centrifugation (12,000g
for 10 min), the remaining insoluble material was dried to yield the AIR
fraction (;1 mg). This experiment was performed three times.

Methylesterification Analysis of AIR Samples

The degree of methylesterification of wild-type Col-0 and uuat1-2 was
analyzed in 2mg of AIR preparations from roots or seedswith AM. For SM,
5 mg of seeds were imbibed in 200 mL of ultrapure water for 6 h, as de-
scribed by Anthon and Barrett (2004). All experiments were done using
three technical replicates and at least two biological replicates.

HPAEC-PAD

A Dionex ICS3000 ion chromatography system, equipped with a pulsed
amperometric detector, a CarboPac PA1 (43 250 mm) analytical column,
and a CarboPac PA1 (4 3 50 mm) guard column was used to quantify
sugars. The separation of neutral sugarswasperformed at 40°Cwith a flow
rate of 1 mL/min using an isocratic gradient of 20 mM NaOH for 20 min
followed by a wash with 200 mM NaOH for 10 min. After every run, the
column was equilibrated in 20 mM NaOH for 10 min. Separation of acidic
sugarswasperformedusing 150mMNaOAcand100mMNaOH for 10min
at aflow rateof 1mL/minat 40°C.Standardcurvesof neutral sugars (D-Fuc,
L-Rha, L-Ara, D-Gal, D-Glc, D-Xyl, and D-Man) or acidic sugars (D-GalA and
D-GlcA) were used for quantification.

Determination of Monosaccharide Composition of Pollen Tubes
Using Gas Chromatography-Flame Ionization Detection

Samples were prepared as described by Dardelle et al. (2015). Approxi-
mately 0.5 mg of sample was hydrolyzed with 2 M TFA for 2 h at 110°C.
Monosaccharides were then derivatized with 1 M methanol-HCl at 80°C
overnight followed by amixture of hexamethyldisiloxan:trimethyldisiloxan:
pyridine (3:1:9) at 110°C for 20min. After drying, derivativeswere dissolved
in1mLofcyclohexaneand injected into the3800GCsystemequippedwith
a CP-Sil5-CB column. A temperature gradient from 120 to 160°C at 10°C
min21, 160 to 220°C at 1.5°C min21, and 220 to 280°C at 20°C min21 was
used. Quantification was based on the internal standard and response
factors previously determined for each monosaccharide.

Determination of PME Activity

Total protein extraction and PME activity assays were performed as de-
scribed by Saez-Aguayo et al. (2013). Measurements of stained areas to
determine PME activity were obtained using the ImageJ software
(Abramoff et al., 2004)

Analysis of Stem Xylan Using PACE

AIRpreparationsandPACEwereperformedasdescribedbyMortimeretal.
(2010). One milligram of AIR from basal stems was incubated overnight in
0.1 M ammonium acetate buffer (pH 5.5) with an excess of Neocallimastix
patriciarum Xyn11A xylanase at 21°C. Samples were derivatized with
8-aminonapthalene-1,3,6-trisulphonic acid (Invitrogen). After drying in vacuo,
the sampleswere resuspended in 3Murea (100mL), ofwhich5mLwas loaded
onto the gels. Samples were electrophoresed for 30 min at 200 V and then
for 100 min at 1000 V. Gels were visualized using a Genebox (Syngene)
equippedwith a transilluminator with long-wave tubes emitting at 365 nm and

ashort-passfilter (500 to600nm).Thequantityof eachof theoligosaccharides
released by Xyn11A [Xyl, (Xyl)2, GlcA-(Xyl)4/Me-GlcA(Xyl)4] aswell as theGlcA/
Xyl ratio could be calculated by using the analytical software Genetools
(Syngene). Results presented correspond to four biological replicates. The
enzyme was a kind gift of Harry Gilbert (University of Newcastle, UK).

Accession Numbers

Nucleotide sequences for Arabidopsis UUAT1 have been deposited in
GenBank (Benson et al., 2012) under accession numbers KT923621
(At5g04160, coding sequence) and KT923622 (At5g04160, promoter).
T-DNA insertion lines in the At5g04160 locus were obtained from the
ABRC: uuat1-1 (SALK_124146C), uuat1-2 (SALK_105023C), and uuat1-3
(SALK_048507).
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