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The walls of Nicotiana alata pollen tubes contain a linear arabinan composed of (1,5)-a-linked arabinofuranose residues. Although
generally found as a side chain on the backbone of the pectic polysaccharide rhamnogalacturonan I, the arabinan in N. alata
pollen tubes is considered free, as there is no detectable rhamnogalacturonan I in these walls. Carbohydrate-specific antibodies
detected arabinan epitopes at the tip and along the shank of N. alata pollen tubes that are predominantly part of the
primary layer of the bilayered wall. A sequence related to ARABINAN DEFICIENT1 (AtARAD1), a presumed arabinan
arabinosyltransferase from Arabidopsis (Arabidopsis thaliana), was identified by searching an N. alata pollen transcriptome.
Transcripts for this ARAD1-like sequence, which we have named N. alata ARABINAN DEFICIENT-LIKE1 (NaARADL1),
accumulate in various tissues, most abundantly in the pollen grain and tube, and encode a protein that is a type II
membrane protein with its catalytic carboxyl terminus located in the Golgi lumen. The NaARADL1 protein can form
homodimers when transiently expressed in Nicotiana benthamiana leaves and heterodimers when coexpressed with AtARAD1.
The expression of NaARADL1 in Arabidopsis led to plants with more arabinan in their walls and that also exuded a guttation
fluid rich in arabinan. Chemical and enzymatic characterization of the guttation fluid showed that a soluble, linear a-(1,5)-
arabinan was the most abundant polymer present. These results are consistent with NaARADL1 having an arabinan (1,5)-
a-arabinosyltransferase activity.

Sexual reproduction in flowering plants depends on
the delivery of sperm cells to the ovule, a task that is
performed by a highly specialized cell that extends
from the germinated pollen grain called the pollen tube
(Mascarenhas, 1993; Johnson and Preuss, 2002). Pollen
tubes elongate rapidly in a strictly polar manner via the
fusion of secretory vesicles, full of newly synthesized
wall material, with the plasma membrane at the pollen
tube tip. Reinforcing the thin primary wall laid down at
the tip is a thicker, nonlignified secondary wall that is

first deposited some distance behind the tip; in older
pollen tubes, transverse cross walls called plugs are
formed at intervals along the shank of the tube that act
to separate the cytoplasmic portion of the pollen tube at
the tip from spent portions of the tube closer to the grain
(Ferguson et al., 1998). Although delivering the male
gametes for double fertilization is the pollen tube’s
primary biological purpose, cell wall synthesis has been
described as the pollen tube’s main metabolic preoc-
cupation because of their rapid growth rate and the
diversity of locations where new cell walls appear
(Heslop-Harrison, 1987).

Cell walls of Nicotiana alata pollen tubes grown in
culture have been studied extensively, and some of the
enzymes involved in their synthesis are known (Li
et al., 1999; Doblin et al., 2001; Brownfield et al., 2007,
2008). The N. alata pollen tube wall is compositionally
relatively simple compared with the primary walls of
vegetative cells and contains two main polysaccha-
rides, callose and a linear arabinan, and small amounts
of cellulose, the pectic polysaccharide homogalacturonan
(HG), and xyloglucan (XyG; Li et al., 1999; Lampugnani
et al., 2013a). The presence of a linear arabinan in pollen
tube walls is curious, as arabinan is generally found as
part of the structurally complex pectic polysaccharide
rhamnogalacturonan I (RG I). RG I has a backbone of
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repeating alternatinga-(1,2) rhamnose (Rhap) anda-(1,4)
GalUA units with arabinan, a polymer of (1,5)-linked
arabinofuranose residues, attached to some of the back-
bone Rhap residues (Mohnen, 2008; Atmodjo et al., 2013).
Although information about function is limited, sug-
gested roles for the arabinan branches of RG I include
acting as plasticizers to conferflexibility to thewall (Jones
et al., 2003), acting as mediators of cell wall hydration or
cell-cell adhesion (Iwai et al., 2001; Peña and Carpita,
2004; Hansen et al., 2011; Cankar et al., 2014), and acting
as a reversible link between pectin and the load-bearing
cellulose network (Lin et al., 2015). However, plants can
tolerate large reductions in the amount of arabinan in
their walls without obvious phenotypic effects (Harholt
et al., 2006). As N. alata pollen tube walls have no de-
tectable Rhap, the arabinan in these walls is presumed to
be in a free form and not part of RG I. The presence of
uronic acid-free arabinans has been reported or can be
inferred in other plant cell walls, either because RG I is
not detectable or is present in only trace amounts or be-
cause of the behavior of arabinans in chromatographic
separations (Talbott and Ray, 1992; Gibeaut et al., 2005;
Cornuault et al., 2014). The function of this free class of
arabinans in the wall is unknown.
Arabinan is synthesized by an arabinan (1,5)-

a-arabinosyltransferase (AraT) through the transfer of
anAra residue fromUDP-Ara onto an arabinan acceptor.
As the Ara residues in arabinan are in the furanose form,
arabinan synthesis also requires amutase able to convert
the thermodynamically favored UDP-Arap form into
UDP-arabinofuranose (Konishi et al., 2006, 2010). AraT
activity has been observed in permeabilized membranes
using both endogenous and exogenous oligosaccha-
ride acceptors (Odzuck and Kauss, 1972; Bolwell and
Northcote, 1983; Konishi et al., 2006). Additionally, ge-
netic disruption of the Arabidopsis (Arabidopsis thaliana)
gene ARABINAN DEFICIENT1 (ARAD1) results in
plants that have reduced Ara levels in their cell walls,
suggesting that ARAD1 is an AraT (Harholt et al., 2006).
ARAD1 is a glycosyltransferase (GT) with a type II
membrane topology that belongs to the GT 47 family of
the carbohydrate-active enzymes catalogued in the
CAZy database (www.cazy.org; Cantarel et al., 2009).
Some members of the GT 61 and GT 77 families are also
AraTs, in the former case adding single arabinose resi-
dues to a xylan backbone to produce arabinoxylan and
in the latter case synthesizing the short arabinosyl side
chains attached to Hyp residues in glycoproteins and
glycopeptides, such as extensin and CLAVATA3
(Velasquez et al., 2011; Anders et al., 2012; Xu et al.,
2015).
Here, we describe the distribution of arabinan in

N. alata pollen tube walls. Given the presence of a free
arabinan in pollen tube walls, we searched an N. alata
pollen grain transcriptome (Lampugnani et al., 2013a)
for genes likely to be involved in arabinan biosynthesis.
One of the putative GT complementary DNAs (cDNAs)
we identified (N. alata ARABINAN DEFICIENT-LIKE1
[NaARADL1]) encoded a type II membrane protein of
489 amino acids with sequence similarity to AtARAD1.

Here, we show that Arabidopsis plants constitutively
expressingNaARADL1 have increased levels of arabinan
in their cell walls and also produce guttation fluid in
which arabinan is detected immunologically. Subsequent
enzyme digestions and electrospray ionization-tandem
mass spectrometry (ESI-MS2) analysis confirmed the
presence of a linear (1,5)-a-L-arabinan in the guttation
fluid. The results are consistent with NaARADL1 having
AraT activity.

RESULTS

Distribution of Arabinan in N. alata Pollen Tubes

The distribution of arabinan epitopes in N. alata
pollen tubes grown in culture for either 4 or 16 h was
examined with monoclonal antibodies LM6 and LM13
(Fig. 1). LM6 binds to a (1,5)-a-L-oligoarabinoside of
between five and six residues (Willats et al., 1998),
whereas LM13 recognizes a longer, linear arabinan
epitope (Verhertbruggen et al., 2009). After 4 h of
growth, LM6 labeling was evenly distributed along the
entire pollen tube, including the tube tip (Fig. 1, A and
B). LM13 labeling was also distributed along the entire
shank of the pollen tube and at the tube tip, but its
distribution was notably patchier (Fig. 1, C and D).
After 16 h of growth, LM6 labeling remained un-
changed (Fig. 1, E and F), whereas LM13 labeling was
now absent from the shank of the pollen tube but was
still present at the tip (Fig. 1, G andH). An immunogold
transmission electron micrograph of LM13 labeling in a
4-h pollen tube shows that the longer arabinan epitope
was deposited predominantly in the thin outer fibrillar
primary wall of the bilayered tube wall (Fig. 1I).

Characterization of a Putative Arabinanosyl Transferase
from N. alata Pollen

Searching the N. alata pollen grain transcriptome
identified a contig with 38% amino acid identity to
AtARAD1 (Supplemental Fig. S1). The full-length se-
quence amplified frompollen grain cDNAwas predicted
to encode a proteinwith a single transmembrane domain
belonging to CAZy family GT 47 (www.cazy.org) that
was likely targeted to the Golgi apparatus and inserted
into the membrane in a type II orientation. This protein
was named NaARADL1, as its closest Arabidopsis
ortholog is the uncharacterized ARAD1-related protein
encoded by At3g45400 (Fig. 2). Consistent with this not
being the N. alata AtARAD1 ortholog, sequencing of the
NaARADL1 gene revealed that it had two exons and
a single 1,338-bp intron, the same organization as
At3g45400 and a different organization from AtARAD1,
which has three exons and two introns (Supplemental
Fig. S2).

To better understand the relationships between the
putative NaARADL1 and likely orthologs in other
plant species, a phylogenetic treewas constructed of the
GT 47 subclade that includes AtARAD1. Li et al. (2004)
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previously classified the GT 47 family into six separate
subclades (A–F), with AtARAD1 belonging to subclade
B. Figure 2 shows a maximum likelihood tree of GT 47
subclade B proteins from selected flowering and non-
flowering plants with fully sequenced genomes: the
eudicots Arabidopsis, potato (Solanum tuberosum), and
tomato (Solanum lycopersicum), the grasses maize (Zea
mays) and rice (Oryza sativa), the spikemoss Selaginella

moellendorffii, and the moss Physcomitrella patens.
NaARADL1 belongs to awell-resolved cluster offlowering
plant sequences that also included At3g45400 and two
Solanum spp. proteins. This cluster was separate from
the larger AtARAD1-containing cluster.

Reverse transcription-PCR analysis confirmed
NaARADL1 expression in pollen grains and growing
pollen tubes as well as various vegetative tissues
(Supplemental Fig. S3). Our attempts to better define
NaARADL1 expression using RNA in situ hybridization
were unsuccessful because the low level of expression
meant that signal could not be distinguished from back-
ground in vegetative and floral tissues (Supplemental
Fig. S4). Instead, expression was studied in Arabidopsis
using a GUS reporter construct that included the se-
quence 2.3 kb upstream of theNaARADL1 coding region
(pNaARADL1:GUS; Fig. 3). As well as the expected
strongGUS activity in anthers, GUS activitywas detected
in root (Fig. 3A) and shoot apices (Fig. 3B), in developing
and fully expanded leaves and leaf axils (Fig. 3, C–F), and
in developing ovules (Fig. 3G). GUS activity also was
seen in growing pollen tubes (Fig. 3I) and in nectaries
(Fig. 3J).

NaARADL1 Is a Type II Golgi Protein Able to Form
Homodimers and Heterodimers

The subcellular location of NaARADL1 was deter-
mined using fluorescently tagged proteins and tran-
sient expression in N. alata pollen and Nicotiana
benthamiana leaves. In both instances, the fluorescent
reporter was translationally fused to the C terminus of
NaARADL1 (NaARADL1-CERULEAN in pollen and
NaARADL1-VENUS in leaves). In growing N. alata
pollen tubes, NaARADL1-CERULEAN fluorescence
was associated with numerous highlymotile organelles
that were distributed throughout the cytosol and ex-
cluded from the clear zone at the tip (Fig. 4, A–D;
Supplemental Movie S1). The movement of these or-
ganelles showeda bidirectional streamingpattern typical
of actively growing pollen tubes. In N. benthamiana
leaves, NaARADL1-VENUS produced a punctate fluo-
rescence pattern that was associated with Golgi-located
proteins (Fig. 3E). Supporting aGolgi location,NaARADL1
colocated with the Golgi marker SIALYLTRANSFERASE
in pollen tubes (Fig. 4, B–D) and a-MANNOSIDASE I in
leaves (Fig. 4, F–H). The subcellular locationofNaARADL1
did not overlap with that of the endoplasmic reticulum
marker SP-WAK2-mCERULEAN-HDEL inN. benthamiana
leaves (Fig. 4, E and G).

NaARADL1 is predicted to be a type II membrane
protein with the N terminus on the cytoplasmic side of
the membrane and the C-terminal catalytic end within
the Golgi lumen. To confirm this membrane topology,
we used the GO-PROMTO bimolecular fluorescence
complementation (BiFC) assay (Søgaard et al., 2010)
and transiently expressed combinations of constructs
with either cytosolic or lumenal fluorescent reporters
in N. benthamiana leaves. The combinations that were

Figure 1. Distribution of arabinan in the walls of N. alata pollen tubes
grown in vitro. Arabinan epitopes were detected (green) with the mono-
clonal antibodies LM6 and LM13. Pollen tubes were counterstained with
FM4-64 (red). A to D show 4-h (A and B) and 16-h (C and D) pollen tube
shank (A and C) and tip (B and D) regions labeled with LM6. E to H show
4-h (E and F) and16-h (GandH) pollen tube shank (E andG) and tip (Fand
H) regions labeledwith LM13. I shows a cross section of a 4-h pollen tube
shank imaged with immunogold transmission electron microscopy la-
beled with the monoclonal antibody LM13. PW, Fibrillar primary wall;
SW, electron-lucent secondary wall. Bars = 5 mm.
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transiently coexpressed included the test constructs
NaARADL1-VN and NaARADL1-VC, in which amino
acids 1 to 155 or 155 to 240 of VENUS are attached to the
C-terminal end of NaARADL1, and the luminal (VN-
TMDandVC-TMD) and cytosolic (TMD-VN and TMD-
VC) reporter constructs. The only test/reporter pairs
that consistently elicited a fluorescent signal were those
that included a luminal reporter and its complementary
NaARADL1 test construct (Fig. 5). These results indi-
cate that the C-terminal catalytic domain of NaARADL1
is in the Golgi lumen and thatNaARADL1 adopts a type
II membrane protein topology.

TheArabidopsis proteinAtARAD1 formshomodimers
and is capable of forming heterodimers with the related
protein AtARAD2 (Harholt et al., 2012). To test if
NaARADL1 is also capable of forming homodimers in
planta, interactions between the NaARADL1-VN and
NaARADL1-VC test constructs were assessed by BiFC.
For these experiments, homodimerization of the Golgi-
localized galactosyltransferase MUR3 was used as a
positive control (Madson et al., 2003). As expected,
coexpression of the complementary constructs MUR3-
VN and MUR3-VC produced punctate fluorescence in
the Golgi (Fig. 6A), whereas no fluorescence was

Figure 2. Phylogenetic tree of GT 47 sub-
clade B from selected flowering and non-
flowering plants. The phylogenetic tree shows
relationships among 38 AtARAD1-like pro-
tein sequences fromrepresentativebryophytes
(P. patens), lycopods (S. moellendorffii), and
angiosperms (rice,maize, tomato, potato, and
Arabidopsis) and the N. alata sequence
NaARADL1. Numbers indicate Bayesian
posterior probability support for thenode. Less
supported nodes (posterior probability, 0.9)
have been collapsed.

Plant Physiol. Vol. 170, 2016 1965

Arabinan Synthesis in N. alata Pollen Tubes

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/170/4/1962/6114258 by La Trobe U

niversity W
odonga C

am
pus user on 23 June 2021



detectable when MUR3-VN and NaARADL1-VC or
NaARADL1-VN and MUR3-VC were coexpressed in
leaves (Fig. 6, B and C). In contrast, coexpression of

NaARADL1-VN and NaARADL1-VC produced strong
fluorescence in a pattern consistent with a Golgi loca-
tion, indicating that NaARADL1 forms homodimers
(Fig. 6D). The ability of NaARADL1 and AtARAD1 to
interact in planta was also tested by coexpressing
AtARAD1-VN and AtARAD1-VC. First, we confirmed
that coexpressing complementary AtARAD1 con-
structs results in the production of a fluorescent sig-
nal due to homodimerization (Fig. 6G). We then
tested for heterodimerization by coexpressing either
NaARADL1-VN and AtARAD1-VC or AtARAD1-VN
and NaARADL1-VC (Fig. 6, H and I). In both cases, a
positive fluorescent signal was detected with the pat-
tern of fluorescence consistent with a Golgi location.

Arabidopsis Plants Expressing NaARADL1 Have Increased
Levels of (1,5)-a-Arabinan

To further test whether NaARADL1 has arabinosyl-
transferase activity, NaARADL1 was expressed in
Arabidopsis plants under the control of the strong
constitutive cauliflower mosaic virus 35S promoter.
To identify T1 plants with high-level expression,
NaARADL1 was C-terminally fused to the fluorescent
protein VENUS. Homozygous lines were generated
from the four most strongly fluorescent T1 plants, and
walls (as an alcohol-insoluble residue) were prepared
20 DAG and subjected to linkage analysis by methyla-
tion (Supplemental Table S1). Linkage analyses identi-
fied a 30% increase in 1,5-Ara(f) (the main residue type
in arabinan) in the walls of the NaARADL1-expressing
lines compared with Columbia-0 (Col-0; P , 0.05), but
no change in either the 1,2,5-Ara(f) arabinan branch
points or in terminal Ara. Although amounts were low,
transgenic plant lines also had more substituted Rha
[1,2,4-Rha(p)] than Col-0 (Supplemental Table S2).
However, as the ratio of unsubstituted 1,2-Rha(p) to
substituted Rha(p) [1,2,4-Rha(p)] in the transgenic lines
(1:2.3) was roughly similar to that in Col-0 (1:2.5), there
appeared to be no change in the number of side chains
attached to RG I. Thus, a similar number of arabinan
side chains was attached to the RG I in the NaARADL1-
expressing lines, but the length of arabinan side chains
was apparently longer.

Although the overall growth phenotype ofNaARADL1-
expressing lines was similar to that of the wild type,
these plants often accumulated droplets of a clear
fluid at the base of their rosette leaves, a phenotype
never observed in wild-type plants grown under the
same conditions (Supplemental Fig. S5). To deter-
mine if the exudate was a guttation fluid, root xylem
sap was collected from decapitated stumps of wild-
type and transgenic plants. The xylem sap flow of
transgenic plants (2.16 0.04 mLmg21 h21; n = 10) was
almost 4 times that of wild-type controls (0.54 6
0.06 mL mg21 h21; n = 10, P , 0.001), consistent with
increased root pressure causing the excretion of gut-
tation fluid from leaf hydathodes of NaARADL1-
expressing plants.

Figure 3. Histochemical staining of pNaARADL1:GUS-expressing
Arabidopsis plants. Seedlings 7 d after germination (DAG) show GUS
staining in roots, particularly at the root tip (A), and the tip of the devel-
oping leaf and its basal organ boundary (B). Seedlings 14DAG showGUS
activity along the margins of the leaves (arrows; C). In fully expanded
leaves, GUS accumulation is limited to the hydathodes (D). GUS also
accumulates between the axils of secondary shoots (E), at the junction of
the pedicel with the stem (arrows; F), and at the base of the sepals in the
intersepal zone (arrowheads; F and G). Expression is also evident in the
developing ovules (G) and developing anther (I), including the tapetum
(tp), pollen grains, and pollen tubes growing through the style, as viewed
in a longitudinal section under dark-field optics. Expression is also present
in the nectaries (J). Black bars = 1 mm; white bars = 250 mm.
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To determine whether cell wall-associated polysac-
charides and proteoglycans were present in the exu-
date, wild-type andNaARADL1-expressing plantswere
grown overnight under high humidity to promote
guttation. The guttation fluid was collected and ana-
lyzed by comprehensive microarray polymer profiling
(CoMPP; Moller et al., 2012) using antibodies that
detect epitopes associated with arabinan, XyG, HG,
heteroxylans, and arabinogalactan proteins (AGPs).
While none of the tested epitopes were present in gut-
tation fluid collected from wild-type plants, guttation
fluid from all six independent transgenic NaARADL1-
overexpressing lines contained arabinan epitopes
(Supplemental Fig. S6). The guttation fluid from these
plants contained HG and AGP, with most lines also
secreting low but detectable levels of XyG.
Although the guttation fluid ofNaARADL1-expressing

plants contained detectable polysaccharide, the carbo-
hydrate concentration of thefluidwas low (9.66 ngmL21;
Table I). Methanolysis detected only four monosac-
charides in the guttation fluid: Ara, Xyl, Gal, and
Glc. Neither Rha nor GalA was detected. Of the four
monosaccharides, Ara was the most abundant, at about
57% of the total; most of the Ara was in a polymeric
form (94.6%). Methanolysis results thus were consistent
with CoMPP analysis and suggested the NaARADL1-
expressing plants excrete an arabinan-rich guttation
fluid.
The fine structure of the arabinan was determined

by digesting the guttation fluid with an endo-a-(1,5)-
arabinase, and after methylation, the released oligo-
saccharides were analyzed by matrix-assisted laser
desorption-time of flight-mass spectrometry (MALDI-
TOF-MS) and ESI-MS2. Sugar beet (Beta vulgaris) arabinan
was used as a control. MALDI-TOF-MS of the sugar
beet arabinan revealed a series of oligosaccharides

(mass-to-charge ratio [m/z] 1,351.009, 1,190.545, 1,029.686,
and 869.914) that were diagnostic of a pentose series
from degree of polymerization (DP) 5 to DP8 (Fig. 7A).
A similar pentose series also was seen in the guttation
fluid with two quasi-molecular ions of m/z 869.792 and
1,029.965, corresponding to DP5 and DP6 oligosaccha-
rides, predominating (Fig. 7B). The sequence of the
pentose series was verified by ESI-MS2 fragmentation
of the sodiated quasi‐molecular ion at m/z 1,029 (DP6)
from the guttation fluid (Supplemental Fig. S7A).
Fragmentation of glycosidic bonds from the non‐
reducing-end residue generated Y-series fragment ions
ofm/z 855, 695, 535, 375, and 215 that were separated by
m/z 160 (methylated pentose). In addition, ring frag-
mentation cleavage produces X-series ions diagnostic
of the linkages between adjacent glycosyl residues
(Domon and Costello, 1988). In this case, the sodiated
ion m/z 271 was diagnostic of ring fragmentation in
reducing-end pentoses joined by either a 1,4- or
1,5-linkage (Supplemental Fig. S7B). These multi-stage
mass spectrometry data, when combined with the
linkage analysis (Supplemental Table S2), where
1,5-Ara(f) is the predominant Ara linked residue, con-
firm that these are oligo-(1,5)-a-arabinofuranosides.

In summary, the compositional analyses (mono-
saccharide/tandem mass spectrometry/enzymic/
CoMPP) confirm that the predominant polysaccharide
in the guttation fluid of NaARADL1-expressing lines
was a soluble a-(1-5)-L-arabinan. Taken together, the
results suggest that NaARADL1 is an AraT.

DISCUSSION

This article describes the distribution of arabinan in
N. alata pollen tubes and identifies the Golgi-located

Figure 4. Subcellular locations of fluorescently tagged versions of NaARADL1 in transiently transformed N. alata pollen tubes (A–D)
andN. benthamiana leaves (E–H). A to D, Imaging ofN. alata pollen grains transiently cotransformed with pLAT52:NaARADL1-
CERULEAN (green) and the Golgi marker rat sialyltransferase translationally fused to dsRED (magenta). The merged and bright-
field images of this cell also are shown. E to H, Imaging of N. benthamiana leaf cotransformed with the NaARADL1-VENUS
translational fusion (yellow), the mCHERRY fluorescent Golgi apparatus marker soybean a-(1,2)-MANNOSIDASE I (magneta), and
the endoplasmic reticulum (ER) marker SP-WAK2-mCERULEAN-HDEL (cyan). The merged image is also shown. Bars = 10 mm.
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proteinNaARADL1asmediating its synthesis.Arabinans
are generally thought of as a component of RG I, although
thewalls ofN. alata pollen grains and tubes lack detectable
Rha(p), suggesting that RG I is not in these cell walls (Li
et al., 1999; Lampugnani et al., 2013a). Additionally, in
the Solanaceae, Ara also can be attached to XyG as
single Ara residues or short oligosaccharides to make
an arabinosylated form called arabinoxyloglucan (Sims
et al., 1996; York et al., 1996). However, in N. alata
pollen grains and tubes, the XyG is fucosylated and no
arabinoxyloglucan is detectable (Lampugnani et al.,
2013a; Dardelle et al., 2015). Thus, we consider the
arabinan in N. alata pollen tube walls to be in a free
form, with free here meaning that it is not associated
with RG I. The arabinan in N. alata pollen tubes, how-
ever, could still form part of some other wall polysac-
charide; indeed, it could conceivably be attached to
more than one polysaccharide. In pollen tube walls of
species like Arabidopsis, levels of Rha(p) are such that
RG I is very likely present (Dardelle et al., 2010). But it
should be noted that even in some RG I-containing
vegetative cell walls, it has been suggested that up to
60% of the arabinan can exist in a uronic acid-free,
hemicellulosic form (Talbott and Ray, 1992). It thus
seems plausible for the free arabinan described here in
N. alata pollen tubes to be a component of other plant

cell walls as well. Consistent with this, NaARADL1
is expressed not only in pollen grains and tubes
but in a variety of vegetative tissues as well, with
promoter::GUS analysis in Arabidopsis pointing to
expression in meristematic tissues, secretory cells
like nectaries, and during male and female repro-
ductive development (Fig. 3).

NaARADL1 belongs to the CAZy GT 47 family, a
major family of nonprocessive, inverting-type GTs
(Geshi et al., 2011). In addition to members with puta-
tive AraT activity, this family includes enzymes capable
of transferring at least three different types of donor
sugars, Xyl, Gal, and GlcA residues, to various cell wall
polysaccharides, both pectins and cross-linking non-
cellulosic polysaccharides (Zhong et al., 2005; Brown
et al., 2009; Wu et al., 2009). Within the GT 47 family,
NaARADL1 and the two putative Arabidopsis AraTs,
AtARAD1 and AtARAD2 (Harholt et al., 2006, 2012),
are part of subclade B (Fig. 2). Phylogenetic recon-
struction of the GTs in this subclade using sequences
from eudicots, grasses, fern allies, and mosses shows
broad taxonomic clustering, with the Selaginella and
Physcomitrella spp. GTs grouping together in a separate
cluster from the angiosperm sequences. Within the
angiosperms, there are several well-supported clades,
with most clades containing both eudicot (Arabidopsis
and Solanum spp.) and grass (rice and maize) repre-
sentatives. This suggests that these lineages were
established early in the diversification of flowering
plants and that the B subclade contains GTs with a di-
verse range of functions. Subfunctionalization within
subclade B is evident even within a lineage, as the
two characterized Arabidopsis GTs, AtARAD1 and
AtARAD2, represent a recent duplication but are non-
redundant enzymes, as expression of AtARAD2 cannot
rescue the reduced arabinan levels seen in arad1mutants
(Harholt et al., 2012). NaARADL1 and its Arabidopsis
ortholog, the uncharacterized protein encoded by
At3g45400, are in a separate lineage from the ARAD
proteins. This lineage contains the Arabidopsis gene
At3g03650, also knownasEMBRYOSACDEVELOPMENT
ARREST5/TUBE GROWTH DEFECTIVE5 (EDA5/TGD5;
Pagnussat et al., 2005; Boavida et al., 2009). Genetic
disruption of EDA5/TGD5 results in defects in pollen
tube elongation and in the embryo sac at an early stage
of development.

Previous work with the Arabidopsis mutant arad1
found that similar numbers of arabinan side chains
were attached to RG I but that the chains were smaller,
suggesting that AtARAD1 is involved in chain elon-
gation (Harholt et al., 2006, 2012). However, despite
AtARAD1 expression complementing the arad1 mutant
phenotype, none of the transformed plants had more
arabinan than the wild-type level and arabinan levels
were not increased when AtARAD1was expressed in a
wild-type background. Reasons advanced to explain
why arabinan levels were not higher included a limit-
ing supply of nucleotide sugar substrates and the
availability of interacting proteins (Harholt et al., 2006).
As a 30% increase in arabinan levels was seen in

Figure 5. GO-PROMTO analysis showing that NaARADL1 is a type II
membrane protein located in the Golgi apparatus. A and B, Coexpression of
either the cytosolic reportersVN/VC-TMD(A) or the luminalGolgi apparatus
reporters TMD-VN/VC (B). C and D, No fluorescence was detected when
NaARADL1-VN or NaARADL1-VC was coexpressed with the cytosolic re-
porters VC-TMD (C) or VN-TMD (D). E and F, A positive signal was detected
when either NaARADL1-VN or NaARADL1-VC was coexpressed with the
Golgi apparatus luminal reporter TMD-VC (E) or TMD-VN (F), indicating
that the C terminus of NaARADL1 is located in the lumen. Bar = 10 mm.
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NaARADL1-overexpressing Arabidopsis lines, in this
instance it appears that neither nucleotide sugar sub-
strates nor interacting proteins were limiting. Possibly,
AtARAD1 is not responsible for arabinan chain elonga-
tion but instead attaches the first or one of the early Ara
residues to the RG I backbone (Geshi et al., 2011). Based
on this scenario, NaARADL1 would be an arabinan
(1,5)-a-AraT that uses linear arabino-oligosaccharides as
acceptors, an activity that is consistentwith its presumed
function in N. alata pollen tubes.
However, other possible explanations exist. For ex-

ample, NaARADL1 could be part of a protein complex
that synthesizes arabinan but helps stabilize this com-
plex rather than acting as its catalytic component. In
this scenario, increased arabinan levels in the over-
expressing lines are not due to NaARADL1’s inherent

catalytic activity but to an increase in complex stability.
Homogalacturonan synthesis provides a relevant in-
stance of this, as the related GTs GAUT1 and GAUT7
are part of the HG-synthesizing complex, with GAUT1
directly responsible for biosynthesis and GAUT7
for anchoring the complex into the Golgi membrane
(Atmodjo et al., 2011). Consistent with an auxiliary
function in arabinan synthesis is NaARADL1’s ability
to form heterodimers with related GT 47s such as
AtARAD1. Ultimately resolving these alternatives re-
quires an assay for arabinan arabinosyltransferase ac-
tivity that uses heterologously expressed proteins.
Although a suitable assay exists (Konishi et al., 2006),
attempts so far to detect activity using recombinant
AtARAD1 and AtARAD2 have been unsuccessful
(Harholt et al., 2012).

Table I. Monosaccharide composition analysis of guttation fluid collected from plants expressing 35S:
NaARADL1-VENUS

Neutral Sugara

Ara Xyl Gal Glc

Exudate 57.2 6 1.13 (51.8b) 3.5 6 0.16 18.2 6 1.27 21.2 6 2.23 (12.7b)

aValues shown are percentages of peak area relative to total peak areas, determined by methanolysis
and gas chromatography-mass spectrometry carried out on two biological replicates with two technical
replicates each. bThe percentage of monosaccharide that is part of a polymer (i.e. corrected for free
monosaccharide in the guttation fluid).

Figure 6. BiFC analysis showing thatNaARADL1
forms homodimers and can heterodimerize with
AtARAD1. A, Coexpression of the C-terminal VN
or VC fusions of NaMUR3. B to D, Expression of
NaARADL1-VNandNaMUR3-VC (B), NaMUR3-
VN and NaARADL1-VC (C), or NaARADL1-VN
andNaARADL1-VC (D). E andF,Negativecontrols
includingAtARAD1-VN/VC (E) andNaMUR3-VC/
VN (F). G to I, Coexpression of AtARAD1-VN and
AtARAD1-VC (G) or NaARADL1-VN/VC with
AtARAD1-VC/VN (H and I). Bar = 10 mm.
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In addition to the increase in cell wall arabinan,
NaARADL1-expressing lines also secreted an arabinan-
rich guttation fluid. Sincemethanolysis showed that the
guttation fluid contained no Rha, the arabinan can be
considered free. However, it is important to note that
the arabinan was unlikely to exist in the guttation fluid
as free low-Mr oligosaccharides, as no major peaks
were evident in the MALDI-TOF-MS spectra of the
permethylated and undigested guttation fluid up to
approximately DP40 to DP50. In addition, linear
arabinans are poorly soluble in aqueous solutions,
and their ability to form hazes in fruit juices and red
wine is well known (Churms et al., 1983; Beveridge
and Wrolstad, 1995). More likely, the arabinan was
linked to a highly soluble branched polysaccharide(s),
although the identity of this polysaccharide is unknown.
However, CoMPP analysis showed the presence of
variable amounts of other cell wall polysaccharides and
proteoglycans in the guttation fluid, including HG,
AGPs, and trace amounts of XyG.

Two questions arise from the presence of a linear
arabinan in the guttation fluid. How does this poly-
saccharide enter the guttation fluid? Andwhy do plants
expressing NaARADL1 release such a fluid?

During guttation, water and solutes from the xylem
exit the leaf through natural openings on the leaf mar-
gins called hydathodes (Esau, 1977). One of the functions
of guttation is to relieve root pressure, the hydrostatic
pressure caused when roots take up excessive amounts
ofwater because thewater potential of xylem sap ismore

negative than that of the surrounding soil (Takeda et al.,
1991; Wegner, 2014). The higher rates of xylem sap flow
observed in the transgenic plants were consistent with
increased root pressure causing the production of a gut-
tation fluid. Although transport into xylem is apoplastic
and requires solutes to be loaded into xylem vessels and
tracheid conducting cells, the Casparian strip prevents
apoplastic transport into the stele itself from cell layers
outside the endodermis. Solutes entering the xylem
instead must be transported symplastically in a process
that requires two transmembrane transport events:
import into either a cortical or epidermal cell and export
from either the pericycle or a xylem parenchyma cell
(Turnbull and Lopez-Cobollo, 2013). As there are no
transporters in plants able to transport wall polysac-
charides in thismanner, it ismost likely that the arabinan
in guttation fluid is derived from cells in the stele itself.
These cells presumably shed the arabinan-containing
material, which is then loaded directly into the xylem
from the stelar apoplastic space. The presence of soluble
polysaccharides in the xylem sap would reduce the
water potential, causing more water to enter the root
with the increase in root pressure, consequently leading
to guttation.

In conclusion we have shown that NaARADL1 is a
type II Golgi protein belonging to subclade B of the
diverse CAZy GT 47 family. NaARADL1 most likely
has arabinan (1,5)-a-AraT activity that is able to extend
arabinan chains, although it also may function in some
other way to facilitate arabinan synthesis, for instance

Figure 7. MALDI-TOF-MS analysis of
endoarabinase-digested guttation fluid
from plants expressing 35S:NaARADL1-
VENUS. Endoarabinase generated arabinosyl
oligosaccharides released from the sugar
beet control (A) and guttation fluid collected
from 35S:NaARADL1-VENUS-expressing
plants (B). a.u., Arbitrary units.
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as a complex-stabilizing auxiliary protein. In N. alata
pollen tubes, NaARADL1 mediates the synthesis of the
free arabinan found in the cell wall and, when expressed
in Arabidopsis, mediates the synthesis of an arabinan
that is most likely attached to RG I as well as a free
arabinan that is part of an unknown but soluble poly-
saccharide(s) shed by cells into the apoplastic space.
NaARADL1 may elongate each of these acceptors by
acting either as a homodimer or in amultifunctional way
by associating with endogenous Arabidopsis AraTs to
form various heterodimers. Much of the work done to
date on arabinan and its function has relied on the use
of antibodies to detect arabinan epitopes in cell walls
(Verhertbruggen et al., 2009, 2013; Cornuault et al.,
2014). Given the diversity of arabinan structures in the
wall and their highly dynamic nature, there is a need for
further research to better define arabinans, especially the
understudied free type, to describe the functions of each
arabinan type in muro and to understand how the GT
47s from subclade B interact to direct their synthesis.

MATERIALS AND METHODS

Plant Materials

Plants were grown in soil in a glasshouse either with continuous cool-white
fluorescent lightsandnatural daylight at20°Cto26°C (forArabidopsis [Arabidopsis
thaliana] andNicotiana benthamiana) or under natural daylight at 23°C to 30°C (for
Nicotiana alata). All Arabidopsis experiments used the Col-0 ecotype. Pollen from
N. alata plants was collected and stored at280°C until required. Growthmedium
and culture conditions for N. alata pollen were as described by Li et al. (1997).

Phylogenetic Analysis

Thephylogenetic tree generated fromsequence alignments ofAtARAD1-like
sequences from Physcomitrella patens, Selaginella moellendorffii, tomato (Solanum
lycopersicum), potato (Solanum tuberosum), rice (Oryza sativa), maize (Zea mays),
andArabidopsis was createdwith the aid of Phylogeny.fr (Dereeper et al., 2008)
and visualized using Archaeopteryx (Han and Zmasek, 2009). Briefly, a
MUSCLE (Edgar, 2004) multiple sequence alignment with default parameter
settings was generated. A Gblock function was used for refinement of the
alignment, and a maximum likelihood phylogenetic analysis was performed
with the PHYML software tool (Guindon et al., 2005). The nonparametric
approximate likelihood-ratio test was used for branch support value as an
alternative to bootstrapping (Anisimova and Gascuel, 2006), and branches
with values below 0.9 were collapsed.

Molecular Biology

Sequences of primers used in this study are shown in Supplemental Table S2.
RNA was isolated from N. alata tissues, and first-strand cDNA synthesis was
carried out as described previously (Lampugnani et al., 2013a). TheNaARADL1
coding sequence (CDS) was amplified from pollen grain cDNA using primers
NaARADL1-01F and NaARADL102R (Supplemental Table S1), sequenced di-
rectly, and deposited in the DNAData Bank of Japan (accession no. LC121596).

RNA in situ hybridization was performed as described previously (Stahle
et al., 2009).

The NaARADL1 promoter was cloned using a nested PCR strategy with 59
primers designed to the orthologous region in N. benthamiana (pNbARADL1-
03F) and a 39 anchor primer, NaARADL1-04R, based on the NaARADL1 CDS.
This ensured that the PCR productwould be specific toNaARADL1. The resulting
PCR product was sequenced directly. To generate pNaARADL1(2.3):GUS,
primers pNaARADL1-05F and pNaARADL1-06R were used to amplify an
internal fragment for homologous recombination with the reporter GUSplus
(Broothaerts et al., 2005) and recombined into the shuttle vector pMIGRO, a
derivative of pBJ36 (Lampugnani et al., 2012). The NotI expression cassette was

then transferred to the binary vector pMLBART (Gleave, 1992) and transformed
into the Agrobacterium tumefaciens strain AGL1 (Lazo et al., 1991). Plants were
transformed by the floral dip method, and transformants were selected for
BASTA resistance. Plants were stained for expression of the reporter gene using
2 mM 5-bromo-4-chloro-3-indolyl-b-glucuronic acid and 3 mM K3Fe(CN)6/K4Fe
(CN)6 following Lampugnani et al. (2013b). Stained material was observed as
whole mounts or as 7- to 8-mm JB-4 plastic (ProSciTech)-embedded sections
viewed under light- or dark-field optics. The GUS product is pink under the
latter conditions unless very abundant, in which case it appears blue. To ensure
that the expression pattern detected is regulated by NaARADL1 and not due to
positional effects (van Leeuwen et al., 2001), 15 independent T1 plants were
examined. Only patterns seen consistently in all lines are discussed.

The construct pLAT52:NaARADL1-CERULEAN encodes the fluorescent
reporter CERULEAN translationally fused to theC-terminal end ofNaARADL1
under the control of the pollen-specific promoter LAT52 (Twell et al., 1989). To
generate this vector, pLAT52was cloned into the shuttle vector pMIGRO using
primers pLAT52-01F and pLAT52-02R, generating the plasmid pLAT52m.
The NaARADL1 CDS (amplified with the primers NaARADL1-07F and
NaARADL1-08R) and mCERULEAN (amplified using the primers UFP-01F
and UFP-02R) were joined by overlapping extension PCR using the primers
NaARADL1-07F and UFP-02R. The fused product was ligated to pLAT52m
using the restriction enzyme sites KpnI and BamHI. The Golgi reporter construct
used in transient pollen expression experiments was made by amplifying the
a-2,6-SIALYLTRANSFERASE (ST):red fluorescent protein (RFP) coding region
(Kim et al., 2001) with the primers ST-01F and RFP-01R and ligating the product
to pLAT52m in pMIGRO using the restriction enzymes BamHI and XbaI.
Transient pollen expression experiments used biolistic bombardment according
to the method of Wang and Jiang (2011).

35S:NaARADL1-VENUS was made with the same overlapping extension
PCR strategy as for pLAT52:NaARADL1-CERULEAN except that the VENUS
CDS was amplified instead using primers UFP-01F and UFP-02R and the
resulting PCR fragment was ligated into pART7, which already contains the
cauliflower mosaic virus 35S promoter and 39-OCS terminator. The NotI ex-
pression cassette containing 35S:NaARADL1-VENUS was then transferred to
the binary vector pMLBART. The Golgi apparatus and endoplasmic reticulum
markers used in this study have been described previously (Wilson et al., 2015).

ThepreviouslydescribedGO-PROMTOassaywasused tovalidate the type II
membrane protein prediction forNaARADL1 (Søgaard et al., 2012). To improve
the signal and the signal-to-noise ratio for BiFC experiments, new reporters
were generated using the photostable fluorescent protein VENUS split at amino
acid 155 such that the N-terminal version contained the first 155 amino acids
(VN155) and the C-terminal version contained the last 84 amino acids (VC155).
Amino acid 152 in VENUS was changed from Ile to Leu [VN155(I152L)], as this
lowers self-assembly when coexpressed with VC155 and improves the signal-
to-noise ratio (Kodama and Hu, 2010). VN155(I152L) and VC155 were syn-
thesized downstream of a 20-amino acid Gly linker and cloned into pFUERTE
as described previously (Wilson et al., 2015). The resulting vectors 35S:MCS‐
gLINKER‐V(I152L)N and 35S:MCS‐gLINKER‐VC were named pURIL and
pDOX, respectively (MCS = multiple cloning site). All BiFC constructs used in
this study were generated using the primers listed in Supplemental Table S1
and cloned into either an SfoI- and KpnI-linearized pURIL or pDOX. The con-
structs generated were verified through sequencing and transformed into the
AGL1 strain of A. tumefaciens by electroporation with the helper plasmid
pSOUP, as described previously (Lampugnani et al., 2012).

Transient Expression in N. benthamiana Leaves

Transient expression in N. benthamiana leaves was carried out as described
previously (Lee et al., 2014). Briefly, the abaxial surface of leaves was injectedwith
a mix of A. tumefaciensAGL1 strain carrying the BiFC constructs described earlier
and another strain generating P19 protein to suppress gene silencing (Voinnet
et al., 2003). The final optical density at 600 nm of each A. tumefaciens strain was
adjusted to 0.8 in infiltrationbuffer (0.01MMgCl2 and 0.8mMacetosyringone) prior
to infiltration. After 3 d, leaf sectors were excised, mounted in water, and visual-
ized as described below. Each inoculationwas performed on duplicate leaves, and
all transformations were performed on at least three separate occasions.

Microscopy

Immunofluorescence and immunoelectron microscopy detection of cell wall
polysaccharides was carried out as described previously (Lampugnani et al., 2013a)
except that monoclonal antibodies LM13 and LM6 were used (PlantProbes).
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Imaging of immunofluorescence was carried out on an inverted Leica SP2
confocal microscope using a 633 PL Apo BL oil objective (numerical aperture
1.4). A 488-nm laser line, attenuated to 20%, was used to excite both Alexa Fluor
488andFM4-64. Emissionswere detected simultaneously between 498 and 530 nm
for Alexa Fluor 488 and between 650 and 800 nm for FM4-64. Photodetectors were
set at 700, offset by 25. Images were collected using the average of eight optical
slices, and z-stacks were taken with successive 0.25-mm scans.

Imaging of fluorescent constructs was carried out using the microscope
and lenses described above. A 458-nm laser line, attenuated to 60%, was used to
excite mCERULEAN, a 514-nm laser line, attenuated to 50%, was used to excite
mVENUS, and a 561-nm laser line, attenuated to 30%, was used to excite
mCHERRY. Emissions were detected sequentially between 468 and 504 nm for
mCERULEAN, between 524 and 557nm formVENUS, andbetween 571 and 630
for mCHERRY. Photodetectors were set at 700, offset by 25. Images were
collected using the average of eight optical slices.

Root Pressure Analysis

Arabidopsis Col-0 and NaARADL1-overexpressing plants (12 plants per
genotype) were placed into a sealed plastic chamber with their roots in water
and their aerial parts open to the atmosphere 26 DAG. The aerial parts were
excised by cutting the hypocotyl immediately below the cotyledons and leaves,
and positive pressure was applied to the chamber to encourage xylem flow. The
volume of sap exuded by the stump was measured for the next 10 min, and the
value was expressed on the basis of root dry weight.

Guttation Fluid Collection

Guttation fluid from NaARADL1-overexpressing lines was collected using
a pipette from the base of rosette leaves of glasshouse-grown plants 26 DAG. To
induce guttation in the wild type, plants were transferred to a high-humidity
(approximately 75%) growth chamber 4 d prior to collection.

Polysaccharide Compositional Analyses

Cellwallpreparations(asalcohol-insoluble residue)andmethylationanalyses
of neutral carbohydrateswereasdescribedbyPettolino et al. (2012). Forguttation
fluid, monosaccharide analyses were performed by either methanolysis
(Lea-Smith et al., 2007) or by 2 M trifluoroacetic acid at 100°C for 2 h
(Pettolino et al., 2012).

Mass Spectrometry

For the analysis of arabino-oligosaccharides usingmass spectrometry, samples
weremixed ina 1:1 ratiowithmatrixcontaining1mgmL21 dihydroxybenzoicacid
in 50% (v/v) acetonitrile/0.1% (v/v) trifluroacetic acid and allowed to dry on the
polished steel target plate. MALDI-TOF-MS analyses were performed using a
MicroFlexMALDI-TOF-MS instrument (BrukerDaltonics). Spectrawere acquired
using FlexControl software version 3.3 in positive ion reflectormode betweenm/z
600 and 4,000. The parameters were set as follows: ion source 1, 19 kV; ion source
2, 16.3 kV; lens, 9.7 kV; gating, low strength; pulsed ion extraction, 200 ns;
detector gain voltage, 1,400 V; electronic gain, enhanced (100-mV offset);
sample rate, 2 giga-samples s21; and laser attenuator offset, 25%. Mass
spectrometry data were collected using the following parameters: laser shots,
400 in 20 different positions; and random walk movement. Mass spectrom-
etry data analyses were performed with FlexAnalysis software (version 3;
Bruker Daltonics).

To sequence the arabinan polysaccharide in the guttation fluid, the samples
were methylated (Pettolino et al., 2012) and analyzed by tandem mass spec-
trometry using electrospray ionization on a QSTAR Elite hybrid quadrupole
time-of-flight mass spectrometer (Applied Biosystems/MDS Sciex). Samples
were infused with 50% acetonitrile through an EconoTip (New Objective), with
the mass spectrometer operated in the positive ion mode with an ion source
voltage of 2,100 V. Analyst QS 2.0 software (Sciex) was used to collect data in
the manual mode.

General Methods

The concentration of carbohydrates in the guttation fluid was determined
using the colorimetric phenol-sulfuric acid assay (Dubois et al., 1951), and the
fluid itself was subjected to CoMPP (Moller et al., 2012) using the arabinan

antibodies LM6 and LM13, the XyG antibody LM15, the HG antibody JIM5 (all
from PlantProbes), and the AGP antibody JIM16 (CarboSource).

Sequence data from this article can be found in the DDBJ data libraries under
accession number LC121596.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Protein sequence of NaARADL1 and related se-
quences from Arabidopsis.

Supplemental Figure S2. Gene organization of NaARADL1, At3g45400,
and AtARAD1.

Supplemental Figure S3. Expression profile of NaARADL1 in various
N. alata tissues.

Supplemental Figure S4. In situ hybridization with probes to N. alata
PHAVOLUTA and NaARADL1.

Supplemental Figure S5. Arabidopsis transgenic plants expressing
NaARADL1-VENUS.

Supplemental Figure S6. CoMPP analysis of carbohydrate epitopes pre-
sent in the guttation fluid from wild-type Arabidopsis and transgenic
lines expressing NaARADL1-VENUS.

Supplemental Figure S7. ESI-MS2 spectrum recorded upon fragmentation
of the quasi‐molecular ions at m/z 1,029 from the endoarabinanase-
digested product of the guttation fluid from plants expressing 35S:
NaARAT1-VENUS.

Supplemental Table S1. Linkage analysis of sugars in the walls of wild-
type and NaARADL1-expressing Arabidopsis lines.

Supplemental Table S2. DNA primers used in this study.

Supplemental Movie S1. Transient NaARADL1-CERULEAN expression
in N. alata pollen tubes growing in culture.
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